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Abstract. Appreciable effort is currently committed to designing suitable organometallic precursors for
fabrication of metallic nanostructures with focused electron beam induced deposition (FEBID)—a direct
write method with high potential for 3D patterning. In this context, the initial interaction of the potential
precursor with low energy electrons is critical and the extent of electron-induced ligand loss determines the
composition of the resulting deposits. Specifically of interest are gold-containing precursors, as the optoelec-
tronic properties of gold provide potential for a variety of plasmonic and light enhancing applications of 3D
nanostructures. Here, we study low energy electron-induced fragmentation of CF3AuCNC(CHgs)s through
dissociative ionization (DI) and dissociative electron attachment (DEA) in the gas phase under single
collision conditions and under conditions where collisional stabilization is provided. We further compare
the fragmentation patterns observed under these conditions with the composition of deposits formed from
this precursor under FEBID conditions. In DI, a significant difference in relative intensities is found under
single collision conditions as compared to conditions where collisional stabilization is provided, while under
both these conditions, only the same DEA channel is open. Comparison with the composition of deposits
formed under FEBID conditions shows that the initial electron-induced fragmentation processes are not
directly reflected in the deposit’s composition. Rather, we expect these to determine the initial composi-
tion of immobilized fragments, while the final composition of the deposit is determined by electron-induced

secondary and tertiary reactions caused by further irradiation after immobilization.

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

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

Gold nanomaterials are employed in a wide variety of
applications due to their unique optoelectrical proper-
ties. This is most noticeable in the biomedical sector
where these have found application in, e.g., imaging,
diagnostics, and cancer therapy [1-4], and a number
of well controlled physical and chemical protocols have
been developed for their fabrication [5-7]. Well defined
3D nanostructures also have high potential as passive
and/or active elements in technological applications [8,
9]. For gold specifically, these include optical and elec-
tric sensors [10], surface enhanced Raman spectroscopy
(SERS) elements [11], and plasmonic devices in general
[12]. For the functionality of such stationary 3D nanos-
tructures, however, their positioning, size, shape, and
elemental purity are critical.

Focused Electron Beam Induced Deposition (FEBID)
[13—15] is a direct write approach that has the potential
of such control in the fabrication of free-standing nanos-
tructures. In FEBID, a precursor gas enters an elec-
tron microscope through a gas injection system (GIS) in
close proximity to a substrate surface where the precur-
sor molecules are physisorbed in dynamic equilibrium
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with their gas phase. For metal deposition, such precur-
sors are typically organometallic compounds with the
central metal atom being that of the desired deposit
[16]. A tightly focused, high-energy electron beam is
directed at the surface, close to the gas injection point,
and ideally the precursor molecules dissociate volatile
ligands that are pumped away while the central atom(s)
stays on the surface to build a pure metal deposit
[17]. The lateral control of the shape of the struc-
tures created in this way is achieved by moving the
electron beam relative to the surface of the substrate,
and the vertical control is achieved by variation of the
dwell time [13, 14]. However, composition control has
proven to be difficult in FEBID, and generally signifi-
cant amounts of impurities are found to be co-deposited
with the desired metal element [18]. This is mainly due
to incomplete decomposition of the precursor molecules
under the electron beam, but adsorption and further
decomposition of dissociated ligands and co-deposition
of impurities from the background gas also play a role.

The general criteria for good precursors are that they
are sufficiently volatile to be introduced to the FEBID
system, that they are stable under ambient conditions,
easy to handle, preferably of low toxicity, and commer-
cially available [16, 19]. Most importantly, however, to
achieve high purity depositions, the precursor molecules
need to dissociate efficiently under the electron beam
and the dissociated ligands need to readily desorb from
the surface [16]. As a large variety of commercially avail-
able precursors for chemical vapor deposition (CVD)
fulfill most of these criteria, most of the early reported
FEBID experiments focused on depositions from these
precursors. However, while CVD is thermally driven,
in FEBID the fragmentation processes and thus the
deposition, is electron driven [16, 17]. Moreover, sig-
nificant numbers of secondary electrons are produced
in inelastic scattering of the primary electrons from
the substrate and forming deposits. Thus, the actual
energy of the electrons inducing the fragmentation pro-
cesses in FEBID is not that of the primary electrons
alone. Rather, it is a distribution also reflecting the
energy spread of the inelastic scattered and secondary
electrons [20]. This energy distribution generally peaks
below 10 eV and has a significant contribution close
to 0 eV and a tail toward higher energies [20, 21]. To
further complicate the situation, these electrons may
cause dissociation of the precursor molecules through
four distinct processes: dissociative ionization (DI), dis-
sociative electron attachment (DEA), and neutral and
dipolar dissociation (ND and DD) upon electronic exci-
tation [20, 21]. These processes all have different energy
dependences and lead to different fragmentation prod-
ucts, making the effective damage yield dependent on
both the electron energy distribution and the energy
dependence of the cross sections for the individual pro-
cesses [20, 22, 23]. With this in mind, it is clearly a chal-
lenging task to design precursors that fragment com-
pletely under electron exposure and leave behind high
metal content deposits.
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Until fairly recently, the bulk of the studies on
FEBID of gold were conducted with commercially avail-
able B-diketonate-derived Au(III) complexes commonly
used in CVD, ie., MesAu(acac), MesAu(tfac), and
MegAu(hfac) [24-27]. These are volatile and stable pre-
cursors; however, in FEBID without any purification
steps, they generally deliver deposits with gold con-
tent ranging from 20 to 40 atom % and correspond-
ingly high carbon content. This was addressed in a few
studies by in situ or post-deposition oxidative removal
of the carbon using oxygen or water, resulting in gold
content as high as 81-92 atom %. [28]. In contrast
to the Au(IIT) complexes, early experiments with the
gold(T) complexes Cl-Au-PFj3 [29-31] and Cl-Au-CO
[32] were found to produce high purity deposits with-
out any purification measures. In these studies, 95 atom
% Au was reported for Cl-Au-PF3 [29-31] and the
formation of gold grains with about 22 w¢) resistiv-
ity was reported for Cl-Au-CO [32]. However, these
compounds are labile and readily decompose under
ambient conditions, making them unsuitable for prac-
tical applications. Motivated by the high gold content
of these precursors, efforts have been made to design
stable and volatile gold(I) complexes that still main-
tain the high performance observed for Cl-Au—PF3 and
Cl-Au-CO in FEBID [16, 19, 33]. However, though
these were generally found to be suitable FEBID pre-
cursors with respect to their volatility, stability, and
deposit growth rates, the achievable gold content was
low (about 7-22%), with the highest gold content (22%)
achieved for CF3AuCNCHg3 in deposition using an
Auger spectrometer under UHV conditions [34].

