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The collision of low-flux vapor-generated Mg atoms with a methoxy-terminated self-assembled monolayer
(SAM) at room temperature results primarily in nonreactive scattering from the surface. Those atoms that
adsorb undergo reaction via«C bond insertion to form MgO—R products, with an estimated activation
energy of 38+ 9 kJ mol®. These products, in turn, provide nucleation sites for the subsequent formation of
Mg clusters. As growth continues, a nonuniform Mg overlayer eventually forms. These behaviors contrast
with that of vapor-deposited Al (which shows a high sticking probability and low chemical reactivity under
the same experimental conditions). This behavior is consistent with quantum chemical predictions of differences
in the ability of the—OCH; group to stabilize these metal atoms. Overall, these results highlight the importance
of dynamic processes in controlling the interfacial chemistry and metal overlayer morphology in vapor-
deposited films on organic surfaces.

1. Introduction and can become trapped on the surface. These adsorbed atoms
) ) i ) . can diffuse across the surface and eventually react. Other
Understanding of the interaction of metals with organic 4qsorbates might react with the surface close to the point of
materials is becoming increasingly important for a wide variety impact or scatter directly from the surface. A useful parameter
of technological applications including molecular/organic elec- g, investigating the dynamics of the gasurface interaction

tronics. Self-assembled monolayers (SAMs) are a broadly ig the sticking probability (or condensation coefficient). The
applicable, chemically and structurally variable platform, with - gticking probability,S, is defined as

a wide variety of terminal group functionalities available. Recent
work has shown that SAMs can be used to significant advantage N
in fundamental studies of the formation and characteristics S= N
metal-organic interfaces:” In addition, metat-SAM constructs
have potential as electronic deviced?

To rationally design and predict the behavior of metal

ads

total

whereNags and Nt are the number of adsorbed metal atoms
and the number of impinging metal atoms, respectively. Sticking

organic structures, it is necessary to have a fu.ndamemalcoefficients have been extensively studied on metal sufaces
understanding of the dynamics of the metal atom interaction using, for example, the King and Wells methicdHowever

with these surfaces. In the earliest stages qf depositiorl, thefar less is known about the sticking probability of metals on

organic layer must accommodate some fraction of the kinetic o 0nic surfaces. There is some evidence for significant varia-
energy of the impinging metal atom. Recent studies by Morris iqng i the sticking coefficients. For example, Faupel and co-
and co_-worker%l have demonstrated that the energy accom- \oricers recently examined the interaction of vapor-deposited
modation on SAM surfaces is dependent on the chemical naturec | Ag, and Au with a variety of polymers and determined that
and energy of the impinging atom/molecule and the identity of o sticking probability varied from 0.95 [on pyromelitic

the SAM terminal group. For example, at low incident kinetic dianhydride-oxydianiline (PMDA-ODA) polyimide] to 0.002
energy (6 kJ moll, 0.06 eV), HCI molecules impinging on an (on Teflon)21-24

—OH-terminated SAM are temporarily trappi\g on the surface * Ajthough magnesium metallization is not generally thought
via the formation of HG-HCI hydrogen bonds: Subsequent 5 1o of practical value, Mg is being considered as an electrode
surface processes are dgt_ermmed by this energy acc_:ommodal-n the fabrication of polymer light-emitting diodes (PLEDS)
tion 1718 After surface collision, the gaseous species might lack because it has a low work function. Thus, a few studies have

enough momentum to escape the -gasrface potential well oo conducted on the interaction of magnesium with polymers
such as polyalanine (PANP,26 polyethyleneterephthlate

*Eorrespo;digg (aAuwg\r/S)- E-ma@ili dla?a@rzﬁlu\-/s?UF(D-L-é’\l-)i &%}kgé% (PET)Z2728 polypyrrole (PPYY® poly(p-phenylene vinylene)
wuchem.wustl.egu (A, V-A), NXWEpsu edu (V). Fax. 814-605- (PPV)3031 Nafion32 and polyprolyleng3-36 In all cases, the
(D.LA), 314-935-4481 (A.V.W.), 814-863-0618 (N.W). ’ " polyprolylene: ' .

t Present address: Department of Chemistry, Washington University, deposited magnesium was observed to react preferentially with
Caxmpus Box 1134, St. Louis, MO 63130. ) O to form Mg—0O bonds and not to penetrate into the polymer
goamacsent address: Motorola Labs, 2100 E. Eliot Road, Tempe, AZ film. However, we also note that it was reported that a significant

S Present address: School of Arts and Sciences, Kentucky Christian @mount of magnesium was deposited before magnesium could

University, 100 Academic Parkway, Grayson, KY 41143, be observed at the polymer/vacuum (air) interface, indicating
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that Mg has a low sticking probability on these fil#?s! surfaces. In addition, all SAMs were characterized by initial

