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ABSTRACT

Interpretalion of high-resolution tiansmission electron microscopy images of defects and complex
structures such as found in ceramics generally requires matching of the 1mages with computed Image
simulations for reliable interpretation.

A lransmussion electron microscopy study of the aluminum oxide was cairied out af high-
resolution, so that the crystal structure of |he aluminum cxide could be modelled on an atomic level.
In comunction with computer simulalion comparisons, the iniages reveal directly the atomic structure

of the oxide.

Resulls show that comparison between experimental high-resolution eleciron microscopy images
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Compuler Image Simulation of ¢-Al,0; in High-Resclition Transmission Electron Microscopy

and simulated images leads to a one to one correspondence of ihe image Lo the atomic model of (he

aluminum oxide, The aluminum atoms are disordered in the octahedral sites and Lhe tetrahedral sites

in the spinel aluminum oxide.

1. INTRODUCTION
The current generalion of electron micro-
scopes makes possible the attamment of atomic
resolution in the image of crystals.l) However,
the image contrast in the high-resolution electron
micrographs varies rapidly with objective lens
focus and specimen thickness. Only far very
thin specimens, typically less than 5-10 nm for
many oxide and silicate minerals, and a few tens
of Angstroms for most metals and alloys, and for
selective settings of defocus does the image
centrast bear a one (o one correspondence to the
specimen structure. > For specimens thicker
than the above limits, there is no simple relation-
ship between the image and the projecied
specimen struclure. To provide proper interpre-
lation of the image it is usually necessary to
match experimental images to computer simu-
lated images for a range of defocus values and
specimen thickness. In particular, interpretation
of images of defects (e.g. interfaces) and complex
structures such as found in ceramics generally
requires matching of the images with companion
computed image sunulations for reliable interpre-
tation.

1.1 Theory of Image Simulation

The starting point for image tormation 13 to
mode! Lhe electron microscope as a simple
system of electron beam, specimen and lens
system (Fig. 1). Generally the initial electron
beam is considered to be a parallel beam of plane
wave electrons. The microscope lens system is
replaced by one spherically-aberrated lens which
can be regarded as representing the objective
lens. In a real electron microscope, the objective

lens has the crucial duty of reassembling the
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diffracted beams emerging from the specimen
into the image, which is merely magnified further
by subsequent lenses.

In any simulation thise functicns repressu-
ting the electron wave amyplitude must be comi-
puted at lhe three positions within the model
microscope; at lhe axit surface of the specimen,
(%), al the back-focal plane of the olbjective
lens, F(k); and the image plane of 1he lens, ¥(x).

The computation of the exit-surface wave
Y, the

struciure {ithe only microscope parameter -

involves mainly model specimen
volved is the energy of the slecirons in the
incident Dbeam). The wave at the back-focal
plane, F{k), is obtained via a mimple Fourier

the Yixh

Calculation of lhe image from the eleclron wave

transform  of exit-surface wave
at tha diffraction plane does nol involve ihe
but

such as objective lens defocus and spherical

specimen, anly microgcope parameters.
aberration. Tugether with the objective aperinre
size and position, these modify F(k) before it is
transformed, inte P{x). the image amplitude.
Current image simulation calculations are
usually bassd on the multislice method ™ in
which the amplitude and phase at the exil-
surface of a crystaline specimen 15 found by
rreating the crystal as consisting of A7 slices of
thickness Az so that the total thickness r = NAz.
The crystal potential ol each slice 1s then re-
placed by the two dimensional projected polen-
tial [or sufficiently small Az, The effect of the
first slice on the inciden! wave is calculated: the
then propagated
This is

resulting wavefunction is
through free space to the next slice
repealed antil the desired thickness is aclueved.,

First, a calculational umt cell is selected
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Fig. 1. A pictorial guide for the discussion of the various steps in the calculation of a HRTEM image

{after Reference 4}.

with specification of atomic species and coordi-

nates. The Fourier coefficients of potential

(structure factors) at the reciprocal lattice
points are calculated by summing over all atoms
in the unit cell:
2
Ve=—2

