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Abstract: The interaction of vapor-deposited Al atoms with self-assembled monolayers (SAMs) of HS£CH

CH3; and HS(CH)1sCO,CH3 chemisorbed at Al1ll} surfaces was studied using X-ray photoelectron
spectroscopy, infrared spectroscopy, time-of-flight secondary ion mass spectrometry, and spectroscopic
ellipsometry. For the Ckiterminated SAM, no reaction with-€H or C—C bonds was observed. For total Al
doses up te~12 atoms/nrfy penetration to the A4S interface occurs with no disruption of the average chain
conformation and tilt, indicating formation of a highly uniforml:1 Al adlayer on the Au. Subsequently,
penetration ceases and a metallic overlayer begins to form at the-SA8uum interface. These results are
explained in terms of an initial dynamic hopping of th& headgroups on the Au lattice, which opens transient
diffusion channels to the AuS interface, and the closing of these channels upon completion of the adlayer.

In contrast, Al atom interactions with the GCHs-terminated SAM are restricted to the vacuum interface,
where in the initial stages discrete organometallic products form via reaction with thf@Hz@roup. First,

a 1:1 complex forms with a reduced=© bond and an intact GHmoiety. Further exposure leads to the
additional reaction of about four Al atoms per ester, after which a metallic overlayer nucleates in the form of
clusters. After the growth progresses+@®0 A, the clusters coalesce into a uniform metallic film. These
results illustrate the extraordinary degree of control that organic substrates can exert during the course of
metal film formation.

1. Introduction deposited metatorganic contacts is critical to device perfor-
- _ mance, e.g., polymer light-emitting diode®f particular interest

The deposition of metal atoms onto the surfaces of organic 1o ys has been the fabrication of electronic devices based on
materials has become a common technological process, pargyrface assemblies of discrete, conjugated organic moletules.
ticularly for polymerst-2 Typically, chemical functloqalltles at | cases requiring a top metal contddeposition of the metal
the surface, such asOH and C=0O, serve to activate the 4t the vacuum termini of the molecules requires a delicate
polyme_r towarql chemical interactions with the deposned metal. hajance between establishing metatganic chemical bonding
These interactions can produce favorable properties, e.9., strongyith appropriate interface electronic states and avoiding chemi-
metat-polymer adhesion. It has been shown that the relative ¢4 degradation of the functional parts of the molecules. In all

abiliies of different surface functional groups to activate these applications, an improved understanding of the funda-
chemical vapor depositidrcan be utilized to generate sharp  mental nature of metal atororganic group interactions is
metal line patterns on chemically patterned substrateshe desirable.

area of organic electronic devices, the chemical nature of The need to study the metallorganic interface under carefully
controlled conditions has inspired recent stutllessed on the
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(SAMs). These monolayers can provide controlled quantities, interact with the &0 unit of the—CO,CHs group of PMMA
types, and orientations of organic groups exposed at the vacuumby electron transfer to the C atom, subsequent complexation
interface?-11 This situation is in contrast to typical polymer with the O atom, and eventual formation ofsébonded A-
surfaces, where these properties are rarely controlled or O—C complex.
characterized. Quantitative studies with SAM surfaces should  In this paper we examine both the structural and dynamical
be useful not only for improving metalization processes but also aspects of the interaction of Al atoms withCHs; and —CO,-
for addressing important fundamental questions about organo-CHs; groups onw-functionalized alkanethiolate SAMs on Au.
metallic interactions and bonding states that might otherwise The Al—organic interactions are examined in situ using high-
be inaccessible by traditional chemical approaches. To achieveresolution X-ray photoelectron spectrometry (XPS), infrared
such answers, complementary surface science tools are requiregeflectance spectroscopy (IRS), time-of-flight secondary ion
in order to obtain a thorough, microscopic picture of the atomic mass spectroscopy (ToF-SIMS), and spectroscopic ellipsometry
and molecular interactions relevant to each interface of interest.(SE) in the near-infrared to ultraviolet regions. Of special interest
Aluminum deposition onto organic surfaces is of considerable is to unravel the movement of Al atoms at the surface, since
importance to a number of applications, especially in micro- this movement allows competition for binding sites, nucleation
electronics, and a variety of studies have been carried out on of metallic phases, surface chemical reactions, interior diffusion

the interactions of Al with O-containing polymer surfadés.
From a more fundamental point of view, Al is a strongly
electropositive metal that displays rich organometallic chemistry,
especially including compounds with O-containing ligah#s.
The use of closely controlled conditions involving a pristine,
well-defined organic surface allows quantitative analysis of
product stoichiometries. TheC(=0)—0OCH; group was chosen
for this study since it is a typical functional unit in technologi-
cally important polymers, e.g., poly(methyl methacrylate)
[PMMA] and poly(ethylene terpthalate), and the componest C

(penetration) into the organic matrix, and reactions at the
organic/substrate interface. These issues have been particularly
problematic in earlier studie®8.Our results show that theCO,-

CHs; group is sufficiently reactive toward Al atoms so as to
block both the penetration and overlayer metallic phase nucle-
ation channels. Discrete organometallic complexes, with intact
CHs units, are formed in the initial deposition stages, ranging
from 1:1 stoichiometries at low Al coverages up to a limit of
~4:1. Further addition of Al results exclusively in the nucleation

of metallic clusters at the vacuum interface. In contrast, the

O group is generally accepted as the key chemically active unit chemically inert character of the alkyl chains allows the opening

in promoting Al interactions at a variety of polymer surfaces,
such as polyimide¥a9 Other workers have proposed that Al
atoms form various A+tO—C bridged complexes at O-contain-

of a dynamic channel, in which Al atoms diffuse to the /&u
interface to form a relatively uniform layer with the striking
characteristic of an intact alkyl chain organization. This process

ing polymer surfaces, but details remain sparse. For example,is complete after formation of an approximately 1-atom-thick
electron energy loss spectroscopy data for Al on polyimide have layer, and the deposition shifts to nucleation and growth of a
been interpreted in terms of the formation of an Al complex metallic overlayer at the vacuum interface. These results

with the carbonyl sites in the polym&id Akhter, Zhou, and
Whitel2k! have studied the interaction of (GHAI on poly-
(vinyl alcohol) and concluded that triangular-AD—C com-
plexes form with stoichiometries ranging from 1:1:1 to 1:1.5:
1, respectively. On the basis of molecular orbital calculations,
Chakraborty, Davis, and Tirréflhave proposed that Al atoms

(9) (&) Ulman, A.An Introduction to Ultrathin Organic Films, From
Langmuir-Blodgett to Self-Assembljcademic Press: Boston, 1991. (b)
Ulman, A.Chem. Re. 1996 96, 1533-1554.

(10) Dubois, L. H.; Nuzzo, R. GAnnu. Re. Phys. Chem1992 43,
437-463.

(11) Zhang, P.; Konstadinidis, P.; Opila, R. L.; Allara, D. $urf. Sci
1995 338 300-312.

(12) Polyimides: (a) Atanasoska, Lj.; Anderson, S. G.; Meyer, H. M.,
Ill; Zhangda, L.; Weaver, J. HJ. Vac. Sci. Technol. A987, 5, 3325~
3333. (b) Bartha, J. W.; Hahn, P. O.; LeGoues, F.; Ho, Rl. ¥ac. Sci.
Technol. A1985 3, 1390-1393. (c) Ho, P. S.; Hahn, P. O.; Bartha, J. W.;
Rubloff, G. W.; LeGoues, F. KJ. Vac. Sci. Technol. A985 3, 739-745.
(d) Pireaux, J. J.; Vermeersch, M.; @mére, C.; Thiry, P. A.; Caudano, R.
J. Chem. Physl1988 88, 3353-3362. (e) Vasile, M. J.; Bachman, B.Jl.
Vac. Sci. Technol. A989 7, 2992-2997. (f) Domingue, A.; Dignard-
Bailey, L.; Sacher, E.; Yelon, A.; Ellis, T. H. INletallization of Polymers

demonstrate how the character of the final metabanic
interface depends critically upon the subtle interplay between
the detailed structural characteristics of the organic film, the
chemical reactivity of the functional groups present, and metal
atom nucleation dynamics.

2. Experimental Section

Self-assembled alkanethiolate monolayers-8{CH,)1sCO,CHz and
—S(CHy)1sCHs on Au-coated Si wafers were prepared and characterized
according to previously published proceduteBriefly, self-assembly
was carried out in 1 mM ethanol solutions for 4 days. After being
thoroughly rinsed with ethanol and acetone, the samples were character-
ized immediately by IRS, single-wavelength ellipsometry, and liquid
drop contact angles. For convenience, the monolayers are designated
asME-Au andM-Au, respectively.

