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Abstract: We have studied the interaction of vapor-deposited Al, Cu, Ag, and Au atoms on a methoxy-
terminated self-assembled monolayer (SAM) of HS(CH2)16OCH3 on polycrystalline Au{111}. Time-of-flight
secondary ion mass spectrometry, infrared reflection spectroscopy, and X-ray photoelectron spectroscopy
measurements at increasing coverages of metal show that for Cu and Ag deposition at all coverages the
metal atoms continuously partition into competitive pathways: penetration through the SAM to the
S/substrate interface and solvation-like interaction with the -OCH3 terminal groups. Deposited Au atoms,
however, undergo only continuous penetration, even at high coverages, leaving the SAM “floating” on the
Au surface. These results contrast with earlier investigations of Al deposition on a methyl-terminated SAM
where metal atom penetration to the Au/S interface ceases abruptly after a ∼1:1 Al/Au layer has been
attained. These observations are interpreted in terms of a thermally activated penetration mechanism
involving dynamic formation of diffusion channels in the SAM via hopping of alkanethiolate-metal (RSM-)
moieties across the surface. Using supporting quantum chemical calculations, we rationalized the results
in terms of the relative heights of the hopping barriers, RSAl > RSAg, RSCu > RSAu, and the magnitudes
of the metal-OCH3 solvation energies.

1. Introduction

Understanding the atomic and molecular level interaction of
metal atoms with organic surfaces is becoming increasingly
important as the number of applications involving metal-
organic interfaces grows. In addition to the longstanding general
interest in metallization of polymers,1-3 of particular interest
recently has been the emergence of the fields of polymer and
molecular electronic devices4-16 in which the issue of optimizing

top metal contacts is of critical importance.17 Given the
complexity of these structures in terms of chemical interactions
and metal film morphology and given the wide range of choices
in metals, organic materials, and deposition conditions, the
rational design of metal-organic structures requires a broad,
fundamental understanding of the mechanistic and thermody-
namic aspects of metal atom-molecule interactions. The
spectrum of interactions can be quite varied, ranging from weak
adsorption, which could lead to clustering with poor adhesion
and/or electrical contact, and diffusion into the bulk, to strong
chemical reaction with severe destruction of chemical integrity.

Recent efforts to explore fundamental interactions have
focused on the use of self-assembled monolayers (SAMs)
because of their highly organized surface structures with uniform
density of organic groups that allow quantitative characterization
of the metal-molecule interactions.18-28 This approach is
directly relevant to molecular electronic devices whose core
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structures depend on SAMs, typically with vacuum-deposited
metal contacts.7,14 On a more fundamental level, these types of
experiments add a new strategy to the study of organometallic
chemistry by providing quantitative probes of nascent metal
atom interactions with organic functional groups in well-defined
geometries under highly controlled conditions. In particular, this
strategy complements current studies of solvation and electron-
transfer reactions of metal atoms with gas-phase molecules and
clusters.29-31 Of special significance in the metal-SAM experi-
ments is the ability to control the orientations and spacing of
the organic groups presented to the metal atoms, as opposed to
the unconstrained geometries in the 3-D gas-phase experiments.

Recently we have reported on the interaction of vapor-
deposited Al atoms with a selected range of common O-
containing groups, including-CO2CH3,26 -COOH,27 -OH,28

and -OCH3
28 along with control experiments on-CH3.28

Aluminum was chosen as a metal because of its common use
in microelectronics applications, its well-known organometallic
chemistry with O-containing molecules,32 and our discovery that
over the range of functional groups surveyed Al displays a wide
range of chemical and physical interactions. The latter point is
illustrated by the observations that vapor-deposited Al can react
to form organoaluminum complexes (-CO2CH3, -COOH, and
-OH), penetrate to the Au/S interface (-CH3), or both penetrate
to the Au/S interface and be weakly stabilized by the terminal
group at the SAM/vacuum interface (-OCH3).28 The Al metal
atom penetration into the-CH3

26 and -OCH3
28 terminated

SAMs was proposed to occur via thermally activated lateral
hopping of the S atom of the alkanethiolate from favorable Au
adsorption sites, which leads to the creation of transient holes
allowing transport of nearby Al atoms directly to the S/Au
interface.26,28

The case of the-OCH3 terminated SAM28 is of particular
value since this group displays an intermediate reactivity
between the limiting cases of-CH3, where Al penetrates to
the Au/S interface, and-COOH,-CO2CH3, and-OH cases,
where Al interacts solely with the terminus. Thus, an-OCH3

terminated SAM should be an ideal case for a study of the
relationship between the detailed metal-molecule interactions
at the vacuum interface and variations in the metal atoms
deposited. Since the noble metals are of great interest in
electronics applications due to their electrical conductivity and
general inertness, they are of prime interest for such a study to
complement Al, which is widely used in microelectronics. Gold
is primarily employed for ohmic contacts,33 while copper and
silver are widely used for wiring.34 Since the mid-1990s, copper
has also been employed to interconnect layers in microchips.
This technology has started to supplant traditional aluminum
metallization.35

In this paper, we investigate the interaction of vapor-deposited
Ag, Cu, and Au with a methoxy-terminated SAM and determine
the mechanism of metal atom penetration through the SAM.
Infrared reflection spectroscopy (IRS) and time-of-flight second-
ary-ion-mass-spectrometry (TOF SIMS) are used as primary in
situ tools, along with X-ray photoelectron spectroscopy (XPS)
to characterize the chemical and physical interactions of the
metal atoms with the SAM as a function of varying metal atom
coverage. The results show that under our experimental condi-
tions deposited Cu and Ag atoms, independent of coverage,
partition between solvation types of interactions with the
-OCH3 terminal groups36 and penetration to the Au/S interface.
In the case of Au deposition, however, no selective interaction
with the terminal group is observed, and the deposited metal
atoms penetrate to the Au/S interface, independent of coverage.
These results are compared with those obtained previously for
Al interacting with the-OCH3 terminated SAM in which the
partitioning between stabilization at the-OCH3 surface and
penetration into the SAM ceases abruptly at∼1 Al deposited
per Au surface atom.28 Aided by quantum chemical calculations,
an interpretation of these results is made on the basis of a general
mechanism involving dynamic competitions between metal-
molecule interactions and the rates of fluctuations of chain
hopping controlled by the barrier heights for diffusion of metal-
thiolate complexes on the gold substrate.