Evidently FEBID involves a complex interplay
between the fundamental electron-induced processes
leading to the initial precursor fragmentation, electron-
induced secondary processes, and how these are altered
at surfaces and in the deposition process. It is thus
important in the effort to tailor organometallic precur-
sors for the use in FEBID, to understand the funda-
mental processes leading to their initial fragmentation
and immobilization in the deposition process.

In this context, we have studied DEA and DI of
CF3AuCNC(CHs)s, one of the precursors from the
series of recently tested Au(I) precursors [34]. Electron-
induced fragmentation processes are studied in the
gas phase under single collision conditions and under
conditions where collisional stabilization is provided,
i.e., conditions that should better reflect the effective
energy dissipation that is in place at the surfaces in the
FEBID process. Appearance energies are determined
for selected DI processes, and quantum chemical cal-
culations are used to support the interpretation of the
observed DEA and DI processes. The gas phase results
are compared to the composition of deposits from this
precursor generated in an UHV Auger spectrometer [34]
and discussed in the context of the initial fragmentation
processes and electron-induced secondary decomposi-
tion.
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2 Methods

2.1 Experimental setup

Electron-molecule interaction experiments under single
collision conditions were carried out in a crossed beam
instrument that has previously been described in detail
[35]. A molecular beam of CF3AuCNC(CHj3)3 was gen-
erated by gas effusion through a stainless-steel capillary
system that can be heated to achieve sufficient working
pressure with low vapor pressure compounds. The effu-
sive molecular beam crosses a quasi-monoenergetic elec-
tron beam that is generated with a trochoidal electron
monochromator. Charged products that are formed in
the interaction section are extracted into a quadrupole
mass spectrometer (EPIC 1000, Hiden Analytical War-
rington, UK) for m/z analyses and detection. The base
pressure of the instrument was on the order of 24 x
10~8 mbar, and the electrostatic lens components are
maintained at 393 K to avoid condensation of the target
gas and background impurities. The working pressure
during experiments was on the order of 2-4 x 1077
mbar. In negative ion mode, the energy scale was cali-
brated by the peak of the SFg~ formation from SFg set
as 0 eV. The full width at half maximum of the same
signal was used to estimate the energy resolution of the
electron beam, which was found to be around 190 meV
during the current experiments. The monochromator
settings were kept the same for the positive ion mea-
surements, and we assume the energy resolution to be
the same. The energy scale in positive ion mode was
calibrated by the first ionization energy of Ar, using
the onset of the Art signal recorded in the beginning
and end of each measurement day. Mass spectra were
recorded at fixed incident electron energies by scanning
through the relevant m/z range and ion yield curves
were recorded at fixed m/z ratios by scanning through
the relevant electron energy range. Appearance ener-
gies for the observed positive ions were determined by
fitting a Wannier-type threshold function to the onset
region of the respective ion yields. The reported AEs
are the average of three measurements taken on differ-
ent days, and the confidence limits are the standard
deviations of the averages from these curves and are
optical inspection to make sure that they bracket the
onset of the individual curves. More information on the
fitting procedure may be found in reference [36]. The
intensities of the ion yields are normalized with respect
to the working pressure and the ion signal from SFg™
at 0 eV and Art at 70 eV for the negative and positive
ions, respectively.

