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ABSTRACT

Focused electron beam induced deposition (FEBID) is an emerging
method to fabricate nanostructures without the use of resists or masks. In
the FEBID process, a gas phase precursor is introduced into a vacuum
chamber and transiently adsorbed onto a substrate. A focused electron beam
is used to irradiate the precursor, which decomposes under electron beam
irradiation. The non-volatile portions of the precursor molecule remain
behind on the surface as a deposit, while the volatile portions are pumped
away into the vacuum.

FEBID has a great deal of potential, but it is currently limited by
significant amounts of contamination that remain in the nanostructures.
Most precursors that are used for FEBID were designed as chemical vapor
deposition (CVD) precursors and were optimized for the thermal process of
CVD. Under the electron-based process of FEBID, precursors which
produce pure metal films in CVD often produce FEBID deposits with
significant levels of contamination, due to the different mechanisms of the
two processes. This highlights the need to develop precursors specifically
for FEBID.

This research used an ultrahigh vacuum surface science approach to
investigate the process by which FEBID precursors decompose under
electron beam interaction. Specifically, the tools of x-ray photoelectron
spectroscopy (XPS) and mass spectrometry (MS) were used to evaluate

precursors adsorbed onto cooled substrates under 500 eV electron beam
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irradiation; this process allowed investigation of both species that remain
on the surface and those released into the gas phase. This surface science
approach provides kinetic and mechanistic details of precursor
decomposition that are not available in the electron microscopes typically
used for FEBID. During this work, several precursors were investigated:
n3-C3Hs(Ru(CO)3Br/Cl, cis-Pt(CO)2Cly, Co2(CO)s, and
CpFe(CO)2Mn(CO)s. Purification of cis-Pt(CO)2Clz by electrons and atomic
hydrogen radicals was also investigated.

Certain ligand types are preferable for FEBID precursors. A small
number of carbonyl ligands may desorb under electron beam irradiation.
Carbon-rich ligands (n°-C3Hs, n°-CsHs) remain behind in deposits as
contamination, and halogens are somewhat of a free ligand, as they desorb
under a slower, electron stimulated desorption process. Our success in
achieving pure Pt films from electron beam irradiation of cis-Pt(CO)2Cl»
prompted further purification studies using atomic hydrogen radicals, which
were found to efficiently purify deposits of Cl; however, this resulted in
mobility and dispersion of the platinum, creating a porous structure. These
results will inform rational design of FEBID precursors as research

continues to address contamination in FEBID nanostructures.
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Chapter 1. Introduction and Experimental Methods

1.1. Introduction

As technology continues to improve, products that range from computers, cellular
telephones, and digital memory get smaller and smaller. This continued demand for
improved and more capable devices drives nanofabrication and the semiconductor industry
to continually seek the ability to achieve smaller and smaller integrated circuit feature sizes.
This trend can be seen in almost any modern technology. Richard Feynman famously said,
“There’s plenty of room at the bottom,” and indeed, this continues to be borne out by
ongoing technology and further development at the nanoscale!.

The drive for increasingly smaller feature sizes has driven research and motivated
huge expenditures for microchip fabrication lines. When the feature size on an integrated
circuit is on the order of a micron (1x10 m) or in the hundreds to tens of nanometers
(1x10” m), even a speck of dust can create havoc; thus, the move towards ever smaller
integrated circuit features has led to the need for huge clean room facilities in which < 10
particles (0.1 um in size)/ft> are allowed?. As the drive to get smaller continues, these
fabrication facilities must be upgraded to allow fabrication of smaller features. Moore’s
law anecdotally states that the number of features that can fit on a chip will double every
two years, and this has largely held true, leading to the continued drive towards smaller
feature sizes and new technologies to support this effort’. Significant research continues
into which technology will fuel the next leap to fabrication of smaller integrated circuit
sizes. There are a variety of processes that allow fabrication of nanoscale features,
including photolithography, electron beam lithography and extreme ultraviolet

lithography. This research investigates the emerging technology of focused electron beam



induced deposition (FEBID), a competing or complementary process to those widely used
in large-scale nanofabrication. As a preparation to discussion of FEBID, several

fabrication techniques will be discussed.

1.1.1. Thin Film Deposition Techniques

Thin films may be generated by a variety of methods, which are discussed in more
detail below. Thin film deposition techniques are described due to their heavy usage in
industry in integrated circuit fabrication and as an integral part of techniques that compete

with or complement FEBID.

1.1.1.1.  Physical Deposition Processes

Some of the simplest thin film deposition processes are considered physical
deposition processes, in which the material to be deposited is physically (rather than
chemically) deposited. One method that is heavily used in integrated circuit fabrication in
applying resists to silicon wafers is spin coating, but as that primarily applies to
liquids/resists, it will not be discussed here. Evaporation was widely used in early
manufacturing of semiconductors. The evaporation process involves heating a substance
in a vacuum chamber until a vapor is given off, which then spreads throughout the chamber
and accumulates on the substrate as a thin film?. Industrial fabrication has largely moved
from the evaporation process to another physical deposition method, sputtering. Sputtering
is the use of a plasma chamber under a vacuum, in which high energy ions (usually Argon)
impinge on a target comprised of the material to be deposited. These ions strike the target
material which results in some of the target material being sputtered off, which then

deposits on the substrate or wafer to be coated?.



1.1.1.2.  Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is a process in which thin, conformal films may
be formed by the interaction of a gas phase precursor (usually metal containing) with a
heated substrate*. The precursor reacts with the heated substrate, and results in a thin,
conformal film of high purity. CVD has been used extensively in the fabrication of
microelectronics/computer chips. Suitable precursors for CVD are generally volatile and
carefully chosen so that the ligand architecture results in relatively pure films after thermal
reactions*. Good CVD precursors have characteristics that also make them good FEBID

precursors, and thus, CVD precursors are often used in the FEBID process®’.

1.1.1.3.  Atomic Layer Deposition

Atomic layer deposition (ALD) is a technique that is heavily used in the
semiconductor industry to produce high quality, pinhole-free thin films even on non-
uniform surfaces®. ALD is a self-limiting process in which a sequence of reactants is used.
In ALD, one reactant is introduced into a vacuum chamber (reactor) and reacts with surface
sites on the substrate. The reaction is self-limited because the technique involves reactions
with available surface sites on the substrate; once they are filled, the reaction is complete
regardless of the presence of the precursor gas. Then, the chamber is evacuated of the first
reactant, and filled with the second reactant, which again reacts with the substrate surface
sites until all are filled. This technique can be repeated numerous times, each time with
the ability to deposit a thin, high quality film of angstrom (A) or monolayer thickness®.
ALD is often thermally based, and indeed, many ALD processes were derived from CVD,
but ALD often provides higher quality films, especially on high aspect ratio structures®.

Deposition of some elemental materials is often assisted by other species or methods, such



as plasma or atomic radicals, which can also allow the reaction to take place at lower

temperatures.

1.1.2. Nanopatterning Methodologies
The thin film deposition techniques are applied as part of a lengthy processing chain
to make integrated circuits or microchips, widely used in computers and technological

applications. Some of the basic processes will be described below.

1.1.2.1.  Photolithography

The most widely used method for large scale production of integrated circuits for
use in technology application is photolithography, also known as photomasking or
patterning®>. A significant amount of research and development has led to this becoming
a robust process capable of producing large volumes of integrated circuits. A detailed
analysis of the photolithographic process is beyond the scope of this dissertation; however,
an overview of the basic steps is provided. Photolithography?® starts with wafer
preparation, in which a base material (generally silicon) is prepared for further processing,
and a photoresist is applied (often using a spin-coating process to ensure the wafer is
covered to a uniform thickness). The lithographic step takes place when the wafer is
aligned to the photomask and the wafer/photoresist system is exposed to radiation, causing
a reaction in the exposed area of the photoresist. After exposure, the unreacted photoresist
is removed and if the wafer meets quality requirements, a top portion of the wafer is
removed by etching, using the hole in the resist layer (from the masking process). Lastly,
the photoresist layer is removed, and the wafer is inspected again. This process may be
conducted numerous times, in conjunction with various thin film deposition processes and

other steps, to produce a modern microchip?. It can be noted immediately that although



photolithography is extensively used to produce high quality integrated circuits, the process

is quite complex.

1.1.2.2.  Electron Beam Lithography

Electron beam lithography (EBL) is a robust technology that uses direct electron
beam writing to make photomasks for the photolithography process®>. EBL has similarities
to the photomasking process, in that a resist is used, but this resist reacts based on electron
induced reactions rather than photon induced reactions as in photolithography. EBL does
not require the use of masks, as the pattern to be imaged is determined by computer, and
written by computer control. EBL is capable of producing features down to ~ 10
nanometers, but starts to have resolution issues below that size’. EBL is currently too slow
to be used to pattern wafers on a large scale as done with photolithography, but is used

extensively to produce photomasks?.

1.1.2.3.  Focused Electron Beam Induced Processing/Deposition

Focused electron beam induced processing (FEBIP) is an emerging technology that
has the ability to produce nanostructures on the nanometer scale. Focused electron beam
induced processing includes both electron beam deposition and electron beam etching®’.
This research is focused on the focused electron beam induced deposition process®”!%!1,
To date, focused electron beam induced deposition has been able to produces nanodeposits
as small as a dot of 0.7 nm diameter at full width at half maximum'?. FEBID offers an
alternate process to produce nanostructures on the same or smaller size regime than
photolithography or electron beam lithography. Focused electron beam induced deposition

(FEBID) has a great deal of promise in fabricating structures on the nanoscale; it can even

be considered 3-D printing on the nanoscale'®. However, to realize its potential, the major



issues of nanostructure purity and processing speed must be addressed. This work
investigates precursor chemistry involved in the FEBID process.

Focused electron beam induced deposition is generally done in a modified scanning
electron microscope and requires a vacuum environment. In FEBID, a gaseous precursor
is introduced into the vacuum chamber, where it impinges on a substrate and is transiently
absorbed. During this short residence time on the substrate, the precursor is irradiated by
a focused electron beam, which causes decomposition of precursor molecules. The non-
volatile portion of the molecule remains behind on the surface, while the volatile portions
of the molecule are pumped away into the vacuum. FEBID has been referred to as a local
electron beam CVD process'?, and indeed, it shares some similarities with CVD in that a
gas phase precursor breaks down under a treatment. Unlike CVD, which is a thermally
based process, FEBID is an electron-based process. There are many variables involved in
producing size and shape specific nanostructures of high purity in FEBID, including the
electron beam, identity of electrons that actually cause deposition (from the primary beam,
or secondary electrons stimulated from the substrate), beam dwell time, precursor, post
treatment processes, identity of the substrate, and deposition conditions®7!%!1,

FEBID does not require any resists or masks, so if the issues of purity can be
addressed, FEBID could find a wide range of applications. Even with the nanostructure
purity issue, FEBID has been successfully used to fabricate ultra-sharp atomic force
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microscopy (AFM) tips'4, repair photomasks'>!®, and indeed, to make photomasks'”’.

1.2. Surface Science and Experimental Techniques
Surface science involves the study of processes at surfaces. The definition of a

“surface” is somewhat variable, but generally is considered to be on the order of



nanometers (5 — 10)'8. Surface science is interesting because all reactions take place at the
surface. As technology continues to miniaturize, the surface becomes ever more important
because it is a larger proportion of the material as the surface area and surface to volume
ratio increase. Many surface science techniques make use of the unique properties of
electrons and interactions at surfaces. Since an electron in a material has a limited escape
depth (mean free path) before it suffers a collision, techniques such as X-ray photoelectron
spectroscopy and Auger electron spectroscopy are of necessity surface sensitive, since
electrons from deeper in the bulk suffer collisions prior to escaping the material, thus losing

their unique information about the material.

1.2.1. X-ray Photoelectron Spectroscopy

The technique at the heart of this research is X-ray photoelectron spectroscopy
(XPS), which is also known as electron spectroscopy for chemical analysis (ESCA)'®1°.
XPS is based on the photoelectric effect, which Einstein elucidated by explaining several
experimental observations, that shining light (energy, above a certain threshold frequency)
on a material caused electrons to be ejected!®. This process holds true as the energy of the
photon source is increased, and can occur with visible, ultraviolet, and x-ray photons. XPS
as currently practiced was developed by Kai Siegbahn, for which he received the Nobel
prize in physics in 1981'8. It has gained increasingly greater use as a powerful tool for
surface analysis. The steps involved in XPS are: (1) a surface to be analyzed is irradiated
by X-rays of a known photon energy; (2) this causes core level electrons to be ejected from
the surface; and (3) the ejected photoelectrons are characterized by an analyzer, providing

information about the surface from which they originated. The emitted photoelectrons

have characteristic energies based on the element from which they originated, and if the



electrons are sufficiently close to the surface to exit the substrate without suffering a
collision, they retain their characteristic information, which can be used to obtain elemental
analysis of the sample, and provide information on the bonding present in the sample. To
gather XPS information, X-ray energy of a known photon energy is used; this work used
Mg Ko X-rays (hv = 1253.6 nm). The photoelectrons are characterized by the analyzer,
measuring the kinetic energy (KE) of the ejected photoelectrons; thus, the binding energy

(BE), which provides the information used for analysis, may be determined by:
BE =hv - KE — ¢ (work function), a function of the instrument.

Electrons from deeper in the sample suffer collisions prior to reaching the detector, and
thus, no longer contain characteristic information about the chemical composition, and
contribute to the background signal. For this reason, XPS is by nature a surface sensitive
technique, but it is quite powerful in determining elemental composition and bonding
environments, i.e., the binding energy of a carbon atom bonded to another carbon atom is
much different than a carbon atom bonded to a fluorine atom?’. An image of the XPS used

in this research is shown below.
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Figure 1.1: PHI 5400 X-ray Photoelectron Spectrometer (XPS) used in UHV surface
science investigations of FEBID precursors.

1.2.2. Auger Electron Spectroscopy
Auger electron spectroscopy (AES) is a surface science technique which uses

electrons impinging on a surface to gather compositional information'®!®

. In the Auger
process, a high energy electron beam is used to irradiate a substrate. The beam energy

must be high enough to allow ionization of a particular transition, and Auger spectrometers

often use electron beams of 3, 5 or 10 kV. The initial electron from the primary beam
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ejects a core level electron. Next, an electron from one of the higher atomic shells drops
down to fill the vacated core hole. The energy difference between the original energy level
of the electron that fills the core hole, and the core hole energy level is transferred to a third
electron, which is ejected from the atom. If an electron which is ejected from an atom is
close enough to the surface of the material so that it does not suffer a collision before
exiting the surface, it is detected and contributes to the Auger signal for a particular
element. Similar to the transitions observed in XPS, the energy differences of Auger
transitions are quantized and thus, Auger spectroscopy can also be used for elemental
analysis of a material. As with XPS, the Auger process is inherently a surface sensitive
process since the Auger electrons will only travel a short distance in a material before
suffering a collision and losing their characteristic information'®. This research used a PHI

610 Scanning Auger Microprobe to conduct experiments.

1.2.3. Mass Spectrometry

Mass spectrometry (MS) is not a surface science technique, and this research used
a relatively standard quadrupole mass spectrometer (Balzers Prisma QMS 200). Mass
spectrometry allows identification of gas phase species by determining mass to charge
(m/z) ratio. The MS was used to verify purity of the precursor gas while dosing, as well as
to identify species present in the UHV chamber. The MS was particularly valuable in these
experiments as it provided the opportunity to identify species which were desorbed into
the gas phase during electron beam irradiation. The XPS was used to monitor surface
composition of the substrate with adsorbed precursor before and after electron beam
irradiation. The powerful combination of the MS data with the XPS data allowed

identification of species desorbed during electron beam irradiation, which is not generally
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available during FEBID due to the large partial pressure of precursor molecules, and the
presences of background gases such as water and hydrocarbons in the SEMs typically used

for FEBID®’.

1.2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) provides the ability to image items that are
smaller than those which can be imaged in a light microscope, due to the smaller
wavelength of electrons and ease of focusing charged particles!®?!. The SEM is one of the
most important surface science tools in use and can provide exceptional images even down
to the nanometer scale. For this research, a JEOL 6700 SEM was used to image a variety

of deposits formed in an Auger spectrometer.

1.2.5. Energy Dispersive Spectroscopy/Wavelength Dispersive Spectroscopy

One of the more powerful tools available in the SEM is elemental analysis,
provided by energy dispersive spectroscopy (EDS)?!. In addition to imaging to a very high
resolution, the process of irradiation of a surface with a high energy electron beam results
in the emission of characteristic x-rays, as well as a variety of electrons. With the proper
detection, these x-rays can provide valuable information about the composition of the
sample. The elemental analysis provided by EDS isn’t surface specific, although it can be
made more so by choice of accelerating voltage used for the SEM electron beam; the higher
the voltage (beam energy), the deeper the beam will penetrate into the sample. It provides
analysis throughout the bulk of the material, due to the much greater escape depth of x-ray
photons compared with electrons (microns compared with nanometers). In the experiments
conducted in this research, it was found that an accelerating voltage of 10kV was most

useful to gain bulk information about the entire deposit, with minimal (but still visible)
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substrate contribution.

Wavelength dispersive spectroscopy (WDS) is a complementary process to EDS.
In WDS, the characteristic x-rays generated by the electron beam on a sample are passed
through a crystal, and diffracted, using the principle of Bragg’s law, and thus much higher
resolution of x-ray wavelength is possible than with EDS?!. WDS does require more
complex analysis than EDS, and requires comparison with elemental standards (not usually
required with EDS). Although it is less straightforward to use than EDS, WDS can provide
significantly better resolution and detection of trace elements. It can be very useful in
resolving conflict in EDS signals?!. In this research, a JEOL JXA-8600 Superprobe SEM,

with EDS and WDS capabilities, was used to resolve EDS conflicts.

1.2.6. Substrates

The choice of substrate is important in the surface science processes studied in this
research. Superior substrates are minimally reactive with the species being studied, and
are chosen to minimize or avoid conflicts between substrate signal and the compound of
interest signal. Previous research has shown that generally, choice of substrate does not
affect the surface reactions studied. However, choice of substrate can be very important to
allow adequate evaluation of XPS or AES transitions. In order to observe all transitions,
it was often necessary to conduct experiments on more than one substrate. The substrates
used in the XPS were amorphous carbon (a:C) in the form of highly ordered pyrolytic
graphite (HOPG), polycrystalline Au deposited on a tantalum base to a depth of at least
200 nm (only Au transitions observed due to XPS surface sensitivity), and silicon dioxide
(S107). Substrates were cleaned in sifu using Argon ion sputtering (> 1 hour at 4 kV) until

the substrate was judged clean by XPS. Sputtering removed the oxide layer from the silicon
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dioxide substrate, so it was necessary to regenerate the oxide layer prior to each experiment.
We found that the silicon dioxide substrate was easily and reproducibly regenerated by
flooding the XPS chamber with O> at 5 x 107 Torr, and irradiating the substrate with
electrons for approximately five hours, generally at 30 pA with a 20V bias applied. This
created the effect of FEBID of oxygen, and effectively regenerated the oxide layer.
Substrates used in the AES were HOPG, Au, SiO», and Ru coated Si/Mo multilayer
mirrors (MLMSs)?2. Substrates were chosen for similar reasons as in the XPS. Much of the
AES work involving deposits which were to be evaluated in the SEM used the Ru coated
Si/Mo multilayer mirrors due to ease of imaging in the SEM. Sputtering with Ar ions was
used in some cases to clean the surface and to conduct depth profiles, but due to the process
of making a deposit in a discrete spot on a substrate in the Auger spectrometer, it was
generally sufficient to move the substrate to a different spot and verify cleanliness by
substrate signal. Depth profiling allows evaluation of the entirety of a deposit and was
performed in the AES'®. Several experiments were done in which the surface was
evaluated, a small amount of the surface layer was removed by Ar ion sputtering, and then
the surface reevaluated. In this way, composition of the deposit through the entire deposit
may be verified, as the deposit is removed slowly and a new surface exposed. This is a
destructive technique so it is not appropriate in some situations, but it provides valuable

information when used.

1.2.7. Purification Methods
Nanostructures created by focused electron beam induced deposition often have
high levels of contamination that preclude their use in many applications. Many

purification or specialized processing methods have been investigated to mitigate this
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contamination. This research focused specifically on electron beam post-processing and
cleaning with atomic radicals. Electron beam post-processing is the continued electron
beam irradiation of a structure in the absence of a precursor gas, which is what defines the
transition from focused electron beam deposition to electron beam post processing. Some
level of electron beam post-processing takes place even as the nanostructure is being
created by deposition; electrons that do not decompose a new molecule technically process
a previously deposited molecule on the surface.

Atomic radicals are very reactive species by their nature, and in this research,
atomic hydrogen radicals were used to purify nanostructures. Other research has used
atomic oxygen radicals as well as the sequence of application of atomic oxygen radicals,
followed by atomic hydrogen radicals. Research by Plank et. al. (unpublished work)
indicated that atomic oxygen can clean nanostructures to a certain penetration depth.

Another purification method for FEBID nanostructures is the use of thermal
processes, in which the deposit is heated after deposition, or is deposited on a heated

substrate. This research conducted a few thermal processing experiments.

1.3. Conclusion
This research applied the tools of surface science to investigate mechanistic details
of electron induced surface reactions of several organometallic molecules to investigate
processes occurring during FEBID, and has contributed to the body of knowledge about
FEBID precursor chemistry. This research investigated primarily molecules synthesized
“to order” by collaborating organometallic chemists, which was extremely helpful in
researching rational FEBID precursor design. Molecules investigated included n?*-allyl

ruthenium tricarbonyl bromide [(1’-C3Hs)Ru(CO)3Br]?®, cis-platinum dicarbonyl
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dichloride (cis-Pt(CO)2Cl2)*, CpFe(CO).Mn(CO)s, and for a few experiments, Co2(CO)s,
a commercially available compound which is already used to produced FEBID
nanostructures of relatively high metal content (>90%)*. Chapter 2 of this dissertation
reviews the surface science approach to investigation of FEBID precursors, as well as some
earlier work on this topic in the Fairbrother research group®®. Chapter 3 discusses electron
induced surface reactions of n3-allyl ruthenium tricarbonyl bromide [(n’-
C3Hs)Ru(CO);Br], and for a few experiments, n°-allyl ruthenium tricarbonyl chloride [(1’-
C3Hs)Ru(CO);CIJ%. Chapter 4 details electron induced surface reactions of cis-platinum
dicarbonyl dichloride (cis-Pt(CO).Cl,)**. Chapter 5 extends the research conducted in
Chapter 4 with cis-platinum dicarbonyl dichloride (cis-Pt(CO)2Cl») to include deposits and
purification strategies. Finally, Chapter 6 includes ongoing research into the first
bimetallic compound investigated by this group for FEBID, as well as a small amount of
research on dicobalt octacarbonyl (Co2(CO)gs).

The science is interesting and has increased knowledge of mechanistic details of
FEBID precursor decomposition under electron beam irradiation. Specifically, it has
demonstrated that the n*-C3Hs ligand behaves similarly to the n°-CsHs ligand in FEBID;
both contribute to carbon contamination in deposits, and thus, polyhapto unsaturated
hydrocarbon ligands are poor choices in a FEBID precursor®. It has demonstrated that a
small number of CO ligands may desorb during the FEBID process, and that halogens
operate as somewhat of a “free” ligand, as they can desorb under a slower, electron-
stimulated desorption process>>**. In addition, this research has shown that while there is
no substitute for experimental data, in many cases, the final deposit composition from the

FEBID precursor can be predicted with relatively high accuracy. This insight may be as
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valuable as the actual data produced in this research, and will be useful in further design of
FEBID precursors. Focused electron beam induced deposition is an active area of research
and it shows great promise. The electron beam lithography technique is robust today due
to many years of experiment and refinements’. Hopefully, focused electron beam induced

deposition will develop into a mature technology with continued research.
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Chapter 2. Understanding the Electron-Stimulated Surface Reactions of
Organometallic Complexes to Enable Design of Precursors for Electron Beam-Induced
Deposition

This work was co-written with the following authors and is adapted from the following
published work:

Spencer, J.A., Rosenberg, S.G., Barclay, M., Wu, Y.-C., McElwee-White, L., Fairbrother,
D. H. Understanding the Electron-stimulated Surface Reactions of Organometallic
Complexes to Enable Design of Precursors for Electron Beam-induced Deposition. Appl.
Phys. A: Mater. Sci. Process. 2014, 117, 1631 — 1644. DOI: 10.1007/s00339-014-8570-5
The final publication is available at http://link.springer.com/article/10.1007/s00339-014-
8570-5.

2.1. Introduction

Electron beam induced deposition (EBID) is a resistless, single-step, vacuum
based, direct-write lithographic strategy that uses a high energy, focused electron beam to
stimulate the deposition of metal-containing nanostructures from organometallic
precursors transiently adsorbed on a surface (Figure 1)!"*. Primary electrons and/or the
secondary electrons, created by the interaction of the primary beam with the substrate,
initiate deposition because electron-stimulated decomposition of the precursor produces

nonvolatile fragments.
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Figure 2.1: Schematic representation of a size and shape selected
metal-containing nanostructure being deposited by electron beam-
induced deposition (EBID).

EBID possesses a unique and attractive combination of capabilities for producing
three-dimensional nanostructures since the size, shape, and interparticle distance can all be
accurately and independently controlled and varied across a range of length scales. EBID
also offers a number of advantages compared to other vacuum-based nanofabrication
strategies such as ion beam induced deposition (IBID), electron beam lithography (EBL)
and extreme ultraviolet lithography (EUVL) that can also create nanostructures. In
particular, EBID can create smaller features than IBID, with less amorphization and
without ion implantation®’. While EBID resolution is comparable to EBL and EUVL??,

it needs no resist layers or etching step for pattern transfer.
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A few examples of EBID
structures are shown in Figure 2: an array
of platinum containing dots (approximate

diameter 3 nm) deposited from

MeCpPtMe; (Figure 2a)'°, a platinum-
based probe grown on top of a
commercially available atomic force
microscopy (AFM) cantilever (Figure

2b)!!, a dense pattern of L-shaped

structures deposited from MeCpPtMe; Figure 2.2: Structures of different sizes and

shapes created by EBID (details in text).

(Figure 2¢)!?, and a high aspect 3D

cobalt nanowire (Figure 2d)!*. EBID nanostructures have the potential to act as
components in a variety of technologically important applications, some of which have

already garnered broad usage, including a commercial system for repairing EUVL

14-17 18,19

masks *’, customized tips for local probe microscopes ®'”, and the fabrication and

modification of nanophotonic and nanoplasmonic devices?’22.

Despite the versatile and attractive capabilities of EBID, and the increasing
prominence of electron beam instruments in industry and academia, a number of scientific
and technological issues are impeding the further development of EBID as a robust tool for
nanofabrication. One of the biggest issues is the low metal content in deposits created from
organometallic precursors. For example, structures created from Au(acac)Me; by EBID

exhibit Au contents < 20% !. Similarly, although pure platinum films can be created by

chemical vapor deposition (CVD) from MeCpPtMes, EBID structures created from the
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same precursor have platinum contents <20%>?*?*. These EBID deposits/structures
typically contain unacceptably high levels of contaminants, particularly carbon and
oxygen®. These impurities negatively impact the properties of EBID nanostructures
because contaminants increase resistivity and adversely affect the electronic structure of
the metal atoms in the deposited structures. For example, the resistivity of Pt wires created
from MeCpPtMes by EBID is typically >1Q cm, severely limiting their ability to serve as
nanoelectrodes or nanowires®s. In general, the potential applications for EBID
nanostructures as nanowires, catalysts, and biosensors are hindered by the high levels of
organic contamination.

The principal reason why EBID structures contain so much residual organic
contamination can be traced back to the use of commercially available organometallic
precursors, which have been designed to yield pure metallic deposits in thermal deposition
processes such as CVD and atomic layer deposition (ALD). Table 1 shows a representative
list of CVD precursors that have been used in EBID to deposit metal-containing
nanostructures. However, during EBID, precursor ligands that dissociate thermally during
CVD are susceptible to electron stimulated decomposition, leading to contamination in the

deposited material®’.
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The low metal content that characterizes the chemical composition of EBID
nanostructures created from existing CVD precursors highlights the need to develop new

precursors designed to produce high metal content in EBID nanostructures. Precedent

- for the wvalue of a targeted
Metal | Representative EBID Precursors

Au | Au(acac)Me,, Au(hfac)Me, synthetic approach can be found
Cu | Cu(hfac),, Cu(hfac)(VIMS)
Co |Co0,COq Co(CO);NO

Fe |Fe(CO);s Fe(C:Hs),, Fes(CO)y, pure nanocrystalline gold from

in the ability of EBID to deposit

W | W(CO)s, WFg, WCl; PF3AuCl, a precursor synthesized
Pt MeCpPtMe;, Pt(PF,),, Pt(hfac),

specifically ~ for ~ EBID**%.

Table 2.1: Precursors developed for CVD that | Unfortunately, PF3AuClis sensitive
have been used for EBID

to temperature, air, moisture and

light, with an effective storage lifetime of a few days, rendering it impractical for routine
EBID. This example does, however, illustrate the underlying motivation for this
methodology: specifically, that the synthesis and evaluation of new precursors could
enable EBID to deposit size and shape selected nanoparticles with significantly improved

metal content and a corresponding greater range of applications.

2.1.1. An Ultra-High Vacuum Surface Science Approach to EBID

In contrast to CVD and ALD, where a substantial body of mechanistic work
underlies precursor design®®3!, there is a lack of information on the molecular events that
accompany EBID. However, recent ultrahigh vacuum (UHV) surface science studies have
begun to provide information useful in formulating design strategies for EBID precursors
(see Figure 3)***. 1In contrast to studies conducted in electron microscopes, where

deposits are created under steady state deposition conditions, the UHV surface science
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Figure 2.3: Schematic representation of the ultra-high vacuum
surface science approach to study EBID precursors

approach relies on studying the effect of electron irradiation on nanometer thick films of
precursor molecules adsorbed onto chemically inert substrates at low temperatures.
Surface analytical tools such as X-ray photoelectron spectroscopy (XPS) and reflection
absorption infrared spectroscopy (RAIRS) can follow changes in the surface composition
and bonding environment of the various elements within the precursor molecule,
complemented by mass spectrometry (MS) which can detect the volatile species ejected
from the film as a consequence of electron-stimulated reactions. The UHV environment
(Pbase <5 x 10 Torr) simplifies data interpretation by ensuring that the effects of electron
irradiation on adsorbed precursor molecules can be studied without the complicating
effects of contaminants (water or hydrocarbons) typically present in electron microscopes
(Pbase = 107 — 10 Torr regime). Furthermore, the low background pressure allows mass
spectrometry (MS) to identify gas phase products produced during EBID. This information

cannot be obtained in typical EBID experiments due to the higher base pressure as well as
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the presence of a constant partial pressure of precursor molecules during deposition.
Compared to the typical EBID experiments (Figure 1) performed in electron microscopes,

the UHV surface science approach also allows the effects of electron irradiation on
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Figure 2.4: Mass spectra of the volatile species produced when six different
organometallic precursors, adsorbed onto gold substrates, were irradiated by
500 eV electrons. (a) Ni(MeCp),, (b) MeCpPtMe,, (c) CpPtMe,, (d)
Au(acac)Me,, (e) W(CO),, (f) Co(CO),NO
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adsorbed precursors to be interrogated in situ, and as a function of electron dose. This
provides a route to obtain information that can be used to develop a molecular level
understanding of EBID.

