Downloaded via UNIV OF FLORIDA on May 15, 2024 at 16:51:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Reactions of lons with Adsorbed Me;PtCpMe: The Role of lon
Identity

Mohammed K. Abdel-Rahman, Patrick M. Eckhert, Lisa McElwee-White, and D. Howard Fairbrother*

Cite This: J. Phys. Chem. C 2024, 128, 7723-7732 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: In focused ion-beam-induced deposition (FIBID)
processes, the deposition rate and deposit composition are
determined by the interplay between ion-induced deposition and
sputtering of the deposited atoms. To provide independent insights
into these two facets of FIBID, an ultrahigh vacuum (UHV) surface

science approach employing in situ X-ray photoelectron spectroscopy &gﬁ '

(XPS) and mass spectrometry (MS) has been used to study how the

identity of incident ions (Z = He, Ne, Ar, H, or D,) influences ion-

induced (i) deposition from adsorbed Me;PtCpMe and (ii) @

sputtering of the PtC, films created from Me;PtCpMe. For each of . V@' y v v "'
the ions studied, the initial decomposition/deposition step could be \ D A A ¢ @ -
described as MesPtCpMe,q5) + Z(g)" — PtCo_y(aas) + *CHy() + Hyp) v'v'vvvvvvv ."'

although the rate and extent of carbon loss from the Me;PtCpMe

precursor depended on the ion identity, with heavier ions (Ar*, Ne") leading to faster and more extensive fragmentation. For the
heavier ions, these findings were ascribed to direct momentum/energy transfer between incident ions and adsorbed precursor
molecules, while for the lighter ions, there is an increasing contribution from secondary electrons generated by ion—substrate
interactions. While the Pt atom purity associated with ion-induced precursor decomposition was lower for the lighter ions, ion-
induced sputtering of PtC, films by lighter ions produced the greatest increase in metal content (i.e., purity), due to the extremely
poor mass match with Pt. Indeed, sputtering of nanometer-thick PtC, films by H,"/D," produced essentially pure Pt films, as
measured by XPS. Increasing the substrate temperature during sputtering, however, inhibited the purification process. The results of
these findings in the context of FIBID, conducted in the presence of a constant partial pressure of precursor molecules, are also
discussed.

B INTRODUCTION deposition process, e.g, spatial location, allowing for the
Focused ion-beam-induced deposition (FIBID) of organo- formation of nanoscale patterns without the need for masks or
metallic precursors is a charged particle, bottom-up technique sacrificial photoresist layers. In addition to the prototyping of
capable of directly fabricating metal-containing nanostruc- nanostructures, the improved deposition control afforded by
tures.' ™ Some of the differences between FIBID and focused FIBID">™" has been exploited in various applications, such as
electron beam-induced deposition (FEBID) are that FIBID has circuit editing'® and lithography mask repair.'* Although ALD
hlgher current densities leading to more rapid deposition and CVD allow for greater throughput and conformal
rates,” produces deposits with higher metal contents than deposition, FIBID is an attractive alternative to these
FEBID, and has a wider choice of charged particle sources.” ! techniques.

Differences in the microstructures of FIBID and FEBID In FIBID, metal-containing nanoscale materials are created
materials have also been reported. For example, in a recent through interactions between a focused ion beam and
comparative FIBID/FEBID study using the metal silicide organometallic precursor molecules that are transiently
precursor H,Si(Co(CO),),, it has been observed that the adsorbed on the substrate surface. These ion-induced

FIBID material is typically porous, while a measurably more
dense deposit is obtained by FEBID.'” FIBID also presents
advantages over more traditional lithographic processes, such
as electron beam lithography (EBL). Although EBL can create
smaller, more precise features than FIBID, EBL typically
requires the use of solvents and multlstep processing, adding to
manufacturing cost and complexity."”'* Compared to chemical
vapor deposition (CVD) and atomic layer deposition (ALD),
FIBID offers greater control over some aspects of the

interactions can initiate a complex mixture of different
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processes including secondary electron emission, surface atom
sputtering, surface reconstruction, ion scattering, and ion
implantation.”®' 1207

The ultimate composition of a metal-containing deposit
created by FIBID is a consequence of (i) the initial deposition
process where reactions initiated by the ion beam cause the
organometallic precursor to be converted into a nonvolatile
deposit and (ii) postdeposition processing that occurs as a
result of interactions between the deposited atoms and the ion
beam."'* Processes associated with the initial deposition step
include secondary electron emission and energy transfer from
the primary ion to the precursor (adsorbate). Ejected
secondary electrons can be captured by the precursor leading
to decomposition by either dissociative electron attachment or
dissociative ionization, similar to the mechanisms present in
focused electron beam-induced deposition (FEBID).> Alter-
natively, internuclear collisions between the ion and the
adsorbate can also be responsible for deposition. Given these
various possibilities, the composition of the material deposited
from the precursor is likely to be sensitive to the mechanism(s)
of deposition. Subsequent to deposition, inelastic and elastic
collisions between ions and deposited atoms (i.e., postdepo-
sition processing) can further alter the composition and
thickness of the deposit as a consequence of sputtering.®