2. Experimental Section

2.1. Materials and General Procedures.The preparation and
characterization of SAMs used in this study has been described in detail
previously.28,37-45 The metals for all depositions were obtained from
different sources (Goodfellow, R. D. Mathis, Alfa Aesar, Sigma
Aldrich) but were of greater than 99.99% purity in all cases.

2.2. SAM Preparation. Films of Cr (∼5 nm) and Au (∼200 nm)
were thermally deposited sequentially onto clean Si(001) native oxide
covered wafers. Self-assembly of well-organized monolayers was
achieved by immersing the Au substrates into millimolar solutions of
the relevant hexadecanethiol molecules in absolute ethanol for∼2 days
at ambient temperature. The monolayer films were characterized with
single wavelength ellipsometry, infrared spectroscopy, and contact angle
measurements to ensure that they were densely packed, clean surfaces.
In addition, all SAMs were characterized by TOF SIMS, XPS, and
IRS measurements prior to metal deposition.

2.3. Time-of-Flight Secondary Ion Mass Spectrometry.The TOF
SIMS analyses were performed on a custom designed instrument as
described previously.46 Briefly, the instrument consisted of a loadlock,
a preparation chamber, a metal deposition chamber, and the primary
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analysis chamber, each separated by a gate valve. The primary Ga+

ions were accelerated to 15 keV and contained in a 100-nm diameter
probe beam, which was rastered over a (106× 106) µm2 area during
data acquisition. All spectra were acquired using a total ion dose of
less than 1011 ions cm-2. Relative peak intensities were reproducible
to within (8% from sample to sample and(8% from scan to scan.

The metals were deposited onto the sample at room temperature
from a W-wire basket source at a rate of∼0.15 atoms nm-2 s-1 with
the pressure below 5× 10-8 Torr. After deposition, the preparation
chamber pressure was allowed to recover to the base value of 1.5×
10-9 Torr before sample transfer to the analysis chamber. The deposited
mass/area was monitored using a Maxtek, Inc. TM-400 quartz crystal
microbalance (QCM) controller with a maximum error within(8%.

2.4. Infrared Spectroscopy.Analyses were performed on a Fourier
transform instrument (Mattson Research Series 1000) fitted with custom
in-house optics configured external to the instrument and designed for
grazing incidence reflection of samples under vacuum.26-28 A liquid
nitrogen-cooled MCT detector was used with an effective low-frequency
cutoff of ∼750 cm-1. The infrared beam was allowed to access the
vacuum system and reflect from the sample through a pair of
differentially pumped KBr windows. After analysis of the bare
monolayer, a shield was moved to unblock the path between the sample
and the metal source. The metals were evaporated from a W-wire basket
at a rate of∼0.15 atoms nm-2 s-1 as measured by a QCM. The pressure
remained below 1× 10-7 Torr during the deposition.

2.5. X-ray Photoelectron Spectroscopy.The XPS analyses were
performed on a spectrometer (Scienta ESCA 300) equipped with a
monochromatic Al KR source, as described in detail elsewhere.47,48Data
were taken at a photoelectron takeoff angle of 15° from the sample
surface with a pass energy of 75 eV and an energy step of 0.05 eV.
The resulting full width at half-maximum (fwhm) for Au 4f7/2 is 0.52
eV. A binding energy of 84.00 eV for Au 4f7/2 was used as a reference
for all spectra.

Following analysis of the bare monolayer, the sample was transferred
under vacuum to the deposition chamber, which was isolated from the
analysis chamber by a gate valve. The pressure in the preparation
chamber remained below 5× 10-8 Torr during the deposition.
Incremental amounts of aluminum and silver were deposited at a highly
controlled, constant rate, typically∼0.15 atoms nm-2 s-1 as monitored
by a QCM, by evaporation from a graphite crucible heated to 1248
and 1198 K, respectively. After deposition, the metal-SAM specimen
was transferred directly under vacuum to the analysis chamber where
the pressure was maintained below 1× 10-8 Torr.

2.6. Quantum Chemistry Calculations.Density functional theory
(DFT) calculations were performed to provide estimates of the
interactions of Al, Cu, Ag, and Au atoms with the-OCH3 and-S-
moieties of the molecules. All calculations were carried out using the
Gaussian 98 program package.49

In the case of the metal-S interactions, the SAM molecule was
truncated by 11 methylene units and modeled as CH3O-(CH2)5-SH
to reduce the computational cost. This simplification is not expected

to significantly affect the calculated bond energies since intramolecular
induction effects typically range over 2-3 bonds. Geometry optimiza-
tions and frequency calculations were performed at the B3PW91/
LANL2DZ level of theory. The LANL2DZ basis sets, which use an
effective core potential (ECP), were used to reduce explicit consider-
ation of the large number of electrons in the metal atoms. It has been
demonstrated that calculations using ECPs compare well with full
electron calculations in the case of several small Au-, Ag-, and Cu-
containing molecules50 as well as in several S-Au species.51 All
energies are reported as enthalpies of the final structures relative to
the isolated reactants and contain zero-point energy corrections and
thermal energy corrections for standard temperature and pressure.

For computational efficiency in achieving accurate interaction
energies between the metal atoms and the-OCH3 group, small model
systems of M+ CH3OCH3 and CH3CH2CH3 were used, where M)
Al, Cu, Ag, and Au. The most accurate results were obtained for Al
atom complexes since the smaller number of electrons in comparison
to Cu, Ag, and Au allowed the use of larger basis sets. Geometry
optimizations for these Al model systems were performed using the
B3PW91 functional with the 6-311+G(2df,p) and the LANL2DZ basis
sets. Aluminum interaction energies using the B3PW91/6-311+G(2df,p)
level of theory compare well to those calculated for Al with water52,53

and dimethyl ether54 using MP, quadratic configuration interaction (QCI)
and coupled cluster (CC) methodologies,52-54 and experimentally
derived values.55 The Au, Ag, and Cu complexes were run solely at
the B3PW91/LANL2DZ level. The interaction energy of the model
system with Al, Cu, Ag, and Au were determined as the relative energy
of the geometry-optimized complex with respect to the energies of the
optimized components. Additionally, thermal and zero-point energy
corrections were obtained from frequency calculations.