Nowak, Collaud, and Schlapbach observed that the sticking TOF SIMS, XPS, and IRS measurements prior to metal

coefficient of Mg on polypropylene varied between 0 and a deposition.

maximum value of 0.3 0.2 depending on the polymer surface 2.3, Time-of-Flight Secondary lon Mass SpectrometryThe

preparatior?3-36 TOF SIMS analyses were performed on a custom-designed
In a previous study, we observed that the reactivity of Al instrument that has been described in detail previdgtigyiefly,

with a —OCH; alkanethiolate is intermediate between those the instrument consists of a loadlock, a preparation chamber, a

observed for a-CHa-terminated SAM and for the more reactive  metal deposition chamber, and the primary analysis chamber,

—CO,CHsz, —COOH, and—-OH-terminated SAMS. 7 Al forms each separated by a gate valve. Primary* Gans were

a weak complex with the-OCHs-terminated SAM, Al--OCHg, accelerated to 15 keV and contained in a 100-nm-diameter probe

and also penetrates to the Au/S interface. Thus, this type of beam that was rastered over a 106,06 um? area during data

SAM is an ideal monolayer for determining how the nature of acquisition. All spectra were acquired using a total ion dose of

the metat-organic interaction can be changed, and ultimately less than 18 ionscm™2 Relative peak intensities are reproduc-

controlled, by the reactivity of the deposited metal atoms such ible to within £10% from sample to sample and8% from

as Mg. scan to scan.

In the present work, infrared spectroscopy (IRS), time-of-  Magnesium was deposited onto the sample at room temper-
flight secondary ion mass spectrometry (TOF SIMS), X-ray ature from a W-wire basket source at a rate ©0.15
photoelectron spectroscopy (XPS), and density functional theory atomsnm2-s1 with the pressure maintained belows510-8
(DFT) calculations are employed to investigate the interfacial Torr. After deposition, the preparation chamber pressure was
chemistry of vapor-deposited magnesium with a methoxy- allowed to recover to the base value of k5.0-° Torr before
terminated hexadecanethiol SAM on fl1}. Under our  sample transfer to the analysis chamber. The deposited mass/
experimental conditions, i.e., a room-temperature sample and aarea was monitored using a quartz crystal microbalance (QCM;
Mg flux of ~0.15 atoms ni? ™%, Mg has a very low initial ~ TM-400 controller, Maxtek Inc.) with a maximum error of
sticking probability,~5 x 1073, The adsorption process consists within +8%.

of reaction with a—OCHs terminal group to produce a Mg 2.4. Infrared Spectroscopy.Analyses were performed on a

O—R complex, suggesting that Mg adsorption is an activated Fqyier transform instrument (Mattson Research Series 1000)
process. From our data, we estimate that the associated activatiofitted with custom in-house optics configured external to the

barrier is 38+ 9 kJ mof™. instrument and designed for grazing-incidence reflection of
ThIS behaVIOI‘ IS Very dlffel’ent from that Observed fOI‘ Samp'es under Vacuu?‘ne A ||qu|d_n|trogen_coo|ed MCT
aluminum with —OCHs-terminated SAMs. Al efficiently ad-  getector was used with an effective low-frequency cutoff of

sorbs on the SAM surface and subsequently partitions between-750 cntl. The infrared beam was allowed to access the
the formation of a weak A-OCHs; complex and penetration  yacuum system and reflect from the sample through a pair of
to the Au/S interfac€-” Aluminum and magnesium have very gitferentially pumped KBr windows. After analysis of the bare
similar bulk reactivities; both metals displace hydrogen from monolayer, a shield was moved to unblock the path between
steam and tarnish in air. Using quantum chemical calculations, the sample and the metal source. Magnesium was evaporated

differing types of interaction with the-OCHs group. Magne-  s|MS experiments. The chamber pressure remained belew 1
sium is unable to form a stable MgOCHs complex; rather,  10-7 Torr during deposition. Relative peak intensities were
the preferred reaction pathway is to insert into the@bond. reproducible to withint2% from sample to sample ane2%

There is a significant activation barrier for this process, and from scan to scan.

consequently, most of the impinging Mg atoms scatter ffom 5 g oy photoelectron SpectroscopyThe XPS analyses

Fhe srl:rf%ce(.)ltr)l thg case 0; i’-\l, the reréctlon rI?arrler fpr msegﬂon were performed on a spectrometer (Scienta ESCA 300) equipped
Into the C-O bond Is much larger, and so, the reaction product iin 5 monochromatic Al i source, as described in detail

is always A}"OC%'S_.7 This stabilize_s the imp_in_ging Al aloms  g|sewherd445 A pass energy of 75 eV and an energy step of
at the SAM/vacuum interface, leading to efficient adsorption. g 55 e\ were used for the analysis. The resulting full width at
These data demonstrate the subtle effect of competing Surfacenalf-maximum (fwhm) for Au 4f»is 0.52 eV. A binding energy

processes in determining the overall characteristics of metal of 84.00 eV for Au 4%, was used as.a refefence for all spectra.

