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Molecular beam epitaxy has been used to grow SrF2 thin films on Si�001�. The growth modes have been
investigated by atomic force microscopy, electron diffraction, and photoemission. Two principal growth re-
gimes have been identified: �i� when deposition is carried out with the substrate held at a temperature of
700–750 °C, SrF2 molecules react with the substrate giving rise to a Sr-rich wetting layer on top of which
three dimensional bulklike fluoride ridges develop; �ii� when deposition is carried out with the substrate held
at 400 °C, a nanopatterned film forms with characteristic triangular islands. Results are compared to the
growth mode of CaF2 on Si�001� under analogous deposition conditions. Morphological and structural differ-
ences between the two systems are associated with the larger lattice parameter of SrF2 with respect to CaF2,
resulting in a larger mismatch with the Si substrate.
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I. INTRODUCTION

The study of the growth of insulators on semiconductors
is an attractive field both for fundamental research and tech-
nological applications. In particular, the formation of inter-
faces between different materials and the Si�001� surface,
which is the most relevant for technological applications,
usually results in three-dimensional �3D� structures whose
morphology, crystal structure, and size critically depend on
the suitable choice of the growth parameters �substrate tem-
perature, substrate orientation, deposition method, etc.� The
growth mode and film morphology can thus be tailored
through the knowledge and control of the growth parameters,
with the possibility to tune the film quality and properties.

We recently investigated the growth mode of CaF2 on
Si�001� by molecular beam epitaxy �MBE� at different sub-
strate temperatures during deposition.1–4 It was found that at
low coverage and at low temperature of deposition, i.e.,
400–500 °C, rectangular shaped CaF2 nanoscale islands de-
velop, leaving portions of the Si surface unreacted in be-
tween the islands. The fluoride islands are uniformly distrib-
uted over the surface and grow with their �001� axis aligned
with the �001� axis of the substrate.

At deposition temperatures of 700–750 °C, CaF2 mol-
ecules adsorbed at the surface dissociate, reacting and bond-
ing to the silicon substrate atoms. Strong bonds are formed
between the Si surface atoms and the Ca atoms in CaF dis-
sociated species.4 It was observed that the dissociative reac-
tion takes place preferentially at the step edges of the Si
substrate, with the consumption of Si atoms from the terrace
edge. Due to the inequivalence of the step edges with respect
to the orientation of the dimer chains of the Si�001� 2�1
reconstructed surface at different terrace edges,5 certain ter-
races present an enhanced reactivity and are consumed pref-
erentially. This produces a progressive transition from the
double domain structure of Si�001� 2�1 to a twofold single
domain structure once all the surface has been covered by a
uniform reacted fluoride layer which “wets” the substrate

surface.4 The dissociative reaction appears to terminate at 1
ML of coverage. After this stage elongated islands �stripes�
develop on top of the wetting layer running along either the
�110� or �11̄0� substrate directions. It was found that in this
case the fluoride islands grow with their �110� axis aligned
parallel to the �001� axis of the substrate.

The physical properties of strontium fluoride �SrF2� are in
many respects similar to those of CaF2: both materials have
the same fluorite-type crystal structure and show good insu-
lating properties typical of wide band-gap materials. Epitax-
ial layers and nanostructures of strontium and calcium fluo-
rides are interesting for basic studies of low dimensional
effects and, doped with rare-earth ions, are quite attractive
for applications in optoelectronics.6 Moreover, the heteroepi-
taxial growth of fluorides has recently received considerable
attention for possible applications in silicon based resonant
tunneling devices.7,8 Because of the formation of sharp and
stable interfaces, fluorides could also find interesting appli-
cations as buffer layers in ultrathin semiconductor-insulator
systems based on wide gap materials such as rare-earth ox-
ides, preventing the oxidation of the semiconductor sub-
strate.

Strontium fluoride has a considerably higher lattice pa-
rameter �5.80 Å� than calcium fluoride �5.46 Å� and silicon
�5.43 Å�; therefore a noticeable influence of the strain on the
initial stages of growth and on the formation of the interface
is expected.

This work aims at extending the study of the growth mode
of cubic difluorides on Si�001� initiated with CaF2, with the
investigation of the formation of the SrF2/Si�001� interface.
To this end, the same experimental procedures adopted for
the study of CaF2 on Si�001� were followed.4 In particular,
SrF2 was deposited in ultrahigh vacuum by MBE, at various
substrate temperatures during deposition. Structural and mor-
phological information were obtained by atomic force mi-
croscopy �AFM� and by in situ reflection high energy elec-
tron diffraction �RHEED�. Low energy electron diffraction
�LEED� was also used, supporting and confirming the
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RHEED observations. Electronic properties were probed by
x-ray and ultraviolet photoemission.

The results indicate that there exist strong similarities, but
also considerable differences, between the growth modes of
SrF2 and CaF2 on Si�001�. The differences are mainly as-
cribed to the differences in the lattice parameters of CaF2 and
SrF2 with respect to Si.

In particular it was observed that a dissociative reaction of
SrF2 takes place at high temperature, 700–750 °C, resulting
in a uniform layer wetting the semiconductor surface and a
strong bonding between the fluoride molecules and Si atoms.
Similarly to the CaF2 case, the deposition of subsequent lay-
ers induces the formation of elongated facetted islands
�ridges�. However, unlike almost one-dimensional CaF2
ridges with typical sizes of �width� length�height� 10 nm
�1–3 �m�10 nm, the SrF2 ridges are more bulklike hav-
ing typical sizes of 150 nm�1 �m�50 nm. In addition, the
SrF2 ridges have slightly different epitaxial relations to the Si
substrate. At low deposition temperature below 500 °C, SrF2
does not wet the Si surface and triangular shaped fluoride
islands are formed from the earliest stages of deposition.

II. EXPERIMENT

The characterization of the growth mode of SrF2 on
Si�001� was carried out in separate experimental runs. Mor-
phological and structural studies were carried out principally
at the Ioffe Physical-Technical Institute �St. Petersburg, Rus-
sia� by AFM and RHEED. LEED and photoemission studies
were conducted in part on-campus at the University of
Modena and Reggio Emilia �Italy�, and in part at the BEAR
�BL 8.1L�9 beam line at the ELETTRA synchrotron radiation
facility �Trieste, Italy�. The same growth conditions were
employed both at the Ioffe and during photoelectron spec-
troscopy measurements, where the electronic properties of
the system were studied.

In both cases SrF2/Si�001� samples were grown by MBE
in UHV conditions at a pressure below 1�10−7 Pa. Deposi-
tion of strontium fluoride was made using a home built effu-
sion cell, consisting of a graphite crucible loaded with small
pieces of SrF2 crystals. The crucible was heated by a tung-
sten grid filament up to about 1100 °C to produce a SrF2
molecular beam. Due to strong ionic bonding, SrF2 is known
to sublime in the form of molecules, thus providing the sto-
ichiometry of the beam.10 The flux was calibrated by observ-
ing RHEED specular beam oscillations during the first stages
of SrF2 growth on a Si�111� substrate �at the Ioffe� or with a
quartz micro balance �at BEAR and in Modena�. The typical
flux values used were in the range of 1–7 monolayers per
minute �nominal monolayer—ML—corresponding to 2.9 Å
of thickness on Si�001��. Unless otherwise indicated, the
growth rate employed for the samples used in the spectro-
scopic investigation was 1 nominal ML per minute.