Direct insertion probe negative chemical ionization
mass spectra (DIP NCI MS) and direct insertion probe
electron ionization mass spectra (DIP EI MS) were
recorded with a Thermo Scientific DSQ II equipped
with a Thermo Scientific direct insertion probe (DIP).
The spectra were recorded at an ion source temperature
of 60C (373 K), and Qual Browser, Thermo Xcalibur
2.2 SP1.48, August 12, 2011, was used for data reduc-
tion. After evacuation of the sample vessel, the probe
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was held at 30 °C for 10 s before being ramped 1 °C/s
to 60 °C where the temperature was kept constant for
10 min. Electron ionization mass spectra were recorded
at 70 eV electron energy. The negative ion spectra were
also recorded with 70 eV initial electron energy, but
in the presence of methane as moderation gas for ther-
malization of the electrons, i.e., these represent thermal
electron attachment at 333 K. While recording the DIP
NCI MS, the methane moderation gas was supplied to
the ionization region to maintain a nominal pressure of
1 Torr. In this setup, an approximately 1 mm? aperture
allows gas flow into the main chamber where the pres-
sure is about 4.4 x 10~% Torr during the experiments.
With the 3.8 A kinetic diameter of methane, and at
1 Torr, the mean free path in the ionization region is
about 53 nm, which translates to a collision frequency
of about 5 x 108 s~! at 333 K. During the DIP EI
MS, on the other hand, the ionization region is open at
the top, providing an approximately 100 mm? aperture
connecting the ionization region with the main cham-
ber. During these experiments, the pressure measured
at the ion gauge of the main chamber is about 3.3 X
10~7 Torr, and as the conductance of the ionization
region to the main chamber is directly proportional to
the area of aperture, we estimate the pressure in the
ionization region during the acquisition of the DIP EI
MS to be 0.75 mTorr. Assuming a 10 A kinetic diame-
ter of CF3AuCNC(CHs)s, this translates to a mean free
path of 10 pm and a collision frequency of 2.7 x 106
s~! at 333 K. Though these considerations only give an
estimate, it is clear that the DIP EI experiments are
not conducted under single collision conditions.

The subject molecule, CF3AuCNC(CHs)s, was syn-
thesized according to a previously published procedure
[34]. It is a white colored powder but was found to
adapt a slight pinkish appearance after prolonged stor-
age under ambient conditions, indicating minor decom-
position and formation of gold nanoparticles. Thermo-
gravimetric analysis, however, showed no sign of mass
loss up to about 290 K, after which rapid mass loss is
observed with 30% reduction reached at 310 K [37]. All
samples were stored refrigerated at — 20 °C.

2.2 Quantum chemical calculations

All quantum chemical calculations were performed
using the ORCA computational chemistry software,
version 4.1 [38]. The geometry optimizations for all the
neutral and charged fragments and parent molecules
were performed with tight SCF settings using the
hybrid DFT functional PBEO as well as the triple-zeta
polarization basis set def2-TZVP, and the D3BJ dis-
persion correction by Grimme et al. [39]. In addition,
for closed-shell and open-shell systems, the unrestricted
Kohn-Sham (UKS) and restricted Kohn—-Sham (RKS)
formalisms were used, respectively. The PBEQ func-
tional was chosen based on studies by Kepp et al. [40]
and Kang et al. [41], where they found it to be one of
the most accurate functionals at predicting the binding
energies and structures of gold complexes.

@ Springer



157 Page 4 of 14

Harmonic vibrational frequencies were confirmed
to be positive at the PBE0/def2-TZVP level of
theory and were used to calculate the zero-point
vibrational energy and thermal corrections. In addi-
tion to the DFT calculations, single point calcu-
lations were also conducted at the coupled-cluster
level of theory on the optimized PBEO-TZVP geome-
tries [42]. These calculations were carried out with
normal PNO settings at the DLPNO-CCSD(T)
level, using the double-zeta basis set def2-TZVP
and the valence quadrupole-zeta auxiliary basis set
TZVP/c.

The threshold values reported were calculated by
subtracting the energy of all generated fragments from
the energy of the parent molecule, including the zero-
point vibrational energy and thermal corrections for the
parent molecule and all fragments. For comparison with
the experimental AEs, the threshold values for alterna-
tive reaction paths, leading to the observed m/z ratios,
were calculated.

3 Results and discussion

Figures 1 and 2 show positive ion mass spectra of
CF3AuCNC(CHj3); recorded at 70 eV electron Impact
energy. The mass spectra in Fig. 1 show the m/z range
from around 10 to about 190, i.e., covering fragments
that do not contain the central Au metal atom (m/z
197), and Fig. 2 covers the m/z range from about 190
to about 360. In both figures, the mass spectra shown
in panels (a), (b), and (c) are recorded in the crossed
beam experiment with the capillary inlet system at 298,
333, and 353 K, respectively. For comparison, a direct
insertion probe electron ionization mass spectrum (DIP
EI MS) covering the same m/z ranges is shown in panel
(d). Similarly, Fig. 3a—c shows negative ion mass spec-
tra recorded in the crossed beam experiment at about
0 eV incident electron energy with the inlet system at
298, 333, and 353 K, respectively, while panel (d) shows
a direct insertion probe chemical ionization negative ion
mass spectrum (DIP NCI MS). Crossed beam MS for
negative ions was also recorded at 1 eV intervals up
to 10 eV, but no significant fragments were observed
above 0 eV.

Most noticeably, the positive ion mass spectra
(Figs. 1, 2) show a rich fragmentation pattern, while
only the m/z ratios 292, [CF3AuCN]~, and m/z 335
are observed in the crossed beam negative ion mass
spectra at 353 K, and m/z 292 is the only significant
contribution in the DIP NCI spectrum. In fact, m/z 335
originates from an impurity caused by minor decompo-
sition of the sample during shipping of the batch used
in the crossed beam experiment and is attributed to the
formation of [Au(CF3)2]~. The same batch of material
did not show this impurity before shipping as has been
confirmed with DIP NCI MS performed at the Univer-
sity of Florida (Fig. 3d). Thus, [CF3AuCN]~ is the only
significant ion formed from CF3AuCNC(CHjs)s upon
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Fig. 1 Positive ion mass spectra of CF3AuCNC(CHs)s,
recorded at 70 eV electron impact energy. a—c Recorded
in the crossed beam experiment in the m/z range of from
10 to 200 with the inlet system at 298 K, 333 K, and 353 K,
respectively. d Recorded in the m/z range from 25 to 200,
using direct insertion probe electron ionization mass spec-
trometry (DIP EI MS) at a probe temperature of 333 K