deposition. Following analysis of the uncoated monolayer, the sample

was transferred under vacuum to the deposition chamber, which

was isolated from the analysis chamber by a gate valve. The
2.1. Materials and General ProceduresThe preparation pressure in the preparation chamber remained belowl® 8

and characterization of the type of SAM used in this study has Torr during deposition. Magnesium was deposited at a highly

2. Experimental Section

been described in detail previousty’ 42 The metals for all controlled, constant rate, typically0.15 atomsnm=2-s71 as
depositions were obtained from Goodfellow, R. D. Mathis, and monitored by a QCM, by evaporation from a graphite crucible.
Alfa Aesar and were 0£99.99% purity. After deposition, the metal/SAM specimen was transferred

2.2. SAM Preparation. Cr (~5 nm) and Au €200 nm) were directly under vacuum to the analysis chamber, where the
sequentially thermally deposited onto clean Si(001) native-oxide- pressure was maintained below11078 Torr.
covered wafers. Self-assembly of well-organized monolayers 2.6. Quartz Crystal Microbalance (QCM) Measurements.
was achieved by immersing the Au substrates into millimolar 2.6.1. Definition of Deposited Metal @erage. The metal
solutions of the relevant methoxyhexadecanethiol molecule in deposition onto the samples was monitored directly as the mass
absolute ethanol for2 days at ambient temperature. The per unit area by a QCM. For ease in data analysis and
monolayer films were characterized with single-wavelength interpretation, the deposited amounts were converted to a dose
ellipsometry, infrared spectroscopy, and contact angle measure-of metal atoms per SAM molecule, designatgg,. The SAM
ments to ensure that they were densely packed with cleanmolecular density is 4.6 molecules nfin a well-formed
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alkanethiolate/Af11} SAM.#0 Thus, for g = 1.0, there Mg 2p 1000]
would be one magnesium atom dosed on average per SAMa) QCM Crystal
molecule.

2.6.2. Sticking Probability Measuremeni® determine the
sticking probability of vapor-deposited Mg on theOCHs-
terminated SAM, a dual-QCM experiment was performed. Two
QCMs, one coated with a-OCHs-terminated SAM, were 9.4
exposed to a Mg vapor deposition source, and an amount of 087
Mg was deposited on each QCM. By comparing the change in M]
frequency on each QCM (which is proportional to the mass of 28.1
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Mg deposited), the sticking probability of Mg was calculated 56.2
56.2
sticking probability= 46 48 50 52 54 56 58 60 295 300 305 310 315
change in frequency of theOCH,; SAM-coated QCM Binding Energy (eV) Electron Energy (eV)
change in frequency of the reference QCM

. . Mg 2p Mg KLL|
Using the Sauerbray equatiéha coverage of 1 ML of Mg C) T 1000 Sample d) 1000 Sample|
(4.6 x 10 moleculescm™249) is equivalent to a frequency 0 w 0

% . . o Mg Mg

phange of~1.5 Hz on a QCM oscillating at 6 MHz, so it is z [ z b
important to obtain very accurate frequency measurements. For g w 2 [ 0.0
this reason, a custom-built phase-locked-loop QCM apparatus £ e S FPAR oy ———
was employed’ This allowed us to obtain measurements 2 w 2 9.4
accurate ta+0.05 Hz. 5 Ww 3 WWWW?

All experiments were performed in a vacuum cha_lmber with & A ® [T e 2o
a base pressure of2 x 1078 Torr. The Mg was deposited from 28.1 Wﬂ,ﬂ"‘“\ 28.1
a W-wire basket at the same rate as for the TOF SIMS, IRS, Lo Vs ua pry
and XPS experiments. The reference QCM crystal was a 82 e . . . .
standard gold 6-MHz crystal (Cold Springs R&D Inc.) and was 46 48 50 52 54 56 58 60 205 300 305 310 315
maintained at 10C using recirculated laboratory-chilled water. Binding Energy (eV) Electron Energy (eV)

