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Interactions of SrF2 and PrF3 with TiC „111… and Si„111… surfaces studied by low-energy
D1 scattering spectroscopy

R. Souda, E. Asari, H. Kawanowa, T. Suzuki, and S. Otani
National Institute for Research in Inorganic Materials, 1-1 Namiki, Tsukuba, Ibaraki 305, Japan

~Received 20 January 1998!

On the basis of neutralization of scattered low-energy D1 ions, the nature of the bonding of ionic molecules
adsorbed on metal and semiconductor surfaces has been investigated. It is found that SrF2 reacts with the active
dangling-bond states of the TiC~111! surface and the ionic bonding between Sr21 and F2 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 Si~111! has relatively little effect on the ionic Sr-F bond formation and rather dissociation of
SrF2 is promoted at an elevated temperature due to preferential reaction of F with Si. In terms of PrF3, ionicity
is strongly reduced on both Si~111! and TiC~111! surfaces and oxygenation of the surface has very little effect,
suggesting that PrF3 is dissociatively adsorbed and Pr forms covalent or metallic bonds with the substrate.
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I. INTRODUCTION

The interaction of insulating ionic compounds with me
and semiconductor surfaces has attracted considerable a
tion. In terms of practical applications, interface propert
are of crucial importance for manufacturing electronic d
vices in semiconductor-on-insulator~SOI! technology.1–6 It
is a common recognition that the growth mode in heteroe
taxy is governed by the surface free energy and the lat
mismatch. Since free energy or wetting of two different m
terials is related to atomic bonding at interfaces, knowled
of the atomic and electronic structure of the first monola
in epitaxial processes is of crucial importance for better
derstanding of the mechanism of thin-film growth. Mor
over, the study of dissociative adsorption or bond weaken
of adsorbates due to interactions with the substrate electr
state should give insight into surface chemistry, such as
erogeneous catalysis and corrosion, etc.

We have investigated the nature of the bonding of alk
halides adsorbed on metal and semiconductor surfaces o
basis of neutralization and inelastic scattering of low-ene
D1 ions.7 Low-energy ion scattering~LEIS! has been devel
oped as a tool for surface structural and compositio
analyses8–10 and its simplicity is mainly based on classic
mechanics. However, if the internal electronic states of i
are considered, the processes involved in low-energy
scattering are governed by the laws of quantum-mechan
dynamics. Indeed, scattered ions experience transient ad
tion at a surface for an ultrashort time scale in the femtos
ond range and, hence, charge states of scattered ions s
give insight into elemental chemical processes at a surf
These processes are typical for scattering of reactive
with an open shell electronic structure such as H1 or D1,
since capture of valence electrons occurs via a trans
chemisorptive bond during scattering.11,12 The neutralization
probability should therefore be strongly dependent on
electronic band structure or ionicity~reactivity! of the sur-
face. Specifically, the D1 ion can survive neutralization dur
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ing a single collision with a topmost-layer atom provide
that that atom is highly ionic in nature.11,12 This is because
the duration of a binary collision~a few femtoseconds! is
longer than the lifetime of a hole in the band of typical m
tallic and covalent materials but shorter than that of hig
ionic compounds, thus leading to marked differences in
neutralization probabilities~the band effect!.13 Charge ex-
change in D1 scattering is actually even more local in natu
than expected from the averaged band picture or the elec
continuum model because the D 1s orbital is spatially local-
ized. In LEIS, the collision events with specific target atom
can be distinguished via the energy of the scattered io
This ability and the lifetime difference enable us to inves
gate the ionicity of specific target atoms.11,12

Here, we report on the experimental results of D1 scatter-
ing from SrF2 and PrF3 deposited on the Si~111! and
TiC~111! surfaces as an extension of our previous wor7

