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Growth kinetics of CaF2/Si(111) heteroepitaxy: An x-ray photoelectron difFraction study
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Kinetic variations of the initial stages of CaF2 growth on Si(111)by molecular-beam epitaxy are stud-
ied with the in situ combination of x-ray photoelectron spectroscopy and diffraction. After the forma-
tion of a chemically reacted interface layer, the morphology of the subsequent bulk layers is found to be
dependent on the substrate temperature and incident flux rate, as well as the initial interface structure.
For substrate temperatures above -600'C, subsequent layers do not easily wet the interface layer, and a
transition is observed from a three-dimensional island formation at low flux to a laminar growth follow-
ing the coalescence of bilayer islands at higher flux. At lower substrate temperatures (-450'C), a
different stoichiometry and structure of the interface layer leads to laminar growth at all fluxes, but with
a different bulk nucleation behavior. Crystalline heteroepitaxy is not observed when growth initiates at
room temperature, but homoepitaxy does proceed at room temperature if the first few layers are deposit-
ed at a high temperature. The different growth regimes are discussed in terms of a kinetic model
separating step and terrace nucleation where, contrary to homoepitaxy, step nucleation leads to islanded
growth.

I. INTRODUCTION

In heteroepitaxial growth, the relative surface energies
of the overlayer and substrate are commonly used to pre-
dict equilibrium laminar or islanding growth behavior.
Despite the inherent nonequilibrium nature of
molecular-beam epitaxy (MBE), these thermodynamic en-
ergy arguments, augmented by strain-energy considera-
tions for lattice-mismatched systems, are powerful pred-
ictors of growth morphology when the two materials are
chemically similar. However, the nonequilibrium rates of
surface diffusion, nucleation, and interlayer transport,
i.e., growth kinetics, also play an important role in deter-
mining initial growth morphologies. Even in homoepi-
taxy, kinetic constraints may lead to departures from
equilibrium surface structures during growth. '

In the case of heteroepitaxial growth of dissimilar ma-
terials, interface reactions can alter both the relevant sur-
face energies and the kinetic parameters during the initial
stages of epitaxy. For the system of CaF2 on Si(111),an
ionic insulator nearly lattice matched to a covalent semi-
conductor, a strong chemical reaction at the interface re-
sults in the formation of a nonwetting surface and an is-
landed pathway to subsequent CaF2 homoepitaxy that
depends on kinetics. The key experimental kinetic
parameters are the incident Aux (surface adatom concen-
tration), substrate temperature (diffusion and transport
barriers), and surface orientation (terrace widths and step
structure). In this paper, we explore the Ilux and temper-
ature regimes that govern the formation of this chem-
isorbed interface layer and the nucleation of subsequent
bulk layers, and discuss the underlying kinetics and ener-
getics.

Thin [0.5 —8 triple layer (TL)] CaF2-on-Si(111) films
were grown using MBE and characterized in situ using a
combination of x-ray photoelectron spectroscopy (XPS)
and component-resolved x-ray photoelectron diffraction
(CR-XPD), which allows simultaneous determination of
both their atomic structure and overall morphology. We
identify several distinct growth regimes: For tempera-
tures above about 600 C, we find a complete, reacted Si-
Ca-F layer. At high fIuxes, subsequent growth on this
layer proceeds as 2-layer-high islands that coalesce, fol-
lowed by layer-by-layer growth; at lower cruxes, we find
the reacted Si-Ca-F layer to be partially covered with
thick islands. At lower temperatures (-450 C), the in-
terface becomes an incompletely occupied Si-Ca-F„
(x -2) layer, which does not fully cover the substrate be-
fore nucleation of subsequent layers; once covered, how-
ever, the growth proceeds approximately layer-by-layer.
At room temperature, the incomplete interface reaction
leads to amorphous or polycrystalline films, although
highly crystalline films may be grown at room tempera-
ture if the first few layers are grown at high temperatures.
In all cases except the amorphous growth, we find the
buried interface structure to be identical to the unburied
Si-Ca-F layer, overlaid with bulk-structure CaF2.

With XPS, photoelectron kinetic-energy distributions
map the electronic structure of the substrate and over-
layer and provide elemental- and chemical-state
identification. With XPD, we measure and interpret the
angular distribution of photoelectron intensities.
Forward-scattering enhancements of the photoelectron
signal along interatomic axes at moderately high-electron
kinetic energies ()200 eV), provide structural informa-
tion about crystalline materials. In addition, binding
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energy shifts in XPS allow component-resolved XPD to
discriminate the local structure of different chemical
species. In this paper, we make use of the well-known
Ca-Si interface binding-energy signature ' to separate
bulk and interface Ca 2p XPD. Elsewhere, ' we have ex-
ploited forward-scattering enhancements to identify the
small energy splittings between surface and bulk emis-
sion, and between buried and unburied interface emission
for both Ca and F. In the present work, however, we will
quantify growth morphology treating the bulk and sur-
face species as one energy component, and buried and un-
buried interface species as a second component.

We first present the experimental CaFz growth condi-
tions, demonstrate XPD data collection for a clean sub-
strate and a thick overlayer film, and discuss the XPD
structural signatures used in our characterization of thin
films. In Sec. III, different initial nucleation behaviors at
high and low substrate temperatures are demonstrated
with single-component-interface XPD. Bulk and inter-
face Ca 2p CR-XPD is then used in Sec. IV to identify
and characterize the distinct growth regimes as a func-
tion of temperature and Aux; a nonisothermal template
growth technique is also briefly discussed. In Sec. V, a
complementary picture of the growth morphologies is
given based on F 1s and XVV XPD. Finally, we del-
ineate the kinetic regimes with an isothermal-growth
phase diagram and discuss kinetic origins of the growth
modes.

II. EXPERIMENT

A. Growth conditions

CaF2 was evaporated from a Knudsen effusion cell
onto resistively heated Si(111) substrates in an ultrahigh
vacuum chamber (base pressure & 2 X 10 ' Torr)
equipped for XPS/XPD and low-energy electron-
diffraction (LEED) analysis. Substrates consisting of 5 X
15 mm sections of a Si wafer [p-type, 1 Qcm, &0.25'
oriented from (111)]were prepared with a standard wet
chemical etch' before introduction to the vacuum
chamber. After in uacuo outgassing of the sample and
molybdenum holder to -600'C, the protective oxide
coating was then desorbed by annealing to -850'C until
a sharp room-temperature 7X7 LEED pattern was ob-
tained, and no oxygen and & l%%uo carbon was detectable
by XPS. Grazing-incidence 500-eV Ar+ sputtering was
used to remove thin overlayers in order to reuse sub-
strates. The substrate temperature was monitored with
an optical pyrometer; observation of LEED simultaneous
with annealing indicated a 7 X7~1 X 1 transition at
—835 'C for clean Si substrates. '

Deposition rates were calibrated with a quartz oscilla-
tor mass balance. CaF2 was sublimated from either
graphite or pyrolitic-BN (PBN) crucibles. In both cases,
heater element contact with BN insulators resulted in N2
outgassing to —10 (10 ) Torr at a growth rate of —5
A/min (-50 A/min). However, despite this Nz back-
ground pressure during the growth of all films in this
study, no nitrogen (or boron) incorporation into the film
was evident with XPS. Also, despite early reports of bo-

ron contamination-induced cracking of thick films grown
from PBN crucibles, ' ' no differences in the initial
stages of overlayer nucleation studied here were found
when the crucible type was changed from PBN to graph-
ite. A mask during growth prevented deposition onto the
sample holder. The 0 1s core level was periodically mon-
itored during the course of an experiment to assess the x-
ray irradiation damage to the sample. Due to the sensi-
tivity of CaF2 to electron-beam exposure, ' LEED was
not performed until after all photoemission data were ac-
quired.

