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The combination of in situ X-ray photoelectron spectroscopy, infrared reflection spectroscopy, atomic force
microscopy, and time-of-flight secondary ion mass spectrometry are used to probe the nature of the evolving
interface chemistry and metal morphology arising from Ti vapor deposition onto the surface efGHES/

Au{111} self-assembled monolayer (SAM) at ambient temperature. The results show that for a deposition
rate of~0.15 Ti atomnm~2-s~* a highly nonuniform Ti overlayer is produced via a process in which a large
fraction of impinging Ti atoms do not stick to the bare SAM surface. The adsorbed atoms form isolated Ti
clusters and react with GHyroups to form carbide products at the clust8AM interfaces. Further growth

of Ti clusters appears to be concentrated at these scattered reaction centers. The SAM molecules in the local
vicinity are subsequently degraded to inorganic products, progressing deeper into the monolayer as the
deposition proceeds to give an inorganic/organic nanocomposite. A continuous overlayer does not form until
metal coverage approache$0 Ti atoms per SAM molecule. These data indicate that for applications such

as molecular device contacts the use of Ti may be highly problematic, suffering from both a highly nonuniform
contact area and the presence of extensive inorganic products such as nonstoichiometric carbides and hydrides.

1. Introduction reaction across the surface should lead to a uniform nucleation
and growth. Recent reports, however, demonstrate cases where
this picture does not completely hold. For example, in the case
of Al vapor deposition on a methyl ester-terminated hexade-
canethiolate/A{Ql111} SAM, it was observed that while the
initially deposited Al atoms react quantitatively with the ester
groups in a 1:1 stoichiometry, subsequent deposition produces
several layers of a dielectric form of the Al, followed by &3

nm highly porous metallic phase and a final dense metal
overlayerd In contrast, for Al deposited on 4&- or HCO-
terminated hexadecanethiolatefAd} SAMs, there are no
chemical reactions and the Al atoms partition to different extents
between penetration to the Au/S interface to form an adlayer

The vacuum deposition of metal layers on organic thin films
is a widely used process for many applications ranging from
electronic devices to barrier coatings. Predictions of the outcome
of any particular deposition are typically very difficult because
of the lack of fundamental information on the complex,
intertwined chemical and physical processes that can be involved
in interface formation and metal overlayer growth. As a means
of building fundamental rules underlying these complex phe-
nomena, recent efforts have focused on using the chemically
and physically well-defined structures of self-assembled mono-
layers (SAMs) as the organic substratesThese structures not

only provide model systems but also have become highly and growth of an overlayer at the SAM surféceThese data

relevant because of their recent applications in molecular show that Al, typically considered a chemically reactive metal
electronic devices, where vapor-deposited metal contacts are  typically y

used in a base electrodeolecule-metal structur&2® for in terms of its thermochemical ability to form highly stable
which the exact nature of the contact interface and metal oxides and carbides, appeatrs, in fact, to be dominantly controlled
morphology can profoundly affect device performance by subtle kinetic factors in its interactions with SAM surfaces.

When metal atom vapors impinge on organic substrates, aIn view of this, it is of significant interest to explore the behavior

wide range of behaviors are possible, many often undesired,Of other common, aggressively reactive metals to look for

including severe chemical degradation, clustering of the metal gogncii)fliixg)'g;n'r:etgfe% xgﬂ%sg'one:rntooég?'CO(;Eastg;ﬁlns' Tor;ﬁt
into nonuniform, heterogeneous overlayers with discontinuous P P pp 9 9p

interfaces, penetration deep into the organic matrix, and eVenbecause of the well-known aggressive chemical character of Ti

scattering from the surface with no condensation. For a numberand its common use in microelectronics proces$iigextended

of applications it is desirable to achieve reproducibly uniform r‘:gﬁlﬁﬁg?y% SSH% top contact in molecule-based electron-

deposition across the surface with subsequent growth of a dense,”™" = h . £Ti th d ited
uniform metal overlayer. One potential path for achieving this Pointing to the aggressive nature of Ti, the vapor-deposite
structure might seem to be the deposition of metal atoms thatme'[al reacts indiscriminately W't.h triazine, ponlml_de, polysty-
exhibit chemical reactivity with the ambient surface of the '€N€ polyethylene, and epoxy films to form0, Ti—C, and

; : ; : Ti—N bonds$%-34 and with fluoropolymers to form FC, Ti—
organic substrate, based on the simple notion that uniform . : '
9 P 0, and Ti~F bonds?®® In previous work® we showed from XPS

