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ABSTRACT: The elementary processes associated with
electron beam-induced deposition (EBID) and post-deposi- o0 20 @

tion treatment of structures created from three metal™(hfac),
organometallic precursors (metal Pt, Pd, Cu; hfac @ é g
CF,C(O)CHC(O)CF;) have been studied using surface

analytical techniques. Electron induced reactions of adsorbed

metal”(hfac), molecules proceeds in two stages. For comparatively low electron doses (doses <1 X 10'7 e”/cm*) decomposition
of the parent molecules leads to loss of carbon and oxygen, principally through the formation of carbon monoxide. Fluorine and
hydrogen atoms are also lost by electron stimulated C—F and C—H bond cleavage, respectively. Collectively, these processes are
responsible for the loss of a significant fraction (>50%) of the oxygen and fluorine atoms, although most (>80%) of the carbon
atoms remain. As a result of these various transformations the reduced metal atoms become encased in an organic matrix that is
stabilized toward further electron stimulated carbon or oxygen loss, although fluorine and hydrogen can still desorb in the second
stage of the reaction under the influence of sustained electron irradiation as a result of C—F and C—H bond cleavage,
respectively. This reaction sequence explains why EBID structures created from metal”(hfac), precursors in electron microscopes
contain reduced metal atoms embedded within an oxygen-containing carbonaceous matrix. Except for the formation of copper
fluoride from Cu"(hfac),, because of secondary reactions between partially reduced copper atoms and fluoride ions, the chemical
composition of EBID films and behavior of metal”(hfac), precursors was independent of the transition metal’s chemical identity.
Annealing studies of EBID structures created from Pt"(hfac), suggest that the metallic character of deposited Pt atoms could be
increased by using post deposition annealing or elevated substrate temperatures (>25 °C) during deposition. By exposing EBID
structures created from Cu'(hfac), to atomic oxygen followed by atomic hydrogen, organic contaminants could be abated

without annealing.
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1. INTRODUCTION

Electron beam-induced deposition (EBID) of volatile organo-
metallic precursors is a vacuum-based, site-selective, single-step
lithographic technique capable of making and prototyping
three-dimensional, metal-containing nanostructures in electron
microscopes without masks or resists.'~* A number of different
metals can be deposited using organometallic precursors
developed for thermal deposition processes such as chemical
vapor deposition (CVD), enabling EBID deposits to be tailored
for particular applications. For example, Pt or Cu containing
precursors (e.g,, MeCpPtMe;, (hfac)Cu'(vinyltrimethylsilane))
are preferred for the growth of metallic nanowires or in
electronic applications,> ® whereas Co or Fe containing
precursors (e.g., Co(CO);NO, Co,(CO), and Fe(CO)s) are
used to create magnetic nanostructures.” * EBID has also
been used to create AFM tips,'”'* catalyst nanoparticles for
growing CNT’S,IS’IG magnetic nano-Hall sensors,'" electrical
contacts,'” and in mask repair."®"’

Every organometallic precursor contains organic ligands
attached to the central metal atom. These ligands can be
subdivided into monodentate ligands, such as CO and CHj,
that are attached to the central metal atom through a single
metal—ligand bond, and multidentate ligands, such as
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hexafluoroacetylacetonate (hfac; CF,;C(O)CHC(O)CE,),
which are bonded to the central metal atom through multiple
ligand—metal bonds. Among the bidentate ligands, hfac is one
of the most widely used because it can form metal—ligand
bonds with transition metals that do not form stable carbonyls,
such as platinum, palladium, and copper.*® Cu"(hfac), has been
used in EBID to make deposits for high-performance integrated
circuits in an attempt to combine the selective deposition
afforded by EBID with copper’s low-cost and lower electrical
resistivity compared to Si or AL*'"*

Despite the relative ease and flexibility of structures that can
be created by EBID, a number of scientific and technological
challenges are preventing EBID from reaching its full potential
as a robust tool for nanofabrication. One of the major
drawbacks is the often unacceptably high level of organic
contamination, particularly carbon, contained within the
deposits. This contamination negatively impacts the deposit’s
properties (e.g., by increasing resistivity or decreasing catalytic
activity) and therefore limits the range of potential applications
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for metal-containing EBID nanostructures. Ligand decom-
position is the principal source of organic contamination in
EBID. Thus, although Cu"(hfac),, Pd"(hfac), and Pt"(hfac),
can all produce pure metal films in thermal deposition
processes such as CVD,** nanostructures created by EBID
from hfac-containing precursors exhibit high carbon contents
and correspondingly low metal purity. For example, Luisier et
al, have reported nanostructures created from Cu'(hfac), with
very low metal contents (14% Cu), and a correspondingly high
carbon content (75% C).** Similarly, Miyazoe et al. reported
that deposits created by EBID from Cu'(hfac), exhibit only
11-12% Cu content.”® These limitations with existing CVD
precursors have provided the impetus to better understand the
fundamental bond breaking processes involved in EBID. The
goal is to provide information that can be used to design new,
EBID specific precursors capable of creating nanostructures
with improved metal content.