B. XPD data collection

XPS and XPD were performed with Mg K x-ray il-
lumination (h v=1253. 6 eV) and photoelectron detection
by a 126-mm hemispherical electron-energy analyzer
(Leybold EA-11) with a fixed 55' angle between the
source and detector. XPS binding energies are reported
relative to the Fermi level, calibrated to the Au 4f7&2
binding energy of —84.0 eV. To acquire XPD data, volt-
ages were altered on the spectrometer input lens to de-
crease the full-width angular acceptance from &10 to
(4, and the energy resolution was relaxed to increase
counting statistics. XPD scans were obtained by polar
(8) and azimuthal (P) rotations of the sample, with 8=0'
defining normal emission. To illustrate our XPD data
collection and the bulk structures of the substrate and
overlayer, we show in Fig. 1 a planar representation of
the angle-resolved Ca 2p electron emission in the 2m solid
angle above the surface of an 8-TL CaF2 film deposited
on Si(111). Data were acquired over the 60' azimuthal
sector bounded by the white lines and then symmetrized
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FIG. 1. Ca 2p XPD pattern for an 8-TL CaF2 film on Si(111).
Data was collected in the 60' sector shown and then sym-

metrized to obtain the full 2m planar projection. The white cir-
cle indicates an off-axis emission direction used for the intensity
analysis without direct forward-scattering enhancements. The

0

CaF2 film was deposited with a 50-A/min incident Aux at 650'C
substrate temperature.
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according to the substrate's C3, symmetry (verified over a
limited range of polar scans). This procedure is not com-
pletely equivalent to acquiring data over the complete 2m.

solid angle since the asymmetric orientation of the x-ray
source polarization relative to the sample removes the
C3 symmetry of the photoemission pattern.

For most samples in this study, conclusions were
drawn from two polar scans along the [112] and [121]
high-symmetry azimuths at /=0 and P= —60'. These
two polar-angle data sets are combined to represent emis-
sion in the (110) plane of the substrate and are presented
as negative and positive polar angles relative to the sam-
ple normal. Figure 2 shows such polar profiles for Ca 2p
and F 1s emission from an 8-TL film and also Si 2p emis-
sion from a clean 7X7 Si(111) substrate. Because the
areal acceptance of the detector is matched to the width
of the sample (at 8=0'), the sample area seen by the
detector is constant as a function of polar angle. Hence
the nondiffractive angular instrument response is
governed primarily by the effective depth of detection D
of the outgoing photoelectrons:

D=A, coOs(1 —e ' '" ),
where A, is the bulk inelastic attenuation length. This re-
sults in -coso profiles for thick film and substrate signals
as in Fig. 2(c), and in flat polar profiles for monolayer sig-
nals (Sec. III). This slowly varying, noncrystalline back-
ground function is normalized to unity at 0=0 in all
XPD polar profiles and was subtracted from the XPD
pattern of Fig. 1 for clarity. An off-axis emission direc-
tion identified by the white circle in Fig. 1 (0=26',
P= —18') was used for measurement of photoemission
intensities minimally influenced by forward scattering
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and diffraction enhancements.
The resulting modulations in Figs. 1 and 2 are quite

strong ( —100%%uo), as predicted by theory. We have as-
signed all the features as either forward-scattering peaks
or higher-order diffraction peaks through either theoreti-
cal modeling' or comparison to emission at different
kinetic energies (e.g., Ca LMM at 280 eV). Labeled in
Fig. 2 are the signature (111), (110), (111), (112), and
(001) interatomic axes at —70', —35', 0', +20', and +55'
common to the (110)planes of both diamond and fluorite
structures. Differences between Ca 2p and F 1s XPD
profiles result from the different electron kinetic energies
(905 and 565 eV), different electron-scattering strengths
of Ca and F atoms, and different atomic arrangements
near each emitting atom. While Ca has a unique bulk site
within a (111)F-Ca-F triple layer, F has two distinct em-
itter sites, in the upper and lower planes of each triple
layer. Hence, the measured bulk F emission is an in-
coherent average of two separate diffraction profiles. The
asymmetry in the F 1s profile at 0=0' is attributed to the
polarization asymmetry inherent in the experimental
placement of the x-ray source.

Silicon has two distinct bulk emitter sites due to the
(111) double-layer structure. Si 2p emission from a clean
substrate, dominated bp bulk atomic sites due to the large
escape depth of -23 A, exhibits strong forward focusing
peaks that are a mirror reQection of CaF2's. The clearly
identifiable peaks in Fig. 2 at polar angles of opposite sign
confirm the well-known type-B overlayer growth of CaF2
on Si(111), in which the crystallographic axes of the
overlayer are rotated 180' about the [111]direction rela-
tive to the Si substrate. The interfacial origin of this
overlayer rotation is discussed in Sec. III.

For thick and monolayer films, which exhibit a single
component in core-level spectra, the XPD amplitude was
obtained as a function of emission angle by subtracting
the inelastic background intensity at a higher kinetic en-
ergy from the photoemission intensity at the core-level
peak. For intermediate thicknesses of CaFz, the Ca 2p
core-level spectrum exhibits a well-resolved interface
binding-energy shift of -3 eV (Refs. 10 and 12) (see Fig.
4). To discriminate interface from bulk and surface XPD
modulations, a complete core-level spectrum was collect-
ed at each polar angle, and component intensities were
obtained by automated curve fitting to binding energies
determined from high-energy-resolution spectra. Empiri-
cal bulk and interface line shapes were derived from spec-
tra taken on thick (-700 A) and monolayer films. Ana-
lytic Voigt line shapes could not be used for component
analysis due to satellite structure in the interface spectra
(Sec. III). '

C. Structural characterization

P I

-80 -40 0 40
Polar Angle 9 {deg)

80

FIG. 2. Core-level XPD polar profiles for (a) a clean Si(111)
substrate, and for (b) an 8-TL CaF2 film deposited at 750 C.
The inset illustrates the 180 rotation of the Ca and F [110]
forward-scattering axes relative to the substrate Si axes.

In this study, XPD characterization of thin-film mor-
phology relies primarily on the appearance and ampli-
tude of the forward-scattering (FS) peaks, which dom-
inate the photoelectron angular structure at electron
kinetic energies greater than few 100 eV. This study
concentrates on information obtained from Ca 2p XPD,
although consistent results were also obtained from
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fluorine emission (Sec. V). The Ca 2p results are simplest
to interpret due to the single Ca emitter site in each layer
and the large energy splitting between the bulk and inter-
face components. Multiple emitter sites and the bulk sen-
sitivity of the substrate signal limit quantitative structur-
al information from F or Si XPD. Cluster-scattering cal-
culations including a spherical-wave corrections and dou-
ble scattering' were performed to aid in data interpreta-
tion.

Figure 3 illustrates the separate theoretical Ca XPD
contributions arising from the surface and two subsurface
(111) CaF2 layers. Surface Ca atoms are uncovered and
hence exhibit a flat, unmodulated XPD profile apart from
[113] and [111] intralayer Ca~F scattering peaks at
grazing angles. For emission from Ca atoms buried by a
single overlayer, [100], [111],and [110]FS signatures ap-
pear. Emitters buried by turbo or more overlayers in the
fluorite structure exhibit an additional Ca~Ca [112] FS
signature at 8= —20' that is absent for the singly buried
layer. Deeper buried layers look essentially the same as
Fig. 3(c) except for effects of multiple scattering and of
enhanced inelastic attenuation at grazing angles. In Fig.
3(c) double scattering along the [110]chain of Ca atoms
results in a narrower width and a reduced amplitude of
the FS peak compared to the first subsurface layer. Un-
covered layers have a flat attenuation profile, while deep-
ly buried layers exhibit exp( —z/A, cos8) attenuation [see
Eq. (1)]. Hence multiple scattering and inelastic attenua-
tion provide complementary information about the mor-
phology of these thin films.