Silicon substrate heating was provided either by indirect
heating, passing electric current through a heater filament
located closely behind the substrate �Ioffe, BEAR�, or by
direct heating, passing current through the substrate itself
�Modena�. The substrate temperature was monitored with an
optical or IR pyrometer and additionally with a tungsten-
rhenium thermocouple �Ioffe�.

Si�001� n-type substrates were used with a miscut angle
of 1–3 mrad with respect to the �001� plane. They were
cleaned prior to the SrF2 deposition, the procedure consisting
of a standard chemical Shiraki treatment,11 followed by
flashing the surface up to 1100–1200 °C in UHV conditions
to remove the silicon oxide.

The epitaxial relations and surface periodicity were moni-
tored at Ioffe during sample growth with a RHEED appara-
tus �15 keV electron gun� mounted on the MBE chamber.
LEED was used to monitor the surface periodicity during
photoemission experiments �BEAR and Modena�. Since
RHEED and LEED data were in most cases complementary
in what concerns surface periodicity, here we will present
mainly RHEED data, which are also particularly powerful to
show the lattice periodicity in the plane perpendicular to the
surface. The latter can be obtained only when 3D islands
develop at the surface. These are passed through by the e
beam at grazing incidence leading to typical 3D diffraction
patterns �transmission spots�.

When electron diffraction measurements were performed
on the same samples investigated by photoemission, diffrac-
tion patterns were always taken after the spectroscopy ses-
sion, not to damage the interface or alter the surface compo-
sition, e.g., by preferential F removal induced by electron
irradiation.12

Surface morphology of the grown samples was measured
in tapping �semicontact� mode with an ambient air P4-SPM
NT-MDT atomic force microscope equipped with NSCS-11
cantilevers having a resonance frequency of 200–300 kHz.
Typical resolution of the AFM was 10–20 nm laterally and
1–2 Å in the direction of the surface normal, depending on
the sharpness of the cantilever tip.

Photoemission spectra were recorded at BEAR with an
hemispherical electron analyzer13 at normal emission �with
an angular acceptance of 2°�. Ultraviolet and conventional
x-ray photoemission data were recorded with a double pass
Perkin Elmer PHI 15-255G cylindrical-mirror electron ana-
lyzer �CMA� operated at constant pass energy �Modena�. The
axis of the CMA was set to 15° from the sample normal. The
energy resolution used varied according to the different spec-
tral ranges investigated and type of experiment �synchrotron
or on-campus�. UV spectra �He I photons� were obtained
with a windowless differentially pumped Vacuum Generators
UV discharge lamp. X-ray photoemission was carried out
with nonmonochromatic Mg K� photons �h�=1253.6 eV�
from a Vacuum Generators XR3 dual anode source operated
at 15 kV, 16 mA.

All spectra were measured at room temperature, letting
the samples cool down for a few minutes after the deposition
step. The spectra are reported in binding energy, referenced
to the Fermi level position.

III. RESULTS AND DISCUSSION

A. Structure and morphology

1. Clean Si(001) surface

In order to understand the mechanisms of SrF2 chemi-
sorption as a function of temperature, a careful characteriza-
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tion of the bare Si�001� surface is mandatory. In the present
study, Si�001� surfaces with a miscut angle of 1–3 mrad
were chosen. This results in the formation of a stepped sur-
face, where all terraces are separated by single atomic steps
and run parallel to each other.4 The terraces are characterized
by alternate 2�1 and 1�2 reconstructions. This is due to
the formation of dimers between adjacent Si surface atoms.14

The surface morphology is illustrated in Fig. 1�a�, where an
AFM picture of the Si clean surface is shown. The AFM
resolution does not allow the details of the surface recon-
struction to be distinguished, but the alternation of the ter-
races can be observed clearly. The different terraces have
been labeled by A and B consistently with Ref. 4. Each ter-
race is 50–150 nm wide and is separated from the adjacent
one by single atomic steps of 1.4 Å in height, in agreement
with the Si interlayer spacing along the �001� direction.

In complete analogy to our previous study on the growth
mode of CaF2 on Si�001�,4 we identify the �110� direction of
the substrate as the one which forms an angle less than 45°
with respect to the direction of the parallel step edges. Due to
the relative orientation of the terraces and the Si crystallo-
graphic directions, it results that each step edge is character-
ized by longer segments parallel to the �110� directions than

to the perpendicular �11̄0� direction. This situation is
sketched in Fig. 1�b�. From Fig. 1�b� it can be also noticed
that adjacent terraces present different types of steps which
run parallel to the �110� direction. These have been labeled
as SA-type and SB-type according to the notation introduced

by Chadi.15 The nonequivalence of the steps depends on
whether the dimer rows in the upper terrace are parallel
�SA-type� or perpendicular �SB-type� to the step edge. As a
consequence, the atomic structure around the step edges is
locally perturbed, determining a variation of the dimer buck-
ing asymmetry in correspondence with SA-type steps16,17 and
a reorganization of the atoms at SB-type steps. In particular,
SB-type steps present both a “nonrebonded” configuration
and a “rebonded” one,5,18 which is energetically favored and
where Si edge atoms form dimerlike bonds with the lower
terrace atoms.

It was shown for CaF2
4 and we believe that this holds also

for SrF2 �see below�, that the nonequivalence of the step
edges plays an essential role in the determination of a single
direction anisotropy of the fluoride interface layer during
high temperature growth. We think that this is deeply related
to the different and peculiar electronic structures of the two
types of steps.

2. High-temperature growth

When SrF2 is grown with the substrate held in the tem-
perature range of 700–750 °C �Fig. 2�a��, thin nanostripes
are formed. These nanostripes are less than 10 nm in width
�our observation is limited by the resolution of the AFM� and

they develop parallel either to the �110� or �11̄0� substrate
directions depending on the type of Si terrace on which they
grow. Stemming from the comparison with the CaF2/Si�001�
system,4 each nanostripe is likely formed by fluoride mol-
ecules reacting with the substrate atoms. This conclusion is
confirmed by our photoemission results �see below�. Nanos-
tripes are parallel to the �110� direction on B-type terraces

and they are parallel to the �11̄0� direction on A-type ter-
races. This can be interpreted assuming that the growth di-
rection is favored by the preferential diffusion of the ad-
molecules along the direction of the dimer rows on each
terrace, in agreement with observations on CaF2/Si�001�
�Ref. 4� and on alkaline-earth metals on Si�001�.19 The for-
mation of the fluoride nanostripes is also accompanied by the
progressive reorganization of the Si substrate terrace edges.
With respect to this, the behavior of A and B-type terraces
appears to be different. It can be seen in Fig. 2�a� that while
B-type terraces present rather straight and uniform down-the-
step edges, A-type terraces terminate at their down-the-step
side with quite irregular and jagged profiles.

Although the effect is not well pronounced in Fig. 2�a�, on
the basis of the comparison with the CaF2/Si�001� case and
considering the uniaxial growth mode �see below�, we infer
that a preferential consumption of A-type terraces over
B-type takes place. It was observed that while fluoride mol-
ecules do not modify the terrace in the down-the-step direc-
tion, the stripes develop at the expense of the upper terrace Si
atoms, with the erosion of the edge itself. This means that
each nanostripe grows consuming material from the upper
terrace and that the active sites for nanostripe formation are
located at the step edges. This also justifies the irregular
profiles of A-type terraces at their down-the-step side �Fig.
2�a��.