Given the typically low metal content (often <20%) in EBID
structures, several different approaches have been evaluated for
their ability to abate the organic contamination. These
strategies have included varying the deposition conditions
(i.e., changing the current, energy, or dwell time of the electron
beam), and heating the substrate to elevated temperatures
cither during or after deposition."*'>*>*¢ An alternative
strategy has been to expose deposits to reactive species capable
of volatilizing organic contaminants.”” For example, Miyazoe et
al. reported that when EBID deposits created from Cu'(hfac),
were treated with a hydrogen—argon plasma, the Cu content
could be increased from 11 to 12% to 27%.> In related studies,
Whnuk et al. have observed that when EBID films created from
dimethyl(acetylacetonate)gold(III) (Me,Au(acac)) were ex-
posed to atomic oxygen (AO) and then atomic hydrogen
(AH), almost all of the carbon was removed, creating pure gold
deposits.*®

As a step toward developing a more detailed fundamental
understanding of the electron stimulated reactions of
metal”(hfac), compounds, Engmann et al, have recently
explored the interactions of low energy (0—12 eV) electrons
with gas phase Cu(hfac),, Pd"(hfac),.”” Motivation for these
studies derives from the widespread belief that in the EBID
process, precursor dissociation is initiated by the low energy
secondary electrons produced by the interactions of the high-
energy primary beam with the substrate.**' These gas phase
studies showed that Cu'(hfac), predominately undergoes
nondissociative electron attachment (NDEA) to form
Cu'(hfac),”, whereas for Pd"(hfac),, the precursor’s preferred
reaction pathway is the loss of (hfac)™.*’ The authors
postulated that this difference occurs because the open shell
Cu"(hfac), (17 electrons) is more likely to be stabilized by the
addition of an extra electron to form Cu®(hfac),” compared to
the filled shell Pd"(hfac), (18 electrons).”

Over the past several years, we have developed an ultrahigh
vacaum (UHV), surface science approach to acquire more
detailed molecular level information on the EBID proc-

55.2%3*7% These surface science studies on adsorbed organo-
metallic precursors represent an increasing level of complexity
compared to gas phase studies and provide a bridge between
information that can be obtained from typical EBID studies,
primarily conducted in electron microscopes, and data on the
reactions of electrons with isolated precursor molecules in the
gas phase. Thus, UHV surface science studies can track the
electron-stimulated decomposition of organometallic precur-
sors in situ, identify the volatile species created during
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deposition, and study the effects of post-deposition purification
strategies. In the present study, we have used this approach to
interrogate the electron stimulated surface reactions of the
different metal” (hfac), precursors, specifically platinum(II)
hexafluoroacetylacetonate (Pt(hfac),), copper(I) hexafluor-
oacetylacetonate (Cu"(hfac),), and palladium(II) hexafluor-
oacetylacetonate (Pd"(hfac),). Results from these studies have
been used to determine the bond breaking processes involved
in deposition and the extent to which these processes are
similar or differ among the three different precursors. As part of
our investigation, we have also examined the effects of two
different post-deposition abatement strategies, specifically
substrate heating and exposure to atomic radicals, on the
bonding and composition in EBID films created from
Pt"(hfac), and Cu"(hfac),.

2. EXPERIMENTAL SECTION

Precursors. Copper(I) hexafluoroacetylacetonate (Cu"(hfac),;
CAS 14781—45—4, Strem Chemicals, Inc.), Palladium(II) hexafluor-
oacetylacetonate (Pd"(hfac),; CAS 64916—48—9, Strem Chemicals,
Inc.), and Platinum(II) hexafluoroacetylacetonate (Pt"(hfac),; CAS
65353—51—7, Strem Chemicals, Inc.) exist as blue, yellow, and orange
crystals, respectively, at standard temperature and pressure (STP). All
three precursors were added into glass fingers that were attached to a
gas manifold. Each precursor was admitted into the two UHV
chambers after the gas manifold had been evacuated into the mTorr
pressure regime by a mechanical pump and the precursor subsequently
heated to ~50—-70 °C.

Two types of experiments were conducted in two different UHV
chambers, whose analgftical capabilities have been described in
previous publications.*>*******! The bulk of the experiments reported
in this study were carried out in situ with X-ray photoelectron
spectroscopy (XPS) and mass spectrometry (MS) to study the effect
of electron irradiation on adsorbed Pt"(hfac),, Cu"(hfac), and
Pd"(hfac), molecules as well as the effect of annealing on EBID
structures created from Pt''(hfac),. The second UHV chamber, an AES
system (PHI 610) modified by the addition of a thermal cracker was
used to study the composition of films grown by EBID from
Cu"(hfac),, Pd"(hfac), and Pt"(hfac), under steady-state deposition
conditions as well as the effect of atomic radicals on EBID structures
created from Cu"(hfac),.

Brief descriptions of the various experimental elements are provided
in the following sections.

XPS/MS Experiments. Creating Films. Films of nanometer
thicknesses were created on 1 cm” substrates by introducing the
precursor gases onto cooled 1 cm® substrates with no electron
irradiation present. The average thicknesses of the films created from
the precursor in this way were, Cu'(hfac), (2.0—2.5 nm), Pd"(hfac),
(>5.0 nm), and Pt"(hfac), (3.8—4.2 nm). Experiments with Pt"(hfac),
were conducted on a Au substrate cooled to —168 °C, while studies on
Cu"(hfac), and Pd"(hfac), were conducted on an amorphous carbon
(a:C) substrate (created by Ar* sputtering HOPG) cooled to —110
°C. For Cu"(hfac), and Pd"(hfac), experiments were performed on
a:C because there was evidence that these two molecules underwent
partial decomposition on Au. For example, in the case of Cu"(hfac),,
metallic Cu peaks were observed in the XPS even at low deposition
temperatures, consistent with previous studies by Lin et al.*>

Pt"(hfac), was preferred for detailed XPS analysis because of
spectroscopic issues with Pd"(hfac), and Cu"(hfac),. In the case of
Pd"(hfac),, this was due to overlap between the Pd(3p;/,) and O(1s)
peaks,* whereas for Cu''(hfac),, unambiguous deconvolution of the
Cu(2p) region is extremely difficult. However, a sufficient number of
complementary experiments were performed with Pd"(hfac), and
Cu"(hfac), to allow us to compare the reactivity among the three
M"(hfac), precursors.