For thicknesses of -2—5 TL's, the measured bulk and
interface Ca XPD profiles are linear combinations of
Figs. 3(a)—3(c), depending on film morphology. The am-
plitude of the central [100], [111],and [110]overlayer FS
peaks is inversely related to the amount of unmodulated
surface signal present, either from the top of a bulk island

or from unburied regions of the interface layer between
islands. For example, two layers contributing to the bulk
signal will result in an average of the two pro61es in Figs.
3(a) and 3(b), reducing the amplitude of the central FS
peaks by —

—,'. Similarly, if only half of the interface layer
is covered by bulk layers, then the interface emission FS
amplitudes will also be reduced by —

—,'. This relationship
between FS amplitudes and thin-film morphology is
quantified below.

In Sec. IV, we demonstrate a range of initial CaFz
growth behavior from completely fat films to Stranski-
Krastanov (SK) morphologies in which bulklike islands
cover a chemically reacted interface layer. In this thin-
film regime of & 8 ML, substrate attenuation of the Ca 2p
bulk-to-interface intensity ratio alone are not sufficient
for quantitative characterization of these SK morpholo-
gies. Instead, we use a combination of the XPS and XPD
measurements, together with the known CaFz electron
escape depths, to solve for the two quantities of average
island height n and fractional island coverage f. The is-
land height n refers to the number of bulk CaF2 layers
above the reacted layer.

In our model, a complete uncovered layer is assumed
to contribute unit intensity independent of polar angle (in
the approximate range of —60'& 8&60'), while a layer
buried by n overlayers contributes an intensity of
5"[1+P(0)],where 5 is the single-layer attenuation fac-
tor and P(8) is the angle-dependent FS enhancement
structure. Using XPS, we measure the ratio of the bulk
(+ surface) to interface Ca 2p emission from high-
resolution spectra taken at the off-axis direction in Fig. 1,
which gives values consistent with the ratio of XPD nor-
malization values of the two components. This measured
quantity is related to the islanding parameters n and f by

(2)

1112 1 A 11P
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-80 -40 0 40 80
Polar Angle 0 (deg)

FIG. 3. Theoretical Ca 2p XPD polar profiles for Ca atoms
in (a) the surface layer, (b) the first subsurface layer, and (c) the
second buried layer. The [112] forward-scattering peak is a sig-
nature for the presence of at least two overlayers.

Similarly, we can derive an expression for the relative
forward-scattering modulation amplitude for bulk (+
surface) and interface signals:

Mg +g

~r
f5n

1 f +f5"— (3)

After measuring the two ratios in (1) and (2), we can solve
for the two parameters (n, f) on the right-hand sides.
The values of n and f are additionally checked for con-
sistency with the expected total deposition, X:

N =1+nf (4)

obtained from the deposition time and calibrated flux.
The limitation of this procedure for determining n and f
is encountered when the interface intensity becomes too
small relative to the bulk peak (N~6 ML) and when
signi6cant multiple scattering degrades the modulation
amplitude. Correlation of the intensity ratio to the
modulation-amplitude ratio in Eqs. (2) and (3) is fairly in-
sensitive to the value of the escape depth (34 A. , 5-0.91)
used for 905-eV Ca 2p electrons in CaF2. '
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III. MONOLAYER STRUCTURE

Monolayer structure is important to our understanding
of nucleation behavior; it also serves as the template for
overlayer growth. The type-8 overlayer orientation ob-
served for thick-film XPD originates from the high-
temperature monolayer structure, which has previously
been determined by ion scattering. ' In this section,
we characterize the differing interface nucleation
behaviors at high and low substrate temperature, and
later in Sec. IV we show that the structure and surface
energy of the initial chemisorbed layer governs the nu-
cleation of bulk islands.

A. High temperature

Figure 4 compares Ca 2p photoelectron spectra for
0.8-TL and 2—3-TL depositions of CaF2 at different sub-
strate temperatures. At high temperature [(HT),
& 600'C], the Ca 2p spectrum in Fig. 4(a) illustrates the
well-known —3-eV interface core-level shift towards
lower binding energy. ' ' This interface component has
previously been shown to correspond to Ca bonded to Si
at the interface, which also induces a Si 2p interface
core-level shift to low binding energy. ' The bulk-
interface Ca 2p splitting is consistently -2.8—3.0 eV for
depositions )600'C. The intensity of the low binding
energy, interface spin-orbit doublet increases at submono-
layer coverages and saturates at —1-layer deposition, ' this
is followed by an increase of the higher binding-energy
bulk (+ surface) component. This behavior demon-
strates that the chemisorption of the first layer is essen-
tially complete before the onset of bulk nucleation.

While thick film, bulk-sensitive Ca 2p spectra are de-

scribed well by a single spin-orbit Voigt doublet, the j =
—,

spin-orbit peak in the submonolayer Ca 2p spectra of Fig.
4(b) appears too large and asymmetrically broadened to
higher binding energy. A spin-orbit deconvolution of the
spectrum (solid line) indicates the presence of an addi-
tional component at -4.5 eV to higher binding with
-25%%uo the intensity of the main peak. The origin of this
Ca 2p satellite is believed to arise from electronic excita-
tions or F-Ca charge-transfer satellites. These may be ex-
citations across the two-dimensional (2D) interface band
gap in the presence of the 2p core hole. Regardless of
the overall line shape of the monolayer Ca 2p spectrum, it
is normalized to unit amplitude and used as an empirical
line shape for fitting interface Ca peaks in intermediate
thickness films. Similarly, a thick-film spectrum is also
normalized and used as a bulk line shape. The success at
which these line shapes fit intermediate thickness films
[see Fig. 4(a)] confirms the continued existence of the
monolayer satellite structure upon being covered with
bulk CaF2.

Single-component F ls and Ca 2p XPD in Fig. 5(a)
confirm the high-temperature chemisorption structure to
be a partially dissociated, type-B oriented Ca-F layer, re-
sulting from Ca-Si interface bonding. The dashed profiles
in Fig. 5(a) show theoretical XPD contributions for each
F and Ca emitter site in an isolated (111)Ca-F layer (see
inset). The Ca~F[113] and [111]intralayer scattering
identified previously in Fig. 2 is observed in the data for
Ca 2p emission, Fig. 5(a), clearly indicating that the
type-B ori, entation exists at the first layer. The absence of
[001], [111],and [110] peaks in the Ca XPD indicates
that a second layer has not begun to form. The top, un-
covered F site is predicted to exhibit only diffraction
minima at +80, which come from in-plane F~F scatter-
ing. These dips are also seen in the F 1s experimental
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FIG. 4. Ca 2p core-level spectra for submonolayer and 2—3-
TL CaF2 films deposited at (a) and (b) high temperature and (c)
and (d) low temperature. The dashed profiles in {a), (c), and (d)
represent bulk and monolayer line shapes used for component
analysis. The Ca 2p3/Q deconvolved spectrum in (b) illustrates
the presence of a satellite excitation at higher binding energy.