Four different chambers were used, one for each diagnostic
technique. All experiments were performed in situ, with the sample
held continuously under vacuum. Aluminum (99.999%) was thermally
evaporated from tungsten baskets, with the exception of a boronitride

Sacher, E., Kowalczyk, S. P., Pireaux, J.-J., Eds.; ACS Symposium SeriesCrucible Knudsen cell used for XPS experiments. Deposition rates were

440; American Chemical Society: Washington, DC, 1990; pp-2/&.
(g) Selmani, A. InMetallization of PolymersSacher, E., Kowalczyk, S.

maintained at or below 0.5 A/min for the different techniques, with
the exception of the SE experiment, which used a continuous deposition

P., Pireaux, J.-J., Eds.; ACS Symposium Series 440; American Chemical 5t of ~1 A/s. In the case of the XPS and ToF-SIMS experiments,

Society: Washington, DC, 1990; pp 34851. Poly(acrylic acid): (h)
Dekoven, B. M.; Hagans, P. |Appl. Surf. Sci1986 27, 199-213. Poly-
(ethylene terephthalate): (i) Bou, M.; Martin, J. M.; Le Mogne, Appl.
Surf. Sci.1991, 47, 149-161. Polythiophene: (j) Lazzaroni, R.; Blas, J.
L.; Dannetun, P.; Lgdlund, M.; Uvdal, K.; Salaneck,W. RSynth. Met.
1991 41-43, 3323-3328. Poly(vinyl alcohol): (k) Akhter, S.; Zhou, X.-
L.; White, J. M.Appl. Surf. Sci1989 37, 201-216. (I) Stoyanov, P.; Akhter,
S.; White, J. M.Surf. Interface Anal199Q 15, 509-515.

(13) For example, seeAdvances in Organometallic Chemistrgtone,
F. G., West, R., Eds.; Academic Press: New York, 1996; Vol. 39.
Organometallic ChemistryAbel, E. W., Ed.; The Royal Society of
Chemistry: Cambridge, UK, 1996; Vol. 25 and earlier volumes.

(14) Chakraborty, A. K.; Davis, H. T.; Tirrell, MJ. Polym. Sci199Q
28, 3185-3219.

incremental depositions were done in a fore chamber whose pressure
remained below 1x 107 Torr. After deposition, the sample was
transferred through a load-lock into the analysis chamber whose pressure
remained, in both cases, a{1—2) x 10°° Torr. In the IR and SE
experiments, depositions and analyses were accomplished in a fixed
sample configuration. The IR depositions were incremental, with
pressures remaining below & 1077 Torr during deposition and
recovering to~2 x 1078 Torr during analysis. The SE measurements
were performed in real time, with spectra taken during deposition.

(15) Nuzzo, R. G.; Dubois, L. H.; Allara, D. LJ..Am. Chem. Sod990
112 558-569.
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ion-pumped ) valve. The primary ions are delivered using a*Guid metal ion
chamber view port “ xyz6 gun (LMIG). The primary ion beam is accelerated to 25 keV and has
mount a probe diameter of 100 nm. The secondary ions are focused into a
KBr windowx

flight tube by an extraction lens, drift through a field-free region and

Sample film into a two-stage reflectron where they are time compressed, drift through
a second field-free region, and strike the multichannel plate (MCP)

polarizer detector. During data acquisition, the beam is pulsed with a width of
. FTIR 40 ns at<2 nA and is rastered over a 1600 1600 um? area. All
spectrometer spectra were acquired using a total ion dose less th&hidis/cn?.
Under these conditions, the relative peak intensities were reproducible
to 6% from sample to sample aae6% from scan to scan. Aluminum
deposition was carried out in the preparation chambergusiw wire
basket source, at a rate of 0.1 A/s. Deposition measurements were made
using a Sycon STM-100 QCM controller. The maximum error within

Figure 1. Diagram of the infrared spectrometer interfaced to a vacuum the Al deposition measurement.sﬂﬁS%. . .
deposition chamber. The polarized IR beam enters and exits the chamber The SE s.p_e_ctra were obtained on a c_ustom-pw_lt multlcha}nnel
through differentially pumped KBr windows and is incident on the mstrument UtI|IZIng a rotating _(12.5 Hz) polarizer for incident polarl_za-
sample at 88 The Al vapor flux, controlled by a shutter, is monitored tion state modulation a_nd a fixed analyzer, followed by a pho@odlode
by a quartz crystal microbalance thickness monitor. array connected to a prism spectrograph for reflected polarization state
detectior?? The optical system was interfaced to a deposition chamber.
Throughout the SE runs, the pressure remainesitx 108 Torr. The angle of incidence was set at’7@nd the analyzer was oriented
Thus, for all four probes, the pressure during deposition remained in at 30 with respect to the plane of incidence. The array pixels were
the 108 Torr region. Thereafter, all pressures were at that level or grouped to provide 83 spectral positions in the ellipsometric angles
lower. As demonstrated by the self-consistency of the results from all (¥, A), spanning photon energies from 1.3 to 4.0 eV. TheX) spectra
the techniques (see later sections), the small discrepancies between thwere collected over 0.16 s as an average of four optical cycles (or two
different operating pressures appear to have negligible effects on thefull polarizer rotations) during film deposition. The repetition period
courses of the depositions. Aluminum thickness determinations in the between successive spectra was 0.94 s. Details of the ellipsometer,
IRS and ToF-SIMS chambers were made using preca”brated quartzincluding rOtating pOlariZer Calibration, data redUCtiOn, and error
crystal thickness monitors set near the samples. In the XPS experimentsgorrections, can be found elsewhété!
the thickness was determined by noting the exposure times for each
dose, counting the total aluminum on the sample by Rutherford 3. Results
backscattering after removal, and applying the calculated source rate . .
(constant at constant source current) with the dose times. For SE, the 31 Overview.The resul_ts are prese_nted_ln terms of those
deposited film thicknesses were evaluated directly from the SE data. Obtained for each characterization technique in the order of XPS,
For all the methods, the substrate temperatures were kept withii@ 10 IRS, ToF-SIMS, and SE. In the Discussion section, the data
of room temperature during the depositions. are interrelated, and overall conclusions are drawn about the
Details of the XPS instrumelit'”and experimental proceddtdave deposition processes for each type of monolayer film. For the
been published previously. A pass energy of 75 eV and an energy stepXPS, IRS, and ToF-SIMS experiments, where the total amount
of 0.05 eV resulted in a full width at half-maximum of 0.52 eV for the  of Al delivered to the sample was measured directly, the average
Au 4f7;, core-level peak. Two sets of samples were employed 10 ogse js given in terms of the hypothetical thicknetg, which

determine the sensitivity of the samples to secondary electron dam'would be obtained if a uniform film were to form with the
ageé®®under the analysis conditions. The first received sequential 0.5-, density of the bulk metal

1-, 2-, and 4-A Al doses and then was removed. The second received
4-, 8-, and 16-A doses. Comparison of the two 4-A-coated samples ~ 3-2- X-ray Photoelectron SpectroscopyThe C and O 1s
gave similar results within experimental error, indicating that the longer Core-level shifts for untreatel-Au andME-Au collected at
X-ray exposure condition was not damaging relative to the shortest both 90 and 10 takeoff angles (10= near grazing) are in
one. In addition, a SAM was exposed to the X-ray beam overnight. agreement with previous dath.
Comparison of the C 1s region before and after X-ray exposure  The effects of depositing incremental amounts of Al onto
indicated negligible damage. _ _ _ M-Au are shown in Figure 2. The C 1s peak at 285 eV
The IRS spectra were recorded using a Fourier transform instrument §iminishes in intensity and becomes broader with increasing
(Mattson Research Series, Mattson-ATl, Madison, WI) interfaced via dai, as shown in Figure 2a. The peak shifts to higher binding

custom optics to a vacuum chamber with differentially pumped KBr _ . R
windows. Ap-polarized beam was utilized at an°@gle of incidence. energy aty = 1 Aand gradually shifts back to lower binding

The optics and spectral details are similar to those utilized for an €N€rgy atly =2 A. Such shifting has been noted in a previous
ambient system reported previoudhA manual shutter controlled the study” but not explained. The absence of new C 1s peaks
Al flux exposure. Data collection after each Al dose took approximately indicates that no chemical reaction occurs between Al and the
4 min. Since the details of the vacuum apparatus have not beenSAM. In particular, the formation of aluminum carbide (ex-
published previously, a schematic is given in Figure 1. pected at 282.3 €¥) is not observed. This result is consistent

The ToF-SIMS analysis was performed on a custom-designed with the earlier work of Jung and Czandefalhe gradual
instrumeng! The instrument consists of a load-lock, a preparation
chamber, and the primary analysis chamber, each separated by a gate (21) Braun, R. M.; Blenkinsopp, P.; Mullock, J.; Corlett, C.; Willey, K.
F.; Vickerman, J. C.; Winograd, NRapid. Commun. Mass Spectrornm
(16) Gelius, U.; Wannberg, B.; Baltzer, P.; Fellner-Feldergg, H.; Carlsson, press.

Al vapor source

with shutter QCM thickness

monitor
vapor range

sample access

G.; Johansson, C. G.; Larsson, J.; Munger, P.; Vegerfors). Glectron (22) Collins, R. W.Rev. Sci. Instrum.199Q 61, 2029-2062.
Spectrosc. Relat. Pheno99q 52, 747—785. (23) Nguyen, N. V.; Pudliner, B. S.; An, I.; Collins, R. W. Opt. Soc.

(17) Beamson, G.; Briggs, D.; Davies, S. F.; Fletcher, I. W.; Clark, D. Am. A1991], 8, 919-931.
T.; Howard, J.; Gelius, U.; Wannberg, B.; Balzer,Surf. Interface Anal. (24) An, |.; Cong, Y.; Nguyen, N. V.; Pudliner, B. S.; Collins, R. W.
199Q 15, 541-549. Thin Solid Films1991, 206, 300-311.