The reason for the preferential consumption of A-type ter-
races is twofold. On the one hand, fluoride molecules spend

FIG. 1. �a� AFM image of the clean Si�001� surface. The typical
LEED pattern due to the 2�1 double domain reconstruction is
shown in the inset �electron beam energy Ep=70 eV�. A and B
indicate different terraces with perpendicular dimer row directions
separated by single atomic steps. �b� Sketch of the clean Si�001�
surface with dimer rows and steps.
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a longer time over B-type terraces while diffusing along
dimer rows with respect to A-type terraces. This enhances
the nucleation probability of the stripes over B-type terraces,
while the molecules tend to leave more easily A-type terraces
when they reach the step edge with the lower terrace. On the
other hand, the erosive reaction due to the fluoride molecules
at high temperature at the step edges is expected to be de-
cidedly different at SB and SA-type steps. This is because of
the different structure �also in terms of local density of states
and charge distribution� of the two types of steps. It should
be noted that because of the relative terrace edges’ orienta-
tions with respect to the Si crystallographic axes, A-type ter-
races present longer segments of SB-type steps at the edge
with the lower B-type terraces �see Fig. 1�b��. The opposite
occurs for B-type terraces. Our observations indicate that
SB-type steps are more active than SA-type steps as far as the
reactive nanostripe formation is concerned.4 A reduction of
the surface states energy gap was observed by scanning tun-
neling spectroscopy in correspondence to SB-type steps,20

suggesting the preferential evaporation and chemical etching
of these sites with respect to SA-type steps. This effect can
also explain the behavior of the fluoride nanostripe formation
in the present case.

In analogy to the CaF2 case,4 at about 1 ML of SrF2
coverage, the single nanostripes coalesce to form a continu-
ous layer, covering the surface uniformly �Fig. 2�b��. This
film is called the “wetting layer,” in agreement with Ref. 4.
The surface presents atomically flat terraces which are sepa-
rated by steps of �3 Å in height �note that the terrace width
and step height are twice those of the clean Si�001� surface�.
At this stage, A-type terraces are completely consumed and
only B-type terraces survive, covered by the fluoride film.
Because of this, the surface shows a clear single-axis aniso-

tropy. This anisotropy is induced by the orientation of the
stripes over B-type terraces. In Fig. 3, RHEED patterns taken
with the e-beam parallel to the �110� direction are reported at
different degrees of coverage. The typical 2�1 diffraction
pattern of the clean Si�001� surface, with integer and half
order spots appearing on the diffraction arc �Fig. 3�a�� is
progressively substituted by a 3�1 periodicity �Fig. 3�b�� in
the coverage range between 0.5 and 2 ML. This observation
is confirmed by LEED. The same periodicity was also ob-
served for CaF2 deposited at high temperature.4 With the

electron beam along the �11̄0� direction �not shown�, a re-
construction is observed with arcs following a 1/3 periodic-
ity, consistent with the observations along the �110� direc-

FIG. 2. AFM images of SrF2

grown on Si�001� at 750 °C: �a�
coverage 0.5 monolayer, �b� cov-
erage 2 ML, �c� coverage 5 ML—
widely separated ridges �the inset
on the right highlights the flat area
at the foot of the ridges� �d� cov-
erage 5 ML individual ridge
shown in greater detail.

FIG. 3. RHEED patterns taken with the e-beam parallel to the
�110� direction. �a� Clean Si�001� surface, the 2�1 reconstruction
is visible. The grid lines are used as a guide of the eye to identify
the integer order spots of the 1�1 surface. �b� Pattern correspond-
ing to 0.5–2 ML of SrF2 deposited at a substrate temperature of
750 °C. A 3�1 pattern substitutes the 2�1 of the clean surface.
�c� Above 2 ML a 1�1 on-the-arc periodicity is superimposed onto
blurred 1/N spots.
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tion. The on-the-arc-periodicity is 1 or 1 /2 depending on
coverage.

With increasing fluoride coverage, in the range from 2 to
20 ML, three dimensional islands nucleate on top of the in-
terface layer �Fig. 2�c�� with a typical density of one island
per 1–5 square microns. From the fact that the growth of
fluorides on Si leads to sharp and not intermixed interfaces,21

from the comparison with previous work4 and from our pho-
toemission analysis �reported below� it can be concluded that
the islands are formed by small SrF2 crystallites. The islands
have typical dimensions of �50 nm in height, �150 nm in
width, and �1000 nm in length. Each island has the shape of
a ridge �Fig. 2�d�� that is formed by two facets: the steeper
one inclined �50° and the other one �27° with respect to
the substrate surface as measured from the AFM images.
This makes �103° between the planes. These facets seem to
correspond to two SrF2�111� planes intersecting at the ridge
top, which is oriented along the SrF2�001� direction and is
almost parallel to Si�110�. This implies that the SrF2�110�
axis must be almost normal to the Si�001� surface. These
epitaxial relations are similar to the case of CaF2 on Si�001�
at high temperature. It is worth noting that while in CaF2
ridges the CaF2�110� axis is strictly parallel to Si�001�, for
SrF2 there is a misalignment angle of a few degrees between
these directions.

Diffraction patterns obtained by RHEED �Fig. 3�c�� indi-

cate an increased surface periodicity along the �11̄0� direc-
tion. With the e-beam along the �110� direction the on-the-
arc-periodicity becomes 1/N. The increase of the surface
periodicity can be due to the large lattice mismatch between
SrF2 and Si. At the same time the elongated shape of the
nanostripe which develops on top of the fluoride wetting
layer accounts for the widening of the reflections in the di-
rection of the increased periodicity, resulting in a coales-
cence of the reflections into streaks. It is worth noting that a
similar behavior was observed recently for CaF2 on
Si�001�.22

The single-axis anisotropic nature of the fluoride film is
emphasized and can be evidenced also by the AFM if a few
layers of SrF2 are grown at low temperature over a film
prepared at high temperature. This is shown in Fig. 4, where
an AFM image of a film of 3 ML grown at low temperature

�400 °C� over a film of 3 ML deposited at high temperature
�750 °C� is presented. It can be clearly seen that low tem-
perature growth leads to the formation of elongated islands
over the high temperature grown film. These islands all ap-
pear parallel to each other and to the �110� direction of the Si
substrate. Parallel terraces due to the substrate miscut are
also well distinguishable. Since the growth mode of the low
temperature film is driven by the geometrical properties of
the supporting layer, this clearly indicates the single domain
and twofold symmetry of the high temperature film.

3. Low-temperature growth

When SrF2 is deposited at T=400 °C, flat triangular is-
lands form on the Si surface. In Fig. 5�a� the surface mor-
phology of a film of 3 ML of nominal coverage is reported as
obtained by AFM. The islands appear to be rather uniform
both in height �few MLs� and in lateral dimensions
�30–40 nm�. It can be seen that the islands do not cover the
surface uniformly. RHEED, LEED, and spectroscopic data
�see below� suggest that the area in between the islands re-
mains clean silicon, in analogy to the growth of CaF2 at the
same temperature,4 and that the islands are SrF2 in composi-
tion. The SrF2 nanostructures nucleate preferentially at the
step edges of the Si substrate �step nucleation�, tending to
form long chains of partially coalesced islands which run
parallel to the terrace edges. No apparent preferential nucle-
ation at SB or SA type steps is observed. The triangular shape
of the islands suggests that the SrF2 lattice is oriented with
its �111� axis perpendicular to the surface plane. This is con-
sistent with the fact that �111�-oriented surfaces in fluorides
present the lowest surface energy with respect to the other

FIG. 4. AFM image taken on a film of 3 ML of SrF2 grown at
400 °C over a film of 3 ML grown at 750 °C.

