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Structure of the a-AlLO; (1100) Surfaces
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ABSTRACT

The a-ALO; (1100) surfaces were studied with reflection eleciron microscopy (REM) technique. Severely
faceted surfaces were fognc_l in the {1120 azmmuth. Twg melhods were applied for mdexing the facels. The
facets are indexed as (1101) and vicnal facets of (1102), while the macroscopic plane 1s (1100).
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1. Introduction

In recent years, several low index surfaces of a-ALQ),
have been studied with the convenlional transmission
electron microscopy (CTEM)Y, high resolution TEM
(HRTEM)¥, and low energy electron diffraction (LEED)
methods”. The (1100) surface is one of he prismatic
faces ({1010} and ({1128}). TEM study revealed that
there are several facts on these surfaces’. However,
there are some of the disadvantages of TEM for in-
dexing the surface facets. Recently, thesc prismatic fa-
ces have been studied with reflection electron micros-
copy (REM) and have some domains on them" Kim
et al® also presented severelly [aceted (1100) surface
with comparisons of other orientalion surlaces.

In this study, the combined reflection high cnergy
electron dilfraction (RHEED) and REM techmques are
applied for indexing the facets on the a-ALO, (1100)
surfaces.

2. Experimental

Alpha-Ald; specrmens were manufaclured with the
edge-defined film-fed growlh (EFG) method by Saphi-
kon, Inc., Milford, NH. Specimen orientation was confi-
rmed using the Laue X-ray diffraction camera. Fig 1
shows a Lave back-reflection pattern of the (1100) sur-
face. This pattern indicates Lhat the macroscopic orien-
tation of the surface 15 exactly (1100). The specimens
were mechanically polished, then anmealed at 14007
for 24 hours in air. Details of the specimen preparaticn
pracedure has been reported elsewhere”. The REM
ohservations were done in JEM-200CY and JEM-2000
EX electron microscopes.

3. Results and Discussion

3.1. Surface Morphology
311 The as-grown/polished (1100} surface
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Fig. 1. Back-reflechion Laue palterns of the (liO{}) Sur-
faces.

Alpha-Al.O; ribbons which had been drawn by EFG
method in the [1100] direclion were cut to various
lengths 1 a way that the (1100) surlace is the cut
surface.

The width of (1100) face on the as-grown ribbons
Is less than Z2mm wide. Thowr corners are rounded
so Lhal very small flat areas can be examined. The
as-grown (1100) surfaces are very rough, so that it
was nol successiul in obaining any useful RHEED pat-
terns and REM umages [rom Lhese surlaces. Even aller
polishing, Lhese surfaces did not deliver any sharp
RHEED patterns. Our trial has suggested that these
as-grown and polished surfaces are not suitable for
RHEED or REM analysis.

3.1.2. The annezled (1100) surfaces

The regularly faceted surface caontiguration was
found on the annealed (1100} surfaces in the [1120]
azimuth. No regularly faceted surface was found in
the [0001] azimuth. Fig. 2a and 2b show typical surface
morphologies of the annealed (1100} surfaces w the
[1120] and [0001] azimuths, respectively. Note Lhat
1in Fig. 2a there are two types of facels. Une is atomica-
ly flat (F-facet) and another 15 rough and curved (R-
facet). Atonuic steps indicaled by arrows in Fig. 2a are
presented on F-facels. The distribution of F-facels and
R-facets 1s relatively vmform throughout the specimen.

3.2. The Split RHEED Spots

The RHEED pattern of Lhe annealed (1100) surface
m the [1120] azmuth (Fig. 2a) is shown in Fig. 3. The
mnset shows the spots used lor imaging taken at a lar-
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Fig. 2. Typical surface moerphologies of the annealed
(1100} surfaces. (a) in the [1120] azimuth. (d}
in the [0001] azimuth. The spot at the pomler
in the inset 18 used for producing lhe unage
of (b).

ger camera length (166 cm). There are one weak spot
on the left and anothcr strong spot an the right m
the inset, The split spots indicale that the conlrast of
the two types of facets on the annealed (1100) surface
can be reversed hy translating the objective aperture.
In fact, the F-facets could be selectively illuminaled
by choosing a strong reflection gpat (Fig. 4a), whereas
the R-lacels could be illuminated by choosing a weak
reflecticn spol (Fig. 4b) If hoth spots are used for ima-
ging, both facets are illmmated as in Fig 4c.

