
1. Introduction

Because of the extremely weak interaction of X-
rays with materials compared with electrons, X-ray
diffraction techniques might be considered to be less
effective for the characterization of a crystal surface,
compared with, for example, LEED and RHEED.
However, several distinct advantages of X-rays need
to be considered: X-ray diffraction provides quantita-
tive structural information on an atomic scale with
respect to the surface and interface; the data analysis
can be carried out straight away on the basis of the
kinematical theory of diffraction, which is free from
the complications associated with multiple scattering,
seen in the cases of LEED and RHEED; X-ray tech-
niques are nondestructive. Certain deficiencies
associated with X-ray diffraction techniques can be
removed by using synchrotron radiation sources and
further improvements in both precision and range of
application are possible with the appearance of the
next generation facilities. It is thus timely to promote a 
better understanding of a number of fundamental

problems yet to be solved in the even of X-ray
scattering from crystal surfaces and interfaces, and
also to determine the range of application in the
characterization of epitaxial films grown by MBE,
MOCVD and other methods.

In this paper we firstly review our X-ray
scattering technique developed so far as one of the
promising probes for the characterization of growth
surfaces and interfaces [1-4] and then we present
structural study of CaF2/Si(111) films grown by the
MBE method. This is one of our recent application
studies of X-ray scattering, in which we attempt to
make clear the relationship between the various
structures so far reported for the CaF2/Si(111) inter-
face [5-10] and their crystal growth conditions [11-
13].

2. Observation of CTR Scattering

Our X-ray diffraction technique in the studies of
interfaces is simple oscillation photography using
imaging plates in combination with a synchrotron
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radiation source [2]. The imaging plate is a kind of
two-dimensional area detector which has been
developed by Fuji Photo Film Co. It has several
advantages such as high detective quantum efficiency
and a wide dynamic range of 1-105 and so on. It will be 
referred to as IP, hereafter. We also use a four-circle
diffractometer with an analyzer crystal of Si(111) for
high precision measurements [14]. A schematic
diagram of the experimental setup, installed at
BL–6A2 of Photon Factory, KEK (Tsukuba) is shown
in Fig. 1. It consists of a bent mirror, a bent Si(111)
monochromator and an oscillation camera. Since four
IP cassettes of different radius and also several
collimators of different sizes are provided, it is
possible to select a suitable combination to fit the
desired resolution in reciprocal space. We have used
the Fuji BA100 system for read-out of image data
from an exposed IP so that the pixel size of read-out
data is 0.1 x 0.1 mm2 [2].

A typical example of observation of surface
scattering by using an IP, the result obtained from a
B-type CaF2 film on a Si(111) surface, is shown in
Fig. 2. The photograph was taken by oscillating the
sample around the [112] crystallographic axis from
almost zero angle (ω=O) up to the 311 Si Bragg angle
during one hour exposure. On the figure the three
needle-like shaped scatterings elongated from each
Bragg spot along the direction perpendicular to the
crystal surface are the crystal truncation rod (CTR)
scatterings. We can also see the change of reflectivity
with scattering angle near the direct spot. In general
mirror reflection-type CTRS, such as the CTR
through the 111 Bragg point and the reflectivity curve 
in Fig. 2, provide the information about the stacking
of atomic layers along the direction normal to the
surface, while non-mirror reflection-type CTRs are
sensitive to the lateral arrangement of atoms in the
interface as well. Fairly strong diffuse scatterings
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Fig. 1 Experimental arrangement for the observation of X-ray surface scattering by using an imaging plate in conjuction with
synchrotron radiation.