The effect of incident ion energy and ion flux becomes
apparent when deposits made from Me;PtCpMe under
different steady-state conditions are compared. Ga ion-induced
deposition of Pt is considered the industry standard and is
employed in many focused ion beam systems to prepare
protective Pt films when extracting lamella for transmission
electron microscopy (TEM) or etching material for cross-
sectional scanning electron microscopy (SEM). However, the
Pt film composition varies significantly during Ga*-FIBID
when the ion energy and/or the ion flux is altered.”*”** For
example, De Teresa et al. reported that when the Ga* ion
energy is varied from S5 to 30 keV, the Pt content in
nanodeposits decreases from 27 to 17%, while the C content
remains >60% and the Ga content remains ~10%.”° In
contrast, Puretz and Swanson reported that use of 25 keV Ga*
resulted in Pt deposits with a composition of 37% Pt, 47% C,
and 13% Ga.”® Telari et al. maintained the Ga* ion energy at
30 keV while varying the ion flux. They observed that the Pt
composition increased from 18 to 22% with increasing ion flux
while the C content decreased from 72 to 69% and the Ga
content slightly increased from 9 to 11%.”" When the Ga*
energy was increased to 32 keV, Tao et al. reported higher
(46%) Pt contents with 24% C and 28% Ga.*® This study also
noted that the C content decreased with increasing ion current.
In all of these previous FIBID examples, Pt structures were
deposited from Me;PtCpMe under steady-state deposition
conditions with the substrate at room temperature. However,
FIBID has also been performed on cryogenically deposited
Me;PtCpMe films; results from these studies revealed
compositions of 12—13% Pt, 85% C, and 2% Ga, which are
largely independent of beam energy in the range of 5—30
keV.”> Overall, this analysis of the existing literature
demonstrates how the film’s composition is strongly dependent
on the details of the deposition conditions, although it should
be noted that some of these variations may well be a
consequence of the inconsistency in the measurement
techniques (e.g, incident energy variations in EDX) which
confound many attempts for meaningful interlaboratory
comparisons.
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Previous studies have shown that the composition and
structure of materials created by FIBID respond to the identity
of the jon beam. Thus, at an incident energy of 8.5 keV and an
ion flux of 7.0 pA, Rb*-induced deposition generated Pt films
with a composition of 25% C, 20% O, 49% Pt, and 5% Rb,
whereas Ga*-induced deposition under similar conditions (8.0
keV, 8.5 pA) resulted in Pt films with a composition of 22% C,
14% O, 37% Pt, and 27% Ga.”” This also underscores the fact
that in Ga* FIBID, the grown deposits often contain significant
Ga contamination, affecting properties such as conductivity.”*
In Ar* FIBID, ion implantation becomes negligible as gaseous
Ar escapes during deposition. However, the energy transfer
between the ion and the adsorbate is still sufficient to affect
sputtering of deposited atoms. Since the efficiency of energy
transfer decreases as the ion mass decreases, He* FIBID can be
used to reduce sputtering. Ion identity also impacts penetration
depth and interaction volume.”” Specifically, lighter ions (i.e.,
H", He") have lower cross sections for internuclear collisions
resulting in a deep narrow interaction volume, whereas heavier
ions (Ar*, Ga*) have greater internuclear collision cross
sections resulting in a shallow broad interaction volume.*"**
For lighter ions, an increased penetration depth and larger
interaction volumes may result in larger deposits mediated by
secondary electrons, as opposed to more localized deposits
created by heavier ions that deposit most of their energy
directly at the surface. Furthermore, ion identity has a well-
established effect on differential sputtering of atoms from
surfaces based on the role that mass matching plays in
determining overall momentum/energy transfer efficiency.”

To probe the interactions between incident ions and
adsorbed organometallic precursors, we employed in situ X-
ray photoelectron spectroscopy (XPS) and mass spectrometry
(MS). This ultrahigh vacaum (UHV) surface science approach
involves studying ion-induced reactions of thin films of
organometallic precursors physisorbed onto inert substrates.
Information on the change in film composition and metal
oxidation state can be acquired in situ as a function of ion dose,
providing fundamental molecular-level insights into the
charged particle-induced deposition mechanism.”*'"*>*¢ In
this way, it has previously been determined that the reaction
cross section of Ar*-induced deposition of Me;PtCpMe is 2
orders of magnitude greater than that of electron-induced
deposition and occurs via momentum transfer from the
incident ion to adsorbed precursor molecules. Moreover, the
conversion of Me;PtCpMe into nonvolatile deposited atoms
was accompanied by desorption of all four methyl groups.” By
using relatively large Ar* beams (~1 mm diameter) with
Gaussian-shaped intensity distributions, we were also able to
identify precursor and ion-limited regimes within a single
deposit.

