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Epitaxial growth mechanisms and structure of CaF2/Si(111)
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The early stages of interface formation between CaF2 and Si(111)have been studied, in situ, by a com-
bination of reflection high-energy electron diffraction, x-ray diffraction, and core-level photoemission.
The results are combined with ex situ transmission-electron-microscopy measurements to show that the
initial growth mode changes from Volmer-Weber to Stranski-Krastanow, depending on the substrate
temperature. The crossover is correlated with a submonolayer transition from the Si(111)-(7X7) to a
(3 X 1) reconstruction. This is accompanied by fluorine dissociation at the interface. Both initial growth
modes can lead to a uniform CaF2 epilayer and subsequent growth on this surface is layer by layer. Us-

ing x-ray crystal truncation-rod analysis, we have examined the CaF&/Si(111) surface and interface struc-
ture. For films grown at temperatures above the (7X7)~(3X 1) transition, the Ca atom in the CaF lay-
er at the interface is located in a single T4 bonding site. Finally, we have observed a structural transition
at the interface from the as-grown structure to a (&3X &3)830' reconstruction, which appears to be in-

commensurate. The dynamics of this transition and the possible mechanisms will be discussed.

I. INTRODUCTION

CaF2/Si is a prototypical ionic/covalent system with a
lattice mismatch of only 0.6% at room temperature. As
a result, CaFz/Si(111) has been studied both theoretically
and experimentally and is a prime candidate for techno-
logical application in semiconductor on insulator de-
vices. ' The early stages of interface formation have been
studied with x-ray photoelectron spectroscopy (XPS), '

medium-energy ion scattering (MEIS), scanning tunnel-
ing microscopy (STM), and x-ray standing-wave (XSW)
measurements. It has been concluded that CaFz dissoci-
ates to give CaF at the interface and various ordered
CaF-Si structures have been observed at submonolayer
coverages. From a MEIS study of monolayer coverages,
Tromp and Reuter proposed a T4 bonding site for the Ca
atom in the CaF layer. In contrast, Zegenhagen and Pa-
tel observed a mixture of three distinct bonding sites in
submonolayer coverages, depending on the substrate tem-
perature. At higher temperatures, an equal occupation
of T4 and H3 sites gave the best agreement with their
XSW measurements.

In early papers the growth mechanism of CaF2 on the
CaF layer was often assumed to be layer by layer. Re-
cently a composite growth mode has been observed in a
combined core-level photoemission/transmission-
electron-microscopy (TEM) study and was also inferred
from x-ray photoelectron diffraction results. This is best
described as a Stranski-Krastanow pathway to layer-by-
layer growth, beginning with CaFz coherent island for-
mation on the Si-CaF layer and then layer by layer CaF2
homoepitaxy.

The interface structure in thicker epitaxial
CaFz/Si(111) films has also been controversial. Batstone,
Phillips, and Hunke proposed an on-top site for the inter-
facial Ca atom on the basis of image simulation of high-
resolution transmission-electron-microscopy (HRTEM)

results. X-ray diffraction measurements, however, ap-
peared to confirm the submonolayer XSW studies, with
the H3/T4 mixture causing a domain structure in the
CaF2 film. ' Recently, we observed a structural transi-
tion at the interface, depending critically on the CaF2
overlayer thickness. "

In this paper we present a comprehensive study of
CaFz/Si(111) heteroepitaxy, from the early stages of in-
terface formation to the structure and stability of thicker
epitaxial films. The results reveal the temperature depen-
dence of the submonolayer structures that are formed
and their inhuence on the growth modes and subsequent
interface structures. Our results explain many of the
discrepancies between previous experimental studies and
provide a basis for theoretical structural calculations.
We also reexamine the interface transition and suggest a
mechanism based on defect diffusion in the ionic over-
layer.

The paper is structured as follows. In Sec. II we give
the details of sample preparation and the different experi-
mental techniques. In Sec. III we present results of in
situ refiection high-energy electron-diffraction (RHEED),
x-ray-diffraction, and XPS measurements aimed at under-
standing the ordering in the submonolayer regime. These
results are combined with ex situ TEM measurements to
demonstrate the different growth mechanisms which lead
to pseudomorphic, epitaxial CaF2 films. In Sec. IV x-ray
diffraction is used to probe the interface structures that
result from the different initial growth temperatures. We
also present a combined x-ray diffraction/TEN study of
the CaF2/Si interface structure formed at high substrate
temperatures. Interpretation of the x-ray-diffraction
measurements reveals that the interface Ca atom is locat-
ed at a single T4 site. The combination of real-space and
reciprocal-space techniques is a powerful method for
studying the structure of epitaxial films and their buried
interfaces. In Sec. V we describe the metastability of the
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as-formed CaFz/Si(111) interface and its transition to a
new interface structure. Finally, Sec. VI summarizes the
results and highlights some possible developments.

II. EXPERIMENTAL DETAILS

CaF2 was grown by molecular-beam epitaxy (MBE) on
well-oriented (miscut & 0.5') Si(111) substrates in a
three-chamber ISA/Riber ultrahigh vacuum (UHV) sys-
tem. Full details of the sample preparation and vacuum
system have been given previously. "" CaF2 was eva-
porated from a boron nitride effusion cell at 1150'C (cor-
responding to a deposition rate of -30 A per minute
during the initial stages of growth} with the sample being
held at the desired substrate temperature T as measured
by a W/Re thermocouple. The thermocouple calibration
can be referenced to the Si (1X1)~(7X7)phase transi-
tion, ' obtained on slow cooling of the sample, and was
observed by RHEED to occur at T-870-880'C. '

After growth, samples were removed from the vacuum
for ex situ TEM and x-ray scattering studies or
transferred under vacuum to an analysis chamber for
XPS measurements. Some samples, particularly those
with low coverages of CaF2, were capped with a thin
(50—100 A) layer of amorphous Si. TEM measurements
were performed at a voltage of 200 keV in JEOL 200 CX
microscopes. X-ray diffraction measurements were per-
formed using a Huber four-circle diffractometer based on
a Rigaku 12-kW rotating anode x-ray source. ' Addi-
tional x-ray scattering measurements were performed on
beam line 7-2 at the Stanford Synchrotron Radiation
Laboratory (SSRL), with a focused 1 mm (vertical plane)
X 2 mm (horizontal) incident x-ray beam (A, =1.24 A).

In Sec. III we also present some x-ray-diffraction mea-
surements performed on beam line X16A at the National
Synchrotron Light Source (NSLS), Brookhaven National
Laboratory, using an in situ UHV chamber coupled to a
five-circle diffractometer. In-plane x-ray-diffraction mea-
surements were performed in a grazing incidence
geometry with a focused 1.0 mm X 1.5 mm incident
beam (A, =1.37 A}. In this geometry, the incident angle
of the x-ray beam to the sample surface was equal to the
exit angle P=0.61', which is well above the critical angle
for total external reflection from the Si substrate. Full
details of the diffractometer design and instrumental
resolution have been given elsewhere. '

III. THE RELATIONSHIP BETWEEN
SUBMONOLAYER STRUCTURE AND GROWTH MODES

During CaFz deposition the (7X7) RHEED pattern of
the clean Si(111)surface changes to a (1 X 1) pattern. At
T & 550'C the pattern evolves in the sequence
(7X7)~(3X1)~(4X1)~(1X1). At T &450 C the
(7X 7) gradually fades to a (1 X 1) pattern and (3 X 1) and
(4X1) patterns are not observed. These results suggest
that the initial stages of CaF2/Si(111) deposition are two-
dimensional at high temperatures, since a small amount
of CaFz flux completely transforms the (7 X 7) to a (3 X 1)
surface, and three-dimensional at low temperatures, since
a much larger amount of material weakens, but does not
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FIG. 1. X-ray rocking scans through the (a) (7,0) and (b)

( —',0) superlattice Bragg rejections which are due to the Si-

(7X7) and CaF-Si-(3X1) reconstructions, respectively. In (a)
one set of data was taken from the clean Si surface and the other
was taken after CaFz deposition and at a substrate temperature
T-350'C. In (b) the data were taken at T= 525 C, at the onset
of the (7X7)~(3X1) transition, and at T=620 C, where the
transition is complete. In both (a) and (b) the data sets have
been displaced for clarity and the solid lines are calculated
Lorentzian line shapes with a constant background level. The
fitted line shapes were used to obtain the peak intensities and
widths described in the text and the integrated intensities in Fig.
2.

remove, the (7X7} RHEED pattern. ' At T-500'C a
superposition of (3 X 1 ), (4X 1), and (7X7) RHEED pat-
terns precedes the appearance of a (1 X 1) pattern.

