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In situ time-of-flight secondary ion mass spectrometry, infrared spectroscopy, and X-ray photoelectron
spectroscopy measurements have been used to characterize the interfacial chemistry that occurs upon physical
vapor deposition of Ti and Ca atoms onto a-OCH3 terminated alkanethiolate self-assembled monolayer
(SAM) on Au{111}. While the final result for both metals is near-exhaustive degradation of the methoxy
terminal group and partial degradation of the alkyl chains to inorganic products such as carbides, hydrides,
and oxides, the reaction mechanisms differ significantly. Titanium reacts in parallel with the-OCH3 and
-CH2- units, extensively degrading the latter until a metallic overlayer forms preventing further degradation.
At this point, there is a cessation of the Ti-SAM reactions. In contrast, Ca is initially consumed by the
-OCH3 terminal group via a reaction mechanism involving two-OCH3 groups; subsequent depositions lead
to alkyl chain degradation, but at a rate slower than that for Ti deposition. These results demonstrate the
subtle differences in chemistry that can arise in the vapor deposition of reactive metals, and have important
implications for the behavior of electrical interfaces in organic and molecular devices made with Ti or Ca top
contacts.

1. Introduction

The vacuum deposition of metal layers on organic thin films
is a widely used process with many technological applications
from barrier coatings to electronic devices. In all these applica-
tions, the ability to control the performance of these metal-
organic composite structures is greatly aided by a fundamental
understanding of the mechanisms of the metal atom-organic
interaction. To facilitate the unraveling of these complex
phenomena, recent efforts have focused on using the chemical
variability and well-defined structures of self-assembled mono-
layers (SAMs) in fundamental studies involving vapor-deposited
metal films.1-8 An impetus for these studies is also provided
by recent developments in molecular electronic devices9-29 for
which the nature of vapor-deposited top metal contacts in SAM-
based devices can be a significant issue.11

A wide range of behaviors and mechanisms are possible when
metal atom vapors impinge on SAMs and, in general, on organic
substrates.1-8 In the case of metals with no chemical affinity
for the organic matrix, the eventual character of the interface is
solely determined by the initial competition among metal atom
nucleation to form clusters with discontinuous morphologies,
uniform wetting of the surface, and penetration into the organic
matrix.4-8 In the case of highly reactive metal atoms, the
resulting structural features can be quite complex, ranging from
a sharp interfacial layer of chemically bonded metal to a severely
degraded organic substrate with formation of inorganic phases,
such as a metal oxides or carbides. Here the specific chemistry

of the metal atoms with the organic moieties (or “functional
groups”) will be a major factor in driving the various reaction
pathways.8

In a previous study of the vapor deposition of Al atoms onto
a methoxy group-terminated hexadecanethiolate SAM on Au-
{111}, H3CO(CH2)16S-/Au, we observed that under ambient
temperature conditions no chemical reaction occurred between
the -OCH3 group and the Al.5 Rather, a weak complexation
or solvation interaction was observed. This is striking in view
of the thermolytic stability of the oxide, carbide, and hydride
compounds of Al30 and the availability of O, C, and H atoms
at the surface of the SAM. Indeed, density functional theory
(DFT) calculations showed that reactions of isolated Al atoms
with the -OCH3 group in the SAM molecules are thermo-
chemically exothermic by considerable energies. For example,
insertion of an Al atom into either C-O bond of the-CH2-
O-CH3 moiety is 263 kJ/mol exothermic.5 It was concluded
that subtle steric effects at the SAM surface together with
inaccessibly high activation energies for bond insertion override
the thermochemical driving forces under the deposition condi-
tions.

Since both kinetic and thermodynamic driving forces affect
the interaction of Al atoms with SAMs, we were interested in
determining how other reactive types of metal atoms behave at
SAM surfaces. To normalize the comparisons, the H3CO-
(CH2)16S-/Au SAM was chosen as a common substrate. The
metals Ti and Ca were chosen since both metals also form
thermolytically stable oxides, carbides, and hydrides, like Al.30

