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Chemical Pathways in the Interactions of Reactive Metal Atoms with Organic Surfaces:
Vapor Deposition of Ca and Ti on a Methoxy-Terminated Alkanethiolate Monolayer on Au
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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-®CH; 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@&H; and

—CH,— units, extensively degrading the latter until a metallic overlayer forms preventing further degradation.
At this point, there is a cessation of the—-I3AM reactions. In contrast, Ca is initially consumed by the
—OCH; terminal group via a reaction mechanism involving tw®CH; 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 of the metal atoms with the organic moieties (or “functional
The vacuum deposition of metal layers on organic thin films groups”) will be a major factor in driving the various reaction

is a widely used process with many technological applications pathways:

from barrier coatings to electronic devices. In all these applica- In a previous study of the vapor deposition of Al atoms onto
tions, the ability to control the performance of these metal- a methoxy group-terminated hexadecanethiolate SAM on Au-
organic composite structures is greatly aided by a fundamental{ 111}, HsCO(CH,)16S—/Au, we observed that under ambient
understanding of the mechanisms of the metal atonganic temperature conditions no chemical reaction occurred between
interaction. To facilitate the unraveling of these complex the —OCHs; group and the AP Rather, a weak complexation
phenomena, recent efforts have focused on using the chemicabr solvation interaction was observed. This is striking in view
variability and well-defined structures of self-assembled mono- of the thermolytic stability of the oxide, carbide, and hydride
layers (SAMs) in fundamental studies involving vapor-deposited compounds of AP and the availability of O, C, and H atoms
metal films:~® An impetus for these studies is also provided at the surface of the SAM. Indeed, density functional theory
by recent developments in molecular electronic devicégor (DFT) calculations showed that reactions of isolated Al atoms
which the nature of vapor-deposited top metal contacts in SAM- \yiih the —OCH; group in the SAM molecules are thermo-

based_ devices can be a significant iséjug. ) chemically exothermic by considerable energies. For example,
A wide range of behaviors and mechanisms are possible when; s tion of an Al atom into either €0 bond of the—CH,—

metal atom vapors impinge on SAMs and, in general, on organic O—CHs moiety is 263 kJ/mol exothermflt was concluded
that subtle steric effects at the SAM surface together with

substrate$-8 In the case of metals with no chemical affinity
inaccessibly high activation energies for bond insertion override

for the organic matrix, the eventual character of the interface is
solely determined by the initial competition among metal atom the thermochemical driving forces under the deposition condi-
tions.

nucleation to form clusters with discontinuous morphologies,
uniform wetting of the surface, and penetration into the organic
matrix4~8 In the case of highly reactive metal atoms, the  Since both kinetic and thermodynamic driving forces affect
resulting structural features can be quite complex, ranging from the interaction of Al atoms with SAMs, we were interested in
a sharp interfacial layer of chemically bonded metal to a severely determining how other reactive types of metal atoms behave at
degraded organic substrate with formation of inorganic phases,SAM surfaces. To normalize the comparisons, thgC@-
such as a metal oxides or carbides. Here the specific chemistry(CH,):¢5—/Au SAM was chosen as a common substrate. The
metals Ti and Ca were chosen since both metals also form
* To whom correspondence should be addressed. D.L.A.: phone, (814) thermolytically stable oxides, carbides, and hydrides, lik&Al.
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Salaneck and co-workers have observed that vapor-deposited The purity of the Ca and Ti employed (Goodfellow, Alfa

Ca diffuses into the near surface region-@nm) of botha,w-
diphenyltetradecaheptaefieand poly(2,5-diheptyp-phenyl-
enevinylenée¥ films with donation of electrons to the polymer
7 system to form C# ions. These authors also noted that for

Aesar, Sigma Aldrich) was 99.99%. Metals were deposited
onto a room temperature sample using resistively heated
tungsten baskets at a rate-ed.15 atom nm? s~1. The source:
sample distance was30 cm, and the sample temperatures

these PPV-type surfaces with oxygen-containing species anremained near~25 °C. The deposited mass of metal was

interfacial layer of calcium oxide forms. The inclusion of Ti

monitored using a quartz crystal microbalance (QENJOF

was motivated also by its wide use in Si-based microelectronic SIMS, Maxtek Inc. TM-400, maximum error &f8%; IRS and

applications’®37 and its recent use in molecule-based electronic
switched216.17.27.28nd diode$:2°-22Pointing to the aggressive

XPS, Sigma Instruments SQM-160, maximum erroe0m6).
2.2. Time-of-Flight Secondary lon Mass SpectrometryThe

nature of Ti, reports have demonstrated that vapor-depositedTOF SIMS analyses were performed on a custom-designed