* Corresponding authors: e-mail dla3@psu.edu (D.A.) or nxw@psu.edu data for ambient-temperature substrates that Ti reacts with the
(N.W.). terminal groups of—CO,H, —CO,CH3;, —CHsz, —OH, and
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—CN-terminated alkanethiolate SAMs and concluded further were conducted with resistively heated tungsten baskets or Ti-
that Ti readily reacts with the-CH,— moieties of alkyl chains, coated tungsten wires with fluxes controlled +®.15 atom
which should be the least reactive groups of typical organic nm—2-s7! at the sample for all analysis methods. The throw
molecules. In a recent report, de Boer et?dlas a control to distances were al>35 cm, and the sample temperatures
their larger study on vapor-deposited Au, Al, and Ti on SAMs remained near-25 °C under the deposition conditions. In all
of conjugated mono- and dithiols, also examined the interaction cases the mass of metal atoms delivered to the SAM surfaces
of Ti with the -CHs-terminated hexadecanethiolate{fA11} was measured by placing quartz crystal microbalance (QCM)
SAM. Using infrared reflection spectroscopy (IRS) evidence, crystals with gold electrodes in the path of the vapor flux.
they found Ti to be highly reactive and destructive. Despite Geometric factor corrections (tooling factors) for the placement
this pattern of aggressive reactivity from both XPS and IRS of the QCM crystal relative to the sample and absolute fluxes
studies, however, the preliminary data from our earlier XPS were calibrated by use of atomic force microscopy (AFM)
study?® also suggest that in the initial stages of deposition on measured film thicknesses at the sample and QCM crystal
the —CHgz-terminated hexadecanethiolate{Ad 1} SAM a frac- locations. Readout/controller units were obtained from Maxtek,
tion of the incoming Ti atoms striking the surface scatter back Inc. (TM-400; maximum erroe:8%; ToF-SIMS setup) and
into the vacuum with no reaction, while the adsorbed remainder Sigma Instruments (SQM-160, maximum erger%; IRS and
do not nucleate uniformly across the surface but rather form XPS setup).
isolated clusters. While such scattering has been noted for 2.2. X-ray Photoelectron SpectroscopyThe XPS analyses
unreactive atoms such as noble metalshis behavior is not were performed on a Kratos Analytical Axis Ultra instrument
expected for aggressively reactive atoms. equipped with a monochromatic Ald<source operating at an
Overall, these limited data suggest th€Hs-terminated SAM ~ X-ray power of 280 W. Spectra were collected at a 90
shows a range of behaviors in Ti vapor deposition that are photoelectron takeoff angle with respect to the sample plane,
controlled by kinetic processes as well as thermochemical With a pass energy of 20 eV and an energy step of 0.15 eV.
driving forces. Given the recent interest in using Ti metal as a The resulting full width at half-maximum (fwhm) of the Au
top contact for device structures with hydrocarbon-like top 4f72line was 0.71 eV. All spectra were referenced to AyAf
layerd120.212428 gnd our own work in optimizing the top  at 84.0 eV. Following analysis of the uncoated monolayer, the
contacts in molecular electronic devices (e.g., see ref 7), thereSamples were transferred under continuous vacuum to the
was significant motivation to explore in greater detail the deposition chamber, which was isolated from the analysis
processes involved in Ti deposition on alkyl chain monolayers chamber by a gate valve. During the depositions the pressure
and relate this to the desirable characteristics for high-quality femained<1 x 107® Torr. After deposition, the metal/SAM
contacts. The results of our study show that for deposition on SPecimen was transferred directly in vacuo back to the analysis
a sample at room temperature with controlled Ti fluxes, Ti does chamber, where the pressure was maintained below1®~°
indeed scatter off the GHSAM surface, with a smooth decrease 101"
in the scattered fraction with increasing Ti doses, followed by ~ 2.3. Infrared Spectroscopy.Analyses were performed on a
gradual formation of a nonuniform interface. The overall Fourier transform instrument (Mattson Research Series 1000)
structure consists of clusters of Ti atoms with metallic Ti outer fitted with custom in-house optics configured externally to the
regions and deep carbide interphases, which eventually, at totafnstrument and designed for grazing incidence reflection of
average coverages exceeding 50 Ti atoms per SAM molecule,samples under vacuufn># A liquid nitrogen-cooled mercury
merge into a continuous overlayer. These results underscore thé&admium-telluride (MCT) detector was used with an effective
need to understand how the interplay between kinetic and low-frequency cutoff of-750 cn. The infrared beam passed
thermochemical pathways can affect the physical and chemicalthrough the analysis chamber through a pair of differentially

characteristics of deposited top metal layers on organic films Pumped KBr windows. After analysis of the bare monolayer, a
for applications such as molecular devices. shield was moved to unblock the path between the sample and

the metal source. The pressure remair@&dx 10~ Torr during

the deposition. The final spectra were determined-bxy (R/

Ro), whereR is the sample spectrum afj is the spectrum of
2.1. Materials and General Procedures.Details of the a bare gold wafer or a {D33S/AU{ 111} SAM, with a given

synthesis of QC(CD,)7(CH,)sS/Au SAM can be found in the reference chosen on the basis to maximize information in the

Supporting Information. The preparation and characterization specific spectral region of interest for a given sample.