electron attachment. For the positive ions, it is appar-
ent in the comparison of the crossed beam mass spectra
with the DIP EI spectrum that the relative intensities
of the low m/z fragments are significantly higher in the
crossed beam experiment. At the lower temperatures,
this is to a large extent due to background impurities
in the crossed beam chamber and minor decomposition
during shipping, as is apparent when comparing the
crossed beam spectra recorded at room temperature,
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Fig. 2 Positive ion mass spectra of CF3AuCNC(CHs)s,
recorded at 70 eV electron impact energy over the m/z range
from 190 to 360. a—c Recorded in the crossed beam experi-
ment with the inlet system at 298 K, 333 K, and 353 K,
respectively. d Recorded with the direct insertion probe
electron ionization mass spectrometer (DIP EI MS) at a
probe temperature of 333 K

333 K and 353 K. However, the most significant contri-
butions in the spectra recorded at 353 K, m/z 39, 41,
57, and 69 are clearly from DI of CF3AuCNC(CHjs)s.
And, though we cannot exclude some contributions
from thermal decomposition at 353 K, we consider this
to be unlikely as the decomposition temperature of
CF3AuCNC(CHs)s as determined by thermogravime-
try, is 373 K. Furthermore, no significant changes in
the MS were observed over several days of experiments.
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Fig. 3 Negative ion mass spectra of CF3AuCNC(CHs)s.
a—c Recorded in the crossed beam experiment at an incident
electron energy of 0 eV in the m/z range from 10 to 360 with
the inlet system at 298 K, 333 K, and 353 K, respectively.
d Recorded using direct injection probe negative chemical
ionization (DIP NCI MS) in the m/z range from 50 to 360,
at a probe temperature of 333 K using methane at 1 torr
nominal pressure as moderation gas

This is also apparent from the relative intensity of the
m/z 335 peak in the crossed beam negative ion mass
spectra recorded at 333 as compared to 353 K. We
thus attribute the difference in the relative intensities
observed in the 353 K crossed beam spectrum and the
DIP EI spectrum, mainly to the fact that the local pres-
sure in the ionization region of the DIP EI mass spec-
trometer is well beyond that for single collision condi-
tions. Hence, collisional stabilization influences the rel-
ative intensities in the positive DIP mass spectra. This
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effect may be further enhanced by the higher internal
energy at 353 K as compared to 333.

Notwithstanding, with an estimated pressure in the
ionization region of 0.75 mTorr, as discussed in the
experimental section, the mean free path is on the order
of 10 wm in the DIP EI MS experiment; hence, a num-
ber of collisions will take place on the ion’s way from its
site of ionization to the entrance of the mass spectrom-
eter. The origin of the m/z 39, 41, 57 and 69 fragments
from the intact parent molecule is further supported
by comparing the experimental appearance energies
(AEs) of these with the respective calculated thresholds
for their formation through dissociative ionization of
CF3AuCNC(CHs)s. Figure 4 shows the onset region of
the ion yield curves for these fragments along with the
respective Wannier-type threshold fits used to deter-
mine their appearance energies (AEs). The optimized
structures of the ionic fragments are also shown in the
respective panels along with their AEs and confidence
limits as determined from three independent data sets
(see method section). Table 1 compares these AEs with
the thermally corrected threshold energies calculated
at the PBE(Q-def2-TZVP and DLPNO-CCSD(T)-def2-
TZVP levels of theory for potential processes leading to
their observation. In general, the DLPNO-CCSD(T)-
def2-TZVP level of theory is considered to be the
more accurate approach and in our assignments of the
observed m/z ratios, we look for agreement with this
method.

For m/z 39, the experimentally determined AE is
found to be 15.0 + 0.3 eV. This fragment must originate
from partial fragmentation of the ¢-butyl isocyanide lig-
and, leading either to the elemental compositions C3Hs
or NCyH for the positive ion fragment. For this frag-
ment, the best agreement with the threshold values
is found for the formation of the [HoCCCH]*' cation
and CF3AuCN, CHy, and Hs as neutral fragments.
At the PBEO-def2-TZVP and DLPNO-CCSD(T)/def2-
TZVP levels of theory, the threshold for this reaction is
found to be 15.32 and 14.87 eV, respectively. Assuming
the formation of [HCCHCH] " rather than [HoCCCH]*
lowers the threshold values to 13.91 and 13.68 eV,
respectively. This is in both cases more than 1 eV
below the experimental AE. Considering the forma-
tion of [CNCH]™' and the neutrals CF3Au and propane
(CH3CH>CH3s), on the other hand, results in threshold
values of 15.65 and 15.48 eV, at the respective levels of
theory. These are both about 0.5 eV above the experi-
mental value for the AE of m/z 39.