Ti reacts indiscriminately with triazine, polyimide, polystyrene,
polyethylene, and epoxy films to form FO, Ti—C, and Ti-N
bonds36-40 and with fluoropolymers forming HC, Ti—0O, and
Ti—F bonds*! Konstadinidis and co-workers have also exam-
ined the interaction of Ti with-CO,H-, —CO,CH3-, —CHjs-,
—OH-, and—CN-terminated alkanethiolate SAKfsand con-
cluded that T+O bonds are formed with the ester- and alcohol-
terminated SAMs, TN bonds with the nitrile group, and FC
bonds with all the SAMs that were studied. At low metal

instrument as described previou8fyBriefly, 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 Gaons were accelerated to 15 keV
and contained in a 100 nm diameter probe beam which was
rastered over a 106m x 106um area during data acquisition.

All spectra were acquired using a total ion dose of less than
10" ions cnT2. Relative peak intensities can be reproduced
within £8% from sample to sample antd8% from scan to

coverages, the metal atoms reacted with the terminal functionalscan.
groups, while at higher coverages, bonds were formed directly During deposition, the pressure remained x 1078 Torr.

with the —CH,— 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-@CH; 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—OCHs group and the alkyl chair-CH,— units
to degrade the SAM in a top down fashion toward the S/Au
interface. In contrast, Ca reacts first with thR€OCHs; 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 metalmolecule contacts in organic or molec-
ular electronic devices.

2. Experimental Section

2.1. Materials and General ProceduresThe preparation
and characterization of thesBO(CH,)16S—/Au SAM has been
described in detail previousl§®>48 and is summarized briefly
here. Sequential thermal depositions of &10 nm) and Au

After deposition, the preparation chamber pressure was allowed
to recover to the base value of 1x5107° 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 vacuufn® A liquid nitrogen-cooled MCT
detector was used with an effective low-frequency cutoff of
~750 cntl. 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 remained3 x 107 Torr during the deposition. The
final spectra were determined adog(R/R,), whereR is the
sample spectrum anB, is the reference spectrum of a bare
gold wafer or a @D33S/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 Ab Ksource
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 44 line was 0.71 eV. All

(~200 nm) were made onto clean Si(001) native oxide-covered Spectra were referenced to the Awine at 84.0 eV. Following
wafers. Self-assembly of well-organized monolayers was achievedanalysis of the uncoated monolayer, the samples were transferred

by immersing the Au substrates in millimolar solutions of the
relevant alkanethiol molecules in absolute ethanor@rdays

under a continuous vacuum to the deposition chamber, which
was isolated from the analysis chamber by a gate valve.

at ambient temperature. The monolayer films were characterizedDuring the depositions, the pressure remairédx 10~7 and

with single-wavelength ellipsometry, infrared spectroscopy, and

<1 x 1078 Torr for Ca and Ti, respectively. After deposition,

contact angle measurements to ensure that they were denseljhe metal/SAM specimen was transferred directly in vacuo back
packed, clean surfaces. In some cases, tapping mode AFMto the analysis chamber where the pressure was maintained
images (Dimension Series 3000, Digital Instruments, Santa below 5x 107° Torr.

Barbara, CA) were obtained to verify the quality of the starting
Au/Cr substrate surfaces (typically, 0.3 nm rms roughness)

2.5. Definition and Measurement of Deposited Metal
Coverage.The metal deposition onto the samples was monitored

and the subsequent SAMs (no change from substrate roughnessjlirectly as the mass per unit arga, (23.1 atoms nm? for Ca

In addition, all SAMs were characterized by the initial TOF
SIMS and IRS measurements prior to metal deposition.

and 56.7 atoms nnt for Ti), by a QCM. For ease in data
analysis, the deposited amounts were converted to coverage of
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Figure 1. High-resolution SIMS spectral overlays from th€©CH; SAM.

The spectra show the progression of metaiganic fragments with Ti

and Ca deposition. Panels-® represent positive ions with nominal masses of 79, 71, 64, and 56 amu, respectively. The intensities in-pBnels A

are normalized to the initial peak intensities of [S(d+, CsHii™, Aut,

metal atoms per SAM molecul®y;, M = Ti or Ca) using the

pa and a molecular density of 4.6 molecules Tnfor a well-
formed alkanethiolate/Aul11} SAM.*6 Thus, whenfy = 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 bar®CH; monolayer is
given in ref 5. In agreement with previous worké 5154 we
find that the relative intensities of Aa, AuxSy~, and SQ~
(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-OCH; Group. In the positive ion
mass spectrum, upon deposition of Ti or Ca on th@CHs;
SAM, we observe the formation of the MOGHand MO' ions
where M = Ca or Ti. In Figure 1, the TiOCkt, TiO™,
CaOCH*, and Ca0 spectra are normalized to the initial peak
intensities of [S(CH)g]?", Au™, CsH11™, and GHg', respec-
tively, to make obvious the changing peak intensities with
respect to the hydrocarbon and substrate fragments as th
deposition progresses. On the basis of our previous work with
—COOH* and —CO,CHj,® the appearance of MQindicates

