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Near-UV irradiation of hydrogen-terminated Si(111) wafers with the ruthenitthenium bonded
dinuclear compounds GRW(CO), (Where Cp= 7°-MeCsH,, 7°—CsMes) and [HB(pz}].Ru(CO), [where
HB(pz); = hydrotris(1-pyrazolyl)borate] in benzene solution at room temperature leads to the covalent
attachment of CpRu(C@and HB(pz)Ru(CO) moieties to surface silicon sites on the wafer. ATR FTIR,
XPS, and RBS data support the proposed-Bubond formation as the dominant mode of wafer
metallization. The surface area coverage of these ruthenized wafers is limited by the size the mononuclear
ruthenium moiety that is attached to the Si anchor. A plausible reaction sequence involving the
photochemically generated ruthenium-centered radicals CpRu(&@) [HB(pz}]Ru(CO), that both
activate the hydrogen-terminated Si(111) surface and combine with the resulting silicon radicals is presented
and discussed.

Introduction (i.e., thermal or sputtering depositions) and chemical (i.e.,
electroplating or chemical vapor deposition) methods have
A single-crystal silicon surface that is terminated by been extensively used in the construction of metal micro-
dangling silicon atoms is highly reactive. Upon exposure to structures having stringent dimensional or low-tolerance
air, the dangling silicon atoms are quickly oxidized, leading requirements. As the miniaturization trend in the microelec-
to the formation of a thin oxide layer. The resulting native tronics industry continues, the precise control of metallization
oxide, which typically exhibits dimensions on the order of on silicon in the nanometer domain is imperative.
30-50 At can be removed or etched with hydrofiuoric acid. A wide range of silicon surface modifications has been
This HF etching process is well-established and generates groposed and studied. The vast majority of the examples
silicon surface that is terminated by hydrogerSuch dealing with Si surface functionalization involves either
hydrogen-terminated Si surfaces are surprisingly stable hydrosilyation or alkylation reactions, whereby alkyl and
toward air oxidation and organic oxidants in comparison to alkyl-related moieties are anchored to the Si surface by
nonfunctionalized silicon surfacésCombined with other  adsorption or direct covalent bonding with silicon atdms.
elements, modified silicon surfaces play a vital role in the |n this paper, we report our strategy to anchor organometallic
microelectronics and catalysis industries and in the fabrica- ruthenium species on H-terminated silicon through strong
tion of sensor devices. The contemporary interest in processeRu—silicon covalent bonds. Our selection of organo-
and devices derived from modified-silicon surfaces requires transition-metal ruthenium complexes was based, in a large
the controlled introduction of surface-bound functionalities, part, due to the current interest in ruthenium metal in the
with metallization of silicon representing one of the more
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microelectronics field and catalytic fuel cefisf ruthenium The routine IR spectra of the starting ruthenium carbonyl
metal in the form of a well-behaved and easily introduced complexes CgRu,(CO) and [HB(pz}]:Ru(CO), were recorded
organometallic precursor can by selectively and strongly ©n & Nicolet 20SXB FTIR spectrometer in 0.1 mm NacCl cells. All

tethered to a crystalline Si surface, one may envision a Multiple internal reflection infrared spectra (MIRIS) were recorded

sequence whereby the ancillary ligands associated with the®" @ Bruker Equinox 55 system equipped with a high D*, narrow
d Y y 9 band MCT detector. The Si(111) ATR crystal was held in place in