As a further motivation to study Ca deposition, both Al and Ca
are used as top contacts in organic electronic devices because
of their low work functions.31,32 Calcium is also a common
contact for poly(p-phenylenevinylene) (PPV)-based light-emit-
ting diodes.33
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Salaneck and co-workers have observed that vapor-deposited
Ca diffuses into the near surface region (2-3 nm) of bothR,ω-
diphenyltetradecaheptaene34 and poly(2,5-diheptyl-p-phenyl-
enevinylene)35 films with donation of electrons to the polymer
π system to form Ca2+ ions. These authors also noted that for
these PPV-type surfaces with oxygen-containing species an
interfacial layer of calcium oxide forms. The inclusion of Ti
was motivated also by its wide use in Si-based microelectronic
applications,36,37and its recent use in molecule-based electronic
switches12,16,17,27,28and diodes.9,20,23Pointing to the aggressive
nature of Ti, reports have demonstrated that vapor-deposited
Ti reacts indiscriminately with triazine, polyimide, polystyrene,
polyethylene, and epoxy films to form Ti-O, Ti-C, and Ti-N
bonds,36-40 and with fluoropolymers forming Ti-C, Ti-O, and
Ti-F bonds.41 Konstadinidis and co-workers have also exam-
ined the interaction of Ti with-CO2H-, -CO2CH3-, -CH3-,
-OH-, and-CN-terminated alkanethiolate SAMs42 and con-
cluded that Ti-O bonds are formed with the ester- and alcohol-
terminated SAMs, Ti-N bonds with the nitrile group, and Ti-C
bonds with all the SAMs that were studied. At low metal
coverages, the metal atoms reacted with the terminal functional
groups, while at higher coverages, bonds were formed directly
with the -CH2- units of the SAM. Furthermore, it appeared
that in the initial stages of deposition the Ti overlayer did not
grow layer by layer but rather formed clusters on the SAM
surface.

In this paper, we show through time-of-flight secondary ion
mass spectrometry (TOF SIMS), infrared spectroscopy (IRS),
and X-ray photoelectron spectroscopy (XPS) measurements how
vapor-deposited Ca and Ti interact with a-OCH3 terminated
SAM. The results reveal that both Ca and Ti react vigorously
with the SAM to form M-O and M-C bonds, where M
represents the deposited metal, in marked contrast to the
previous case of Al for which no reactions occur under the same
deposition conditions. Deposited Ti aggressively reacts with both
the terminal-OCH3 group and the alkyl chain-CH2- units
to degrade the SAM in a top down fashion toward the S/Au
interface. In contrast, Ca reacts first with the-OCH3 group
followed by degradation of the alkyl chain, but at a significantly
slower rate than for Ti. These results show the dramatic
differences in reactivities for these generally reactive metals and
point to the importance of considering the underlying chemistry
when designing metal-molecule contacts in organic or molec-
ular electronic devices.

2. Experimental Section

2.1. Materials and General Procedures.The preparation
and characterization of the H3CO(CH2)16S-/Au SAM has been
described in detail previously5,43-48 and is summarized briefly
here. Sequential thermal depositions of Cr (∼10 nm) and Au
(∼200 nm) were made onto clean Si(001) native oxide-covered
wafers. Self-assembly of well-organized monolayers was achieved
by immersing the Au substrates in millimolar solutions of the
relevant alkanethiol 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 some cases, tapping mode AFM
images (Dimension Series 3000, Digital Instruments, Santa
Barbara, CA) were obtained to verify the quality of the starting
Au/Cr substrate surfaces (typically, 1.0-1.3 nm rms roughness)
and the subsequent SAMs (no change from substrate roughness).
In addition, all SAMs were characterized by the initial TOF
SIMS and IRS measurements prior to metal deposition.

The purity of the Ca and Ti employed (Goodfellow, Alfa
Aesar, Sigma Aldrich) wasg99.99%. Metals were deposited
onto a room temperature sample using resistively heated
tungsten baskets at a rate of∼0.15 atom nm-2 s-1. The source-
sample distance was>30 cm, and the sample temperatures
remained near∼25 °C. The deposited mass of metal was
monitored using a quartz crystal microbalance (QCM)49 (TOF
SIMS, Maxtek Inc. TM-400, maximum error of(8%; IRS and
XPS, Sigma Instruments SQM-160, maximum error of(7%).

2.2. Time-of-Flight Secondary Ion Mass Spectrometry.The
TOF SIMS analyses were performed on a custom-designed
instrument as described previously.50 Briefly, the instrument
consists of a loadlock, a preparation chamber, a metal deposition
chamber, and the primary 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 106µm × 106µm area during data acquisition.
All spectra were acquired using a total ion dose of less than
1011 ions cm-2. Relative peak intensities can be reproduced
within (8% from sample to sample and(8% from scan to
scan.

During deposition, the pressure remained<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 the sample
was transferred to the analysis chamber.

2.3. 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.3-8 A liquid nitrogen-cooled MCT
detector was used with an effective low-frequency cutoff of
∼750 cm-1. The infrared beam passed through the analysis
chamber 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
pressure remained<3 × 10-7 Torr during the deposition. The
final spectra were determined as-log(R/Ro), whereR is the
sample spectrum andRo is the reference spectrum of a bare
gold wafer or a C16D33S/Au{111} SAM. The latter primarily
was used as the reference, except for samples in which the
reference spectral features overlapped sample features of interest.
In these cases, a rigorously cleaned Au sample served as the
reference.