For XPS experiments on Pt"(hfac), film thicknesses were
determined by measuring the attenuation of the Au(4f) signal.**
Cu"(hfac), film thicknesses on the a:C substrates were determined
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Figure 1. Evolution of the Pt(4f), C(1s), O(1s), and F(1s) XP regions for 3.6—4.2 nm thick films of Pt"(hfac), as a function of increasing electron
dose. Films were adsorbed onto a gold substrate at —168 °C and the incident electron energy was 500 eV. The corresponding electron dose is shown
on the right-hand side of each set of spectra. Fits are included in the Pt(4f) region for the parent (red, dashed lines) and product (blue, dotted lines)
species. All XP spectra were recorded with a step size of 0.125 eV and at pass energies of 22 eV.

from the attenuation of the C—C peak associated with the a:C
substrate. The more limited number of experiments performed with
Pd"(hfac), were conducted on sufficiently thick (>5.0 nm) films that
there was no longer a contribution to the C(1s) spectra from the a:C
substrate. >4

Electron Source. Once the film’s thickness and composition were
determined by XPS, it was exposed to a known electron dose oriented
at normal incidence to the sample surface. For all MS and XPS
experiments a commercial flood gun (Specs FG 15/40) was used as a
broad beam electron source.***® An incident electron energy of S00
eV was used throughout, calculated from the sum of the electron
energy generated by the flood gun (480 eV) and a positive bias (+20
V) applied to the substrate to prevent the majority of secondary
electrons produced during irradiation from escaping. The target
current was held at S A, unless noted. Electron irradiation is reported
in terms of dose (e”/cm?).

AES Experiments. Creating EBID Films. The metal"(hfac),
precursor was directed onto the substrate through a directional
doser, while the Auger electron beam was rastered across the surface
for a prescribed period of time. The pressure of precursor molecules at
the surface was held constant during deposition by monitoring the
chamber pressure, as was the target current. Film thicknesses were not
measured, but each deposit was sufficiently thick to obscure the AES
signal from the underlying Au substrate. To ensure that deposition was
defined by the electron beam (i.e., it was created by EBID), the two-
dimensional nature of the films was checked using a secondary
electron detector (SED).

Electron Source. For all AES experiments a 3 keV electron beam
was created from a LaB6 filament cathode and rastered over %1.5 ym
spot size and a power density of ~2 X 10* yW/um>

Radical Treatment. The effect of atomic radicals on EBID
structures created from Cull(hfac), was studied in situ. Atomic
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radicals were generated by flowing oxygen or hydrogen gas through a
thermal gas cracker (Oxford Applied Research) to produce a directed
flux of atomic radicals (80—90% dissociation efficiency based on
manufacturer’s estimate).?®

The chemical composition of EBID films was determined by AES.
Using the AugerMap software, spatial concentration maps of surface
copper, carbon, fluorine, and oxygen atoms were also obtained by
measuring the difference in AES signals between their respective Auger
transitions (CuLMM = 920 eV, CKLL ~ 262 eV, FKLL = 647 eV,
OKLL = 503 eV) and a proximate electron energy that corresponded
to the background signal.

3. RESULTS

Figure 1 shows the evolution in the Pt(4f), C(1s), O(1s), and
F(1s) regions measured by XPS for 3.6—4.2 nm thick
Pt"(hfac), films as a function of increasing electron dose.
Control studies (shown in Figure S1 in the Supporting
Information) used to determine the sensitivity of the adlayer
to the secondary electrons generated during XPS analysis
revealed that 161 min of total X-ray exposure produce relatively
small changes to the Pt(4f), C(1s), O(1s) regions, most notably
a loss in the CF; group intensity and a slight broadening of the
C(1s) region. Despite this relative insensitivity, each film was
only exposed to X-ray irradiation after deposition and then
again after a single electron dose, collectively corresponding to
a total of ~70 min of X-ray exposure. Thus, changes in the XPS
shown in Figure 1 are dominated by the effect of the 500 eV
electrons generated by the electron gun.

dx.doi.org/10.1021/am501457h | ACS Appl. Mater. Interfaces 2014, 6, 8590—8601
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Analysis of the evolution in Pt(4f), C(1s), O(1s), and F(1s)
regions exposed to electron radiation and corresponding
changes to the atom concentration (see Figure 2) reveals two
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Figure 2. Change in the fractional coverage of adsorbed (a) oxygen
and (b) fluorine atoms for 3.6—4.2 nm Pt"(hfac), films exposed to
electron irradiation, plotted as a function of electron dose. Each
relative concentration (F/F,, O/O,) was determined by XPS with the
initial Fy, and O, values measured on the Pt"(hfac), film prior to
electron irradiation. Films were adsorbed onto Au substrates at —168
°C and exposed to 500 eV electrons.

