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I. INTRODUCTION

Electron-beam-induced deposition (EBID), also referred to as
focused electron-beam-induced processing (FEBIP), is a low-
vacuum materials processing technique in which a focused
electron beam is used to directly write nanometer-sized struc-
tures onto a substrate in a constant partial pressure of precursor
molecules.1�4 EBID has a unique and attractive combination of
capabilities, including high spatial resolution and the flexibility
to deposit self-supporting three-dimensional nanostructures
on nonplanar surfaces. EBID offers a number of advantages
compared to other vacuum-based nanofabrication strategies.
EBID is capable of creating smaller features than ion-beam-
induced deposition (IBID), with less amorphization and without
ion implantation.5�7 Although the resolution of EBID is compar-
able to that of electron beam lithography (EBL) and extreme
ultraviolet lithography (EUVL),8,9 it needs no resist layers or
etching step for pattern transfer. The advantages of EBID have
also been recently been combined with those of atomic layer
deposition (ALD) to create purely metallic but geometrically
well-defined nanostructures.10 Current applications of EBID
include repairing masks used in UV lithography,11�14 creating
line gratings on vertical cavity surface emitting lasers,15 and
fabricating tips for scanning probe microscopy.16,17

Perhaps the most important class of EBID materials, with
potential applications ranging from nanowires to biosensors, is
that of metallic nanostructures created from volatile organome-
tallic precursors.18�20 Within this category, platinum-containing
EBID precursors are among the most widely used, particularly
trimethyl(methylcyclopentadienyl) platinum(IV) (MeCpPtMe3),
which has been used to create nanowires and local contact points
for carbon nanotubes.21�23 However, one of the limitations of
deposits grown using MeCpPtMe3 is the often unacceptably high
degree of carbon contamination, which negatively impacts
conductivity.24�27 In an attempt to overcome the deleterious
effects of carbon contamination, a number of deposition experi-
ments have been performed using the carbon-free EBID platinum
precursor tetrakis(trifluorophosphine)platinum [Pt(PF3)4].

28�30

This high-vapor-pressure liquid (68 Torr at 20 �C)31 has already
been used in chemical vapor deposition (CVD) to create pure
platinum films on a variety of heated (200�300 �C) substrates32
and in selective-area deposition of platinum silicide on Si(100).33

Pt(PF3)4 has also been used in UV-laser-induced metallization
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ABSTRACT: The effect of ∼500 eV electrons on nanometer-thick films of the
platinum precursor tetrakis(trifluorophosphine)platinum [Pt(PF3)4] has been
studied in situ under ultra-high-vacuum (UHV) conditions using a combination
of X-ray photoelectron spectroscopy (XPS), mass spectrometry (MS), and high-
resolution electron energy loss spectroscopy (HREELS). Electron irradiation of
adsorbed Pt(PF3)4 molecules initially proceeds through a single Pt—P bond-cleavage event and the ejection of one PF3 ligand,
analogous to the electron-stimulated reactions of Pt(PF3)4 in the gas phase. The electron-stimulated deposition cross section of
Pt(PF3)4, σPt(PF3)4, is governed by the rate of this initial Pt—PF3 cleavage event, which is calculated to be∼2.5� 10�15 cm2 at an
incident electron energy of 500 eV. In contrast to the initial deposition step, subsequent electron-stimulated reactions of the surface-
bound Pt(PF3)3 intermediate occur exclusively through P—F bond cleavage and the release of fluorine into the gas phase. In this
second phase of the decomposition process, oxygen uptake into the film is observed because of reactions between water vapor and
the coordinatively unsaturated phosphorus atoms formed by P—F bond cleavage. Electron-beam-induced deposition (EBID) of
Pt(PF3)4 was also performed by electron irradiating a substrate at room temperature and at higher electron fluxes, in the presence of
a constant partial pressure of Pt(PF3)4. The absence of fluorine in these films underscores the role of electron-stimulated P—F bond
cleavage, whereas the absence of oxygen highlights the important role that deposition conditions (e.g., substrate temperature and
background gas composition) play in determining the ultimate composition of typical EBID films.
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studies, where deposition has been ascribed to dissociative electron
capture involving low-energy electrons produced by laser�surface
interactions.34 A comparison of EBID structures generated from
Pt(PF3)4 and MeCpPtMe3 reveals the advantages of using Pt-
(PF3)4. The resistivity measured for a line deposit created from
MeCpPtMe3 by 20 keV electrons at a beam current of 2.4 nA was
1.5� 103μΩ cm,30whereas that of a comparable line created from
the Pt(PF3)4 precursor using 10 keV electrons at a beam current of
2.8 nA was 641 μΩ cm.28 The lowest resistivity achieved for a line
deposit of Pt(PF3)4 is 26 μΩ cm created with a beam current of
13 nA,28 a value only 2.5 times greater than that of pure platinum
(10.42 μΩ cm) and orders of magnitude lower than the resistivity
of EBID nanowires created with MeCpPtMe3.

Despite the advantages of using Pt(PF3)4, a detailed under-
standing of how the ultimate chemical composition and crystal-
linity of deposits are influenced by the deposition conditions
remains largely elusive. Indeed, this highlights the lack of knowl-
edge regarding the chemical reactions and transformations that
underpin EBID. Nanostructures created from Pt(PF3)4 often
contain significant concentrations of residual phosphorus28�30

and oxygen,29,30 whose presence will adversely impact many
desirable materials properties such as catalytic activity. To im-
prove film composition, various deposition and postdeposition
approaches have been developed to increase the platinum
content of Pt(PF3)4 deposits. For example, Wang et al. showed
that the Pt concentration increases when deposition occurs in the
presence of O2 and when substrate temperatures above room
temperature are used during deposition.29 Postdeposition elec-
tron beam irradiation and annealing also improve the Pt content,
crystallinity, and conductivity of EBID structures created from
Pt(PF3)4.

35,36 Takeguchi et al. also reported that, by combining
postdeposition electron beam irradiation with 300 keV electrons
and in situ annealing at about 130 �C, the phosphorus concen-
tration can be reduced.37

To develop a more detailed, atomistic understanding of EBID,
the present study focuses on identifying the reaction steps and
chemical transformations that accompany the electron-induced
decomposition of adsorbed Pt(PF3)4 molecules. In terms of
improving the ability to rationalize how the deposition processes
influence the ultimate composition of EBID materials, under-
standing the electron-stimulated reactions of adsorbed precursor
molecules can be viewed as a necessary first step, as the initial
event in EBID must involve an electron-stimulated dissociation
event. Consequently, the electron-induced reactions of adsorbed
precursors will always influence the film’s ultimate composition.