Si[110]

Si[110]
_

SrF2[110]
_

SrF2[112]
_

SrF2[110]
_

SrF2[112]
_

A
C

DB

a)

b)

FIG. 5. �a� AFM image taken at 3 ML of SrF2 coverage with the
substrate held at 400 °C during growth. �b� Sketch of the orienta-
tion of the SrF2 islands with respect to the Si�001� substrate plane.
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high symmetry crystal faces.21 Because of this, fluoride films
tend to grow preferentially along the �111� direction and
present �111� oriented facets.4

The SrF2 triangular nanostructures present two different
orientations rotated by 90° with respect to each other, corre-
sponding in Fig. 5�a� to islands of type A and C and islands
of type B and D. This is not unexpected and is related to the
two possibilities to arrange the triangular �111� surface lattice
of SrF2 on the square �001� lattice of the substrate. This is
schematically shown in Fig. 5�b�: the triangular nanostruc-

tures present lateral edges which are parallel to the �11̄0�
direction of the fluoride lattice and may be parallel either

with the �110� or �11̄0� directions of the substrate. It should
be noted that A and C islands are just mirror images of each
other, as are the B and D islands.

A RHEED pattern taken with the electron beam along the
�110� direction of the substrate is reported in Fig. 6. A dis-
tinct 2�1 surface superstructure can be recognized �reflec-
tions appearing on the circle which is drawn as a guide for
the eye� which is associated to uncovered and clean areas of
Si�001�. 3D transmission spots are also clearly evident
�marked by crosses� and correspond to the 3D lattice of

SrF2�111� oriented with the �112̄� axis along the e-beam
�parallel to the �110� direction of Si�. The position of the
fluoride 3D spots relative to the substrate 2D pattern can be
accounted for quite accurately if a 7% lattice mismatch be-
tween Si and SrF2 is considered. It is difficult to recognize in
the pattern any transmission spots from the other domain of
SrF2�111� rotated by 90°: in principle the associated spots
should appear approximately superimposed on the streaks
induced by the Si�001� reflections.

B. Electronic properties

Photoemission has been applied to obtain information on
bonding between the adsorbed molecules and the substrate at
the different growth regimes and to get insights into the in-
terface and subsequent layer composition and stoichiometry.
In particular, ultraviolet photoemission was used to probe the

evolution of the surface valence band as a function of SrF2
coverage and substrate temperature. The behavior of the Sr,
F, and Si core levels was followed by x-ray photoemission.
In the following sections the growth modes at high and low
substrate temperature are presented separately.

1. High-temperature growth
a. Sr and F shallow core levels. In Fig. 7�a� the evolution

of the shallow core levels of Sr and F is reported as a func-
tion of SrF2 nominal coverage when deposition is carried out
with the substrate held at 750 °C. The spectra were taken at
normal emission �photon incidence angle of 45°� with a pho-
ton energy of 90 eV and an overall energy resolution of
0.2 eV. The energy scale is referenced to the Fermi level.
The spectra have been normalized to the incoming photon
flux.

Only the region below 16 eV of binding energy is shown
here. Valence band spectra, measured with He I photons
�h�=21.2 eV� from a discharge lamp, will be discussed in
detail in a following section.

The spectrum taken on the clean Si substrate is also re-
ported in the figure. In the energetic interval of interest it is
characterized by a featureless, smooth emission. Once SrF2

molecules are deposited onto the hot surface, a distinct
asymmetric structure with a maximum at about 20.4 eV of
binding energy shows up. Correspondingly, a weak feature
rises at about 39.1 eV. In agreement with results acquired on
the SrF2/Si�111� system,23 these features �labeled i� are as-
sociated to interface reacted components of the Sr 4p and Sr
4s levels, respectively. Similarly to the case of CaF2/Si�001�

FIG. 6. RHEED pattern taken with the e-beam parallel to the
Si�110� direction at 3 ML grown at 400 °C. The circle serves as a
guide for the eye to recognize the 2�1 periodicity from the clean
Si surface areas. Three-dimensional transmission spots are indicated
by crosses.

FIG. 7. Photoemission spectra recorded at a photon energy of
90 eV and at normal emission as a function of coverage with the
substrate held at 750 °C �a� and 400 °C �b� during deposition.
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�Ref. 4� they are indicative of Sr-Si bonding �in the CaF2
case, bonding occurs between Ca and Si�. It is worth noting
that at 0.3 ML of coverage, only the Sr related structures
appear: negligible contributions from F atoms can be ob-
served �within the sensitivity of the technique �1%; see also
the valence band spectra reported in Fig. 11�a� and later dis-
cussed�. In analogy to the CaF2 case, this result is associated
with a complete molecular dissociation at the earliest stages
of growth. While Sr forms a stable bond with Si, F reevapo-
rates from the surface in the form of volatile compounds
with Si. The excess Si atoms needed for this reaction to
occur are provided by the consumed substrate terraces, as
noted by AFM. A sizeable emission from the F 2s states is
observed in the spectra only at higher coverage �from 0.8
ML in Fig. 7�a��.

Interestingly, at a coverage of 6 ML the interface related
peaks of Sr are still dominant. The pronounced asymmetries
of the Sr features towards the high binding energy side of the
main peaks are associated to the rising of bulklike
components23 �labeled b in Fig. 7�a� at about 22.0 eV for Sr
4p and at 40.5 eV for Sr 4s�. Concerning the Sr 4p levels,
the 4p1/2-4p3/2 spin orbit splitting of 1.2 eV �with a branch-
ing ratio of 1:2� cannot alone account for the marked asym-
metry of the structure. Stemming from the AFM observations
which show the development of widely spaced bulklike SrF2

ridges �Fig. 2�c��, an increase of bulk-related Sr structures is
expected. The prevalence of the interface components of Sr
levels strongly indicates that the regions in between the is-
lands consist of no more than a few monolayers of SrF2. This
can be easily recognized by considering that the inelastic
mean free path for the Sr photoelectrons in a SrF2 uniform
film24 is below 5 Å.

Concerning the F 2s state, it gives rise to a rather broad
feature at 0.8 ML of nominal coverage which is centered at
29.9 eV of binding energy. With respect to the expected po-
sition for bulk SrF2, this structure is shifted by about 1 eV
towards lower binding energies.23 This behavior can be as-
cribed to an interface effect, due both to a change in screen-
ing of the core hole caused by the influence of the dielectric
constant of the neighboring Si substrate23,32 and to chemical
effects ascribed to the presence of noncompletely dissociated
molecules in the form of SrF species.4 When coverage is
increased, the F 2s feature slightly shifts and broadens to-
wards the high binding energy side, consistent with the in-
creasing of bulklike contributions.

b. Sr 3d, F 1s and Si 2p core levels. Sr 3d levels give rise
to intense photoemission peaks when excited with Mg K�
radiation. Moreover, Sr 3d induced structures have proven in
many circumstances to give valuable insights regarding the
understanding of chemical reactions and the bonding of Sr
atoms or SrF2 molecules at interfaces with silicon.25–27 In
Fig. 8 the evolution of the Sr 3d levels is shown as a function
of coverage �expressed in nominal ML� when growth pro-
ceeds at a high temperature of 700 °C. The angle integrated
spectra were acquired with a double pass CMA operated with
an energy resolution of 0.5 eV.

