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Role of lattice mismatch and surface chemistry in the formation
of epitaxial semiconductor-insulator interfaces
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The formation of SrF2/Si(111) and Ge/CaFz/Si(111) interfaces is studied with photoemission and
compared to previous results for the CaF2/Si(111) interface. The interface between SrF2 and Si(111)
is found to be nonstoichiometric, similar to the interface between CaF2 and Si(111): the bonding is
between Si and the cation, with a layer of fluorine missing at the interface. In the case of Ge growth
on CaF2/Si(111), a variety of effects are noted: The CaF2/Si(111) valence-band offset is reduced by
about 1 eV upon deposition of Ge at room temperature. The sticking coeScient of the Ge is

significantly increased by preparing the CaF2 surface with electron bombardment to remove the tap
layer of fiuorine. For both the irradiated and nonirradiated cases, annealing of thin room-
temperature-deposited 6lms resulted in Ge island formation.

I. INTRODUCE iON

Epitaxial semiconductor-insulator systems, the proto-
type being CaFz/Si(111), are of both intrinsic scientific in-
terest and technological importance. Scientific interest
arises from questions involving interface formation be-
tween dissimilar materials: ionic compound insulators,
such as CaF2 and SrF2, and the covalent, homopolar
semiconductors Si and Ge. Technological interest lies in
the development of crystalline dielectrics for use in novel
integrated circuits. The growth of the first few mono-
layers of CaF2/Si(111) has been studied in situ with pho-
toemission, ' soft-x-ray absorption, and medium-
energy ion scattering (MEIS). Several discussions of the
CaF2/Si(111) structure assumed that the CaF2 molecule
remained intact at the interface with a Si—(F—Ca—F)„
layer sequence. However, there is now general agreement
that the high-temperature growth interface is not
stoichiometric, but rather consists of direct Si—Ca bonds
with a dipole moment perpendicular to the interface and
no intervening fluorine layer. This means that the CaF2
molecule is dissociated upon interaction with the Si(111)
substrate. Based on the results of the CaF2/Si(111) sys-
tem, summarized below, we have extended these studies
to include the role of lattice mismatch [SrF2/Si(111)] and
order of growth [Ge/CaF2].

Both CaFz and Si have face-centered-cubic lattice
structures, with either one CaF2 molecule or two Si
atoms as the basis. In the case of CaF2/Si(111), the lat-
tice mismatch between the two crystals is only 0.6% at
room temperature or 2.4% at the optimal growth tem-
perature of 700—750'C (see Table I). This means that the
primary constraint determining the equilibrium interface
structure for very thin films is the chemical bonding be-
tween the two materials, and not structural mismatch.
Two possible models consistent with the spectroscopic re-

suits for the fluoride /semiconductor interface are shown
in Fig. 1. The experimental results' indicate that at
the interface there are Si—Ca bonds (with similar charge
transfer to that found in CaSi2), Ca in a 1+ oxidation
state, and a 1X 1 interface unit cell. This implies that the
F layer which would be present at the interface for fully
stoichiometric CaFz is missing, and that Ca atoms most
likely reside in one of the three high-symmetry sites on
the Si(111) surface: directly above the top Si layer (top
site), above the second layer Si (T4 site), or above the
fourth layer Si (H3 site). In thicker films, the CaF2 over-
layer is found to be rotated 180' from the underlying Si
substrate, so-called "type-B" epitaxy. If the Ca were to
sit in the H3 site, this rotation would cause the next F
layer to be hindered by the first-layer Si atoms; this struc-
ture is thus unlikely to occur. The photoemission' and
x-ray-absorption results cannot distinguish between the
other two high-symmetry sites, and these two possible
structures are shown in Fig. 1. The T4 site (right) is indi-
cated by MEIS results for a single monolayer of Ca and F
on the Si(111) surface; the top site (left) is favored by
some transmission electron microscopy results, but not
by others, while still another group Qnds two structures
simultaneously. '

The CaF2/Si(111) interface has been studied theoreti-
cally by Satpathy and Martin. " The total energy of the
CaFz/Si(111) interface is found to be the lowest for an in-
terface in which there are two F layers separating the Si
and Ca layers; however, in the absence of excess fluorine,
interfaces such as those shown in Fig. 1 without F at the
interface are found to be stable. The T4 structure shown
in Fig. 1 has the lowest total energy of the four F
deficient models tested by Satpathy and Martin, although
the energy differences were sma11 enough that further re-
laxation may change the ordering. The stoichiometric in-
terface, on the other hand, is not stable with respect ei-

Q~1990 The American Physical Society



41 ROLE OF LA I i ICE MISMATCH AND SURFACE CHEMISTRY. . . 8421

TABLE I. Semiconductor and fluoride materials parameters. Lattice constants at room temperature
(Ref. 34) and growth temperature (Ref. 35) and their ratios to those of the Si substrate; energy gaps and
surface free energy (Ref. 36).