In this study, we employed this same UHV surface science
approach to study how ion mass and identity affect the
deposition and growth of Pt films created from Me;PtCpMe.
The notable advantage of the UHV surface science approach is
that different facets of IBID can be examined in isolation,
which is not possible when deposits are grown in the presence
of a constant partial pressure of precursor molecules.
Specifically, by using a variety of different ions (Ar*, Ne*,
He'*, H,", D,"), we explore the role that ion mass and identity
play in determining (i) ion-induced deposition from
MeCpPtMe, and (ii) sputtering of the PtC, films formed by
precursor deposition. To isolate the role of ion identity, the ion

https://doi.org/10.1021/acs.jpcc.4c00630
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energy was held constant (4 keV), and Me;PtCpMe was used
as the common metal-containing precursor.

B EXPERIMENTAL SECTION

General Description of Apparatus. Studies were
conducted in a stainless steel UHV system as described
elsewhere.” Argon (Airgas, 99.999%), deuterium (Sigma-
Aldrich, 99.96 atom % D), helium (Airgas, 99.999%),
hydrogen (Airgas, 99.999%), and neon (Cryogenic Rare Gas,
99.999%) were used without purification. The gas manifold
was flushed with 20 psi of the desired gas and evacuated to <10
mTorr 3 times to prevent cross-contamination between gases.
A separate gas line was installed for experiments involving
deuterium (D,). Gas purity in the vacuum chamber was
verified by mass spectrometry (MS). Trimethyl-
(methylcyclopentadienyl)platinum(IV) (Me;PtCpMe, 99%)
was purchased from Strem Chemicals and purified by several
freeze—pump—thaw cycles until impurities such as H,O and
air (N, and O,) were no longer detected by MS. A cooled,
inert, 15 X 15 mm? tantalum/tantalum oxide substrate (200 =+
5 K) was exposed to Me;PtCpMe vapor to produce
nanometer-scale thick films of precursor molecules, as
determined by the attenuation of the substrate (Ta 4f, IMFP
= 1.7 nm) signal in X-ray photoelectron spectroscopy (XPS) as
shown in Figure S1 in the Supporting Information.”””* At
this temperature, Me;PtCpMe adsorbs to the substrate surface
where the precursor film can be subjected to ion beam
irradiation without the risk of thermal degradation or
desorption. Based on other studies, we have assumed that
the Pt films formed by IBID of Me;PtCpMe in this study are
homogeneous.”**™**

XPS was performed with a PHI 5400 spectrometer using a
Mg Ka X-ray source with an incident energy of 1253.6 eV, a
pass energy of 22.38 eV, and a photoelectron takeoff angle of
57°. Photoelectron spectra were processed using CasaXPS, a
commercially available analysis software package.

Mass spectrometry was performed with a Balzers Prisma
QMA 200 mass spectrometer. A PHI 04—303 differentially
pumped ion gun served as the source for ion irradiation during
experiments and Ar* sputter cleaning between experiments.
The spot size produced by this ion source was determined to
be 1 mm by measuring the diameter of an exposed phosphor
target as well as by previous SEM analysis of steady-state
deposits on Si substrates.” Ion beam exposure was conducted
by rastering the ion beam over a 1.0 X 1.0 cm” area.

lon Irradiation of Me;PtCpMe Thin Films. The ion
irradiation of Me;PtCpMe thin films is described in Scheme 1.
Pt reduction studies were conducted on thin 1-2 nm
precursor films produced by exposing the cooled (200 K)
substrate to 150 Langmuir (1.0 X 10~® Torr X 2.5 min) of
Me;PtCpMe vapor. These films were subsequently exposed to
a 4.02 keV ion beam. A bias voltage of +20 V was applied to
the sample to attract ejected secondary electrons and thereby
ensure an accurate target current measurement. Thus, the net
ion beam energy was 4.0 keV. Exposure of precursor films to
H,", D,*, and He" was conducted at 4.0 keV and a target
current of 70 nA, corresponding to an ion flux of 4.4 x 10"
ions/s. In separate control experiments, we determined that at
this ion flux, the extent of Me;PtCpMe decomposition from X-
ray-induced secondary electron emission during acquisition of
XPS data is negligible compared to the effects of the ion-
induced process. For Ne* and Ar”, irradiation was conducted at
a net energy of 4.0 keV and a lower target current of 20 nA

7725

Scheme 1. Deposition of Thin Me;PtCpMe Films and Their
Subsequent Ion-Beam-Induced Deposition/Decomposition
Using Different Ions (Z = Ar, Ne, D,, He, H,)

Me,PtVCpMe

@cn,‘, lon Beam
’fiiylt\c'**: 1~5T’;:r0'7 4.0 keV
1.0x106 l 2.5min
Torr
@‘CH; @—(’H; @—(II; @(’H,
1y M N, 5.0X100 Torr e T
Substrate Substrate
(200 K) (200 K)

(1.2 X 10" ions/s). This lower target current was necessary to
slow the rate of Me;PtCpMe decomposition for these heavier
ions so that XPS data could be used to quantify the deposition
rate.

lon Irradiation of PtC, Films. To probe the effects of ion
bombardment on PtC, films generated from Me;PtCpMe,
thicker (>4 nm) multilayer Me,PtCpMe films were produced
by exposing a cooled (200 K) substrate to 6000 Langmuir (5.0
X 107 Torr X 1200 s) of Me;PtCpMe vapor. These films were
then exposed to a 500 eV electron beam (20 ¢A, 30 min) to
produce a nonvolatile PtC, film. A Specs FG 15/40 flood gun
was used as the electron source. The flood gun was used at an
energy of 480 eV with a sample bias of +20 V to produce an
incident electron energy of 500 eV. The target current was
maintained at 20 A during electron irradiation.

