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Atomic force microscopy reveals straight slip steps resulting from dislocation glide in the primary
{100}<110) glide system in “low mismatch™ CaF»/Si(111) structures. From the height and spacing of
the steps, the strain relieved by these misfit dislocations is compatible with the relief of the tensile
thermal strain change on cooldown. In “high mismatch” BaF,/CaF,/Si(111) structures, dislocations
which relieve the thermal mismatch change are mobile, while the 14% lattice mismatch is mainly over-
come by sessile misfit dislocations with Burgers vectors parallel to the interface.

PACS numbers: 68.55.Bd, 68.55.Jk, 68.60.Bs

Group-1I1A-fluoride thin films grown epitaxially onto
Si have initially attracted attention for potential device
applications [1], as buffer layers for overgrowth with
different semiconductor films [1,2], and because of in-
teresting structural and electronic properties of the
ionic/covalent interface [3-5]. At room temperature
(RT), the lattice constant of CaF, is only 0.6% higher
than that of Si, while that of BaF, is 14% higher. How-
ever, the thermal expansion coefficients of the IIA
fluorides are about 7 times larger than in Si. The lattice
mismatch between CaF, and Si is therefore as high as
2.4% at 750°C, a typical growth temperature in molecu-
lar beam epitaxy (MBE). Growth is layer by layer on
(111)-oriented Si substrates, and the lattice orientation is
type B with respect to the substrate. After the layer
thickness exceeds the critical coherency thickness A,
(=3 nm), the lattice strain starts to relax during growth
owing to the formation of misfit dislocations [6], and de-
creases to very small values for films thicker than about
50 nm. In such films, a 1.8% tensile strain is therefore
expected at RT as a result of the thermal expansion
mismatch if no plasticity occurs after growth. A thermal-
ly caused strain of this type is found, e.g., in CoSi, on
Si(111) [7] or in GaAs on Si [8]. However, in CaF; on
Si(111) [9] or stacks of BaF,-CaF; on Si(111) [10], it
was found that the observed tensile strain at RT de-
creases to near zero with increasing layer thickness.
Therefore, plastic relaxation occurs even after growth
during cooldown.

Although the fluorides are rather brittle, dislocation
movement in bulk CaF, single crystals (CaF, is harder
than BaF;) has been studied between 100°C and RT
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[11]. The dislocations move at speeds from 0.1 to 100
um/sec under resolved shear stresses of 1 to 100 MPa
(corresponding to shear strains of order 10 ™* to 10 ~2).
These are velocities which are more than sufficient for
strain relaxation, even for fast temperature changes, at
least as long as potential glide planes are sufficiently in-
clined to the film plane. However, impurities reduce the
velocities [11].

The microscopic understanding of misfit dislocation
mechanisms in systems with the diamond or sphalerite
structure such as SiGe/Ge [12] or GalnAs/GaAs [13] is
quite advanced: In (001)-oriented systems with “low
mismatch” (1%-2%), 60° dislocations with inclined
Burgers vectors move on (111) glide planes to the inter-
face where they contribute to the strain relief. The misfit
dislocations form either by bending of threading disloca-
tions or by nucleation of half loops at defects inside the
material [14] or at the free surface [13]. In *high
mismatch” systems where initial growth is by islands
(mismatch 2%-4%), 90° sessile (edge) dislocations with
the Burgers vector parallel to the interface dominate;
they are formed, e.g., by interaction of two glissile 60°
dislocations.

The primary glide system in IIA fluorides is
{100}(110), and secondary glide is on {110} planes [11].
Glide on {111} planes has been reported by one author
only [15]. The (111) interface plane is therefore not an
easy glide plane, and strain relieving dislocations of the
primary {100} glide system must have Burgers vectors in-
clined to the interface.

In the following, we will describe the strain relief in
low mismatch CaF, on Si(111) and in high mismatch
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BaF,/CaF; on Si(111) systems. We will show that in
both systems the thermal mismatch strain is relieved by
glide of dislocations in the primary glide system, while
sessile dislocations are mainly responsible for relieving
the lartice mismatch strain at growth temperature in the
high mismatch system.

Published transmission electron microscopy (TEM)
studies concern the structural properties of the CaF,/
Si(111) interface and the influence of surface steps in the
substrate [4,16], but not the plasticity of fluoride layers
on silicon. TEM is rather difficult to perform owing to
the difficult preparation of cross sections and the instabil-
ities of fluorides upon electron irradiation.