ér | K| exp(—2me ke
EnmeeVCZ"JI | exp 7

J

where V. is the volume of the unit cell, j identi-
fies the atoros in the unit cell, ef and r are the
electron scatiering factors and the positions of
the atoms, respectively, k gives a reciprocal
lattice position, k = [w,v], and the olher terms
have the usual meaning. The electron scattering
factor, which 1s defined as the Fourier transform
of the potential distribution {for each atom, can

also he computed from experimental X-ray
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structure factars, Inclusion of all Vi within
40 nm ! of the origin of reciprocal space pro-
vides sufficient accuracy for most calculations.4)
Fourier transformation of the Fg values
produces qﬁp(x) the crystal potential of one unit
cell projected in the direction of the electron
beam. The effect of such a thin shce of crystal
on the eleciron beam 1s that ot a phase object,
and the electron transmission function for the

slice is
g (x} = explt oo, (x)Az ]

where Az 1s the siice (hickness and ¢ is the
interaction parameter for the elecirons of the
designated energy

The exit-surface wave at the desired crystal

a5kl A
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thickness, =iz,

iteration. Afiler m slices the clectron wave Y(x)

is found from g{x) by

is given by
") = 17T (x) 2 Tpix)] mg(x)

where Mg(x) is the transmission function of the
nith slice and "p(x) is the small-angle approxi-
mation to the free space propagator for the
distance between the (m-1)th and mth slices
(i.e. the familiar Fresnel propagator), =«re-
presenis the convolution operation.

The wavefield ™MF(k)

is obtained from ™f(x) by Fourier transforma-

diffraction plane

tion, In fact, the multislice is typically carried

out in reciprocal space, leading directly to F (k)
wEO) = ["TIEER) TP O,

where P and (Qk are the Fourier transforins
of p(x) and g(x).

In order to compute the image plane inten-
sity of the image-plane wave, one needs to
meclude 1the effects of objective lens defocus and
spherical aberration. These parameters act merely
to change the phases of the diffracted electron
beams passing through the aperture of the lens.
Thus, the modified back-focal plane wavefield
becomes;

Fon () = F (k)aexpliqk:]
where X 15 the phase shift relative to the optic
axis. The objective aperture function Ak 15 unity
for beams passing through the aperture and zero
for those outside.

The convergent character of the incident
electron beam and the spread of focus produced
by the energy spread in the incident electrons
have the effect of smearing the microscope
image by making it a composite of high-resolu-
tion images. Incident bearn convergence produces
composile images formed by the summation of
the many images, each at a different angle within
the incident come. Spread of {ocus produces a

composite formed from images summed over a
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range of defpcus These influences can be taken
into account by modifying the back-focal plane
wavelield.

Whereas an accurate value of the beam con-
vergence a can be measured directly from a
diffraction pattern oblained with focussed
illumination, the spread of focus A for a parti-
be

eslimated by matching an exgperimental image

cular electron microscope must either
with eones computed using different values of
A, or approximated from known values of the
chromatic aberration coefficlent €, and high
voltage and lens curreni ripple.

Lastly, the simulated image, i.e. the intensity
in the image plane, can be calculated by a
Fourier transform of the fully modified back-
focal plane wavefield to obtain the amplitude

W(x) followed by squaring of the amplitnde:
[ix) = OO F o,

1.2 Crystal Structure of y.Al; O

This phase has a defect spinel structure with
the oxygen ions in face-cemtered cubic close
packing and the aluminum ions in certain inter-
stices, The lattice parameter of 7y-Al, 0, is
0.79 nm® and the atomic radius of AP* is
0051 nm while that of 0% is 0.140 nm.®

As shown in Fig. 2, for an elementary cell

o2
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Fig. 2. Crystal structure and lattice parameter of the
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spinel oxide, y-Al{); at room lemperature.
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of this spine! structure there are four oxygen
four octahedral interstices, and eight

This makes a total of

atoms,
tetrahedral

twelve intersticies to be filled by three cations.

interslices.