Material

Si
Ge

CaF2
SrF2
BaF2

Lattice
constant
298 K

(nm)

0.5431
0.5657
0.5463
0.5799
0.6200

Ratio
to Si

1.000
1.042
1.006
1.068
1.142

Lattice
constant
1005 K

(nm)

0.5440
0.5684
0.5571
0.5880
0.6305

Ratio
to Si

1.000
1.045
1.024
1.081
1.1,59

Energy
gap
(e~)

1.1
0.7

12.1
11.3
11.0

Surface
energy

(erg/cm )

1240 (Refs. 37 and 38)
1060 (Ref. 38)
450 (Ref. 37)
360 (Ref. 39)
280 (Ref. 37)

ther to bulk materials plus surfaces or to disproportiona-
tion into the F-rich and F-deficient structures. The
valence-band offset is also a strong function of the F con-
centration at the interface due to the interface dipole
created by charge transfer between the Si and CaF2.
There is an uncertainty in comparison with experiment
due both to the inherent problems of the local-density ap-
proximation and to the difference in the experimental and
theoretical definitions of band offsets. However, on the
basis of comparing the experimental band offset and the
total energy, Satpathy and Martin concluded that the two
models in Fig. 1 were the most likely to explain the type-
8 interface, with the directional bonding (left} having the
more appropriate band ofFset and the silicide bonding
(right) having the lower total energy. "

Strontium fluoride is chemically very similar to calci-
um fluoride, but its lattice constant is significantly larger.
The Si-SrFz lattice mismatch is 6.8% at room tempera-
ture and 8.1% at the growth temperature (see Table I). It
has been shown with transmission electron microscopy
that the BaFz/Ge(111) interface, with a mismatch of
9.6% (10.9%} at room (growth) temperature exhibits a
"discommensurate" interface, where orientational order
is maintained across the interface, but each material
maintains its bulk lattice constant. ' The SrFz/Si(111)
system is intermediate between these two cases, and the
question arises as to whether the strong Si-cation bonding
observed at the CaFz/Si(111) interface will be maintained
at the SrFz/Si(ill) interface. We present here a com-
parative photoemission study of the CaFz/Si(111) and
SrFz/Si(111) interfaces. We find the chemical bonding
and charge transfer at the interface to be very similar in
both cases, with covalent Si—Ca and Si—Sr bonding at
the respective interfaces. '

The nonstoichiometric interface we have found for
both the CaFz/Si(111) and SrFz/Si(111) systems has im-
portant implications for the inverse growth of Si or Ge on
top of these Auorides. Photoemission experiments of
solid-phase epitaxy after room-temperature deposition of
CaFz/Si(111) (Ref. 2) and of electron irradiation of
CaFz/Si(111) grown at 500'C (Ref. 4) show that high
temperatures or some other perturbation such as high-
energy electrons are required to dissociate the CaF2 mole-
cule at the interface. The natural termination of

CaFz(111), however, is a complete F —Ca—F triple layer.
On the basis of these results, we predicted that the
growth of Si and related materials on CaFz would be
enhanced by the removal of the top fluorine layer. 4 This
has been confirmed for thick layers of Ge (Ref. 14) and
GaAs (Ref. 15) on CaFz/Si(111), where the morphology
of the semiconductor overlayer was markedly improved
by electron irradiation. In this work, we present photo-
emission results for the initiation of Ge growth on
CaFz/Si(ill) both on irradiated and nonirradiated sub-

strates. ' We find that the sticking coefficient and wet-

ting of the Ge overlayer increases with irradiation. We
also find that the deposition of Ge on thin CaFz/Si(111)
films reduces the Si—CaFz valence-band offset by about 1

eV, similar to what was observed for Au/CaFz/Si(111). '

II. EXPERIMENTAL CONSIDERATIONS

Calcium fluoride and strontium fluoride were grown on
Si(111)(p type, p=0.01 0 cm) by molecular-beam epitaxy
at substrate temperatures of 710+20'C, as measured by
an optical pyrometer. In one case, a SrFz film was grown
on a substrate not intentionally heated (T,„b-50'C due
to radiation from the 1300'C SrFz Knudsen cell). The
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FIG. 1. Model structures for the CaF2/Si(111) or
Sr'/Si(111) interface which are consistent with spectroscopic
and theoretical results. Current results cannot distinguish be-
tween the directional bonding with the cation in the "on-top"
site (left) and silicide bonding with the cation in the "T~" site
(right). Hatched circles, fluorine; open circles, calcium or stron-
tium; solid circles, silicon.
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FIG. 2. Comparison of photoemission spectra for SrF2/Si(111), A: ) 1.5-nm film, T,„b-50'C, B: 1.1-nm film, T,„b=700'C, 75-s

growth, C: 0.6-nm film, T,„b=710'C, 30-s growth, D: 1 min, 750'C anneal of film C. E: 1 min, 800'C anneal of film D. Left panel:
Si 2p3/2 hv=135 eV. Center panel: shallow core levels, hv=135 eV. Right panel: valence bands, hv=21. 2 eV.

substrates were prepared by growing a thin oxide film's

prior to their introduction into the vacuum chamber.
Clean surfaces were than obtained by sputtering (500-eV
Ar+ ions) and annealing. The samples were heated by
passing a direct current through them. The film deposi-
tion was carried out in a separate growth chamber con-
nected by a transfer chamber to the main analysis
chamber. All three chambers had a base pressure in the

10 ' Torr range.
For the growth of Ge on CaFz, thin ( —1.2 nm) CaF2

films were first grown at 700'C on Si(111)and character-
ized. Ge was then evaporated onto these unheated sub-
strates. Electron irradiation of the pristine CaF2 film was

performed at room temperature on —10 mm of the sam-
ple by moving the sample beneath a normal incidence
beam of 3-keV electrons (0.8 pA with a spot diameter of
1.5 mm). The total exposure in the central region was
2. 2 X 10 C/cm, or about two electrons per unit cell.

