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ABSTRACT

Nanostructured materials made from group 10 (Ni, Pd, Pt) and group 11 (Cu, Ag, Au) elements have out-
standing technological relevance in microelectronics, nano-optics, catalysis, and energy conversion.
Processes that allow for the easy and reliable fabrication of such nanostructures are heavily sought after.
Focused electron beam induced deposition (FEBID) is the only direct-write technique that can fabricate
nanostructures with arbitrary shape and dimensions down to the sub-10 nm regime. However, the com-
plex chemistry of FEBID involving electron-induced dissociation processes of metalorganic precursors
molecules, surface kinetics, and thermal effects is poorly understood and far from being optimized.
Here, we review in a comparative manner the performance and the underlying chemical reactions of
surface deposition processes, namely, chemical vapour deposition (CVD), atomic layer deposition
(ALD), and FEBID itself. The knowledge gained in CVD and ALD as related surface deposition techniques
will help us to understand the spatially selective chemistry occurring in FEBID. Fundamental surface and
gas phase studies provide insight to electron-induced chemistry and desorption of precursor fragments.
Specific emphasis is put on the type of the ligands and their different behaviour under thermal, surface-
related, and electron-induced processes. The comprehensive overview of the current state of FEBID for
group 10 and 11 metals includes reactive environments and purification approaches as these may pro-
vide valuable information on the design of novel precursors. The evaluation of the precursor and process
performance is extended to include W, Co, Fe, Ru, Rh, and Ir to represent a general guide towards future
developments in FEBID. These may not only rely on the design of novel compounds but also on optimized
deposition strategies inspired by ALD and CVD.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Scope of the review

This article reviews the current state of processes for deposition
of metals from groups 10 and 11 for all precursor molecules that
have so far been applied or evaluated for focused electron beam
induced deposition (FEBID). To provide a comprehensive overview
of the chemistry involved in deposit formation, it includes a com-
parison with chemical vapour deposition (CVD) and atomic layer
deposition (ALD) using the same precursors.

FEBID is a newly emerging method for fabrication of three-
dimensional nanostructures. The process conceptually relies on
chemical reactions of precursor molecules induced by electrons
that are supplied by the focused electron beam of a scanning elec-
tron microscope (SEM) [1]. The precursors are typically complexes
consisting of a metal core and of ligands that provide the com-
pounds with a sufficient volatility so that they can be continuously
fed to the area where the electron beam impinges on the surface.
When adsorbed on the surface, the precursors are decomposed
under the electron beam to produce a solid deposit that should,
in the ideal case, contain only the metal while the ligands are con-
verted to small volatile products that can desorb from the surface.

The reactions that underlie the formation of a deposit in FEBID
occur via electronic states of the precursor different from the
ground state. These may be accompanied by thermal surface pro-
cesses, i.e. reactions proceeding in the electronic ground state, as
predominant in ALD and CVD. Therefore, the research on FEBID
was and still is inspired by the chemistry of CVD and ALD, leading
to the use of similar or identical metalorganic precursors [1-7]. The
second common line of FEBID, CVD, and ALD is the surface kinetics,
involving adsorption of the precursors and the related surface reac-
tions as well as desorption of reaction products. However, as will
be detailed here, CVD and ALD precursors are not necessarily ideal
for FEBID, calling for further developments for which this review is
intended to serve as a reference.

In contrast to previous reviews, we will address these two com-
mon lines between CVD, ALD, and FEBID. We confine ourselves to
the discussion of those volatile precursors from groups 10 and 11
for which FEBID experiments or fundamental surface or gas phase
studies on the reactions occurring under electron irradiation have
been reported. We thus exclude from our discussion liquid injec-
tion CVD or liquid phase FEBID where the solvent adds further
complexity. This focus serves to highlight FEBID as selective and
3D deposition method, to show the complexity involved through
thermal and non-thermal contributions in achieving pure metal
deposits, and to understand how findings in ALD, CVD, and precur-
sor synthesis can contribute to the goal of achieving well-
controlled deposit composition in FEBID.

The review starts with an introduction on the fundamentals of
the three deposition methods and on the fundamental surface
and gas phase investigations involving electron irradiation of
adsorbed and gas phase molecules, respectively. Chapters 3 and 4
continue with a detailed review of group 10 and 11 precursor fam-

ilies that were investigated in FEBID, ALD, CVD, and condensed
film/gas phase studies. For each precursor family an introduction
and 4 subsections provide available data in the respective fields.
The introductory sections comprise all precursors with their struc-
tural formulae and naming. Alternative names are indicated when
common in FEBID literature. Tables summarize the general proper-
ties of the compounds including sublimation and/or boiling points.
The sublimation points serve for fast screening of the vapour pres-
sure range and specify pressure and temperature for visible subli-
mation (often on a glass surface after a given time). Thermal
decomposition data refer to experiments without catalytic surface
effects. Where available, vapour pressure curves are provided that
are measured under thermodynamically well-defined equilibrium
conditions. Chapter 5 evaluates precursor and FEBID performance
and summarizes implications for precursor design towards obtain-
ing high metal contents in FEBID material. This chapter will also
include FEBID precursors for W, Co, Fe, Ry, Rh, and Ir based on car-
bonyl, halogen, and alkyl compounds to generalize our findings.
Chapter 6 discusses recent perspectives emerging from FEBID,
ALD, and CVD.

2. Fundamentals of surface deposition processes
2.1. Thermal and electron-induced dissociation

Chemical vapour deposition dates back to around 1850 when
Bunsen reported the deposition of iron oxide from iron chloride
and water vapour [8]. Over the years it has developed into a thin
film deposition technology relying on thermal dissociation reac-
tions of precursor molecules. An increasing number of metalor-
ganic precursors has been involved in CVD that was in turn
named metalorganic chemical vapour deposition (MOCVD). The
molecules employed in MOCVD span from true organometallic
compounds with  or ¢ metal-carbon bonds as found for metal
carbonyls and alkyls, to complexes having metal-nitrogen bonds,
and metal-oxygen bonds such as metal-carboxylates and metal-
B-diketonates, which are particularly relevant for this review (see
chapters 3 and 4). Regardless of the type of metal-ligand bond, ide-
ally the thermal dissociation reaction is assumed to break it leaving
the non-volatile metal on the substrate while the volatile ligands
are pumped away.

Typically, the gaseous precursor is introduced under laminar
viscous flow conditions [9]. The gas forms a thin stagnant bound-
ary layer through which the precursor molecules will diffuse to
the substrate and their volatile thermal decomposition products
return into the gas phase (Fig. 2.1a). Thermal dissociation reactions
(pyrolysis) of the metalorganic molecules into non-volatile and
volatile parts occur on the hot substrate surface as well as in the
hot thin stagnant boundary layer above the substrate [3]. Of note
is that gas phase reactions can be suppressed using high vacuum
CVD (HVCVD) where the mean free path of molecules is large com-



I. Utke, P. Swiderek, K. Hoflich et al.
( Surface (and gas) reactions, Thermal decomposition N (O
(a) cvD (b) ALD  1st reactant

Partly pyrolysed precursor

itz i s (iEse

R ol O%ZOO%%
O

R &% 080

Desorption
& Di ff%

hot stagnant boundary layer

2

hermal adsorbate dissociation on hot substrate

Surface reaction 1

Sequential self-limiting surface reactions

Coordination Chemistry Reviews 458 (2022) 213851

-

Selective non-thermal electron induced dissociation N

2nd reactant (c) FEBID

—
Electron Beam

1
s @
O Non-thermal

27 Dissociation

Physisorption|

Secondary &
Backscattered Electrons

Surface reaction 2

Fig. 2.1. Schematics of a) CVD, b) ALD, and c) FEBID. Note the different adsorbate dissociation mechanisms.

pared to the reactor dimensions. With appropriately directed gas
inlets, a combinatorial screening of film compositions as function
of impinging precursor fluxes can be performed in one deposition
experiment by HVCVD [10]. Metal CVD processes have been com-
prehensively reviewed by Kodas & Hampden-Smith [2] and Jones &
Hitchman [3].

Atomic layer deposition (ALD) as thin film deposition method
was invented in the 1960s [11]. In contrast to CVD, ALD relies on
sequential and self-limiting surface reactions of at least two pre-
cursor compounds [12-14]. For self-limiting surface reactions
(Fig. 2.1b) multi-ligand metal compounds are a pre-requisite.
The molecule dissociatively chemisorbs onto the moderately
heated substrate losing one to several ligands which ideally ther-
mally desorb to unblock the surface for further self-limiting sur-
face reactions. At least one ligand needs to remain on the new
monolayer surface to limit further chemisorption and physisorp-
tion of molecules from the gas phase. Evidently, to keep
surface-triggered dissociation reactions the dominant mechanism
as needed for ALD, the substrate must be kept in a temperature
window lower than thermal decomposition of the adsorbates.
To continue film growth within the concept of self-limiting sur-
face reactions, the metal precursor excess needs to be purged
from the reactor. A second reactant is introduced to form volatile
products with the remaining ligands and to leave the desired sur-
face groups. Then, the second reactant is purged and the cycle
starts over again until the desired film thickness is reached. Due
to the self-limiting surface reactions, ALD is the best suited depo-
sition method for uniform films in open porosity materials as
used for next generation energy conversion applications [15-20].
ALD reactors are run in several flow and exposure modes depend-
ing on the time the molecules need to diffuse and cover the entire
surface. This can be minutes in bulk high aspect ratio structures,
see [21-23] for analytical and numerical simulations, or millisec-
onds for planar substrates as realized in spatial ALD systems [24]
for high throughput film growth. Metal ALD processes were com-
prehensively reviewed by Miikkulainen et al. [25], Emslie et al.
[26], Hagen et al. [27], and Maina et al. [28]. Classification of
metal ALD processes based on density functional theory insights
was suggested by Elliot et al. [29].

FEBID is a relatively young research field compared to CVD and
ALD; it dates back to 1976, when the residual gas in an electron
microscope was used to pattern contamination-based etch masks
[30]. Since then, understanding the adsorbate dissociation chem-
istry, being at the base of electron beam induced deposition, and
searching for appropriate precursors is an ongoing challenge. In
contrast to CVD and ALD, FEBID is a selective deposition method
that performs outstandingly for additive 3D manufacturing

at < 50 nm scale feature resolution with the world record of pat-
terns being 1 nm-sized dots fabricated from W(CO)g [31]. An elec-
tron beam and the generated secondary electrons dissociate
adsorbed precursor molecules by converting them into anionic,
cationic, or neutral electronically excited states which subse-
quently decay into volatile and non-volatile moieties, the latter
forming the deposit (Fig. 2.1c). The non-thermal dissociation on
the surface makes the process selective as it can proceed only
where electrons are present. This non-thermal nature of the pro-
cess has to be understood in contrast to the thermal dissociation
reactions in CVD and ALD. While FEBID proceeds at room-
temperature and requires no external heat input per se, tempera-
ture still may play a crucial role, cf. Section 5. The mechanisms
of this electron-induced dissociation have been reviewed previ-
ously [5,32,33]. Briefly, dissociation can proceed via dissociative
electron attachment (DEA), dissociative ionization (DI), and disso-
ciation into neutrals (ND). While DEA is a resonant process that
occurs in a well-defined window of electron energies even below
bond energies (< few eV), ND and DI have thresholds correspond-
ing to the lowest electronic excitation (typically a few eV) and ion-
ization energies (of the order of 10 eV), respectively. The
dissociation reaction efficiencies of ionization and dissociation into
neutrals increase monotonically with increasing electron energy as
more excitation channels open and more excess energy needed for
bond dissociation is available. However, a maximum is reached
typically at around 70 eV above which the interaction time of the
electron with a target molecule drops as consequence of its
increasing velocity. Note that the electron energy spectrum
involved in FEBID not only contains the high energy primary elec-
trons (in the kiloelectron volt range) but also the energies from
meV up to the primary electrons energy through their generated
secondary and backscattered electrons [1]. Due to this continuous
energy spectrum, DEA, ND, and DI all contribute to precursor frag-
mentation in FEBID such that bond selectivity inherent in particu-
lar dissociation channels is difficult to achieve. Of important note is
that not only these initial electron-induced dissociation reaction
steps determine the composition of FEBID materials. Simultane-
ously, the balance between desorption of the volatile dissociation
products (ligands or their volatile fragments) and their concurrent
surface reactions will determine the purity of the FEBID material.
The corresponding electron-stimulated desorption (ESD) studies
are mostly performed in UHV conditions irradiating cryogenically
condensed films or surfaces of bulk material. Comprehensive
reviews of FEBID are given by Utke et al. [1], Huth et al. [34], and
Barth et al. [35].
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temperature. The log-log plot in (c) was chosen to cover several orders of magnitude in electron flux and growth rate.

2.2. Comparison of the growth regimes

Because of the different underlying dissociation mechanisms,
the thermodynamic windows for CVD, ALD, and FEBID each show
a different and characteristic dependence on the process parame-
ters. Fig. 2.2 summarizes the generic growth rate graphs found in
each of the three deposition processes.

For CVD, an Arrhenius plot (logarithmic growth rate versus
inverse temperature) as shown in Fig. 2.2a, is marked by straight
lines that represent three distinct growth regimes [36]. The growth
rate in the lower temperature window is limited by the thermal
dissociation rate. As this reaction depends exponentially on tem-
perature, the growth rate changes by orders of magnitude with
increasing temperature. When the temperature reaches a certain
value, the thermal dissociation is fast compared to the molecule
transport rate which becomes growth rate limiting. The smaller
temperature dependence of this regime is due to pre-reactions
happening in the stagnant layer. At even higher temperatures the
thermal desorption rate of intact molecules is higher than the ther-
mal dissociation rate and the growth slows down. Fig. 2.2b shows
growth regimes and the ALD window. The ALD window is marked
by a straight horizontal line with a nearly temperature indepen-
dent growth rate per full ALD cycle. This is typical for self-
limiting surface reactions. Deviations from this straight line indi-
cate CVD or desorption contributions kicking in on the high tem-
perature side or incomplete surface reactions and condensation
on the low temperature side [37]. Fig. 2.2c shows growth regimes
in FEBID as function of electron flux [1]. FEBID typically runs in the
physisorption mode: without electrons no deposit would occur.
The representation uses the electron flux instead of temperature
which is kept constant in a FEBID process. At low electron flux,

the growth is electron limited (reaction rate limited). At higher
electron flux the growth rate saturates and is mass transport lim-
ited. This limitation is imposed by the rate of molecules impinging
on the substrate or arriving by surface diffusion or by both of these
transport processes.

These growth regimes have consequences for the lateral resolu-
tion [38] and shape control of three-dimensional deposits. Gener-
ally, the electron limited regime is preferred for uniform shapes
but hard to realize in practice [39-41]. Therefore, growth parame-
ters should optimally be adjusted such that each deposition event
experiences similar precursor replenishment [42]. Fig. 2.3 shows
examples of the unique resolution capabilities and shape flexibility
of FEBID. The electron beam movement sequence for nanoprinting
such complex 3D structures as shown in Fig. 2.3b-c is nowadays
controlled via automated algorithms [39-44]. The mechanical
properties of such FEBID structures were recently reviewed in
[45] and in comparison to other nanoprinting techniques in [46].
Fields where FEBID materials and nanostructures are used com-
prise plasmonics [47-54], scanning probes and strain sensors [55-
59], gas sensing [60,61], magnetics [44,62-68], superconducting
devices [34,69-72], and single electron transport devices [73].
Some of the applications take advantage of the composite structure
of typical FEBID deposits with the target metal embedded in a car-
bonaceous matrix [56,74], while others need high metal content
[54,75]. FEBID is industrially integrated in photo mask repair
[76,77] and scanning probe microscopy [59,78].

2.3. Surface adsorption and kinetics

In addition to the initial precursor dissociation event after
adsorption - induced thermally (CVD), by reaction with specific

Fig. 2.3. Three-dimensional FEB grown architectures from group 10 and 11 precursors. a) Cu(hfac)VTMS, taken from Bret et al. [79]. b) Pt(n*-CpMe)Mes, reprinted from
Winkler et al. [43] with the permission of AIP Publishing. c) Au(acac)Me;,, taken from Haverkamp [80]. Note the sub-50-nm resolution achievable for FEBID 3D nanoprinting in

b).
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surface sites that remove part of the ligands (ALD), or by impact of
an electron beam (FEBID) - the deposit formation is influenced by
the adsorption type and surface kinetics of the precursor fragments
resulting after dissociation. Fig. 2.4 details the nature of the various
chemical processes occurring for adsorbed precursor molecules.
The initial event is a molecule impinging on the substrate. Depend-
ing on the nature and temperature of the substrate, the molecule
can physisorb or chemisorb. Physisorption relies on weak van der
Waals force interaction between approaching molecules and the
substrate. The physics framework for this type of reversible
adsorption was established by Langmuir for monolayer adsorption
[81,82] and Brunauer-Emmet-Teller for multilayer adsorption [83]
in the early 20th century. It has since then been modified for var-
ious intra-adsorbate interactions which resulted in different
expressions for the balance of adsorption and desorption establish-
ing the equilibrium adsorbate coverage for a given temperature
and molecule gas pressure. Common to them is that the molecule
resides for a given average residence time within the physisorption
energy potential (of about 0.1 eV or 42 kJ/mol) before it can spon-
taneously thermally desorb again (Fig. 2.4a). Multilayer adsorption
was recently discussed for FEBID with dicobalt octacarbonyl
COz(CO)g [84]

An important dissociative adsorption mechanism employed for
ALD is shown in Fig. 2.4b. This adsorption results in chemical
bonds to the substrate while releasing part of the organic ligands,
which then desorb from the moderately heated substrate. The ALD
temperature range can vary largely depending on the molecule’s
reactivity but is always lower than the thermal decomposition
temperature. This is needed to avoid the complete removal of
organic ligands from the metal atom as the remaining ligands serve
to prevent further reactions leading to continuous film growth (as
in CVD for example). The incomplete dissociative chemisorption of
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the molecules is key for the self-limiting surface reaction employed
in ALD that enables uniform coating of open porous structures, of
high aspect ratio architectures, and obviously of planar geometries
with atomic thickness control. Any mass flow related thin film
growth contribution leading to film thickness inhomogeneity and
thus premature blocking of open pores is by nature excluded.
The chemical bond to the substrate ensures that the adsorbate can-
not desorb anymore at growth temperature. The energies involved
here are on the order of 1 eV or 418 kJ/mol.

Fig. 2.4c shows the (idealized) thermal decomposition of a gas
phase molecule arriving on the strongly heated substrate. The
growth temperature is chosen to thermally dissociate the adsor-
bate and to remove desirably all organic ligands by thermal des-
orption. As shown in Fig. 2.2a various thin film growth regimes
in CVD can be addressed by still increasing the temperature.
Within the reaction-limited regime, it is possible to also coat low
aspect ratio architectures relatively uniformly. However, there is
always a mass flow contribution [3], which is difficult to control
and leads to thicker films where molecule supply is higher. Specific
strategies were developed to extend CVD to infiltration into high
aspect ratio architectures, like adding nucleation inhibitors or
applying spatial temperature gradients in bulk porous material
[85]. These CVD variants are material geometry and molecule
specific in comparison to the generic ALD concept. They require
very large efforts in flow or temperature control but there is a
pay-off in growth speed for thickness variation tolerant
applications.

Catalytic effects of the underlying surface can enhance the rate
of dissociative thermal reactions. Suitable surfaces and metals can
promote dissociation reactions at lower temperature than needed
for thermal decomposition of the molecule. A special case is auto-
catalysis, in which metalorganic molecules dissociate catalytically
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Fig. 2.4. Adsorption types and dissociation mechanisms. Note that the frames are not meant to represent the decay of a particular molecule but only to visualize
schematically the possible outcome of adsorption on a surface. a) Physisorption, the molecule resides on the surface before desorbing intact. b) Dissociative chemisorption,
the molecule fragments partly and establishes a chemical bond with the surface. c¢) Thermal dissociation upon adsorption, ideally the molecule loses all organic ligands to
form a pure deposit. d-f) Non-thermal dissociation by the incoming primary electron beam or by secondary electrons released from the underlying surface under the impact
of the primary electron. d) All organic ligands dissociate from the metal, reside as such on the surface and then desorb; a pure metal deposit is left. e) The organic ligands are
further fragmented into volatile species and a carbonaceous residue. f) The molecule dissociates only incompletely, part of the ligands or fragments thereof remain attached
to the metal. Scenarios e) and f) lead to a deposit in which the metal is typically embedded in a carbonaceous matrix.
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below the thermal dissociation temperature into the metal and
their volatile organic ligands, through contact with the previously
deposited metal, which is also present in the precursor. For exam-
ple, Cr(CO)s and Fe(CO)s show autocatalytic dissociation into metal
and volatile carbon monoxide molecules and thus form a pure
chromium and iron film, respectively [86]. This was employed in
an electron beam induced surface activation (EBISA) process [87-
89|, where the focused electron beam acted as an ‘invisible ink’
that locally activated the surface for subsequent autocatalytic
decomposition of arriving molecules. For FEBID of note is that after
the initial substrate coverage the growing irradiated material itself
represents the surface. In this situation the model assumption of a
pure physisorption of molecules is most likely not valid anymore.

In general, by using a spatially confined energy input into the
schemes of physisorption and partially dissociative chemisorption
(both not leading to film growth by nature), area-selective film
deposition and three-dimensional additive manufacturing can be
obtained. In ALD, surface patterning is achieved by using inhibitors
which make the surface inert to chemical reactions [90]. Photo-
assisted CVD emerged as selective deposition technique where a
laser provides the local energy input in terms of heat and photon
energy. The involved pyrolytic and photolytic dissociation reac-
tions of adsorbed molecules are limited in their spatial resolution
for selective deposition by heat dissipation and wavelength,
respectively [91]. However, these approaches are out of the scope
of this review.

With an electron beam as spatially confined energy input, FEBID
occurs as natural variant for selective deposition with highest lat-
eral resolution. Furthermore, as the electron beam is focused over a
large depth of view it provides for additive manufacturing at the
nanoscale, acting as nanoprinting platform with nanometre scale
printing resolution and rich 3D options.

Figs. 2.4d-f schematically show individual dissociation types
relevant to FEBID and leading to different deposit composition.
The point of origin here is a physisorbed molecule which is irradi-
ated by primary electrons (purple arrow) as well as by the gener-
ated secondary electrons escaping the substrate (or growing film)
surface. Fig. 2.4d represents the ideal situation where the electrons
cleave the ligand-metal bonds with high efficiency. The ligands are
supposed to desorb as they are volatile but will reside on the sur-
face for a given residence time needed to overcome the physisorp-
tion potential. This scheme assumes that the ligands’ own
dissociation efficiency into non-volatile carbon moieties via sur-
face reactions and via electrons is low and/or the ligand interaction
with the substrate is small so that desorption is faster than further
fragmentation. Fig. 2.4e shows the situation where the ligands
cleaved off the metal are co-dissociated before they were able to
desorb, converting them also to a non-volatile residue. In this case
the intra-ligand dissociation rate is higher than the thermal des-
orption rate of the intact ligand. In case metal ligand cleavage dom-
inates over ligand dissociation, the desorption of ligands can be
favoured by reducing the electron flux. However, this reduces the
deposition rate as now also the intact molecules can desorb before
being dissociated. Finally, Fig. 2.4f shows the situation of incom-
plete dissociation which can occur when efficiencies of electron-
induced dissociation of intra-ligand bonds are comparable to or
higher than for metal-ligand bonds.

2.4. Elemental quantification

Special care has to be taken in the quantification of the deposit
composition. In most studies standardless EDX is employed. It is of
important note that EDX without a standard is not a quantitative
technique, especially for the low acceleration voltages often used.
Already for bulk samples large relative errors can occur [92]. In
addition, the layered or 3D structure of many deposits leads to
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inconsistencies with the internally defined matrix factors that
map the compositionally dependent interelement effects of elec-
tron scattering and energy loss, the expected X-ray self-
absorption in the bulk and secondary X-ray emission following
the self-absorption. Since these calculations assume a solid in
which all elements are homogeneously distributed, the so-called
‘geometric effects’ can result in measured relative elemental inten-
sities that deviate dramatically from the actual composition of the
deposit [92]. In case of layered systems, these problems can partly
mitigated by commercial algorithms. Still, the obtained stoichiom-
etry can vary in the 5 at.% range as further input parameters like
the layer thickness and the assumed mass density of the materials
have to be provided. Using two different acceleration voltages to
obtain two independent sets of data increases the certainty as
the densities can serve as adjustment parameter to obtain the cor-
rect film thickness that can be measured independently. Yet, the
variations in the calculated densities (compare e.g. the Supporting
Information of [93]) indicate corresponding uncertainties in the
quantification.

In this respect, the carbon content is especially difficult to quan-
tify. In total three different carbon sources can be present during
FEBID processing and EDX quantification, first the carbon content
of the precursor molecule, second the residual hydrocarbons pre-
sent in the vacuum background of the deposition chamber, and
third the residual hydrocarbons present in the vacuum background
of the EDX chamber. All these carbon sources are prone to varia-
tions not only between different experimental setups but also
between different sessions at the same instrument, e.g. when this
is a multi-user system or if the compounds experienced some
aging. The carbon content of the locally supplied gas may increase
significantly if the precursor partly decomposes in the crucible
releasing excess ligands that are co-deposited, e.g. for Pd(hfac),
[94] or Au(hfac)Me, [95,96]. The hydrocarbons in the background
of any high-vacuum chamber add further contamination to the
deposit. During EDX quantification the carbon is not incorporated
but added as a surface layer. As here large currents in the range
of several nA have to be employed to achieve a sufficient signal-
to-noise ratio, the influence of the residual hydrocarbons in the
vacuum background can lead to significant overestimation of the
carbon contents. EDX quantification of a fresh silver layer obtained
by physical sputtering resulted in a measured carbon content of
15 at.% (cf. Supporting Information of [97]). The hydrocarbon back-
ground in HV conditions is the reason why even in deposits from
carbon-free precursors like Pt(PFs), a substantial carbon content
around 10 at.% may be measured [98]. The EDX generated carbon
“background” can be measured on a place distant from the FEBID
deposit and corrected for consequently.

Having regard to the issues discussed above one can conclude
that EDX quantification does provide accuracies in the range of
1-5 at.% and tends to overestimate the carbon content. Neverthe-
less, the huge experimental basis for the well-established precur-
sors shows a good overall agreement in deposit composition
obtained by the different research groups. For tables and figures
we rely here on the best obtained metal content under typical
FEBID conditions, that are specified in the corresponding
paragraphs.

2.5. Surface science tools and gas phase experiments for molecular
level insight into surface deposition processes

The electron-induced fragmentation of a FEBID precursor is the
first step in a sequence of reactions that, altogether, lead to forma-
tion of a deposit. Knowledge of the species resulting from this ini-
tial step is extremely helpful to shed light on the complex surface
chemistry involved in FEBID [5]. The outcome of the initial
electron-induced precursor fragmentation can be studied in the
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gas phase as has been reviewed with respect to FEBID [5,99] and
also for plasma processes applied in semiconductor etching
[100]. Analysis of the fragmentation products is most conveniently
done by mass spectrometry (MS) under single electron-molecule
collision conditions [5,33,99]. These experiments, that typically
employ a crossed electron and molecular beam setup, monitor
either anionic species resulting from DEA or cationic species that
are the result of DI. The yield of these charged particles can be
monitored in dependence on the electron energy. For DEA, electron
energies in the range of roughly 0-20 eV are usually sufficient to
obtain a comprehensive picture while energies up to 100 eV are
of interest when DI is studied. Together, this covers the typical
energy distribution of secondary electrons (SEs) that are released
in large numbers when an electron beam with energies of several
keV, as applied in FEBID, impinges on a solid material [5,101]. Con-
voluting the energy dependent cross sections for formation of par-
ticular fragments with the energy dependent SE yield from the
material on which a deposit grows can, in principle, provide an
overview of the relevance of particular initiating electron-
precursor interactions in FEBID [101]. In the absence of data on
the energy dependence of electron-induced dissociation, however,
a standard electron ionization MS (EI-MS) acquired with an elec-
tron energy of 70 eV, at which ionization cross sections typically
have their maximal values, already yields an overview of the frag-
mentation channels in DI. Note furthermore that fragmentation by
DEA and DI also produces complementary neutral fragments. Also,
ND yields exclusively neutral species. The neutrals are difficult to
assess experimentally [99] but possible neutral by-products of
DEA and of DI can be estimated from thermodynamic arguments
[33].

Detailed insight into surface reactions requires experiments
that are performed under ultrahigh vacuum (UHV) conditions.
Under these conditions, the adsorption rate from the residual gas
in the vacuum chamber is small enough such that surfaces stay
clean for sufficiently long periods of time. For instance, the kinetic
theory of gases predicts that the rate of surface collision under high
vacuum (HV) conditions (~107° mbar) is so high that a monolayer
coverage is reached within a few seconds if all impinging mole-
cules stick to the surface, whereas to reach the same coverage
under UHV conditions (=~107'°mbar) requires several hours
[102]. In a typical experiment, precursor molecules are adsorbed
to a coverage of several monolayers on the surface held at cryo-
genic temperature. The cryogenic conditions are needed to keep
a well-defined amount of precursor on the surface and, thus, allow
to monitor its conversion to the deposit under electron exposure.
The decomposition of the precursor can then be monitored by dif-
ferent surface analytical techniques [6,7,103]. X-ray photoelectron
spectroscopy (XPS) and Auger electron spectroscopy (AES) provide
information on the elemental composition of the pristine precursor
layer and of a deposit that forms under electron irradiation or
through surface reactions. The chemical shift of an XPS signal fur-
ther reveals the oxidation state or binding situation of the metal
and provides, for instance, evidence of the formation of elemental
metal. The loss of organic ligands as consequence of electron irra-
diation can be monitored by reflection absorption infrared spec-
troscopy (RAIRS) [103-105]. Mass spectrometry (MS) is also a
powerful approach to study electron-stimulated desorption (ESD)
of fragments that occurs upon irradiation of the condensed precur-
sor monolayers or bulk surfaces as well as to assess thermally dri-
ven desorption of volatile products upon heating [106,107]. Note
that most experiments monitor ESD of neutral species by post-
ionization in the mass spectrometer. Neutral fragments desorb
much more easily than charged fragments [108], see also discus-
sion in chapter 5. However, when an MS setup is equipped with
ion extractors, it can also detect charged species [109,110]. In a
FEBID study, MS cannot only monitor ESD of volatile species but
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also thermal reactions that occur when the deposit is exposed to
a process gas. Furthermore, thermal desorption spectrometry
(TDS), also refered to as temperature-programmed desorption
(TPD), monitors the evolution of species from the surface as the
temperature is increased. It detects products with lower volatility
that remain in the deposit at cryogenic temperature or products
that are formed through thermal reactions upon temperature
increase [107]. TDS thus represents an important link between sur-
face science experiments performed at cryogenic temperature and
the actual FEBID process that is typically performed at or above
room temperature.

The focused keV beam from an electron gun used for AES has
also been applied to perform model FEBID experiments in UHV.
In such experiments, the precursor is dosed onto a surface held
at room temperature to prevent condensation of the molecules
while the surface is continuously irradiated at typical energies of
1.5 keV or 3 keV [111-115]. This experiment allows to study
deposit compositions without the influence of the typical residual
gases present in an electron microscope operated under HV condi-
tions. We also note that specialized electron microscopes may be
operated under UHV conditions [87-89]. Such a setup has, how-
ever, not been applied to precursors of interest for this review.

Only few of these techniques are typically applicable in the
technical FEBID process. For instance, electron microscopes are
often equipped with AES or, alternatively, energy dispersive
X-ray spectroscopy (EDX) for elemental mapping as the only ana-
lytical tool [87,103]. In contrast, an ALD reactor can be coupled
to several in-situ observation techniques, like infrared spec-
troscopy of the film [116] or MS for monitoring the gas phase
[106]. Transfer to a UHV chamber is needed for elemental XPS
analysis of the film [117]. This adds to the importance of perform-
ing studies directly under UHV conditions. For an overview on in-
situ studies on ALD surface reaction mechanisms, we refer to a
tutorial of Bosch and Kessels [118] and to an in-depth review on
quartz microbalance and infrared in-situ studies to Knapas and
Ritala [119].

3. Group 10 precursors
3.1. Tetrakis(trifluorophosphine)M(0) complexes (M = Ni, Pt)

3.1.1. Introduction

As the incorporation of carbon constitutes a major obstacle in
FEBID, carbon-free inorganic compounds may be an attractive
choice to achieve pure deposits. The ligand trifluorophosphine
(PF3) is a particularly strong m-acceptor [120]. Group 10 complexes
with PF3 are thermally more stable than the corresponding car-
bonyls but still exhibit sufficiently high vapour pressures (cf.
Fig. 3.1). The compound tetrakis(trifluorophosphine)nickel(0), Ni
(PF3)4 has to be handled with care due to its high toxicity [121]
and features a vapour pressure of 195 mbar at 21°C [122].
Tetrakis(trifluorophosphine)platinum(0), Pt(PFs), has a similarly
high vapour pressure at room temperature [115]. The properties
of the FEBID relevant group 10 tetrakis(trifluorophosphine)M(0)
complexes are collected in Table 3.1 and Fig. 3.1 summarizes struc-
tural formulae and vapour pressure data.