FIG. 5. Submonolayer Ca 2p and F 1s XPD polar profiles for
-0.8-TL depositions of CaF& at (a) 600'C and (b) 450 C.
Theoretical Ca and F contributions (dashed) for an ideal Ca-F
layer (inset) are also plotted in (a). Vertical lines indicate the
onset of geometrical cutoffs of the data.
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XPD profile before the onset of a geometrical cutoff of
the data at grazing emission (vertical dashed lines).
Emission from F atoms in the lower half of a F-Ca-F tri-
ple layer would exhibit strong F—+Ca and F~F scatter-
ing peaks at +70' and —54. These peaks are distinctly
absent in the experimental F XPD profile indicating that,
consistent with direct Ca-Si bonding, no ordered F site
exists below the interface Ca atoms. Additionally, com-
parison of the F Is/Ca 2p XPS absolute intensity ratio to
that for thick-film growth (corrected for inelastic attenua-
tion) confirms a F deficiency and an —1:1 F:Ca
stoichiometry of the high-temperature submonolayer
film.

The type-B orientation of the chemisorbed Ca-F layer
is the template that enforces type-B orientation in thick-
film growth. The orientation in the chemisorbed layer is
most likely enforced by the Si-Ca bonding site and the
subsequent low-energy site for the attached F ion. While
Ca bonding at T4 (Refs. 21 and 27) and H3 (Ref. 27)
high-symmetry substrate sites have been observed, for-
ward scattering from the overlayer peaks in this study is
not sensitive to lateral registry or interface bonding sites.
Type-B epitaxy and a T4 Si-Ca bonding site results in F
above an H3 (hollow) site above the Si interface and the
first layer Si near the position of the next F ion in the
CaF2 lattice; type-B epitaxy and an H3 site, on the other
hand, places F directly atop a Si atom, which is likely to
have higher energy. A uniform type-B orientation thus
supports the ion-scattering observation of a single T4 ad-
sorption site.

B. Low temperature

Deposition at substrate temperatures below —550 C
yields a different monolayer structure, as revealed by
XPS and XPD: (i) the Ca:F stoichiometry is approxi-
mately bulklike, (ii) the monolayer is not well ordered,
(iii) second-layer nucleation of bulk atoms occurs at sub-
monolayer coverages, and (iv) the interface Ca 2p com-
ponent saturates at ——', the intensity of the high-
temperature growth. In Fig. 5(b), XPD modulation
structure is seen for both F and Ca for 0.8-ML deposition
at 450'C; this structure originates from nucleation of
second-layer CaF2, as confirmed by the onset of a bulk
component ( —33% of the total intensity) in the corre-
sponding Ca 2p XPS spectrum in Fig. 4(d). At 0.5-ML
deposition, a small bulk component is also present
( & 20%), but no coherent FS modulations of F or Ca are
seen, thus indicating that Ca —+F axes are randomly
oriented. Also, we observe faint 7X7 LEED for sub-
monolayer coverages deposited at 450 C, indicating clus-
tering of adsorbed CaF2 molecules. In contrast, the sub-
strate reconstruction is removed for -0.5 —0.9-ML depo-
sitions at high temperature and 3X1 or 4X1 ordered
LEED patterns are observed.

Comparison of the moments of F 1s and Ca 2p for the
high- and low-temperature 0.8-ML depositions in Figs.
4(b) and 4(d) indicates —

—,
' less interface Ca intensity and

3 more interface F intensity at 1ow temperature . For
depositions greater than 1 ML, the low-temperature in-
terface Ca component [Fig. 4(c)] saturates at ——', of the

high-temperature interface intensity [Fig. 4(a)], indicating
incomplete formation of a full monolayer of Ca-Si bonds.
The bulk-interface splitting is reduced to -2.2 eV for
low-temperature depositions, but is found to be metasta-
ble; with time and exposure to x rays or impurity (oxy-
gen) adsorption, the splitting increases to the larger,
high-temperature value. Figures 4(a) and 4(c) show that
it is the bulk Ca 2p component that shifts with respect to
a constant interface binding energy. Similar behavior has
been seen in the Ca 3p shallow core level for a 500'C
deposition where the larger high-temperature splitting
was restored with electron-beam exposure. ' The high-
temperature monolayer XPD profile and stoichiometry
could also be obtained by deposition of 2 ML at 450'C
followed by —800'C annealing and desorption of —1

ML (as judged by the disappearance of the bulk Ca 2p
component).

Si 2p spectra were also taken before and after deposi-
tion. Despite being bulk sensitive, a slight rise in the Si
2p high-binding-energy tail, indicative of Si-F bonding,
was observable after low-temperature deposition, but not
after high-temperature deposition. Also, the Fermi-level
position relative to the clean Si(111)7X 7 surface (moni-
tored with Si 2p) shifts by 0.4 eV toward the Si valence-
band maximum for high-temperature growth, and by
only -0.3 eV for growth at 450'C.

From comparison of the monolayer results, we postu-
late the following model. At low temperature, chem-
isorption (formation of Ca-Si bonds) still occurs but F
dissociation either does not occur or leads to F adsorp-
tion on the Si substrate. The additional F atoms (and/or
Si-F bonds) create a defective submonolayer that blocks

3
of the avai 1ab 1e Si-Ca bonding sites and inhibits sur-

face diffusion, resulting in early second-layer bulk nu-
cleation. The incomplete interface Ca occupation
changes the dipole at the interface, affecting the Fermi-
level position and the Ca bulk-interface splitting.
Second-layer bulk nucleation begins to order the underly-
ing interface and the additional —

—,
' TL of fl.uorine gets

trapped near the substrate. At high temperature, in con-
trast, dissociative removal of one F atom per molecule
and the formation of a well-ordered Si-Ca-F interface lay-
er is completed prior to any second-layer nucleation. An
alternate source of defects in the low-temperature regime,
imaged recently by scanning tunnel microscopy (STM),
is the four excess Si atoms per 7X7 unit cell. If each of
these Si-induced defects blocks three Ca-Si bonding sites,
then an —

—,", or -25% decrease in the saturation cover-
age of the first layer would be observed. Bonding of F to
these Si defects would also explain the slight high-
binding-energy tail in Si 2p spectra.

IV. THIN-FILM MORPHOLOGY

A. Component-resolved XPD

The key parameters that determine the initial morphol-
ogy of CaF2 growth on the reacted interface layer are
temperature and Aux. Having established the bulk and
monolayer structure of CaF2 on Si(111) with single-
component XPD, we next characterize intermediate
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thickness morphologies for different growth conditions
using bulk- and interface-resolved XPD and the quantita-
tive analysis outlined in Sec. II C. Figure 6 shows
component-resolved Ca 2p XPD results for a sequence of
growths at (a) high temperature, low flux (HT/LF), (b)
high temperature, high fiux (HT/HF), and (c) low-
temperature (LT) growth conditions. For the data in Fig.
6, HT means T=700 'C, LT means T=450 'C, HF
means flux =50 A/min, and LF means flux =5 A/min;
the generic notation refers to broader regions of tempera-
ture and Aux exhibiting similar growth morphologies, as
discussed in Sec. VI.

The HT/LF films [Fig. 6(a)] display strikingly weak
diffraction modulation of the interface emission relative
to that of the bulk. This suggests the existence of large
uncovered regions of a. single monolayer. Patches of in-
terface disorder are unlikely due to the strong (ordered)
overlayer XPD modulations. With greater deposition,
the island thickness (-bulk XPD amplitude) increases
faster than the island coverage (-interface XPD ampli-
tude), leading ultimately to severely islanded films. Re-
sults of the quantitative analysis of the island thickness
and interface coverage parameters n and f for each depo-
sition are plotted in Fig. 7 to highlight the relative rates
of vertical versus horizontal growth. At 5 A/min, we see
a rapid increase in the average island thickness compared
to horizontal coverage. For example, the uppermost
growth in Fig. 6(a) represents an average island thickness
of -7 TL's covering -50% of the interface layer, con-
sistent with an overall deposition of 4.5 TL s. Conditions
for homoepitaxy (f = 1) are not expected until well over
10 TL's, at which point the morphology will be very
rough.