In situ grazing incidence x-ray diffraction allows a
quantitative measure of the intensities and line shapes of
the superlattice Bragg reflections observed by RHEED.
The ( —'„0)and ( —,', 0) surface Bragg reflections [indexed
using the standard two-dimensional low-energy electron-
diffraction (LEED) notation for the Si(111) hexagonal
surface unit cell] are specific to the (7X7} and (3 X 1)
reconstructions, respectively. Figure 1(a} shows rocking
scans (rotation about the surface normal) through the
( —,', 0) reflection. The solid lines are fits to the data using
a Lorentzian line shape which enables the peak intensity
and full width at half maximum (FWHM} to be obtained.
For the clean surface, before CaF2 deposition [triangular
symbols in Fig. 1(a)], the FWHM corresponds to an aver-
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0

age correlation length L of -3600 A. This is consistent
with domain boundaries at steps on the surface, the dis-
tribution being determined by the sample miscut ( (0.5 ).
Deposition of CaF2 on the Si(111) surface at room tem-
perature caused no appreciable change in the intensity or
width of the ( —'„0)peak [the amount of material deposit-
ed was equal to the amount that gave a (3X1) recon-
struction at a substrate temperature of -700'C in a prior
deposition experiment]. As the sample was heated above
room temperature there was a dramatic decrease in the
intensity of the ( —'„0)reflection. The rocking scan
through the ( —'„0)peak at T=350'C is also shown in Fig.
1(a). The width of the peak corresponds to only a slight
decrease in the correlation length L -3200 A, although
there is nearly a 50% decrease in the integrated intensi-
ty. ' At this temperature there was still no intensity at
( —„0),in agreement with RHEED, which indicated that
the (7X7)~(3X1) transition occurs at —500'C. At
T-510'C, intensity began to appear at the ( —,', 0) super-
lattice reflection. Rocking scans through ( —,', 0) are
shown for two sample temperatures in Fig. 1(b). Again,
the 6ts to the data are Lorentzian line shapes and at the
higher temperature the FWHM corresponds to a correla-
tion length L =3200 A. Figure 2 summarizes the tem-
perature dependence of integrated intensity for both the
( —,', 0) and ( —,', 0) surface reflections. There is a clear cross-
over in intensity from ( —,',0) to ( —,', 0) indicating that the

(3 X 1) domains are forming at the expense of the Si-
(7X7). The width behavior of the ( —,', 0) peak indicates
that the (3X1) domain size grows rapidly at the onset of
the transition. As the integrated intensity of the ( —„0)
reflection increases we can conclude that the transition is
not equivalent to an "order-disorder" transition on the
surface. In addition, the transition is irreversible, as cool-

ing the sample to room temperature caused no decrease
in the ( —,', 0) peak intensity.

Figure 3 shows the Ca 2p XPS spectra for a submono-
layer coverage of CaF2 at three different sample tempera-
tures. In Fig. 3(a) the data are obtained after deposition
at room temperature [RHEED showed a faded (7X7!
pattern]. The data in Fig. 3(b) were taken after the sam-
ple had been annealed to -450 C [RHEED showed a
faint (7X7) pattern]. Finally, the data in Fig. 3(c) were
taken after an anneal to -650'C, during which the
(7X7)~(3XI) transition was observed by RHEED.
Several changes in the data are immediately apparent and
can be quanti6ed by 5tting the data using Voight line
shapes. The solid lines in Fig. 3 are the results of these
fits; the spectrum in Fig. 3(a) was fitted with a single
spin-orbit doublet. Two doublets were used to fit the
spectra in Figs. 3(b) and 3(c). The relevant fitting param-
eters are given in Table I. We also measured the F 1s
spectra, which were Atted by a single Voight line shape
with a variable Lorentzian width. The integrated intensi-
ties and widths, obtained from these fits, are shown as a
function of temperature in Fig. 4.

Interpretation of photoemission spectra can be compli-
cated by a lack of independent structural information. In
this paper we use TEM images to aid our interpretation
of the RHEED, x-ray, and photoemission results. All im-

ages are taken under standard two-beam conditions with
the diffraction vector g set slightly positive of the Bragg
angle and with the incident beam direction a few degrees
away from [111].Figure 5(a) is a bright-field TEN image
taken from a CaF2/Si(111) sample where CaFz was de-

posited at T=550'C [RHEED showed a (1 X 1) pattern].
We assume that the regions with bright/dark edges are
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FIG. 2. The temperature dependence of the integrated inten-

sities of the ( 7,0) and ( —,',0) superlattice Bragg reflections. Very

little change is observed after CaF2 deposition at room tempera-
ture. At T-500'C the surface undergoes a transition to an or-

dered (3 X 1) structure which appears to wet the Si substrate

and completely remove the (7 X 7) reconstruction.
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FIG. 3. Ca 2p core-level XPS data taken from submonolayer
coverages of CaFz on Si(111)at (a) room temperature [RHEED
showed a faint (7 X7) pattern], (b) after the sample had been an-

nealed to T-400'C [RHEED still showed a faint (7X7) pat-

tern], and (c) after the sample had been annealed to T-600'C
[RHEED showed a strong (3X1) pattern]. The data are dis-

placed for clarity and the solid lines are Voight line shape f][ts to
the data in (a) with a single spin-orbit doublet and in (b) and (c)
with two doublets. The fit parameters are listed in Table I.



50 EPITAXIAL GROWTH MECHANISMS AND STRUCTURE OF. . . 14 343

1.0- &

0.6-

Qi

0 4—

perature there is a weak interaction between the Si sur-
face and the arriving CaF2 molecules. The ( —',,0) super-
lattice Bragg reflection, specific to the Si-(7X7) recon-
struction, is unchanged after deposition. The photoemis-
sion spectra show a single Ca 2p doublet, with a width
consistent with Ca in a bulklike environment, and a
broad F 1s line shape, possibly due to inhomogeneous
broadening associated with fluorine disorder. ' The pho-
toemission spectra change dramatically after the sample
is annealed to -450'C, which is below the
(7X7)~(3X1)transition temperature, but at a tempera-
ture where -50%%uo of the (7X7) was lifted in the x-ray

200 400

Temperature ( C )
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FIG. 4. Fit parameters to the F 1s core-level XPS data from
the same sample described in Fig. 3 and at the same stages of
the experiment. The integrated intensity is normalized to be 1

for the room-temperature result.

CaF2 islands because the total coverage of these regions
increases if more CaF2 is deposited. The height of the is-
lands cannot be directly determined from the TEM im-
age, but was measured as -4 CaF2 triple layers thick by
x-ray diffraction in a sample where the islands covered
approximately 90% of the surface. The region in be-
tween the islands in Fig. 5(a) is not bare Si, since a (7 X7)
RHEED pattern was not observed and no (7X7) was
visible in transmission electron diffraction (TED). Pub-
lished MEIS, XPS, XSW, and STM work indicates the
presence of CaF-Si(111) at submonolayer coverages.
This suggests that the region in between the CaF2 islands
is a composite CaF-Si(111}layer. Figure 6(a) is a dark-
field TEM image taken from a CaF2/Si(ill) sample
where CaF2 was deposited at T=450'C [RHEED and
TED showed a weak (7X7) pattern]. ' The small
( -500-A-diam) regions bordered by bright and dark lines
are CaFz islands. These islands appear to lie along
—,'[111] steps on the substrate. The weakened (7X7)
RHEED pattern indicates that, at lower temperatures,
CaF2 islands grow directly onto the Si(111)-7X 7 surface,
without a CaF-Si(111}wetting layer.

