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X-ray topographic analysis of dislocations
in Czochralski-grown stoichiometric
MgAl.O, spinel single crystals
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Large stoichiometric MgAl,Q, spinel single crystals of high crystalline perfection have been
grown by the Czochralski method. By means of X-ray diffraction topography the

dislocation arrangement, Burgers vector directions and glide planes were investigated in
relation to crystal growth conditions. Fast cooling rates generated prismatic dislocation
hexagons in the central region of as-grown crystals. For the first time a new glide system in

spinel following {311} planes was observed.,

1. Introduction

Single crystal spinel MgAl,O, has recently
attracted interest as a transparent insulating
substrate material for the hetero-epitaxial depo-
sition of both silicon [1] and gallium arsenide [2]
and potential use of such epitaxial semiconduc-
ting films in solid-state electronic devices. For
this purpose large stoichiometric spinel single
crystals with a high degree of crystalline per-
fection are required. However, up to now very
little has been reported on the substructure and
the dislocation arrangement of melt-grown
stoichiometric spinel as revealed by X-ray
diffraction topographic analysis [3].

The present work describes the results of
X-ray topography of Czochralski-grown
MgAl, O, single crystals, especially their dis-
location arrangement, Burgers vector directions
and glide planes in relation to crystal growth
conditions.

2. Experimental details
2.1, Crystal growth

Utilizing a standard Czochralski pulling system
we have grown MgAl,O, crystals from stoichio-
metric melts contained in inductively heated
iridium crucibles. The component oxide powders
MgO and Al,O; (supplied by Merck and
Koch-Light of quality 4N) were melted under
inert nitrogen atmosphere. Transparent crystals
up to 6 cm in length and 3 cm in diameter were
grown on {111 seeds at pull and rotation rates
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within the range 2.5 to 5 mm h~! and 10 to 50
rpm, respectively. The cooling rates of the as-
grown crystals covered the range 10 to 50°C
h-1. The stoichiometric composition (MgO:
Al,O4 = 1:1) of the crystals was confirmed by
wet chemical analysis and a measured lattice
parameter of 8.0849 + 0.0003 A. The latter,
determined by X-ray Guinier diffraction tech-
nique is in good agreement with values already
reported for stoichiometric spinel [3, 4].

2.2. X-ray topography
Thin (111) oriented spinel slices were cut
perpendicular to the growth axis and on both
sides subsequently mechanically polished to less
than 150 pum thickness. In order to remove work
damage introduced by mechanical polishing,
which is detrimental to the topographic contrast
[5], the specimens were further thinned by means
of ion bombardment etching. Using argon ions
at 2 kV and a current density of 70 pA cm—2,
approximately 2 wum thick surface layers were
removed with a thinning rate of 1 um h-%. By
this procedure topographic samples about 150
pm thick with improved surface quality were
obtained (compare Fig. 1a and b).
Transmission and reflection topographs with
{440}, {2203, {311} and {333} type reflections
were recorded with a standard Lang camera
using MoK« and CuKwa radiation. Absorption
losses of MoK« radiation in the examined thin
spinel wafers were negligibly small (x . + = 0.2,
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Figure 1 Topograph of slow cooled spinel (10°C h~), reflection {043}, with (a) only mechanical polishing { X 4);

(b) additional ion bombardment etching (X 4).

where u and ¢ are the absorption coefficient and
the thickness of the specimen) and therefore
direct image contrast was dominant on the
topographs.

3. Results and discussion

X-ray diffraction topography has been found to
be useful to study lattice defects in low dis-
location density crystals, especially the arrange-
ment, Burgers vectors and glide planes of
dislocations. In general Burgers vector apalysis
is based on the (g . b) criterion, which predicts a
contrast minimum on the topograph for
(g . by = 0, The intensity of the contrast mini-
mum is zero for a screw dislocation and is given
by the product g . (b x uj for an edge dislocation
(g denotes the reciprocal lattice vector, b the
Burgers vector and u the unit vector in disloca-
tion direction).

For glide dislocations the Burgers vector and
the dislocation lie within the glide plane. For
dislocations generated by dislocation reaction or
moved by climbing, the plane formed by vector
b and w must necessarily not be a crystallo-
graphic possible glide plane. Therefore, an
annealing experiment at 1850° C was carried out
to study further the glide capability of different
dislocation types.

3.1. Disiocation arrangement

In general it is confirmed by the X-ray dif-
fraction topographs that our spinel crystals
possess a high degree of crystalline perfection,
The dislocatipn density, as revealed by etch pits
typically several 103 cm=2, is low enough to

identify single dislocations on the topographs.
In particular, low-angle boundary arrays and
strained regions were not observed in (111>
grown crystals, in agreement with an earlier
publication by Cockayne et al. [3].

The general dislocation arrangement was not
considerably influenced by variations of pull and
rotation rates within the investigated ranges.
However, different cooling rates applied to the
as-grown crystals caused significant changes in
the dislocation arrangement. The topographs of
slowly cooled boules (10°C h—1) exhibited three
regions with different dislocation density (Fig.
Ib). Central and marginal regions of crystal
slices showed dense bundles of dislocations in
contrast to the section in between. Such a dis-
tribution of dislocations was found to be typical
for thermal strain caused by slow cooling of a
cylindric crystal boule [6]. In contrast, fast
cooled crystals (S0°C h1) exhibited new
structural defects in the central region, most of
them recognized only as unresolveable longish
spots, whereas marginal regions showed high
density of dislocation bundles and none of the
spot-like defects (Fig. 2J.