and GHg™, respectively.
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Figure 2. High-resolution SIMS spectral overlays from th€OCH;
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 (ChsOCHs* to make obvious the changing peak
intensities with respect to the hydrocarbon fragment as the deposition
progresses.
and [S(CH)3] ™, respectively. For both metals, we note that the
observed increase in MSH ion intensity is slower than for
the MO™ or MOCHs™ ion intensity, and suggests that the first
increments of deposited atoms react preferentially with the
&erminal 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

that the deposited metal, Ca or Ti, has undergone a redoxinteracting Ti or Ca atoms by studying thedVsignals, where

reaction with the methoxy functionality to form O bonds.

M = Ti or Ca (Figure 4). With the first increment of deposited

There are, however, some important differences between CaTi or Ca, monomer, dimer, M, and trimer, M™, intensities

and Ti. Upon deposition of Ca, the formation of G&Hs"

increase in a parallel fashion. In our previous work with Al,

ions is observed (Figure 2), suggesting that Ca interacts with we demonstrated that these signals differ between the case where

two adjoining methoxy-terminated alkanethiolate moieties.
3.1.2. Penetration of Metal Atoms into the SAM and Reaction
with the—CH,— Chain.The observation of ions containing both

deposited Al chemisorbs at theOCH; terminus and the case
where it penetrates through the monolayer to the S/Au inter-
face34 Following this interpretation, the early growth of,M

M and S indicates that the deposited metal atoms have intensity in our case supports the conclusion that some fraction

penetrated through the OCHs-terminated SAM to the S/Au
interfacial region, where the formation of the mixed cluster
peaks becomes possi§ieln Figure 3, high-resolution positive
ion mass spectra of MSH (M = Ti or Ca) are displayed. The
TiSH,™ and CaSH" ion intensities are normalized togl8:¢"

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®
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Figure 3. High-resolution SIMS spectral overlays from the OCEAM. The spectra show the progression of metaiganic 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 @gHG"™ and [S(CH)s]*, respectively.
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Figure 4. Integrated SIMS ion peak areas plotted6ysfor the OCH SAM. Panel A shows the peak areas of'T{n = 1—3) vs 6, and panel
B shows the peak areas of £gn = 1—3) vs Oca

In contrast to the previously reported inertness of Al atoms A
(CH,),H*

with hydrocarbon group%,° we note that the deposited Ti and
Ca atoms react with the methylene backbone. Upon Al deposi- ’
tion, the (CH)16H™ ion intensity rapidly decreases to a constant, 1
non-zero value (Figure 5a), consistent with no reaction of the 2 |
alkyl chain. In contrast, for both Ti and Ca depositions, the
(CHy)16H™ ion intensity (Figure 5) decreases and approaches 1
zero with increasing metal coverage, an indication that the

0

deposited Ca or Ti reacts with the methylene backbone. A o 1 2 3 4 s 6 7
further indication that the deposited metal atoms react with the )
backbone is that AuM (M = Ti or Ca) fragments are observed 8y, Ti atoms / SAM molecule
(Figure 6). These ions would appear only from regions where B
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 group or penetrated to
the Au/S interface with no reacticv? 8

3.1.3. Formation of Metal Carbide Productsinally, upon
deposition of Ca or Ti atoms, we observe that €aCaG™,
and TiC" peaks form and increase in intensity with further
increments of metal atom deposition (Figure 7). The CaC 0 . . . . .
CaG', and TiC" intensities are normalized to the peak 2 4 6 8 10 12
intensities of GH4™, CsH4™, and GHsS*, respectively, to make 8, Al atoms / SAM molecule
obvious the changes in peak intensity as the deposition C

progresses. This observation would be consistent with the (CHaieH
formation of metal carbide types of products. No MGignals £ |
are observed for metals which do not react with th€H,— ]
units (e.g., Al358 o |
3.2. IRS.The previously reported assignmexfts>556of the
main peaks of the bare monolayer (Figures 8 ané\p= 0)
are summarized briefly for reference: 1132, 1390, and 1465 1
0

cm~! are the G-O—C antisymmetric stretchvg.o), the —CHs

symmetric deformationdcy,), and the—CH,— scissor deforma- 0 1 2 8 4 5 6
tion (Ocp,), respectively; 2851 and 2918 chare the—CHy— 8c.» Ca atoms / SAM molecule

symmetric C-H stretch (d) and the—CH,— antisymmetric  Figure 5. SIMS peak intensity of (ChyH* with Ti (A), Al (B), and
C—H stretch (d) modes, respectively; and 2811, 2828, 2931, Ca (C) deposition.