regimes of transformation; those that occur for electron doses
<1 x 10" ¢”/cm? and then for >1 X 10'7 ¢~/cm? Prior to
irradiation, the Pt(4f) region contains a Pt(4f,,,/4f;/,) doublet
(Pt(4f;/,) peak position = 74.3 eV) associated with adsorbed
Pt"(hfac), molecules (shown as dashed lines in Figure 1). For
electron doses <1 X 10'7 e”/cm?, the Pt(4f) region broadens to
a lower binding energy and the resulting envelope can be well
fit using contributions from parent Pt"(hfac), molecules and a
new Pt(4f,,/4f;,) doublet with a Pt(4f;,) peak at 72.6 eV.
This new component is indicated by dotted lines in Figure 1
with the Pt(4f;,),) peak identified at Pt,.4. For electron doses >1
X 10'7 e”/cm?, the Pt(4f) spectral envelope is dominated by
the Pty species with little or no contribution from the
Pt(4f,,/4f; ;) doublet associated with the parent Pt"(hfac),
molecules. The decrease (>1.5 eV) that occurs to the Pt(4f)
binding energy as a result of electron irradiation is most
apparent by comparing the bottom two spectra in Figure 6a,
which shows the measurable change in Pt(4f) binding energy
that occurs as the Pt(4f,,,/4f;/,) molecules are decomposed by
electron irradiation.
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The C(1s) region prior to electron exposure consists of three
well-defined peaks, centered at 285.5, 288.5, and 293.6 €V, due
to the CH, CO and CF; carbon atoms in the hfac ligand,
respectively.”’ For electron doses <1 X 10'7 ¢~/cm?, the well-
defined peak structure is degraded and the CF; peak disappears.
For electron doses >1 X 10Y e /cm? the dominant
transformation is an increase in concentration of the graphitic
like CC/CH, species at the expense of the CF and CO species
(see also Figure S2 in the Supporting Information for the effect
of electron irradiation on Pd"(hfac), films), although the
integrated area of the C(1s) region decreases by only 10—20%
over the course of electron exposure. Consequently, the
dominant transformation that occurs to carbon atoms involves
changes to the local bonding environments as opposed to
desorption. Prior to irradiation, the O(1s) region consists of a
dominant peak at 534.5 eV due to the CO species in the hfac
Iigand.21 For electron doses <1 X 10" e™/cm?, changes in the
O(1s) region are dominated by a loss of ~50% spectral
intensity while for electron doses >1 X 107 e /cm? the
intensity in the O(1s) region remains relatively unchanged (see
Figure 2(a)). Initially, the F(1s) region also consists of a single
peak (at 689.3 V) due to the CF; species in the hfac ligand.*'
For electron doses <1 X 10" e”/cm? there is a pronounced
loss of intensity (~50%) and a small decrease in binding
energy. At higher electron doses >1 X 10" e~ /cm?, the F(1s)
region continues to lose intensity, albeit at a slower rate (Figure
2b).

Figure 3a shows a comparison of the neutral gas phase
species produced when, (i) gas phase Pt"(hfac), molecules
were exposed to 70 eV electrons in the quadrupole MS and, (ii)
adsorbed Pt"(hfac), molecules were irradiated by 500 eV
electrons. Analysis of Figure 3a,i reveals that the MS of gas
phase Pt'(hfac), yields significant peaks for CF;, CO, F, O, and
C, with smaller contributions from CF,, CFO, CO,, and H,.
Although the authors were not able to find any mass spectra
data for the Pt"(hfac), precursor, the cracking pattern in Figure
3a is analogous to published mass spectra data on the
Cu"(hfac), precursor.45 Figure 3a,ii shows that when adsorbed
Pt"(hfac), molecules are electron irradiated, the volatile
neutrals produce significant peaks for CO, O, C, and H,,
with smaller contributions from CO,. Indeed, the ratio of
CO:0:C is consistent with the fragmentation pattern for CO.
Therefore, a notable contrast to the gas phase Pt"(hfac),
spectra in Figure 3a,i is that no fluorine-containing species
(e.g., CF;3, CF,, CFO, etc.) are observed in Figure 3ajii. Figure
3b shows the kinetics of electron stimulated CO evolution from
adsorbed Pt"(hfac), molecules (solid circles - left-hand axis).
Figure 3b also shows how the fractional concentration of
oxygen atoms volatilized from Pt"(hfac), during electron
irradiation changes as a function of electron dose. Because
Figure 2a shows that ~50% of the nascent oxygen atoms are
lost from adsorbed Pt'(hfac), films as a result of electron
irradiation, this is plotted as (O/O, — 0.5) (left-hand axis—
open circles). Analysis of Figure 3b shows that the gas phase
CO evolution and loss of oxygen from the surface follow the
same kinetic dependence on electron dose.

Figure 4 details the effect of electron exposure on the F(1s)
XP region of a Cu"(hfac), film. Prior to electron irradiation, the
F(ls) region, is characterized by one peak at 688.6 eV,
consistent with Figure 1. However, in contrast to the evolution
of the F(ls) region of Pt"(hfac), or Pd"(hfac), films the
decrease in C—F peak intensity that occurs with increasing

dx.doi.org/10.1021/am501457h | ACS Appl. Mater. Interfaces 2014, 6, 8590—8601
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Figure 3. (a) Mass spectrum (0—100 amu) of (i) gas phase Pt"(hfac), measured at Ppypyge), & 6.0 X 1077 Torr, (i) the volatile neutral species

produced when a ~ 4.0 nm film of Pt"(hfac),, adsorbed onto a gold substrate at —168 °C was irradiated by an electron dose of 2.40 X 10'7 ¢™/cm?
(incident energy of 500 eV); the spectrum represents an average of MS taken every 20 s during the electron exposure. (b) Effect of electron dose on
(filled circles) partial pressure of gas phase CO evolved from a Pt"(hfac), film, (open circles) change in the labile oxygen atom concentration in the
film (O/0, — 0.5). Both data sets were acquired for 3.6—4.2 nm Pt"(hfac), films (incident electron energy 500 eV).

electron dose is accompanied by the appearance of a distinct
new peak at 686.0 eV, indicative of a fluoride ion (F~).*
Figure Sa—c shows the in situ AE spectra of 500 ym X 360
pum structures deposited by EBID in the AES system using a
constant partial pressure of (a) Cu"(hfac),, (b) Pd"(hfac),, and
(c) Pt'(hfac), (P, & 1.5-3.0 X 1077 Torr). Figure Sa—c
show that the Auger spectra contain transitions associated with
their respective metals: Cu (920 eV, 849 eV, 776 eV), Pd (330
eV) and Pt (64 eV). A discernible oxygen peak (503 eV) is also
present but all of the Auger spectra are dominated by a large
carbon (272 V) peak. The most significant difference between
the three structures is that the Cu "(hfac), displays a prominent
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F peak (647 eV), which is noticeably absent for the Pt"(hfac),
and barely visible for Pd"(hfac),.