Since the Sr 3d peaks appear on a relatively broad plas-

mon loss feature of the Si 2p emission line, this has been
subtracted from the spectra in Fig. 8 before analysis.

The spectra were subsequently decomposed into two
Voigt peak doublets, each characterized by a spin orbit split-
ting of 1.8 eV and a 3d3/2-3d5/2 branching ratio of 0.66. Best
fit results were obtained with a common Gaussian full width
at half maximum �FWHM� of 1.4 eV and a Lorentzian

FIG. 8. Sr 3d core levels taken at a photon energy of 1253.6 eV
�Mg K� line� as a function of coverage after high temperature depo-
sition �700 °C�. The spectra were fitted with two Voigt doublets
which are associated to bulk and interface reacted SrF2. Dots rep-
resent the experimental points. The broken lines represent the Voigt
doublets which result from the curve fitting �continuous line�.
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FWHM of 0.2 eV for all doublets.
The low binding energy doublet �3d5/2 positioned at about

134.5 eV� is associated to interface reacted Sr, while the high
binding energy doublet �3d5/2 positioned at about 136.0 eV�
is ascribed to Sr in a bulklike SrF2 environment. This assign-
ment is in agreement with previously reported results by Ro-
tenberg et al.26 It can be noticed that at very low coverage
�0.3 ML—Fig. 8�a�� the bulk component is negligible and
only the interface component contributes to the photoemis-
sion peak. Also after the deposition of the first fluoride layer
�Fig. 8�b��, the bulk component is still very weak. This find-
ing supports the idea of the formation of a fully reacted wet-
ting layer, in analogy to the CaF2 case.4

The bulk fluoride component increases progressively with
increasing coverage, but it never becomes the most promi-
nent feature. On the basis of the considerations which were
made in the previous section this can be explained in terms
of a reduced effective thickness of the fluoride film �in be-
tween the 3D islands� with respect to its nominal value. In-
terestingly, even at a coverage of 30 ML, the interface re-
acted component is still well visible and the bulk-related
peak accounts only for approximately one half of the total
emission.

In order to get more quantitative information on the effec-
tive film thickness, the attenuation of the Si 2p photoelectron
peak was considered �which was measured together with the
Sr 3d core levels�. Assuming that a sharp interface between
the fluoride film and the silicon substrate is formed, the ef-
fective layer thickness d at the various deposition stages can
be evaluated to a first approximation according to the rela-
tion

I = Ioe−� d
� cos �� ,

where � is the inelastic mean free path of the Si 2p photo-
electrons in the SrF2 layer, � is the take-off angle with re-
spect to the surface normal, I0 and I are the Si 2p peak
intensities of the bare substrate and after deposition of a layer
of SrF2 of thickness d, respectively. Inelastic mean free path
values were calculated according to the TPP2M formula.24 Si
2p level intensities were obtained from the area of the related
spectra after background subtraction, with �=22.9 Å and an
average take off angle �=44° �taking into account the CMA
angular acceptance and sample tilt�.

In Fig. 9 the effective film thickness obtained with this
procedure is plotted as a function of the nominal coverage. It
is clearly seen that after the first fluoride layer is deposited,
the effective thickness increases very slowly, showing a sort
of saturation effect above approximately 15 ML of nominal
coverage. As a result, in spite of the large amount of evapo-
rated material, the final SrF2 film seems to be composed of
about 2 atomic layers. This observation is also in agreement
with the “anomalous” intensity ratio observed between the
interface and bulk photoelectron peaks of Sr, as discussed
above. Both these findings are consistent with the idea that
the system presents large areas of uncovered wetting layer at
the surface with widely separated thick bulklike SrF2 islands

in which the material tends to accumulate, as observed by
AFM.

Taking into account the information on the islanding ob-
tained from the AFM results, the relative surface portions of
the free interface regions compared to the areas covered by
the islands can be estimated from the Sr 3d photoemission
intensities, considering the appropriate photoelectron sam-
pling depth in each of the two regions and assuming that the
3D islands are so thick that no photoemission intensity is
observed from the buried interface below the islands. To this
end we used for the Sr 3d photoelectrons an inelastic mean
free path value of 22.3 Å both for the islands and the inter-
face layer. This corresponds to the theoretical value for SrF2

at the Sr 3d kinetic energy, as derived from the TPP2M
formula.24 An average take-off angle of 44° was also consid-
ered. To account for the overall photoemission intensities we
consider that while the wetting layer contributes with only a
single layer to the interface related signal, in the bulk islands
the signal originates from a thicker region and the signal
from deeper layers is gradually, exponentially attenuated.
That is, deeper layers in the SrF2 islands contribute progres-
sively less to the bulk related photoemission feature. With
this simplified model, we calculate that the area ratios be-
tween uncovered/islands regions are approximately 6.7 at 30
ML, 9.7 at 14 ML, and 15.6 at 7 ML. It should be noted that
these values are in overall agreement with the surface densi-
ties of the islands obtained by AFM and reported above.

XPS is particularly useful also for the evaluation of the
stoichiometry of the film as a function of coverage. The com-
position can be obtained from the intensity ratio of the Sr 3d
and F 1s photoemission peaks, taking into account the rela-
tive atomic sensitivity factors �ASF� appropriate to the used
electron analyzer.28 In the present case, the ASF values used
were 1.00 for the F 1s and 1.05 for the Sr 3d peaks, respec-
tively. The Sr:F concentration ratio was evaluated at each
evaporation step by measuring the relative peak areas of the
Sr 3d �including both bulk and interface components� and
the F 1s photoelectrons after background subtraction and by

FIG. 9. Effective film thickness as obtained from Sr:F intensity
ratios in XPS versus nominal film thickness �quartz thickness moni-
tor readout�.
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dividing by the relative ASF. At very low coverage �0.3 ML�
the presence of only Sr at the surface gives a Sr:F ratio equal
to 1:0. This indicates complete molecular dissociation occur-
ring at submonolayer coverage and reevaporation of F from
the surface in the form of volatile species. At increasing
deposition, the fluorine concentration increases, the Sr:F ra-
tio passing from 1:1.4 at 1.3 ML to 1:1.8 at 30 ML �within an
accuracy of about 5%�. It should be noted that the Sr:F ratio
never reaches the molecular stoichiometric value of 1:2. This
can be understood in terms of the reduced effective thickness
of the fluoride film, as observed above: the first interface
layer is enriched in Sr, while most of the material is concen-
trated into the 3D ridges which present a SrF2 bulklike com-
position. The measured concentration ratio is in fact the re-
sult of an average over the total amount of Sr and F in the
film, within the sampling depth of the technique.

Sr and F photoelectron structures are not sufficient alone
to draw conclusions regarding which species form stable
bonds with the substrate atoms. To this end, the Si 2p levels
have been studied. In order to obtain the higher energy reso-
lution needed to disentangle chemical effects on the Si 2p
levels �core level shifts�, synchrotron radiation was used. In
Fig. 10 Si 2p levels taken at normal emission at a photon
energy of 140 eV are reported. The overall energy resolution
is 0.3 eV. The spectra are presented after normalization to
the incident photon flux, �Shirley� background subtraction
and removal of the 2p1/2 component. This deconvolution
procedure does not require any curve fitting. It is only a
numerical manipulation of the data, having as inputs the spin
orbit splitting �0.6 eV� and the spin orbit ratio �assumed to
be the statistical value of 2:1� of the Si 2p3/2 and 2p1/2 com-
ponents. The binding energy scale is referenced to the Fermi
level.