2.4. X-ray Photoelectron Spectroscopy (XPS).The XPS
analyses were performed using a Kratos Analytical Axis Ultra
apparatus equipped with a monochromatic Al KR source
operating at an X-ray power of 280 W. Spectra were collected
at a 90° photoelectron takeoff angle with respect to the sample
plane with a pass energy of 20 eV and an energy step of 0.15
eV. The resulting fwhm of the Au 4f7/2 line was 0.71 eV. All
spectra were referenced to the Au 4f7/2 line at 84.0 eV. Following
analysis of the uncoated monolayer, the samples were transferred
under a continuous vacuum to the deposition chamber, which
was isolated from the analysis chamber by a gate valve.
During the depositions, the pressure remained<1 × 10-7 and
<1 × 10-8 Torr for Ca and Ti, respectively. After deposition,
the metal/SAM specimen was transferred directly in vacuo back
to the analysis chamber where the pressure was maintained
below 5× 10-9 Torr.

2.5. Definition and Measurement of Deposited Metal
Coverage.The metal deposition onto the samples was monitored
directly as the mass per unit area,FA (23.1 atoms nm-3 for Ca
and 56.7 atoms nm-3 for Ti), by a QCM. For ease in data
analysis, the deposited amounts were converted to coverage of
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metal atoms per SAM molecule (θM, M ) Ti or Ca) using the
FA and a molecular density of 4.6 molecules nm-2 for a well-
formed alkanethiolate/Au{111} SAM.46 Thus, whenθM ) 1,
there will be on average one metal atom deposited per SAM
molecule.

3. Results

3.1. TOF SIMS. A detailed discussion of the positive and
negative ion mass spectra of the bare-OCH3 monolayer is
given in ref 5. In agreement with previous work,3-5,51-54 we
find that the relative intensities of AuX

-, AuXSY
-, and SOZ

-

(whereZ ) 1-4) provide us with a useful indication that the
SAM was prepared without substantial incorporation of impuri-
ties or oxidative products.

3.1.1. Reaction with the-OCH3 Group. In the positive ion
mass spectrum, upon deposition of Ti or Ca on the-OCH3

SAM, we observe the formation of the MOCH3
+ and MO+ ions

where M ) Ca or Ti. In Figure 1, the TiOCH3+, TiO+,
CaOCH3

+, and CaO+ spectra are normalized to the initial peak
intensities of [S(CH2)9]2+, Au+, C5H11

+, and C4H8
+, respec-

tively, to make obvious the changing peak intensities with
respect to the hydrocarbon and substrate fragments as the
deposition progresses. On the basis of our previous work with
-COOH4 and -CO2CH3,3 the appearance of MO+ indicates
that the deposited metal, Ca or Ti, has undergone a redox
reaction with the methoxy functionality to form M-O bonds.

There are, however, some important differences between Ca
and Ti. Upon deposition of Ca, the formation of CaO2C2H5

+

ions is observed (Figure 2), suggesting that Ca interacts with
two adjoining methoxy-terminated alkanethiolate moieties.

3.1.2. Penetration of Metal Atoms into the SAM and Reaction
with the-CH2- Chain.The observation of ions containing both
M and S indicates that the deposited metal atoms have
penetrated through the-OCH3-terminated SAM to the S/Au
interfacial region, where the formation of the mixed cluster
peaks becomes possible.3,5 In Figure 3, high-resolution positive
ion mass spectra of MSH2+ (M ) Ti or Ca) are displayed. The
TiSH2

+ and CaSH2+ ion intensities are normalized to C6H10
+

and [S(CH2)3]+, respectively. For both metals, we note that the
observed increase in MSH2

+ ion intensity is slower than for
the MO+ or MOCH3

+ ion intensity, and suggests that the first
increments of deposited atoms react preferentially with the
terminal group with subsequent reaction and penetration into
the chain interior and the S/Au interface region.

We can further examine the state of the penetrated and
interacting Ti or Ca atoms by studying the Mx

+ signals, where
M ) Ti or Ca (Figure 4). With the first increment of deposited
Ti or Ca, monomer, dimer, M2+, and trimer, M3

+, intensities
increase in a parallel fashion. In our previous work with Al,
we demonstrated that these signals differ between the case where
deposited Al chemisorbs at the-OCH3 terminus and the case
where it penetrates through the monolayer to the S/Au inter-
face.3,4 Following this interpretation, the early growth of M2

+

intensity in our case supports the conclusion that some fraction
of the metal atoms penetrate to the Au/S interface region. Given
the reactivity of the metal atoms, it is likely that the mechanism
involves initial rapid degradation in some areas of the SAM
which leads to metal atoms penetrating close to the Au substrate
surface.5

Figure 1. High-resolution SIMS spectral overlays from the-OCH3 SAM. The spectra show the progression of metal-organic fragments with Ti
and Ca deposition. Panels A-D represent positive ions with nominal masses of 79, 71, 64, and 56 amu, respectively. The intensities in panels A-D
are normalized to the initial peak intensities of [S(CH2)9]2+, C5H11

+, Au+, and C4H8
+, respectively.