The TEM, x-ray scattering, and photoemission results
enable a detailed description of the temperature depen-
dence of CaFz/Si(111) interface formation: At room tem-

TABLE I. Parameters to the fits to the XPS data in Fig. 3.
The widths were fixed in fitting the spectra, which consists of a
spin-orbit doublet (separated by 3.5 eV and with an intensity ra-
tio 1:2) in (a) and two doublets in (b) and (c).

(a)
(b)
(c)

3476
2511
1240

0
1309
2340

total

3476
3820
3580

Peak
separation (eV)

2.6+0.3
3.9+0.4

FIG. 5. TEM images taken from CaF2/Si(111) samples. (a)
Bright-field image after 8 sec of CaF2 deposition at T=550'C.
(b) Dark-field image after 100 sec of CaF& deposition at
T=700 C. The appropriate (220} diffraction vectors are
marked.
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experiment. The Ca 2p spectrum now shows the presence
of two doublets, separated by -2.6 eV. This splitting is
consistent with the separation between bulk and interface
components observed in previous measurements of thin
CaFz layers on Si(111). ' The peak at lower binding en-

ergy has been attributed to Ca-Si bonds at the interface.
The decrease in the integrated intensity of the F 1s peak
indicates that some dissociation and F desorption has oc-
curred in the reaction of the Si-(7 X 7) surface. As the
sample is heated to -650 C the surface undergoes a

(7X7)—~(3X1) transition and this overlayer wets the
substrate. This is evidenced by the exchange of intensity
between the (=', ,0) and ( —,', 0) surface Bragg reflections
shown in Fig. 2. The F 1s XPS peak sharpens and iis in-

tegrated intensity drops by -50%. This is consistent
with previous measurements of samples prepared at high
temperatures (T) 550'C) in which the CaFz molecule
dissociates to give CaF at the interface and F in a single
surface site. We cannot rule out the possibility that
(3 X 1) and (1 X 1) phases coexist in the wetting layer and
these two phases may have di6'erent Ca-F ratios. The
correlation length of the (3X1) phase indicates that the
reconstruction is very we11 ordered and covers areas of
the surface with a domain size equivalent to that of the
original Si-(7X7) reconstruction. This implies that the
CaF2 (or CaF) is remarkably mobile on the surface in

changing from the island structure [in Fig. 6(a)] to the
(3 X 1) phase. The Ca Zp XPS spectrum, above the tran-
sition temperature, still shows the presence of two dou-
blets but now separated by -4 eV and with an intensity
ratio of —1:2 (the most intense peak at lower binding en-

ergy). We suggest that this splitting is partially caused by
the presence of two distinct Ca environments in the
(3 X 1) reconstructed surface. The (3 X 1) phase can ac-
commodate a range of coverage, which explains why it is

the most commonly observed submonolayer reconstruc-
tion in this system. Heating of the (3 X 1) phase to tem-
peratures higher than 650'C can cause further depletion
of F and a change in the intensity ratio of the two Ca 2p
components. A detailed x-ray-di6'raction study of the
(3 X 1) surface is the subject of work in progress. '

Below the (7X7)—+(3X1) transition temperature the
initial growth mode is Volmer-%eber, with CaFz islands

FIG. 6. Dark-field TEN images taken from CaF&/Si(111)
samples grown at T=450 C (a) after 5 sec of CaF2 deposition
and (b) after 100 sec of CaFz deposition. The appropriate (220)
di8'raction vectors are marked.

FIG. 7. Dark-field TEM image taken from a CaF2/Sic', 111)
sample after 100 sec of deposition at room temperature. The in-
set is the [111] transmission-electron-ditfraction pattern from
the same sample, taken at 200 keV. The pattern shows rings as-
sociated ~ith the polycrystalline CaF-.
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growing directly on the Si surface. Above the transition
temperature the initial growth mode is Stranski-
Krastanow with CaF2 islands forming on the CaF wet-

ting layer. Despite these different growth mechanisms
and submonolayer structures, a pseudomorphic CaFz film

results in both cases, and subsequent growth is layer by
layer. Figures 5(b) and 6(b) show dark-field TEM images
taken after 100 sec of CaFz deposition at substrate tem-

peratures of 450 C and 700'C, respectively. An array of
parallel line defects is visible and show contrast con-
sistent with a displacement along [112]. Such line de-

fects are anticipated at —,
' [111]steps on the Si substrate,

as a consequence of differences between the symmetry
operators of Si (space group Fm3m) and the CaF2 layer

[space group Fd 3m and rotated 180' about the (111)sur-

face normal]. The line defects in Fig. 5(b} show the
same contrast as those in Fig. 6(b).

We have observed three temperature regimes in which
pseudomorphic growth does not occur; growth at
T 300'C, where there is no strong interface reaction,
results in severe islanding. This is illustrated in Fig. 7,
which is a dark-field TEM image taken after CaF2 deposi-
tion at T-200'C. The inset to Fig. 7 is a TED pattern
from the same sample showing the presence of polycrys-
talline rings. Islanding also results when the high- and
low-temperature growth mechanisms coexist (at
T-500'C). Submonolayer coverages in this case show
islands on two different length scales, with large islands
spanning some terraces [as in Fig. 5(a)] and much small-
er islands on others [as in Fig. 6(a)]. Finally, growth at
very high temperatures (T)800'C} can also result in is-

landing. This is presumably due to significant reevapora-
tion of CaFz from the surface during growth. We should

also note that changing the CaF2 growth rate can bias the
kinetics in favor of islanding on the CaF wetting layer
and this has been described elsewhere. '

IV. INTERFACE AND THIN-FILM STRUC. I URE

The lattice mismatch between Si and CaF2 varies from
0.6% at room temperature to -2.4% at 700'C. The
critical thickness for pseudomorphic films grown iso-
thermally at 700'C is —12 CaF2 triple layers. ' ' How-
ever, the growth mechanisms described above, in which
CaFz islands coalesce at a thickness of approximately
four triple layers, suggest that a "template" method can
be employed. "' Thick, unrelaxed CaF2 films can be
grown by depositing 6-7 layers at the desired tempera-
ture for interface formation and then cooling the sample
to room temperature for subsequent growth. This.
method has been successful in achieving pseudomorphic
growth up to a thickness of -90 CaF2 triple layers
(-280 A). The samples described in the remaining sec-
tions of this paper were prepared by this template
method in order to remove the effects of epilayer relaxa-
tion from the structural analysis.

Figure 8 is a HRTEM image taken along Si[110]from
a nine triple-layer-thick CaFz/Si(111) film grown at
720'C. The 0.31-nm spacing of the [111] and [ill]
planes of the CaF2 and Si are clearly resolved in this im-
age. The abruptness of the CaFz/Si(111) interface and
the twin orientation of the CaF2 are readily apparent.
This is consistent with diffraction contrast images taken
from plan view samples which show no visible defects
other than evenly spaced line defects with —,

' [112]charac-
ter. In agreement with the experience of previous au-
thors, ' we found it impossible to take a focal series of
images, since the CaFz region of interest became amor-
phous after less than 1 min under the electron beam. The
severity of the radiation damage inhibits the use of
HRTEM as a tool to investigate the atomic structure of
the CaF2/Si(111) interface.