(18) Frydman, E.; Cohen, H.; Maoz, R.; SagivLangmuir1997 13 (25) Herdt, G. C.; Czanderna, A. W. Vac. Sci. Technol. A995 13,
5089-5106. 1275-1280.

(19) Wirde, M.; Gelius, U.; Dunbar, T.; Allara, D. INuclear Instrum. (26) Zhang, P. Study of the Chemistry and the Morphology at the
and Methods Phys. Res.1®97 130 1-8. Interface Between Metals and Polymers by Spectroscopic Techniques. Ph.D.

(20) Parikh, A. N.; Allara, D. LJ. Chem. Physl1992 96, 927—945. Thesis, Penn State University, 1993.
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Figure 2. XPS C 1s and Al 2p core-level shifts for the methyl-
terminated SAM at different total doses of Al. For reference, typical

Binding Energy, eV

Figure 3. XPS C 1s, O 1s, and Al 2p core-level shifts for the methyl
ester-terminated SAM at different total doses of Al. For reference,

binding energy regions, where aluminum carbide, sulfide, oxide, and typical binding energy regions, where aluminum carbide, oxide, and
hydroxide species have been reported, are indicated by the location ofhydroxide species have been reported, are indicated by the location of
the bracketed species. The nonbracketed species indicate peak assignhe bracketed species. The nonbracketed species indicate peak assign-

ments.

losses observed in the alkyl chain signal intensity in our
experiments can be straightforwardly attributed to signal at-
tenuation from the growing Al overlayer. The Al 2p core-level
spectra in Figure 2b show that a single broad peak7t.2 eV

is observed atly = 0.5 A. Likely sources of this peak would
be an AFO or an AFS species. Typical binding energies of
aluminum oxide%”28hydroxide, and sulfide specare shown

in Figure 2. An oxide or hydroxide could arise from reaction
of Al with adventitious Q or H,O. An Al—S species would
arise from reaction with the thiolate unit. The Al 2p peak for
Al,S; occurs at 74.6 eV, while reaction between evaporated Al
and the S atoms in polythiophene has been rep¥iterdgive

an Al 2p feature at~76 eV. The simplest mechanism for
formation of an A+S species in our experiment is Al atom
penetration to the AI/SAM interface. Figure 2b shows that the
~74.2 eV peak begins to diminish past this point. In concert,

the C 1s peak clearly shows the onset of attenuation. These

changes are consistent with an initial—2 A accumulation of
Al at the Au—S interface?® with a shift thereafter to accumula-
tion at the vacuum/SAM surface. In contrast, if th€4.2 eV

ments.

The results of analogous experiments performe&Au
are shown in Figure 3. The peak assignments for the pure SAM
spectrum have been reported previodsdlyhe C 1s core-level
features are shown in Figure 3a. The main peak at 285 eV
corresponds to the alkyl chain carbons; the side peaks at 289
and 287 eV in the initial spectrum correspond to thre@and
—OCH; groups, respectively. Atly = 0.5-1 A, these side
peaks vanish, but otherwise no change is observed. This
observation could occur because of reaction of the@@ unit
and/or photoelectron attenuation effects of an overlayer of Al.
Simple inspection of the spectra shows that the intensities of
the C=0 andC—OCH; peaks decrease much faster than does
the C—H intensity. On this basis, it is clear that the former
intensities are being reduced by chemical reaction of the
functional groups, although the nature of the products is not
revealed in the spectra. The O 1s peaks oftl@CH; and C=
O groups appear at 534.1 and 532.6 eV, respectively, as seen
in Figure 3b. Afterda = 0.5 A, both peaks are replaced by a
single broad peak at 532.9 eV. This behavior implies that there

peak were due to aluminum oxide (or hydroxide), one would isa significant. perturbgtion of the ester group. Further analysis
expect that Al was depositing only at the vacuum surface, where f these data is complicated by the formation of what appears
reaction with background O-containing species would continu- t© be an aluminum oxide, presumably arising from reactions
ally occur with increasing coverage. Eventually, the appearanceWith Oz and/or HO background gases, and by attenuation of

of a feature at-73.3 eV afterdy = 2 A indicates the onset of
Al metal [Al(0) state] deposition. At higher coverages, the peak
shifts further to 72.8 eV. This behavior suggests that the Al
metal forms initially as small clusters, which grow larger with
continued deposition. The resultant Fermi level shifts would
give rise to the binding energy trend. d4 = 4 A, the metallic

Al peak begins to dominate the spectra. The peak®t.2 eV

is still observed but does not increase with increasing

(27) Waner, C. D.; Powell, C. J.; Allison, J. W.; Rumble, J. R., Jr,;
Blakeslee, D. M.; Dal-Favero, M. RIST X-ray Photoelectron Spectroscopy
Database U.S. Department of Commerce: Gaithersburg, MD, 1997.

(28) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. In
Handbook of X-ray Photoelectron Spectroscopkastain, J., Ed.; Perkin-
Elmer Corp.: Eden Prairie, MN, 1992.

(29) An attempt was made to confirm the presence of ag§AL,
interfacial species by analysis of the Au 4f and S 2p and core-level regions.
The strong Au 4f peaks showed no discernible asymmetry, as expected
from the inability to detect any AuS asymmetry effects in the pure
alkanethiolate SAMs. For S, the small 2p photoionization cross section
combined with attenuation from the 2 nm organic overlayer results in such

weak peaks that the long collection times needed for good signal/noise make

the spectra susceptible to X-ray damage artifacts (see ref 19).

the signal intensity by the Al overlayer. Figure 3c shows the
Al 2p core-level spectra. Note that, afigg = 0.5 A, a broad
peak, centered at75.2 eV, appears. This result contrasts with
that found for theM-Au SAM, where a broad peak at74.2
eV (attributed to an A+S species) appearsdd = 0.5 A. The
feature in theME-Au SAM appears at a higher binding energy
than expected for aluminum oxide. On this basis, we assign
the new peak to an AIO—C species formed from the reaction
between Al and the-CO,CHjz group. Another contrasting result
is the appearance of an Al(0) peak (at 72.9 eV) betwher
4 and 8 A onME-Au . OnM-Au, this species appears between
2 and 4 A. The delay in the formation of Al(0) would be
expected if the Al atoms were reacting with thR€O,CH3 group
to form an A-C—O species. Afteds = 8 A, the observed
increasing dominance of the Al(0) peak in the spectra indicates
that a metallic overlayer of Al is accumulating.

3.3. Infrared Spectroscopy.The mode assignments of the
spectra of the monolayers have been reported elsewhere.
Previous characterization has shown for both monolayers that
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Figure 4. IRS spectra of the methyl-terminated SAM for different
total doses of Al. The peak frequencies (in @nand the mode
assignments for the initial (no Al) SAM are the following: 2965, £H
C—H asym str; 2958, Ckl C—H asym str; 2938, Ckl C—H sym str;
2918, CH, C—H antisym str; 2878, Ck} C—H sym str; 2851, CH
C—H sym str; 1468, Chiscissors def; 1383, GH$ym def. Plot ¢ shows
an expanded scale overlay of the initial spectrum and that after 3.7 A
deposition of Al.

the chains are in highly trans conformations, with the long axes
tilted from the surface normal at an average angle-@6—
350_10,15,20

The M-Au spectra are presented in Figure 4. The major
observation is that deposition of Al causes only small perturba-
tions in the spectra; all major features remain, even afeA
of Al. This observation demonstrates, in agreement with the
XPS result, that no chemical interaction occurs between Al and
the monolayer. A more detailed examination, however, does
reveal a slight broadening in the dnode feature at 2918 crh

Hooper et al.

—— No Al
— — 37AA

c

Absorbance

I A 3.7

T T T T T
900 1300 1700

T T T
2700 3000 2800 2900 3000

Wavenumber, cm™
Figure 5. IRS spectra of the methyl ester-terminated SAM at different
total doses of Al. The peak frequencies (in @nand the mode
assignments for the initial (no Al) SAM are the following: 2955, CH
C—H asym str; 2918, Ck CH antisym str; 2851, CHlC—H sym str;
1746, C=0 str; 1465, CH, scissors def; 1440, GHsym def; 1156
1350, chain wags and twists (progression bands); 126® 6tr; 1177,
C—0 str. Plot ¢ shows an expanded scale overlay of the initial spectrum
and that after 3.7 A deposition of Al.

of the aluminum oxide LO phonéf(va—o) of the native oxide

on Al metal; accordingly, this feature is assigned to an aluminum
oxide species. Using calibrations of the LO-phonon cross section
from Al,O5/Al samples, we estimate that the observad o
peak in Figure 5 foday = 3.7 Ais equivalent to an-1 A layer

of aluminum oxide.

In the high-frequency region, all-€H stretching mode peaks
remain after Al deposition but undergo noticeable broadening.
The d” mode also shows a significant shifteft-5 cnT1. These
results indicate that the chains remain on the surface but are

upon Al deposition. This behavior suggests the appearance ofonormationally disordered by the Al atoms. This disordering

a correspondingly slight amount of chain disordering. The

effect is much stronger than that fdt-Au. It is important to

changes in the high-frequency modes are highlighted in Figure .50 that, while the Cilasymmetric stretching mode Jr

4c, where the initial spectrum is superimposed on a spectrum

taken atdy = 2.6 A.