Relative Intensity

(CH,),H"

Relative intensity

o

Relative intensity
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Figure 6. High-resolution SIMS spectral overlays from th€®CH; SAM. The spectra show the progression of metaiganic fragments with Ti
and Ca deposition. Panels A and B show spectra for positive ions with nominal masses of 245 and 237 amu, respectively.
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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 at both the GO and C-H bonds. Therc.o intensity plots show

normalized to the initial peak intensities oS, C4Hs", and GHa*, that the reaction is essentially complete witen~ 50 andfca

respectively. ~ 20, while thedcn, intensity plots indicate completion when
O1i ~ 3 andfc, ~ 10. Comparison of the initial slopes of the

and 2981 cm! are the various €H stretching modes of the  dcn, andvc-O mode integrated intensity plots for both metals

CHjs group (defined collectively agcy,). indicates that three metal atoms react with er@®CHs group,
3.2.1. Reaction with the-OCH; Group The aggressive  suggesting that MC, M—H, and M—O bonds form, where M
chemical degradation of theOCHs group by both Tiand Ca = Ti or Ca. We note that the stoichiometry for the reaction of
is shown by the rapid attenuation of the.o, dch,, andvep, Ti or Ca with—OCH; to form thermochemically stable species

intensities for increasing metal coverage (Figures 8 and 9). TheTiC, TiH», and TiQ or CaG, Cah, and CaO is 3:1 (Ti-OCH;
trends of the relative integrated peak intensities @b, dchs, or Ca—0CH;).3% However, we have no direct evidence for these

and d versus coverage (Figure 10) are consistent with attack specific products.
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Figure 10. Metal coverage dependence of the integrated peak
intensities from Figures 8 and 9 for the-@& antisymmetric stretch
(d) (black @), the C-0O stretch ¢co) (blue m), and the CH bend
(Ochy) (red a) at 2918, 1132, and 1390 ci respectively, wheré/I,

is the integrated peak intensitip) at Oy (M = Ti or Ca) divided by

the integrated peak intensity for the bare SAlN).(Note that the OCH

IR peaks {co anddch,) decrease sharply with initial deposition of both
metals, whereas the Gheak (d) decreases far more slowly with an
increase infc, than with Or. (---) Theoretical metal coverage
dependence ofyll, for exhaustive degradation to the most stable
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evidence for these products. These results, combined with the
observation that Ti reacts nearly exhaustively with t+f@CH;
group, lead to a mechanism involving an initial indiscriminate
reaction with the terminal-OCH; and the methylene chain
(—CHy,—) groups. Ti deposits continue to attack the alkyl chain
until further reaction is halted by formation of a metallic Ti
overlayer. Wherfy; ~ 20, the reaction of deposited Ti with
the terminal—OCH; groups is essentially complete while the
—CH,— reaction continues. For example, whén = 50, the

loss of the integrateddintensity indicates nearly 60% of the
—CH,— 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 O = 10 or atft; = 50>° Note that whendt; > 50 the
observed loss of dintensity nearly parallels the electromagnetic
screening loss. From this, we conclude that whgr= 50 the
Ti—SAM reaction has essentially ceased and continued deposi-

inorganic products for each metal. Note that exhaustive degradation of tion results in formation of a metallic Ti overlayer which no

CH, and OCH groups appears to be followed for Ti upélo~ 20 and
3—4, respectively. For Ca, theeOCH; group appears to undergo
exhaustive degradation only whég, < 2. (s++++-+ ) 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.

New peaks at 10691100 cnt? (Figures 8 and 9) are assigned
to species resulting from insertion of a metal atom into theOC
bond. Wher9 ~ 1—2 for Ti and Ca, broad peaks arise, centered
at ~1056 and 1070 cnt, respectively, and are assigned as
—(H2C)—OX (X = a metat-organo species, e.g., TCHs)

stretches of the species formed by insertion of a metal atom

into the O-CHs bond®” This assignment is consistent with the
observation of MOCH" and MO" ions in the TOF SIMS

spectra (Figure 1). Upon further deposition of Ca, an intense,

very broad peak centered 800 cnt! appears (Figure 9) and
is assigned as a G#® stretch, based on the approximate
coincidence of the position with that expected for the LO mode
of the Ca-O phonon of solid Ca®? After cessation of the Ca
deposition, the magnitude of this peak slowly continues to
increase. Upon completion of the metal deposition, severa

longer contacts the SAM.