3.1.2. FEBID

The only study concerned with electron beam induced deposi-
tion of nickel from Ni(PF3)4 led to moderate Ni contents of around
36 at.% [121], see also Table 3.2. The deposit contained most prob-
ably nickel oxide in addition to elemental nickel, even though oxy-
gen was not present in the precursor molecule. The substantial
amount of oxygen in the deposit was attributed to the residual
water in the vacuum chamber. The main constituents of the vac-
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Table 3.1
Properties of tetrakis(trifluorophosphine)M(0) complexes (M = Ni, Pt) discussed in this section.
compound phase appearance melting point boiling point decomposition stability ref.
Ni(PFs)4 liquid colourless —55°C 70.7 °C 150 °C stable (water/air) [123,124]
Pt(PF3)4 liquid colourless —15 °C 86 °C > 90 °C stable (light/air) [125]
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Fig. 3.1. Left: structural formulae and atomic ratios of nickel and platinum tetrakis(trifluorophosphine) complexes. Right: vapour pressure with fitted log,o(p)[mbar] =B - A/T

[K] curves. Graphs were reproduced from [122,126,127,128].

uum background were H,0, N,, and O,, respectively, which
accounted for 60 %, 25 %, and 6 % of the total pressure measured
using a residual gas analyser. That led to oxidation of the precursor
molecules, presumed to form phosphorus oxide, hydrofluoric acid
(HF), and their derivatives [121]. An oxygen (O,) co-flow did not
improve the nickel content but increased the oxygen content. Sur-
prisingly a hydrogen (H,) co-flow resulted in identical effects on
the deposit composition which was traced back to an increased
H,0 pressure during dosing of H, [121]. However, significantly
increasing the beam current to 15 pA led to the formation of
micrometre sized grains with 95 at.% Ni, the remaining 5 at.% being
C, O, F, and P contamination. This was attributed to thermal effects
in combination with the catalytic activity of nickel nanoparticles
[121]. The carbon impurities can be probably attributed to residual
gas hydrocarbons during EDX measurements, see Section 2.5.

The first deposition experiments using Pt(PFs), were carried out
in an UHV setup equipped with an Auger spectrometer [115]. The
internal electron beam source of the spectrometer was employed
for electron beam induced deposition and resulted in spot deposit
diameters of around 370 um. The average film composition was 15
at.% Pt, 57 at% P, 18 at.% C, and 9 at.% O in which the presence of
carbon and oxygen was attributed to contamination from the
residual H,0 and CO inside the vacuum chamber (cf. Table 3.2).
The oxygen content is most likely incorporated in the matrix as

Table 3.2

phosphorus oxide [115]. Under co-dosing of O,, the platinum
content increased above 20 at.%. With in-situ substrate heating of
120 °C during electron irradiation but in the absence of added
0,, a platinum content of 70 at.% (neglecting oxygen and fluorine)
could be achieved [115].

The focused electron beam induced deposition under high-
vacuum conditions (HV) with a beam current of 41 nA resulted
in a platinum content of 82.6 at.% where, however, elements other
than those of the precursor have been neglected [129]. Another
study found a deposit composition of 61 at.% Pt, 14 at.% P, 15 at.
% 0, and 10 at.% C, where the observed oxygen and carbon was
attributed to residual gases during deposition but also during ele-
mental analysis [98]. Table 3.2 displays the achieved deposit com-
position in relation to the precursor stoichiometry. In addition, the
conductivity significantly improved for increasing beam currents,
what can be attributed to thermal effects [129] and may be related
to the loss of intact PF3 ligands from surface-bound Pt(PF3); formed
as intermediates [130] (see also Section 3.1.5). Correspondingly,
also an in-situ substrate heating resulted in a platinum content
of 58 at.% for a stage temperature of 100 °C [131].

Also a post-deposition treatment with low-temperature anneal-
ing at 100 °C and 200 °C under nitrogen (N;) flow led to significant
improvement in the conductivity in the deposits [132]. Here, the
N, was supplied in an open environment such that the influence

Normalized atomic ratios of nickel and platinum precursors with the corresponding as-grown deposit compositions. The as-grown deposit metal content is also summarized. The
arrow terms read “atoms in precursor & atoms in FEBID material”. The star denotes a fluorine content that was inferred from the 1 at.% missing in the deposit composition. The

authors noted the missing fluorine explicitly [115].

complex Ni/Pt P F (o] C metal at.% ref.
Ni(PF3)s 1 4047 12-0.3 0—0.6 0—04 36 [121]
Pt(PF;)4 1 4-.38 12-0.07* 0-0.6 0-1.2 15 [115] (UHV)
Pt(PF5)4 1 4-0.23 12-0 0-0.25 0-0.16 61 [98] (HV)
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of ambient O, in the improvement could be neither confirmed nor
excluded. Loss of phosphorus was observed but could not be quan-
tified. While an independent experiment using EDX had yielded a P
content of only 13.2 at.%, the observed volume shrinkage of about
40 % was taken as evidence of more residual P possibly due to a
lower beam current during FEBID [132]. However, a significant
contribution of carbon co-deposition may also have contributed
to this result. Further post-treatments after deposition in an UHV
SEM were carried out under vacuum. In a TEM, annealing and elec-
tron beam irradiation at 300 keV acceleration voltage and electron
fluxes from 10 to 10° C/m? was performed. Both, annealing and
electron beam irradiation resulted in the formation of crystalline
platinum grains with the largest grain sizes achieved for annealing
at ~ 127 °C [133]. In-situ TEM annealing at 250 °C proved again
growth and coalescence of platinum nanoparticles in the deposit
[98]. The beam sensitivity of deposits from Pt(PFs), was confirmed
by in-situ post-deposition irradiation [134]. Further annealing pro-
cedures were performed at temperatures up to 400 °C in N, atmo-
sphere and forming gas (5 % H, in N;) with the latter breaking apart
the deposit due to massive volume shrinkage and crystal formation
[98]. In contrast, annealing at 400 °C under H,O atmosphere
avoided structural decomposition leading to pure platinum depos-
its [135]. Under HV conditions an autocatalytic growth of platinum
from Pt(PFs)4 under co-dosing of XeF, can be achieved [136]. The
growth proceeds from the region of high XeF, flux and occurs with-
out electron beam impact after a conditioning period of 30 to
45 min of pure XeF, flow. However, electron beam prepatterning
under XeF, flow and subsequent co-flow of Pt(PFs), and XeF, with-
out electron irradiation resulted also in high purity platinum
growth. Furthermore, pure platinum growth could be achieved
by electron beam scanning at extremely low flux under co-flow
of Pt(PFs)4 and XeF,. The authors substantiated the hypothesis that
platinum nucleation is induced by chemisorbed fluorine followed
by rapid autocatalytic growth of platinum [136].

3.1.3. CVD

Ni(PF3)4 was used in a hot-wall-type CVD system in which the
background pressure was 1.33 mbar. The precursor was evapo-
rated at room temperature, while the deposition temperature
was between 180 and 270 °C. Helium was used as the carrier
gas. Deposits were placed on SiO,/Si patterned substrates. Contin-
uous Ni films were obtained. The amounts of residual impurity
atoms such as F and P were <1 at.% (XPS) [122]. Ni(PF3)4 was also
used to obtain NiSiy films. The pressure in the reactor was con-
trolled to 50 mbar, the precursor evaporation temperature was
50 °C, while the deposition temperature was varied from 180 °C
to 250 °C. Additionally, SizHg (1% diluted by 99% H,) was intro-
duced into the reactor chamber [137]. Moreover, deposition of
active %3Ni layers onto semiconductor silicon supports was con-
ducted using ®*Ni(PFs);. A uniform crystalline nickel layer was
formed at a substrate temperature of 400 °C and working pressure
of 0.06-0.07 mbar [124].

Pt(PF3); was used to produced uniform, smooth, continuous,
adherent layer of mirror-bright Pt on several types of substrates
(e.g. Si, SiO,, deposited Al,03, GaAs). The complex was stored under
dry N, in a saturator at 0 °C, at which temperature its vapour pres-
sure was estimated to be 20 mbar. The best results were obtained
by using H, and substrate temperature in the range of 200 - 300 °C.
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The Pt films contained small amounts of residual phosphorus (no
quantitative data are available). The level of phosphorous impuri-
ties is four or five times higher if the deposition is carried out in
nitrogen only [128]. The data is summarized in Table 3.3.

It should be noted that the presence of hydrogen improves the
quality of the platinum deposit, but in the case of nickel precursor,
its use was not necessary.

3.1.4. ALD
ALD studies have not yet been performed with these precursors.

3.1.5. Fundamental surface and gas phase studies

Not much is known about the fundamental electron-induced
chemistry of Ni(PF3),. The only available data is on electron attach-
ment measured in a flowing-afterglow Langmuir-probe (FALP)
apparatus [138]. This study has revealed that electron attachment
to both Pt(PFs), and Ni(PF3)4 leads to loss of a single PF3 ligand.
However, in the case of Ni(PF3), nothing is known so far about
the further fate of the resulting intermediate in a surface process.

The interaction of electrons with Pt(PF3)4 has been studied both
in the gas phase [138-140] and for thin adsorbed surfaces layers
formed under cryogenic conditions [141]. The results have been
covered as prototypical case study in several reviews [6,7,101]
and are thus summarized only briefly here. In the surface experi-
ments, Pt(PFs3); was adsorbed on a surface at cryogenic tempera-
ture and irradiated at an electron energy of 500 eV. XPS
experiments [141] revealed that decomposition proceeds in two
sequential steps, the first of which being a rapid loss of one PF3
ligand by ESD forming a surface-bound Pt(PF;); intermediate. Fur-
ther electron irradiation, however, leads only to slower cleavage of
P-F bonds in the remaining ligands and presumably consequent
desorption of F~ ion. This results in a deposit composed mainly
of Pt and P. Annealing after completion of deposit formation does
not remove further phosphorous. However, when the substrate
temperature was increased step by step up to 295 °C after the ini-
tial regime of PF5 loss, the Pt/P ratio of the final deposit continu-
ously increased [6,130]. This gives evidence that thermal
reactions of the Pt(PFs); intermediate dissociate further ligands
from the metal, a reaction that is not possible anymore after the
PF; ligands were dissociated by an electron-driven reaction
(Fig. 3.2).

Gas phase studies have given insight into the nature of the dis-
sociation event of the first reaction step. It was shown that cleav-
age of a single PF; ligand dominates by two orders of magnitude
above all other fragmentations in DEA [140]. Notably, DI leads to
loss of up to all four ligands [5]. This supports the view that the ini-
tial loss of one PF; ligand from adsorbed Pt(PF3), is predominantly
initiated by DEA. In addition, a recent computational study [142] in
combination with previous cross section data for electronic excita-
tion [139] indicates that ND following electronic excitation is also a
very relevant process. The calculations revealed that most of the
multiple electronically excited potential energy surfaces are repul-
sive so that ND must occur as soon as electronic excitation has
occurred [142]. The experimentally determined cross sections for
electronic excitation, however, are even higher than the cross sec-
tion for loss of PF; via DEA pointing to the relevance of ND [140].

Table 3.3

Summary of CVD data. The abbreviations mean: nq - ‘not quantified’, RT- room temperature, and nf - ‘not found'.
compound T precursor T deposition pressure gases film composition ref.
Ni(PF3)4 RT 180-270 °C 1.33 mbar He > 99 at.% Ni [122]
Pt(PF3)4 0°C 200-300 °C nf H, Pt + P impurities (nq) [128]
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Fig. 3.2. Molecular level events during EBID from Pt(PFs), as deduced from surface studies under UHV conditions: The initial electron-induced dissociation leads to
desorption of an intact PF; ligand and yields a surface-bound Pt(PF;); intermediate. Continued electron irradiation at cryogenic temperature up to room temperature then
cleaves only P-F bonds leaving P in the deposit. Temperature increase (symbolized by A) leads to thermal desorption of more PF; and a higher Pt content of the deposit.

Figure adapted by permission from Spencer et al. [6] Springer Nature, copyright (2014).

Table 3.4

Properties of cyclopentadienyl complexes (M = Ni, Pd, Pt) discussed in this section. The abbreviation nf stands for ‘not found’ and RT for room temperature.
compound phase appearance melting point sublimation point (T,p) decomposition stability ref.
Ni(n°-CpMe), solid dark green 34-36 °C 85-90 °C, 1.33 mbar 250 °C air sensitive [143]
Pd(n>-allyl)(1#°-Cp) solid red crystal needles 60-62 °C 25 °C, p < 40 mbar 61 °C air sensitive [145,146]
Pt(°-Cp)Me; solid colourless 108.5 °C RT, in vacuo 140.5 °C nf [147]
Pt(n°-CpMe)Me3 solid off-white 30-31 °C 23 °C, 0.071 mbar > 300 °C air & moisture sensitive [148-151]

3.2. Cyclopentadienyl complexes of Ni(Il), Pd(Il), and Pt(IV)

3.2.1. Introduction

The cyclopentadienyl anion is a planar C-donor ligand that is
highly stable due to its aromatic ring structure. For a group 10
metal complex the typical pentahapto (#°-) bonding mode is
observed. At room temperature, the bis(methylcyclopentadienyl)
nickel(Il) (Ni(#°-CpMe),) is a solid [121] that melts around 36 °C
and gradually decomposes in air [143]. The also air-sensitive
(n3-allyl)(i°-cyclopentadienyl)palladium(Il), Pd(;>-allyl)(1°-Cp) is
solid at room temperature subliming under high vacuum condi-
tions [144]. The very similar two compounds (#°-cyclopentadie
nyl)(trimethyl)platinum(IV), Pt(°-Cp)Me; and (#°-methylcyclo
pentadienyl)(trimethyl)platinum(IV)', Pt(5°>-CpMe)Me; are stable
solids with melting points of 108.5 °C and 30-31 °C, respectively.
Pt(°-Cp)Me; and Pt(#°-CpMe)Me; feature similar vapour pressures.

The properties of the group 10 cyclopentadienyl complexes
studied in FEBID are collected in Table 3.4; their structural formu-
lae and vapour pressure data are collected in Fig. 3.3.

3.2.2. FEBID

There is only one study investigating a cyclopentadienyl com-
plex for electron beam induced deposition of nickel. Ni(#>-
CpMe), results in low nickel contents of around 12 at.% and a
strong tendency of forming nickel oxide in the deposits (Table 3.5)
[121].

Pd(n>-allyl)(5°-Cp) was used for electron beam induced deposi-
tion already in 1994 in a scanning tunnelling microscope (STM)
under UHV conditions. The STM tip was employed as tightly con-
fined source of electrons, which triggered deposition either on

! In FEBID literature commonly abbreviated as MeCpPt(Me)s.
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the substrate or the tip itself depending on the polarity. At
2.75 V positive bias, lines of 50 nm width with a palladium con-
tent > 95 at.% were obtained. The growth started from isolated
grains that coalesced upon further scanning during deposition.
The authors attribute this to an electron-excitation mechanism,
i.e. an electron-induced dissociation. The growth of the grains
can be explained by two mechanisms: i) by a catalytic activity of
the first deposited Pd atoms and ii) by the enhanced field between
the STM tip and these metallic seed deposits that led to focusing of
electrons onto the seed and consequently faster growth [154].
Later experiments using Pd(#3-allyl)(#°-Cp) under typical FEBID
conditions resulted in deposit compositions of 26 + 5 at.% Pd and
of 74 + 5 at.% C (cf. Table 3.5) with the palladium content varying
between 18 and 29 at.% for currents from 0.8 to 26 nA [144]. A
post-deposition treatment with electron beam irradiation at high
currents of around 26 nA under simultaneous flow of O, could
improve the palladium content to ~ 60 at.% [144].

Platinum cyclopentadienyl complexes are standard compounds
in commercial gas-injection systems and are, hence, ubiquitous in
FEBID. First, Pt(#°-Cp)Me; was employed [155,156] leading to plat-
inum contents in the range of 4-13 at.% [155] while later 21.5 at.%
were found for high aspect ratio deposits (Table 3.5) [157]. Inter-
estingly, the very similar compound Pt(#°-CpMe)Me; leads to
deposits with a typical platinum content of about 15-17 at.% even
though more carbon is present in its stoichiometry [131,158].
Later, also higher platinum contents around 22-25 at.% were
reported [55,157-159], most probably related to in-operando
purification by the residual water in the vacuum chamber [35].
While the background pressures in the range of 8-10°7—-3-107°
mbar were comparable [55,131,158,160,161], it has to be noted,
that in studies with higher Pt content relatively high currents
around 1.6 nA were used along with the bad heat conductor SiO,
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Fig. 3.3. Left: structural formulae and atomic ratios of cyclopentadienyl complexes of nickel, palladium, and platinum. Right: vapour pressure with fitted log;o(p)[mbar] =
B - A/T[K] curves. Graphs were reproduced according to Ni(1°-CpMe), [143], Pt(y°-CpMe)Mes and Pt(5°-Cp)Mes [152], and Pd(n>-allyl)(n°-Cp) [153].

as a substrate [55,160,161]. Studies of lower reported Pt content
relied on a silicon substrate with native oxide [131,158,162-165].
Therefore, thermal effects may also play a critical role here (cf. Sec-
tions 3.4.5 and 5.4). Table 3.5 summarizes the obtained deposit
composition normalized to metal content in relation to the precur-
sor stoichiometry. Increasing the electron beam current used for
nanopillar deposition leads to an increased platinum content up
to about 28 at.% after which it decreases again [166]. In view of
Section 2, the observed behaviour can be explained as a variation
from i) incomplete dissociation and/or ligand co-deposition for
low currents to ii) improved ligand desorption due to local heating
for medium currents to finally iii) strong precursor depletion and
ligand co-deposition for high currents. However, the corresponding
regimes are strongly dependent on the local deposition conditions
(precursor flow, beam profile, dwell and refreshment times) and on
the local chemistry (dissociation cross-section, diffusion beha-
viour, and residence times of the compound as well as stability
and residence time of the ligands). Hence, the deposition condi-
tions have to be optimized for each specific compound in each

Table 3.5

specific experimental setting (cf. Section 6). Fortunately, this does
not necessarily limit the potential of FEBID for three-dimensional
nanofabrication. Instead of many a priori unknown parameters,
the vertical growth rate may be employed as an empirical param-
eter for the calibration of growth models. Based on such models
the required electron beam paths for the deposition of complex
3D shapes can be calculated (Fig. 3.4) [40,42,166,167].

The impressive results in the fabrication of complex nanostruc-
tures prove the extraordinary reliability of Pt(5y°>-CpMe)Mej as pre-
cursor for direct electron beam writing. Pt(1°>-CpMe)Mes can be
used for years without refilling the gas-injection system, heating
the compound to 60-80 °C for several thousand times without
any sign of thermal decomposition. However, exactly this thermal
stability hampers the growth of pure platinum structures [170]. In
contrast to other precursors (see e.g. Section 3.1 for the case of Pt
(PF3)4 and Section 4.4 for the case of gold), heating of the substrate
during the deposition process does not change the material com-
position [171]. This can be attributed to the fact that no stable
intermediates are formed wunder electron beam induced

Normalized atomic ratios of nickel, palladium, and platinum precursors and as-grown FEBID material compositions. The as-grown deposit metal content is also summarized. The
arrow terms read “atoms in precursor - atoms in FEBID material”. The hydrogen content is neglected. *Note that this element was not part of the precursor molecule and reflects
co-deposition of contaminants from the substrate and background gas. The abbreviation nq stands for ‘not quantified’.

complex Pd/Ni/Pt C [0} metal at.% ref.
Ni(#7°-CpMe), 1 12—6.8 0-0.4* 12 [121]
Pd(n>-allyl)(°-Cp) 1 828 0—-0 26 [144]
Pt(17°-Cp)Mes 1 8—6.7 nq 13 [155]
Pt(1°-Cp)Mes 1 8—-3.4 0—0.26* 215 [157] (pillars)
Pt(17°-CpMe)Mes 1 9-4.9-5.7 nq 15-17 [131,158]
Pt(17°-CpMe)Me; 1 9-3-3.5 nq 22-25 [55,157-159]
Pt(1°-CpMe)Me3 1 9-2.6 nq 28 [166] (pillars)

12
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Fig. 3.4. a) & b) Transmission electron micrographs of platinum containing freestanding deposits from a) Pt(1>-Cp)Mes, reprinted with permission from Koops et al. [168],
copyright (1995) American Vacuum Society. b) Pt(5°~-CpMe)Mes, reprinted from Frabboni et al. [169], copyright (2007) with permission from Elsevier. c) Scanning electron
micrograph of complex buckyball nanostructures fabricated using Pt(5°-CpMe)Me; by computer-aided design relying on a hybrid Monte-Carlo continuum simulation,
reproduced from Fowlkes et al. [39] copyright (2016) American Vacuum Society. d) Scheme of the computer-aided design approach, reprinted with permission from Winkler

et al. [40] copyright (2018) American Chemical Society.

dissociation [130]. Also varying deposition conditions like beam
energy, dwell time etc. shows no or only minor effects on the
deposit composition [131,159,166]. Employing a pulsed laser to
enhance the desorption of ligands after each deposition cycle
improves the platinum content up to about 35 at.% [172] under
preservation of the three-dimensional shape [165]. However, to
remove the dominant carbon portion more efficiently, oxidizing
agents have to be employed. This can be done in-situ e.g. by addi-
tion of H,O vapour in an environmental SEM during deposition,
resulting in 50 at.% platinum [173] or by a continuous flow of O,
during deposition, resulting in 90 at.% of platinum [174]. However,
most of the purification approaches are carried out as post-
deposition treatments, like e.g. annealing strategies under oxidiz-
ing atmosphere [158,169]. This technique provides for platinum
contents of above 70 at.% but reduces the shape fidelity. The same
holds true for a combined approach with in-situ pulsed laser treat-
ment under O, injection after deposition [175]. Much better results
on shape preservation were achieved by providing the energy
locally by electron beam irradiation [55,160,176]. However, with-
out oxidizing agents the achievable platinum content was again
limited to 35 at.% [176] matching the one of the in-situ laser treat-
ment [172], cf. also Section 6.2. Upon addition of H,0 vapour [163]
or O, [174] at room temperature or upon addition of O, at 50 °C
substrate temperature [177,178] during the electron beam curing,
pure platinum nanostructures could be realized under shape
preservation. Interestingly, the O,-assisted electron beam curing
is a top down process, while the water-assisted curing is a
bottom-up process. Results from modelling suggest, that bottom-
up purification is a consequence of the efficient uptake of H,O into
the deposit in combination with a weak adsorption, while
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chemisorption of O, at the buried platinum surfaces controls the
top-down purification [179]. In this respect, it should be noted that
employing only pulses of O, at moderately increased temperatures
of around 150 °C [180] led to comparably good purification. Here,
the authors proposed an assistance of the process by the catalytic
activity of platinum, that was also suggested for the combined
laser-oxygen post-treatment [175]. Of note is that this is supported
by ALD studies as well, cf. Section 3.2.4.

3.2.3. CVD

Ni(17°-CpMe), was used to deposit Ni films at substrate temper-
ature of 120-600 °C and a chamber pressure of 0.13-13.3 mbar.
The precursor was heated to 50-70 °C and introduced into the
deposition chamber using hydrogen as the carrier gas. The depos-
ited Ni reacted with the substrate Si resulting in NiSi, formation.
Ni/C ratio of deposited films was 6 at 120 °C, 2 at 300 °C and 1
at 600 °C [143]. When the oxygen was used as reactive gas nickel
oxide layers were grown [181].

Gozum et al. [182] described several Pd precursors for CVD
among them the organometallic compound Pd(#3-allyl)(°-Cp)
that was also employed for FEBID (cf. Section 3.2.2). The formation
of amorphous palladium films (up to 2 pm thick) contaminated
with carbon (5 wt% C) was observed at 250 °C and 1.3:10™* mbar.
Analysis of the gaseous products resulting from the thermolysis
indicated a mixture of cyclopentadiene (about 43%), propene
(about 38%), and only trace amounts of hexadienes (<1%) [182].

Crystalline palladium films with < 3 wt% of carbon were depos-
ited using hydrogen (1% in helium) between 30 and 60 °C substrate
temperature. Such considerable lowering of the deposition tem-
perature indicates the catalytic nature of this process. The studies
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Table 3.6

Summary of FEBID related CVD data for cyclopentadienyl complexes (M = Ni, Pd, Pt). The abbreviation nf stands for ‘not found’ and RT for room temperature.
compound T precursor T deposition pressure gases film composition ref.
Ni(CpMe), 50-70 °C 120-600 °C 0.13-13.3 mbar H, Ni/C =6, 2, 1 @120 °C, 300 °C, 600 °C [143]
Pd(n3-allyl)(n°-Cp) nf 250 °C 1.310"* mbar vacuum 95 at.% Pd, 5 at.% C [182]
Pd(n3-allyl)(n°>-Cp) nf 30-60 °C 1.3'10"* mbar He + H, (1%) >97 wt% Pd [183]
Pt(1°-Cp)Mes 25 °C 180 °C 1013.25 mbar Ar + H, >99 at.% Pt [184]
Pt(1°-Cp)Mes 14 °C 90-180 °C nf He + H, >99 at.% Pt [152]
Pt(n°-Cp)Me; 40-120 °C 250 °C 1.3107 mbar vacuum 74 at.% [186]
Pt(1°-CpMe)Mes 23 °C 120 °C 1013.25 mbar Ar + H, >99 at.% Pt [185]
Pt(1°-CpMe)Mes 14 °C 90 - 180 °C nf He + H, >99 at.% Pt [152]
Pt(n3-CpMe)Mes 10 °C 350 °C 2.7 mbar Ar + O, resistivity: 10.5 pQ cm (similar to the bulk metal) [187]

of gaseous decomposition products suggest that the allyl ligand is
mainly hydrogenated to propane [183].

Pt(°-Cp)Me; was vaporised at atmospheric pressure and 25 °C.
Argon was used as carrier gas and the hydrogen was introduced as
reactive gas. Glass slides and silicon wafers with (100) orientation
were used as substrates. The deposition was carried out at 180 °C.
The surface of the Pt film was highly contaminated with oxygen
and carbon after several days of exposure to ambient conditions.
Upon argon ion sputtering into the film, the oxygen content
decreased below detection limits, while the carbon content
decreased to <1 at.%. In the absence of H, much higher concentra-
tions of carbon inside the film were detected [184].

In an experiment by Xue et al. [152], Pt(#°-Cp)Me; and Pt(#>-
CpMe)Mes were evaporated at 14 °C. Deposition started by direct-
ing a helium gas flow over the organometallic source. Hydrogen
was introduced into the reactor chamber and for deposition tem-
peratures of 90 to 180 °C, the platinum films were pure (<1 at.%
carbon, oxygen, and no other impurities).

Pt(n°-CpMe)Mes was vaporised at atmospheric pressure in a
stream of argon at 23 °C. H, was used as the reactive gas. Glass
slides and oriented Si(100) substrates were heated to 120 °C. Anal-
yses by XPS carried out after Ar* sputtering showed no detectable
amount of carbon in the bulk of the platinum film [185]. The data is
summarized in Table 3.6.

For completion we would like to note that cyclopentadienyls of
Pd(II) [182,183] and Pt(IV) [152,182-185] could be deposited at
low temperature but the metal CVD process required hydrogen
presence. The post-deposition Ar* ion sputtering for the platinum
deposit was useful for contamination removal.

Plasma CVD processes were found for Pd(n3-allyl)(n°>-Cp) and
Pd(n>-Cp)Me; and are shown in Table 3.6a [188].

For palladium and platinum argon plasmas achieved pure metal
films. The addition of oxygen plasma resulted in poorer platinum
metal content. This is in line with oxygen plasma ALD experiments

using the similar precursor Pt(n>-CpMe)Me; [190,191], see
Table 3.7, that observed the formation of platinum oxide at around
100 °C. Higher temperatures or addition of hydrogen to the plasma
increased the platinum content to 100 at.%. Comparison with data
from Table 3.6 shows that for Pd(n3-allyl)(n>-Cp), the plasma
argon CVD resulted in pure palladium films, however, at 60 to
90 degrees higher hotter deposition temperatures compared to
the He/hydrogen (1%) thermal process at 30-60 °C Pd [183].

3.24. ALD

Nickel film ALD was not attempted with Ni(#°-CpMe), but
rather using nickelocene, Ni(17°>-Cp),, as the precursor. Triple pre-
cursor ALD processes with Ni(#°-Cp),/H,0/H-plasma at 165 °C
[192] and Ni(#°-Cp),/H20/H, at 330 °C [193] were employed. The
role of water was shown to be important as hydrogen and hydro-
gen plasma alone proved not being able to form volatile moieties in
reaction with the cyclopentadienyl. Using water alone gave mixed
Ni/NiO films. Furthermore, water was assumed to form adsorption
sites for Ni(#°-Cp),.

Palladium ALD does not work with the combustion (oxidation)
process [27]. Probably for this reason there is no report on ALD
with cyclopentadienyl containing palladium precursors, including
the Pd(#>-allyl)(s°-Cp) complex used in FEBID.

To deposit platinum films with a thermal ALD process, the pre-
cursor Pt(°-CpMe)Me; is most frequently used [194]. Water was
found to be an inefficient co-reactant [195]. Thermal ALD at
300 °C with oxygen as a co-reactant results in uniform platinum
films [196] by combustion of the platinum precursor. In this tem-
perature range, molecular oxygen adsorbs dissociatively onto the
platinum surface. Of note is that platinum acts as a catalyst for this
surface reaction. The atomic oxygen remains at the surface during
the purge pulse and reacts with the ligands of the platinum precur-
sor in the following step. Due to the limited amount of adsorbed
oxygen, the oxidation of the ligands may be incomplete. The unox-

Table 3.6a

Summary of plasma CVD data. The abbreviation nf stands for ‘not found’.
compound T precursor T deposition pressure power density gases film composition ref.
Pd(n>-allyl)(n°-Cp) nf 120 °C 0.20 mbar 0.1 W/cm? Ar 100 % Pd [188]
Pt(n°>-Cp)Mes 40 °C 200 °C 0.25 mbar 0.44 W/cm? Ar 100 wt% Pt [189]
Pt(n°-Cp)Me; 40 °C 25 °C 0.25 mbar 0.44 W/cm? Ar 99 wt% Pt [189]
Pt(n°-Cp)Me; 40 °C 100 °C 0.25 mbar 0.22 W/cm? 135 sccm Ar + 15 sccm O, 87 wt% Pt [189]

Table 3.7

Summary of FEBID related ALD data. The abbreviation RT stands for room temperature.
precursor co-reactant T deposition film composition ref.
Ni(17°>-CpMe), No ALD report
Pd(1°-Cp)(n3>-allyl) No ALD report
Pt(n>-CpMe)Mes 0, (air) 300 °C > 98 at.% Pt [196-198]
Pt(n>-CpMe)Me; 0, plasma 100-300 °C PtOy for long plasma exposures and/or low T [190,191]
Pt(n>-CpMe)Me; 0O, plasma & H, RT > 99 at.% Pt [199]

0, plasma & H, plasma
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idized ligands remaining after the purge react with the oxygen dur-
ing the next pulse, resulting again in the starting configuration of a
layer of oxygen atoms bond to a platinum surface [196]. The ther-
mal ALD half reactions are shown in Fig. 3.5 and were summarized
by Mackus et al. [197] and van Daele et al. [198].

The self-termination of the Pt(>-CpMe)Me; surface half-
reactions on the platinum surface is obtained by the formation of
a hydrocarbon monolayer blocking further adsorption of Pt(°-
CpMe)Me; (see also Section 3.2.5). The oxygen half-reaction
removes this hydrocarbon layer and terminates dissociative
chemisorption by forming an oxygenated platinum surface.

In plasma ALD, oxygen radicals were introduced to the surface
directly from the gas phase [191]. Pure platinum and platinum
oxide were deposited, depending on the oxygen partial pressure,
on the plasma exposure time, and on the deposition temperature
[190,191]. At low temperatures, platinum oxide was preferably
grown while pure platinum was achieved for higher temperatures
(see Table 3.7). The platinum surface coverage with oxygen deter-
mined when a phase of platinum oxide formed on the top. To
deposit pure platinum with good electrical properties, an addi-
tional hydrogen or hydrogen plasma step had to be introduced to
reduce the deposited platinum oxide to pure platinum. With this,
the temperature window could be lowered to room temperature
[199].