2. Experimental Section

of the HC(CH,)15S/Au and RBC(CD,)7(CH;)sS/Au SAMs have 2.4. Time-of-Flight Secondary lon Mass SpectrometryThe
been described in detail previou¥ly*? and are summarized ToF—SIMS analyses were performed on a custom-designed
briefly here. Sequential thermal depositions of €110 nm) instrument as described previoudfyBriefly, the instrument

and Au (~200 nm) were made onto clean Si(001) native oxide consists of a loadlock, a preparation chamber, a metal deposition
covered wafers. Self-assembly of well-organized monolayers chamber, and the primary analysis chamber, each separated by
was achieved by immersing the Au substrates into millimolar a gate valve. The primary Gaons were accelerated to 15 keV
solutions of the relevant alkanethiol molecules in absolute and contained in a 100 nm diameter probe beam, which was
ethanol for~2 days at ambient temperature. The monolayer rastered over a (10& 106) um? area during data acquisition.
films were characterized with single-wavelength ellipsometry, All spectra were acquired at the static limit with a total ion
infrared spectroscopy, and contact angle measurements to ensurdose of less than 1Dionscm™2. Relative peak intensities are
that they were densely packed, clean surfaces. In addition, allreproducible to withint 8% from sample to sample anri 8%
SAMs were characterized by the initial time-of-flight secondary from scan to scan. During deposition the pressure remaitted
ion mass spectrometry (TefSIMS), infrared reflection spec-  x 1078 Torr. After deposition, the preparation chamber pressure
troscopy, (IRS), and X-ray photoelectron spectroscopy (XPS) was allowed to recover to the base value of £.507° Torr
measurements prior to metal deposition. before sample transfer to the analysis chamber.

Several sources were used for Ti (R. D. Mathis, Alfa Aesar)  2.5. Atomic Force Microscopy.The AFM measurements
but in all cases the purities were99.99%. The depositions  were performed in an ultrahigh-vacuum (UHV) chamber (base
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pressure 18'° Torr) outfitted with a RHK 350 scan head setup oI IITIITT PR, i
which was controlled by a RHK SPM 100 electronics system

(RHK Technologies, Troy, MI). The images were taken at 1 0.84

Hz line scan rates with silicon cantilevers in contact mode (FFM

type, spring constant2.8 N/m, tip radius~10 nm; Molecular 0.6- QCM data

Imaging, Tempe, AZ) with simultaneous lateral force mode
images also recorded. Because of the constant vacuum condi-
tions of the experiment during sequential dosing, the contact
mode was optimal for surface imaging in our setfidn
addition, the mechanical response characteristics to surface
features provided valuable information. The SAM was formed
on Au(111) substrates on mica (Molecular Imaging, Tempe, ; . : i .
AZ), which were hydrogen flame-annealed immediately prior 0 10 20 30 40 50

to monolayer formation. Following in vacuo AFM analysis of Total Ti Dose, atoms/molecule

the freshly made SAM, the samples were transferred under Figure 1. Sticking (condensation) coefficie®6) of Ti on the SAM
continuous vacuum to the deposition chamber, which was surface vs total Ti dose delivered (atoms per SAM molecule) to the
isolated from the analysis chamber by a gate valve. During the SAM surface for doses up to 50 atoms per molecute) ¢etermined
deposition, the pressure remained x 1078 Torr. The mass from a dual QCM experiment) estimated from XPS Ti 2p peak

of the deposited Ti was obtained by use of a SAM-coated QCM areas. The red dotted line marg) = 1.0. For details see text

S (6)

0.4

0.2 XPS data

0.0

electrode adjacent to the sample. After deposition, the metal/ Au 4f Cis Ti2p
SAM specimen was transferred directly in vacuo back to the T _TiC
analysis chamber for immediate imaging, where the pressure »
was maintained below 5 1071 Torr. I .

2.6. Definition and Measurement of Deposited Metal d
Coverage.The mass of metal condensed (equivalently, adsorbed 9, CCT 9.
or permanently deposited atoms) per unit are® ©On the — ] 14.8
samples was determined directly from the QCM measurements. » 00 —
For ease in data analysis and interpretation, an equivalentg 01 — N 33
coverage of condensed metal atoms per SAM moleaiig ( % 11 _ i

. — ] 1

was calculated from thea values and the molecular density of £ 23
4.6 moleculesym=2 for a well-formed alkanethiolate/4d11} o ) -’\_/L 0.1
SAM. It follows that our deposition flux of-0.15 atoninm—2-s-1 148 _J
is equivalent to~0.033 Ti atom (SAM molecule} s™1. Tren | 6 |88 202 @ 206 288 462 468 404