Core-level photoemission spectra were obtained using
synchrotron radiation at the Stanford Synchrotron Radi-
ation Laboratory (Stanford, CA). No evidence of radia-
tion damage due to the synchrotron beam was observed
for the photon energies used (h v= 109—112, 135, and 387
eV). Valence-band photoemission spectra were obtained
using a He i discharge lamp (h v =21.2 eV). A
cylindrical-mirror analyzer was used to collect the pho-
toemitted electrons. The axis of the analyzer was 75'
from the incident photon beam and 10 from the sample
normal for the synchrotron rneasurernents; it was 95'
from the incident light and 38' from the sample normal
for the discharge-lamp measurements. The position of
the Fermi level was determined via emission from a gold
foil in electrical contact with the sample holder.

III. RESULTS AND DISCUSSIONS

A. SrFz/Si(111)

1. Shallour core leuels

The shallow core levels for a variety of SrFi/Si(111)
Slrns and treatments are shown in the center panel of Fig.
2. For the top spectrum, A, a "thick" ( &1.5 nm) film
was grown on an unheated substrate (90 s growth). The
three features observed arise from the F 2p, Sr 4p, and F
2s atomic levels. The F 2p states form the SrFi valence
band; the Sr 4p hne shape is consistent with a spin-orbit
splitting of 1.2 eV and the statistical ratio of 1:2. For the
thick film, the Sr 4p peak is predominantly due to Sr +

ions in the bulk lattice.
Photoemission spectra from a SrF2/Si(111) film about

three triple layers (1.1 nm) thick (75 sec growth at a bulk
rate of 10 A/sec, T,„b =700 C) are shown as spectra 8 in
Fig. 2. The Sr 4p level (see also Fig. 3) clearly shows an
additional peak shifted to lower binding energy from the
bulk peak, similar to that seen for the Ca 3p (Fig. 4) and
Ca 2p (Fig. 5) levels at the CaFi/Si(111) interface. The
low binding energy Ca peak has been attributed to Ca
bonded to Si in a 1+ oxidation state at the interface. '

Figure 2 depicts spectra C from a film 1.5—2 triple layers
thick (30 sec growth at 710'C), and spectra D in Fig. 2
were taken on the same film after a 1 min anneal at 750 C
which resulted in a partial reevaporation of the film. The
small peak at about —25. 5 eV in spectra C and D is due
to a slight Ca contamination. ' After a further 1 min an-
neal at 800 C, the fluorine is all gone and a small amount
of Sr remains on the Si(111)surface (spectra F. in Fig. 2).
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FIG. 3. Comparison of Sr 4p spectra for SrF2/Si(111).
&1.5-nm film, T,„b-50'C. 8: 1.1-nm film, T,„b=700'C, 75-s
growth. C: 0.6-nm film, T,„b=710'C, 30-s growth. D: 1 min,
750'C anneal of film C. E: 1 min, 800'C anneal of film D.
Spectra are normalized to photon flux.

The low-energy difraction (LEED} pattern for this sur-
face was a fuzzy 4X 1. Different annealing conditions re-
sult in a variety of LEED patterns, including 2X 1 and
5 X 1, depending on coverage. This is similar to the 2 X 1,
3X1, and 5X1 patterns observed after similar annealing
of the CaF2/Si(111) system. '

The low-binding-energy component of the Sr 4p peak is
indicative of Sr—Si bonding at the interface, similar to
the case of CaF2/Si(111). This is the peaked labeled "in-
terface" in the center panel of Fig. 2 and in Fig. 3. For
the three thin, high-growth-temperature films (B, C, and
D), fitting the Sr 4p peak to either two or three spin-orbit
pairs (to account for the variation in the "bulk" contribu-
tion) always results in a peak at a binding energy of

20.52+0.05 (relative error) +0.05 (absolute error) eV
below the Fermi level, and the intensity of this peak was
independent of the fitting procedure (within 2%%uo). The ra-
tio of the intensity in the component at 20.5 eV to the to-
tal emission is 0.20, 0.50, and 0.69 (+0.01) for films B, C,
and D, respectively.