Fig. 2 Oscillation photograph taken from a CaF2/Si(111) surface with one hour exposure time. The needle-like
shaped scattering from each Bragg point is the CTR scattering and that from the direct spot shows the change of
reflectivity with scattering angle.



seen around each Bragg point are thermal diffuse
scattering (TDS) due to low frequency acoustic
phonons in bulk Si crystals. The thermal diffuse
scattering contribution is readily calculated provided
that elastic constant data are available. Thus, the
comparison of the CTR intensity with TDS makes it
possible to convert the intensity into absolute units,
where “absolute units” means that the intensity is
converted to a ratio of the intensity of the incident X-
ray beam. The observation of CTR scattering from a
Si(111) sample on such an absolute scale showed
excellent agreement with the predictions based on the
kinematical diffraction theory [4]. Thus, the approxi-
mation based on the kinematical diffraction theory
was justified for predicting CTR scattering by this
experiment. Furthermore, it became possible to esti-
mate the coverage of an epitaxial film on any substrate 
crystal as the CTR scattering from the substrate can be 
used as the reference scattering.

3. Effects of Surface Roughness on X-Ray
Scattering

If a crystal surface possesses some roughness, two 
effects are produced on X-ray CTR scattering,
including the reflectivity curve. The sharp CTR
scattering reduces its intensity with the increase of
separation q from the Bragg point by a factor |Γ(q)|2

and diffuse scattering is generated along the CTR,
where q is represented in reciprocal lattice units [1, 3].

The roughness damping factor  |Γ(q)|2  is given by
a simple Fourier summation of a pair correlation
function <γpγp>, where γp is the coverage of the terrace 
with step height p on a surface, i.e.,
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The Debye-Waller-like factor, exp(-4π2(∆p2 )q2)
is often used instead, for the analysis of CTR, but it is
an approximation for a Gaussian distribution of γp

around the average step height, if interpreted on the
basis of Eq. (1). This approximation is usually valid
only for the limited range of small q as discussed in
Ref. [1]. In the analysis of the surface and the interface 
roughness of CaF2/Si(111), therefore, we employed a
formula given in Refs. [15, 16], where the atomic
concentration near the surface and the interface is
approximated to recover to the bulk value in an

exponential form, so that two parameters were
introduced.
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where N is the number of the effective lattice sites
illuminated by X-rays, γ0 the coverage of the top sur-
face and αmn the Warren-Cowley short range order
(SRO) parameters defined for the atomic arrangement 
of a surface. Eq. (2) is of exactly the same form as that
of the SRO diffuse scattering for a binary alloy system 
[17] except for the two-dimensional nature in the
reciprocal lattice. The intensity distribution of the dif-
fuse scattering forms diffuse columns along the
direction perpendicular to the surface in the reciprocal 
lattice. It is expected from Eq. (2) that the diffuse in-
tensity does not decrease so rapidly with the increase
of qZ. From Eq. (2) we see that we can obtain the SRO
parameters with respect to the local atomic arrange-
ment on a surface or an interface by taking the Fourier
transform of the diffuse scattering [181. It should be
noted here that Eq. (1) is valid within a framework of
the two-level model for the surface and the interface
[3].

4. Growth of Epitaxial Films of CaF2/Si(111)

Recently much attention has been paid to the
growth of heteroepitaxial CaF2/Si(111) from the point 
of view of fundamental science and also in a variety of 
application for industrial use, because this interface
consists of the ionic CaF2 crystal and the covalent Si
substrate. The growth of epitaxial films of CaF2 on a
Si(111) substrate is, however, relatively easy by
means of molecular beam epitaxy (MBE), owing to
the close lattice matching: 0.6% mismatch at room
temperature. Our samples were grown by using
several MBE systems of the A.F. Ioffe Physico-
Technical Institute. After chemically cleaning the
surface, the Si(111) wafer is heated up to 1250°C for 1 
min in the growth chamber. After confirming the
surface cleanness by the appearance of sharp 7x7
reflections in the high-energy electron diffraction
(RHEED) pattern, we start the layer-by-layer growth
by evaporating CaF2 molecules on the structure and
monitoring the RHEED oscillations. It turned out that
the following two-step growth technique is most
effective in preparing a variety of samples.
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In this technique we deposit first a few molecular
layers at some initial substrate temperature and then
the succeeding layers at different substrate tempera-
tures. We examined two different temperatures for
making such a buffer layer: one at 750-770°C as a
high-temperature growth mode and another at less
than 200°C as a low-temperature growth mode. It is
possible to grow the main part of the film at any
substrate temperature, if it is below 700°C. But we
have selected mostly two different temperatures; 500-
700°C in one case and less than 200°C in another. As a 
general tendency, the low-temperature growth of the
main film enables one to grow thicker CaF2 layers,
due to the smaller lattice mismatch with the Si sub-
strate than that of high-temperature growth at 500-
700°C. Using this two-step growth technique, we can
obtain for example, 12 nm pseudomorphic CaF2 layers
which correspond to 38 TL (triple layers) of CaF2.
However, needless to say, it is essential to prepare
firstly, a good quality thin buffer layer, in order to
grow CaF2/Si(111) epitaxial films with good quality.