For Ca deposition, comparison of the variation of thkeO
and dch, integrated intensities with that of dclearly shows
that Ca almost exclusively attacks th@CHjg terminal group
(Figure 10). While reaction with theeOCH; group is almost
complete wherfica ~ 10, only~4% of the d intensity is lost;
even whenfc, ~ 50, there is an only~8% loss of intensity.
For a —(CHy)15— alkyl chain, this is equivalent to a loss, on
average, ofv1.2 —CH,— units per SAM molecule. While this
observation suggests that Ca selectively reacts only with the
terminal —OCH; group and the adjacentCH,— unit, the
theoretical electromagnetic screening loss seems to contradict
this (Figure 10, dotted line). Betweék, values of 10 and 50,
the predicted screening loss of the idtegrated 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

samples were left in vacuo; after 1 h, the intensity of the peak SMall decrease in the"dntensity (~8%), presumably only a

at~900 cnt! had nearly quadrupled. Since Ca is highly reactive
with oxygen3>36we attribute this additional growth to reaction

small fraction of this Ca reacts with the SAM, and the remainder
of the deposited Ca is a metallic phase. These results indicate

with background oxygen in the vacuum system (base pressurethat the Ca is approaching the surface through deep (significant

of ~5 x 1078 Torr) to form CaO at the surface. Overall, given
the lack of information about the optical function spectra of
the possible metalorganic and—inorganic species (oxides,

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

carbides, and hydrides), it is not possible to quantify the various Metal. Wherfca = 50, however, the observed thtensity loss

amounts of reaction product species.

3.2.2. Competition for Attack atCH,— and —OCH;z Units.
Comparison of the variation of thec_o and dcn, intensities
upon deposition with those of the dntensities shows that Ti
is much less selective than Ca in reaction with th@CHz
terminal and—CH,— alkyl chain groups (Figure 10). For Ti
deposition, whet; < 20, the slope of the dintensity versus
coverage indicates that two Ti atoms react with er@éH,—

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 cr indicating
constant conformational order. This observation implies that
attack at the—OCH; group, which occurs extensively in the

unit (Figure 10, dashed line), which suggests formation of both initial deposition stages before significant numbers-@H,—

Ti—C and Ti-H bonds. This stoichiometry is consistent with
the formation of TiC and Tik{3° although we have no direct

chain units have been attacked, does not induce any significant
conformational disordering of the chains. It also suggests that
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Au 4f Ti Cis monotonic decrease in peak intensity as the depositions proceed
(~50% loss atdr; = 25.0 and~65% atlc, = 25.0)#261The
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-OCHs group, in agreement with the TOF SIMS
and IRS data. Whefi = 0.5, there is an-50 and~40% loss
in the —CH,OCH; peak area upon Ti and Ca deposition,
respectively. The main-(CH,)— peak broadens and has a
positive BE shift. Continued deposition results in a steady
decrease in both the CH,OCH; and —(CH,)— peak intensi-
ties®2 There are differences, however, in the observed C 1s

USRS [T
80 82 84 86 88 90 280282284 286 288 290 peaks upon deposition of Ti and Ca. Betwégnvalues of 1.0
Binding Energy, eV 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 containingCitypes

of bonds (i.e., a titanium carbide type of speci@Vhen O

> 10.0, deposited Ti becomes increasingly unreactive with or
inaccessible to the remainingOCH; moieties. Wherdti =
25.0, there is a small residualCH,OCH; C 1s peak {10%

of the initial area). In contrast for Ca deposition, wh&n, =

5.0 the—CH,— C 1s peak starts to broaden very asymmetrically.
For Ca deposition, whefic, > 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-CH,— peak, which is
consistent with the appearance of a carbide spééies.

The O 1s, Ca 2p, and Ti 2pspectra are also consistent with
the formation of O- and C-containing inorganic reaction products
deposition of Ti and Ca on the OCH; SAM as a function of metal (see the.Support.ing Information). However, we Ca”'.”m determine
coverage. The data are shown with arbitrary intensities, with the correct ONClUSively which species arise from reaction with the SAM
relative intensity scales for each set of plots, and the C 1s binding @hd which from background gases2(G1.0, etc.) (see the
energy positions set relative to the Au 4f peaks. For Ca deposition, the Supporting Information). The TOF SIMS data indicate that
dashed spectra within the main peak envelopes of the C 1s spectra atleposited Ti and Ca penetrate into the interior region of the
0ca=5.0 and 100-|0 fe?fgszm curve fits with threeb %ompongntsi assignedgAM, close to the Au/S interface. However, we note that the S
In INCreasing order of binding energy, as a carplide species (as oCcur: H H
in metal cargbides), the_CHrgcar_bc?r?/s, and a small rgsidua_[:H?- Sép Sp‘_':‘t?tra _ql:jal't?t'vetlz ?Ft’ﬁear o b? unpha}pgedt upon n:etfl
OCH; feature. The carbide peak is shifted..6 eV to a lower binding eposition, indicating that there is not a significant amount o
energy than the mair-CH,— peak. Ti or Ca penetrating and reacting with the thiolate S atoms.

