JOURNAL OF CHEMICAL PHYSICS VOLUME 108, NUMBER 20 22 MAY 1998

An infrared study of H gSigO;, cluster adsorption on Si  (100) surfaces

Joseph Eng, Jr.?
Department of Chemistry and Columbia Radiation Laboratory, Columbia University, New York,
New York 10027

Krishnan Raghavachari®
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

Lisa M. Struck®
Department of Chemistry and Columbia Radiation Laboratory, Columbia University, New York,
New York 10027

Yves J. Chabal”
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

Brian E. Bent?
Department of Chemistry and Columbia Radiation Laboratory, Columbia University, New York,
New York 10027

Mark M. Banaszak-Holl
Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48109-1055

F. R. McFeely
IBM T. J. Watson Research Laboratories, Yorktown Heights, New York 10598

Amy M. Michaels and George W. Flynn
Department of Chemistry and Columbia Radiation Laboratory, Columbia University, New York,
New York 10027

Stan B. Christman and Ed E. Chaban
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

Gwyn P. Williams
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973

Klaus Radermacher and Siegfried Mantl
Institut fur Schicht-und lonentechnik, ForschungszentruiicBun-5170, Jlich, Germany

(Received 6 October 1997; accepted 19 February 11998

Motivated by a controversy about the proper interpretation of x-ray photoelectron spectra of, Si/SiO
interfaces derived from the adsorption of3#0;, spherosiloxane clusters on(800 surfaces, we

have studied the adsorption geometry of thgSkD,, clusters on deuterium-passivated and clean
Si(100 surfaces by using external reflection infrared spectroscopy. Access to frequencies below
1450 cm ! was made possible through the use of specially prepaf@®@®isamples which have a
buried metallic CoSilayer that acts as an internal mirror. A comparison of the infrared spectrum of
the clusters on a deuterium-passivatel @) surface at 130 K with an infrared spectrum of the
clusters in a carbon tetrachloride solution reveals that the clusters are only weakly physisorbed on
the D/S{100) surface and also provides evidence for the purity of the cluster source. We also
present infrared spectra of clusters directly chemisorbed on a cléaf0Ssurface and show
evidence that the clusters are adsorbed on tkE08)i via attachment by one vertex. A complete
assignment of the observed vibrational features, for both physisorbed and chemisorbed clusters, has
been made based upon comparisons with the results obtainaty initio calculations using
gradient-corrected density functional methods. 1@98 American Institute of Physics.
[S0021-960628)02820-1

I. INTRODUCTION of this interface in microelectronic devicé€ne technique

which has been widely used to study this interface is x-ray

In recent years thgrg has been a great deal .of research Bﬂotoelectron spectroscop}PS),2% because changes in the
the structure of the Si/SiOnterface, due to the importance onqrqy evels of the Sig2 core level can provide information

about the local chemical environment of Si atoms at the in-
aCurrent address: Exxon Research and Engineering, Corporate Researrface. In particular, many XPS studies have focused on
,Laboratories, Annandale, New Jersey 08801, trying to understand the structure of Si/Si@terfaces which
Author to whom correspondence should be addressed. L. . .

9Current address: NIST, Gaithersburg, Maryland. are formeq |n2|£1dustr|ally important processes, such as ther-
9Deceased. mal oxidation®
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FIG. 1. (a) The free HSigO,, cluster.(b) Adsorption geometry proposed by

L T i
Banaszak-Holl and McFeely in Ref. 5. (b)
Recently, Banaszak-Holl and McFeely have used XPS to
study the Si D core levels of Si/SiQ interfaces that had
been formed by the room temperature adsorption of a variety
of siloxane clusters on Gi00 surfaces™’ These studies / ‘ 1 . l
5 4 3 2 1 0

tensity (arb.)