The islanding may be determined not only from the
quantitative analysis, but also from the presence of the
bulk atoms' [112] forward-scattering peaks in the 3-TL
sample. The existence of this peak indicates that the 2
ML of total bulk deposition is distributed as islands at
least three-layers high. Also, the greater inelastic at-
tenuation near grazing emission in the bulk profiles com-
pared to the Aat profiles of the interface is consistent with
three-dimensional bulk islands and a largely uncovered
interface layer.

Upon raising the incident flux rate by an order of mag-
nitude from 5 to 50 A/min, distinctly different behavior
of the bulk and interface XPD modulations is observed.
The HT/HF films [Fig. 6(b)] exhibit strong forward-
scattering modulations of the interface signal indicating
complete or nearly complete coverage by overlayers. At
3 TL's, the existence of the [112]peak in the interface but
not the bulk signal indicates that the bulk islands are ex-
actly 2 layers in height. At 4 TL's the [112]peak appears
in the bulk signal with —

—,
' the amplitude of the interface

[112]peak as expected for layer-by-layer growth.
The layer-by-layer growth does not begin immediately,

however. At -2 TL's the bulk signal has a nearly identi-
cal normalized forward-scattering amplitude as for the
3-TL film; the interface modulation is smaller than for
the 3-TL film, but still clearly exhibits the [112] peak.
Contrary to a fIat two-layer film, the data indicate that
2-TL bulk islands cover only part ( —60%%uo) of the inter-
face layer. Hence, the deposition sequence in Fig. 6(b)
shows the development of fIat films proceeding through
the formation of 2-TL-thick islands, which coalesce be-
fore the beginning of true layer-by-layer growth. The re-
sults of the quantitative analysis outlined in Sec. IIC,
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FIG. 6. Bulk- and interface-resolved Ca 2p XPD polar profiles for increasing depositions of CaF& on Si(111) in three diA'erent
growth regimes: (a) high temperature/low Aux, (b) high temperature/high Aux, and (c) low temperature. Vertical arrows indicate the
[112]axis. See text for definitions of growth regimes and XPD interpretations.
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of 5, 36, and 50 A/min. See text for the procedure of obtaining
the average bulk island thickness (n) and the fractional cover-
age of the interface layer (f) from component-resolved Ca 2p
XPD.

also plotted in Fig. 7, indicates that burial of the interface
layer is not fully achieved until -4 bulk TL's. This sug-
gests that coalescence of 2-TL bulk islands leaves
pinholes to the interface layer that slowly fill in (perhaps
only by direct impingement) as third and fourth bulk lay-
ers are nucleated.

Deposition of two total layers of material at a lower
temperature of 650'C or a higher fiux of 110 A/min than
the conditions for Fig. 6(b) also result in —50% coverage
of the complete interface layer by 2-TL bulk islands, es-
tablishing a broader range of the two-layer island stabili-

0
zation. Depositions at 50 A/min at the higher tempera-
ture of 750'C or lower fluxes of 36 A/min show a return
to the islanded morphology of Fig. 6(a). Figure 7 addi-
tionally shows the HT deposition sequence for 36 A/min
(component-resolved XPD not shown). Here we observe
the relative rate of vertical-to-horizontal growth to be in-
termediate between the HT/LF and HT/HF conditions
with homoepitaxy projected at -4—5 bulk layers.

Films grown at lower temperatures [Fig. 6(c)] show yet
a different nucleation behavior. For submonolayer films
(0.5 —0.8 ML), we identify disorder in the interface layer
and nucleation of bulk TL's before the reacted Si-Ca-F
layer is complete, as discussed in Sec. III B. For thicker
films, the interface becomes ordered upon burial by over-
layers. The very strong forward-scattering amplitude of
the interface signal, even larger than the HT/HF films in
Fig. 6(b), indicates complete burial of the interface Ca
atoms and equally crystalline films compared to the HT
depositions. The relatively weak XPD modulations of
the bulk Ca signal at 2—3 TL's and the absence of the
[112]peak in the interface emission at 2 TL's suggests the
growth to be essentially layer-by-layer immediately. The
weak [112] peak in the bulk signal for 3 TL most likely
originates from the incomplete (-—,') occupation of the
interface layer (Sec. III B) forcing nucleation of a third
bulk layer (with —

—,
' coverage).

Comparison of the 2-TL and 3-TL depositions at LT
also highlights the transition from single scattering
through a single layer to multiple scattering through two
layers. The [100], [ill], and [110] forward-scattering
peaks at —55, 0, and +35' all exhibit narrower widths in
the interface signal due to double scattering along linear
chains of atoms, and the [112] peak becomes well
developed. The [111] axis at +70' contains multiple
scattering along F-Ca-F chains for each additional layer
and, hence, exhibits more dramatic defocusing reduction
in the forward-scattering amplitude.

Finally, we point out a feature of the atomic structure
of the films common to all three regimes. The coincident
forward-scattering peaks of the bulk and interface Ca
emission in Fig. 6 show that F-Ca-F triple layers stack on
top of the interface Ca-F bilayer with bulk spacings and
angles. The buried interface structure is identical to both
the bulk and the unburied interface, both for fIat films
and for the buried regions in Stranski-Krastanov-like
films. This is contrary to a proposal, ' ' based on ex situ
transmission electron microscopy and x-ray scattering,
that the buried interface has a more complicated, less
dense structure with a two-layer thick V3X V3 buried
reconstruction. We have observed a &3X&3 recon-
struction, but only upon annealing -monolayer CaF2
films in the presence of adsorbed oxygen. Furthermore,
the interface model of Lucas, Wong, and Loretto ' is in-
consistent with the XPS shifts we have observed, which
we have been able to model successfully by taking into
account initial- and final-state effects for the geometry
shown. ' ' The difFerent structure they observe may
originate from effects of air exposure or capping with
amorphous Si, both present in their study.

B. Low-temperature crystallinity

The characteristics of low-temperature nucleation are
found to be relatively insensitive to Aux. Growths at
450'C, 50 A/min and 600'C, 110 A/min exhibited simi-
lar XPS and XPD to that shown in Fig. 6(c). At even
lower substrate temperatures (or very high fiuxes) one ex-
pects semiamorphous nucleation to occur. This kinetical-
ly limited regime has been characterized with x-ray
diffraction and ion channeling by other researchers: at
incident fiuxes of 40 (Ref. 33) and 200 A/min, the tem-
perature onset of noncrystallinity was determined to be
-300'C and -600 C, respectively. We limited our in-
vestigation of this semiamorphous regime to comparison
of bulk Ca emission from 8-TL films for various room-
temperature (RT) deposition sequences (see Fig. 8).

Figure 8(a) shows XPD modulations for our standard
of crystallinity obtained at HT/HF. Deposition at RT
and HF in Fig. 8(b) shows a dramatic decline in forward-
scattering amplitude, indicating severe loss of crystallini-
ty. In addition, the profile appears symmetric in polar
angle, in contrast to the crystalline HT profile. Upon an-
nealing this RT film to 400 C [Fig. 8(c)], crystallinity im-
proves, but the polar symmetry is preserved. The sym-
metric profile indicates an -equal coexistence of two
crystalline domains (type A and B) rotated 180 relative
to each other. The presence of mixed domains suggests
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FIG. 8. Bulk Ca 2p XPD polar profiles for —8-TL deposi-
tions of CaF2 films deposited at high Aux (50 A/min) and at (a)
high temperature, (b) room temperature followed by annealing
(b'), and for (c) a high-temperature template deposition of 4 TL
followed by a room-temperature deposition of four additional
TL's.