Figure 2. High-resolution SIMS spectral overlays from the-OCH3

SAM upon deposition of Ca, which represents positive ions with a
nominal mass of 101 amu. The spectra are normalized to the initial
peak intensities of (CH2)5OCH3

+ to make obvious the changing peak
intensities with respect to the hydrocarbon fragment as the deposition
progresses.
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In contrast to the previously reported inertness of Al atoms
with hydrocarbon groups,3-5 we note that the deposited Ti and
Ca atoms react with the methylene backbone. Upon Al deposi-
tion, the (CH2)16H+ ion intensity rapidly decreases to a constant,
non-zero value (Figure 5a), consistent with no reaction of the
alkyl chain. In contrast, for both Ti and Ca depositions, the
(CH2)16H+ ion intensity (Figure 5) decreases and approaches
zero with increasing metal coverage, an indication that the
deposited Ca or Ti reacts with the methylene backbone. A
further indication that the deposited metal atoms react with the
backbone is that AuM+ (M ) Ti or Ca) fragments are observed
(Figure 6). These ions would appear only from regions where
the SAM molecules had been severely degraded or even
removed. No such signals would be observed if the metal atoms
exclusively reacted with the terminal group3-5 or penetrated to
the Au/S interface with no reaction.3,5-8

3.1.3. Formation of Metal Carbide Products.Finally, upon
deposition of Ca or Ti atoms, we observe that CaC+, CaC2

+,
and TiC+ peaks form and increase in intensity with further
increments of metal atom deposition (Figure 7). The CaC+,
CaC2

+, and TiC+ intensities are normalized to the peak
intensities of C4H4

+, C5H4
+, and C2H5S+, respectively, to make

obvious the changes in peak intensity as the deposition
progresses. This observation would be consistent with the
formation of metal carbide types of products. No MCn

+ signals
are observed for metals which do not react with the-CH2-
units (e.g., Al).3,5-8

3.2. IRS.The previously reported assignments5,47,55,56of the
main peaks of the bare monolayer (Figures 8 and 9;θM ) 0)
are summarized briefly for reference: 1132, 1390, and 1465
cm-1 are the C-O-C antisymmetric stretch (νC-O), the-CH3

symmetric deformation (δCH3), and the-CH2- scissor deforma-
tion (δCH2), respectively; 2851 and 2918 cm-1 are the-CH2-
symmetric C-H stretch (d+) and the-CH2- antisymmetric
C-H stretch (d-) modes, respectively; and 2811, 2828, 2931,

Figure 3. High-resolution SIMS spectral overlays from the OCH3 SAM. The spectra show the progression of metal-organic fragments with Ti
and Ca deposition. Panels A and B show spectra for positive ions with nominal masses of 82 and 74 amu, respectively. The intensities in plots A
and B are normalized to the initial peak intensities of C6H10

+ and [S(CH2)5]+, respectively.

Figure 4. Integrated SIMS ion peak areas plotted vsθM for the OCH3 SAM. Panel A shows the peak areas of Tin
+ (n ) 1-3) vs θTi, and panel

B shows the peak areas of Can
+ (n ) 1-3) vs θCa.

Figure 5. SIMS peak intensity of (CH2)16H+ with Ti (A), Al (B), and
Ca (C) deposition.
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and 2981 cm-1 are the various C-H stretching modes of the
CH3 group (defined collectively asνCH3).

3.2.1. Reaction with the-OCH3 Group. The aggressive
chemical degradation of the-OCH3 group by both Ti and Ca
is shown by the rapid attenuation of theνC-O, δCH3, andνCH3

intensities for increasing metal coverage (Figures 8 and 9). The
trends of the relative integrated peak intensities ofνC-O, δCH3,
and d- versus coverage (Figure 10) are consistent with attack

at both the C-O and C-H bonds. TheνC-O intensity plots show
that the reaction is essentially complete whenθTi ∼ 50 andθCa

∼ 20, while theδCH3 intensity plots indicate completion when
θTi ∼ 3 andθCa ∼ 10. Comparison of the initial slopes of the
δCH3 andνC-O mode integrated intensity plots for both metals
indicates that three metal atoms react with one-OCH3 group,
suggesting that M-C, M-H, and M-O bonds form, where M
) Ti or Ca. We note that the stoichiometry for the reaction of
Ti or Ca with-OCH3 to form thermochemically stable species
TiC, TiH2, and TiO2 or CaC2, CaH2, and CaO is 3:1 (Ti:-OCH3

or Ca:-OCH3).30 However, we have no direct evidence for these
specific products.

Figure 6. High-resolution SIMS spectral overlays from the-OCH3 SAM. The spectra show the progression of metal-organic fragments with Ti
and Ca deposition. Panels A and B show spectra for positive ions with nominal masses of 245 and 237 amu, respectively.

Figure 7. High-resolution SIMS spectral overlays of positve ions with
nominal masses of 60 (A), 52 (B), and 64 amu (C). The spectra are
normalized to the initial peak intensities of C2H5S+, C4H4

+, and C5H4
+,

respectively.

Figure 8. IRS spectra as a function of Ti coverage for deposition on
the-OCH3 SAM. The main diagnostic peaks are indicated by arrows
with the frequencies and assignments for the bare SAM.