Recently a technique has emerged which employs an

FIG. 8. High-resolution TEM
image of the CaF2/Si(111) inter-
face along the Si [110]direction,
in a sample grown at T=720'C
and determined to be approxi-
mately nine. CaF2 triple layers
(-30 A) thick. The point to
point resolution is approximate-
ly 0.24 nm. The twin orientation
(B-type stacking) of the CaFi
film is readily apparent.
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FICs. 9. Integrated intensity of the x-ray diffraction along the
surface normal direction (specular CTR) through the Si(111)
Bragg reflection, from two samples grown by the template
method with (a) initial deposition at T=700'C and (b) initial
deposition at T=4SO C. For (a) the Si Bragg peak would be ap-
proximately 1 on the intensity scale shown. The data set (b) is
displaced for clarity. Solid lines are fits to the data according to
a simple kinematical scattering model with four independent
structural parameters.

understanding of the x-ray "crystal truncation rod"
(CTR}, i.e., the x-ray scattering along the surface normal
in reciprocal space through bulk Bragg reflections. Fig-
ure 9(a) is a CTR measured through the Si(111) Bragg
refiection along the (111) surface normal and extending
over the range (0.9 0.9 0.9}—(1.1 1.1 1.1). The film was
grown by the template method with initial deposition at
T=700 C. Each point corresponds to a background sub-
tracted integrated intensity obtained by rocking scans,
perpendicular to the CTR. The data points have been
corrected for the variation in the active sample area and
the Lorentz factor. No data were collected close to the
Bragg reflection, which would be approximately 1 on the
intensity scale shown. Following the work of Robinson,
Tung, and Feidenhans'1 and our previous paper, ' we fit
the data to a model with four parameters: N, the number
of CaF2 layers; t.", the out-of-plane lattice parameter of the
CaF2 film; d, the interfacial separation, which is the dis-
tance from the midpoint of the top Si bilayer to the first
Ca atom in the film; and an overall scale factor which
multiplies the calculated intensity and accounts for the
fact that the measurements are not normalized to the in-
cident x-ray beam intensity. The best fit shown by the
solid line in Fig. 9(a) gives N=29, c =3.168+0.004 A,
and d =2.8+0. 1 A. With the CaF2 epilayer distorted in

plane to match the Si lattice constant, as shown by the
lack of moire fringes in the TEM image [e.g., Fig. 5(b)],
the perpendicular lattice constant increases to accommo-
date the strain and can be calculated from the elastic con-
stants using Poisson's ratio. The calculated value is in
good agreement with the measured value. The interface
separation d is consistent with the ion scattering mea-

surements of Tromp and Reuter (d=2. 67 A) (Ref. 4)
and the XSW measurements by Zegenhagen and Patel
(1=2.73 A), which were both performed on 1-ML-
thick films (it was concluded from these and other mea-
surements that the high-temperature interface was
deficient in F and so the interface F layer was removed in
our scattering model).

Figure 9(b) shows another CTR from a sample initially
grown at T=450'C. The parameters to the fit are
N =42, c =3.168+0.004 A, and d =3.3+0.2 A. The
CaF2 lattice parameter is the same for both samples as
the measurements were performed at room temperature
and neither film had relaxed. The interfacial separation
d, however, is different and causes the change in asym-
metry around the Si Bragg reflection. The relatively poor
quality of the fit to the data in Fig. 9(b) indicates that the
model is inadequate and suggests that there may be a
mixture of bonding sites at the interface. This is support-
ed by previous XPS results in which a component in the
Si 2p spectrum, shifted by -0.8 eV to a higher binding
energy than the bulk Si 2p component, was observed at a
deposition temperature T=500 C and attributed to the
presence of Si-F bonds at the interface. An increase in
the interface separation as the deposition temperature
was decreased was also observed by XSW. It is remark-
able that at low temperatures a pseudomorphic CaF2 film
is formed, given the apparent mixture of bonding
schemes at the interface. This may be linked to the re-
cent observation that Si adatoms are incorporated in the
initial CaF layer at low growth temperatures.

The CTR technique attains sensitivity to single mono-
layers if the measurement is performed over very large
ranges of momentum transfer, well away from the bulk
Bragg reflections. ' For a thin-film system, the scattered
amplitude at any point along a truncation rod is the sum
of the contributions from the substrate and the film, and
it is the interference between these components that pro-
vides the sensitivity to the detailed atomic structure. As
all layers that are commensurate with the substrate con-
tribute to the scattering, the interpretation can be com-
plicated due to the influence of atomic scale roughness,
such as vacancies or steps. It is for this reason that there
have been few studies of epitaxial films, which often con-
tain a variety of structura1 defects. The quality of the
TEM images in Figs. 5(b) and 6(b) suggests that
CaFz/Si(111) is a prototypical system for a detailed CTR
study.

Within the kinematical approximation, the scattering
amplitude from an arbitrary unit cell is given by

&(Q)=g f, (Q)e

where there are j atoms in the unit cell at positions rj and

f~(Q) is the atomic form factor. The total scattered
amplitude is obtained by summing over the unit cells in
the structure. For a Si(111) crystal we use the standard
LEED notation for the hexagonal unit ceH. This is relat-
ed to the cubic unit cell by the transforms
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(100)» =
—,
' (224),„b,

(010)» =
—,
' (242),„b,

(001)» =-,'(111),„b.

(2)

In this notation the Miller indices h and k represent the
in-plane momentum transfer and I is perpendicular to the
surface. For the Si substrate the scattering is given by

the summation over the Si bilayers, each bilayer con-
taining two atoms at positions r& =0 and
r2= 38]+3a2+ —,', a3, where the vectors a; correspond to
real-space vectors defined by the reciprocal-space lattice
in Eq. (2). Each bilayer is shifted by r= —,'a, +—,'a&+ —,'a3
with respect to the neighboring bilayer below. Neglect-
ing absorption, the scattering from the semi-infinite Si
substrate is

0
A s; ( h, k, l ) =fs; (h, k, l ) g [ 1+exp(2n i [2h /3+ k /3+ l /12] ) J exp(in r )

n= —oo

[ 1+exp(2m i [2h /3+ k /3+ l /12] ) ]
1 —exp( —2n.i [2h /3+ k/3+1/3] )

(3)

(4)

The CaFz film has a three-atom basis with a unit cell
defined by the vectors

r&=0 (Ca atom),

r2 =
—,
' (2a, +a2) —a3/12,

r3= —
—,'(2at+at)+a3/12 (F atoms) .

The shift between adjacent CaF2 triple layers is given by
r= ——3a&

—
—,'a2+ —,'a3, where the negative sign in the first

two indices accounts for the B-type stacking in the CaF2
film, i.e., a 180' rotation in the direction of the stacking
with relation to the Si bilayers. For a N layer CaF2 film
the summation gives a scattering factor

A c,„=Ifc,+2fFcos[2tr( 2h /3+ k /3 —l /12 ) ] ]

4 (a)
10

10

10
V

10

1 0
-6 -4

L (hexagonal units)
1 —exp [ 2n iN [ 2h /3 —k /3—+ ( —'+ 6, )l ] ]

X
1 —expI2ni[ —2h/3 —k/3+( —,'+b, )l )[ 10

(b)

6 accounts for the difference of the CaF2 and Si lattice
parameters in the out-of-plane direction and it is assumed
that there is lattice matching in plane. The total scat-
tered amplitude is the sum of the scattering from the film
and the substrate, with an appropriate phase factor mul-

tiplying AG,F, given by

Cy

&D

10

10

A, », I
=

exp

[2ni�

(xh +yk +zl )], (6)

where xa&+ya2+za3 is the shift from the Si bilayer to
the first Ca atom. The scattered intensity is

I», »,l" I As;(h k l)+11»,», i A~F, (»k l)!' ~

10

L (hexagonal units)

For the (10l) rod there is divergence at the Si Bragg
reflections at I = —5, 1,4 but not at I = —2, which is sys-
tematically absent for the diamond structure.