V. FLUORINE XPS AND XPD

The previous sections concentrated on Ca 2p photo-
emission and bulk- and interface-resolved XPD to estab-
lish CaFz/Si(111) growth morphologies. This is because

that the starting interface at RT is different (amorphous)
than for both the HT and LT depositions, and is likely re-
sponsible for the subsequent noncrystalline homoepitaxy
beyond 1 —2 TL's.

The role of the initial interface structure in controlling
room-temperature CaF2 epitaxy is confirmed by the ob-
servation of CaF2 homoepitaxy at room temperature, pre-
viously observed with transmission electron microscopy
(TEM) and x-ray diffraction. We confirmed these results
in situ by investigating a template growth, in which 4
TL's of CaF2 were first deposited at HT/HF to obtain a
we11-defined crystalline interface and a bulk-terminated
CaF2 surface. The sample was then allowed to cool to
room temperature and an additional 4 TL's were deposit-
ed. Figure 8(d) shows identical photoelectron diffraction
for this RT homoepitaxy and the HT film. This confirms
highly crystalline RT homoepitaxy of CaFz once the in-
terface layer is formed, and indicates a high mobility of
CaF2 molecules even at room temperature.

Our observation of mixed-domain type- 2 and -B
growth originating from RT deposition does not explain

35 .
the observance of pure type-3 growth by Cho et al. in
the temperature range of 100—400'C or with a ramped
temperature-growth condition. We observe that any for-
mation of the chemisorbed Si-Ca-F interface enforces the
type-B overlayer domain to the exclusion of type- A
domains, which appear to only originate from a loss of
crystallinity at the interface.
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FIG. 9. (a) F 1s and (b) F XVV spectra for 2-TL depositions
of CaF& in each of the three main growth regimes of Fig. 6 illus-
trating how morphology and interface structure affect peak-
energy positions.

of (a) the unique structural emitter site of Ca atoms in the
bulk crystal, and (b) the large binding-energy-shift signa-
ture of interface Ca atoms. Fluorine-atom electron emis-
sion is more complicated to interpret due to the existence
of two nonequivalent bulk emitter sites and smaller kinet-
ic energy shifts of interface-related species. In Figs. 9
and 10, we present fluorine core-level and Auger spectra
and component-resolved XPD for -3-TL depositions of
CaF2 in each of the three growth regimes of Fig. 6. For
completeness, we discuss the effect of interface structure
and morphology on fluorine XPS and show the fluorine
XPD results to be consistent with Ca 2p interpretations.

First we focus on the emission signatures from inter-
face layer I' atoms. For F ls spectra [Fig. 9(a)], only at
HT/LF can two components be clearly discerned. The
low-binding-energy component (LBE) increases at sub-
monolayer coverages and saturates after I-TL deposition
similar to the interface Ca 2p LBE component. From our
knowledge of the islanded growth morphology in this re-
gime from Ca 2p emission, we can surmise that the split-
ting is most likely related to uncovered F atoms in the in-
terface layer. Indeed if this HT/LF spectrum is com-
ponent resolved for each polar angle as in Fig. 10, we ver-
ify that the LBE component has no forward-scattering
peaks, identifying it to be emission from an uncovered
layer. Emission from buried interface fluorine is not
resolvable, as confirmed by the absence of a clear inter-
face signature in the laminar HT/HF and LT growth re-
gimes.

The absence of a resolvable F 1s core-level shift for the
laminar regimes precludes the use of F 1s component-
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FIG. 10. Bulk- and interface-resolved fluorine XPD for -3-
TL depositions of CaF2 in the three main growth regimes of Fig.
6. Only in the islanded regime at HT/LF can two F 1s com-
ponents and two F XVV interface components be resolved.

resolved XPD. However, the kinetic energy shift be-
tween interface and bulk emission in the Quorine Auger
spectra is -3 times larger than for the 1s spectra; this
arises from the additional contribution of final-state re-
laxation in the presence of two final-state core holes in the
Auger process, compared to the single-hole photoemis-
sion process. ' Figure 9(b) shows distinct high-kinetic-
energy peaks in F XVV spectra visibly separated by
-2—3 eV from the main peak in all three growth re-
gimes. The dashed profile in Fig. 9(b) represents a bulk F
XVV spectrum taken from a thick, 700-A CaF2 deposi-
tion. Because of the complicated line shape of this bulk
Auger spectrum originating from transitions between
L23 and E levels, we quantify and component resolve
these spectra using normalized bulk and monolayer line
shapes.

The two laminar growth regimes, HT/HF and LT, ex-
hibit very similar component-resolved F XVV XPD
profiles (see Fig. 10). The large forward-scattering modu-
lations of the high-kinetic-energy peak confirm its origin
to be from buried interface F atoms. However at
HT/LF, the high-kinetic-energy peak reveals weak but
distinct XPD modulation (not shown) in contrast to the
absence of XPD structure in the F 1s interface com-
ponent of Fig. 10. A closer look at the F XVV spectrum
reveals a third peak —1 eV to higher kinetic energy from
the main interface component. Resolving the HT/LF
spectrum into three F XVV components as in Fig. 9(b),
reveals that the highest energy component ( —654 eV) is
not modulated; thus we assign its origin to be the un-
buried interface layer F atoms whose binding energy was
resolvable in the F 1s spectra. The intermediate-kinetic-
energy component at -653 eV shows forward-scattering

structure and thus corresponds to interface F atoms
buried beneath bulk CaFz islands.

Additional subtle features exist in the Ca 2p spectra of
Fig. 4 and in the F 1s and F XVV spectra of Fig. 9 and
have been quantified by making use of XPD forward
scattering to enhance our XPS resolution. In particular,
spectra components with different XPD fingerprints are
highlighted in the comparison of spectra on and off a
known forward-scattering direction of one component.
Once the energy position is identified, then component-
resolved XPD facilitates positive assignment of the spec-
tral component. The details of this method, which allows
spectral components with less than 0.5-eV energy shifts
to be distinguished despite a larger source band width
(-0.7 eV for Mg Xa) or larger intrinsic component
linewidths, are beyond the scope of this discussion and
are published elsewhere. ' Instead we list the major
resolved features: (1) A small -0.5-eV shift to higher
binding energy between unburied and buried Ca atoms
has been identified in HT Ca 2p spectra. (2) Bulk and in-
terface Ca LMM components have been resolved despite
large intrinsic peak widths. (3) Surface components of Ca
2p and F XVV have been separated from the main bulk
components and CR-XPD is consistent with the surface
assignments. (4) A F XVV component intermediate be-
tween bulk and interface energies [-651.5 eV in Fig.
9(b)-HT/HF] is shown to exist, and CR-XPD identifies
the structural site to be second-layer F atoms residing
just above interface Ca atoms. This second interface F
site (Iz ) further confirms that the buried interface struc-
ture is identical to the bulk structure apart from the ab-
sence of a F layer below the Ca, as discussed in Sec. IV A.
However, the intensity of this I2 component is consistent-
ly -0.5 —0.67 the magnitude of the main I, interface
component for all HT films. This partial depletion of F
atoms adjacent to the interface layer has possible conse-
quences for stability and electrical properties. Interface
defects which fiatten (pin) the C-V curves for high-
temperature films may originate from this second F layer.
Also, an ordered array of —,

' layer of these F vacancies
may account for the buried &3X+3 reconstruction ob-
served with TEM.