In contrast, several major changes are observed with Al
deposition onME-Au. In the low-frequency region of the
spectrum, shown in Figure 5, one can note thatlagicreases,

associated with the ©CHjz unit (initially at 2955 cnT?) shows

a significant broadening, the overall intensity and frequency
position remain reasonably constant. This result is consistent
with the loss of integrity of the-CO,CHjs group, but with the
constraint that the Cyremains chemically intact and bound at

evenly distributed intensity losses occur for those mode peaksine surface. Given the general insensitivity of the mode

associated uniquely with the presence of a termin@(=0)—
OCH; group. Of particular importance are the peaks at 1746,
1206, 1177, and 12661350 cnt?, assigned, respectively, to
the G=0 stretch {c—o), the C-O stretchesic—o andva_g),

and the chain twist-wag mode&d,). While thewcn, modes
arise from coupled vibrations of the(CH,)— chain, they are

frequency with respect to bonding to O or #Alit is not possible
from the spectra to conclude the final chemical state of the CH
group in the reaction product, e.qg.,.@Hsz or AI—CHs. The
changes in the high-frequency-E stretching modes between
the initial spectrum and one takendyf = 2.6 A are revealed

in detail in Figures 4 and 5. Comparison of the high-frequency

unigque to the ester group in the sense t_hat their intensities aréoyverlaps in Figures 4 and 5 clearly shows that the changes are
greatly enhanced when an ester group is attached at the chaijyreater for theME-Au film than for the M-Au film. This

terminus (compare this region for Figures 4 ané3jhe spectra
in Figure 5 show that, bya = 1.0-1.2 A, all the ester-related

behavior shows that there is a much greater perturbation of chain
conformational ordering for Al deposition on tME-Au film.

features vanish. In contrast, those features associated with the sjng the peak intensities of modes associated uniquely with
alkyl chain, independent of the presence of a terminal ester tha —cO,CH; group, the progress of the reaction of Al atoms

group, show much smaller changes. The,GEissors deforma-
tion mode {cp,) peak at 1468 cmt is virtually unchanged
except for a small increase in intensity. The £$ymmetric

deformation fcn,) peak at 1440 cmt shows a modest drop in

with this group can be followed. To do this quantitatively, the
selected mode features were isolated by curve-fitting and the

(30) Mertens, F. PSurf. Sci.1978 71, 161-173.
(31) Possible fates of the GHinit in the Al-CO,CHs; system include

imenSitY and some broaden!ng. Thes? Observ",ﬂions lead to thq‘ormation of A-CHz and A-OCH; bonds. Relevant to this, the mode
conclusion that the alkanethiolate chains remain on the surfacefrequency for AI(CH)s is 2958 cnT? (Crompton, T. R.Comprehensie

after Al deposition but the ester group is chemically altered.

Further, the changes in the ester group do not involve loss of
the CH; moiety. Finally, note that a broad peak appears between

800 and 1000 cit for da; > 2.7 A. This feature is reminiscent

Organometallic AnalysjsPlenum Press: New York, 1987; Chapter 4), very
near the value of 2955 cm for the CQCH; group. While IR data for
CHzO—Al compounds do not appear to be available, the analogous
compound B(OCH)s is reported to exhibitT at 2955 cn! (Lehmann, W.

J.; Onak, T. P.; Shapiro, 0. Chem. Physl1959 30, 1215-1218).
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Figure 6. Plots of the changes in selected IRS integrated peak areas s A"i 2“{33371% /‘*u; )
of a methyl ester-terminated SAM with total Al coverage in A. For i . e
analysis of the'c—o features, the areas of both contributing modes were > l noAl
combined. [ 0EAAI
@
E [ 1.0A Al
peak areas determined. The results are given in Figure 6. The | '
vc—o and vé,o mode intensities decrease until they are com- 20A A
pletely gone bydy ~ 1 A. The ycy, intensity also decreases - TR
but does not vanish. Changes in bo_th ma% andycp, modes o0 610 680 710 780 810 860
are complete byly =~ 1 A. The ycy, intensity has more than miz, -ions
doubled, while that of thec, mode is reduced to about one-  Figyre 7. Negative SIMS spectra of methyl-terminated and methyl
third of the original value. ester-terminated SAMs for different total Al doses. The symiéh

All of the above data suggest that the deposited Al atoms the mass fragment peaks represents the intact adsorbate species.
cause chemical changes in th€ O,CHz group, which in turn
induces significant conformational disordering of the alkyl diagnostic ions of interest include AuS(@k in the M-Au
chains. However, note that, although the modes associated withspectrum and AuS(CHi~ and (CH)CO,~ in the ME-Au
the ester group have disappeared, no new peaks associated witbpectrum.
the reaction products are obvious. The only new peak observed Following analysis of the bare monolayers, Al was deposited,
is the aluminum oxide phonon in the 860000 cnt! region, and changes in intensity were tracked for the aforementioned
and this feature appears onlydy values significantly above  ions as well as for new features in the mass spectra involving
those required to cause the ester modes to vanish. In principle metal-organic ions. Figure 7 shows th@z = 580—820 region
it is possible that newly formed molecular groups could be of the negative ion mass spectra fdrAu andME-Au at da
oriented in such a fortuitous way that the transition dipole = 0, 0.5, 1.0, 2.0, and 4.0 A. The spectra for both monolayer
moments of the oscillators are all parallel to the surface, thereby systems contain a series of peaks includings AuAusS-,
being inactive toward infrared excitatidh. However, this AusS,, AusSs, Aus, AuA-, and AuA.
situation is unlikely, since not all modes would be expected to  The relation of AyA~ and AuAy~ intensities tada is shown
have identical dipole orientations. in Figure 8. The plot for Al deposited ontd-Au (Figure 8a)

3.4. Secondary lon Mass Spectrometry.Overall, the shows that the intensity of ions involving the gfdinctionality
complete mass spectra of both positive and negative ions showincreases with the initial increment of deposition and then holds
that the starting monolayers are quite pure. As a backgrounda constant intensity as further Al is deposited. The lack of an
for discussing the effects of Al, we briefly review useful intensity drop indicates that the alkyl chains are not chemically
diagnostic peaks for the pure SAM. The relative intensities of modified by Al metal, consistent with the results of XPS and
Auy and AyS cluster ions are in excellent agreement with those IRS experiments. The intensity increase presumably arises from
observed previousl§?34 and no features were observed that the electropositive Al atoms, which act as an electron source
indicate the presence of oxidized alkanethiolate species suchfor the more electronegative desorbing i8h$n contrast, for
as sulfonaté2-35 The information associated with the positive Al deposited ontdE-Au (Figure 8b), ions involving the-CO,-
ion spectra of the bare monolayers is found mostly below a CHs functionality vanish bydy = 1.0 A, an indication that one
mass-to-charge ratian(z) of 200. Prominent features of the Al atom reacts per functional group. This result is consistent
M-Au spectra are characterized by the chemical formulas With data from both XPS and IRS, which each show that all
(CH2)x", (CHo)CH*, CH3(CHy)xt, and S(CH).*. Prominent functional groups have undergone chemical modification at this
features in theME-Au spectra are characterized by (§H, coverage. Evidence of the chemical interaction between Al and
(CH2)CH*, S(CH)«", (CHo)CO*, and (CH)CO.CHs*. The the —CO,CHjz group is revealed in Figure 9 by the appearance
negative ion spectra of the baveAu andME-Au monolayers  of the [COJAIT and [(CH)sCO™JAl ions and their increasing
exhibit a number of high-mass ions containing intact adsorbate intensities relative to the initial intensities ofsi," and
molecules such as AuA Au,A~, and AuA, where A is the CsHsS™, respectively, as the deposition proceeds. The lack of
adsorbate species, as well assAand AyS,~ clusters. Other multiple-metal complex peaks in the spectra is further evidence
for the reaction of only one Al atom perCO,CHjs group. Other

(32) Tarlov, M. J.; Newman, J. G.angmuir 1992 8, 1398-1405. metal-organic fragments of the form AIOC(Gli* and AlO,C-
La%?%::ff;;;%fﬁ%giﬁgg?hove”' A Spinke, J.; Liley, M. Knoll, W. o)+ as well as AIOC and AIO™, are observed. The lack

(34) Wood, M. C. Surface Characterization and Imaging with lon-Induced Of AuAIYS,~, AIS,~, and AIS(CH)* ions for Al deposition
Desorption and Multiphoton Resonance lonization. Ph.D. Thesis, Penn Stateonto ME-Au indicates that Al penetration to the SAM/Au
University, 1995; pp 34111.