erglnal ruthgnlum center are .expelleq, Ieadlng.to metalliza- the FTIR chamber using a Pike Technologies variable angle ATR
39” Olf the Slr]surface unctj)er I’T;I|d realctlon conditions. Sezjefral accessory, and the incident IR beam was focused normal to the
Inuclear ruthenium carbonyl complexes were examined Ior peyels of the ATR crystal. The MIRIS spectra were recorded at
their ability to functionalize hydrogen-terminated Si(111) 2.0 cnrt resolution and were referenced to a clean silicon oxide
surfaces. Optical excitation within the—o* manifold surface as the background. The X-ray photoelectron spectroscopic
belonging to the metalmetal bond in CgRw,(CO), (where data were obtained from a Thermo VG Scientific ESCALAB MKI|
Cp = 5>-MeGsH4, 7°-CsMes) and [HB(pz}].Rw(CO) spectrometer system using a standaret b X-ray source at 280
[where HB(pz)} = hydrotris(1-pyrazolyl)borate] leads to W and electrostatic analysis in constant pass energy mode of 200
homolytic cleavage of the RtRu bond and production of €V for survey scans 'a.nd 20 eV for regional scans. The coverage of
the reactive ruthenium-centered radicals CpRu(Cayd ruthenium on the silicon wafer was o_Ietermlned by Rutherford
[HB(pz);]RU(COY.”8 The surface modification process has backscattering spectrometry (RB_S), using a NEC 9SDH Pelletron
been studied by total internal reflection FTIR, X-ray photo- .acc.elerator' The RBS data analysis employed 205 Mg\/bdam
electron spectroscopy (XPS), and Rutherford backscattering'nc'dem normal to the sample surface, with a scattering angle of

o - ; 168 and a detection solid angle of 1.2410-3 msr. The absolute
spectrometry (RBS). The Resilicon bond is relatively stable  6a5urement of the number of ruthenium atoms per unit area was

toward air oxidation, and our data suggest that the steric getermined by using the area under the RBS ruthenium peak, as

properties of the surface-bound LRu(GQyhere L= Cp, per the surface approximation methHéd:he absolute measurements
HB(pz)s] entities strongly influence the degree to which the were determined with an uncertainty of 6%, utilizing a mesh-based
Si surface is covered. charge integration proceddfén conjunction with a RBS standard.
Preparation of the Monohydride-Terminated Si(111) Wafers.
Experimental Section In a typical preparation, a Si(111) wafer having dimensions of 1.0

cm x 6.0 cm x 0.7 cm and possessing bevels that were mirror
polished with a bevel angle of 4%as employed in the surface
functionalization studies. The ATR element prepared in this fashion
allows up to 86 internal reflections to be collected for each face of
the crystal. Standard SC2 (hot solution of 1:1:5 ratio g®kHCI:
H,0) and SC1 (1:1:5 ratio of #D,:NH4OH:H,0) cleaning proce-

General Procedures.The ruthenium compounds ¢Ru(CO),
(where Cp= 1>-MeGCsH,4, 17°>-CsMes) were prepared from R(CO)»,
which was synthesized from hydrated Ry@kccording to car-
bonylation procedure of Bruce et 8land the appropriate cyclo-
pentadiené? while [HB(pz)].Ru(CO) was synthesized from RyO

and potassium hydrotris(1-pyrazolyl)borateThe benzene em- . ) "
ployed in the photolysis studies was distilled from sodium/ dures were adopted in the cleaning of the surface of the silicon

benzophenone under argon and stored in Schlenk flasks equippe&vafer'_ E§Ch ho_t cleaning step was foIIowec_:I by 4.9% HF et_chlng
with high-vacuum Teflon stopcocK3.All other organic solvents and _rnsing _W'th ultrapure water. A unlform_ monohydrlde-
were of reagent grade and used directly without further purification. terminated silicon surface was next achieved by dipping thezcll(zaned,
All reagents utilized in the cleaning and preparation of silicon wafers HF-etched A,TR, element in buffered HF (pH9.2) for 9_ S

were of semiconductor grade without exception. The ultrapure waterfc_)llowed by rinsing W_'th uI_trapure water and purge drymg_ under
(UPW) used in the preparation of the hydrogen-terminated Si(111) nl_trog(_an gas. From this point on, the ATR crystal was manipulated
wafers was obtained from a Millipore Milli-Q Elix 5 purification with aid of Tefion tweezers.

