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HREM structure characterization of interfaces in
semiconducting multi-layers using molecular-dynamics-
supported image interpretation
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across the interfaces, improvement of the geometric
interface models using MD relaxations according to the
lattice misfit implies a more realistic structure description
and may be of interest w the applicability.

The structure characterization of interfaces in epitaxial
composites of semiconductors. especially their atomic
arrangements and defects related to the misfit at the
boundary. are of great importance because of the relevance
of such materials to micro- and opto=electronics, The
influence of the interfaces is based on the inhomogeneity
of their mechanical. chemical and electrical activity. with
the gradients very often being extended over ouly a few
atomic layers. Recently, methods have been developed tor
measuring the abruptness of interfaces and the composi-
tional gradients across the interfaces (e.g. Schwander et al.
1993; Stenkamp & Jdger. 1993). Several theoretical
approaches o a more gquantitative analysis of HREM
images have been made, e.g. using cross-correlations of
images or describing the images bv applying suitable
measures (e.g. Saxton, 1980: Thust & Urban. 1992).
Besides the trial-and-error matching of simulated and
experimental images (Hytch & Stobbs. 1994). the direct
reconstruction of the wave function using through-focal
series or holographic methods (e.g. Lichte ¢t al. 1992:
Weiss et al., 1993: van Dyck et al., 1994) decreases the
uncertainty in  determining the microscope imaging
process. Applying such techniques makes the modelling of
the structure. e.g. by MD. and the investigation of the
scattéring process as important for the HREM structure
investization of interfaces as the microscope imaging
process itself,

The present investieations are related to the HREM
imaging of multi-layver structures in the systems AlAs GaAs
(misfit approximately 0-1%). InAs/ GaSh (0:6% ), AlSh Gd:«l"
(0:7%). AlSb/InAs (1-2%) and In,.Ca_.As/AlGa,_
(between 00 and 0-8% depending on x.yl to dL["rmmc'
the different misfit and chemical nature of the interfuces
(Ruvimov et al, 1994), Restricting oneself here solely 10
cases of approximately coherent boundary regions. the
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216 K. SCHEERSCHMIDT ET AL.

visibility of chemical composites and the influence of
relaxation owing to the lattice misfit were investigated.
The well-investigated AlAs/GaAs system (Thoma & Cerva.
1991) has been used as a reference. Ternary quantum wells
in In,Ga;_,As/Al,Ga;_,As are of interest beeause of their
small misfits but high stoichiometric variability (Hopner
et al., 1992).

2. HREM imaging and image analysis

Multi-layer heterostructures in the systems AlAs/GaAs,
AlSb/GaSb. AlSb/InAs and In,Ga;_,As/Al,Ga;_,As were
grown by molecular beam epitaxy (MBE) on (100)-orientated
GaAs substrates. HREM experiments were carried oul in a
JEOL JEM 4000EX microscope at 400 kV, using both cleaved
90" wedge-shaped specimens and planar as well as cross-
sectional samples. The 907 wedge-shaped specimens were
prepared by mechanically grinding the substrate down to
20-30 pum followed by cleavage, whereas the cross-sectional
samples were prepared in the usual way by mechanical
grinding and ion milling. The microscope alignment was
controlled by a GATAN 1024-1024 CCD camera and an EM-
EXT 40 interface mounted to a JEM 4000EX: the Digital
Micrograph software of a Macintosh computer enabled on-
line image processing. Furthermore, a local area network
including IBM RICS 6000 workstations with IMAGIC, EMS
and CERIUS software was used for image simulations and
model géneration.

Figure 1 shows detail of & typical 400-kV HREM image of
an InGaAs/AlGaAs quantum-well structure grown by MBE
on (001)-orientated GaAs. The adjacent (100)-orientated
AlGaAs and InGaAs layers clearly differ under imaging
conditions near the Scherzer focus. Nevertheless. one of the
interfaces is smoother than the other; both of the interfaces
are graduated, probably owing to interdiffusion and
stoichiometry. Figure 1(b) shows the filtered image using
35 beams, whereas Fig. 1(c) is image-processed using solely
the 200 reflections of the optical diffraction pattern. Figure

Table 1. Parameters of materials of heterostructures under study.

1(d) is the corresponding 3-D graph of the areal distribution
of the (200) beam intensity according to Hillebrand (1994),
whereas Fig. 1(e) shows several intensity profiles across the
interface of Fig. 1(c). The 200 beams are the chemically
sensitive reflections in the zinc blend structure of the
semiconductor materials. The difference in the atomic
number of In and Al (see Table 1) and thus the asymmetry
of the scattering factors are relatively high; the reduced
occupancy, however, which is less than one half of the
sublattice. diminishes this effect. Comparing the last two
lines in Table 1 reveals that the asvmmetry vanishes if
y = 055x — 0-15 holds approximately, e.g. for x = 0-5 and
y = 0-12, creating opposite polarity. Therefore. the main
contrast features seem to result from the strains at the
interfaces probably determined by the gradient of the
stoichiometry.