For m/z 41, the AE is found to be 12.1 + 0.3 eV, and
the best agreement with the calculated threshold at the
DLPNO-CCSD(T)/def2-TZVP level of theory is found
when considering the formation of [HoCCHCH,|" and
the neutral counterparts CH4 and CF3AuCN, where we
find the AE to be 12.45 eV. At the PBEO-def2-TZVP
level, the threshold for this reaction is found to be
12.65 eV, i.e., 0.25 eV above the higher confidence limit
of the AE. However, considering the [HoCCCHj3] ™ iso-
mer as the positive fragment raises the threshold values
to 12.85 and 12.82, respectively, i.e., about 0.4 eV above
the higher confidence limit. Also, a number of isomers of
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CoH3N were considered for the positively charged frag-
ment m/z 41, as is shown in Table 1. The threshold val-
ues for these were, generally found to be well above the
experimental AE, with the exception of the formation
of the [HCNCH;] " ion and CF3AuC(CHj)2 as the neu-
tral counterpart. For this reaction, we find the threshold
to be 12.35 eV at the PBEO-def2-TZVP level of theory,
hence in good agreement with the experimental value,
but at the coupled cluster level, the threshold is found
to be 12.52 eV, about 0.2 eV above the confidence limits
of the AE. This reaction, however, constitutes signifi-
cant rearrangements including rupture of the CN triple
bond and extensive rearrangement of the ¢-butyl group.
We thus consider this channel unlikely as compared to
the formation of [H,CCHCH,]* + CHy + CF3AuCN
which constitutes single bond ruptures and hydrogen
migration within the fragmenting ¢-butyl group.

For the m/z ratios 57 and 69, the assignment is
more straight forward as these can unambiguously be
assigned to [C4Hg]* and [CF3]™, respectively. For m/z
57 the AE is found to be 10.3 + 0.2 eV and for direct
dissociation and the formation of [C(CHj)s]T and
CF3AuCN as the neutral counterpart the calculated
threshold for this reaction is 10.61 and 10.82 eV at the
PBEO0-def2-TZVP and DLPNO-CCSD(T)/def2-TZVP
levels of theory, respectively. Hence, 0.1 and 0.3 eV
above the confidence limit, respectively. We addition-
ally considered the formation of [HC(CHz)(CHj)o]™"
through hydrogen transfer from one of the methyl
groups to the central carbon, but at both levels of
theory, we find the threshold for this reaction to be
more than 4 eV above the experimental AE. For m/z
69, i.e., the formation of [CF3]* and AuCNC(CHjs)s,
the AE is found to be 12.3 + 0.3 eV and threshold
energies of 12.62 and 12.67 eV are calculated at the
PBEO-def2-TZVP and DLPNO-CCSD(T)/def2-TZVP
levels of theory, respectively. In both cases, these are
only marginally above the upper confidence limit of the
experimental AE.

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

As shown in Fig. 2, the main gold-containing frag-
ments in the crossed beam experiment are observed
at m/z 197, 224, 274, and 280, corresponding to
the positive ions Au™, [AuCNH]|", [CF;AuCNH]"and
[AuCNC(CHs)s]™. Lesser contributions are observed
at m/z 247, 253, and 265, and based on their ele-
mental composition, stability and extent of rearrange-
ment required for their formation, they are assigned to
[AuCFs]*, [CH3AuCNCH;3) ", and [AuCNC(CHs)o] ™.
A minor contribution is also observed from the par-
ent cation [CF3AuCNC(CHj)s]* at m/z 349. Qualita-
tively, this agrees with the m/z ratios observed in the
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Fig. 4 Onset region of typical yield curves for m/z 39, 41, 57, and 69 along with the Wannier-type threshold fits used to
determine their appearance energies (AEs). Also shown are the respective AEs and their confidence limits as determined
from three measurements recorded on different days and the assigned fragment structures optimized at the PBEO-def2-TZVP

level of theory

DIP EI spectra shown in panel d), however, the rel-
ative intensities differ markedly in these experiments.
For further comparison, Table 2 compares the rela-
tive intensities of the main fragments observed in the
crossed beam experiment with those observed in the
DIP EI experiment. The intensities are normalized with
respect to the highest intensity fragments set as 100
in both cases. In the crossed beam experiment, this
is m/z 41; [H,CCHCH,]" and in the DIP EI, m/z
280; [AuCNC(CH3)3] ™. Additionally, the relative inten-
sities of the gold-containing fragments observed in the
crossed beam experiment experiments are shown in the
last column, normalized to the highest intensity gold-
containing fragment, m/z 224. With respect to the gold-
containing fragments, it is most notable that the rela-
tive intensity of Au™, m/z 197, is significantly higher in
the crossed beam experiment as compared to the DIP

EI MS. Conversely, the relative intensity of the par-
ent cation is significant in the DIP EI MS, while it is
only a minor contribution to the mass spectra recorded
under single collision conditions. We attribute this to
the effect of collisional stabilization in the DIP EI MS
experiment. This can also explain the absence of m/z
330, [CF2AuCNC(CHj)3)* and the relatively low inten-
sity of m/z 280 in the crossed beam experiment under
single collision conditions as compared to DIP EI MS,
as both these fragments may decay further to form m/z
274 [CF2AuCNH] ", 247 [CF2Au]™, 224 [AuCNH]" or
197 [Au]™.