This process of deposition and e-beam irradiation was
repeated following three consecutive doses of Me;PtCpMe,
ensuring that films were sufficiently thick to monitor changes
in the composition and thickness of the film as a result of
subsequent ion irradiation (i.e., sputtering). Following the
third deposition/irradiation, the substrate was allowed to warm
to ambient temperature (307 K) overnight. PtC, films were
subsequently irradiated at ambient temperature (307 K) with
different ions at an energy of 4.0 keV and a target current of 5.0
UA, corresponding to an ion flux of 3.1 X 10" ions/s. These
parameters remained constant for all five ion beams. The PtC,
film growth and sputtering procedure is illustrated in Scheme
2.

To probe the thermal effects on the interactions between
H," and PtC, films, the substrate temperature was maintained
at a constant value (210, 310, 410, and 510 K) during ion
irradiation using a PID controlled 0—4 V, 0—30 A DC power
supply (Eurotherm 2408 PID controller, Sorenson DCR 20—
25B PSU). In these temperature-dependent studies, the H,*
ion beam was maintained at an energy of 4.0 keV and a target
current of 18.0 A, corresponding to an ion flux of 1.1 X 10'*
ions/s.

B RESULTS AND DISCUSSION

lon-Induced Decomposition of Me;PtCpMe. In IBID,
the initial step in the growth of a Pt-containing structure is
decomposition of the transiently adsorbed precursor molecule
into a nonvolatile product that forms the building block of the
deposit. In this part of the study, we used in situ XPS to explore

https://doi.org/10.1021/acs.jpcc.4c00630
J. Phys. Chem. C 2024, 128, 7723-7732
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Scheme 2. Deposition of Thick Films for Ion Sputtering
Studies”
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“Three cycles of precursor and e~ beam exposure (dashed box) were
conducted to create a PtC, film. Ion irradiation was conducted on the
PtC, film after it had reached room temperature.

how reactions between adsorbed Me;PtCpMe precursor
molecules and incident ions are influenced by the ion identity.
Experimentally, these studies were performed on 1—2 nm thick
films of precursor molecules adsorbed onto a TaO,, substrate at
low temperatures as shown in Scheme 1.

Pt Reduction Kinetics. The X-ray photoelectron spectra in
Figure 1 display Pt 4f transitions of an adsorbed MeCpPtMe;
thin film at 200 K as a function of increasing ion dose (bottom
to top) for H,"(left) and Ne*(right). The corresponding Pt 4f

H," Dose _:E::em Pt 4f Pt 4f Ne* Dose
(uClem?2) [——Plee Plogey " | (uClom?)
—— Comp. |
252 ’—M— 42
168 A: 24
84 . 2 12
42 ; 6.0
21 /\/\ 1.2
0 loalaalaaly loalaalaaly 0
79 76 73 70 79 76 73 70
Binding Energy (eV)
g
s 10 ® m H," ---- H,"Fit
c L A
an.s _—“‘ e D, ----D, Fit
E E06 18 A He' ---- He'Fit
g 2 Lot o 4o
56__,_0 04 | *i v Ne+ Ne+ Elt
o & F e SN ¢ Arf ---- Ar" Fit
2702 XN
© - SS3za.
S o00f Y SR B 4 -
14 | T T T T TN TR T T Y I |
0 100 200 300 400

lon Dose (uC/cm?)

Figure 1. (Top) X-ray photoelectron spectra in the Pt 4f region of
adsorbed Me;PtCpMe thin films exposed to different ion doses of
(left) H," and (right) Ne* ions, both at 4.0 keV. The resultant spectra
have been deconvoluted into contributions from two species; the
parent Pt doublet (blue) and a product Pt doublet (red). The
magenta trace is the composite of the Pt™) and Pt traces.
(Bottom) Kinetics of Me;PtCpMe reduction for each of the ions
studied in this investigation based on the rate of decrease in the
precursor (PtP™) coverage as a result of 4.0 keV ion bombardment;
the dashed lines represent the best fit analysis based on a first-order
kinetic process.
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transitions for Me;PtCpMe thin films irradiated with D,*, He",
and Ar" are presented in Figure S2 in the Supporting
Information. In the absence of ion exposure, Me;PtCpMe
adsorbs molecularly and the Pt 4f;,, and Pt 4f,, doublet at
76.9 and 73.5 eV, respectively, is attributed to Pt(IV) from the
Me;PtCpMe precursor (blue curves in Figure 1).”**%" As a
result of ion exposure, a new Pt 4f doublet (red curves)
appears with values shifted toward a lower binding energy (1.9
eV) as compared to the peaks associated with the precursor.
This shift has been interpreted previously to indicate Pt
reduction from the Pt(IV) of Me;PtCpMe to a Pt(0) species
embedded in a carbonaceous matrix.”*® Comparing the
transformations to the Pt 4f regions observed when Ne and
H, are used as source gases in Figure 1 demonstrates that this
reduction occurs regardless of the ion identity. Indeed, this Pt
reduction process has been observed in prev10us studles of
MeCpPtMe, films exposed to charged (electron®® and Ar*
ion”) particles. However, the ion mass affects the reaction
kinetics, as reflected by the required ion dose to complete the
reduction. Thus, for H,* (4.0 keV, 70 nA) and Ne* (4.0 keV,
20 nA), the ion dose required to effect complete Pt reduction
is 252 and 42 pC/cm? respectively. For each ion, the total
reaction cross section for Pt reduction can be determined from
the best fit values obtained from a first-order kinetic analysis of
the ion-induced Pt(IV)—Pt(0) conversion. From the kinetic
decay curves shown in the bottom plot in Figure 1, H,", D,",
and He* have similar reaction cross sections at ~3.2 X 107"
cm?, whereas Ne* and Ar" have significantly higher reaction
cross sections at ~2.1 X 107'* cm®.