5. X-Ray Characterization of CaF2/Si(111)
Epitaxial Films

Two epitaxial relations exist between the CaF2

film and the Si(111) substrate. As illustrated in Fig. 3
they are referred to as type-A and type-B structures,
depending on whether the CaF2 film is grown in the
same orientation or in the opposite orientation, with a
180° rotation about the surface normal to that of the Si
substrate [19, 20]. It is easy to distinguish these two
types of epitaxial relation by looking at an oscillation
photograph. The structural parameters that can be
determined from X-ray analysis are the interface
spacing d and the lateral atomic stacking between the
CaF2 film on the Si substrate as well as the interlayer
spacing, a1 of the CaF2 film. In this paper we define the 
interface spacing d (in C) as the distance from the
middle of the top Si double layer to the first Ca layer in 
the CaF2 film as shown in Fig. 3.

In Fig. 4 the lateral atomic configuration at the
interface based on a type-A film is schematically
shown. This is the same for a type-B film. As
illustrated there are three possible high-symmetry
sites on the Si substrate: the site at the top Si atom on
the first Si layer, the site on the three-fold symmetry
site at the top of the second Si layer and the site above
the hollow site with three-fold symmetry at the top of
a third Si layer. They are referred to as T site, T4 site
and H3 site, respectively. In the figure CaF is
illustrated as to be dissociated from CaF2 molecules at

the interface based on the results confirmed so far for
type-B samples [6, 7, 9, 11, 21].

Surfaces and interfaces are not necessarily ideally 
flat. We, therefore, need another two parameters
characteristic of each, as discussed in Sections 3 and
4: that is the relative concentration of molecules at the 
surface and the interface ρi and the characteristic
depth of the region near the surface and the interface
ξi, where the suffix i stands for surface or interface.
Those parameters are included in the calculation of
the structure factors FSi(K) and FCaF2,(K) respectively, 
for the Si substrate and the CaF2 film [15].

On the basis of the kinematical diffraction theory
the intensity profile of Si-CTR will be modulated by
the existence of the CaF2 film as [22]:

ICTR(K)=|FSi(K)+ QFCaF2(K)exp(iKd)|2,           (3)
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Fig. 3 Two types of epitaxial relations of the
CaF2/Si(111) interface: (a) for type-A and (b) for type-
B. The notations of interlayer spacings are shown.

 a                           b                           c

Fig. 4. Three possible atomic sites for Ca atoms at the
interface of type-A epitaxial films: (a), (b) and (c) for the
T, T4 and H3 site, respectively. The same atomic sites
occur in type-B epitaxial films. CaF2 molecules are
illustrated to be dissociated to CaF.



where d is the interface spacing defined in Fig. 3 and
Q is a parameter we introduced to describe the
crystalline quality of the CaF2 film representing the
coherent contribution from the CaF2 films to the CTR. 
Q may be given to be in the form of the static Debye-
Waller factor, exp[-2π2<δ2>(sin θ/λ)2], <δ2> being the 
mean squares static displacement due to some irregu-
larity in the atomic arrangement such as defects in the
film [16].