In typical EBID experiments performed in electron micro-
scopes or auger electron spectrometers, nanostructures are
created by irradiating a substrate with a focused electron beam in
the presence of a constant partial pressure of precursor
molecules.1�3 Deposition is typically performed at ambient
substrate temperatures; consequently, there is no chemisorption
of intact precursor molecules when the gas flow is turned off, and
both thermal and electron-stimulated reactions can be opera-
tional. To reduce the complexity of the deposition process and
isolate the elementary surface reactions and reaction cross sections
that contribute solely to the electron-induced decomposition of
adsorbed precursormolecules such as Pt(PF3)4, we have adopted
an ultra-high-vacuum (UHV) surface science approach, in which
nanoscale thin films of precursor molecules have been adsorbed
onto solid substrates at low temperatures (∼160 K).38�41

In these studies, we have used low-energy (∼500 eV) flood
guns to generate a relatively broad and defocused electron beam

that exhibits a roughly uniform flux over an area comparable to
the size of the substrate (∼1 cm2). This experimental approach
then allows for the application of traditional surface analytical
techniques to study the electron-stimulated surface reactions.
Although the energy of the incident electrons (500 eV) is less
than the higher energies (typically >5 keV) used to create EBID
structures in electron microscopes, this is less of a disconnect
than it might appear to be, as it is widely recognized that the low-
energy secondary electrons generated by the interaction of the
comparatively high-energy primary beam with the substrate
make a significant contribution to the EBID process.42 In the
present investigation, the effects of electron beam irradiation on
the adlayer have been monitored in situ using X-ray photoelec-
tron spectroscopy (XPS), mass spectrometry (MS), and high-
resolution energy loss spectroscopy (HREELS). Comparable
studies have been performed on the electron-induced surface
reactions of several EBID precursors such as hexafluoracetylace-
tonate copper(I) vinyltrimethylsilane,43 metal carbonyls,44�47

and more recently AuIII(acac)Me2
38 and MeCpPtMe3.

39 UHV
surface science studies have also proved effective in studying
other electron-mediated processes, including chemical and phy-
sical transformations initiated in organic thin films.48�53

In the context of EBID, the UHV environment has several
important advantages that facilitate a more detailed understand-
ing of the electron-stimulated reactions involved in deposition
and precursor decomposition.41 For example, the absence of a
constant partial pressure of precursor molecules facilitates the
detection and identification of volatile gas-phase species that
might be produced during the electron beam irradiation of
organometallic precursors, and any unwanted effects of con-
taminant gases are circumvented.39�41 In addition, the use of
comparatively low substrate temperatures means that electron-
stimulated processes can be isolated in the absence of any
thermal reactions and effects (e.g., diffusion). An additional
and specific advantage of Pt(PF3)4 is that, in contrast to other
EBID precursors, it does not contain hydrogen, an element that
cannot be detected using electron-based spectroscopies. Conse-
quently, XPS could monitor and quantify the coverage of all of
the three elements present in the Pt(PF3)4 precursor during
electron irradiation; this proved extremely useful in this work and
allowed for the identification of the two sequential steps that
collectively describe the electron-stimulated reactions of ad-
sorbed Pt(PF3)4. To provide a point of comparison to more
typical EBID experiments, we also created a film on a substrate at
room temperature in an Auger electron spectrometer, using a
focused electron beam to initiate deposition in the presence of a
constant partial pressure of Pt(PF3)4.

II. EXPERIMENTAL SECTION

A. UHV Studies. The majority of the experiments in this
investigation probed, in situ (Pbase < 5� 10�9 Torr), the effect of
low-energy broad-beam electron irradiation on nanometer-thick
films of tetrakis(trifluorophosphine)platinum [Pt(PF3)4] depos-
ited at low temperatures (<165 K) onto solid substrates under
UHV conditions. At Johns Hopkins University (JHU), the
effects of electron irradiation on Pt(PF3)4 were probed by
X-ray photoelectron spectroscopy (XPS) and mass spectrometry
(MS),38,39 and at Universit€at Bremen, they were probed by high-
resolution electron energy loss spectroscopy (HREELS).54

Precursor. Tetrakis(trifluorophosphine)platinum (CAS 19529-
53-4, StremChemicals, Inc.) [Pt(PF3)4] is a tetrahedral organometallic



17454 dx.doi.org/10.1021/jp204189k |J. Phys. Chem. C 2011, 115, 17452–17463

The Journal of Physical Chemistry C ARTICLE

complex that exists as a high-vapor-pressure liquid (68 Torr at
20 �C) at standard temperature and pressure (STP).31 At JHU,
the precursor was stored in a cooled stainless steel cylinder,
whereas at Bremen, the Pt(PF3)4 was stored in a glass tube held at
4 �C. In both setups, the Pt(PF3)4 was attached to an external gas
dosing line and purified by a freeze�pump�thaw cycle to remove
any residual PF3 gas prior to dosing.
Surface Science Studies. The effects of electron irradiation on

adsorbed Pt(PF3)4 molecules were studied in two UHV cham-
bers, one at JHU and one at Bremen. At JHU, substrates were
mounted onto dedicated manipulators with capabilities for xyz
translation and rotation, as well as sample cooling and heating.
Sample temperatures were measured with a thermocouple
attached directly to the substrate. At Bremen, samples were
mounted onto the tip of a closed-cycle helium cryostat attached
to a bellows, allowing for z travel into the HREELS chamber. The
HREEL spectrometer can also be moved in the horizontal
direction perpendicular to the z direction, thereby providing
limited translation in the x direction. A limited tilt could be
achieved bymeans of a short bellows with three adjustable screws
mounted between the cryostat and the z bellows. Sample
temperature was measured with a Si diode mounted into the
Cu block onto which a sapphire window carrying the Pt foil was
press fit.
Substrates. For XPS and MS experiments at JHU, an amor-

phous carbon (a-C) substrate was used as an inert surrogate.
Because the precursor lacked any carbon atoms, this allowed XPS
to monitor and quantify changes in the chemical composition of
the adlayer. Atomically clean a-C substrates were generated by
sputtering a 1.5 cm2 highly oriented pyrolytic graphite (HOPG)
substrate (SPI Supplies) with 4 keV Ar+ (>1 h). At Bremen, the
substrate for the HREELS investigations was a polycrystalline Pt
foil with a surface area of 3.8 cm2. Prior to each deposition, the
substrate was cleaned by high-temperature resistive heating of
the Pt foil for 2�5 s in vacuo.
Creating Pt(PF3)4 Films. In most experiments at JHU, a

submonolayer-thick Pt(PF3)4 film was created by dosing the
precursor onto the substrate at an uncorrected pressure reading
of 1 � 10�7 Torr as measured by the ion gauge, for about 60 s.
During dosing and subsequent electron irradiation, the substrate
was cooled to ∼160 K. In these experiments, the average
Pt(PF3)4 coverage was determined by measuring the attenuation
of the C 1s XPS peak area associated with the HOPG substrate
after dosing, assuming an inelastic mean free path of 2 nm for C
1s photoelectrons.55 Data from experiments (Figure S1, Sup-
porting Information) in which the thickness of the adlayer was
measured as a function of the Pt(PF3)4 exposure indicated that a
6 Langmuir dose (1 Langmuir corresponds to an exposure of 1�
10�6 Torr for 1 s) creates a film thickness of∼0.12 nm. Based on
the volume occupied by one Pt(PF3)4molecule determined from
X-ray crystallography56 and the assumption that Pt(PF3)4 uni-
formly wets the surface, a film thickness of ∼0.12 nm corre-
sponds to a coverage of∼0.16ML. In this definition, 1 ML refers
to the coverage of Pt(PF3)4 molecules (assuming uniform
wetting) that would be required to produce a film thickness
equal to the effective diameter of the Pt(PF3)4 molecule
(assuming a spherical shape).
In HREELS experiments, a Pt(PF3)4 film was created by

dosing the precursor onto a Pt substrate cooled to ∼20�30 K.
The precursor was leaked into the dosing chamber from a
calibrated volume, and the exposure was estimated by measuring
the pressure decrease within the gas dosing line. Monolayer