Evidence for the existence of structure-activity relationships in EBID can be found
in MS studies where the volatile carbon-containing species created during electron
irradiation of adsorbed organometallic complexes exhibit a systematic dependence on the
ligand architecture (Figure 4)*°. In some instances, this information can be directly related
to the chemical composition of EBID depositions. For example, electron irradiation of
Ni(MeCp)2 (Figure 4a) produces nonvolatile carbon-containing products, suggesting that
n°-cyclopentadienyl ligands will be inappropriate for EBID precursors. Consistent with
this idea, high carbon contents are observed for EBID structures created from

2,23,24,40

organometallic precursors containing n’-cyclopentadienyl ligands In the case of

Co(CO)3NO (Figure 4f), CO is the dominant gas phase species produced during electron

Precursor adsorption irradiation, with little NO observed.

ML ML, abs) This observation helps to explain why

nlg —~—

EBID  deposits created from

Precursor deposition/decomposition

P P Co(CO);NO have much higher N/C
MLn(abs) te — MXY(adS) + Z(g)* . ) .
ratios than the 1:3 ratio present in the

. , precursor*! 4,
Post-deposition processing
e Ligand decomposition Figure 5 describes the
MX (ads) :
y elementary steps that we believe

A

Ligand desorption

underpin the EBID process. In a

Figure 2.5: Elementary reaction steps that typical EBID experiment, conducted
underpin the EBID process
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in an electron microscope and under a constant partial pressure of precursor molecules, the
adsorbed precursor molecules (MLnds)) are in equilibrium with gas phase species (MLn(g)).
Results from our UHV surface science studies have shown that the subsequent reactions of
the adsorbed precursor during the EBID process can be broken down into a number of
sequential steps: an initial electron stimulated deposition event followed by either electron

or thermal processing of the adsorbed species created in the initial step®.

2.1.1.1.  Initial electron-stimulated (deposition) step

The initial electron interaction converts adsorbed parent precursor molecules
(MLaxads)) into a non-volatile species that is now bound to the substrate. From now on this
will be referred to as the initial deposition step. Our studies have shown that this initial

333739 In the case of

step is accompanied by desorption of volatile fragments
organometallic complexes with monodentate ligands (e.g., W(CO)s, Pt(PF3)4, Co(CO);NO,
MeCpPtMes), these gas phase species are typically intact ligands which have dissociated

from the parent molecule. This process can be represented by the following general

expression:

MLngds)+ € = MYaas) + Zig) T
where MY (ads) represents the non-volatile species that is now bound to the substrate after
the organometallic precursor ML, decomposes, and Z ) represents the volatile fragments
released®®°. Information on the deposition step can be acquired from data obtained when
the adsorbed precursor molecules are initially exposed to electrons, corresponding to

comparatively short electron doses (electron dose = (electron flux x time)/surface area, e

/em?).
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The ability of the UHV surface science approach to elucidate the initial bond
breaking step for different precursors will be illustrated by considering results obtained on

two platinum-containing precursors, MeCpPtMe3* and Pt(PF3)4*.

2.1.1.1.1. Trimethyl(methylcyclopentadienyl) platinum (IV)

Trimethyl(methylcyclopentadienyl) platinum (IV) (MeCpPtMe3) is one of the most

common precursors used to create conductive nanostructures/nanowires?>24+3247-54 - Xp§

data from UHV surface science experiments shown in Figure 6 demonstrate that when
nanometer thick films of MeCpPtMe; are exposed to electrons, the C:Pt ratio decreases by

~ 11% of its initial value, creating films that contain 89% carbon and 11% platinum™.
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Figure 2.6: Effect of electron irradiation on the C (carbon):Pt (platinum) ratio of a
nanometer thick film of MeCpPtMe3 determined by XPS analysis

This change in stoichiometry can be accurately determined by integrating the area of the
Pt(4f) and C(1s) peaks observed by XPS before and after electron irradiation. This
highlights a notable advantage of the low temperature UHV surface science approach;

specifically, the ability to directly measure the film’s composition before and after electron
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irradiation, facilitating an accurate determination of even relatively small changes in film
composition. The significance of this decrease in the ratio of carbon to platinum atoms
(C:Pt) is that since the parent molecule contains one central Pt atom and nine C atoms, a
decrease of = 11% corresponds to the loss of exactly one carbon atom from the parent
molecule as a result of the electron induced deposition step®>. Complementary MS data
(Figure 4) reveal that this carbon atom is released from the adsorbed layer as methane
during irradiation, irrespective of whether MeCpPtMes or its derivative, CpPtMes is used.
Collectively, these XPS and MS results point to an initial electron stimulated deposition
process that proceeds through the cleavage of one of the Pt-CH3 bonds, with the remaining

carbon atoms becoming trapped in the deposit that forms>?.
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Figure 2.7: Effect of electron irradiation on adsorbed MeCpPtMe, molecules: Lefi-

hand panel Evolution of the Pt(4f) region; Middle panel Kinetics of Pt(IV) reduction
based on Pt(4f) region; Right-hand panel Kinetics of CH,/CH, evolution.

Corresponding XPS data acquired on the Pt(4f) region (Figure 7 (left hand panel))
show that electron irradiation converts the Pt(IV) species in the parent MeCpPtMes
molecules into a reduced Pt species (Pted). Because of the significant change in formal
oxidation state involved in this process, the Pt(4f) binding energy difference between the
Pt(IV) and Ptwq species is on the order of 2 eV. This facilitates an accurate spectral
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deconvolution of the Pt(4f) region and enables the rate of reaction to be determined (Figure
7 (middle panel)). The right hand panel in Figure 7 shows that the rate of methane/methyl
radical production (monitored by the m/z = 15 fragment) is, within experimental error,
equal to the rate of Pt(IV) reduction (Figure 7 (middle panel)). This demonstrates that the
cleavage of one of the Pt-CH; bonds is involved in the initial deposition step.
Comparisons with gas phase studies on the low energy electron interactions with
MeCpPtMes* also allow us to conclude that this initial deposition step proceeds via a
dissociative electron attachment (DEA) step involving low-energy (<10 eV) electrons
generated by the interaction of the high-energy primary beam with the substrate.
Consequently, the initial deposition step can be represented by Figure 8 and the following
equation:

MeCpPtMes3(ds) + € — [MeCpPtMes] (ads) —> [MeCpPtMe2] ads) +CHs(g)/CHa(g) T

500 eV

Low energy
secondary
electrons

Figure 2.8: Electron-stimulated decomposition of MeCpPtMes. The incident primary
beam creates low-energy secondary electrons from the substrate, which subsequently
attach to adsorbed MeCpPtMe; molecules to form a negative ion. These unstable

species fall apart via a dissociative electron attachment (DEA) process through the
cleavage of one Pt-CH, bond and the release of CH,/CH,.
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2.1.1.1.2. Tetrakis(trifluorophosphine) Platinum

Tetrakis(trifluorophosphine)platinum (Pt(PFs)4) is a carbon-free precursor,
although EBID structures generated from Pt(PF3)4 are typically dominated by phosphorus

contamination®*>6->°, XPS data (shown in Figure 9) show the effect of comparatively short

Fluorine

Phosphorus

0 le+15  2e+15  3e+l3  de+l3

Electron Dose (e'h‘mzl

Figure 2.9: Changes in the fractional
coverages of phosphorus (P/P, _ ),

fluorine (F/F, _ ), and the ratio of

fluorine/phosphorus (F/P) atoms for
Pt(PF,), films exposed to

comparatively small electron doses

(<4x10" e/em’).

irradiation times (electron doses <1.5 x 10'° ¢~

/em?) on nanometer thick films of Pt(PF3)4

adsorbed on amorphous carbon substrates®®. A
determination of the dissociation mechanism
relies on analyzing how the relative atom
concentration and speciation of the elements
contained within the ligands change under the
influence of electron irradiation. During this
initial period of irradiation, Figure 9 shows
that phosphorus and fluorine atoms are lost
from the adsorbate layer®®. By integrating the
spectral intensity within the P(2p) and F(1s)
regions for multiple Pt(PF3)4 films exposed to
electron doses <1.5 x 10'° e/cm? Figure 9
reveals that during this period of irradiation the
concentration of adsorbed phosphorus and
fluorine atoms both decrease to 75% of their

initial values®®. Moreover, the rate of electron-
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stimulated phosphorus and fluorine atom loss is the same, causing the ratio of phosphorus
to fluorine atoms remaining in the film to remain constant (bottom panel in Figure 9).
Collectively, these observations indicate that the initial step in the decomposition of
adsorbed Pt(PF3)s molecules proceeds via cleavage of one of the metal-ligand bonds and
loss of one PF3 group®. A comparison of gas phase and surface science studies leads to
the same conclusion as for MeCpPtMes; notably, that dissociation of adsorbed Pt(PF3)4
precursor molecules in EBID occurs via a DEA process, with the low-energy electrons
being produced by the interaction of the primary beam with the substrate*>®°. The overall

deposition process can be represented by the following equation,

Pt(PF3)4ads) + € —> [Pt(PF3)a] (ads) = Pt(PF3)3 ads) + PF3g) T

shown schematically in Figure 10.

Figure 2.10: Summary of the electron-induced deposition step for Pt(PF,),. The
incident primary beam creates low-energy secondary electrons from the substrate,
which subsequently attach to adsorbed Pt(PF3)4 molecules to form a negative ion which
falls apart via a dissociative electron attachment (DEA) process through the cleavage
of one Pt-PF, bond and the release of a single PF, ligand.

Similar UHV surface science studies have also been conducted on W(CO)s and

Co(CO)3NO, two other popular EBID precursors. Table 2 summarizes the initial
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deposition steps elucidated from our UHV surface science studies on all of the

organometallic complexes studied so far.

Organometallic
Precursor
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Table 2.2: Summary of the initial electron-induced deposition step for
several types of organometallic precursors
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2.1.1.2.  Post-deposition Processing

Following the initial deposition step, a metal-containing fragment, MY (ags), s left
bound on the surface. For some organometallics, the initial ligand ejection step precipitates
a reaction within the remaining ligands. For example, CO is ejected from Co(CO);NO
simultaneously with the decomposition of the surface bound NO ligand*®. However, the
fate of most MY adgs) species left behind on the surface is determined by the effects of
subsequent electron or thermal processing®.

Experimentally, an advantage of the UHV surface science approach over traditional
EBID experiments performed in electron microscopes is that the effect of both electron and
thermal processing on different MY (ads) species created from various EBID precursors can
be studied independently®S. This can be accomplished in a two-step process. First, the
organometallic precursor must be pre-exposed to an electron dose that is just enough to
ensure that all of the molecules have undergone the initial deposition step (MLxyds) + € —
MY sy + Z@T). Knowledge of the kinetics and nature of the initial deposition step is
therefore a necessary prerequisite to studying the effects of post-deposition processing.
Once the MY (ags) has been created on the surface using the controlled electron dose the
substrate is either: (1) exposed to additional electrons to examine electron processing
(MY @ds) + € — ?) or, (2) annealed to increasing temperatures to investigate thermal
processing (MY @ds) © A — ?). In either case, the fate of the MY ads) species can be

determined in situ using surface analytical techniques, principally XPS3.
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2.1.1.2.1. Electron processing

In typical EBID experiments conducted in electron microscopes at ambient
temperatures, MY ads) species will invariably be subject to a large degree of electron
processing due to the extremely high electron fluxes!™. Under these deposition conditions,
experimental evidence suggests that ligand decomposition rather than desorption

dominates®3-7-%,

For example, the XPS data shown in Figure 11 reveal that electron
irradiation of the Pt(PF3)3 intermediate produced in the initial deposition of Pt(PF3)4 leads
to a sustained decrease in the concentration of adsorbed fluorine atoms, while the
phosphorus content in the film remains constant at 75% of its initial value*. These
observations indicate that electron processing of adsorbed Pt(PF3)3 species does not cause

PF3 ligand ejection, but instead decomposes the PF3 ligands by P-F bond cleavage, ejecting

fluoride ions into the gas phase, thus:

Pt(PF3)3ads) + € — ——> Pt(PF3x)3ad5) + F0T

Ultimately, this leads to the retention of residual phosphorus atoms in the deposit. This
explains why EBID deposits created from Pt(PF3)4 are typically dominated by platinum

and phosphorus atoms>®>%¢!

. Indeed, we have generated an EBID structure in an Auger
electron spectrometer, under steady state deposition conditions and an electron flux that

closely mimic those used in electron microscopes, that contains only platinum and

phosphorus atoms (see Figure 12)*°.
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Figure 2.11: Changes in the fractional coverages of
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films exposed to larger electron doses (> 4 x 1015 e

/cmz). The red box indicates the initial period of
electron irradiation described in Figure 2.9.
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Figure 2.12: Auger electron spectra (AES) of an
EBID deposit created in a UHV chamber under
steady state deposition conditions from Pt(PF

3a-

In the case of
MeCpPtMes, experimental
evidence suggests that the
intermediate produced by the
initial Pt-CH3 bond cleavage
event releases hydrogen as a
result of electron stimulated C-
H bond cleavage, ultimately
producing  platinum  atoms

encased in a carbonaceous

matrix with an average stoichiometry of PtCs(as)*>. Thus, except for the single carbon atom

lost during the deposition step, the remaining carbon atoms remain trapped in the deposit.

This helps to rationalize the experimental observation that EBID nanostructures generated

from MeCpPtMes contain only 10-20% atomic concentration of platinum atoms

2,23,24,62

For metal carbonyls, MS and XPS data indicate that the initial deposition step

proceeds via CO desorption, although multiple CO groups can be released*’*8. However,

subsequent electron-stimulated reactions of the remaining partially decarbonylated

fragments induce decomposition of the residual CO ligands, producing graphitic carbon

and reactive oxygen species that often react with the central metal atom to form a metal

37,38

oxide’””®. The overall process can be represented as

M(CO)x(ads) + € — M(CO)xy(ads) + YCOT(g) — deposition step (CO desorption)

M(CO)x-y(ads) + € = MOqads) + Cads) — decomposition of residual CO ligands
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Hence, although electron irradiation initiates ligand desorption from the molecular
precursor (MLags)) in step 1, electron processing of the residual ligands left behind in the
MY (ads) species are responsible for ligand decomposition. We believe that this second step
is the primary source of organic contamination in EBID structures. One notable exception
is metal-halogen bonds which are susceptible to electron-stimulated halide ion desorption
of the general form,

M-Z(ags)+ € = M@ds)+ Z¢) (Z =halogen; F, Br, Cl)
An important consequence of this reaction channel is that halogen atoms directly attached
to the central metal atom in organometallic complexes could be scrubbed by electron
processing. However, the addition of halogen atoms to organometallic complexes typically
decreases their volatility, an important practical requirement for an EBID precursor.
Certain halogen-containing complexes can produce highly corrosive species after electron

irradiation, which can cause damage to EBID equipment.

2.1.1.2.2. Thermal processing

From some MY gs) species generated in the initial deposition event, thermal
processing represents an alternative to the electron processing described in the previous
section. The importance of this reaction pathway is that thermal reactions are often
characterized by ligand desorption as opposed to ligand decomposition. Consequently,
thermal processing of MY ds) species can significantly decrease the level of organic
contamination within the final deposit, with corresponding improvements in metal
purity’®%. However, there are some important limitations to the value and practical utility
of thermal processing in EBID. Not every ligand undergoes thermal desorption, and even

if the ligands do desorb, elevated substrate temperatures are typically needed, requiring the

39



presence of a heated sample stage in the electron microscope. If a heated stage is used, the
substrate temperature during deposition must always be lower than the onset temperature
for CVD to prevent conformal deposition. Moreover, in typical EBID experiments
conducted under steady-state deposition conditions in electron microscopes, any
potentially positive effects of thermal processing will always have to compete with the
generally deleterious effects of electron processing.

One precursor that exemplifies the positive effect of using elevated substrate
temperatures during deposition is Pt(PF3)4. In this case, thermal desorption of PF3 ligands
from the Pt(PF3); intermediate can occur at substrate temperatures only slightly above
room temperature. Experimentally, this information was acquired by exposing thin films
of Pt(PF3)4 to an electron dose (<6 x 10'° e/cm?), a value large enough to create Pt(PF3)3(ads)
species, but insufficient to induce any significant P-F bond cleavage®®. Figure 13
demonstrates the effect of annealing a film, composed predominantly of Pt(PF3)3ds)
species, and shows that increasing the substrate temperature above room temperature leads
to a decrease in the concentration of phosphorus and fluorine atoms, while the Pt signal
and the P/F ratio (not shown) remain relatively constant®®. This is consistent with the
thermal desorption of PF3 ligands from the Pt(PF3)3(ds) intermediate (Pt(PF3)3cds) + A —
PF3T), which is responsible for the increase in the Pt/P ratio shown in Figure 13 at
elevated temperatures. Consistent with this assertion, the degree of phosphorus
contamination in EBID deposits created from Pt(PF3)s under steady state deposition
conditions on a heated substrate has been shown to decrease dramatically when the

substrate temperature is raised to only 100 °C during deposition®*.
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Figure 2.13: Influence of substrate temperature on Pt(PF3)3(a i) species: (top) Pt(4f),
P(2p) and F(1s) XPS regions and (bottom) Pt/P ratio.

The effect of thermal processing is therefore to decrease the level of phosphorus
contamination. In contrast, electron processing of the same Pt(PF3)3(ds) intermediate leads
to PF3 decomposition and the formation of nonvolatile phosphorus atoms*®. Figure 14

shows the overall sequence of elementary reaction steps that can occur during Pt(PF3)4

EBID.
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Figure 2.14: Summary of the molecular level events that occur during the EBID of
Pt(PF,),

However, not all ligands or ligand architectures benefit from thermal processing.
Figure 15 shows the effect of annealing a MePtCpMes film that was initially exposed to an
electron dose of 3.37 x 10'® e/cm?, an electron dose just sufficient to effect Pt-CHs bond
cleavage in all of the adsorbed MePtCpMes molecules®. Analysis of Figure 15 reveals that
the film’s chemical composition is invariant to the substrate temperature in the range -110
to 367 °C, remaining at = 90% carbon and = 10% platinum. This indicates that following
the initial Pt-CH3 bond cleavage event that characterizes the deposition step, all of the
remaining carbon atoms become incorporated into the deposit®®. In this instance, results
of the UHV surface science studies can be directly compared with data obtained by
Mulders et al.%° who also found that the chemical composition of EBID films created from
MePtCpMe; in an SEM was invariant to the substrate temperature between 25 and 360

°C%. Thus, there is no advantage to using elevated substrate temperatures for the
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Figure 2.15: Effect of substrate temperature on the chemical composition of EBID
films created from MeCpPtMe,.

MeCpPtMe; precursor. This underlines the need to avoid n’-cyclopentadienyl ligands in

any precursor designed specifically for EBID.

A summary of the different ways in which MY (ds) species are processed by either

electrons or thermal reactions is shown in Table 333,
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induced deposition step

2.2. Precursor Design Strategies for EBID

Based on the insights from UHV surface science studies, the ideal EBID precursor
should have a small number of ligands including ones that have been shown capable of
desorbing: (1) as neutral molecules (e.g., CO) in the initial deposition step, (2) by thermal
processing at elevated substrate temperatures (e.g., PF3) or (3) as a result of electron

processing (halogens in metal-halide complexes). In the following section, we describe
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how this information could be used in the design of EBID specific precursors, using Au-

and Pt-containing organometallic complexes as representative examples.

2.2.1. Strategies for Au Precursors

The two Au(I) compounds that have been used successfully in prior studies of gold

EBID: ClAu(PF3)**?° and CIAuCO® are both of the type XAuL, featuring one halide
ligand X and one strongly m-acidic neutral two electron donor ligand (L = CO, PF3) which
is stable as a gas phase species. We hypothesize that XAuL provides an optimal framework
to create organometallic precursors capable of depositing pure Au by EBID via the
following reaction sequence:

XAuL(ads) + e — L(g)T + AuX(ads)

AuX(ads) + ¢ — Au(ads) + X(g) T
This sequence of proposed reaction steps is based on the observations that both CO and
PF3 ligands can be ejected as gas phase species in the initial deposition step, coupled with
the susceptibility of metal-halogen bonds towards electron stimulated halide desorption.

X—Au—PF,R

change PF; vary halide
to PF>R
Cl—Au—~PF; — (I Au—PF,R
change halide . _
change CO Cl—Au—CNR

to CNR
Cl—Au—CO

change CO
to PR; Cl—Au—PR;

Figure 2.16: Conceptual strategy for generating a library of Au(I) precursor candidates
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Although ClAu(PF3)*?° and CIAuCO® have both been used to deposit gold
structures of fairly high purity, the sensitivity of these compounds towards temperature,
air, moisture and light renders both impractical for storage and scale-up to the quantities
needed for any kind of practical applications. In addition to being stable, viable precursors
must also be suitably volatile for a vacuum-based deposition process such as EBID.
Guided by these basic chemical and physical requirements, a reasonable approach to
precursor design would begin with ClIAu(PF3) and CIAuCO as lead compounds and vary
the coordination sphere using ligands that are isoelectronic to those in ClAu(PF3) and
CIAuCO but chosen to impart stability to the compounds without compromising volatility.
Some possible strategies for generating a small library of precursor candidates are

illustrated in Figure 16. As an example, since CIAuPF3 is well characterized®”,

one
possible approach is to make derivatives of the phosphine ligand that still contain two of
the three P-F bonds to maintain the ligand’s overall m-acidic character (Figure 16)%, but
with a new P-R bond that has the potential to improve precursor stability and thus
suitability for EBID. This approach is supported by the successful synthesis of CIAuPF,R
complexes’, although no EBID studies with these organometallic precursors have been
reported. An example of the dependence of stability on the R group is the amino-
substituted complex CIAuPF>N(CH3),, which has a thermal decomposition temperature of
143 °C, in contrast to the decomposition of ClAuPF; at only 45 °C. If CIAuPF;R
derivatives decompose before sufficient volatilization for EBID, the halide ligand could be
varied or replaced with an alkyl group. In complexes of Br or I, the negative effects of
higher molecular weight on volatility could potentially be compensated by weaker

intermolecular interactions through the halides’"".
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The lead compounds CIAuPF3; and CIAuCO suggest another series of precursor
candidates in which the labile carbonyl ligand in CIAuCO is replaced with another n-acidic
ligand (L, Figure 16), perhaps an isocyanide. An isocyanide is isoelectronic with the CO
ligand, although it is a better -donor, which stabilizes the analogous Au(I) complexes.
The CO ligand could also be replaced by a m-basic trialkylphosphine group such as
P(CHz);. Complexes of the type XAuPR3 can be easily prepared using standard Schlenk

t72

techniques and handled under ambient light'*, providing significant practical advantages if

they are suitable as EBID precursors.

2.2.2. Strategies for Pt Precursors

Using the same basic design concept of simple coordination spheres with ligands
that have been shown to desorb during the deposition step or are capable of being removed
by electron beam processing, four-coordinate square planar Pt(Il) complexes would seem
to be more attractive for EBID than MeCpPtMejs, the carbon-rich pseudo-octahedral CVD

precursor used in prior EBID studies®**?*,

As a potential lead compound for Pt, a
reasonable candidate is CLLPt(CO),”*, which shares a common ligand set with CIAuCO.
Although CLPt(CO); has not been used in EBID, it is volatile enough to be purified by
sublimation without decomposition’* and has been used for CVD’>7®, Based on the
existing hypothesis for the EBID reactions of CIAuCO, one potential route for CL.Pt(CO):
to create pure Pt deposits via EBID is through the following sequence of steps:
CLPt(CO), (ads) + ¢ — CLyPt (ads) +2CO(g)T
CLPt (ads) + e — — Pt (ads) + 2Cl'(g) T

Like ClAu(CO), CLLPt(CO), is very water-sensitive and prone to carbonyl loss’’,

so strategies similar to those described for Au precursors might well be needed to prepare
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other, more practically viable EBID precursors. The ligand variation scheme (Figure 17)
is analogous to the one for Au(I) complexes incorporating several known compound types,
such as PtX»(CO),"8, PtR2(CO).”°, PtR2(PF3),”°, and X,Pt(CNR'),%’. Such studies would

be an important step toward developing a set of coherent design rules for EBID precursors.

change CO
to PFJ

change halide _ PtR',(CO),
to alkyl

PtR'>(PF3),
vary halide
PtClz(CO)Z — Pth(CO)z

change CO "
i PtX,(CNR"),

Figure 2.17: Conceptual strategy for generating a library of Pt(II) precursor candidates

2.3. The Future

As a result of the increasing engagement of the EBID community with synthetic
inorganic chemists, a number of outstanding scientific questions can also now be addressed
related to the reactions of organometallic complexes with systemic structural and
compositional differences. Specifically, how do organometallic precursors with:

(a) The same metal center but systematic differences in ligand architecture behave
under the influence of electron irradiation? A related question is the extent to
which the behavior of a particular ligand is sensitive to the surrounding
architecture. For example, to what extent is the fate of the CO ligands in an
organometallic complex of the general type M(CO);X influenced by the nature
of ligand X? Information from these studies will be equally useful in testing
hypotheses based on studies conducted from existing precursors and also in the

development of design strategies for new precursors.
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(b) The same ligand architecture but different metal centers behave in EBID?
Recent studies on metal(hfac), complexes suggest that the nature of the metal
center is irrelevant in determining the bond breaking sequence®!. This assertion
is supported by anecdotal evidence from gas phase studies on Ni(PF3)s and
Pt(PF3)s which have shown that a similar DEA attachment mechanism is
operative in both complexes, favoring the loss of only one of the PF3 groups®2.
If this trend is confirmed by more surface science and electron microscopy
studies on new precursors, then the behavior of one type of ligand architecture
can confidently be extrapolated to other transition metals.

Although a more detailed understanding of EBID will almost certainly benefit from

a wider array of customized precursors, one area where progress in the field remains slow
is in the development of a more detailed theoretical, molecular level understanding of how
and why organometallic precursors fragment in the way they do under the influence of
electron irradiation. The difficulty lies in part due to the relative complexity of many of
the organometallic complexes used in EBID and also in the need for theory to tackle
molecules in electronically excited states where density functional theory (DFT) is
unreliable. However, one positive development in this area over the past several years has
been the appearance of a number of gas phase studies on electron beam interactions with
EBID precursors, which should serve as a less complex starting point for meaningful

theoretical efforts.

2.4. Summary

The issue of organic contamination in EBID structures is one of the key challenges

hampering the development of EBID as a robust technology for fabricating nanostructures
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that could otherwise have a wide array of applications in fields as diverse as catalysis,
biosensing and plasmonics. Although not complete, insights from UHV surface science
studies have started to uncover some of the elementary reaction steps that underpin EBID,
including a more detailed understanding of the role of ligand architecture in the deposition
process. The state of knowledge has now developed to a point where organometallic
chemists can begin the rational design of new precursors specifically for EBID
applications. It is hoped that the close interdisciplinary collaboration between surface
scientists and synthetic chemists will enable new EBID nanostructures to be created with
metal contents than are significantly improved over those possible with existing CVD

precursors.
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3.1.Introduction

Electron beam induced deposition (EBID) is a single step, vacuum-based,
lithographic strategy typically performed in a modified Scanning Electron Microscope
(SEM) that uses a focused electron beam to create metal-containing nanostructures from
the deposition of organometallic precursors.!” Deposition occurs as a result of electron-
stimulated decomposition of the molecular precursor to form nonvolatile, metal-containing
fragments (the deposit).>* The inherent flexibility of the electron beam allows EBID to
produce an almost unlimited array of three-dimensional nanostructures where the size and
shape can be accurately controlled and varied; nanostructures < 1 nm in diameter have been
reported.’® There are numerous potential applications of EBID, particularly in the area of
prototyping nanostructures; current commercial uses include the repair of extreme
ultraviolet light lithography (EUVL) masks’® and the production of custom tips for

scanning tunneling'® and atomic force microscopies.'!*1?
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For the full potential of EBID to be realized, however, one major challenge relating
to the high levels of organic contamination found in EBID nanostructures must be

313 These impurities negatively impact properties such as resistivity and

overcome.
conductivity, limiting the current applications of EBID nanostructures.**!'# The organic
contamination can be traced back in large part to the structure, chemical composition, and
decomposition mechanisms of existing EBID precursors, which have typically been
designed for thermal deposition processes, such as chemical vapor deposition (CVD),>!3
rather than electron-stimulated processes, such as EBID. A better understanding of the
fundamental bond-breaking steps involved in EBID would help to elucidate the
mechanisms of organic contamination and the fate of different ligands, providing
knowledge that could be used in the design of precursors optimized specifically for EBID.!
Indeed, there is a general need for more fundamental physical and chemical information
on the various processes involved in EBID. This has provided the motivation to understand

16-20

the electron interactions with EBID precursors in the gas phase, as well as adsorption

2122 and reaction cross sections?® of precursor molecules

energies, surface dynamics
adsorbed on surfaces.

In typical EBID, it is very difficult to identify the sequence of events that
accompany deposition, including bond-breaking and desorption processes, due to the
steady state deposition conditions, the extremely large fluxes of electrons used, the
presence of additional processes, such as diffusion, and the effects of contaminant gases
typically present in electron microscopes.>* To gain more fundamental insights into the

EBID process, we have employed an ultrahigh vacuum (UHV) surface science approach

to study the reactions of EBID precursors under electron irradiation. In contrast to
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traditional EBID studies, the UHV surface science approach examines the effects of
electron irradiation on nanometer-thick films of precursor molecules adsorbed onto
chemically inert substrates at low temperatures.?*?* This experimental approach has also
recently been used to examine electron induced reactions of ligands present in EBID
precursors.*°

In our experimental apparatus, X-ray Photoelectron Spectroscopy (XPS) is used in
situ to follow changes in bonding environment and surface composition of the various
elements contained in the precursor molecule, and Mass Spectrometry (MS) provides
complementary information on the volatile species ejected from the film as a result of
electron irradiation. Both XPS and MS can be acquired as a function of electron dose,
helping to elucidate the sequence of electron-stimulated processes. Use of a low
temperature (<200K) UHV environment (Ppase <5 x 107 Torr) also simplifies data
interpretation because it largely eliminates complicating effects from diffusion and
adsorbed contaminants (e.g., water and hydrocarbons). Additionally, the low background
pressure allows identification of gas phase products produced during electron beam
irradiation; this information is not available in typical EBID experiments due to both the
presence of a constant partial pressure of precursor molecules during deposition and the
higher base pressure.?

Previous UHV surface science studies®*>>?7283134 have revealed that the electron
beam-induced reactions of organometallic compounds typically occur in two relatively

discrete steps.>*2627

In the first step, a transiently adsorbed precursor undergoes an
electron-stimulated reaction that results in ligand desorption and leaves behind a partially

decomposed surface-bound intermediate. Continued electron beam irradiation (always
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present in EBID due to the large electron fluxes involved) results predominantly in
decomposition of the ligands contained in the surface-bound intermediate.?® It is this
second step that we believe is the primary cause of the organic contamination observed in
EBID nanostructures. For example, when adsorbed W(CO)s (an EBID precursor) is
irradiated with electrons, some CO ligands are initially desorbed into the gas phase, and a
partially decarbonylated surface-bound intermediate, Wx(CO)y, remains behind.*?
Continued electron irradiation of these surface-bound intermediates, however, causes
decomposition of the remaining CO ligands, which results in oxidized tungsten atoms
encased in a carbonaceous matrix.