Figure 6 shows the effect of annealing an EBID film initially
created by exposing Pt"(hfac), molecules to an electron dose of
4.50 X 107 e7/cm?. On the basis of the data in Figure 1 this
electron dose is sufficient to decompose all of the parent
Pt"(hfac), molecules, but insufficient to remove all of the
nascent fluorine atoms. Figure 6a describes the effect of
electron irradiation and subsequent annealing on the Pt(4f;/,)
peak position. The initial electron dose used to generate the
EBID structure causes the Pt(4f;/,) peak position to decrease
by 1.7 eV, from 74.3 to 72.6 eV, as shown in Figure 1. When
the film is subsequently annealed to room temperature the

dx.doi.org/10.1021/am501457h | ACS Appl. Mater. Interfaces 2014, 6, 8590—8601



ACS Applied Materials & Interfaces

Research Article

Electron

F(1s
(1s) Dose (e/cm?)

Q
\ig

1.45E17

6.24E16

2.50E16

Counts (a.u.)

RSN

8.11E15

7.28E14

693 690 687 684
Binding Energy (eV)

Figure 4. Evolution of the F(1s) XP region as a function of electron
dose for 2.0—2.5 nm thick films of Cu"(hfac), adsorbed onto an (a:C)
substrate at —100 °C (dose shown on right-hand side).

Cu(hfac),
w b \ N Pd(hfac)
° A\ s 2
Z o
© Pd F
c W Pt(hfac),
Pt o
c
0 200 400 600 800 1000

Kinetic Energy (eV)

Figure S. Auger electron spectra of EBID structures created from (a)
Cu'(hfac),, (b) Pd%(hfac),, and (c) Pt'(hfac), on a Au substrate.
Deposition conditions were Pyreor & 1.5- 3.0 X 1077 Torr, incident
beam energy =3 keV, substrate current ~1- 2 pA for a total electron
dose of: ~ 4.7 X 10" e /cm® Inset shows an SEM image of the
Pt"(hfac), structure.

Pt(4f;,,) peak position remains unchanged although at higher
annealing temperatures the Pt(4f,,) peak systematically
decreases, reaching a binding energy of 71.6 eV at 367 °C.
This value is close to that of bulk platinum (71.2 ev).® Figure
6b shows the variation in intensity within the Pt(4f), C(1s),
F(1s), and O(1s) regions of the EBID film as a function of
annealing temperature. The platinum, carbon and fluorine
signals remain unchanged. The oxygen signal, however,
decreases steadily above 120 °C and is barely perceptible
(<5%) at annealing temperatures above 300 °C.

Figure 7a—c show the in situ AE spectra of: (a) a rectangular
EBID structure deposited in the AES system from Cu"(hfac),,
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(b) the same structure after 40 h exposure to atomic oxygen
and (c) subsequently exposed to 2 h of atomic hydrogen.
Figure 8 shows the corresponding AES maps. Figures 7a and 8a
show that the native EBID structure is characterized by the
presence of: Cu (920, 849, 776 eV), C (272 eV), O (503 eV),
and F (647 eV) Auger peaks. Following 40 h of atomic oxygen
exposure, the carbon and fluorine has all but disappeared with a
concomitant increase in intensity of the oxygen and copper
AES peaks (Figures 7b and 8b). After this structure was
subsequently exposed to atomic hydrogen for 2 h, the oxygen
signal decreased drastically, with a corresponding increase in
the Cu AES signal (Figures 7c and 8c). The combination of
atomic oxygen followed by atomic hydrogen treatment
therefore produces a structure dominated by Cu AES peaks.

4. DISCUSSION

Electron Stimulated Reactions. Figures 1—-3 show that
electron irradiation of adsorbed Pt"(hfac), molecules changes
the chemical composition and/or bonding environment for the
platinum, carbon, fluorine, and oxygen atoms. The majority of
changes in bonding and atom concentration occur for electron
doses <1 X 10'7 e /cm® These include the loss of parent
Pt(+2) species from Pt(hfac), into a more reduced form of
platinum (Pt..q) which exhibits a binding energy (72.6 eV)
intermediate between Pt atoms in Pt"(hfac), and metallic Pt (=
712 eV).* Similar changes in Pt(4f,,) binding energies have
also been observed for other Pt precursors, MeCpPtMe; and
Pt(PF;),, exposed to electron irradiation.>**® The loss of
significant amounts of both oxygen and fluorine from the
surface also occurs during this initial period of irradiation.
Indeed, all of the oxygen loss (= 50% of the initial content)
occurs for electron doses <1 X 10'7 e~/cm?. Moreover, Figure
3b shows that there is a correlation between the rate at which
volatile oxygen atoms are lost from the surface and the rate of
gas phase CO production. From this, we conclude that oxygen
is lost predominantly in the form of COg,, possibly
accompanied by a small amount of CO,(g) (see Figure 3).
Based on the chemical structure of the hfac ligands (CF,C-
(O)CHC(O)CF,), it appears that approximately half of the
C=O0 groups in the precursor molecules are ejected into the
gas phase. The concomitant loss of fluorine atoms from the film
is evidenced by the decrease in the F(1s) peak intensity and the
CF; peak in the C(1s) envelope, shown in Figures 1 and 2b.
However, the loss of fluorine from the surface is not
accompanied by the appearance of any fluorine or carbon—
fluorine containing fragments (e.g,, F, CF, CFO) in the neutral
gas phase species ejected during the electron irradiation of
Pt"(hfac), films (Figure 3a(ii)). This suggests that fluorine
atoms desorb predominantly in the form of F~(g) because of
electron-stimulated C—F bond cleavage (C—F(ads) + e~ = C-
(ads) + F~(g)), a process that has been shown to be important
for fluoropolymers or fluorine-containing thin films (e.g,
SAMs) exposed to electrons or ionizing radiation.*’~>* Because
electron-stimulated C—F bond cleavage does not result in any
carbon desorption, CO and possibly CO, are the only volatile
carbon-containing species produced. These observations
explain why electron irradiation leads to significant losses of
oxygen and fluorine atoms from the film, but only a
comparatively small change in the carbon content. Although
XPS cannot detect hydrogen atoms, the significant increase in
intensity of the gas phase m/z = 2 peak (Figure 3a(ii)) during
electron irradiation indicates that hydrogen is lost from the film
as H,(g) because of electron-stimulated C—H bond cleavage, a