Pt(PF3)4 coverages were estimated fromHREELS data, based on
the appearance of multiple scattering bands (see Figure 1). These
features correspond to loss peaks caused by electrons that have
undergone multiple inelastic scattering events with different
adsorbed molecules.57 Because the Pt(PF3)4 was dosed from a
calibrated volume, once the exposure that corresponded to a
monolayer was deduced, subsequent coverages could be deter-
mined directly from the exposure. In practice, a film thickness
corresponding to∼3 ML was created by dosing Pt(PF3)4 until a
pressure drop of 1 μbar was observed in the gas dosing line.
Electron Source. For all experiments at JHU and Bremen, a

commercial flood gun (Specs FG 15/40) was used as the source
of broad-beam electron irradiation. For experiments performed
at JHU, the flood gun was positioned perpendicular to the
substrate at a sample�source distance of ∼12 cm. The electron
beam profile had previously been characterized using a Faraday
cup attached to the UHV manipulator;40 data from these studies
showed that, by positioning the sample at the center of the beam
profile and at a source-to-sample distance greater than 7 cm, a
relatively uniform electron flux across the surface (∼10% change
across a 2.0 cm2 substrate) could be obtained. The incident
electron energy was calculated from the sum of the electron
energy generated by the flood gun (480 eV) and a positive bias
(typically +20 V) applied to the substrate to ensure that the vast
majority of the secondary electrons generated by the primary
beam did not escape into vacuum. Unless noted, the applied
target current was 5 μA.
For the HREELS experiments, the flood gun was mounted at

60� with respect to the sample normal, and no positive bias was
applied to the sample during irradiation. The current on the sample
during electron exposure was 60�80 μA (∼15�20 μA/cm2) for
an electron energy of 500 eV.
For all of the experiments, electron irradiation is reported in

terms of the electron dose (D), determined using the equation

D ¼ It
A

ð1Þ

where I is themeasured target current (in electrons per second), t
is the duration of electron exposure (in seconds), and A is the
sample area (in square centimeters). At JHU and Bremen, a

Figure 1. HREEL spectrum of ∼3 ML of Pt(PF3)4 adsorbed onto a
polycrystalline Pt foil at 20�30 K (bottom spectrum). HREEL spectra at
the top show the changes that occur when the Pt(PF3)4 adlayer is
annealed to 140 K and then exposed to 500 eV electrons.
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picoammeter connected to the substrate was used to monitor the
target current.
Analytical Techniques. X-ray Photoelectron Spectroscopy.

XPS was performed with a Physical Electronics 5400 system
using Mg KR X-rays (hυ = 1253.6 eV). All XP spectra were
deconvoluted using commercially available software (CASA
XPS), and all peak positions were aligned to the C 1s peak of
HOPG at 284.5 eV.58 XP spectra were measured with a step size
of 0.125 eV and at pass energies of either 89 or 22 eV. XPS
experiments at 89 eV pass energy were used to determine
fractional coverages, whereas separate experiments at 22 eV pass
energy focused on measuring changes in the XPS peak shapes
and shifts in binding energies that occurred as a result of electron
irradiation.
In control experiments, the effect of X-ray irradiation alone on

Pt(PF3)4 adlayers was evaluated. Results from these studies,
shown in the Supporting Information (Figure S2), indicate that
prolonged X-ray irradiation produces qualitatively similar
changes to the spectral envelopes and fractional surface cov-
erages as observed for very low total electron doses from the
flood gun, where the latter is shown in Figures 2 and 3. The
effects of X-ray irradiation include a small (∼10%) loss of the
nascent phosphorus and fluorine atoms at similar rates, such that
the ratio of phosphorus to fluorine atoms remains the same as in
the parent molecule. It should be noted that, in these control
studies, a very small signal was observed in the O 1s region,
presumably a result of water adsorption, although the oxygen
signal intensity remained constant throughout the period of
X-ray irradiation (see Figure S2, Supporting Information). The
similarity in the effects of electron (Figures 2 and 3) and X-ray
(Figure S2, Supporting Information) bombardment is almost
certainly a consequence of X-ray-induced transformations being

initiated by low-energy secondary electrons generated by X-ray
interactions with the substrate and the adsorbed Pt(PF3)4
molecules. As noted, the compositional changes induced by
X-ray irradiation occurred at a much lower rate compared to
the effects of electrons generated by the flood gun. Thus, a
comparison of Figure S2 (Supporting Information) and Figure 3
reveals that 108 min of X-ray irradiation, the scan time necessary
to complete approximately six full scans of the Pt 4f, O 1s, F 1s,
and P 2p regions, produced roughly the same changes to the
adlayer as an electron dose of ∼2 � 1014 e�/cm2 for 500 eV
electrons. Consequently, all of the changes in the Pt 4f, O 1s, F 1s,
and P 2p regions observed in Figures 2�4 by XPS are dominated
(>95%) by the effects of the electrons generated by the flood gun.
Mass Spectrometry. A quadrupole mass spectrometer was

used to monitor neutral gas-phase products that evolved during
electron irradiation. The spectrometer (Stanford Research Sys-
tem, 0�200 amu) was positioned∼10 cm from the substrate and
in a direct line-of-sight. During dosing, the spectrometer was also
used to routinely check the purity of the Pt(PF3)4.
High-Resolution Electron Energy Loss Spectroscopy. The

Ibach-type HREELS instrument consisted of a double-pass
monochromator and a single-pass analyzer, with cylindrical
deflectors as energy-dispersing elements. Scattered electrons
were collected at the specular angle (60�) of detection with
respect to the surface normal. The energy of the primary beam
used to acquire HREELS data was 5.5 eV. The incident energy
was calibrated to within (0.2 eV using the onset of the
transmitted current and further corrected for cutoff effects from
the lenses by putting a retarding field on the target.59 The
spectrometer was operated with a resolution of about 10 meV,
as measured by the full width at half-maximum (fwhm) of the
elastic peak, for currents transmitted through the sample on the