(35) Hutt, D. A.; Cooper, E.; Leggett, G.J.Phys. Chem. B998 102, (36) Czanderna, A. W.; Hercules, D. Mon Spectroscopies for Surface
174-184. Analysis Plenum Press: New York, 1991; pp4541.
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Figure 8. Plots of intensities of the A~ and AwA~ mass fragments ® .20
for the methyl- and methyl ester-terminated SAMs versus total dose g 10 10
of deposited Al. The symbd\ in the mass fragment peaks represents =z } 0.0
the intact adsorbate species. Under these conditions, the relative peak - 00
intensities were reproducible t86% for sample-to-sample and scan- " " :

to-scan on the same sample. 85.5 86.0 86.5 90.1 90.7 91.3

m/z, +ions m/z, -ions
. . (@ (b) Figure 10. High-resolution ToF-SIMS spectra for methyl-terminated
z [COAI |CsHyy [(CH,),COM SAMs at different total Al doses.
2 CsHsS
,E o preadsorbing onto dense regions of the SAM surface, followed
- ALA ALA by random surface diffusion to the open areas. Parallel experi-
I \ 40 4.0 ments on companion samples show that the films are strongly
g J\u L 20 2.0 electrochemically blocking’ This can be taken as evidence that
5 10 10 the films are quite dense and relatively free of “pinhole” defects.
=z 00 00 Further, the ToF-SIMS and IR data suggest that Al has
, - , = penetrated evenly across the-A8 interface, contrary to what
70.4 709 71.4 96.5 97.0 97.5 would be expected for deposition into isolated defect regions.
m/z, +ions m/z, -ions The Al*, Al,*, and Ak™ cluster peak intensities fov-Au,
Figure 9. High-resolution ToF-SIMS spectra for methyl ester- bare Au andME-Au samples are given in Figure 1%a,
terminated SAMs at different total Al doses. respectively, as a function dfy. The bare gold was cleaned of
) ) organic adsorbates by sequential immersion in 303@.+and
interface does not occur. Formation of ,AlyS,” mass frag- gas-phase U¥O; exposure. For bottM-Au and bare Au
ments i_s co_mpletely independent of distances over which that(Figure 11a,b, respectively), the’Aand Ab* intensities increase
recombination can occur. in parallel fashion up taly ~ 1 A, while the Akt does not.

Cluster ions involving Al, S, and/or Au atoms are examined apoyed, ~ 2.0 A, all three cluster ions are observed, and the
for evidence of diffusion of deposited Al to the SAM/AU  inensities increase with increasing Al coverage. The early
|nterface_reg|on, as suggested ab(_)ve. As shown in Figure 10'appearance of the Al peak indicates that the deposited Al
Al deposited ontav-Au does result in the appearance of peaks  41oms have already begun to cluster to some extent, as opposed
indicating penetration of Al to the SAM/Au interface. This effect being localized as isolated atoms (greater than several
is made cibwous in the+observat|on of the increasing intensity giameters apart). Cluster ions are formed when component atoms
of AlSH,", A'§CH2CH . AUAIS ,med AIS™ relative 10 4t the surface are within'5 A of one another during the ion
CoHsS™, CeHis", and [SCigHss]Au?", respectively, as the  pomhardment evert The qualitatively similar behavior of
eros!t!on progresses. These spectra are normalized to the initia\y_a, and bare Au is interpreted as support for penetration of
intensities of GHsS*, CeHs", and [SCigHas AU to make  yhe Al atoms to the SAM/Au interface in tHé-Au case. In
obvu_)us the increasing intensity of the metatganic fragment_s contrast, for Al deposited ontdlE-Au (Figure 11c), only Af
relative to the organic fragments. The AlSmass fragmentis g gpserved fordy < 1.0 A. Appreciable levels of At and
normalized to the Au signal intensities. Absolute intensities Al;+ appear only whenly > 1.0 A. These data indicate that
decrease whedy > 2.0 A due to the thickening Al ov+erlayer. at low coverage, the Al overlayer ME-Au consists primarily
Other fragments of the form AAlyS;” and AIS(CH)." also ot jsolated atoms bound te CO,CH functional groups. The
are observed.

One possible mechanism for the observed Al penetration  (37) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am.
involves the presence of static defects, viz. “pinholes”, in the Chem. Soc1987 109 3359-3568. _
films where groups of alkanethiolate chains are missing. In this 22:()’?:82)5‘2"1?3?3' SN_-“C/?éi(ng/rﬁé'r\]"eJddé Kég?r?éc}ﬂdgnikéiglc%%yﬁn
mechanism, .the Impinging vgpor—dgposned atoms could pen-ass Spectrometry SIMS)Gillen, G., Lareau, R., Bennett, J., Stevie, F.,
etrate by being deposited directly into the open areas or by Eds.; John Wiley & Sons: New York, 1998; p 443.
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shows that this represents the transition between the initial

- (a) M-Au (b) Au (c) ME-Au ) - ! ! v
-‘é Al Al A formation of an optically nonadsorbing dielectric layer on the
£ X monolayer surface and the subsequent formation of optically
° Al (x15) Ay’ 69) absorbing metallic Al particles. The continued visibility of the
£ : A" (x15) Al (x25) Au d-band transition with deposition shows that the Al film
© Al;* (x30) - , ) remains semitransparent throughout. The later analysis shows
« I ; Lt , LN . ,

Op Fom e — s | | L that the final Al film thickness is~150 A for the final spectra
. @ MAs YW O MEA att ~ 94 s. Second, both sets of spectra in Figure _12 sho_w no
5 evidence of the parallel-band feature at 1.5 eV that is dominant
5 A e in the spectra of bulk At! As will be discussed in detail below,
f) this observation can be attributed to a high film defect density
= ! that reduces the relaxation time of the excited electrons such
° m e AU (10) - that the bulk Al optical features are broadened beyond recogni-

Auy” (x25) tion.42
0o 1t 2 3 4 0 1 2 3 4 0 1 2 3 4 The spectra of Figure 12 were first analyzed for evidence of
Al thickness, A Al thickness, A Al thickness, A

the formation of a dielectric overlayer caused by a chemical
Figure 11. Plots of Al monomer, dimer and trimer peak intensities reduction of the initial Al flux by the terminal ester groups of
versus overlayer thickness. Plots a, b, and ¢ show thieiéi fragments  the ME-Au monolayer. A preliminary least-squares regression
from the methyl-terminated SAM, bare gold film, and methyl ester- - gng|ysis (LRA) was carried out using a two-layer optical model
terminated SAM, respectively. Plots d, e, and f show thg"Aion (ambient/dielectric layeME-Au ), in which the optical proper-
fragments from a methyl-terminated SAM, bare gold film, and methyl ties of ALO; were assigned to the dielectric lay&tFrom this
ester-terminated SAM, respectively. Note the scale expansions on Someanal sis. it \?;vas found that the Al atoms arrivin dl'mn the first
of the plots. ySIS, g 9

28 s form a dielectric layer of thickneslie = 6 + 1 A at the

appearance of AT peaks is interpreted as an indication that ME-Au surface, while further depOSition results in unreacted
additional Al initiates the formation of small islands. Al(0). The use of any metallic-like properties for the initial layer
The corresponding Auand Ay~ spectra for the above (t < 28 s) gives quite poor fits to the data, whereas for the
Samp|es are presented in Figure 11d,e. As the depositi0n|ayer forming at later times, metallic properties must be included
progresses on bare Au, the ion yields increase. This effect ist0 obtain good fits.
expected on the basis of an electron transfer from Al atoms to ~ The data from the preliminary analysis were applied as trial
the more electronegative Au atoms during ejection from the conditions for a more rigorous analysis using a three-layer model
surface. This trend is also observed for Al deposited dfau (ambient/Al/dielectridVlE-Au ). In this procedure, based on a
(Figure 11d), further supporting the conclusion that Al atoms Previous method? values fordgier and dmetas as well as the
penetrate to the SAM/Au interface. Initial deposition of Al onto  SPectra in €,e2)metas Were deduced at different times during
ME-Au also causes the Au ion intensity to increase in value, the deposition. In this analysis, as well, the optical properties
as shown in Figure 11f. However, in contrast to the other Of Al2O3 were assigned for the dielectric layer. The procedure
surfaces, the Au ion signals are quickly attenuateddky~ was guided by the results of a previous study of Al deposition
0.75 A. This result indicates that the ejection of substrate Onto SiQ/Si substrate$; in which the interaction between Al
fragments is being blocked by formation of an overlayer at the and SiQ has been well characteriz&W!’First, using trialdgiel,
vacuum interface. dmetal Values, the experimenta( A) spectra were mathemati-
3.5. Spectroscopic EllipsometryThe spectra collected in ~ cally inverted to obtain a trialeg,ez)metar The constraint was
real time during the first-94 s of the Al deposition oME- applied that 1,e2)metas Must be free of Au interband transition
Au are shown in Figure 12. The data are plotted as a function artifacts in the 2.5 eV region.
of time () in terms of the real and imaginary parts of the A typical set of simulation results is presented in Figure 13,

pseudodielectric functiorigl= &+ ilé,[) defined as where the experimentaly( A) spectra after 34.8 s of deposition
have been modeled. The plot shows the trakf)meta SPECtra

(smoothed for clarity of presentation) for differeff anddmetal
values, with &i,e2)metar @ssigned as that of AD; (as noted
In this equationd is the angle of incidence ang= ry/rs, where above). Given the constraints that the simulation must both obey
rp andrs are the complex Fresnel coefficied®The pseudodi-  causality (i.e., the KramersKronig relationships betweeey
electric function is defined such that a single ideal interface andez) and show no substrate-related artifacts, the best fit to
between the ambient vacuum and a hypothetical material of the experimental spectra is obtained éak = 6 A and dmeta
dlelectnc functionléUgives the samey(, A) spectra as the (41) Smith, D. Y.; Shiles, E.; Inokuti, M. IrHandbook of Optical
complicated AIME-Au sample structure. The two three- constants of Solid#alik, E. D., Ed; Academic Press: Orlando, FL, 1985;
dimensional surfaces in Figure 12 were constructed from 100 p 369. ‘
pairs of spectra, each having 83 photon-energy positions from (42) Nguyen, H. V.3 An, 1.; Collins, R. WPhys. Re. Lett 1992 68,
131040 eV- . . . . (43) The analysis essentially consisted of minimizing the unbiased

Two qualitative features are readily observed in the figure. estimator of the mean square deviationbetween experimental and
First, along thet = 0 s line in theld;0spectrum, the feature Icalfulateg (talfg’élcg%igslpelcég (¢ﬁpnei" Di E’-fOC-t_SOC-fFZ&)Om-Opt.