In each elementary cell two oclahedral sites
are filled and one tetrahedral. Fight of these
elementary cells are arranged so as to form a
unit cell containing 32 oxygen ions, 16 octahed-
ral cations. and 8§ tetrahedral cations as illus-
trated in Fip. 2.

In 7-Al; O3, there are 21% aluminum cations
in the umnit cell of 32 oxygen ions to maintain
charge balance, so 21%aluminum ions are
distributed among the 24 cation sites. Thers is
™ ), 9) to the

distribution of aluminum ions in the cation sites

considerable disapgreement as
of the spinel structure. Generally the distribution
depends significantly on the history of the pre-
paration of the sample, Furthermore, noncubic
¥-Al, 03 with a tetragonal distortion was found
in the case of decomposition of aluminum
hyd]‘ates.m)

The idea that reorganization of the cation
distribution in a defect NaCl-type intermediate
might lead ultimately to the spinel structure
suggests that injtially in a defect Al,0Q5 spinel
the vacancies are on tetrahedral sites.!” Evi-
dence in the literature on the positions of vacan-
¥-Al, Q4
Leonard er a7 ¥ have demonstrated for a series

cles in is not available, although
of heat-treated alumina gels that radial electron

density  distribution functions can provide
information on cation distributions. Saaifeld®
considered that vacancies in y-Al, Oy are pro-
bably on tetrahedral sites. He suggested further
that 1he teiragonal distartion of y-Al; Q5 and the
shortened c axis are due to a cation distribution
in which octahedral sites are predominantly
cccupied

Lippens and de Boeru) observed streaking
of [110]

concluded from structure factor considerations

electron diffraction pattern. They

(2802

that this revealed considerable disorder in the
occupation of the tetrahedral sites. Sinha and
Sinha'?

distribution in the defect spinel-type oxides in

considered the nature of vacancy
the light of the available magnetic and structural
data. They concluded that the vacancies are
randomly distribuied among the octahedral and

tetrahedral positions.

2. EXPERIMENTAL PROCEDURES

2.1 Specimen Preparation for Transmission
Electron Microscopy

The 99.999 % pure polycrystalline and single
crystal aluminum were used. The aluminum
ingot was cut into coupons of 1.4 mmx2.5
mmx2 mm in order to be mounted on a copper
grid.

For the clean and fiat surface preparation.
the
chemically etched in sodium hydroxide, dipped

sample was mechanically polished and

into nitric acid and washed in anhydrous

methanol. The sample was stored in an at-
maspheric pressure desiccator for 1 day to allow
formation of a uniform room temperature oxide,
and then oxidized in 1 atm air at 600°C for
4 weeks.

The sample was mounted with wax (80°C
melling point) onto a quartz disc. The sample
was polished mechanically on a rotating wheel
with 600 grit paper 1o remove the aluminum
metal which was not oxidized. The sample was
separated from the quartz disc by dissolving the
wax in a beaker of ethanol The sample was then
dried and glued to a copper grid for support and
eacy handling.

The rotating specimen stage of the Gatan
ion mill, cooled with liguid nitrogen, was used
for jon beam milling at 17° gun tilt, 5 kV gun
voltage and 50 pA specimen curreni. The final

milling was accomplished with at 127 gun tilt,

ELEE
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10uA specimen current.

2.2 High-Resolntion Transmission Electron

Microscopy

The microscope for this study was the JEOL
JEM 200CX (high-resolition pole piece, spherical
aberration coefficient; Cy =
1.4 mm at 200 keV).

Generally, the filament (LaBg ) was operated

1.2 mm, C; =

with a brighter central spol in an undersaturated
mode in order to increase beam coherence. ¥
The first condenser lens was turned off to
enhance brightness and the condenser aperiure
was inserted for optimum trade-off between
brightness and beam coherence. Followmg care-
ful alignment of the imaging system, the speci-
men was tilted using a combination of the
extinction contours in the bright-field (BF), and
Kikuchi lines and the high-order Laue zone
(HQLZ) lines to produce the highest symmetry
in dilfraction pattern corresponding to the
<110> zone axis.