The SAM-coated QCM was maintained at 25:®.1°C using Figure 1. High-resolution spectra of Mg 2p XPS and Mg KLL Auger
a temperature bath (RTE-110 Temperature Bath/Circulator, peaks onthe QCM crystal (bare gold) and the methoxy-terminated SAM
Neslab Inc.). These temperatures were maintained throughoutiPon Mg deposition. The dotted lines are intended to guide the eye
the experiment to mimic the deposition conditions used in the @nd mark the positions of the Mg 2p XPS and Mg KLL Auger lines.
IRS and TOF SIMS measurements. The SAM-coated QCM was .
prepared in the following way: A single-sided polished 6-MHz culations were pgrformed at the BBPW91/6-.31G* IeVE',Of
QCM crystal was stripped of its gold electrodes, and the theory. All energies are .reported as enthalpies of th'e final
electrodes were redeposited to ensure the quality of the go|dstryctures relative to the isolated reactants and contain zero-
film. A methoxy-terminated SAM was then adsorbed on the point-energy and thermal-energy corrections for standard tem-
Au-coated crystal using the procedure described in section 2.1 perature and pressure.
To check the quality of the films produced, “companion”
samples were made using the same procedure and ther13' Results
characterized by IRS and single-wavelength ellipsometry. 3.1. Sticking Coefficient MeasurementsThe results from
The sticking probability measurements were performed using the preliminary IRS and TOF SIMS experiments suggested that
the following procedure: The two QCMs were placed equidis- the sticking probability of Mg on—OCHsz-terminated SAMs
tant from a Mg vapor-deposition source. A shutter was placed was very low. We tested this hypothesis by carrying out the
over the—OCHs-terminated SAM-coated QCM, and500 A following experiment using XPS (Figure 1): We placed a bare
of Mg was vapor-deposited on the reference QCM. This gold QCM crystal and a methoxy-terminated SAM on the same
procedure ensured that the sticking probability on the referencesample holder and simultaneously depositegD A Mg (Owqg
was unity and also allowed for a steady-state deposition rate to~ 56) on each sample. We then measured the intensity of the
be obtained. The shutter was then opened, and both QCMs wereMig 2p XPS and KLL Auger peaks. Because the two samples
exposed to the Mg vapor. The experiment was concluded whenwere side-by-side on the same holder, equidistant from the
the rates of frequency change measured by each QCM weredeposition source, the two samples received the same dose of
the same. Mg. On the QCM crystal, we observed both a Mg 2p XPS peak
2.7. Quantum Chemical Calculations.Density functional (50 eV) and Mg KLL Auger peaks (302.4 and 306 eV; kinetic
theory (DFT) calculations were performed to provide estimates energy= 1184.2 and 1180.6 eV). In contrast, on th©CHs-
of the interaction of magnesium and aluminum with the terminal terminated alkanethiolate, a trace intensity in the Mg 2p XPS
group of the—OCH; SAM. Calculations were carried out using peak and a very small Mg KLL Auger peak were observed.
the Gaussian 98 (revision A.9) progrdfihe calculations were ~ These observations confirmed that, under our experimental

carried out on the following systems: M CHzO—(CH,)s— conditions, vapor-deposited Mg has a low sticking probability
SH and M—-O—(CH,)s—SH, where M= Mg, Al. The SAM on —OCHzs-terminated SAMs.
was truncated by 11 methylene units and modeled agOcH To try to measure the sticking probability, we performed dual-

(CH2)s—SH to reduce the computational cost. The missing QCM measurements (see section 2.6.2). The initial sticking
subunits are not expected to significantly affect the calculated probability measured at a surface Mg coverage of 0.4 ML was
bond energies, as intramolecular induction effects typically range ~5 x 1073.4% As the Mg vapor deposition continued, the sticking

over 2-3 bonds. Geometry optimizations and frequency cal- probability rapidly increased as a Mg overlayer nucleated on
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Figure 2. Peak intensities of the molecular adsorbate iongdwand Figure 4. Peak intensity of Mg, n = 1—3, areas plotted versug
AuA;~ ions, where A= S(CH,)160CH;, plotted versugyg. for the —OCH; SAM.
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Figure 3. High-resolution SIMS spectral overlays of Mg@agments, mmo
nominal mass 40 amu, with increasing Mg dose. The intensity is /\
normalized to the initial peak intensity of:8,*. 350

900 1100 1300 1500 2800 2900 3000
the surface. At a surface coverage of 5 ML (total Mg ddkg, Wavenumber, cm-t
= 100 ML), the sticking coefficient was 0.05. By a surface Figyre 5. Low- and high-frequency regions of the IR spectra of the
coverage of 10 ML (total Mg dosémg = 200 ML), the sticking —OCH;-terminated SAM for increasing values 6.

probability had risen to 0.15.
3.2. TOF SIMS. TOF SIMS is a very surface-sensitive  with the terminal group to form a RO—Mg complex [where
technique and so was used to probe the low-Mg-dose regimeR = —(CH,)— backbone of the alkanethiolate].