- - : St A - Instrum. Eng. — . The optical properties of AD; were

near 2.5 e_V_ is associated with the intrinsic d-band to Fermi assumed for the dielectric layer, and the layer thickness is the single free
level transitions of the Ad% Note that only after~30 s of

= sin 0{1 + [(1 — p)/(1 + p)]? tarf 6}

parameter.
deposition does this feature change significantly. A later analysis

(39) For example, see: Azzam, R. M. A.; Bashara, N.Bipsometry
and Polarized LightNorth-Holland: Amsterdam, 1976.

(40) Aspnes, D. E.; Kinsbron, E.; Bacon, D. Bhys. Re. B 198Q 21,
3290-3299.

(44) Arwin, H.; Aspnes, D. EThin Solid Films1984 113 101-113.

(45) Nguyen, H. V.; An, |.; Collins, R. WPhys. Re. B1993 47, 3947~
3965.

(46) Brendel, R.; Hezel, Rl. Appl. Phys1992 71, 4377-4381.

(47) Hetch, M. H.; Vasquez, R. P.; Grunthaner, F. J.; Zamani, N.;
Maserjian, JJ. Appl. Phys1985 57, 5256-5261.
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Figure 12. Real and imaginary parts of the pseudodielectric function collected in real time during Al evaporation onto a methyl ester-terminated
SAM. A total of 100 pairs of spectra, each consisting of 83 spectral points, were collected over an Al deposition-iiné ofin (94 s). The
aluminum deposition rate was initially slow and then accelerated after about 5 s. The total amount of Al deposited over the time scale of the plots
is ~200 A.
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Figure 13. Trial dielectric functions for Al particle films determined  Figure 14. Selected metallic Al effective dielectric functions obtained
from a three-layer model (ambient/Al/dielectM-Au) of the real- from real-time observations of Al evaporation onto a methyl ester-
time SE data collected &t= 34.8 s (see Figure 12). In obtaining these terminated SAM. These results were calculated with the correct choice
results, different choices of the dielectric and metallic Al film of the metallic Al thicknessgmew, as determined from the analysis
thicknesseslsies anddmetas Were made to allow mathematical inversion  procedure of Figure 15. Here, the dielectric layer thickness at the SAM
of (y, A) [or ([¢1L1€10]. The pair of correct thicknessesdj, dmeta) surface is assumed to be 6 A.

= (6 A, 10 A)] is the one that minimizes artifacts in the inverted ¢ isol | ¢ AI(O): th . li
dielectric function of the metallic Al particle film arising from structure of isolated clusters of Al(0); they do not appear in nonmetallic

in the substrate optical response. The data have been smoothed foptates. The plasmon feature arises only in the experimental
clarity. spectra taken after30 s of deposition, after which it is seen

until full coalescence occurs. From this we conclude that the
shift observed at-30 s in the experimental spectra (Figure 12)
is due to a change in the deposited film properties from a
dielectric to a metallic type. Note that the plasmon band

= 10 A. Note the agreement dofgier With that from the
preliminary LRA analysis at = 28 s.

The above rigorous analysis was performed at different film
growth stages front ~ 35 to 42 s. The resulting best-fit
(e1,€2)metarSpectra of the evolving Al film are plotted for selected (48) These features are similar to those observed for the Al/Si&tem,
dmetar Values in Figure 14. All the spectra exhibit shapes in which case isolated Al particles exhibit a single broad dipolar plasmon

metal . 4 .' . i absorption feature im,, peaking above 3.0 eV, along with normal (not
consistent with dommarjt dipolar plasmqn 9dsorptlon fea T€S.  anomalous) dispersion in from 1.3 t0>3.0 eV (Nguyen, H. V.; An, I.;
These features are uniquely characteristic of films consisting Collins, R. W.Phys. Re. B 1993 47, 3947-3965.)
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increases in magnitude and shifts to lower energies as the film
thickness increases. The increase in magnitude is consistent with

an increase in volume fraction of Al in the film. The shift to

lower energy arises from local field effects in which the electric
field within the Al clusters is screened by the dipole fields of
neighboring clusters.

The trends in the Al dipolar plasmon band with increasing
Al deposition can provide quantitative information on the
changing morphology of the film. Following previous studies
of Al/SiO,,*> the effective dielectric functions of Figure 14 were
interpreted using a MaxwelGarnett-type effective medium
theory#® in which the parameters of interest can be deduced
from a LRA. The two critical parameters related to film
morphology are the Al volume fractio, and the interparticle
interaction parameteF, which describes the screening effétt.

Additional parameters are related to the parallel-band and free-

electron (Drude limit) transition relaxation timessg and 7p,

which can be expressed in terms of a common electron mean

free path,, describing the reduction akg andzp from their
bulk valug.%°

The final results forQ and zpg, along with a summary of
dgiel and dmetas Values as a function of the deposition time, are
shown in Figure 15. The bottom plot shows the onset of Al(0)
att = 30 s after the development of the 6-A dielectric layer. In
the gap betweeh= 29 and 32 s, there is insufficient Al in the
metallic film (~mass equivalentfal A Al metal) for a two-
layer analysis. Fot > 32 s, the physical thickness of the Al
film increases linearly with a deposition rate of 2.34 A/s, as
determined from the slope of the fitted dashed line. The
relatively lowQ values (middle plot) from~30 to 40 s of growth
suggests that the Al(0) morphology consists of isolated clusters.
The slow increase d from 0.12 to 0.21 with increasing time
signals a trend toward coalescence of the clusterstdghealues
(top plot) remain nearly constant, at an average valuggf]
= 0.61 x 1015 s. This value is a factor of 7 smaller than the
relaxation time for bulk Al tpg = 4.1 x 10715 s#245horizontal
solid line). The independence ofg on thickness suggests that
the electron lifetime is limited by scattering at internal defects
within the clusters. Disorder and vacancies within the clusters,
for example, may contribute to the enhanced scattering. The
overall results fot < 32 s show that the Al(0) clusters do not
form with bulk properties. This behavior is quite close to that
observed for Al growth on SiQunder similar condition$>

(49) Yamaguchi, T.; Yoshida, S.; Kinbara, A. Opt. Soc. Am1974
64, 1563-1568.

(50) In including the electron relaxation times in the model, one must
be aware that the bulk dielectric function for Al consists of both intraband
(Drude free electror= D) and interband (parallel-bar PB) contributions.

The latter occurs in the neighborhood of the Brillouin zone surfaces parallel

to the square (200) zone faces in the Al band structure and leads to a sharpu

absorption onset, evident i for bulk Al at 2|Uzog = 1.5 eV. Here Uk

is the Fourier coefficient of the effective crystal potential for the reciprocal
lattice vectorK that corresponds to the (200) zone faces. (For details of the
relationships, see: Ashcroft, N. W.; Sturm, Rhys. Re. B 1971, 3, 1898—
1910.] Because of the spectral breadth of the strong high-energy tail
associated with the (200) contribution, our data reflect both the D and PB
transitions, whose bulk relaxation times)(are different. Furthermore, the
electron scattering at surfaces or internal defects perturbspythealues.
This problem can be handled by employing a classical -séffect
relationshipz; = 75" (v/4), to describe the scattering, whereis the Fermi
velocity, 2.02x 10° cm/s, 1 is the electron mean free pafh= D or PB,

and b represents the bulk state (Kreibig, U.; Fragstein, @.¥hys.1969

224, 307-323). In this relationship, the; values are reduced from the
corresponding;p ones by a common, thus reducing the number of free
parameters in the LRA from twardg, 7p) to one ¢). Applying the size-
effect relationship, the expression for Al particle dielectric function as a
sum of the two contributions and the MaxweGarnett-type effective
medium theoryQ, F, and4, can be deduced from a LRA of the dielectric
functions of Figure 16.
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Figure 15. Summary of the parameters deduced in a complete least-
squares regression analysis (LRA) of SE data obtained in real time
during Al evaporation ontdM[E-Au. Top to bottom: the electron
relaxation timegzpg, for the parallel-band transitions in the Al particles;
the volume fraction of AlQ; and the dielectric and metallic Al particle
film thicknesses. The vertical line indicates the transition between the
formation of a dielectric layer at tHdE-Au surface and the formation

of metallic particles (the latter at a physical thickness rate of 2.34 A/s).
The gap in the analysis between 29 and 32 s arises from the difficulty
in interpreting the data for ultrathin metallic Al films. The Al particles
exhibit an average parallel band relaxation time of Q.807'°s, a
factor of 7 lower than the bulk Al film value (horizontal solid line at
top). Error bars on all parameter values are the 90% confidence limits
in the LRA.

4. Discussion

4.1. Al Deposition on the CH-Terminated Monolayer. For
convenience in following the discussion, the overall process of
Al interaction with M-Au as a function of coverage is
summarized in cartoon form in Figure 16 (top).