We chose atomic force microscopy (AFM) [17] for
most of the work to directly image the insulating fluoride
surfaces. To date, no AFM studies are known with epi-
taxial or bulk fluorides. Scanning tunneling microscopy
(STM) was used to investigate the initial stages of CaF,
nucleation on Si [18]; however, thicker layers have to be
investigated with AFM because of the insulating nature
of the fluorides. We used a commercial instrument with
integrated Si3N4 tips, and 0.12-N/m spring constants.
The applied force was of order 10 nN. The images
presented here are unfiltered, raw data. All measure-
ments were performed in air.

Figure 1 shows an AFM image of a 180-nm-thick epi-
taxial CaF, layer on Si(111). The substrate was cleaned
with a Shiraki procedure, and the layer was grown by
MBE at about 750°C substrate temperature [19]. The
substrate surface is (111) oriented within better than
0.5°.

The most striking features in the figure are the three
sets of parallel straight steps with 60° angles between
each set. The line directions correspond to (110) direc-
tions of the sample, i.c., to the intersections of the {100}
glide planes with the (111) surface (see Fig. 2). We did
not observe such lines with AFM on bulk fluorides, and
cleavage steps in bulk materials have very different mor-
phologies. A height profile is shown along the marked
line in Fig. 1(b). Within the statistical accuracies, all
step heights can be explained by multiples of a/+/3 (a is
the lattice constant), i.e., to the spacings of (111)-
oriented triple F ~-Ca**-F~ atomic layers. This corre-
sponds to multiples of the perpendicular projection b, of
the (a/2){110) Burgers vectors. The heights are con-
sistent with the interpretation that the surface steps are
due to glide of one or a few dislocations along an indivi-
dual {100} glide plane. As a result of the threefold sym-
metry, the steps lead to triangular terraces with altitude
differences corresponding to these step heights. In Fig. 1,
steps corresponding to nb, with n=1, 2, or 3 are visible
in different grey tones. We did not observe steps with
n=4. Careful analysis of different images yielded the
number of observable traces and their corresponding step
heights n.

For the three equivalent {0013¢110) glide systems with
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FIG. 1. (a) AFM image of a 180-nm-thick epitaxial CaF,
layer on Si(111). The straight slip steps are parallel to the
three (110) directions. The offsets in height of the triangles
within the slip step lines are multiples of the projection of the
Burgers vectors, as indicated in (b) the height profile along the
line 4-B.

Burgers vector b inclined by an angle © with respect to
the interface normal, the spacing s between individual
dislocations (i.e., slip steps normalized to n=1) required
to relieve a misfit strain ¢ is given by elementary geome-
trical considerations as

s=%sinOb/c.

Using this formula, the experimentally observed spacing
corresponds to a misfit relief of 1.7% *0.3%. This fits
well with the strain change €permai=1.8% on cooldown
from growth temperature (750°C) to RT.

A likely model of misfit relaxation is therefore that
most of the misfit dislocations are glissile on inclined
{100} planes and have formed, e.g., by nucleation of half
loops during growth because of the lattice mismatch, or
after growth on cooldown to room temperature as a
consequence of the thermal expansion mismatch (which
leads to a slight tensile strain at RT). The nucleation of
half loops at the surface is energetically favorable over
other mechanisms [13], e.g., nucleation within the layer.
Misfit dislocations with Burgers vectors parallel to the in-
terface plane, caused, e.g., by atomic steps in the sub-
strate [16], or by shift of interfacial Ca atoms from the
H 3 to the T4 site (or vice versa) as proposed in Ref. [5]



VOLUME 68, NUMBER 24

PHYSICAL REVIEW LETTERS

15 JUNE 1992

A
/
7\ h
o\ \/ \
RY
5 Y——-2_\ -
2
7

(1) _[110]

N 1001)
4 \V4 (112} mz
7

(i01]
L—S—A 1071

FIG. 2. Schematic drawing of dislocation nucleation and
glide in the primary {100}(110) system for (111)-oriented films.
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may be present too. However, these dislocations are not
visible as slip steps at the surface. The same may be true
for glissile dislocations of the primary slip system which
form during growth because the slip step they leave
behind at the surface may be smeared out by the conden-
sation of further arriving atoms when the layer thickness
increases [during growth, most of the strain relaxes
within (2-3)h.]. AFM images of thinner films exhibit an
increased dislocation density which include steps from
glissile dislocations which formed during growth.

We therefore state that for CaF; on Si(111) the lattice
mismatch during growth is, like the thermal mismatch,
overcome by inclined glissile dislocations rather than by
dislocations with Burgers vectors parallel to the interface.
This is because the latter have to climb to the interface,
while glide on the primary slip system is very easy. For
the relaxation of the mismatch, the system prefers dislo-
cations acting in the primary glide system with inclined
(110) Burgers vectors although such dislocations do not
relieve as much strain as dislocations with Burgers vec-
tors parallel to the interface. In some early work on epi-
taxial CaF, on Si, it was reported that the layers are
cracked [1], while we do not observe any cracks in high-
quality films. Cracks can form if too many obstacles re-
sulting from contamination or structural defects hinder
dislocation glide.