system (Millipore Corp., Bedford, MA), which supplied UPW Photochemical Activatipn and I?inding of the Ruthenium
having a resistance greater than 18.2Mi-type, (111)-oriented Carbonyl on the H-T_ermlnated _Slllcon Surface. To a small
single-crystal silicon wafers were purchased from Polishing Cor- Schlenk vessel containing the Si(111) ATR crystal was added 15
poration of America, CA. The near-UV irradiation source utilized ML of @ benzene solution containing the ruthenium dimer (ca?10

in all photochemical experiments consisted of two parallel GE black M) under argon flush. The solution was then freepamp-thaw
light bulbs having a maximum output of 366 nm. degassed three times prior to photolysis at room temperature. After
the reaction was terminated, the ATR crystal was removed and

(6) (a) Smith, K. C.; Sun, Y.-M.; Mettlach, N. R.; Hance, R. L.; White, ~Sonicated in CKCl, for 10—15 min to remove any residual metal
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T. N.; Zhang, Y.; Chyan, O.; El-Bouanani, M.; Chen, K. H.; Wu, C. nitrogen gas.
T.; Chen, L. C.Appl. Phys. Lett2005 86, 8314.
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doubly linked dicyclopentadienylruthenium complex, see: Klein, D. t f dto th hvd t inated Si(111 i

P.; Ovchinnikov, M. V.; Ellern, A.; Angelici, R. JOrganometallics ransiormed to the mononydrogen-terminate '( ) wafer

2003 22, 3691. upon treatment with buffered HF. Short exposure times afford

(9) Bruce, M. |.; Jensen, C. M.; Jones, N.lhorg. Synth1989 26, 259.

(10) (a) Duraczyska, D.; Nelson, J. Hl. Chem. Soc., Dalton Tran8003

449. (b) Nelson, G. O.; Summer, C.@rganometallicsL986 5, 1983. (13) Tesmer, J. R.; Nastasi, Mandbook of Modern lon Beam Materials
(11) de V. Steyn, M. M.; Singleton, E.; Hietkamp, S.; Liles, D.JCChem. Analysis Materials Research Society: Pittsburgh, 1995.

Soc., Dalton Trans199Q 2991. (14) El Bouanani, M.; Pelicon, P.; Razpet, A.ad¥z |.; Budnar, M;
(12) Shriver, D. FThe Manipulation of Air-Sensite CompounddvicGraw- Sim@c, J. Submitted td\ucl. Instr. Methods Phys. Res. B

Hill: New York, 1969. (15) Yang, S. K.; Peter, S.; Takoudis, C. & Appl. Phys1994 76, 4107.
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uniform and specific monohydrogen coverage of the wafer
surface, where the SH bonds are oriented normal to the
Si(111) surface plan&:®The characteristie(Si—H) stretches

at 2083 and 2071 cm are ascribed to the symmetric and
antisymmetric stretching modes, respectively, for the kine-
matically coupled surface monohydride grodp3he pas-

derivative affords two moderately inteng€CO) bands at
2015 and 1970 crt belonging to the silicon-tethered species
MeCpRu(CO)(Si surface). The two terminal ruthenium
carbonyl stretching bands observed are reminiscent of the
A’ and A’ vibrations reported for simple cyclopentadienyl
compounds CpM(CQX (where M = Fe, Ru, Os; X=

sivated Si(111) surface was found to be stable toward near-halides, CN, acetyl, Sng)l'” The observed frequency for

UV irradiation at 366 nm in benzene solvent for a period of

thev(CO) bands in the surface-ligated MeCpRu(g&itities

at least 24 h, as evidenced by FTIR and XPS data thatare in excellent agreement with those data reported
confirmed the absence of any surface oxide. These experi-by Pannell et al. for the silane-substituted compounds

ments corroborate the earlier results of Chidsey and co-

workers that showed wavelength-dependent photocherffistry.
There the overall composition of the surface hydrogen on
Si(111) wafers was shown to exhibit no gross alteration of
structure upon photolysis with light using wavelengths longer
than 300 nm in the presence of atmospheric oxygen.
Surface Ruthenation of the Si(111) WaferPhotolysis