Figure 2. Effects of electron irradiation (500 eV electrons; constant target current of 5 μA) on the Pt 4f, P 2p, O 1s, and F 1s XPS regions of Pt(PF3)4
(submonolayer coverages) adsorbed onto an amorphous carbon substrate. The raw XPS data were adjusted using a Shirley background subtraction. To
maximize resolution of XPS peak shapes, spectra were acquired at a pass energy of 22 eV.
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order of 0.2�0.3 nA. The typical acquisition time of a HREEL
spectrum was 30 min; during spectral acquisition, the accumu-
lated electron dose from the HREELS incident beam was
approximately 2 orders of magnitude smaller than the electron
dose delivered by the flood gun.
B. Films Deposited at Room Temperature in a Partial

Pressure of Pt(PF3)4. A film created by electron-beam-induced
deposition of gas-phase Pt(PF3)4 was generated using the elec-
tron gun in an Auger electron spectrometer (Physical Electronics
610; LaB6 filament; Pbase < 2 � 10�9 Torr).40,60 For this
experiment, a sputter-cleaned polycrystalline Au foil was used as
the substrate. The rectangularly shaped film was created by
rastering the Auger electron beam (1.5 keV; ∼1.5-μm spot size)
over the gold surface in a repetitive serpentine mode for 50min in
the presence of a reasonably constant partial pressure [(6.0�7.5)
� 10�7 Torr] of Pt(PF3)4. In these experiments, the substrate
was at ambient temperature (∼298 K) throughout the deposition
process. The current density in these studies was estimated to be
at least 104 greater than that used in the UHV surface science
studies. Once deposited, the film’s size and chemical composition
were determined by Auger electron spectrometry (AES).

III. RESULTS

The bottom spectrum in Figure 1 shows HREELS data obtained
for 3 ML of Pt(PF3)4 adsorbed on a polycrystalline Pt foil at a

substrate temperature of 20�30 K. The various fundamental and
multiple scattering modes observed are consistent with previous
IR measurements of Pt(PF3)4,

61 and the assignment of a Pt—P
stretching mode at 26 meV is based on HREELS studies of PF3
adsorbed onto various metal surfaces.62 Upon annealing to 140 K,
a measurable but proportionate decrease in intensity was observed
for all of the vibrational modes, consistent with some Pt(PF3)4
desorption from a multilayer state. When the annealed Pt(PF3)4
adlayer was subsequently exposed to 500 eV electrons (uppermost
two HREEL spectra in Figure 1), the vibrational modes decreased
in intensity and broadened as the electron dose increased. The
peak position of themost intensemode, the PF3 symmetric stretch
was observed to undergo a red shift, from 114 to 107 meV.

Figure 2 shows representative XPS data that describe the
influence of electron irradiation on the chemical composition
and bonding environments of submonolayer coverages of Pt-
(PF3)4 adsorbed onto a-C substrates. The four spectral regions
monitored correspond to the most intense and diagnostic
transitions associated with the three elements present in the
precursor (platinum, phosphorus, and fluorine), as well as
oxygen, which appeared within the adlayer as a result of electron
irradiation. XPS experiments were performed over a number of
days on films with slightly different initial Pt(PF3)4 coverages
(0.16 ML ( 5%) in the submonolayer regime. To compensate
for slight day-to-day variations in film thicknesses due to
differences in Pt(PF3)4 exposures, the XPS signal intensities in

Figure 3. Changes in the fractional coverages (see text for details) of phosphorus (P/PD=0), fluorine (F/FD=0), and platinum (Pt/PtD=0) atoms for
adsorbed Pt(PF3)4 molecules as functions of electron dose (D). These spectra were acquired at 89 eV pass energy tomaximize XPS intensity. Plots on the
left-hand side are shown for all three elements over the full range of electron doses studied (<2� 1017 e�/cm2); plots on the right-hand side are shown for
just phosphorus and fluorine for the initial period of irradiation (<3.0� 1015 e�/cm2). Solid lines through the experimental data are based on fits to a first-
order loss process with the functional form P/PD=0 (or F/FD=0) = B exp(�σD) +C, where B andC are constants such that B +C = 1 andD is the electron
dose. For phosphorus, fits are shown for the full range of electron doses studied, whereas for fluorine, fits are shown only for the initial period of irradiation.



17457 dx.doi.org/10.1021/jp204189k |J. Phys. Chem. C 2011, 115, 17452–17463

The Journal of Physical Chemistry C ARTICLE

Figure 2 were adjusted such that the Pt 4f peak area prior to
irradiation remained constant from day to day. Consequently,
Figure 2 reflects how electron irradiation changes both the
intensity and the spectral envelopes in the four regions. Prior
to irradiation, the Pt 4f region contains a well-separated doublet
due to the Pt 4f7/2 and Pt 4f5/2 transitions within the parent
Pt(PF3)4 molecule. The 74.4 eV peak position of the Pt 4f7/2
transition is indicative of Pt atoms in an oxidized state. The P 2p
region consists of a single asymmetric feature due to a closely
spaced 2p3/2/2p1/2 doublet

63 with maximum peak intensity at
135.8 eV. Prior to electron irradiation, no spectral intensity was
observed within the O 1s region, indicating that the substrate
temperature was high enough to prevent adsorption of any
residual water vapor remaining in the UHV chamber. In the F
1s region, a single symmetric peak was observed at 688.7 eV and
ascribed to fluorine atoms in the PF3 ligands. Thus, the XPS data
are consistent with both the HREELS data and previous UHV
studies,64 indicating that, in the absence of electron beam
irradiation, Pt(PF3)4 remains intact upon adsorption at these
low substrate temperatures (<160 K). To provide additional
insights into the structure of the adlayer prior to irradiation, XPS
measurements were made to probe the variation in film thickness
as a function of the Pt(PF3)4 dose (shown in Figure S1). These
results indicate that the layer thickness appears to reach a limiting
value of 0.3�0.4 nm at high doses, consistent with the existence
of a discrete monolayer state at these temperatures (∼160 K).64

Based on the nonpolar nature of the a-C substrate and the lack of
a molecular dipole in the Pt(PF3)4 adsorbate, it seems likely that
the structure of the adlayer in the submonolayer regime consists
of isolated Pt(PF3)4 molecules in coexistence with some two-
dimensional islands.

Figure 2 also shows the changes within the Pt 4f, P 2p, F 1s,
and O 1s regions as Pt(PF3)4 molecules are exposed to an
increasing electron dose (D). The effects of electron irradiation
on these various spectral regions can be conveniently divided up
into electron doses less than or greater than∼3� 1015 e�/cm2.