The specific goal of the present study is to compare and contrast the behavior of
different ligands that are often present in organometallic precursors used in EBID. On the

basis of our previous studies,>*2°-27-28.31-34

the fate of ligands in an organometallic precursor
undergoing EBID can be expected to fall into two general categories: (1) the ligands are
ejected and pumped away into the gas phase as the precursor decomposes; or (2) the ligands
are decomposed by electron beam irradiation following precursor decomposition and
become incorporated into the deposit, contributing to contamination. As a vehicle to
elucidate the behavior of different ligands, we have studied the electron-stimulated
reactions of surface-bound n*-allyl ruthenium tricarbonyl bromide [(1*-C3Hs)Ru(CO)3Br)]
and, to a lesser extent, n’-allyl ruthenium tricarbonyl chloride [n*-C3Hs)Ru(CO);Cl)].
These complexes provide the opportunity to simultaneously evaluate the behavior of three
different types of ligands in the same coordination sphere: carbonyl (CO), n-allyl (n’-

C3Hs), and halides (Br, ClI). Although the bulk of the studies reported in this investigation

were UHV surface science studies, to provide a more direct comparison to typical EBID
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studies, we also created deposits using [(n°-C3Hs)Ru(CO);Br)] and [n>-C3Hs)Ru(CO);Cl)]
under steady state deposition conditions in an Auger electron spectrometer, and the
chemical composition of the deposits and the effect of post-deposition electron beam
processing were studied.

Previous work has indicated that, under electron irradiation, carbonyl groups are
susceptible to both ejection as intact molecules and decomposition depending on the
number of attached CO groups.’!*> The n-allyl (n*-C3Hs) is a polyhapto unsaturated
hydrocarbon ligand and is less strongly bound than the n-facial carbon-bonded
cyclopentadienyl (1°-CsHs, Cp) ligand, which has been shown to be a poor leaving group
under electron irradiation with the carbon atoms being retained in the metal-containing
carbonaceous matrix that forms during EBID.?® Although the n’-allyl ligand could
reasonably be predicted to behave similarly to the cyclopentadienyl (Cp) ligand, the lower
hapticity (and resulting weaker metal-ligand bonding) raised the question of whether it
could be removed under EBID conditions. The fate of halides directly bonded to the metal

center has not been explicitly explored in EBID.**

3.2. Experimental
An ultrahigh vacuum (UHV) surface science chamber was used to study the effects
of electron irradiation on nanometer-thick films of n*-allyl ruthenium tricarbonyl bromide
[(M*-C3Hs)Ru(CO)3Br] and, for a few comparative experiments, n’-allyl ruthenium
tricarbonyl chloride [(n*-C3Hs)Ru(CO);Cl]. The UHV chamber is equipped with X-ray
Photoelectron Spectroscopy (XPS) and Mass Spectrometry (MS) and, during experiments,

operates at a base pressure of <5 x 10® Torr. Details of the chamber and its analytical
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capabilities, including the manipulator, electron gun and sample cleaning protocols can be

found in previous publications.?>*"-®

3.2.1. Precursors

n’-Allyl ruthenium tricarbonyl bromide [(n’-C3Hs)Ru(CO);Br] and n?’-allyl
ruthenium tricarbonyl chloride [(n*-C3Hs)Ru(CO);Cl] are both stable white solids at
standard temperature and pressure. Prior to deposition, the precursor was added to a glass
finger, which was coupled to the UHV chamber via a stainless steel tubing manifold and a
UHV compatible leak valve. The gas manifold and glass finger were then evacuated by a
mechanical pump into the mTorr pressure regime. Both compounds possessed sufficient
vapor pressure to be dosed successfully at room temperature, although the chlorine
analogue was significantly more volatile and therefore easier to dose. During the course
of the experiments, it was also found that by heating the precursor in the glass finger to
~40 °C during film deposition the co-adsorption of a small amount of unwanted
hydrocarbons/adventitious carbon could be significantly reduced (see Figure SI,

Supporting Information).

3.2.1.1.  Synthesis of n’-allyl ruthenium tricarbonyl bromide [(n’-
C3Hs)Ru(CO);Br]

[(m*-C3Hs)Ru(CO)3Br] was synthesized using a modified literature procedure.®®
Ru3(CO)12 (1.0073 g, 1.5756 mmol, Sigma-Aldrich) was added to 20 mL of 2,2,4-
trimethylpentane (Sigma-Aldrich) under nitrogen. Allyl bromide (5.0 mL, 58 mmol,
Sigma-Aldrich) was added and the mixture was immediately refluxed. Upon heating, the

Ruz(CO)12 dissolved, turning the solution deep red. After 20 minutes of reflux, the solution
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turned yellow, and the solvent was removed in vacuo. The resulting yellow solid was
sublimed at 30 °C and 80 mTorr to yield a white solid (1.2907 g, 89%). "H NMR (CDCl;,
300 MHz): 6 3.14 (dt, 2H,J =13.1, 1.0 Hz), 4.11 (dt, 2H, J = 7.8, 1.1 Hz), 5.17 (tt, 1H, J =
13.1, 7.8 Hz). The product was identified by comparison to literature data®> and supported
by attenuated total reflectance-infrared spectroscopy (ATR-IR) (see Figure S2, Supporting

Information).

3.2.1.2.  Synthesis of n’-allyl ruthenium tricarbonyl chloride [(1-
CsHs)Ru(CO):Cl]

[(n*-C3Hs)Ru(CO);Cl1] was synthesized using a modified literature procedure.’
Ru3(CO)12 (0.9799 g, 1.533 mmol, Sigma-Aldrich) was added to 20 mL of 2,2.4-
trimethylpentane (Sigma-Aldrich) under nitrogen. Allyl chloride (4.6 mL, 56 mmol,
Sigma-Aldrich) was added, and the mixture was immediately refluxed. Upon heating, the
Rus3(CO)12 dissolved, turning the solution deep red. After 50 minutes of reflux, the solution
turned yellow, and the solvent was removed in vacuo. The resulting yellow solid was
sublimed at 30 °C and 90 mTorr to form a white solid (0.7967 g, 66%). 'H NMR (CDCl;,
300 MHz): 6 2.96 (dd, 2H, J=13.3, 1.5 Hz), 4.19 (dd, 2H, J=7.9, 1.5 Hz), 5.30 (ttd, 1H,
J=13.3, 7.9, 1.5 Hz). The product was identified by comparison to literature data** and

supported by ATR-IR (see Figure S2, Supporting Information).

3.2.2. Substrates
The majority of the XPS and MS experiments were performed on an amorphous
carbon (a:C) substrate, with a small number conducted on a polycrystalline Au substrate.

Consistent with previous studies,?>!-3* the chemical identity of the substrate did not impact
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the low temperature, electron induced reactions of [(n’-C3Hs)Ru(CO)3Br] and [(n’-

C3Hs)Ru(CO)3Cl] in terms of the XPS or MS results.

3.2.3. Creating films

3.2.3.1. UHV Conditions

Nanometer scale films of [(>-C3Hs)Ru(CO);Br] and [(n*-C3Hs)Ru(CO);Cl] were
created by leaking the precursor through a UHV-compatible leak valve onto a cooled
substrate. A substrate temperature of -168 °C was necessary to achieve molecular
adsorption of the precursors under UHV conditions. Average film thicknesses were
determined by measuring the attenuation of the substrate XPS photoelectrons (Au(4f) or

C(1s)) upon film deposition.

3.2.3.2.  Inthe Auger Electron Spectrometer (AES)

Films were created by leaking [(n*-C3Hs)Ru(CO)3Br] or [(n*-C3Hs)Ru(CO);Cl]
into the chamber through an UHV-compatible leak valve coupled to a directional doser to
create a constant partial pressure of precursor molecules at the Ag substrate surface during
deposition. While dosing, the electron beam was rastered across the surface to produce
rectangular structures, with lengths on the order of several hundred microns. The films
were made with a substrate current of 700 nA, incident beam energy of 3 keV, and a partial

pressure of 5 x 107 Torr with a 90 minute deposition time.
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3.3. Results

Figure 1 shows how the C(1s)/Ru(3d), O(1s) and Br(3d) XPS regions of I — 2 nm
thick films of [(n3-C3Hs)Ru(CO);Br] adsorbed onto (a:C) substrates evolve as a function
of increasing electron dose. To determine the effect that X-ray irradiation has on the [(n’-
C3Hs)Ru(CO)3Br] films, separate control studies were performed on both a:C (Figure S3,
Supporting Information) and Au (Figure S4, Supporting Information) substrates. A
comparison of the results shown in Figure 1 and Figures S3-S4, Supporting Information,
demonstrate that 500 eV incident electrons and XPS irradiation have similar effects on the
C(1s)/Ru(3d), O(1s) and Br(3d) regions. This is almost certainly a consequence of the
transformations being driven by the low energy secondary electrons produced by the
interactions of the X-ray beam or the 500 eV incident electron beam with the substrate. To
minimize the effect of X-ray irradiation, we exposed each film to X-ray irradiation only
twice: once, to verify the chemical composition and thickness of the as-deposited film, and
then after one controlled and quantified electron dose from the electron gun. Analysis of
Figure S4 in the Supporting Information reveals that for [(n*-C3Hs)Ru(CO);Br] adsorbed
on a:C substrates the X-ray irradiation time required for these two XPS to be acquired
produces the same effect as an electron dose of ~9.36x10'* e/cm?. This “additional”
electron dose due to XPS acquisition has been factored in to all of the XPS data shown in
Figures 1 - 4, 6 and 7. In practice, however, for all but the shortest electron exposures
(<1.87x10'° e/cm?) the changes observed by XPS are determined almost exclusively by

the 500 eV electron beam.
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Figure 3.1: Evolution of the (a) O(1s), (b) Br(3d), and (c) Ru(3d)/C(1s) XP regions for
1-2 nm thick films of [(n3—C3H5)Ru(CO)3Br] exposed to electron doses < 7.58 x 10" e

2 . . . . .
/em . Spectra were normalized to account for slight differences in film thickness.

Figure 1a shows that, prior to electron irradiation, the O(1s) region is composed of
a single peak centered at 535.1 eV, typical of the binding energy for a CO species.’® Upon
electron irradiation, the O(1ls) peak decreases in intensity, broadens and ultimately
decreases to a lower binding energy. After an electron dose of 7.58 x 10'® e/cm? the
oxygen peak area is <20% of its initial value, while the binding energy has decreased by
1.5 eV. Prior to electron irradiation, the Br(3d) region (Figure 1b) is composed of a single
asymmetric Br(3ds.,32) peak, with a maximum at 69.2 eV. Electron doses of <7.58 x 10'¢

e’/cm? are seen to have little effect on the Br(3d) peak area or position. Figure 1c shows
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changes in the Ru(3d) and C(1s) peaks as a consequence of electron irradiation. Both of
these transitions lie between 280 and 290 eV, making spectral deconvolution difficult,
particularly on an a:C substrate (peak centered at 284.6 eV>°). However, Figure 1c does
show that upon [(n?-C3Hs)Ru(CO);Br] adsorption a Ru 3ds peak appears at 282.8 eV
along with a smaller peak at 288.5 eV, the latter corresponding to the C(1s) peak for an
adsorbed CO species. After an electron dose of 7.58 x 10'¢ e/cm?, the CO peak has
disappeared, and the Ru 3ds, binding energy decreased to 280.9 eV.

Figure 2 presents the fractional changes in the O(1s) and Br(3d) peak areas relative
to values measured prior to electron beam irradiation, as well as the Ru 3ds; binding
energy, each plotted as a function of electron dose. Of note, the O(1s) and Br(3d) species
behave in markedly different fashion. As the precursor film is irradiated, the O(1s) peak
area decreases significantly at a rate that closely correlates with the decrease in Ru 3ds)»

binding energy. In contrast, electron irradiation has minimal effect on the Br(3d) area.
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Figure 3.2: Changes in the fractional coverage (right-hand axis) of oxygen (open
triangles) and bromine (filled diamonds) and (left-hand axis) Ru 3d,, peak position

(filled circles) for 1-2 nm [(n3—C3H5)Ru(CO)3Br] films; each is plotted as a function of

electron dose (electron doses < 1.2 x 10" e_/cmz), all determined by XPS.

Figure 1c shows how the presence of a dominant a:C substrate peak at 284.6 eV
prevented a detailed analysis of the effect of electron irradiation on the Ru(3d) and C(15s)
binding energies and signal intensities for [(n°-C3Hs)Ru(CO);Br] molecules. To
circumvent this issue, we performed analogous experiments on an Au substrate (Figure 3).
These experiments revealed that, along with the precursor, a small amount of unwanted
hydrocarbon adsorption was observed. This was overcome by simply heating the precursor
to 40 °C to increase the partial pressure of [(n*-C3Hs)Ru(CO);Br] (Figure S1). Prior to
electron irradiation, the Ru(3d)/C(1s) spectral envelope can be fit with four peaks: a peak
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Figure 3.3: Evolution of the Ru(3d)/C(1s)

XP region for a 1.4 nm-thick film of [(n3—
C,H)Ru(CO),Br] exposed to an electron

dose of 1.13 x 10'7 e/cm?. The film was
adsorbed onto a Au substrate at -168 °C.

centered at 288.8 eV, corresponding to
the CO species, a peak centered at
285.1 eV, corresponding to an
adsorbed allyl (n*-C3Hs) species, and
peaks at 286.8 eV and 282.8 eV,
corresponding to the Ru 3ds/» and 3ds»»
transitions, respectively.*® Area
analysis reveals that the CO and n?-
C3Hs peak areas prior to electron
irradiation are roughly equal in
intensity, consistent with the chemical
composition of the precursor. Further
evidence for the adsorption of

molecularly intact [(m-

C3Hs)Ru(CO)3Br] comes from the measured O:Br stoichiometry, which can be determined

with reasonable accuracy by XPS (see Figure 1). Thus, analysis of the film shown in Figure

1 prior to electron exposure reveals an O:Br ratio of 3.5:1, which is within experimental

error of the 3:1 molecular stoichiometry. The lack of molecular decomposition upon

adsorption at -168 °C is consistent with the presence of two C(1s) peaks of approximately

equal intensity as well as the single O(1s) peak and well defined Br(3ds;2/3d32) doublet

(see Figure 1). After an electron dose of 1.13 x 10'7 e’/cm?, Figure 3 shows that the CO

peak has all but disappeared, while the peak at 285.1 eV persists and possibly increases

slightly in intensity. A more quantitative analysis of Figure 3 is not possible or merited,
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however, due to the difficulty in obtaining an unambiguous spectral fit in the presence of
the overlapping, larger, and asymmetric Ru peaks. Analysis of the Ru 3ds/; peak, which is
sufficiently well separated from other overlapping Ru and C peaks, indicates that it
decreases in binding energy by ~1.7 eV as a result of electron irradiation, which is
qualitatively consistent with the observations in Figure 1c.

Figure 4 illustrates that, although comparatively small electron doses (<1.13 x 107
e’/cm?; see Figures 1 and 2) caused minimal loss of Br, significantly larger (~2 orders of
magnitude) electron doses actually caused the majority of the Br species to desorb.
Because of the irradiation time necessary to achieve these larger electron doses (over 50
hours), they were conducted at room temperature after [(n*-C3Hs)Ru(CO);Br] films had
initially been exposed to an electron dose of 1.13 x 10'7 ¢”/cm? at -168 °C, a dose sufficient
to decompose all of the parent molecules (see Discussion). When the temperature of these
electron-irradiated films increased from -168 °C to room temperature, there were no
changes in each film’s chemical composition or binding energies of the various elements,
indicating that the film created by electron irradiation of adsorbed [(n’-C3Hs)Ru(CO)3Br]
molecules remained stable and chemically unaltered. Figure 4a shows evolution of the
Br(3d) XPS region of the film. For comparatively small electron doses (<1.13 x 10'7 ¢
/cm?), the Br(3d) region contains an asymmetric peak centered at 69.2 eV which decreases
in intensity and broadens slightly as the electron dose increases, although the binding
energy remains unchanged. After an electron dose of 1.24 x 10'° e/cm?, the Br peak area
has been reduced to ~20% of its initial value. These larger electron doses also caused a
systematic decrease in the Ru 3ds» binding energy correlated to the decrease in the Br(3d)

peak area (Figure 4b). The effect of larger electron doses was, however, restricted to the
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loss of Br and the shift in Ru binding energy; there were no significant changes in the

O(1s), C(1s) or Ru (3d) intensities.
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Figure 3.4: (a) Br(3d) XP region for a ~2 nm [(n3—C3H5)Ru(CO)3Br] film exposed to

electron doses ranging from 1.13 x 10" t0 124 x 10" e_/cmz, and (b) changes in the
fractional coverage of adsorbed bromine atoms (open diamonds) and the Ru 3d., peak

position (filled circles) for this film, plotted as function of electron dose.

Figure 5 shows a comparison of mass spectra of the neutral gas phase species
produced when (a) gas phase [(n*-C3Hs)Ru(CO);Br] molecules were exposed to 70 eV
electrons, and (b) adsorbed [(1*-C3Hs)Ru(CO)3Br] molecules were irradiated by 500 eV
electrons. In Figure 5a, fragmentation of gas phase [(n’-C3Hs)Ru(CO);Br] molecules
results in significant peaks for CO (m/z = 28), O (m/z=16), C (m/z=12), CsH, (n=0-35,
m/z= 36-41), CCHa(n=0—-3,m/’z=24-27),and CHy, (n =0 — 3, m/z = 12 - 15) with
smaller contributions from Br (m/z = 79, 81), and H20 (m/z = 18, background species in

the UHV chamber). In contrast to Figure 5a, Figure 5b is a much simpler mass spectrum
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with the presence of significant peaks for C (m/z = 12), O (m/z = 16), and CO (m/z = 28)
with a minor peak corresponding to CH> (m/z = 14). Notably absent in Figure 5b are
significant contributions from the C3H, and CoH, species observed in Figure 5a, associated

with the n*-allyl group.

CH, ofe) (b)

Intensity (a.u.)

1 20 40 60 80 100
m/z (a.m.u.)

Figure 3.5: Mass spectrum (0-100 amu) of (a) gas phase [(n3—C3H5)Ru(CO)3Br]

measured at P | ~1.5x10_8 Torr, and (b) the volatile neutral species

[(n3-C3Hs)Ru(CO)3Br
produced when a ~1.3 nm film of [(n3—C3H5)Ru(CO)3Br], adsorbed onto a gold substrate
at -168 °C was irradiated by an electron dose of 1.13 x 10" e_/crn2 (incident energy of

500 eV); the spectrum in (b) represents an average of MS taken every 20 s during the
electron exposure. Spectrum (b) was normalized to the CO peak (m/z = 28).
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Figure 6 shows how the rate of gas phase CO evolution measured by MS (open
circles) and fractional coverage of the surface-bound oxygen species measured by XPS
(filled triangles) change as a function of electron dose. The rate of CO evolution and
corresponding change in the coverage of adsorbed oxygen atoms both decrease with
increasing electron dose and follow a similar kinetic profile, decreasing to ~12% of their

initial values after an electron dose of 3.74 x 10'° ¢”/cm?.
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Figure 3.6: (Open circles) Kinetics of gas phase CO (m/z = 28 amu) evolution from a
[(nS-CSHS)Ru(CO)3Br] film and (filled triangles) change in the fractional coverage of
surface bound oxygen species (O/O_,). The fractional oxygen coverage was obtained
by dividing the oxygen area by the initial oxygen area obtained by XPS.
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Figure 7 provides data from a few selected experiments conducted with the chloride
analogue, n’-allyl ruthenium tricarbonyl chloride [(n3-C3Hs)Ru(CO);Cl]. Panels a and b
in Figure 7 show the evolution of the O(1s) and Cl(2p) XPS regions, respectively, and
Figure 7c displays changes in the O(1s) and CI(2p) areas and in the Ru 3ds, binding energy,
all plotted as a function of comparatively small electron doses (< 7.58 x 10'¢ e7/cm?).
Figure 7a shows that the evolution of the O(1s) XPS region is similar to that observed for
[(n*-C3Hs)Ru(CO);Br] with a significant decrease in intensity and downshift in binding
energy (compare Figure 7a with Figure 1). Similarly, the lack of change in the CI(2p)
region (<10% decrease after an electron dose of 7.58 x 10'® e/cm?) is similar to the
behavior of the Br(3d) region for [(n’-C3Hs)Ru(CO)3Br]. Figure 7c demonstrates that, like
Figure 2, the loss of oxygen from the film is also correlated with a decrease in the Ru 3ds»
binding energy (Ru spectral data not shown). Thus, for both adsorbed [(n’-
C3Hs)Ru(CO);Cl] and [(7*-C3Hs)Ru(CO)3Br] films an electron dose on the order of 1.0 x
10'7 e’/cm? results in a loss of >80% of the oxygen atoms, and a decrease in the Ru 3ds
binding energy of ~1.7 eV with little or no change in the concentration of adsorbed halogen

atoms.
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Figure 3.7: Evolution of the (a) O(1s) and (b) CI(2p) XP regions for 1 — 2 nm thick
films of [(nB-C3H5)Ru(CO)3Cl] exposed to similar electron doses as seen for [(nS-
C,H)Ru(CO),Br] in Figure 1; (¢) Changes in the fractional coverage of adsorbed

oxygen and chlorine atoms and changes in Ru 3d,, binding energy for 1 — 2 nm [(na—
C,H)Ru(CO),Cl] films plotted as a function of electron doses similar to those shown

for [(nS-C3H5)Ru(CO)3Br] in Figure 2. Films were adsorbed onto a:C at -168 °C, and
spectra were normalized to account for slight differences in film thickness.

Figure 8 shows Auger electron spectra (AES) for EBID deposits created on an Ag
substrate under steady state deposition conditions. Figure 8a shows the AES of: (1) a
deposit created from [(n?-C3Hs)Ru(CO);Br] and, (2) the deposit subjected to post-
deposition electron irradiation (i.e., post-deposition electron beam processing in the
absence of any precursor molecules). Figure 8b shows analogous AES data for a deposition
created from the CI analogue, [(n>-C3Hs)Ru(CO);Cl]. The AES data contained in Figures
8a(1) and b(1) shows that the deposits are characterized by contributions from Ru (273,

231, 200, 184, 176, 150 eV), C (272, 271 eV), and Br (108 eV) or CI (181 eV), with
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essentially no contribution from O (503 eV). Thus, a comparison of Figures 1 and 8(a)
shows that the chemical composition of the electron deposited films are similar with Ru,
Br, and C but little or no evidence of O. A more quantitative analysis of the elemental
composition of the deposits created in the AES was precluded, however, by the overlap
between the principal Ru and C AES peaks at ~273 eV. Panels a(2) and b(2) in Figure 8
demonstrate that post-deposition electron beam processing produced a decrease in the
concentration of adsorbed halogen atoms. This effect is more obvious for the [(n’-

C3Hs)Ru(CO)3Cl] deposit due to the larger Cl peak present after deposition (Figure 8b(1)).

(2) ®)
—_—(1) [(‘r]ifC3H5)Ru(CD)3Br] deposition (1.2e19 e em? dose) —_1) [(ﬂj—C3H5)Ru(CD)3C1] deposition (1.2e19 eem? dose)
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Figure 3.8: Auger electron spectra of EBID films created on an Ag substrate from (a)
[n3—C3H5Ru(CO)3Br], and (b) [n3—C3H5Ru(CO)3C1]. In each case, the compound was
deposited ((1), black line) and then subjected to further electron irradiation ((2), green

line). Deposition conditions were P, ~5x10  Torr, incident beam

13-C3HsRu(CO);Br/Cl]
energy = 3 keV, substrate current ~ 700 nA for a total electron dose of (a) (1) 1.18 x 1019

e/em’, (2) 2.06 x 10" e/em’, and (b) (1) 1.18 x 10" e /cm” and (2) 2.06 x 10" ¢ /cm’.
All AES were normalized to the Ru/C peak.
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3.4. Discussion

XPS and MS data provided complementary information on the effect that electron
exposure had on nanometer thick films of [(n’-C3Hs)Ru(CO);Br] and [(n’-
C3Hs)Ru(CO)3Cl].  This allowed for the correlation of changes in the chemical
composition, bonding within the adsorbates, and the nature of the gas phase species.
Experiments conducted in the AES instrument enabled data obtained on the chemical
composition and effect of post-deposition electron beam processing to be compared
between films created under low temperature, UHV conditions, and under steady state
deposition conditions.

In summary, our XPS and MS data reveal that the surface reactions of adsorbed
[(m*-C3Hs)Ru(CO)3Br] proceed in two stages. The initial step involves electron-stimulated
precursor decomposition accompanied by the evolution of CO into the gas phase.
However, under the influence of more prolonged electron beam irradiation, the film that
forms as a result of [(n*-C3Hs)Ru(CO);Br] decomposition loses Br atoms (step 2). This is
the first example of an organometallic precursor we have studied where any ligand
desorption has occurred after precursor decomposition. On the basis of previous studies
and the similarity in the reactions induced by the 500eV electrons and by X-ray irradiation
(compare Figure 1 and Figures S3 and S4 in the Supporting Information) we believe that
the reactions we observe are initiated by low energy secondary electrons (energies <100
eV) generated by interactions of the primary beam with the substrate, reacting with the
adsorbed species. The overall effect of electron irradiation on [(n*-C3Hs)Ru(CO)3Br] is

shown in Figure 9.
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Figure 3.9: Reaction Scheme: (Stage 1) Electron Stimulated CO Desorption and (n3—
C,H,) Decomposition from [(n3—C3H5)Ru(CO)3Br]; (Stage 2) Electron stimulated
desorption of halogens from the residual product from Stage 1.

3.4.1. Reaction Stage 1

The initial stage of the reaction is complete after an electron dose of ~1.13 x 10"’
e/cm? (see Figure 2). Experimentally, the decomposition of the [(n*-C3Hs)Ru(CO);Br]
precursor is most clearly evidenced by the decrease in binding energy of the Ru 3ds,, peak
from 282.8 eV to 280.9 eV as the Ru atoms are reduced from their initial +2 oxidation
state. Analysis of Figures 5 and 6 indicates that it is also during this initial electron dose
of ~1.13 x 10! e/cm? that CO is evolved into the gas phase. Consistent with these
observations the CO peak, initially observed by XPS at ~288.5 eV (Figures 1 and 3) upon
[(n*-C3Hs)Ru(CO)3Br] deposition, disappears for electron doses in excess of ~ 1.13 x 10"’

e’/cm?. The ejection of CO into the gas phase is also responsible for the significant (>80%)
75



decrease in the O(1s) signal intensity (see Figure 1), which is observed to follow the same
dependence on electron dose as the rate of CO ejection (Figure 6) and the decrease in Ru
3ds» binding energy (Figure 2). It is possible that some of the oxygen loss occurs as a
result of CO ligand decomposition and the ejection of a reactive oxygen species such as O,
O or O™ (CO(ads) = Crads)+ ROS(»T); this cannot be ruled out due to the inability to perform
a quantitative analysis of the change in carbon atom concentration (resulting from the
overlap with the Ru 3d peak as shown in Figure 3). However, on the basis of the correlation
between the rate of CO evolved into the gas phase and the loss of oxygen from the
adsorbate layer (Figure 6), we conclude that on average at least one of the original CO
ligands is ejected as the molecular precursor decomposes. The loss of one or more CO
ligands as a result of electron-stimulated reactions of surface-bound organometallics has
been observed in related studies of other EBID precursors, notably W(CO)s*? and
Co(CO)3(NO).*!

In sharp contrast to the loss of CO, there is virtually no change in the Br(3d) signal
intensity or binding energy (Figures 1 and 2) nor any evidence of Br desorption (Figure 5)
as the precursor decomposes in Stage 1. The lack of any measureable change in the Br
binding energy suggests that the Ru-Br bond remains intact. Regarding the n’-allyl (n’-
CsHs) species, the mass spectrum shows no evidence of C3Hn fragments being ejected
during electron irradiation of surface-bound [(n’-C3Hs)Ru(CO);Br], although these
fragments are prominent in the mass spectrum of gas phase [(n>-C3Hs)Ru(CO);Br] (Figure
5). Although quantitative analysis of the C(1s) peak associated with the n’-allyl (n>-C3Hs)
species is complicated by overlap with the larger Ru(3d) peaks (Figure 3), by conducting

experiments on Au rather than a:C substrates, we can see that a residual C(1s) signal, with
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a binding energy consistent with CC/CH species remains after electron irradiation.
Moreover, the area of this peak is comparable to that ascribed to the three carbon atoms
present in the n’-allyl (n>-C3Hs) ligand observed upon initial deposition (Figure 3). Thus,
collectively the MS and XPS data suggest that the carbon atoms in the n3-allyl (n>-C3Hs)
ligand do not desorb as the precursor decomposes. This assertion is also consistent with
the fate of other polyhapto unsaturated hydrocarbon ligands during electron irradiation of
organometallic precursors, specifically n°-cyclopentadienyl ligands (n°-CsHs), where all of
the carbon atoms became trapped in the deposit.?® Analysis of the Ru(3p) peak area (data
not shown) indicates that electron irradiation does not cause any electron stimulated
desorption of the parent molecule.

Thus, the initial effect of electron irradiation is to decompose adsorbed [(n’-
C3Hs)Ru(CO)3Br] molecules, causing ejection of at least one of the parent CO ligands
while the Br atoms and the C atoms in the n?*-allyl (n’-C3Hs) ligand are retained, although
the n’-allyl (n*-C3Hs) ligand itself most likely decomposes. We believe that the inability
of the polyhapto unsaturated hydrocarbon ligands, such as 1>-C3Hs (n*-allyl) and n°-CsHs
ligands to desorb during EBID is at least in part a consequence of their multidentate
bonding to the central metal atom. Removal of an n°-CsHs ligand under standard solution
conditions has been demonstrated to involve conversion first to an n°>-CsHs ligand and then
to a k'-CsHs ligand before dissociation from the metal center.>” As a result, multiple metal-
ligand bonds must be broken, and the highly unsaturated and reactive fragments created
must desorb from the surface before undergoing any secondary reactions. The chemical
transformations described in Stage 1, displayed pictorially in Scheme 1, cause the central

metal atom to become reduced. The binding energy of the Ru atoms at the end of stage 1
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(~280.9 eV) is intermediate between their initial (+2) oxidation state (~282.8 ¢V) in the
[(n*-C3Hs)Ru(CO);Br] precursor and metallic Ru (279.9 + 0.2 eV)***° due to retention of
the Ru-Br bond and encasement of Ru atoms in the carbonaceous matrix that is probably
formed as the n3-allyl ligand decomposes. Assuming that decomposition is initiated by a
one electron process, a kinetic analysis based on the rate of decrease in the O(1s) signal as
a function of electron dose (Figure 2) yields a total reaction cross-section for [(n’-

C3Hs)Ru(CO)3Br] decomposition (o[c;HsRuc0)Br] & 5 X 107 cm?) with the 500 eV

incident electrons used in this study, comparable to total reaction cross-sections that have
been calculated for other EBID precursors.?***?® The similarity in the results observed for
[(m*-C3Hs)Ru(CO)3Cl] (compare Figures 1, 2 and 7) strongly supports the idea that the
elementary reaction steps induced by electron irradiation are independent of the halogen

atom’s identity.