CpRu(CO)SiMe; and CpRu(COBiMex (wheren = 2, x

= 5; n= 3, x = 7) strongly supporting the attachment of
MeCpRu(COj moieties to the exposed silicon atoms on the
surface of the wafer through a strong-Rsi covalent bond?
Integration of the intensity of twe(CO) bands at 2015 and
1970 cm* allows for the calculation of the angle subtended
by the two CO groups and the ruthenium cedfddere an

of a benzene solution containing the diruthenium compoundsangle of 98 is computed, which is consistent with a three-

CpRWw(CO), (Cp = MeCp, GMes) in the presence of a
monohydrogen-terminated Si(111) wafer for 24 h at room

legged piano stool complex of the form MeCpRu(@S)
wafer). Use of the pentamethylcyclopentadienyl complex

temperature leads to the complete consumption of the Cp*;Ru(CO), yields the corresponding functionalized wafer

pendant monohydride ligands and attachment of CpRu{CO)
moieties, as illustrated in Scheme 1. The formation of
CpRu(CO)H accounts for fate of the surface hydrogen
atoms.

Proof for the successful ruthenation of the silicon wafer
was initially obtained by FTIR spectroscopy. Figure 1 gives
the ATR FTIR spectral data for both of the cyclopenta-
dienylruthenium-functionalized wafers in the carbonyl region,
with the IR spectrum of the starting hydrogen-terminated
Si(111) wafer displayed underneath for comparative pur-
poses. Here the functionalized wafer using the MeCp
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b
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d
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2300 2200 2100 2000 1900 1800
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Figure 1. ATR FTIR spectra for the ruthenium-functionalized Si(111)
wafers and the monohydride Si(111) starting wafer: (a) MeCpRufCO)
(Si-wafer), (b) Cp*Ru(CQ)Si-wafer), (c) [HB(pz3]Ru(CO)(Si-wafer), and
(d) hydrogen-terminated Si(111) wafer.

containing Cp*Ru(CQ)units. The IR spectrum of the wafer
reveals twor(CO) bands at 2006 and 1958 cinThe shift

to lower frequency of the two carbonyl stretching bands
vis-&vis the monomethyl analogue MeCpRu(GQ3 in
accord with the increased electron density at the ruthenium
center. Moreover, the observedCO) frequencies for the
Cp*Ru(CO)(Si wafer) moieties are in excellent agreement
with the IR data for the silyl-substituted compounds
Cp*Ru(CO)(SiRs).?° Finally, the OC-Ru—CO bond angle

in the Cp*Ru(CO)(Si wafer) species has been calculated as
94°. This angle supports the existence of a six-coordinate
ruthenium atom and is consistent with the proposed structure
of the surface-bound species that possesses a Ru(Qiipty

with two mutually cis CO groups.

Additional verification for the modification of the wafer
surface and determination of the oxidation state for the
surface-bound ruthenium derive from XPS analysis, as shown
in Figures 2 and 3 of the MeCp derivative. Since the signals

(16) (a) Harris, A. L.; Chabal, Y. J.; Ragavachari, K.; Tillu, J. @, J.
Mod. Phys. B1993 7, 1031. (b) Dumas, P.; Chabal, Y. J.; Jakob, P.;
Appl. Surf. Sci1993 6566, 580. (c) Pietsch, G. J.; Higashi, G. S;
Chabal, Y. JAppl. Phys. Lett1994 64, 3115.

(17) (a) Lukehart, C. MFundamental Transition Metal Organometallic
Chemistry Brooks/Cole: Monterey, CA, 1985. (b) Adams, D. M.
Metal-Ligand and Related VibrationSt. Martin’s Press: New York,
1968.

(18) Pannell, K. H.; Rozell, J. M.; Tsai, W.-MDrganometallics1987, 6,
2085.