The identification of the low-energy Sr 4p peak as being
due to the interface is confirmed by its increase in magni-
tude relative to the bulk peak, and its constancy in posi-
tion relative to the Si 2p state in thinner films. Assuming
laminar growth and an electron escape depth in SrF2 of
1.1 nm (Ref. 20) (intensity loss of 25% with each layer),
the film thicknesses calculated from the intensity ratios
are 3.5, 1.8, and 1.4 triple layers for films B, C, and D, re-
spectively. These values are consistent with the prepara-
tion conditions if we assume that more reevaporation
took place during the longer growth of film B or a smaller
sticking coefficient for successive layers than for the first.
Calibration of the same Knudsen cell in a different vacu-
um system& but with similar geometry, gave a growth rate
of 10+1 A/min on a room-temperature substrate, or
3.7+0.4 ml for a 75 sec growth. The Sr 4p peak for the
Si(111):Srsurface (spectrum E) has a binding energy rela-
tive to the Fermi level which is 0.4 higher than the inter-
face peak. However, the energy relative to the Si 2p level
(left-hand panel of Fig. 2) is the same for both the
SrF2/Si(111) interface and the Si(111}:Srsurface, indicat-
ing similar bonding and charge transfer, but a Fermi-level
pinning position closer to the rniddle of the Si band gap
for the latter case.

While the energy of the interface contribution remains
the same relative to the Si 2p level in the various films,
the "bulk" peak (marked with a tick in Fig. 3) shifts to
lower binding energy and changes shape with decreasing
thickness. We discuss three possible explanations. One is
that this shallow core state is broadened into a band
which changes shape as the film gets thinner. A second is
the existence of a surface contribution at an energy inter-
mediate between the bulk and interface state. If this is
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FIG. 4. Comparison of CaF2/Si(111) (top) and SrFz/Si(111) (bottom) spectra for 1.1-nm-thick films grown at 700 C. All spectra
were taken at 135 eV except for the Si 2p at the CaF~/Si(111) interface, which was taken at 130 eV (the 130-eV spectrum has better
resolution and less interface sensitivity).
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the case, then the relative intensities of the bulk, surface,
and interface components indicate a nonlaminar-growth
mode (the third layer starting before the first layer is
completed). A third possibility is a change in screening
as the Sr ions are increasingly influenced by the high
dielectric constant of the Si in thinner films. This is likely
the cause of the 1-eV shift of the F 2s level with film
thickness, which is apparent in Fig. 2. It is likely that the
dominant effect on the Sr 4p emission is the modification
of the band structure with thickness (leading to the
change in shape of the peak), combined with a small
overall shift due to screening. It should be noted that
these effects are coupled, with altered screening affecting
the band structure. While calculations for SrF2 4p states
are not available, the equivalent highest-occupied cation
states for both CaF2 and CdF2 show a weak dispersion. '

The energy positions of the noninterface peaks are not
constant among the different filrns, and in particular
there is no clear surface contribution to spectrum A in
Fig. 2, making the separate-surface-component explana-
tion unlikely. The energy shifts do not uniformly parallel
the shift in the F 2s state, implying that more than just
screening is involved.

The F 2p-state emission becomes more asymmetric as
the film thins. This can be attributed both to changing
band structure and to the contribution (labeled "Mono-
layer" in Fig. 2) of an uncovered interface layer. The F
2p band arises from the overlap of the various F 2p orbit-
als in the bulk fluoride. The Sr 4p and Si 2p (see below)
results indicate that the bonding is directly between the
Sr and Si atoms, and that the interface is non-
stoichiometric. When just a single layer of SrF2 is on the
surface, each unit cell then consists of one Sr and only
one F atom, as was seen for the CaFz/Si(111) case. The
narrow peak is thus due to the single, uncovered F layer.
The fractional intensity of the low-energy F 2p peak is
consistent with the thicknesses inferred from the Sr-
interface peak intensity.

An additional datum to be obtained from Fig. 2 is the
valence-band offset at the SrFz/Si(111) interface. Extra-
polating the tops of the valence bands with straight lines,
one obtains an offset of 8.2 eV, within the range of values
found for similarly prepared CaF2/Si(111) interfaces (see
Fig. 6). The results of Satpathy and Martin" show that
the band offset is a function of the interface dipole, which
is turn dependent on the F concentration (and hence in-
terface charge) and the distance over which charge is
transferred. The similarity in the CaFz and SrF2 results
indicates similar bonding and similar interface states in
the two cases.

A comparison of the shallow core levels and Si 2p3/2
emission for SrF2/Si(111) and CaF2/Si(111) is shown in
Fig. 4. The SrFz/Si(111) spectra are from film 8 and the
CaF2/Si(111) spectra were obtained under similar growth
conditions. The similarities in the two sets of spectra
which were discussed above can clearly be seen in the
figure.

2. Substrate core level

The Sr and F spectra in Fig. 2 indicate that the Sr
binding energy is modified at the interface, that the F 2s

levels shift to lower binding energy and broaden as the
film is thinner, and that the F 2p band structure only de-
velops after the deposition of the second molecular layer.
It is not possible to tell whether both Sr and F are bonded
to Si from the shallow core levels alone. Rather, one
must investigate the Si core level. The left-hand panel of
Fig. 2 shows the Si 2p3/2 emission from the same films as
the shallow core-level spectra (except for film A where
the Si 2p was barely visible). The data are shown after
(quadratic) background subtraction and spin-orbit decon-
volution. The deconvolution requires no curve fitting,
but is a numerical manipulation of the spectra, having
only the spin-orbit splitting (0.605 eV) and the spin-orbit
ratio (assumed to be the statistical value of 1:2) as inputs.
Assuming that the bulk Si 2p3/2 peak is 98.82 eV from
the valence-band maximum, the Fermi level is approxi-
mately 0.2 eV above the Si valence-band maximum, simi-
lar to the case' for CaFz/Si(111) (see Fig. 4).