(0—8 ML Mg dose), where the sticking probability is5 x Further evidence of the interaction of Mg with theDCH;
1073, to investigate the interaction of Mg with a bar€®CHs alkanethiolate can be found by examining the intensities qf"Mg
SAM surface. The intensity of the molecular ions,,At and (n = 1-3) clusters as a function of Mg dose (Figure 4). Upon

AuA;~, where A= —S(CH,)160CHs, give an indication of deposition of the first increment of Mg, only the Mgignal
whether the deposited Mg reacts with the methoxy-terminated increases; appreciable levels of fgand Mg™ appear abtyq
SAM monolayer~57 The intensity of these ions fluctuates over > 1.6 ML. Judging from our previous studig$these observa-
a very narrow range over the whole deposition range, as showntions can be interpreted in the following way: At the lowest
in Figure 2. This observation supports the conclusion that Mg Mg coverages, the Mg overlayer consists primarily of isolated
has a low sticking probability on the OCHs-terminated SAM Mg atoms bound to the-OCH; groups. The appearance of
surface. Consistent with this interpretation, the hydrocarbon Mg, and Mg™ indicates that the deposition of additional Mg
fragment-ion intensities remain approximately constant during initiates the formation of scattered islands. Because the amount
the early stages of deposition (data not shown). of adsorbed Mg atoms at these Mg doses is very small, the
In the positive mass spectrum, we observe the formation of probability of an impinging Mg atom adsorbing on an existing
MgO™ ions (/z = 39.98) with increasing Mg dose (Figure 3). Mg site is low. This suggests that the nucleation of Mg islands
The spectra are normalized to the initial peak intensities of might arise via the diffusion of adsorbed Mg atoms. It is likely
CsH4™ in order to make obvious the changing intensities of the that the fraction of physisorbed (i.e., unreacted) Mg is very low
peaks with respect to the hydrocarbon and substrate fragmentdecause there is no evidence of a weak MQCH; terminal
as the deposition progresses. We also note the slight intensitygroup interaction.
at 39.98 Da for the bare SAM monolayer (0.0 Mg atoms/SAM  3.3. IRS.IR spectra of the methoxy-terminated SAM, before
molecule). This is a contaminant peak and is identified a§KH and after Mg deposition, are shown in Figure 5. The peak
arising from a small amount of potassium that is always present assignments of the bare monolayer have been reported previ-
in our samplesNeitherMgOCHz* nor MgSH," are observed  ously?395051and are summarized here. The peaks at 1132, 1390,
(data not shown). Based on our previous work witB OOH- and 1465 cm! are assigned as the<©—C antisymmetric
terminated and —CO,CHs-terminated SAMs, the appearance  stretch ¢c—o), the —CHz symmetric deformationdcrs,), and
of MO™ indicates that the deposited Mg has undergone a redoxthe —CH,— scissor deformatiord¢y,), respectively. In the high-
reaction with the methoxy functionality to form O bonds. frequency regime, the-CH,— dt and d- stretchesicy,) are
The absence of a MgSH peak suggests that vapor-deposited assigned at 2851 and 2918 tinThe peaks at 2811, 2828, and
Mg does not penetrate to the Au/S interfdce’ Thus, the data 2981 cnt! are attributed to various stretching modes of the
suggest that the deposited Mg atoms undergo a chemical reactioierminal CH; group. The data indicate that the bare monolayer
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is well-organized with the chains primarily in the all-trans Figure 7. IR spectra of a-OCHs SAM before Mg dosing (red), after

conformation?” dosing tof, = 350 Mg atoms per SAM molecule (blue), and after
The spectra show that both the high- and low-frequency water washing of the Mg dosed sample (black). Note that, after rinsing
regions remain invariant untilyg ~ 100. Atfyg > 100,vc—o of the Mg-dosed SAM, the spectrum returns almost completely to that

|of the original SAM, except for very small decreases in the; @lddes

peak intensity starts to attenuate and continues to do so unti and a 19% decrease in the_o stretching mode.

Owg = 150, at which point all modes are observed to attenuate.
The initial vc—o intensity loss can be viewed as the reaction of 6yg = 100 as measured by the QCM. At this point, the sticking
the deposited Mg and its insertion into either the CH; bond probability rises rapidly, indicating the onset of island formation.
or H,C—OCH; bonds, although the former is more likely In agreement with this observation, féfg > 100, we note
because of the closer proximity of this species to the vacuum that the sample surface changes color from the gold of the bare
interface. AtOvg > 150, all modes attenuate, indicating that a SAM to an increasing black, “sooty” appearance. This suggests
Mg overlayer is forming. that the monolayer is being covered by a nonuniform magnesium
The intensity changes are more easily seen in the IR overlayer that scatters visible light.