In addition to the reaction rate, ion mass also influences the
change in film composition as expressed by the C/Pt ratio that
accompanies the ion-induced decomposition of Me;PtCpMe.
Thus, Figure 2 (top left) presents the change in the C/Pt ratio
for Me,PtCpMe films during the Pt(IV) reduction process for
each of the five ions studied in this investigation. Prior to ion
irradiation, the C/Pt ratio is 9:1, reflecting the stoichiometry of
the Me;PtCpMe precursor. Upon ion exposure, this ratio
decreases for all ions, although the magnitude of the C/Pt ratio
decrease is sensitive to the ion identity. Specifically, the extent
to which the C/Pt ratio decreases increases with increasing ion
mass. Thus, exposure to Ne" and Ar* results in Pt films with
C/Pt ratios of 6.2 and 5.7 at ion doses sufficient to completely
reduce the Me;PtCpMe. These ratios are measurably lower
than the C/Pt ratios observed when Me;PtCpMe is fully
decomposed by irradiation with the lighter ions, which range
from 7.5 to 8.0.

This decrease in Pt purity (i.e., higher C/Pt ratios) for the
lighter ions is displayed spectroscopically in the top right panel
of Figure 2 where the normalized C 1s peak profiles are shown
for each ion. In each case, the ion dose is just sufficient to have
effected complete reduction of the Pt(IV) species, correspond-
ing to complete decomposition of the Me;PtCpMe precursor.
The bottom left panel in Figure 2 demonstrates that during ion
irradiation, the extent of Pt(IV) reduction is directly correlated
with the change in the film’s overall C/Pt ratio, while the
absolute decrease in the C/Pt ratio is ion-dependent. The
bottom right panel reveals that the binding energy of the
reduced Pt species formed by ion irradiation is invariant to the
ion identity.

For each ion, a comparison of the reaction cross section
determined from Figure 1 along with the final C/Pt ratio
determined from Figure 2 is listed in Table 1. As the ion mass
increases from H," to Ar", the reaction cross section for

https://doi.org/10.1021/acs.jpcc.4c00630
J. Phys. Chem. C 2024, 128, 7723-7732
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Figure 2. (Top left) Comparison of the change in C/Pt ratio that
occurs for Me;PtCpMe films exposed to different ions, plotted as a
function of ion dose. The dashed purple line represents the initial
precursor stoichiometry (9:1). (Bottom left) Correlation between Pt
reduction and the change in C/Pt ratio in Me;PtCpMe films exposed
to D,"(red circles) and Ar*(green triangles). (Top right) Photo-
electron spectra of the C 1s (top right) and Pt 4f (bottom right)
regions after complete Me;PtCpMe reduction with different ions. For
each of the XPS spectra, intensities are normalized to the initial C/Pt
ratio of 9:1 in the “as deposited” Me;PtCpMe film.

Me;PtCpMe increases, while the C/Pt ratio associated with
the decomposition product decreases.

Table 1. Reaction Cross Sections for MeCpPtMe;
Decomposition and C/Pt Product Ratios for Charged
Particle Reactions with MeCpPtMe;

Particle o (X10" cm?) C/Pt ratio
e 0.137% 8.0¢
H,* 3.8 £03 7.5
D," 3.0+02 7.5
He* 34 +£0.1 8.0
Ne* 22 +3 6.2
Ar* 21 +£3 5.7

“Wnuk et al.>®

For all of the ions studied (Z = He, Ne, Ar, H, or D,), MS
revealed the desorption of CH, and H, during ion irradiation
as shown in Figure 3 for Ar and D,. This observation is
consistent with the ion-induced decomposition of Me;PtCpMe
by the following mechanism’
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Figure 3. Mass spectra of the neutral desorption products observed
during the ion-beam irradiation of Me;PtCpMe by (top) D, and
(bottom) Ar.