Conformal pure platinum coatings on three dimensional car-
bonaceous FEBID structures with high shape fidelity were achieved
by a triple precursor ALD process. The scanning electron micro-
graphs in Fig. 3.6 a) and b) before and after ALD coating demon-
strate the conformal coverage of complex geometries like the
shown helix with three pitches. Three ALD steps were employed:
Pt(17°-CpMe)Mes;, remote oxygen plasma, and hydrogen plasma at
120 °C [80] with argon as the carrier gas. A deposition rate of
0.031 nm/cycle was observed. The resistivity was determined to
21 pQ cm, being only two times higher than the bulk value of
10.6 pQ cm.

The same ALD process initiates on Pt containing material as well
as on carbonaceous material. Fig. 3.6 a)-c) show scanning electron

Coordination Chemistry Reviews 458 (2022) 213851

micrographs of successful platinum coating of FEBID nanostruc-
tures that were deposited using Pt(;°-CpMe)Me; as FEBID precur-
sor while in Fig. 3.6 d) a carbon precursor was employed for FEBID,
i.e. no initial platinum atoms were needed to start the process. The
conformal coverage was also demonstrated for complex geome-
tries like the shown helix with three pitches.

Further studies dealt with the island formation and evolution of
Pt during ALD [200-204] which we do not discuss in the scope of
this article. Table 3.7 summarizes the FEBID related ALD data.

3.2.5. Fundamental surface and gas phase studies

The only fundamental study performed on Ni(n>-CpMe), has
been by ESD on adsorbed surface layers (at —173 °C) upon electron
irradiation at 500 eV [103]. As only desorbing product, H, was
observed, suggesting that C-H bond cleavage and subsequent
crosslinking of the ligands occurs. This is in line with the low Ni
content obtained in FEBID with this precursor (see Section 3.2.2).
The electron-induced fragmentation of gaseous Pd(n3-allyl)(n>-
Cp) by DI has been studied by MS for electron energies between
8 eV and 26 eV [205]. Threshold energies and relative abundances
for the different positive ion fragments reveal that loss of allyl from
the parent ion is slightly favoured above loss of the cyclopentadi-
enyl ligand. Notably, the free metal cation Pd* was observed above
14 eV with relative abundance up to 4% which is higher than the
yield of Pt" obtained from Pt(1°>-CpMe)Me; at 100 eV [206] point-
ing to a more efficient fragmentation of Pd(n3-allyl)(n>-Cp).

Studies on electron-induced surface reactions of Pd(n>-allyl)
(n°-Cp) were not yet reported. The low thermal stability of cryo-
genically condensed Pd(m3-allyl)(n°-Cp) was noted in a surface
study on the dissociative adsorption of the precursor on a clean
Pd(111) surface. All other inner surfaces of the deposition appara-
tus needed to be covered by inert materials such as glass or Teflon
to avoid unwanted decomposition by contact with metal parts
[207]. While multilayer desorption occurred at —41 °C on SiO,,
condensed Pd(n3-allyl)(n>-Cp) in contact with the Pd(111) surface
dissociated already at —101 °C, whereby the allyl ligand split from
the precursor and interacted with the surface. Fragments released

MeCpPtMe; half-reaction
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Fig. 3.5. Schematics of surface reactions during thermal ALD of Pt(5°-CpMe)Mes; (MesPtCpMe) and O, at 300 °C. Reprinted with permission from Mackus at al. [197],
copyright (2012) American Chemical Society. a) Adsorption reactions of Pt(°-CpMe)Me; on oxygenated platinum surface. b) Adsorption reactions of oxygen on hydrocarbon
terminated platinum surface. The purge steps between the half-reactions were omitted for clarity.
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Fig. 3.6. Scanning electron micrographs of 3D FEBID structures. a) A FEBID helix using Pt(1°>-CpMe)Mes as precursor before and after conformal Pt ALD coating, and b) a close-
up of this helix. c) A FEBID pillar deposited using Pt(1>~-CpMe)Mes as precursor, and d) a FEBID pillar deposited with the carbon precursor phenanthrene, both conformally

coated with Pt ALD [80].

by this partial decomposition, presumably the allyl or products
deriving thereof, reacted with precursor molecules in further top
layers thus immobilizing them partly. At —38 °C, conversion of
Pd(II) to Pd(0) occurred, indicating that all ligands were dissociated
from the precursor then. However, most of the carbon content
remained on the surface. It was also observed that this carbon con-
tent could not be removed by heating to 227 °C under an H, pres-
sure of 10 mbar. The observed immobilization suggests that a
high density of precursor on the surface counteracts the formation
of high purity CVD layers because of crosslinking reactions of the
ligands. The thermal deposition of Pd(n3-allyl)(n°>-Cp) was also
studied on differently pre-treated Si surfaces [208]. Decomposition
of the precursor was most efficient on surfaces with Si-OH which
can provide H needed to remove the ligands. The low thermal sta-
bility of Pd(n3-allyl)(n>-Cp) may also be responsible for the rela-
tively high Pd contents as compared to Pt(n°-CpMe)Me;
observed in FEBID (see Section 3.2.2).

Owing to its very favourable vapour pressure already at room
temperature and the fact that Pt(n’-CpMe)Me; is a well-
established commercial FEBID precursor, it has also been studied
in depth at the fundamental level [206,209]. Pt(n>-CpMe)Me;
has, in particular, served as a prototypical case in previous reviews
on the electron-induced chemistry of FEBID [5-7,101,103]. Briefly,
it was shown by XPS that only one of the nine carbon atoms is lost
upon irradiation of thin layers of the precursor condensed at cryo-
genic temperature leading to a composition of PtCg with unknown
H content [209]. ESD revealed that H, and CH,4 are the only volatile
products released from the surface under electron irradiation. ESD
from Pt(1°-Cp)Mejs has been studied for comparison, showing the
same result, which demonstrates that desorption of CH, relates to
loss of a CHs ligand. A later study [107] has provided support for
the initial hypothesis [209] that CH4 was in fact formed in the pre-
cursor layer and not from reactions of CH3 with hydrogen from the
chamber walls. The exclusive desorption of CH4 and absence of CH;
further suggests that the conversion to CH4 proceeds as an intra-
molecular reaction. This is of particular interest, as gas phase
results on Pt(1°>-CpMe)Me; have revealed that DEA is by far dom-
inated by loss of a single CH3 and the most abundant fragments in
DI are produced by loss of two or three CHs ligands both with and
without loss of one or more hydrogen [206]. The initial electron-
induced fragmentation of an isolated Pt(1°>-CpMe)Me; gas mole-
cule thus always yields CHs radicals. This demonstrates that
adsorption modifies the dissociation reactions of a precursor. Of
important note is also that the deposit composition PtCgHy (x not
measured but presence of H confirmed in [210]) formed through
electron irradiation at 500 eV under cryogenic conditions
(=93 °C) [209] does not quantitatively agree with the much lower
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carbon content of deposits obtained in FEBID processes
(PtC,6.5.7Hy see Table 3.5). Of note is also that PtC.sH, composi-
tions imply the partial removal of Cp that may be a consequence
of the residual water in under HV FEBID conditions, see also Sec-
tion 5.3.2. Even post-irradiation annealing of the condensed film
to temperatures up to 367 °C did not change this composition
[130]. This is in contrast to another surface study at cryogenic tem-
perature which applied TDS to monitor the effect of temperature
increase on a deposit produced from condensed Pt(1°>-CpMe)Me;
at —168 °C by a comparable electron exposure but with an energy
of 31 eV [107]. This study revealed that, although ESD of CH, was
terminated, more CH, was released from the deposit through ther-
mal reactions as the temperature was increased up to 177 °C with-
out further electron irradiation. This indicates that the chemical
nature of the deposit may vary with the applied electron energy,
an effect that has not yet been studied in detail. Note again that
post-deposition electron irradiation at 5 keV of deposits produced
from Pt(n°-CpMe)Me; in an actual FEBID process was shown to
increase the Pt content up to 35 at.% for deposits with thickness
below 50 nm [176]. It was suggested that this carbon removal
involved small ligand fragments embedded in the growing deposit
that can diffuse out of the deposit under post-deposition electron
irradiation. This was supported by growth of the Pt nanograins
which implies that the high-energy electron beam in fact induces
a certain mobility of the deposit constituents that can influence
the final composition. However, an alternative and very likely
explanation for the removal of carbon in the SEM is that residual
water impinges with around 1ML/s at 10® mbar on a surface in
the SEM and etches away carbon under the electron beam [163].
Surface studies aiming at a fundamental understanding of ALD
processes with Pt(1°>-CpMe)Me; also provide further information
on the useful temperature range for deposition and demonstrate
how ALD can profit from electron-induced chemistry. The thermal
deposition on a Ni foil was found to be self-limiting at tempera-
tures between 252 °C and 352 °C, but lead to multilayer deposition,
i.e. a CVD-type process, at 402 °C [211]. Using XPS, a C:Pt ratio of
5:1 was deduced for the self-limiting regime, indicating that, under
these conditions, the CH3 ligands are lost upon activated bonding
to the surface while the MeCp group remains coordinated to the
adsorbed Pt atoms. Another recent study has shown that
electron-impact excitation of Pt(n>-CpMe)Me; in the gas phase
leads to a more efficient uptake of the precursor on a silicon oxide
surface [212]. This experiment used a nude ionization gauge pres-
sure transducer operating at an acceleration voltage of 150 eV that
was mounted out of sight of the sample for ionization of the pre-
cursor. This led to a typical C:Pt ratio around 6 on the surface,
pointing again to loss of CHs ligands, this time prior to landing.
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For further insight into the interaction of Pt(1°>-CpMe)Mej ref-
erence may also be given to a theoretical study that discusses how
the precursor interacts with different defect sites on a graphene
layer [213]. This may be relevant in terms of chemisorption on a
typical FEBID deposit material composed of metal and a carbona-
ceous matrix, where the carbonaceous matrix material contains
reactive sites due to electron irradiation.

3.3. M(1l) B-diketonate complexes (M = Ni, Pd, Pt)

3.3.1. Introduction

The B-diketonates are an important class of volatile metal com-
plexes and therefore widely used as precursors in CVD. The B-
diketonate ligand can form a 6-membered ring enclosing the cen-
tral metal ion as one of the hexagon corners [1]. The compounds
have a relatively large vapour pressure (cf. Fig. 3.7) and the rigid
chelate structure protects the central atom efficiently against
chemical reactions. The only group 10 B-diketonate complex
employed for FEBID so far is bis(hexafluoroacetylacetonate)-palla
dium(II), Pd(hfac), due to its practical vapour pressure close to
room temperature. The compound is stable and easily sublimates.

Table 3.8
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To ensure a sufficiently large vapour pressure for FEBID only a tem-
perature of 36 °C is required under high vacuum conditions [94].
All other compounds of Table 3.8 were not yet applied in FEBID
but investigated in UHV studies, which may give further insight
into the behaviour of B-diketonate complexes as relevant to FEBID.

Table 3.8 summarizes the properties of the reviewed group 10
B-diketonate complexes; the corresponding structural formulae
and vapour pressure data are presented in Fig. 3.7.

3.3.2. FEBID

Depositions relying on gas phase FEBID using Pd(hfac), and
electron beam currents below 1 nA resulted in a dominant carbon
portion within the deposit. The composition achieved was only 5.6
at.% of Pd, 81 at.% C, 12.6 at.% O, and 0.5 at.% F (cf. Table 3.9). Due to
aging effects of the compound, the palladium content decreased
further over time [94]. Later experiments of the same authors
obtained palladium contents between 20 and 24 at.% for currents
above 1 nA, what was attributed to the higher beam current and
lower primary electron energies [144].

The Pd contents could be further improved to above 60 at.% by
massive electron beam post-irradiation at currents of 26 nA under

Properties of M(II) B-diketonate complexes (M = Ni, Pd, Pt) discussed in this section. These compounds are not light sensitive. The abbreviation RT stands for room temperature, nf

for ‘not found’, and nq for 'not quantified’.

compound phase appearance melting point sublimation point (T, p) decomposition stability ref.
Ni(acac), solid light green 230 °C ~207 °C, 0.007 mbar 230 °C stable (hygroscopic) [215,216]
Ni(hfac), solid green 205 °C 100 °C, 1 atm nf stable [214,217,218]
Pd(acac), solid canary yellow 190 °C 100-160 °C, p nq 190 °C stable [219]
Pd(hfac), solid yellow 100 °C 46-55 °C, p nq 230 °C stable [220-223]
Pt(acac), solid bright yellow 239.5 °C 150-180 °C, 0.067 mbar 248 °C stable [224-226]
Pt(hfac), solid orange crystals ~144 °C 65 °C, 0.133 mbar nf stable [221,227]
Pd(n?3- allyl)(hfac) solid yellow crystals nf RT, HV 30-40 °C, 0.13 mbar nf air-sensitive [183]
( Y4 N
(0] (0] O (0] O O
N N NS o
/Ni\ /F‘d\ /Pt\ T (°C)
(0] (0} (0] (0} (0] (0} 200180160 140 120 100 80 60 40 20 0
M M M T T T T T T T T T T T
~. ®  Ni(acac), Berg 1965
. SN ——A=3824,B=11.43
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= . . . . . . . . 14 Hierso 1998
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Fig. 3.7. Left: structural formulae and atomic ratios of M(II) B-diketonate complexes, where M = Ni, Pd, Pt. Right: vapour pressure with fitted log;o(p)[mbar] =

B - A/T[K]

curves. Graphs were reproduced using: Pd(acac), and Pd(hfac), [228], Pd(n?>-allyl)(hfac) [153], Pt(hfac), [229,230], Pt(acac), [225], and Ni(acac), [231].
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Table 3.9

Coordination Chemistry Reviews 458 (2022) 213851

Normalized atomic ratios of the palladium precursor with corresponding as-grown deposit compositions. The as-grown deposit metal content is also summarized. The arrow
terms read “atoms in precursor & atoms in FEBID material”. Values higher than the initial carbon content indicate additional contamination. The hydrogen content is neglected.

Pd complex Pd C (0] F metal at.% ref.
Pd(hfac), 1 10—14.5 4-2.1 12—0.01 5.6 [94]
Pd(hfac), 1 10—2.1 403 12—0.8 24 [144]
Pd(hfac), 1 102 4-0.3 12—0.25 28 [232]

Table 3.10

Summary of CVD data. The abbreviation nf stands for ‘not found’ and RT for room temperature.
compound T precursor T deposition pressure gases film composition ref.
Ni(acac), 200-220 °C 250-350 °C 1013.25 mbar N, + Hy resistivity 8.1-13.3 uQ cm; bulk metal: 6.8-7.5 uQ cm [233]
Ni(hfac), 100 °C 200-250 °C 1013.25 mbar H, 92 - 95 at.% Ni [217]
Pd(acac), 140 °C 350-400 °C 10-15 mbar He + H, >99 at.% Pd (XPS) [235]
Pd(hfac), 65-75 °C 80-200 °C nf H, >99 at.% Pd (AES) [236]
Pd(hfac), 77 °C 250 °C 500 mbar He Pd:C atomic ratio 0.65-0.75 [238]
Pt(acac), 150 °C 500-600 °C 2.7-27-10"° mbar vacuum 50 at.% Pt [128]
Pt(acac), 170 °C 280 °C 5.3 mbar Ar + O, >08 at.% Pt [239]
Pt(hfac), 70 °C 325 °C, 350 °C 4 mbar Ar + O, Pt + F (nq) [240]
Pd(n>-allyl)(hfac) 30-50 °C 330 °C 66.7 mbar He + 0, >99 at.% Pd [183,237]
Pd(n3-allyl)(hfac) 30-50 °C 45-60 °C 66.7 mbar He + H, (1%) >99 wt% Pd [183,237]
Pd(n3-allyl)(hfac) RT 410 °C 1.310"* mbar vacuum 78 at.% Pd [237]

local supply of oxygen. Within the first 30 s a sudden decrease of
the fluorine content from 27 at.% to 2.5 at.% and of the carbon con-
tent from 51 at.% to 18 at.% occurred, while the oxygen increased
from 4 at.% to ~ 20 at.%. Characterizing the oxygen content in the
deposits again several days after purification showed significantly
reduced O/Pd ratio of about 0.2 suggesting that elemental palla-
dium can be found in the deposit. When the curing FEB current
was reduced to below 0.8 nA, the purification was as efficient,
but less oxygen was incorporated and less shape deformations of
the deposit occurred [144]. Using Pd(hfac), as a precursor to
deposit capping layers for atom probe investigation® leads to very
similar palladium contents of 28 at.% [232]. Interestingly, the atom
probe composition measurements found a reduced carbon content
(35 at.% instead of 57 at.%) but a strongly increased oxygen content
(44 at.% instead of 8 at.%) as compared to EDX. The authors attribu-
ted this to possible carbon contamination during the EDX measure-
ments and residual oxygen-containing species in the atom probe
chamber [232]. As shown in Table 3.9 relating the deposit composi-
tion to the precursor stoichiometry unveils the loss of 8 out of the 10
C atoms.

3.3.3. CVD

bis(acetylacetonate)nickel(Il) was evaporated at a temperature
of 200-220 °C at atmospheric pressure. The deposition tempera-
ture was in the range 250-350 °C. Under inert atmosphere no
nickel film was obtained However, when hydrogen as the reactive
gas and nitrogen as carrier gas was used, polycrystalline nickel
films were deposited with resistivity close to that of bulk nickel
on a borosilicate glass plate [233]. Ni(acac), and Ni(hfac), were
also used in catalyst enhanced CVD on polymer surfaces (Teflon,
polyimide, polysulfone). The substrate surface was modified by
palladium compounds (PdCl,, Pd(acac),) which caused a catalytic
reaction and a decrease of the deposition temperature Tp. Deposi-
tions were conducted at atmospheric pressure with hydrogen as a
carrier gas. The evaporation temperatures were in the range 160-
180 °C and 100 °C and the substrate temperatures were in the
range 220-270 °C and 200-250 °C, respectively. The purity of Ni
films was about 90-95 at.% [217].

2 In atom probe tomography a tip consisting of the material under investigation is
set under high voltage (2 - 15 kV) in an UHV chamber at cryogenic temperatures.
Additional voltage or laser pulses extract single atoms that are analysed in a time-of-
flight ion detector.
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Pd(acac), was sublimated in helium at 140 °C. In the presence of
even 1% hydrogen in helium the complex reduced to palladium
metal even at room temperature [234]. Pd(acac), was used to pre-
pare membranes on porous substrates (Al;03) at 350-400 °C. The
system pressure during deposition was 10-15 mbar and hydrogen
was used as reactive gas. No oxygen nor carbon impurities were
incorporated into the metal film [235]. In another CVD experiment
Pd(hfac), was sublimed in the temperature range of 65-75 °C at a
pressure of 0.067 mbar in the N, atmosphere. Pure palladium
deposition was demonstrated over the temperature range of 80-
200 °C on p-type silicon (100) with native oxide surface. The use
of pure H, was necessary [236].

The hetero-ligand Pd(n3-allyl)(hfac) complex was sublimed in
the temperature range 30-50 °C and at a 66.7 mbar total pressure.
Films with 99 at.% purity were obtained under different conditions:
oxygen as carrier gas, deposition temperature 330 °C (glass sub-
strate) and helium as the carrier gas with 1 % H, as the reactive
gas, the deposition temperature in the range 45-60 °C. In contrast,
the films contained 22 at.% carbon when this precursor was depos-
ited under vacuum [183,237].

For CVD with Pt(acac), a practical vapour pressure was
achieved at about 150 °C. Deposition of Pt occurred at high temper-
atures of 500-600 °C on Si substrates in vacuum (2.7-27-107°
mbar). However, electron beam microprobe analysis revealed
heavy carbon contamination of about 50 at.% C [128]. Table 3.10
summarizes the data.

The presence of hydrogen during CVD with 10 group B-
diketonates not only causes deposition or improves deposit purity
but decreases also the deposition temperature.

3.3.4. ALD

Dual and triple precursor ALD processes with Ni(acac), were
reported by Utriainen [244]: the Ni(acac),-H, process resulted in
nickel films on Al and Ti surfaces but not on SiO,. On SiO, a film
deposited only when a partial thermal decomposition of the pre-
cursors occurred. The Ni(acac),-03-H, process progressed via the
formation of a nickel oxide layer by ozone and its subsequent
reduction to nickel by molecular hydrogen and resulted in nickel
films with some pinholes.

In case of palladium film ALD combustion reactions with molec-
ular oxygen proved unsuccessful [27]. Pd(hfac), needs atomic
hydrogen to release the hfac ligand as Hhfac. Correspondingly,
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Table 3.11

Summary of FEBID and surface science studies related ALD data.
precursor co-reactant T deposition film composition ref.
Ni(acac), H, 250 °C surface oxidation upon ambient exposure [244]
Ni(hfac), No ALD
Pd(acac), No ALD
Pd(hfac), H, 80-130 °C Pd (XRD) [241,242]
Pd(hfac), formalin 200 °C 14 pQ cm (11 pQ cm bulk Pd) [241]
Pd(hfac), H, plasma 80 °C C/Pd = 0.04 (on Ir); C/Pd = 0.06 (on W); C/Pd = 0.1 (on Si) [243]
Pt(acac), 0; & H, 120-130 °C >98 at.% [245]
Pt(hfac), No ALD
Pd(n?*-allyl)(hfac) No ALD

Elam et al. [241] found that formalin (solution of formaldehyde
HCHO in H,0) is a powerful co-reactant and H donor to form pure
palladium films by ALD with Pd(hfac), on Al,03 at 200 °C. The sur-
face reactions involved are:

Pd-H* + Pd(hfac), — Pd-Pd(hfac)*, x + xHhfac,

Pd-Pd(hfac)* + HCHO — Pd-Pd-H* + Hhfac + CO.

Here, the asterisk denotes surface species. In the first reaction,
the H-terminated Pd surface reacts with Pd(hfac), to release either
one or two of the ligands as protonated Hhfac thereby reducing Pd
either to Pd(I) in Pd-Pd(hfac)* or Pd(0) in Pd-Pd*. In the first case,
the remaining Pd-Pd(hfac)* reacts with formaldehyde to release
the second ligand and recover the H-terminated surface. Once a
palladium seed layer was grown, the ALD temperature could be
lowered to 100 °C and formalin could be replaced by molecular
hydrogen for further growth. The observed low growth rate of
0.1 ML per ALD cycle was explained by the bulky hfac ligand
remaining (slowly desorbing) on the Pd surface after the Pd(hfac),
exposure cycle and blocking the adsorption of additional Pd(hfac),
molecules.

Senkevich et al. [242] reported palladium ALD down to 80 °C on
a palladium seed layer using Pd(hfac), and molecular hydrogen.
Instead of formalin, the hydrogen takes the role of H donor to
release the hfac ligand. They indicated carbon contamination on
iridium substrates to hamper adsorption of Pd(hfac), and thus
nucleation of palladium. Hydrogen plasma also serves as powerful
reducing agent for Pd(hfac), in ALD at 80 °C and was eliminating
the need of noble metal substrates or palladium seed layers
[243]. The precursor Pd(n3-allyl)(hfac) was not yet investigated
for ALD.

A triple precursor ALD process of Pt(acac),-Os-H, was reported
successful for depositing pure Pt films [243]. The molecular H,
pulse after ozone in the pulsing sequence reduced platinum oxide
to metallic Pt. The Pt films were highly oriented toward (111).
Table 3.11 summarizes the FEBID and surface science studies
related ALD data.

3.3.5. Fundamental surface and gas phase studies
A comprehensive study under cryogenic UHV conditions [246]
has been performed on thin condensates of Pd(hfac),, and Pt(hfac),

N

and but included also Cu(hfac), which is discussed in Section 4.1.
The general trends during irradiation at 500 eV (Fig. 3.8) were
independent of the metal except that F~ ions were retained on
the surface only for Cu(hfac), (see Section 4.1). During the initial
stage of irradiation, a rapid loss of a significant fraction (>50%) of
O and F was observed by XPS after which only F continued to
decline at a slower rate. In contrast, 80% of the initial C content
remained in the deposit, in general agreement with the findings
from FEBID. ESD revealed evolution of neutral species CO,, CO,
and some H, during the initial stage. Notably, desorption of F~ or
F-containing fragments was not seen. Due to the high electron
affinity, loss of F is thus most likely ascribed to C-F bond cleavage
and desorption of F~ ions which, however, was not monitored.
From these results, the reaction scheme shown in Fig. 3.8 was
derived which represents the formation of the carbonaceous
matrix the composition of which was also deduced from the FEBID
results. Purification of the deposits was attempted by annealing of
the deposit up to a temperature of 367 °C whereby the O content
decreased further and the XPS binding energy of Pt4f approached
the value of elemental Pt. In addition, the FEBID process was mod-
elled under UHV conditions. In these experiments the precursors
were continuously dosed onto a surface held at room temperature
while the 3 keV electron beam of an Auger spectrometer was used
for deposit formation yielding a qualitatively similar result as
obtained from XPS.

Gas phase studies on the electron-induced fragmentation of Pd
(hfac), have provided a different perspective [247]. DEA is domi-
nated by far by the formation of hfac™ ions while in DI the bare
Pd" ion is most abundant followed by the ionic fragments CF3,
[Pd(hfac-CF3)]*, and [Pd(hfac)]". The initial electron-induced frag-
mentation is thus favourable in the sense that the entire ligand
can be split off. However, this does not translate to the surface pro-
cess because the bulky hfac ligand apparently did not desorb but it
converted to the carbonaceous matrix [246].

The electron-induced decomposition of Ni(acac), was studied
on a layer prepared by spray-coating from an alcoholic solution
[248]. This layer was dried and then transferred in-situ to UHV
for electron irradiation from the gun of a LEED (low energy electron
diffraction) system and subsequent XPS analysis. By irradiation at

TN VS

Fig. 3.8. Molecular level events during EBID of Pd(hfac),

, Pt(hfac),, and Cu(hfac), as deduced from surface studies under cryogenic UHV conditions: the initial electron-

induced dissociation leads to partially reduced metal atoms in a carbonaceous matrix containing fluorine and oxygen. Continued electron irradiation then leads to slow
further loss of fluorine. Reprinted with permission from Rosenberg at al. [246] copyright (2014) American Chemical Society.
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500 eV, a C/Ni ratio of 0.13 was obtained which is in striking con-
trast to the results from the other metal-(hfac), precursors [246].
However, Ni° only amounted to 59% of the Ni content showing that
the metal could not be fully reduced by this process. DI gas phase
data compare Ni(acac), and Ni(hfac), [249]. They show gradual dif-
ferences in the fragmentation pattern but do not provide a mech-
anism for the extensive loss of C from Ni(acac),. This suggests
that subsequent electron-induced processes in the deposit are
more favourable in the case of the acac ligand as compared to hfac.
Together with its relatively high vapour pressure it would be a
good FEBID candidate.

Surface interactions of Pt(acac), with different defect sites on a
graphene layer were atomistically modelled [213]. This may be rel-
evant to chemisorption on a carbonaceous (metal) deposit that
contains reactive sites due to electron irradiation.

Finally, we note that some precursors may transfer their ligands
to surface atoms of another metal. Such a redox transmetalation
reaction has been reported for Pd(hfac), that, when adsorbed on
a Cu surface, can be converted to Pd(0) while Cu(0) is oxidized to
Cu(Il) yielding Cu(hfac), [250]. This may be relevant for interface
formation or the rate of production of seed layers.

3.4. Chlorido Pt(1l) complexes

3.4.1. Introduction

Volatile metal halides are toxic and corrosive making them
challenging in the FEBID implementation. However, halogen
ligands are among the few possible monoatomic ligands and are
thus anticipated to provide for high-purity deposits in FEBID [6].
The compound cis-dicarbonyldichloridoplatinum(Il)  (cis-
PtCly(CO),) is solid at room temperature but sensitive to air and
moisture. It has a convenient vapour pressure for FEBID when
heated up to 80 °C [111]. An interesting, fully inorganic, alternative
is the neutral complex cis-diamminedichloridoplatinum(lII), cis-
PtCl(NHs), (cisplatin) in which the carbonyl groups are replaced
by NHj3 ligands and which is known as chemotherapeutic anti-
cancer drug. Thermal analysis reported that thermal decomposi-
tion by loss of NH3 and HCl occurs over the temperature range
235-385 °C. Cisplatin can be vaporised at least partially according
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to previously reported gas phase experiments [251], temperature-
resolved thermal analysis [252], and in line with the successful
sublimation of cisplatin in glassware by heating to 160 °C [104].
The needle-shaped solid shows a vapour pressure sufficient for
gas phase FEBID at 165 °C [253].

Table 3.12 summarizes the properties of these two precursors
Fig. 3.9 shows their structural formulae and vapour pressure data
(as far as available).

3.4.2. FEBID

The compound cis-PtCly(CO), is one of the first candidates that
were suggested for FEBID based on mechanistic surface science
studies [111] and quantum chemical modelling [254] (cf.
Section 3.4.5). Electron beam induced deposition experiments
were carried out in UHV with the internal electron source of an
Auger spectrometer operated at 3 kV for steady state deposition
and low electron flux with the substrate at room temperature. Cor-
responding to the expectation of efficient cleavage of CO ligands,
the obtained deposit contained only minor amounts of carbon
and oxygen. According to AES analysis, the deposit consisted of
Pt (34.5 at.%) and CI (63.8 at.%), roughly confirmed by subsequent
EDX analysis as Pt (~37.6 at.%) and Cl (~ 58.7 at.%) [111], see
Table 3.13. This translates to a deposit stoichiometry of ~ PtCl,.
The dominant Cl component is caused by the less efficient
electron-stimulated desorption of Cl~ ions compared to the loss
of CO from cis-PtCly(CO), molecules [111]. Following this work,
the obtained ~ PtCl, could be completely purified using electron
beam curing under supply of atomic hydrogen radicals at room-
temperature while curing without the reactant only occurred at
the deposit surface which was ascribed to the limited escape depth
of CI” ions [257].

In a very recent work, the performance of cis-PtCl,(CO), and cis-
PtBr,(CO), was compared to that of the standard platinum precur-
sor Pt(17°-CpMe)Me; under UHV and HV (FEBID) conditions [258].
In sharp contrast to the UHV results confirming earlier work
[111], deposition using cis-PtCl,(CO), under typical FEBID condi-
tions (chamber pressure ~4-10°® mbar and high electron flux) leads
to efficient loss of chlorine but a dominant carbon portion in the
deposit of 55.4 at.% in combination with 20.1 at.% Pt [258]. Employ-

Table 3.12
Properties of PtCl,L, complexes (L = NH3, CO) discussed in this section. The abbreviation nf stands for ‘not found'.
compound phase  appearance melting point  sublimation point (T, p) decomposition stability ref.
cis-PtCly(CO), solid white/yellow needles nf 80 °C, 1.3-10°® mbar nf air and moisture sensitive [111,254]
cis-PtCly(NHs), solid white to yellow 270 °C 160 °C, 5-1072 mbar >235 °C stable [104,148,255]
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Fig. 3.9. Left: structural formulae and atomic ratios of PtCl,L, (L = NH3, CO) complexes. Right: vapour pressure data for cis-PtCly(NH3),. Graphs were reproduced from [256].
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Fig. 3.10. (a) A SEM micrograph of a cis-PtCl,(NH3), particle on a lacey carbon membrane. (b) The particle after complete decomposition to Pt by irradiation with an electron
beam (20 keV, ~3 pA). (c) The integrated peak intensity of the Cl signal from EDX. Adapted with permission from Warneke at al. [253] copyright (2016) American Chemical

Society.

Table 3.13

Normalized atomic ratios of platinum precursors with the corresponding as-grown deposit compositions. The as-grown deposit metal content is also summarized. The arrow
terms read “atoms in precursor < atoms in FEBID material”. The hydrogen content is neglected. *The compositions are given for deposition carried out after plasma chamber

cleaning.
Pt complex Pt C O/N Cl/Br metal at.% ref.
cis-PtCly(CO), 1 2—-~0 2—~0 2—-1.6 37.6 [111] (UHV)
cis-PtCly(CO), 1 2—-1.9 2—0.3 2—0.3 25.8 [258]*
cis-PtBry(CO), 1 2-5.9 2—0.9 2—0.6 11.3 [258]*
cis-PtCly(NHs), 1 0—~0 2—~0 2—1 50 [253]

ing chamber plasma cleaning to remove hydrocarbons from the
residual gases, a deposit composition of PtC, was obtained as the
best stoichiometry. Table 3.13 summarizes the obtained composi-
tions after chamber cleaning. The bromide complex® performed
similarly under UHV conditions with a deposit composition of 35.9
at.% Pt and 54.9 at.% Br, but even worse than cis-PtCl,(CO), under
FEBID conditions leading to a deposit stoichiometry of roughly
PtCs (11.3 at% Pt and 66.4 at.% C) after chamber cleaning [258].
While the efficient loss of halogens under HV conditions is known
from other precursors, e.g. containing PF3 groups (cf. Section 3.1.2),
the huge carbon content is somewhat puzzling. The authors hypoth-
esize that instead of the attempted cleavage of the intact CO groups,
the residual water in the deposition chamber may have led to the
formation of non-volatile formic acid and formaldehyde [258]. How-
ever, this explanation seems doubtful as both compounds are
expected to be in the gas phase under these conditions. Even if the
formaldehyde would have been thermally polymerized, it should
have left more oxygen behind.