) ) ~This is also consistent with the IRS data (see section 3.2.2)
groups of alkyl chains are selectively removed by the deposited yhich suggest formation of a significant fraction of the metallic
metal atoms, perhaps at SAM defect sites, while leaving chamsphases in the early stages of the metal phase growth occurs by

in other regions intact, as opposed to a continuous degradationgeposition into localized pits of partially degraded chains in
of all chains, which would be expected to cause Sserious the SAM.

perturbations of the d —(CH,)— antisymmetric stretching

m.ode. This pic’gure of sele(.:tive., Ioca!ized attgck is consistgnt 4. Discussion

with a degradation mechanism involving localized, penetrating

chemical damage of the SAM, as proposed above for Ca on For convenience in the following discussion, the overall
the basis of the electromagnetic screening anaf{sis. reaction processes of the reaction of Ti and Ca with-tECH;

3.3. XPS.The objective of the XPS experiments was to SAM are summarized in cartoon form in Figure 12. From the
provide further details of the inorganic reaction products from TOF SIMS, IRS, and XPS data, we conclude that under our
the Ti and Ca depositions. Data were collected for the Au 4f, deposition conditions Ca and Ti react with the-O, C—H,

C 1s, O 1s, S 2p, Ti 2p, and Ca 2p core levels. The O 1s (andand C-C bonds in the—OCHs-terminated SAM to form a

Ti and Ca 2p) data were not useful for diagnostic purposes chemically and structurally complex inorganic composite.
because there was significant interference from continuous Indeed, the TOF SIMS and XPS data are consistent with the
background oxidation of the deposited metals during the formation of titanium and calcium carbidé.

experiment, especially Ca (also see IRS data in section 3.2.1) The IRS data also suggest that the stoichiometry of the
(data shown in Supporting Information). For the bare SAMs, reaction is consistent with the formation of TiC, Litand TiQ

the C 1s peaks (Figure 11) at binding energies (BEs) of 284.9and CaG, Cah,, and CaO with Ti and Ca deposition,
and 286.8 eV are assigned to théCH,)— alkyl chain and the respectively.

—CH,OCH; C atoms, respectively. A single O 1s peak at 533.1  For both Ti and Ca deposition, the initial reactions occur at
eV (data shown in Supporting Information) is assigned to the terminal-OCHs group. Whenfy = 20—25 (M = Ti or
—CH,OCHs. These assignments are in good agreement with Ca), both the C 1s core level XPS peaks associated with the
previous dat&:3" —OCH; group (Figure 11) and the IRS-O stretch and-CHs

3.3.1. Formation of Carbide Products from Ti and Ca deformation modes (Figures—80) have nearly vanished.
Deposition.The Au 4%, spectra (Figure 11) show the expected Further, the IRS data suggest that three metal atoms react with

Au 4f Ca C1s

[rrrgrreprrryprorrprTy
80 82 84 86 88 90 280 284 288
Binding Energy, eV
Figure 11. XPS spectra of the Au 4f and C 1s core levels for the



11270 J. Phys. Chem. B, Vol. 109, No. 22, 2005 Walker et al.

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 terminatOCHs groups further
reaction with the methylene chain is blocked and a metallic
overlayer forms instead. If a deposited Ca atom reacts with only
one—OCH; 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

Figure 12. Cartoon showing a cross section of afOCH; SAM
sample, before sufficient metal deposition to produce a metallic phase, . : .
with selected important features of the reaction pathways of deposited 9PPosed to metal atom diffusion to the Au/S interféce.