Figure 9. IRS spectra as a function of Ca coverage for deposition on
the-OCH3 SAM. The main diagnostic peaks are indicated by arrows
with the frequencies and assignments for the bare SAM.
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New peaks at 1000-1100 cm-1 (Figures 8 and 9) are assigned
to species resulting from insertion of a metal atom into the C-O
bond. Whenθ ∼ 1-2 for Ti and Ca, broad peaks arise, centered
at ∼1056 and 1070 cm-1, respectively, and are assigned as
-(H2C)-OX (X ) a metal-organo species, e.g., Ti-CH3)
stretches of the species formed by insertion of a metal atom
into the O-CH3 bond.57 This assignment is consistent with the
observation of MOCH3+ and MO+ ions in the TOF SIMS
spectra (Figure 1). Upon further deposition of Ca, an intense,
very broad peak centered at∼900 cm-1 appears (Figure 9) and
is assigned as a Ca-O stretch, based on the approximate
coincidence of the position with that expected for the LO mode
of the Ca-O phonon of solid CaO.58 After cessation of the Ca
deposition, the magnitude of this peak slowly continues to
increase. Upon completion of the metal deposition, several
samples were left in vacuo; after 1 h, the intensity of the peak
at∼900 cm-1 had nearly quadrupled. Since Ca is highly reactive
with oxygen,35,36we attribute this additional growth to reaction
with background oxygen in the vacuum system (base pressure
of ∼5 × 10-8 Torr) to form CaO at the surface. Overall, given
the lack of information about the optical function spectra of
the possible metal-organic and-inorganic species (oxides,
carbides, and hydrides), it is not possible to quantify the various
amounts of reaction product species.

3.2.2. Competition for Attack at-CH2- and-OCH3 Units.
Comparison of the variation of theνC-O and δCH3 intensities
upon deposition with those of the d- intensities shows that Ti
is much less selective than Ca in reaction with the-OCH3

terminal and-CH2- alkyl chain groups (Figure 10). For Ti
deposition, whenθTi e 20, the slope of the d- intensity versus
coverage indicates that two Ti atoms react with one-CH2-
unit (Figure 10, dashed line), which suggests formation of both
Ti-C and Ti-H bonds. This stoichiometry is consistent with
the formation of TiC and TiH2,30 although we have no direct

evidence for these products. These results, combined with the
observation that Ti reacts nearly exhaustively with the-OCH3

group, lead to a mechanism involving an initial indiscriminate
reaction with the terminal-OCH3 and the methylene chain
(-CH2-) groups. Ti deposits continue to attack the alkyl chain
until further reaction is halted by formation of a metallic Ti
overlayer. WhenθTi ∼ 20, the reaction of deposited Ti with
the terminal-OCH3 groups is essentially complete while the
-CH2- reaction continues. For example, whenθTi ) 50, the
loss of the integrated d- intensity indicates nearly 60% of the
-CH2- alkyl chain groups have reacted. However, we note at
these high coverages the loss of IR peak intensity can arise from
both chemical reaction and electromagnetic screening by
formation of metallic overlayers uniformly covering the SAM.
Intensity losses in principle also could occur from additional
tilting of the alkyl chains to a more compact layer, but this
contribution is easily discounted on the basis that the SAM is
already fully dense. To account for the electromagnetic screening
factor, the dotted lines in Figure 10 display the theoretical
screening losses for uniform Ti metal overlayer growth starting
at θTi ) 10 or at θTi ) 50.59 Note that whenθTi g 50 the
observed loss of d- intensity nearly parallels the electromagnetic
screening loss. From this, we conclude that whenθTi g 50 the
Ti-SAM reaction has essentially ceased and continued deposi-
tion results in formation of a metallic Ti overlayer which no
longer contacts the SAM.

For Ca deposition, comparison of the variation of theνC-O
and δCH3 integrated intensities with that of d- clearly shows
that Ca almost exclusively attacks the-OCH3 terminal group
(Figure 10). While reaction with the-OCH3 group is almost
complete whenθCa ∼ 10, only∼4% of the d- intensity is lost;
even whenθCa ∼ 50, there is an only∼8% loss of intensity.
For a -(CH2)15- alkyl chain, this is equivalent to a loss, on
average, of∼1.2 -CH2- units per SAM molecule. While this
observation suggests that Ca selectively reacts only with the
terminal -OCH3 group and the adjacent-CH2- unit, the
theoretical electromagnetic screening loss seems to contradict
this (Figure 10, dotted line). BetweenθCa values of 10 and 50,
the predicted screening loss of the d- integrated intensity if a
metallic overlayer exclusively were forming exceeds the ex-
perimentally observed loss. This strongly suggests that the Ca
is not being deposited as a uniform metallic overlayer in this
coverage region. Rather, a major fraction of the Ca instead is
penetrating deep into the SAM and/or at the Au/S interface
where it cannot effectively screen the IR absorption. Given the
small decrease in the d- intensity (∼8%), presumably only a
small fraction of this Ca reacts with the SAM, and the remainder
of the deposited Ca is a metallic phase. These results indicate
that the Ca is approaching the surface through deep (significant
fraction of the SAM thickness), localized (perhaps molecular
size scale) damage regions involving extensive degradation of
a fraction of the alkyl chains in localized regions filled with Ca
metal. WhenθCa g 50, however, the observed d- intensity loss
parallels the screening loss, indicating that a uniform metallic
overlayer is forming with no further reaction with the SAM.