3.4.2. Reaction Stage 2

The second stage of the reaction (see Figure 9) is characterized by a loss of Br
atoms from the film (shown in Figure 4), postulated to be a result of an electron-stimulated

desorption (ESD) type process*!** that can be written in its most general form as:
Ru-Brads) + € = Rugads) + Br'(g)T

The cleavage of Ru-Br bonds, and the loss of bromine atoms from the film, is responsible
for the closely correlated and systematic decrease in the Ru 3ds, peak position, shown in
Figure 4. In contrast to the electron-stimulated decomposition of the parent molecule

(stage 1), which is complete within an electron dose of ~1.13 x 10'7 e/cm?, the loss of
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measureable (>10%) amounts of Br requires electron doses of >5 x 10'7 e”/cm?, indicating
a slower and less efficient process. Indeed, the small (<10%) loss of Br atoms observed in
Figure 2 for electron doses <1.13 x 10'7 e/cm? represents the beginning of the ESD
process, which in reality begins as soon as the precursor has undergone decomposition,
although its importance only becomes truly apparent for the much larger electron doses (>
1.13 x 10'7 e/cm?) shown in Figure 4. Aside from the loss of Br and its effect on the
binding energy of the Ru atoms, no other chemical transformations occur during this
second stage of the reaction. Figure 6 shows that there is no CO evolution, and there are
also no significant changes to the oxygen or carbon concentrations as measured by XPS

(data not shown). The overall effect of electron irradiation is shown in Scheme 1.

3.4.3. Comparisons to related studies

Previous studies on the electron-stimulated reactions of surface bound
organometallics have identified two sequential steps that occur as a function of increasing
electron dose: precursor decomposition accompanied by ligand desorption followed by
electron-induced decomposition of residual ligands. In the present study, the first step is
also characterized by decomposition of the parent [(n’-C3Hs)Ru(CO);Br] compound
accompanied by CO (ligand) desorption. Moreover, a comparison between the reactions
of [(*-C3Hs)Ru(CO)3Br] and Co(CO);(NO)*! reveals that, for both molecules,
decomposition of the parent leads exclusively to the ejection of CO groups, which appears
to be a “preferred leaving group” in these electron stimulated reactions. In the present
study, there is also no evidence of significant Br loss during precursor decomposition,

consistent with recent gas phase studies on the interactions of low energy (< 100 eV)
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electrons with [(>-C3Hs)Ru(CO)3Br](g).** This lack of Ru-Br bond cleavage during the
electron stimulated decomposition of [(n’-C3Hs)Ru(CO);Br] is perhaps somewhat
surprising given the high electron affinity of halide ions.

The most notable and significant difference between the electron stimulated
reactions of adsorbed [(n°-C3Hs)Ru(CO);Br] molecules and other organometallic
precursors studied to date occurs in the second stage of the reaction (step 2), which has
been previously characterized exclusively by ligand decomposition. For example, in the
case of W(CO)e,*? electron-stimulated reactions of the partially decarbonylated species
(Wx(CO)y) left behind after ejection of multiple CO ligands in the initial step, leads to CO

decomposition as follows:
Wx(CO)y (ads) + € —=yCads T WxOy (ads)

It is this second step which we believe is responsible for most of the unwanted organic
contamination prevalent in many EBID deposits created from organometallic precursors.
In contrast, the second stage in the electron-stimulated reactions of adsorbed [(n’-
C3Hs)Ru(CO)3;Br] molecules is characterized not by ligand decomposition but by Br atom
desorption; after a total electron dose of >1.13 x 10" e/cm?, ~80% of the Br atoms have
been removed from the film (Figure 4). Thus, although the halogen atoms are not removed
initially as the [(m’-C3Hs)Ru(CO);Br] molecules undergo electron-stimulated
decomposition, they can be removed from the resulting film that forms via a slower

electron-stimulated desorption (ESD) process.

3.4.4. Relevance to Electron Beam Induced Deposition Experiments
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The UHV surface science studies discussed in Figures 1 — 7 pertain to the electron-
stimulated reactions experienced by thin films of precursor molecules adsorbed at low
temperatures (<150 K). In contrast, the films created in the Auger electron spectrometer
(Figure 8) are generated under steady state deposition conditions, much more
representative of those used in typical EBID experiments, where a sample at room
temperature is continuously irradiated by an electron beam in the presence of a constant
partial pressure of precursor molecules.!* Consequently, the AES data in Figure 8 can be
used to gauge the extent to which data from the UHV surface science studies can inform
and provide insights on the chemical composition of EBID structures. A comparison of
Figures 1 and 8 reveals that the chemical composition of the films created by electron
irradiation under UHV conditions (Figure 1) and in the AES (Figure 8) are similar with
evidence of Ru, Br and C but little or no evidence of O in the deposits. Moreover, post-
deposition electron irradiation of the deposits created in the AES decreases the halogen
atom concentration in accordance with the data shown in Figure 4. These similarities
support the idea that the same sequence of fundamental bond breaking processes identified
in the low temperature UHV studies is also operative during EBID. The electron flux in
the AES experiments is greater than the highest electron fluxes used in the UHV surface
science studies, so at first glance it appears surprising that there are any residual halogen
atoms in the deposits. However, under the steady state deposition conditions that
characterize the AES experiments, electron beam processing of the deposits, which would
lead to removal of halogen atoms via an ESD process, must compete with electron-
stimulated deposition involving reactions of constantly adsorbing precursor molecules.

Under conditions where the deposition rate is greater than the rate of electron beam
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processing, residual halogen atoms will not desorb but will instead become incorporated
into the growing film. However, in the absence of any background partial pressure of
precursor molecules, growth ceases and halogen atoms will be more susceptible to removal
by post-deposition electron beam processing. This qualitatively explains the observations
shown in Figure 8. Indeed, this argument also suggests that the metal concentration in
EBID films created from [(1’-C3Hs)Ru(CO);Br] will be enhanced under so called
“precursor-limited” deposition conditions, where the growth rate is limited by the
concentration of adsorbed precursor molecules. Under these growth conditions, the
products of the initial precursor decomposition step (stage 1) will be subject to extensive
post-deposition electron beam processing prior to the next deposition event. As can be
seen from the UHV surface science studies, this will promote halogen desorption and thus
improve the final metal concentration in the deposit.

The similarity in the electron-stimulated reactions of [(n*-C3Hs)Ru(CO)3Br] and
[(m*-C3Hs)Ru(CO);Cl] also has implications for EBID. On one hand, it is desirable to have
precursors that are volatile at room temperature and therefore easier to handle.
Organometallic precursors that contain metal-chlorine bonds are typically more volatile
than those that contain metal-bromine bonds, due to weaker intermolecular forces and
lower molecular weight.*> This was reflected in the relative volatilities observed for [(n’-
C3Hs)Ru(CO);Br] and [(n-C3Hs)Ru(CO);Cl]. Consequently, the similar results obtained
for these two precursors suggest that the chemical identity of halogen atoms in
organometallic complexes can be tuned to optimize volatility and stability during
volatilization and transport, without changing the fundamental bond breaking steps

involved in EBID. As pointed out recently by Mulders,'® however, another factor that must
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be considered in selecting EBID precursors is the potential for unwanted reactions of by-
products formed as a result of ligand decomposition. This includes halogen atoms which
can etch Si, often used as the substrate in EBID. In this respect, [(n>-C3Hs)Ru(CO)3Br]
would be preferred over [(n°-C3Hs)Ru(CO);Cl] because Br is far less efficient at etching
Si or the native oxide layer typically present on Si surfaces as compared to C1.4647
Finally, it should be noted that the findings from the present study, notably the
preferential ejection of CO ligands in the precursor decomposition step (stage 1), coupled
with the ability of post-deposition electron beam processing to remove adsorbed halogen
atoms (stage 2), may help to explain why CIAuCO has been used to deposit pure Au

nanostructures using EBID via the following reaction sequence.*®
ClAUCOqds) + € = COT + AuCliads)
AuClags) + € — Augds) + Cl(g) 0

3.5. Conclusions

Surface bound n’-allyl ruthenium tricarbonyl bromide [(n*-C3Hs)Ru(CO);Br]
molecules are decomposed by electron irradiation in a process that initially reduces the
central metal (Ru) atoms and ejects CO ligands into the gas phase, and the carbon atoms
contained within the n’-allyl (n*-C3Hs) ligand are incorporated into the metal-containing
deposit that forms. In the second step that occurs for significantly larger electron doses,
most of the bromine atoms are removed from the deposits via an electron-stimulated
desorption process, analogous to a post-deposition electron-beam processing step. The
electron-stimulated reactions of the organometallic precursors appear invariant to the

nature of the halogen atom. Considered collectively, results from this investigation suggest
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that by using organometallic precursors that contain a small number of CO ligands and/or
metal-halogen bonds, EBID could create deposits with higher metal percentages under
precursor-limited deposition conditions. This assertion is consistent with previous studies

where pure Au nanostructures have been deposited by EBID from ClIAuCO.*®
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3.7. Supporting Information

Compound [Ru(3d)
Temperature|C(15)
Ru 3d,,
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Binding energy (eV)

Supporting Information, Figure 3.1: Comparison of effect of heating [(n3—
C,H/)Ru(CO),Br] to improve P[(n3-C3H5)Ru(CO)3Br]; temperature to which compound was

heated prior to dosing is shown on the left hand side of each spectra.
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Supporting Information, Figure 3.2: Attenuated Total Reflectance (ATR) Infrared
spectra for (a) [(n3-C3H5)Ru(CO)3Br] (b) [(n3-C3H5)Ru(CO)3Cl].
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Supporting Information, Figure 3.3: Evolution of the Ru (3d)/C(1s), O(1s), and
Br(3d) XP regions for a ~ 1.6 nm thick film of [(ns-CsHS)Ru(CO)3Br] adsorbed on Au,

irradiated with X-rays (Mg Ka 1253.6 eV); the x-ray exposure time is shown on the
right hand side of each spectra.
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Supporting Information, Figure 3.4: Evolution of the Ru (3d)/C(1s), O(1s), and
Br(3d) XP regions for a nanometer thick film of [(nS-C3H5)Ru(CO)3Br] adsorbed on

HOPQG, irradiated with X-rays (Mg Ka 1253.6 eV); the x-ray exposure time is shown
on the right hand side of each spectra.
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Chapter 4

Electron Induced Surface Reaction of cis-Pt(CO),CL: A Route to Focused Electron

Beam Induced Deposition of Pure Platinum Nanostructures
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Chapter 4. Electron Induced Surface Reactions of cis-Pt(CO).Cl: A Route to Focused
Electron Beam Induced Deposition of Pure Pt Nanostructures
Reproduced with permission from the following published work:
Spencer, J.A., Wu, Y.-C., McElwee-White, L., Fairbrother, D. H. Electron Induced
Surface Reactions of cis-Pt(CO),Cl: A Route to Focused Electron Beam Induced
Deposition of Pure Pt Nanostructures. Journal of the American Chemical Society, 2016,
138 (29), 9172-9182. DOI: 10.1021/jacs.6b04156. The complete publication may be
referenced at http://pubs.acs.org/doi/abs/10.1021/jacs.6b04156.
Copyright 2016 American Chemical Society.

4.1. Introduction

Strategies capable of depositing nanoscale structures with control of location,
shape, dimension, and orientation are essential for a variety of nanotechnologies, including
plasmonics, semiconductor processing and catalysis. One of the most promising
techniques for depositing nanostructures with precise control is focused electron beam
induced deposition (FEBID), in which nanostructures can be fabricated in a single step,
without using resists or masks.

FEBID nanostructures are created in a vacuum environment (typically electron
microscopes) when a high energy electron beam is focused onto a substrate in the presence
of a gaseous stream of precursor molecules. Deposition takes place when electrons
stimulate the decomposition of precursor molecules into volatile fragments that are pumped
away and non-volatile fragments that are incorporated into the deposit.!* The size and
shape of the nanoscale deposit are primarily determined by the resolution and manipulation

of the electron beam.
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FEBID offers a number of advantages compared to other vacuum-based
nanostructure deposition strategies such as focused ion beam induced deposition (FIBID),
electron beam lithography (EBL) and extreme ultraviolet lithography (EUVL). FEBID can
create smaller features than FIBID, with less amorphization and no ion implantation.>”
FEBID resolution is comparable to EBL (although at resolutions smaller than 10 nm,
FEBID has more potential)'®!3 and EUVL!*!> but the resist layers and etching steps

required for lithographic pattern transfer are unnecessary in FEBID. As a result, FEBID

has already found applications, including a commercial system for repairing EUVL

16-19 20,21

masks, customized tips for local probe microscopes, and fabrication and

modification of nano-photonic and nano-plasmonic devices.??**

Despite the attractive features of FEBID, several scientific and technological issues
must be addressed to secure its wide applicability as a nanofabrication tool. For metal
nanostructures deposited from organometallic complexes by FEBID, the biggest single
issue is the low metal content.!*** Thus, FEBID structures generated from commercially
available organometallic precursors are often composed of less than 50% metal. For

d,26’27

example, structures created from Me;Au(acac) are <11% gol structures created from

MeCpPtMe; are <22% platinum,>** and structures created from W(CO)s are <39%

tungsten.?%%

The low metal content and associated impurities negatively impact the
properties of FEBID nanostructures. For example, Pt wires created by FEBID from
MeCpPtMe; and Au wires created by FEBID from Me;Au(acac) typically exhibit

resistivity of > 1 Q cm, compared with < 11 pQ cm for pure metals, severely limiting their

application as nanowires or nanoelectrodes.*®
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The presence of residual organic contamination in FEBID structures stems from the
use of organometallic precursors which were developed for chemical vapor deposition
(CVD) and atomic layer deposition (ALD).>!%253% While CVD and ALD are thermal
processes and often involve chemical reactions with coreactants (e.g., Hz or Oz), FEBID is
driven by electron/molecule interactions. Precursor ligands that are readily removed
during the thermal reactions of CVD are often susceptible to electron stimulated
decomposition in FEBID, leading to contamination in the deposit. The popular FEBID
precursor MeCpPtMes provides an example of different results obtained upon subjecting
the same precursor to CVD and FEBID conditions. Pure platinum films can be created
from MeCpPtMes using CVD,*! while FEBID structures created from the same precursor
have platinum contents of < 22%.?

The need to improve FEBID structure purity has led to significant research in post-
growth processing of Pt containing nanostructures. Several in situ post-processing
schemes have resulted in pure Pt nanostructures, including treatment with O during
continuous electron irradiation,*? treatment with H>O vapor during continuous electron
irradiation,> pulsed O, treatments at elevated temperatures,’ and direct Pt growth by
dosing MeCpPtMe; and O» in parallel, with dominant O, flux conditions.* However,
although techniques have been developed for contaminant removal by post-deposition
processing of FEBID structures, the removal of contamination from organic ligands
remains ubiquitous and challenging.®> The preferred approach would be to fabricate
FEBID nanostructures with significantly higher metal contents (lower contaminant levels)
at the time of deposition, thus removing or significantly reducing the need for post-growth

processing.
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Since currently available CVD precursors are typically unsuitable for FEBID, there
is an urgent need to develop new organometallic precursors specifically designed to
minimize ligand-derived contamination in FEBID deposits. The preferred approach would
be to fabricate FEBID nanostructures with significantly higher metal contents (lower
contaminant levels) at the time of deposition. This will require precursors that undergo
electron-induced decomposition pathways to yield the desired material.

In recent years we have explored precursor decomposition in the FEBID process
by means of an ultra-high vacuum (UHV) surface science approach, which allows study of
chemical mechanisms that cannot be elucidated in the electron microscopes typically used
to deposit FEBID nanostructures under steady state conditions. The UHV surface science
approach is a two-step process: (i) a finite amount of precursor is physisorbed to a cold,
chemically inert substrate, forming nanometer thick films, and (ii) the adsorbed precursor
is subjected to low energy (typically 500 eV) electron beam irradiation.*®*” This allows
surface analytical tools, primarily X-ray Photoelectron Spectroscopy (XPS), to track
changes in the bonding environment of elements contained in the precursor complex, while
mass spectrometry (MS) detects the volatile species desorbed from the film as a result of
electron stimulated reactions. In particular, the UHV surface science approach allows in
situ interrogation of the effects of electron irradiation on adsorbed precursors as a function
of electron dose, providing information that can be used to elucidate the mechanistic steps
responsible for precursor decomposition and metal deposition during FEBID.

Our prior studies on MeCpPtMe3*” and [(n*-C3Hs)Ru(CO);3Br]*® have demonstrated
that polyhapto unsaturated hydrocarbon ligands result in incorporation of carbon atoms

from the n-bound ligand into the deposit and should thus be avoided for applications where

95



carbon impurities degrade the performance of the deposited structure. The MeCpPtMes
study showed that on average, eight of the nine carbon atoms in the precursor were

t,37

incorporated into the deposi consistent with gas phase studies of single

electron/molecule collisions involving MeCpPtMes that indicated loss of a single methyl
group as the primary fragmentation channel in a dissociative electron attachment process.>’
Similarly, research on [(n*-C3Hs)Ru(CO);Br] showed that all three of the carbon atoms in
the n’-allyl (n*-C3Hs) ligand become carbon contamination in the FEBID deposit.*3
Results obtained with hexafluoroacetylacetonate (hfac)*® and acetylacetonate (acac)*!
complexes suggest that chelating ligands should also be avoided in the design of FEBID
precursors.

Studies of W(CO)s, Co(CO)3;NO, and [(n*-C3Hs)Ru(CO);Br] indicated that one or
more CO ligands can be ejected into the gas phase during FEBID, although not all CO
ligands will necessarily be ejected from the surface.*®*>* One notable exception to this
general trend is the bimetallic complex Co2(CO)s, which has been shown by some
researchers to produce FEBID structures consisting of >90% Co, an effect ascribed to the
catalytic properties of Co.*** In studies on [(n*-C3Hs)Ru(CO):Br] and [(n}’-
C3Hs)Ru(CO);Cl], we also explored the fate of metal-halogen bonds.>® Experimental XPS
and MS data showed that although halogens of metal halides do not desorb initially as the
precursor is decomposing, they can be removed as a result of post-deposition electron beam
processing in a slower, electron stimulated desorption (ESD) process.*’

The results of these studies led us to target cis-Pt(CO),Cl> (1) as a precursor for the

FEBID of Pt nanostructures. We now report mechanistic study of the electron-induced

decomposition of 1 under UHV conditions and the deposition of carbon free Pt
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nanostructures under steady state conditions in an Auger spectrometer. Together these
results demonstrate the electron-induced chemistry necessary to obtain pure Pt FEBID

nanostructures from 1.

4.2. Experimental
An ultrahigh vacuum (UHV) chamber equipped with X-ray Photoelectron
Spectroscopy (XPS) and Mass Spectrometry (MS) was used to study the effects of electron
irradiation on nanometer scale films of cis-platinum dicarbonyl dichloride (cis-
Pt(CO):CL). A second UHV chamber equipped with an Auger spectrometer (AES) was
used to create structures using electron irradiation under steady state deposition conditions.
Further details of the chambers and their analytical capabilities can be found in earlier

publications 374148

4.2.1  General (Synthesis)

Unless otherwise specified, all manipulations were performed under an inert
atmosphere (Ar or N») using standard Schlenk line or glove box techniques. Toluene and
heptane were purified by using an M. Braun solvent purification (MB-SP) system and
stored over 3 A molecular sieves prior to use. Benzene-ds (Cambridge Isotope
Laboratories) was stored over 3 A molecular sieves in a glove box prior to use. Sulfuryl

chloride and Ptl> were purchased from Sigma-Aldrich and used as received.

422  cis-Pt(CO)Cly (1).

A modified literature procedure was used to synthesize cis-Pt(CO).CL.%

Platinum(1l) iodide (Ptl>, 1.0 g, 2.2 mmol) was suspended in toluene (25 mL) in a 50 mL
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Schlenk flask and stirred under CO for 30 minutes. Sulfuryl chloride (0.90 mL, 11.1 mmol)

was then added and stirred for six hours to obtain a deep purple solution. The crude product

from the toluene solution was recrystallized by adding n-heptane and chilling to -20 °C

overnight to obtain the product as light yellow or off-white needle crystals. The yield was

0.52 g (73.4 %). 3C NMR (C¢Ds, 500 MHz): § 151.84. ATR-IR (toluene): veo 2127, 2171
1

cm™. The compound was identified by comparison to literature data.’® ATR data are

shown in Figure S1 (Supporting Information).

4.2.3  Introduction of cis-Pt(CO)>Cl; (1) into the UHV chamber

Precursor 1 is a solid at standard temperature and pressure.’! Due to the precursor’s
sensitivity to air and moisture, it was handled inside an N> glove box. Prior to deposition,
the solid precursor was added to a glass finger, which was attached to a UHV compatible
leak valve coupled directly to the UHV chamber. The glass finger was evacuated at the
same time as the UHV chamber was pumped down with the leak valve open into the 1.0 x
10 Torr pressure regime. At this point the leak valve was closed and the main chamber
was baked out and restored to the UHV pressure regime. To maintain a sufficient vapor
pressure of cis-Pt(CO),Cl, during deposition, the precursor was heated to ~80 °C with the
temperature monitored by a thermocouple.

Opening the leak valve to dose with precursor 1 caused a negligible rise in system
pressure at room temperature (~20 °C). During use in the UHV XPS/MS system, when
precursor 1 was heated to 60 °C the measured system pressure was ~1 x 107 Torr.
Depositions were typically obtained with precursor 1 heated to ~80 °C (system pressure of

~4 x 107 Torr). Although the pressure of 1 decreased over time when heated to ~80 °C,
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we were still able to obtain Pt(CO),Cl> deposition onto cooled substrates with system

pressures as low as 5 x 10 Torr.

4.2.4  Substrates.

Electron irradiation of thin films of cis-Pt(CO).Cl, was conducted on an amorphous
carbon (a:C) substrate and a silicon dioxide (SiO2) substrate. Both substrates allowed
observation of Pt(4f) and Cl(2p) XPS transitions. The a:C substrate allowed clean
evaluation of the O(1s) transition while the SiO substrate allowed clean evaluation of the
C(1s) transition. Substrates were regenerated in situ between experiments by ion sputtering
using 4 keV Ar" ions until the substrate was verified to be clean by XPS. After sputtering
removed any adventitious carbon and residual Pt from previous experiments, the oxide
layer (SiO2) was restored by electron irradiation of the Si substrate in the presence of O
(P = 5.0 x 107 Torr) for several hours. Depositions from Pt(CO),Cl, in an Auger
spectrometer utilized atomically smooth Ru-capped Si/Mo multi-layer mirror substrates.>>
This substrate was chosen for depositions due to its smoothness and ease with which
deposits could be imaged in the scanning electron microscope. The cleanliness of the Ru-

capped Si/Mo substrate was verified by Auger spectroscopy prior to each deposition.

4.2.5 Dosing the precursor on the substrate in the XPS/MS chamber.

Nanometer scale films of 1 were created by leaking the precursor into the UHV
chamber through a UHV-compatible leak valve, where it was adsorbed onto a cooled
substrate at 183K (+ 10K). Average film thickness was determined for each film by

measuring the attenuation of the substrate XPS photoelectrons (C(1s) or Si(2p)) after
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compound adsorption,*! using an inelastic mean free path for C(ls) and Si(2p)
photoelectrons of 2.0 nm.>*>° XPS was also used before and after the film was exposed to
a known electron dose to determine changes in chemical composition and chemical

bonding of the film.

4.2.6 Electron Source.

A commercial flood gun (Specs FG 15/40) was used as an electron source for all
XPS and MS experiments. To ensure that the film was subjected to a relatively uniform
electron flux, the electron source was characterized by a Faraday cup. Throughout our
experiments, the incident electron energy was 500 eV this was calculated from the sum of
the electron energy from the flood gun (480 eV) and a positive bias (+20V), which was
applied to prevent secondary electrons generated during irradiation from escaping. Unless
otherwise noted, a target current of 5 pA was used. Electron flux is reported in terms of
dose (e/cm?). Further details of the electron source can be found in previous

publications.?’*!

4.2.7  X-ray Photoelectron Spectroscopy.

XPS data were acquired in a PHI 5400 XPS using Mg Ka X-rays (hv=1253.6 eV).
Spectra were deconvoluted with commercial software (CASA XPS); binding energies
obtained for films deposited on the a:C substrate were aligned to the C(1s) peak at 284.6
eV,’% while binding energies for films deposited on the SiO substrate were aligned to the

Si(2psn) peak at 99.3 eV. 7
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4.2.8  Creating Deposits in the Auger Spectrometer (AES).

Deposits were formed by leaking cis-Pt(CO)>Cl; into the UHV chamber of a PHI
610 Scanning Auger Microprobe system (LaBg filament) via a UHV-compatible leak
valve. A directional doser was used to enhance the partial pressure of precursor at the
substrate surface during deposition. The deposits were made under steady state deposition
conditions with the substrate at room temperature using an incident beam energy of 3kV
and varying substrate currents, precursor partial pressures and deposition times. Deposit
thicknesses were not calculated but were assessed as suitably thick once the substrate peaks

were no longer visible in the Auger spectrum.

4.2.9  Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS).

Deposits generated in the Auger system were imaged using a cold-cathode field

emission scanning electron microscope (JEOL 6700F, LEI detector) with a 1.0 nm

resolution at 15 keV equipped with an energy dispersive X-ray analyzer (EDAX Genesis

4000 X-ray analysis system, detector resolution of 129 eV).

4.3. Results

Figures 1 and 2 show the effect of electron irradiation on thin (~0.5 to 1 nm) films
of cis-Pt(CO)2Cl, adsorbed on SiO> at 183K (£ 10K) as measured by changes in O(1s),
C(1s), Pt(4f) and C1(2p) XPS transitions. Figure 1 shows the effect of comparatively small
electron doses (< 1.1 x 10'® e/cm?), while Figure 2 shows film evolution for larger electron
doses (1.1 x 10'® e/cm? < electron dose < 1 x 10'7 e/cm?). For reference an XPS spectrum
of an “as deposited” cis-Pt(CO),Cl> film prior to electron irradiation is shown in Figures 1
and 2.
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To account for the effect of X-ray irradiation, Figures S2 and S3 (Supporting
Information) show results of control studies where a cis-Pt(CO),Cl. thin film adsorbed on
an Si02 and an amorphous carbon (a:C) substrate was exposed to the effects of sustained
X-ray irradiation alone (see Supporting Information). Results from these studies revealed
that similar changes in the films occurred when they were exposed to X-rays or electrons
(e.g., compare Figure S2 and Figure 1) consistent with mediation of the chemical
transformations by the low energy (< 50 eV) secondary electrons which are produced when
substrates are exposed either to X-rays or electrons. These control studies showed that the
acquisition time needed to scan the O(1s), C(1s), Pt(4f) and CI(2p) regions corresponded
to an equivalent electron dose of 4.7 x 10'* e/cm?. The electron doses reported in Figures
1-7 are corrected to account for X-ray induced changes due to the time required to acquire
the XPS data. In practice the electron dose from X-ray irradiation is only significant for
the shortest electron exposures (electron doses <4 x 10" e/cm?).

In Figure 1, prior to electron exposure the O(1s) region is characterized by a sharp

peak centered at binding energy 535.5 eV, characteristic of an adsorbed CO species®®>’

,as
well as a peak centered at 533.5 eV with a shoulder at 532.0 eV characteristic of S10 (S102
60 and a Si hydroxide species ®!). As the film is subjected to electron irradiation, the O(1s)
peak corresponding to CO downshifts in binding energy and decreases in intensity with the
electron dose until it has all but disappeared for electron doses > 3.2 x 10'® e/cm? (Figures
1 and 2). In contrast, the intensity of the SiO> substrate peaks increases as the electron

dose increases, consistent with the loss of oxygen-containing species from the cis-

Pt(CO)Cl: film.
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Figure 4.1: Evolution of the a) O(1s), b) C(1s), c¢) Pt(4f) and d) Cl(2p) XP regions for
a 0.7 nm thick film of cis-Pt(CO),Cl, adsorbed on an SiO, substrate at 183K (+ 10K)

and then exposed to electron doses < 1.1 x 10" ¢/em’. In the Pt(4f) and CI(2p) regions,
vertical solid and dashed lines indicate the Pt(4f, ,) and Cl(2p,,) positions of the initial
and final species respectively. Fitting for Pt(4f) and CI(2p) regions is shown for the 4.2

x 10" and 6.6x 10" ¢ /em” electron doses; solid lines represent the initial species, while
dashed lines represent the final species. The bottom spectrum represents the XPS data

acquired on an ““as deposited” film prior to electron irradiation (see text).
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Figure 4.2: Evolution of the a) O(1s), b) C(1s), ¢) Pt(4f) and d) Cl(2p) XP regions for
a~0.7 nm thick film of cis-Pt(CO),Cl, adsorbed on an SiO, substrate at 183K (+10K)

and exposed to electron doses < 8.9 x 10" ¢/em’. Tn the Pt(4f) and Cl(2p) regions,
dashed lines indicate the Pt(4f, ) and CI(2p,,) positions of the initial and final species

respectively. The bottom spectrum represents the XPS data acquired on an “as
deposited” film prior to electron irradiation (see text).

The C(1s) region is initially comprised of a single sharp peak centered at 289.2 eV,
consistent with the binding energy of a carbon atom in a carbonyl complex.’®>® Figure 1
shows that during the initial stages of electron irradiation the dominant spectral change in
the C(1s) region involves a significant decrease in the intensity of the carbonyl peak

accompanied by a slight downshift in peak position of = 1 eV. A smaller peak centered at

~ 284.6 eV, indicative of graphitic like carbon atoms also appears.’® As the electron dose
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increases, Figure 2 shows that for electron doses >~ 2 x 10'® e’/cm? the rate of decrease in
intensity of the carbonyl peak slows markedly with a correspondingly slow increase in
intensity in the graphitic peak at ~ 284.6 eV. Control studies (data not shown) indicated
that this graphitic peak was not caused by the adsorption of adventitious carbon atoms from
the chamber or from hydrocarbon species generated by the electron gun.

In the Pt(4f) region, a Pt (4fs2/4f7,2) doublet is observed in the “as deposited” film
with peaks centered at 77.6 eV and 74.3 eV, respectively, indicative of a Pt(II) species.5?
As the electron dose increases in Figure 1 the Pt(4f) spectral envelope broadens and shifts
to lower binding energies. In contrast, for larger electron doses shown in Figure 2 the Pt
(4fs52/417)2) peak positions remain relatively unchanged, although the peak profile narrows.
After an electron dose of >~ 2 x 10'® e’/cm? the spectral envelope in the Pt(4f) region is in
fact similar to the shape and intensity of the initial film, but downshifted in binding energy
by = 2.1 eV. The fitting of the Pt(4f) envelope for electron doses of 4.2 x 10'® and 6.6 x
10'6 ¢/cm? demonstrates that there are two Pt species present; one with a Pt(4f7,2) peak that
closely corresponds to that of the parent compound and another Pt species with a Pt(4f7)2)
peak position at = 72.1 eV which corresponds to the final position observed in Figure 2. As
the electron dose increases, the contribution from the parent compound decreases while
there is a corresponding increase in intensity of the low binding energy Pt species.