Fig. 5 shows how electron beams are rellected and
refracted into slightly differeni directions by the face-
ted surfaces of the (1100) plane. The angle between
the split beams depends on the angle between the two
facets, when olher parameters such as wavelength and
inner potential are held constanl. In this case, the
angle belween the F- and the Rifacels 15 about 50°
{to be discussed later), which 18 much grealer lhan
the angle between the {1120) and (2243) facets®. The
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Fig_3. The corresponding RHEED pattern of Fig 2a.
The inset shows spot splitting al a 166 cm ca-

mera length,

weak spol on the left and strong spot on the right
m Fig. 3 were related 1o R- and F-facets, respectively.
The weak nlensily of the left spot [rom R-facets could
be caused hy therr surface roughness. Because Lhere
are more diffuse scaltered electrons from a rough sur-
face, the intensity of the Bragg reflected beams [rom
a rough surface would be weaker than ones from a
smooth surface.

3.3. Specular spot

Fig. 6a and 6h show REM images of two pairs of
a foreign ohject and its inverled shadow an the (1100
surface at different diffraction conditions. These pairs
of 1mages are usually used for determinng whether
the spot used [or image is specular or not on the ato-
mically flat surfaces®®. If they are related by two-fold
symmetry along lhe horizontal line, Lhe spot is specu-
lar. If the spot used for image is not specular, the
shadow image wili be slanted io one side with respect
to a wertical line of the mage (Fig. 6b).

As shown in g, 6a a pair of 1mages are not exactly
symmetrical, although the shadow 15 nol slanted at all.
This asymmetry comes from the different ridge shapes

A 30 A 12 3(1993)

Fig 4. A series of images from the same area shows
cantrast reversal of the two types of [acets. (a)
Only F-facets are illuminated hy choosing the
slrong reflection spot in Fig. 3 (b) R-facets are
luminated by choosing the weak reflection spot
in Fig. 3. (¢) Both [acets are equally illummated
by choosing bolth spots w Fig. 3.

of shadow. This nidge shape difference between the
foreign objecl and shadow is likely caused by severe
surface undulation of facets. When macroscopic surface
is slightly tilled about the axis perpendicular to the
beam direction. the shadow image can be either elo-
ngated or shortened in the beam direction, depending
on the sense of iilting.

From Fig. 6a, the area in shadow is not likely tilted.
If any, the possible tilt may be ignorable because the
verhical length of fareign object and shadow 15 almost
same excep! some areas. For comparison, the shadow
mage m Fig.6b is not only slanled to the one side
bl also very much elongated. Therefore, it 15 specula-
ted that asymmelry of Fig. 6a comes from the severely
faceted surface conliguration and the spot used for
image 15 specular.
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Fig. 5. A schematic diagram of electron paths at the
faceted surfaces. Electrons are reflected by the
atomic planes (dashed parallelograms) of the si-
ngle crystal, but the faceted surface configura-
tion refracts the beams inte two different direc-
tions.

3.4, Indexing of Facets

There are several ways of indexing the facets. In
this study, two methods were considered: 1) by esti-
mated angles from REM images, and 2) by information
in RHEED, iransmission electron diffraction (TED),
and Kikuchi patterns. Both methods were discussed
and compared as follows.