The principal contributions to the Si 2p peak for all
four spectra in Fig. 2 are the bulk contribution (measured
in a bulk-sensitive spectrum to be at —99.03+0.05 eV for
film 8) and a contribution from the interface, which is
shifted to lower binding energy. This interface com-
ponent has a binding energy 0.35—0.40 eV less than that
for bulk Si, consistent with Si—Sr bonding. The mea-
sured shift for Si—Ca bonding at the CaFz/Si(111) inter-
face is 0.36 eV. The Pauling electronegativities are the
same for Sr and Ca, so the similarity in binding energy
shifts indicates that the charge transfer and bonding is
similar in the two cases.

There is also some Si 2p3/2 intensity shifted to higher
binding energy from the bulk Si peak. This is indicative
of either Si—F bonding or Si dangling bonds at the inter-
face. Also, a small contribution at high binding energy
(low kinetic energy) can result from inelastic scattering of
the electrons from the peak as they go through a disor-
dered overlayer. The chemical shift for a monolayer of F
on Si(111)is 1.0 eV to higher binding energy. This indi-
cates that some of the Si atoins at the SrF2/Si(111) inter-
face may be bonded to more than one F atom, implying
that a small fraction of the interface contains defects on
the Si side of the interface. There is also some intensity
at an energy about 0.6-0.8 eV from the Si bulk peak, in-
dicative of Si—F bonds with less charge transfer. The
dominant contribution due to dangling bonds on the
Si(111)-(7X7) surface is found to be in the range of
0.3—0.7 eV to higher binding energy from the bulk
peak, with a smaller contribution at lower binding ener-

gy than the bulk. For spectrum E, there is no fluorine
and only a small amount of Sr ( ~

—,
' ml) on the surface

(see center and right panels), so that the high-binding-
energy tail must be due to uncovered Si atoms. The
asymmetry on the low-binding-energy side of spectrum E
arises primarily from the Si atoms bonded to Sr.

The fraction of the interface with Si—F bonding is
largest for the sample whose spectrum is shown in C of
Fig. 2. This sample spent the shortest time at high tern-
perature after the deposition of the first SrF2 layer. The
intensity of the Si-Sr component increases at the expense
of the Si-F components when this sample is annealed for
1 min at 750'C (spectra D in Fig. 2). This supports the
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hypotheses that the SrFz molecule must dissociate at the
interface to form the low-energy interfacial structure in-

volving Si—Sr bonds and that this dissociation is a
thermally activated process. This has also been proposed
for the CaFz/Si(111) system. ' The narrow temperature
window for obtaining a uniform Si—Sr bonded interface
begins near the temperature where the 7 X 7 reconstruc-
tion begins to disorder on the clean surface. The upper
edge of the window for growth lies at the reevaporation
temperature for the overlayer. This is similar to many
epitaxial-growth situations; the optimal growth tempera-
ture is just below the reevaporation temperature, so that
if a molecule does not diffuse into the deepest energy well
it will not stick.

3. Valence bands

If there is direct Si—Sr bonding at the SrF2/Si(111) in-
terface, then the occupied bonding level should be ob-
servable in ultraviolet photoemission spectroscopy. Spec-
tra obtained using 21.2-eV HeI photons for the same
films as the shallow core levels and Si 2p3/z are shown in
the right-hand panel of Fig. 2. We attribute the shoulder
at 1.7 eV below the Fermi level (marked with a tick) to
this interface state. Its intensity is maximum for film D,
the thinnest film for which there is still a full monolayer
of Si—Sr bonds, and it is still present for the Si(111):Sr
surface where there is less than a full monolayer of Sr and
no F atoms. A similar state which disperses from 0.75 eV
below EvBM at the I point of the surface Brillouin zone
to 1.4 eV at the M point has been observed at the
CaFz/Si(111) interface. Due to the large density of
states at the surface Brillouin-zone boundary, the posi-
tion of the peak in an angle-integrated photoemission
measurement of CaFz/Si(111) is expected to be 1.3 eV
below Ev&M or about 0.2 eV higher than the observed po-
sition in Fig. 2 for SrF2/Si(111). This similarity between
the results again supports the thesis that the bonding is
very similar at the SrF2/Si(111) interface to that at the
CaF2/Si(111) interface. This state has been studied with
tight-binding calculations for the CaFz/Si(111) inter-
face, and is derived from the interaction of the Si 3p
with the Ca 4s and 4p. The small difference in interface
state energy may be due to the smaller band gap of SrFz,
placing the Sr 5s level closer to the Si valence band.