2.7. Definition of Deposited Metal Coverage.The metal deposition
onto the samples was monitored directly as the mass per unit area by
a QCM. For ease in data analysis and interpretation, the deposited
amounts were converted to coverage of metal atoms per SAM molecule,
designatedθM (M ) Al, Cu, Ag, Au). The SAM molecular density is
4.6 molecules nm-2 in a well-formed alkanethiolate on Au{111}.56

Thus, forθM ) 1.0 there would be one metal atom deposited on average
per SAM molecule.

3. Results

Results for the deposition of Al on-OCH3 terminated SAMS
have been reported in detail previously28 and are included here
for comparison purposes.

3.1. TOF SIMS. A detailed discussion of the positive and
negative ion mass spectra of the bare-OCH3 monolayer has
been presented previously.28 In agreement with this earlier
work,26-28,57-60 we find that the relative intensities of AuX

-,
AuXSY

-, and SOZ
- (where Z) 1-4) provide a useful indication

that the SAM was prepared without substantial incorporation
of impurities or oxidative products.
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3.1.1. Deposition of Al, Cu, and Ag.The positive ion mass
spectra show evidence that the metal atoms interact with the
terminal-OCH3 group. Specifically, in Figure 1, the intensity
of the MOCH3

+ (m/z ) 58, 94, 138, respectively) peaks,
indicative of metal-OCH3, increase with increasing values of
θM, where M ) Al, Cu, Ag. The AlOCH3

+ and CuOCH3+

spectra are normalized to the initial peak intensities of C4H10
+

and C7H10
+, respectively, to make obvious the changing

intensities of the peaks with respect to the hydrocarbon
fragments as the deposition progresses. No MXOY

( ions were
observed (data not shown). On the basis of our previous work
with -CO2H,27 -OCH3,28 and-CO2CH3,26 the appearance of
MOCH3

+ ions but not MXOY
( ions indicates that the deposited

metal has not undergone a redox interaction with the methoxy
functionality to form M-O bonds, but signifies that the
deposited metal atoms have only weakly interacted with the
terminal group and are stabilized at the SAM interface.

The metal atoms cannot exclusively be stabilized at the SAM
surface since the data also show evidence for the penetration
of the Al, Cu, or Ag atoms to the S/Au interface,26,28as shown
by the appearance of MSH2

+ (m/z ) 61, 97, 141, respectively)

peaks (Figure 2) and AuXMYSZ
- cluster ions (data not shown)

for increasing increments of Al, Cu, and Ag deposition. In
Figure 2, the intensities of the MSH2

+ (m/z ) 61, 97, 141,
respectively) peaks are shown for increasing increments of Al,
Cu, and Ag deposition. The AlSH2+, CuSH2

+, and AgSH2
+

spectra are normalized, respectively, to the initial peak intensities
of C2H5S+, C7H13

+, and C10H21
+ to make obvious the changing

intensities of the peaks with respect to the hydrocarbon and
substrate fragments as the deposition progresses. The increase
of the relative MSH2+ and AuXMYSZ

- intensities throughout
the low coverage deposition regime indicates the deposited metal
atoms continuously penetrate all coverages to the Au/S interface.
Note the important contrast to the case of Al metal deposition
on a CH3-terminated SAM where penetration is observed to
cease after an∼1:1 Al/Au adlayer forms.26

The state of the penetrated metal atoms is revealed by the
observation that the monomer (M+), dimer (M2

+), and trimer
(M3

+) peak intensities (where M) Al, Cu, Ag), shown in Figure
3, increase proportionately with the first increment of deposited
metal increase. Earlier we demonstrated that these signals differ
between systems where deposited Al chemisorbs at the mono-

Figure 1. High-resolution SIMS spectral overlays of MOCH3
+ fragments.

A, B, and C represent positive ions of nominal mass 58, 94, and 138 amu.
The intensities in plots A and B are normalized to the initial peak intensity
of C4H10

+ and C7H10
+, respectively.

Figure 2. High-resolution SIMS spectral overlays of MSH2
+ fragments.

A, B, and C represent positive ions of nominal mass 61, 97, and 141 amu.
The intensities in plots A, B, and C are normalized to the initial peak
intensity of C2H5S+, C7H13

+, and C10H21
+, respectively.
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layer terminus and those where it penetrates through the
monolayer to the S/Au interface.26-28 When Al is first deposited
onto a-CH3 terminated SAM, which allows penetration, the
Al+ and Al2+ ions increase steadily, whereas there is a slight
delay in the Al3+ ion. In contrast, for the-CO2CH3 terminated
SAM, when the first increments of Al are deposited on the
monolayer (where Al chemisorbs) there is an increase in the
Al+ intensity, while there is a slight delay in the growth of the
Al2

+ and Al3+ ion intensities, which rise in tandem. Following
this interpretation, the early growth of M2+ intensities support
the conclusion that Al, Cu, and Ag penetrate through the-OCH3

terminated SAM to the Au/S interface.
After deposition of Al, Cu, or Ag, another important

diagnostic feature in the TOF SIMS spectra is the relatively
consistent intensity of the Au2A- and AuA2

- peaks, which
involve intact adsorbate molecules. Note in Figure 4 how the
areas of these peaks barely drop below their initial values at
continued Al, Cu, or Ag deposition (10.6, 27.0, and 16.2 ML,
respectively), indicating that the deposition of the metal leaves
the adsorbate molecule chemically intact and thus does not react

with the -OCH3 groups. In fact, the molecular ion peak
intensities actually increase upon metal deposition, which is
likely due to electron transfer, with increased ion yield, from
the more electropositive deposited metal atoms to the more
electronegative Au atoms and clusters leaving the surface.26

Consistent with the lack of decrease of the molecular ion peak
intensity, the hydrocarbon fragment peak intensities remain
relatively unchanged during the early stages of the deposition
(data not shown), as do the metal cluster peaks involving the
Au substrate. As the deposition progresses, all peak intensities
become increasingly attenuated, consistent with a growing metal
overlayer that can block substrate ion ejection.

