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The structure of the Si(111)-CaF; interface has been determined with medium-energy ion scattering.
Ca bonds to the Si substrate in a geometric arrangement virtually identical to CaSi;. Half of the F
atoms at the interface are missing; there is no F—Si bonding and the interface is charge neutral. The
structure we find has not been considered previously and provides a natural explanation for the results of

published photoemission studies.

PACS numbers: 61.16.Fk, 68.35.Bs, 68.55.Ce

The Si(111)-CaF, interface has received extensive at-
tention in the last few years. CaF, is an excellent insula-
tor with a lattice constant (5.46 A) almost identical to
that of Si (5.43 A), allowing epitaxial growth on Si.
NiSi; and CoSi;, have the same crystal structure and can
also be grown epitaxially on Si. Therefore, CaF, appears
to be the insulator of choice for three-dimensional, fully
epitaxial devices on Si. A detailed knowledge of the
structures of these diamond/CaF, interfaces is critical
for our understanding of their interface electronic prop-
erties.

Most studies to date have focused on the electronic
and chemical nature of the interface. Evidence was
found for Ca—Si interface bonding in high-resolution
core-level studies, "% leading to several proposed structur-
al models. High-resolution transmission electron micros-
copy has been used to obtain lattice images of the inter-
face region.>* Batstone, Phillips, and Hunke, using such
transmission electron microscopy data, expressed their
preference for one interface model, although a systemat-
ic interface structure determination was not performed
(only on-top bonding sites were considered).

The questions we address in this Letter are the follow-
ing: (1) What is the ratio Ca:F in the first Ca-F layer
that adsorbs on the Si(111) substrate? (2) Which
species bonds to the Si substrate? (3) What is the de-
tailed interface geometry? These crucial questions have
remained unresolved in previous studies and are
answered here for the first time. We arrive at an inter-
face structure that has not been considered previously.
We present detailed atomic coordinates, which should
make realistic theoretical studies of the electronic nature
of the interface possible.

The growth conditions of CaF; on Si(111) were opti-
mized by monitoring the interface formation in situ with
x-ray photoelectron spectroscopy, ultraviolet photoelec-
tron spectroscopy, and medium-energy ion scattering.®
Si(111) samples were cleaned in UHV by very mild
sputtering and annealing, routinely resulting in the
(7x%7) surface structure. CaF, was grown at a rate of
1-2 monolayers (ML) per minute (I ML=7.83x10'*
atoms/cm?) by exposing the sample at 770°C to CaF,

molecules evaporated from a Knudsen cell. We obtained
high-quality epitaxial films with a well defined and
reproducible interface structure. Our photoemission re-
sults are comparable to published data.!? Growth at
significantly lower temperatures resulted in irreproduci-
ble and ill-defined interfaces. CaF; is extremely sensitive
to ionizing radiation. All experiments were performed at
sufficiently low ion doses to prevent decomposition of the
CaF; overlayers.

Figure 1 shows an energy spectrum of 200-keV He™
ions scattered from a Si(111) surface covered with 1 ML
of CaF,. [All scattering experiments have been done in
the (110) plane shown in the inset.] Backscattering
peaks due to Ca, Si, and F are indicated. Using stan-
dard calibration procedures for the scattering intensi-
ties,> we obtain Ca and F coverages of 1.05+0.06 ML
and 1.0+0.1 ML, respectively. (The Ca peak is larger
than the F peak because the scattering cross section is
proportional to the square of the atomic number.) Thus,
the first layer of Ca-F contains equal amounts of Ca and
F, indicating the loss of 1 ML of F upon adsorption of
the first Ca-F layer. We assume that the lost F desorbs
into the vacuum.