The uncovered surface spectrum is reported in Fig. 10�a�.
A prominent structure is observed at 99.3 eV which is asso-
ciated to bulk silicon. The silicon dimer-up feature related to
the asymmetric dimer reconstruction, which is expected to be
observed shifted by about 0.5 eV towards the lower binding
energies with respect to the bulk structure,4,29 is scarcely
visible. It contributes to the broad low-binding energy tail of
the main peak. The reason for this can be associated to the
normal emission condition, which is not the most favorable
for the observation of surface induced structures29 and to the
possible presence of defects and contamination at the surface
due to nonoptimal heating conditions during the high tem-
perature flashing step to remove the Si oxide layer in the
synchrotron run. A broad emission tail is also present at the
high binding energy side of the main structure. This is asso-
ciated both to surface related components29 of the Si 2p
emission and, to a minor extent, to some degree of oxygen
contamination.30 Indeed small traces of oxygen contamina-
tion could be observed in wide XPS survey scans. We be-
lieve this does not invalidate the major conclusions given
below regarding SrF2 adsorption.

The evolution of the Si 2p3/2 spectra when SrF2 is depos-
ited at high temperature �750 °C� is shown in Figs. 10�c� and
10�d�. The Si 2p3/2 structure presents two broad shoulders at

high and low energy sides and it is shifted towards higher
binding energies with respect to the uncovered silicon sur-
face. To evaluate more quantitatively the different spectral
contributions, a fitting of the data was performed. Best fit
results were obtained using three Voigt components. They
are reported in Fig. 10�c� �analogous results were achieved
for the spectrum in Fig. 10�d��. A common Lorentzian width
of 85 meV was used for all components but the Gaussian
widths were left to vary independently.

The main contribution at 99.6 eV is assigned to bulk Si.
The Gaussian width is 0.4 eV. The binding energy shift of
0.3 eV with respect to the clean surface is consistent to that
observed on the CaF2/Si�001� system under comparable
growth conditions.4 This displacement is related to a band
bending caused by the adsorbate, with a shift of the Fermi
energy position towards the Si conduction-band edge. This
behavior is also analogous to what is observed on alkali
metal covered Si�001� surfaces31 and can be related to the
birth of unoccupied adsorbate-induced states.21,32

The low binding energy structure at 99.2 eV �Gaussian
width 0.5 eV� is attributed to Si bonded to Sr at the interface.
The energy shift between the bulk peak and the Sr-related
component is 0.4 eV, which is only slightly smaller than the
value of 0.5 eV reported for Sr adsorption on Si�001�.25 This
is perfectly consistent with values found for SrF2 adsorption
on Si�111� �Ref. 23� and can be related to the fact that Sr
bonding to Si substrate atoms originates both from com-
pletely dissociated molecules and from partially dissociated
SrF species through Si-SrF bonding, in analogy to the
CaF2/Si�001� case.4 The two different contributions may be
too close in energy to be resolved and may account for the
width and position of the Sr-related peak.

The high binding energy structure is centered at
100.15 eV and is broader than the two former structures. Its
shift with respect to the bulk peak is 0.55 eV. The assigna-
tion is not straightforward, since Si-F related structures
which are known to contribute to the high binding energy
side of the Si 2p levels are expected to show up with a shift
of about 1 eV �for SiF1�.33 One possibility is associating it to
bonding of Si with partially dissociated SrF molecules in the
form of Si-F-Sr complexes, leading to a reduced interaction
between the Si atoms and the �SrF� ions with respect to the F
ions alone. The significantly large Gaussian width of about
0.95 eV can be related to both a certain degree of disorder in
the interface region or to different components that we are
unable to resolve. In this respect, the high binding energy tail
of the F related structure can indeed include SiF1 shifted
components. On the other hand, the presence of surface de-
fects due to the lattice mismatch can also account for the
high binding energy shoulder, resulting in enhanced inelastic
scattering of the electrons from the main Si peak as they pass
through the interface layer.

The association of the 0.55 eV shifted structure only to
oxidized species seems improbable, both because the pro-
nounced intensity of the structure is inconsistent with the
small traces of oxygen revealed by XPS with respect to fluo-
rine and because shifts of the order of 1 eV or higher30 are
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expected for oxidized components. Moreover, it is expected
that whenever present, incorporated oxygen should be re-
moved upon annealing to 700 °C,21 which is below the
growth temperature applied here.

c. Valence band. Valence band spectra were taken with a
conventional UV discharge source, operated with 21.2 eV
photons. In Fig. 11�a� the experimental electron distribution
curves corresponding to different nominal thicknesses of
SrF2 grown at high temperature �700 °C� are reported. Spec-

tra are angle integrated, as they have been acquired with a
double-pass CMA with an energy resolution of 0.1 eV. The
topmost region of the valence band down to about 5 eV of
binding energy is shown in greater detail in the inset of the
figure. The clean surface spectrum is also reported for
comparison.

The clean surface presents distinct features that corre-
spond to emission from surface states at about 0.8 eV of
binding energy and other structures at higher energy in

FIG. 10. Si 2p3/2 photoemis-
sion peak measured at normal
emission at a photon energy of
140 eV; panel �a� refers to the
clean Si surface, �b� refers to 2
ML of SrF2 deposited at 400 °C,
�c� and �d� refer to 0.8 ML and 1.5
ML respectively, deposited at
750 °C. The spectrum of Fig.
10�c� has been decomposed into
three Voigt profiles.
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agreement with literature results.34 From the initial deposi-
tion stages at high temperature, at sub-monolayer coverage
�Fig. 11�a��, the features of the clean Si surface are severely
damped. A distinct feature, which can be ascribed to emis-
sion from the F 2p valence band appears at about 1 ML of
coverage, centered at 8.6 eV of binding energy. This feature
evolves with coverage, first with the emergence of a pro-
nounced shoulder at 10.8 eV, then with the development of a
more complex structure between 8 and 12 eV. While the
narrow F 2p structure observed at low coverage can be as-
sociated with an interface-reacted fluoride layer, the large
structure observed at high coverage is associated with the
development of the bulklike F 2p valence band of SrF2, simi-
larly to the case of CaF2/Si�001�.2,3

It is worth noting that the spectrum taken at 0.3 ML of
coverage does not show any signal related to the fluorine
valence band. This is consistent with the core levels’ behav-
ior illustrated above and it is connected to complete molecu-
lar dissociation, leading to Sr bonding to Si. In relation to
this, a new feature is observed at about 1.5 eV of binding
energy �inset of Fig. 11�a��, which can be associated to the Sr
5s state of the dissociated interface layer.23 This structure
shows its maximum intensity after the development of the
wetting layer and then slightly reduces with coverage. This is
consistent with the fact that large areas of the reacted inter-
face layer are left uncovered by the SrF2 3D ridges even at
the highest nominal coverage investigated �Fig. 2�c��.

Concerning the presence of the Sr 5s state, the interface
behaves in complete analogy with the CaF2/Si case2,3,32

grown at high temperature, where interface states related to
the Ca 4s electrons in the reacted layer are clearly identified.
Moreover, this result is also in agreement with the observa-
tions by Olmstead et al. for the dissociative SrF2 chemisorp-
tion on Si�111� at high temperature.23

A final consideration is due to the low binding energy
onset of the spectra. It can be noticed �inset of Fig. 11�a��
that the emission onset shifts towards lower binding energy
with respect to the Fermi level when SrF2 is deposited onto
Si at high temperature. This is consistent with the downward
shift of the Si 2p bulk-related feature observed in Figs. 10�c�
and 10�d�. The magnitude of the shift can be evaluated by
extrapolating the onset of the valence band top with a
straight line. A value of −0.3 eV is obtained, which is in
perfect agreement with the Si 2p level behavior �see above�
and relates to a band bending induced by the interface with a
concomitant shift of the Fermi level closer to the bottom of
the conduction band.