3.1.2. Deposition of Au.In the positive ion mass spectrum,
the absence of AuOCH3+ and AuO( ions (data not shown)
indicates that the Au atoms do not interact with the terminal
-OCH3 group. We do conclude, however, from the appearance
of the AuSH2

+ peak intensity, shown in Figure 5a, that deposited
Au atoms penetrate to the Au/S interface. Penetration through
the SAM is supported by STM measurements of Ohgi et al.,61

Figure 3. Integrated SIMS ion peak areas plotted versusθM for the OCH3

SAM. A, B, and C represent the peak areas of Aln
+, Cun

+, and Agn+, where
n ) 1-3, respectively. The single error bar shown is representative of the
uncertainty for each datum.

Figure 4. Integrated SIMS peak areas of Au2A- and AuA2
- plotted versus

θAl (A), θCu (B), andθAg (C). The single error bar shown is representative
of the uncertainty for each datum.

A R T I C L E S Walker et al.

3958 J. AM. CHEM. SOC. 9 VOL. 126, NO. 12, 2004



who reported that deposition of Au atoms on an octanethiolate
(CH3(CH2)7S-) on Au{111} forms islands at the Au/S interface.
At θAu ≈ 6-7, these islands were observed to coalesce into a
smooth surface. Such morphology changes lead to changes in
the observed secondary ion mass spectra. The initial surface
roughening will lead to the formation of Au moieties with a
lower coordination, which should make the ejection and
ionization of departing fragments and clusters easier. Once the
surface is smoothed upon continued Au deposition, the ef-
ficiency of the ejection/ionization of Au clusters and fragments
is reduced. Indeed, the data, shown in Figure 5a, do follow this
trend of increasing and then decreasing AuSH2

+ peak intensities.
Since a new Au adlayer is being formed, one would expect

the deposited Au atoms to continuously penetrate through the
SAM layer to the Au/S interface. The relatively constant
intensities of the AuA2- and Au2A- ions, which involve intact
adsorbate molecules, support this behavior (Figure 5b; the
variation in the intensity is mainly due to integration errors
(∼10% absolute ratio)). Even after a deposition ofθAu ≈ 124,
the Au2A- and AuA2

- yields are∼70% of those of the bare
monolayer, indicating that there is little or no Au overlayer
formation even at this high coverage. Therefore, these data
confirm that Au is penetrating through the monolayer throughout
the deposition range with no metallic overlayer forming. Hence,
the -OCH3 terminated SAM “floats” on top of the deposited
Au interlayer.

3.2. IRS. The IR assignments for the bare monolayer have
been reported previously.28,42 Relevant peaks in the low- and
high-frequency ranges, 750-1600 cm-1 and 2700-3100 cm-1,
respectively, are summarized here for reference. The peaks at
1132, 1390, and 1465 cm-1 are assigned as the C-O-C
antisymmetric stretch (νC-O), the-CH3 symmetric deformation

(δCH3), and the-CH2- scissor deformation (δCH2), respectively.
In the high-frequency regime, the-CH2- d+ and d- stretches
are assigned at 2851 and 2918 cm-1, and the peaks at 2811,
2828, and 2981 cm-1 are the various stretching modes of the
terminal CH3 group. The data indicate that the bare monolayer
is well-organized, with the chains primarily in an all trans
conformation.39

The IR spectra of the monolayer before and after metallization
with Cu, Ag, and Au atθM ) 100 (M ) Cu, Ag, Au) and Al
at θAl ) 50 are shown in Figure 6. In each case, we observe
the preferential attenuation of the modes associated with the
-OCH3 group. The observed attenuation is more pronounced
upon deposition of Al than upon Cu, Ag, and Au deposition.
At θAl ) 50, the intensity ofνC-O (1132 cm-1) has been reduced
by ∼80% of its original value, the intensity ofδCH3(1390 cm-1)
has disappeared into the baseline noise, and there is a significant
loss of intensity of modes associated with the CH3 group (2811,
2828, and 2981 cm-1). In contrast, the intensities of the-CH2-
bend and stretch modes at 1465, 2851, and 2918 cm-1 show
slight attenuation, but the retention of the peak positions
indicates the monolayer chains are still well-ordered. Upon
deposition of 100 mL of Cu, Ag, and Au, the intensity ofνC-O

mode is reduced by∼75, ∼50, and∼50%, respectively, of its
original value. It is also observed that the intensity ofδCH3 has
disappeared into the baseline noise and that there is a slight
attenuation of the CH3 modes. The intensities of the-CH2-
bend and stretch modes are also slightly attenuated but, as with
deposition of Al, indicate the chains remain well-ordered. We
also note that upon deposition of Cu, Ag, and Au, a shoulder
on the low-frequency side of the-CH2- d- mode (∼2906
cm-1) grows in, while upon deposition of Cu and Ag a second
small feature grows in at 1022 cm-1. An experiment using HS-
(CH2)16-OCD3 monolayers indicates that the feature at 2906
cm-1 is due to the methylene backbone of the SAM and not
the terminal methoxy group. To date, however, we have not
been able to rigorously assign these modes.

The attenuation of IR modes can be caused by chemical
reactions, reorientation of the monolayer dipoles with respect
to the surface,39 or by screening of the dipoles due to metal
atoms, clusters, or overlayers.2 Since we do not observe the
appearance of new absorption bands, such as the Al-O stretch
(855 cm-1),26-28 and given the TOF SIMS results, we can

(61) Ohgi, T.; Sheng, H.-Y.; Dong, Z.-C.; Nejoh, H.Surf. Sci.1999, 442, 277-
282.

