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Interactions of SrF, and PrF; with TiC (111) and Si(111) surfaces studied by low-energy
D* scattering spectroscopy
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On the basis of neutralization of scattered low-energyidhs, the nature of the bonding of ionic molecules
adsorbed on metal and semiconductor surfaces has been investigated. It is found,thea@sFwith the active
dangling-bond states of the TiCl1) surface and the ionic bonding betweerf'Sand F ions is strongly
weakened. However, the ionicity of the adsorbates recovers after oxygenation or hydrogenation of the
TiC(111) surface since H or O passivates the dangling-bond states at the interface. On the other hand, the
dangling bond of SiL11) has relatively little effect on the ionic Sr-F bond formation and rather dissociation of
SrF, is promoted at an elevated temperature due to preferential reaction of F with Si. In terms, dbRidtty
is strongly reduced on both@il1) and TiQ111) surfaces and oxygenation of the surface has very little effect,
suggesting that PgHs dissociatively adsorbed and Pr forms covalent or metallic bonds with the substrate.
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I. INTRODUCTION ing a single collision with a topmost-layer atom provided

. . . o . that that atom is highly ionic in natufé!? This is because
The interaction of insulating ionic compounds with metal : X L .
the duration of a binary collisioita few femtosecondsis

and semiconductor surfaces has attracted considerable attqn- L ; .
. . L ; . longer than the lifetime of a hole in the band of typical me-
tion. In terms of practical applications, interface properties

- . . tallic and covalent materials but shorter than that of highly
are of crucial importance for manufacturing electronic de-.

vices in semiconductor-on-insulaté8Ol) technology™—® It ionic compounds, thus leading to marked differences in the

is a common recognition that the growth mode in heteroepi—n eutralization probabiliiesthe band effegt™ Charge ex

taxy is governed by the surface free energy and the IatticChange in D scattering is actually even more local in nature

: : . . fhan expected from the averaged band picture or the electron
mismatch. Since free energy or wetting of two different ma- : o .
o . . ; continuum model because the B arbital is spatially local-
terials is related to atomic bonding at interfaces, knowledge s . L
. . . ized. In LEIS, the collision events with specific target atoms
of the atomic and electronic structure of the first monolayer o ; .
. o . L can be distinguished via the energy of the scattered ions.
in epitaxial processes is of crucial importance for better un-

derstanding of the mechanism of thin-film growth. More- This ability and the lifetime difference enable us to investi-

over, the study of dissociative adsorption or bond weakeningate the ionicity of specific targ_et atorns.
Here, we report on the experimental results 6f §zatter-

of adsorbates due to interactions with the substrate electronic ; :
state should give insight into surface chemistry, such as hefld from Stk and Prf; deposited on the &ill) and
erogeneous catalysis and corrosion, etc. TiC(111) surfaces as an extension of our previous vx70rk._
We have investigated the nature of the bonding of alkalil "€ experiments were aimed for determining the electronic
halides adsorbed on metal and semiconductor surfaces on tgucture at the ionic/covalent or ionic/metallic interface in
basis of neutralization and inelastic scattering of low-energyhe submonolayer coverage regime. In connection with the
D" ions.! Low-energy ion scattering_EIS) has been devel- SOl technology, alkaline-earth fluorides and the rare-earth
oped as a tool for surface structural and compositionalrifluorides are important to grow an insulating layer epitaxi-
analyse% 2 and its simplicity is mainly based on classical ally on the S{111) surface'~® Moreover, the dangling bond
mechanics. However, if the internal electronic states of ion®f Si is known to play an important role in surface chemistry
are considered, the processes involved in low-energy ioand thin-film growth, eté? The TiQ(111) surface is chosen
scattering are governed by the laws of quantum-mechanicals a metal substrate with a hexagonal lattice so that the stable
dynamics. Indeed, scattered ions experience transient adsordrF,(111) and Prg{0001) faces can be grown. TiC is a re-
tion at a surface for an ultrashort time scale in the femtosecfractory compound with a NaCl-type structure and(it41)
ond range and, hence, charge states of scattered ions shosldgrface is known to be terminated by Ti atoms. It is believed
give insight into elemental chemical processes at a surfac¢hat dangling-bond states with a mostlgl 8haracter exist at
These processes are typical for scattering of reactive ionthe fcc threefold hollow sité3*®which is also inferred from
with an open shell electronic structure such as ¢t D, the fact that covalent molecules such asdid G are dis-
since capture of valence electrons occurs via a transiersociatively chemisorbed on this particular Sife® In this
chemisorptive bond during scatterifig*? The neutralization paper, emphasis is placed on the effects of such active
probability should therefore be strongly dependent on thalangling-bond states on the formation of ionic bonds be-
electronic band structure or ionicityeactivity) of the sur- tween Sf* (PP") and F ions in the first-deposited mono-
face. Specifically, the Dion can survive neutralization dur- layer.
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Il. EXPERIMENT 1000 ———T——T——T——T—— T