The combination of the XPS, IRS, and ToF-SIMS conclu-
sively shows that the alkyl €C and C-H bonds in the
n-alkanethiolate monolayer are chemically inert to the deposited
Al atoms. In particular, there is no evidence for the formation
of aluminum carbides, consistent with a previous refofthis
behavior contrasts sharply with that of Ti, where there is a high
reactivity with C—H bonds to form carbides.

While the alkyl chains remain inert to the Al atoms at all
stages of the deposition, in contrast, the XPS and ToF-SIMS
data reveal that an AlS interaction occurs in the initial stages
p toda =~ 2 A. Evidence for this is seen by comparison with
the data for the ME-SAM. In th&1-Au system, one observes
Au,AlyS;t ions, while none are observed fofE-Au . For both
films, gold clusters are observed, but oM{tAu has sulfur-
containing mass fragments. These data show that the Al atoms
must penetrate into the AtS interfacial region. Further, since
the IRS data show that Al deposition causes negligible confor-
mational changes in the highly organized monolayer, theAl
interaction cannot take place by a massive disruption of the
monolayer structuré! The surprisingly small perturbations of
the alkyl chain structures indicate that the Al atoms must
undercut the alkanethiolate layer in an extremely even manner
laterally such as to support the uniform packing of the chains.
We note that diffusion of metal atoms to the substrate interface
in SAMs has been observed previously by otlfé&¥%sso a
precedent exists.
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Figure 17. Schematic showing an underlying Au(111) terrace with
an overlayer of an alkanethiolate, shown as large circles, off 3

3Y2 R30® superlattice. The dark cylinders on the adsorbates indicate
the top projection of the €C—C direction, while the arrows indicate
the chain axis tilt direction. The left-hand diagram shows a static lattice.
The availability of thermal energyk() is shown as leading to a
positional fluctuation in the right-hand diagram, where some adsorbates
have shifted their S atoms from 3-fold hollows to atop sites on the Au
lattice.

interaction mechanisms with the methyl- and methyl ester-terminated ambient temperatures to create transient, nanometer-scale open

SAMS. The top figure shows that, for the methyl-terminated SAM,
the first~2 A of Al diffuses directly to the S/Au interface to form a
smooth interlayer, while after4 A a metallic overlayer at the SAM/
vacuum interface forms. The bottom figure shows that, for the methyl
ester-terminated SAM, the Al atoms react preferentially with the ester
groups and do not diffuse to the S/Au interface. The fir6t 75 A of

Al is shown as forming a specific 1:1 reaction product with the terminal
ester groups. After-4 A, metallic Al begins to nucleate in the form of

regions on the Au substrate. It is reasonable that diffusion could
occur via these channels on the time scale between deposition
and analysis{minutes). The schematic in Figure 17 illustrates
how the dynamic channel mechanism would work. The figure
shows the alkanethiolate chains placed ow/a  +/3), R30°
Au(111) superlattice with the chain tilt vectors indicated on top
of the adsorbates. The left figure shows a static overlayer, while

discrete clusters, whereas at much larger thicknesses the Al forms athe right shows one possible concerted fluctuation efSR

uniform metallic overlayer.

Since a perfectly ordered SAM would not have sufficient

adsorbate positions on the Au surface, in which some of the S
atoms move from a 3-fold hollow to an atop site on the Au(111)
lattice. This transient defect contains a space sufficiently large

space between chains to allow penetration by Al atoms, the to accommodate a 2.75-A-diameter Al atom at the gold surface.

diffusion mechanism must involve defects. Two types can be

Once at the SAu interface, the Al atoms could either alloy

considered: static and dynamic. Static defects include pinholeswith the A6 or chemically react with the S atoms. The latter
or patches of missing chains, disordered regions (e.g., in grainpossibility is supported by the observation of an Al 2p core-

boundary regions of the Al11} substrate), and line defects

level peak in the region expected for,&) compounds. The

such as tilt-phase boundaries between domains of chains withsimplest rationalization of this observation is that the Al atoms
opposite tilt angles. Since we observe that our self-assemblyreact with the thiolate S atoms to displace the Au and form Al

method produces SAMs that are highly blocking toward
electrochemical process&spur films are significantly free of
pinhole defects. The most likely defects to allow Al entry are
those in disordered regions surroundffill} terraces. How-
ever, given that our data show a uniform lateral distribution of
Al in the adlayer, entry via these defects would require a
significant fraction of the nascent adatoms to diffuse consider-
able distances along the A interfacial area in order to reach
the central regions of thgl11} terraces.

This difficulty is overcome through a dynamic mechanism
involving channels formed by quasi-2-D, dynamic fluctuations
of the surface positions of the alkanethiolate adsort&fescent
molecular dynamics simulatio?fs>® of ordered alkanethiolate
SAMs on Au(111) have shown that thermally induced, lateral
fluctuations of the alkanethiolate lattice positions can occur at

(51) An example of the latter is illustrated by the observation that
penetration of HS and HCI vapor into densely packed alkanoic acid SAMs
on Ag substrates interfaces results in chemical disruption of the SAM/Ag

interface, with subsequent reorganization of the adsorbate molecules into

alkanethiolate (A+SR, where R= CygH33) adsorbate species.
Such a reaction would be thermochemically driven by the much
higher ionization potential of Al compared to that of Au.

With increasing Al deposition up tdy ~ 2 A, the XPS and
ToF-SIMS data show that reactive penetration of Al continues.
At increasing Al doses, however, both techniques indicate that
this process stops in favor of formation of a metallic overlayer
phase. One likely explanation is that formation of AR bonds
slows or stops the formation of quasi-2D transient defects and
thus closes off the dynamic penetration channels. This behavior
is reasonable on the basis that much higher barriers would be
expected for lateral diffusion of RS species on an Al relative to
a Au surface. Atdy ~ 2 A, ~12.1 Al atoms/nrh have been
delivered to the sample. Based on the surface density of 4.6
molecules/nrin an alkanethiolate SAM pinned at a8x
3%2) superlattice on 4111} surface'®>"there are~12.1/4.6=
2.6 Al atoms per S, far in excess of a 1:1 stoichiometry. Given
the Au atom surface density of 13.7 atomsfniie limiting

discrete crystallites of bulklike material dispersed across the substrate surface/alue of~12.1 Al atoms/nrimay signal an approach to a 1:1

(Tao, Y.-T.; Lin, W.-L.; Hietpas, G. D.; Allara, D. LJ. Phys. ChemB
1997 101, 9732-9740. Tao, Y.-T.; Hietpas, G. D.; Allara, D. J. Am.
Chem. Soc1996 118 6724-6735).

(52) Jung, D. R.; Czanderna A. W.; Herdt, G.XCVac. Sci. Technol. A
1996 14, 1779-1787.

(53) Extensive consideration of such effects has been made in a study

of O atom penetration into various LangmuBlodgett films by Naaman
et al. (Paz, Y.; Trakhtenberg, S.; NaamanJRPhys. Cheml994 13517
13523).

(54) Bhatia, R.; Garrison, B. lLangmuir1997, 13, 765-769.

(55) Bhatia, R.; Garrison, B. Langmuir1997, 13, 4038-4043.

adlayer, consistent with formation of integral stoichiometry
alloys in the Al/Au systen¥® The formation of a layered,
organized SAM structurey —Al (1 layer)-Au(bulk), is remi-

(56) A variety of Au/Al alloy compositions are possible (see: Murray,
J. L.; Okamoto, H.; Massalaski, T. BBinary Alloy Phase Diagrams
Okamoto, H., Subramanian, P., Kacprzak, L., Eds.; ASM International: New
York, 1987; Vol. 1, p 122).

(57) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh,
A. N.; Nuzzo, R. GJ. Am. Chem. S0d.991, 113 7152-7167.
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niscent of the organized structures reported by Jennings and The XPS spectra reveal limited information on the electronic
Laibinis, in which alkanethiols were chemisorbed directly onto states of the atoms in the AD—COCH; complex. In the low-
electrochemically deposited Ag and Cu adlayers on Au sub- coverage samples, the unexpectedly higher binding energy of
strates® the Al 2p core-level peak~75.2 eV), compared to that of
4.2. Al Deposition on the—CO,CHs-Terminated Mono- aluminum oxide or sulfide, suggests that the fractional metal
layer. The replacement of the terminalCHs group by the — ligand electron transfer in the complex is greater than that
—CO,CHs group results in a completely different behavior upon in the inorganic compound8.This behavior also suggests the

Al deposition. The overall behavior we deduce from the data is Presence of the Al(lll) state, since lower formal valence states
summarized in Figure 16 (bottom). would show Al 2p binding energies approaching the value of

Al(0). The O 1s spectra show that, with 8:5.0 A deposition

of Al, the initial —C=0 and —OCHjs peaks shift to slightly

| higher and significantly lower binding energies, respectively,
h to form a broad composite peak. This result shows that, in the
complex, both O atoms have approached a similar electronic
structure in which a significant degree of negative charge exists,
such as in an oxide state. The C 1s core-level region indicates

All the characterization techniques provide evidence for the
onset of a chemical reaction between Al and th€ O,CHs
group during the initial stages of Al deposition. While a chemica
interaction is to be expected on the basis of previous work wit
polymer surfaces containing=€D groupst?&" our data allow
a detailed quantitative analysis due to the known density of

surface functionality. ; !
A limi y h i th ¢ that theC=0 and—OCH; carbon atoms shift to an electronic
S a preliminary, we hote that, asin the case o Mheu structure similar to those inrCH,—. A proposed structure for
system, there is no observed chemical reaction between Al and,,, complex, based on the above evidence, is shown below as

the alkyl chains of the SAM. Further, of primary importance, , the central C atom and the OGHinit exhibit significant
we note that there is no evidence for penetration intoMiie