in

were motivated by the observation that in previous studies of
Si/SiG, interfaces, the Si 2 features were assigned to SiO
structures on the basis of a “group-shift” model, which had
never been experimentally shown to be applicable to SYSIOFIG. 2. (8 The XPS spectrum resulting from the chemisorption of the
interfaces. Thus, the goal of their cluster studies was to protsSizOs. cluster on clean $100). This spectrum was taken from Ref.(5)
vide a wel-defined Si/Siginterface with a known structure ACACUEIS0 S1B KPS specun of e csters hemiorbed ond®
which could be used as a standard for assigning the XP&om Ref. 9.
features of Si/SiQ interfaces generated by other methods,
such as thermal oxidatidit Interestingly, on the basis of
their XPS studies of these cluster-derived Si/Si@erfaces, cifically, as shown in Fig. @), the Si 20 XPS spectrum of
Banaszak-Holl and McFeely concluded that the ‘“group-the clusters adsorbed on a(BJ0) surface exhibits features
shift” model could not be used as a guiding principle to shifted 0.4, 1.04, 2.19, and 3.64 eV relative to the bulk Si
assign the features in the XPS speétrBheir conclusions peak® These features were assigned by Banaszak-Holl and
have generated a great deal of controversy in thévcFeely as belonging to Hsi, Si-Si0;, Si-SiO;, and
literature®°1° H-SiO; moieties, respectively, based upon a comparison of
To address this controversy, we report in this paper outhe relative integrated intensities of these features with the
vibrational studies of a spherosiloxane cluster which has aelative numbers of Si atoms in different chemical environ-
chemical formula HSigO,, and a structure as shown in Fig. ments for clusters chemisorbed in the manner described
1. In particular, we will focus on two key issues. The first above®® However, recent density functional calculations of
issue is concerned with whether the clusters attach to ththe clusters in this adsorption geometry by Pasquarello, Hy-
Si(100) surface in the manner proposed by Banaszak-Holbertsen, and Carr have not predicted the existence opSi 2
and McFeely’ This proposed adsorption geometry, shown inXPS features shifted 1.04 and 2.19 eV relative to the bulk Si
Fig. 1, simply involves the dissociative chemisorption of apeak, as shown in Fig.(B), suggesting that two of these
cluster across a @00 dimer to form an HSigO,, species features arise from contaminatidnn particular, it has been
attached to one Si atom of the dimer and a hydrogen atorauggested that the 1.04 eV feature arises from background
attached to the other. Indeed, since Banaszak-Holl and Mavater contamination,and not from the existence of signifi-
Feely have based their controversial interpretation of theant “second-nearest-neighbor” effects, as proposed by
XPS studies of this class of clusters on this adsorption geBanaszak-Holl and McFeeRF Additionally, it has been pro-
ometry, it is important to verify that this adsorption geometryposed that the 2.19 eV feature could be the result of nonse-
is correct. The second issue is concerned with whether celective decomposition of the cubes to form some type of
tain key features in the XPS spectrum of the clusters are duguboxide species on the surface.
to contamination, rather than adsorbed clusters. More spe- In order to determine both the cluster adsorption geom-

core-level shift (eV)
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etry on S{100) surfaces and the importance of contaminationB. Infrared spectroscopy
effects from water or partially decomposed clusters, we have
studied the adsorption of clusters on clean and D—passivatqq
Si(100 surfaces by using external reflection infrared specy
troscopy. Infrared spectroscopy can provide valuabl
complementary information to the XPS studies, becaus

The infrared experiments were performed at both the
ational Synchrotron Light Source of Brookhaven National
aboratories and at Bell Laboratories. The ultrahigh vacuum
UHV) chambers and the corresponding optical geometries

Additionallv. si h ious| died the di HMh Brookhaven, a liquid-helium-cooled Cu:Ge detector, sen-
ltionally, since we have previously studied the disSoCiajye ahove 330 cm', was used for studies in the mid- to

tive adsorption of water on €i00) with this technique;” we far-infrared region, while at Bell Laboratories, a liquid-

can provide gstimates .Of the degree.of wgter Con.taminatioHitrogen—cooIed HgCdTe/InSb sandwich detector, which is
in these particular studies by comparing with previously Ob'sensitive above 720 ¢, was used. The infrared spectra

tained data. : : . . shown are the result of ratioing a series of coadded spectra of
The remgmdgr of this Paper 1 .orgamzed as follows. Inthe adsorbate-covered surface against a series of coadded
Sec. II, we will briefly describe details conceming the prEpa'spectra for the clean surface. For the experiments that were
ration of these $100 samples, the acquisition of the infra- rformed at Brookhaven, typically 3—6 spectra of 256 scans
red spectra, and the handling procedures for the clusters arggzre acquired at 6 cnt re,solution and coadded prior to ra-

fgasifs usled ”t]hthc;s Stﬁ.d{]' We wil leto delscr||bte ttrr:e densit loing for both the clean and the adsorbate-coverage surfaces,
unctional methods which were used 1o calculate theé Norma, e for the experiments at Bell Laboratories, typically 3

mode frsth_J:ar:c(ljesl oftfree g81g01, ;‘L:steRrs gng of rt;lated spectra of 512 scans at 8 chresolution were acquired prior
monosubstituted cluster compoun@e., RHSigOy,, where to ratioing. The variation of the sample temperature during

R=CHj or SiHy) which are relevant for the interpretation Of. the acquisition of the infrared spectra was kept-#.2 K or

the infrared spectra}. In Seg. lll, we report infrared EXPEragg by using a home-built heater feedback loop control.
ments and calculations which demonstrate that the CIUSter§uch precise temperature control is critical since larger tem-

are most likely adsorbedtia attachment through a single erature fluctuations would cause a significant drift in the
v_ertex, as proposed by Banaszal_<-H(_)II and McFeely. We alsBase line, rendering the spectrum unusable.
discuss the role of water contamination and attempt to quan-
tify the amount of water coadsorbed with the clusters.