Figure 3 shows a similar AFM image of a 190-nm-
thick BaF, layer grown on CaF,/Si(111). The intermedi-
ate CaF,, which is needed for compatibility to obtain
high-quality untwinned BaF,, was about 60 nm thick. In
addition to the curved growth steps due to variations of
the layer thickness, the micrograph again shows the same
three sets of {100}(110)-type glide step traces as in Fig. 1.
Despite the quality of the image being somewhat inferior,
the observable step spacing is certainly too wide to ex-
plain the = 16% lattice and thermal expansion mismatch
of BaF, grown at 750°C on Si. However, the spacing is

FIG. 3. AFM image of a BaF,/CaF; stack on Si(111). The
spacing of slip steps is much wider than would be required to
account for > 14% lattice mismatch.

consistent with the relaxation of the thermal mismatch
alone.

Since we know that the total strain in the BaF, is also
almost completely relaxed, some other strain-relieving
dislocations must be active for relaxation of most of the
16% lattice mismatch at growth temperature. Figure 4
shows a cross-section high-resolution TEM picture of the
CaF,/BaF; interface of a stack grown on Si. The lattice
orientation of BaF; and CaF; is the same. The spacing of
the visible F~-X**-F~ (X=Ca or Ba) triple layers is
about 14% larger in BaF, than in CaF,. This 14%
mismatch is overcome by a wall of dislocations lying in
the CaF,/BaF; interface with the dislocation lines spaced
approximately every seventh layer as marked in the
figure. Despite the fact that the quality of the image is
not optimal, it is possible to draw Burgers circuits if they
are drawn with sufficient distance from the dislocation
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FIG. 4. High-resolution cross-section TEM image of a
BaF,/CaF; interface. The extra half planes of the lattice misfit
dislocations are marked. The dislocation lines are perpendicu-
lar to the micrograph, and the Burgers vectors lie in the inter-
face plane.
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cores. The circuits reveal that the in-plane components of
the Burgers vectors lie along the (112) direction, which
means that the Burgers vector is parallel to the (111) in-
terface. This is not a primary glide plane. These disloca-
tions therefore seem to be sessile. Most probably, their
Burgers vectors are (a/2)[101] or (a/2)[011] (inclined
=+ 30° with respect to the image plane). These are 60°
dislocations. Splitting of these dislocations into (112)
partials is unlikely because the lattice orientation is the
same for CaF, and BaF,, and because of energetic con-
siderations.

We observe a very similar behavior of glide traces if
the fluoride-covered Si substrates are overgrown with
narrow-gap IV-VI semiconductors used for thermal in-
frared detector arrays [2]: The thermal mismatch is re-
lieved by gliding dislocations, while the large lattice
mismatch must be overcome by another mechanism like
sessile dislocations in the interface. Details of this work
will be reported elsewhere.

In summary, we have been able to explain microscopi-
cally the lattice and thermal mismatch strain relief in ep-
itaxial IIA fluorides on Si(111) substrates. For the low
mismatch CaF,/Si(111) system, we state that the lattice
and thermal mismatch strains relieve down to room tem-
perature mainly by glide of dislocations on {100} planes.
The dislocations most probably nucleate in half loops at
the surface, become misfit dislocations after glide down,
and leave a surface step behind. For the high mismatch
BaF,-CaF,/Si system, the thermal mismatch relaxation is
the same as for the CaF,/Si system, but the lattice
mismatch is mainly overcome by sessile 60° dislocations
located at the CaF,/BaF; interface with Burgers vectors
parallel to the interface plane. Since these latter disloca-
tions form already after growth of about one monolayer
of BaF,, it is easily understandable that there is no need
for them to be glissile, and that their Burgers vectors are
arranged in order to relieve a maximum of strain.
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FIG. 1. (a) AFM image of a 180-nm-thick epitaxial CaF,
layer on Si(111). The straight slip steps are parallel to the
three (T10) directions. The offsets in height of the triangles
within the slip step lines are multiples of the projection of the
Burgers vectors, as indicated in (b) the height profile along the
line 4-8.



FIG. 3. AFM image of a BaF,/CaF; stack on Si(111). The
spacing of slip steps is much wider than would be required to
account for > 14% lattice mismatch.
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FIG. 4. High-resolution cross-section TEM image of a
BaF,/CaF; interface. The extra half planes of the lattice misfit
dislocations are marked. The dislocation lines are perpendicu-
lar to the micrograph, and the Burgers vectors lie in the inter-
face plane.