Ti and Ca, as deduced from the experimental data. The metal atoms If a localized, penetrating chemical damage mechanism were
are colored green, oxygens red, and hydrocarbons black. The inorganicoperative, one would expect the SAM surface to roughen and

products (carbides, hydrides, and oxides) resulting from attack of the ¢, deposited metal to cluster on the surface. To test this
deposited metal atoms are colored blue. The picture is meant to indicate

that degradation occurs in localized regions with penetration toward, outcome, we performed tapping mo_d_e AF'\ﬁ on th@_CH?'

but not completely to, the S/Au interface. Note that the localized SAM surface before and after depositiontat = 25 (M = Ti
degradation leaves some regions of alkyl chains (black) nearly intact, OF C&). In both cases, we observe evidence for clustering of the
while other regions show severe degradation to residual inorganic metal atoms on the surface and a slight roughening of the surface
products. (see the Supporting Information).

o ) i ) The —OCH; surface, with its relatively moderate reactivity
one methoxy group which is consistent with the formation of 54 pojarity, is one that is attractive for inducing uniform wetting
metal carbides (TiC and Caf; oxides (TiQ and Ca0), and o 5 deposited metal for a number of applications. On the basis
hydrides (Tib and Cak). Thei TOF SII\fS data are also ot their thermochemistry, both Ti and Ca, as well as other
consistent with this picture; M,* and MC," ions are seen 0 yaactive atoms such as Al, would be expected to all react
form (Figures 1 and 7). Finally, t_he IRS and XPS data mdmate vigorously and uniformly with the~OCHs surface to form
that a small fraction (510%; Figure 10) of these terminal  giape carbide, oxide, and hydride products. The results presented
methoxy groups never react _W|t_h the deposited _metal atoms. here, however, as well as the previous ones ohddmonstrate
_ The TOF SIMS data also indicate that deposited Ca selec-yige differences in the characteristics of the depositions, ranging
tively reacts with two methoxy groups (Figure 2) in preference rom immediate, selective chemical attack at+@CHs groups
to reactions with the methylene units of the alkyl backbone. with Ca to parallel attack at the OCHs and —CH,— moieties
There is no clear reason why deposited Ca would show ayith Tj and a lack of chemical attack with AlThese results
bidentate interaction with the terminalOCHs groups while ¢oncjusively establish that the competition between kinetic and
Tl would reaptwnhwst one methoxy. Qne possible reason gould thermodynamic control is a key factor in determining the
involve steric effects. The average dlstang\e%between adjacenty,icome of metallization processing for reactive metals. This
methoxy groups in the SAM is fixed at4.6 A AComparlson _in turn suggests that the detailed morphology and chemical
with the metglllc diameters of 3.94 and 2.95 A for Ca and Ti, pathways could be exquisitely controlled by changing the sample
respectively’® suggests that on space filling arguments alone temperature and the metal atom kinetic energies. In particular,
Ca is more likely to interact with two-OC#functional groups.  his approach should be useful for producing tailored metal

Both Ti and Ca react with the methylene unitsGH,—) of 4 ganic interfaces with important applications to technological
the alkyl chains. Both the extent and mechanism of the reaction, 5raa5 such as metabrganic device contacts.

however, are very different for each metal. For Ti deposition,
reaction with the—CH,— groups occurs in parallel with the
attack on the terminat OCHs; group and continues after reaction
with the methoxy group is complete (Figures 8 and 10). The  Upon deposition of Ti and Ca at controlled rates, the structure
IRS data indicate that two Ti atoms react with or€H,— of the —OCHs-terminated SAM layer is partially converted via
unit, which is consistent with the formation stoichiometry of attack at C-O, C—H, and C-C bonds to a complex structured
TiC and TiH,. We note that the IRS data, however, indicate inorganic composite of carbides, hydrides, and oxides inter-
that the reaction nearly ceases By, ~ 50. At this point, mingled with residual elements of the original SAM. The metal
subsequent deposition results in only a metallic phase. Theatoms both react vigorously with the SAM and penetrate toward
~60% of the unreacted-CH,— groups remain unaffected by the Au/S interface, predominantly in localized regions across
further deposition. In contrast, Ca nearly exclusively reacts with the surface. In the case of titanium, the reactions with the
the —OCHs; terminal group (Figure 10). Bfca ~ 50, Ca has —OCH; terminal group and the-CH,— alkyl chain units
only reacted with~8% of the methylene units, equivalent to proceed in parallel. In contrast, vapor-deposited Ca reacts
~1.3 —CH,— groups of the C16 alkyl chain (Figure 10). immediately with the terminal group followed by reaction with
While the metal reactivity is important for both Ca and Ti the alkyl chain units. These results provide an important
deposition, the resultant metainolecule morphology is con-  background for understanding the underlying structural and
trolled by the spatial aspects of the degradation process. Therechemical effects that arise in the formation of metatganic
are two limiting cases for the kinetics of SAM degradation: (a) interfaces in electronic applications such as the use of calcium
a gradual erosion of the SAM toward the Au/S interface and or titanium for metallic contacts in PLEB%** and molecular
(b) a localized chemical damage mechanism in which the initial electronic device$11.1216.17.2021.228 |n these cases, for example,
attack at a terminal group on the SAM leads to rapid removal it is critical to be able to understand how the device properties
of SAM molecules in the immediate local volume. The TOF will vary with the formation of inorganic interfacial phases and
SIMS data show strong evidence that the metal atoms penetratéhe nonuniformity of the chemical character of the device
deep toward the Au/S interface (Figures 1 and 6) which could interface. More broadly, it is important to understand that the