C. Handling procedures for clusters and gases

II. EXPERIMENT The HSigO;, clusters were synthesized and purified ac-
cording to a previously reported proceddfend stored in a
stainless steel vial which could be sealed by a metal bellows
The preparation and cleaning of the Giplanted valve. Prior to performing any experiments, the cluster
Si(100 samples have been described previously in d&tail. source was first conditioned by pumping extensively with a
Briefly, the S{100 wafers (B-doped, 6—10Q-cm) were turbomolecular pumgfor 24—36 hourksin order to remove
heated to 650 K, bombarded with 200 ké¥Co" ions(beam  potential contaminants, particularly water. Also, at the begin-
current density 15-2@A/cn?, total dose ~2.3  ning of each day of experimentation, the cluster source was
x 10" cm™?), and capped with a protective oxide. This im- further conditioned by 30 min of pumping with a turbomo-
plantation process was followed by a two-step annealing prolecular pump. This cluster handling procedure is similar to
cedure which helped to reduce the surface damage caused the one used previously by Banaszak-Holl and McFeely in
the ion bombardment. Next, the($00) samples were sub- their XPS studies of cluster adsorption or{190).° Expo-
jected to a series of wet chemical cleaning, oxidation, andures of the clusters are reported in langmuirs
etching steps which ultimately left a 1.0-1.5 nm thick pro-(1 L=1.3x10“Pas). These exposures were regulated by a
tective oxide film on the surface. The samples were themrecision sapphire leak valve and were made through a
inserted into a load-lock chamber, and a single sample wa3/8 inch outer diametefo.d) copper dosing tube that was
transferred to a manipulator that had been extensively outdirected at the $100 sample. The result of dosing through
gassed previously in order to avoid contamination when anthis tube was that the flux of clusters at the surface was
nealing away the protective oxide layer. This entirehigher than estimated from the measured partial pressure in
transferring/annealing procedure has been described thothe chamber. As determined by calibration experimémnds
oughly elsewheré! After the protective oxide was removed shown, a 0.4 L exposure cluster corresponds to a saturation
by annealing, a well-ordered (800 surface was obtained, layer on the clean §100 surface with this dosing method.
as verified by low energy electron diffractiobEED), Auger The deuterium used in these studies was purchased from
electron spectroscopgAES), and vibrational linewidth stud- Matheson(99.999% purity and was used without further
ies of the hydrogen-passivated surfatélso, note that the purification. Atomic deuterium used for passivating the
Si(100) samples were never cleaned ibysitu ion bombard-  Si(100 surface was generated by backfilling the vacuum
ment, since this procedure would rapidly erode the thin Sthamber with D to 1.3 10" % Pa and then turning on a W
layer above the Coglayer. Whenever the sample was con- filament (T amen=~2100 K, as measured by a disappearing
taminated with carbon, as determined by Auger electrorfilament pyrometer which was located~5 cm from the
spectroscopy, it was replaced with a fresh sample. Si(100 surface. During the D atom exposures, th€180)

A. Sample preparation
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sample temperature was held at 550 K to ensure that the 98 -P"__ML
surface would be passivated by the monodeuterated phangSigO 1200 1.0 LYV—N-——-M—'——WM‘
exclusively™® Although the exposures of atomic deuterium pg(100) 86 S
are reported in langmuirs, these exposures reflect the partia g W:t
pressure of Din the chamber while the W filament was on, %—W"Au
and not the actual flux of D atoms at the surface of the é "Y‘I”G
Si(100 sample. Typically, a 110 L dose of D atoms was 2| 2267
sufficient to passivate the @00 surface completely by 408
forming the Si—D monohydride phase, as verified by infrared 90 (a) i1he Tg=130K
spectroscopy. . . . 500 1000 1500 2000
The D,O used in these experiments was stored in a Wavenumber (cm-1)
quartz vial which was sealed by a metal bellows seal valve.
Prior to use, it was purified by successive freeze—pump—
thaw cycles.In situ mass spectrometry confirmed that the | T
purity was greater than 95%. HgSigO12 is 27y
o ) In CClg
D. Ab initio normal mode calculations
To assist in making vibrational mode assignmeiats, %
initio calculations were performed to determine the normal (b) [ B
mode frequencies of the free cluster and of monosubstituted : g8t : I
clusters in which a hydrogen atom at one of the corners of 500 1000 1500 2000