A priori, one would expect that the DIP EI MS,
where collisional stabilization is provided, should bet-
ter reflect the fragmentation as it is observed at sur-
faces where an effective energy dissipation is in place.
It is thus interesting to compare the current experi-
ments with the composition of actual deposits formed

@ Springer
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Table 1 For the CF3AuCNC(CHs)s precursor, the calculated threshold energies at the PBEO-TZVP and DLPNO-
CCSD(T)-TZVP levels of theory were combined with the potential reaction pathways to determine the appearance energy
(AE) values of the most significant ions observed in the mass spectra resulting from dissociative ionization (DI) and disso-
ciative electron attachment (DEA). Additionally, the formation of each fragment was analyzed in detail

CF3AuCNC(CHs)s
m/z  Products AE (eV) PBE(O-def2-TZVP  DLPNO-CCSD(T)-def2-TZVP
(eV) (eV)
39 [H,CCCH]++ CF3AuCN + CH,+ H, 150403 15.32 14.87
[CNCH]" 4 CF3Au + CH3CH2CHj3 15.56 15.48
[HCCHCH]" + CF3AuCN + CHy + H» 13.91 13.68
41 [H,CCHCH,|++ CH,+ CF;AuCN 121 £03  12.65 12.45
[CNCH;3]" + CF3Au + CH3CCH; 17.33 17.23
[CNCH;3]" 4+ CF3AuC(CHjz)2 14.67 14.47
[HCNCHz]* 4+ CF3Au + CH3;CCH;3 15.18 15.27
[HCNCH,]* 4+ CF3AuC(CHs)s 12.35 12.52
[H:CCCH3]" + CH4 + CF3AuCN 12.85 12.82
57 [C(CHj3)3]++ CF3AuCN 10.3 4+ 0.2  10.61 10.82
[HCCH2(CH3)2]t + CF3AuCN 14.54 14.85
69 [CF;]++4+ AuCNC(CH;), 123 +£03  12.62 12.67
292  [CF3AuCN] + C(CHj3); 0 —1.20 —1.23

The threshold values are calculated for different reaction paths and the assigned reaction, based on the best match with
the DLPNO-CCSD(T)-TZVP threshold values, are highlighted bold. Additionally, the AE and the threshold values for the
formation of m/z 292, [CF3AuCN]~, through dissociative electron attachment to CF3AuCNC(CHs)s are shown in the last
row

Table 2 Normalized peak

intensities from the EI mass ~ m/? Fragment Relative intensity

spectra of

CF3AuCNC(CHs)s at Crossed beam DIP Au-fragments crossed beam

10 ot mier e or, uco(cr ) 2 0o

DIP EI MS 330 [CF2AuCNC(CH3)s]™ 0 9 0
280 [AuCNC(CHz)s]t 2 100 17
274 [CF2AuCNH]* 11 64 92
265 [AuCNC(CHs))* 0 14 0
247 [CF2Au]™ 2 8 17
224 [AuCNH]* 12 98 100
197 [Au]* 10 12 83
69 [CF3]t 48 8 -
57 [C(CH3)s] " 88 83 -
41 [HoCCHCH,]* 100 40 -
40 [H:CCCH,]" 9 0 -
39 [H.CCCH]*™ 34 18 -
15 [CHa] " 5 - -

The intensities are normalized with respect to the highest intensity fragment set as 100 in
both cases. This is m/z 41 in the crossed beam experiment and m/z 280 in the DIP EI
experiment (columns three and four, respectively). For better comparison, the last column
also shows the relative intensities of gold-containing fragments observed in the crossed beam
experiment normalized to the highest intensity gold-containing fragment, m/z 224

@ Springer
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Table 3 Average carbon, fluorine, and nitrogen loss per incident observed in the crossed beam EI experiment, the DIP EI

experiment and in DEA (crossed beam and DIP NCI)

Element loss C N F

Crossed beam (EI) 3.15 0.03 0.71

DIP EI 3.30 0.04 1.71

DEA (Crossed beam and DIP) 4 0 0
Elemental composition calculated for EI and DEA and observed in EBID (Ref. [34])

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

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

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

EBID [34] 14 at.% Au 80 at.% C 0at.% F 6 at.% N <1lat.%O

Also shown are the atomic compositions that would result from the respective average elemental losses and the deposits
composition observed in EBID in an Auger spectrometer at an electron energy of 5 keV [34]

under FEBID conditions. In this context, Table 3 shows
the average carbon, fluorine, and nitrogen loss per inci-
dent in the gas phase experiments, and the atomic com-
position of a hypothetical deposit that would result if
these processes, unaltered, and alone, would determine
the composition of a deposit. For the average element
loss, the contribution of all gold-containing fragments
is weighted with the respective number of carbons, flu-
orine, or nitrogen lost and divided by the total intensity
of all fragments. For m/z 39, 41, 57, and 75, the neutral
gold-containing fragments as assigned in Table 2 pro-
vide the basis for this calculation for both experiments.
The elemental composition of a deposit formed from
this precursor under FEBID conditions [34] is shown at
the bottom of the table. These deposition experiments
were conducted under UHV in an Auger spectrometer
at an electron beam energy of 3 kV and a current of 1
(LA on a silicon substrate that was pre-treated by sput-
tering with 4 keV ArT ions to remove the oxide layer
and residual carbon.