3.2, Defects in fast cooled crystals

The larger hexagonal shaped structural defects in
the central region of fast cooled crystals have
been analysed in more detail. Stereographic
topographs confirmed the observed defects to be
scalene hexagons up to 120 pm in diameter
located in (101) planes, which are inclined at
35° to the specimen surface (Fig. 3, E). Both
parallel long edges of the hexagons lie in the
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Figure 2 Topograph of fast cooled spinel (50°C h™%),
reflection {0433} (X 4).

[101] direction, the four shorter edges (approxi-
mately one third the length of the long edges)
are nearly parallel to the [121] and [121]
directions, respectively.

Figure 3 Bnlarged view of central region of Fig. 2
g = {043, (x 10).
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The observed topographic contrast behaviour
of these defects is typical for prismatic dis-
location hexagons. Contrast minimum for the
hexagons in plane (101) was observed when the
diffraction vector g was parallel to the long
hexagon edges in direction [10T1]. In this case the
long edges became invisible, only the connected
short edges of the hexagons gave weak contrast
reduced to the form of spots. Therefore, dis-
location hexagons with the long edges parallel
to g are revealed by an image of two spots
(compare E in Figs. 3 and 4). On (404) topo-
graphs only defects with the long edges inclined
120° and 240°, to g are clearly visible as hexa-
gons.

To calculate the contrast minimum, the
Burgers vector, b, was divided into two fractions
lying within (xs) and perpendicular («p) to the
plane of the hexagon. Table I shows the different
values of the criterion product g . (b x u) for the
long edges [101] and the shorter edges [121] and

TABLE I
u 1742 [101] 1[«]6 [121] 1/\,'6 [121]1
g.(bxuw 0 1.63 ap 1.63 ap

Jl ‘.".".
» .
2.

4
-

- "‘f

Figure 4 As Fig. 3, but g = <404, (x 10).
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[121] of the dislocation hexagons with g =
0Ty and b = ag . [010] + ap . [101].
The shorter edges [121] and [121] can only
cause intensity at the contrast minimum with
g = [101]if oy # 0. Such a dislocation ring with
a Burgers vector component perpendicular to
the ring plane (ap # 0) is denoted as a prismatic
dislocation ring.

3.3. Burgers vector analysis

From Hornstra [7] and Lewis [8] it is considered
that in the spinel lattice a perfect dislocation has
a + {1106> type Burgers vector. Therefore, a
Burgers vector analysis with {440} and {311}
reflections was carried out under this assumption.
The four types of dislocations mainly observed
in our spinel crystals are indicated in Figs. 3, 4
and 5 by A, B, C and D. Directions, Burgers
vectors and relevant angles between them are
listed in Table II.

TABLE II

Dislocation type

A B C D
Direction 21> <10y <I12>  <001>

Burgers vector $<10> 30D L OID F Q10
Angle direction - 90° 90° 73° 90°
Burgers vector

The angle between direction and Burgers vector
is large for all of the investigated types of
dislocations. Therefore, the dominant edge
character of the dislocations is confirmed.
According to the (g . b) invisibility criterion,
edge dislocations show extinction if g is parallel
to the dislocation. In Figs. 3 and 4 the three
possible directions (due to the three-fold
symmetry of the <111>-axis) of B-type dis-
locations are indicated by B1, B2 and B3. From
these figures it is evident that Bl- and B2-type
dislocations are invisible if they lie parallel to g,
corresponding to their edge characteristics.

3.4. Glide systems

To verify the dislocation glide mechanism an
annealing experiment (1850°C for 4 h) was
carried out. After crystal annealing, the dis-
location hexagons and the A-type dislocations
were unchanged (compare A and E in Figs. 4 and
5). B-type dislocations partially disappeared
whereas C- and D-type dislocations completely

Figure 5 Topograph of fast cooled spinel after annealing
(1850°C for 4 h), same crystal section as Fig. 4, (x 10).

vanished (compare C and D in Figs. 4 and 5.)
Therefore, we assume that C- and D-type
dislocations have changed their position by a
glide process. It is very unlikely that these
dislocations have moved by climbing so far that
they could not be detected on the topographs.
The corresponding glide planes, calculated
from directions and Burgers vectors of the
dislocations, are {311} for C-type and {110} for
D-type dislocations. {110} glide planes already
have been observed in non-stoichiometric spinel
by Lewis [8], whereas {311} glide planes in
spinel here are reported for the first time.*

4. Conclusions

It has been observed that the dislocation
arrangement of (111> Czochralski-grown stoi-
chiometric MgAl,O, spinel single crystals is
uninfluenced by variations of the growth para-
meters within the investigated ranges. In
contrast, a clear dependence of the dislocation
distribution on the crystal cooling procedure was
found. For slow cooling rates (10°C h—%) the
dislocation arrangement is interpreted by thermal

*Previously, a metastable intermediate phase crystallizing in {311} lamellae has been observed in connection with pre-

cipitations of Al,O, in non-stoichiometric spinel [9].
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strain generated during cooling of a cylindric
crystal. Essentially edge dislocations were ob-
served. At fast cooling rates (50°C h™') spinel
crystals exhibited prismatic hexagons of dis-
locations in their central region.

From annealing experiments at 1850°C it is
concluded that {110} and {311} are possible
glide planes in spinel. The latter has been
observed for the first time.
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