Figure 5. Integrated SIMS peak intensities of (a) AuSH2
+ and (b) Au2A-

and AuA2
-. The single error bar shown is representative of the uncertainty

for each datum.

Figure 6. Low- and high-frequency region IRS spectra of the bare OCH3

SAM and upon Al, Cu, Ag, and Au deposition.

Dynamics of Noble Metal Atom Penetration A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 12, 2004 3959



eliminate chemical reactions as a cause. Further information is
needed to separate the other two mechanisms.

3.3. XPS.As a qualitative complement to the TOF SIMS
and IRS characterizations, a few XPS experiments were made
for the case of Ag deposition on the-OCH3 terminated SAM
in which competing Au/S substrate penetration and overlayer
deposition were observed. Since both Cu and Ag behave
similarly, the XPS experiments for the case of Ag deposition
serve as a check for the characteristics of both cases. The data
were taken at a photoelectron takeoff angle of 15° from the
sample surface to emphasize the signals from the outer (vacuum)
sample surface. The results, summarized in Figure 7, show three
main features. First, as expected, the continued deposition of
Ag results in increasing intensities of the Ag 3d core level peaks
as the metal deposition continues. Second, the C 1s, O 1s, and
Au 4f peaks decrease in intensity with increasing Ag coverage,
consistent with the Ag increasingly covering the sample surface.
Third, the C 1s and O 1s peaks attenuate much less with
increasing Ag coverage than the Au 4f peak. In the limit of
exclusive penetration of the deposited Ag metal atoms, the C
1s and O 1s peaks would not attenuate while the Au 4f intensity
would eventually vanish. Conversely, at the other limit of
exclusive Ag overlayer formation all three core levels, Au 4f,
C 1s, and O 1s, would attenuate in a similar way. Given the
observed behavior of these attenuation rates between the limiting
cases, the XPS data are consistent with the TOF SIMS and IRS
conclusions that a fraction of the Ag is deposited at the SAM/
vacuum surface, with the remainder penetrating to cover the
Au substrate.

The C 1s core level spectra of the-CH2OCH3 carbons
(∼+2.0 eV shifted from the main-CH2- alkyl chain peak in
Figure 7) reveal perturbations of the ether group by deposited
Ag. Note the broadening and merging with the main-CH2-
alkyl chain peak with increasing Ag coverage. Since these
effects occur more rapidly than attenuation of the main-CH2-
peak, this observation is consistent with a complexation or
solvation of the methoxy group by Ag atoms, as indicated by

the TOF SIMS data. Although there is some slight shifting of
the O 1s peak positions and shapes with Ag coverage, the effects
are comparatively small compared to the C 1s changes.

4. Discussion

4.1. Overall Reaction Pathways.All the present data for
Cu, Ag, and Au and the previous data for Al26-28,36 are
consistent with a general mechanism in which the deposited
metal atoms can (a) interact with the terminal group and stabilize
at the SAM surface,28,36 (b) penetrate through the film,21,26,28

or both. In addition, the metals may (c) react with the terminal
group while preserving the SAM methylene backbone,19,26,27

(d) react with and destroy the monolayer, an obviously undesir-
able result,19,62 or (e) exhibit a combination of these mecha-
nisms.28,36 These reaction pathways can be summarized as
follows:

(Organometallic formation)

where Mg and Ms represent the deposited metal atoms in the
vapor and surface adsorbed states, respectively, and SAM
denotes the alkanethiolate adsorbed on the Au surface, AuS-
(CH2)16OCH3. While the adsorption mechanism 1 is considered
to be reversible, our results, in particular TOF SIMS data,
indicate that the metal atoms do not desorb from the SAM
surface during the experiment.63 The equilibrium in step 2
implies that the adsorbed metal atoms can rapidly diffuse
between preferred sites at the SAM/vacuum interface.

The experimental data indicate that the deposited Al, Cu, and
Ag atoms do not insert into the-OCH3 group to form a M-O
bond but interact with the methoxy terminal group and therefore
reaction pathway 2 is operative (see section 4.2 below). The
data also indicate that the deposited Al, Cu, and Ag metal atoms
penetrate to the Au/S interface (pathway 4). For Au metal
deposition, the metal atoms only penetrate to the Au/S interface,
and hence, mechanisms 1 and 4 are operative.

A schematic diagram of the overall deposition processes,
deduced from the experimental data, is shown in Figure 8.

4.2. Specific Interactions (Solvation) of Deposited Metal
Atoms with the -OCH3 Group. Following condensation of
the metal atoms on the SAM surface (step 1) the evolution of
the metal-SAM interaction is governed by the interplay of the
localization of the metal atoms at the-OCH3 groups (step 2),
overlayer film nucleation and growth, and penetration to the
Au/S interface (step 4). The presence of MOCH3

+ ions, where
M ) Al, Cu, Ag, and not MXOY

( ions in the TOF SIMS spectra
(Figure 1), demonstrates a M‚‚‚OCH3 association, consistent

(62) Konstadinis, K.; Zhang, P.; Opila, R. L.; Allara, D. L.Surf. Sci.1995,
338, 300-312.

(63) In contrast, we have observed that other deposited metal atoms, e.g., Mg,
do desorb with a high probability from the-OCH3 SAM surface under
similar deposition conditions to the present experiments. Walker, A. V.;
Tighe, T. B.; Cabarcos, O.; Haynie, B. C.; Allara, D. L.; Winograd, N. To
be submitted for publication.

Figure 7. XPS spectra (15° takeoff angle from the sample surface) of the
C1s, O1s, Au4f, and Ag3d core levels for an-OCH3 SAM prior to and
following deposition of Ag.

Condensation: Mg f Ms (1)

Complexation: SAM+ Ms f SAM‚‚‚M (2)

Bond Insertion: SAM+ Msf SAM - M (3)

Penetration: AuS(CH2)16OCH3 + Ms f

AuMS(CH2)16OCH3 (4)
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with the presence of a stabilizing interaction between the Al,
Cu, and Ag atoms and the-OCH3 group but not insertion into
the O-CH3 bond. Further evidence that the deposited metal
atoms do not insert into the terminal group is the nearly constant
character (i.e., the peak shape and position) of the C-O stretch
mode at 1132 cm-1 (Figure 6). We note that this interaction is
sufficiently strong to localize metal atoms on the surface such
that subsequent nucleation and growth of a metal overlayer may
occur, but sufficiently weak so that penetration of the metal
atoms remains competitive. Thus, the reaction is analogous to
a weak solvation.