In the early stages of Ti deposition on the SAM, it was Binding Energy, eV

O,bserved by XPS that only a fraction ,Of the metal a}tom flux Figure 2. XPS Au 4f (left), C 1s (center), and Ti 2p (right) core level
directed at the surface condensed, viz, some fraction of thegpecira as a function of incrementally increasing Ti coverage on the

incoming atoms was reflected from the surface back into the SAM surface, as determined from the total amount of metal delivered
vacuum. To determine accurate condensation efficiencies,to the surface, corrected for the independently measured sticking
measurements were made of the sticking (or condensation)coefficient. The intensity scales are in arbitrary units and are different
coefficients, defined as(0) = 6/6, where 6 is the actual [0 each core level. The dashed lines in the Ti2peak at 454.7 and
number of condensed metal atoms per SAM molecule, as 356._11 eV mark the positions for the metallic and carbide species. For
determined directly from the QClda values, and) is the total etalls S?e teth ) .

number (dose) of incoming metal vapor atoms per SAM feature is assigned to FiC.%3474%The positions and extent
molecule, as dictated by the flux of atoms arriving at the surface. Of carbide formation in the C 1s and Ti 2p regions agree well
The experiments were conducted in a side-by-side, dual QCM With our previously published resulf8Looking at the Ti 2,
setup with a SAM-covered Au QCM electrode and a reference f€ature in detail, as the deposition increased te 14.8, the
bare Au electrode, predeposited with*FiThe data (Figure 1) i@ shape becomes broader and asymmetric with intensity
show an initialS(6) value of~0.1 with a subsequent smooth, ~&PP€aring on the low binding energy side (follow the line
asymptotic approach t§6) = 1.0 at high doses. A cross check Marked Tf in the figure) and a markedly broad shoulder on
with coverages estimated from the XPS Ti 2p core level peak the high-energy side of the main carbide peak. The low binding

areas in the low-coverage regf6ris shown in Figure 1. energy intensity we attribute to metallic3¥#6-47-4% and the high
binding energy shoulder is assigned to a convolution of oxide
3. Results species formed from background gade&-4° Further analysis

of the Ti 2p spectra at these higher coverages was not done

3.1. X-ray Photoelectron Spectroscopy: Formation of because of the interfering species formed by reaction of Ti with
Carbide Products. The constant binding energy for the AuAf background gases.
line (Figure 2, left) indicates negligible charging or alloying at 3.2. Infrared Reflection Spectroscopy: Ti Deposition on
the gold interfacé® In the C 1s region (Figure 2, center) starting a CD3(CD,)#(CH2)sS/Au SAM. “Top-Down” Localized Chemi-
at 1.2 < 6 < 3.3, a feature appears at 282.1 eV that is cal Degradation. The experiments were carried out on SAMs
straightforwardly assigned to a carbide speéeé8:*”-4%Further prepared from CB{CD,)7(CH,)sSH in order to allow the
deposition shows attenuation and broadening of the mainyCH possibility of distinguishing between a laterally uniform, top-
C 1s feature and continued carbide growfiThe Ti 2p region down or a cratering or pitting mechanism in the carbide
(Figure 2, right) shows Ti appearing at low coverag@s= formation (see XPS section). Detailed characterizations of the
1.1). This is most easily seen for the stronges2feature of IR modes of G-H3%42 and C-D*'42 have been presented
the Ti 2p doublet where a peak appears at 454.7 eV. This initial elsewhere. The relevant stretching modes fetH}2800-3000
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Figure 3. IRS C—H (right) and C-D (left) stretching mode spectra
for a CD;(CD,)7#(CH,)sS/Au SAM at incrementally increasing Ti
coveragesfr). The coverages were determined from the total amount
of metal delivered to the surface corrected for the independently
measured sticking coefficient. Only selected spectra are assigjned
labels for clarity. For details see text.

cm™) and C-D (2000-2300 cntl) are summarized for
convenience: 2851 and 2918 cth+CH,— symmetric G-H
stretch (d) and —CH,— antisymmetric G-H stretch (d)
modes, respectively; 2091 and 2192 ¢m-CD,— symmetric
C—D stretch (d) and—CD,— antisymmetric C-D stretch (d)
modes, respectively; and 2074 and 2221 §mCD3 symmetric
C—D stretch () and —CDs antisymmetric G-D stretch (g7)
modes, respectively.