The CI(2p) region is initially comprised of a CI1(2p3/2/2p1/2) doublet with a C1(2p3,2)
peak position at 198.3 eV, consistent with the presence of a single bonding environment
for the Cl atoms. As the film is irradiated, however, the spectral envelope in the CI(2p)
region broadens due to the appearance of a new Cl(2p32/2p12) doublet with a Cl(2ps/2) peak

position at 199.3 eV, which grows in as the electron dose increases at the expense of the
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lower binding energy doublet. After an electron dose of 6.6 x 10'° e/cm? peak fitting of
the Cl(2p) region reveals that there is a roughly equal surface concentration of both species
(see Figure 1). As the electron dose increases, the peak fitting shows that the contribution
from the higher binding energy Cl species also increases. For the larger electron doses
shown in Figure 2 the CI(2p) region is composed almost exclusively of the new higher
binding energy feature. Analogous to the Pt(4f) region, the Cl(2p) region after electron
doses of = 2 x 10'¢ e/cm? is virtually unchanged in shape from the one recorded for the as
deposited film, but is shifted in binding energy.

Figure 3 illustrates the evolution of the spectral intensities in the C(1s), CI(2p) and
Pt(4f) regions and the Pt 4f7» binding energy position as a function of the electron dose
(Figures 1 and 2); for the spectral intensities, each area was normalized to the value
measured prior to electron irradiation. Quantitative analysis of the O(1s) region was not
performed due to overlap with the SiO> oxide peaks. Analysis of Figure 3 reveals that
there is essentially no change in the Pt(4f) area, indicating that no Pt atoms desorb, while
the CI atom concentration decreases slightly to ~80% of its original value after an electron
dose of ~ 1 x 10! e¢/cm?. In contrast, there is a significant reduction in C(1s) area, which
decreases to ~ 40% of its original value after an electron dose of ~ 2 x 10'® e’/cm?, but
remains roughly constant thereafter. The evolution in the C(1s) area correlates with the

change in the Pt(4f72) binding energy which shifts to lower binding energies for

comparatively small electron doses (< 2 x 10'® e/cm?), but remains constant thereafter.
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4f.

772
(electron doses < 1.0x10" e_/crnz), all determined by XPS.

binding energy (black circles); each is plotted as a function of electron dose

Figures 4 and 5 display data for experiments analogous to the ones described in Figures 1-
3 but for thin films (1 — 2 nm) of cis-Pt(CO)>Cl> adsorbed at 183K (+ 10K) onto an a:C
substrate rather than SiO». In contrast to SiO», the use of a:C substrate allowed for analysis
of the O(1s) region in the absence of substrate interference, but precluded a detailed
analysis of the C(1s) region due to the a:C substrate. Figure 4 shows the evolution in the
O(1s), C(1s), Pt(4f) and CI(2p) regions as the electron dose increases, with an “as
deposited” spectrum shown for reference. The data are seen to follow similar trends to

Figures 1 and 2.
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Figure 4.4: Evolution of the a) O(1s), b) C(1s), c¢) Pt(4f) and d) Cl(2p) XP regions for
1 — 2 nm thick films of cis-Pt(CO),Cl, adsorbed on an a:C substrate at 183K (+10K)

and then exposed to electron doses < 1.1 x 10" ¢/em’. In the Pt(4f) and CI(2p)
regions, vertical solid and dashed lines indicate the Pt(4f, ) and Cl(2p, ,) positions of
the initial and final species respectively. Fitting for the Pt(4f) and CI(2p) regions is
shown for the 1.37{1016 e-/cm2 electron dose; solid lines represent the initial species,
while dashed lines represent the final species. The bottom spectra represents the XPS
data acquired on an ““as deposited” film prior to electron irradiation (see text). Spectral
intensities were normalized to account for slight differences in the initial film
thickness.

In Figure 4 the O(1s) region is initially composed of a sharp peak centered at 535.8
eV. Under the influence of electron beam irradiation, the oxygen signal from the carbonyl
group>®>® downshifts in binding energy and decreases in intensity until only a small O(1s)
signal is detected after an electron dose of 1.1 x 10'” e/cm?. This behavior is analogous to
the behavior observed for cis-Pt(CO).Cl» adsorbed on SiO,. The C(1s) region is comprised

of a small peak centered at 289.6 eV, corresponding to the carbon contribution from the
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carbonyl group,’®¥

and a much larger peak centered at 284.6 eV, from the amorphous
carbon (a:C) substrate.’® Under electron beam irradiation, the CO peak decreases in size
until any remaining carbonyl carbon is indistinguishable from the substrate signal after an
electron dose of 1.1 x 10'7 e’/cm?. Electron irradiation causes the Pt(4f) profile to broaden
and decrease in binding energy before sharpening. For electron doses > ~ 2 x10'° e”/cm?
the Pt(4f) binding energy and profile remain unchanged and resemble the Pt(4f) spectrum
observed initially, prior to electron irradiation, albeit downshifted in binding energy by ~
2.3 eV. In the Cl(2p) region, the evolution in the spectral profile also mirrors the changes
seen on SiO; (compare Figures 1 and 4). Peak fitting of the Pt(4f) and Cl(2p) regions
reveals that both spectral envelopes can be well fit by two components. In each case, one
component has a principal peak (Pt(4f7,2) or Cl(2p3/2)) which is at approximately the same
value as the one measured for the “as deposited” spectra and one with a principal peak at
approximately the same value as the spectra observed after an electron dose of 1.1 x 10!7
e/em?,

Figure 5 shows O(1s), Pt(4f) and Cl(2p) area analysis as well as change in Pt 4f7,,
binding energy obtained via XPS for cis-Pt(CO).Cl> thin films adsorbed on a:C and
exposed to electrons. Platinum and chlorine atoms largely remain behind on the surface
for electron doses < 1.2 x 10!7 e’/cm?, in agreement with data shown in Figure 3. However,
electron irradiation results in loss of ~80% of oxygen from the surface with a decrease
which tracks with the decrease in the Pt 4f7» binding energy. A comparison of Figures 3
and 5 reveals that the metrics that can be analyzed on both substrates (changes in the Pt(4f)

binding energy, Pt(4f) and Cl(2p) areas) exhibit similar dependencies on the electron dose.
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Figure 4.5: Electron irradiation induced changes in the (left-hand axis) fractional
coverage of oxygen (open circles), chlorine (open triangles), and platinum (blue
squares) and (right-hand axis) Pt 4f, , binding energy (black circles) all measured for 1

— 2 nm cis-PtCL,(CO), films adsorbed on a:C; each is plotted as a function of electron

dose (electron doses < 1.2x10" e_/cmz), all determined by XPS.

Figure 6a shows mass spectra of gas phase species evolved when cis-Pt(CO).Cl»
adsorbed onto a SiO; substrate is electron irradiated. The spectrum is dominated by peaks
at m/z 28, 12 and 16, indicative of CO. Smaller peaks are observed at m/z 36 and 38,
indicative of HCl. The peak at m/z 18 is attributed to residual H2O in the UHV chamber.
Figure 6b presents mass spectra collected for a cis-Pt(CO).Cl, film adsorbed onto a SiO>
substrate at 183K (£ 10K) and then allowed to thermally desorb as the substrate slowly
warmed to room temperature. The MS shows peaks at m/z 28, 12 and 16 consistent with
CO fragments. A small m/z 18 peak is also observed due to residual H>O. Measureable
signal intensity (notably more than in Figure 6a) is also observed at m/z 35 and 37
consistent with C1" produced by the electron impact dissociation of cis-Pt(CO).Cl, and HCI
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(dominant peaks at m/z 36 and 38) produced by secondary reactions of Cl" with the walls
of the UHV chamber and/or H2O in the chamber. Figure 6¢ shows the variation in the m/z
= 12 signal as a function of electron dose for a cis-Pt(CO),Cl; film adsorbed on an a:C
substrate at 183K. The m/z = 12 signal was selected as a measure of CO intensity rather
than the stronger signal at m/z = 28 due to the lack of interference from background gases
at m/z = 12. Figure 6¢ shows that the m/z = 12 signal reaches its greatest value when the
cis-Pt(CO),Cl, film is first exposed to electrons and then decreases rapidly as a function of

electron dose until it has reached a constant (background) signal level by ~ 4 x 10! e/cm?.

Figure 4.6: Mass spectrum (0-60 amu) of (a) the volatile species produced when a ~0.7 nm film
of cis-Pt(CO),Cl,, adsorbed onto a silicon dioxide (SiO,) substrate at 183K was irradiated by an

electron dose of 1.1 x 10" e/em’ (incident energy of 500 eV); the spectrum in (a) represents an
average of MS taken every 20 s during the electron exposure and (b) gas phase cis-Pt(CO),Cl,
evolved during thermal desorption of cis-Pt(CO),Cl, adsorbed on a SiO: substrate. For ease of

comparison, spectra (a) and (b) were normalized to the CO peak (m/z = 28) height. Panel (c)
shows kinetics of gas phase CO evolution (as measured by the C peak at m/z = 12 amu) from a
~0.7 nm film of cis-Pt(CO),Cl, during electron irradiation. Figure is shown on following page.
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Figure 7 provides data on the effect of significantly larger electron doses up to 1.5
x 10" e/cm? (i.e., two orders of magnitude greater than those shown in Figures 1 — 6) for
cis-Pt(CO),Cl adsorbed onto a:C. For these much larger doses, the most significant effect
was observed in the CI(2p) XP region which decreased in intensity until essentially all
chlorine had been removed from the surface after an electron dose of 1.5 x 10" e/cm?
(Figure 7a). Figure 7b and 7c show changes in the Cl(2p) peak area and the Pt(4f72) peak
position as a function of the electron dose (for electron doses > 1.2 x 10'7 e/cm?),
respectively. Although there was no appreciable change in the Pt(4f) area (see Figure S4),
the Pt(4f) peak positions exhibited a continuous decrease in binding energy (Figure 7(c)).
A comparison of Figure 7b and 7c reveals that the decrease in Cl area and Pt 417, peak

position follow a similar exponential decay as a function of the electron dose. Data for the
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Figure 4.7: (a) CI(2p) XP region for a ~1.3 nm cis-Pt(CO),Cl, film adsorbed on a:C,

exposed to electron doses ranging from 1.2x10 " t0 1.5x10" ¢/cm” and corresponding
changes in (b) the fractional coverage of adsorbed chlorine atoms normalized to the initial

chlorine atom coverage (green diamonds), and (c) the Pt 4f, ,

binding energy (black
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O(1s), C(1s) and Pt(4f) XP transitions for this longer irradiation period are shown in Figure
S4 (Supporting Information). The O(1s) XP transition shows little change in O content,
while the C(1s) XP region shows an increase in C(1s) contribution from the a:C substrate
as Cl is lost from the surface.

Figure 8 summarizes changes observed in the Pt 4f7, binding energy as cis-
Pt(CO):Cl> adsorbed on SiO> is subjected to electron irradiation. Initially, the Pt 4f7»
binding energy is at 74.8 eV. After an electron dose of ~2.2x10'¢ ¢/cm?, the Pt 47,2 binding
energy has downshifted to 72.7 eV. After further electron irradiation and loss of all Cl, the
Pt 4f7, binding energy has decreased to 71.4 eV. Reference data for pure Pt (71.1 eV)

taken in the same XPS instrument are shown.>’
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Deposits representative of those that would be created under FEBID conditions
could be simulated in experiments where a substrate was exposed to a constant partial
pressure of cis-Pt(CO)>Cl, and irradiated under steady state deposition conditions in an
Auger Spectrometer (Figure 9).%? In these experiments, the precursor gas is introduced into
the UHV chamber, transiently absorbed on the surface (at ambient temperature), and
decomposed by the Auger electron beam (3kV). The Auger spectrum of a representative
deposit (Figure 9a) indicates a composition of Pt (34.5 %) and Cl (63.8 %), with little to
no C or O content (1.5% C, 0.2% 0O). EDS (Figure 9c) revealed that the deposit is

composed exclusively of Pt (~37.6%) and CI (~58.7%), with small contributions from the
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Figure 4.9: Auger electron and SEM data for a deposit created from cis-Pt(CO),ClL, in
an AES instrument on a Ru coated Si/Mo multi-layer substrate under steady state
cisprcoper © 1.3 X 10-8 Torr for 19 h at 3kV, with average target

current of 300 nA). The AES spectrum of the resulting deposit is shown in (a). The
secondary electron image of the deposit acquired in a SEM (20kV, 300x) is shown in
(b), along with (c) the corresponding EDS data. Auger elemental maps are shown for
(d) Pt (64 eV) and (e) C1 (181 V).

deposition conditions (P

substrate (Si and Mo) also visible in the spectrum. Figures 9d and 9¢ show Auger
elemental maps of the deposition region, in which the spatial distribution of surface Pt and

Cl were obtained by measuring the difference in AES signals observed at an energy
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corresponding to either a platinum (Pt MNN, (64eV)) or Cl LMM, (181eV)) Auger
transition. A comparison of Auger elemental maps (Figures 9d and 9¢) and the SEM image

(Figure 9b) show that the deposit is spatially defined by the electron beam.
4.4. Discussion

4.4.1  Precursor Design.

The removal of ligand-derived impurities incorporated in metal deposits,
particularly carbon, is a major goal of current FEBID research and most approaches have
involved post-deposition processing. In contrast, we have taken the approach of
controlling the chemical composition of the deposit by designing organometallic
precursors whose predicted decomposition in FEBID could lead to pure metal deposits.
Given the paucity of precursors specifically developed for FEBID,?’2%%3 this study
provides an opportunity to evaluate a mechanism based precursor design strategy which
relies on investigation of related complexes to guide the choice of ligands in target
precursors. In choosing 1 as a precursor for Pt FEBID, we have used results from our
previous studies on the electron stimulated surface reactions of commercially available
CVD precursors, and most recently [(n’-C3Hs)Ru(CO);X] (X = Cl, Br) complexes, in a
UHYV surface science system,*® to predict the behavior of a different late transition metal
complex under FEBID conditions. Despite the common use of unsaturated polyhapto
ligands such as cyclopentadienyl in FEBID, the high carbon content of Pt deposited from
MeCpPtMe; and the incorporation of the allyl carbons into FEBID material from [(n?-
C3Hs)Ru(CO)3X] led us to rule out anionic n-facial ligands. Instead, we have chosen cis-
Pt(CO)CL> (1), a four coordinate Pt(II) complex with a relatively simple coordination
sphere of monodentate ligands. Desorption of the carbonyl groups during FEBID would
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be consistent with our previous studies on [(n*-C3Hs)Ru(CO);X] complexes, which also
demonstrated that the halide ligands could be removed by post-deposition electron beam
processing. In addition to possessing ligands that should be labile during FEBID, complex
1 possesses sufficient volatility and thermal stability for sublimation and gas phase

transport to the substrate surface.

4.4.2  Adsorbate Characterization Prior to Electron Exposure.

Exposure of SiO2 and a:C substrates to precursor 1 at < 200K results in molecular
adsorption of cis-Pt(CO);Cl> (1) as evidenced by XPS (Figures 1, 2 and 4); on both
substrates the Pt(4f) and Cl(2p) spectral envelopes show the well-defined doublets
expected for single species. Furthermore, the Pt(4f72) binding energies observed for the
adsorbed complex prior to electron irradiation are consistent with a Pt(I) species.®
Moreover, upon adsorption of 1 onto both substrates, single peaks are observed in the C(1s)

and O(1s) regions, with binding energies characteristic of carbonyl ligands.**~’

4.43  Effect of Electron Irradiation.

A comparison of the XPS results obtained on SiO2 and a:C substrates reveals that
the surface reactions of cis-Pt(CO).Cl, with electrons occur at similar rates to produce
similar deposits (Figures 1-5). This is perhaps most clearly demonstrated by the decrease
of the binding energy of Pt at similar rates on both substrates, for electron doses < = 2 x
10'6 e/cm?. Moreover, similar changes in the CI(2p) region were observed during
irradiation. These similarities indicate that the chemical transformations occur solely as a
result of electron stimulated reactions with the adsorbed cis-Pt(CO),Cl> molecules and are

not dependent on specific adsorbate-substrate interactions. Indeed, the composition of the
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substrate did not affect the chemical reactions observed during the low temperature,

electron induced reactions of cis-Pt(CO)2Cly, as determined by XPS and MS.

4.4.4 Reactions of Adsorbed 1 at Low Electron Doses (< =2 x 10! e”/cm?).

This regime is characterized by a significant number of changes in the XPS (Figures
1-5): (a) a decrease in the Pt(4f72) binding energy, (b) a loss of more than 50% of the
carbon (Figures 1 - 3) and oxygen (Figures 4 and 5) from the film with a dependence on
the electron dose that tracks the decrease in the Pt(4f7,2) binding energy, (c) no change in
the concentration of adsorbed Pt atoms and little or no change in the concentration of
adsorbed Cl atoms (Figures 1 — 5) and (d) the transformation of the CI(2p) region from one
well-defined CI(2p3/2/2p12) doublet to another, the latter shifted up in binding energy
(Figures 1, 2, 4). Figure 6 shows that almost all of the gas phase CO produced during the
irradiation of adsorbed cis-Pt(CO)>Cl> molecules is evolved in this regime. All of these
experimental observations can be attributed to the electron stimulated decomposition of the

parent molecule (Eq. 1):
cis-Pt(CO)2Cla (ads) + € (@) = PH(CO)2xCla ags) + xCO(g) T(x =1 - 2) €))

Loss of CO ligands during the initial stages of electron irradiation is clearly shown by mass
spectrometry of the volatile species (Figure 6) and the loss of carbon and oxygen atoms
from the surface (Figures 1, 2 and 4). The fractional change in the concentration of
adsorbed oxygen and carbon atoms indicates that at least one of the two CO ligands present
in cis-Pt(CO)2Cl. is ejected during this step. The decrease in binding energy of the Pt(CO)-
xClz species compared to precursor 1 can be ascribed to the electron induced dissociation
process and an increase of electron density at the metal center due to loss of n-acid CO
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ligands, as we have seen for other organometallic complexes.*®*>** The binding energy
shift in the CI region reflects the changes in electronic structure of the adsorbed Pt species
upon partial decarbonylation. These changes are accompanied by broadening of the Pt(4f)
and Cl(2p) regions during the earliest stages of the reaction (see for example, the Pt(4f)
region in Figure 4 for electron doses < 1 x 10'¢ ¢/cm?) as the ratio of starting material (cis-
Pt(CO)2Cl) to products (Pt(CO)2xClz species) changes. The peaks then sharpen with
further electron irradiation as the product Pt(CO),xClz species become dominant. The
conversion of the adlayer from adsorbed cis-Pt(CO)>Cl> to adsorbed Pt(CO),Clz also
explains the correlation between the Pt(4f72) binding energy and the decrease in
concentration of adsorbed carbon and oxygen. The electron stimulated decomposition of
adsorbed cis-Pt(CO)>Cl; in the early stage of the reaction is in accord with the results of

previous studies,*342%

in which the extent of CO dissociation corresponds to a value
between one and two CO ligands per metal and reflects the statistical nature of the electron

induced dissociation process. At this stage, the vast majority of the halide ligands remain.

4.4.5 Reactions of Adsorbed 1 at Intermediate Electron Doses (~ 2 x 10'® e/cm?
—~1x 10" e/cm?).

In this regime there are a relatively small number of changes observed by XPS and MS.
The Pt(4f72) and Cl(2p32) binding energies and the spectral intensities in the Pt(4f), O(1s)
and Cl(2p) regions all remain relatively unchanged (Figures 2 - 5). Little if any CO is
evolved (Figure 6). The only significant changes occur in the C(1s) region of the XPS
where the intensity of the carbonyl peak decreases, along with the concomitant increase in
intensity of a new spectral feature at ~ 284.5 eV which can be ascribed to graphitic carbon

(see Figure 2). These changes in the appearance of the C(1s) region, in the absence of any
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change in the integrated spectral intensity, are consistent with small amounts of CO

decomposition in the partially decarbonylated Pt(CO),-<Cl> species (Eq. 2):
(CO)at9 + €(® = Caats) + O ()

The fate of the oxygen atoms in this CO decomposition step cannot be directly determined
from the experimental data, although the absence of any new spectral feature in the O(1s)
region during electron irradiation (see Figures 1,2 and 4), coupled with the lower fractional
concentration of residual oxygen (= 0.2) as compared to carbon (= 0.4) in this intermediate
electron dose regime suggests that that the oxygen desorbs. Analysis of the C(1s) region
in Figure 2 reveals that the CO decomposition described in equation (2) is, however,
significantly less efficient than the CO desorption observed for electron doses <~ 2 x 10!
e/cm?; thus, after an electron dose of 5.1 x 10! e/cm? the C(ls) region indicates
approximately equal amounts of residual CO and graphitic carbon. A detectable population
of CO exists even after an electron dose of 8.9 x 10'®e”/cm?. In contrast to previous studies
on W(CO)e,* in which ligand decomposition leads to extensive carbon contamination and
tungsten oxidation due to the oxophilicity of tungsten, the electron induced decomposition
of cis-Pt(CO),Cl; affords minimal carbon incorporation into the Pt deposits.

To determine the rate of precursor decomposition we performed a spectral
deconvolution of the Pt 4f region into two Pt 4f72 and 4fs,> doublets (data not shown), one
doublet associated with the “as deposited” parent Pt(CO)>Cl, species (observed initially)
and the other associated with the final reduced Pt species observed after prolonged
irradiation. Using this approach, we were able to determine that the loss of the parent
Pt(CO)2Cl» species could be reasonably well fit by an exponential decay process indicative
of a one electron decomposition event typical for FEBID. Analysis of this decay profile
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enabled us to determine a total reaction cross-section of ~ 1.5 x 107'6 cm? for the 500eV
incident electrons, comparable to reaction cross-sections we have calculated for other

FEBID precursors,>’-8:6465

44.6 Reactions of Adsorbed 1 at Larger Electron Doses (> 1 x 10'7 e/cm?).

For these significantly larger electron doses the changes to the adsorbate layer
(Figures 7 and S4) are dominated by the loss of chlorine and the concomitant decrease in
the Pt(4f72) binding energy. The loss of Cl from the film is ascribed to an electron-

stimulated desorption (ESD) type process*’-%-%¢ (Eq. 3).
Pt-Cl(adgs) + € — Pt(adgs) + Cl'(g)T 3)

The onset of this step is evident in the earlier stages of electron irradiation (see Figure 3),
in which the Cl(2p) peak area is seen to decrease by = 20% of its initial value as the electron
dose increases from ~ 2 x 10'° e/cm?— 1 x 107 e/cm?. A comparison of Figures 3, 5 and
7 reveals that this ESD process is several orders of magnitude less efficient than the
electron stimulated decomposition of 1. Consequently, this ESD process can be regarded
as a form of electron beam processing that occurs after initial decomposition of 1. The loss
of chlorine is a result of Pt-Cl bond cleavage and therefore correlates with the decrease in
the average Pt 417, binding energy (Figure 7). Aside from the loss of Cl and its effect on
the local electronic environment of the Pt atoms, no other significant chemical
transformations occur; no CO evolution is detected by MS in this electron dose regime
(Figure 6) and there are also no significant changes to the oxygen concentration as

measured by XPS (Figure S4).

121



In summary, the XPS and MS data (Figures 1 — 7) reveal that adsorbed cis-
Pt(CO)2Cl> (1) decomposes through the electron stimulated desorption of at least one CO
ligand. Subsequent irradiation of the partially decarbonylated Pt(CO),.«Cl> species leads
to limited decomposition of the residual CO ligands. With additional electron dose, a less
efficient electron stimulated desorption process removes almost all of the adsorbed chlorine
atoms. Of note, the fate of the CO ligands and halogen atoms is analogous to what we
observed for [(n*-C3Hs)Ru(CO);Br],*® supporting the idea that electron stimulated
reactions of organometallic complexes can be predicted based on their ligands. It should
be noted that the electron doses used in these UHV surface science studies are on the same
order of magnitude compared to typical single loop FEBID processes (for example a 100
pA beam focused to about 10 nm?, for a dwell time of 1 ps, results in an electron dose of

~6 x 101 e/cm?).

4.47 Bonding environment of Pt atoms.

The effect of electron irradiation on the electronic environment of the adsorbed Pt
atoms during the course of the reaction is best described by following the changes in the
Pt(4172) binding energy (Figure 8). Prior to electron irradiation the Pt(4f72) binding energy
on a:C is 74.8 eV, indicative of Pt atoms in the +2 oxidation state of cis-Pt(CO)2Cl».%
During the initial electron induced dissociation of cis-Pt(CO),Cl, the Pt(4f72) binding
energy decreases by = 2.3 eV. Partial decomposition of the residual CO ligands does not
change the Pt(4f72) binding energy, although the subsequent (and significantly slower)
removal of the electronegative chlorine atoms does lead to a further decrease in the Pt(4f7,2)
binding energy to 71.4 eV. This final value is similar to the Pt(4f72) binding energy of

71.1 eV we have measured previously for pure Pt in the same XPS system.*>’ Thus, the Pt
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present after prolonged electron irradiation of cis-Pt(CO)2Cl, is close to metallic in
character, with the small difference in binding energy of ~0.3 eV likely arising from the

presence of carbon that limits the formation of a dense and continuous metallic film.

4.4.8 Deposition from 1 in the Auger Spectrometer.

The UHV surface science studies (Figures 1 — 7) were conducted at low temperatures
(<200 K), under conditions which enable us to elucidate the electron stimulated reactions
in thin films of 1. In contrast, the deposits created in the Auger spectrometer are generated
on a room temperature substrate which is being continuously irradiated by electrons while
being simultaneously exposed to a constant partial pressure of cis-Pt(CO)>Cl, molecules,
representative of deposition conditions used in typical FEBID experiments.'* The Auger
and EDS data shown in Figure 9 are consistent with deposits composed almost exclusively
of Pt and Cl atoms, with a = 1:2 Pt:Cl stoichiometry that matches the precursor. The SEM
image and Auger elemental maps (Figure 9) confirm that the deposits are spatially localized
with a size and shape that is determined by the incident electron beam and thus do not arise
from any conformal chemical vapor deposition (CVD) type deposition. The chemical
composition of the structures is consistent with CO desorption during focused electron
beam induced deposition, broadly consistent with the UHV surface science data.

The presence of chloride in the deposits created in the Auger spectrometer can be
ascribed to the limited electron dose that each cis-Pt(CO)>Cl> molecule experiences during
deposition. Under the steady state deposition conditions of the AES experiments, electron
irradiation/processing of the deposits, which would lead to removal of halogen atoms via
the ESD process (Figure 7), competes with electron-stimulated decomposition of incoming

cis-Pt(CO)2Cl2 molecules and the resulting deposition of new material. Under the
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conditions described in Figure 9, the deposition rate is greater than the rate of CI removal
by ESD, and as a result Cl is retained as the deposit grows. This preference for deposition
over electron beam processing of the PtCl> deposits is not surprising given that the rate of
precursor decomposition (Eq. 1, Figures 1-5) is clearly several orders of magnitude greater
than the rate of Cl atom removal (Eq. 2).

The one notable difference between the films generated under UHV conditions and
the deposits created under steady state AES deposition conditions is the extent of CO loss.
In the UHV surface science studies, between one and two CO ligands are lost while the
AES and EDS data on deposits created under steady state deposition conditions both
indicate the formation of PtCl,, without any significant carbon or oxygen contamination.
In this respect the most significant difference in the two sets of deposition conditions is the
substrate temperature. In the UHV surface science studies, the substrate temperatures are
< 200K. However, in practical FEBID the substrate is at room temperature and there are
often local heating effects due to the limited conductivity of the substrate and deposit
(particularly likely for an ionic compound such as PtClz) and the high intensities and
energies of the incident electron beams. Previous studies®® have shown that as the substrate
temperature increases during deposition, ligands can be lost by thermal desorption from
intermediates produced in the initial electron stimulated decomposition of precursor. In
the present case, our results suggest that residual CO groups in the partially decarbonylated
intermediates thermally desorb during steady state deposition, in preference to CO
decomposition, which would produce carbon and oxygen impurities in the deposit.

Analogous processes have previously been observed for other metal carbonyls used in
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FEBID. ® Thus, the precursor decomposition process described in Eq. 1 is followed by

thermal carbonyl loss (Eq. 4) to afford deposits of PtCl.
Pt(CO)2.xCla (ads) + A = PtCla aas) + (2-x) CO(g)T (x =1 - 2) 4)

It is therefore apparent that the ultimate chemical composition of FEBID deposits is not
governed exclusively by electron stimulated processes. Other processes, such as thermal
reactions of intermediate species can play an important role. Moreover, comparison of the
chemical compositions of the deposits created in this study is in general agreement with

our previous studies on other FEBID precursors,*0:4243.63

where data acquired under low
temperature UHV conditions provide a semi-quantitative guide to the chemical

composition of the deposits created under typical FEBID conditions.

4.49  cis-Pt(CO)Cl; as a FEBID precursor.

Our results demonstrate that cis-Pt(CO)>Cl2 (1) can be used to create spatially well-
defined deposits free of any conformal deposition. Moreover, FEBID structures created
from 1 under steady state deposition conditions in the Auger spectrometer were determined
to be PtCly, free of carbon and oxygen in sharp contrast to the high levels of carbon
contamination observed with other carbon-containing Pt FEBID precursors, such as
MeCpPtMe; and Pt(hfac),.2*° The lack of carbon contamination in FEBID deposits from
1 is particularly significant because carbon impurities are notoriously difficult to remove
in subsequent purification steps. Although deposits from 1 contain chlorine, we have
demonstrated in the UHV studies that post-deposition processing by electron beam
irradiation would result in halogen removal from the deposits. Due to the slower process

of halide removal, deposits produced from 1 would be predicted to have higher metal
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contents if the reaction is carried out in the precursor limited regime. In summary, our
results demonstrate that the electron stimulated reactivity of organometallic precursors can
be predicted from their ligands, and in the case of cis-Pt(CO)>Clz reveal a pathway to high
metal content Pt FEBID structures through deposition from 1 followed by electron beam
processing. Studies on purification strategies for FEBID structures created from cis-

Pt(CO):Cl; are underway.