Kl
the cluster was replaced by either a silyl group or a methyl Wavenumber (em™)

group. We have chosen to use these monosubstituted clustens. 3. (a) Infrared spectra of clusters on a D-passivated®) surface
to model chemisorbed clusters or{I5i0), because determin- taken as a function of cluster exposufe). Infrared spectra of clusters in a
ing the normal modes of these monosubstituted clusters I«g.)arbon tetrachloride solution. This spectrum was taken from Ref. 12.
computationally more tractable. However, we recognize that
the use of silyl groups or methyl groups to represent the
surface leads to a reduced mass which is substantially differ-
ent than what would be obtained if the surface were fullyvibrational modes of the clusters. The spectra show that five
represented. Nevertheless, the normal mode calculations fafbrational features gradually appear with increasing cluster
these simple model compounds can predict which clustegxposure. Similar features are also observed for the clusters
modes become infrared active if the octahedral symmetry dih a carbon tetrachloride solutidhas seen by a comparison
the free cluster is reduced @, , as would be the case if the of Figs. 3a) and 3b). This similarity is significant in that it
clusters attach to the @i00) surface through a single vertex. provides evidence for the purity of the cluster source that
The ab initio calculations were performed using the B3- was used in these studies. In particular, the five vibrational
LYP gradient-corrected density functional method, whichfeatures observed in Fig.(@ clearly are characteristic of
has been shown to be comparably accurate to methods whidteSisO1. clusters, which implies the following1) the clus-
employ Gaussian basis sets, such as MP2, while being corter source does not emit a mixture of structurally different
putationally less expensivé'**The geometries of the free siloxane molecules; an(®) during the dosing process, the
cluster and monosubstituted clusters were fully optimized:lusters are not altered either by reactions with the interior
prior to evaluating the matrix of force constants. The infraredwall of the chamber or by thermal cracking due to the ion
intensities of all normal modes were determined as well, bugauge. These results will be especially important later, when
we emphasize that these intensities are calculated using thié¢e examine the infrared spectra of the clusters which are
total dynamic dipole of the mode. Thus, in making compari-directly chemisorbed onto a @00 surface.
sons with the intensities of experimentally observed spectral  The vibrational mode assignments for the spectral fea-
features, one must be cautious because only the perpendidires in Fig. 83 are summarized in Table I. These assign-
lar component of the dynamic dipoles are observed for adments were made by a straightforward comparison to the

sorbates on the Ceimplanted Si100) samples?® assignments previously reported for the clusters in a carbon
tetrachloride solution! as well as by a comparison to the
IIl. RESULTS results of ourab initio normal mode calculations for the free

cluster. We note here that the calculations yield normal mode
frequencies which agree quite well with the experimentally
observed values reported in the literatbfejffering by only

In Fig. 3(a), we present infrared spectra of clusters on2%, on average. Additionally, the normal mode descriptions
deuterium-passivated @00 at 130 K. These spectra were obtained from the calculations qualitatively agree with those
taken as a function of exposure. For the sake of clarity, wepreviously proposed on the basis of a normal mode analysis
have chosen to use an infrared spectrum of the deuteriunusing Wilson’sF and G matrix methodt” As an example,
passivated $100 surface as the background spectrum, soboth the previously reported assignments and awiinitio
that all of the spectral features in FigaBare related to the calculations assign the features at 895 and 1199'cto

A. Cluster adsorption on deuterium-passivated and
clean Si (100) surfaces
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TABLE |. Vibrational mode assignments for the major features in the in-
frared spectrum of molecularg8igO;, clusters. All frequencies are in wave
numbers. The numbers in parentheses refer to the infrared intensities calcu-
lated using the total dynamic dipole, and not just the component perpendicu-

Eng et al.

98.0 —

|
2277
lar to the surface. g 95 - 820‘ ;
c
Molecular HSigO;, clusters 2 862 l910
E 891
Mode description Symmetry In CCl,2 On D/Si(100) B3-LYP g 9.0 o 1099
©
54(Si—0-Si) Tu 399 408 392(173 ”
v(Si—0-Si) Ti 465 482 451(135) > 975 - (a)
5,(0-Si—H) Ty 881 895 894(513 1169
1a(S—0-Si) Ti 1141 1199 11542130 298K
v(0,Si—H) T 2277 2287 2361(355 97.0 T

%Reference 17.

threefold degeneraté(Si—H) and v,(Si—O-Si) modes, re-
spectively.