For both Ti and Ca, it is important to note that the average
degree of conformational order of the remaining alkyl chains
is largely unaffected. For example, note in Figures 8 and 9 that
the position of the d- remains close to 2918 cm-1, indicating
constant conformational order. This observation implies that
attack at the-OCH3 group, which occurs extensively in the
initial deposition stages before significant numbers of-CH2-
chain units have been attacked, does not induce any significant
conformational disordering of the chains. It also suggests that

Figure 10. Metal coverage dependence of the integrated peak
intensities from Figures 8 and 9 for the C-H antisymmetric stretch
(d-) (black b), the C-O stretch (νCO) (blue 9), and the CH3 bend
(δCH3) (red2) at 2918, 1132, and 1390 cm-1, respectively, whereIθ/Io

is the integrated peak intensity (Iθ) at θM (M ) Ti or Ca) divided by
the integrated peak intensity for the bare SAM (Io). Note that the OCH3
IR peaks (νCO andδCH3) decrease sharply with initial deposition of both
metals, whereas the CH2 peak (d-) decreases far more slowly with an
increase inθCa than with θTi. (- - -) Theoretical metal coverage
dependence ofIθ/Io for exhaustive degradation to the most stable
inorganic products for each metal. Note that exhaustive degradation of
CH2 and OCH3 groups appears to be followed for Ti up toθ ∼ 20 and
3-4, respectively. For Ca, the-OCH3 group appears to undergo
exhaustive degradation only whenθCa e 2. (‚‚‚‚‚‚‚) Theoretical loss in
IR intensity due to electric field screening that would result if all
deposited metal formed a uniform metallic overlayer, starting at the
coverage indicated at the beginning of each dotted line.
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groups of alkyl chains are selectively removed by the deposited
metal atoms, perhaps at SAM defect sites, while leaving chains
in other regions intact, as opposed to a continuous degradation
of all chains, which would be expected to cause serious
perturbations of the d- -(CH2)- antisymmetric stretching
mode. This picture of selective, localized attack is consistent
with a degradation mechanism involving localized, penetrating
chemical damage of the SAM, as proposed above for Ca on
the basis of the electromagnetic screening analysis.60

3.3. XPS. The objective of the XPS experiments was to
provide further details of the inorganic reaction products from
the Ti and Ca depositions. Data were collected for the Au 4f,
C 1s, O 1s, S 2p, Ti 2p, and Ca 2p core levels. The O 1s (and
Ti and Ca 2p) data were not useful for diagnostic purposes
because there was significant interference from continuous
background oxidation of the deposited metals during the
experiment, especially Ca (also see IRS data in section 3.2.1)
(data shown in Supporting Information). For the bare SAMs,
the C 1s peaks (Figure 11) at binding energies (BEs) of 284.9
and 286.8 eV are assigned to the-(CH2)- alkyl chain and the
-CH2OCH3 C atoms, respectively. A single O 1s peak at 533.1
eV (data shown in Supporting Information) is assigned to
-CH2OCH3. These assignments are in good agreement with
previous data.5,37

3.3.1. Formation of Carbide Products from Ti and Ca
Deposition.The Au 4f7/2 spectra (Figure 11) show the expected

monotonic decrease in peak intensity as the depositions proceed
(∼50% loss atθTi ) 25.0 and∼65% atθCa ) 25.0).42,61 The
constant line shape and positions for these peaks also indicate
that there is negligible charging or alloying at the gold interface.

At low coverage, the C 1s region (Figure 11) shows initial
reaction at the-OCH3 group, in agreement with the TOF SIMS
and IRS data. Whenθ ) 0.5, there is an∼50 and∼40% loss
in the -CH2OCH3 peak area upon Ti and Ca deposition,
respectively. The main-(CH2)- peak broadens and has a
positive BE shift. Continued deposition results in a steady
decrease in both the-CH2OCH3 and-(CH2)- peak intensi-
ties.62 There are differences, however, in the observed C 1s
peaks upon deposition of Ti and Ca. BetweenθTi values of 1.0
and 5.0, a low BE peak appears at 282.1 eV and its relative
intensity increases with increasing coverage. This peak is
consistent with the formation of a species containing Ti-C types
of bonds (i.e., a titanium carbide type of species).42 WhenθTi

g 10.0, deposited Ti becomes increasingly unreactive with or
inaccessible to the remaining-OCH3 moieties. WhenθTi )
25.0, there is a small residual-CH2OCH3 C 1s peak (∼10%
of the initial area). In contrast for Ca deposition, whenθCa )
5.0 the-CH2- C 1s peak starts to broaden very asymmetrically.
For Ca deposition, whenθCa g 5.0, the C 1s peak continues to
shift to a higher BE with a low BE tail growing in. The low-
BE C 1s feature can be approximately fitted by the presence of
a new peak∼1.6 eV below the main-CH2- peak, which is
consistent with the appearance of a carbide species.63