Based on a comparative surface science study with cis-
PtCl,(CO), the similar compound cis-PtCl,(NHs3), (cisplatin) may
enhance the loss of chlorine [104] (cf. Section 3.4.5). In a FEBID
experiment cis-PtCl,(NHs), was supplied with a home-built, short
tube gas-injection system at 150 °C. Deposition was carried out for
a beam current of 1 nA at a primary energy of 20 keV on native

3 Please note that cis-PtBr,(CO), is discussed only in the FEBID section due to the
novelty of the results.
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oxide silicon at room temperature [253]. This resulted in a compo-
sition of the deposit of 50 at.% Pt and 50 at.% CI (cf. Table 3.13). The
same study investigated electron beam irradiation of micrometre
sized crystallites of cis-PtCl,(NHs3), placed on lacey carbon TEM
membranes which resulted in the transformation to pure plat-
inum, see Fig. 3.10. The authors attributed the very different beha-
viour to the different residence times of NHs. In the irradiated
precursor particles, the ligand NH; may remain trapped long
enough to yield hydrogen upon decomposition. The hydrogen then
volatizes the Cl™ ligands in form of HCL In contrast, in a FEBID
experiment, NH; may easily desorb from the adsorbed surface
layer and leave a partly degraded cisplatin, containing less hydro-
gen for CI~ ion removal. Hence, a complete reduction to platinum
cannot be achieved [253]. However, the FEBID process and, in par-
ticular, thermal effects (especially on the poorly heat conducting
lacey carbon films) may be worth revisiting in the light of a more
recent UHV study that observed a complete removal of Cl from
sub-100 nm sized sublimated cisplatin crystallites [104], cf.
Section 3.4.5.

34.3.CVD

cis-PtCl;(CO), was investigated as precursor for Pt CVD with
source temperatures in the 120-155 °C range and deposition tem-
peratures varying between 187 °C and 600 °C [128]. Clean plat-
inum films (>99%) were obtained in hydrogen (1013.25 mbar H,).
The highest purity was obtained on silicon substrates at a precur-
sor vaporisation temperature of 145 °C and a deposition tempera-
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Table 3.14

Summary of CVD data.
compound T precursor T deposition pressure gases film composition ref.
cis-PtCly(CO), 145 °C 300 °C 1013.25 mbar H, >99 at.% Pt [128]
cis-PtCly(NHs), no CVD

ture of 300 °C. The formation of HCl was found to be crucial for
deposit purity. However, the process was judged unattractive due
to difficulties in handling the precursor and to poor adherence of
the deposited film to the substrates [128]. CVD results for cis-Pt
(NH3),Cl, complex have not yet been reported. Table 3.14 summa-
rizes the data.

3.4.4. ALD
ALD with PtCly(CO), and cis-PtCl;(NHs), has not yet been
attempted.

3.4.5. Fundamental surface and gas phase studies

In fundamental studies with regard to FEBID, a sufficient pre-
cursor flux of cis-PtCl,(CO), could be established by sublimation
at 80 °C to deposit a thin adsorbed layer for surface studies [111]
and at 85 °C to produce an effusive molecular beam for gas phase
experiments which produced a chamber pressure of 1-2-10"7 mbar
[254]. The vapour pressure was also sufficient to perform a model
FEBID experiment in UHV (see Section 3.4.2). Studies under UHV
conditions were performed using an electron flood gun operated
at 500 eV as electron source while the precursor was leaked into
the chamber and adsorbed on the cooled substrate at —90 °C.
ESD and XPS revealed that, after rapid loss of CO, prolonged elec-
tron irradiation can further remove the Cl content [111], see
Fig. 3.11.

However, the electron doses needed to remove Cl were two
orders of magnitude larger than those needed to desorb the CO
ligands. Gas phase results [254] are in line with this result and also
point to the persistence of the anionic Cl~ ligands. They show that
DEA to cis-PtCl,(CO), occurs at electron energies near 0 eV and
leads predominantly to loss of CO thus producing [PtCl,(CO)]"
and [PtCl,]™ as the dominant fragments. DI at 70 eV yields the par-
ent cation as the most abundant product followed by the bare Pt*
cation but again points to a facile loss of the more weakly bound
co.

The gas phase experiments on cisplatin applied temperatures in
the range 164-172 °C to obtain a background vapour pressure of
107 mbar when forming the molecular beam [251]. Thermal

%

analysis reported, however, that thermal decomposition by loss
of NH3 and HCl occurs at higher temperatures over the range
235-385 °C [252]. The gas phase experiment on cisplatin [251]
revealed DEA at electron energies between 0 eV and 2 eV leading
predominantly to loss of atomic Cl or Cl~ ions and, to a minor
extent, also to loss of both Cl atoms as Cl; due to the cleavage of
Pt-Cl bonds. The complementary DEA products [PtCI(NH3),]" and
[Pt(NHs3),]” were observed near 0 eV suggesting that, in contrast
to cis-PtCl,(CO),, electron attachment at these low energies leaves
the neutral ligands, namely, NH; bound to the metal. Earlier
reports indicated that electron irradiation of NHsz adsorbates at
electron energies above roughly 8 eV leads to production of N,
and supplies hydrogen that acts as a reducing agent [259]. This
suggested that the same reaction should also decompose the NH3
ligands of cisplatin and assist in the removal of the ClI content,
which is not efficiently removed as Cl~ ions due to the low desorp-
tion probability of ionic species [108] despite the fact that these are
indeed produced by DEA [251].

A more comprehensive surface study on cisplatin sublimates by
use of ESD, RAIRS, and XPS [104] revealed, in fact, that electron
irradiation at 500 eV leads to ESD of N, NHs, and HCl (Fig. 3.12).
N, is produced by releasing atomic hydrogen from NH3 which then
removes the Cl ligands via formation of volatile HCl. Additionally,
RAIRS revealed the formation of NHj cations indicating another
reaction pathway in which NHj; is ionized and transfers a proton
to Cl™ to again yield HCIL. According to XPS, these reactions lead
to elementary Pt. The conversion was much slower at a primary
electron energy of 50 eV suggesting that secondary electrons
which are released in larger numbers at a primary electron energy
of 500 eV drive the decomposition [104].

Comparison of cis-PtCl,(CO), and cisplatin for an electron
energy of 500 eV showed that the electron-induced loss of Cl
ligands from cisplatin is significantly faster. This supports the view
that the reducing action of NHs; enhances the removal of chlorine
ligands [104]. The enhancing effect of atomic hydrogen has also
been demonstrated within a post-purification protocol which con-
verted deposits with approximate stoichiometry PtCl, produced
from cis-PtCl,(CO), to pure, yet porous Pt [257].

Fig. 3.11. Molecular level events during EBID of cis-PtCl,(CO); as deduced from surface studies on electron exposure of cryogenically condensed layers of the precursor under
UHV conditions: The initial electron-induced dissociation leads to rapid loss of CO leaving behind a deposit with approximate stoichiometry PtCl,. Continued electron
irradiation then leads to slow loss of anionic Cl™. Figure adapted from Spencer et al. [111].
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Fig. 3.12. Electron-induced decomposition of cis-PtCl,(NH3), leads to removal of both types of ligands. NH3 either desorbs or is fragmented to release N, and atomic hydrogen
or H* that both convert the Cl~ ionic ligands to volatile HCI. Figure adapted from Rohdenburg et al. [104].

4. Group 11 precursors
4.1. Cu(Il) p-diketonate and p-ketoesterate complexes

4.1.1. Introduction

Two complexes, namely bis(hexafluoroacetylacetonato)-copper
(I), Cu(hfac),, and bis(tert-butylacetoacetato)copper(ll), Cu
(tbaoac),, were used in FEBID. Cu(hfac), was mainly used as mono-
hydrate Cu(hfac),-H,0, which is a green powder turning dark pur-
ple when losing the water at around 70 °C. bis(acetylacetonate)
copper(Il) Cu(acac), [260] has not been considered for FEBID as
its low vapour pressure would require heating of the gas injection
system. The p-ketoesterate complex Cu(tbaoac), was synthesised
more recently by Devi et al. [261]. An increase of the sublimation
rate was achieved without having to rely on fluorinated ligands.
At the same time, the tert-butyl ester group on one end of the
ligand causes an asymmetric electron density that weakens the
Cu-0 bond on that side of the precursor and leads to a lower pyrol-
ysis temperature as shown by comparison with an acac-type com-
pound. It was proposed that this effect is related to a
thermodynamically favourable thermal fragmentation pathway
yielding CO, and acetone upon pyrolysis [262]. The precursor
properties of this section are summarized in Table 4.1.

Fig. 4.1 Summarizes the structural formulae and vapour pres-
sure data. For Cu(hfac),-H,0 and Cu(hfac), above 95 °C, the vapour
pressures of all the literature sources cited in Fig. 4.1 give compa-
rable values although with slightly different slopes. With decreas-
ing temperature, Widmer's [267] measurements indicate a
stronger decrease of vapour pressure for Cu(hfac), than for the
monohydrate Cu(hfac),-H,0. At room temperature, Cu(hfac),-H,0
and Cu(hfac), have an extrapolated vapour pressure of around

0.01 mbar and 0.004 mbar, respectively. These pressures are still
practical for FEBID when using a GIS inside the SEM chamber with
short tubing < 1 cm. Alternatively, the precursor Cu(hfac),-H,0 can
be heated but simultaneous water co-evaporation is taking place
(witnessed by a colour change to deep purple crystals) during a
certain time which may lead to non-reproducible results. Hence,
for reproducibility in FEBID experiments one should ideally start
with the dehydrated species as the water will be slowly released
under high-vacuum conditions. The vapour pressure of Cu(tbaoac),
was deduced from sublimation rate measurements to be about
0.027 mbar at 100 °C [261].

4.1.2. FEBID

Although not explicitly noted, the monohydrated, green
coloured, crystalline Cu(hfac),-H,O was the starting compound
for investigations in the studies of Luisier et al. [272], Szkudlarek
et al. [273], and Puydinger et al. [274]. The deposits obtained by
Luisier et al. [272] with a beam current of 500 pA contained 14
at.% copper, 75 at.% carbon and 5 at.% of oxygen while Szkudlarek
et al. found higher carbon contents in the deposits and a significant
amount of oxygen for similar deposition conditions, see Table 4.2.
This difference may be due to the undefined co-evaporation of
crystal water from the monohydrate upon transition to the anhy-
drous compound. Resistivity values of as-grown FEBID lines varied
between 10* Q.cm (as-grown) and 0.1 to 1 Q.cm (after annealing
up to 180 °C) [273].

Table 4.2 shows that the 12 fluorine atoms in the homoleptic
precursor are always completely removed (below noise level of 1
at.%) from the initial fluorinated precursor molecules. Oxygen is
less efficiently removed and seems to depend on the electron expo-

Table 4.1

Properties of copper(ll) B-diketonate and p-ketoesterate complexes discussed in this section. The abbreviation nf stands for ‘not found’.
compound phase appearance melting point sublimation point (T, p) decomposition stability ref.
Cu(hfac),-H,0 solid green crystals 133-136 °C 70 °C, 0.067 mbar 230 °C air-stable, hygroscopic [263]
Cu(hfac), solid purple 95-98 °C nf nf air-stable [242,263]
Cu(acac), solid blue 279-283 °C 140-190 °C, 133-400 mbar >230 °C air-stable [264-266]
Cu(tbaoac), solid green, thin plates 110 °C 95 °C 190 °C air-stable [261]
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Fig. 4.1. Left: structural formulae and atomic ratios of Cu(II)(B-diketonate), complexes and the ketoesterate complex Cu(tbaoac),. Top right: vapour pressure with fitted
logqo(p)[mbar] = B — A/T[K] curves. The [Cu(hfac),]-H,0 X-ray crystal structure was taken from [268] and represents only one of the possible configurations. Graphs were

reproduced using: Cu(acac), [269], Cu(hfac), [267,270,271], and Cu(tbaoac), [261].

Table 4.2

Normalized atomic ratios of copper(Il) precursors with the corresponding as-grown deposits and the as-grown deposit metal content. The arrow terms read “atoms in precursor &
atoms in FEBID material. Note that we do not include the crystal water into the atomic ratios. The hydrogen content is neglected.

Cu complex Cu C o F metal at.% ref.
Cu(hfac),-H,0 1 10-5.4 4-0.4 12-0 14 [272]
Cu(hfac),-H,0 1 10—-6.4 425 12-0.1 10 [273]
Cu(tbaoac), 1 16—2.3 6—0.5 - 26 [93]

sure conditions as the two distinctly different values for Cu(hfac),-
-H,0 indicate.

The copper content can be further increased by applying in-situ
H,-Ar microplasma. The reactive atomic hydrogen will chemically
reduce the carbon content in the deposit avoiding the oxidation of
the metal [275]. When applied as a post-treatment under negative
substrate bias, the copper content increased from 11 to 27 at.%
while the carbon content was reduced from 62 to 41 at.%. The O
and F contents did not change considerably. As pure Ar plasma
post-treatment did not change the composition, thermally driven
purification effects could be excluded [275]. However, the negative
substrate bias of few eV accelerates Ar* ions towards the deposit to
break C-C bonds. The cleaved bonds may be terminated by atomic
hydrogen radicals to form volatile hydrocarbons [275]. Applying
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the plasma in-operando during FEBID, this plasma-assistance fur-
ther increases the copper content up to 41 at.% with a remaining
carbon portion of 45 at.% under negative bias. Remarkably, the oxy-
gen content decreased as well to 13 at.% while F became unde-
tectable [275]. Unfortunately, the spatial selectivity of FEBID was
impeded by formation of a significant halo. The halo extension
matched that of the microplasma (several hundred micrometre)
and was formed due to the dissociation of adsorbed precursor
molecules by impinging plasma radicals [275].

Post-growth annealing of deposits from Cu(hfac),-H,O in vac-
uum either by stage heating or by an infrared laser irradiation
did not improve the overall copper content in the deposit. How-
ever, starting at 150 °C substrate temperature, a morphological
change of the deposit from amorphous to nanocrystalline could
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be observed [273]. Most of the copper (~95 %) precipitated as pure
copper nanocrystals on the deposit surface [273]. This was con-
firmed in a later comparative study leading to the conclusion that
no volatile carbon containing species were formed during anneal-
ing under vacuum [274].

Under UHV conditions, a FEBID process was modelled in an
Auger spectrometer by continuously dosing Cu(hfac), onto a sur-
face held at room temperature while the 3 keV electron beam of
the Auger spectrometer was used for deposit formation [246]. In
line with the precursors Pd(hfac), and Pt(hfac), discussed in Sec-
tion 3.3.5, the Cu(hfac), also resulted in large carbon content mate-
rial by FEBID.

In the case of Cu(hfac),, the UHV FEBID approach was also used
to demonstrate a process for purification that is capable of remov-
ing the majority of carbon contamination from the deposit. In this
process, the deposit was first exposed to atomic oxygen to etch
away the carbon matrix followed by treatment with atomic hydro-
gen to reduce back the formed metal oxide to the metallic state
[246].

In contrast to Cu(hfac),, Cu(tbaoac), does not contain any fluo-
rine but the by far largest amount of carbon in the initial molecule
for all FEBID Cu precursors, including the heteroleptic complexes of
Cu(I) described in Section 4.2. Despite the high carbon content, the
compound achieves the best copper content in the FEBID material
of all copper(Il) compounds with 24-26 at.% [93]. These values
compare well to the best copper content of copper(I) compounds
(see Section 4.2.2) and Cu(II)-carboxylates (see Section 4.3.2), how-
ever, the first having issues with thermal and vacuum stability and
the latter having a small FEBID temperature window. Furthermore,
it is of note that deposits from Cu(tbaoac), are conducting. While
the resistivity (1.26 MQ) was six orders of magnitude larger than
the value for bulk copper, it was the first evidence for conductive
FEBID copper deposits without post-treatment [93].

4.1.3. CVD

The thermal decomposition of Cu(Il) complexes containing j-
diketonates requires substrate temperatures of 200 °C or higher
and additional reactive gases to obtain pure copper deposits in
CVD [2]. In contrast, B-ketoesterate ligands are generally easier to
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remove in CVD [261]. For the application of Cu(Il) CVD precursors,
the additional reducing agent such as hydrogen is used most often.

The importance of water or hydrogen in CVD was pointed out
by LeCohier [276]. Hydrogen is provided to the hfac ligand for des-
orption as H(hfac) to obtain clean copper films. The protonated
ligand H(hfac) was seen as reaction product in the gas phase
[277]. Interestingly, desorption was not seen in UHV studies, likely
due to the recombination of the hydrogen atoms to molecular
hydrogen [278]. The hydrogen coverage was concluded to be quite
low under UHV conditions due to the absence of a hydrogen gas
phase for surface replenishment [2]. This is an important limitation
of UHV studies to keep in mind.

Chemical vapour deposition of pure copper films was per-
formed using Cu(acac), on SiO,/Si substrates by evaporation at
180-200 °C and decomposition of this copper complex at low tem-
peratures (225-250 °C) in H»-Ar (1:1) or pure hydrogen as a carrier
gas at 1013.25 mbar. The nucleation rate and the growth rate of
copper films decrease when the hydrogen pressure increases
[264]. Cu(hfac), was heated between 30 °C and 60 °C and intro-
duced into the CVD reactor in pure hydrogen atmosphere. High
quality, high purity (~99 %), uniform copper films were obtained
in the temperature range 250-350 °C [279].

Cu(tbaoac), as precursor was sublimed over the temperature
range 90-150 °C and CVD was conducted at a reactor pressure of
13 mbar using argon as the carrier gas. Pyrolysis of Cu(tbaoac),
on thermally oxidized silicon(100) substrates leads to the forma-
tion of copper films at 225 °C. XPS analysis revealed the presence
of 13 at.% carbon and 13.5 at.% oxygen [261]. In another process,
copper films were grown on thermally oxidized Si wafers by evap-
oration of Cu(tbaoac), at 135 °C using again argon as the carrier
gas. Deposition at 285 °C and low pressures of 13 mbar led to well
connected films with a smooth surface and relatively low resistiv-
ity [280]. No significant changes in morphology were observed
when the deposition temperature was varied over the range
225-285 °C. Growth at temperatures higher than 285 °C yielded
films with significantly greater carbonaceous contamination and
higher resistivity [281]. Table 4.3 summarizes the data.

Table 4.3a summarizes the plasma CVD data. Plasma CVD was
reported (Table 4.3a) for Cu(hfac), [282,283] and Cu(acac),

Table 4.3
Summary of CVD data. The abbreviation nf stands for ‘not found’.
compound T precursor T deposition pressure gases film composition ref.
Cu(acac), 180-200 °C 225-250 °C 1013.25 mbar Ar + H, >99 at.% Cu [264]
Cu(hfac),-H,0 90 °C 250 °C nf Ar + H, >99% Cu [277]
Cu(hfac), 30-60 °C 250-350 °C 1.3103 mbar pure H, 99 at.% Cu [279]
Cu(hfac), 30-60 °C 250-350 °C 1.310"> mbar Ar/10% H, 70 at.% Cu [279]
Cu(hfac), 120 °C 340-390 °C 1013.25 mbar Ar 100 at.% Cu [271]
Cu(tbaoac), 90-150 °C 225 °C 13 mbar Ar 74 at.% Cu (XPS) [261]
Cu(tbaoac), 135 °C 285 °C 13 mbar Ar resistivity 4.3 nQ cm; bulk copper: 1.6 pQ cm [280]
Table 4.3a
Summary of plasma CVD data. The abbreviation nf stands for ‘not found’.
compound T precursor T deposition pressure power density gases film composition ref.
Cu(hfac), 75-100 °C 150-250 °C 0.67-2.67 mbar 75-100 W, 1.5-2.2 W/cm? H, No impurities detected, 1.9-2.0 [282]
pQ cm
Cu(hfac), nf 100 °C 0.25-0.27 mbar 50 W Ar/H; flow [sccm]: 100 wt% Cu6.2-7.4 pQ cm [283]
75/78
Cu(hfac), nf 160 °C 0.25-0.27 mbar 20 W, ca. 0.05-0.06 W/cm? Ar/H, flow [sccm]: 99,7 wt% Cu1.8-4.0 uQ cm [283]
10/15
Cu(hfac), nf 150 °C 0.25-0.27 mbar 80 W, 0.05-0.06 W/cm? Ar/O, flow [sccm]: 77.3 wt% Cu [283]
75/62
Cu(acac), 170 °C 200 °C, 1-10 mbar 0.28 W/cm? H, 98 at.% Cu [285]
300 °C
Cu(acac), 170 °C 300 °C 1-10 mbar 0.28 W/cm? He 85 at.% Cu [285]
Cu(acac), 100 °C nf 6.7-10%-1.4-102 radio-frequency bias voltage of  Ar:H, 1:10 >99.5 at.% Cu [284]

mbar -50V
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[283,284]. The Cu(hfac), and Ar/H, plasma CVD process [283]
resulted in pure copper films at 100 °C deposition temperature.
In comparison to thermal CVD, see Table 4.3, the deposition tem-
perature with plasma was 150 to 190 degrees lower. The argon/hy-
drogen plasma CVD processes at 100 °C with Cu(acac), resulted
in > 99.5 at.% Cu film content [284]|. Compared to thermal CVD
the growth temperature was about 100 degrees lower. A sole
helium plasma CVD process at 300 °C gave only 85 at.% Cu in the
film. This underlines the role of atomic hydrogen species, which
facilitate the efficient removal of hfac, and acac ligands at consid-
erably lower deposition temperatures.

4.1.4. ALD

Cu(hfac),-xH,0 was used in a triple precursor thermal ALD pro-
cess at 230 to 300 °C on silicon oxide, TaN, TiN, and Ta at 6.7-107
mbar [286]. Molecular hydrogen bubbled through water was used
as the carrier gas for the Cu(hfac),-xH,0 molecules heated at 75 °C.
The authors suggested a two-step mechanism of Cu-ALD. When Cu
(hfac),-xH,0 reaches the surface in excess of water, it adsorbs dis-
sociatively into hfac ligands and Cu(hfac),-yH,O (with y < x) fol-
lowed by reaction to volatile Hhfac and copper oxide. The
reactions proceed until the surface is saturated with copper oxide,
hfac, and Cu(hfac),_,-yH,0. After the nitrogen purge, a reducing
alcohol (methanol, ethanol, isopropyl alcohol = IPA) or formalin
(approximately 37 % formaldehyde in 10-15 % methanol and
water) was delivered. This was proposed to transfer hydrogen to
hfac™ to form volatile Hhfac and to reduce copper oxide. The films
contained about 3 at.% carbon and 4 at.% oxygen when using
methanol as reductant. Formalin and IPA gave the lowest impurity
level, 1.5 at.% carbon with only traces of oxygen and hydrogen
bonds. Fluorine was detected at the substrate film interface with
around 0.25 at.%. The film resistivity was very close to bulk copper
resistivity for thicknesses above 50 nm. The use of formaldehyde
and IPA also resulted in “acceptable” copper films on glass, Si,
and TaN coated Si substrates using argon instead of hydrogen as
carrier gas. The self-limiting character of above proposed ALD reac-
tions was not proven by exposure time or pulse time variations so
that CVD contributions cannot be excluded.

An in-situ infrared reflection absorption spectroscopy (IRAS)
study was performed of hydrogen plasma-assisted ALD with Cu
(hfac),-xH,0 on Al;O5 at 80 °C and an operating pressure between
4.102 and 0.27 mbar [287]. No carrier gas was used and the Cu
(hfac),-xH,0 precursor was evaporated at 130 °C from a stainless
steel cylinder. In contact with the Al,05 substrate, it chemisorbed
dissociatively on Al-O-Al surface bond bridges in a self-saturating
manner leaving Cu(hfac), hfac, and probably some H,0 on the sur-
face. Hydroxyl surface groups were not present on the substrate.
Purging of thirty seconds with Ar/H; did not alter the surface, indi-
cating that molecular hydrogen does not react at this temperature
to form volatile Hhfac. The hydrogen plasma cycle completely
removed the hfac ligands. Once a closed copper film forms, surface
reactions need to continue on copper chemisorption sites. Copper
hydrate species as dissociative chemisorption sites for Cu(hfac),-
-xH,0 were proposed but their characteristic bands were masked
by other signals in the IRAS measurements.

Coordination Chemistry Reviews 458 (2022) 213851

To summarize, Cu(hfac),-xH,0 has a water content that changes
during vacuum exposure time and with temperature. This will
influence the oxidation of copper and protonation of the hfac to
more volatile Hhfac. Atomic hydrogen would be needed in FEBID
to desorb the “sticky” hfac™ ion as Hhfac. This may be produced
by the electron-induced dissociation of water, see Section 5.3.2.
(Fig. 5.11), present in varying quantity as part of the molecule.
H, as additional gas during FEBID would have a comparable
electron-induced dissociation efficiency as water (Fig. 5.11) but is
supposed to have a very short residence time (no dipole moment)
as co-reactant on the surface. Furthermore, H, will not dissociate
thermally on copper into atomic hydrogen. It therefore seems very
likely that pure copper FEBID deposits are hampered by the co-
dissociation/deposition of the “sticky” ionic hfac™ ligands and that
an atomic hydrogen source is needed, probably in a very specific
temperature window, to desorb them.

For Cu(tbaoac), no ALD process could be realized [288]. One
reason may be the relatively low temperature for thermal decom-
position starting at about 190 °C and relating to a thermal reaction
pathway involving the facile loss of the thermodynamically stable
CO, as driving force of the reaction [261], see also Section 4.1.1.

A triple precursor thermal ALD process below 200 °C for copper
films employs cycles of Cu(acac), with H,0 yielding Cu,0 which is
then reduced to Cu by supercycles of hydroquinone [289]. Table 4.4
summarizes the FEBID and surface science studies related ALD
data.

4.1.5. Fundamental surface and gas phase studies

Gas phase studies on the electron-induced fragmentation have
shown that Cu(hfac),, in striking contrast to Pd(hfac),, predomi-
nantly forms the parent anion [Cu(hfac),]” upon electron attach-
ment at 0 eV and some hfac” ions by DEA between 0 and 4 eV
[247]. This does not reflect the loss of O and F observed in the case
of the adsorbed precursor [246] considering that the anionic ligand
is unlikely to desorb. However, fragmentation upon DI is more pro-
nounced as exemplified by the dominant fragment m/z = 201 ([Cu
(CF3),]" or [Cu(hfac)-CF3;]") and the presence of a Cu® signal
[247,290] suggesting that DI contributes to deposit formation. Note
that the gas phase electron-induced fragmentation is less pro-
nounced for Cu(acac),, both in DEA where [Cu(acac),]” dominates
even more above the free ligand acac™ [291] compared to Cu(hfac),
[247] and in DI [247,290]. In line with the possible enhancement of
halide removal by protonating process gases [292], electron irradi-
ation in presence of H,O or NH3; might offer the perspective to
remove acac” by converting it to the more volatile Hacac under
electron exposure (see also Section 5.3.2). This, however, has not
yet been experimentally assessed.

Cohen et al. proposed from their adsorption measurements that
Cu(hfac), adsorbs as intact molecule on SiO, surfaces at room tem-
perature [293]. On clean metal surfaces the same molecule adsorbs
dissociatively above —73 °C [278,294]|. The two hfac ligands
migrate away from their original copper atom and adsorb on the
metal surface. The hfac ligands prove very “sticky”, meaning that
upon heating above 100 °C [294,295] they do not desorb intact
but rather left carbon, oxygen, and fluorine residues in a series of
step-wise thermal decomposition reactions.

Table 4.4
Summary of FEBID and surface science studies related thermal ALD data. IPA stands for isopropyl alcohol. Note that formalin is a solution of formaldehyde, methanol, and water.
precursor co-reactant deposition film composition ref.
Cu(hfac),-xH;0 (carrier gas H; methanol, ethanol, IPA, formalin (H, carrier gas) 260 to 300 °C 3 at.% C, 4 at.% O (methanol), [286]
bubbled through H,0) 1.5 at.% C, < 0.25 at.% F (IPA)
Cu(hfac),-xH,0 (carrier gas Ar) IPA, formalin (carrier gas Ar) 260 to 300 °C “acceptable” [286]
Cu(acac), H,0 & hydroquinone 160 to 200 °C ~2 — 5 uQ cm @ RT (1.7 pQ cm bulk Cu) [289]
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Notably, a study on the adsorption of Cu(acac), on Ni(110) and
Cu(110) single crystal surfaces has shown that thermal surface
reactions leading to desorption of an entire ligand from the surface
occur already below —73 °C and the reduction to metallic Cu was
observed below room temperature [296]. The loss of carbon was
thus much higher than observed in FEBID and its model studies
on Cu(hfac),. This indicates that thermal reactions would be
favourable to the deposit purity in a FEBID process and that the
balance between these and the inherent electron-induced chem-
istry should critically determine the deposit composition. Details
of these thermal reactions as well as surface reactions with H,O
were also studied by computational methods [297] and may serve
as reference for future studies on FEBID processes using Cu(acac),.
Of similar relevance may be a DFT theoretical and experimental
study on reactions of Cu(hfac), on pristine highly ordered pyrolytic
graphite (HOPG) and HOPG with —-COOH and -OH defect sites
[298]. While on HOPG-COOH and HOPG-OH the growth of Cu-
nanoparticles is preferred at surface defect sites, the edges of the
basal planes are preferred on pristine HOPG. Although these are
idealized systems, such sites may also play a role when Cu(hfac),
adsorbs on the carbonaceous matrix of a previous FEBID deposit.

4.2. Cu(l) p-diketonate complexes with neutral m-donor ligands

4.2.1. Introduction

Cu(I) organometallic compounds used in FEBID are composed of
a B-diketonate anion and a neutral m-donor ligand (Lewis base)
[29]. Here, hexafluoroacetylacetonate (hfac) complexes are consid-
ered, in which the replacement of hydrogen atoms by fluorine
atoms decreases the stability of the Cu(I)-O bonds. In order to
improve the stability and volatility, unsaturated ligands can be
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used e.g. alkenes like vinyltrimethylsilane (VTMS) and 3,3-
dimethylbutene (DMB), and also enynes like 2-methyl-1-hexen-
3-yne (MHY) [2,299]. Table 4.5 summarizes the properties of the
precursors in this section.

The investigated compounds Cu(hfac)VTMS, Cu(hfac)DMB, and
Cu(hfac)MHY are liquid with vapour pressures sufficient for evap-
oration under high vacuum conditions without heating the com-
pounds [272,300-305]. However, the implementation in FEBID is
hampered as compounds of Cu(l) are extremely sensitive to air
and moisture and decompose easily. Therefore, the use and storage
of these compounds requires special attention. According to their
decomposition temperatures, the compounds may be sorted with
respect to their thermal stability as Cu(hfac)MHY > Cu(hfac)DM
B > Cu(hfac)VIMS [272]. Their structural formulae and vapour
pressure data are summarized in Fig. 4.2.

4.2.2. FEBID

The first FEBID experiments on Cu(l) pB-diketonate complexes
with neutral ligands were performed using Cu(hfac)VTMS as pre-
cursor. An electron beam current of 600 pA in an environmental
SEM resulted in copper contents of 8-11 at.% and complete loss
of fluorine (<1 at.%) [307]. As mentioned in Section 4.1.2, a compar-
ative study investigated the compounds Cu(hfac)VTMS, Cu(hfac)
MHY, and Cu(hfac)DMB with the obtained compositions for 500
PA electron beam current noted in Table 4.6 [272]. All obtained
deposits were non-conducting.

Table 4.6 shows the lower copper contents from [272] as the
authors mentioned that the high copper contents were probably
an artefact of selective/preferential argon ion sputtering during
depth profiling in their AES measurements. The six fluorine atoms
in these heteroleptic precursors are usually completely removed

Table 4.5
Properties of B-diketonate Cu(l) complexes with neutral m-donor ligands. * colour caused by Cu(Il) impurities [300]. The abbreviation nf stands for ‘not found'.
compound phase appearance melting point boiling point (T,p) decomposition stability ref.
Cu(hfac)VTMS liquid green® —20 °C 50 °C, 66.5 mbar 63 °C air-sensitive [300,301]
Cu(hfac)DMB liquid yellow nf 35°C 88 °C air-sensitive [302-304]
Cu(hfac)MHY liquid yellow 13 °C 207.2 °C 207 °C air-sensitive [272,305]
s N/ N
FsC 2 CF
3) TN YT Cu(hfac)VTMS
O (0] L Qi-A-C-F- T (°C)
Ned Cu:Si:O0:C:F:H 40 o0 40 20 "
4 . . . . . 10 T T T
5 1:1:2:10:6:13 ' ' Cu(hfac)(VTMS) Choi 2002
_\Si/ Cu(hfac)(DMB) Choi 2002
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Cu(hfac)(MHY) Luisier 2004
Cu(hfac)(MHY) Doppelt 1998
AR 3 u(hfac 0g,4(p) [mbar] = B-
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Fig. 4.2. Left: structural formulae and atomic ratios of B-diketonate Cu(I) complexes with neutral w-donor ligands. Right: vapour pressure with fitted log;o(p)[mbar] = B - A/T
[K] curves. Graphs were reproduced using: Cu(hfac)VTMS [306], Cu(hfac)DMB [306], Cu(hfac)MHY [272,299].
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Table 4.6

Coordination Chemistry Reviews 458 (2022) 213851

Normalized atomic ratios of copper precursors with the corresponding as-grown deposit compositions and the as-grown deposit metal content. The arrow terms read “atoms in
precursor = atoms in FEBID material”. Note that this table contains the lower copper content and correspondingly the higher carbon content from [272]. Hydrogen is excluded as
it was not quantified in any of the studies. *The numbers are calculated from the stoichiometries given by the authors. **Heat-assisted FEBID.