It should be noted that this mechanism is not charge-
balanced, as any charge buildup is neutralized by having the
substrate electrically grounded. For Ar" irradiation, the
experimentally observed decrease in C/Pt ratio has been
attributed to the loss of all four methyl carbon atoms while all
of the carbon atoms associated with the cyclopentadienyl ring
are retained.” This process was attributed to direct
momentum/energy transfer from the incident ion to the film
of adsorbed Me;PtCpMe molecules, providing enough energy
to cleave all three of the Pt—CH; bonds and the Cp—CH;
bond. We attribute the dominance of direct ion—adsorbate
interactions in the case of Ar* irradiation to a consequence of
the relatively large size of the ion and the correspondingly
small (<1 nm) inelastic mean free path.*"?>*

The sensitivity of both the reaction rate and change in C/Pt
ratio described in Figures 1 and 2 and Table 1 indicate that the
ion-induced deposition mechanism is, however, sensitive to the
ion identity/mass. In principle, this change could be a result of
less efficient momentum-energy transfer due to the poorer
mass match between lighter ions and adsorbed Me;PtCpMe
molecules. However, even for the lightest ion (H,"), a simple
kinematic model indicates that the maximum energy transfer
would still be 2100 eV. This is still well in excess of the &7 eV
needed to cleave all three of the Pt—CHj; bonds and the Cp—
CH,; bond as seen for Ar’, inconsistent with our experimental
observations. Moreover, if kinematic energy transfer was
dominant for all of the ions, then we would expect similar
rates of Pt(IV) reduction, which is not the case (Figure 1).

We interpret our ion-dependent experimental observations
to indicate that for the lighter ions (He*, H,", and D,") the
Me;PtCpMe decomposition mechanism also involves reactions
between adsorbed Me;PtCpMe and secondary electrons
generated by interactions of the primary ions with the
substrate. Support for this idea comes from the inelastic
mean free path of these lighter ions being similar (~1 nm) to
the thickness of the films. This will lead to an increased role for
ion—substrate interactions, producing a large number of low-
energy secondary electrons capable of decomposing
Me;PtCpMe by means of dissociative electron attachment

https://doi.org/10.1021/acs.jpcc.4c00630
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(DEA)."*** This DEA process involves the formation of a
transient negative anion and the desorption of one CHj; group,
leading to a C/Pt ratio of 8:1.*° For H,*/D,"/He", the
increased role of secondary electrons in promoting precursor
decomposition is supported experimentally not only by a
change in reaction rate but also by the change in C/Pt ratio
being similar to the change observed during electron beam-
induced Me;PtCpMe dissociation.”® For the intermediate-
sized Ne* ions, the experimental data suggests that ion—
Me;PtCpMe interactions leading to decomposition are
dominated by kinematic energy transfer but with some
contribution from secondary electrons. Thus, particle size
plays a role in precursor decomposition where the smaller
particles (e and He") have a greater penetration volume'
into the substrate than the larger particles. This causes more
inelastic collisions with the substrate, leading to a greater
contribution of secondary electrons, which can be captured by
the adsorbate to induce dissociation. Since the only process
that accompanies ion-beam-induced deposition is the ejection
of methane, changes in the film’s thicknesses that accompany
ion beam irradiation are not particularly diagnostic because the
vast majority of the atoms remain. However, the largest
decrease in the thickness of Me;PtCpMe films was observed
during exposure to the heavier ions (Ar" and Ne"), consistent
with a greater loss of carbon during deposition.

It should be noted, however, that in principle, the influence
of ion identity on reaction rates and extent of reaction could
also reflect changes to the nature of ion/Me;PtCpMe
interactions. Thus, Indrajith et al. determined that the
decomposition of gaseous Fe(CO); occurs by electronic
excitation and electron capture when exposed to *He*, whereas
the dominant decomposition pathway is nuclear excitation by
elastic collisions between the ions and the Fe, C, and O atoms
in the precursor when exposed to the heavier ions (e.g., *°Ne",
“Ar*).** If this same sensitivity to ion mass is operative in the
present study, it would produce the trend that we observe
experimentally, with a lower degree of carbon loss for lighter
ions.

lon-Induced Sputtering of Deposited PtC, Films. To
examine the effect of ion identity on deposits created by the
decomposition of Me;PtCpMe, PtC, films (>4 nm thickness)
were first prepared by exposing Me;PtCpMe multilayers to the
effects of electron irradiation. This enabled the creation of
deposits with a nominal C/Pt ratio of ~8:1 based on the
known effects of electron irradiation.’® Films of consistent
initial composition and similar thicknesses could therefore be
created and subsequently exposed to different ions by using
XPS to quantify both changes in film composition and film
thickness.