(19) (a) Here the angle formed by the M(G@)oiety is readily calculated
from the equatiothsyn{l anisym= cotart . (b) Cotton, F. A.; Wilkinson,
G. Advanced Inorganic Chemistrgrd ed.; Wiley-Interscience: New
York, 1972.

(20) Okazaki, M.; Satoh, K.; Akagi, T.; lwata, M.; Jung, K. A.; Shiozawa,
R.; Okada, H.; Ueno, K.; Tobita, H.; Ogino, B. Organomet. Chem.
2002 645, 201.
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Figure 2. X-ray photoelectron spectrum of the Si(111)-bound MeCpRu-
(CO), moiety showing the Ru 3p signals.
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Figure 3. X-ray photoelectron spectrum of the Si(111)-bound MeCpRu-
(CO), moiety showing the Ru 3d signals. The Ruy3dignal at ca. 285 eV

also contains C 2s contributions from the MeCp and CO ligands and
atmospheric carbon impurities.

T
295 290

from the C(1s) and Ru(3d) ionizations exhibit substantial
overlap, we have utilized the Ru(®g, Ru(3p:»), and

Nalla et al.

CpRu(CO)(Si wafer), as dictated by rules governing con-
ventional oxidation state formalisfThe XPS spectrum of
the MeCpRu(CQy)Si wafer) in the silicon 2p region shows
the presence of silicon oxide at 103.0 eV that helps account
for the diminution of the surface SH coverage, as
evidenced in the IR spectrum of the same sample (vide
supra). The surface oxide is presumed to derive from
adventitious oxygen and/or liberated CO.

We have also examined the reactivity of the related
diruthenium complex [HB(pz).Ru(CO), [where HB(pz)
= hydrotris(1-pyrazolyl)borate] with hydrogen-terminated
Si(111) wafers. This particular complex contains a tris-
(pyrazolyl)borate ligand that is isolobal with its cyclo-
pentadienyl counterparts MeCp and Cp*and as such,
analogous Si(111) surface functionalization is expected, with
the advantage of providing additional spectroscopic signa-
tures unique only to the ancillary tris(pyrazolyl)borate moiety.
Room temperature photolysis at 366 nm of a benzene
solution containing [HB(pz).Rw(CO), and Si(111) wafers
for 24 h led to the functionalization of the silicon surface
by [HB(pz)]Ru(CO), moieties, as shown in Scheme 2.

The IR spectrum of the [HB(pzZlRu(CO)—silicon sub-
stituted wafer (Figure 1c) displayed two terminal carbonyl
stretching bands at 2070 and 1990 @érthat are lower in
frequency in comparison to the corresponding chloro com-
plex [HB(pz)]Ru(COXCI, which exhibits¥(CO) bands at
2074 and 2012 cnt.'* The computed OERuU—CO bond
angle in the surface-bound complex is &8 good agreement
with an octahedral ruthenium center. Moreover, our finding
that this angle is slightly smaller than the measured angle in
the MeCp and Cp* derivatives is in accord with the fact that
the HB(pz} ligand is sterically larger than either of the two
Cp ligands, manifesting itself in a congested ruthenium center
and contraction of the O€Ru—CO bond anglé® A v(B—

H) stretch at 2448 cnt unequivocally demonstrates the
presence of the HB(pz)moiety in the silicon-tethered
ruthenium species. XPS analysis revealed characteristic
nitrogen and boron 1s signatures at 401.0 and 190.0 eV,
respectively?’ along with Ru(3¢)), Ru(3p2), and Ru(3py)
signals at 281.5, 463.0, and 485.0 eV, respectively, that nicely
match those data found by us for the MeCpRu(&£8)
wafer) complex.