Cu complex Cu C (o] F Si Cu at.% ref.
Cu(hfac)VTMS 1 10-5 2505 6— <0.1 1-3 11 [307] (ESEM)
Cu(hfac)VTMS 1 1035 2504 60 1-0.1 20 [272]
Cu(hfac)VTMS 1 10-5 21 6—0 1-0.3 ~14* [308]
Cu(hfac)VTMS 1 10-5 251 61 1-1 ~11* [309] 3D
Cu(hfac)VTMS 1 10—0 2-0 6—0 1-0 100 [310] pillar
Cu(hfac)MHY 1 11-6.3 2-0.2 60 - 13 [272]
Cu(hfac)DMB 1 11-2.4 2506 60 - 25 [272]

from the initial fluorinated precursor molecules. The complex Cu
(hfac)VTMS with the metal Cu and the semimetal Si in the ligand
is interesting in so far as there is a preference in depositing copper
with up to ten times higher efficiency than silicon. Alternatively,
the fluorine which is released in the electron driven dissociation
can also form the very volatile SiF, compound and thus etch away
the otherwise deposited silicon [311,312]. Luisier et al. had a pre-
cursor flux of Cu(hfac)VTMS that translated to a local pressure
above the surface of 0.013 mbar [272]. In contrast, under high-
pressure conditions in an environmental SEM with the precursor
pressure being 1.6 mbar, the silicon deposition was three times
more efficient than copper deposition [307]. Further studies using
Cu(hfac)VTMS obtained varying Cu:Si ratios but overall similar Cu:
C ratios [308,309]. Especially for three-dimensional structures a
reliable quantification via EDX correcting for the silicon signal of
the substrate is challenging [309].

Pure FEBID copper deposits were reported by Utke et al. [310]
for Cu(hfac)(VTMS). The deposited freestanding rods and pillars
underwent a transition from ambient temperature FEBID deposits
with a dominant carbon portion to pure crystalline copper via
heat-assisted FEBID [310]. Due to the low heat conductivity of
the freestanding structure with low copper content the tempera-
ture at the growth front increased with increasing length of the
freestanding rod. The thermal decomposition of Cu(hfac)VTMS
where disproportionation proceeds (see Sections 4.2.1 and 4.2.3)
is around 120 °C and this temperature was most likely reached
when the tips turned rough in morphology and formed pure
nanocrystals of copper. This was remarkable in so far that also
already deposited carbon-, fluorine-, oxygen-rich material con-
verted into copper, meaning that the already deposited carbona-
ceous matrix was still volatile enough to be removed by
combined thermal and electron energy input (electron stimulated
desorption), see Fig. 4.3. As also the Si peak disappeared, one

TEM grid
substratq_@ REl

T s’ ——

may hypothesize that the VTMS ligand was deposited still largely
intact and removed by beam heating through thermal desorption.

4.2.3. CVD

In the chemical vapour deposition process based on copper(I)
compounds, the disproportionation reaction occurs and copper(0)
and volatile Cu(Il) by-products (Cu(ll) B-diketonates described in
Section 4.1.) are formed:

2 Cu(B-diketonate)L — Cu(0) + Cu(p-diketonate), + 2L

Therefore, Cu(hfac)VTMS reacts with or without hydrogen at
temperatures from 130 to 235 °C [313]. The growth behaviour of
copper film from Cu(hfac)VTMS was affected by temperature, flow
rate, and the type of carrier gas (noble gases). The Auger profiles
revealed that the impurities are nearly undetectable. The resistiv-
ity of deposited copper was lower for higher deposition tempera-
ture and is practically constant in the temperature range of 200
to 250 °C [314]. Cu(hfac)DMB was vaporised at 35 °C and carried
to the reactor by argon. Total pressure in the CVD reactor was
adjusted at 0.4 mbar. Films were deposited on a Si wafer coated
with sputter deposited titanium nitride (TiN). The Cu film depos-
ited at 150 to 200 °C had a resistivity of 2.0-2.2 uQ cm which is
close to the bulk copper [303]. Cu(hfac)MHY was introduced to
the CVD reactor at 55 °C, 1.3 mbar pressure and water addition
(0.3 sccm in 150 sccm Np). The substrate temperature was
190 °C. In the case of this precursor, water addition is a critical
point. It permits improved uniformity and resistivity [315].

Table 4.7 summarizes the CVD data.

4.2.4. ALD

ALD with copper(I) B-diketonate complexes used in FEBID was
not reported presumably due to their thermal instability, i.e.
decomposition in vacuum at low temperatures.

rod base

200 hm

Fig. 4.3. Electron beam heating on low heat dissipating frestanding structures from Cu(hfac)VTMS. a) Scanning electron micrographs showing verticalpillar deposits on
horizontal rods. Note the rough surface of the pillar due to copper nanocrystal formation. Corresponding transmission electron micrographs: b) base part close to the
substrate with 2-5 nm copper nanocrystals dispersed in an amorphous carbonaceous matrix, ¢) rod region approaching the vertical pillar deposit with increased nanocrystal
size 20-40 nm, d) dark-field TEM of rod region with pillar showing advanced coalescence of nanocrystals, e) example of facetted rod with large nanocrystals. Corresponding
EDX analysis of f) base part and g) facetted rod shown in middle figure d). Note the disappearance of the ligand element Si and the reduction of the O, F, and C signals.

Modified from [310].
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Table 4.7

Summary of CVD data related to FEBID.
compound T precursor T deposition pressure gases film composition ref.
Cu(hfac)VTMS 40 °C 200-250 °C 8 mbar noble gas >99 at.% Cu (AES) [314]
Cu(hfac)DMB 35°C 150-200 °C 0.4 mbar Ar resistivity: 2.0 pQ cm (bulk copper: 1.6 uQ cm) [303]
Cu(hfac)MHY 55 °C 190 °C 1.3 mbar N, resistivity: 2.5 pQ cm (bulk copper: 1.6 pQ cm) [315]

Table 4.8

Properties of Cu(Il) and Ag(I) carboxylate complexes. The abbreviation nf stands for ‘not found'.
compound phase appearance melting point sublimation point (T,p) decomposition stability ref.
Cuy(p-0,CCyF5), solid blue nf nf nf stable [316]
Cuy(*BuNH,),(n-0,CCyFs)4 solid blue nf nf nf stable [317]
Ag,(n-0,CC(Me),Et), solid white nf nf 150 °C light sensitive [318,319]
Ag(1-0,C'Bu), solid white nf nf 155 °C light sensitive [319]
Ag,(n-0,CC3F7), solid white 292-294 °C nf 320 °C light sensitive [319,320]
Ag(n-0,CCoFs), solid white ~241 °C 150 °C (107" mbar) 182 °C light sensitive [321,322]
Ags(n-0,CCF3), solid white 257-260 °C nf 257-260 °C light sensitive [323]

4.2.5. Surface science studies

So far, fundamental studies with respect to FEBID of Cu(hfac)
VTMS, Cu(hfac)DMB, and Cu(hfac)MHY do not exist. However, we
note that the DFT theoretical and experimental study on reactions
of Cu(hfac), with different HOPG surfaces also included a compar-
ison with Cu(hfac)VTMS [298] and may again serve as model sys-
tem to supply insight into the adsorption of the precursor on a
carbonaceous matrix as typically produced in FEBID. The study
concluded, however, that the interactions of Cu(hfac)VTMS with
the edges of the HOPG sheet as well as with HOPG with ~-COOH
and -OH defect sites is weaker than for Cu(hfac),. Furthermore,
the adsorption of Cu(hfac)VTMS on single crystal Cu surfaces was
investigated under UHV conditions which revealed that VTMS dis-
sociates from the complex and similar surface species as in the case
of Cu(hfac), were formed [294]. It was concluded that the bimolec-
ular disproportionation that is proposed to drive CVD of Cu from
Cu(hfac)VTMS (see Section 4.2.3) is slow at such low pressures
because of low surface coverage, whereas this reaction becomes
suitable at higher pressures relevant to CVD.

4.3. Cu(Il) and Ag(1) carboxylate complexes

4.3.1. Introduction

Carboxylate group 11 complexes were recently investigated for
FEBID to address the need for pure silver and copper nanoscale
direct printing, especially for plasmonic applications of silver and
local electronic circuit repair and testing in semiconductor indus-
try [324,325]. Carboxylates are ligands, which can form interesting
mono-, di-, and multinuclear structures because they are able to
coordinate to metals monodentate, as chelates, and bridging. The
applied secondary ligands in heteroleptic complexes enable influ-
encing physicochemical parameters of the obtained compounds.
Due to the extraordinarily long systematic names of the com-
plexes, here we employ the chemical formulae.

The precursor properties of this section are collected in Table 4.8
and their structural formulae are summarized in Fig. 4.4. No
vapour pressure data is available yet.

The copper(II) Cu,(p-0,CC,Fs)4 complex (also named Cuy(pfp)s))
is one of the Cu(II) carboxylates Cu,(-O,CR),4 used as substrates for
synthesis of many CVD precursors such as Cub(PR3),(ji-0,CR),, Cub(-
VTMS),(1-0,CR), [327], and Cul(*BuNH,),(p-0,CR), [317,326]. How-
ever, the Cu,(p-O,CR), carboxylates themselves did not seem
promising in this role, because they contain copper(Il) and would
probably need the presence of hydrogen for pure deposit formation
in Cu CVD. On the other hand, the thermal analysis (TG-IR) of the Cu,(-
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‘BuNH, ),(1-0,CR), (R = CF3, C;Fs, C3F7, C4Fo) has indicated that copper
carriers are formed even at atmospheric pressure (Fig. 4.5). This fact
seems advantageous for Cu CVD (cf. Section 4.4.3.) [326].

Silver carboxylate complexes are stable in ambient atmosphere
and start to evaporate at practical FEBID amounts at temperatures
around 150 °C. Vapour pressures of these precursors are not
known. Vacuum TGA measurements [328] for the silver carboxy-
lates and inert ambient pressure gas TGA for Cuy(u-O,CCyFs), are
shown in Fig. 4.4. Jurczyk et al. [328] compared ambient pressure
TGA versus vacuum TGA of the silver carboxylates. They found
the evaporation temperature onsets in vacuum TGA around 120-
130 °C lower than for ambient pressure TGA. The fluorinated com-
pounds evaporated almost completely without residues. The evap-
oration temperature of the non-fluorinated silver carboxylates in
vacuum was lower by about 30-40 °C than in ambient pressure
TGA and these complexes left silver residues. The residual mass
was close to the stoichiometry content of silver so that it was con-
cluded that the complex decomposes thermally. As local silver
FEBID deposition was successfully proven with the non-
fluorinated silver compounds [97] a window of evaporation of
intact molecules must exist at the onset temperature region. From
Fig. 4.5. the thermal stability of the precursors can be classified as
Agy(n-02CC(Me)zEt); ~ Aga(p-0,C'Bu); < Aga(n-0,CCoFs); < Aga(u-
0,CCF3); ~ Aga(u-02CC3F7 ).

4.3.2. FEBID

Deposition experiments with a beam current of 460 pA using
the copper(ll) carboxylate complex Cu,(pu-0,CC;F5s), resulted in
about 23 at.% Cu content only [324]. Still, it is remarkable that this
number already entails the removal of three out of the four ligands
from the complex as can be derived from Table 4.9. Berger et al.
[324] suggested the dissociation path shown in Fig. 4.6 based on
post-growth composition measurements of the FEB deposited
material. In addition to copper, a carbonaceous matrix containing
fluorine and oxygen was deposited. In regions of higher electron
flux, oxygen was removed and fluorine and carbon formed the
matrix in which the copper was embedded. In contrast to the silver
carboxylate FEBID, low electron fluxes did not improve the
removal of carbon and fluorine. Keeping the deposits for longer
time at ambient conditions turned out to oxidize the copper
nanocrystals in the matrix. A post-FEBID annealing at 250 °C in
oxygen to remove the carbon followed by forming gas reduction
of the copper oxide led to the formation of pure copper [324].

For silver carboxylates, the reservoir temperature was kept
around 150-180 °C for sufficient evaporation of intact binuclear
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Fig. 4.4. Structural formulae and atomic ratios of Cu(Il) and Ag(I) carboxylate complexes [324-326].

1004 — . - CUz('BUNHz)z(H'Ozccst)‘s_
90 - —  Agy(n-O,CC(Me,)Et), -
= Ag,(u-0,C'Bu),
80 - e
= Ag,(1-0,CC;F),
70 1 = Ag,(11-0,CC,F5), 7
< 604 = Ag,(11-0,CCFy), ]
@ 50 - - 1
® e ™
S 40 .
30 - | .
204 | -
10 i
0 d

0 50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 4.5. Vacuum TGA of the silver carboxylates Ag,(p-0,CR), and ambient pressure
inert gas TGA for the Cu(ll) carboxylate complex with tert-butylamine Cu(‘-
BuNH, )>(pn-0,CC5Fs)4. Reproduced from Jurczyk et al. [328] under CC BY license.
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molecules through the gas injection system. The substrate temper-
ature was kept in the same range to avoid condensation or thermal
decomposition of the molecules. In a comparative study [325], the
highest silver content of deposits from the fluorinated carboxylates
changed from about 75 at.% to 57 at.% with increasing carbon chain
length of the ligand, see Fig. 4.4 c-e and Table 4.9. The non-
fluorinated silver carboxylates showed around 50 at.% silver con-
tent independent of the number of carbons in the ligand. Further-
more, the oxygen content in deposits from all silver carboxylates
was below 5 at.% and carbon was removed by 89 % from the initial
precursor molecule. Of note is that an optimum of 76 at.% silver
was achieved for Ag,(u-0,CCyFs), [329] while the optimum for
Ag>(n-0,CC(Me),Et), was very similar with 73 at.% of silver [97].
For all carboxylates precise temperature control was vital to avoid
condensation and thermal decomposition of the precursor on the
substrate.

To explain the observed compositional variations in silver spot
deposits, an electron beam flux dependent ligand co-deposition
mechanism was proposed as illustrated in Fig. 4.7 for the Agy(u-
0,CC(Me),Et), [97]. Of note is that no autocatalytic reaction lead-
ing to growth without electron irradiation was observed. As dis-
cussed in the introduction section, see Fig. 2.4.e, the desorption
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Table 4.9

Normalized atomic ratios of copper and silver carboxylate precursors with the corresponding as-grown deposit compositions together and the as-grown deposit metal content.
The arrow terms read “atoms in precursor = atoms in FEBID material”. From [325] the best achieved atomic ratios are taken. The hydrogen content is neglected.

complex Cu/Ag C (o] F

metal at.% ref.
Cuy(p-0,CCoFs)y 1 6—1.5 4-50 10—2 23 [324]
Aga(-0,CC(Me),Et), 1 6—0.5 2-0.1 0-0 59 [325]
Ag,(n-0,CC(Me),Et), 1 6—0.3 2—0.04 0—-0 73 [97]
Ag,(1-0,C'Bu), 1 5—0.6 2—-0.1 0—0 57 [325]
Aga(11-0,CC5F5), 1 4-.05 2-.0 7-0.22 57 [325]
Ag(n-0,CCoFs), 1 3-0.3 2—0.04 5-0.1 70 [325]
Ag(n-0,CCoFs), 1 3—-0.26 2—0.01 5—-0.04 76 [329]
Ag>(n-0CCF3), 1 2—-0.3 2—-0.02 3-0.03 74 [325]
fragments only
(experimental atom ratios)
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€& . Ck cpCu Lt,g figr o210
Cu CE X (ambient cond Cu
Cu:0:C:F Cu:O:C:F
1:0:15:2 1:1:15:1.6

ong IEE) 7 e

Fig. 4.6. Proposed dissociation paths of Cu,(n-02CC,Fs)4 as concluded from the final FEBID deposit composition. Modified from Berger et al. [324]. a-c) Show the fragment
scheme. d-e) Shows the entire ligand dissociation scheme. The determination of the exact dissociation species would require in-situ mass spectrometric measurements.
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Fig. 4.7. Electron beam flux dependent ligand co-deposition for Ag,(p-0,CC(Me),Et),. Red circles symbolize silver atoms while the colours signify elements of the organic

ligand. a) At high electron flux electron beam induced co-dissociation of ligands leads to the growth of carbon-rich deposits; and b) at low electron flux efficient desorption of
ligands leads to growth of silver-rich deposits. Adapted with permission from Héflich et al. [97].
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Fig. 4.8. Tilt scanning electron micrographs of single silver pillars obtained from continuous spot irradiation for (a) 50 pA, (b) 150 pA, and (c) 500 pA beam current using
Ag>(n-0,CCyFs), as FEBID precursor. Reproduced from Hoflich et al. [330], CCBY license, Beilstein-Institut.

rate of the intact ligand must be larger than its fragmentation rate
to obtain a pure metal deposit. Otherwise, its non-volatile frag-
ments will be co-deposited and form a part of the deposit. The
transition from ligand desorption to ligand fragmentation, i.e. from
no ligand co-deposition to ligand co-deposition, occured over at
least one order of magnitude change of electron flux. Fig. 4.7 rep-
resents a simplified picture of co-deposition, see Sections 5.2.2.
and Section 5.2.3 for a more detailed discussion on the thermody-
namically favoured dissociation channels and electron-induced co-
deposition.

Fig. 4.8 shows three-dimensional pillar deposits obtained from
Ag>(n-0,CCyFs), continuous spot deposits [330]. An evident feature
of these deposits is the formation of large silver crystals. However,
it is interesting to note that the achievable silver content for the
pillar deposits is smaller than for planar deposits (~50 at.% vs. 76
at.%). The high electron flux in the beam centre may lead to ligand
co-dissociation what in turn increased the volume deposition rate
sufficiently to enable vertical growth for Ag,(u-0,CCyFs), in con-
trast to the case of Ag,(u-0,CC(Me),Et),.

4.3.3. CVD

The CVD experiments for perfluorinated copper(Il) carboxylates
Cu,(p-0,CR)4 have not yet been carried out. However, their deriva-
tives with tert-butylamine of the general formula Cu("BuNH,),(p-
OzCR)4, where R = CF3, CoFs, C3F5, C4Fg, CsFqq, CgF13 were used in
CVD process in argon only and metallic copper layers were
obtained. It should be noticed that no additional reducing agent
such as hydrogen was needed what is unusual for copper(ll) CVD
precursors [326].

On the basis of MS EI and variable temperature infrared
spectroscopy (VT IR) spectra analysis the transport mechanism of

copper in the gas phase comprising two pathways was proposed
[317]. The first one is the formation of copper(Il)-carboxylate spe-
cies Cuy(pn-O,CR)4 (see Section 4.3.2. - the complex Cuy(p-
0,CC,Fs)4 was used in the FEBID process) in the condensed phase
over 30-100 °C temperature range:

Cuy("BuNH,)2(1-02CR)4 (s) — 2'BuNH; (g) + Cuy(02CR)4 (s)

In the next step, the Cu(Il) carboxylate generates Cu(I) carboxy-
late species that are more stable in the gas phase. These latter can
be one of the types of the metal carriers in the CVD process, e.g. for
R = GyFs:

Cuy(0,CCF5)4 (s) = Cuy(02CCHFs)y (g) + 2C0, (g) + CoFqo (8)

[Cu,(R’NHo),(11-O,CR),]

/ [Cu,(R'NH,),(O,CR);]*

[CU,(O,CR)I" l B W e
l [CU,(RNH,)(O,CR)I

[Cu,(0,CRII
\ [CU(RNH)(O,CRL)I

[Cu,FI i
[Cu,(R'NH,)(O,CR)*

[Cu,r
T T——cwr

Fig. 4.9. The main pathways of fragmentation for copper(Il) carboxylate com-
pounds with simple amines Cuy(R'NH,),(u-0,CR);, where R'=Et, *Bu, '‘Bu and
R = CoFs5; R'= Bu and R = C Faneq, N = 1, 3-6. Suggested on the base of metal
containing ions in electron-induced MS and DI experiments in [326,334].

Table 4.10

Summary of CVD results.
compound T precursor T deposition pressure gases film composition ref.
Cuy("BuNH;),(n-0,CR), 162-200 °C 350-460 °C 1.5 mbar Ar >98.5 at.% Cu [326]
Cuy(p-02CCoFs)4 No CVD
Ag,(n-0,CCF3), 300 °C 600 °C 26.7 mbar H, >99 at.% Ag (XRD, AES) [332]
Aga(n-0,CCaFs), 240 °C 270-350 °C 4 mbar Ar 59-80 at.% Ag [322]
Ag(1-0,C'Bu); No CVD
Ag>(n-0,CC(Me),Et), No CVD
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Fig. 4.10. The fragmentation pathways for Cu,(p-0,CCyFs),, L in the figure means 0,CC,F5°. Top: Dissociative lonization (DI). Bottom: Dissociative Electron Attachment

(DEA). On the base of [334].

Table 4.11

Mass spectrometry data of FEBID tested silver(I) carboxylates Ag,(n-0,CR),. The symbols m/z stand for ionic fragment mass over charge and I for intensity in the mass spectrum
[318,331,335]. a) The data is reported for the most intensive line in the pattern: '°’Ag!%°Ag isotope compositions. b) The temperatures were chosen at the local maxima of the

total ion current curve (TIC). ¢) [CH3CH,CH,]* 43 (100%). d) [C2F4]* 100 (100%).

R CFs CyFs ¥ 1[%]™ C3F, @ CMes CMe,Et @
m|z (1%) mfz 180 °C 220 °C mfz 1(%) mfz I(%) 197 °C
[CO.T 44 (39) 44 15 42 44 (32) 44(11) 44 (23)
[R]* 69 (100) 119 100 100 169 (8) 57 (100) 71(64)
[RCOJ* 97 (20) 147 35 23 - 85 (3) -
[Ag]* 107 (26) 107 6 64 107 (65) 107 (5) 107 (2)
[AgCO,]* 151 (1) - - - 151 (2) - -
[Ag]" @ 214 (10) 216 2 2 214 (20) 214 (8) 216 (10)
[Ag,0]"™ 230 (2) - - - 230 (3) - -
[Ag,F]" ¥ 233 (2) 235 - <1 - - -
[Ag5(0,CR)|* ¥ 327 (21) 379 12 11 427 (39) 315 (17) 331(38)
[Ag2(0,CR)R] - - - - - 373 (<1) -

The second pathway is the sublimation of entire Cu,(*BuNH,),(-
1-0,CR)4 molecules and this is the second type of the copper car-
riers [317]:

Cuy("BuNH;)5(1-02CC,F5)4 () — Cuy(*BuNH,)y(u-02CCaFs )4 ()

Over the 200-280 °C temperature range, both types of copper
carriers can deposit the metal. The differences in a Cu(I)/Cu(II) car-
riers mixture ratio and the species stability were observed in a
group of the studied complexes. Both factors influence the copper
layer formation [317].

Silver carboxylates were discussed as CVD precursors by Grodz-
icki [331]. Using Ag,(p-0,CC,Fs), deposition, silver layers with
some carbon impurities were obtained. The precursor was heated
at 240 °C. Argon was used as carrier gas and the total pressure
was 4 mbar. Using Agy(n-0,CCyFs),, films were grown on glass or
silicon substrates heated to 270-350 °C. The best material, contain-
ing 80% of silver, was deposited at 290 °C. The impurities (C, O)
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were localized on the surface of the Ag layers [322]. When Ag,(u-
0,CCF3), was used as the CVD precursor, the best silver films were
obtained at 600 °C with hydrogen flow on various fibres and on flat
polycrystalline Al,03 substrates. No impurity phases or elements in
the films were detected [332].

[Ags(n-0,C'Bu),], was summed up as not so successful CVD
precursor to 2005 [331], because it required a relatively high sub-
limation temperature (230-510 °C under 0.01 mbar) and gives a
low yield in the CVD process (<0.2% at temperatures above
540 °C). These results were related to a polymeric chain structure
of this compound. Kuzmina et al.* wanted to limit the formation
of the polymeric chain and used a secondary ligand 'Pr,NH. The sil-

4 N. Kuzmina, S. Paramonov, R. Ivanov, V. Kezko, K. Polarno, S. Troyanov, Silver
pivalate as a new volatile precursor for thin film deposition, ]. Phys. IV Fr. 9 (1999)
923-928, https://doi.org/10.1051/jp4:19998116.
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ver complex Ag(0.C'Bu)('Pr,NH), was obtained. Unfortunately, in
TGA experiments the formation of the primary polymeric silver car-
boxylate [Ag(u-0,CBu)y]n, by imine ProNH detachment, was
observed. Therefore, CVD deposition parameters for Ag(0,CBu)(‘Pr,-
NH), were the same as for [Ag,(n-0,C'Bu),],*. However, the deposi-
tion temperature was decreased to 180-200°C when PMes or PEt;
were applied as a secondary ligand for Ag(0,C'Bu)(PMe3) and Ag(O,-
C'Bu)(PEts) [331].

In the case of [Ag(0.CC(Me)Et)]n, TGA-IR and VT IR of
vapours studies revealed no silver carriers at atmospheric and
reduced pressure (0.01 mbar) [318]. For the Ag,(0,CCsF;), and
[Ag,(0,CC(Me),Et),], complexes no CVD experiments have been
yet reported. Table 4.10 summarizes the CVD data.

4.3.4. ALD
No atomic layer deposition experiments were reported so far on
Cu(Il) and Ag(I) carboxylate complexes.

4.3.5. Fundamental surface and gas phase studies

For surface science studies, two complexes Cu,(EtNH;),(p-
0,CR)4, where R = C5Fs, C5F; were chosen among the copper(Il)
perfluorinated carboxylates with amines due to their gel like form.
They could be placed directly on the studied surface [333]. On the
base of IR, high-resolution electron energy loss spectroscopy
(HREELS), and ESD experiments, partial amine detachment at room
temperature under vacuum was observed. Complete removal of
this ligand could be achieved by heating or low-energy electron
irradiation. Interactions with these electrons also caused dissocia-
tion of the carboxylate ligands what seemed promising for FEBID.
For silver carboxylates, surface UHV studies are not yet available.

Studies in the gas phase have been started from simple electron
impact mass spectrometry and the results indicated the high sta-
bility of the Cu(*BuNH;),(u-0,CR)4 compounds in the gas phase
(cf. Fig. 4.9). That was advantageous for vapour deposition meth-
ods, such as e.g. CVD. Moreover, the reduction reaction of Cu(II)
to Cu(l) was confirmed by the detection of ions [Cu,(0,CR)]* and
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[Cuy(0,CR),]". It was also worth noting the high intensity of the
[CO,]" ion (vide infra).

In the next step, the copper(ll) pentafluoropropionate com-
plexes Cuy(R'NH;),(u-0,CC,Fs)s, where R'=Et, *Bu, '‘Bu; and Cuy(u-
0,CC,Fs)4 were studied in electron collision experiments [334].
The dissociation pathway in the positive ion mode revealed a suc-
cessive loss of the carboxylate and/or the amine ligands from the
molecules (cf. Fig. 4.9 and Fig. 4.10). The Cu* ion was observed with
high intensity for Cu,(p-0,CC;Fs), and weakly for Cuy(EtNH;)o(p-
0,CC;Fs)4 as well, which may be of interest for the FEBID process.
All main DEA anions, dinuclear [Cu,(0,CC;Fs)4]* and mononuclear
[CU(02CC2F5)3]7, [CU(OZCC2F5)2]7, and [CU(02CC2F5)]7., were
formed close to 0 eV and have been the same for all studied com-
pounds (cf. Fig. 4.10) [334].

Collecting and managing of EI MS data for silver carboxylates is
not a trivial issue due to transmetallation process (between Ag(I)
and Cu(0)), which can occur in some mass spectrometers, contain-
ing copper elements [335]. However generally, the main signals in
EI MS were attributed to [Ag,(0,CR)]", [Ag2(0,CR)(0,C)]", [Ag2(0,-
CR),]" (cf. Table 4.6) as in the case of the Cu(l) carboxylates [331].
Their stability depends on the length of aliphatic chain (C,Hyyq Or
CyFax+1), or the presence of bulky groups (e.g. ‘Bu). However, for
FEBID tested silver carboxylates only monocarboxylate fragments
[Ag2(0,CR)]* were detected that suggests the decarboxylation pro-
cess is important for the metal deposit formation. The direct
metal-ligand M—O bonds are broken with the formation of gas-
eous CO, (Table 4.6). Moreover, the efficiency of [Ag]" and [Ag,]"
fragments formation correlates with FEBID results (cf. Table 4.11).

4.4. Dimethyl( p-diketonate)gold(1ll) complexes

4.4.1. Introduction

Commercially available precursors for gold deposition are based
on B-diketonate ligands (cf. Section 3.3.1.). Due to their stability,
the thermal decomposition of dimethyl(acetylacetonate)gold(III),
Au(acac)Me, under fragmentation and release of ethane occurs
only above 200 °C [2]. The compound Au(acac)Me, is solid with a

s N/ N
a)
F3C_~__CF, T ()
\m/ Auhfac)Me 80 60 40 20 0
“ad” Au:O:C:F:H 10 T T T T T
e
4
® Au(acac)Me, Semyannikov 2006
A=3711,B=1245
b) ——A=4274,B=13.28
- oH 19——A=2202,B=6.08 T
3 3 = I bar] =B - AT [K
m Au(tfac)Me, : 0g16(p) [mbar] [K]
“au” Au:0:C:F:H E
H,c? CHy  1:2:7:3:10 || %
0.1 -...N- i
c)
H5C s CH
’ ﬁ/\/ °  Au(acac)Me, i
O\Au/o Au:0:C:H 27 28 29 3 31 32 33 34 35 36 37 38 39
H,e?  “CHs 1:2:7:13 1000/T (1/K)
N J\. J

Fig. 4.11. Left: structural formulae and atomic ratios of B-diketonate Au(Ill) complexes. Right: vapour pressure with fitted log,o(p)[mbar] = B - A/T[K] curves. Graphs were

reproduced using: Au(hfac)Me, and Au(tfac)Me, [336], and Au(acac)Me, [339].
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melting point around 80 °C and starts to sublime already at room
temperature. Replacing the hydrogen in one or both of the methyl
groups by fluorine further increases the vapour pressure for
dimethyl(trifluoroacetylacetonate)gold(Ill), Au(tfac)Me, and even
more for dimethyl(hexafluoroacetylacetonate)gold(Ill), Au(hfac)
Me, [336], cf. Fig. 4.11. While the tfac complex is a relatively stable
solid, the liquid compound Au(hfac)Me, is unstable under high
vacuum conditions and therefore challenging in the FEBID imple-
mentation (cf. also Table 4.12). The properties of the Au(lll) B-
diketonate precursors in this section are summarized in Table 4.12.
In case of Au(acac)Me, and Au(tfac)Me,, vapour pressure and sta-
bility allow for easy implementation of the gas-injection into the
vacuum chamber and for reliable deposition under the focused
electron beam. However, this comes at the cost of a dominant car-
bon contamination in the deposit.

Fig. 4.11 summarizes their structural formulae and available
vapour pressure data.

4.4.2. FEBID

First experiments on the electron beam induced deposition of
gold in 1988 using Au(tfac)Me, resulted in a gold content of 4 at.
% in the deposit (given as 40 wt% by the authors) [340]. Later
experiments found values in the range of 3-10 at.% (~27 - 65 wt.
%) [341], where the gold content increased with increasing electron
beam currents and saturated around 1 nA at the expected value of
the precursor stoichiometry. Increasing the substrate temperature
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showed a further slight improvement [341,342]. Furthermore, Au
(acac)Me, was tested and mentioned to show negligible differ-
ences in the deposit composition as compared to Au(tfac)Me,
[341].