The close agreement between the frequencies observed
in Figs. 3a) and 3b) suggests that the clusters are only
weakly physisorbed on D-passivated(180 surfaces at
cryogenic temperatures. This behavior is confirmed by infra-
red studies which monitor the thermal desorption of the clus-
ters from a D-passivated 300 surface, as shown in Fig. 4.

In these studies, a D-passivated surface was exposed to 16 L
of clusters at 120 K, subsequently heated to each specified
temperature for one minutéeating rate3 K/s), and then
recooled to 120 K[For reference, a 16 L exposure of clus-
ters corresponds to approximately 40 layers of clusters, as-

i
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FIG. 4. Infrared spectra of clusters on a D-passivatétidB) surface taken
as a function of substrate temperature.

FIG. 5. (a) Infrared spectrum obtained following a saturation exposure of
clusters on a clean @i00) surface at room temperaturd) Infrared spec-
trum of a hexyl-substituted cluster in a pentane solution. This spectrum was
taken from Ref. 13.

suming that the sticking probability of the clusters on the
D-passivated $100 surface at 120 K is the same as that for
clusters on a clean @00 surface at room temperatufe.
From the series of spectra shown in Fig. 4, it is evident that
all of the clusters have desorbed from the D-passivated sur-
face by 200 K, indicating that the clusters interact only
weakly with the D-passivated surface. This result is impor-
tant because it sets an upper limit for the multilayer desorp-
tion temperature of the clusters. Thus, in later infrared ex-
periments where the clusters adsorb directly on @Q8)
surface at room temperature, we can exclude the possibility
that the corresponding infrared spectra are the result of a
superposition of vibrational features originating from both
chemisorbed and physisorbed clusters.

Figure 5a) shows an infrared spectrum obtained after
exposing a S1100) surface at room temperature to a satura-
tion exposure of clusters. By comparing with the spectra of
physisorbed clusters in Fig. 3, it is evident that several addi-
tional spectral features appear following the reaction of the
clusters with the clean &i00) surface. For example, the fea-
ture at 891 cm?, which corresponds to &(0;Si—H) mode
in the physisorbed cluster, is also present in Fi@),5but
splits to produce satellite features at 862 and 910%cmd-
ditionally, the feature at 1169 cm, corresponding to a tri-
ply degenerater,(Si—O—Si) mode in the physisorbed clus-
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TABLE II. Vibrational mode assignments for the major features in the infrared spectrurgSiQ, clusters
adsorbed on $100). All frequencies are in wave numbers. The calculated infrared intensities refer to intensities
which are calculated using the total dynamic dipole, and not just the component perpendicular to the surface
plane. The different(Si—H) and v,(Si—O-Si)modes correspond to different collective motions of Si—H and
Si—O-Sigroups within the cluster.

HgSigO;, clusters

Symmetry CHg-substituted On S(1000  SiHz-substituted
Mode description Cs, Hexyl-substituted B3-LYP IR data B3-LYP
&(Si—H) E 847 874 (427) 862 842 (125
8(Si—H) Ay 887 900 (1000 891 890 (1016
&(Si—H) E 905 921 (78 910 900 (625
Ay 918 (132
v4(Si—0-Si) E B 1044 (18 1099 1037(52)
A, 1114 (8) 1112 (54)
v4(Si—-0-Si) E 1141 (33 1136 (313
Ay 1141 (83 1141 (270
v4(Si—0-Si) E 1139 1152(4182 1169 1151(3852)
Ag 1152 (2209 1151 (1988
v(03Si—H) E 2274 2360(591) 2277 2362(624)
Ay 2366 (65 2360 (128

®Reference 18.