Figures 10(a) and 10(b) show the measured scattering
along the (10l) rod for an uncapped film grown by the
template method with initial deposition at 700'C. The
measurement was performed on beam line 7-2 at SSRL,
using the standard co=0 four-circle configuration of the
diffractometer. Each point along the rod corresponds

FIG. 10. The extended CTR scattering from a 28 CaF2
triple-layer-thick sample grown by the template method. (a)
The scattering along (10l) defined using the hexagonal unit cell
in Eq. (2). The data are mapped onto (10l) according to
Friedel s inversion rule. (b) The scattering along (101). The Si
Bragg peaks at I = —5, 1,4 are approximately 1 on the intensity
scale shown. The solid line is a fit to the data according to the
model described in the text and the parameters in Table II. The
dashed line in (b) is a calculation with the first Ca atom at the
interface in an H3 bonding site.
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to a background subtracted integrated intensity obtained
in a P scan, which is a rotation about the sample surface
normal. At low I values, where the resolution is dominat-
ed by the vertical divergence of the incident beam, the P
scans exhibited two narrow peaks due to the regular step
distribution on the surface. At higher I values the reso-
lution is defined by a convolution of the horizontal diver-
gence of the incident beam and the angular acceptance of
the detector slits and the P scans showed a single broad
peak. The resolution along I was always sufficient to
resolve the oscillation fringes seen in Fig. 10 without any
broadening or dampening effects. This was checked by
changing the slit sizes and repeating some of the data col-
lection. There are a total of —1000 points in Figs. 10(a)
and 10(b). As it is only possible to measure at positive I
values, the data in Fig. 10(a) is actually a measure of the
(101) rod, which is equivalent to (10l) according to
Freidel's inversion rule. It should be noted that the Si
Bragg reflections are —1 on the intensity scale shown and
so the use of synchrotron radiation is essential for this
measurement.

To extract structural information from the CTR data it
is necessary to develop a scattering model based on the
equations given above. A number of changes to the
simplified model are required in order to obtain a good fit
to the data and we will discuss these in turn. First of all,
the data must be corrected for instrumental resolution
effects, which we include in the calculation of the CTR
profile. The resolution function appropriate to CTR data
collected in this way has been described in detail by To-
ney and Wiesler. The second factor that we take into
consideration is that our structural model must be con-
sistent with previous measurements of the CaF2/Si(111)
interface. It has been shown by a number of authors
that, for deposition at high temperatures, the CaFz mole-
cule dissociates to give CaF at the interface. It is simple
to remove the first F layer in the scattering model. The
interface separation we obtain from the specular CTR
scattering [Fig. 9(a)] implies that there are two possible
sites for the first Ca atom if sensible Ca-Si bond lengths
are to be retained. These are the H3 site, above the
fourth layer Si atoms, and the T4 site, above second layer
Si atoms. The locations of these sites with relation to the
bulk Si lattice are shown in Fig. 11. They are related by a
translation vector —,'(a, —az) and so the change from H3
to T4 has a dramatic effect on the (10l) rod, as it alters
the phase of Ac,z with respect to As;. The final altera-'2
tion is to take into account the effects of roughness. The
simplest example is a variation in the number of CaF2
layers, i.e., a discrete thickness variation across the il-

luminated area of the surface. We include this by giving
the layer thickness a discrete Gaussian distribution about
a mean value X and summing this distribution in Eq. (7).
This assumes that steps on the CaF2 surface have a large
in-plane correlation length. In addition to the thickness
distribution, each atomic layer in the scattering model is
given a surface-normal root-mean-square displacement
amplitude 0; by multiplying the atomic form factors f,
in Eqs. (4) and (5) by a static Debye-Wailer factor
exp( —Q, o; ). Q, is the surface normal momentum

FIG. 11. Top view of the Si surface unit cell. The two possi-
ble adsorption sites T4 and H3 for the Ca atom in the CaF layer
at the interface are shown by the shaded atoms. The basis vec-
tors of the hexagonal unit cell are indicated.

transfer, proportional to l.
Using a least-squares minimization routine the best fit

to the data is shown by the solid lines in Figs. 10(a) and
10(b), according to the structural parameters in Table II.
A number of structural models were tested in which the
strain in the CaF2 epilayer and the roughness at the
Si/CaFz interface and CaF2 surface were altered. As the
measurement is a nonspecular CTR, layers that contrib-
ute tu the scattering must be ordered in the surface plane
and commensurate with the Si substrate. Models in
which both the strain and the atomic scale roughness
were given distributions, with exponential decay away
from the interfaces governed by independent correlation
lengths, were tried, but did not improve the fit to the
data. Including a stacking fault in the topmost Si bilayer
has a dramatic effect on the calculated proNe and is not
consistent with the data.

The structural information we obtain from this mea-
surement is as follows.

(i) The solid line and dashed line in Fig. 10(b) are calcu-
lations with the first Ca atom in a T4 site and an H3 site,
respectively. Clearly the data support a T4 bonding site.
If the population of T4 and H3 sites is allowed to vary,
the best fit is for 100% T4. This disagrees with previous
XSW and x-ray-diffraction measurements, which suggest-
ed an equal population of T4 and H3 sites resulting in a
domain structure in the CaF2 film. ' We see no evidence
of such a domain structure and attribute the previous re-
suits to nonuniform growth. The XSW measurements
were performed on submonolayer coverages where it is
possible that a mixture of bonding sites is present. Our
results are consistent with the MEIS studies of Tromp
and Reuter, ' which were performed on structures exhib-
iting a (1 X 1) LEED pattern. The CTR measurement is
extremely sensitive to the choice of bonding site since it
directly determines the interference between the scatter-
ing from the CaF2 overlayers and the substrate.

(ii) The results show that the CaF2 film is lattice
matched in-plane to the Si substrate. This distortion re-
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TABLE II. Summary of the parameters in the structural model used to calculate the solid line in

Fig. 10. The errors in the fitted parameters are diScult to evaluate from a y analysis, due to the large
number of data points, but it is expected that the quoted figures are significant.

0
Si surface Top atom relaxation of —0. 1 A (into surface)

CaFz/Si interface Ca in T4 bonding site
Interface spacing (middle of Si bilayer to Ca atom) d=2. 74 A
dc l dc 2 (CaF layer to first CaF2 layer spacing) = 3. 184 A

CaF2 film Number of layers N=28
Gaussian width o&=1.40
CaF2(111) lattice parameter c=3.174 A (cs;=3.1356 A)

Roughness parameters

Surface roughness

0 a 0
0'~~ 0 06 As O'F 0 26 A~ 0'sj 0 15 A

No surface F layer
O.o (Ca) = 0.87 A

suits in an expansion in the out-of-plane CaF2 lattice con-
stant. There is no evidence to support a strain variation
in the surface normal direction in the CaFz film or at the
surface of the Si substrate. It should be noted that the
TEM image in Fig. 5(b) indicates that there is a strain
field around the misfit dislocations. However, this is a
second-order effect on the CTR, due to the small fraction
of material involved.

(iii} Although the CTR measurement is not sensitive to
noncrystalline material, the results do give some insight
into the structure at the CaFz surface. The best fit to the
data includes a missing (or completely disordered) F layer
at the surface. The disorder is propagated to the first Ca
layer, manifested in an increased cr value. This surface
remains stable over long-time periods, indicating that the
reaction is localized at the surface.

(iv) The values o; are independent of the thermal
Debye-Wailer factors which have been explicitly included
in the calculation. The effect of bond charge distribution
in Si, where each atom contributes one electron to the co-
valent bond, has not been included and may account for
the nonzero value of o s;.

(v) The layer thickness is described by a discrete
Gaussian distribution centered about N=28. For the
calculated 0& in Table II this implies that the thickness
variation is over five CaF2 triple layers, i.e.,—21%N =26, 30; 46%N =27,29; and —33%N =28.
The x-ray measurement typically samples a surface area
of -2mm.