4.5. Conclusion

Electron irradiation of a thin layer of cis-Pt(CO)2Clz (1) during low temperature
UHV surface science studies initially results in ejection of CO ligands into the gas phase.
Upon continued electron irradiation, the chlorine is removed from the deposits via a less
efficient electron-stimulated desorption process, which simulates post-deposition electron-
beam processing in FEBID. At this stage of the surface reaction, the XPS binding energy
of Pt is similar to metallic platinum. Deposits formed from 1 in an Auger spectrometer,
which mimics the steady deposition conditions used in FEBID, were composed exclusively
of platinum and chlorine atoms, with no contamination from carbon or oxygen. Coupled
with the electron-stimulated removal of chlorine demonstrated in the UHV experiments,
the Auger data establish a route to FEBID of pure Pt. In this study, we have demonstrated
that mechanistic information from surface science studies of electron-induced reactions of
organometallic precursors can be used to successfully identify a precursor for FEBID,
supporting the idea that mechanism based precursor design could be broadly applicable to

a variety of deposition techniques.
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4.7. Supporting Information
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Supporting Information, Figure 4.1: Attenuated Total Reflectance (ATR) Infrared
spectra for (a) toluene (shown as reference) and (b) cis-Pt(CO),Cl, in toluene. Aside
from CO symmetric and asymmetric stretches shown in inset graph, all peaks in (b) are
attributed to the toluene solvent.
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Supporting Information, Figure 4.2: Evolution of the a) O(1s), b) C(1s), ¢) Pt(4f) and
d) CI(2p) XP regions for a ~1.0 nm thick film of cis-Pt(CO),Cl, adsorbed on SiO,,

irradiated only with X-rays (Mg Ka 1253.6 ¢V) from the X-ray gun; the X-ray exposure
time is shown on the left hand side of each spectrum.
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Supporting Information, Figure 4.3: Evolution of the a) O(1s), b) C(1s), c) Pt(4f) and
d) CI(2p) XP regions for a ~1.6 nm thick film of cis-Pt(CO),Cl, adsorbed on a:C,

irradiated only with X-rays (Mg Ka 1253.6 eV) from the X-ray gun; the X-ray exposure
time is shown on the left hand side of each spectrum.
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Supporting Information, Figure 4.4: Evolution of the a) O(1s), b) C(1s), ¢) Pt(4f) and

d) Cl(2p) XP regions for a 1.5 nm thick film of cis-PtCl,(CO), adsorbed on an a:C

substrate and exposed to electron doses between 1.2 x 10" and 1.5x10" e_/crnz.
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Chapter 5

Purification of Platinum-Containing Nanostructures Using

Electrons and Atomic Hydrogen Radicals
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Chapter 5. Purification of Pt-containing Nanostructures with Electrons and Atomic
Hydrogen Radicals

5.1. Introduction

As integrated circuits and technology continue to drive towards smaller features,
the microchip industry is searching for the next processing innovation. It might be an
improvement in photolithography techniques, or use of extreme ultraviolet lithography
(EUVL). However, there is another developing technology that has potential in fabricating
structures on the nanoscale, focused electron beam induced processing, or FEBIP. FEBIP
is comprised of focused electron beam induced etching (FEBIE) and focused electron beam
induced deposition (FEBID)'. This work will focus on the emerging technique of FEBID.
FEBID is a relatively simple process that does not require any resists or masks. In FEBID,
a gaseous precursor is introduced into a vacuum chamber (typically a modified SEM) and
irradiated by a focused electron beam!™. The precursor decomposes under electron beam
irradiation, with the central atom (often a metal) left behind while the volatile portions of
the precursor desorb and are pumped away into the gas phase. The size and shape of the
nanostructure are only limited by the focusing ability and manipulation of the electron
beam. Despite the significant promise of a process that is essentially direct writing of
nanostructures, FEBID has several technological drawbacks that prevent its wide
application. Two major drawbacks are processing speed and deposit purity. Research is
ongoing into schemes to increase throughput by methods such as multiple electron beams?.
The research discussed in this chapter focuses on the methods to improve purity of
platinum containing structures created by FEBID.

An ideal FEBID precursor needs to balance several somewhat conflicting
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requirements®’. For example, a good precursor needs to be volatile enough to sublime,
and must have a long enough residence time on a surface so that it may be decomposed by
the focused electron beam. It should not be extremely toxic, nor damaging to the
instrument used in FEBID. To achieve an optimal precursor, these requirements must all
be considered'. The goal in FEBID is that the precursor would deposit a pure metal and
all the ligands would desorb, leaving behind a metallic deposit. Since FEBID has been an
emerging area of research, the majority of work to date has used precursors that were
optimized as chemical vapor deposition precursors'-?, for example Fe(CO)s, W(CO)s and
Pt(PF3)s. Since FEBID is electron-based rather than heat-based, precursors which produce
pure films in CVD often result in FEBID nanostructures with a high level of contamination,
precluding their use in a wide range of applications. One such example is MeCpPtMe3,
which produces pure Pt films in CVD, but results in FEBID structures containing < 20%
Pt®. Despite the purity challenges, FEBID has already been used for a variety of

applications, most notably fabrication of ultra-sharp tips”!? and lithographic mask repair'!-

13

14-18 6,19-22

Previous gas phase *'°, surface science and a wide variety of FEBID deposit
research'™ has indicated that ligand architecture plays a large role in deposit purity for
FEBID. Recently, ultrahigh vacuum (UHV) surface science studies have helped elucidate
the contributions to contamination from common ligands used in FEBID precursors. The
cyclopentadienyl (n’-CsHs, Cp) ligand as well as the n*-C3Hs ligand were found to remain
behind in FEBID structures as a significant source of carbon contamination?>?*, Small

numbers of carbonyl (CO) and trifluorophosphine (PF3) ligands were found to desorb

readily (generally, two to three ligands), while greater numbers of ligands remain behind
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on the surface and decompose, contributing to nanostructure contamination
bonded directly to the metal center were found to act as somewhat of a “free” ligand, in
that they were found to remain on the molecule initially, but are removed by a slower,
electron stimulated desorption (ESD) mechanism?*?*, By applying these design “rules,”
or guidelines, our previous work investigated the electron-induced surface reactions of cis-
platinum dicarbonyl dichloride (cis-Pt(CO)2Cl»)**. This work indicated that electron beam
irradiation of a thin film (nanometer scale) of cis-Pt(CO)>Cl: initially resulted in loss of the
carbonyl ligands, and then over a longer timeframe, loss of the chlorine, via a slower,
electron stimulated desorption process, resulting in nearly pure Pt films.

In the absence of precursors that produce pure metal deposits in FEBID, significant
research has been conducted into methods of purification or cleaning of FEBID structures,
with varying degrees of success. Botman et. al.?® detailed a variety of purification methods.
Annealing nanostructures after deposition (or deposition on a heated substrate) is one
method. Ervin et. al.?® found that annealing of Pt(PF3)4 nanostructures improved resistivity
and decreased P content, which was also observed in surface science studies of Pt(PF3)s by
Landheer et. al.'” Post treatment with electrons in the presence of an oxygen flux has been

used by several research groups>’°

with the general result that metal purity was improved,
but due to other variables, often there was nanostructure distortion. Geier et. al. reported
full purification of nanostructures created from MeCpPtMe; with the use of electron post-
processing in the presence of H>O vapor®!, while Sachser et. al. demonstrated that due to
the catalytic properties of Pt, an O flux is sufficient to purify Pt containing nanostructures,

when treated in a multi-step process®2. Stanford et. al. reported a laser assisted electron

beam induced deposition strategy in which a laser stimulates reactions to purify
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nanostructures; they also investigated atomic layer deposition (ALD) type processes to
improve nanostructure purity®>>. This listing of purification methods provides a sampling
of the variety of different purification schemes being investigated to improve purity of
FEBID nanostructures.

The study discussed in this chapter was conducted to more fully evaluate deposits
formed from cis-Pt(CO)2Clz, in a process closer to FEBID, and investigate purification
strategies. Our deposits were created in a process analogous to FEBID, but using the 3
keV electron beam of an Auger spectrometer, rather than the typical 1 - 30 keV'? electron
beams used in SEMs for FEBID. This resulted in deposits that are much larger than typical
FEBID deposits (on the micrometer scale rather than the nanometer scale), due the lower
energy and less focused beam in the Auger spectrometer. One important difference
between this work (Auger deposition experiments) as compared with previous work
(adsorption of thin films on cold substrates in the XPS) is that in the Auger deposition
experiments we are operating close to or in the electron limited regime (or in a combination
of electron and precursor limited regimes), while the experiments conducted on thin films
of adsorbed cis-Pt(CO)2Clz in the X-ray photoelectron spectrometer (XPS) operated in the
precursor limited regime (there is a set amount of precursor'- that is not continuously
resupplied and is generally considered to fully react). This study investigated the effects
of electron beam post-processing and atomic hydrogen purification on deposits created
from cis-Pt(CO),Clo. Additionally, for a few experiments, other platinum containing
precursors (MeCpPtMes, Pt(hfac),, and Pt(PF3)4) were deposited and evaluated with

atomic hydrogen purification.
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5.2. Experimental
An ultrahigh vacuum (UHV) chamber equipped with an Auger Spectrometer (AES)
was used to create structures from cis-platinum dicarbonyl dichloride (cis-Pt(CO)>Cl2)
using electron irradiation under steady state deposition conditions. Further details of the

chamber and its analytical capabilities can be found in earlier publications.*3°

5.2.1. Synthesis of cis-Pt(CO),Cl,

5.2.1.1.  General (Synthesis)

All manipulations were performed under an inert atmosphere (Ar or N2) using
standard Schlenk line or glove box techniques, unless noted otherwise. Toluene and
heptane were purified by using an M. Braun solvent purification (MB-SP) system and were
stored over 3 A molecular sieves prior to use. Benzene-ds (Cambridge Isotope
Laboratories) was also stored over 3 A molecular sieves in a glove box prior to use.

Sulfuryl chloride and Ptl> were purchased from Sigma-Aldrich and used as received.

52.1.2.  cis-Pt(CO)CL> (1)

A modified literature procedure was used for synthesis of cis-Pt(CO).Cl,.>’
Platinum(II) 1odide (Ptl>, 1.0 g, 2.2 mmol) was suspended in toluene (25 mL) in a 50 mL
Schlenk flask and stirred for 30 minutes under CO. Sulfuryl chloride (0.90 mL, 11.1 mmol)
was then added and stirred for six hours to obtain a deep purple solution. The crude product
from the toluene solution was recrystallized by adding n-heptane and overnight chilling to
-20 °C to obtain the product cis-Pt(CO):Cl> as light-yellow or off-white needle crystals.
The yield was 0.52 g (73.4 %). '*C NMR (C¢Ds, 500 MHz): § 151.84. ATR-IR (toluene):
Veo2127,2171 em’!. The compound was identified by comparison to literature data.>® ATR

data are shown in the earlier investigation of this compound?*.
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5.2.2. Introduction of cis-Pt(CO).Cl; (1) into the UHV chamber

Precursor 1 is a solid at standard temperature and pressure.>* The precursor was
handled inside an N; glovebox due to its sensitivity to moisture and air. Prior to deposition,
the solid precursor was added to a glass finger, which was attached to a UHV compatible
leak valve directly coupled to the UHV chamber. The glass finger was evacuated at the
same time as the UHV chamber was pumped down with the leak valve open into the 1.0 x
10 Torr pressure regime. At this point the leak valve was closed and the main chamber
was baked out and restored to the UHV pressure regime. To maintain a sufficient vapor
pressure of cis-Pt(CO)>Clz during deposition, the precursor was heated to ~80 °C with the
temperature monitored by a thermocouple. Depositions were typically obtained with
precursor 1 heated to ~80 °C (system pressure of ~4 x 107 Torr). Although the pressure of
1 decreased over time as it was depleted, even when heated to ~80 °C, we were still able
to obtain Pt(CO)2Cl, deposition in the Auger spectrometer with system pressures as low as

1 x 10? Torr.

5.2.3. Substrates

Depositions from cis-Pt(CO)2Clz in the Auger spectrometer utilized atomically
smooth Ru-capped Si/Mo multi-layer mirror substrates*, and for a few experiments, SiO».
The nature of the substrate did not play an apparent role in the electron stimulated reactions
of the precursor. The Ru-capped Si/Mo multi-layer mirror substrate was chosen for the
majority of depositions due to its smoothness and ease with which deposits could be
imaged in the scanning electron microscope. Substrate cleanliness was verified by Auger

spectroscopy prior to each deposition.
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5.2.4. Creating Deposits in the Auger Spectrometer (AES)

Deposits were formed by leaking cis-Pt(CO)2Cl; into the UHV chamber of a PHI
610 Scanning Auger Microprobe system (LaBs filament) via a UHV-compatible leak valve.
A directional doser with the capability for extension and retraction and limited
maneuverability was used to enhance the partial pressure of precursor at the substrate
surface during deposition. The deposits were made under steady state deposition
conditions with the substrate at room temperature using an incident beam energy of 3kV
and varying substrate currents, precursor partial pressures and deposition times. Deposit
thicknesses were not calculated but were assessed as suitably thick once the substrate peaks

were no longer visible in the Auger spectrum.

5.2.5. Electron Source

The installed electron beam of the PHI 610 Scanning Auger Microprobe was used
both to make deposits, to characterize the elemental composition of the deposits and to
conduct post-electron beam processing. The beam was operated at 3kV, 80 pA emission
current, and varying beam/target currents.

5.2.6. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy

(EDS)

Deposits generated in the Auger system were imaged using a cold-cathode field
emission scanning electron microscope (JEOL 6700F, LEI detector) with a 1.0 nm
resolution at 15 keV equipped with an energy dispersive X-ray analyzer (EDAX Genesis

4000 X-ray analysis system, detector resolution of 129 eV).
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5.2.7. Wavelength dispersive spectroscopy (WDS)

For a few experiments, it was necessary to deconflict EDS interferences (for Pt M
and P K lines), and this was done using a JEOL JXA-8600 Superprobe Scanning Electron
Microscope (SEM) equipped with wavelength dispersive spectroscopy (WDS)
capabilities.

5.2.8. Generation of Atomic Hydrogen Radicals

Atomic hydrogen radicals were produced in the Auger spectrometer in situ, with
an installed thermal gas cracker (Oxford Applied Research). Hydrogen gas was passed
through a heated iridium capillary tube to produce a consistent flux of atomic hydrogen
radicals. The thermal cracker source was installed at a 45° angle to the substrate at a
distance of approximately 5 cm; for atomic hydrogen purification experiments, the
substrate was tilted such that it was approximately perpendicular to the thermal cracker

source. The in situ atomic hydrogen purification was carried out with a PHz pressure,

measured by chamber pressure, of 5 x 107 Torr. The thermal cracker source is described
in greater detail in an earlier publication®!.

The majority of atomic hydrogen purification was conducted ex sifu, using a
home built source, at the National Institute of Standards and Technology (NIST). This

allowed use of a much higher pressure of H> gas, PH2 ~ 1 Torr, and thus, a significantly

larger flux of atomic hydrogen radicals than generated with the in situ atomic hydrogen

radical source.
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5.3 .Results

5.3.1. Electron Effects

Figure 1 shows general identifying characteristics for a typical deposit created in
the Auger spectrometer from cis-Pt(CO)2Clo. Figure la shows the Auger spectrum of a
typical deposit, showing the surface composition, which is calculated to be 38.5 % Pt, 57.6
% Cl, with minimal C and O (spectral data not shown, 3.5% C, 0.5% O). Figure 1b and 1c
show Auger elemental maps for a similar deposit, which were obtained by measuring the
difference between a background signal and the Auger signal of interest (b) Pt MNN, 64
eV and (c¢) Cl LMM, 181 eV. Figure 1d and le show SEM data for a similar deposit.
Figure 1d shows the EDS spectrum for the deposit image shown in Figure le. EDS
elemental analysis shows that the deposit is composed of primarily Pt (34.3 %) and C1 (48.0
%), with small contributions from the substrate (0.8 % Si, 0.2 % Mo) and surface species
(13.6 % C, 1.9 % O).

Figure 2 provides Auger data for a relatively thin deposit created from cis-
Pt(CO)Clo. This deposit was subjected to electron beam irradiation for several hours.
Figure 2 left pane shows progressive removal of Cl atoms until the vast majority of Cl has
been removed from the deposit after ~10 hours of electron beam irradiation, producing a
result similar to near complete Cl removal from thin films created in the XPS in our
previous research?®. Figure 2 right pane shows % Pt, % Cl, and Pt:Cl ratio. As the film is
subjected to increasingly greater electron beam irradiation, Cl is systemically removed,
until after approximately 10 hours of electron beam irradiation, less than 20 percent of the
original Cl remains.

Figure 3 presents Auger data for a thicker deposit, one which is more representative
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of typical deposits created in the Auger spectrometer. This deposit was created from cis-
Pt(CO):Cl> with a deposition time of 22 hours (compared with 5.25 hours for the deposit
shown in Figure 2). Figure 3 left pane shows Auger data as the deposit is subjected to 3kV
electron beam irradiation. Initially, the deposit is composed of 35.3 % Pt and 64.7 % Cl,
with minimal % C and % O (discounted in the figure as not the species of interest). Figure
3 right pane shows a graph tracking % Pt, % CI and Pt:Cl ratio as the deposit undergoes
electron beam irradiation. During electron beam irradiation, the Cl is initially removed,
but Cl removal appears to reach a steady state value after ~7 hours of electron beam

irradiation, as seen in both the Auger spectra and in the graph.
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Figure 5.1: Auger electron and SEM data for representative deposits
created from c¢is-Pt(CO),Cl, in an AES instrument on a Ru coated
S1/Mo multi-layer substrate under steady state deposition conditions.
The AES spectrum of a typical deposit is shown in (a). Auger
elemental maps are shown for (b) Pt (64 ev) and (c) Cl 181 eV). The
secondary electron image of the deposit acquired in a SEM is shown
in (d), along with (e) the corresponding EDS spectrum, which
provides an elemental composition of 34.3 % Pt, 48.0 % Cl, 13.6 %
C,1.9% O, 0.8 % S1 and 0.2 % Mo.
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Figure 5.2: Auger spectra data for a deposit created from cis-Pt(CO),Cl, in an AES

instrument on an SiO, substrate under steady state deposition conditions (PCZ.S_Pt(CO)2Cl2 ~

1.5 10" Torr for 5.25 hours at 3kV, with average target current of 300 nA), and then
exposed to continued electron beam processing. The left pane shows the influence of
electron beam irradiation on the deposit. The right pane shows elemental analysis of

the changing Pt:Cl ratio as the film is subjected to greater electron irradiation (data from
AES).
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deposition conditions (P

cis-Pt(CO),Cl,
target current of 300 nA), and then exposed to continued electron beam processing. The
left pane shows the influence of electron beam irradiation on the deposit. The right pane
shows elemental analysis of the changing Pt:Cl ratio as the film is subjected to greater
electron irradiation (data from AES).

Figure 5.3: Auger spectra data for a deposit created from cis-Pt(CO),Cl, in an AES
instrument on Ru-coated Si/Mo multi-layer mirror substrate under steady state
~1.5x 10" Torr for 22 hours at 3kV, with average

5.3.2. Effects of Atomic Hydrogen (General)

Figure 4 provides information regarding the fate of a deposit created from cis-

Pt(CO)ClL> in the Auger spectrometer and subjected to in situ purification by atomic

hydrogen radicals at P

Hy~ 5x 107 Torr, and then light Argon ion sputtering. This process

was repeated twice. It can be observed that the initial deposit is composed primarily of Pt

and Cl (35.6 % Pt, 61.9 % CL, 2.6 % C, < 0.5 % O). As the deposit is exposed to

increasingly greater doses of atomic hydrogen radicals, the CI signal can be seen to

decrease until after 10 hours of atomic hydrogen treatment, the Cl peak has significantly

decreased in size and elemental composition (48.6 % Pt, 9.3 % Cl), and a small carbon
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peak can be seen to grown in, due to adventitious carbon deposition from the atomic

hydrogen source.
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Figure 5.4: Auger spectral data for a deposit created from cis-Pt(CO),Cl, in an AES
instrument on a Ru-coated Si/Mo multi-layer mirror substrate under steady state
deposition conditions deposition conditions (Pcis-Pt(CO)2C12 ~1.5x 10'8 Torr for 14 hours at
3kV, with average target current of 300 nA), and exposed to two cycles of atomic

hydrogen cleaning, (PHz ~5%x107 Torr, followed by 2 keV Ar sputtering, P, ~5x 10"
Torr. All spectra were normalized to the Pt MNN peak at 65 eV.

Next, the deposit was exposed to light Ar* sputtering, using 2 keV Ar" ions, with Par~ 5 x
1078 Torr. After eight minutes of sputtering, little visible change in the Cl peak is noted,
but a reduction in the C peak takes place as the adventitious carbon is removed. After 18

minutes of Ar” sputtering, the Cl peak has increased as a new surface is exposed, one which
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still retains the majority of Cl from the original deposit, even after atomic hydrogen
treatment. The cycle was continued by further atomic hydrogen treatment, and after four
more hours of atomic hydrogen treatment, the surface Cl is again reduced to a minimal
level, and further adventitious carbon is deposited from the atomic hydrogen source.
Finally, further Ar" sputtering resulted in an increased Cl signal as a new portion of the
deposit becomes the surface and thus subject to characterization by Auger electrons.
Figure 5 provides depth profile data for two deposits created from cis-Pt(CO).Cl»
in the Auger spectrometer on a Ru-capped Si/Mo multi-layer mirror, and then exposed to

atomic hydrogen ex situ at PH2 ~ 1 Torr for two hours. The primary difference in the two

deposits is the deposition time, and by extension, the thickness of the deposits. The deposit
in Figure 5a had a deposition time of six hours, while the deposit in Figure 5b was deposited
for 13 hours, more than twice as long. The data shown in Figure 5 contrasts with that
shown in Figure 4. As sputtering occurred for the deposit in Figure 4, only a small amount
of sputtering resulted in exposure of a new surface in which essentially the “as deposited”
amount of Cl was retained. In contrast, for both deposits shown in Figure 5, the Pt and Cl
percentages remain quite similar, with a low level of Cl, for a much longer sputtering
period, indicating that the entire deposit has been cleaned of Cl. The Cl ratio only begins
to rise again when the deposit has been essentially sputtered through, and the substrate

becomes prevalent.
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Figure 5.5: Graph (a) shows depth profile data for a deposit created
from cis-Pt(CO),Cl, in the Auger Spectrometer with a deposition of
time of 6 hours, and then exposed to atomic hydrogen radicals at Py
~ 1 Torr for two hours. Graph (b) shows depth profile data for a
deposit created in similar conditions but a longer deposition time of
13 hours, and then treated to similar atomic hydrogen exposure.
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Figure 5.6: SEM and EDS data for a deposit created from cis-
P#(CO),Cl, in an AES instrument on a Ru coated Si/Mo multi-layer
substrate under steady state deposition conditions and then exposed
to atomic hydrogen purification. Prior to atomic hydrogen treatment,
the deposit 1s shown in image (a) with elemental composition shown
in EDS spectrum (b) as 28.6 % Pt, 36.0 % Cl, 31.2 % C, 3.0 % O,
1.3 % Si, and 0.0 % Mo. After 10 minutes of atomic hydrogen
treatment at Py, ~ 1 Torr, the deposit is shown in image (c) with
clemental composition shown in EDS spectrum (d) as 47.2 % Pt, 0.0
% C1, 45.8 % C, 4.5 % 0, 2.5 % Si, and 0.0 % Mo.
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Figure 6 shows the fate of a deposit created in the Auger spectrometer from cis-
Pt(CO):Cl> and subjected to atomic hydrogen purification ex situ. Figure 6a shows the
initial deposit, with its EDS spectrum shown below it, indicating a composition of Pt, CI,
and minimal substrate contributions. After exposure to 10 minutes of atomic hydrogen at
~1 Torr, the deposit is shown in Figure 6b and is composed of 47.2 % Pt, with 0.0 % CI.
The most notable new features after atomic hydrogen purification are several square
inclusions or sunken areas, which correspond to locations in which EDS spectra were

taken.
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Figure 5.7: (a) Animage of a deposit created from cis-Pt(CO),Cl, in an AES instrument
on Ru-coated Si/Mo multi-layer mirror substrate under steady state deposition

conditions (P ~1.5x 10" Torr for 23 hours at 3kV, with average target current

ClS-Pt(CO)zClz
of 300 nA), and (b) exposed to two hours of atomic hydrogen treatment. The EDS
spectra for the deposit shown in (b), after atomic hydrogen treatment, is shown in (c),
EDS elemental analysis: 67.4 % Pt, 0.0 % CI, 29.9 % C, 2.7 % Si, 0.0 % Mo, and 0.0%
0.
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Figure 7 shows a deposit created from cis-Pt(CO)2Clz and then subjected to two

hours of atomic hydrogen exposure ex sifu at PH2 ~ 1 Torr. Figure 7a shows the deposit

prior to atomic hydrogen purification. This deposit was only imaged prior to atomic
hydrogen exposure; it did not have any EDS spectra taken prior to treatment (taking EDS
spectra requires the SEM beam to stay in one location for much longer than imaging, which
can affect the deposit). It appears to maintain its shape after atomic hydrogen treatment,
with the notable development of the feature at the upper right of the deposit. The EDS
spectrum (Figure 7b) shows that minimal Cl remains after atomic hydrogen treatment.
Figure 8 shows further treatment of the deposit originally shown in Figure 1 as a
representative deposit with no treatment. Figure 8a provides EDS data for the deposit after
two hours of atomic hydrogen treatment, shown in the image in Figure 8b. Arrows point
to compressed or flattened areas on the deposit, which correspond to locations in which
EDS data was taken, and likely correspond to deposited surface carbon. This deposit shows
significant cratering into a honeycombed pattern as the Pt appears to become labile and
coalesce as the atomic hydrogen removes Cl, or as the hydrogen atoms allow the Pt to
become mobile and disperse/disaggregate, as observed by Horch et. al.** Figure 8c shows
this deposit after two more hours of atomic hydrogen treatment. The deposit is largely
unchanged, but the white box in the lower left of the image highlights an area in which the

deposit is beginning to come apart. Figure 8d shows this area at a larger magnification.
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Figure 5.8: Figure 8 presents further processing data on the deposit displayed in Figure
1 (prior to treatment). Figure 8(a) provides EDS data (70.2 % Pt, 0.3 % CI, 21.7 % C,
6.2 % Si, 0.0 % Mo, and 1.7 % O) for the SEM image in (b), after two hours of atomic
hydrogen, with arrows labelling surface carbon. The image shown in (c) is the same
deposit after two more hours of atomic hydrogen treatment; a white box highlights
fragmentation; this area is shown in a larger view in (d).

Figure 9 shows a SEM image and EDS data from the deposit originally discussed
in Figure 3, in which the deposit was subjected to ~20 hours of electron beam processing.
Figure 9a shows the SEM image of this deposit after 20 hours of electron beam processing;
it can be noted that it is still largely smooth in appearance, similar to the deposits shown
prior to any treatment in Figures 1, 6, and 7. Figure 9b shows EDS data for this deposit
prior to further treatment. This deposit starts with a slightly lower atomic percentage of CI
compared with other deposits prior to treatment (~42% CI compared with ~48% Cl), as a

result of electron beam processing in the Auger spectrometer. This deposit was then
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subjected to two hours of atomic hydrogen treatment ex situ at PH2 ~ 1 Torr. Figure 9c

shows the deposit after atomic hydrogen treatment; the deposit begins to show some of the
cratering observed in Figure 8, but to a lesser extent, possibly due to surface carbon
deposition as part of the electron post-processing. The EDS data for the deposit after
atomic hydrogen treatment is shown in Figure 9d; essentially all the chlorine has been
removed, as seen for the previous atomic hydrogen exposures.

Figure 10 shows a deposit created from cis-Pt(CO)2Cl> and subjected to two hours

of atomic hydrogen treatment ex situ at PHz ~ 1 Torr. This deposit was imaged prior to

atomic hydrogen purification as shown in Figure 10a, but was not subjected to EDS, to
avoid surface carbon deposition or any marking of the deposit (visible or not). Figure 10b
shows the fate of this deposit after two hours of atomic hydrogen treatment. The main
feature evident after this deposit was exposed to atomic hydrogen is loss of structural
integrity, or almost complete disintegration, as well as the honeycomb or cratering pattern
also observed in Figures 8 and 9. Figure 10c shows an EDS map of the Pt region for this
deposit, where it can be noted that elemental Pt is present in the remaining areas of the
deposit, but not in the areas where the deposit was removed from the surface. Figure 10d

shows EDS data for this deposit after two hours of atomic hydrogen (image in 10b).
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Figure 5.9: SEM and EDS data for a deposit created from cis-
Pt(CO),Cl, n an AES instrument on a Ru coated Si/Mo multi-layer
substrate under steady state deposition conditions, and exposed to
electron beam processing for 20 hours. Figure 8a shows an SEM
image of this deposit, with corresponding EDS data shown in (b),
clemental analysis 36.0 % Pt, 43.0 % CI, 17.6 % C, 1.6 % O, 1.8 %
Si, and 0.0 % Mo. The deposit is shown in (¢) after 2 hours of
atomic hydrogen treatment at Py, ~ 1 Torr, and corresponding EDS
data in (d) with an elemental composition of 69.0 % Pt, 0.0% Cl,
24.49% C, 2.5 % 0O, 0.8 % Si, and 0.0% Mo.
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Figure 5.10: Figure 10(a) shows the SEM image of a deposit created from cis-
Pt(CO)2Clz> under steady state deposition conditions, without any EDS analysis and
prior to any treatment. Figure 10(b) shows the deposit after two hours of atomic
hydrogen treatment at PHz ~ 1 Torr, with a corresponding EDS elemental map of Pt M

shown in (c). EDS data for the deposit in (b), is shown as spectra (d), with an elemental
analysis of 51.3 % Pt, 0.0 % CI, 17.2 % C, 6.5 % O, 11.4 % Si, and 3.7 % Mo.

5.3.3. Effects of Atomic Hydrogen (Progressive)

Figures 11 through 15 show the fate of a deposit subjected to progressive atomic
hydrogen treatment. Figure 11a shows the deposit prior to any treatment. Figure 11b
shows the deposit after a control experiment was conducted, in which the deposit was
subjected to two hours of exposure to the atomic radical source, in the absence of any
hydrogen. No visible changes were noted. The deposit was then progressively subjected
to various doses of atomic hydrogen, which are reported in cumulative exposure times.

Figures 11c, 11d, and 11e show the deposit after exposure to one minute, six minutes and
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18 minutes of atomic hydrogen treatment at PH2 ~ 1 Torr. Minimal physical changes were

noted, primarily increased definition around the edges of the deposits.

k 10 pm

Figure 5.11: A deposit created from cis-Pt(CO).Clz and subjected to various exposures
of atomic hydrogen radicals with PH2 ~ 1 Torr. In (a), the pristine deposit is shown

10 pm N 10 ym

before any treatment. The deposit is shown in (b) after a control experiment of exposure
of 2 hours of the atomic radical source with no H> gas. The deposit is shown in (c) after
I minute of atomic hydrogen treatment, in (d) after 6 cumulative minutes of atomic
hydrogen treatment, and in (e) after 18 cumulative minutes of atomic hydrogen
treatment.

Figure 12 shows this deposit after 48 and 78 minutes of cumulative atomic
hydrogen exposure time. Figure 12a shows the deposit after 48 minutes of AH, compared
with EDS maps shown in Figure 12b for Pt M, and 12¢ for Cl K. Figure 12d shows the
deposit after 78 minutes of AH exposure time, with EDS maps shown in Figure 12e for Pt
M and 12f for C1 K. Notable features are the start of cracks, and correlation with the EDS
maps to show that while the Pt signal remains essentially constant, the Cl species is
preferentially removed in the vicinity of the cracks. To emphasize this point, Figure 13
shows the Cl K maps for this deposit at a larger magnification for the 48 minute and 78
minute atomic hydrogen treatments. For this deposit, EDS maps are used, rather than

simple report of elemental composition from the EDS spectra, because it was noted that
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elemental composition varied significantly at different points on the deposit, which had not
been observed with previous deposits evaluated. For example, Cl % had decreased to <
5% in the vicinity of a cracked area, while in a bulk, smoother area, there was still > 20%
ClL. In Figure 13a, it can be noted that CI has been preferentially removed from areas at the
lower left portion of the deposit, which corresponds to an area in the image where cracking
has started, as well as in the upper right portion of the deposit, which corresponds to a

sunken area in the image.