The photoelectron spectra in Figure 4 for t = 0 correspond
to the C 1s and Pt 4f transitions of the PtC, film prior to H,*
and Ne' ion irradiation. The Pt peak positions (74.6 and 71.3
eV) are consistent with the reduced Pt(0) species produced
upon precursor (Me;PtCpMe) decomposition,*® while the
absence of any substrate signal in the Ta 4f region indicates
that the films are thicker than 4 nm. With the onset of H," and
Ne" irradiation, the intensity of the C 1s peak steadily
decreases until it is no longer observable. However, this
process is markedly more efficient for Ne* compared to H,".
Thus, carbon removal is completed with 90 and 1152 mC/ cm?
doses of Ne" and H,", respectively. As carbon is removed from
the film by H,", the intensity of the Pt signal increases. Indeed,
at a H," exposure of 1152 mC/cm?, the XPS spectrum consists
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Figure 4. X-ray photoelectron spectra of adsorbed Me;PtCpMe thick
films on a Ta/TaO, substrate irradiated with (top) H," and (bottom)
Ne* at the indicated ion doses with a constant energy of 4.0 keV; h
represents the thickness of the adsorbed layer.

exclusively of the Pt 4f doublet without any C 1s signal. For
Ne*, initial carbon removal is also accompanied by an increase
in Pt signal intensity, but for ion doses >18 mC/cm?, the Pt 4f
signal decreases and is accompanied by a marked increase in
the Ta 4f substrate signal. Thus, for a Ne* dose of 36 mC/cm?,
the film thickness is <1 nm, and by 90 mC/cm? the film has
been completely removed (film thickness 0.1 nm). In contrast,
no discernible substrate signal is observed during H," until an
ion dose of 1152 mC/cm? A scaled version of the Ta 4f
transition as a function of H," dose is presented in Figure S3 in
the Supporting Information. The slight changes in the
substrate signal are sufficient to calculate the film thickness,
as presented in Figure 4.

For each of the five ions studied, the changes in film
composition and thickness (sputter efficiency) are presented in
Figure § as a function of the ion dose. The left panel of Figure
S highlights the marked increase in the sputter rate that occurs
as the ion mass increases. Thus, a film thickness of &2 nm is
reached after ion doses of <50 mC/cm? for Ar* and Ne*, 300—
450 mC/cm? for He* and D,*, and %900 mC/cm? for H,".
This dependence is attributed to the relationship between the
ion mass and the penetration depth and interaction volume of
the ion beam with the deposited PtC, films. Heavier particles
such as Ar* and Ne* have broad, shallow interaction volumes
within films.”' This leads to a greater probability of
momentum/energy transfer at the surface and an increased
likelihood of physical sputtering. Conversely, He* and H,"
have narrow deep interaction volumes within films*' and a
correspondingly greater probability of momentum/energy
transfer within the bulk and less surface sputtering.
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Figure S. (Left) Change in the film thickness as a result of 4.0 keV ion
bombardment. (Right) Change in the Pt purity (C/Pt ratio) as the
PtC, film is sputtered. The dashed line indicates the C/Pt ratio
observed for the initial Me;PtCpMe film.

The right-hand panel of Figure 5 describes the relationship
between the film composition, expressed as the C/Pt ratio, and
the film thickness. For all of the ions the C/Pt ratio decreases
upon irradiation. This decrease in C/Pt observed upon ion
irradiation is an indication of preferential carbon sputtering.
This reflects the poor mass match between any of the incident
ions (amu ranging from 4 to 40) and Pt (195 amu) as
compared to C (12 amu) which leads to greater efficiency of
ion energy transfer to surface-bound C atoms. However, high-
purity Pt films (here considered to be C/Pt < 1) are achieved
only for H," and D,". This reflects the increasingly poor mass
matching between these lighter ions and Pt in particular, which
results in Pt having a dramatically lower sputter rate than C
when it is exposed to H," and D," such that Pt sputtering is
not measurable in these thin film studies. This explains why
films with the highest Pt content are produced when the PtC,
films are irradiated with lighter ions. Interestingly, for D, (*H,,
4 amu), the film purity trend follows the same trend as 'H, (2
amu) rather than *He, albeit with an increased rate of
sputtering for D," vs H,". This suggests that there may be an
additional contribution to the improved Pt purity that arises
from chemical sputtering, caused by the hydrogen and
deuterium atoms/ions liberated by H,*/D,* dissociation
during ion irradiation.*’ ™ In terms of creating high-purity
Pt films, H," is preferred over D," because it allows for
comparable purification but at a reduced sputtering rate.