In the case of Cu and Ag, the localization and penetration of
metal atoms appear to be balanced such that both processes
occur continuously (see section 4.2 below). In the case of Al
atoms, both localization at the vacuum interface and penetration
occur initially, but at higher metal coverages the penetration
ceases and a metallic overlayer forms.28,36The detailed electronic
and steric nature of the M‚‚‚OCH3 interaction is quite subtle as
evidenced by the Ag‚‚‚OCH3 interaction. On one hand, upon
Ag deposition, the C-O stretching vibration, a general measure
of the bond strength, is barely perturbed at low coverages (Figure
6). In contrast, the-CH2OCH3 C1s XPS spectra (Figure 7), a
measure of the local electron density around the ether carbons,
show obvious perturbations by deposited Ag atoms.36 These
subtle metal-methoxy interactions are similar to the case of Al
deposition,28 where it was concluded that solvation or com-
plexation types of perturbations arise.

Quantum mechanical calculations were made on the isolated
model systems M+ CH3OCH3 and CH3CH2CH3, where M)
Al, Cu, Ag, and Au, to investigate the energetics of the
stabilization process (Table 1). Previous calculations on the Al-
OCH3 interaction at the B3PW91/6-311+G(2df,p) level of
theory28 demonstrated that the lowest energy configuration,
-272 kJ mol-1, involves theinsertionof Al into the C-O bond,
with a lesser minimum of-89 kJ mol-1 for C-C bond
insertion. Since neither of these processes is observed experi-
mentally, it was assumed that the activation barriers for these
processes are prohibitively high.28 In the present study, calcula-
tions for insertion of Cu, Ag, and Au into the C-O and C-C
bonds demonstrate that these complexes are unstable and thus
would not be observed, in agreement with experimental data.

For these systems, however, secondary minima at-52,-34,
-13, and-17 kJ mol-1 are found for complexation between
Al, Cu, Ag, and Au and the O atom of the-OCH3, respectively
(Table 1). Note that while Au shows greater stabilization by

the -OCH3 group than Ag, Au exclusively penetrates to the
Au/S interface. This situation implies an activation barrier for
Au-OCH3 stabilization relative to the Ag case. Al, Cu, and
Ag all prefer to bind near the O atom, away from the C-O-C
bonds. Geometric considerations indicate that this optimum
isolated cluster geometry will be unfavorable in the SAM due
to steric hindrances at the SAM/vacuum interface (Figure 8).
While a small number of-OCH3 groups may be able to reorient
to accommodate optimal M‚‚‚OCH3 interactions, most terminal
groups will not be able to reorient due to molecular packing in
the SAM. Thus, we expect that the average stabilization energy
per deposited metal atom will be considerably reduced relative
to the isolated system. This picture is consistent with the minor
perturbations observed in the IR C-O stretching frequencies
(Figure 6). Given the low rotational barrier of the RC(H2)-
OCH3 bond relative to the C-C bonds,28 a wide range of
M‚‚‚OCH3 geometries are possible (Figure 7). Thus, the metal
surface interaction can be considered as a quasi-isotropic weak
solvation of the metal by the-OCH3 terminal group, as
suggested previously for the case of Al.64

4.3. Penetration to the Au/S Interface.The experimental
data indicate that the deposited metal atoms penetrate to the
Au/S interface since in the TOF SIMS spectra, we observe peaks
of the form MSH2

+ where M ) Al, Cu, Ag, or Au. In this
discussion, it is useful to refer to the schematic in Figure 9,
which summarizes important aspects of the metal penetration
process.

In refs 22 and 28, it was concluded, primarily from the TOF
SIMS data, that for the-CH3 terminated SAM, penetration of
Al atoms ceases to increase atθAl ≈ 2.7, at the onset of Al
overlayer growth at the SAM/vacuum interface. In contrast, for
the -OCH3 SAM case, penetration continues even atθAl ≈
12.2. This behavior was explained on the basis that the
penetration of Al atoms to the Au/S interface continues until
an ∼1:1 Al/Au adlayer is formed, after which the penetration
path closes and further deposited metal atoms form an overlayer

(64) We have evidence that the orientation of the-OCH3 group does change
the apparent reactivity of deposited metal atoms. An indication of the
orientation of the methoxy group relative to the methylene backbone is
given by the ratio of the intensity of the d- CH2 stretch (2918 cm-1) to the
C-O stretch (1132 cm-1). Upon Al deposition for a SAM layer with a
ratio of 1:2 (d- CH2 str.:C-O str.), larger changes in the IR spectra are
observed than for a layer with a 1:1 ratio, indicating that the deposited Al
has apparently different reactivities depending upon the orientation of the
methoxy group.

Figure 8. Schematic illustrations of the important features of the reaction
pathways, including the steric hindrance of the metal-oxygen interaction.
Metal atom is represented in green, oxygen in red, and hydrocarbons in
black.

Table 1. DFT Calculated Stabilization Energies for Various
Metal-Oxygen Complexes
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at the SAM/vacuum interface. It is reasonable to assume that
the penetration path also closes for the-OCH3 case if sufficient
Al were deposited to produce an∼1:1 Al/Au interfacial layer
because the-CH3 and-OCH3 groups should have a negligible
effect on the characteristics of the S/Au interface, located 16 C
atoms from the chain terminus. Indeed, at a coverage ofθAl ≈
192, the TOF-SIMS data indicate that a metallic Al overlayer
has formed and that the-OCH3 SAM has been completely
covered by the deposited Al. Further, previous XPS data28 also
indicate that Al ceases to penetrate to the Au/S interface at lower
coverages, while further increments of deposited Al atoms form
a metallic overlayer. The penetration mechanism was proposed
to occur via the thermally driven translational motion (hopping)
of the adsorbate molecules on the Au substrate lattice, which
leads to the transient appearance of holes (defects) sufficiently
large to provide channels for metal atom diffusion to the S/Au
interface (see the upper part of Figure 9).