ter, now has a shoulder at 1099 chin Fig. 5a). Finally, we  broad shoulder at-1099 cm! in Fig. 5@a). Interestingly,
observe a rather weak feature at 820 ¢mwhich is in the  although the calculations predict that similar infrared active
frequency range expected for 4Si—OH mode of a hy- modes should appear in the infrared spectrum of the methyl-
droxyl group on a $i00) surface'’*® This feature will be substituted cluster, such modes would possess a weaker in-
discussed in detail below. frared intensity than the analogous modes of the
A comparison of the infrared spectrum shown in Fig. SiH;-substituted clustetcf. Table Il). These differences in
5(a) with an infrared spectrum of hexyl-substituted clustersinfrared intensity may be related to subtle differences be-
in a carbon tetrachloride solutidiFig. 5b)]*® reveals that tween the vibrational coupling of the cluster modes to the
these two spectra are fairly similar, suggesting that the vibraSi—CH; and Si—SiH vibrations. In an analogous fashion, the
tional assignments for the hexyl-substituted cluster can beresence of a feature at 1099 chin the infrared spectrum
used as a guide for assigning the vibrational features obef the clusters on a §i00) surface[Fig. 5a)], but not in the
served in Fig. Ba). These assignments, which are confirmedinfrared spectrum of hexyl-substituted clust¢rig. 5b)],
by our ab initio calculations described below, are summa-may be related to subtle differences in vibrational coupling
rized in Table Il. However, we note that the feature observeaf the S{100) surface and the hexyl group to the modes of
at 1099 cm in Fig. 5a) does not appear to have an analogthe cluster.
in the spectrum of the hexyl-substituted clustigfigy. 5b)]. The close agreement between the frequencies observed
Based solely on a comparison between the spectra in Figin Fig. 5a) and those predicted from the normal mode cal-
5(a) and gb), it is impossible to determine whether this fea- culations for the HSigO,,—SiH; cluster compound strongly
ture is intrinsic to molecularly chemisorbed clusters onsuggest that the §$isO;, clusters attach to the @00 sur-
Si(100), or whether it arises from other surface species, suclface through one vertex. Such a cluster adsorption geometry
as partially decomposed clusters. is consistent with the one proposed by Banaszak-Holl and
Motivated by these issues, we perfornadlinitio calcu-  McFeely on the basis of XPS studies of clusters ofi &)
lations to determine which normal modes of a cluster wouldsurfaces, as described above. However, if each cluster disso-
become infrared active if the octahedral symmetry of a clusciatively chemisorbs across a singl€1%i0) dimer, as shown
ter were reduced t€5,, by substitution of either a silyl or in Fig. 1, the hydrogen atom that is adsorbed on the same
methyl group at one vertex. Importantly, the frequencies caldimer as the HSigO;, cluster fragment should give rise to a
culated for the Siktsubstituted cluster, which are summa- vibrational feature at-2090 cmi®. This feature is expected
rized in Table Il, agree rather well withll of the experimen- based on comparisons with infrared studies of analogous sys-
tally observed frequencies for the clusters chemisorbed on &ms. For example, a moderately inteng8i—H) feature is
Si(100) surface. For example, as shown in Table Il, the cal-observed at 2088 cnt following the dissociative chemisorp-
culations predict that substituting a hydrogen at a corner ofion of water across a single (300 dimer to form surface-
the cluster by a Siklgroup causes$(O,Si—H) vibrations at  bound hydrogen and a hydroxyl grotipSimilarly, a mod-
842 and~900 cm! to become infrared active, which ac- erately intenser(Si—H) feature is observed at 2088 cfn
counts for the features at 862 and 910¢nin Fig. 5a). following the dissociative chemisorption of ethanol across a
Additionally, the calculations predict that infrared active fea-single S{100) dimer to form surface hydrogen and ethd<y.
tures occur at 1112, 1136, and 1141¢mfor the  Thus, the complete absence of such(@i—H) feature in Fig.
SiHs-substituted cluster, which most likely gives rise to the5(a) is somewhat surprising. However, one possible explana-
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95 — of H;0 ) ] ]
on Si(100) FIG. 7. Difference spectrum obtained by subtracting the spectrum gfa D
passivated $100) surface from the spectrum taken after the same surface
was exposed to 1.2 L of clusters.
94 —
grated intensity of the(Si—OH) feature for a saturation cov-
82|5 erage of water on the @00 surface[Fig. 6(b)]. Such a
93 | : : | comparison reveals that the integrated intensity of the
800 1000 1200 1400 1600 820 cm ! feature is only 5% that of the(Si—OH) feature for

a saturation coverage of water, suggesting that the amount of
coadsorbed water is rather small. However, we emphasize
that this comparison only provides a rough estimate which is
good to within a factor of~1.5, due to uncertainties in the
reproducibility of the optical alignmeri?. Additionally, it ap-
pears that the clusters can react with a water-treated@i
surface, so that the 820 crhfeature might be attenuated and

tion is that the surface concentration of hydrogen may todnight not account for all of the water contamination. Al-
low to give this mode appreciable intensity. In other words,10U9h .th'go point will be addressed in detail in a future
since the clusters are rather bulky, a saturation coverage g‘ubhcatmn, we merely illustrate it here by showing that the
chemisorbed clusters only generates oRSigD;, group and ~ ClUSters can react with a D-treated(i.e., DO saturate
one H atom per three @00 dimers® leading to a surface Si(100 surface. Figure 7 shows a difference spectrum ob-

hydrogen coverage that is only one-third of that obtained fofained by subtracting the spectrum of a@itreated SiL00)
a saturation coverage of either water or ethanol. surface from the spectrum of a,DO-treated SiL00) surface
after a cluster exposure sufficiently large to saturate a clean