The

lattice vectors with magnitvde greater than the

beams corresponding to reciprocal
reciprocal space position at the point-to-point
resolution limit will contribute only to the
background noise in the image. Chooging a
suitable objeclive aperture can exclude these
beams, thereby improving image canirast.

At the correct stigmator setting, the amor-
should
directional contrast as the focus 1z taken above

and below the

phous region show fine grain non-
minimum coniragt condition.
The objective lens current is then adjusted to
obtain an image with minimum phase conirast.
This establishes the minimum contrast condition
{Afmin). where Image shift due to spherical
aberration has been offset by an objective lens
at underfocus (Af) from the Gaussian image
plane (Af=0) given by Af, = —0.44 CAF,
where A iz the wavelength. Since this is easily
observed and caleulated for known C; and A,

it serves as reference point. {from which the

A 26 A 2% (1939)
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objeclive lens can be defocussed in set incre-
ments to reach the optimum focus condition.

Exposures of 4 sec at 530 kx magnification
were generally used. Amorphous edges were
included in the images to obfain information
about defocus, astigmatism and specimen drift
by opfical diffraction of the developed nepative
on a laser bench,

2.3 Image Simulations

Simulated high-resolution electron micro-
scope lattice images are calculated on the Law-
rence Berkeley Labaratory (LBL) Contrel Data
Corp. 7600 computer using the LBL MSLICE
programs developed by R. Kilaas.!® These
programs at LBL are able to compute scattering
factors, perform multislicing, simulate the effect
of the microscope lenses, plof images as gray
level plots, plot projected slice potentials, com-
pute and plot ditfraction patterns, plot am-
plitudes and pbases of selected beams as a
funciion of thickness and plot contrast transfer
functions. The LBL MSLICE computer simula-
tion programs for an image consist of three
programs, PHSGR, MULTI, DISPL. They are
run in succession and each of these programs
except PHSGR uses the cutput of the previous
program plus its own input file containing addi-
tional operating parameters to calculate the final
image. PHSGR calculates the effeclive poteniial
seen by ile electron as it moves through the
specimen, MULTI then calculates the electron
distribution as a function of specimen thickness
after the actual propagation of the electron
through the specimen and DISPL calculates the
mteraction between the elgctrons and the imag-
ing systemn of the microscope before synthesizing
the final image. Each of these programs, and the
values commonly used as inpui parameters mn
this study are described briefly below.

2.3.1 PHSGR

PHSGR calculates the effective potential

from eleciron scattering factors which are cal-
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culated wusing relativistic Hatree-Fock atomic
wave functions.'® In principle the potential
should

elastic and inelastic

include all scattering processes, both
However, in practice only
elastic scattering is usually included

The typical paramelers as input to PHSGR
are the simulation cell dimensions (A, B and C),
atom positions, the atomic aumbers of species,
the number of atoms, the space group symmetry
operators, jsotropic temperature factors and the
projection directions. Inm this study, all images
were simulated with the electron beam incident
along the <110> dirsction, since all the high-
resolution images were taken along this direction.
Faor a perfect crystal, one simply selects some
multiple of the crystal unit cell parameters in
the x and y directions respectively for A and B
as shown in Fig. 3 (a). In effect, the programs
calculate an image for a periodic array of the unit
cells as shown in Fig. 3 (a), the so-called periodic
extension methad. The use of Fourier transforms
requires that the wmt cell be smoothly varying
at the boundaries. The input file, inciuding atom
positions of Al (atomic number 13, isoiropic
temperature factor 0.3) and O (atomic number
8, isotropic temperature factor 0.7), was used.