Real-space structural information to support the CTR
model was obtained by performing dark-field TEN mea-
surements. A rotation of 180 about [111]is not a sym-
metry operation for a cubic lattice. Scattering from the
CaF2 layer can be separated from scattering from the Si
substrate since the CaF2 [111] is coincident with the
disallowed, weak Si [—', —,

'
—,'] reflection (the notation used

here is for the conventional bulk unit cell}. Dark-field
images formed using CaF2 [111]are therefore dominated
by diffraction contrast originating in the CaFz layer only.
Figure 12 shows a [111]dark-field image taken from a

CaF2 layer grown at 700'C. The thickness of the layer
was 4—5 triple layers, as determined by the ratio of the
interface to bulk components in the Ca 2p XPS signal.
The CaF2 layer is thin enough to make a kinematical
scattering approximation valid and yet thick enough to
allow the small contribution from the Si to be ignored.
Image brightness can therefore be interpreted as being

FIG. 12. TEM micrograph, imaged with CaFz [111], from a
CaF2/Si(111) film deposited at a substrate temperature
T=770 C to a thickness of approximately five CaF2 triple lay-
ers. The diffraction vectors are marked and the scale bar is 0.5
pm long. The incident beam direction is close to [123].
Changes in thickness of one CaF2 triple layer ( —,

' [111])appear
as a change in brightness of the image. —,

' [111]steps at the in-

terface, which are correlated with the array of line defects seen
in Fig. 5(b), are visible, as are the —,

' [111]steps at the CaFz sur-
face.
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proportional to the CaF2 thickness. Two sets of inter-
secting steps, one straight and one slightly facetted, are
clearly visible in Fig. 12. Line defects at the straighter
steps come into contrast as either dark or light lines if the
sample is tilted away from the exact CaF., [ill] Bragg
condition. From symmetry considerations it is known
that line defects with —,

' [112]character are introduced at
—,'[111]steps on the Si surface (see above). The straight
steps therefore lie at the CaF2/Si interface and the more
facetted set of steps lie at the top surface of the CaF2.
There are only three contrast levels in Fig. 12 (apart from
completely black regions, which are holes). It can there-
fore be inferred that the thickness of the film varies over
three CaF2 triple layers and that the steps on the top and
bottom of the film are one triple layer high. Dark-field
images from CaF2 layers of different thicknesses indicate
the same morphology. In films thicker than -20 triple
layers the dark-field contrast is lost under the diffuse
background ' and interpretation of the images is compli-
cated by multiple scattering. To exclude as much of the
diffuse background as possible an extremely small objec-
tive aperture is used (1 mrad diam). Dark-field images
showing qualitatively similar contrast to Fig. 12 have
been taken from Au, Si, and MgO. To our
knowledge the present observations are the first to show
the distribution of atomic steps at the top and bottom
surfaces of an epitaxial film. Further discussion of this
dark-field contrast will be published elsewhere. In con-
clusion, CaF&[111]dark-field images show wide terraces
on the CaF2 surface separated by triple layer high steps,
which have a tendency to form facets along (110). This
supports the CTR model of film height distribution.

V. INTERFACE STRUCTURAL TRANSITION

In a recent paper we presented measurements that in-
dicated that the CaFz/Si(111) interface undergoes a
structural transition. " On the basis of the available data
set we concluded that the buildup of strain in the thin
film was the driving force for this transition. After fur-
ther study we find that this transition is considerably
more complex and that strain is not the primary driving
force. The transition may well explain some of the
discrepancies between previous measurements of the
CaF2/Si(111) interface structure and should be con-
sidered in future work on this system, particularly if com-
parisons between in situ (i.e., under UHV growth condi-
tions) and ex situ experiments are to be made.

Figure 13 shows x-ray-diffraction measurements, taken
with a rotating anode x-ray source as described in Sec.
IV, over the range i=0.95—1.05 around the Si(111)
Bragg reAection. The sample was grown by the template
method and, from the oscillation period in the x-ray data,
is determined to be 27 CaF2 triple layers thick. The three
data sets in Fig. 13 were taken after -2 days, 16 days,
and 60 days for curves (a), (b), and (c), respectively. A
dramatic change in the data is observed, most notably at
I —1.02, where the change in integrated intensity is
greater than a factor of 10 between (a) and (c). The solid
lines are fits to the data with the simple four-parameter

I0

10

10

Si ('111) recip. latt. units

FIG. 13. Measurements of the specular CTR, similar to those
in Fig. 9, for a sample grown by the template method with ini-

tial deposition at T=700'C. The thickness is -27 CaF2 triple
layers. The data were taken (a) 2 days, (b) 16 days, and (c) 60
days after the sample had been removed from the MBE vacuum
chamber. The data are displaced for clarity and the solid lines
are 6ts to the data with the simple four-parameter model. The
only parameter that changes is the interface separation d.

model described previously. The fits all give a distortion
of the out-of-plane CaF2 lattice constant c =3.17 A and
the same layer thickness (no height distribution is includ-
ed in this model). The only parameter that changed is
the interface separation d. In (a) d=2. 8 A, consistent
with the measurements in Sec. IV. In (c) d =4.5 A and
the fit in (b) is obtained by an incoherent sum of the
scattering from d=2. 8 and d=4. 5 A interfaces. The
value d =4.5 A is not a physically reasonable spacing be-
tween the substrate and epilayer and we assume that
there is a layer in between the two lattices. Such a layer
would not greatly influence the x-ray measurement as the
technique is based on the interference of the scattering
from the two "bulk" crystals (film and substrate). ' '

The results of Figs. 13(a) and 13(c) are consistent with the
measurements described in our previous paper. " The
transition probably occurs from one discrete interface
structure to another, as the data in Fig. 13(b) are ade-
quately modeled by a mixture of the initial and final in-
terface separations. There is one important point to note;
the measured line shapes in the x-ray measurement, ob-
tained by scanning perpendicular to the rod of scattering,
are unchanged throughout the experiment. Planview
TEM images of the sample, such as Fig. 5(b), are also un-
changed. This indicates that the interface transition is
not a result of relaxation in the CaF2 film.

%e have examined some of the dynamics of the
structural transition and it exhibits the following charac-
teristics.

(i) The time elapsed before the transition occurs is criti-
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cally dependent on the thickness of the CaFz epilayer.
We have never observed the d =2.8 A interface in a film

where the thickness is less than 15 triple layers (the x-ray
measurement takes approximately 4 h to perform after
the sample has been removed from the vacuum). The
time scale for thicker films varies from —1 day to less
than 1 month.

(ii) The transition appears to be independent of the
thickness of the amorphous Si capping layer, which has
been varied from 0 to 500 A.

(iii) All of the samples we have measured eventually
undergo this transition and the new interface (d =4.5 A)
is stable for much longer time periods (greater than 1

year). The transition also occurs in films that are com-
pletely or partially relaxed.

(iv) The transition has also been observed by Raman
scattering, where it is signified by the disappearance of a
sharp interface peak at 448 cm

(v) The time scale depends on the doping of the Si sub-
strate with a faster transition for n-type doped wafers (the
carrier concentration in both the n-type and p-type
wafers was measured as —1 X 10' cm ).