With this approach, the average F, N, and C loss per
incident in the crossed beam experiment is found to be
0.71,0.03, and 3.15, respectively, and in the DIP EI MS,
these are found to be 1.71, 0.04, and 3.30, respectively.
Under the assumption that all fragments that do not
contain gold would desorb, this translated to a deposit
of 14 at.% Au, 40 at.% C, 32 at.% F, and 14 at.%
N using the crossed beam data. The expected composi-
tion derived from the DIP EI MS data, where collisional
stabilization potentially plays a role, would be 17 at.%
Au, 45 at.% C, 22 at.% F, and 16 at.% N, respectively.
Applying the same approach to the negative ion data,
where the only significant fragment is [CF3AuCN]~
(m/z 292) in both experiments is straightforward and
results in an expected Au:C:F:N deposit composition
of 1:2:3:1, i.e., 14 at.% Au, 29 at.% C, 43 at.% F, and
14 at.% N. For comparison, the elemental composition
of the deposit generated under FEBID conditions was
found to be 14 at.% Au, 80 at.% C, 0 at.% F and
6 at.% N, as determined by EDX [34]. Most notice-
ably, fluorine is as good as quantitatively removed in
the deposition experiments, while less than 1 fluorine

is lost on average per incident through DI under sin-
gle collision conditions and 1.7 in the DIP EI experi-
ments. Moreover, the fluorine loss in both the gas phase
EI experiments is substantially through the loss of the
CF3 group from the central gold. This is clearly not
the route for fluorine loss in the deposition experiment
where no carbon removal is observed, and the stoi-
chiometric Au:C ratio of the precursor is retained in
the deposit. Furthermore, in DEA, both under single
collision conditions and in the DIP NCI experiment,
no fluorine loss is observed. It is thus clear that the
DEA and DI processes observed in the gas phase are
not reflected in the deposit’s composition, even if col-
lisional stabilization is provided. However, this is in
line with the interpretation of the deposition experi-
ments, where sequential fluorine loss upon prolonged
irradiation of the initial deposit was proposed [34].
Considering that the electron dose in the deposition
experiment was about 1.15 x 104 e~ /um?, electron-
induced secondary reactions are likely to play a signifi-
cant role. Presuming, for simplicity, dense packing and
a 1 nm? area occupied by each molecule at the sur-
face, 1 um? is covered by a monolayer of 106 molecules.
The thickness of the deposit in the Auger experiments
was stated to be > 100 nm, and if we, for sake of argu-
ment, assume 200 nm thickness, each molecule has been
exposed to more than 5 x 10° electrons. With a generic
electron-induced fragmentation cross section of 10716
cm?, which is on the order of magnitude determined for
other FEBID precursors [22, 43, 44], the reactive area
of this 1 pm? coverage is about 0.01 pm?. Thus, each
molecule may have been subject to about 5000 reactive
incidences. In this consideration, it is assumed that the
cross section remains the same after each reactive inci-
dent and that the reaction cross section of the high-
energy primary beam is the same as measured with low
energy electrons in the gas phase. These assumptions
do not hold, and the cross sections for further electron-
induced decomposition of immobilized secondary and
tertiary fragments may be orders of magnitude lower
than those for the initial process. Nonetheless, it is
clear from these considerations that electron-induced
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secondary reactions may play a significant, if not deter-
mining role in FEBID. It is also clear that the car-
bon containing ionic fragments do not desorb from
the surface but are rather immobilized and subjected
to further electron-induced fragmentation. Secondary
and tertiary electron-induced reactions have been dis-
cussed in context to other FEBID precursors [23, 45]
and is in fact reflected in a number of non-steady state
experiments where thin precursor layers are exposed
to 500 eV electrons, and the elemental composition
change is monitored in dependence of the electron dose.
Good examples are the precursors Ru(CO)4I5 [46], cis-
Pt(C0O)2Cly [47], and (n*-C3Hs)Ru(CO)3Br [48], where
initial electron-induced carbonyl loss at low electron
doses correlates well with low energy electron-induced
fragmentation as it is observed in the gas phase. Con-
tinued electron exposure, however, leads to further, sec-
ondary fragmentation, partly resulting in removal (des-
orption) of the halogens but also in decomposition of
carbon containing ligands and integration of carbon in
the deposit.

Turning back to the negative ion formation, Fig. 5a
shows the ion yield curve for [CF3AuCN]~ in the
energy range from 0 to 10 eV, with an expanded inser-
tion comparing the normalized [CF3AuCN]~ ion yield
curve and that of SFg™ from SFg, used for the respec-
tive energy calibration. Figure 5b compares contour
plots of the LUMO of the neutral molecule with the
HOMO (SOMO) of the ground state anion. The contour
plots are generated with Chemecraft [49] for the respec-
tive equilibrium geometries optimized at the PBEO-
def2-TZVP level of theory and visualized with a con-
tour value of 0.05. Noticeably, the [CF3AuCN]~ signal
shown in Fig. 5a is slightly blue shifted (0.05 eV) and
significantly broader (FWHM of 300 meV) than that of
the SFg~ ion yield (190 meV), which in turn, reflects
the energy distribution of the electron beam. As dis-
cussed above, the DEA spectra recorded in the crossed
beam experiment under single collision conditions and
in DIP NCI are nearly identical, with the dominating
contribution being from m/z 292, i.e., loss of the ¢-
butyl group with the formation of [CF3AuCN]~. The
only difference is the additional observation of a fairly
weak [M-H]~ signal (about 7%) in the DIP NCI spec-
tra. This is not surprising as the DIP NCI experiments
are recorded in the presence of methane as modera-
tion gas at a pressure of about 1 torr (see the exper-
imental section). The mean free path is thus on the
order of 50 nm in these experiments, corresponding to
a collisional frequency of about 5 x 108 s~ at 333 K.
This in turn provides for efficient collisional stabiliza-
tion and observation of the relaxed ground state anion
is expected. Furthermore, at the PBEO-def2-TZVP level
of theory, we find the adiabatic electron affinity (EA)
of CF3AuCNC(CHs)s to be 0.63 eV and thus, all pre-
requisites for the formation of the stable ground state
anion should be provided. However, when comparing
the vacant LUMO of the neutral with the HOMO of the
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Fig. 5 a Ion yield curve of [CF3AuCN]~ formed in DEA
to CF3AuCNC(CHs)s under single collision conditions in
the incident electron energy range from about 0 to 10 eV.
The inset shows an expansion of the energy range from
about 0 to 1.5 eV, along with the respective [SFg]™ cali-
bration curve. b Isosurfaces of the LUMO of the neutral
CF3AuCNC(CHs)s molecule and the HOMO (SOMO) of
its ground state anion. These are generated with Chem-
craft for the respective relaxed geometries optimized at the
PBEO0-def2-TZVP level of theory