The HREM image can be considered to be the intensity .

distribution of an interference pattern created by the
interacting scattered plane waves. Thus, it consists of
cosine-like fringes with distances given by the correspond-
ing spatial [requencies of the reciprocal lattice, which are
the real space lattice {ringe distances. The relative position
of the fringes, however, is determined by the phases as the
result of the interaction between the waves and the lattice
potential as well as the additional phase shift owing to the
microscope aberrations. The interaction is a function of
sample thickness and orientation as well as of the scattering
properties of the material. The additional phase shifts are
characterized by the defocus A and the spherical aberration
coefficient C,, the damping is described using the defocus
spread ¢ and the illumination divergence op. For studying
the fine structure of HREM images, the imaging process
should be considered in more detail and non-linearly.
Varying both the model and the imaging parameters up to
coincidence with the experiment is called the image

matching technique. Simulating the images quickly and -

accurately enough is the presupposition of the inter-
pretation of the HREM micrographs in terms of the

Degree of Equilibrium
Lattice constant: Atomic number asymmetry atomic distances:
Structure a, (nm) ratio: Z, /Z, (Zy = 75) /(21 + 25) Fo. (nm)
GaAs (5654 31/33 0-03 0-2448
AlAs 0:5661 13/33 0-43 0-2452
InAs 0-6058 49/33 019 02623
GaSh 06095 31/51 031 0:2639
AlSb 0:6136 13/51 0:39 02657
In,Ga;_,As 0:5634 + 0:04048x (31+ 18x)/33 0:22x - 0:03 0-2448 + 0-0175x
Al Gay_ As 0:5634 + 0-00078y (31 = 18y)/33 0-40y + 0-03 (2448 + 0-0004y
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microstructure. The calculations were carried out by the EMS
multi-slice program (Stadelmann, 1987) including the non-
linear imaging process.

Figure 2 shows the HREM fringe patterns of different
perfect A*B” semiconductors as a function of thickness t
and defocus A. The structures differ in their scattering
behaviour according to the structure factor differences
(differences in the atomic number, see Table 1). which are
20 for GaSh, 38 for AlSb and 2 for GaAs. The structure
factor (strictly speaking the structure amplitude) directly
describes the scattered amplitudes in a kinematical

0 AlSb

def
nm
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approach. A simple dynamical two-beam calculation
(Scheerschmidt & Hillebrand, 1985) gives additional
terms, linear in sample thickness, times the deviation
error, and describing the phase jump at thickness
contours. This behaviour is directly revealed in the
thickness contour plots (Pendel solution profiles) and by
comparing the multi-slice image calculations of Fig. 2.
According to the asymmetry of the atomic numbers
(structure amplitudes) and depending on the defocus the
fringe shift at the thickness contour is given for different
thickness values t. The A—t curves of minimum contrast (in

000
i _ 200 220
. 000
. 200
B 400
i 220
e ‘ - J
C 000
S 400 7'00*"

Fig. 2. Thickness defocus contrast maps (left column) of A*B® semiconductor materials differing in the scattering properties and the corre-
sponding intensity distribution of the (200) beams (middle) and related thickness profiles (Pendel solution: right column).
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218 K. SCHEERSCHMIDT ET AL,

both the many-beam micrographs and the 200 intensity
distributions, left and middle row, respectively) are
correlated to the thickness fringes and separate different
characteristic fringe patterns. The presentation of the (200)
reflections, in particular, furthermore enables the discussion
of the chemically sensitive image conditions according to.
for example, Thoma & Cerva (1991), Glaicher & Smith
(1989) and Hillebrand & Scheerschmidt (1989). The
differences in the scattering factors determine the scatter-
ing of the (200) and the (222) reflections and thus the basic
features in the images, which are sensitive to the chemical
compositionn. The non-linear imaging effects create the fine
structure of the patterns. Figure 2 gives different thickness
and defocus values to determine the conditions under which
the various chemical species can be discriminated and
which possibly enable the atomic imaging of the dumbbell-
like structure with incorrect distances.