The most volatile compound Au(hfac)Me, showed promise as a
precursor for focused ion beam induced deposition [344]. How-
ever, due to its limited stability only little data is available for
direct electron beam writing. It was used in an environmental
SEM, where the addition of a reactive gas like oxygen or water sig-
nificantly increased the gold content of the deposits up to 50 at.%.
This was especially remarkable as deposition under HV conditions
in the same chamber resulted in a gold content lower than
expected from stoichiometry, around 2-3 at.% [95,96]. However,
the most widely used gold precursor is Au(acac)Me, as it is stable
and readily available for commercial gas-injection systems. The
achieved gold contents vary from author to author, depending on
the respective deposition conditions. Under typical HV deposition
conditions with currents in the range of 0.1-1 nA, gold contents
around 8-12 at.% are obtained for planar deposits [ 158,345] mainly
reflecting the gold-to-carbon ratio of 1:7 in the precursor stoi-
chiometry plus a potential carbon co-deposition from the residual
hydrocarbons in the vacuum chamber (cf. Table 4.13). For large
beam currents around few nA as well as high-aspect-ratio deposit
geometries, local heating leads to significantly higher gold contents
around 28 at.% (cf. Fig. 4.12) [75,346]. In the same manner, an ele-
vated stage temperature can support the desorption of the ligands

Table 4.12

Properties of dimethyl(p-diketonate)gold(Ill) complexes. The abbreviation nf stands for ‘not found’ and RT for room temperature.
compound phase appearance melting point sublimation/boiling point (T, p) decomposition stability in air/light ref.
Au(acac)Me, solid colourless 81-82 °C ~25 °C, 0.013 mbar nf air-sensitive [337,338]
Au(tfac)Me, solid colourless nf RT (HV) nf air-sensitive [337]
Au(hfac)Me, liquid yellow nf RT nf unstable [336,337]

Table 4.13

Normalized atomic ratios of gold precursors with the corresponding as-grown deposit compositions and the as-grown deposit metal content. Atomic ratios of gold precursors and
FEB deposits normalized to gold content. The arrow terms read “atoms in precursor < atoms in FEBID material”. The hydrogen content is neglected. *Only C and Au are monitored

in these studies. The abbreviation nq stands for ‘not quantified’.

Au complex Au C (o] F Au at.% ref.

Au(acac)Me, 1 7—~7-11 2—nq - 8-12 [158]* [345]
Au(acac)Me; 1 7—2.2 2-0.1 - 30 [171] (stage heating)
Au(tfac)Me, 1 7—2.5 2-05 3—nq 20 [351] (planar)
Au(tfac)Me, 1 7—2 2—0.3 3—nq 30 [343] (lines)
Au(tfac)Me, 1 7—1.6 2—-0.6 3—nq 39 [353] (reactive surface)
Au(hfac)Me, 1 7 —=>7 2—nq 6—nq <125 [95]*

a) Au(lll)(tfac)Me,

Fig. 4.12. Transmission electron micrographs showing the inner structure of FEBID material from gold(Ill) p-diketonates using the precursors a) Au(tfac)Me,, reproduced
from Utke et al. [343] with permission from The Royal Society of Chemistry, and b) Au(acac)Me,, reproduced from [75]. Gold nanocrystals are embedded in a carbonaceous

matrix.
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[1] and leads to similar values in the gold content of around 30 at.%
for a substrate temperature of 130-150 °C [171]. Also for Au(tfac)
Me,, co-injection of H,O during deposition increased the achiev-
able gold contents to 91 at.% [347]. High-aspect ratio deposits from
Au(acac)Me; fabricated in an environmental SEM under 1.1 mbar
H,0 pressure showed a core-shell structure with even a solid gold
core [348]. Furthermore, the oxidative removal of the carbon
matrix may be carried out after deposition, either by annealing
in an oxidising atmosphere [75,158,345,349], electron beam irradi-
ation in a water atmosphere [54] or using oxygen plasma [50] pos-
sibly combined with electron beam irradiation [350]. Optimally,
the purification temperature is kept as low as possible, not above
room temperature to preserve the 3D shape [50,54,75]. Still, with-
out any thermal or chemical assistance, Au(tfac)Me, provides the
best gold-to-carbon ratio of the three B-diketonate gold(Ill) com-
plexes of around 15-39 at.% (cf. Fig. 4.12) [343,346,349-351]. As
can be seen from Table 4.13, 30 at.% of gold in the deposit corre-
sponds to a loss of 5 of 7 carbon atoms, where it has to be noted
that fluorine was not detected [343]. 39 at.% gold content were
achieved for thermally decoupled substrate that was pre-treated
with Ga ion milling through a SiO, layer [353]. It is therefore not
clear if the substantial amount of oxygen (23.1 at.%) measured
via EDX was incorporated into the deposit as a consequence of
the reactive surface or if part of the signal stems from the oxygen
in the close vicinity (cf. Table 4.12).

4.4.3. CVD

Dimethyl(B-diketonate)gold(Ill) complexes are well-known as
precursors for chemical vapour deposition [354,355]. Au(acac)
Me,, Au(tfac)Me,, and Au(hfac)Me, were used as CVD precursors
at room temperature and flow of argon carrier gas. In all runs,
the substrate temperature was 300 °C and the chamber pressure
was 0.67 mbar. The rates of deposition obtained under these con-
ditions for each complex on SiO, are 13, 140, 940 A/min, respec-
tively. No carbon, oxygen, or fluorine contamination was
observed for gold films obtained from Au(tfac)Me, and Au(hfac)
Me,, while gold layers obtained from Au(acac)Me, contained 15
at.% of carbon [356]. Table 4.14 summarizes the CVD data.

Plasma CVD processes using Ar, oxygen, and hydrogen as
plasma gases were reported for Au(acac)Me, [357]. They are sum-
marized in Table 4.14a.

The striking difference to thermal CVD data of Table 4.14 is that
deposition temperatures down to room temperature gave pure
gold films. Also of note is that Ar plasma achieved the purest gold
films while oxygen plasma was not effective. Adding hydrogen and
oxygen together in the plasma improved the metal content again.
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4.44. ALD

ALD reports using B-diketonate gold(Ill) complexes are not
available to the best of our knowledge. As discussed for platinum
and palladium metal ALD in Section 3.3.4, this could be due to
the fact that molecular oxygen and hydrogen cannot dissociatively
adsorb on gold, which was a prerequisite for the self-limiting
adsorption and combustion surface reactions creating Pt-O*
adsorption sites and volatile CO,. In the same manner, the dissocia-
tive adsorption of molecular oxygen and hydrogen into atomic
oxygen and hydrogen is required for the self-limiting adsorption
and reduction surface reactions creating Pd-H* adsorption sites
and volatile Hhfac for palladium ALD, see Section 3.3.4. respec-
tively. Hagen et al. [27] also pointed out in their review on metal
ALD that thermal stability of these precursors was problematic.

4.4.5. Fundamental surface and gas phase studies

Fundamental studies for this class of compounds have been
reported only for Au(acac)Me, condensed as thin layer on a Ag foil
or an amorphous carbon substrate held at —113 °C [112]. This tem-
perature prevented the adsorption of H,O which is relevant
because electron irradiation in presence of H,O is known to cause
removal of carbon [347]. In line with the substantial amounts of
remaining carbon found in FEBID with Au(acac)Me, (see Sec-
tion 4.4.2.), decomposition of the precursor by electron irradiation
at 520 eV led to a change of the Au:C:O stoichiometry from 1:7:2 to
1:6:0.8 [112]. Hp, CH4, and CO as well as smaller quantities of C,Hg
were monitored as volatile products in ESD while larger species
indicative of desorption of the acac ligand were not observed.
According to XPS, Au was reduced to the metallic state indicating
that the metal was embedded in a dehydrogenated carbon matrix.
The conversion was studied at electron energies between 40 eV
and 1500 eV and was most rapid at 175 eV. However, due to the
lack of gas phase studies on the electron-induced fragmentation
of Au(acac)Me,, insight into the underlying initial dissociation
channels does not exist so far.

Notably, a higher C:Au ratio of 2.9 was observed in the deposit,
when deposition was performed in a steady state experiment in
UHV by leaking Au(acac)Me, onto a substrate held at room tem-
perature and decomposing the precursor under the 3 keV electron
beam of an AES [113]. This indicates that more of the ligand mate-
rial has desorbed in this case and may relate to the lower surface
density and shorter residence time of decomposition products as
compared to the experiment under cryogenic conditions [112].
These two effects counteract the crosslinking of the ligands under
electron irradiation. Note also that deposits produced from Au
(acac)Me, could be converted to pure Au in UHV according to
XPS by sequential treatment with atomic oxygen to combust the

Table 4.14

Summary of CVD data. The abbreviation RT stands room temperature.
compound T precursor T deposition pressure gases film composition ref.
Au(acac)Me, RT 300 °C 0.67 mbar Ar 85 at.% Au [356]
Au(tfac)Me, RT 300 °C 0.67 mbar Ar >99 at.% Au [356]
Au(hfac)Me, RT 300 °C 0.67 mbar Ar >99 at.% Au [356]

Table 4.14a

Summary of plasma CVD processes. The abbreviation RT stands for room temperature.
compound T precursor T deposition pressure power density gases film composition ref.
Au(acac)Me, RT 25 °C 0.25 mbar 0.22 W/cm? Ar 100 at.% Au [357]
Au(acac)Me, RT 200 °C 0.25 mbar 0.13 W/cm? Ar 100 at.% Au [357]
Au(acac)Me, RT 75 °C 0.25 mbar 0.13 W/cm? 0, 40 at.% Au [357]
Au(acac)Me, RT 30 °C 0.25 mbar 0.33 W/cm? 05, Hy 94 at.% Au [357]
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carbon content and atomic hydrogen that removed remaining sur-
face oxygen species and returned the Au to 100% back to the metal-
lic state [114].

4.5. Au(Ill) and Au(l) complexes with small ligands

4.5.1. Introduction

Following an intuitive paradigm in focused electron beam
induced deposition, precursors with as small as possible ligands
and as little as possible carbon may lead to deposits of higher pur-
ity. Therefore, inorganic compounds may be attractive alternatives
compared to the carbon-rich B-diketonates.

One interesting inorganic candidate is trifluorophosphine (PFs)
as it is an excellent donor-acceptor ligand (cf. also Section 3.1.1.)
PF; makes metal complexes even more stable than the correspond-
ing carbonyls [1]. The inorganic precursor chlorido(trifluoropho
sphine)gold(l), AuCI(PFs) has a vapour pressure of 10 mbar that
is sufficient to sublime at room temperature [358]. Unfortunately,
this complex is light sensitive and unstable in air. This holds also
true for the alternative precursor chlorido(carbonyl)gold(I), AuCl
(CO) that has similar appearance and properties [359] containing
carbon only in the carbonyl group. Therefore, it should not be dried
under vacuum as the loss of the thermodynamically stable CO is
facile and promotes decomposition of the material [360].

Sacrificing the strict limitation to inorganic ligands, the stability
of the gold complexes may be improved by replacing phosphine
and carbonyl groups with methyl groups. Three of such
organometallic compounds were investigated regarding their
potential for electron beam induced deposition, namely di-u-chlor
ido-bis[dimethylgold(Ill)], Au;Me4(u-Cly), methyl(trimethylpho
sphine)gold(I), AuMe(PMes), and chlorido(dimethylsulfide)gold(I),
AuCI(SMe,) [361].

Recently, isocyanides were introduced as ligands to replace car-
bonyls and phosphines what may realize a sufficient stability while
being volatile enough for use in FEBID. Isocyanides are isoelec-
tronic with carbonyl, but are also stronger c-donors relative to
CO and PF5 [113]. The investigated trifluoromethyl alkylisocyanide
complexes Au(CF;)(CNMe) and Au(CF;)(CN'Bu) have sublimation
onset temperatures of 51 °C and 39 °C, respectively at 0.17 mbar.
Thermal decomposition sets in at 80 °C for the Au(CF3)(CNMe)
and at 126 °C for the Au(CF;)(CN'Bu) [113]. Note that several sim-
ilar Au precursors with small ligands have been evaluated for their
volatility but not yet tested in any deposition process [362].

The properties of gold precursors in this section are collected in
Table 4.15; their structural formulae and available vapour pressure
data are summarized in Fig. 4.13.

4.5.2. FEBID

AuCI(PF;) was the first inorganic gold precursor that was suc-
cessfully employed for electron beam induced deposition. Due to
its instability, precursor loading of the gas-injection system had
to be carried out under an inert atmosphere. Apart from that, no
special care was taken to avoid carbon contamination. Still, the

Table 4.15
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deposition of pure gold crystals could be demonstrated (cf.
Fig. 4.14) [352,372]. Even vertical growth could be demonstrated
[352], although the shape flexibility and fidelity was limited due
to crystal formation and possibly thermodynamic effects like Ost-
wald ripening upon beam-induced substrate heating.

In the same manner, the carbonyl complex AuCl(CO) allowed
for the deposition of pure gold (cf. Fig. 4.14) [359]. Here, the vapour
pressure was so large, that the precursor had to be used at a
reduced temperature of 9 °C. The gas flow in the vacuum chamber
is dominated by the release of CO with the precursor pressure
being only 0.05 % of the total pressure. However, the beam-
induced dissociation of the carbonyl complex was extremely effi-
cient, becoming apparent by the occurrence of tiny gold particles
tens of microns away from the primary beam [359].

The investigation of the gold(Ill) complex Au,Me4(u-Cly), and
the gold(I) complexes AuMe(PMes) and AuCl(SMe,) started by
determining their composition in high vacuum by EDX spec-
troscopy [361]. The complex Au;Mey(u-Cly) is volatile subliming
in vacuum at room temperature with a determined composition
showing some excess carbon and silicon grease from the synthe-
sis. A similar behaviour is observed for AuMe(PMes). In contrast,
AuCl(SMe,) does not sublime but the smallest crystals decom-
pose to pure gold upon electron beam impact suggesting it
may be a promising candidate for electron beam induced depo-
sition [361].

In the following FEBID experiment, the Au,Mey(p-Cly), AuCl
(SMe;), and AuMe(PMes) complexes show a very different deposi-
tion behaviour under electron beam impact (cf. Fig. 4.14) [361].
Au;Mey(p-Cly) leads to successful deposition with a gold content
of 29-41 at.% being largest for higher beam currents. The chlorine
is removed almost completely and the grainy structure for the
higher beam current of 0.4 nA resembles the one obtained from
the inorganic precursors. In contrast, no gold is found in deposits
from AuCl(SMe;). This is consistent with the X-ray photoelectron
spectroscopy (XPS) results on condensed precursor where no gold
signal could be detected either. Most probably, the precursor mole-
cules are not volatile and thermally decompose in the crucible
under release of SMe, and Cl,. Finally, AuMe(PMes) proves suc-
cessful for FEBID with a gold content in the range of 19-25 at.%
independent from the beam current in the range of 0.1-13 nA
and a smooth surface of the deposit. However, some oxygen is
detected in the deposit, most probably arising from oxidation of
the air-sensitive PMejs ligands [361].

A recent surface science study of Au(CFs;)(CNMe) and Au(CF3)
(CN'Bu) [113] investigated the deposition in UHV under steady
state conditions in an Auger spectrometer. In case of Au(CFs)
(CNMe), electron beam induced deposition with a beam energy
of 3 keV results in 22 at.% gold, similar to that of the commercial
precursor Au(acac)Me, when being used for deposition under the
same conditions. The obtained gold content from Au(CFs;)(CN'Bu)
is 14 at.%. Table 4.16 summarizes the obtained deposited composi-
tions in relation to the precursor stoichiometries of the studied Au
complexes.

Properties of Au(I) and Au(Ill) complexes with small ligands. The abbreviation nf stands for ‘not found’ and RT for room temperature.

compound phase appearance melting point sublimation point (T, p) decomposition stability in air/light ref.

AuCI(PFs) solid white/colourless nf RT (CVD) 45 °C air, light sensitive [363,364]
AuCl(CO) solid colourless 247-253 °C RT, HV 253 °C unstable [360,365,366]
Au;Mey(p-Cly) solid nf nf RT, HV nf unstable in HV [361]
AuMe(PMe3) solid nf 70-71 °C 53 °C, 1.3 mbar 130 °C stable in HV [361,368-370]
AuCl(SMe;) solid off-white 160 °C nf ca. 100 °C (TGA) unstable [113,369,371,372]
Au(CF3)(CNMe) solid colourless needles 65 °C 51 °C 80 °C unstable [113,369]
Au(CF3)(CN'Bu) solid white nf 39 °C 126 °C unstable [113]
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Fig. 4.13. Structural formulae and atomic ratios of Au(I)

4.5.3. CVD

Gold metallic thin-film deposition using AuCl(PF;) was con-
ducted on SiO,/Si (thermal 100 nm of SiO, on Si(100) wafers)
and Ta/TaN/SiO,/Si substrates. During deposition experiments,

a), b), d) to g) and Au(IIl) c) complexes with small ligands.

the precursor was kept at room temperature, while the substrate
temperature was 200 °C and the total pressure in the reactor was
held at 0.27 mbar. Electron spectroscopy for chemical analysis
(ESCA, same as XPS) revealed that this film contained C, O, Cl, F,

c) Au(lll);Me,(p-Cl,)

d) Au(l)Me(PMe,)

p——{ 500 nm

Fig. 4.14. Scanning electron micrographs of successful electron beam induced depositions using small ligand gold complexes a) AuCI(PF3), reprinted with permission from
Utke et al. [352], copyright (2000), American Vacuum Society. b) AuCl(CO) reproduced from Mulders et al. [359] © IOP Publishing. Reproduced with permission. All rights
reserved. ¢) & d) Au,Mey(u-Cly) and AuMe(PMes) [361] deposited with beam current of 0.1nA (left) and a higher current of 0.4nA for Au,Mey(pu-Cly), and 1.6nA for AuMe
(PMe3) (right). Adapted with permission from [359] copyright (2014) American Chemical Society.
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Normalized atomic ratios of gold precursors with corresponding as-grown deposit compositions and with the as-grown deposit metal content. The arrow terms read “atoms in
precursor 5 atoms in FEBID material”. Hydrogen is excluded as it was not quantified in any of the studies. *From the given range the highest gold contents together with the

lowest carbon contents are taken.

Au complex Au C 0o F/C1 P/N Au at.% ref.
AuCI(PF;) 1 0—0 - 3/1-0 1—0 100 [352]
AuCl(CO) 1 1--<0.05 1-0 1-0 - >95 [359]
AuyMey(pn-Cly) 1 2-13 - 1-~0.15 - 41 [361]*
AuMe(PMes) 1 422 0—~0.2 - 1-~0.6 25 [361]*
Au(CF;)(CNMe) 1 3528 0-<0.05 3-,0.04 1—0.6 22 [113]
Au(CF3)(CN'Bu) 1 6—5.7 0—<0.07 3—0 1-0.4 14 [113]

and P near the surface. Nevertheless, a single argon ion sputter was
sufficient to completely remove these impurities, leaving essen-
tially pure Au metallic film [364].

For the CVD of the Au(CF;)(CNMe), the reactor with the reser-
voir containing the gold complex has been warmed to 60-70 °C
and the glass or silicon substrate was held at 260 °C. The volatile
by-products were identified as C;Fs, MeNC, and MeCN. Analysis
of the film by XPS, after argon ion sputtering, showed that the film
contained > 99 % gold with <1 % carbon impurity and no detectable
impurities of fluorine or nitrogen. The low catalytic activity of gold
in this process was confirmed [373].

For the Au(CF3)(CN'Bu) compound no application in the classic
CVD method was found.

The CVD data is summarized in Table 4.17.

4.54. ALD

Good purity gold films with > 90 at.% Au were achieved with a
three precursor ALD process employing AuMe(PMes), oxygen
plasma, and water at around 120 °C (close to the thermal decom-
position of the gold precursor at 130 °C) [374]. The water was
needed to remove the P,05 reaction product converting it into
volatile phosphoric acid H3PO4. No ALD growth was observed for
AuMe(PMes) with molecular hydrogen, hydrogen plasma, molecu-
lar oxygen, and ozone, because these were not reactive enough
below the thermal decomposition temperature.

Adsorption studies of AuMe(PMes) on SiO, at 100 °C [375]
showed many surface reaction species, gold(Ill) trimethylphos-
phine, reduced gold phosphine, trimethylphosphine oxide, and
graphitic carbon. The coverage of AuMe(PMes) on SiO, was mea-
sured to about 10 % of all available hydroxyl sites and attributed
to steric hindrance by the molecule. The authors further hypothe-
sized that the role of the oxygen plasma was to complete oxidation
of any surface phosphine ligands. The water takes two roles, form-
ing volatile H3PO4 which desorbs, as well as to create some hydro-
xyl surface groups on the growing gold surface to continue growth.

4.5.5. Fundamental surface and gas phase studies

The design of precursors for Au with small ligands has been dis-
cussed extensively in previous reviews [6,7] and in recent original
work [113,361]. In contrast, fundamental insight into their
electron-induced chemistry is relatively sparse. While a library of
precursors, namely Au;Mey(u-Cly), AuCl(SMe;), AuCl(PMes), and
AuMe(PMe3) has been synthesised and their sublimation or
decomposition behaviour in vacuum has been characterized by
XPS and MS [361], the electron-induced decomposition was not

investigated by these techniques. However, a study of DEA to
AuCl(SMe,) has very recently appeared [376].

In addition to the deposition experiments under steady-state
conditions at room temperature (see Section 4.5.2.), the electron-
induced decomposition of Au(CF3;)(CNMe) was also studied with
XPS by condensing a thin layer of the precursor onto graphite
and Au substrates held at -148 °C and exposing them to increasing
doses of 500 eV electrons [113]. While charging effects hampered a
detailed analysis of the composition, the data confirmed that
decomposition predominantly leads to loss of F indicating again
that C-F bond cleavage is the dominant fragmentation pathway
in the adsorbate. Notably, mass spectrometry both in positive
and negative ion mode gave evidence of a stronger fragmentation
in the isolated molecule. In positive ion mode, loss of CF3 was
the dominant channel for Au(CF;)(CNMe) while a fragment
[AuCN + HJ*" was the most intense signal in the case of Au(CF;)(CN*-
Bu) pointing to additional loss of an olefin deriving from the '‘Bu
group. The alkyl group was lost in the predominant fragmentation
channel in negative ion mode for both precursors [113]. It is likely
that in the adsorbate, radicals produced by loss of F reacted with
the triple bond of the CN unit of an adjacent Au(CF;)(CNR) leading
to a polymerization reaction that produces a strongly crosslinked
and thus non-volatile material.

5. Evaluation of precursor and process performance

This chapter will summarize the findings of the previous chap-
ters and attempt to illustrate relations across the different precur-
sors discussed above. To see tendencies more clearly, this chapter
will discuss ten more compounds used in FEBID for metals of Ru,
W, Pb, Co, Fe, Ir, and Rh to include carbonyl, halogen, and alkyl
ligands. Hydride compounds of semimetals will not be included
(neopentasilane SisHq, [377,378], GeoHg [379]) as the FEB depos-
ited materials were not measured for their hydrogen content
(however, judged pure due to formation of nanocrystals). For these
and more carbonyl compounds, we refer to a recent review by
Barth et al. [35]. Fig. 5.1 summarizes the ranges of metal atomic
content obtained in FEBID as detailed in the tables of the previous
FEBID sections and table S1 from the supporting information. It
shows a large scatter in the experimental FEBID metal content data
that we attribute to the wealth of additional reactions sometimes
(obscurely) involved in FEBID. Minimum metal content data shown
in Fig. 5.1 were obtained without extra stage heating, modest beam
currents below a few hundred picoampere, and mostly for flat pla-
nar deposits on well heat and electrically conducting substrates.
The latter is important for efficient dissipation of heat and charge

Table 4.17

Summary of CVD data. For Au(CO)Cl, Au;Me,4(p-Cl,), AuMe(PMes), AuCl(SMe;), and Au(CF3)(CN'Bu) no CVD was performed. The abbreviation RT stands for room temperature.
compound T precursor T deposition pressure gases film composition ref.
AuCI(PFs3) RT 200 °C 0.27 mbar H, >99 at.% Au [365]
Au(CF3)(CNMe) 60-70 °C 260 °C 1.310"2 mbar vacuum >99% Au [374]
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Fig. 5.1. Summary of FEB deposit metal content ranges obtained with various precursors. The data is arranged in the order of increasing maximum metal content. The lowest
values usually refer to flat deposits and to heat and charge dissipating substrates. The highest values were obtained under conditions that often involve pillar structures, high
beam currents (BC), or UHV conditions. No range signifies that only one reference (1 ref) was available giving one value. Circles indicate the metal content without chamber or
substrate contamination (e.g. O and C in deposits of WClg and WFg). The red points signify non-typical FEBID conditions.

implanted by the focused electron beam. Native oxide, doped sili-
con as the typical substrate in most FEBID experiments fulfills
these demands. The maximum metal content values include
mostly exceptions to the previous list of conditions - stage heating,
UHV, 3D pillars, TEM membranes, and high beam current. The
three latter conditions entail a heat accumulation due to restricted
heat dissipation (3D vs. 2D and 1D) and increased implanted
power, respectively. Individual legends of the data points detail
these conditions.

The formation of a deposit in FEBID is a complex chemical
transformation that comprises multiple reactions, both electron-
induced and thermal. These reactions depend not only on electron
beam parameters such as electron energy, current density, dwell
time, and others, but also on the nature of the surface on which
a given precursor is adsorbed and on the presence of other molec-
ular species during the deposition process. Overall, the process
comprises first the adsorption of the precursor on a surface which
is typically the growing deposit, then an electron-induced frag-
mentation reaction, and finally the desorption of the fragmented
ligands or concurrent reactions that convert this material to non-
volatile residues. An overview of these elementary processes is
given in Fig. 5.2 which also attempts to categorize their possible
outcomes with respect to the aim of producing a pure metal
deposit. These elementary processes constitute the outline of this
section. First, the precursor adsorption process is discussed in Sec-
tion 5.1. This aspect has not been comprehensively considered in
FEBID research so far and knowledge gained from CVD and ALD
processes can provide some inspiration and guidance. Section 5.2
discusses the actual electron-induced fragmentation and its depen-
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dence on the design of the precursors. This has received consider-
able attention previously and we refer the reader to the earlier
reviews [5-7,35,94]. Here, we widen the scope to energetic argu-
ments that drive fragmentation as well as to the role of tempera-
ture on precursor fragmentation, which is particularly relevant to
some of the less volatile compounds. In Section 5.3 we consider
the fate of ligands or fragments and discuss their desorption from
the surface as well as chemical reactions that counteract this
desired volatility of the organic material. In addition, we empha-
size the mechanisms of reactions with process gases that can assist
the deposition process. Overall, we thus aim at inspiring novel
strategies towards the development of optimized processes in
the world of thermal and non-thermal mechanisms governing
FEBID.

5.1. Molecule adsorption: non-dissociative versus dissociative

When a precursor adsorbs on a surface, it will be bound either
by intermolecular forces, a process which is named physisorption
and is non-dissociative, or it will establish stronger bonds to the
surface through chemisorption which is often a dissociative
adsorption process. During chemisorption, ligands can dissociate
from the metal atom and the fragments establish new chemical
bonds to the substrate. The FEBID process ideally requires precur-
sor molecules to adsorb in a physisorbed state because dissociative
adsorption on the underlying surface would counteract the spatial
selectivity of deposition. There are two exceptions. (i) The
chemisorption is self-limiting after one (or very few) monolayers
as employed in ALD so that further non-selective growth without
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Fig. 5.2. Overview of mechanisms and reactions that a precursor molecule can endure during the electron-induced deposition process. Note that molecule adsorption and
fragment desorption depend strongly on the composition and coverage of the growing surface. Depending on the time scale of volatile fragment desorption, incorporation
reactions may dominate the final FEBID material purity. The blue shading intends to illustrate the potential of each mechanism for clean metal deposits.

electron irradiation is suppressed (these first monolayers can be
removed by gentle etching after FEBID if needed). (ii) Dissociative
adsorption occurs selectively on the growing FEB deposit. Dissocia-
tive adsorption can occur when the energy required to break part
of the bonds in the precursor is balanced or exceeded by the energy
gained through formation of new bonds between the resulting
fragments and the underlying surface. Therefore, dissociation on
reactive surfaces can occur at lower temperatures than dissocia-
tion upon uptake of heat in isolated molecules.

5.1.1. Adsorption schemes in FEBID studies
The investigation of adsorption schemes in HV FEBID is rare.
Bishop et al. [380] investigated tetraethyl orthosilicate Si(OC,Hs),4
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& <
3 S
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g IS)
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Reaction coordinate, z
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(TEOS) for FEBID of SiO,. This precursor is also used in plasma
and thermal CVD and in thermal ALD (using NHs as catalyst and
H,0 at 27 °C) to obtain thin films of SiO, [381]. The material com-
position they obtained by room-temperature FEBID was carbon
rich with a ratio of C:0 =~ 0.25 and confirmed results of previous
room-temperature studies [382,383]. Their interesting move was
to increase substrate temperature into regions were the adsorption
type changes (see Fig. 5.3a). Increasing temperature decreased the
FEBID rate by an order of magnitude at around 130 °C (see
Fig. 5.3b). This is due to the exponential increase in desorption rate
with temperature of the physisorbed TEOS molecule. Further
increasing the temperature to around 280 °C activated the self-
limiting dissociative adsorption of TEOS:

T, =300 + 0.2 (T - 300) A, = 50 A%
- = oN/ot
=0
‘\ A. = 300 A’
T T T l
300 400 500 600 700 800

Temperature (K)

Fig. 5.3. a) Energy levels for physisorption and chemisorption related adsorption (green) and desorption (red) terms. Note the energy barrier E. between the physisorbed and
chemisorbed state and their varying desorption energies E4 and Ep. b) FEBID rate variation with temperature. The peaks at room temperature and 297 °C correspond to
physisorption and chemisorption schemes, respectively. Reprinted with permission from Bishop et al. [380] copyright (2012) by the American Physical Society.
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Fig. 5.4. Summary of ligand loss range derived from FEBID experiments (purple bars). Right side: The potential contribution of thermal dissociative surface adsorption is
exemplified for homoleptic precursors ML,, with m one atom ligands (M is the metal, L the ligand atom) when they release n ligand atoms. For heteroleptic precursors and
multi-atom ligands, the number of elements leaving per ligand modifies the loss (arrow length). Yellow bars signify the metal content in the pristine precursor and framed

bars the metal content ranges observed in the FEB deposit.

Si02*+ Sl(OC2H5)4 - SiOZ-Si(-OC2H5)4_X* + X(0C2H5) in the irra-
diated area, where the asterisk denotes the surface species and x
signifies the number of removed ethoxy ligands upon surface
adsorption, varying between 1 and 2. This surface reaction would
self-limit at approximately one adsorbed monolayer without any
second reactant. The role of the second reactant was taken by
the electrons as in the irradiated regions an increase of FEBID rate
by again an order of magnitude was observed. The material depos-
ited at this temperature was much cleaner with a ratio of C: O ~
0.05 (carbon reduction by a factor of 50) indicating an efficient-
desorption of electron-triggered dissociation fragments in addition
to the removal of the ethoxy ligands by thermally stimulated dis-
sociative adsorption. The second role of the electrons was to acti-
vate the surface for dissociative adsorption. Further increasing
the temperature to 530°C again decreased the FEBID rate by an
order of magnitude, probably due to the exponentially increased
thermal desorption rate of the intermediate Si(-OC;Hs)s.x com-
pared to the electron induced dissociation reaction leading to
non-volatile SiO,.

The partial removal of the organic ligands by dissociative
chemisorption and their thermal desorption can in fact be helpful
in improving the deposit purity as long as the temperature is low
enough to suppress complete thermal dissociation (CVD). The car-
bon content of a chemisorbed FEBID “precursor” is always lower
than in its physisorbed state, compare to Figs. 2.4.a & b. However,
electron irradiation conditions must be also tuned such that the
dissociated ligands desorb readily instead of being co-deposited
by further intra-ligand dissociation through the electrons. The
higher temperature naturally involved in (partial) dissociative
chemisorption plays in favor of high desorption rates of thermally
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produced ligands as well as of the volatile electron-triggered disso-
ciation fragments.

Fig. 5.4. illustrates how thermal dissociative adsorption on the
surface would potentially contribute to increase the metal content
of the adsorbed species by ligand loss prior to electron beam irra-
diation (arrows). The ligand losses AL were obtained from the cal-
culated initial atomic metal content x in the metal-ligand
precursor molecule M,L;_, and the published atomic metal con-
tents y in the metal-“ligand” deposit M,L;_, as
AL = (y — x)/((1 — x)y). Here, x and y are atomic fractions <1. The
wide span of ligand losses for the same molecule observed for
FEBID in Fig. 5.4 indicates that thermal reactions may have played,
so far yet unnoticed, a role in specific FEBID conditions or deposit
shapes. This may not only include the adsorption mechanisms
summarized in Fig. 5.2 but also the thermal desorption of ligands
which will be discussed in Section 5.3. Fig. 5.4 also includes the
related metal content range (same as in Fig. 5.1) and the metal con-
tent in the pristine molecule. It highlights that for many molecules
impressive ligand losses are in fact observed for FEBID. Yet, one
remaining ligand or just one atom of that last remaining ligand
reduces the metal content already down to considerably smaller
50 at.% or 50 at.%, respectively. It is an astounding fact that ligand
losses are impressively high for many molecules. One needs to
investigate what makes the last ligand, ligand fragment or ligand
atom to stay on the surface and what inhibits them leaving the
metal atom just like their former companion ligands and atoms
did.