dx.doi.org/10.1021/am501457h | ACS Appl. Mater. Interfaces 2014, 6, 8590—8601



ACS Applied Materials & Interfaces

Research Article

(@) [Pran | Temperature °C) 2 S |
|
74.0 |
! : I cw
— o _
| E 735 4 [lrradiation (A=1T7eV) I Onset
‘ M-
~ per 3 |
5 (]
s ! 200 I 730 :
()]
g { % % v |
3 A £ 725+ I
O =
| 45 S |
NJ 4
I . & 720 (A=1.4¢eV) |
71.5 -
61'168 v Ptmetay o
— 168 71.0 . . . . L
80 78 76 74 72 70 -100 0 100 200 300 400
Binding Energy (eV) Annealing Temperature (°C)
(b) 60
50
9
3
S 40 -
c
) w
2
S 30 A
£ —e— C
S —+—0
€ 20 A —{— F
g —— Pt
@
a
10 A
0 T T T T T
-200 -100 0 100 200 300 400

Annealing Temperature (°C)

Figure 6. Effect of annealing temperature on a EBID film created by exposing a 3.30 nm thick film of Pt"(hfac), initially adsorbed at —168 °C to an
electron dose of 4.50 X 10'” e™/cm? (a) (left) Variation in the Pt(4f) region and (right) Pt(4f,,,) peak position after electron irradiation and also as
a function of the subsequent annealing temperature; in the binding energy of metallic platinum is shown as a dashed line, and the onset temperature
for Pt"(hfac), CVD is also shown. (b) Change in the percent composition of carbon, oxygen, fluorine, and platinum atoms in the film.

prominent reaction pathway for adsorbed hydrocarbons
exposed to electron irradiation.>*>’

In summary, after an electron dose of ~1 X 10'7 e™/cm?, all
of the parent Pt"(hfac), molecules have decomposed, causing
some of the nascent carbon, oxygen, fluorine and hydrogen
atoms to be lost as CO(g)/CO,(g), F(g) and H,(g),
respectively. The residual film at this point can be best
described as reduced Pt atoms encased within an amorphous
carbon matrix that also contains residual oxygen and fluorine
atoms. This also explains why the Pt(4f) peak position
observed for the Pt species formed when Pt"(hfac),
molecules decompose is not representative of platinum atoms
in a fully metallic state. Pictorially this step can be represented
as
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Partially reduced platinum atoms
in a carbonaceous matrix
containing fluorine and oxygen

The formation of this matrix stabilizes the film toward any
further carbon or oxygen desorption. Thus, for electron doses >
~1 % 107 e /cm? the XPS and MS data in Figures 1, 2a, and 3
show that no more oxygen or carbon atoms are lost from the
film, and the reduced platinum species formed during the initial
stage of the reaction remain unchanged. In contrast, fluorine
can continue to desorb under the influence of more sustained
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Figure 7. Auger electron spectra of (a) an EBID structure created
from Cu"(hfac), on a Au substrate. Deposition conditions were
Pey(ptac), ® 1.0 X 1077 Torr, incident beam energy = 1.5 keV, substrate
current & 4.4 A, deposition time 1 h; (b) the deposited structure

exposed to 40 h of atomic oxygen, and then (c) exposed to 2 h of
atomic hydrogen.

electron irradiation as a result of C—F bond cleavage and F~
ejection. This transformation accounts not only for the
sustained loss of signal in the F(1s) region for electron doses
> ~1 X 10'7 e”/cm? but also the corresponding changes in the
C(1s) region (Figure 1 and Figure S2 in the Supporting
Information) as CF, and CF species are converted into
graphitic-like, C(ads), species. This second step can be
represented as
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from Cu'(hfac), on a Au substrate; deposition conditions were
Peughtacyy ® 1.0 X 1077 Torr, incident beam energy =1.5 keV, substrate
current =~ 4.4 uA, deposition time 1 h (b) the deposited film exposed
to 40 h of atomic oxygen and then, (c) exposed to 2 h of atomic
hydrogen.

it

C-F bond cleavage

Analogous low-temperature UHV studies conducted with
Pd"(hfac), and Cu"(hfac), reveal that similar transformations
occur as a result of electron irradiation, with the loss of fluorine
and oxygen, CO(g) evolution, and reduction of the metal
atoms. For example, Figure S2 in the Supporting Information
shows that the evolution of the C(1s) region for Pd"(hfac),
exposed to electron irradiation is qualitatively similar to the
changes observed for Pt"(hfac), (see Figure 1). Another
example is the nature of the gas phase species produced when
adsorbed Cu(hfac), molecules were exposed to electron
irradiation (compare Figure S3 in the Supporting Information
and Figure 3a,ii). The one notable difference between the three
metal”(hfac), complexes is the Cu'(hfac), precursor, where the
electron stimulated loss of C—F bonds in the F(1s) region was
accompanied by the appearance of a distinct new peak that can
be identified as a fluoride ion (Figure 4).3%% The appearance of
a fluoride (F~) species can be understood by considering that
electron irradiation of adsorbed Cu"(hfac), molecules creates
reduced Cu species while at the same time also liberating
reactive F~ ions from C—F bond cleavage. Reactions between
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these two species produce a stable copper fluoride. In contrast
to Cu, Pd and Pt do not form stable fluorides, providing a
rationale for the lack of fluoride ion formation in Figure 1.%
This behavior of Cu"(hfac), in the low-temperature UHV
surface science also explains why there is a pronounced fluorine
signal in the EBID structures created in the AES under steady
state deposition conditions from Cu"(hfac),, a feature that is all
but absent in the deposits created from Pd"(hfac), and
Pt"(hfac), (Figure S).