The number of parameters we can refine in the X-
ray analysis is, therefore, all together eight in addition
to the parameter representing the lateral site which is
shown in Table 1. Our analysis showed that all the
parameters are well determined by using a least
squares fitting procedure, when several CTR intensity 
profiles including both mirror- and nonmirror-type
CTR, are analyzed simultaneously. In Figs. 5 and 6 we 
demonstrate two examples to show how CTR
intensity profiles are sensitive to the parameters of
interface spacing d and atomic site, where we selected
data one each for type-A and type-B samples.

One of the results obtained from such a
simultaneous analysis of three CTR intensity profiles
is listed in Table 1 where the growth condition of the
sample is (CaF2, 10nm 10°C/CaF2, 2nm
750°C/Si(111)) so that the sample is of type-B
epitaxy. The average lattice spacing of a CaF2 film
normal to the surface is 3.174 C, which is slightly
larger than that of the bulk crystal (3.155 C). A slight
expansion of lattice spacing of the CaF2 film along the 
normal to the surface means that the film is deformed

in pseudomorphic structure, as the result of matching
the lateral lattice spacing to that of the Si substrate
[23]. This value is in good agreement with the
prediction based on Poisson's expansion. The mean-
square static displacement (δ2) is 0.0619 C2,
indicating good crystalline quality of the sample. For
the roughness parameters at the interface we have
ρi=99.1% with ξi=2.322 C (less than the lattice
spacing of Si), ensuring a very high quality of the
interface for this film. On the other hand, ρs at the
surface is given to be 35.1% with ξs=5.422 C. ξs is
larger than the lattice parameter, indicating that the
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Table 1 Parameters refined by three CTRs for the sample of
(CaF2, 10 nm 10°C/CaF2, 2nm 750°C/Si(111)).

CaF2/Si(111) interface

Interface spacing d 4.580 C

Atomic site T, T4 or H3 site T site

CaF2 film

Lattice parameter a1 3.174 C

Number of layers n 37

Quality of crystal Q or (δ2) 0.0619 C2

Interface roughness

Concentration ρi 99.1%

Characteristic depth ξi 2.322 C

Surface roughness

Concentration ρi 35.1%

Characteristic depth ξi 5.422 C

Fig. 5 Comparison of the intensity modulation of the
Si(111)-CTR due to type-A epitaxial CaF2 films with
calculations. Solid curves are calculations based on
three different interface spacings d (in C), where all other 
parameters are fixed to the same values. By this fitting
the sample is identified to be a type-A film with a long
interface of d=4.10 C.



rough region at the surface is more than 1 ML
(monolayer). The density at the nth CaF2 layer is
calculated as 35% at n=37, 64% at n=36, 80% at n=35, 
90% at n=34 and almost 100% for less than n=33. The
interface distance d=4.583 C indicates the sample to
be of “long” interface. As discussed in Ref. [23] this
value is too long to accept as a physically reasonable
structure. The detailed structure has not yet been
understood although it has been suggested that there
may be another layer in this interface. X-ray scattering 
is not sensitive enough to reveal its details at this
stage.

6. The Interface Structures of Epitaxial Films 
and Their Growth Conditions

We summarize here the results obtained for all
the samples we have examined by using X-ray CTR
scattering in connection with their growth conditions.
First of all we can say that it is possible to grow both
types of epitaxial films, type-A and type-B films, by
using the two-step growth technique. In general we
can obtain type-A epitaxial films if a thin buffer layer
is prepared first at a temperature less than around
200°C regardless of the temperature at which the
main part of the film is grown. As for type-B films, we 
can also obtain them if we prepare a thin buffer layer
at a high temperature, something like 750-770°C.
This is also independent of the temperature for the
growth of the main part of the film.