For comparatively small electron doses (j3� 1015 e�/cm2), the
most visible changes are the broadening of the Pt 4f spectral
envelope to lower binding energy and the decrease in intensity
within the P 2p and F 1s regions, although the shape of the
spectral envelopes in these two regions remains largely un-
changed. This regime is also characterized by a lack of intensity
in the O 1s region. For electron dosesJ3� 1015 e�/cm2, the Pt
4f envelope exhibits little change. In contrast, Figure 2 shows that
the P 2p spectral envelope now begins to broaden significantly,
reaching a maximum width at ∼3.7 � 1016 e�/cm2 before
sharpening again after even larger electron doses. As a result of
electron irradiation, the P 2p peak position also shifts to lower
binding energies, decreasing from its initial value of 135.8 to
133.6 eV after an electron dose of 3.3 � 1017 e�/cm2. In the
range of electron doses J3 � 1015 e�/cm2, the F 1s peak
position also continues to decrease in binding energy, although
the most pronounced change is the decrease in intensity. In
addition, a broad oxygen peak now appears with a peak between
532 and 533 eV. The intensity of this oxygen peak continues to
increase as a function of electron dose, as shown in Figure 2.

In Figure 3, the fractional coverages of phosphorus (P/PD=0),
fluorine (F/FD=0), and platinum (Pt/PtD=0) atoms are shown for
adsorbed Pt(PF3)4 molecules plotted as functions of electron
dose (D). The fractional coverage of each element was obtained
by integrating the area of the spectral envelopes within the P 2p,
F 1s, or Pt 4f region, recorded at 89 eV pass energy to optimize
the signal-to-noise ratio at the expense of spectral resolution.
These data were then compared to the value measured for the
same spectral transition on the same film prior to electron
irradiation (D = 0) to determine the fractional coverage. Analysis
of Figure 3 reveals that electron exposure produces different
changes in the fractional coverages of the three constituent
elements of Pt(PF3)4: platinum, phosphorus, and fluorine. For
electron doses j3 � 1015 e�/cm2, P/PD=0 and F/FD=0 exhibit
similar dependences on electron dose, decreasing to∼0.75 of their
initial values (two uppermost plots on the right-hand side of
Figure 3). Indeed, the loss of fluorine and phosphorus atoms in
this regime can be well-described by a first-order kinetic process
(fits shown as solid lines) with similar reaction cross sections (σF =
2.1 � 1015 cm2 and σP = 2.8� 1015 cm2). However, for electron
doses J3 � 1015 e�/cm2, changes in the fractional coverages of
fluorine and phosphorus atoms are no longer correlated. Thus,
although (P/PD=0) remains unchanged for electron doses J3 �
1015 e�/cm2, (F/FD=0) continues to decrease. In contrast to the
behavior of P/PD=0 or F/FD=0, Pt/PtD=0 remains essentially
constant over the full range of electron doses.

Figure 4 shows how the O 1s XPS area (top) and the fluorine-
to-phosphorus ratio (F/P) (bottom) change as functions of
electron dose. To allow changes in these variables to be discerned
for both comparatively small and larger electron doses, the x axis
in Figure 4 is shown on a logarithmic scale. In each plot, the box
represents the initial period of irradiation where the electron dose
is j3 � 1015 e�/cm2. Analysis of Figure 4 reveals that the O 1s
XPS signal remains very close to zero within the boxed region that
corresponds to the initial stages of the electron-induced reactions
but increases rapidly for electron doses J3 � 1015 e�/cm2,
consistent with the qualitative changes observed within the O 1s
region shown in Figure 2. The F/P ratio within the adlayer also
exhibits a systematic andwell-defined dependence on electron dose;
for electron doses j3 � 1015 e�/cm2, the F/P ratio remains
unchanged compared to the value in the parent Pt(PF3)4molecules,
but it then decreases systematically for larger electron doses.

Figure 4. (Top)Uptake of oxygen and (bottom) change in the fluorine-
to-phosphorus ratio (F/P) plotted as functions of electron dose (D). To
accentuate the initial period of irradiation, the electron dose is plotted on
a logarithmic scale. In each plot, the solid box represents the initial
period of electron irradiation (<3.0 � 1015 e�/cm2).
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Neutral fragments ejected into the gas phase during electron
irradiation of adsorbed Pt(PF3)4 at ∼160 K were probed by
quadrupole mass spectrometry (QMS). Figure 5 shows the
results obtained by monitoring m/z = 69, the m/z value that
corresponds to PF2, the largest peak produced by electron impact
ionization of either PF3 or Pt(PF3)4.

65 Results that are similar to
(but noisier than) those shown in Figure 5 were obtained by
monitoringm/z = 88, corresponding to PF3 (data not shown). In
these experiments, slightly thicker Pt(PF3)4 films were deposited
(film thicknesses of 0.35 nm/0.47 ML, created by using 15 L
exposures), and higher target currents (45 μA) were used to
boost the m/z = 69 signal generated by electron irradiation to a
level distinguishable from the background noise (see Figure 5).
Furthermore, to ensure that the QMS data could be directly
compared between different experiments, the initial Pt(PF3)4
dose was carefully controlled to ensure that the initial film
thicknesses were similar ((10%). The protocol for these experi-
ments was as follows: After Pt(PF3)4 deposition, the adlayer was
exposed to a well-defined initial electron dose (indicated on the
left-hand side of each spectrum in Figure 5). Following this
period of preirradiation, the adlayer was once again exposed to
electron irradiation, whose onset is shown by the vertical arrow in
Figure 5, and the m/z = 69 signal was subsequently monitored.
Figure 5 shows that there was a measurable increase in them/z =
69 signal upon electron irradiation of Pt(PF3)4 films that received
no pre-irradiation, although the signal intensity decayed as a
function of increasing irradiation time. A smaller, but still
measurable increase in the m/z = 69 signal was observed when
Pt(PF3)4 adlayers pre-exposed to an electron dose of 1.5� 1014

e�/cm2 were subsequently irradiated. However, for Pt(PF3)4
adlayers pre-exposed to an electron dose of either 2.5 � 1015 or
4.2 � 1015 e�/cm2, there was no discernible increase in the
m/z = 69 signal upon subsequent irradiation (bottom spectra in
Figure 5).

Figure 6 shows the in situ AE spectrumof an∼500μm� 700μm
film deposited in the AES system in the presence of a constant
partial pressure of Pt(PF3)4 onto a Au substrate at ∼298 K.

Principal AES peaks associated with deposited platinum and
phosphorus atoms are clearly observed at 64 and 120 eV,
respectively. However, there is no evidence of any diagnostic
AES peaks due to either fluorine or oxygen atoms, which would
appear at 647 and 510 eV, respectively. The inset in Figure 6 is an
AES map of the phosphorus signal, which shows that the deposit
is localized within the region of electron irradiation. The slight
irregularities in the shape of the deposit can be ascribed to
deviations in the raster pattern.