The experiments were made in an ultrahigh-vacuum 222 F @S, k
(UHV) chamber(base pressure of210™1° mbay equipped 700 [ h
with facilities for standard-surface characterization. The ion 600 ]
beams were extracted from discharge in a mixed gas of He & . [ h
and D, and were mass analyzed using a Wien filter. The D 2, -t k
ions with kinetic energy of 50 or 100 eV were incident upon - 300 [ 1
a surface at an angle of 80° measured from the surface and g 200 b h
the ions backscattered through 160° relative to the incidence = 'r ]
beam direction were detected by means of an electrostaticy F sr E
energy analyzer operating at a constant-energy resolution of © T Y
2 eV The S{111) (p type, 20-50Q cm) surface was g : — : :
cleaned by resistive heating in UHV up to 1500 K. The sur- ¥ 2500 -- (b) PIF, 1
face showed a sharpX77 pattern in low-energy electron 3 r
diffraction (LEED). A single-crystal rod of TiC was grown ‘g 2000 - ]
by the floating-zone methdd.A specimen was cut from the > I ]
rod within an accuracy of 0.5° parallel to tii&11) face by ‘@ 1500 - iy
spark erosion, and one face of the specimen was polished ‘GEJ 1000 | ]
mechanically to a mirror finish. The surface was cleaned by — | ]
several flash heatings up to 1900 K in UHV. The surface 500 |- |
thus prepared showed a sharp, well-orderedllpattern in A |
LEED and no visible contamination in Fieion scattering. ol F P i
The Srk and Pri; were deposited onto the clean surfaces as PR R S S S S S S
well as onto oxygenated/hydrogenated surfaces by thermal 46 S0 60 70 80 9 100
evaporation. The amount of the adsorbate was estimated Energy (eV)

situ by using low-energy He scattering Eo=1 keV) since

the scattered Heintensities were much less affected by the ~ FIG. 1. Energy spectra df,=100 eV D' ions scattered from
bond nature of the surface. One monolafidt. ) was defined Sr (& and Pri (b) deposited on graphite. The arrows on the
as the occurrence Of Complete absence Of the Surface peaﬁgscissa indicate the energy pOSitionS in case of ideal binary colli-
of the substrate atoms due to shadowing or neutralizatiofions- The measurements were made at an incidence angle of 80°
induced by the adsorbates. ABL1) and a TiG111) sample measured from the surface and a laboratory scattering angle of
could be mounted together on a tandem sample holder S0

conditions could be compared to each other. increase of the reionization probabilities. Therefore, lower-
energy E,<100eV) D' scattering is preferable for the
Ill. RESULTS AND DISCUSSIONS analysis of the nature of the bonds.