An important difference between the EBID structures
created from Cu'(hfac), Pd"(hfac),, and Pt"(hfac), in the
AES system (Figure S) and the films created in the low
temperature UHV studies is that the AES deposits have been
subjected to much higher effective electron doses. This is a
consequence of the much higher electron flux (~1 X 10%)
generated by the Auger electron gun (~ 2 X 10> yA/mm?)
compared to the broad beam electron source used in the UHV
surface science experiments (~1 X 107> uA/mm?). Thus, if we
extrapolate the XPS data shown in Figure 2 to the deposit that
would form if a film were exposed to orders of magnitude
greater electron fluxes, we would predict that EBID structures
created in the AES system from Pd"(hfac), and Pt"(hfac),
would contain significant amounts of carbon contamination,
along with some oxygen. However, there would be little or no
fluorine due to electron stimulated C—F cleavage. This is in
qualitative agreement with the chemical composition of the
structures made in the AES system, from Pd"(hfac), (6.5% Pd,
2.7% O, and 90.8%C) and Pt"(hfac), (3.8% Pt, 4.3% O, and
91.9% C), shown in Figure S. As noted in the previous
paragraph the presence of fluorine in films created from
Cu"(hfac), is due to the formation of copper fluoride.

The similarity in the chemical composition of the EBID
structures created from the three metal”(hfac), precursors,
particularly the comparable concentrations of carbon and
oxygen, combined with the observation that the same volatile
species are detected during electron irradiation, provide strong
support for the idea that the same overall deposition processes
is operative for all three metal” (hfac), precursors. In contrast to
previous studies on organometallic complexes that only contain
monodentate ligands (e.g, Pt(PF;),, W(CO),, and MeCpP-
t""Me,), there is no evidence of direct ligand (hfac) ejection
following electron irradiation. The absence of hfac desorption
can be inferred not only from the absence of any fluorine
containing species in the neutrals detected by the QMS during
irradiation (Figure 3), but also by the comparative lack of
change in the C(1s) XPS area during irradiation and also from
the preponderance of carbon in deposits created from the
metal" (hfac), complexes in the AES (Figure S) and in previous
EBID studies using Cu'(hfac), 2 72>

The absence of any significant hfac desorption and the
similar behavior of the three metal”(hfac)2 precursors differs
from recent gas-phase studies on Cu"(hfac), and Pd"(hfac),. In
these studies, the nature of the transition metal and the
electronic structure of the complex has been shown to influence
the electron interactions with metal"(hfac), complexes,
including the potential for hfac ligand desorption.”” The
apparent discrepancy between these studies is a reflection of the
important role that the surface can play in influencing the
overall sequence of events that accompany EBID. The absence
of any significant hfac desorption in this investigation and in
related EBID studies can likely be attributed at least in part to
the molecular weight of the hfac fragment (204 amu), which is
greater than any of the central metal atoms (Cu, Pt, Pd). This
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kinematic effect will reduce the nascent velocity of any hfac
ligand released in a bond dissociation process and the ease with
which it can “escape” from the surface and into the gas phase.
Any hfac ligands released from metal"(hfac), complexes are
also likely to experience significant interactions with the
underlying substrate through one or both of the coordinately
unsaturated oxygen atoms. Thus, hfac ligands that thermally
dissociate from Pd"(hfac), on copper surfaces at low
temperatures (approximately —150 °C) have been shown to
remain thermally stable at 100 °C.** In contrast, hfac ligands
released from metal"(hfac), complexes in the gas phase will not
experience any of these secondary effects that must be
considered in a more condensed phase medium. Unfortunately,
the inability of the hfac ligands to desorb means that we cannot
directly compare our results to the related gas-phase studies®
on the same molecules to determine the role and/or relative
importance of the secondary versus the primary electrons in
initiating precursor decomposition. However, although our
results do not allow us to unambiguously identify the initial
bond dissociation event that causes the various metal’’(hfac),
complexes to decompose this lack of information is largely
irrelevant as the fate of the carbon, oxygen, hydrogen, and
fluorine atoms is effectively a consequence of how surface
bound hfac ligands decompose under the influence of electron
irradiation. We anticipate that a similar situation will be
operative for other bulk multidentate ligands such as acac
(CH;C=OCHC=O0OCH,;) and ethylenediamine
(NH,CH,CH,NH,), with the ejection of only small organic
fragments during EBID. In support of this assertion, CO and
CH,/CH; were the only volatile carbon-containing fragment
produced when adsorbed Me,Au(acac) molecules were
electron irradiated.>® The one aspect of the dissociation/
deposition process where the central metal atom does seem to
play a role is in the secondary reactions that can occur between
the partially reduced metal atoms liberated in the initial
decomposition step and volatile fragments generated as the
ligands decompose.

Post-deposition Abatement. In this study, we also
evaluated the effect of two post-deposition abatement
strategies, annealing and exposure to atomic radicals, on the
chemical composition of and bonding in EBID structures
created from metal"(hfac), precursors.