3.4.1. Estimated angles from the REM images

Before indexing the facet, the index of the ma-
cro-surface could be determined adopting one of the
following ways:

1) Using a back-reflection Laue camera.

i) When transmission electron diffraction (TED) pat-
terns are obtaned from the specimen corners. the in-
dex of g (the diffractibn veclor) can he determined.
From the RHEED pattern, the angle g and specimen
shadow edge can be measured. The index of the ma-
cro-surface is the mdex of g o g I8 perpendicular to
the shadow edge®.

iii) Fram the symmetry of the Kikuchi pattern, the
index af the macro-surface can be determined.

iv) Any parallel set of Kikuchi lines can be indexed
from the line spacing. If g is perpendicular to these
Kikuchi lines, then the index ot the macro-surface 18

Fig. 6. REM images of two pairs of a foreign object
and its inverted shadow on the (1100) surface
with different diffraction conditions. (a) when
specular [nn00] beam was used for imaging.
(b) when non-specular beam was used for ima-

2Ing.

Fig. 7. The near profile mmage of the (1100) surface
formed by a large step. The average measured
angle between two facets is 50°.

the same as the index of the kikuchi lines

v) If the erectfinverted images of a foreign object
on the surface is not skewed, then g is parallel to
the surface normal. Consequently, the mdex of the ma-
cro-surface and the index of g are the same®!'U.
Once the index of the macro-surface is determined,

the angle between the two facets should he measured
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and averaged from the REM images.

In this study, ihe angle between F-and R-facets is
estimated {rom the near profile REM 1mages of these
facets as shown in Fig. 7. The average measured angle
between F-and R-facets is about 50°. The angle bet-
ween the F-facet and (1100) is = 18°, and between
the R-facet and (1100) the angle is = 32°. Accordingly,
the corresponding indices of F- and R-facets are (1101
and (1102). respectively.

3.4.2. By RHEED, TED, and Kikuchi patterns

The index of facets as well as the index of the ma-
cro-surface can be directly determmed by RHEED,
TED, and Kikuchi patterns as follows:

i} The index of g can be determimed by a TED
pattern obtainable from the sharp edge of the bulk
crystal. The angular relationship between g and n (the
surface normal vector) can be obtained from the
erect/inverted foreign object images. Using this infor-
mation as well as the symmetry of the Kikuchi pattern,
a facel can be indexed.

i) Kikuchi lines can he indexed from the line spa-
cing, Facets can be indexed by the angular relationship
between g and the Kikuchi lines. The angles between
Kikuchi lines from different (hkl} planes correspond
to the angles between the planes becanse the Kikuchi
lines are parallel to the traces of the planes'™.

Fig. 8a, 8b, and 8¢ show a RHEED pattern, a sche-
matic drawing of Fig. 8a, and the corresponding REM
image, respectively. The angles between Kikuch lines
in Fig. 8a are used to obtain the angles between the
crystal's reflecting planes.

The index of the spot used for imaging is 9500, The
indices of Kikuchi lines perpendicular to g (indicated
by large arrows) are nx 1100 and the line spacing cor-
responds 10 1/2 dyw which is 0.1374 nm. The indices
of Kikuchi lines mdicated by small arrows are nx 1102
and the line spacing corresponds to dyg (0.3479 nm).
The angle between 1100 and 1102 Kikuchi lines 1s
32.5°. The indices of Kikuchi lines indicated by me-
dium arrows are 1101 and the line spacing corresponds
to dua (0.393 nm). The angle belween 1100 and 1101
Kikuchi lines is 17.5° and between 1301 and 1102 is
50°.

As expecled fram an angular relationship between
the Kikuchi lines in Fig.8a and 8b, the (1102) and
(1101) facets make angles of 32.5% and 17.5°, respecti-

A 30 % A 12 F(1993)

g g

Fig. 8. A facet can be indexed from the angular rela-
tionship between Kikuchi lines. (a) A RHEED
pattern. The small, medium, and large arrows
mncicate 1102, 1101, and 1100 Kikuchi lmes, re-
spectively. (b) A schematic drawing of the Fig. 8
a. (z) The carresponding REM image.

vely, with respect 1o the (1100} surface.

Accordingly, the F- and R-facels are indexed as
(1101) and (1102). The result from this method is well
matched with the previous one.