IV. DISCUSSION

In conjunction, the XPS, MS, and HREELS data presented in
the Results section enable the construction of a detailed picture
of the elementary bond-breaking steps and reactions involved in
the electron-induced decomposition of Pt(PF3)4. In summary,
the reaction proceeds in two discrete stages: The initial step
involves electron-stimulated cleavage of one of the four PF3
ligands and ejection of the free PF3 ligand into the gas phase.
However, further decomposition of the platinum precursor
proceeds through P—F rather than Pt—P bond cleavage,
leading to the release of fluorine into the gas phase and the
concomitant reaction of undercoordinated phosphorus atoms
with water vapor to generate phosphorus�oxygen bonds in
the film.
Step 1: Pt—P Bond Cleavage and PF3 Release. In this

regime, characterized by electron doses j3 � 1015 e�/cm2, the
overall chemical reaction can be represented as

Experimental evidence for the electron-stimulated ejection of
one PF3 ligand from each precursor molecule can be found in the
XPS data shown in Figure 3. Specifically, the fractional coverages
of phosphorus and fluorine atoms decrease to almost exactly
three-quarters of their initial values during these early stages of

Figure 5. Time-based mass spectra showing the evolution of gas-phase
PF3 (as measured by the PF2

+ fragment at m/z = 69) for Pt(PF3)4 films
exposed to 500 eV electrons. (See text for details of film preparation and
irradiation conditions.) In each trace, the solid vertical line indicates the
time at which the electron beam was turned on, and the initial electron
dose represents the electron dose that the film had been exposed to
before the time-based trace was acquired.

Figure 6. Auger spectrum of a film deposited by electron irradiating a
sputter-cleaned gold substrate in the presence of Pt(PF3)4. Deposition
conditions were: total deposition time = 60 min, PPt(PF3)4 ≈ 6.5� 10�7

Torr, incident beam energy = 1.5 keV, substrate current = 0.1 mA. Inset
shows a phosphorus map of the EBID structure.
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the reaction, whereas the fractional coverage of platinum atoms
and the F/P ratio (Figure 4) remain constant, the latter providing
clear evidence that the losses of these two elements from the
adlayer are correlated. It should also be noted that the lack of
change in platinum atom coverage over the entire range of
electron doses (Figure 3) indicates that electron irradiation
produces only chemical transformations in the absence of any
molecular Pt(PF3)4 desorption, consistent with previous EBID
studies.39,40 Furthermore, by measuring the Pt 4f region before
and after electron irradiation, we also verified that this lack of
electron-stimulated Pt(PF3)4 desorption persisted for MS ex-
periments (Figure 5), which were performed using higher target
currents.
Other experimental data are also consistent with the hypoth-

esis that the initial bond-breaking event involves Pt—PF3 bond
cleavage. For example, the shapes of the P 2p and F 1s spectral
envelopes remain virtually unchanged for electron doses j3 �
1015 e�/cm2 (bottom three spectra in Figure 2), despite the
obvious loss of spectral intensity. The electron-stimulated loss of
PF3 ligands is also consistent with the decrease in the intensities
of the P—F and Pt—P vibrational modes observed by HREELS
in Figure 1; the increase in peak widths can be ascribed to an
increase in heterogeneity within the film caused by the creation of
an adlayer that consists of a mixture of species. Finally, QMS data
indicate that, when Pt(PF3)4 films are initially exposed to
electron irradiation, a species that produces fragments at m/z =
69 (Figure 5) andm/z = 88 is ejected into the gas phase, the latter
corresponding to the molecular weight of PF3. In principle, this
species could arise from the ejection of either PF3 or Pt(PF3)4,
but the lack of electron-stimulated Pt(PF3)4 desorption (see
Figures 2 and 3), indicates that it is PF3 being released into the
gas phase. Thus, Figure 5 shows that PF3 ejection is restricted to
electron doses ofj3� 1015 e�/cm2, consistent with the regime
where losses of phosphorus and fluorine atoms from the adlayer
are correlated (Figures 3 and 5).
It is also worth noting that this initial Pt—PF3 bond-breaking

step in the electron-stimulated decomposition of adsorbed Pt-
(PF3)4 is analogous to the effect of thermal electrons on Pt(PF3)4
and Ni(PF3)4 in the gas phase.66 Using negative-ion MS, this
study showed that one PF3 ligand was lost from the tetrakis-
(trifluorophosphine) transition-metal complexes by identifying
the production of M(PF3)3

�. For Ni(PF3)4, the authors used
density functional theory (DFT) to show that the production of
Ni(PF3)3

� by dissociative electron attachment was exothermic
by >0.8 eV. Thus, we postulate that the surface-bound tetrakis-
(trifluorophosphine)platinum transition-metal complex under-
goes a similar initial decomposition step, with the only difference
being the almost certain and rapid charge neutralization of the
surface-bound Pt(PF3)3

� anion on a conducting substrate. It also
seems likely that a single Pt—PF3 bond-cleavage event repre-
sents the first elementary reaction step involved in UV-laser
metallization studies using Pt(PF3)4, because low-energy elec-
trons are presumed to play an essential role in initiating deposi-
tion in this process.34

The deposition and growth of nanostructures in typical
focused electron-beam-induced processing occurs in the pre-
sence of a constant partial pressure of precursor molecules, with a
substrate temperature of ∼298 K.1�4 Under these conditions, it
is very difficult to quantify reaction cross sections. However,
based on the results from our UHV surface science approach, we
were able to determine that, in electron-beam-induced proces-
sing, deposition of Pt(PF3)4 is controlled by the initial Pt—PF3

bond-cleavage step, which effectively converts gas-phase Pt-
(PF3)4 into a surface-bound species. Because the initial coverage
of Pt(PF3)4 molecules is fixed in our experiments, we would
anticipate that, in this initial step, the loss of PF3 ligands (as
reflected by the decrease in P/PD=0 and F/FD=0) should follow
first-order kinetics with respect to electron dose. Consistent with
this hypothesis, the decreases in P/PD=0 and F/FD=0 observed in
XPS for electron doses j3 � 1015 e�/cm2 can be well fit by
pseudo-first-order loss processes (shown as the solid lines in the
plots on the right-hand side of Figure 3). In FEBIP, when
deposition occurs in the precursor-limited regime, growth rates
are typically proportional to the electron fluence, indicating that
the rate of electron-stimulated deposition involves a one-electron
process. Consequently, the rate of Pt(PF4)3 loss in our UHV
surface science studies, expressed as a function of the electron
dose, corresponds to the reaction cross section, which, for
Pt(PF3)4 deposition onto a-C substrates using an incident
electron energy of 500 eV, is ∼2.5 � 10�15 cm2. This value
was determined by averaging the cross-section values obtained
by measuring the losses of phosphorus and fluorine atoms for
electron doses of j3 � 1015 e�/cm2.
Step 2: P—F Bond Cleavage and Phosphorus Oxidation.