absorbance difference spectra referenced to the bare SAM To test the extent of chemical reaction associated with the
(Figure 6). No positive features are observed, indicating that Mg overlayer, a high dose of magnesium was deposited on the
there are no reaction products and that the alkyl changes doSAM (6yg = 350), and then the surface was thoroughly rinsed
not undergo measurable conformation disordering with increas- with deionized water to remove all visible traces of the black
ing Mg adsorption. Al = 100, a small negative feature at overlayer. The IR spectra of the dosed SAM, before and after
1132 cm! (vc-o) indicates that Mg reacts with the-GCH3 washing, and of the bare SAM were then compared (Figure 7).
bonds, presumably via-©C insertion. AtOyg = 150, the onset ~ There are very small changes in th€CH,— mode features,

of intensity loss indcy, and the terminal CEIC—H stretching essentially within experimental error, between the rinsed sample
modes is observed, along with furthe¢_o intensity loss. In and the bare SAM, indicating that the alkyl chain organization
addition, small negative peaks are observed for-tH,— d* and packing remain almost unperturbed throughout the Mg

and d stretchesicro). At Oug > 200, the parallel attenuation  deposition and rinsing processes. Because the intensities of these
of all of the IR modes suggests that a Mg overlayer is starting modes return almost to the bare SAM values after rinsing, it is
to build up, which causes electromagnetic screening of the IR clear that the Mg overlayer has been fully removed and that no
radiation. The continued presence of ike o stretching mode molecules are lost via chemical degradation, for example, by
feature (Figure 4) at the highest total dogtyy = 350, penetration of Mg to the Au/S interface. Further, this observation
demonstrates that a significant fraction of the@bonds have also demonstrates that, fofg > 150, the parallel attenuation
not yet reacted with Mg. From the sticking probability measure- of all IR modes arises from physical causes, i.e., electromagnetic
ments, the coverage of adsorbed Mg at this point is ap- screening (Figures 5 and 6).

proximately 50 ML (50 Mg atoms/SAM molecule). Thus, this Second, the intensity of the-—o peak decreases by18%
observation suggests that the Mg is nonuniform with bare for the rinsed SAM compared to the bare SAM. This suggests
regions of SAM exposed and/or that a fraction of the adsorbed that no more than 18% of the OCHs groups on the SAM

Mg does not react with aOCH; group. surface react with the deposited Mg. Note that the small
The IRS data also allow us to estimate the sticking probability accompanying intensity losses for the £iodes,0cns, and
at the onset of detectable reaction of Mg with the SAMa§ the various G-H stretch modes are consistent with this

~ 100. In the limit of all adsorption occurring via chemical observation. Athyg = 350, the estimated surface coverage of
reaction with the-OCHjs groups and a detection limit 6f0.01 Mg is 50 ML, and so the most of the Mg adsorption occurs not
ML 52for the stretching mode peak, we estimate that the sticking via chemical reaction but rather by the formation of islands.
probability is (1.5+ 0.5) x 1074 This value is considerably  Further, the data also suggest thatfgag > 150, most of the
smaller than the sticking probability, & 1072, measured at  adsorbed Mg forms islands at scattered nucleation sites, most
Ovg = 100 using the QCM. There are two likely reasons for likely the reaction centers. The TOF SIMS data support this
the observed discrepancy: (a) a significant fraction of adsorbed interpretation because they show that the major pathway for
Mg atoms at high dose are incorporated in islands and so exertadsorbed Mg is via chemical reaction withOCH; groups at
negligible perturbations on thec-o mode, and (b) there are  low Mg doses f§ug < 10), followed by the onset of island
sharp, nonlinear changes in the QCM sticking probability at formation.
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Mg: metallic
overlayer

Figure 8. Schematic illustration of the important features of the reaction pathways including complexation and metal overlayer formation. Magnesium
is represented in green, oxygen in red, and hydrocarbons in black.

4. Discussion interface. However, ayg ~ 150, the IRS data show that very
Both the TOF SIMS and IRS data indicate that deposited few of the —OCH; groups have reacted with the deposited Mg.

. . At a dose offyg = 350, no more than 18% of theOCHs
Mg reacts with the-OCH;s group to form R-O—Mg species . 9 .
at isolated sites on the surface. Further, the TOF SIMS datatermmal groups have reacted. Thus, at high doses, t.he.vast
show that island formation occurs at very low surface coverages _majr(]) rity pf'(the—OCI]:ft_g groups rem>a|n unreacted. Th;. rafndbnse
(Mg dosefg < 10). At higher Mg doses, an increasing fraction In the sticking coefficient .aBMg = 100 can accordingly be
of adsorbed Mg atoms nucleate into islands, likely by a attributed to vapor-depos]ted .Mg bec.om'”g trapped on the
combination of surface diffusion and direct adsorption onto surface and adsorbing primarily at existing Mg clusters and

existing islands. The nucleation centers at low surface coverages'SI?st' Thz:,l the(;e IS aMSW'tCh ¢ In _ttI:]ethcgn(;:_r;sant reaction
are most likely sites at which Mg has reacted with t®CHs pathways. ow doses, Vg reacts with the groups,
group. and as the Mg deposition continues, the majority of the deposited