Figure 6 shows the effect of annealing an EBID film initially
created from Pt'(hfac), at —168 °C. On the basis of the initial
electron dose (4.50 X 10'7 e /cm?) this film is initially
composed of reduced platinum atoms, encased in a carbon
matrix that also contains some residual oxygen and fluorine
atoms. Figure 6b shows that oxygen is lost (from 11 atomic %
to 3 atomic %) when the substrate is annealed above 100 °C.
However, increasing the substrate temperature produced no
change in the carbon or fluorine content. For fluorine this in
contrast to the effect of electron irradiation due to the fact that
while C—F bonds are labile toward electrons they are thermally
inert (C—F bond strength ~ 490 kJ/mol).* Increasing the
substrate temperature above room temperature is also seen to
produce a systematic decrease in the Pt(4f;/,) binding energy
(Figure 6a), indicative of the platinum atoms becoming more
metallic. The correlation between the loss of oxygen from the
film that occurs upon annealing (Figure 6b) and the decrease in
Pt(4f;/,) binding energy (Figure 6a) suggests that Pt—O bonds
are initially present in the as deposited structures. This
possibility is reasonable given the presence of M—O bonds in
the parent metal”(hfac), molecules. Moreover, the loss of
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oxygen between 0—400 °C is in line with the thermal stability
of Pt—O bonds formed on Pt nanoparticles.”* Previous studies
on EBID deposits formed from MeCpPtMe;, however, have
also reported a decrease in Pt(4f,,) binding energy of a similar
magnitude to the one shown in Figure 6 and over a similar
temperature range in a situation where no Pt—O bonds could
be present.® In this case, the decrease in platinum binding
energy was attributed to the effect of metal atom coalescence
promoted by increased metal atom diffusion in the carbona-
ceous matrix at higher substrate temperatures. Our results do
not allow us to say unambiguously if one or both of these two
effects (Pt—O bond cleavage or metal atom coalescence) is
responsible for the decrease in Pt binding energy, although
Figure 6 demonstrates that increasing the substrate temperature
during EBID or post deposition annealing have the potential to
improve certain material properties (e.g., resistivity). It should
be noted that if elevated substrate temperatures are used during
deposition they should not exceed ~250 °C, the onset of
conformal CVD from Pt'(hfac),.>*** We anticipate that similar
benefits should also occur for EBID nanostructures created
from Pd"(hfac), or Cu'(hfac), provided that the onset
temperatures for CVD are not breeched.

The second abatement strategy investigated was the effect of
exposing EBID structures created from Cu"(hfac), to atomic
oxygen (AO) and then atomic hydrogen (AH). Atomic radicals
are a potentially useful means of abating organic contaminants
because they possess a high degree of intrinsic chemical
reactivity and etching ability, but in contrast to ion beams, lack
the ability to sputter metal atoms.**~% Figures 7b and 8b show
that AO can etch virtually all of the carbon and fluorine atoms
from an EBID structure created from Cu"(hfac),, causing an
AES signal from the Au substrate to appear in Figure 7b. After
AO exposure the deposit consists almost exclusively of copper
oxide, which Figures 7c and 8c show can be reduced to metallic
copper by exposure to atomic hydrogen (AH). Thus, the
combination of AO followed by AH exposure -effectively
removes almost all of the organic contaminants, analogous to
our observations on EBID structures created from Me,Au-
(acac).”® In our previous studies, Atomic Force Microscopy
(AFM) revealed that at a microscopic level the EBID deposits
created in the AES system from Me,Au(acac), and by inference
also from Cu'(hfac),, consist of closely packed discrete
spherical particles. Upon exposure to AO and AH the size of
these objects, as measured by their height in AFM, decreased to
an extent that was consistent with the residual gold atoms being
present in a close packed arrangement.*® Interestingly, an
analogous result has recently been obtained in a study on the
post deposition abatement of carbon from EBID structures
created from MeCpPtMe; using oxygen gas in the presence of
an electron beam. In this recent investigation by Plank et al. the
active species responsible for carbon etching are presumably
also reactive oxygen species (ROS) generated by the electron
stimulated decomposition of molecular oxygen, most likely
atomic oxygen.”” If these ROS-based remediation strategies are
proven capable of removing the organic contamination, while
the remaining structure forms a compact and close-packed
arrangement of metal atoms as opposed to a honeycomb
structure, then they have significant potential in EBID as a post
deposition strategy.

5. CONCLUSIONS

The electron-stimulated reactions of surface bound met-
al"(hfac), complexes proceeds by the decomposition of hfac
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ligands, leading to the ejection of volatile species such as CO(g)
and F7(g). As a consequence, carbon is the overwhelming (>
90%) form of organic contamination left in EBID nanostruc-
tures created from metal”(hfac), precursors, although fluorine
atoms are largely absent because of their effective removal by
electron-stimulated C—F bond cleavage. The absence of any
hfac ligand desorption is ascribed to the inability of the bulky
and coordinatively unsaturated hfac ligands to desorb, even if
they are released from metal"(hfac), complexes by electron
stimulated processes. As a result, the central metal atom’s
identity is largely irrelevant in the precursor’s surface reactions.
The central metal atom, can, however, play a role in regulating
secondary reactions, as evidenced by the formation of copper
fluoride during the electron stimulated reactions of adsorbed
Cu"(hfac), molecules. Post-deposition annealing of EBID
structures created from metal”(hfac), increases the film’s
metallic character, as a result of oxygen desorption and/or
enhanced metal atom mobility. Under ambient temperatures,
post-deposition purification of EBID structures can be achieved
by exposing them to atomic oxygen, creating a metal oxide,
which can then be reduced to the pure metal by atomic
hydrogen.
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