Secondly we ask which species bonds to the Si. If Ca
forms the topmost layer, then ions scattering from Ca
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FIG. 1. Energy spectrum of 200-keV He* ions scattered

from a Si(111) surface covered with one monolayer of Ca-F.
The scattering geometry is shown in the inset. Solid dots are
Si atoms, open circles are Ca atoms, and plusses are F atoms.
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can reach the vacuum in any direction. However, if F
forms the topmost layer, then ions scattered by Ca will
be blocked by F along the Ca-F internuclear direction.
Figure 2 shows the Ca scattering intensity as a function
of scattering angle (the incoming beam direction is
shown in the inset). A distinct blocking minimum is ob-
served at a scattering angle of 45.2°. Thus, F forms the
topmost layer. The two possible threefold adsorption
sites of F on top of the layer are labeled A and B in the
inset of Fig. 2. Two-atom blocking calculations for these
sites are shown by the solid lines. (In these and all sub-
sequent calculations we used the Moliere scattering po-
tential.>) The depth and angular position of the calcu-
lated minima have been fitted to the experiment. The
minimum calculated for the A site is clearly too broad.
Good agreement is found for the B site. By simple
goniometry we determine the Ca-F interlayer spacing to
be 0.78+0.03 A, yielding a Ca—F bond length of
2.35+0.01 A. F forms the topmost layer, with Ca
bonding to the Si substrate.

Upon adsorption of 1 ML of Ca-F on the Si(111) sub-
strate we observe a sharp and strong (1x1) low-energy
electron diffraction (LEED) pattern. Within a (1x1)
unit cell there are only three high-symmetry sites for ad-
sorption of Ca: the T site (Ca on top of the first layer Si
atom), the H; site (Ca in the threefold hollow site), and
the T4 site (Ca on the threefold site on top of a second
layer Si atom).

To distinguish between these adsorption sites we have
studied the blocking of Si by Ca in the geometry shown
in the inset of Fig. 3. The Si scattering intensity is plot-
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FIG. 2. The number of Ca monolayers visible to ion beam
and detector as a function of scattering angle. Inset: scatter-
ing geometry and the two possible threefold F adsorption sites
(A and B). Also shown are calculations for the A and B sites.

ted as function of scattering angle. Wherever ions scat-
tered by Si are blocked by other Si, Ca, or F atoms,
blocking minima will occur. The blocking minima at
54.7° and at smaller scattering angles are due to over-
lapping Si-Si, Si-Ca, and Si-F blocking. At scattering
angles above 60° we only expect Si-Ca and Si-F block-
ing, with Si-Ca blocking occurring at the largest scatter-
ing angle. The broad blocking minimum at 63° is due to
Si-Ca blocking. With use of simple goniometry the Si-
Ca bond lengths can be calculated for the T, H3, and T4
geometries.® These bond lengths are 3.42 A (T site),
2.57 A (H; site), and 3.05 A (T4 site). The Si—Ca
bond length in CaSi, is 3.03-3.06 A, almost identical to
the value found here for the T4 site. The bond lengths
calculated for the H; and T sites differ by more than
10% from this value, which seems chemically unreason-
able. We therefore tentatively conclude that Ca adsorbs
on the T4 site and use this in our further analysis. The
Ca-Si interlayer spacing found for the T4 geometry is
2.1£0.1 A. The solid line in Fig. 3 is a two-atom block-
ing calculation for this 74 geometry.

In order to determine the Si-Ca interlayer spacing and
a possible relaxation of the outermost Si-Si double layer
with high accuracy we have measured Si surface block-
ing minima in the geometry shown in Fig. 4(a). Again,
the Si scattering intensity is shown as a function of
scattering angle. Calculated Si surface blocking minima
(varying the Si-Ca interlayer spacing between 2.0 and
2.3 A and the relaxation of the outermost Si-Si double
layer between 0- and 0.3-A expansion) were compared
with the experimental results by calculating the normal-
ized % function: y2=(N—m) " 'XGf —wyf)?/c?. Nis
the number of data points, m the number of fitting pa-
rameters, y{ are the calculated and yf the measured data
points, and o; are the statistical error bars on the experi-
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FIG. 3. Si scattering intensity as a function of scattering an-
gle. The scattering geometry is shown in the inset. Arrows in-
dicate the [001] Si-Si blocking direction and the Si-Ca block-
ing direction discussed in the text.
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FIG. 4. (a) Si scattering intensity vs scattering angle for the
geometry shown in the inset. (b) Contour plots of x2 (see text)
vs Ca-Si interlayer spacing (dcasi) and expansion of the outer
Si-Si double layer (Asisi). The blocking curve for the best-fit
parameters (star) is shown by the solid line in (a).