Finally, we comment on the absolute energy positions
of F 1s and F XVV spectral components. Similar to the
Ca 2p bulk and interface components in Fig. 4, the buried
Ij fluorine interface energy is constant between the three
different growth regimes, while the bulk (+ surface) coin-
ponent varies. These bulk component shifts are likely re-
lated to the change in the interface dipole resulting from
the different interface layer stoichiometries between LT,
laminar HT, and islanded HT growth regimes. Because
the interface peaks do not exhibit overall shifts we cannot
attribute the effect to different levels of sample charging.

VI. GROWTH KINETICS DISCUSSION

A. Kinetics phase diagram

Having classified CaF2/Si(111) growth morphologies
for different regimes, we are now in a position to discuss
their possible origins in terms of kinetic parameters. Fig-
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ure 11 summarizes the dependence of the growth modes
on the kinetic parameters of substrate temperature T and
incident flux J for isothermal and isoflux growth condi-
tions. This kinetics phase diagram is plotted as 1/T
versus log J in order to divide the growth regimes with
straight lines; this represents an Arrhenius scaling be-
tween thermally activated processes, such as diffusion
and evaporation, which depend exponentially on I /T,
and mobile adatom concentration, which is linearly
influenced by the incident flux, J. We qualitatively discuss
the placement of these broad kinetic transition lines and
then apply a nucleation model to our system to under-
stand the division between the HT/LF and HT/HF
modes and to derive quantitative parameters. First, we
discuss the two extremes of Fig. 11 labeled reevaporation
and kinetic roughening.

The uppermost regime in Fig. 11, where no growth
occurs, results from reevaporation of incident CaF2 mole-
cules. The transition border is based on sublimation
losses of F and Ca XPS intensity observed upon anneal-
ing deposited films for —1-min intervals at 600, 700, 750,
775, and 800'C. A deduced sublimation rate of —1

A/min at 775'C was also consistent with two samples
grown at 775 C, in which reevaporation competed with a
-5 A/min incident flux rate. The actual depositions of
3.1 and 4.4 TL for 2- and 3-min exposure times, as deter-
mined by Eq. (4), were smaller by rates of approximately
0.4 TL/min (1.2 A/min) compared to the predicted cov-
erages of 3.8 and 5.7 TL. Hence, the transition line at
which reevaporation begins to compete with the incident
Aux is drawn to pass through the point (5 A/min, 775 C)

in Fig. 11 and is scaled to higher temperature at higher
flux.

The lower right-hand regime of Fig. 11 represents con-
ditions in which incident species have insufficient energy
to overcome barriers or insufficient time to diffuse to
their low-energy crystalline sites. The border of this
semiamorphous regime is based on previous ion channel-
ing and x-ray diffraction studies determining the two
points labeled A (Ref. 34) and B. In our experiments,
XPD revealed a loss of crystallinity for room-
temperature deposition as well as the presence of mixed
domain (types A and B) overlayer orientations, not
present in crystalline films deposited at higher tempera-
ture. We qualify the description of this isotherm~l-
growth regime as the kinetic limitation of the formation
of crystalline interface buffer layers for subsequent
homoepitaxy, since the nonisothermal template growth
discussed in Sec. IV 8 gave evidence for crystalline CaF2
homoepitaxy at room temperature.

Above this transition line lies the LT growth regime, in
which crystalline epitaxy is observed despite the observa-
tion of submonolayer disorder, incomplete F dissociation
at the interface, and immediate nucleation of bulk layers
without the completion of the template interface layer.
Second-layer bulk nucleation orders the underlying inter-
face and the additional —

—,'-ML fluorine gets trapped
near the substrate in a metastable fashion. The result is
an interface whose electrical properties are sensitive to
further thermal processing, electron-beam exposure, '

and also to continued x-ray excitation during XPS
analysis (Sec. III B). The overlayer orientation is type B,
similar to the high-temperature regimes.

Above -550—600 C the reacted Si-Ca-F interface lay-
er forms in an ordered fashion with complete dissociation
of the second F atom form incident CaF2 molecules.
Very different bulk nucleation behavior is observed on
this layer in the low- and high-incident flux regimes. The
upper left portion of the diagram represents an approach
to thermodynamic equilibrium, in which species have
sufficient energy and time to diffuse to their low-energy
sites. Islanding in this HT/LF regime shows that the
usual thermodynamic-surface-energy wetting argument is
incomplete. The low surface energy of the (111) face of
CaF2 compared to other faces and to Si(111) (Ref. 37)
predicts layer-by-layer growth; a simple explanation us-
ing the same thermodynamic arguments is that the early
formation of the reacted Si-Ca-F layer creates a new sur-
face for subsequent growth whose surface energy must
also be taken into account. The reduced Ca charge
state " in the interface layer leads to a reduced electro-
static binding energy of CaF2 on Si-Ca-F relative to CaF2
on CaF2. Hence, bulk CaFz may not wet the Si-Ca-F in-
terface layer and interlayer mass transport away from the
interface leads to bulk islanding. A second possible con-
tribution to this growth mode may come from the lattice
mismatch present at HT (2.5% at 700 C) resulting in a
favorable reduction in strain energy by the formation of
bulk CaFz islands. A third possible mechanism for the
observed islanding involves the kinetic dependence of the
relative nucleation rates atop bulk CaFz and atop the Si-
Ca-F interface layer. A small decrease in diffusion energy
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barriers resulting from the reduced Ca charge can result
in a large increase in the single mobile adatom diffusion
coefficient, which as discussed further below can affect
the nucleation rate.

The influence of kinetics on the HT growth modes is il-
lustrated by the dramatic change to laminar growth at
higher flux. At higher flux, the probability of adatom
collisions is increased, and appears sufficient to nucleate
two-dimensional bulk CaF2 islands atop the Si-Ca-F in-
terface layer terraces. This terrace nucleation forms
sinks for migrating molecules and leads to rapid lateral
growth and coalescence of the bulk CaFz islands, result-
ing in complete coverage of the interface layer by -4-TL
total deposition. The observance of a minimum film
thickness of interface + 2 bulk TL's in the HT/HF re-
gime may be explained by a net flux of CaF2 molecules
jumping up from the interface layer to form a second
bulk layer due to the lowered binding energy of CaF2 to
the interface layer as compared to bulk layers. Upon
lowering the incident flux, uninhibited diffusion to and in-
corporation of CaF2 molecules at step edges may compete
with and suppress terrace nucleation. Rather than lead-
ing to layer-by-layer step-flow growth, again, the reduced
affinity to and nonwetting of the interface layer may slow
the lateral advancement of the propagating step edge and
result in multilayer nucleation and 3D growth confined to
step edges. The reduced binding energy and increased
diffusivity of CaF2 molecules on the Si-Ca-F interface lay-
er would also drive the formation of this chemisorbed
layer to near 100%%uo completion before the initial nu-
cleation of the first bulk layer, as observed in both the LF
and HF regimes.

This model of step-edge nucleation (3D growth) com-
peting with terrace nucleation (2D growth) is supported
by plan-view TEM images of thicker films ( —15-TL
deposition) in which strain relaxed regions exhibit Moire
fringe contrast. ' For HT/LF relaxed regions are ob-
served along lines spaced —1 pm apart, which are inter-
preted to be the step spacing on these highly oriented sil-
icon wafers. In contrast, for HT/HF, the relaxed regions
are uniformly distributed across the sample surface with
little or no detectable correlation to the underlying step
structure.