The experiments were aimed for determining the electro
structure at the ionic/covalent or ionic/metallic interface
the submonolayer coverage regime. In connection with
SOI technology, alkaline-earth fluorides and the rare-ea
trifluorides are important to grow an insulating layer epita
ally on the Si~111! surface.1–6 Moreover, the dangling bond
of Si is known to play an important role in surface chemis
and thin-film growth, etc.14 The TiC~111! surface is chosen
as a metal substrate with a hexagonal lattice so that the s
SrF2(111) and PrF3(0001) faces can be grown. TiC is a re
fractory compound with a NaCl-type structure and its~111!
surface is known to be terminated by Ti atoms. It is believ
that dangling-bond states with a mostly 3d character exist at
the fcc threefold hollow site,15,16 which is also inferred from
the fact that covalent molecules such as H2 and O2 are dis-
sociatively chemisorbed on this particular site.17,18 In this
paper, emphasis is placed on the effects of such ac
dangling-bond states on the formation of ionic bonds
tween Sr21 (Pr31) and F2 ions in the first-deposited mono
layer.
10 054 © 1998 The American Physical Society
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II. EXPERIMENT

The experiments were made in an ultrahigh-vacu
~UHV! chamber~base pressure of 2310210 mbar! equipped
with facilities for standard-surface characterization. The
beams were extracted from discharge in a mixed gas of
and D2 and were mass analyzed using a Wien filter. The1

ions with kinetic energy of 50 or 100 eV were incident up
a surface at an angle of 80° measured from the surface
the ions backscattered through 160° relative to the incide
beam direction were detected by means of an electros
energy analyzer operating at a constant-energy resolutio
2 eV.11 The Si~111! ~p type, 20–50V cm! surface was
cleaned by resistive heating in UHV up to 1500 K. The s
face showed a sharp 737 pattern in low-energy electro
diffraction ~LEED!. A single-crystal rod of TiC was grown
by the floating-zone method.19 A specimen was cut from the
rod within an accuracy of 0.5° parallel to the~111! face by
spark erosion, and one face of the specimen was polis
mechanically to a mirror finish. The surface was cleaned
several flash heatings up to 1900 K in UHV. The surfa
thus prepared showed a sharp, well-ordered 131 pattern in
LEED and no visible contamination in He1 ion scattering.
The SrF2 and PrF3 were deposited onto the clean surfaces
well as onto oxygenated/hydrogenated surfaces by the
evaporation. The amount of the adsorbate was estimatein
situ by using low-energy He1 scattering (E051 keV) since
the scattered He1 intensities were much less affected by t
bond nature of the surface. One monolayer~ML ! was defined
as the occurrence of complete absence of the surface p
of the substrate atoms due to shadowing or neutraliza
induced by the adsorbates. A Si~111! and a TiC~111! sample
could be mounted together on a tandem sample holde
that the scattered ion intensities under the same experim
conditions could be compared to each other.

III. RESULTS AND DISCUSSIONS

The energy spectra taken for thick layers of SrF2 and PrF3
deposited on graphite are shown in Fig. 1. The measurem
were made usingE05100 eV D1 ions. The arrows on the
abscissa indicate the energy positions for ideal binary co
sions. The energy spectra consist of surface peaks of
constituent elements, which are superposed on an exte
background. As described above, the intensity of a surf
peak due to survival from neutralization can be used as
experimental measure of the ionicity of specific atoms. Th
the presence of both cationic and anionic surface peak
Fig. 1 evidences the ionicity of the SrF2 and PrF3 bonds.
Another characteristic of the surface peak is the existenc
an energy-loss peak due to electron-hole pair excita
across the band gap, which also indicates that a highly io
film with a well-defined band gap is deposited on the s
strate. The ions backscattered from deeper layers are neu
ized completely by multiple scattering events. In reali
however, there exists usually a broad background in the
ergy spectra on which the surface peaks are superposed
background is ascribed to reionization of neutralized D d
ing collisions with the surface atoms just before D leaves
surface. It provides no information about the ionicity of sp
cific target atoms. With increasing ion energy, the contrib
tion of the surface peak is reduced relative to the backgro
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due to the decrease of the scattering cross sections an
increase of the reionization probabilities. Therefore, low
energy (E0,100 eV) D1 scattering is preferable for th
analysis of the nature of the bonds.