4.1. Reaction Mechanism.Any proposed model of the metal adsorbs on islands/clusters. Given the low percentage of

: - : eacted—OCH; sites, this suggests that the surface reactions
magnesium deposition reaction pathway must be able to account & ) . - o .
for the following observations: (a) the low sticking probability mrlght be ?stiocwgiﬁ/lwnhrfelther ?pgc;ﬂc?lly OI'IG;’]I'EG@Cld‘bm in
of the deposited magnesium atoms, (b) the reaction of adsorbet% oups at the surtace or defects, such as doma

. . daries.
Mg with —OCH;z to form R—O—Mg, and (c) the formation of oun . _
metallic overlayers at high Mg doses. The possible major 4.1.1. Formation of Mg O—R ComplexTOF SIMS and IRS

. - . data show evidence for Mg-induced cleavage of theGBbi;
reaction pathways can be summarized as follows: bond at low doses. At these low doses, Mg has a very low
sticking probability,~5 x 1073. In our experiments, Mg is

Condensation Mg(g)~ Mg(s) @) vapor-deposited from an oven source and thus has a wide
Complexation ~ SAMt+ Mg(s)< SAM:---Mg @) distribution of incident kinetic energies on the OCH;-

. terminated SAM. Assuming that the only fate of a surface-
Bond Insertion  SAM+ Mg(s)—~ SAM—Mg (3) stabilized Mg atom is reaction with the methoxy functional

group (i.e., adsorption is a direct activated process), very few
Mg atoms striking the surface are able to form a-M@—R
Penetration product. This suggests that only a small fraction of the Mg atoms

AuS(CH,),(OCH; + Mg(s)— AuMgS(CH,),(OCH,; have sufficient energy to overcome an activation barrier to react

(4) with the methoxy group.
. We can estimate the energy barrier to the formation of the
Island Formation  nMg(s) <> [Mg(s)], (5) complex in the following way. In an oven source, metal atoms
are generated with a Maxwell distribution of velocities
where Mg represents the deposited magnesium atoms and SAM
denotes the methoxy-terminated SAM adsorbed on the Au P() dv = 4ﬂ( )3/21/2 exp(_ UZ) dv
surface, AuS(Ch);c0CHs. The fact that no MgSk, MgS- 27RT) 2RT
(CHy)y*, and AyMg,S;* ions were observed in the TOF SIMS
data indicates that the deposited Mg atoms do not penetrate tovhereP(v) dv is the probability of finding an atom with speed
the Au/S interface. The IRS data also show no evidence for the betweenv andv + dv, M is the mass of the atorR is the gas
disruption of the SAM alkyl chain structure, which would arise constant, andT is the temperature of the source. If every
if magnesium penetrated through the SAM. Thus, reaction deposited, adsorbed magnesium reacts with the termi@&iHs
pathway 4 is not operative. From the TOF SIMS data, we also group, the probability of reaction is betweer10~* (from the
conclude that, upon Mg deposition, aR—Mg complex forms ~ IRS data) and 0.005 (from the QCM measurement) and
(pathway 3). Further, because no MgO£Hbns are observed
at the lowest coverages, there is no evidence of a weak reatctionfoo P(v) dv = (1 x 10"*—0.005
solvation between Mg and the terminal gréup(pathway 2). !
Hence, pathways 1 and 3 are operative. A schematic diagram w0 M )32, —M?
of the reaction is given in Figure 8. =J, 4 ry VA orT) W
At low surface doses, magnesium inserts into theGbi;

bond of the terminal group and the sticking probability is very whereu is the speed required for the Mg atom to overcome the
low, ~5 x 1073. These observations suggest that the adsorption reaction barrierE, (where E; = Y/,mt?). The temperature of
process is a direct activated one; it is only Mg atoms with the source can be estimated from the Mg vapor pressuse, 5
sufficient energy to overcome the barrier for insertion into the 10°8 Torr, and is approximately 473 15 K.53 Using these
O—CHjs bond that adsorb on the surface. Further, at these low parameters, we estimate that the minimum energy required to
surface dosesfiyg ~ 10, the TOF SIMS data indicate that overcome the activation barrier for the formation of the-vg
clusters or islands are starting to nucleate at the SAM/vacuum O—R complex is 38t 9 kJ moi?.