Multilayer adsorption in the FEBID process was theoretically
studied by Sanz-Hernandez et al. [84]. The difference to monolayer
adsorption (Langmuir scheme) is shown in Fig. 5.5 where the
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Fig. 5.5. Langmuir (a) vs. multilayer adsorption (b). The light blue colored circles
signify electron-induced dissociation events within the first layer (red circles) and
the multilayers (black circles). Note that volatile dissociation fragments in buried
multilayers need to diffuse towards the surface before desorption. Orange circles
denote impinging gas molecules and dark blue points emitted secondary electrons
(primary electrons were omitted). For symbols see Sanz-Hernandez et al. [84] from
which this figure was reproduced, CCBY license, Beilstein-Institut.

adsorption is illustrated with varying numbers of multilayers. This
type of adsorption can be described within the Brunauer-Emmett-
Teller (BET) [83] framework. The situation shown in Fig. 5.5.
resembles in principle the situation in studies of condensed phase
described in chapters 3 and 4, except that temperatures now
reflect room-temperature conditions prevailing typically in FEBID
of flat materials. We recall that condensed phases or multilayers
imply that volatile electron-induced reaction products may stay
buried instead of desorbing and thus may react with their vicinity
neighbor moieties. This may include catalytic reactions within the
film around free metal centers (including autocatalytic decomposi-
tion of the adsorbed precursor layers yielding pure metal deposits)
or polymer forming reactions of reactive ligand fragments (yield-
ing carbon rich deposits), see Section 5.3 for more details.

Autocatalytic reactions in FEBID in the sense of precursors self-
decomposing into metal and volatile ligands upon contact with the
same metal were invoked for Co,(CO)s, AuCl(CO), Fe(CO)s, and
AuCI(PF3) [1]. Such reactions require that an initially pure metal
surface is created by FEBID. The situation then resembles more cor-
rectly a selective (local) autocatalytic CVD yielding high metal con-
tent with the deposit shape driven by mass transport
considerations and thermal reaction schemes instead of FEB con-
trol. This was indeed observed for cauliflower structures with Co(-
CO)s [384] and for “baseball bat” structures with Fe(CO)s [385]
showing facetted metal nanocrystals. To regain shape control by
electron-induced reactions, the local heat generated in the interac-
tion volume by the electrons depending on the beam current,
energy, and beam size must be dissipated efficiently.

5.1.2. Insights from ALD and CVD
ALD and CVD by nature rely on dissociative adsorption of mole-
cules on surfaces. They result in metal-rich material and their ther-
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mal reactions are thus attractive concepts to include into FEBID,
provided the shape control of electron-induced reactions is not
compromised. The temperatures and gas additives reported in
the CVD and ALD sections in chapters 3 and 4 may be adapted to
a certain degree into FEBID approaches to obtain purer metal struc-
tures. However, care must be applied not to lose the spatial
selectivity.

In CVD, the growing hot metal surface is often beneficial in low-
ering the thermal dissociation temperature below the gas phase
thermal decomposition temperatures of the molecules (compare
tables of the introductory and CVD sections of chapters 3 and 4).
A CVD process that leads to autocatalytic growth of pure metal
films without the assistance of further process gases can be con-
sulted to identify the temperatures needed to decompose a given
precursor in a thermal surface reaction. However, supply of heat
from the surface at typical CVD temperatures is not large enough
to lead to fragmentation should the growing surface not be catalyt-
ically active. To underline this, the average thermal energy per
vibrational degree of freedom kT at 300 °C is around 50 meV. Tak-
ing Fe(CO)s as an example, vibrational Fe-CO stretching frequen-
cies as the degrees of freedom that would lead the molecule
towards loss of CO are between 400 and 500 cm™!, i.e. 50-
70 meV [386]. In contrast, the energy required to dissociate the
first Fe-CO bond is around 1.8 eV [387] and thus not in reach by
mere statistical influx of heat under CVD conditions.

A prominent example of a molecule for autocatalytic metal HV-
CVD and UHV-CVD is Fe(CO)s with growth temperatures of 100 °C
and 25 °C, respectively. Kunz et al. [86] performed iron and chro-
mium CVD experiments in HV at temperatures of 100 °C and
100-300 °C using Fe(CO)s and Cr(CO)s and pressures of around
7.5-107 mbar and 0.045 mbar, respectively. The activation energies
for autocatalytic CVD were determined to be 0.14 eV and 1.06 eV
for Fe(CO)s and Cr(CO)g, respectively, and are considerably lower
than the first bond dissociation energies for metal carbonyls rang-
ing from 1.6 to 2.4 eV [86]. Marbach et al. [87] demonstrated selec-
tive UHV-CVD for Fe(CO)s and Co(CO);NO at room temperature
[388]. Fe(CO)s resulted in the spatially selective autocatalytic
growth of iron metal nanocrystals with high iron purity, while Co
(CO)NO resulted in granular, oxygen, carbon, and nitrogen-
containing material (on iron seeds). Interestingly, both groups used
electron beams to initiate the metal CVD growth non-thermally on
the surface of a silicon wafer by forming seed nuclei that initiated
autocatalytic growth of elemental metal. Of note is the tempera-
ture difference needed to sustain autocatalytic CVD with Fe(CO)s:
in HV it is 100 °C and in UHV autocatalysis performs at room tem-
perature. As a rule of thumb, a background pressure of 11077 mbar
(good HV) corresponds roughly to about one monolayer per second
residual gas impinging on the substrate (about 10'* molecules/
cm?s). These gases, depending on their residence time until des-
orption, can occupy the reactive sites on the metal surface and thus
prevent precursor molecules from being decomposed by the sur-
face. The residence time is exponentially dependent on tempera-
ture. UHV (around > 1-10" mbar) was an important prerequisite
to produce the clean iron surface at room temperature as it
strongly reduced the flux of residual gases onto the surface. Per-
forming CVD in high (and ultra-high) vacuum also eliminates gas
interactions and diffusion issues (specifically ligand removal)
through the stagnant precursor layer. Absence of these mecha-
nisms leads generally to lower deposition temperatures. High vac-
uum CVD can deliver important details on the surface reaction
kinetics and especially their related time scales. This was exempli-
fied for titanium dioxide deposition using titanium isopropoxide
and water [389]. The desorption kinetics of ligands was also stud-
ied in a low temperature barium titanate HV-CVD process [390]. It
was observed that the surface was passivated by hfac ligands upon
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exposure to barium hexafluoroacetylacetonate. These ligands des-
orbed slowly and blocked adsorption for further precursor mole-
cules. In a FEBID process this mechanism would translate to large
carbon content in FEBID material via ligand co-deposition as will
be discussed in Section 5.3. Of significant note is that hfac ligands
belong to the B-diketonate "family”, which constitute a large
amount of FEBID precursors discussed in this article. Within this
precursor group FEBID metal contents are below 30 at.% with only
two exceptions for Cu(hfac)VTMS and Au(tfac)Me, which can be
attributed to thermal contributions and surface treatments,
respectively, see also Fig. 5.1 and the respective FEBID sections
for these details.

In ALD, temperatures are lower, so that only a part of the
ligands is dissociated while one or several remaining ligands are
compulsory to self-terminate the surface reaction towards further
molecules arriving from the gas phase. The ALD tables in chapters 3
and 4 give an indication of the minimum temperature needed for
(incomplete) thermal dissociative adsorption of the molecule and
specify the reactant gas necessary to remove the remaining
ligands. The extent to which the electrons can replace the reactant
ALD gas efficiently and remove the remaining ligands via electron
stimulated desorption needs still to be studied in more detail.
Encouraging results were achieved for electron beam assisted
ALD were electron-stimulated desorption was integrated as an
ALD sequence for certain molecules and materials (Co, Si, and
nitrides) as will be discussed in Section 6.3. In addition, initial Pt
(C) FEBID seeding for selective Pt ALD [197,199,203] and Ru ALD
[391] was shown successful. The systematic integration and study
of ALD and CVD schemes into 3D nanoprinting FEBID, however, is
still in its infancy.

For completion we would like to note that room temperature
ALD processes are known for highly exothermic reactions, for
instance for Al,03 [392] with trimethylaluminum/water and ZnO
[393] with diethylzinc/water, witnessing the principal possibility
of room-temperature dissociative adsorption. However, these are
limited to metal oxides presently.

5.1.3. Insights from surface science adsorption studies

These kinds of studies have often been performed to elucidate
thermal mechanisms in ALD and CVD processes and were dis-
cussed in the previous related sections. However, they are pre-
sently confined to a few molecules and surfaces but fundamental
research to this subject is widening as the importance of surface
reactions becomes more evident. The energy balance for dissocia-
tive adsorption of a given precursor is delicate and depends on
the nature of the surface, which implies not only the type of ele-
ments that the surface is composed of (see for example [394])
and its atomistic structure such as steps or defects (see for instance
[298]). On top of this, co-adsorbed species can interfere with the
adsorption of a precursor and drive the reactions to even different
products as seen, for instance, when atomic oxygen adsorbed on a
Pt surface decomposes Pt(5°>-CpMe)Mes in an ALD process [197].
However, depending on the surface temperature, dissociative
adsorption may not occur even if it is energetically favourable. This
is because the transition from the physisorbed adsorption state to a
chemisorbed dissociated state may be subject to an activation bar-
rier which relates to the fact that bonds are broken in order to form
new ones [395], see also Figure 5.3. The temperature at which a
transition from the physisorbed state to dissociative adsorption
occurs depends again on the underlying material (see for example
[394]). An example is Cu(hfac),, which adsorbs molecularly on SiO,
surfaces at room temperature but dissociatively on metal surfaces
above —73 °C [278,293]. Surface analysis of the adsorbate under
UHV conditions is required to obtain detailed mechanistic insight
and has also been performed for some precursors with respect to
ALD (see the respective ALD and surface studies sections in this
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review). Of note for surface science studies dedicated to metal
ALD is that they mostly measure the dissociative adsorption at
ALD growth temperature (which is more elevated than for FEBID)
and specifically on surfaces treated by the co-reactant. This latter
is typically a reducing or oxidizing agent that cleans the metal from
the organic ligand to very low contamination levels. Surface catal-
ysis will be more pronounced on clean metals than on FEBID mate-
rials that are often contaminated by a carbonaceous matrix up to
now, but will be of increasing importance on the way for develop-
ing FEBID processes with high metal purity.

On the other hand, surface science experiments dedicated to
FEBID usually omit studies on dissociative adsorption of precursors
in the absence of an electron beam [103] because it is the physi-
sorbed state that is usually considered relevant to FEBID. Also,
for reasons of sensitivity, the studies typically involve multilayer
adsorbates that only condense to the surface at cryogenic temper-
atures. However, even should dissociation of precursor molecules
not occur on typical surfaces used in FEBID, the situation can
change under electron irradiation. This was demonstrated by the
electron beam induced surface activation (EBISA) studies by the
Marbach group which have revealed that diverse surfaces ranging
from oxides and adsorbed layers of large organic molecules to
coordination polymers can be activated by the electron beam to
then decompose precursors such as Fe(CO)s or Co(CO)sNO
[88,89,396]. Such dissociative adsorption may also contribute to
the growth of a deposit in FEBID at locations where the electron
beam impinges and produces reactive species through activation
of the underlying surface. Also, when dissociation of the precursor
leads to fragments that are integrated in the deposit, the resulting
crosslinked material may become reactivated by the electron beam
and react with further impinging precursor molecules. Detailed
insight into such surface reactions of FEBID precursors is extremely
sparse with rare exceptions mainly from computational chemistry.
Here, work has particularly focused on silica surfaces starting from
the hypothesis that electron irradiation removes part of the surface
hydroxyl groups and the precursors then adsorb dissociatively on
the resulting undercoordinated Si sites [397-399]. In contrast, the
actual growing FEBID deposit surface is typically highly complex
and chemically ill-defined (yet representing the real world situa-
tion!) because it often contains carbonaceous matrices or contam-
inations of other elements as we exemplified in the FEBID sections
of this review. Therefore, information on the mode of adsorption
on an elemental or even single crystalline metal surface is typically
not representative of the situation encountered on a growing FEBID
deposit. More detailed surface science studies performed in UHV
that focus on the precursor adsorption on a previously formed
deposit, also after reactivation by the electron beam, are needed
to shed light to these questions and to unravel or to underpin their
relation to the reaction mechanisms that underlie ALD.

5.1.4. Vacuum and thermal stability of the precursors

Thermal reactions of a solid or liquid precursor may already
occur in the reservoir. Here, dissociation of ligands from the pre-
cursor can be driven by formation of new bonds in the reaction
products. As a prominent example, transition metal carbonyl
complexes such as Co,(CO)g and others tend to convert to larger,
i.e. multinuclear metal clusters by loss of CO [400]. This conver-
sion is reversible and an increased CO partial pressure drives
the equilibrium to the smaller complexes that have a higher
CO:metal ratio. However, when CO is pumped off in a vacuum
system, the equilibrium shifts towards the larger clusters. As an
example, this reaction occurs already at room temperature in
the case of Co,(CO)s and must be carefully considered for each
individual precursor. For instance, the precursor AuCl(CO) also
loses CO when placed in vacuum [360]. Similar vacuum stability
problems (varying in intensity) are known for AuCl(PF3), Cu
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Fig. 5.6. Maximum FEBID metal content vs. thermal decomposition of precursor molecules for which data were available. Red circles mark vacuum instable precursors.

(hfac)VTMS, and Pt(PFs); under moderate heating [139]. Fig. 5.6
shows that these precursors are among the ones which
yielded > 90 at.% FEBID metal content.

Fig. 5.6 furthermore shows that there is no correlation between
gas phase thermal decomposition temperature (see values in tables
of introductory sections in chapters 3 and 4) and metal content in
FEBID material. This is due to the role of the surface immanent in
any growth process. As discussed in Section 5.1.1, dissociative
adsorption is driven by the energy gain that occurs by formation
of new bonds with the underlying surface. This renders the disso-
ciation on a reactive surface more favourable than the dissociation
of an isolated precursor molecule in the gas phase where it would
require an exceedingly high influx of heat by molecular collisions.

5.2. Electron-induced adsorbate dissociation

In contrast to the thermally initiated dissociative adsorption
schemes discussed in the previous section, the electron-induced
adsorbate dissociation occurs via electronically excited states and
is a non-thermal mechanism, which assures the spatial selectivity
of FEBID. The initial reaction step on the way to a deposit in FEBID
is an electron-induced fragmentation of the physisorbed or poten-
tially partially dissociated adsorbed precursor.

5.2.1. Insights from surface science and gas phase studies
As discussed previously, knowledge of individual electron-
precursor interactions as studied in the gas phase is an important
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starting point to understand the further chemistry that occurs dur-
ing deposit formation [5,99]. Popular gas phase studies, however,
do not capture any intra-fragment reactions, which may conse-
quently happen in the adsorbed state. The initial electron precursor
interaction either leads to dissociation of entire ligands from the
precursor or, as common in the case of larger ligands, to their frag-
mentation. In the actual deposit formation on a surface, the frag-
ments released by electron-precursor interaction can interact
with other molecular species in their environment or with the sur-
face of the growing deposit in more complex reaction sequences.
Surface science studies performed in UHV on the electron-
induced decomposition of various FEBID precursors have been
reviewed before and we refer to those [6,7,101,103]. The current
state of insight into these processes in the case of group 10 and
11 FEBID precursors has been summarized in Sections 3 and 4.
We will refer to these studies in the following to discuss underly-
ing principles that govern the performance of particular precursors
and FEBID processes. Fig. 5.7 shows a summary of metal contents
observed in condensed phase UHV electron irradiation experi-
ments under cryogenic conditions as well as after temperature-
programmed desorption (TPD) experiments. Cryogenic studies
may capture intra-fragment reactions over proportionally as ther-
mal desorption of certain volatile ligands and fragments is low at
these temperatures. Interestingly, the majority of the cryogenic
condensed phase metal contents corresponds to the lower range
values of metal contents found in FEBID experiments. In reverse,
this fact suggests that the lower values of metal ranges correspond



I. Utke, P. Swiderek, K. Hoflich et al.

100 A —%
90 — Metal at.% deposit min
Metal at.% deposit max
80 | A Metal at.% Condensed Phase
A Metal at.% Condensed + heat (TPD)
X 70
S
©
£ 60 |
po
c
£ 50 t
I}
(]
% 40 I e
S 30 A
i | A
20 A
10 A A A A
7'
0
o > Qo %] \Z v \2 \Z \J
N S\ e OV ) A »\
O © \,,)é \@ L \@e OV L Q‘?’
Y &N © N SN K
N RN PR YN O S RN
N Q & & O
& ¢ g S
\- >4
® & MR

Fig. 5.7. Metal contents obtained from condensed phase electron irradiation
studies in comparison to FEBID metal contents (taken from Fig. 5.1). Green
triangles symbolize cryogenic conditions and red triangles temperature-pro-
grammed desorption (TPD) experiments. See respective fundamental surface
studies in chapters 3 and 4 for references.

to non-favourable desorption conditions for volatile ligands or
their volatile fragments.

5.2.2. Favorable electron induced dissociation channels and link to
thermodynamics

Thermal factors as discussed in the case of dissociative adsorp-
tion of precursor molecules (see Section 5.1) can also enhance their
fragmentation upon electron-precursor interaction. This does not
only result from the fact that bonds are often weakened when a
molecule is promoted into an electronic state other than the
ground state. In particular, it is important to realize that attach-
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Fig. 5.8. Potential energy diagram for a molecule AB representing a cut through the
electronic potential energy surface along the A-B bond direction. Included are
typical potential energy curves for bound and unbound states of the neutral AB
molecule and the cation, as well as an unbound state of the anion. IP(B) is the
ionization potential of the B fragment, EA(B) the electron affinity of B, and BDE(A-B)
is the A-B bond dissociation energy. Typical orders of magnitude for these energies
are around 10 eV for IP, up to roughly 4 eV but often lower for EA, and a few eV for
BDE. Reproduced by permission of The Royal Society of Chemistry from Boehler
et al. [33].
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ment of an electron to a precursor or its fragments often provides
an additional amount of energy on top of the available electron
kinetic energy. Fig. 5.8 gives an overview of the relevant energy
contributions.

A particularly instructive example is the release of CN™ from for-
mamide (HCONH,) and other molecules by DEA [33,401]. This pro-
cess was observed at electron energies around 2 eV which is
surprisingly low considering the extensive amount of energy
needed to dissociate four covalent bonds (BDE(C-H) ~ 4.3 eV,
BDE(C=0) ~ 7.7 eV, and two times BDE(N-H) ~ 4 eV) as required
to release the CN fragment. The low energy threshold for formation
of CN™ is only partially explained by the formation of a stronger tri-
ple bond between C and N and the high electron affinity of CN (EA
(CN) = 3.86 eV), i.e,, the energy that is gained when the impinging
electron is attached on the CN fragment. In addition, the simulta-
neous formation of a stable neutral byproduct, H,O in the case of
formamide, out of the dissociated atoms delivers the amount of
energy relating to dissociation of two O-H bonds, i.e. an energy
of 2 x BDE(O-H). The formation of CN~ at an electron energy
around 2 eV is thus explained by the following reaction:

e+ HCONH, — (HCONH,)* — CN™ + H,0 + H°

Based on tabulated thermodynamic data, this reaction brings
the energy required to form CN™ upon DEA down to 2.33 eV, in
close agreement with the experimental result (see [401]). Note
that similar considerations also apply to dissociation following
electron impact ionization, i.e., dissociative ionization processes.
For instance, when propanol (CH3CH,CH,OH) is ionized, a frag-
ment C3Hg" requires only a few tenth of an eV more energy than
the energy IE(CH3CH,CH,0H) for formation of the parent radical
cation, again rationalized by formation of the byproduct H,O [402].

A particularly large amount of energy is gained when DEA leads
to formation of HF as neutral fragmentation product with a bond
energy of 5.9 eV. In consequence, DEA to hexafluoroacetylacetone
leads to the predominant formation of an ion [M—HF]|" where M
stands for the parent molecule [247]. However, by comparing with
other fluorinated compounds, it was argued that the molecular
structure must allow for an intramolecular approach of the F
towards one of the H atoms to enable formation of HF. With F
being located in the periphery of a rigid structure, such a rear-
rangement is not possible in the hfac complexes as shown for
the cases Cu(hfac), and Pd(hfac), [247].

As noted in a very recent review [35], a thermodynamic driving
force was also suggested as reason why Cu(tbaoac), performed
better than p-diketonates in CVD [261]. In contrast to acac, tfac,
and hfac ligands and as a result of the ester linkage, the tbaoac
ligand may undergo bond rearrangement that leads to stable and
volatile small molecules, among them the particularly stable CO,.
This probably contributes to the facile decomposition of the
complex.

The examples suggest a strategy towards the design of good
precursor molecules for FEBID. This strategy should aim at a struc-
ture that can form thermodynamically favourable decomposition
products under electron irradiation that are, at the same time,
volatile enough to exhibit a high desorption rate. The high metal
content observed in FEBID with Ag carboxylates (see Section 4.3
and Fig. 5.1) is probably related to this effect. As was shown in fun-
damental studies on non-volatile carboxylates of Cu(Il), namely,
copper oxalate (CuC,04) and the metalorganic framework
HKUST-1 (a coordination polymer consisting of Cu(ll) dimers
bridged in 3D by a trivalent benzene carboxylate), electron irradi-
ation leads to highly efficient desorption of CO, [105,403]. This can
be rationalized by a mechanism in which ionization of the carboxy-
late group leads to cleavage of the C-C bond between the car-
boxylic group and the carbon chain of the ligand according to

R-CO3 - e —» R-CO3 — R* + CO,.
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If the radical R® is a hydrocarbon fragment, it may stabilize sub-
sequently by expulsion of atomic hydrogen to again exhibit a
reducing action on the metal.

We note that thermodynamic effects may also contribute to the
retention of fluorine in deposits obtained from Cu(hfac), [246] or
Cuy(pn-0,CCyFs)4 [324] in contrast to the results for Agy(p-
0,CCyFs), [329] (see Section 4.3). The standard enthalpy of forma-
tion for solid CuF, is more than twice as large as for solid AgF (-
542.7 KJ/mol vs. -204.6 kJ/mol) [404]. This may drive the incorpo-
ration of F in the deposit as was seen in XPS measurements in the
case of Cu(hfac), [246]. As pointed out recently [35], the lower
thermodynamic stability of the metal fluoride phases of Pd and
Pt as compared to Cu can also explain why F~ is incorporated in
a deposit produced from Cu(hfac), but not in the case of the anal-
ogous precursors Pd(hfac), and Pt(hfac), [246].

5.2.3. Thermal assistance of electron-induced dissociation

By definition, a chemical reaction that occurs in the electronic
ground state of a system is considered as thermal reaction. In a
FEBID process, the electron-induced precursor fragmentation is a
non-thermal reaction. However, a number of thermal reactions
can occur during all other steps involved in deposit formation.

As discussed in Section 5.1, the purely thermal dissociation of a
precursor requires high temperatures. In contrast, as summarized
in Section 5.2.2, electron-induced bond dissociation via non-
thermal pathways is accessible at ambient temperature and may
even be energetically more favourable than thermal reactions. This
fact was used recently in electron-enhanced ALD to grow nitrides
and cobalt films at low process temperature, see Section 6.3. Fur-
thermore, the temperature can have a pronounced effect on
electron-induced dissociation processes [405]. A strong effect is
expected in the case of DEA where a dissociative anion state can
cross into the manifold of vibrational states in the neutral ground
state, see Fig. 5.9. The transition from the ground state to the anion
potential energy curve upon electron attachment occurs vertically,
i.e., upon preservation of the ground state bond length. This is
related to the fact that electron attachment is much more rapid

ABCD |

ABCD-

Re R lon Yield

Fig. 5.9. Schematic potential energy curves for the neutral ground state (ABCD) and
a repulsive anionic state (ABCD") and of transitions between them by electron
attachment. The red vertical arrows indicate the transition to the anionic state at
threshold for the lowest vibrational levels. The resulting DEA intensities are shown
schematically on the right side for two different temperatures. A strong effect can
occur when higher vibrational levels become thermally populated as described by
the Boltzmann equation when the relative position of ground and anion state is
appropriate. The distance between vibrational levels varies between a few ten meV
up to around 400 meV, depending on the type of molecular vibration. While many
such levels must be excited to reach the dissociation threshold thermally in the
ground state, only a few vibrational levels may need to be populated to observe an
increase of DEA cross section. Reprinted from from Bald et al. [405] with permission
from Elsevier.
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than the atomic movement. Consequently, the anion state is popu-
lated with a bond length that corresponds to the position where
the amplitude of the vibrational wave function of a given level is
maximal via transitions indicated by the red vertical arrows. The
system then evolves down the anion potential towards increasing
bond length and thus dissociation. As a concurrent process, the
electron can detach again bringing the molecule back to the ground
state. This, however, can only happen as long as the critical bond
length R¢ has not been exceeded. Beyond this point, the anion state
lies below the ground state so that energy would be needed to
detach the electron.

In the situation depicted in Fig. 5.9 increasing the temperature
has a pronounced effect on the fragmentation via DEA. When
higher vibrational levels are populated, electron attachment occurs
at lower electron energies as seen from the decreasing length of
the red arrow. Also, the anion potential energy curve is reached
nearer to Re. This increases the probability that the anion survives
beyond this distance leading to a higher DEA cross section. How-
ever, when the vibrational energy is too high, a transition to the
anion curve is not possible anymore and the DEA cross sections
will drop. This effect has not yet been investigated in FEBID precur-
sors so that we refer to the examples of molecules discussed in
[405]. However, as large precursors typically also have DEA pro-
cesses occurring at near-thermal energies [5], an effect of the tem-
perature on the fragmentation probability should be considered.
Note that this effect must be carefully distinguished from temper-
ature dependences that occur through thermal reactions of labile
surface intermediates that result from the initial electron-
induced precursor fragmentation. This latter process was discussed
in detail, for instance, for the case of Pt(PFs), where a higher
deposit purity at higher temperature was observed and ascribed
to thermal decomposition by loss of further PF; from surface-
bound Pt(PF;); intermediates [130].

5.3. Integration versus desorption of ligands or ligand fragments

In this section we turn to the mechanisms which compete with
desorption of the ligands or ligand fragments that were formed as a
result of thermal surface reactions (see Section 5.1) or of electron
induced dissociation reactions (see Section 5.2). This aspect is cru-
cial as it will finally decide about the purity of FEBID material,
which underwent complete metal-ligand dissociation and/or dis-
sociation of ligands into volatile fragments, compare to Fig. 5.2.
Desorption of entire ligands following electron-induced dissocia-
tion of a precursor is the most desirable case, however, differs for
various ligand types (charged vs. neutral, light vs. heavy, tendency
to polymerize). Firstly, due to Coulomb and polarization forces
charged ligands, like CpMe-, Cp-, allyl, CH3, CFs, acac’, tfac’, hfac’,
RCOs3, and also simple F~ and Cl~, interact more strongly with their
surrounding material than neutral ligands, such as PF3;, CO, NHs,
VTMS, DMB, MHY, CNR, SMe,, and PMes. Consequently, they have
a much lower tendency to desorb [108]. Secondly, ESD experi-
ments on different FEBID precursors observed that light species
have a higher probability to desorb at a given temperature while
heavier dissociation products are usually not detected [6,7,103].
Thirdly, ligands may be dissociated either by a catalytically active
surface or under the impact of the electron beam to produce reac-
tive species that bind to the growing deposit and even induce fur-
ther reactions, for instance, crosslinking of organic ligand material.

Overall, the ability of ligands or their fragments to desorb
depends on the combination of the metal to be deposited, the nat-
ure of the ligands, as well as the structural details of the growing
deposit, properties that are intimately linked to each other. Added
process gases open up more reaction pathways that can have a
favorable effect on deposit purity. By relating to results from ALD
and CVD where appropriate, we discuss typical chemical reactions
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for different types of ligands that can be anticipated in the growing
deposit following an initial electron-induced dissociation (see Sec-
tion 5.3.1) as well as the influence of process or residual gases on
the deposit (see Section 5.3.2).

5.3.1. Deposit formation without added reactants

Intuitively, one can expect that desorption should be most effi-
cient for small, neutral ligands. Regarding the precursors discussed
herein, CO, PFs, but also NH3 are the most prominent examples of
this type of ligand. CO, in particular, is an outstanding model com-
pound in surface chemistry and its adsorption, akin to the binding
in the carbonyl complexes, has been studied on various metal sur-
faces [406]. Already in this well-investigated case, the interaction
with an underlying material, i.e., the binding strength and thus
the temperature at which desorption will occur is challenging to
predict for a deposit produced from FEBID that may not be crys-
talline but contains a lot of defects and impurities. The same
applies to other ligands. A simple example reveals the problem.
While PF; desorbs from a single crystal Pt(111) surface at 150 °C,
it requires temperatures of 350 °C to desorb from a polycrystalline
Pt surface on which defect sites exist, where the adsorbate typi-
cally binds more strongly than on a smooth surface [115]. Note
also, that dissociative adsorption may occur in particular for
ligands or ligand fragments generated by electron-induced dissoci-
ation (see for example the wealth of data on CO in [406]). There-
fore, a detailed atomistic picture of how the precursor fragments
are adsorbed on a realistic model of a deposit would be required
to make precise predictions. This has been tackled only rarely so
far, see for example [398].

Despite the potential variations in binding strength to a grow-
ing FEBID deposit, CO is a prime example of a ligand that is easy
to desorb by electron irradiation [6,7,103]. In contrast, small anio-
nic ligands desorb much less efficiently. The example of cis-
PtCly(CO),, where removal of Cl~ required a much higher electron
exposure than desorption of CO illustrates this effect most clearly
(see Section 3.4.5). Small anionic fragments may also result from
fragmentation of larger ligands. In the case of the different M
(hfac), complexes (M = Pt, Pd, Cu), XPS and ESD results led to the
conclusion that F~ was released by DEA but retained in the deposit
in significant amounts only in the case of Cu(hfac), [246]. This indi-
cates a larger binding strength of F~ to the deposited Cu and con-
sequently a lower desorption probability than is the case for Pd and
Pt, as discussed in terms of thermodynamic stability of the result-
ing solid in Section 5.2.2.

In the case of the large anionic ligands acac, tfac, and hfac, de-
sorption is even more difficult to achieve. These ligands have a cer-
tain tendency to dissociate from the complex as such, both in dis-
sociative adsorption on metal surfaces, where the ligand then
coordinates to the surface metal, and upon DEA (see Section 4.1.5).
The adsorbed ligands then require elevated temperature beyond
the typical working range in FEBID to detach from the surface
and to be converted to volatile species [407]. Furthermore, it has
been reported that CHs fragments tend to react with protonated
Hacac, thus leading to less volatile organic residues [408]. These
processes rationalize the large amount of carbon remaining in
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the FEBID deposits when using precursors with acac and related
B-diketonate ligands. This is a typical example of how surface
and side reactions of fragments resulting from electron-induced
dissociation can compromise the purity of a deposit. The contrary
situation as encountered, for instance, in Pt(PF3)4, where thermal
treatment can desorb further PF3 ligands from a surface bound Pt
(PF3); intermediate resulting from electron-induced dissociation
of the first ligand from the complex (see Section 3.1.5 and [130]).

The higher desorption efficiency of the neutral ligand CO in
FEBID as compared to ionic ligands does not necessarily translate
to larger neutral ligands. The CVD data reveal that, due to a facile
disproportionation reaction, Cu(hfac)L complexes with neutral
ligands L = VTMS, DMB, MHY have a lower thermal decomposition
temperature than Cu(hfac), (see Sections 4.1.3 and 4.2.3). How-
ever, this does not lead to an increased purity of deposits in FEBID
(Sections 4.1.2 and 4.2.2). First, if disproportionation should pro-
ceed at the lower FEBID process temperature, the resulting Cu
(hfac), probably again has a substantial residence time and its frag-
mentation will again be incomplete. Second, it is known that ion-
ization of organic molecules with double bonds can lead to
polymerization as shown in Fig. 5.10. We propose that such reac-
tions can also be initiated in the double or triple bonds of the neu-
tral ligands VTMS, DMB, and MHY, thus contributing to the
formation of less volatile species that become integrated in the
deposit. They very likely also play a role in the case of CNR ligands
as used in Au(I) precursors that yield very low losses of carbon in
FEBID (see Section 4.5).

The widely used cyclopentadienyl ligands Cp and derivatives as
well as allyl™ are also notorious for producing carbonaceous depos-
its. While an electron-induced reaction as proposed in Fig. 5.10 is
conceivable in the neutral protonated form (see Section 5.2), an
electron-induced C-H bond cleavage leading to cross-linking
between the ligands is also a very likely scenario that contributes
to the retention of ligands in deposits produced from cyclopentadi-
enyl precursors. The H recombines to desorb as H,, as was in fact
observed during electron irradiation of Ni(#>-CpMe), (see Sec-
tion 3.2.5 and [103]). Such a reaction is known from self-
assembled surface monolayers of biphenylthiol and other aromatic
molecules where they yield a mechanically extremely stable car-
bon layer [409].