The overall data are shown in Figure 3, where the trends in
peak intensities clearly show theCD,— and —CD3; modes
rapidly losing intensity with increasing compared to the slow
decay of the CHimodes. The attenuation of IR modes can be
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Figure 4. IRS C—H and C-D stretching mode spectra as a function
of the incrementally increasing Ti coveragerj on a C(CDy);-
(CHp)sS/Au SAM surface as determined from the total amount of metal
delivered to the surface corrected for the independently measured
sticking coefficient. Thef+i = 0 spectrum is shown in terms of the
actual intensities;-log [R(0)/R], while for 6+ > 0 difference spectra,
defined asAA(0) = —log [R(6i)/R(6o)], are shown. Thus, increasing
negative peaks signify a loss of the original peak intensity from the
bare SAM. d and r represent methylene and methyl group stretching
features, respectively. For details see text.
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with the top CQ} group?®® which in turn supports a top-down

caused by chemical reactions, reorientation of the monolayer degradation of the alkyl chain.

dipoles with respect to the surfategr screening of the dipoles
due to metal atoms, clusters, or overlay@®&.Since the spectral
intensities from the €D and C-H segments decay at different

In the C-H stretching mode region (Figure 3, right), both
mode intensities decrease at the same rate, as expected:. The d
mode intensity has decreased 0% atf = 40.5. Note that

rates, reorientation of the molecules can be eliminated and thethis compares in magnitude roughly to the £B mode

low overlayer coverages of the metal are far too small for any

attenuation of~35—40%. Consistent with this parallel behavior,

significant electromagnetic field screening losses. Given the XPSthe attenuation for thedmode intensity a® = 20.5 is~0.2

evidence for carbide formation, it is clear that the major cause

for both the C and CH modes. This comparison implies some

of the peak losses is chemical degradation, with possible minorchemical attack of Ti atoms is occurring at the bottom

contributions from more subtle effects such as line shape
broadening. Since the-CgD;7 segment, located at the outer

—(CHy)s— chain units, as well as at the top of the SAM. Notice
also, in contrast to the lack of positiveA(#) features in the

SAM surface, is associated with the fastest intensity decay, oneC—D spectra, the €H spectra show the growth of weak, but
can readily conclude that significant chemical attack occurs at clearly observable, positive features a2925-2935 cnrl.
this segment. The particularly rapid decrease associated withThese typically would correspond to the growth of conforma-

the CD; group suggests this is the primary point of attétk.

tional disorder in alkyl chains but also might be due to localized

To better reveal the changing character of the spectra, thechemical degradation in portions of the molecules that produce
data are plotted in Figure 4 in terms of absorbance difference contiguous carbide phases. Overall, the IR data point to a

spectra,AA(0), calculated as-log [R(6+i)/R(0o)], where Or;
represents the Ti-covered SAM afglrepresents the bare SAM,
respectively. Note that negativRA(0) features indicate an
intensity loss relative to the original SAM spectrum for a given
Ti coverage.

In the C-D stretching region (Figure 4, left), representing
the behavior of the top-(CD,);CDs portion of the SAM, the
small negative CPmode peaks (2074 and 2221 chbarely
appearing atlt; = 3.3 show that deposited Ti immediately
interacts with the CB group. At increasing Ti coverage,
negative CD peaks appear and continued deposition shows
attenuation to both the original G@and C mode intensities,
with preferential attenuation to GDBy 6 = 40.5 the CDQ(d™)
and CIy(ry") intensities are attenuated te35—40% and 56
60%, respectively. Since the exact stoichiometries of the
reactions are uncertain, it is difficult to extract quantitative
relative reactivities from these data. Given the 14/3 ratio 0§ CD
to CDs; bonds in—(CD,);CDs; and a faster attenuation of the
CD3; modes, though, it is clear that the Ti atoms favor reactions

primary attack of Ti at the top of the chains with subsequent
attack progressing into deeper regions of the SAM.

3.3 Atomic Force Microscopy: Ti Clustering and Over-
layer Morphology. Prior to metal deposition, images were taken
to confirm the cleanliness and integrity of the monolayer. The
contact mode image of a typical freshly made SAM shows large
underlying (111) terraces and well-defined step edges (Figure
5A), while the lateral force image (Figure 5B), obtained
simultaneously as the torsion response of the cantilever, shows
the same features but in less detail. At higher magnification
(Figure 5C) in the contact mode the hexagonal lattice is observed
with a nearest-neighbor distance of 4.3 A, corresponding
to the standard«(3 x +/3), R30 lattice structuré4:55

In the initial stages of deposition the Ti appears on the surface
as clusters that are easily moved by the tip during scanning.
This is seen in Figure 6 fa# = 1 where an initial scan of the
surface, in either contact (A) or lateral force (B) modes, shows
that when the tip comes in contact with a metal cluster, the tip
is deflected in both the normal and lateral directions. The clusters
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Figure 5. AFM images of a bare CHSAM surface. (A) Contact mode image #in x 1 um) showing the surface topography. The image reveals
the underlying (111) Au terraces and step edges. (B) Simultaneously recorded lateral force image for the scan in panel A. (C) Contact mode
imaging in a different, smaller area (17 nm17 nm) of the bare SAM reveals the molecular lattice.

by the absence of these features in either in the topography (C)
or lateral force (D) images. The clusters are found to collect at
the far edges of the initial scan range and can be observed by
increasing the scan area immediately after the sweeping scans
are completed. Images of the lattice are possible at this stage,
but the detailed features are not as clear as in the bare monolayer.
Possible causes include a slight disordering of the monolayer,
dulling of the tip caused by reaction with titanium, or clusters
adhering to the tip.