i The energy spectra &,=50 eV D" ions scattered from

The energy spectra taken for thick layers of Sahd Prl;  gp geposited on the Gi11) surface are shown in Fig. 2. A
deposited on g_raphite are shown _in Fig. 1. The measuremen(grilarter of a monolayer of SsRvas deposited onto the sur-
were made usingEo=100 eV D" ions. The arrows on the face at a temperature of 300 (&) or 1050 K (b). The mea-
abscissa indicate the energy pOSitiOﬂS for ideal binary CO”isurementS of the energy Spectra were made at room tempera_
sions. The energy spectra consist of surface peaks of th@re. The D ions scattered from a clean($11) surface are
constituent elements, which are superposed on an extendafmost completely neutralized and, hence, all of the scattered
background. As described above, the intensity of a surfacns should be related to the presence of the adsorbate. The
peak due to survival from neutralization can be used as aspectral change due to subsequent oxygenafibh L;
experimental measure of the ionicity of specific atoms. Thus] L=1.0x10 ¢ mbar § is indicated by the dotted line. The
the presence of both cationic and anionic surface peaks ianergy spectra in Fig.(8) consist of surface peaks of Sr and
Fig. 1 evidences the ionicity of the Srland Priz bonds. F, together with a broad structure fé< 32 eV. The latter is
Another characteristic of the surface peak is the existence afaused by multiple scattering from the Si substrate and by
an energy-loss peak due to electron-hole pair excitatiomeionization during collisions with the adsorbate. The effect
across the band gap, which also indicates that a highly ioniof oxygenation is not so remarkable when the deposition is
film with a well-defined band gap is deposited on the subimade at room temperature. On the other hand, the intensity
strate. The ions backscattered from deeper layers are neutralf the energy spectrum for SyBeposited at 1050 K is rather
ized completely by multiple scattering events. In reality,low and no surface peak is observable. Oxygenation in-
however, there exists usually a broad background in the ersreases the Sr surface-peak intensity but no F peak emerges.
ergy spectra on which the surface peaks are superposed. Thbe F peak is not observable in Hscattering either. These
background is ascribed to reionization of neutralized D durfacts show that StFis decomposed and F is missing com-
ing collisions with the surface atoms just before D leaves theletely from the surface.
surface. It provides no information about the ionicity of spe- The presence of the surface peaks in Fi@ 2ndicates
cific target atoms. With increasing ion energy, the contribu-that ionically bonded SigfFcan be deposited on the($11)
tion of the surface peak is reduced relative to the backgroundurface. However, it is likely that the ionicity of the bonds
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FIG. 2. Energy spectra dE,=50 eV D" ions scattered from
SrF, deposited on the 8ill) 7X7 surface. One quarter of a 400 1
ML SrF, was deposited on the surface(at room temperature and o
(b) 1050 K. The spectrum after adsorption of 10 L @as is shown 0r 1
by the dotted line.
can be weakened with respect to bulk Sdee to the inter- Energy (eV)

action with the substrate. Oxygenation of the surface is done

to check this possibility. AS.Seen .”f‘ Fig(a, the slight in- the Srk-covered Si111) surface. The deposition was made at a
crease of the surface peak intensities for both Sr and F aftef 1,.e temperature of 950 Ka) 0.25 ML, (b) 0.6 ML, and(c) 1.0

oxygenation suggests that the ionicity of the Sr-F bonds oy The measurements were made at room temperature. The dotted
the S{111) surface is not maximal, likely due to the interac- jines show the spectra after oxygenatid® L) of the surface.
tion with the substrate electronic state. The absence of a
surface peak of Sr in Fig.(B) and its remarkable increase
after oxygenation indicate that the ionicity of Sr is fairly 4. The deposition of SgHs done at room temperature with
small on S{111), probably due to the formation of less ionic the same amour{.25 ML) as in Fig. 2a) and the scattered
Sr-Si bondg' D" intensities can be compared relative to each other since
SrF, is known to grow epitaxially when keeping the both spectra are taken under the same conditiorisioDs
Si(111) substrate at a moderate temperaﬁ?rdc.igure 3 backscattered from a clean Titl1) surface are neutralized
shows the energy spectra of'Dions scattered from the almost completely, so that the observed Dns in Fig. 4a)
Si(111) surface with(a) 0.25 ML, (b) 0.6 ML, and(c) 1.0  are due to the presence of the adsorbate. As shown by the
ML of SrF,, deposited at around 950 K. Due to the back-solid line in Fig. 4a), no Sr peak is present in the spectrum
ground, the F peak is almost invisible in FigaB but oxy- if SrF; is deposited on the clean surface. The spectrum con-
genation increases both F and Sr peaks by the same facta@ists mainly of a broad contribution due to multiple scatter-
The intensity of the F peak relative to the Sr peak is small ining from the substrateH<35 eV). The surface peak of Sr
the lower coverage regime. These facts indicate that the iorincreases in intensity after oxygenation and hydrogenation as
icity of Sr is strongly reduced due to the partial loss of the Findicated by the dotted and short-dotted lines, respectively,
atoms. Probably, less ionic species such as SrF are formediatFig. 4a). The effect of oxygenation on the recovery of the
the interface:® The interaction of SrF with the dangling- Sr peak is more pronounced than of hydrogenation. The F
bond state may further reduce its ionicity. Upon oxygen-peak does not change markedly upon oxygenation and de-
ation, the dangling bond is passivated and the interfacial @reases upon hydrogenation. A similar tendency is obtained
atom may act as an electron acceptor, thereby increasing tlieSrF, is deposited on the oxygen-saturated and hydrogen-
ionicity (or the surface peak®f SrF. saturated TiCl1l) surfaces as shown in Fig(h), suggest-
The D' energy spectra from SgFleposited on the clean ing that the order of exposure is not very important.
and adsorbate-covered Ti11) surfaces are shown in Fig. The TiQ111) surface is known to be terminated by Ti