Si(100 surface. This difference spectrum clearly shows a
positive-going feature at 843 ¢rh indicating an attenuation

_ of the »(Si—OD) mode of the chemisorbed,D. The inte-
served frequencies for the clusters adsorbed on a cleag1 and 1155 ct, and are assigned t6(05Si—H) and
Si(100 surface rather well, we note that the calculations doy,(Si—0Sj modes of the cluster, respectively, based on a
not predict the presence of any spectral features at 828.cm comparison with the spectra in Fig(a. We also observe a
This result suggests that this feature does not arise from groaq, relatively intense feature at 1061 ¢mwhich is not
vibrational mode of the cluster, but rather from a vibration of ghserved for clusters weakly physisorbed on D/Si( 160y.
some contaminant on the surface. In fact, based upon oug)]. The presence of this feature suggests that at least a
previous infrared studies of water chemisorption ofi®),  fraction of the clusters interacts strongly with a water pre-

we believe that this feature is consistent with #8i-OH  covered surface at room temperature, and possibly even re-
vibration of surface hydroxyl groups generated by the dissozcts.

ciative chemisorption of water on the (800) surface'!

though we do not have enough signal-to-noise neapy. DISCUSSION
2100 cm* to detect ther(Si—H) vibration that would ac-
company they(Si—OH) mode.

However, assuming that the 820 chnfeature results As mentioned in the Introduction, one key part of the
from water contamination, we can place a lower limit on thecontroversy concerning the proper interpretation of the XPS
amount of water coadsorbed with the clusters by comparingpectrum of the chemisorbed clusters is whether the clusters
the integrated intensity this featufBig. 6(@)] with the inte-  attach to the $100 surface by one vertex. Indeed, several

Wavenumber (cm™)

FIG. 6. (a) The infrared spectrum obtained after a saturation exposure o
clusters on a $100) surface. The feature at 820 cfncould result from the
»(Si—0O) feature of dissociated water which is present as a contamitiant.
Infrared spectrum obtained following a saturation exposure 0@ on a
clean S{100) surface.

B. Identification and quantification of water
contamination

A. The adsorption of H gSigO;, clusters on Si (100)
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alternative scenarios to the single vertex adsorption geomettfy. The role of water contamination

proposed by Banaszak-Holl and McFeely have been sug-  The role of water contamination in the XPS studies of
gested in an effort to explain the XPS spectrum of thegjysters chemisorbed on a(800) surface has been debated
clusters’ For example, one possible scenario is that the clusstrenuously in the literature®® At the core of this debate is
ters decompose during the dosing process, so that the XRfncertainty over the proper interpretation of the Bif2ature
spectra reflect the presence of various suboxide species. ¢hifted 1.0 eV relative to the bulk Si feature in the XPS
second possible scenario is that a fraction of the clusterspectrum of clusters on @00 [Fig. 2(@)]. Banaszak-Holl
which adsorb initially on the $100 surface completely de- and McFeely have claimed that this feature arises from
composes, causing artifacts in the XPS data, yet subseque$tong “second-nearest-neighbor” effects, although Pas-
clusters attach to the surface via one vefteMso, it has quarello, Hybertsen, and Car have suggested that this feature
been suggested that each cluster can react with more thahises from surface hydroxyl groups present due to water

one Si surface dimer, leading to either double vertex attachgontaminqtior?. However, it has been argued by McFeely
ment or the partial destruction of the siloxane cage. et al. that, if the 1.0 eV feature does indeed result from dis-

However, based on our infrared data aiinitio calcu- SOC'?‘“VE'V chemisorbed water, then_the mtegrf_;\ted Intensity
. . of this 1.0 eV feature, relative to the integrated intensities of
lations, we can clearly exclude some of these scenarios. F

. . e other features, implies that there is a 1:1 ratio of chemi-
example, the infrared spectrum of clusters physisorbed on 8rbed clusters to chemisorbed water on tH@(®) surface’
D-passivated $100 surface[Fig. 3(a)] is completely con-

i e In other words, since one cluster and one dissociated water
sistent with intact, molecular clusters, and allows us to rulgyglecule together would occupy three surface dimers, a 1:1
out the possibility that the cluster source emits a variety Okatio of clusters to water on the (8D0) surface means that
structurally different clusters. Additionally, as mentioned 33% of the dimers must be occupied by water.