The energy spectra ofE0550 eV D1 ions scattered from
SrF2 deposited on the Si~111! surface are shown in Fig. 2. A
quarter of a monolayer of SrF2 was deposited onto the su
face at a temperature of 300 K~a! or 1050 K ~b!. The mea-
surements of the energy spectra were made at room temp
ture. The D1 ions scattered from a clean Si~111! surface are
almost completely neutralized and, hence, all of the scatte
ions should be related to the presence of the adsorbate.
spectral change due to subsequent oxygenation~10 L;
1 L51.031026 mbar s! is indicated by the dotted line. Th
energy spectra in Fig. 2~a! consist of surface peaks of Sr an
F, together with a broad structure forE,32 eV. The latter is
caused by multiple scattering from the Si substrate and
reionization during collisions with the adsorbate. The effe
of oxygenation is not so remarkable when the deposition
made at room temperature. On the other hand, the inten
of the energy spectrum for SrF2 deposited at 1050 K is rathe
low and no surface peak is observable. Oxygenation
creases the Sr surface-peak intensity but no F peak eme
The F peak is not observable in He1 scattering either. These
facts show that SrF2 is decomposed and F is missing com
pletely from the surface.

The presence of the surface peaks in Fig. 2~a! indicates
that ionically bonded SrF2 can be deposited on the Si~111!
surface. However, it is likely that the ionicity of the bond

FIG. 1. Energy spectra ofE05100 eV D1 ions scattered from
SrF2 ~a! and PrF3 ~b! deposited on graphite. The arrows on th
abscissa indicate the energy positions in case of ideal binary c
sions. The measurements were made at an incidence angle o
measured from the surface and a laboratory scattering angl
160°.
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can be weakened with respect to bulk SrF2 due to the inter-
action with the substrate. Oxygenation of the surface is d
to check this possibility. As seen in Fig. 2~a!, the slight in-
crease of the surface peak intensities for both Sr and F a
oxygenation suggests that the ionicity of the Sr-F bonds
the Si~111! surface is not maximal, likely due to the intera
tion with the substrate electronic state. The absence o
surface peak of Sr in Fig. 2~b! and its remarkable increas
after oxygenation indicate that the ionicity of Sr is fair
small on Si~111!, probably due to the formation of less ion
Sr-Si bonds.4

SrF2 is known to grow epitaxially when keeping th
Si~111! substrate at a moderate temperature.20 Figure 3
shows the energy spectra of D1 ions scattered from the
Si~111! surface with~a! 0.25 ML, ~b! 0.6 ML, and ~c! 1.0
ML of SrF2, deposited at around 950 K. Due to the bac
ground, the F peak is almost invisible in Fig. 3~a!, but oxy-
genation increases both F and Sr peaks by the same fa
The intensity of the F peak relative to the Sr peak is smal
the lower coverage regime. These facts indicate that the
icity of Sr is strongly reduced due to the partial loss of the
atoms. Probably, less ionic species such as SrF are form
the interface.5,6 The interaction of SrF with the dangling
bond state may further reduce its ionicity. Upon oxyge
ation, the dangling bond is passivated and the interfacia
atom may act as an electron acceptor, thereby increasing
ionicity ~or the surface peaks! of SrF.

The D1 energy spectra from SrF2 deposited on the clea
and adsorbate-covered TiC~111! surfaces are shown in Fig

FIG. 2. Energy spectra ofE0550 eV D1 ions scattered from
SrF2 deposited on the Si~111! 737 surface. One quarter of
ML SrF2 was deposited on the surface at~a! room temperature and
~b! 1050 K. The spectrum after adsorption of 10 L O2 gas is shown
by the dotted line.
e

er
n

a

-

tor.
n
n-

at

-
O
the

4. The deposition of SrF2 is done at room temperature wit
the same amount~0.25 ML! as in Fig. 2~a! and the scattered
D1 intensities can be compared relative to each other s
both spectra are taken under the same conditions. D1 ions
backscattered from a clean TiC~111! surface are neutralized
almost completely, so that the observed D1 ions in Fig. 4~a!
are due to the presence of the adsorbate. As shown by
solid line in Fig. 4~a!, no Sr peak is present in the spectru
if SrF2 is deposited on the clean surface. The spectrum c
sists mainly of a broad contribution due to multiple scatt
ing from the substrate (E,35 eV). The surface peak of S
increases in intensity after oxygenation and hydrogenatio
indicated by the dotted and short-dotted lines, respectiv
in Fig. 4~a!. The effect of oxygenation on the recovery of th
Sr peak is more pronounced than of hydrogenation. Th
peak does not change markedly upon oxygenation and
creases upon hydrogenation. A similar tendency is obtai
if SrF2 is deposited on the oxygen-saturated and hydrog
saturated TiC~111! surfaces as shown in Fig. 4~b!, suggest-
ing that the order of exposure is not very important.