FIG. 3. Energy spectra of Dions (E,=50 eV) scattered from
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FIG. 4. Energy spectra of Dions (E,=50 eV) scattered from FIG. 5. Energy spectra of Dions (E,=100 eV) scattered from
the Srk (0.25 ML) adsorbed TiC111) surface.(a) The spectrum o 27 ML PrE; deposited on théa) TiC(111) and (b) Si(111) sur-
for SrF, deposited on the clean T{Cl1) surface is shown by a fgces. (@) The deposition is made on the clegsolid line and
solid line, together with the spectra after the exposure of 10 '—oxygen saturate@otted ling TiC(111) surfaces(b) The solid line
oxygen (dotted ling or hydrogen(short-dotted ling gases.(b)  shows the spectrum of Syeposited on the clean (31 surface

Shown by dotted and short-dotted lines, respectively, are the energyhd the spectrum after oxygenatict0 L) is displayed by the dot-
spectra of Srfdeposited on the oxygen- and hydrogen-saturatedeq Jine.

TiC(112) surfaces.

of ionic bonding between Sr and F. The formation of oxy-
atoms and its chemical reactivity comes mainly from thefluolides (SrkO,) might also be possible. However, if that
dangling-bond stat®:® Oxygen and hydrogen are dissocia- were the case, an additional surface peak of incorporated
tively adsorbed on the three fold hollow site on which the Tioxygen should appear well separated from the F peak as in
3d dangling-bond state exist§18 These dangling bonds are the spectra for the SrO surfécesee also Figs. (B) and
saturated with oxygen or hydrogen after exposure of aroun8(a)]. These facts show that the most important role played
1-2 L and the resulting surfaces exhibit a shaspllLEED by coadsorbed oxygen is to passivate the active dangling-
pattern®! The dangling-bond state of T{C11) is much more bond state, while it is hardly incorporated into the lattice of
reactive for dissociative chemisorption of,HO,, N,, and  the adsorbate. Hydrogenation of the Sdeésorbed surface
CO than that of S# Moreover, this particular site also plays increases the Sr peak intensity as well but the F-peak and
an important role in adsorption of cationic species such as S)ackground intensities are decreased, as seen in Fy. 4
and Ba2? Therefore, it is reasonable to assume that also th&he decrease of the background intensities might be caused
SrF molecules preferentially react with the dangling-bondby an agglomeration of the Synto islands upon hydroge-
states of Ti€111). The complete absence of the Sr surfacenation. In Fig. 4b), no dissociation of Srfis thought to
peak in Fig. 4a) indicates that Srf-is dissociatively ad- occur on the oxygen-saturated Tit1) surface since the
sorbed and the ionicity of Sr is almost completely reduceddangling-bond state is already passivated. The surface-peak
Note that the F peak is still clearly visible despite the com-intensities are relatively small on the hydrogen-saturated sur-
plete absence of the Sr peak. The reduced presence of tfece, but subsequent oxygen adsorption results in a spectrum
cationic peak relative to the anionic peak is also observed ifinot shown quite similar to that for the oxygen-saturated
scattering from other ionic-compound surfaces with less ionsurface, indicating a substitution of hydrogen by oxygen at
icity such as TiQ and MgO?*? This is ascribed to the forma- the interface. These results show that hydrogenation does not
tion of a surface ionic molecule (D-F°7), which sup- perfectly passivate the reactivity of the dangling-bond states
presses the D shole diffusion into the band of the and, hence, the partially ionic Sr-F bond is formed on the
substrate. The surface molecule is, as in Ref. 11, formeflydrogen-saturated TiC11) surface.
during collision of D" especially with highly electron nega- In Fig. 5 are shown the energy spectra of thé Dns
tive species. The increase of the Sr surface peak after oxyEq,=100 eV) scattered from PsK0.27 ML) deposited on
genation of the SrHFTIC(111) surface is caused by recovery the S{111) and TiGQ111) surfaces. In contrast to SgFthe
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surface peak of Pr is almost completely missing for bothless ionic than alkalis and tends to form a covalent bond that
surfaces. Moreover, the surface peak of Pr does not emerdeads to silicide formation on the surface. Indeed, the forma-
after oxygenation. These results indicate that;PeRds to be tion of the covalent or metallic bonds with the substrate
dissociatively adsorbed and an ionic bond is hardly formedather than the simple ionic bonds is an indication of the
between Pr and F on the surface. The dissociative adsorptiantermixing or the alloy formatio”>?°Pr is a transitior{rare