Figure 5.12: The deposit created from cis-Pt(CO)>Cl, and exposed to progressive
atomic hydrogen treatment is shown in (a) after 48 minutes of cumulative treatment,
with EDS maps shown in (b) and (c) for Pt M and Cl K, respectively. After 78 minutes
of cumulative treatment, the deposit is shown in (d), with EDS maps shown in (e) and
(f) for Pt M and CI K.
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In Figure 13b, after 78 cumulative minutes of atomic hydrogen exposure, it can be seen
that the CI has been preferentially removed in an arc-like pattern around the bottom of the
deposit, corresponding with development of larger cracks in that area. Interestingly, the
EDS map shows structural changes (i.e. Cl removal) in areas even before the image shows

changes; this highlights the ability of EDS to show composition throughout the deposit.

Figure 5.13: For the deposit created from cis-Pt(CO),Cl> and exposed to progressive
atomic hydrogen treatment, magnified EDS Cl K maps are shown in (a) after 48
cumulative minutes of atomic hydrogen treatment, and in (b), after 78 minutes of
cumulative atomic hydrogen treatment.
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Figure 14 presents images and EDS maps for the deposit after continued exposure

to atomic hydrogen treatment ex situ at PHz ~ 1 Torr. In Figure 14a, the deposit is shown

after 108 cumulative minutes of atomic hydrogen treatment, with corresponding EDS maps

shown in Figure 14b and 14c¢ for Pt M and CI K, respectively. The deposit is

Figure 5.14: The deposit created from cis-Pt(CO),Cl> and subjected to progressive
atomic hydrogen treatment at PHz ~ 1 Torr is shown in Figure 14. After 108 minutes of

cumulative atomic hydrogen exposure, the SEM image of the deposit is shown in (a),
with the EDS Pt M and Cl K maps shown in (b) and (¢), respectively. After 138 minutes
of cumulative atomic hydrogen exposure, the SEM image of the deposit is shown in
(d), with the EDS Pt M and CI K maps shown in (e) and (f), respectively.
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shown after 138 minutes of cumulative atomic hydrogen exposure with the image in Figure
14d, and the EDS maps shown in Figure 14e and 14f. An increased amount of cracking
and changes in structural integrity can be observed as the deposit is exposed to continued
atomic hydrogen treatment. The Pt M maps retain a similar Pt signal, while the Cl K signal
is observed to continue to lessen, and it becomes difficult to see the image of the deposit

in the Cl map after 138 minutes of atomic hydrogen exposure.

Figure 5.15: The deposit created from cis-Pt(CO)2Cl2 and subjected to
progressive atomic hydrogen treatment at PHz ~1 Torr is shown in Figure 15.

After 168 minutes of cumulative atomic hydrogen exposure, the SEM image of
the deposit is shown in (a), with the EDS Pt M and CIl K maps shown in (b) and
(c), respectively. After 198 minutes of cumulative atomic hydrogen exposure, the
SEM image of the deposit is shown in (d), with the EDS Pt M and Cl K maps
shown in (e) and (f), respectively.
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Figure 15 provides data regarding the fate of the deposit created from cis-
Pt(CO)2Cl and subjected to progressive atomic hydrogen treatment. Figures 15a, 15b, and
15¢ show the SEM image of the deposit and the Pt M and C1 K EDS maps after 168 minutes
of atomic hydrogen treatment. Figures 15d, 15e, and 15f shown the SEM image of the
deposit and the Pt M and C1 K EDS maps after 198 minutes of atomic hydrogen treatment.
At this point, the deposit is not changing significantly in appearance, and the majority of
Cl has been removed. There is still Cl present, as shown in the EDS maps, but it is mostly
dispersed. EDS spectra (data not shown) indicate that there is still varying amounts of Cl
in different locations on the deposit, but the amount is small. Further treatment and
evaluation of this deposit may continue to see if all Cl may be removed or if this is the limit
of Cl removal. This deposit shows differences from the others discussed in that the CI
removal was slower, and if no more Cl can be removed (to be determined), that all Cl was
not removed with atomic hydrogen cleaning. It is possible that the differences in
observations are due to the longer timeframe of exposure and the significant amount of

SEM and EDS exposure experienced by this deposit.

5.3.4. Other Platinum Containing Compounds

Several other Pt-containing precursors were evaluated with atomic hydrogen
purification, but it was found to have little effect. Particularly of interest were MeCpPtMes,
Pt(hfac)., and Pt(PF3)4. Figure 16 summarizes data for a deposit created on a Ru-capped
multi-layer mirror substrate from MeCpPtMes, a widely used FEBID precursor despite
relatively low purity (<20% Pt)®. There is little change observed in either the images or

EDS spectra for MeCpPtMe;3 after two hours of atomic hydrogen exposure ex situ at PHZ ~

1 Torr.
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Figure 5.16: SEM and EDS data for a deposit created from
MeCpPtMe, in an AES instrument on a Ru coated St/Mo multi-layer
substrate under steady state deposition conditions. A SEM image of
this deposit prior to atomic hydrogen treatment is shown in (a), with
the corresponding EDS spectra shown in (b), elemental analysis 66.6
% C, 10.5 % Pt, 11.1 % Si, 3.6 % O, 5.0 % Mo, and 3.2 % Al. The
deposit is shown in (¢) after 2 hours of atomic hydrogen treatment at
Py, ~ 1 Torr, and corresponding EDS data 1s shown in (d) with an
elemental composition of 59.8 % C, 8.8 % Pt, 17.0 % Si1, 7.6 % Mo,
0.3 % Ru, 6.1 % O, and 0.4 % AL
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Figure 17 summarizes data for deposits created from Pt(hfac). on a SiO> substrate.

The Pt(hfac), deposit was exposed to 2.5 hours of atomic hydrogen treatment at PH2 ~1

Torr. As with MeCpPtMe;, there is little change observed in the EDS data before and after
atomic hydrogen exposure. There is some appearance change in the deposit, as it appears
that the platinum may be coalescing, or the deposit edge is broadening, but there is no
observed change in the microstructure of the deposit (SEM images not shown), nor the
appearance of cracks, as seen for deposits created from cis-Pt(CO)2Cl,.  Further
investigation would be required to determine if the Pt is actually mobile in the deposit
formed from Pt(hfac)> or if the changes observed around the deposit edge are due to another

factor.
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Figure 5.17: SEM and EDS data for a deposit created from Pt(hfac),
in an AES instrument on a SiO, substrate under steady state
deposition conditions. A SEM image of this deposit prior to atomic
hydrogen treatment is shown in (a), with (b) the corresponding EDS
spectra, elemental analysis 61.6 % C, 23.1 % Pt, 2.4 % Si1, 9.0 % O,
and 3.9 % F. The deposit is shown in (¢) after 2.5 hours of atomic
hydrogen treatment at Py, ~ 1 Torr, and corresponding EDS data is
shown in (d) with elemental analysis of 62.2 % C, 24.4 % Pt, 1.2 %
$1,9.7% 0, and 2.5 % F.
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Figure 18 summarizes data for deposits created from Pt(PF3)s on a Ru-coated

Si/Mo mirror substrate and then exposed to two hours of atomic hydrogen treatment at PH2

~ 1 Torr. These deposits were conducted for a much longer deposition time in the Auger
spectrometer (~61 hours) and a “double” deposit effect can be seen, where the Auger beam
shifted slightly during the deposition. However, this has no effect on the elemental
composition or analysis. After exposure to atomic hydrogen treatment, the main
differences noted are in appearance. There is a slight peeling up around the edges of the
deposit, but otherwise, no major changes are observed. The line of dots that can be
observed traversing the deposit after atomic hydrogen treatment are due to wavelength
dispersive spectroscopy (WDS) processing.

In order to resolve EDS signal overlap between the Pt M and P K x-ray signals,
WDS was used to evaluate the Pt(PF3)4 deposits. The EDS peak composed of Pt M and P
K X-ray signals can be resolved by WDS as shown in Figure 19, to the P Ka and P satellite
peaks, and the Pt Ma and Pt M peaks. In Figure 19, the lower spectra shows the Pt and P
signals prior to atomic hydrogen treatment. The upper spectra shows the Pt and P signals

after two hours of atomic hydrogen treatment at PHz ~ 1 Torr. The upper spectra has been

normalized to the P Ka peak, and once this difference in signal strength is accounted for,
the two spectra are virtually identical. Atomic composition ratios (data not shown) show
little change between Pt/P ratios measured before and after atomic hydrogen treatment;
thus, atomic hydrogen had minimal effect on deposits created from Pt(PF3)4 in the Auger

spectrometer.
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Figure 5.18: SEM and EDS data for a deposit created from Pt(PF,),
in an AES instrument on a Si0, substrate under steady state
deposition conditions. A SEM image of this deposit prior to atomic
hydrogen treatment is shown in (a), with (b) the corresponding EDS
spectra, elemental analysis 19.5 % C, 23.4 % Pt, 37.9 % P, 4.7 % St,
7.1 % O, 2.6 % Mo and 4.9 % F. The deposit is shown in (c) after 2
hours of atomic hydrogen treatment at Py, ~ 1 Tor, and
corresponding EDS data is shown in (d) with elemental analysis of
21.1%C,22.3 % Pt,40.3 %P, 3.7 % S1, 7.1 % O, 2.1 % Mo and 3.3
% F.
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Figure 5.19: Wavelength dispersive spectroscopy (WDS) data is shown for the deposit
created from Pt(PF3)4 and then exposed to two hours of atomic hydrogen treatment at PH2

~ 1 Torr. In the lower spectra (black line), the Pt and P signals are shown prior to atomic
hydrogen (AH) treatment. The upper spectra (red line) shows the Pt and P signals after
atomic hydrogen treatment. For ease of comparison, the upper spectra was normalized to
the P signal (P Ka).

5.4. Discussion
Focused electron beam induced deposition (FEBID) has great promise to produce
nanostructures with useful capabilities, but frequently there is a significant amount of
contamination in the nanostructures, limiting their usefulness. The main precursor

evaluated in this paper, cis-Pt(CO)Cl>, showed promise to produce pure Pt films, based on
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research conducted on thin films, in an UHV environment, as discussed in our previous
work?*. Due to this promise, it was interesting to further evaluate deposits produced from
this precursor for structural characteristics, as well as purification potential. This research
investigated two means of post-processing or purification, electrons and atomic hydrogen
radicals. Deposits created in the Auger spectrometer using the 3kV electron beam were
spatially defined by the beam and were composed exclusively of Pt and Cl, as shown in
Figures 1, 6, 7, and 9. This agrees with results seen in a deposit evaluated in our previous
work. Electron beam post-processing removed virtually all of the CI from the adsorbed
cis-Pt(CO)2Cl, in our previous work**. However, the deposits evaluated in the present
study were generally much thicker than the 1 — 2 nm films evaluated previously, and thus,
it can be seen that there is a limit to the penetration depth where electrons can effectively
scrub halogens. In the XPS studies, a finite amount of precursor was used in a thin film;
electrons were able to penetrate the entire structure and remove Cl by a slower, electron-
stimulated desorption process, which is orders of magnitude slower than the desorption of
CO?*. In contrast, in these steady state deposition studies, analogous to the FEBID process,
each cis-Pt(CO).Cl> molecule is exposed to electrons and has minimal further electron
processing before another precursor molecule is decomposed, thus trapping the Cl in the
deposits. The CO actually may be assisted in desorption by local heating® in addition to
electron stimulated desorption; regardless of the dominant force for CO removal, the
deposits created in the Auger spectrometer are largely C and O free, in contrast to the films
evaluated in the XPS study, in which the precursor molecularly adsorbed to a cold
substrate, and then was removed by electron stimulated desorption. This may also be due

to the substrate temperature, as local heating in the experiments in which depositions were
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made at ambient temperature likely assisted in thermal CO removal.

Figures 2 and 3 highlight these differences in the ability of electrons to remove Cl
atoms from the PtCl> deposit. Figure 2 provides data regarding a relatively thin deposit
(thickness not measured), in which the continued electron beam processing slowly
removed the majority of Cl atoms, resulting a film with 8.3% Cl, producing a similar result
to that observed in our previous work?*. In contrast, Figure 3 shows data regarding a thicker
deposit, which was thick enough to be imaged in the SEM, and was created by deposition
for approximately four times as long as the thinner deposit. Thickness still isn’t measured,
but the important point is that electron processing is able to remove surface Cl; after a
certain point, Cl removal is complete from the surface, but not from the deposit bulk, due
to the significant Cl inventory in the larger deposit, which is not removed by electron beam
processing. Separate control experiments were conducted in the SEM on thick deposits
created from cis-Pt(CO)2Cl, in the Auger spectrometer, in which the deposit was
continually exposed to the SEM electron beam (at both 10kV and 20kV) for several hours,
conditions more analogous (indeed, harsher due to longer exposure times) to those in
FEBID experiments, and minimal Cl loss was observed. This is perhaps due to two factors:
(1), the electrons have a limited penetration depth (thus, electrons only remove surface Cl)
and the majority of deposits evaluated in the SEM were by necessity, of a suitable thickness
to be imaged in the SEM and to show minimal substrate contribution at 10kV in EDS,
and/or (2), the PtCl, deposits are more susceptible to lower energy secondary electrons
which are produced in greater numbers by the lower energy primary beams used in the
XPS experiments (500 eV), and the Auger experiments (3 kV), than in the SEM (10kV,

20kV). Our experiments show that electron post-processing has the ability to remove
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halogen atoms from FEBID deposits, but its overall utility is very specific to the size and
shape of deposits created. It will be interesting to observe the elemental composition and
structural integrity of FEBID deposits created from cis-Pt(CO).Cl; in a typical FEBID set-
up, investigations which are expected to take place in the future by other research groups.

Next, we evaluated the deposits formed from cis-Pt(CO)>Cl, with atomic hydrogen
radicals as a potential method to remove Cl. Atomic hydrogen radical purification was
observed both in situ in the Auger spectrometer, and ex situ, at a much higher atomic radical
flux. Figure 4 shows the effects of the in situ atomic hydrogen processing. Initially, the
atomic hydrogen is effective at removing Cl atoms, and the Auger spectra show CI removal
to the point where surface Cl is removed, but the remainder of the deposit retains its Cl and
the continual supply of Cl from within the deposit maintains the level of measured surface
Cl at approximately a constant level. This is analogous to the result seen for electrons
above and also in agreement with data reported by Plank ez. al. (unpublished work) for
atomic oxygen radicals. Light Ar" sputtering shows that the deposit composition is still
mainly PtCl, and as the surface is removed, the Cl appears to return as a new portion of the
deposit is exposed. Further atomic hydrogen treatment is observed to again remove the

surface Cl. Thus, in situ atomic hydrogen purification at a relatively low PHz (~5x107

Torr) was able to remove surface Cl but could only penetrate a limited distance into the
deposit.
The next portion of the discussion will focus on the fate of several deposits

subjected to atomic hydrogen treatment ex situ at a higher PHz (~ 1 Torr). Interestingly, a

variety of structural results were observed from deposits subjected to atomic hydrogen

treatment, suggesting that several factors may be at play; the overall effect on elemental
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composition was removal of all Cl on varying timescales. Figure 6 shows that 10 minutes
of atomic hydrogen was sufficient to remove all Cl from the deposit, and the deposit largely
retains its shape. Some aggregation and small cracks are observed. It appears that the
longer SEM beam dwell time required to obtain the EDS spectra caused surface carbon
deposition or changed the surface composition sufficiently that cracks were preferentially
generated in these locations (not visible in the SEM prior to atomic hydrogen treatment)
during atomic hydrogen treatment, possibly providing a favorable location for Cl to exit
the deposit without causing significant loss of deposit structural integrity.

Figure 7 shows another deposit before and after atomic hydrogen treatment. This
deposit was not subjected to EDS prior to atomic hydrogen treatment, as the longer SEM
electron beam dwell time required to collect an EDS spectra (especially longer spectra)
impacted the deposit, and thus influenced the end result, as observed in Figures 6 and 8.
This deposit largely retains its shape, and doesn’t appear to have significant cracking. It
appears likely that the features created in the Auger spectrometer and visible on top left of
the deposit, provided a nucleation site for the atomic hydrogen and Cl to desorb, without
significant structural changes.

Figure 8 shows the fate of a third deposit after atomic hydrogen treatment. This
deposit shows four flat, dense regions which appear to be due to deposition of surface
carbon during EDS spectra, and presents a notably different appearance than the relatively
uniform honeycomb appearance of the broader deposit. This honeycomb appearance is
similar to what would be expected based on observations by Horch et. al., that H atoms
allow Pt to become mobile**. Figure 9 shows a combination of effects on a deposit which

was first exposed to electron beam post-processing, and then to atomic hydrogen
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purification. The cracking observed in Figure 8 still takes place, but to a lesser extent,
perhaps due to deposition of surface carbon or other structural changes caused by electron
beam irradiation prior to atomic hydrogen treatment.

Figure 10 shows the fate of a fourth deposit after two hours of atomic hydrogen.
Similarly to the deposit shown in Figure 7, this deposit was not exposed to longer SEM
beam dwell times for EDS prior to atomic hydrogen exposure. In this particular case, two
hours of atomic hydrogen exposure resulted in a complete loss of structural integrity, as
the atomic hydrogen removed the CI. EDS maps show that the Pt atoms do aggregate, but
overall structural integrity is lost. Interestingly, Figures 8 and 10 both indicate that once
the CI has been cleaned from the structure, there is minimal change in appearance, aside
from minor changes (probably physical) as observed in Figure 7d. This suggests that the
mobility of the Pt and the removal of the Cl cause the structural changes observed in these
deposits, rather than the treatment with atomic hydrogen alone; i.e., if all species present
are inert to atomic hydrogen, then atomic hydrogen treatment will not cause significant
changes to deposit structural integrity.

Figures 11 through 15 provided the opportunity to observe the slow removal of ClI
from the deposit due to atomic hydrogen exposure. It isn’t possible to make an accurate
determination of removal (i.e. first order decay) based on the uncertainties involved in the
introduction and removal of the deposit into several different systems. It is apparent that
the Cl was removed much more slowly from this deposit than all the other deposits. It is
possible that this is due to a significant amount of surface carbon deposition, as the first
treatment for the deposit was a control experiment in which the deposit was exposed to the

atom source without any hydrogen. It is possible that the atomic hydrogen pressure
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decreased significantly (although this was not observed). No significant changes in deposit
appearance (or EDS elemental composition) were observed until after 18 minutes of atomic
hydrogen exposure. After 18 minutes of exposure, Cl removal starts to noticeably occur
and the deposit was progressively exposed to 30 minutes of atomic hydrogen and then
reevaluated. However, Cl removal is not uniform across the deposit and it occurs
preferentially in the areas of cracks or fissures, as the deposit slowly loses structural
integrity with increasing exposure to atomic hydrogen. This supports the premise that as
the structure loses integrity, the Cl able to desorb more efficiently, and indeed, that the Cl
removal promotes loss of structural integrity as the Pt becomes mobile. It would be
interesting to evaluate the effects of a lower flux of atomic hydrogen on FEBID deposits
created from cis-Pt(CO),Cly, as there could be an optimal pressure to remove Cl entirely
without loss of structural integrity, which we could not observe due to operation at the
lower pressure (~5 x 107 Torr) and higher pressure (~ 1 Torr) extremes of atomic hydrogen
radical production.  Lastly, three other Pt containing precursors were evaluated with
atomic hydrogen radicals, but nothing significant was observed, either in terms of structural
changes or elemental composition changes. Thus, atomic hydrogen appears to have an
impact on certain chemical compositions and structures, but not on every type of structure.
The structural changes observed in this chapter appear to be due to the aggregation of Pt
and rapid loss of Cl, causing structural changes to the deposit due to the chemical changes.
Previous work by Wnuk et. al.*! has shown successful purification treatment of deposits
formed from Me>Au(acac), in which treatment by atomic oxygen, followed by treatment
with atomic hydrogen, can result in pure Au deposits. It is apparent that atomic hydrogen

treatment has a similar effect on Pt deposits containing halogen atoms. Larger implications

174



for FEBID are that again, many competing processes are taking place for FEBID deposits

and different conditions play a large role, both in deposit formation and purification.

5.5. Conclusion
Deposits were created from cis-Pt(CO)>Cl, in a FEBID-like process, and then
subjected to electron beam or atomic hydrogen radical processing. Electron beam

treatment and atomic hydrogen treatment at lower PH2 (~5x 107 Torr) resulted in removal
of primarily surface Cl. More aggressive atomic hydrogen cleaning, at a much higher PH2

(~ 1 Torr) resulted in removal of all Cl from structures, but also modified the structures to
a honeycombed or open structure, or caused loss of structural integrity. Under certain
conditions, atomic hydrogen atoms can cause deposited Pt atoms to mobilize and
disperse/disaggregate, which limits the applicability of atomic hydrogen cleaning for
FEBID, but may have interesting possibilities for use of Pt in catalysis. Evaluation of other
Pt containing precursors (MeCpPtMes, Pt(hfac),, and Pt(PF3)s4) showed minimal impact

from atomic hydrogen treatment.
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Chapter 6. Electron induced surface reactions of CpFe(CO),Mn(CO)s and Co2(CO)s

6.1. Introduction

As technological advances require integrated circuits with smaller and smaller
feature sizes, both industry and academia continue to search for methods to fabricate
increasingly smaller nanostructures. There are a variety of methods that can produce
nanoscale features; each technique has benefits and drawbacks that can govern the best
method for a particular application. One promising area of research is a process called
focused electron beam induced deposition (FEBID). FEBID involves a gaseous precursor
introduced into a vacuum chamber (typically a modified SEM), and transiently adsorbed
on a substrate'™. The precursor is irradiated by a focused electron beam, which causes
decomposition of the precursor into volatile and non-volatile fragments. The volatile
fragments are pumped into the vacuum, while the non-volatile fragments remain behind,
forming a deposit. FEBID deposits are size and shape specific and are only limited by the
manipulation of the electron beam; they do not require any resist layers or masks*®. To
date, FEBID nanostructures (dots) have been made with a diameter of 0.72 nm; FEBID
shows significant promise in writing features in the sub-10 nm regime™°.

Despite many advantages, there are several challenges that prevent wide-spread
application of FEBID to nanostructure fabrication. The largest challenge is the purity of
nanostructures created by FEBID, which is directly related to choice of precursor®’s,
Many precursors used in FEBID were designed as chemical vapor deposition (CVD)
precursors, which produce largely pure metallic films under heat. However, FEBID is an

electron based rather than heat based process, and due to the different mechanisms,
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precursors that produce pure films in CVD often have significant amounts of contamination
in FEBID nanostructures, which severely limits their use. A classic example is the
precursor MeCpPtMe3, which produces pure Pt films in CVD, but results in deposits
containing ~20% Pt and ~80% C in FEBID’. Even in the face of contamination issues,

FEBID nanostructures have found a variety of applications, most notably in lithographic

10,11 12,13

mask repair' ™' and fabrication of ultrasharp probe tips
Recently, we have applied a surface science approach to evaluate potential FEBID
precursors and enable us to determine mechanistic details of precursor decomposition

under electron beam irradiation'#!”.

The surface science approach relies on use of an
ultrahigh vacuum (UHV) environment, which allows detailed evaluation of species that
cannot be evaluated in the SEMs typically used for FEBID. The surface science
experiments are conducted in two steps: the first step involves dosing of the precursor and
adsorption on a cooled substrate (usually < 200K) as a thin film (nanometer scale
thickness). X-ray photoelectron spectroscopy (XPS) is used to verify adsorption of the
precursor on the substrate. An electron gun is used to irradiate the adsorbed precursor;
XPS is used to evaluate changes on the surface, while mass spectrometry (MS) is used to
characterize the species ejected into the gas phase during electron beam irradiation. Further
details of this approach may be found in several previous publications!>!6.

There are a wide variety of compounds that have been used in the FEBID process
or evaluated for use in the FEBID process to deposit a variety of metals, SiO», and other
substances’. However, the vast majority of these compounds contain only one metal

center. The few compounds evaluated for FEBID that contain more than one metal center

are generally cluster compounds, which contain multiples of the same metal center, for
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example Co2(CO)s, Fe3(CO)12, and RhoClo(PF3)4%. Little work has been reported to date
about the performance of precursors with dissimilar metal centers, with the exception of
recent work on FEBID deposits created from HFeCo3(CO)12 by Porrati et. al., which
resulted in CoFe alloy magnetic nanostructures composed of approximately 80% metal
content and 10% carbon and oxygen content'®. Given the difficulty in controlling
deposition of different species by processes such as injection of more than one gas feed'”,
it is interesting to explore the performance of a bimetallic compound under electron beam
irradiation, as it has potential to deposit both metals as noted above, potentially retaining
the metal stoichiometry of the molecule. Due to design requirements, there are a dearth of
bimetallic precursors that could be useful in FEBID*’; for example, the precursor must
have a long enough residence time on the substrate surface to be decomposed by electrons,
but must also be volatile enough that non-desirable ligands desorb, which can be
challenging with heavier molecular weight compounds. Our collaboration with synthetic
organometallic chemists has led to investigation of the current compound,
CpFe(CO)>Mn(CO)s. Previous research has indicated that some proportion of carbonyl
(CO) ligands are likely to desorb under electron beam irradiation'*?%?! while the

cyclopentadienyl (Cp) ligand is expected to remain behind on the surface!¢!

, contributing
to carbon contamination in resulting structures; thus CpFe(CO),Mn(CO)s is not expected
to be a viable FEBID compound to produce pure bimetallic structures. However, as a
model compound to evaluate mixed metals under electron beam irradiation, it will provide
valuable data. Additionally, a few experiments were conducted with the binuclear

homometallic compound Co2(CO)s, which is currently used for FEBID of relatively pure

magnetic nanostructures, and has produced magnetic nanostructures of > 90% purity?>.
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6.2.Experimental

An ultrahigh vacuum (UHV) chamber equipped with X-ray Photoelectron
Spectroscopy (XPS) and Mass Spectrometry (MS) was used to study the effects of electron
irradiation on nanometer scale films of CpFe(CO)Mn(CO)s and dicobalt octacarbonyl
(Co2(CO)g). Another UHV chamber equipped with an Auger Spectrometer (AES) was
used to create deposits under steady state deposition conditions, using electron irradiation.
Further details of the chambers’ analytical capabilities can be found in earlier

publications!>1623,

6.2.1. Synthesis of CpFe(CO)>Mn(CO)s

6.2.1.1.  General (Synthesis)

Unless otherwise stated, all reactions were carried out under an inert atmosphere
using Schlenk line and glovebox techniques. CpFe(CO).I and Mny(CO);o were purchased
from Sigma-Aldrich and used as received. Tetrahydrofuran (THF) was distilled from
sodium benzophenone ketyl and was stored over 3 A molecular sieves prior to use. IR
spectroscopy was performed on a Bruker Alpha spectrometer using a sealed KBr liquid

cell from Sigma-Aldrich.

6.2.1.2. CpFe(CO):Mn(CO)s

Modified literature procedures were used to synthesize CpFe(CO)2Mn(CO)s>*2°.

A 1% Na/Hg amalgam was made by dissolving Na (0.1237 g, 5.381 mmol) in Hg (12.4140
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g). Mn2(CO)10 (0.7690 g, 1.978 mmol) was dissolved in THF (15 mL) and added to the
Na/Hg amalgam. The solution was stirred for one hour. The organic layer was transferred
to a Schlenk flask containing CpFe(CO).I (1.2056 g, 3.9767 mmol) and stirred for two
days, under the exclusion of light. MeOH (2.0 mL) was added to the deep red solution.
The solvent was removed in vacuo and column chromatography was performed on a silica
column with pentane as the eluant. Three bands were seen: yellow due to Mnz(CO)1o, red
which was product, and brown due to remaining CpFe(CO):I, which stays on the baseline.
The product was obtained as a dark red solid (sublimation: 46 °C, 100 mTorr). Crude
yield: 0.5418 g, 37%. Sublimed yield: 0.2840 g, 19%. The compound was characterized
by comparison to literature data®*. '"H NMR (300 MHz, CsDs) 8 3.97 (s, SH). IR (hexanes):

2082, 2014, 1991, 1976, 1945 cm™".

6.2.2. Cox(CO)g

Co2(CO)g was purchased from Sigma-Aldrich and used as received. It was stored
in a freezer and handled inside an N> glovebox due to its sensitivity to air and moisture, as

well as its pyrophoric nature.

6.2.3. Precursor handling and coupling to UHV systems

Both CpFe(CO)>:Mn(CO)s and Co(CO)s are solids at standard temperature and
pressure. Due to the sensitivity of CpFe(CO),Mn(CO)s to air and moisture, it was stored
in the freezer of and handled inside an N> glove box. To prepare the precursor for
deposition, it was added to a glass finger, which was attached to a UHV compatible leak

valve coupled directly to the UHV chamber. To minimize chamber pump down time, the
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glass finger was evacuated at the same time as the UHV chamber was pumped down with
the leak valve open into the 1.0 x 10°® Torr pressure regime, at which point the leak valve
was closed and the main chamber baked out and restored to the UHV pressure regime. To
maintain a sufficient vapor pressure of CpFe(CO)>Mn(CO)s, the precursor was heated to
~35 °C during deposition with the temperature monitored by a thermocouple. Conditions
were similar for Co2(CO)g, with the difference that some experiments were conducted with
the precursor at room temperature (~21 °C), while other experiments were conducted with
the precursor heated to ~30 - 40 °C. It is also important to note other dosing conditions for
C02(CO)s. In an effort to minimize the large CO pressure in preparation for dosing, each
day the test tube containing Co2(CO)s was evacuated to the vacuum chamber for about 30
minutes while the precursor was cooled with liquid nitrogen. Then the liquid nitrogen was
removed and the compound warmed and pumped off to remove residual hexanes. Due to
challenges with this compound, the UHV system was baked briefly each night for

approximately four hours.

6.2.4. Substrates

Electron irradiation of thin films of CpFe(CO)Mn(CO)s and Cox(CO)s was
conducted on a gold (Au) substrate in the XPS. The Au substrate allowed a clean
evaluation of the C(1s), O(1s), and Fe(2p) XPS transitions, for CpFe(CO)>Mn(CO)s, and
for all transitions for Co2(CO)s. Unfortunately, due to a conflict between the Mn 2p32 (642
eV) and Au 4p1» (647¢V) transitions, the Mn(2p) transition could not be fully elucidated.
Further work will address this issue by conducting experiments on an amorphous carbon
(a:C) substrate, which will allow evaluation of all transitions except C(1s). lon sputtering

using 4 keV Ar" ions was conducted in between experiments to regenerate the substrate in
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situ until the substrate was verified clean by XPS. Depositions from CpFe(CO)Mn(CO)s
in an Auger spectrometer utilized an atomically smooth Ru-capped Si/Mo multi-layer
mirror substrate?’, which was chosen for depositions due to ease with which deposits could
be imaged in the scanning electron microscope. Prior to deposition, the cleanliness of the

Ru-capped Si/Mo substrate was verified by Auger spectroscopy.