The results described above the SrF2/Si(111) interface
demonstrate that the principal interfacial bonding is
dominated by chemical driving forces and not by the
strain induced by lattice mismatch. There is more disor-
der and scattering at the interface with the large lattice
mismatch, and these results do not tell us if the interface
is pseudornorphic, but they do tell us that the choice of
which atoms will bond is not affected by the lattice
mismatch and is the same for the CaFz/Si(111) and
SrF2/Si(111) interfaces. Low-energy electron diff'raction
studies of samples grown under similar conditions show
that the first monolayer is constrained by the silicon lat-
tice constant, but that the SrFz jumps to nearly its own
lattice constant upon initiation of the second layer, at
least in the lateral dimension. The results for
SrFz/Si(111) imply that we can learn about interface

bonding in the inverted case of semiconductor/ffuoride
without being forced to rely on lattice matching.

B. Ge/CaF2/Si(111)

We have studied the system of Ge/CaFz/Si(111), where
the starting CaF2/Si(111) structure is similar to that
whose spectra are shown in Fig. 4. A thin layer of Ge
was then deposited at room ternperture on this starting
structure and subsequently annealed. The use of thin
CaFz and Ge layers and the different semiconductor ele-
ments for the substrate (Si) and overlayer (Ge) allows
monitoring of the substrate Si 2p core level for any
changes at the buried interface.

The alkaline-earth fluorides CaFz and SrFz grow in a
laminar fashion on Si(111)surface. A primary reason for
this layer-by-layer growth is that the surface free energy
{as determined by cleavage energies) of the ffuorides is
significantly less than that of the Si substrate (see Table
I). For the inverse process of semiconductor growth on
the fiuorides, the natural growth mode would be island
formation, due to the lower surface free energy of the
substrate. The growth of an overlayer island results in
the replacement of the area of exposed substrate by equal
areas of interface and exposed overlayer. In order for the
total energy to favor laminar growth, it is necessary for
the interface energy to be less than the diff'erence in sur-
face eneriges:

Xso & 'Vsv 'Vov

~here y;~ denotes the interface energy per unit area for
the ij interface, S denotes the substrate, V the vacuum
and 0 the overlayer. Thus to promote the growth of Si
or Ge on CaFz, it is desirable both to increase the surface
energy of the CaFz substrate and to decrease the energy
of the formed interface. The results discussed above indi-
cate that removing the surface fluorine layer from the
CaFz(111) surface should accomplish both of these goals.
If the natural (111)cleavage termination is between the F
layers, then the Ca terminated surface must have a higher
surface energy. Similarly, if the equilbriurn interface for
the growth of CaFz on Si involves the removal of the in-
terface F layer, it is expected that the removal of this lay-
er from the CaF2 substrate will lower the interface energy
during growth of Si or Ge on CaFz. We have removed
the surface F layer by electron irradiation in one por-
tion of the CaF2/Si(111) substrate to allow a comparison
of the growth of Ge on CaF2/Si(111). First, however, we
will discuss the growth of Ge on a nonirradiated
CaF2/Si(111) substrate.

l. Ge deposition on nonirradiated CaF2/Si(111)

Photoemission spectra for a particular case of a
Ge/CaF2/Si(111) growth are shown in Fig. 5. The rela-
tive amplitudes of the Si 2p, Ca 2p, and shallow core lev-
els are arbitrary, but within each level the spectra are
shown normalized to the incident photon flux on the sam-
ple. The bottom set of spectra was taken from the pris-
tine CaFz/Si(111) film. From comparison with our previ-
ous results, we estimate the CaFz film to be about 1.2 nm
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thick. The subsequent spectra, 8 in Fig. 5, were taken
after the deposition of Ge onto the CaFz/Si(111) film at
room temperature. The Si 2p [kinetic energy (KE) of
-30 eV], Ca 2p (KE of -30 eV), and F 2p (KE of —115
eV) (not shown} emission intensities are all reduced by
about half, indicating a Ge overgrowth of 0.7 electron es-
cape depths, or about 0.40—0.45 nm ( —3 ML). This
thickness estimate assumes uniform coverage of the Ge at
room temperature, which may not be true„as the
difference in sticking coefficient between the unirradiated
fluoride and the Ge could lead to islanding during
growth, even at room temperature. At least half of the
surface must be covered to account for the 50% reduc-
tion in intensity. In that case, the Ge would be more
than three or four escape depths thick ( —15 ml, or 2-3
nm) over one half of the sample. In the case of Si on
CaF2, however, which has a larger free-energy difference
than the Ge/CaF2 case, the deposition 4 nm of Si at
room-temperature is known to form a uniform amor-
phous layer. The spectra in C and D in Fig. 5 were tak-
en after anneals of the Ge/CaF2/Si(111) system at 425
and 600 C, respectively.