2.3.2 MULTI

The part of the computation, which treats
the interaction between the specimen and the
electron beam, is mostly based upon a dynamical
multislice formulation proposed by Cowley-
Moodie.'® This calculation involves solving the
one-electron Schrdodinger equation. Beginning
with the known electron distribution at the top
of the specimen, MULTI calculates the electron
wave function at each siice from the wave func-
tion at the previous slice, and stacks these
oufputs to produce the multi-slice scattered
wave from a thick crystal. Quiput from thick-
nesses of interest are saved for final input to
DISPL The important values inpul for MULTI

‘e the accelerating voltage of the microscops

Fig. 3.

(2822
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{a) Unit cell used for a §x3 periodic array of
the unit cells for computer image simulations
of the crystalline oxide assuming thal the
aluminun ions are disordered in the octahedral
sites and the tetrahedral sites.

b} Projected potential for the atomic model.
The atom positions are superimposed on the
figure in the top-left cormer. The potential
contains 3x3unit cells of the unit cell (a).

(200 keV for the JEOL JEM 200CX]}, the phase
prating slice thickness, sampling points of beams
to be used n the multislice calculation and the
the coordinates (h, %) of the Laue circle center,
to distinguish whether the electron beam 13
tilted with respect to the crystal, or vise-versa.
In this image simulation. calculations are per-
formed using 256x256 sampling points and the
coordinates (=0, k=0) of the Laune circle

center

£9) k3] 2|
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2.3.3 DISPL

DISPL combines the heams from MULTI m
a Fourier series to form the electron lattice
image, taking into account the effects of the
imaging system of the microscope. DISPL
plots images as gray level plots to dispose the
simulated image intensities using the Varian
Plotter at the LBL Computer Center. The im-
porlant microscope parameters and typical
values for the JEQL JEM 200CX that were used
as input for DISPL are spherical aberration
coefficient (C; = 1.2 mm), semi-angle of illumina-
tion (#=10 mrad), half-width of Gaussian
spread of defocus (A=3 nm), ohjective lens
defocus (Af=+36 to —300 nm), radius of
objective aperture (5 nm '), Ak coordinates ol
the optic axis and objective aperture center
{0,0).

3. RESULTS AND DISCUSSION

3.1 Experimental High-Resolution Image
of 7-Al, 0

Figure 4 shows a low-magnification of
experimental high-resolution electron micros-
copy images of ¥v-Al,Os in the sample which
was oxidized for 2 weeks at 600°C. The edge
of the specimen is off to the top of the micro-
graph, i.e. the sample thickness 15 decreasing
from the bottom to the top in the micrograph.
The image character of the oxide is shown in
greater detail in the enlargements in Figs. 5
{a)(d} corresponding to the images from the
thick area to the thin area in Fig. 4. From these
enlargements, it is readily apparent that there
are significant changes in the contrast due to
the specimen thickness changes although all the
micrographs 1n this fipure were taken at the same
defocus setting. The sensitive contraslt change
with specimen thickness is due to the fact that

relatively many beams of the oxide in the reci-

A 263 A 23 (1989)

Fig. 4 High-resolution trangmission electron micro

scopy image of [110] y-AlLD;,.
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paring simulated images and experimental
images.

The actual atom positions used for image
simulations are shown in Fig. 3, where it was
assumed that the aluminum atoms are distributed
at random in the octahedral sites and the te-
trahedral sites. In this figure, the oxygen atoms

are represented by large circles, and the alumi-
num atoms at the octahedral or tetrahedral sites

are represented by small single or triple circles,
respectively. Numbers in the circles show the
relative heights of atoms in multiples of %[ 110].
Ions are drawn in thick lines when the héight is
an even number and in thin l[ines when the height
is an odd number. This calculational unit cell
contains 3x3 unit cells of the unit cell shown in
the top of Fig. 3

Fipure 3 {b) shows the projected potential
for the calculational unit cell, Natice from this
projected potential that the atom posilions,
which contain two aluminum atoms along the
projected direction, have a much larger projected
potential than those, which contains one alu-
minum atom, although the projected potentials
of two oxygen atoms are still slightly larger than
the projected poteniials of one aluminum atom
in the calculational unit cell. This is due to the
fact that the projected paotentials of atoms in-
creases with scattering factor and the density of
The

atoms as compared to O atoms leads to the

the atoms. high scattering factor of Al
different sizes of the projected potential. There
are small misimatches of the projected potentials
at the unii cell boundaries due to the incomplete
printing of the computer printer., However, this
fact does not affect the present image simula-
tions because all the actual calculations were
done for the perfect projected potentials.