The O 1s, Ca 2p, and Ti 2p3/2 spectra are also consistent with
the formation of O- and C-containing inorganic reaction products
(see the Supporting Information). However, we cannot determine
conclusively which species arise from reaction with the SAM
and which from background gases (O2, H2O, etc.) (see the
Supporting Information). The TOF SIMS data indicate that
deposited Ti and Ca penetrate into the interior region of the
SAM, close to the Au/S interface. However, we note that the S
2p spectra qualitatively appear to be unchanged upon metal
deposition, indicating that there is not a significant amount of
Ti or Ca penetrating and reacting with the thiolate S atoms.
This is also consistent with the IRS data (see section 3.2.2)
which suggest formation of a significant fraction of the metallic
phases in the early stages of the metal phase growth occurs by
deposition into localized pits of partially degraded chains in
the SAM.

4. Discussion

For convenience in the following discussion, the overall
reaction processes of the reaction of Ti and Ca with the-OCH3

SAM are summarized in cartoon form in Figure 12. From the
TOF SIMS, IRS, and XPS data, we conclude that under our
deposition conditions Ca and Ti react with the C-O, C-H,
and C-C bonds in the-OCH3-terminated SAM to form a
chemically and structurally complex inorganic composite.
Indeed, the TOF SIMS and XPS data are consistent with the
formation of titanium and calcium carbide.64

The IRS data also suggest that the stoichiometry of the
reaction is consistent with the formation of TiC, TiH2, and TiO2

and CaC2, CaH2, and CaO with Ti and Ca deposition,
respectively.

For both Ti and Ca deposition, the initial reactions occur at
the terminal-OCH3 group. WhenθM ) 20-25 (M ) Ti or
Ca), both the C 1s core level XPS peaks associated with the
-OCH3 group (Figure 11) and the IRS C-O stretch and-CH3

deformation modes (Figures 8-10) have nearly vanished.
Further, the IRS data suggest that three metal atoms react with

Figure 11. XPS spectra of the Au 4f and C 1s core levels for the
deposition of Ti and Ca on the-OCH3 SAM as a function of metal
coverage. The data are shown with arbitrary intensities, with the correct
relative intensity scales for each set of plots, and the C 1s binding
energy positions set relative to the Au 4f peaks. For Ca deposition, the
dashed spectra within the main peak envelopes of the C 1s spectra at
θCa ) 5.0 and 10.0 represent curve fits with three components, assigned
in increasing order of binding energy, as a carbide species (as occurs
in metal carbides), the-CH2- carbons, and a small residual-CH2-
OCH3 feature. The carbide peak is shifted∼1.6 eV to a lower binding
energy than the main-CH2- peak.
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one methoxy group which is consistent with the formation of
metal carbides (TiC and CaC2), oxides (TiO2 and CaO), and
hydrides (TiH2 and CaH2). The TOF SIMS data are also
consistent with this picture; MxOy

( and MxCy
+ ions are seen to

form (Figures 1 and 7). Finally, the IRS and XPS data indicate
that a small fraction (5-10%; Figure 10) of these terminal
methoxy groups never react with the deposited metal atoms.

The TOF SIMS data also indicate that deposited Ca selec-
tively reacts with two methoxy groups (Figure 2) in preference
to reactions with the methylene units of the alkyl backbone.
There is no clear reason why deposited Ca would show a
bidentate interaction with the terminal-OCH3 groups while
Ti would react with just one methoxy. One possible reason could
involve steric effects. The average distance between adjacent
methoxy groups in the SAM is fixed at∼4.6 Å.46 Comparison
with the metallic diameters of 3.94 and 2.95 Å for Ca and Ti,
respectively,65 suggests that on space filling arguments alone
Ca is more likely to interact with two-OCH3 functional groups.

Both Ti and Ca react with the methylene units (-CH2-) of
the alkyl chains. Both the extent and mechanism of the reaction,
however, are very different for each metal. For Ti deposition,
reaction with the-CH2- groups occurs in parallel with the
attack on the terminal-OCH3 group and continues after reaction
with the methoxy group is complete (Figures 8 and 10). The
IRS data indicate that two Ti atoms react with one-CH2-
unit, which is consistent with the formation stoichiometry of
TiC and TiH2. We note that the IRS data, however, indicate
that the reaction nearly ceases byθTi ∼ 50. At this point,
subsequent deposition results in only a metallic phase. The
∼60% of the unreacted-CH2- groups remain unaffected by
further deposition. In contrast, Ca nearly exclusively reacts with
the -OCH3 terminal group (Figure 10). ByθCa ∼ 50, Ca has
only reacted with∼8% of the methylene units, equivalent to
∼1.3 -CH2- groups of the C16 alkyl chain (Figure 10).