The interface distances d observed are classified
into two groups, depending crucially on the
temperature of the second growth step at which the
main part of CaF2 film is deposited. That is, d=2.82-
2.87 C, for one group of samples grown at a tempera-
ture above 600°C and d=4.2-4.6 C for another group
obtained at a temperature lower than 200°C. Those
two structures may be referred to as “short” and
“long” interface films or interface structures. The
existence of such structures having “short” and
“long” interfaces is in agreement with what Lucas et
al. [8] have pointed out for type-B films, although the
relationship with their growth process has not been
clarified. Instead they found that the relatively thin
type-B samples of “short” interface are unstable and
transform into films with “long' interface with time.

The existence of such an interesting transforma-
tion was confirmed for type-B films by our study but
we revealed that it depends not only on aging time but
also on the growth temperature of the main part of the
film. Our recent test of two structures showed very
interesting results, which were made with 5 ML by
initial growth at 700°C and followed by 32 ML
growth at 20°C in one case and at 500°C in the other
case. Both of the as-grown films were confirmed to be 
of “short” interface, but the former had changed into
that of “long” interface while the latter sample kept a
“short” interface after three weeks. With other
additional evidence we come to the conclusion that
the transformation from “short” to 'long" interface
originates from the quality of the film. We interpreted 
that the film formed at a low temperature is usually
unstable, because it contains many point defects,
presumably vacancies. The defects may diffuse to the
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Fig. 6 Comparison of the intensity modulation observed
along the line from the Si 220 Bragg point to the CaF2

113 point with calculations. Solid curves are
calculations based on three different atomic sites,
where all other parameters are fixed to the same values. 
This sample is identified to be type-B film with a long
interface of d=4.60 C.



interface with time and finally cause atomic
rearrangement at the interface [24].

As far as the lateral atomic configuration at the
interface is concerned, many studies have so far been
performed, but only for the type-B films with “short”
interface. There are three reports concluding that the
high-symmetry site on the substrate is the T4 site, by
ion scattering experiments [5, 6] and by X-ray CTR
analysis [8], and one report that a mixture of T4 and H3

sites is involved by X-ray standing wave analysis
[10]. Our examinations for both the type-A and type-
B films with “long” interface showed different
structure as seen from Fig. 6, in which the non-mirror-
type CTR scattering is reproduced only by the
configuration due to a T site [9, 25]. Similarly, the best 
fit to the observations was also obtained for the T site,
for a type-A sample. The relationships between the
interface structures of CaF2/Si(111) films and their
growth processes are summarized in Table 2.

An interesting point seen in our data is that there is 
a significant variation in the interface distances d
observed; the short interface distance d is distributed
from 2.835 to 3.24A depending on the sample and
there is some correlation with crystalline quality Q
and also with its life time until the change to the
“long” interface. We have observed that the interface
distance is getting shorter for annealed samples,
independent of whether the sample is of type-A or
type-B. This observation would be related to the XPS
result that there are Si-F bonds at the interface formed
at low temperature and depletion of interfacial
fluorine occurs when the CaF2 layer is annealed [26].
We can also understand the reason why the interface
distances so far reported are not in good agreement
with one other.

7. Related Topics to the Growth of CaF2/
Si(111) Films

In order to see the influence of Si(111) 7x7
reconstruction on the quality of an epitaxial film, an
attempt was made to grow a CaF2 film of 15 ML
thickness on a hydrogen-terminated Si(111) l x l
surface. The analysis of the CTR profile near the Si
111 Bragg reflection showed that the structure was of
type B with short interface and furthermore it was
very stable even for four months after MBE growth.
This result differs from the report given by Lucas et al. 
[8] that the characteristic life time is very short and
less than one day for similar thin films grown on a
Si(111)7x7 surface. This result suggests that there is a
strong influence of H termination on the stability of
the structure of the short interface.
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Two-step growth Structure

First step                          
a few layers

Second step                    
main layers

Type A or B Short or Long Site of the Ca atom References

Low temp. Low temp. A Long T site [25]

Low temp. High temp. A Short Unknown

High temp. Low temp. B Long T site [26]

High temp. High temp. B Short
T4 site

T4 site + H3 site

[5,6,8]

[10]

Table 2  Four possible interface structures of CaF2/Si(111) and their crystal growth conditions.
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