Ru(3p.) signals that have been found at 281.5, 463.0, and  Monolayer Composition. The surface coverage of the

485.0 eV, respectively, for the MeCpRu(CG(i wafer)
sample. The value found by us for the Ru{ddsignal here

Si(111) wafer by MeCpRu(CQ@)and [HB(pz}]Ru(CO)

agrees well with the data reported by Gassman and C':"(23) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RP@ciples

workers for a series of ruthenocene derivatives and indicates

that the ruthenium is present in th¢Z) valence staté.??
A formal oxidation state of £2) is anticipated for the
ruthenium atom in a covalently bound surface entity

(21) (a) Gassman, P. G.; Winter, C. HAm. Chem. So4988 110, 6130.
(b) Gassman, P. G.; Mickelson, J. W.; Sowa, J. R.JJAm. Chem.
So0c.1992 114 6942.

(22) For XPS data on well-defined Ru(ll) compounds, see: (a) Citrin, P.
H. J. Am. Chem. S0d.973 95, 6472. (b) Shepherd, R. E.; Proctor,
A.; Henderson, W. W.; Myser, T. Kinorg. Chem.1987, 26, 2440.
(c) Brant, P.; Stephenson, T. org. Chem1987, 26, 22. (d) Haga,
M.; Hong, H.-G.; Shiozawa, Y.; Kawata, Y.; Monjushiro, H.; Fukuo,
T.; Arakawa, RInorg. Chem200Q 39, 4566. (e) Qi, H.; Sharma, S.;
Li, Z.; Snider, G. L.; Orlov, A. O.; Lent, C. S.; Fehlner, T. R.Am.
Chem. Soc2003 125 15250.

and Applications of Organotransition Metal Chemsijtiyniversity
Science Books: Mill Valley, CA, 1987.

(24) Irradiation of Si(111) hydrogen-terminated wafers in the presence of
added CO leads to loss of the surface hydrides and formation of a
silicon oxide covered surface. Our control experiment is consistent
with those data reported for the generation of siloxane materials from
the reaction of CO and silylenes. See: Jones, K. L.; Pannell, K. H.
Am. Chem. Socdl993 115, 11336.

(25) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions
in Chemistry Wiley: New York, 1985.

(26) (a) Bergman, R. B.; Cundari, T. R.; Gillespie, A. M.; Gunnoe, B. T;
Harman, W. D.; Klinckman, T. R.; Temple, M. D.; White, D. P.
Organometallic2003 22, 2331. (b) Gemel, C.; Trimmel, G.; Slugovc,
C.; Kremel, S.; Mereiter, K.; Schmid, R.; Kirchner, &rganometallics
1996 15, 3998.

(27) Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. FHandbook
of X-ray Photoelectron Spectroscopyullemberg, G. E., Ed.; Perkin-
Elmer: Eden Prairie, MN, 1978.
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Scheme 2
HBN; CO  HBN, CO HBN;  cO
H \ § _aCo \ § P ele) \ Sac0
H Ru Ru Ru
[HB(pz);].Ruy(CO)y | | |
- Si S S m— L —C— S | E— S | —
Si(111) wafer Si(111) wafer

[where HBNj; = tris(pyrazolyl)borate]

moieties was next evaluation by Rutherford backscattering of ca. 1.90x 10* ruthenium atoms/cfhand a maximum
spectrometry (RBS), with Figure 4 showing the RBS data. Ru:Si ratio of ca. 0.24 that is in perfect agreement with the
Our first task was to compute a reasonable theoretical RBS-derived value of 0.22 for the wafer coverage by
coverage ratio of the wafer with the ruthenium compounds [HB(pz);]Ru(CO). The representation depicts the MeCpRu-
employed and establish an upper or maximum limit for the (CO), coverage of the Si(111) surface:

Ru:Si ratio in a monolayer. The number of potential
hydrogen-terminated silicon sites available on the Si(111)
wafer for surface functionalization is estimated at ca. 7.83
x 10* silicon atoms/cry and the maximum number of
ruthenium units that may theoretically be accommodated by
the silicon surface was arrived at by using the available X-ray
structural data on the mononuclear compounds CpRu-
(CO)Br?8 and [HB(pz}]Ru(CO)(PPR)CI.?° Unfortunately,