(Organometallic Formation)
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TABLE 1: DFT-Calculated Stabilization Energies for
Various Magnesium—Oxygen Complexes

molecule metal complex binding metal-O C-O-C-C  M-O-C
energy (kJ distance dihedral angle
mol) (A) angle
Mg Mg O--Mg 43 2.69 179.54
HS(HZC){QCH3

Al Al O--Al  -34.0 225 155.36
Q Figure 10. lllustrations of the calculated energy-minimized structures
HS(H,C){ 'CH3 of magnesium and aluminum atoms with the truncated alkanethiolate,
AuS(CH,)sOCHs. The inset shows the metal atermolecule interaction
as seen from above; the center panel shows the calculated bare SAM
Al-O-(CH)-SH Al Al-O-C -455 170 176.77 structure for reference. The Au atom is shown in yellow, H in white,
C in turquoise, O in red, Mg in green, and Al in gray.

Mg-O-(CH)-SH Mg  MgO-C -233 1.79 17391

4.2. Comparison of Magnesium and Aluminum Deposi- (C—0O—C—C dihedral angle= 18C). This is not observed with
tion. Aluminum and magnesium have very similar reactivities; the Mg --OCH; interaction and also suggests that the aluminum
both metals displace hydrogen from steam and tarnish in air. interaction is much stronger than the magnesium interaction
However, their behavior is very different upon deposition on a (Table 1).

methoxy-terminated SAM. First, Al has a high initial sticking In agreement with experimental observations, the calculations
probability, whereas Mg has a much lower sticking probability. also show that, for magnesium, insertion into the@bond is
Second, aluminum forms a weak complex with th© CHs- favorable by—233 kJ mot?!. However, we also note that bond

terminated SAM, Al--OCH;, and also penetrates to the Au/S insertion for aluminum is also stable by455 kJ mot?!. Because
interface>7 In contrast, magnesium complexes with the O atom we do not observe the formation of AD—R complexes
of the methoxy group to form a MgO—R structure and does  experimentally’~7 we assume that the reaction barrier is very
not penetrate to the Au/S interface. large.

To explore the underlying processes that control the mech-
anisms of Mg and Al deposition, we carried out density 5. Conclusions

functional calculations for the simple isolated system-M The growth of vapor-deposited magnesium overlayers on a
CH30—(CHy)s—SH and M-O—(CH),—~SH, where M= Mg, —OCH;z-terminated SAM at room temperature initially proceeds
Al. The results are summarized in Table 1 and Figure 9. by a low-probability bond insertion into the OCH; terminal

The calculations show that magnesium forms a very weak group to form a Mg-OR species, with an estimated activation
complex, Mg+-OCHs, with a binding energy of-4.3 kJ mof* energy of 38+ 9 kJ moll. These species, in turn, act as
relative to dissociation to the gas-phase reactants. We note thatphycleation sites for physical adsorption of additional Mg. This
at room temperaturdT is ~2.5 kJ mot™, and thus, this complex  |eads to an increase in the overall sticking coefficient with
is not very thermally stable. Hence, in agreement with the jncreasing Mg coverage and the formation of a nonuniform
experimental observations, magnesium does not form a stablegyerlayer. After a dose oy = 350, analysis indicates that
Mg---OCH; complex and has a low initial sticking probability  ~189% of the—OCH; groups have undergone insertion of Mg
because it cannot be trapped at the SAM/vacuum interface Inijnto the C-0O bond.
contrast, and in agreement with experimental datagalcula- These data are in sharp contrast to the cases of Al, Cu, and
tions show that the Al-OCH; moiety is stable by-34 kJ mot ™. Ag.5~7 These metal atoms (M) show high sticking coefficients
Thus vapor-deposited Al has a much larger sticking probability pecause of weak solvation interactions with the Q@rbups
on the SAM surface because it can become trapped at the SAM/and formation of stable M-OCH; complexes. DFT calculations
vacuum interface. Figure 10 displays an illustration of the show that the Mg-OCH; complex is not stable at room
M:-:-OCH; geometry in the SAM molecule. It can be seen that temperature. Thus, in the initial stages, the only adsorption
the geometry of the optimized AFOCH; structure is rotated  channel is the unlikely formation of the bond-insertion product
by ~24.6’ from the original-OCH; terminal group orientation  Mg—O—R, which the calculations show to be stable-b255
kJ moi,

In conjunction with previous studiés’->*%5these experiments
provide new insights into the role of dynamic surface processes
of metal atoms on organic surfaces. Furthermore, these data

L

Mg AT Lo 8“&121% e W”:ja”m?l mcl)re ell‘ﬂ(:ltent erlgn of metalrl]lc cogtlia\é:ts for organic
AuS(CH,),,OCH, AM”.OG . . and molecular electronic devices, such as S.
I} . .
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