While the Ti clusters are easily moved by the AFM tip at
low coverages (Figure & = 1.0), with increasing deposition
the clusters start to become firmly attached. For example, Figure
7panels A-C show contact mode images of a surfacetfior
5 where the images were taken after multiple scans in which
all the smaller, more mobile clusters were “swept” aside. It is
still possible to see signs of the underlying structure of the Au;
however, only the larger Au features are evident and the steps
on the surface are not as sharp as in bare monolayer images.
The observation of these features indicates that the SAM surface
is relatively uniform in the regions bearing small, mobile Ti
clusters. The diminishing of the image quality is likely due to

Figure 6. Sequentially taken contact (topography) (A, C) and lateral CONtributions from both intrinsic sample degradation and

force (B, D) AFM images (lum x 1 um) of a fixed area of a CH diminishing of the tip sharpness from continued scanning across
SAM surface after deposition of Ti to coverage= 1.0. (A, B) Images the rough surface. Note also that some of the clusters at this
show the AFM tip coming into contact with a metal cluster, causing growth stage are too large to be easily moved by the tip. Even
the tip to rise, as seen in the topography, and bend laterally, as seen inafter multiple scans they are not removed from the scan area,

the lateral force image. As the tip scans laterally across the surface (inas seen by the small, light-colored features, marked by arrows
the direction of the top black arrows) a newly contacted cluster is pushed . ~ _. o .

ahead of the tip and typically rolled off to the lower side with the tip in Figure _7A’B' Wh|le the smaller clus_tgrs have been m(_)ved
passing out of contact to the left. Once the tip is returned to a new OUt of the image, signs of where they originally were are evident

position just below the original starting point, the next scan line typically in the form of residual, elongated pits,10—-50 nm in length.
recontacts the cluster and moves it again toward the lower left. The Note the general alignment of the pits in the scan direction, an
arrows point to a region that shows the typical locus of the motion of indication that the elongation is determined by the tip-induced
a cluster being swept off to the lower left during the first scan (faint - ang|ation across the surface. The deptd.e—1 nm), however,
white spots in contact mode). After completion of the first scan in the seems intrinsic to the deposition process and is assigned

indicated area, most clusters end up being swept off the image area at” ., . . .
the lower left. (C, D) With the removal of the clusters, the topographic Primarily to the chemical attack of the deposited metal atoms

image regains some sharpness in the resolution of the underlying Auon the SAM, in which carbide phases form at the Ti metal/
features (C vs A). In the lateral force image (D), note the appearance SAM interface. We propose that formation of the pits occurs
of small depressions or pits that remain after the clusters are swept off dynamically by tip-induced fracture at these buried SAM/carbide
the surface. interfaces to remove the inorganic composite object. The reason
are observed to be swept by the tip down the image and slightly Some clusters stay in place under tip contact is likely due to
to the left. The imaging was done in a series of pairs of scans the specific details of the carbie&SAM interface topography.
initiated by a linear scan to the left followed by a reset to the  As the deposition increases to the range of tens of Ti atoms
right-hand side and slightly down for the next scan to the left. per SAM molecule, it becomes difficult to move any of the
This causes the tip to initially come into contact with the clusters clusters during scanning. For example, in Figure 7D,fo¢

on the bottom left quadrant of the tip, thus pushing the clusters 10, many smaller clusters remain on the surface after an initial
down and to the left as the pairs of scans continue. The lateralcontact mode scan and periodically cause “tip jumps” or streaks
force image shows this effect quite clearly as seen by the circledin the images when the tip comes in contact with them. With
diagonal track of a cluster as it is continually imaged and pushed increasing deposition (Figure 7E,= 20), more clusters form
down and to the left. Once the initial scan of the surface area and the typical sizes increase as the SAM begins to be covered
is complete, most of the clusters have been swept away, as seewith the metal overlayer. Finally, at the highest coverage shown
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Figure 8. High-resolution ToF-SIMS spectra of selected ion peaks
at varying total coverages of deposited Ti on the SAM: (A)"A(B)

AUuS(CH)16", (C) HAUS(CH)16CHs ™, and (D)*TiC* and SGH4". The
peak intensities are in arbitrary units with different scales for each

E 10, G spectrum, and the Ti coverages are listed on the right of each spectrum.
= 5
S 0] (Figure 7F,0 = 40), the metal nearly completely covers the
£ -5 SAM. Note the large open areas that are typically observed
00 02 04 06 08 10 12 across different regions of the surfaces. The reason for these
Length, um areas remains unclear but possibly could be due to a very low