the solid-state structures for silyl-substituted compounds
MeCpRu(CO)(SiR;) and [HB(pz}]Ru(COX(SiRs) have
either not been synthesized or structurally determined,
requiring the use of closely related derivatives. In the case
of the cyclopentadienyl complex CpRu(GB), we replaced

the bromine with a silicon atom and proceeded to measure Silicon Metallization Mechanism. Near-UV photolysis
the longest interatomic distance separating the mutually transof the diruthenium compounds @Ru(CO) and [HB-
Cp group and CO ligand, whose distance was inflated by (P2)s]2RW(CO) in benzene solution leads to the disruption
10% to account for the presence of the ancillary methyl group of the initial ruthenium dimer and production of the

in the MeCpRu(CQ) This method affords a working
diameter for an assumed spherical MeCpRu(diety of
6.41 A, from which the effective number of ruthenium atoms/
cn? can be estimated as 34 10%, leading to a Ru:Si
coverage ratio of ca. 0.4. This ratio of silicon to ruthenium

ruthenium-centered radicals CpRu(G@nd [HB(pz}|Ru-
(CO), due to population of the RuRu o* orbital.”83 The
resulting ruthenium radicals are pivotal in the activation of
the protective hydrogen layer associated with the Si(111)
surface by hydrogen atom abstraction, which in turn produces

is in excellent agreement with value of ca. 0.33 that we reactive silicon radicals and the corresponding ruthenium

obtained by RBS analys#.The X-ray data from the tris-
(pyrazolyl)-substituted derivative [HB(p2RUCI(CO)(PPh)

hydrides CpRu(CQMH and [HB(pz}]Ru(COYH.%? The tran-
sient silicon radicals are then free to participate in a radical

enabled us to measure directly an 8.2 A interatomic distancecombination reaction with the ruthenium-centered radicals,
between the pyrazolyl ring that is trans to the CO ligand. whose concentration far exceeds that of the surface silicon

Using 4.1 A as an effective radius for our surface-bound radicals, or react with adventitious oxygen. This scenario

[HB(pz)s]Ru(CO)(Si wafer) gives rise to a computed value
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Figure 4. Normalized Rutherford backscattering spectra of Si(111)-bound
MeCpRu(CO) and [HB(pz}]Ru(CO), moieties.

readily accounts for formation of the observed surface-
anchored ruthenium species CpRu(g@yd [HB(pz}]Ru-
(CO), and the surface oxide that accompanies these reactions.
The removal of the hydrogen covering that protects the
Si(111) wafer by the ruthenium radicals must be extremely
efficient as no residual monohydride is observed on the
surface of the ruthenated wafers by IR spectroscopy.
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(30) Use of a Cp*Ru(CQ)moiety in place of the CpRu(C@Wnit yields
a molecular radius of ca. 3.6 A and a value of ca. 2000* for the
number of ruthenium atoms per éniThis latter value predicts a
maximum Ru:Si coverage ratio of ca. 0.31.

(31) (a) Abrahamson, H. B.; Palazzotto, M. C.; Reichel, C. L.; Wrighton,
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Photochem. Photobiol. A: Cherhi997 103 221.

(32) For related examples of hydrogen-atom abstraction frg8iHRand
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Conclusions the Si(111) wafer. Our future efforts will concentrate on
defining the generality associated with the free-radical

We have demonstrated the functionalization of H-termi- L .
nated Si(111) surfaces by using photosensitive dinuclearpr.OrnOted metallization scheme employing homonuclear and

ruthenium compounds. Photochemical generation of reactivem'x‘:“d'me'{all cluster compounds. The resultmg S'“COD'
ruthenium-centered radicals under mild conditions leads to tethgred metal clusters will be stu@ed for thglr catalytic
the removal of the protective hydrogen layer of the Si(111) activity and as precursors for the facile introduction of zero-
wafer, followed by radical combination of the surface silicon valent metal(s) on the silicon surface.

and solution ruthenium radicals, to furnish the ruthenium

anchored species CpRu(G(®i wafer) and [HB(pzJRu- Acknowledgment. Financial support from the Robert A.
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