6.2.5. Dosing the precursor on the substrate in the XPS/MS chamber

Nanometer scale films of CpFe(CO)Mn(CO)s or Cox(CO)s were created by
leaking the precursor into the UHV chamber through a UHV-compatible leak valve, where
it was adsorbed onto a cooled substrate at 113K (£ 10K), except for one experiment with
Co02(CO)s in which the precursor was adsorbed onto a cooled substrate at 168 K(+ 10 K).
Average film thickness was determined for each film by measuring the attenuation of the
substrate XPS photoelectrons (Au(4f)) after compound adsorption,?® using an inelastic

mean free path for Au(4f) photoelectrons of 2.0 nm?-3!,

6.2.6. Electron Source

A commercial flood gun (Specs FG 15/40) was used as an electron source for all
XPS and MS experiments. In order to ensure that the film was subjected to a relatively
uniform electron flux, the electron source was characterized by a Faraday cup. Throughout
our experiments, the incident electron energy was 500 eV; this was calculated from the
sum of the electron energy from the flood gun (480 eV) and a positive bias (+20V), which

was applied to prevent secondary electrons generated during irradiation from escaping.
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Various electron currents were used. Electron flux is reported in terms of dose (e/cm?).

Further details of the electron source can be found in previous publications.?-3

6.2.7. X-ray Photoelectron Spectroscopy

XPS data were acquired in a PHI 5400 XPS using Mg Ka X-rays (hv=1253.6 eV).
Spectra were deconvoluted with commercial software (CASA XPS); binding energies
obtained for films deposited on the Au substrate were aligned to the Au(4f72) peak at 84.0

eV.

6.2.8. Creating Deposits in the Auger Spectrometer (AES)

Deposits were formed by leaking CpFe(CO),Mn(CO)s into the UHV chamber of a
PHI 610 Scanning Auger Microprobe system (LaBs filament) using a UHV-compatible
leak valve. The partial pressure of precursor at the substrate surface was enhanced by the
use of a directional doser, similar in concept to the nozzles used in FEBID. The deposits
were made under steady state deposition conditions with the substrate at room temperature,
using an incident electron beam energy of 3kV and varying deposition times, substrate
currents, and precursor partial pressures. Deposit thicknesses were assessed as suitably
thick (but were not calculated) once the substrate peaks were no longer visible in the Auger

spectrum.

6.2.9. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS)

After deposits were generated in the Auger spectrometer, a cold-cathode field

emission scanning electron microscope (JEOL 6700F, LEI detector) with a 1.0 nm
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resolution at 15 keV equipped with an energy dispersive X-ray analyzer (EDAX Genesis
4000 X-ray analysis system, detector resolution of 129 eV) was used for deposit imaging

and EDS analysis.

6.3.Results

6.3.1. CpFe(CO):Mn(CO)s

Figure 1 shows the effect of electrons on the evolution of the C(1s), O(1s), Fe(2p),
and Mn(2p) XPS transitions at the beginning of the reaction, on thin films (~ 0.5 - 1.2 nm)
of “as deposited” CpFe(CO);Mn(CO)s adsorbed on Au at 113K (£ 10K) which is
considered as largely the adsorbed but unreacted parent compound, and as similar films
were exposed to increasingly larger electron doses up to 3.7 x 106 e/cm?. Since both X-
ray and electron beam irradiation generate electrons when they impinge on the substrate,
separate control studies (data not shown) were conducted in which adsorbed
CpFe(CO)Mn(CO)s was exposed to X-ray irradiation. These studies revealed that similar
changes occur to adsorbed films of CpFe(CO),Mn(CO)s when exposed to either X-rays or
electrons, and that CpFe(CO)Mn(CO)s is reactive to electrons from either X-ray or
electron irradiation; thus, the data shown in Figure 1 was collected by taking a limited
number of sweeps to characterize each XP region. This resulted in slightly noisier but
more accurate data, since X-rays caused a minimal amount of the precursor to react. The
effect of X-ray irradiation was found to be significant and a factor for all but the larger
electron doses. Thus, for all data points, each film was exposed to electron beam
irradiation, then to a short x-ray irradiation period to characterize the changes resulting

from the electron beam irradiation. For doses greater than 1.9 x 10'® e’/cm?, the film was
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Figure 6.1: Evolution of the (a) C(1s), (b) O(1s), (c) Fe(2p) and (d) Mn(2p) XP regions
for thin films (~0.5 — 1.2 nm) of CpFe(CO),Mn(CO), adsorbed on an Au substrate at
113K (= 10K) and exposed to electron irradiation at 5 pA. In each panel, the lower
spectrum is an “as deposited” dose, after only brief x-ray exposure. The arrow in the
C(1s) region is shown as a guide to the eye.

exposed twice to the cycle of electron beam then x-ray characterization, as the effects of
X-rays were assessed as minimal at this point.

In Figure 1, after precursor adsorption, the C(1s) region is characterized by two
strong peaks, one at 287.9 eV, corresponding to contribution from a carbonyl (CO) ligand,
and the second at 285.7 eV, corresponding to contribution from the cyclopentadienyl (Cp,
n°-CsHs) ligand. A smaller feature is also apparent at 293.7 eV, which is ascribed to a -
m* CO shake-up transition®. The stoichiometry of the two C(ls) species roughly
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corresponds to that of the precursor; the peak at 287.9 eV and the shake-up feature are the
result of the seven CO ligands, while the peak at 285.7 eV is consistent with the five carbon
cyclopentadienyl ligand. Rough calculation of peak area from XPS data provides a
qualitative molecular ratio of 7.6 C: 5 O: 1.2 Fe: 1 Mn, which roughly correlates with the
expected molecular ratio of 12 C: 7 O: 1 Fe: 1 Mn. As the films are exposed to increasingly
greater electron beam irradiation, the C(1s) region markedly changes, as the higher binding
energy peak and shake-up feature gradually decrease in size and largely disappear, while
the lower binding energy feature remains relatively unchanged, aside from a slight decrease
in binding energy. After exposure to an electron dose of 3.7 x 10'° e’/cm?, which is assessed
as completion of the reaction (or nearly so), the C(1s) region is composed primarily of a
large peak at 285.5 eV, consistent with the Cp ligand.

The O(ls) region is initially characterized by a single peak at 534.6 eV,
characteristic of carbonyl ligands, and a n-n* CO shake-up transition centered at 540.3
eV,  After the film was subjected to electron irradiation, the O(1s) peak corresponding
to CO has downshifted in binding energy to 532.9 eV, broadened (characteristic of oxide
formation), and decreased in intensity; after electron irradiation of approximately 1.9 x 10!
e/cm?, the shake-up feature is no longer apparent in either the C(1s) or O(1s) regions.

In the Fe(2p) region, a sharp Fe (2pi/2p32) doublet is observed in the “as
deposited” film with peaks centered at 722.6 eV and 709.7 eV, indicative of Fe in a single
bonding environment. As the film is exposed to electron irradiation, small changes are
noted. The Fe doublet peaks have broadened slightly and downshifted in binding energy
to 721.8 eV and 708.9 eV, respectively. The decrease in binding energy is consistent with

reduction in formal oxidation state typically observed as ligands desorb from a metal, while
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the small amount of peak broadening (best observed on the left side of the Fe2ps/; peak) is
consistent with changes in Fe bonding. The shape of the Fe peaks indicates that the Fe
largely retains its metallic nature, and is not indicative of a formation of a significant
amount of oxide.

Similarly, the Mn(2p) region is initially comprised of a Mn(2p1/2/2p32) doublet with
peak positions at 653.2 and 642.2 eV. Unfortunately, the Mn peaks are partially obscured
by interference of the Au(4pi2) peak at 647 eV. As the film is exposed to increasingly

greater electron irradiation, it becomes difficult to distinguish either Mn(2p) peak; as
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Figure 6.2: Electron irradiation induced changes in the Fe 2p, , binding energy for 0.5
-1.2 nm CpFe(CO),Mn(CO), films adsorbed on an Au substrate; each is plotted as a
function of electron dose, as determined by XPS.
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material is removed from the film (primarily due to CO loss), the substrate signal becomes
stronger. Although it is expected that Mn would experience similar electron irradiation
effects as Fe, this interesting point will be elucidated further on a different substrate without
interference.

Figure 2 shows changes in the Fe 2p3,» binding energy as the films are exposed to
increasingly greater electron doses. The initial Fe 2p3 binding energy is 709.7 eV, which
is consistent with Fe in a formal Fe(I) oxidation state®*. Under electron beam irradiation,
the Fe 2p3» binding energy decreases to approximately 708.6 eV after an electron dose of
1.1 x 10" e/ecm? (for metallic iron, Fe2ps2 binding energy is 707.0 eV>%). This is consistent
with the metal center undergoing reduction towards a more metallic state, which has been
observed for other precursors studied for FEBID!416:21:35,

Figure 3 displays mass spectrometry (MS) data obtained during electron beam
irradiation at an electron current of 30 pA of Cp(CO)FeMn(CO)s adsorbed on an Au
substrate. In Figure 3a, during electron beam irradiation, the primary species desorbed are
CO, C, and O, at m/z 28, 12, and 16, which are characteristic of carbonyl ligand desorption.
A small m/z = 18 peak is also observed, which is attributed to residual H2O in the UHV
chamber. Figure 3b presents data obtained during slow thermal compound desorption,
conducted to capture the signature of the compound. Figure 3b shows MS peaks at m/z 28,
12, and 16, ascribed to the CO ligand, as well as residual H,O. Several characteristic
features of Cp ligands are also observed in Figure 3b, most notably fragments at m/z 40
and m/z 62 - 65 amu. This MS data closely mirrors fragmentation patterns observed in
previous research on precursors containing Cp ligands'®.

Figure 4 shows a kinetic analysis of species desorbed during electron beam

191



irradiation. The carbonyl species (m/z 28) was evaluated as it is the strongest signal during
desorption. For reference, a similar analysis for another recently evaluated compound, cis-
Pt(CO)CL», is provided. Both precursors are observed to follow a roughly first order
exponential decay profile. Interestingly, the CO species evolution for CpFe(CO)>Mn(CO)s
has decreased to background after an electron dose of 2 x 10'¢ e/cm?, while the CO species
evolved from the cis-Pt(CO),Cl film required an electron dose of 4 x 10'® e’/cm? to reach

background levels (data not shown)™.
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Figure 6.3: Mass spectrum (0-80 amu) for (a) the volatile species produced when a
~1.4 nm film of CpFe(CO),Mn(CO), adsorbed on an Au substrate at 113K was

irradiated by an electron dose of 1.7 x 1017 e”/cm? (incident electron energy of 500 eV,
30 pA); the spectrum represents an average of MS taken every 20 s during the electron
exposure and (b) gas phase CpFe(CO),Mn(CO), evolved when the adsorbed precursor

was allowed to thermally desorb. For ease of comparison, spectra (a) and (b) were
normalized to the CO peak height (m/z = 28).
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Figure 6.4: Kinetics of gas phase CO evolution during electron irradiation from a ~0.8
nm film of CpFe(CO),Mn(CO), (open circles) compared with a ~0.7 nm film of cis-

Pt(CO),CI2 (x’s), as measured by the CO peak at m/z = 28.
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An electron target current of 1 pA was used for irradiation of CpFe(CO)>Mn(CO)s, while
a current of 5 pA was used for irradiation of cis-Pt(CO),Cl.

The majority of experiments were conducted in a XPS on a cooled substrate.
However, a few experiments were conducted at steady state deposition conditions, with the
substrate at ambient temperature, using the 3kV electron beam in an Auger spectrometer.
These deposits are representative of those that would be created under FEBID conditions.
A Ru-coated Si/Mo multi-layer substrate was exposed to a continuous partial pressure of
gas phase CpFe(CO),Mn(CO)s, and irradiated by the Auger electron beam. Figure 5 shows
a) an Auger spectrum of a deposit created from CpFe(CO)>Mn(CO)s, which is composed
of C, O, Mn, and Fe; no contributions from the Ru/Si/Mo substrate are observed. Auger
maps in which spatial distribution of surface Mn and Fe are determined by measuring the
difference between the Auger transition of interest and a reference signal are shown for the
b) Mn LMM (589 eV) and the ¢) Fe LMM (703 eV) transitions. Figure 5d shows the EDS
spectrum for this deposit, which has an elemental composition of 18.2% Fe La, 18.2 % Mn
Ka, 50.4% C Ka, and 12.6% O Ka, and Figure Se shows the SEM image of this deposit.
Both the Auger maps and the SEM image indicate that the deposit is defined by the electron

beam; no conformal CVD-type deposition is observed.
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CpFe(CO);Mn(CO)s.

6.5:  Auger electron and SEM data for a FEBID deposit created from

The AES spectrum for a deposit on a Ru coated Si Mo multi-layer

substrate is shown in (a) and Auger elemental maps for this deposit are shown for (b) Mn (589
eV) and (c) Fe (703 eV). Scanning electron microscope data for this deposit includes (d) EDS
data, with elemental composition of 182 % Fe Lo, 18.2 % Mn Ko, 504 % C Ko, and 12.6 % O
Ko, and (e) an SEM image taken at 10kV. 600x.
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6.3.2. Co2(CO)s

Due to the wide usage of Co2(CO)s as a FEBID precursor to produce magnetic
nanostructures of relatively high purity and potentially interesting applications due to the
catalytic properties of cobalt?>*%¥, a few experiments were conducted to evaluate the
effects of electron beam irradiation on Coz(CO)s. Previous work (unpublished, data not
shown) had indicated that Co2(CO)s molecularly adsorbed on both SiO> and Au substrates,
and that under electron beam irradiation, the majority of CO desorbed, while Co was
reduced towards a more metallic state. Recently, investigations were conducted that
somewhat corroborated earlier data but presented some new challenges that warrant further
investigation. These more recent experiments showed an interesting result that it was quite
difficult to adsorb the precursor and characterize it, due to its extremely quick reaction to
either x-rays or the photoelectrons generated by X-ray irradiation. This resulted in the
rapid desorption of the vast majority of CO ligands, leaving some amount of Co on the
surface. The only known experimental differences between the two series of experiments
are (1) the earlier experiments were conducted with Co2(CO)g heated to 30-40 °C, while
the more recent experiments discussed in Figures 6, 7, and 8 were conducted with
C02(CO)s held at room temperature (~21 °C) and (2) some of the earlier experiments
adsorbed Co2(CO)s onto a substrate cooled to 168 K (+ 10 K), while other earlier and the
more recent experiments adsorbed Coz2(CO)s onto a substrate cooled to 113 K (+ 10 K).

Figure 6 shows survey XPS spectra for the clean Au substrate in the bottom spectra.
The middle spectra shows adsorbed Co2(CO)gs; it can be noted that the Au substrate peaks
are essentially absent, due to the thickness of the Co2(CO)s adlayer. The top spectra shows
the system after a pressure excursion caused by the brief X-ray exposure, in which it can

196



be see that the majority of CO ligands have desorbed, and the Au substrate peaks have

largely returned, although Co is still present on the substrate.
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Figure 6.6: Wide-scan survey spectra shown for (a) a clean Au substrate cooled to
113 K, (b) adsorbed Co,(CO),, and (c) the Au substrate immediately after X-ray

exposure.

Figure 7 presents XPS data for Co2(CO)s for the C(1s), O(1s), and Co(2p) XP
regions for one experiment conducted with Co2(CO)s heated to 30 °C during dosing to the
UHV chamber, adsorbed onto a SiO> substrate at 168 K (+ 10 K), and then exposed to an

electron dose of 5.6 x 10! e’/cm?

. In the C(1s) region, the “as deposited” film shows a
large peak centered at 287.7 eV, characteristic of C contribution from a CO ligand®, a
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smaller peak at 293.1 eV, attributed to am-n" shake-up feature typically seen for carbonyls??
and a small peak at 284.3 eV, attributed to graphitic carbon, ascribed to hexanes used to
stabilize the Co2(CO)gs, or hydrocarbons adsorbed from the UHV chamber. After electron
beam irradiation, the peak has shifted lower in binding energy to 285.5 eV, and the two
CO features are no longer visible, indicating decomposition of some of the CO ligands and
deposition of graphitic carbon from the electron gun.

In the O(1s) region, the dominating factor is the large contribution from the SiO>
substrate, with the substrate peak centered at 532.9 eV; however, a small n-n~ CO shake-
up feature is observed, centered at 540.1 eV. The larger CO peak expected from CO
species is obscured by the substrate but the presence of the CO (or another species, since
it is obscured by the SiO; peak) can be extrapolated by the widening of the SiO; peak, and
the appearance of a shoulder centered at 534.2 eV. After electron beam irradiation, the
shake-up feature has disappeared, and the SiO> oxide peak has returned to the appearance
of a clean Si0O; substrate, without the broadening effect of another species.

In the Co(2p) region, the “as deposited” spectra shows a well-defined Co
(2p1/2/2p32) doublet with peaks centered at 795.7 eV and 780.9 eV. The sharp appearance
of the peaks and minimal broadening indicates Co in a close to metallic state. After
electron beam irradiation, the peaks have decreased in binding energy to 794.8 eV and
779.8 eV, and the peaks have broadened, most noticeably the Co 2p3» peak. This is
indicative of a change in the bonding of the Co, and possibly of an oxide formation,

although this figure does not provide enough information to make that determination.
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Figure 6.7: Evolution of the (a) C(1s), (b) O(1s) and (¢) Co(2p) XP regions for a thin
film (~0.5 — 1 nm) of Co,(CO), adsorbed on an SiO, substrate at 163 K (+ 10 K) and

exposed to electron irradiation at 5 pA. In each panel, the lower spectrum is an “as
deposited” dose, after only brief x-ray exposure. For this experiment, Co,(CO), was

dosed to the UHV chamber at 30 °C (= 5 °C).
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Figure 6.8: Evolution of the (a) C(1s), (b) O(1s) and (c) Co(2p) XP regions for thin
films (~0.5 — 1 nm) of Co,(CO), adsorbed on an Au substrate at 113 K (+ 10 K) and

exposed to electron irradiation at 5 pA. In each panel, the lower spectrum is an “as
deposited” dose, after only brief x-ray exposure. For these experiments, Co,(CO), was

dosed to the UHV chamber at ~21 °C.

Figure 8 presents XPS data for Co(CO)s for the C(1s), O(1s), and Co(2p) XP
regions for experiments conducted with Co2(CO)s held at room temperature (~21 °C)
during dosing to the UHV chamber, adsorbed on an Au substrate at 113 K (+ 10 K) and
then exposed to increasingly greater electron beam irradiation. This figure does not have
an ““as deposited” spectra, as it was not possible to adsorb it without rapid desorption from
the surface. Thus, the data in this figure was obtained by adsorbing the compound, then

exposing it to a specified electron dose, and then characterizing with X-rays. The data is
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consistent with what would be expected for an “as deposited” dose as shown in Figure 7.
This challenge also affected the ability to calculate film thickness accurately; thus, film
thicknesses for films shown in Figure 8 are only estimations.

In the C(1s) region, the spectra for an electron dose of 9.4 x 10" e/cm? shows a
large peak centered at 287.2 eV and a smaller peak at 293.1 eV attributed to a n-n" shake-
up feature, both typical of carbonyl ligands. As the film is exposed to increasingly greater
electron doses, the large CO peak downshifts in binding energy to 286.1 eV, and broadens,
indicative of both CO desorption and decomposition of CO ligands on the surface. A small
peak grows in at 283.8 eV, ascribed to graphitic carbon from the electron gun,
hydrocarbons from the UHV chamber, or decomposition of CO on the surface. The CO =-
n" shake-up feature does not show expected behavior as it is still visible after an electron
dose of 1.7 x 107 e”/cm?, although it is also apparent that there is still carbonyl carbon from
the larger peak on the surface in this experiment as well. In Figure 8, the bottom three
spectra are from one film, and the top two spectra are from a 2" film; thus, a direct
comparison can be made between the bottom three and top two spectra. It is apparent that
there are differences in film thickness between the two films (i.e. the film used in the top
two spectra appears to be thicker than the film characterized by the bottom three spectra),
which may be the source of the differing results observed. The shake-up feature is seen to
disappear in the bottom three spectra. The top two spectra tell a different story, and in fact,
it appears that the shake-up feature grows stronger between the 1.1 x 10" and 1.7 x 107 &
/em? doses, when it would be expected to decrease, or disappear. This is especially odd
since the larger CO peak decreases in intensity and broadens, while the shake-up feature

seems to grow stronger. The reaction is assessed as not completed at this point due to the
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presence of a significant CO species on the surface. The unusual shake-up manifestation
may be due to an experimental issue but it warrants further investigation.

In the O(1s) region, the initial spectra, after an electron dose of 9.4 x 10! e/cm?, is
composed of a broad peak centered at 533.4 eV, characteristic of oxygen in a CO ligand
and a smaller peak at 539.5 eV, ascribed to the CO shake-up feature. The large peak just
to the left of the CO features is the beginning of the substrate Au 4ps,» peak. It can be
implied from the broadness of the primary CO peak that a portion of CO has already
desorbed and the peak is starting to downshift in binding energy, as compared to the “as
deposited” film shown in Figure 7. In fact, the peak was originally centered at 534.0 eV
(from XPS data) before beginning to downshift due to ligand desorption/decomposition.
As the film is exposed to increasingly greater electron doses, the major CO peak is observed
to decrease in binding energy and size, indicative of CO desorption, CO ligand
decomposition, and likely some oxide formation. A similar trend with the shake-up feature
in the O(1s) region is observed as seen and discussed in the C(1s) region.

In the Co(2p) region, after an electron dose of 9.4 x10'° e’/cm?, the region is initially
composed of a Co 2pi1/2/2p32 doublet with sharp peaks at 795.2 eV and 780.4 eV. In
contrast to the “as deposited” film shown in Figure 7, this region already has some peak
broadening, indicative of changes in the Co bonding environment. After exposure to
increasingly greater electron doses, the Co 2p32 peak has decreased in binding energy to
778.0 eV after an electron dose of 2.8 x 10'® e/cm?, or 779.0 eV after an electron dose of
1.7 x 10" e/cm?. This discrepancy is due to the differences in film thickness between the
films used for first three and second two spectra, or possibly other factors, but the trend is

the same, showing Co reduction towards a more metallic state.
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6.4. Discussion

6.4.1. CpFe(CO)Mn(CO)s

Evaluation of CpFe(CO).Mn(CO)s under electron beam irradiation is ongoing
research, and thus, there is still further information to be gained. However, it is possible
to draw some preliminary conclusions about its performance under electron beam
irradiation. Figure 1 shows XPS data for the beginning, or “as dosed” compound,
compared with data at the end of the first, or deposition/decomposition stage of the
reaction. The reaction was assessed as being complete when the vast majority of carbonyl
carbon and oxygen had desorbed. Previous studies have indicated that identity of the metal
center does not impact the behavior of the ligands during focused electron beam induced
deposition, as was observed in studies on M(hfac),*®. This study provided the opportunity
to evaluate the carbonyl ligand (CO) bonded independently to Fe and Mn and thus, might
be expected to show two distinct carbonyl species in the C(1s) or O(1s) regions. This
wasn’t observed, supporting the fact that the metal center does not substantially change the
electronic environment of the ligand. In this particular case, despite the fact that Mn is
surrounded by five CO ligands while Fe has two CO ligands and a Cp ring, no difference
in carbonyl binding energy was apparent (if present, it is below the resolution of the XPS).
A strong CO n-n* shake-up feature is also observed, due to the large number of carbonyl
ligands. After electron irradiation, the C(1s) region is composed of primarily Cp carbon,
and the O(1s) region is composed of a small amount of oxygen at a lower binding energy,
characteristic of a small amount of decomposition and oxide formation, and consistent with

previous observations that multiple CO ligands can desorb under electron beam
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irradiation!42%-21-33,

Under electron irradiation, Fe decreases in binding energy, reducing towards a more
metallic state as CO ligands desorb. There is a small amount of bonding change visible in
the Fe(2p) XP region, as well possibly oxide formation, based on the O(1s) region. Itis an
open question as to which metal experiences the most oxidation; it appears that it is
manganese as iron shows minimal oxidation. The oxide formation may also be due to
decomposition of CO ligands or due to oxidation from residual H>O vapor in the UHV
chamber.

The mass spectrometry data shown in Figure 2a indicates that the primary species
ejected during electron beam irradiation is CO, which correlates with previous

experimental observations!#20-21:35

. Figure 3 shows that the majority of the CO ligands
have desorbed after an electron dose of ~2 x 10'® e/cm?. Interestingly, this is a faster
reaction than observed for many other compounds with single metal centers; initial results
indicate that it is approximately five times as fast, but this is still being investigated. One
possible reason for the faster kinetics could be instability in the CpFe(CO)2Mn(CO)s
molecule, which may be more susceptible to electron irradiation than a molecule with a
single metal center. Lastly, the SEM and EDS data show that CpFe(CO)>Mn(CO)s does

deposit under steady state conditions similar to those used in FEBID, with no conformal

CVD deposition observed.

6.4.2. Co2(CO)s

Co2(CO)s presented interesting challenges in the more recent experiments

discussed briefly in this chapter. Co2(CO)s was successfully adsorbed on the cooled Au
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substrate, but after brief exposure to X-ray irradiation (and thus, the stimulated
photoelectrons), the adsorbed precursor reacted very quickly and the vast majority of CO
desorbed from the substrate, leaving Co behind. This was not observed in previous
experiments, but it was consistently observed with the current experimental protocol and
it is possible that this behavior will provide some interesting insights into the catalytic
capabilities of the Co2(CO)s, which are considered as a primary reason why Co2(CO)8 is
able to deposit nanostructures of relatively high purity in FEBID?>. The only known
differences between the two series of experiments are (1) the earlier set of experiments
used Co2(CO)g heated to 30-40 °C while dosing to the UHV chamber, while the more
recent set of experiments primarily used Co2(CO)s at room temperature (~21 °C), and (2)
the substrate temperature was lower (colder) for the more recent experiments (113 K vs.
168 K) which may have caused some differences in the results. Another possible difference
is that earlier experiments may have only pumped Co2(CO)s to the UHV chamber with the
precursor held at liquid nitrogen temperatures, and may not have allowed further pumping
to the UHV chamber as the precursor was allowed to warm up.

Our experimental protocol began with evacuation to the UHV chamber of the glass
finger containing Co2(CO)s, while maintaining the precursor at ~77 K (~ -195 °C) using
liquid nitrogen. Next, the liquid nitrogen was removed and the precursor was allowed to

warm while still being evacuated to the UHV chamber, with the intent to remove residual

205



hexanes used to stabilize the compound. This has the effect of removing CO from the test
tube, but keeping the majority of the precursor intact. It is likely that removal of the excess

CO, coupled with the warming, caused two

CO CcO
\ | /CO effects.  Figure 9 shows two isomers of
CO
700 Co CO  (Coy(COX. Based on IR studies, Noack noted
oC ’ \ that at room temperature, Co2(CO)s is present

CO CO

mainly in the isomer in which each Co is bonded

non-CO-bridged isomer .

to the other Co and four CO ligands®. Removal

of the CO by pumping it to the UHV chamber

/ \ has the effect of quantitatively converting
O—-°cy

CO  Co2(CO)s to Cos(CO)i2 on a relatively short

OC/ \C/ \ timescale (~ 9 hours) as noted by Bor and

Deitler®®. Tannenbaum et. al. noted that under a
CO-bridged isomer

relatively rough vacuum (10-20 mTorr),

Figure 6.9: Isomers of Co,(CO)q

C02(CO)s decomposes to Co4(CO)12 with a first
order decay process that is dependent on the mole fraction of Co4(CO)12/Co2(CO)gs; this
would be expected to be accelerated with the use of the UHV environment*'. Cox(CO)s
and its conversion to Co4(CO)12 has a series of complex equilibria at different temperatures

and pressures***?

, which almost certainly contributes to the myriad of results obtained
when using Co2(CO)s for FEBID*. Sweany and Brown noted that under ultraviolet light,
Co2(CO)s decomposes to Co2(CO)7 (hv = 254 nm) and Co(CO)4 radicals (hv = 350 nm)*,

and Palyi et. al. noted that Co(CO)4 radicals play a role as intermediates in the elementary

steps of reactions of Co2(CO)s*. In FEBID experiments, Muthukumar et. al. reported
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spontaneous decomposition of Co2(CO)s on pretreated SiO; surfaces, but did not observe
spontaneous decomposition on untreated SiO- surfaces except for longer exposure times?>.
Their results also suggest that Co2(CO)sg has the ability to auto-catalytically decompose to
Co4(CO)12 under FEBID conditions. It is apparent that the complex equilibria for
C02(CO)gs, coupled with the catalytic properties of cobalt, can provide a variety of results
for FEBID nanostructures, and minor variations in experimental conditions can cause large
differences in the resulting nanostructures. It is possible that the change in our
experimental conditions resulted in a higher proportion of Co(CO)4 radicals adsorbed on
the surface, which are very reactive to any amount of irradiation, or that autocatalytic
behavior is taking place under X-ray irradiation. Further investigation is required into the
cause of the rapid desorption of the majority of the CO ligands from the substrate under x-
ray irradiation, which may illuminate other interesting details for FEBID.

Figures 7 and 8 show XPS spectra of Co2(CO)s under electron beam irradiation.
Once this compound was adsorbed, its reactions with electrons are similar to those
observed for several other compounds, in which the vast majority of CO ligands desorb,
while the remainder decompose on the surface. FEBID experiments conducted with the
substrate at room temperature would likely see less CO ligand decomposition, as local
heating can assist in the electron stimulated desorption of CO ligands. The degree of oxide
formation is difficult to gage, but the net reduction in Co binding energy, coupled with the
retention of sharp peak shapes, suggests that minimal oxide is formed. The broadening
seen at the base of the Co peaks is likely due to changes in Co bonding, but more
broadening would be expected for oxide formation. Thus, the lower binding energy feature

in the O(1s) region is likely due to CO ligand decomposition rather than oxide formation.
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6.5. Conclusion

The dissimilar bimetallic compound CpFe(CO),Mn(CO)s was adsorbed onto an Au
substrate and exhibited expected desorption characteristics under electron beam irradiation.
The compound showed much quicker reaction rates than observed for other precursors
studied to date, possibly due to greater instability of the complex overall, and more
opportunities for desorption to occur. Continuing work on this ongoing project is
anticipated to include evaluation on an amorphous carbon (a:C)/highly ordered pyrolytic
graphite substrate, which will allow analysis of the Mn(2p) XP transitions, which are
masked by the Au 4p12 XP transition on the Au substrate.

Co02(CO)s manifested an unusual reactivity either due to X-ray irradiation or a much
quicker reaction to electrons than observed for CpFe(CO).Mn(CO)s. Ongoing gas phase
investigation of Coz(CO)g will provide interesting information that may help elucidate the
open questions about Coz(CO)g behavior under x-ray irradiation; further evaluation is
required. Further work will involve evaluation of another interesting bimetallic compound,
Cp(CO);W-Co(CO)a, as well as comparison with gas phase mass spectrometry data from

both CpFe(CO):Mn(CO)s and Cp(CO); W-Co(CO)q.
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