Figure 7. Contact-mode AFM images of SAMs after deposition of Sticking probability Tor the SAM Surfaqe in these. regions,
Ti. (A) Image (1um x 1 um) of a® = 5 deposition sample after the ~ perhaps due to a high degree of ordering. Some idea of the
surface was swept with the tip for one full scan to remove most of the height scale and surface topography is given in the line scan
Ti clusters. Notice the small pits (dark spots) scattered all across the (Figure 7G) taken across the surface in Figure 7F (line shown
surface, which show where the metal clusters originally grew and by the dotted arrow). Note the typical height modulations of
reacted with the monolayer. The arrows indicate firmly anchored Ti ~4—6 nm for the Ti clusters outside of the pits and thé—

clusters that were not moved by the tip. (B) Same region as in panel . - . .
A but a 0.54m x 0.5um image, which shows the pits in more detail. 10 NM depths of the two pits. In general, imaging of the high

Typically, the pits are rectangular or oblong as a result of the tip Ti coverage samples)(> 10) becomes increasingly difficult
dragging the metal clusters to the left with the initial scan, and they as the tip sticks to the surface in many places, likely caused by
vary in depth from~0.2-1.0 nm. (C) Image (km x 1 um) for the the silicon tip forming a chemical bond to the Ti surfaces. Force
¢ = 5 sample taken in a different area, which shows both pits and cyrves done on the surface to find the adhesive force were
several of the more firmly anchored remaining clusters-FHpImages unsuccessful due to a limitetscan range-¢100 nm) such that

(L um x 1 um) of & = 10, 20, and 40 samples taken on the first scan . . .
after an initial scan to sweep the surface. Note that at these higherthe tip was not able to retract far enough to disengage with the

coverages the tip is generally unable to move the larger clusters at theSurface.

forces used, and sweeping has little effect on subsequent scans. The 3.4. Time-of-Flight Secondary lon Mass Spectrometry:
surface density of clusters increases with the amount of deposited metah ocalized Chemical Degradation.The ToF-SIMS data (Fig-
until at 6 = 40 the sample surface is almost entirely covered. The open ure 8) were collected primarily to further clarify the nonuni-

rectangular patches & = 40 appear to be intrinsic to the surface - d the i " hemi f th Vi |
structure, since these types of features with varying shapes and sized0'Mity and the interface chemistry of the evolving meta

are observed scattered on the surfaces for different samples and surfaceverlayers. The nonuniformity is demonstrated by the slow
regions. The presence of these features indicates that complete contacdecreases of the Ausubstrate ion peak (Figure 8A) and the
of the surface by the deposited metal requires quite high coverages.adsorbate molecular peaks ([AUS(Qi'd]+ in Figure 8B and
The light streaked features arise where th& excursion of the [HAUS(CH,)1sCH3] ~ in Figure 8C). All of these signals are
cantilever goes beyond the A to D limit. (G) Line scan taken across observed even up to coverages approaching30. Given the

the dotted line in panel F. Starting from the lower left in paneihe . .
scan reveals a typical surface topographical modulation4f6 nm shallow S:amp"“g depth of the technlque]( nm), these data .
for the Ti clusters before the large pits and then shows the depths of @€ consistent with the gradual covering of the SAM by a Ti

the two pits to be~6—10 nm. This line scan also serves as a calibration 0overlayer, leaving large fractions of open SAM areas until high
for the gray height scales in panels-k. deposition amounts, in agreement with the AFM observations.
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Evidence for a chemical reaction of Ti with the SAM to form 0
some type of carbide species is supported by the appearance of J o
the 48TiC* peak as the deposition increases (Figure 8D; the
accompanying SgE4 cluster peak is marked for clarity). This
feature becomes relatively strong fo& 10 but eventually starts
decreasing for@ 2 30, consistent with the point at which
complete Ti overlayers form. Note the lack of a signific&ht
TiC™ signal at the very early deposition times. Since the XPS
data clearly indicate early formation of carbide, we conclude
that the carbide reactions occur at the me&AM contact point
directly under a Ti metal cluster where the ion signals would
be diminished. Figure 9. Schematic of the major features arising in the vapor
deposition of Ti atoms on a hexadecanethiolate/Au SAM as concluded
from the data obtained from multiple in situ characterization probes.
The left-hand drawing illustrates for an incoming Ti atom, from left to

The combined data for our specific deposition conditions all right, unreactive scattering of an incoming Ti atom off the SAM surface,
point to a Comp|ex deposition process inv0|ving both Scattering fo_rmation of a carbide reaction -pFOdUCt after collision O.f a Ti atom
of the Ti atoms from the SAM surface and severe degradation With the SAM surface, nucleation and growth of a Ti cluster or
of the alkvl chains in localized regions across the surface. The nanopart_lcle ata prewou_sly reacte_d surface_ site, and contlnued_ reaction

. Yy 1Teg of deposited Ti atoms with -CHunits deep into the SAM. The right-

main features of the mechanism concluded from our data arenang drawing illustrates the possible characteristics that arise in the
summarized pictorially in the schematic in Figure 9. The |ater stages of deposition where a complete metal overlayer can form.
proposed set of underlying kinetic processes are listed in aNote the extensive carbide interphase that forms and the likely formation
generalized way in steps—b, with the specific notations for  of voi_ds at the SAM/inorganic' interface, which would be caused by
the chemical species defined in the discussion. We note at thethe highly nonuniform, chemically heterogeneous character of the
outset of this discussion that these results and conclusions arequWth process across the surface.
specific to the conditions of a room-temperature sample with a
Ti deposition rate of~0.15 Ti atomnm2s1 (~0.033 Ti
atommolecule’-s~1 or equivalently~1.0 Ti atommolecule?
every 30 s).