In contrast, at very high metal coverages, Cu, Ag, and Au
atoms continue to penetrate to the S/substrate interface with
formation of a thickening layer of the deposited metal on top
of the original Au substrate surface. This can be seen from the
TOF SIMS data, which show significant peak intensities of both
cluster and fragment ions associated with the SAM atθCu ≈
176,θAg ≈ 130, andθAu ≈ 124. For example, atθCu ≈ 176 the
intensities of CuSH2+ (penetration) and CuOCH3+ (Cu-OCH3

interaction) are∼80% of the observed maximum peak intensity,
and atθAg ≈ 130 the intensities of AgSH2+ and AgOCH3

+ are
∼85-90% of the observed maximum peak intensity. The XPS
data further show for the case of Ag (Figure 7) that the Au 4f
substrate signals attenuate much faster with increasing Ag
deposition than the C 1s and O 1s SAM signals. Thus, the SAM
is covered by only a fraction of the deposited Ag compared to
the Au substrate which is buried beneath all the Ag.

4.3.1. Mechanism.A satisfactory model for the penetration
pathway must be able to explain (a) why the Al penetration
channel is closed after∼1:1 Al/Au adlayer has formed but (b)
why the penetration of Cu, Ag, and Au continues even at very
high metal coverages. Our previously proposed penetration
mechanism involved the diffusion of metal adatoms from the
vacuum surface to lower energy positions at the Au/S inter-
face.22,28,65In the case of Al, as the Al atoms accumulate at the
Au/S interface, and they were proposed to insert into the Au-
SR bonds (R) alkyl) to form Al-SR bonds. If the formation
of these bonds slows or stops the formation of transient defects,
this would explain the closure of the penetration channel upon
completion of∼1:1 Al/Au adlayer. A schematic figure of this
process is shown in Figure 9.

If this mechanism is correct, the different observed behaviors
for Al, Cu, Ag, and Au must correlate with the energetics of
the diffusing species. Specifically, the central issue is whether
the lowest energy pathway for the lateral motion of the SAM
moiety is motion of a metal-alkanethiolate (-MSR) across the
Au substrate surface (or metal adlayer at high coverages) or
motion of an alkanethiolate moiety (-SR) across the metal
adlayer (M) surface. To examine these possibilities, one must
estimate the activation barriers for lateral hopping (diffusion)
of these species. An easy way to do this is to assume that these
activation barriers correlate with the different bond energies
involved, either M-SR or Au-MSR (M-MSR at higher
coverages).

Using ultraviolet photoelectron spectroscopy, XPS, and work
function measurements, Shen and Nyberg suggested that the
Al-SR bond is weaker than the Cu-SR bond.66 Since the
penetration of Cu continues well past the formation of an∼1:1
M/Au adlayer in contrast to the case of Al where penetration
ceases, it is apparent that formation of Cu-SR bonds is much
less efficient at closing the penetration channel. This would rule
out the alkanethiolate (-SR) chain hopping model in favor of
the metal-alkanethiolate diffusion model.

To investigate in more detail the energetics of the alkanethi-
olate (-S atom) hopping model, quantum mechanical calcula-
tions were applied to the isolated model system M-S(CH2)5-
OCH3 where M) Al, Cu, Ag, Au. The results are summarized
in Table 2. If EM-S > EAu-S, whereE ) bond dissociation
energy, the metal atom should insert into the Au-S bond to
form a Au-M-SR structure, and the penetration of the
deposited metal atoms will cease after∼1:1 metal-Au adlayer
has been attained. For Ag,EAg-SR ) 173 kJ mol-1 is close to
EAu-SR ) 179 kJ mol-1, and thus (in agreement with experi-
ment), one would expect that the penetration pathway would
not close since the barrier for the lateral diffusion of-SR
species will remain approximately the same before and after
deposition. However, for Al and Cu,EAl-SR andECu-SR ) 292
and 227 kJ mol-1, respectively, are both larger thanEAu-SR )
179 kJ mol-1. Hence, in agreement with the observed experi-
mental data, both Cu and Al will insert into the Au-SR bond.
However, if -SR diffusion across the surface were occurring
then one would also predict that penetration of deposited Cu
atoms would cease after an∼1:1 adlayer has been attained, in

(65) The formation of transient defects and the subsequent diffusion of species
is a common mechanism; such processes are operative for the diffusion of
gases and other species through polymers (Diffusion in Polymers; Crank,
J., Park, G. S., Eds.; Academic Press: New York, 1968) and along interfaces
(Sutton, A. P.; Balluffi, R. W.Interfaces in Crystalline Materials; Clarendon
Press: Oxford, 1995).

(66) Shen, W.; Nyberg, G. L.Surf. Sci.1993, 296, 49-56.

Figure 9. Cartoon illustrations of thiol (sulfur atom) or M-Th, where M
) metal atom and Th) thiol, diffusion across the Au surface.
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conflict with the observed continuous penetration of Cu atoms.
This supports metal-alkanethiolate (-MRS) diffusion as the
critical step for closure of the penetration pathway (Figure 7).
Support for this mode of surface diffusion is given by results
of previous STM studies in which gold-alkanethiolate moieties
(Au-SR) have been observed to diffuse across an Au{111}
surface.67,68

Calculations for the isolated model system M+ AuS(CH2)5-
OCH3 (AuSR), where M) Al, Cu, Ag, and Au, are summarized
in Table 2 and support the metal-alkanethiolate diffusion
mechanism. First we note thatEAu-SR (179 kJ mol-1) >
EAu-AuSR (118 kJ mol-1), which suggests that there is a lower
energy barrier for diffusion of-AuSR than for-SR across
the Au surface, in agreement with the STM data.67,68 For Al,
Cu, and Ag,EM-SR ) 293, 228, and 174 kJ mol-1, respectively,
is larger than the gold metal-alkanethiolate bond energy,
EAu-MSR ) 164, 124, and 95 kJ mol-1, respectively, suggesting
that the-MSR species controls surface diffusion across the
Au substrate.