The Si 2p core level is changed very little by the deposi-
tion of Ge, indicating that the bonding at the buried in-
terface is unchanged and the Fermi-level pinning position
in the Si band gap is not affected to within +0.2 eV. The
CaF2 emission, on the other hand, is shifted to lower
binding energies by about 1 eU relative to the Fermi level,
indicating that EF-Ezz~ has changed significantly for the
calcium fluoride due to the deposition of Ge. This is seen
most clearly in the Ca 2p spectra in Fig. 5, and is summa-
rized for different growths in Fig. 6. This means that the
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FIG. 6. Si-CaF2 valence-band offset as a function of Ge depo-

sition at room temperature and subsequent annealing. Growth
1: 0.9-nm Ge. Growth 2: 0.45-nm Ge (from Fig. 5). Growth 3:
same sample as Fig. 8 including irradiated and nonirradiated
portions of sample. The relative valence-band positions were
monitored via the separation between the bulk Si 2p3/2 and the
Ca 3p peaks, with a separation of 71.2 eV corresponding to a
valence-band offset of 8.0 eV.

band offset at the buried CaFz/Si(111) interface has been
changed by about 1 eU due to the deposition of three lay-
ers of Ge on top of the CaF2, several angstroms away
from the interface. This shift is relatively independent of
the starting band offset at the CaF2/Si(111) interface.
For the three different examples of Ge deposition on
nonirradiated CaF2/Si(111) described in Fig. 6, the start-
ing CaF2/Si band offsets vary by 0.5 eV, and all three are
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reduced by about 1 eV upon Ge deposition. The reduc-
tion also occurs for the irradiated sample. Upon anneal-
ing the offset relaxes back, but is still less than that for
uncovered CaF2/Si(111). This behavior is similar to that
recently reported for the deposition of gold overlayers on
CaF2/Si(111). '

The Ge 3d, F 2s, and Ca 3p peaks can be seen in the
right panel of Fig. 5. Assuming the bulk separation be-
tween the Ge 3d, &2 and the Ge valence-band maximum '

places the Fermi level 0.3 eV below the Ge valence-band
maximum for spectrum B in the figure. It is unlikely,
however, that the Fermi level is pinned below the top of
the Ge layer valence states. The Ge is, however, amor-
phous and only three monolayers thick, so that it is not
surprising that the separation between core states, which
may be chemically shifted at an interface or surface, and
the modified valence states would be different from the
bulk value. The Fermi level is pinned near the Si
valence-band maximum at the CaFz/Si(111) interface,
and the results are consistent with the Fermi level being
simlarly pinned near the Ge valence-band maximum at
the Ge/CaFz interface. If the intrinsic semiconductor-
insulator band offset is different by an electron volt for
Si-CaF2 and CaF2-Ge, while the Fermi level is pinned at
both semiconductor valence-band maxima, then an elec-
tric field of about 10 V/cm would be developed across
the CaF2 film.

With only four Ca layers, a large electric field across
the film would lead to a Ca 2p spectrum consisting of a
superposition of four peaks at different energies, resulting
in a broadening of the peak; similarly, the Ca 3p, F 2s,
and F 2p should also broaden. However, the bulk
fluoride peaks do not broaden significantly when Ge is
deposited, but rather shift uniformly to lower binding en-
ergy, as was seen for Au deposition. ' The Ca 2p inter-
face peak indicated in Fig. 5 broadens somewhat but does
not shift significantly, staying constant relative to the Si
2p. This can be explained if a dipole field is maintained

between the Ca atom nearest the Si substrate and the first
bulk layer of CaF2 instead of developing an electric field
across the entire CaF2 layer. ' The broadening of the Ca
2p interface peak could be due either to a local variation
in interface dipole or to Ge—Ca bonding at the top inter-
face contributing at energies intermediate to the bulk and
Si—Ca contributions. The similarity between the deposi-
tion of a semiconductor and a metal at room temperature
on the CaFz/Si(111) structure is not surprising, since the
same mechansims which give rise to the Schottky barrier
at an insulator/metal interface are involved in determin-
ing the band offset at an insulator/semiconductor inter-
face.

The variation in the CaF2/Si(111) band offset has been
correlated with the amount of F at the interface, with a
larger band ofFset for lesser amounts of F." Electron ir-
radiation of a F-rich interface has been shown to increase
the band offset, as has growth at a higher temperature,
where the dissociation of the CaF2 molecule is more
efficient. '" The action of the Ge, then, is to increase the
electron transfer from the CaFz-Si interface layer to the
bulk CaF2, as would occur in the presence of F. The ac-
tivation energy for ionic conduction in CaFz is 1.0 eV, '
so it is likely that a 1-eV drop over four atomic layers
would induce some flow of F ions.

Of further interest is the behavior of the
Ge/CaFz/Si(111) system upon annealing. The decreased
intensity of the Ge 3d relative to the Ca 3p and F 2s
peaks upon annealing can be seen in Fig. 5, as can the in-
crease in the absolute intensity of the Ca 2p. After the
final anneal (600'C), the Ca and F emission intensities are
consistent with an effective thickness of only 0.18 nm of
Ge, as opposed to the initial 0.45 nm [using an electron
escape depth of 0.6 nm (Ref. 29)]. The temperature is too
low for significant evaporation of Ge, so these results can
only be explained if the Ge has condensed into islands.
The tendency to form islands was expected from the
surface-energy arguments discussed above, since the Ge
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would rather cover more Ge (high surface energy) than
cover fluorine-terminated CaFz (low surface energy). An
effective uniform thickness of 0.18 nm is equivalent to
having 75% of the surface uncovered and the 3 ML origi-
nally deposited congealed into 12-ML thick islands on
the other 25% of the surface. In two other growths,
about 0.3 and 0.9 nm of Ge were deposited. After similar
annealing sequences, the effective coverage has approxi-
mately the same temperature dependence (see Fig. 7), in-

dicating that there is a similar amount of uncovered
CaF2/Si(111) in all cases, with different amounts of Ge in
the islands reflecting the different total coverages. As
mentioned earlier, it is possible that islands begin to form
already during the room-temperature deposition, and
then further congeal into larger islands upon annealing.