anion (Fig. 5b), it is clear that a single electron occu-
pation of the LUMO of the neutral leads to strong cou-
pling of this electronic state with the N-C(CHjs)3 coor-
dinate. While the neutral HOMO is antibonding with
7% character along the AuC-N coordinate of the linear
ground state, a single electron occupation of this orbital
leads to stabilization of the molecular anion through
substantial bending of the C-N-C coordinate, leading
to a change of the respective angle from 180° to 150°.
Hence, the geometrical relaxation of the initially formed
TNI to its ground state proceeds along a deformation
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coordinate, while the dissociation leading to the forma-
tion of [CF3AuCN]~ is directly along the N-C(CHjs);
bond. It is also apparent, that strong orbital mixing is
provided along the dissociation coordinate whereby the
AuC-N antibonding 7t* character of the LUMO of the
neutral is largely lost. In turn, it acquires an admix of ¢*
character along the N-C(CH3)3 bond with an antibond-
ing node at the C atom in the fully relaxed geometry.
From these considerations, we anticipate that the initial
TNI formed in the vertical transition is a strongly repul-
sive state with orbital mixing provided in the attach-
ment process through the N-C(CHjs)s bending motion.
In this picture, the extension along the N-C(CHjs);
coordinate is fast compared to the relaxing bending
motion and proceeds on a timescale shorter than the
collisional stabilization provided in the DIP NCI exper-
iments. From the fundamental physical and chemical
point of view, this is an interesting dynamic problem
that is worthy of further studies, both from the experi-
mental and theoretical side. Specifically, angular depen-
dence measurements of the attachment process, such
as velocity imaging would be of interest. Also, on the
theory side, non-adiabatic dynamic calculations would
provide further insight. With respect to the deposition
experiments discussed here above, these dynamics may
offer a rationale for the absence of carbon loss by dis-
sociation and desorption of the ¢-butyl group through
DEA. At the surface, the energy dissipation is direct,
and the dissociation process is likely to be dampened
in the presence of alternative relaxation paths such as
the bending motion in the current case.

4 Conclusions

In the context of the development of precursor
molecules suitable for the fabrication of gold nanos-
tructures through focused electron beam induced depo-
sition, we have studied low energy electron-induced
fragmentation of CF3AuCNC(CHz)s. Dissociative elec-
tron attachment and dissociative ionization were stud-
ied both under single collision conditions and under
conditions where collisional stabilization is provided.
Dissociative ionization under single collision conditions
was found to be more extensive than when collisional
stabilization is provided and is dominated by charged
organic ligand fragments, rather than charged gold-
containing fragments, as is the case in the DIP EI
MS experiments. Interestingly the electron attachment
spectra are identical under both conditions, and dissoci-
ation of the initially formed TNI to form [CF3AuCN]~
is the only significant channel. We find that the par-
ent anion has positive electron affinity and would thus
rather expect stabilization and its observation where
intermolecular energy dissipation is provided. However,
comparison of the LUMO of the neutral parent molecule
with that of the HOMO of the relaxed anion indicates a
strong m*-o* coupling in the attachment process, with
a o* antibonding character along the observed dissoci-
ation coordinate. We thus anticipate that dissociative
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relaxation along this coordinate proceeds significantly
faster than collisional stabilization and relaxation of the
anion to its ground state. When comparing the cur-
rent gas phase results with the composition of deposits
from this precursor generated in electron-induced depo-
sition in an UHV Auger spectrometer, marked differ-
ences are apparent. In the deposition experiments, the
stoichiometric carbon and nitrogen content of the par-
ent molecule is retained in the deposit, while the flu-
orine is almost quantitatively removed. From the gas
phase experiments, on the other hand, significant car-
bon removal should be expected but only partial flu-
orine removal. Moreover, while the fluorine loss in the
gas phase experiments is predominantly through dis-
sociation of the CFj3 ligand, the fluorine removal in
the deposit experiment is sequential through prolonged
electron irradiation. In agreement with the deposition
experiment, we attribute this to an initial fragmen-
tation and immobilization on the surface through a
first electron/molecule interaction. In this step, desorp-
tion, and in part also dissociation, is hindered through
molecule surface interactions and efficient energy dis-
sipation. Prolonged irradiation then leads to further
fragmentation in electron-induced secondary and ter-
tiary reactions that result in sequential fluorine loss,
finally resulting in almost quantitative fluorine loss and
carbonization of the remaining ligands.

Importantly, the consideration of the role of electron-
induced secondary and tertiary reactions changes the
parameter space that needs to be considered in the
rational design of FEBID precursors and also has con-
sequences for the deposition strategies applied. Specif-
ically, potential precursors need to be designed in such
a way that the immobilized fragments from the initial
electron-induced dissociation processes are still suscep-
tible to further electron-induced fragmentation, leading
to desorption of the respective secondary ligand frag-
ments.
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