The remaining question of whether the penetration channel
closes can be readily explained on the basis of the Au-MSR
energies. First, sinceEAu-AlSR (164 kJ mol-1) > EAu-AuSR (118
kJ mol-1), one would expect that the rate of the diffusion of
the alkanethiolate chains would rapidly decrease once the
-AlSR species has formed at the Au/S interface, and thus
penetration of deposited Al atoms will cease after an∼1:1 Al/
Au adlayer has been attained. Second, sinceEAl-AlSR (78 kJ
mol-1) < EAu-AlSR (164 kJ mol-1), it is energetically unfavor-
able for a second adlayer of aluminum to be deposited. Finally,
we also note thatEAl-AuSR (200 kJ mol-1) > EAu-AlSR (164 kJ
mol-1). However, it is unlikely that there would be an exchange
in the Au and Al atoms at the interface since this interaction is
endothermic,69 viz., Au-Al-S(CH2)5OCH3 f Al-Au-S(CH2)5-
OCH3 ∆E ) 78 kJ mol-1.

For Cu and Ag,EAu-MSR is 124 and 95 kJ mol-1, respectively,
and is similar to that for AuEAu-AuSR ) 118 kJ mol-1. Hence,
one would not expect the rate of the diffusion of the alkanethi-
olate chains to vary much between the Au, Au-Cu, and Au-

Ag interfaces, and thus the metal penetration pathway would
not close, as observed in our experiments. We also note that
EM-MSR, where M) Cu, Ag, is approximatelyEAu-MSR; thus,
there is no energy barrier to the continued deposition of metal
atoms at the sulfur/substrate interface.

5. Conclusions

Upon vapor deposition of aluminum, copper, and silver onto
a-OCH3 terminated hexadecanethiolate SAM on Au{111}, the
metal atoms simultaneously penetrate to the Au/S interface,
where a stable adlayer forms, and stabilization at-OCH3 groups
occurs, leading to overlayer nucleation at the vacuum interface.
In the case of Al, the penetration channel closes after∼1:1 Al/
Au adlayer has been attained, similar in overall character to
the previously studied case of a-CH3 terminated SAM.26 In
contrast, for Cu and Ag deposition the penetration channel does
not close. To explain these observations, we propose that the
penetration occurs via transient defects that arise from thermally
activated diffusion of metal-alkanethiolate moieties,-MSR
where M) Au, Al, Cu and Ag and R) (CH2)16OCH3. As the
deposition progresses, deposited metal atoms accumulate at the
Au/S interface and insert into the Au-SR bonds to form M-SR
bonds. Upon deposition of Al, the Au-AlSR bond is stronger
than the Au-AuSR bond and thus has a higher energy barrier
to diffusion, eliminating or greatly reducing the formation of
transient defects. Upon completion of∼1:1 Al/Au adlayer, the
penetration channel closes, and further deposited Al atoms form
an overlayer at the SAM/vacuum interface. In contrast, the Au-
AgSR and Au-CuSR bond strengths are weaker or about the
same strength as the Au-AuSR bond. Thus, these moieties are
able to diffuse across the surface, leading to the formation of
transient defects, and hence, penetration to the S/substrate
interface continues at all metal coverages.

Finally, gold, an almost inert metal, does not interact with
the methoxy terminal group. Rather, penetration of deposited
Au atoms to the Au/S interface is observed at all coverages
studied, which leads to the interesting result of a “floating”
SAM.

Experiments are underway to further examine the crucial
details of these metal deposition mechanisms, including in situ
atomic force microscopy to characterize the lateral distribution
of the overlayer metal, cooling experiments to characterize the
temperature-dependent behavior of the competition between
penetration and overlayer formation, and varying the alkanethi-
olate chain length from even to odd numbers of CH2 groups to
alter the steric environment of the terminal-OCH3 group.

This study, in conjunction with previous studies,26-28 provides
a basis for the rational design and control of many types of
metallized organic structures ranging from metallized polymer
surfaces, with strong metal adhesion and controlled morphology,
to highly optimized electrical contacts in organic and molecular
electronic devices.
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∆E ) E(bonds made)- E(bonds broken)

) E(Au - S(CH2)5OCH3) + E(Al - AuS(CH2)5OCH3)-
E(Al -S(CH2)5OCH3) - E(Au - AlS(CH2)5OCH3)

) -(179 + 200 - 293 - 164) kJ mol-1

Table 2. DFT Calculated Bond Energies for Various Metal-Thiol
Complexesa

complex metal

binding
energy
(kJ/mol)

S−M
distance

(Å)

M1−M2
distance

(Å)

CH3O(CH2)5S-Au Au 179 2.36
CH3O(CH2)5S-Al Al 293 2.36
CH3O(CH2)5S-Ag Ag 174 2.42
CH3O(CH2)5S-Cu Cu 228 2.20
CH3O(CH2)5SAu-Au Au 118 2.40 Au-Au ) 2.56
CH3O(CH2)5SAu-Al Al 200 2.45 Au-Al ) 2.46
CH3O(CH2)5SAl-Au Au 164 2.29 Al-Au ) 2.43
CH3O(CH2)5SAl-Al Al 78 2.31 Al-Al ) 2.78
CH3O(CH2)5SAu-Ag Ag 97 2.42 Au-Ag ) 2.64
CH3O(CH2)5SAg-Au Au 95 2.48 Ag-Au ) 2.62
CH3O(CH2)5SAg-Ag Ag 83 2.63, 2.65
CH3O(CH2)5SAu-Cu Cu 128
CH3O(CH2)5SCu-Au Au 124 2.23 Cu-Au ) 2.42
CH3O(CH2)5SCu-Cu Cu 123 2.38, 2.39

a Most of the metal dimer complexes form a chain structure: S-M1-
M2. These two structures, however, have both metals complexed directly
to the sulfur atom.
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