A series of calculated images from the pro-
jected potential shown in Fig. 3, as a function
of both objective lens defocus and specimen

thickness up to 25 nm, is shown in Fip. 6,

A 26+ A 2% (1989)
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where the atom positions of the unit cell are also
shown superimposed in the upperleft corners
of simulated images at each defocus value.

Notice that simulated images show relatively
good conirast over a wide range of defocus
values, because many spatial frequencies for 31
beams including the (111), (200} and (220)
reflections from the oxide specimen contribute
the image formation in the objective aperture,
although the contrast transfer functions do not
always transfer well all the spatial frequencies.
Also notice that only subtle changes in objective
lens defocus accompany the relatively larpe
changes in contrast because many spatial fre-
guencies affect the image formation by the
variations of the contrast transfer functions with
lens defocus values. In addition, there is a similar
contrast change in the appearance of the images
with thickness.

3.3 Comparison of Experimental HRTEM

images with Simulated Images

Thus, these image simulations indicate that
it is possible to estimate objective lens defocus
value and specimen thickness for experimental
images by comparing experimental and simulated
images. Note that, whereas it is possible to deter-
mine the objective lens defocus from a HRTEM
negative to the accuracy needed for correct
image interpretation by using an optical bench,
it is extremely difficult to measure the specimen
thickness in the very thin areas where HRTEM
images are most interpretable.

Figure 7 shows an enlarged experimental
HRTEM image of a y-Al, O3 crystal from Fig, 4.
Note that all of the high-resolution lattice images
were taken with a <1102 electron beam direc-
tion in this study. Notice that the bright spots
in this image are arrayed in a rectangular pattern.
Comparison of this image conirast with a series
of simulated images in Fig. 6 shows that good
agreement is obtained for a specimen thickness

25 nm and at objective lens defocus setting of
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Expenmental and simulated images of oxide
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Fig. 7. Experimenta! and simulated HRTEM images
of ¥-ALO; in a <1103 orientation, Note Lhe
marching between the experimental image and
the inset superimposed simulated image of the
oxide at —g6nm defocus and 25 nm thickness
from Fig 6

—66 nm. This fact is clearly illustrated by the
inset calculated HRTEM image of -Al;0;
crystal, obtamned under imaging conditions of
—66 nm defocus and 25 nm thickness, as shown
in the bottom-right corner of this image. Molice
the excellent agreement between these iwo
images, further substantiating the validity of the
model in Fig. 3, ie. the aluminum atoms are
disordered in the octahedral siles and the te-
trahedral sites in the spinel oxide. Furthermore,
the bright spots in the experimental HRTEM
image in Fig. 7 correspond to some of the
oxygen atoms in the atomic model in Fig. 3 (a)
and the locations of other aloms can be identi-
fied by matching of the experimenial inage with

the calculational unit cell model.
4, CONCLUSIONS

A transmission electron microscopy study
of the aluminum oxide was carried out at high-

resolution. so that the crystal structure of the

A 26w A 2FE (1982) {287)

aluminum oxide could be modelled on an atomic
level. In comjunction with computer simulalion
comparisons, the images reveal directly the
alomic structure of the oxide. The following
results have bheen obtained:

1. Comparison between experimental high-
resolution electron microscopy images and
simulated images leads fo a one {o one
correspondence of the image to the atomic

model of the alumimum oxide.

o

. The aluminum atoms are disordered in the
octahedral sites and the tetrahedral sites in

the gpinel aluminum oxide.
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