The new interface structure is more complicated than
the as-grown structure. Figure 14(a) shows part of a
[111]TED pattern, taken at 200 keV, from an 18 triple-
layer-thick CaF2 layer, and several weeks after the sam-

ple had been removed from the MBE vacuum chamber.
The brightest peaks are reciprocal-lattice points which
have a nonzero structure factor for bulk Si and CaF2.
Weaker peaks at —,

' (224) are disallowed for the bulk but
allowed at a (111) interface/surface. The weakest
features, in —,'(220) positions, are consistent with a
(&3X+3)R30' unit cell, indexed using the Si surface
unit cell. This reconstruction must occur at the interface,
as the (&3X&3)R30' was not observed by RHEED
from a sample which had been exposed to the atmo-
sphere. We also searched for (&3X/3)R30' superlat-
tice re6ections using grazing incidence x-ray scattering at
SSRL. With the cyrstallographic alignment determined
by several in-plane Si Bragg rejections, no intensity was
observed at the superlattice positions defined by the
(&3X v 3)R 30' symmetry. Intensity was observed, how-
ever, at a position incommensurate with the
(~3X V'3)R 30' reciprocal-space lattice. Figure 14(b)
shows a P scan (rotation around the sample surface nor-
mal) centered at (0.27, 1.37) in the Si hexagonal cell nota-
tion defined in Eq. (2) [a commensurate (&3X &3)R30'
reflection would occur at ( —,', —', )]. The peak intensity in

Fig. 14(b) is only 17 counts per second and illustrates the
weakness of the scattering. The sharpness of the peak
implies a large domain size and there is some evidence for
oscillatory behavior in the tails of the scattering. Due to
the low scattering factor and the sharpness of the peak,
coupled with the fact that the peaks do not lie at symme-
try positions, we were unable to find any other rejections.

At present we cannot identify a driving force for the
interface transition. An obvious candidate would be a
contamination effect, as a result of the interaction with
the air. However, the transition is uninhibited by the
presence of the Si capping layer, which provides an

effective barrier to most contaminants. The critical
dependence of the reaction time on the thickness of the
CaFz film implies that the transition is initiated at the
surface and the time dependence governed by diffusion to
the interface. This could be linked to the creation of F
vacancies at the surface, which is implied by the structur-
al model derived from the CTR measurements in Sec. IV.

The dominant defect in the alkali-earth fluorides is
caused by Frenkel disorder, in which some of the nega-
tive fluoride ions move to interstitial lattice sites causing
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FIG. 14. (a) Part of a [111]transmission-electron-diffraction
pattern from an 18 triple-layer-thick CaF2 film. The features
marked with arrows lie close to —,

' (220) positions and can be at-
tributed to a reconstructed layer at the CaF&/Si(111) interface,
with a (&3X &3)R30 symmetry, indexed using the Si unit cell.
(b) A grazing incidence x-ray rocking scan at (0.27, 1.37, 0.05) in
the reciprocal lattice notation defined in Eq. (2). For a com-
mensurate (&3X &3)R30 reconstruction there would be a peak
at ( 3 3,0) ~ The peak center is displaced away (a rotation of
—1.9 ) from the commensurate position. The solid line is a
guide to the eye.
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fluoride vacancies at regular lattice sites. In addition,
fluoride films are susceptible to radiation damage which
can create F-center defects. A F center is created when
a fluorine atom is removed from a lattice site and re-
placed by an electron. Recently, Weiss, Wiemhofer,
and Gopel calculated diffusion constants for fluorine in-
terstitial ions and fluorine vacancies in CaF2 and showed
that fluorine vacancies are extremely mobile, even at
room temperature. It is possible that defects, intrinsic to
the ionic film or created at the surface, could diffuse to
the interface and, at a threshold concentration, drive the
transition to the observed (v'3X&3)R30' structure. F
centers are known to "migrate" with applied fields. This
may explain the dependence on the Si doping level, as the
different band bending potentials can modify the defect
diffusion constants. The intrinsic defect concentration
depends on the growth temperature of the CaF2 film.
However, a systematic study of these properties is
diScult because the interface must be grown above the
(7X7)~(3X1)transition temperature and the CaF2 film

must be thick enough to allow a measurement of the as-
grown interface structure.

Clearly, the as-grown CaFz /Si(111) interface is a meta-
stable phase which eventually transforms to a different
structure. This is an obvious cause for the discrepancies
between previous experiments which involved a variety of
in situ and ex situ characterization techniques. An un-

derstanding of the interfacial structure and its metastabil-
ity is important to the interpretation of other results; it is
the atomic structure at the buried interface that deter-
mines the electronic properties. We plan to perform a
quantitative TED structure factor analysis of the
(i/ 3 X i/3)R 30' interface reconstruction. In combination
with CTR measurements, similar to those in Fig. 10, we
should be able to derive a structural model. We note that
a (&3X&3)R30' reconstruction has also been observed
at the CoSiz/Si(111) interface under certain growth condi-
tions. This is thought to involve a reordering of the
surface Si atoms.

VI. CONCLUSIONS

In this paper we have described a comprehensive study
of the early stages of interface formation, the temperature
dependence of the growth modes, and the interface and
thin film structure in CaF2/Si(111). The results have
been obtained using a powerful combination of in situ
and ex situ experimental techniques: core-level photo-
emission, RHEED, x-ray diffraction, and TEM.

At submonolayer coverages three distinct temperature
regimes are observed; at room temperature there is little
reaction between the arriving CaF2 molecules and the
Si(111)-(7X 7) reconstructed surface. At slightly higher
temperatures (T=200—500'C), the (7X7) is removed,
but no ordered submonolayer phases are observed and
growth occurs as small islands. At T-500 C the surface
undergoes a transition to a (3X1) reconstruction which
involves dissociation of the CaF2 molecule to give a CaF
wetting layer on the Si surface. Growth at temperatures
above this transition occurs by islands, approximately
four CaF2 triple layers high, which are elongated along

the step terraces on the surface. At temperatures, above
T-200 C, the islands eventually join up to form a con-
tinuous, pseudomorphic CaFz film.

We have studied the interface structure grown at high
temperature ( T) 500 'C) and low temperature
(200'C ) T & 500'C), by a combination of x-ray
diffraction and TEM. The interface spacing d, which is
the spacing between the Si and CaFz lattices and is
directly measured in a CTR experiment, is larger at low
growth temperatures and this is consistent with previous
XPS measurements, which indicated incomplete dissocia-
tion of CaFz at the interface. The high-temperature in-

terface was studied using synchrotron radiation to extend
the CTR measurement and obtain sensitivity to the
atomic-scale details of the CaF2 surface and CaF2/Si in-

terface structure. The results are consistent with a single

T4 bonding site for the initial Ca atom in the CaF layer
at the interface.

Finally, the as-grown CaF2/Si interface is observed to
undergo a structural transition, with a time dependence
that is critically dependent on the thickness of the CaF2
film. The transition appears to be initiated at the surface
with the kinetics being governed by diffusion to the inter-
face. The new structure involves an incommensurate
(&3X&3)R30' interface reconstruction, which we are
attempting to solve using a combination of quantitative
TED and CTR analysis. It is hoped that a structural
model of this interface will give some insight into the
driving force for the transition. This transition is prob-
ably responsible for some of the discrepancies between
previous measurements of the CaF2 /Si(111) interface
properties, It ivould be very interesting to correlate the
different interface structures with the electronic proper-
ties of the interface.

ACKNOWLEDGMENTS

We would like to thank Peter Eng (University of Illi-
nois), Oleh Karpenko (University of Michigan), and Alex
Payne and Paul Fuoss (AT&T Bell Laboratories) for their
contribution to the work performed at NSLS,
Brookhaven. Beamline X16A is supported by ATEzT
Bell Laboratories. Research carried out at the National
Synchrotron Light Source, Brookhaven National Labora-
tory, is supported by the U.S. Department of Energy,
Division of Materials Sciences and Department of Chem-
ical Sciences (DOE Contract No. AC02-76CH00016).
We acknowledge the hospitality of the staff and user ad-
ministration at the NSLS and the National Center for
Electron Microscopy for use of its microscopes. We also
thank the staff and user administration at SSRL and, in
particular, Sean Brennan for his support of beam line 7-2.
SSRL is operated by the Department of Energy, Division
of Chemical Sciences. Finally we would like to thank Al-
bert Goossens (Technical University, Delft, The Nether-
lands) and Jack Porter (University of California, Berke-
ley) for helpful discussion of the interface transition.
This work was supported by the Director, Once of Basic
Energy Sciences, Materials Sciences Division of the U.S.
Department of Energy under Contract No. AC03-
76SF00098.