The TiC~111! surface is known to be terminated by T

FIG. 3. Energy spectra of D1 ions (E0550 eV) scattered from
the SrF2-covered Si~111! surface. The deposition was made at
surface temperature of 950 K;~a! 0.25 ML, ~b! 0.6 ML, and~c! 1.0
ML. The measurements were made at room temperature. The d
lines show the spectra after oxygenation~10 L! of the surface.
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atoms and its chemical reactivity comes mainly from t
dangling-bond state.15,16 Oxygen and hydrogen are dissoci
tively adsorbed on the three fold hollow site on which the
3d dangling-bond state exists.17,18 These dangling bonds ar
saturated with oxygen or hydrogen after exposure of aro
1–2 L and the resulting surfaces exhibit a sharp 131 LEED
pattern.21 The dangling-bond state of TiC~111! is much more
reactive for dissociative chemisorption of H2, O2, N2, and
CO than that of Si.22 Moreover, this particular site also play
an important role in adsorption of cationic species such a
and Ba.22 Therefore, it is reasonable to assume that also
SrF2 molecules preferentially react with the dangling-bo
states of TiC~111!. The complete absence of the Sr surfa
peak in Fig. 4~a! indicates that SrF2 is dissociatively ad-
sorbed and the ionicity of Sr is almost completely reduc
Note that the F peak is still clearly visible despite the co
plete absence of the Sr peak. The reduced presence o
cationic peak relative to the anionic peak is also observe
scattering from other ionic-compound surfaces with less i
icity such as TiO2 and MgO.12 This is ascribed to the forma
tion of a surface ionic molecule (Dd1-Fd2), which sup-
presses the D 1s-hole diffusion into the band of the
substrate. The surface molecule is, as in Ref. 11, form
during collision of D1 especially with highly electron nega
tive species. The increase of the Sr surface peak after
genation of the SrF2/TiC~111! surface is caused by recove

FIG. 4. Energy spectra of D1 ions (E0550 eV) scattered from
the SrF2 ~0.25 ML! adsorbed TiC~111! surface.~a! The spectrum
for SrF2 deposited on the clean TiC~111! surface is shown by a
solid line, together with the spectra after the exposure of 10
oxygen ~dotted line! or hydrogen ~short-dotted line! gases.~b!
Shown by dotted and short-dotted lines, respectively, are the en
spectra of SrF2 deposited on the oxygen- and hydrogen-satura
TiC~111! surfaces.
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of ionic bonding between Sr and F. The formation of ox
fluolides (SrFxOy) might also be possible. However, if tha
were the case, an additional surface peak of incorpora
oxygen should appear well separated from the F peak a
the spectra for the SrO surface23 @see also Figs. 2~b! and
3~a!#. These facts show that the most important role play
by coadsorbed oxygen is to passivate the active dangl
bond state, while it is hardly incorporated into the lattice
the adsorbate. Hydrogenation of the SrF2-adsorbed surface
increases the Sr peak intensity as well but the F-peak
background intensities are decreased, as seen in Fig.~a!.
The decrease of the background intensities might be cau
by an agglomeration of the SrF2 into islands upon hydroge
nation. In Fig. 4~b!, no dissociation of SrF2 is thought to
occur on the oxygen-saturated TiC~111! surface since the
dangling-bond state is already passivated. The surface-p
intensities are relatively small on the hydrogen-saturated
face, but subsequent oxygen adsorption results in a spec
~not shown! quite similar to that for the oxygen-saturate
surface, indicating a substitution of hydrogen by oxygen
the interface. These results show that hydrogenation does
perfectly passivate the reactivity of the dangling-bond sta
and, hence, the partially ionic Sr-F bond is formed on
hydrogen-saturated TiC~111! surface.