5. Conclusions
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outcome of the depositions of reactive metal atoms on organic  (28) Lau, C. N.; Stewart, D. R.; Williams, R. S.; Bockrath, Mano
; Lett. 2004 4, 569-572.
E.urfa.ces (c:iarl]1 be strgngly clofntrolled by the interplay between (29) Haick, H.; Ambrico, M.; Ghabboun, J.; Ligonzo, T.; Cahen, D.
inetic and thermochemical factors. Phys. Chem. Chem. Phy2004 6, 4538-4541.
(30) For example, see: (a) NIST Standard Reference Database, http://
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the National Science Foundation, the Defense Advanced ﬁ]‘:étr‘;g'iei'c'::’ ,\\’l\gl,i\(,"\](s(?rﬂ’ (fé’gg/!ugﬂg’pgr?é iocgrga%M" Eds.; Wiley-
Research Project Agency, and the Air Force Office of Scientific (31 For example, see: @) Halls, J. J. M.: Walsh, C. A.: Greenham, N.
Research. C.; Marseglia, E. A.; Friend, R. H.; Moratti, S. C.; Holmes, A. Bature
1995 376, 498-500. (b) Vuillaume, D.; Boulas, C.; Collet, J.; Davidovolis,
; ; ; . ; J. V.; Rondelez, FAppl. Phys. Lett1996 69, 1646-1648. (c) Faraggi, E.
Sup.p.ortlng Informatlon Available:  XPS data for Ti Z.; Davidov, D.; Cohen, G.; Noach, S.; Golovsky, M.; Avny, Y.; Neumann,
deposition (O 1s, Ti 2p, and S 2p core level spectra), Ca R Lewis, A.Synth. Met1997, 85, 1187-1190. (d) Polozonetti, G.; Russo,
deposition Ca (O 1s, Ca 2p, and S 2p core level spectra), andM. V.; Infante, G.; Furkani, AJ. Electron Spectrosc. Relat. Phendr97,
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free of charge via the Internet at http://pubs.acs.org. A.; Britting, W.; Riel, H.; Haskal, E. A.; Muller, P.; Rieb, WSynth. Met.
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will be shifted to higher frequencies than for the TO modes. overlayers are not known, and there is a lack of quantitative information

(59) The IR electric field screening calculations used model structures about the mean free paths of the photoelectrons in the various possible
based on uniform, parallel, noninteracting isotropic layers of [Au substrate]/ product phases (e.g., carbides, oxides, and hydrides).

[organic film of ~2 nm thickness (the model IR active oscillator represents (62) Initial deposition of Ti causes a small shift to a slightly higher
the C—H stretching mode region of the SAM film)]/[metal overlayer of  binding energy with a gradual return shift as coverage continues to increase.
variable thickness]. The numerical calculations were based on previously This behavior is consistent with previous reports about metal depositions
developed algorithms. See: Parikh, A. N.; Allara, D.J..Chem. Phys. on SAMs (see refs 3, 5, 7, and 42).

1992 96, 927-945. Then andk values of the complex refractive indices (63) Baer, D. R.; Marmorstein, A. M.; Williford, R. E.; Blanchard, D.
of the metals were taken from several sources: A@grican Institute of L. Surf. Sci. Specl992 1, 80—86.
Physics Handboqk3rd ed.; Gray, D. E., Ed.; McGraw-Hill: New York, (64) TOF SIMS studies were carried out for both TiC and €a€Ag

1972. (b)Handbook of Optical ConstantRalik, E. D., Ed.; Academic Press: substrates to compare with the observed results. The titanium carbide mass

San Diego, 1998. Since no optical constant data were available for Ca, thespectra were found to be in good agreement. However, no comparison

values for Mg were used on the basis that they are adjacent in group Il and spectrum of calcium carbide could be obtained because Baxtremely

so will have similar optical properties. hydroscopic and reaction with atmospheric water and oxygen could not be
(60) We note that the high-frequency shoulder of the -6(CHy)— avoided before acquiring a TOF SIMS spectrum.

antisymmetric mode diminishes in its contribution to the peak shape with  (65) Handbook of Chemistry and Physié#th ed.; Lide, D. R., Ed;

increasing Ca coverage. This shoulder is typically assigned to contributions CRC Press: Boca Raton, FL, 2003; sections-19.