Implications for IBID. Structures are created by IBID in a
constant partial pressure of precursor molecules where all of
the elementary reaction steps are occurring simultane-
ously.'*'#*~* Thus, adsorbed Me;PtCpMe molecules are
undergoing decomposition into nonvolatile species, while
deposited atoms at the growth surface are simultaneously
being subjected to the effects of ion bombardment. In contrast,
the UHV surface science approach allows us to independently
study two of these elementary steps; (i) ion—adsorbate
interactions that contribute to the conversion of volatile
precursor molecules into nonvolatile deposited atoms and (ii)
subsequent postdeposition processing that occurs in the form
of sputtering. Figures 1 and 2 and Table 1 indicate that initial
deposition and purification of Me;PtCpMe by means of ion—
adsorbate interactions are more efficient for heavier ions (e.g,
Ar*). In this respect, it is important to note that our UHV
experiments are most representative of those that would be
encountered in an ion-limited deposition. Indeed, in related
IBID experiments, we have observed that thicker deposits are
created from Me;PtCpMe when Ar" is used as the source gas
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compared to He" or H,", consistent with the idea that the use
of heavier ions leads to higher reaction/deposition rates.
However, in many IBID experiments, the growth surface will
not be fully covered by a monolayer of precursor molecules,
and as a result, other processes can also contribute to precursor
decomposition/deposition. These include reactions between
sputtered substrate atoms and/or secondary electrons with gas
phase precursor molecules.”' "' ***** Regardless of the detailed
mechanisms, any benefits afforded by using heavier ions in the
initial deposition step (Figures 1 and 2) are offset by
significantly higher sputtering rates and less efficient Pt
purification during sputtering as compared to lighter ions
(e.g, He"), as shown in Figures 4 and S. Thus, our results
suggest that IBID using lighter ions holds the greater promise
for creating high-purity Pt deposits from Me;PtCpMe because
of the >20-fold decrease in sputter rate and the significant
decrease in carbon content that accompanies sputtering.
However, to take advantage of these benefits, it will be
necessary to conduct IBID under precursor-limited deposition
conditions, where deposited atoms are subject to extensive ion
bombardment at the growth surface before they become
incorporated into the interior of the deposit.

Impact of Substrate Temperature. Motivated by the
success of creating nearly pure Pt deposits from PtC, films
using H,", we explored the impact of substrate temperature on
H," purification. Analysis of the C 1s and Pt 4f XP spectra in
Figure 6 indicates that the rate of carbon removal and the
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Figure 6. Changes in the (left) C 1s and (middle) Pt 4f XP spectra of
Me;PtCpMe films maintained at temperatures of 310 K (black) and
510 K (red) as a result of 4.0 keV H," bombardment. (Right)
Dependence of H,"-induced film (top) sputtering and (bottom)
purification on substrate temperature.

corresponding increase in Pt 4f signal decreased as the
substrate temperature increased from 210—510 K, highlighting
that Pt purification is highest at lower substrate temperatures.
This is also shown in the bottom right panel of Figure 6, where
the changes in C/Pt ratio are plotted as a function of ion dose
for substrate temperatures ranging from 210—510 K. The top
right panel in Figure 6 compares the corresponding sputtering

https://doi.org/10.1021/acs.jpcc.4c00630
J. Phys. Chem. C 2024, 128, 7723-7732


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00630?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

efficiencies at different substrate temperatures, by measuring
the change in film thickness as a function of ion dose. This data
demonstrates that the sputtering efficiency increases slightly at
lower substrate temperatures in line with the general
observation that physical sputtering does not demonstrate a
strong dependence on substrate temperature.*”>°

Several possibilities exist for the temperature dependence on
purification observed in this study. One possibility is that the
film may undergo structural/morphological transformations at
higher temperatures. Support for this idea comes from previous
studies which have shown significant changes in this
temperature region for Pt/C films deposited by EBID.’!
These changes include increases in Pt particle size with the
possibility of changes in the hybridization of carbon due to
thermal hydrogen evolution. Any of these structural changes
could modify the efficiency of carbon atom sputtering since
physical sputterin§ is known to be sensitive to the form and
phase of carbon.’

Another possibility is that the substrate temperature
dependence is a reflection that carbon removal by D," and
H," is, in part, facilitated by Pt-catalyzed hydrogenation of
amorphous carbon. The rate of this reaction would be critically
dependent on the steady-state surface coverage of adsorbed
hydrogen atoms formed during H," dissociation on Pt atoms.
Temperature-programmed desorption studies indicate that H,
desorption from Pt occurs at temperatures above 373 K*~*
which would limit the availability of adsorbed hydrogen to
react with and purify the PtC, film at higher substrate
temperatures.

B CONCLUSIONS

In this study, we investigated the role of ion identity on (i) the
ion-induced decomposition of adsorbed Me;PtCpMe and (ii)
sputtering of PtC, films deposited by precursor decomposition.
When adsorbed Me;PtCpMe molecules are exposed to heavier
ions (Ne* and Ar"), precursor decomposition is driven by
energy transfer that occurs during ion—adsorbate collisions,
leading to higher reaction cross sections and a greater loss of
carbon. For lighter ions (H,", D,*, and He*), changes in the
film’s composition and reaction cross section suggest that the
process also contains a contribution from secondary electrons
generated by interactions of the ion beam with the substrate.
However, while heavier ions produce a greater increase in the
Pt atom content during the initial deposition/decomposition
step, the greatest increase in Pt purity during the subsequent
sputtering of deposited PtC, films occurs for H," and D,*. This
is a consequence of the extremely poor mass match between
these lighter ions and Pt, leading to very inefficient Pt atom
sputtering as compared to C. Consequently, almost pure Pt
films can be produced when nanometer-thick PtC, films are
sputtered by H," and D,", although this purification process
was less efficient at higher substrate temperatures. In the
context of FIBID, our results suggest that films with the
greatest Pt atom purity will be formed from Me;PtCpMe at
lower substrate temperatures under precursor-limited deposi-
tion conditions using H,".
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