3. Image delocalization

The lattice fringes are additionally disturbed by the local
deviations owing to crystal lattice defects. At interfaces in
strained layer systems, image shift and spread resulting
from small potential differences occur; these are called
Fresnel fringes and should be interpreted as image
delocalization. The simplest way to describe the image
delocalization is to approximate the imaging process
analytically and to expand the phase contrast transfer
function (PCTF) according to Scheerschmidt & Hillebrand
(1985) and Coene & Janssen (1991). In addition, for the
series expansion of the PCTF in both papers the assumptions
are made that for the sake of simplicity the influence of the
damping envelopes can be neglected and that the delect
information in the Fourier space is located around and near
the Bragg spots, i.e. in the neighbourhood of the spatial
frequencies of the perfect lattice.

Using Scheerschmidt & Hillebrand (1985) and applying
the notation of Coene & Janssen (1991), without the
steplike wave function, the series expansion up to the
second order reads

exp(~ix(g +¢)) = exp(—ix(g))[1 — i(ed)x—
i/2(e6)*x — 1/2((e6)x)* +. . . (1)
Here, the Nabla-operator ¢ is operating on the coordinate of
the spatial frequency, i.e. the reciprocal lattice g as, for
instance, in &y = 27Ag(A — C.A%g%) of the PCTF y as a
function of defocus A and spherical aberration C,. Using the

Nabla-operator V operating on the real space coordinate R
as in Scheerschmidt & Hillebrand (1985) yields

exp(—ix(g +¢€))® = exp(—ix(g))[1 = &xV&/2r+
((6xV)2® — i(6x)2(V®)H) /877 +.. ]. (2)

The first part of this expansion can be interpreted as a shift

of the wave function ®(R—¢éy/2m) according to the
gradient of the PCTF as pointed out in Coene & Janssen
(1991), but more generally here for arbitrarily shaped wave
functions. The second part i(8x)*(V®)?)/87> causes a
change in the magnitude similar to the change in the
intensity in Scheerschmidt & Hillebrand (1985). Thus.
magnitude, spread and shift with respect to the true defect
location depend on the spatial frequency g by means of the
derivative of the wave aberration, here fermed image
delocalization (Coene & Janssen, 1991).
The wave function in the image plane thus may read

U = Texp(—2migR — ix(g))P4(R — 6x/27) (3)

giving the linear terms of the intensity in the HREM
micrograph

I(R) = SL(R — 8x/2m) + 1/2Z | ®oD,4(R — &x/27) |
cos(2mgR + x(8) — ¢g(R = &x/27)) (4)

—

which now shows both effects, namely the phase shift of the
partial waves and the information shift of the defects owing
to aberrations y and gradient dy /27, respectively.

The simplest assumption of the object is given by a
mathematically sharp interface seen end-on, which can be
described by a steplike potential using a Heaveside shape
function s(R = sign(n-R) as in Coene & Janssen (1991).
The wave function. then formally consisting of three terms.
may read

3,(R) = ®,*(R) - s(R) + &, (R) - [1 — s(R)] + &,"(R).

(5)
with the perfect regions A and B separated by s(R), and
defect region @,” delocalized by the scattering. Never-
theless, |<I’gD| is small and the corresponding phase ¢.(R)
may oscillate strongly. Applying Egs. (4) and (5) determines
the fringe shift by both the waves of regions A or B and the__
delocalized defect part.

4, Model generation and strained interfaces

The CERIUS (Molecular Simulations Inc., Cambridge)
program package was applied mainly to the computer-
aided generation of structure models described by their
geometrical lattice misfit at the interface. Some of the
structures are refined using the program package of Rutgers
State University (Garofalini, 1990). The crystalline atomic
arrangements of the epilayers are modelled owing to the
crystallographic space groups and the asymmetric unit.
According to the interface geometry determined by the
electron microscope experiments, free surfaces of the models

are created with the different epilayers being matched.

Using different pair potentials or by including angle, torsion
and inversion for many particle systems, in addition to the
distance term the energy gradient owing to two-, three- ar

©1 1995 The Royal Microscopical Suciety, Jowrnal af Microscopy. 179, 214-228
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220 K. SCHEERSCHMIDT ET AL,

four-body interactions is calculated by the open force field.
The total energy then has to include the valence bonding,
the non-bonded forces as well as constraints owing to
restrictions of the model and its topology. The relaxed
interface struciure was calculated by using either energy
minimization or molecular dynamic simulations, with the
bonding forces and the parameters of the pair potentials
being varied. Owing to the negative energy gradient the

(c)

A 70 4" lO

...InAs-AlSb...

...InAs-AlAs-AlSb...

...AsIn-SbAl...