Au SAM. In particular, no diagnostic AISH or AUAIS™ peaks R R R

are observed in the ToF-SIMS spectra. @ \Q—p ®) © .\C —0
It is clear for several reasons, however, that the Al reacts Hed H co/

with the —CO,CH;z group. First, the XPS spectra show that the (HCO)AI 3 5+ 3 Al

C 1s peaks for &0 and—OCH; vanish betweeily = 0.5~
1.0 A. However, the continued observation of O 1s peaks negative charge character, consistent with reduction of the C
indicates that the O atoms are still present, though apparentlyls binding energies for both C atoms. The reduction of tire C
in a different oxidation state. The absence of any C 1s peaks inO bond order is consistent with the lowering of the O 1s binding
the aluminum carbide region indicates that the ester group doesenergy of the associated O atom. The observation of thg CH
not suffer total reductive degradati&hSecond, the ToF-SIMS ~ mode IRS spectral features in similar positions before and after
spectra reveal that the adsorbate molecule mass fragmentsAl deposition points to the continued integrity of the €thit.
Au,A~ and AuA,~, vanish betweemly = 0.5 and 1.0 A, an Unfortunately, the easily observed €H mode frequency is
indication that the parent molecules have been chemically not sensitive to whether the Glis bonded to Al or G Other
converted to new forms. Finally, foly =~ 1.0 A, the IRS spectra  than a 1:1 Al:ester stoichiometry, the essence of structtise
show a loss of all modes related to the€CO,CHjz functional distinctly different from that predicted from the calculations of
group, except for those associated with thes@rbup. Since Chakraborty, Davis, and Tirréfifor Al dimer interactions with
the latter modes are still observed, although somewhat dimin-a sequence of repeat units of poly(methyl methacrylate)
ished in intensity, one can conclude that th€ O,CHs group (structurec). We have embodied our interpretation of their
is only perturbed, not completely degraded. Theharacter in calculated features into structuresand c.5! Structureb is an
the C=0 bond appears to be completely missing since no intermediate on the way to their lowest energy structure. In
characteristic spectral features appear at other typical frequen-both cases, the incomplete transfer of the three electrons of Al
cies, e.g., carboxylate modes between 1400 and 1650.cm  to the organic moiety appears inconsistent with the high binding
To facilitate quantitative interpretation of these data, we note energies we observe for the Al 2p core-level XPS peaks. Recent
that, atdy = 0.76 A, the average surface density of Al atoms density functional calculations h_ave been performed by Travaly
is 4.6 Al atoms/nfy equal to that of the alkanethiolate @and co-workers on the aromatic ester group of poly(ethylene
adsorbates (see calculations at the end of the previous section)terephthalate)? Their calculations predict the most favorable
Based on the above observations that initial reaction of all the interaction with one Al atom to be with the=€0 group, to
ester groups is complete loly, = 0.5-1.0 A, we conclude that ~ 9ive @ Iln_ear AI—O—_(_Z complex. We note that they predict th_at
the initial product has a 1:1 Al/ester stoichiometry. The complete introduction of additional Al atoms does not lead to reduction
loss of thezr-bond character of the=€0 bond, together with of the Al but rather to growth of the. metallic phase, a distinct
the continued presence of the O atoms and the @blip, points departure from our observations with the methyl ester group.
to formation of an AO—COCH; species with shC atoms. (60) One must be cautious about such inferences. Literature values for
In agreement with this picture, the SE data lead to the conclusion core-level shifts in Al compounds have a wide range, typicailyeV (see

that the initial deposition of Al produces a dielectric layer, as efs 27 and 28), partly because the values come from specira taken on bulk
' materials. Since the present case involves a very thin surface layer-of Al

opposed to metallic Al. 0O—C species, it is possible that the formation of isolated, cluster-like surface
species would cause the shift to 75 eV relative~td4 eV observed for
(58) Jennings, G. K.; Laibinis, P. BE. Am. Chem. S04997 119, 5208- bulk aluminum oxide.
5214. (61) In the work by Chakraborty, Davis, and Tirrell, a model was used

(59) We note that an experimental study of the chemisorption of CH  in which pairs of Al atoms, spaced between neighborif@O,CHs units
CO;H onto bare Al surfaces at room temperature shows the formation of on a polymer sequence, were given the possibility of reacting with more
two species: a deprotonated acid attached to the Al by the two O atoms than one-CO,CHjz group. The minimum potential energy structure obtained
and a decomposition product with-&\l and C—Al species (Underhill, R.; shows a single atom per functional group, a loss &fCCz bonding, and
Timsit, R. S.J. Vac. Sci. Technol. A992 10, 2767-2774). While this the presence of a negative charge on the central C and a positive charge on
result shows that Al(0) is capable of reducing a carbonyl group to carbide Al.
species at room temperature, it is clear in the present case that Al atoms (62) Travaly, Y.; Bertrand, P.; Rignanese, G.-M.; Gonze, X. J. Adhesion
deposited onto ester groups do not show this behavior. 1998 66, 339—355.
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The effects of the formation of the AICO,CHz complex on result indicates that the Al interlayer increases the pinning
the IRS C-H stretching modes reveal something about the size energies of the chain thiolate (R$ headgroups and thereby
of the complex. In particular, the positive frequency shifts show quenches the dynamic fluctuation channel for Al penetration.
that the alkyl chains undergo significant conformational disor- Temperature-dependent studies should be quite useful in sorting
dering (see Figure 5) upon Al interaction. The disorder out these phenomeffi&dand such studies are underway in our
presumably arises because of repulsive steric interactionslaboratories. The formation of such metallic interlayers will be
between neighboring complexes at the chain termini. Since, on of vital importance in the fabrication of molecular devices using
average, each terminus occupies~ah A diameter area at the  metallized SAMs since device junction properties will vary
surface [based on a¥3 x 32 superlattice, see above], the strongly with the nature of the interlay&.

Al—CO,CHs complex size must exceed this value. Relief of  The behavior of thé1E-Au SAM contrasts sharply with that
steric interactions would occur with the introduction of gauche of M-Au. During all stages of the deposition, the Al atoms
conformations, particularly near the chain termini, in concert remain at the samptevacuum interface. At the very early
with some Unt|lt|ng of the chains (more vertical Orientations). stagesy Al atoms react with the ester groups to form a 1:1 Al

As the deposition proceeds beyond the A stage, the SE  ester complex with a reduced= bond, an intact Ckigroup,
and XPS data indicate that a second stage of reduction of theand a sufficiently large size to cause partial conformational
surface groups occurs. The analysis of the SE data shows a beslgisordering of the chains. As deposition continues, this 1:1
fit model in which the Al is consumed |n|t|a”y to form an6 Complex undergoes further reaction witht atoms of Al per
A overlayer film with dielectric properties, prior to the onset group. The structures of these species remain unclear, but the
of metallic overlayer growth. Based on the XPS result that onset jayer has no metallic character. Further addition of Al atoms
of the metallic Al 2p is not observed until afte ~ 4 A, we results in the onset of nucleation of metallic clusters, with
conclude that at least3 A of Al is involved in further reactions  eventual coalescence abov&0 A of deposited metal. Associ-

with the initial 1:1 A-CO,CH; complex. This amount of Al ated studies of the electrical nature of these overlayers in the
is equivalent to~4 Al atoms per ester. Since an aluminum gntext of device contad&are in progress.

carbide feature remains absent from the XPS and ToF-S_IMS These data illustrate how an organic functional group can
spectra (at all coverages) and the IRS spectra show the contlnueg

erve as a chemical trap for diffusing metal atoms at a surface.
presence of the Cj-!group, the A-CO,CHs complex mus.t There is strong precedent for this behavior, ranging from early

Qwork using thiol groups to control noble metal nucleatiio
recent studies utilizing patterned functionality at surfaces as a
template for CVD metallizatio# Given the remarkable chemi-
cal and spatial variations possible with molecular surfaces,
intriguing opportunities are suggested. For example, the use of
phase-segregated films with nanometer-scale domains of groups
such as Chland CQCHz%* might lead to replicate patterns of
overlayer organometallic compounds and metals. Another
interesting possibility is the use of SAMs with interior functional
groups, e.g., HS(CHCO(CH,)yCHj, to direct formation of a
uniform metallic phase which grows outward from the interior
of the SAM. Investigation of optimum combinations of metals
and SAMs to provide such structures is underway in our
laboratories.

degradation to inorganic oxide and carbide. Presumably, Al
Al bonds could be formed in the reduced complex.

Finally, after the completion of the-6 A dielectric layer
growth, both the XPS and SE data show that a metallic overlayer
begins to form. The SE data are interpreted as revealing that
the initial metal phase consists of small Al(0) clusters or droplets
with a significant void content compared to bulk metallic Al.
This behavior parallels that observed for deposition of Al onto
purely oxide surfaces such as Si®inally, as the overlayer
thickness approaches 30 A, the morphology shows a trend
toward uniform Al(0) film growth, which indicates that initial
clustered metallic Al is beginning to coalesce. This is shown in
Figure 15 (center), which shows th@ — 0.5 as the film
coalesces.
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