In Fig. 5 are shown the energy spectra of the D1 ions
(E05100 eV) scattered from PrF3 ~0.27 ML! deposited on
the Si~111! and TiC~111! surfaces. In contrast to SrF2, the

L

gy
d

FIG. 5. Energy spectra of D1 ions (E05100 eV) scattered from
0.27 ML PrF3 deposited on the~a! TiC~111! and ~b! Si~111! sur-
faces. ~a! The deposition is made on the clean~solid line! and
oxygen-saturated~dotted line! TiC~111! surfaces.~b! The solid line
shows the spectrum of SrF2 deposited on the clean Si~111! surface
and the spectrum after oxygenation~10 L! is displayed by the dot-
ted line.
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surface peak of Pr is almost completely missing for b
surfaces. Moreover, the surface peak of Pr does not em
after oxygenation. These results indicate that PrF3 tends to be
dissociatively adsorbed and an ionic bond is hardly form
between Pr and F on the surface. The dissociative adsorp
~or the absence of the surface peaks! of PrF3 is seen also for
the oxygen-saturated TiC~111! surface. Such a significan
difference between adsorption of SrF2 and PrF3 can be as-
cribed to the reactivity of the gas-phase molecules inter
ing with these surfaces; although the congruent evapora
of SrF2 and PrF3 from the furnace is evidenced by the fa
that the stoichiometric thick layers can be deposited on
inert substrate like graphite as seen in Fig. 1, PrF3~g! can be
more radical than SrF2~g! so that the former dissociates im
mediately even on the oxygen-saturated surface in the
initial stage of adsorption. The underlying mechanism of
sorption and dissociation of such ionic-compound molecu
is similar to that of chemisorption of simple covalent mo
ecules on surfaces.

The occurrence of dissociative adsorption or weaken
of ionic bonds can be a common feature of ionic compou
interacting with solid surfaces in the very-low-coverage
gime. Indeed, this is true for adsorption of alkali halides su
as KF, KI, and CsCl.7,24 On the W~110! and Pt~111! sur-
faces, the surface peaks for both alkalis and halogens
missing due to covalent-bond formation with the substra
and the ionicity of the alkalis is not regained completely af
oxygenation. On the Si~100! surface, on the other hand, th
halogen atoms tend to react with the dangling-bond state
the remaining alkalis form simple ionic bonds with th
substrate.24 As regards adsorption of elemental alkali met
on Si~100!, their surface peaks have a much higher intens
than those of alkaline-earth metals,23 which is related to their
lower ionization energy or higher positive ionicity. This d
pendence on ionization energy is seen even in adsorptio
different alkalis,11 Cs ~3.9 eV!, Rb ~4.1 eV!, and K ~4.3 eV!
are highly ionized on Si~100! but the bonding of Na~5.1 eV!
on Si has apparently some covalent character. Sr~5.7 eV! is
nd
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less ionic than alkalis and tends to form a covalent bond
leads to silicide formation on the surface. Indeed, the form
tion of the covalent or metallic bonds with the substra
rather than the simple ionic bonds is an indication of t
intermixing or the alloy formation.25,26Pr is a transition~rare
earth! metal with ad-electronic state that contributes to in
crease covalency of the bonds. Probably, Pr tends to f
such a stable alloy with the substrate that oxygenation d
not recover the ionic bonds.

IV. CONCLUSION

Low-energy D1 ion scattering has been utilized to inve
tigate the nature of the bonding of SrF2 and PrF3 deposited
onto the Si~111! and TiC~111! surfaces. SrF2 is found to
react with the active dangling-bond states of the TiC~111!
surface and tends to form a covalent Sr-Ti bond rather t
the ionic Sr-F bond. Oxygenation or hydrogenation of t
TiC~111! surface passivates the dangling-bond states, so
the ionic bond of adsorbed SrF2 recovers considerably. Th
dangling bond of Si~111! is less reactive than that o
TiC~111! so that SrF2 can be deposited onto the surface w
very little dissociation or decomposition. At an elevated te
perature, on the other hand, decomposition of SrF2 is pro-
moted probably due to preferential reaction between Si an
at the interface. In terms of PrF3, dissociative adsorption is
preferred on both Si~111! and TiC~111! surfaces probably
due to a reaction of Pr with substrate atoms. Oxygena
barely restores the ionic bonding of adsorbed PrF3. It is thus
demonstrated that the nature of the local bonding of ato
on surfaces can be investigated on the basis of neutraliza
of backscattered low-energy D1 ions. Moreover, we found
that dissociative adsorption or bond weakening due to in
action with the substrate-electronic state is a common c
cept of adsorption not only for simple covalent molecu
such as H2, O2, N2, and CO but also for ionic compound
discussed in this work. It should provide further insight in
the chemistry of surfaces.
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