As noted in Section 5.2.2, the thermodynamic stability of disso-
ciation products can drive a surface or electron-induced reaction in
a specific direction. In the case that these stable products are
highly volatile, they should desorb easily to yield a deposit with
high purity. Although CVD using Cu(tbaoac), yields only 74 at.%
of Cu content (see Section 4.1.3), it performs surprisingly well in
FEBID despite its bulky ligands (see Section 4.1.2). Along the same
line of argumentation, the efficient decomposition of carboxylate
precursors relates to the expulsion of CO, under electron irradia-
tion (see also Section 5.2.2). In the case of the Ag carboxylates, high
purity is achieved even for a carbon rich side-chain as encountered
in Ag,(n-0,CC(Me),Et), (see Section 4.3.2). The hydrocarbon group
of the ligand remains behind as radical Et(Me),C* when CO, is
released. As a reactive species, it may recombine with other radi-
cals to yield a volatile species (like e.g. octane derivatives) or to

H
H
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Fig. 5.10. Single step of a polymerization reaction of an organic molecule with a double bond initiated by electron impact ionization. The cation is attracted to the electron-
rich double bond of a second molecule leading to bond formation. This reaction can be terminated by recombination with a thermal electron followed by energy dissipation
(last reaction) or it can continue [259]. All polymerization products are less volatile and will lead to larger carbon contents in FEBID material.
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yield a less volatile material. However, in the absence of such a
reaction partner, it may also convert to a stable volatile hydrocar-
bon molecule by loss of atomic H, whereby a new double bond is
formed, and desorb from the deposit. We propose that this may
be the case at sufficiently low precursor coverage and electron flux,
a hypothesis that nonetheless requires further experimental
verification.

We note as a final comment that it is also conceivable that vola-
tile species can be embedded in a deposit due to high precursor
flux. In this case, a post-treatment with higher temperature should
volatize these species.

5.3.2. Deposit formation in presence of added or residual gases

In CVD, gases are often added to enhance the deposition pro-
cess. In particular, molecular hydrogen (H,) is used as a reducing
agent in thermal CVD. It can be activated when it adsorbs dissocia-
tively on the growing surface to yield atomic hydrogen. The effect
in the reaction is twofold: (i) metals that are contained in a precur-
sor in a positive oxidation state can be reduced to the elemental
form when atomic hydrogen transfers its electron to the metal
and (ii) the resulting H* can protonate negatively charged ligands
L™ to convert them to more volatile neutral species HL. This anion
protonation is the most straightforward approach to transform
them to neutral compounds such as HCp, Hhfac, Htfac, Hacac,
Htbaoac, HCl and thus weakens their interaction with the surface
leading to a higher desorption rate. Of importance is that atomic
hydrogen is available on the surface. At elevated temperatures,
the metal surface can act as catalyst for the dissociative adsorption
of molecular hydrogen into adsorbed atomic hydrogen according
to Hy — 2 Hags. This concerns mostly the CVD and ALD reactions
for metal B-diketonates and cyclopentadienyl complexes discussed
in the previous chapters. As ALD performs at lower temperature,
where the catalytically driven dissociative adsorption of H, per-
forms less efficiently on some metal surfaces, hydrogen plasma
needs to be employed. Note that hydrogen would also be needed
to convert ionic ligands or fragments of intraligand dissociation
reactions such as CH3 or CF; into neutral species.

Atomic hydrogen prepared by passing H, over a heated filament
has also been used for post-deposition purification of FEBID depos-
its (see Section 3.4.5). However, the purification efficiency was
shown to depend on the type of precursor [246,257]. While atomic
hydrogen was not effective in removing carbon from deposits pro-
duced from Pt(n3-CpMe)Mes, Pt(hfac),, and Pt(PFs), (in the latter
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case carbon must stem from impurity gases), Cl was efficiently
removed from deposits produced by electron irradiation of Pt
(CO)Cly. This difference is related to the different nature of the
deposit. In FEBID, Pt(n°-CpMe)Me; yields deposits that contain
elemental Pt particles, i.e., metal that has already been reduced
by the electron beam, a reaction that is not possible in CVD. This
results in a crosslinked carbonaceous matrix which is not cracked
by atomic hydrogen. In contrast, Pt(CO),Cl, yields the ionic mate-
rial PtCl, by loss of CO. In this case, atomic hydrogen reduces the Pt
to its elemental form and the resulting H* converts CI~ to volatile
HCIL. Note that these reactions have been discussed in depth in
[257].

Insight from ALD shows that instead of atomic hydrogen,
atomic oxygen is needed to convert carbonaceous materials to
volatile oxidized species such as CO, and CO (see Section 3.2.4).
This is in fact a thermodynamically favourable conversion [257]
although the elemental nature of the metal is decisive for the suc-
cess of this process which may be accompanied by oxidation of the
metal. As studied in depth for the case of Pt ALD from Pt(1°>-CpMe)
Mes, O, dosed onto a pure Pt surface adsorbs dissociatively to pro-
duce surface-bound atomic oxygen (see Section 3.2.4). This atomic
oxygen, which is a very reactive species, then oxidizes the ligands
of subsequently dosed precursor to remove them completely. In
analogy, atomic oxygen delivered from an atom source onto a sur-
face has been used for the purification of FEBID deposits [246,257].
However, it was shown that while both carbon and fluorine are
etched away from deposits produced from Cu(hfac),, Cu was also
oxidized during atomic oxygen treatment. This required for an
additional atomic hydrogen step to reduce the metal back to its
elemental state. FEBID processes that use either co-dosing of O,
[121] or post-deposition purification by electron irradiation in
the presence of O, [178,410] very likely also rely on the action of
atomic oxygen. Here, electron-induced fragmentation can con-
tribute to the dissociation of O, besides dissociative adsorption
on the growing deposit. However, again, the conditions are harsh
and often lead to oxidation of the metal. These examples show that
the range of metals that are not oxidized by atomic oxygen is lim-
ited to noble metals Pt and Au [170]. In addition, oxides of Ag can
be reduced to elemental Ag by mere electron irradiation [411].
Overall, we can conclude that thermodynamic arguments regard-
ing potentially formed metal oxides are important to predict the
outcome of a purification process that applies oxygen either as
O, or directly as atomic oxygen.

E T T T ]
1004 . aptemaeeteecee eg ]
.“~”:,w'" ® % n e 3
1) ° Regga ]
-1 * o *** =~ ’W
107" ® Lana AAA A A 3
o % A= A Ay 3
*x AN ]
— 2 [ ) A
% 107 3 * 0 A 3
= E A 3
c 3] >4
S 1075
=] E 3
|33 4 ]
310"+ . E
prs Itikawa 2005 H,O 3
8 1 0_5 1 DI cross section ]
S N7 Yoon2007H, likawa2005H,0 @ H0°
61117 H," DEA cross section @ QH* 1
107 - H* —H A O 3
7 - — DEA —OH o™ 1
107" 4 — - neutral diss. ——O" H,* 3
* H 3
10-8 T T L LA
10 100 1000
Energy (eV)

Fig. 5.11. Electron induced dissociation of gaseous H,0 and H, as function of electron energy [412,413].
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Atomic hydrogen is also produced by electron triggered dissoci-
ation of H,. However, the residence time of molecular H, on a sur-
face is probably very short (non-polar molecule) which would
entail a low hydrogen dissociation rate and hence low formation
rate of atomic hydrogen. Locally generated atomic hydrogen via
the focused electron beam would be very helpful in establishing
surface reactions leading to locally cleaner metal deposition.
Atomic hydrogen was exploited in several metal ALD plasma pro-
cesses, see the ALD sections in chapters 3 and 4, as well as in a
few metal plasma CVD processes with Cu(hfac), and Au(acac)Me,
[188,189,280-283,357], discussed in the related CVD sections.
When using hydrogen plasma, generally film growth could be per-
formed at lower temperature sometimes including room
temperature.

In contrast, H,O as dipolar molecule adsorbs strongly in com-
parison to H, and contributes to the chemical reactions in FEBID.
H,0 is not only particularly relevant because within most SEMs
high vacuum conditions prevail and about half of the background
residual gas is composed of water molecules. The diffusion con-
stant of water on hydrophilic surfaces is roughly one order of mag-
nitude larger than diffusion constants of typical precursors. Hence,
the efficient diffusive replenishment of water will result in an over-
abundance of water molecules during FEBID [35]. The cross sec-
tions for electron-induced dissociation of gas phase H,0 [412] is
shown together with data for H, [413] in Fig. 5.11. As a side-
product to the charged fragments represented in Fig. 5.11, neutral
atomic hydrogen is also produced in these gas phase processes.
However, when H,0 aggregates, as will typically occur on surfaces,
or can interact with precursor molecules, the reaction channels are
altered. Under these conditions, ionization through electron
impact induces predominantly an intermolecular proton transfer
according to H,0™ + H,0 — H30" + OH* [414] or, when an anionic
ligand is involved, to H,0"™ + L" — HL + OH". Similarly, when H™ or
0O°" are formed by DEA, they will react according to H + H,O — Hy +-
OH™ and O*" + H,0 — OH® + OH™ [415]. Therefore, electron irradi-
ation in adsorbed H,0 yields not only H" as needed for
conversion of ligands to the protonated neutral form but several
reaction channels open up that yield OH® radicals which are again
oxidizing reagents. Both H,0** as well as OH* radicals can add, for
instance, to double bonds in a carbonaceous structure which is the
first step that eventually leads to conversion of the carbon content
to CO [107]. These reactions are relevant to the chemistry that
underlies the purification of FEBID deposits produced from Pt
(n°-CpMe)Mes by electron irradiation in presence of H,O [163].
The same types of reactions are likely to be involved also in other
cases such as the deposition of Au by co-dosing of Au(tfac)Me, and
H,0 [347]. Note, however, that proton transfer to yield HL (HMeCp
in the case of Pt(n°-CpMe)Mes) will not lead to volatile species
anymore once the ligands have been transformed to a crosslinked
carbonaceous structure. Protonation may thus only be considered
as a possible contribution in a process that simultaneously dosed
the precursor and an excess of H,0.

The implication for precursor design from the protonation’s
point of view would be to design metalorganic molecules which
contain water, like the hydrate Cu(hfac),-H,O (see Section 4.1),
which would act as built-in proton donor when activated by an
ionization event. However, as visible from Fig. 5.11 and discussed
for Pt(n>-CpMe)Mes, reactive oxygen species and the OH" radicals
produced by electron-induced proton transfer from H,0™ can also
oxidize the metal. This oxidation was very pronounced for nickel
FEBID which resulted in nickel oxide FEBID although there was
no oxygen contained in the precursor molecules but incorporated
from the background residual gas in the SEM chamber at 107 -
mbar, (see Sections 3.1.2 and 3.2.2). However, for the more noble
metals Au and Pt, oxidation (or combustion) of remaining carbon
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residuals in the deposit via electron irradiation and reaction with
H?0 or O, does not lead to metal oxidation as exemplified by the
cases of Pt(n°-CpMe)Mes [163] (see Section 3.3) and Au(tfac)Me,
[347] (see Section 4.4).

Beside these fragmentation reactions that may be enhanced
even by residual H,O in the SEM chamber, there are always com-
petitive ligand-codeposition reactions occurring such as intrali-
gand dissociation (see Fig. 2.4) and ligand or ligand fragment
polymerization, for example. When the rate of such ligand co-
deposition reactions is comparable to or larger than the desorption
rate of the ligands then ligand elements will be incorporated in the
FEB deposited material. For instance, even if proton transfer from
ionized H,0 to a CpMe ligand would yield a volatile CpMeH mole-
cule, this latter contains double-bonded carbon which makes it
prone to undergo polymerization when it becomes itself ionized
under electron impact before it can desorb (see also Section 5.3.1).

An electron-induced proton transfer or release of atomic hydro-
gen is also relevant for NHs present as ligand in cisplatin (cis-
PtCly(NHs),, see Section 3.4). In this case, both reactions contribute
to the complete removal of Cl during electron irradiation [104].
NH3 acts as the ideal case of a reducing agent integrated in the pre-
cursor architecture although it is not favourable with respect to
volatility. It would be desirable to identify alternative ligands that
can act as a source of hydrogen under electron irradiation but do
not exhibit this latter disadvantage.

5.4. Implications for precursor design

As detailed in the previous sections of this chapter, there is large
potential for FEBID of pure metals moving away from room tem-
perature and HV condition typically applied and adapting temper-
ature and additional gas schemes from CVD and ALD. Many surface
science aspects would change accordingly, as a cleaner growing
metal surface will imply different interactions with the adsorbates,
including precursor and fragments.

Fig. 5.12 illustrates that the number of successful high metal
content FEBID processes under HV and room temperature condi-
tions is very small. Reproducible, operator independent, high metal
contents > 90 at.% are so far limited to FEBID with iron and cobalt
carbonyls. Similar high metal content FEB deposits of Au already
have limited reproducibility due to AuCI(PF3) and AuCI(CO) precur-
sor stability problems discussed in Section 5.1.4 and do not qualify
for wide-spread FEBID use unless stabilizing agents can be found.

Shifting the paradigm to more process chemistry implies an
increasing complexity of the setup and number of parameters to
control (temperature, gas ambience) in a scanning electron micro-
scope. For this reason, FEBID precursor design was looking so far
for precursors performing well at HV and room temperature condi-
tions but should consider in future improving precursors with
respect to the mechanisms developed previously in this chapter:

(i) dissociative adsorption,

(ii) autocatalysis,

(iii) ability to fragment upon irradiation into volatile moieties
within ligands (e.g. CO,),

(iv) contain in-built purification moieties (proton donors) within
ligands (e.g. H,0, NH3),

(v) easy ligand desorption,

(vi) “inertness” to intra-ligand fragment product polymerization.

Most of these mechanisms depend heavily on temperature and
on catalytic activity of the growing metal surface (depending on
cleanliness and metal element) under electron irradiation. Gener-
alization or classification of certain precursors according to ligand
properties (neutral vs. ionic, mono- vs. multi-dentate) or metals
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Fig. 5.12. FEBID precursors summarized according to the central metal atom with their metal content range (blue-orange bars). The metal oxidation state is noted along the
bottom horizontal axis. Precursors are highlighted with ligands being all neutral (light green bars), mixed neutral + ionic (grey bars), or fully ionic (white). Specific FEBID
conditions and precursor ligand peculiarities are noted. Note that the large ranges of FEBID metal content for the individual precursors found in literature point to the
dominant role temperature and residual gas conditions can have in FEBID. For details compare to Fig. 5.1 and chapters 3 and 4.

(stable metal oxidation state) to define precursor design rules is
tempting but probably not possible. From Fig. 5.12 it seems rather
that various sets of mechanisms favour a certain ligand for a given
metal. However, the same ligand does not provide high FEBID
metal content for another metal. Compare for instance the metal
contents for carbonyls of tungsten, iron, and cobalt; the chlorido
precursor family with PF; for Au, Rh, and Ir; and the carboxylates
of Ag and Cu in Fig. 5.12. Also the intuitive standard of using
carbon-free and very small ligands for FEBID is seen to fail occa-
sionally as general design pattern because silver carboxylates give
high metal contents while Iry(PF3)4(t-Cl), does not.

Having said this, we understand that Fig. 5.12 illustrates the
wealth of metal contents obtained in FEBID where the fields of
thermal and non-thermal (electron-induced) mechanisms inter-
play on various surfaces. Fig. 5.12 also shows the evidence that
the parameter field of FEBID with respect to the mechanisms (i-
vi) calls for further detailed investigations with the goal to achieve
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high metal contents for all metal elements in FEBID 3D

nanoprinting.
6. Perspectives

Summarizing from the previous sections, the complexity of the
FEBID process is challenging for high fidelity nanoprinting in com-
bination with a contamination-free metallic material. The final
deposit composition is a consequence of the local ecosystem of
precursor, vacuum and/or reactive environment, further energy
input as well as the balance between electron and precursor fluxes
-all happening on a surface that is continuously irradiated and
dynamically changing during the process. It seems that, there is a
trade-off between purity and smooth surfaces and sidewalls of
the deposit. Thermally unstable group 10 and 11 precursors often
lead to high metal contents (cf. e.g. Sections 4.5.2 and 5.1.4) but on
the other hand hamper reliable vertical growth of well-defined
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geometries due to effects like Ostwald ripening [416]. Most of the
impressive results on three-dimensional nanoprinting were
achieved with cyclopentadienyl and p-diketonate ligands both of
which have a strong tendency of cross-linking under electron beam
impact. Here, the smooth carbonaceous matrix constitutes the
backbone of the complex three-dimensional shapes in which the
metallic grains are dispersed. An interesting exception is given
by Co, Fe, and CoFe carbonyl precursors not discussed in this
review. Here, high purities in the range of >90 at.% up to 100 at.%
can be obtained for smooth 3D wire-frame structures [66] partly
achieved for elevated substrate temperatures [417]. The high pur-
ity may be explained by the formation of surface bound intermedi-
ate species assembling to clusters that undergo a concerted
reaction cascade under FEBID conditions including electron- and
thermally induced decomposition [35]. But also autocatalytic reac-
tions may play a role as observed in the case of Co,(CO)s [418]
under HV conditions and Fe(CO)s under UHV conditions [88,419],
cf. Section 5.1.1.

Therefore, future developments in FEBID will have to pursue
different routes depending on the targeted application. Beyond
the established in-situ and post-purification strategies, such routes
may include dynamical FEBID process optimization by pulse
schemes (cf. Section 6.5), electron-enhanced CVD (cf. Section 6.4),
3D printing of FEBID scaffolds to be conformally coated by ALD (cf.
Section 3.2.4), or electron-enhanced ALD (cf. Section 6.3). In paral-
lel, precursor design may develop towards in-operando purifica-
tion by reactive ligands (cf. Section 6.2) or the efficient use of
water in the FEBID HV environment (cf. Section 6.1).

All these research lines profit from the valuable input of CVD
and ALD as well as fundamental surface and gas phase studies to
understand and to control the local chemistry that occurs during
FEBID. The local energy input by electrons that is specific to FEBID,
in combination with the typical HV environment, causes the
extreme flexibility of the process along with its ease to implement
it in conventional vacuum chambers of any scanning electron
microscope. On the other hand, exactly the same specialities intro-
duce a degree of complexity that can never be managed for all tar-
get materials and geometries at the same time but only for specific
precursors under well-adapted process conditions.

6.1. Ultra high vacuum vs. high vacuum (UHV vs. HV)

Most scanning electron microscopes are conceived for HV back-
ground pressures in the 10® mbar range with best vacuum reach-
ing the 10”7 mbar range. This translates to an impingement rate of
residual gas molecules in the order of one monolayer per second or
per ten seconds, respectively. The residual gas composition is typ-
ically composed of water taking 50 to 60% while the rest varies
according to the maintenance and usage of the microscope and
can usually contain volatile hydrocarbons, carbon oxide, oxygen,
and the purge gas nitrogen. Since water is a dipolar molecule, it
has a long residence time on surfaces and is a natural co-reaction
partner in HV FEBID. As discussed in Section 5.3.2, it is a source
of reactive atomic hydrogen and hydroxyl radicals upon electron
irradiation, see Fig. 5.11. A prominent example of oxidation in
HV conditions is nickel FEBID using the Ni(CpMe), molecule, which
resulted in nickel oxide although no oxygen is contained in the pre-
cursor, see Section 3.2.2. On the other hand, the density of residual
water is low when approaching UHV. Below a background pressure
of about 2-10"7 mbar a transition from an adsorbed double layer of
water to no adsorbed water was observed on a hydrophilic native
oxide Si0,:Si(100) surface at room temperature [420]. Hence pro-
tonation reactions to render ionic ligands more volatile (see Sec-
tion 5.1) as well as oxidation of metal would be greatly
suppressed. According to Barth et al., this transition pressure
2-10”7 mbar serves as a threshold value between two regimes with
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only electron-induced precursor dissociation taking place below
while above reaction channels involving water as co-reactant gain
in importance [35]. Indeed, the latter is supported by comprehen-
sive research using water as additional gas (cf. Section 5.3.2), how-
ever, the first claim deserves special attention as dissociative
adsorption of the precursor may come into play (cf. Section 5.1.1).

UHV pressures in the range of 10 to 107!° mbar translate to a
proportionally decreased impingement rate of residual gas mole-
cules to 3 or 0.3 monolayers per hour, respectively. This may trig-
ger dissociative adsorption when precursors show (auto)catalytic
reactions as the so-called poisoning of the surface is strongly
reduced. Surface poisoning is known from CVD reactions in the
context of accumulation of organic by-products of thermal reac-
tions on the surface. For UHV conditions, it means that the clean
catalytically active surface is neither passivated by co-deposited
residual gas hydrocarbons nor by oxidation from the reactive
hydroxyl radicals radicals formed from the residual gas upon elec-
tron irradiation. A very striking example for UHV is FEBID with Fe
(CO)s, which led to autocatalytic growth of metal nanocrystals
even in the absence of electron irradiation and sole exposure to
the gas flow after the formation of metallic nuclei [88].

6.2. In-operando purification

Being a single-step direct write process is one of the major ben-
efits of FEBID. Delicate purification routines after deposition that
certainly will induce geometrical modifications are therefore only
the second-best choice to obtain purely metallic nanostructures.
Ideally, the cleaning could be performed in-operando during
growth.

The residual water in the vacuum chamber can be considered as
one possible ingredient for high purity FEBID material, cf. Sec-
tion 6.1. Hence, the introduction of co-reactants is a natural choice
for in-operando purification. Oxidizing co-reactants proved suc-
cessful for the deposition of noble metals, e.g. achieving pure gold
deposition from Au(tfac)Me, either under water atmosphere in an
environmental SEM [348] or upon water co-injection [347]. In the
same manner reducing co-reactants like hydrogen or forming gas
may be of interest not only for non-noble metal depositions.
Hydrogen radicals were employed as post-deposition treatment
on deposits from Pt(r°-CpMe)Me; [131] decreasing the carbon
content from 81 at.% to 65 at.%. Up to now, no reducing reactants
were reported in FEBID for in-operando purification to the best
of our knowledge. Since ammonia releases the reducing agent
hydrogen upon electron impact [259], it may be worth considering
it as such a co-reactant.

In addition to the use of co-reactants, elevated substrate temper-
atures during deposition trigger further reactions. Precursors with
cyclopentadienyl or B-diketonate ligands tend to polymerize. Thus,
an increase in temperature will only improve the desorption of
cleaved fragments while no modifications occur in already cross-
linked ligands. In case of Pt(#°-CpMe)Mej this poses an upper limit
on the achievable metal content without co-reactants of 35 at.%, see
Section 3.2.2. For other precursors elevated temperatures can lead
to dissociative adsorption and/or autocatalysis under UHV condi-
tions (cf. Section 5.1.1) as well as thermally assisted electron-
induced dissociation (cf. Section 5.2.3). Under HV conditions, the
presence of the co-reactant water opens reaction channels that
can enhance the desorption of ionic ligands by protonation but also
oxidation of the metal by OH* radicals formed by electron-induced
ionization (cf. Section 5.3.2). Therefore, the achievable metal con-
tent can change drastically especially for some carbonyl and triflu-
orophosphine compounds depending on the respective deposition
conditions as displayed in Fig. 5.1.

The most elegant approach to in-operando purification, how-
ever, relies on precursor design introducing reactive ligands. The
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NHj3 ligand in cisplatin releases atomic hydrogen in two different
reaction paths and enhances the desorption of the chlorine ligand
as HCI. Further promising ligand candidates may feature the release
of the thermodynamically stable CO, (cf. Section 5.2.2) or carry the
oxidizing agent water (cf. Section 5.3.2) like Cu(hfac),-H,0. While
FEBID experiments benefit from the dehydrated species to obtain
better reproducibility, in principle the sublimation can be carried
out such that the water is not released separately. Instead, the
hydrated molecule can be transported into the gas phase [2].

6.3. Electron-enhanced ALD

Let us consider here the ALD of gallium nitride [421], boron
nitride [422], silicon [423], and cobalt [424]. Growth of cobalt
films at room temperature using sequential exposures of tricar-
bonylnitrosylcobalt(0) and low energy electrons, with electrons
as co-reactants in UHV conditions was recently studied by the
group of George [424]. The deposition temperatures used in
electron-enhanced ALD (EE-ALD) are close to room temperature
and thus considerably lower compared to CVD temperatures in
the range of around 600 °C to 1100 °C (for Si and GaN), meaning
that polymers or other heat sensitive substrates can be coated.
Fig. 6.1a-b show the sequence for silicon deposition with disilane
and electrons at 25-100 °C process temperature. The electrons
needed a threshold energy of 25 eV and showed a maximum
growth rate of 0.3 A/cycle at 100 to 150 eV energy corresponding
to dissociative chemisorption of silane (Si;Hg) on silicon dangling
bonds. Furthermore, both surface reactions showed self-limiting
behaviour. The composition of the such deposited material con-
tained Si:0:C as atomic ratio of 84:6:10. The carbon content
was attributed to contamination by residual hydrocarbons in
the chamber, which co-adsorbed on the dangling bonds. The oxy-
gen probably originates from residual water. The purity compares
well with UHV FEBID using silane and germane precursors
[379,425]. The example in Fig. 6.1c shows electron-enhanced
ALD of cobalt which was performed at room temperature with
pulses of Co(CO)sNO and 75-200 eV electrons [424]. XPS compo-
sition measurements confirmed that all carbonyl ligands were
desorbed while 13 % of the nitrosyl ligands were co-deposited,
the remaining 87% ligands desorbed as well. Both ligands were
detected during in-situ mass spectrometric measurements. The
deposit’s atomic ratio Co:0:N:C was about 52:42:7:0 indicating
the complete removal of carbonyl ligands. The authors attributed
the high oxygen content to ambient air exposure prior to compo-
sition measurements but did not exclude the oxidation via disso-
ciated oxygen from the nitrosyl ligands. High-vacuum FEBID with
Co(CO);NO and keV energy electrons resulted in a metal content
of about 80 at.% containing nitrogen as main impurity and carbon
below 10 at.% [171,423].

Summarizing, the inclusion of non-thermal electron induced
metal-ligand bond dissociation reactions into the ALD sequential
co-reactant pulse scheme considerably expands the temperature
window of self-limiting surface reactions towards room tempera-
tures. Electron-enhanced ALD can thus enable metal coating of
heat sensitive materials including as-deposited carbon-rich FEBID
materials.

6.4. Electron-enhanced CVD

Boszo and Avouris [426,427] performed electron-enhanced CVD
of ultra-thin films of amorphous hydrogenated silicon, silicon
nitride, silicon dioxide, and silicon oxynitride ultra-thin films at
—173°C. They used an UHV system to adsorb Si;Hg, SiHg-O3,
Si,Hg-NO, and Si,Hg-NHj3 layers and irradiated them with 0.3-
1 keV electrons. The process pressures of disilane, oxygen, nitrogen
monoxide, and ammonia were adjusted to about 1.3-10”7 mbar and
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Fig. 6.1. Electron-enhanced ALD. a & b) Sequence for silicon deposition. The
electrons dissociate the hydrogen from silicon and leave reactive dangling bonds.
Adapted with permission from Sprenger et al. [423] copyright (2019) American
Chemical Society. c) In-situ ellipsometry thickness measurements during cobalt
deposition. Modified from Sobell et al. [424].

resulted in very small growth rates of about 0.02 monolayers per
second. They pointed out that this process can be particularly use-
ful in growing thin films, which under normal CVD conditions can-
not be formed because of metal clustering.

Recently, Nadhom et al. [428] used free electrons in an argon
plasma as reducing agent in CVD to deposit Fe, Co, and Ni from their
corresponding metallocene precursors (MCp, with M = Fe, Co, and
Ni). The best film metal contents so far were about 75 at.% Fe, 42
at.% Co, and 30 at.% Ni with sometimes large amounts of oxygen
included; an element not contained in the precursor. This indicates
that metal content improvement is possible by better vacuum con-
trol below their present base pressure of 0.06 mbar. Increasing the
bias potential of the substrate from -40 V to +40 V resulted in metal
contents almost linearily increasing from zero to their above men-
tioned maximum values. It is clear that the attraction of the number
of electrons as well as their energy increases with positive substrate
bias and still further increasing may result in even higher contents
of metal. However, from the perspective of FEBID and condensed
phase electron irradiation experiments discussed in Section 3.2,
cyclopentadienyl ligands are very difficult to remove from the sur-
face. The related metal carbonyls might be more beneficial in
electron-enhanced CVD as they can result in relatively high metal
contents, see Fig. 5.1.

When employing a focused electron beam in combination with
the substrate bias, electron-enhanced CVD may be performed
spatially selective, either for direct writing of high-purity metal
structures or as post-coating routine for nanostructures already
present. Here, a conformal growth may be achieved as long as
the interaction volume of the electron extends over the entire
nanostructure.
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Fig. 6.2. a) Scheme of FEBID writing pattern for a square. The focused electron
beam is moved in a raster by the SEM and entails an exposure (dwell) - refresh time
pattern for the individual pixels. Note that the gas is typically not pulsed but
continuously supplied in FEBID. b) ALD gas pulsing scheme. The two co-reactant
precursors A and B are sequentially pulsed into the reactor and separated by purge
gas pulses P to avoid gas reactions.

6.5. Pulsed FEBID

FEBID is inherently performed in a pulse mode when depositing
areal or three-dimensional structures as the focused beam needs to
be scanned over an area or must “print” between the different free-
standing elements to keep them on the same height level [1]. Only
straight cylindrical structures - coaxially grown into the focused
electron beam, like for scanning probe tips or antennae - employ
the continuous spot exposure without moving the beam. The scan
pattern for a simple square deposit exemplifies the related expo-
sure chronology for FEBID and is shown in Fig. 6.2a.

The time pulse scheme is less common in the FEBID community
and rather the terms dwell time t4 and refresh time ¢, per pixel are
frequently used. During the dwell time the FEB dwells and irradi-
ates on the pixel (the focus area of the beam), where it induces
the local electron dissociation reactions. When it moves on to the
next pixel, the previous pixel starts to refresh with new precursor
molecules from the gas phase or by surface diffusion. There is an
analogy to the ALD cycles shown in Fig. 6.2b, where the precursor
pulses are separated in time. While in ALD the time scale is given
by the completion of the self-limiting surface reactions and the
complete purge of the gas molecules and reaction products to
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Fig. 6.3. Scheme of sequential FEB and laser pulses to dissociate precursor
molecules and to remove the ligand fragments by thermal desorption, respectively.
Modified from Roberts et al. [172]. Note that the precursor flow was continuous and
not pulsed.

avoid gas phase reactions, the time scale in FEBID is given by the
electron dissociation rate and the refreshment rate kinetics. In con-
trast to ALD, there is typically no pulsing of the gas molecules in
FEBID - it is rather typically supplied continuously to refresh the
dissociated adsorbate molecules with new ones from the gas
phase. The refreshment time scale (i.e. adsorption time scale) is
in the ten millisecond range, while the time scale for the electron
dissociation reaction is in the microsecond and less time scale
[1]. The time scale of a corresponding precursor “purge” as inher-
ent to ALD would translate to the pump time, when the typical
operating pressure with molecules of around 10 to 10 mbar
reduces to the background pressure of around 10 mbar after clos-
ing the molecule supply. This is in the order of one to tens of sec-
onds depending on chamber volume and (turbo) pump speed and
could be performed without purge gas.

What has been largely overlooked so far in FEBID is that the
ligand fragment surface kinetics may dominate the contamination
level and thus the low metal content in the deposited material.
This implies that the time scale of the electron exposure pulse as
well as the refreshment rate with new molecules need to be
adapted to the time scale of desorption of ligand fragments. When
the electron pulse is too long and the refreshment rate too high
then the ligand fragments will be co-deposited and embedded
before they can desorb. FEBID proceeds at temperatures where
practicable growth rates can be obtained by physisorption of the
precursor molecules. However, as we discussed in Section 5.1,
the ligand fragments can have stronger interaction with the sur-
face due to their ionic character. This entails that these ligand frag-
ments would need extra thermal energy to desorb efficiently. To
meet these requirements, Roberts et al. [172] successfully pro-
posed to use a sequence of FEB exposure and laser pulses to heat
and cool the substrate rapidly in order to remove the ligand frag-
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ments from the surface, and to allow for new arriving precursor
molecules to adsorb see Fig. 6.3.

The heat pulse is constrained by the thermal decomposition
temperature of the molecule, which should not be reached as then
the local deposition by the electron beam will extend to the full
heated area of the laser spot. Using the above electron & photon
(heat) exposure scheme they were able to increase the platinum
content in FEBID with Pt(n°-Cp)Me; to 35 at.% see Section 3.2.2.
Potentially, changing the continuous precursor supply to sequen-
tial (closed during the laser pulse) may still improve the metal con-
tent in such arrangements. Finally, of note is that integration of
such heat pulses by lasers would also offer an additional parameter
of (selective) control of surface reactions in ALD processes.
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