While the metal reactivity is important for both Ca and Ti
deposition, the resultant metal-molecule morphology is con-
trolled by the spatial aspects of the degradation process. There
are two limiting cases for the kinetics of SAM degradation: (a)
a gradual erosion of the SAM toward the Au/S interface and
(b) a localized chemical damage mechanism in which the initial
attack at a terminal group on the SAM leads to rapid removal
of SAM molecules in the immediate local volume. The TOF
SIMS data show strong evidence that the metal atoms penetrate
deep toward the Au/S interface (Figures 1 and 6) which could

be caused by either mechanism a or b. The IRS data (Figure
1), however, indicate that mechanism b is operative, especially
for Ca deposition. One possible reason is that when a deposited
Ca atom interacts with two terminal-OCH3 groups further
reaction with the methylene chain is blocked and a metallic
overlayer forms instead. If a deposited Ca atom reacts with only
one-OCH3 group, however, the SAM can be degraded. Finally,
the XPS S 2p data (see the Supporting Information) also support
mechanism b since there appears to be no reaction between the
deposited metal and the thiolate group. This suggests that metal
atom penetration occurs in cavities in the SAM structure, as
opposed to metal atom diffusion to the Au/S interface.8

If a localized, penetrating chemical damage mechanism were
operative, one would expect the SAM surface to roughen and
the deposited metal to cluster on the surface. To test this
outcome, we performed tapping mode AFM on the-OCH3

SAM surface before and after deposition atθM ) 25 (M ) Ti
or Ca). In both cases, we observe evidence for clustering of the
metal atoms on the surface and a slight roughening of the surface
(see the Supporting Information).

The -OCH3 surface, with its relatively moderate reactivity
and polarity, is one that is attractive for inducing uniform wetting
of a deposited metal for a number of applications. On the basis
of their thermochemistry, both Ti and Ca, as well as other
reactive atoms such as Al, would be expected to all react
vigorously and uniformly with the-OCH3 surface to form
stable carbide, oxide, and hydride products. The results presented
here, however, as well as the previous ones on Al,5 demonstrate
wide differences in the characteristics of the depositions, ranging
from immediate, selective chemical attack at the-OCH3 groups
with Ca to parallel attack at the-OCH3 and-CH2- moieties
with Ti and a lack of chemical attack with Al.5 These results
conclusively establish that the competition between kinetic and
thermodynamic control is a key factor in determining the
outcome of metallization processing for reactive metals. This
in turn suggests that the detailed morphology and chemical
pathways could be exquisitely controlled by changing the sample
temperature and the metal atom kinetic energies. In particular,
this approach should be useful for producing tailored metal-
organic interfaces with important applications to technological
areas such as metal-organic device contacts.

5. Conclusions

Upon deposition of Ti and Ca at controlled rates, the structure
of the-OCH3-terminated SAM layer is partially converted via
attack at C-O, C-H, and C-C bonds to a complex structured
inorganic composite of carbides, hydrides, and oxides inter-
mingled with residual elements of the original SAM. The metal
atoms both react vigorously with the SAM and penetrate toward
the Au/S interface, predominantly in localized regions across
the surface. In the case of titanium, the reactions with the
-OCH3 terminal group and the-CH2- alkyl chain units
proceed in parallel. In contrast, vapor-deposited Ca reacts
immediately with the terminal group followed by reaction with
the alkyl chain units. These results provide an important
background for understanding the underlying structural and
chemical effects that arise in the formation of metal-organic
interfaces in electronic applications such as the use of calcium
or titanium for metallic contacts in PLEDs33,34 and molecular
electronic devices.9,11,12,16,17,20,21,23-28 In these cases, for example,
it is critical to be able to understand how the device properties
will vary with the formation of inorganic interfacial phases and
the nonuniformity of the chemical character of the device
interface. More broadly, it is important to understand that the

Figure 12. Cartoon showing a cross section of an-OCH3 SAM
sample, before sufficient metal deposition to produce a metallic phase,
with selected important features of the reaction pathways of deposited
Ti and Ca, as deduced from the experimental data. The metal atoms
are colored green, oxygens red, and hydrocarbons black. The inorganic
products (carbides, hydrides, and oxides) resulting from attack of the
deposited metal atoms are colored blue. The picture is meant to indicate
that degradation occurs in localized regions with penetration toward,
but not completely to, the S/Au interface. Note that the localized
degradation leaves some regions of alkyl chains (black) nearly intact,
while other regions show severe degradation to residual inorganic
products.
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outcome of the depositions of reactive metal atoms on organic
surfaces can be strongly controlled by the interplay between
kinetic and thermochemical factors.
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