The indexing methods are summarized in the flow
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Fig. 9. The flow chart of indexing a macro-surface and
a facet.

Fig. 10. Simulated facet configuration on a (t100) sur-
face. a=4.6° and A=2.6° from [1120] where
a and A are incident and azimuthal angles,
respectively.

chart of Fig. 9. All of the paths in the flow chart are
checked and the results are copsistent.

3.4.3. Computer simulation

A computer simulated image helps to confirm the
indices of facets®. An alternative arrangement of (1101)
and (1102) and vicingl facets was constructed with
{(1100) surface parallel to the horizontal line. The model
was then rotated by an azimuthal angle of 2.6° and
the ncident angle was obtained from the correspon-

Tahle 1. Surface Energies of Low-Index Surfaces
Unrelaxed surface Relaxed surface
Surface .
energy (j+m™% energy ('m %)
From 13) ‘ From 14) | From 13} l From 14}
(0001) 6.53 5.95 297 2.03
{1100 6.41 5.58 3.27 252
(1102) 3.55 3.63 2.57 2.29
{1120) 5.17 437 2.65 2.50
(1100) 5.87 £.46 2.89 2.23
{1T02) (7en)

NI L

Fig. 11.

Speclimen

The (1101) and §1102) facets observed at each
end of the specimen are larger than the corre-
sponding f{acets within the specimen. The facet
positions were reversed with respect to those
in Fig.2a and 4¢ because the specimen was
rotated 180° about the [1100] axis. (a) A
schematic drawing of an edge-on wniew of the
specimen surface. (b) Large (1101) facets are
at one end. {¢) Large {1102 facets are at the
other end.

ding RHEED pattern. Fig. 10 shows the smulated facet
configuration of the corresponding Figs. 2a, 4c, and 8c.

-1094~
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Note that the lines in the middle of the F-facels repre-
sent the atomic steps on the {1101) surface and the
most preferred step direction is {1102}. Also note that
the edges where (1101) and {1102) meet in Figs. 2a,
4, 8c and 10 are not always straight. This indicales
that F-facets are (1101}, however, R-facets are not only
made of (1102) facets but also of several (1102) vicinal
facets which have the same zone axis of {1101

Table 1 shows the calculated surface energles for
the low-index surfaces from two different sources™®.
Here, unrelaxed and relaxed mean the states before
and after equulibrium', The values from the two sour-
ces are slightly different; however, the unrelaxed sur-
face enermes of both (1101) and (1102) are lower than
that of (1100). Annealing at 1400 {m.p. 2076-~2057C )
in air did not promote equilibrium conditions for the
crystal surface. Therefore, the unrelaxed surface ener-
gies must be important and development of facets with
a lower energy might be favored over ihe formation
of the flat (1100) facet.

Large (1101) facets are expected to develop at one
edge and (1102} and its vicinal facets at the other,
as shown in Fig. 11a. To reveal these large facets, spe-
cimen edges are repolished with a certain anple with
respect to the (1100) surface and then amnealed. After
this procedure, large facets could be observed on both
edges. The large (1101) facets are shown in Fig 11h
and the large (1502) and its vicinal facets in Fig. Iz,
In these figures, the positions of F-facets and R-facets
are reversed with respect 1o the these in the previous
figures (Figs. 2a, 4c, and 8c) because the specimen is
rotated 180% ahout the {1100).

4, Conclousion

Severely faceted surfaces were found an a-AlO; a1
00) in the {1120} azimuth, while the macroscopic plane
is (1100} The facets are indexed as (1101} and vicinal
Facets of (1102) based on REM images and diffraction
patterns.

Beam splitting due 1o the electron refraction al the
crystal surlace was apparently cbserved, The contrast
of two types of facets can be reversed by translating
the ghjective aperture.

A 304 A 12 2(1593)

We suggested two methods to index facets by the
direct measurement of REM images and by the analy-
sis of RHEED, TED, and Kikuchi patterns.
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