above, this result argues against the possibility that the sur- Thus, one critical challenge for the infrared experiments
face is contaminated by cluster fragments formed during thés to determine whether coadsorbed water occupies at least
dosing process by thermal cracking due to a hot filament i83% of the Sj100) surface. A comparison of integrated in-
the chamber, such as that of an ion gauge, or by reactintgnsities in Fig. 6 indicates that the amount of coadsorbed
with the stainless steel inner walls of the chamber to evolvavater is significantly smaller than the amount required to

structurally different clusters. Our infrared studies also argu@ssign the 1.0 eV feature in the XPS studiég. 2) solely to
against the possibility that an initial fraction of the clustersc0@dsorbed water. However, it should be emphasized that

that adsorb on the surfag®mpletelydecomposes, because these infrared experiments were not performed in the same
chamber as the XPS experiments, so that the level of con-

in such a scenario, the resulting suboxide would very likely” ™ =" == : : )
tamination in these experiments is not necessarily the same

have low symmetry on the surface, causing dipole active . . - o !
feat + oredicted by th lculati indeed. th s in the XPS experiments. An additional complication arises
eatures not predicted by the calculations. Indeed, the goofl, ., ihq ability of the clusters to react with a(800) surface

agreement between the frequencies observed in the infrarg,; is precovered with water, because the surface species
experiments on the chemisorbed clusters with the frequengenerated by exposing a water-precovered surface to clusters
cies calculated for the Si-substituted cluster suggests that a5 not yet been identified. More experiments are underway

the spherosiloxane cage of the clusters must remain fairlyy examine the interactions of the clusters with coadsorbed
intact upon adsorption and is completely consistent with gyater2°

single vertex adsorption geometry. However, we emphasize

that a surfacev(Si—H) feature, which should result from

cluster dissociation across(800) dimers[Fig. 1(b)]was not \; cONCLUSIONS

observed. Furthermore, we have not performed exhaustive

calculations to characterize the normal modes of a partially In order to address the controversy concerning the ad-
decomposed cluster, due to the multitude of different possorption geometry of k5igO;, clusters on S100), we have
sible ways that the cluster can decompose, so that we cannpgrformed infrared experiments ard initio calculations.
say definitively that no other possibilities exist other thanBY Studying the adsorption of clusters on a deuterium-
single vertex attachment. Additionally, we note that theP@ssivated $100 surface, we have shown that molecularly

structurally similar HgSi;oO45 cluster, which has a solution Intact cIusFQrs can be dos_,ed onto ‘h? surface, and that no

infrared spectrum similar to that of thegBigOy, clusterl decomposition occurs during the dosing process. After ex-
: . in lean rf to the clusters, w tain an

also reacts with the 8100 surface to yield a spectrum simi- posing a clean $100) surface fo the clusters, we obtain a

| hat of a di iatively chemisorbedSiko.» cl infrared spectrum which is consistent with a cluster adsorp-
artot atzc()) a dissociatively chemisor e.d;SHg. 12 CUSIET 46 geometry in which the spherosiloxane cage is attached
[Fig. 5@].“” Thus, the spectrum shown in Fig(ap is not

to the surface through a single vertex, though we do not
necessarily unique to ag8ig0,, cluster bound by a single pserve the correspondingSi—H) that is expected if the
vertex, and on this basis, we cannot rule out the possibility|,sters dissociate across the(190) dimers, as shown in
that the siloxane cage of a surface-boungSkD;, cluster  Fig. 1(b). Theab initio calculations accurately reproduce the
may be slightly decomposed on thell0 surface, though vibrational features observed for weakly physisorbed clusters
largely intact and similar in structure to that of the unboundon a D-passivated surface, as well as those observed for clus-
cluster. ters directly chemisorbed on the (800 surface. On this
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ment for the vibrational spectrum of the chemisorbed clus- _Rev. B38 6084(1988.
ters. 5M. M. Banaszak-Holl and F. R. McFeely, Phys. Rev. Létl, 2441

(1993.
We have also attempted to quantify the amount of dis-6s5 | ee, 5. Makan, M. M. Banaszak-Holl, and F. R. McFeely, J. Am.
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covered surface indicate that a fraction of the clusters inter- A- Pasquarello, M. S. Hybertsen, and R. Car, Phys. Re65810,942
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