4. Discussion

are not energetically accommodated at the bare SAM and readily
desorb. As the deposition continues from the initial stages, an

increasing number of Ti atoms are accommodated at the surface,
either as new nucleation sites or adsorbed at existing nucleation

Ti(g) + SAM — Ti(g)' + SAM (surface desorption) (1) sites. This could occur by a pompination of thermal accom-
modation (step 2a, where s signifies surface) to simply lower

Ti(g) + SAM — Ti(s) (surface adsorption) (2a) the kinetic energy of the Ti, thereby preventing desorption from
. . the surface, and immediate chemical reaction [step 2b, where
Ti(g) + SAM — (SAM)* (SAM reaction)  (2b) (SAM)* is some generalized type of initial reaction product],
nTi(g) + (SAM)* — most likely initially with a CH; group. Reaction could occur if
[(Ti) ,J(SAM)* (Ti metal cluster growth at reacted site) "€ impacting Ti atom is on the high end of the Boltzmann
energy tail, sufficient to overcome an activation barrier, and/or
(2¢) if the adsorption site is a surface defect of some type that
nTi(g) + (SAM)* — continued SAM degradation (2d) facilitates the energetic or configurational requirements of the
reaction. Such defects could include, for example, a disordered
Ti(s) — Ti(s) (surface diffusion to new location) (3a) terminal chain segment or a molecular ensemble that has been
. . . topographically elevated due to underlying substrate defects.
nTi(s) = [Ti(s)], (Ti metal cluster growth on bare SAM) Once reacted, these sites could act as nucleation points for
(3b) further incoming Ti(g) atoms to form Ti metal clusters (step
nTi(s) + (SAM)* — 23) orbc?ju_ll_q(c)ontinue épffde.grade (steph2d). ?teps(ca»aho:\%/v) ;
: R : adsorbed Ti(s) atoms diffusing across the surface (step 3a) an
[(T7) oJ(SAM)* (Ti metal cluster growth at reacted site) collecting to form metal clusters on the bare SAM (step 3b)
(3¢) and at initially reacted SAM sites (step 3c). The growth of
. . clusters with unreacted Ti atoms contacting the SAM surface,
Ti(s) + SAM — (SAM)* (SAM reaction) (4a) however, seems somewhat unlikely since the combination of
Ti(s) + (SAM)* — continued SAM degradation (4b) the XPS, IRS, and AFM data suggests that reaction to carbide
starts in the very initial stages of deposition so the probability
[(Ti) J(SAM)* — continued localized SAM degradation of unreacted metal atoms directly in contact with the SAM is
(5) small. In steps 4a,b, adsorbed Ti(s) atoms diffuse and react at
sites on the bare SAM or at previously reacted sites, respectively.
It is clear from the QCM and XPS data that a large fraction ~ The continual increase in the sticking coefficient with
of the incoming Ti vapor atoms in the initial stages of deposition increasing Ti coverage implies that an increasing number of
simply scatter (reflect) off the surface [extreme left of Figure 9 nucleation centers appear, which can either accommodate
and step 1, where g signifies gas phase]. The scattered speciesncoming Ti(g) atoms or trap surface-diffusing Ti(s) atoms.
Ti(g)', presumably have different momenta and kinetic energies Overall, our data suggest the nucleation centers mostly consist
from the incoming atoms and so are labeled with a prime. Itis of reacted top tail sections of the chains, particularly thes CH
interesting that despite the high chemical reactivity of Ti, as units (IRS), and continue to react with increasing Ti coverage
evitlnlencled inh Ialter stagels b?/ the se\t:ere digradation of the[step 2c for Ti(g) and step 4b for Ti(s)] to form carbide products
molecules, the low initial values of the sticking coefficient (XPS) with increasingly deep monolayer damage (AFM).
(Figure 1) show that a large fraction of the incoming Ti atoms As the Ti surface coverage grows, it is important to note that
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the AFM images (Figure 7) show a significant fraction of open would appear to be the control of the incoming atom energies
surface, even up to tens of Ti atoms adsorbed per SAM and momenta and the sample temperatures. Experiments in these
molecule. This result is supported by the FeHIMS data directions are now underway in our laboratories.

(Figure 8), which indicate that long deposition times are required
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