(or the absence of the surface peadBPrF; is seen also for earth metal with ad-electronic state that contributes to in-
the oxygen-saturated Ti{Cl1) surface. Such a significant crease covalency of the bonds. Probably, Pr tends to form
difference between adsorption of $r&nd Pri can be as- such a stable alloy with the substrate that oxygenation does
cribed to the reactivity of the gas-phase molecules interactrot recover the ionic bonds.

ing with these surfaces; although the congruent evaporation

of SrF, and Prk from the furnace is evidenced by the fact IV. CONCLUSION
that the stoichiometric thick layers can be deposited on an . _ - _
inert substrate like graphite as seen in Fig. 1,;RpFcan be Low-energy D' ion scattering has been utilized to inves-

more radical than Sgfg) so that the former dissociates im- tigate the nature of the bonding of $r&nd Prf deposited
mediately even on the oxygen-saturated surface in the vergnto the Si111) and TiQ111) surfaces. Srfis found to
initial stage of adsorption. The underlying mechanism of adreact with the active dangling-bond states of the (Ii(1)
sorption and dissociation of such ionic-compound moleculesurface and tends to form a covalent Sr-Ti bond rather than
is similar to that of chemisorption of simple covalent mol- the ionic Sr-F bond. Oxygenation or hydrogenation of the
ecules on surfaces. TiC(11)) surface passivates the dangling-bond states, so that
The occurrence of dissociative adsorption or weakeninghe ionic bond of adsorbed Syffecovers considerably. The
of ionic bonds can be a common feature of ionic compoundslangling bond of 3111 is less reactive than that of
interacting with solid surfaces in the very-low-coverage re-TiC(111) so that Sri can be deposited onto the surface with
gime. Indeed, this is true for adsorption of alkali halides suchvery little dissociation or decomposition. At an elevated tem-
as KF, KlI, and CsCl:** On the W110 and Pf111) sur-  perature, on the other hand, decomposition of,SsFpro-
faces, the surface peaks for both alkalis and halogens argoted probably due to preferential reaction between Siand F
missing due to covalent-bond formation with the substrateat the interface. In terms of PgFdissociative adsorption is
and the ionicity of the alkalis is not regained completely afterpreferred on both $111) and TiQ111) surfaces probably
oxygenation. On the 8100 surface, on the other hand, the due to a reaction of Pr with substrate atoms. Oxygenation
halogen atoms tend to react with the dangling-bond state arlohrely restores the ionic bonding of adsorbed;PtFs thus
the remaining alkalis form simple ionic bonds with the demonstrated that the nature of the local bonding of atoms
substraté* As regards adsorption of elemental alkali metalson surfaces can be investigated on the basis of neutralization
on S(100), their surface peaks have a much higher intensityof backscattered low-energy ‘Dions. Moreover, we found
than those of alkaline-earth met&fayhich is related to their that dissociative adsorption or bond weakening due to inter-
lower ionization energy or higher positive ionicity. This de- action with the substrate-electronic state is a common con-
pendence on ionization energy is seen even in adsorption @ept of adsorption not only for simple covalent molecules
different alkalis'! Cs (3.9 eV), Rb (4.1 e\), and K (4.3 eV) such as H, 0O,, N,, and CO but also for ionic compounds
are highly ionized on $100) but the bonding of N&5.1 eV) discussed in this work. It should provide further insight into
on Si has apparently some covalent characte(5SreV) is  the chemistry of surfaces.
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