Similarly the F 2p position permits us to evaluate the
valence band offset at the SrF2/Si interface, which is directly
related to the interface dipole and to the F concentration in
the wetting layer.35 Extrapolating the onset of the F 2p fea-
ture with a straight line a value of about 7.0 eV is obtained,
which is sizably lower than the corresponding value of about
8 eV obtained for SrF2/Si�111� �Ref. 23� and CaF2/Si.2,3,21

According to Satpathy and Martin,35 a reduced valence band
offset is related to an increased amount of F atoms at the
interface which reduce the charge transfer to the Si atoms

FIG. 11. Angle integrated ultraviolet photoemission spectra
taken at 21.2 eV of photon energy after deposition at �a� high and
�b� low temperature as a function of coverage. The valence band top
is shown in greater detail in the insets. For visualization purposes
the spectra have been shifted on the vertical scale with respect to
each other.
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and decrease the dipole strength. This is not in contrast with
our findings from the core levels, which suggest the presence
of possible Si-F bonding.

2. Low-temperature growth
a. Sr and F shallow core levels. The evolution of the F 2s

and Sr 4p and 4s shallow levels as a function of coverage is
reported in Fig. 7�b�, when deposition is carried out at
400 °C. In analogy to Fig. 7�a�, the background emission of
the clean substrate is also shown in the energy region of
interest.

Differently from the high temperature growth case, at low
temperature F- and Sr-induced structures appear in the spec-
trum already at very low deposition stages �0.5 ML�. During
high-temperature growth, all structures were mainly ascribed
to emission from interface reacted molecules. At low tem-
perature both Sr and F features appear shifted towards higher
binding energy and this suggests associating them to emis-
sion from SrF2 in a bulklike environment.23 In particular, Sr
4p states are centered at 22.0 eV of binding energy, F 2s at
31.0 eV and Sr 4s at 40.5 eV. The observation of bulk-
related fluoride structures is not unexpected, and it is to be
related to the development of the 3D fluoride triangular is-
lands, as shown by AFM.

Interestingly, at submonolayer coverage all peaks appear
shifted towards lower binding energies, a situation which
resembles the high temperature growth. Although less visible
for F 2s and Sr 4s states, the shifted component determines a
sizeable shoulder at the low binding energy side of the Sr 4p
emission even at higher coverage. Consistent with the high
temperature case, this is associated with an interface effect
�labeled by i in Fig. 7�b��. The presence of this type of fea-
ture seems to suggest that even at low temperature a certain
degree of molecular dissociation is present at the interface
with silicon. In this respect, the system seems to behave dif-
ferently from the CaF2/Si�001� case,4 where no clear traces
of a strong interaction with the substrate were identified at a
comparable deposition temperature. The result shown here is
consistent with reports by Olmstead,21 indicating that mo-
lecular dissociation is already active when deposition is car-
ried out at 400 °C on Si�111� surfaces.

Associating the shifted components to surface fluoride
features seems unlikely, since it was observed21 that surface-
related emission tends to contribute mainly towards the high
binding energy side of the cation states.

b. Sr 3d, F 1s and Si 2p core levels. Sr 3d core levels are
shown in Fig. 12. Spectra were taken under the same experi-
mental conditions as the data reported in Fig. 8 and the same
data reduction procedure �background subtraction and data
fitting� was applied.

When growth proceeds at low substrate temperature, the
Sr 3d spectra appear broader and less resolved with respect
to the high temperature case. In particular, all spectra were
fitted with a unique Voigt doublet component �3d5/2 posi-
tioned at about 135.0 eV for all spectra�. In this case, best fit
results were obtained with a common Gaussian FWHM of
1.8 eV and a Lorentzian FWHM of 0.3 eV. Attempts to use

two distinct Voigt doublets of the same type and energy po-
sitions of the high temperature case did not produce valid
fitting results.

The broadening of the Sr 3d line with respect to the high
temperature case can be interpreted in terms of multiple
components which cannot be well separated within the en-
ergy resolution available and possibly to a certain degree of
disorder. Correlating with the behavior of the shallow core
levels, it can be assumed that the contributions to the Sr 3d
spectra originate mainly from SrF2 in a bulklike environment
and from partially dissociated molecules in the form of SrF
complexes, possibly not strongly interacting with the sub-
strate. Contributions from totally dissociated molecules re-
sulting in the bonding of atomic Sr to Si seem to be excluded
at low temperature.

Following the same scheme applied at high temperature,
XPS was used to give an estimation of the nanostructured
film stoichiometry at increasing coverage steps. The relative
concentrations of Sr and F are independent on thickness,
with a Sr:F ratio equal to 1:2 �the molecular stoichiometric
value, within an accuracy of approximately 5%� at all inves-
tigated coverages. This further supports the idea that if some
degree of molecular dissociation is present at the interface,
no sizeable F loss from the system occurs in the form of
volatile species, in contrast to the situation which is encoun-

FIG. 12. Sr 3d core levels taken at a photon energy of
1253.6 eV �Mg K� line� as a function of coverage after low tem-
perature deposition �400 °C�. The spectra were fitted with a single
Voigt doublet, as shown by the continuous line. Dots are the experi-
mental points.
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tered at high temperature.
In Fig. 10�b�, the Si 2p3/2 level is shown after growth of 2

ML of SrF2 at low substrate temperature. It can be seen that
SrF2 adsorption at low temperature does not produce signifi-
cant variation in the Si 2p line shape with respect to the bare
Si surface �Fig. 10�a��. This can be interpreted in terms of no
strong interaction of the molecules with the substrate, in con-
trast to high temperature deposition. This situation is analo-
gous to that observed on CaF2/Si�001�.4

c. Valence band. Angle integrated spectra of the valence
band of the nano-structured SrF2 film grown at low tempera-
ture are reported in Fig. 11�b�. The inset shows in greater
detail the region below 5 eV of binding energy, where Si
surface states and Sr induced states are expected to give
contributions.

From the earliest stages of evaporation, the F 2p valence
band is present in the spectra, consistent with the fact that at
a not high enough temperature, F does not leave the surface,
differently from the high temperature case. The F 2p band
gives rise to a broad, unstructured feature which initially is
centered at about 9.2 eV of binding energy, then slightly
shifts towards higher binding energy �9.9 eV at 7 ML�. This
behavior is in agreement with the evolution of the shallow
core levels discussed above.

The line-shape of the F 2p feature differs significantly
from the experimentally derived band typical of bulk SrF2.23

In particular it does not present the characteristic fine struc-
ture which is also partly observed in the present study at high
coverage during high temperature growth and which is asso-
ciated to the formation of the bulk crystal phase. Instead, the
smooth line-shape presents strong similarities to that ob-
served for CaF2 growth on Si�001� at low temperature2,3 and
which was ascribed to the F 2p valence band of nanodimen-
sional fluoride islands. In the present case, also considering
the core level results, it seems reasonable to associate the
observed broad feature both to the reduced dimensionality of
the fluoride islands and to some degree of dissociated mol-
ecules, contributing mainly to the low binding energy side of
the F 2p emission.