B. HT nucleation model

The transition line in Fig. 11 dividing the HT/LF and
HT/HF regimes is based on a growth model by Myers-
Beaghton and Vvedensky (M-V), constrained by our ex-
perimentally observed initial growth morphologies. In
the M-V model, lateral interactions of mobile adatoms
are incorporated in the form of diatomic island forma-
tion. This island formation was shown to dramatically
decrease the effective diffusivity of adatoms and to
significantly affect the adatom concentration profiles
along terraces. While M-V used their model to explain
the transition from step propagation to terrace nucleation
growth regimes in GaAs(001) homoepitaxy over a wide
range of growth temperatures, fluxes, and terrace
misorientation angles, we apply it here to quantify the
transition from the 3D islanding at step edges to laminar

terrace nucleation growth regimes in CaF2 on Si-Ca-F ep-
itaxy.

In the M-V model, two competing time scales affecting
nucleation are ~D, the diffusion time for an adatom to
reach a step, and ~„,the interarrival time for incident
atoms to land on a site. The diffusion time increases qua-
dratically with the terrace width h, and inversely with the
diffusion coefficient D, whose temperature dependence
follows from a simple hopping model as

no
+A J

M-V define three regimes: (a) For ~D )iz, adatom in-
teractions dominate the nonlinear diffusion equation lead-
ing to a high rate of terrace island nucleation; (b) for
~D (~„,step-edge nucleation competes with terrace nu-
cleation; and (c) for r~ &&r„adatom interactions are
negligible and direct incorporation into step edges occurs.
If we use the transition between the first two regimes to
represent the boundary between the HT/HF and HT/LF
CaF2 growth conditions, then equating ~D =~& allows us
to define a critical transition parameter (temperature,
fiux, or terrace width) as a function of the other two ex-
perimental parameters. The critical transition tempera-
ture T, [K] can be expressed as

8.62X 10 2.8
E Jh' (7)

O

where En is measured in eV, J in A /min, h in cm, and a
phonon frequency of v=10' Hz has been used for the
hopping attempt rate.

The physical parameters in Eq. (7) are constrained by
the experimental data. Using a terrace width of h = 1 pm
obtained from TEM images, the line separating the is-
landed and laminar growth conditions in Fig. 11 corre-
sponds to a hopping barrier of ED"~'=1.33+0.06 eV.
This value of the hopping barrier is reasonable when
compared to a theoretical calculation of the surface cor-
rugation potential. This potential depends on the
effective charge of the interface Ca layer, which we esti-
mate from the photoemission interface shift to be be-
tween 1.75 and 2.0, with the excess charge centered in the
Si-Ca bond. ' If we assume pair interactions based on a
Coulomb potential (q„=—1, qc, =+2) and the hard-
core repulsion and van der Waals attraction potentials
characteristic of the equivalent rare-gas atom interactions
(Ne for F and Ar for Ca + ), we find the binding energy
of a CaFz molecule is about 1.6 eV on a (fixed) CaF2 sur-
face, and about 1.4 eV on one with charge distribution
(Si/F) ' Ca ' —F '. These represent upper limits
for diffusion barriers using this potential, but the saddle-

—h ---e
D "v

where v is the attempt frequency for hopping, and ED is
the energy barrier for site-site hopping. The interarrival
time is dependent on the density of adsorption sites no
[=7.SX10' /cm for Si(ill)] and is inversely propor-
tional to the incident flux J:
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point energies are found to be quite small, and additional
attractive dipole interactions have been ignored.

The second transition in the M-V theory, defining the
step-fiow regime, is quantified as rD (r„/P where
P=noh is a measure of the misorientation angle. The
critical transition relation in Eq. (7) is then modified by
Jh —+PJh =

n&&Jh . For highly oriented 1-pm-width
Si(ill) terraces, P=10, a near-zero diffusion barrier is
obtained if this second relation is applied to the HT/HF
to HT/LF transition. Alternately, using ED=1.33 eV
obtained above from the first transition, a second ex-
tremely small critical fiux, J, —10 A/min, is predicted
for temperatures between 600'C and 775 C. The M-V
theory, thus, suggests that yet another CaFz growth re-
gime may exist on the high-temperature interface at even
lower cruxes than plotted in Fig. 11. However, the h

dependence makes the critical Aux of the second transi-
tion very sensitive to the miscut of the substrate surface;

0
for example, a J, & 1 A/min is obtained for misorienta-
tion angles & 0.5' (h (500 A). We have not fully investi-
gated the extremes of low incident fiux and/or small ter-
race widths, but we have found islanded growth at
700'C, 50 A/min on a 4'-miscut wafer ( —50-A terrace
width, which would be predicted to have no terrace nu-
cleation).

The observed islanded growth in regimes with nu-
cleation at step edges, contrary to the step Aow found in
homoepitaxy under similar kinetic conditions, demon-
strates the unique aspects of heteroepitaxy of dissimilar
materials. The islanded nature of the CaF2/Si(111) films
may arise from the intrinsic partial dislocations present
at interface steps in this type-8 epitaxy. These defects
appear to inhibit growth across steps in very thin films, as
seen in TEM images showing islands confined to indivi-
dual terraces.

C. Relation to other research

Most studies of CaF2/Si(111) epitaxy have focused on
thick-film properties or on monolayer structure, and have
not described these morphological transitions occurring
during deposition of the first few layers. The deposition
rates in such studies have usually been chosen for the
convenience of the experiment: high Aux rates for thick-
film deposition and low Aux rates for submonolayer con-
trol. However, some corroboration of the growth re-
gimes in Fig. 11 can be obtained from the other studies.
As mentioned in Sec. IVB, the transition to kinetic
roughening at lower temperature and higher Aux is taken

from the literature. Two different STM studies showing
the presence and absence of rowlike structures are
consistent with our LEED observation of n X 1 patterns
for HT submonolayer nucleation and the persistence of
7X7 for LT nucleation. Real-time low-energy electron
microscopy has recently shown the influence of growth
kinetics in the LT regime (600—660'C), in which an
abrupt transition to second-layer nucleation occurs at or
before the completion of the first layer. The fractional
coverages observed by TEM and XPS in a series of 30-
A/min depositions at 700'C are similar to the 36-A/min
data reported in Fig. 7, and the islanded behavior at
higher temperature observed by Wong, et al. is con-
sistent with the HT/LF regime reported here. The
coalescence of 2-layer-high bulk islands at higher flux
(HT/HF regime) has not been observed elsewhere; we are
unaware of other structural studies in this kinetic and
thickness regime.

VII. SUMMARY

We have demonstrated that the initial stages of CaF2
heteroepitaxial growth on Si(111)exhibits a wide range of
growth morphologies. The structure of the first, reacted
interface layer is controlled by the initial growth temper-
ature, and determines whether the second layer is amor-
phous (RT) or crystalline (LT and HT), as well as wheth-
er it wets before (LT) or after (HT) the first layer is comp-
leted. In addition, the nucleation of the second and sub-
sequent layers at high temperature is controlled by a
combination of Aux and substrate temperature, with lam-
inar growth after the coalescence of bilayer islands at
high Aux and islanded growth at low Aux. This variety of
growth modes is explained within a kinetic model for step
and terrace nucleation, combined with the special proper-
ty of step-associated defects at the CaF2/Si interface.

We have also demonstrated the power of component-
resolved x-ray photoelectron diffraction for in situ studies
of growth kinetics. The combination of chemical and
structural information enabled detailed descriptions of
the average growth morphologies, and should be widely
applicable to other systems.
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