A measure of the redistribution of the Ge over the sur-
face which is independent of run-to-run fluctuations in
collection ef5ciency is the fraction of the intensity in the
F 2s, Ge 3d, and Ca 3p which is due to Ge; this was ob-
tained by fitting spectra such as those in the right panel
of Fig. 5 with five Gaussians: F 2s, Ge 3d3/2 Ge 3d5&2,
Ca 3p bulk, and Ca 3p interface. The results are shown in
Fig. 7 for a variety of growths and annealing procedures.

2. Ge deposition on irradiated CaE2/Si(ill)

The tendency towards islanding and the sticking
coefficient of Ge on CaF2 are expected to be a strong
function of the CaF2 surface termination. To investigate
this, we irradiated a portion of one CaFz/Si(111) sample
with 3-keV electrons to remove the surface F layer. The

integrated beam current was chosen to be near the peak
in efficiency for altering the morphology of thicker Ge
fi}ms on CaFz/Si(111). '. Small changes in the fluoride
valence-band structure measured with He I radiation
were observed, but the large peak near the Fermi level re-
ported by Karlsson et al. was not, indicating that the
irradiation may not have removed all of the surface
fluorine. A layer of Ge was then deposited on the room-
temperature substrate.

Photoemission spectra from the irradiated (right panel)
and nonirradiated (7.5 mm away —left panel) portions of
the sample are presented in Fig. 8. As can be seen there
and in Fig. 7, the apparent thickness of Ge is different in
the two cases, although the two spots were only 7.5 mm
apart, and thus had the same exposure to the Ge source.
The Ge layer deposited on the irradiated region has an
apparent thickness twice that for the nonirradiated sub-
strate, using the escape depths in Ref. 29. If islands do
not dominate before the anneal, the most reasonable ex-
planation is that the initial coefficient is much less for the
nonirradiated surface than for the irradiated surface.
This conclusion is the same if there is room-temperature
island formation, since an increased sticking coeScient
on the CaFz will cause more uniform growth and more
deposition visible via photoemission. The Ge was eva-
porated slowly, taking 4 min to deposit the overlayer,
which was approximately 2-3 ML thick on the nonirra-
diated surface and 5 ML thick on the nonirradiated re-
gion (as found from the decrease in the absolute F 2p and
Si 2p intensities), assuming uniform coverage at room
temperature If in. stead we assume that all of the Ge
sticks in both cases, then if the irradiated layer is uniform
over the entire surface (5 ML thick as above), that same
material must be redistributed to an average thickness of
8 ML over —', of the surface to explain the relative intensi-

ties.
Upon annealing the Ge overlayer, evidence for island-

ing can be seen in the spectra of Fig. 8. The Ge 3d inten-
sity decreases relative to the Ca and F peaks. From com-
parison with growth at other thicknesses in Fig. 7, it can
be seen that the evolution of the Ge:CaF2 ratio with an-
nealing is similar for the irradiated case as for the nonir-
radiated growth (growth 2) of similar thickness. This is a
surprising result, since we expected the Ge/CaF2 inter-
face to be more stable in the irradiated case and thus
more resistant to balling up upon annealing. This indi-
cates that the tendency for Ge to form bulk islands rather
than thin films still dominates at these thicknesses of a
few monolayers in the temperature range of 400—700'C.
The work of Kanemaru et al. ' involved Ge films 3—6
nm thick, where this may not have played as large a role.
Also, the normal incidence electrons used in our experi-
ment may not have been as efficient in removing fluorine
as the grazing incidence electrons used in Ref. 14 due to
the decreased interaction path in the interface region.

The change in the band offset at the CaF2/Si(111) in-

terface which occurs upon Ge deposition is similar for
both the irradiated and nonirradiated samples (see Fig.
6). The irradiated sample, however, does not recover
upon annealing until a higher temperature than the
nonirradiated, as can be seen in Fig. 6.
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IV. SUMMARY AND CONCLUSIONS

We have investigated the role of lattice mismatch in
controlling epitaxial semiconductor/insulator interface
formation through the comparison of SrF2/Si(111) and
CaFz/Si(111) growth. The va1ence-band offset and the
principal local-bonding configuration at the interface are
found to be the same for both interfaces, indicating that
the chemical-bonding considerations dominate over the
lattice mismatch in determining the local-bonding envi-
ronment. Further studies must be done to determine the
actual atomic structure of the interface and when the
strain is relieved by defect formation. Our results are
consistent with enough defects at the interface to account
for a discommensurate interface.

The growth of a few monolayers of Ge on CaF2/Si(111)
is found to be enhanced by the irradiation of the CaF2

fihn prior to the deposition of Ge. Both with and without
irradiation, the valence-band offset at the buried interface
is found to be reduced by about 1 eV, similar to the case
of Au/CaF2/Si(111). ' All films also show islanding be-
havior of the Ge upon annealing at temperatures of
400-700 C.
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