For electron doses J3 � 1015 e�/cm2, we postulate that the
remaining Pt(PF3)3 species lose fluorine as a consequence of P—
F bond cleavage, whereas the coordinatively unsaturated phos-
phorus atoms left behind are rapidly oxidized by water. The
overall processes can be represented as

The clearest evidence for the onset of P—F bond cleavage again
comes from the XPS data shown in Figures 2�4. Analysis of
these figures reveals that, for electron doses J3 � 1015 e�/cm2,
although the fractional coverage of phosphorus atoms remains
unchanged at ∼0.75 of its nascent value, the fluorine coverage
(Figure 3) and F/P ratio (Figure 4) both begin to decrease
systematically with increasing electron dose. Collectively, these
results point toward a loss of fluorine atoms from the remaining
PF3 ligands. Indeed, previous electron-stimulated desorption
(ESD) studies have shown that electron irradiation of PF3
adsorbed onto various metal surfaces yields both F+ and F�

species.67�72 As a consequence of this electron-activated fluorine
stripping, coordinatively unsaturated phosphorus atoms are
created within the adlayer that then react with residual water
vapor in the UHV chamber, driven by the thermodynamic
strength of phosphorus oxygen bonds (PdO and P—O bond
strengths are ∼550 and 350 kJ mol�1, respectively73). This
assertion is supported by the observation that oxygen uptake into
the film (shown in Figures 2 and 4) is observed only for electron
doses J3 � 1015 e�/cm2, correlated with the onset of the
coordinatively unsaturated phosphorus atoms being created.
Consistent with this hypothesis, for electron doses J3 � 1015

e�/cm2, where reactions are a consequence of the interactions of
electrons with adsorbed Pt(PF3)3 species, the increase in oxygen
signal intensity and the corresponding decrease in fluorine
intensity exhibit similar functional dependences on the electron
dose. Further support for this idea is provided by results from
studies performed as part of this investigation in which a
Pt(PF3)4 film that had been exposed to an electron dose of∼3�
1015 e�/cm2 was left in the UHV chamber for several hours as
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the substrate temperature was held constant. XPS analysis
revealed that no measurable oxygen uptake occurred in this
experiment, indicating that the Pt(PF3)3 species formed after an
electron dose of ∼3 � 1015 e�/cm2 remains stable at ∼160 K
and that the uptake of oxygen into the film is correlated solely
with the electron dose and the creation/reactivity of the co-
ordinatively unsaturated phosphorus atoms. Although we have
not attempted to quantify the reaction cross section for fluorine
loss from the adsorbed Pt(PF3)3 species, analysis of the data in
Figure 3 indicates that the rate of electron-stimulated P—F bond
cleavage is significantly lower than that of the initial Pt—P bond
cleavage event.
Changes in the shape of the P 2p transition for electron doses

J3 � 1015 e�/cm2, in particular, also reflect the chemical
transformations described in the previous paragraph. Thus,
although the P 2p spectral envelopes remained qualitatively
unchanged in terms of shape for electron doses j3 � 1015

e�/cm2 for which reactions lead to PF3 ligand desorption, for
larger electron doses, Figure 2 shows that the P 2p spectrum
broadens and shifts to lower binding energies. This can be
rationalized by the effective transition from P—F to P—O/
PdO bonding in the inorganic film as the highly electronegative
fluorine atoms are removed through electron-stimulated P—F
bond cleavage and the coordinately unsaturated phosphorus
atoms that are created react with residual water vapor. In support
of this assertion, both the P 2p and O 1s regions after prolonged
irradiation are qualitatively similar in terms of both shape and
peak positions to those of the oxidized phosphorus species
observed in previous studies when carbon phosphide films were
oxidized.74 Analysis of the P 2p region for electron doses J3 �
1015 e�/cm2 also reveals that the width of the spectral envelope
broadens considerably before sharpening again at the highest
electron doses studied. (See, for example, a comparison of the
P 2p spectra recorded for electron doses of 3.7� 1016 and 3.3�
1017 e�/cm2 in Figure 2.) Again, this phenomenon can be
rationalized by the changes to the local bonding environment
that the phosphorus atoms experience as a consequence of
irradiation. At the onset of P—F bond cleavage and the
concomitant phosphorus oxidation, an extremely heterogeneous
distribution of phosphorus atoms is created in the film, ranging
from residual PF3 groups to partially oxidized species such as
PF2O and PFO. Each of these types of species gives rise to a
slightly different binding energy for the associated phosphorus
atom, leading to a broad P 2p spectral envelope. Upon further
irradiation, ever-increasing fractions of the fluorine atoms have
been removed, increasing the homogeneity of local chemical
environments in the film and decreasing the width of the P 2p
spectral envelope.
The other analytical techniques employed in this study (MS

and HREELS) also support the idea that P—F bond cleavage
predominates during the second phase of the decomposition
process. For example, Figure 5 shows that no gas-phase PF3 was
observed for Pt(PF3)4 films that had been exposed to an initial
electron dose of 4.2� 1015 e�/cm2, a value sufficient to convert
all adsorbed Pt(PF3)4 molecules to Pt(PF3)3. Electron-stimu-
lated reactions of these Pt(PF3)3 species are postulated to lead
exclusively to P—F bond cleavage and the loss of F� and F+

species. In terms of the HREELS data, Figure 1 shows that
electron irradiation leads to a decrease in spectral intensity for
vibrational modes associated with the P—F groups, as well as a
red shift in the peak position of the P—F stretching mode. Both
of these observations are consistent with the loss of PF3 and

production of PFx species (x < 3). For example, based on matrix
isolation studies,75 the peak position of the P—F symmetric stretch-
ing mode in PF2 as compared to PF3 red shifts by ∼5 meV,76,67

similar to the ∼8 meV decrease in peak position observed in
Figure 1 when Pt(PF3)4 molecules were exposed to electron
irradiation.
In EBID studies, a particularly important facet is the change to

the local chemical environment/oxidation state of the metal
center. During the first stage of the reaction, in which a single
electronegative PF3 ligand is ejected, the Pt 4f peak position
decreases by ∼1.0 eV to a lower binding energy. In contrast,
there is little or no change to the binding energy of the Pt 4f peaks
during stage 2 of the electron-stimulated decomposition, even
though the electron dose increases by 2 orders of magnitude
from∼3� 1015 to 3� 1017 e�/cm2. This can be ascribed to the
fact that, even though the local bonding on the remaining
phosphorus atoms is being transformed from P—F to P—O,
the central platinum atoms are still involved in Pt—P bonding.
This is also consistent with the fact that the Pt 4f peak position for
metallic Pt has previously been measured to be 71.1 eV in the
same apparatus, almost 1.5 eV lower than the lowest Pt 4f7/2
binding energy observed in the present study.39