50 EPITAXIAL GROWI'H MECHANISMS AND STRUCTURE OF. . . 14 353

'Also at Department of Physics, University of California,
Berkeley, CA 94720.

S. Sinharoy, Thin Solid Films 187, 231 (1990).
~M. A. Olmstead, R. I. Uhrberg, R. D. Bringans, and R. Z.

Bachrach, Phys. Rev. B 35, 7526 (1987).
S. Rieger, F. J. Himpsel, U. O. Karlsson, F. R. McFeely, J. F.

Morar, and J. A. Yarmoff, Phys. Rev. B 34, 7295 (1986).
4R. M. Tromp and M. C. Reuter, Phys. Rev. Lett. 61, 1756

(1988).
5Ph. Avouris and R. A. Wolkow, Appl. Phys. Lett. 55, 1074

(1990).
J.Zegenhagen and J. R. Patel, Phys. Rev. B 41, 5315 (1990).

7G. C. L. Wong, D. Loretto, E. Rotenberg, M. A. Olmstead,
and C. A. Lucas, Phys. Rev. B 48, 5716 (1993).

J. D. Denlinger, E. Rotenberg, U. Hessinger, M. Leskovar, and
M. A. Olmstead, Appl. Phys. Lett. 62, 2057 (1993).

J. L. Batstone, J. M. Phillips, and E. C. Hunke, Phys. Rev.
Lett. 60, 394 (1988).
J. Zegenhagen, Surf. Sci. Rep. 18, 199 (1993);K. G. Huang, J.
Zegenhagen, J. M. Phillips, and J. R. Patel, Phys. Rev. Lett.
72, 2430 (1994).
C. A. Lucas, G. C. L. Wong, and D. Loretto, Phys. Rev. Lett.
70, 1826 (1993).
C. A. Lucas and D. Loretto, Appl. Phys. Lett. 60, 2071 (1992).
A. Ishizaka, T. Doi, and M. Ichikawa, Appl. Phys. Lett. 58,
902 (1991).
This is higher than our previously reported thermocouple
reading at the (7X7)-(1X1)transition (780'C) and we attri-
bute the difference to a different heater/thermocouple ar-
rangement. The transition temperature changed abruptly be-
tween the two values as a result of maintenance to the sample
manipulator/heater setup.
P. H. Fuoss and I. K. Robinson, Nucl. Instrum. Methods 222,
171 (1984); I. K. Robinson, in Handbook on Synchrotron Ra-
diation, Vol. 3, edited by D. E. Moncton and G. S. Brown (El-
sevier, New York, 1991).
These experiments were performed within days of each other
and the deposition rate was approximately constant, as
checked by measurements of thicker CaF2 films. Slight varia-
tions in the growth rate have been observed over several
months.
The integrated intensity is the product of the peak height and
FWHM as the detector integrates over the radial reciprocal
space direction.
The Si-(7X7) surface reconstruction is well known to be
preserved under an amorphous Si cap; see, for example, J. M.
Gibson, H.-J. Gossman, J. C. Bean, R. T. Tung, and L. C.
Feldman, Phys. Rev. Lett. 56, 355 (1986).
Since ionic bonding is equivalent to a low-energy packing of
charged spheres, it is conceivable that, at low coverages, the
fluorine is in more than one chemical environment. The spec-
trometer resolution does not allow separation of the com-
ponents in the F spectrum, but the width of the peak is
significantly broader than that obtained from thick CaF2
films.
M. A. Olmstead, R. I. G. Uhrberg, R. D. Bringans, and R. Z.
Bachrach, J. Vac. Sci. Technol. B 4, 1123 (1986).
G. C. L. Wong, C. A. Lucas, D. Loretto, A. P. Payne, and P.

H. Fuoss, Phys. Rev. Lett. 73, 991 (1994).
R. C. Pond, CRC Rev. Solid State Mater. Sci. 15, 441 (1989).
Line defects showing similar contrast have been observed in
crystallographically equivalent CoSi2/Si(111). See, for exam-

ple, R. T. Tung and F. Schrey, Appl. Phys. Lett. 54, 852
(1989).
A. Tempel and A. Zehe, Solid State Commun. 69, 151 (1989).
N. S. Sokolov, N. L. Yakovlev, and J. Almeida, Solid State
Commun. 76, 883 (1990).
R. M. Tromp, F. K. LeGoues, W. Krakow, and L. J.
Schowalter, Phys. Rev. Lett. 61, 2274 (1988).
S. R. Andrews and R. A. Cowley, J. Phys. C 18, 6427 (1985);I.
K. Robinson, Phys. Rev. B 33, 3830 (1986).
R. Feidenhans'l, Surf. Sci. Rep. 10, 105 (1989).
I. K. Robinson, R. T. Tung, and R. Feidenhans'l, Phys. Rev.
B 38, 3632 (1988).
S. N. G. Chu, A. T. Macrander, K. E. Strege, and W. D.
Johnston, J. Appl. Phys. 57, 249 (1985)~

3 T. Nakayama, M. Katayama, G. Selva, and M. Aono, Phys.
Rev. Lett. 72, 1718 (1994).

'I. K. Robinson and D. J. Tweet, Rep. Prog. Phys. 55, 599
(1992).
For a study of defects in thin epitaxial films and their effect on
the specular x-ray scattering, see P. F. Miceli, in Semiconduc-
tor Interfaces, Microstructures and Deuices: Properties and Ap-

plications, edited by Z. C. Feng (Hilger, Bristol, 1992).
The atomic form factors are obtained from polynomial fits to
the values given in The Internationa! Tables for X ray Cryst-al

lography, Vol. 3 (Kynoch, Birmingham, England, 1968).
R. G. van Silfhout, J. F. van der Veen, C. Norris, and J. E.
Macdonald, Faraday Discuss. R. Chem. Soc. 89, 169 (1990).
W. R. Busing and H. A. Levy, Acta Crystallogr. 22, 457
(1966).
G. Renaud, P. H. Fuoss, J. Bevk, and B. S. Freer, Phys. Rev.
B 45, 9192 (1992).
M. F. Toney and D. G. Wiesler, Acta Crystallogr. Sec. A 49,
624 (1993).
Y. Kashihara, K. Kawamura, N. Kashiwagura, and J. Hara-
da, Jpn. J.Appl. Phys. 26, L1029 (1987).
R. G. van Silfhout, Ph.D. thesis, University of Leiden, 1991.

~M. Y. Gamarnik, Phys. Status Solidi B 172, K51 (1992).
In TEM samples prepared from thicker CaF2 layers, a thicker
residual Si substrate is needed to prevent the strained CaF2
from relaxing. This increases the diffuse background.
D. Cherns, Philos. Mag. B 30, 549 (1974).

43F. M. Ross and J. M. Gibson, Phys. Rev. Lett. 68, 1782 (1992).
~G. Lempfuhl and C. E. Warble, Ultramicroscopy 19, 135

(1986).
45D. Loretto, F. M. Ross, C. A. Lucas, and G. C. L. Wong,

Appl. Phys. Lett. (to be published).
46D. J. Lockwood (private communication).
47V. Chakarian, T. D. Durbin, P. R. Varekamp, and J. A. Yar-

moff, Phys. Rev. B 48, 18332 (1993).
Prolonged exposure to the x-ray beams in our experiments did
not drive, or noticeably speed up, the transition.
W. Weiss, H. D. Wiemhofer, and W. Gopel, Phys. Rev. B 45,
8478 (1992).
R. T. Tung and J.P. Sullivan (private communication).
