The valence band offset, evaluated by extrapolating the
emission onsets on the spectra with straight lines, gives a
value of 7.2 eV, which is only slightly higher that the value
obtained during high temperature growth, but still it is sig-
nificantly lower than the values reported for CaF2

21 and for
SrF2 films on Si�111�.23

Concerning the silicon valence band top, no clear contri-
butions are observed from Sr-induced states �inset of Fig.
11�b��. Instead, the spectral evolution shows mainly a pro-
gressive damping of all structures related to the silicon sur-
face. This result is in agreement with the idea that the part of
the surface which is not covered by the SrF2 nanoislands
remains bare Si�001�. Again an analogous behavior was ob-
served for CaF2.2,3

C. Comparison with the CaF2/Si„001… interface

The present work extends a previous study2–4 dedicated to
the growth on Si�001� of nanostructured fluoride films with

cubic lattices. Two quite distinct growth regimes are identi-
fied. One gives rise to SrF2 �110� ridges on top of the reacted
interface layer when deposition is carried out at high sub-
strate temperature of the order of 700–750 °C. The other
gives rise to three-dimensional SrF2 �111� islands which
leave portions of the Si surface uncovered and unreacted
when deposition is carried out at low substrate temperatures
below 500 °C.

Concerning high temperature growth, the system presents
strong similarities with CaF2/Si�001�. In both cases a wet-
ting layer is formed with the preferential consumption of
A-type terraces with respect to B-type ones �Fig. 1�b��. We
believe this is associated to the crucial role played by the
step edges on the molecular dissociation and reaction with
the Si substrate atoms and in particular to the different reac-
tivity of SA and SB type steps. The similarity of the spectro-
scopic and structural results obtained for CaF2/Si�001� and
SrF2/Si�001� at monolayer and submonolayer coverage indi-
cates that the principal interfacial bonding is dominated by
chemical driving forces, which seem to be not much influ-
enced by the value of the lattice mismatch. This gives rise in
both cases to a 3�1 single domain surface reconstruction.
Although the elementary mechanisms which induce the mo-
lecular interaction with the substrate and dynamics of the
wetting layer formation are analogous for both SrF2 and
CaF2, the high lattice mismatch between the SrF2 and Si
lattice is believed to be responsible for some degree of dis-
order at the interface with respect to CaF2. This effect is
expected to be further enhanced during the growth of subse-
quent layers on top of the first reacted wetting layer because
of the large strain induced in the film. This can explain both
the appearance of long range periodicity in LEED and
RHEED patterns once coverage exceeds the first layer and
the possible direct interaction between Si and F, which is
suggested by photoemission, with the formation of SrF-Si
complexes and F-Si bonding due to residual F atoms which
are not reevaporated from the surface and are incorporated
into the interface layer.

At low deposition temperatures the growth modes of CaF2
and SrF2 differs substantially. While in the first case rectan-
gular based crystalline fluoride islands develop which are
oriented with their CaF2�001� axis parallel to the Si�001�
axis,4 in the second case SrF2 grows forming triangular
based islands which present their SrF2�111� axis perpendicu-
lar to the surface plane. A common feature is the persistence
of bare Si�001� surface areas in between the developing fluo-
ride nanostructures, at least when coverage is not high
enough to induce complete coalescence of the islands.

This discrepancy can be explained in terms of the large
lattice mismatch between SrF2 and Si compared to CaF2. In
this respect the chemical interaction between molecules and
substrate atoms does not seem sufficient to determine the
final film morphology. This is mainly due to the lattice pa-
rameter of the growing fluoride. A good matching, as for
CaF2, induces a growth mode in registry with the substrate.
A poor matching causes the fluoride crystal to grow along its
�111� direction, which lowers the surface free energy of the
system. Chemical interactions �weaker than in the high tem-
perature case� between the buried interface molecules and
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substrate, are not sufficient to overcome the driving forces
guiding the growth of SrF2 bulklike crystallites. Concerning
the islands’ nucleation sites, it was noted that SrF2 nanostruc-
tures nucleate preferentially at step edges, inducing an aniso-
tropic decoration of the surface �Fig. 5�a��. At a temperature
of 400 °C adsorbed molecules are sufficiently mobile at the
surface and nucleation sites occur preferentially at step edges
where mobility is reduced due to the step barrier.

An interesting point regards molecular reaction and disso-
ciation at low temperature deposition. The appearance of in-
terface reacted components in photoemission spectra of Sr
4p, Sr 4s, F 2s levels �Fig. 7�b�� and the broad emission from
Sr 3d states �Fig. 12� which is ascribed to the presence of
different types of emitting sites �bulklike as well as interface
related Sr atoms� seem to suggest that some degree of mo-
lecular dissociation is present at low temperature. This is
consistent with observations by Olmstead21 on the
CaF2/Si�111� system. On the other hand the SrF2 molecular
stoichiometry is always preserved for low temperature
growth even at very low coverage, as measured by XPS. This
seems to indicate that, in the case of molecular dissociation,
the extra F atoms do not leave the surface as in the high
temperature growth mode and tend to remain trapped at the
interface. It is noteworthy that inspection of Si 2p core levels
gives no clear indication of bonding between the substrate Si
atoms and F or Sr species. It is possible that some reacted
component is actually masked by the peak amplitudes in the
present experiment and cannot be resolved. Nevertheless a
completely similar result was obtained for CaF2 deposition
on Si�001� at the same temperature.4 The question of the
location of the excess F atoms and the details of the interface
reaction between Si and SrF2 molecules during low tempera-
ture growth �400 °C� remains open and deserves further in-
vestigation.

IV. CONCLUSIONS

The growth mode of SrF2 on Si�001� has been studied
following a multitechnique approach which includes the ap-
plication of structural as well as electronic properties probes.
In particular AFM, RHEED, and LEED were used to deter-

mine film morphology and crystal properties as a function of
thickness and substrate temperature during deposition. Pho-
toemission in the soft-X and in the ultraviolet photon range
were applied to get insights into molecular reaction and
bonding with the substrate. This work continues and extends
a preceding analogous study regarding the growth of CaF2
on Si�001�. One main objective was to investigate the role of
the lattice parameter in the determination of the final film
properties of cubic fluorides on Si�001�.

In analogy to the CaF2 case two distinct growth regimes
are identified. At a deposition temperature around 400 °C
flat triangular SrF2 islands are formed on the surface which
are aligned with their �111� crystal axis perpendicular to the
surface plane. At high deposition temperatures
�700–750 °C�, molecular dissociation and reaction with the
substrate atoms leads to the formation of a wetting layer
which covers the substrate uniformly and presents a 3�1
uniaxial periodicity. The reason for this is associated to the
preferential and selective dissociative reaction of the fluoride
molecules at substrate step edges which are aligned perpen-
dicular to the Si dimer rows of the upper terrace �SB-type of
steps�, with the reevaporation of the excess F atoms in the
form of volatile species with Si. On top of the wetting layer,
SrF2 growth proceeds with the formation of large islands
having the shape of ridges facetted with �111� planes. The
effective film thickness evaluated by photoemission suggests
that in the area between the ridges SrF2 does not grow on top
of the interface layer. Electron diffraction techniques indicate
the presence of some interface disorder �or rather long range
periodicity� which is to be ascribed to the large mismatch
between the Si and SrF2 lattices.
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