Insights obtained from our low-temperature UHV surface
science studies can be used to help rationalize some aspects of
film composition that characterize EBID structures created using
Pt(PF3)4 in electron microscopes and AES systems (e.g.,
Figure 6). In these typical EBID experiments, structures are
grown at substrate temperatures of ∼298 K using a focused
electron beam in the presence of a constant partial pressure of
precursor molecules.1�4 Under these conditions, the coverage of
precursor molecules is determined by a dynamic equilibrium
governed by the rates of adsorption from the gas phase and
thermal desorption of adsorbed precursor molecules. In terms of
the electron-stimulated deposition step, ourUHV surface science
studies have shown that this occurs as a result of Pt—P bond
cleavage, the loss of one PF3 ligand, and the creation of a surface-
bound Pt(PF3)3-type species. The identification of this elemen-
tary process not only allows for the determination of the
deposition cross section (σPt(PF3)4) but also helps to rationalize
why the Pt/P ratio in EBID films created from Pt(PF3)4 is always
greater than that of the precursor, regardless of the deposition
conditions.28,29,31 Thus, the platinum-containing films deposited
at room temperature in the presence of a constant partial
pressure of Pt(PF3)4 exhibited a Pt/P ratio of ∼2/1 as deter-
mined from the peak-to-peak ratios of the platinum and phos-
phorus peaks (corrected for relative sensitivity factors) in
Figure 6. Furthermore, the second stage of the electron-induced
decomposition process predicts that sufficiently large electron
doses should remove all of the fluorine atoms from the film,
through P—F bond cleavage and fluorine release. Consistent
with this hypothesis, the platinum-containing film shown in
Figure 6, which certainly experienced an orders-of-magnitude
higher electron dose than films created in the UHV surface
science studies, does not contain any fluorine. Similar results
have also been reported for EBID films created from Pt(PF3)4 in
other AES systems or in electron microscopes.28,29 Interestingly,
the platinum-containing film in Figure 6 does not show any
evidence of oxygen uptake, in contrast to the results obtained in
the XPS system. This is almost certainly a consequence of the
very low background pressure of water in the AES system (Pbase <
2 � 10�9 Torr) and the fact that deposition was performed
at room temperature rather than ∼160 K as in the XPS
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experiments. Both of these sets of deposition conditions will
reduce the occurrence of phosphorus oxidation. However, sig-
nificant amounts of oxygen are almost always observed in EBID
nanostructures created from Pt(PF3)4 using electron micro-
scopes, where, although the substrate is at ∼298 K, the base
pressure during deposition is typically only 10�5�10�6 Torr.
This suggests that the partial pressure of water vapor affects the
oxygen content in the deposited film, an assertion supported by
observations of Botman, who noticed a qualitative correlation
between the oxygen content in EBID films deposited from
Pt(PF3)4 in a high-vacuum electron microscope and the partial
pressure of water in the chamber.31 Based on data obtained in the
present investigation, the creation of coordinatively unsaturated
phosphorus atoms by P—F bond cleavage and their subsequent
reactions with residual water vapor provides a mechanistic
rationale for the oxygen uptake.
In terms of the bond-breaking steps involved in electron-stimu-

lated deposition, some interesting similarities become apparent
when the results of the present UHV data are compared to those
recently acquired on another monodentate EBID precursor,
trimethyl(methylcyclopentadienyl) platinum (MeCpPtMe3).

39

For both Pt(PF3)4 and MeCpPtMe3, the initial electron-stimulated
reaction involves cleavage of a single metal�ligand bond and
ejection of the “free” ligand into the gas phase.39,41 In the case of
MeCpPtMe3, this involves electron-stimulated Pt—CH3 bond
breaking. For both precursors, these initial bond-breaking steps
(Pt—PF3 and Pt—CH3) are analogous to the purely thermal
processes involved in chemical vapor deposition (CVD) of the
same precursors.77 Thus, the ability to deposit almost pure
platinum films in CVD processes using Pt(PF3)4 indicates
that thermal decomposition follows exclusive Pt—PF3 bond
cleavage.32 However, during electron-induced reactions, ligands
that remain after the initial, single-ligand ejection step are not
released intact into the gas phase as they are in CVD but, in
contrast, undergo electron-stimulated decomposition. Consequently,
electron-induced decomposition of Pt(PF3)4 and MeCpPtMe3
ultimately leaves 75 and 89 at. % of the nascent phosphorus
and carbon atoms, respectively, associated with the precursor
becoming incorporated into the deposit.39 We are currently
investigating the extent to which this pattern of electron-
stimulated reactivity can be generalized to other types of mono-
dentate organometallics (e.g., metal carbonyls) that are also
widely used as EBID precursors.78�81

Perhaps the most interesting observation of the present study
is the shift from Pt—P to P—F bond cleavage that occurs
following the loss of a single PF3 ligand from each adsorbed
Pt(PF3)4 molecule. The reason for this abrupt shift in decom-
position mechanism following the initial electron-stimulated
ligand ejection step has not been unambiguously determined.
One possibility is that this shift in reaction mechanism is a
consequence of the conversion of gas-phase Pt(PF3)4 species
into a surface-bound Pt(PF3)3 moiety, whose electron-stimu-
lated reactions are altered by its adsorbed state compared to
those of the parent molecule. This discussion underscores the
need for a more detailed theoretical understanding of the bond-
breaking events that accompany the electron-stimulated decom-
position of adsorbed precursors, including the nature of the
excitation process. However, except for a few isolated cases,
experimental information on electron-stimulated reactions with
even gas-phase organometallic species used in EBID is extremely
sparse.66 Another unresolved question is the exact nature of the
electrons that are responsible for decomposition. In principle, the

electron-stimulated decomposition of an adsorbed EBID pre-
cursor could be initiated either by the primary electron or by the
low-energy secondary/backscattered electrons generated by the
interaction of the primary electron beam with the substrate.

V. CONCLUSIONS

The electron-induced decomposition of adsorbed tetrakis-
(trifluorophosphine)platinum [Pt(PF3)4] molecules proceeds in
two discrete stages. The initial deposition step, which occurs
with a reaction cross section of ∼2.5 � 10�15 cm2 for 500 eV
incident electrons, involves the selective cleavage of one Pt—PF3
bond and the ejection of the intact PF3 ligand into the gas phase.
Subsequent electron-stimulated reactions of the Pt(PF3)3-type
species that forms as a result of this initial step are, however,
characterized by P—F rather than further Pt—P bond cleavage.
In this second stage of the reaction, coordinately unsaturated
phosphorus atoms created by P—F cleavage are oxidized by
reactions with residual water vapor in the chamber. Taken in
conjunction with recent data obtained on other monodentate
EBID precursors (e.g., MeCpPtMe3), results from the present
study suggest that a common pattern of electron-stimulated
reactivity exists for monodentate organometallic precursors,
specifically, an initial step that involves ejection of a single ligand,
followed by electron-stimulated decomposition of the residual
ligands and their incorporation into the deposit. Insights ob-
tained from our low-temperature UHV surface science studies
also helped to rationalize some aspects of film composition
observed for nanostructures created from Pt(PF3)4 in electron
microscopes.
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