mental points. w reflects the uncertainty in the absolute
calibration of the experiment and was allowed to vary
between 0.95 and 1.05 to minimize the value of 12, and
Y indicates summation over i =1-N. Contours of con-
stant y2 are shown in Fig. 4(b). A well-defined
minimum is found for a Si-Ca spacing (dcasi) of
2.15%0.05 A and an expansion of the outermost Si-Si
double layer (Asi.si) of 0.125+0.06 A. [The error bars
are determined by the dashed contour in Fig. 4(b) indi-
cating an increase of 1 in y? over the best-fit value of
2.8.] The solid line in Fig. 4(a) was calculated with
these parameters. The vibration amplitude of the Si
atoms in the outer Si double layer was taken to be 0.09
A (bulk value 0.078 A) and a value of 0.13 A was used
for the Ca and F atoms. Changing these values degrades
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the quality of the fit, but the minimum in the contour
plot shown in Fig. 4(b) does not move. We have also
calculated surface blocking minima for the 7 and H3
geometries and tried to optimize the interlayer spacings.
For these geometries, however, we do not obtain satisfac-
tory agreement with the data. This allows us to conclude
definitively that Ca adsorbs on the T4 site (as shown in
the insets).

The bond length between Ca and first layer Si is
3.09+0.03 A and between Ca and second layer Si is
3.06 +£0.06 A. In bulk CaSi, layers of Ca are separated
by double layers of Si.” Alternating double layers of Si
have Ca atoms occupying H3 and T4 sites, respectively.
Each Ca atom is surrounded by seven first-neighbor Si
atoms. In the T4 site the Si—Ca bond lengths are 3.03
(to the first layer) and 3.06 A (to the second layer).
These values are virtually identical to the values we find
for the Si-Ca-F interface. Without expansion of the
outer Si-Si double layer the Ca atoms would be too close
to the second-layer Si atoms. The Si—Si bond length in
the outer double layer is 2.40 £0.03 A, close to the value
in CaSi, (2.45 A).

With Ca bonding to Si and one terminating F layer
the interface is charge neutral. Upon adsorption of the
next layer of CaF, the chemical environment of Si does
not change, nor would the chemical environment of the
interface Ca layer change very much. However, the F
atoms would bond to Ca in the next CaF, layer, which
has charge state 2*, unlike the interface Ca, which has
charge state 1 *.12 Hence, the interface Si and Ca core
levels are not expected to change much upon adsorption
of the second layer, whereas one expects the F core level
to shift to larger binding energies. This is exactly what
is observed experimentally.'> No satisfactory explana-
tion for this shift of the F core level has been proposed in
previous studies.

It is interesting to compare with the epitaxial Si(111)/
NiSi, and Si(111)/CoSi, interfaces, which show an
abrupt transition from the CaF, structure to the dia-
mond structure, maintaining MX, stoichiometry up to
the very interface.®® In contrast, the Si(111)/CaF,
transition is not abrupt, but is mediated by a CaSi,-type
layer which is deficient in F. This unique interface struc-
ture fulfills the requirement of charge neutrality and is
facilitated by the occurrence of Si double layers in both
Si(111) and CaSi,, with almost identical lattice con-
stants. Adsorption on the T4 site rather than the H3; site
(which occur equally in CaSi;) results in optimum coor-
dination of the interfacial Ca atoms.

One might ask whether the one-monolayer system de-
scribed above is typical of the bulk Si-CaF, interface.
We have adsorbed an additional layer of CaF; on top of
the first layer and measured surface blocking minima in
the same geometry as used in Fig. 4. The results are
consistent with the model derived for 1 ML. More ex-
periments will be needed to fully determine the
stoichiometry and interlayer relaxations in this two-layer
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system. As explained above, the lack of change in the Si
and Ca interface core levels provides additional evidence
for the stability of this interface upon further CaF, ad-
sorption. Finally we note that we have obtained high-
quality cross-section transmission electron microscopy
images of the Si-CaF; interface.'® We have compared
these experimental images with simulated images using
the geometry described above, and also using the
geometry preferred by Batstone, Phillips, and Hunke.*
The geometry determined in this study gives superior
agreement with the experimental images.
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