...AsIn-ShIn-SbAl...

atomic positions are changed by the energy minimizer until
a relaxed final configuration is reached. The molecular
dynamic calculations start with a Boltzmann-distributed
particle velocity and solve the equations of motion. Each
atom moves according to the force field, i.e. according to the
total forces of all the other atoms. The interatomic forces
form the gradient of the potential assumed. Until now.
Morse-like pair potentials have been applied to describe the

-20

Fig, 3. Relaxed maodel of an TnAs/AlSb het-
erostructure (a) and an InGaAs/AlGaAs/
GaAs quantum well structure (b) (a.b on
p. 219) as well as a set of contrast simula-
tions {(c¢) using different defoci for four dif-
ferent atomic sequences across the ImAs/
AlSb interface (Al/As or In/As interface
with an AsAl or InSb interlayer); U=
400kV, C;=1mm, é=8nm. ap =03
mrad, o = 16nm™'. t = 11:3 nm, defocus
values A = 70, 40, 10 and —20nm.
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bond distance interaction and a Tourier development
including the many-body angular terms (Rappé et al
1992); they should be replaced by force fields which better
characterize surfaces and interfaces.

For ionic and pure van der Waals systems. e.g. alkali-
halides and inert gases, respectively, two-body potentials
alone seem to be sufficient in the potential energy
approximation. They are inadequate for properly describ-
ing systems that exhibit covalent bonds or metallic
interaction. While the latter requires the embedded atomic
approximation, for covalent structures three- or four-body
interactions are preferred. Respective examples are given by
the modified Born—Mayer—Huggins pair potential in
combination with Stillinger—Weber angular terms., or by
the so-called Tersoff potential with Morse-like terms and
other combinations. The Morse potential used here is
qualitatively equivalent to the Tersoff potential preferred
in the literature as the steep descent of the repulsive term
characterizes the eguilibrium structure, the localization of
the minimum describes the atomic arrangement, and the
far-field atiraction reflects the details at surfaces and
interfaces in a comparable way. Details of the MD
calculations, e.g. the numerical realization and restrictions
applied, and refinements applying to the structure. e.g.
Stillinger—Weber potentials, will be reported elsewhere.

Figure 3 demonstrates the model generation using MD
calculations and the resulting HREM image simulations,
Figure 3(a) shows a relaxed coherent interface of an InAs/
AlSb heterostructure assuming two-, three- and four-body
interactions between the covalently bonded atoms and no
further restrictions of the MD relaxation. One of the basic
models used for the dynamic simulation of ternary
structures is given in Fig. 3(b). Starting with pure GaAs
supercells the different layers are created by randomly
exchanging In and/or Al atoms for Ga. The different layers
are matched, with the bonds being recalculated before the
energy is minimized. The correct setting of covalent bonds is

Table 2. Parameters of the interfaces,

HREM CHARACTERIZATION OF INTERFACES 221

of great importance as is choosing the atomic distances of
the crystal structure instead of the molecular distances. The
misfit is determined by the different eguilibrium interatomic
distances, which are chosen to generate stable crystal
structures. Different configurations were used as geo-
metrical start models resulting in a different relaxation
behaviour at the interface and in a different corresponding
interface contrast. Figure 3(c) shows HREM image simula-
tions corresponding to the different InAs/AlSb interface
models of Fig. 3(a). The stacking sequence is denoted in the
insets: InAs is stacked onio AlSb. and vice versa, generating
Al/As and In/Sb interfaces, respectively. Furthermore, an
additional layer is inserted replacing one of the components
by that of the adjacent layers, thus creating twice the
number of Al/As and In/Sb interfaces, respectively. Different
contrasts at the boundary arise {from the four possibilities of
InAs on AlSb, or vice versa, and In/Sb or Al/As at the
interface. The different species are clearly revealed. The shift
of the fringes and the defect delocalization according to the
different defocus values confirm the previously discussed
effects. In addition to this structure factor contrast and
the delocalization effects, different inclined striations
occur, with the homogeneous strains increasing at the
interfaces.

5. Application to semiconductor multi-layers

Coherent interfaces in well-matched layers and the
delocalization effects discussed above make it difficult to
determine the exact location of the interfaces and to assess
their abruptness. In the following quantum well structures
are studied to analyse the different factors influencing the
HREM contrast at the interfaces in more detail. The systems
are characterized by different misfits and scattering factors
resulting in a different elastic behaviour at the boundaries
and in respective imaging effects (Ruvimov et al., 1994;
Scheerschmidt, 1994). The main material parameters of

Structural Interface
asymmetry asymmetry
Structure Interface (Zy — Zp) ) (Za + Z) (Zy —23)[(Z1 + Z3) Misfit, f (%)
GaAs/AlAs AlAs 016 0-43 ~0-1
GaAs 003
InAs/GaSb GaAs 000 0:03 ~06
InSh 0-02
GaSb/AlSb AlSh 012 0-59 ~0-7
Gasb 0-19
InAs/AlISb AlAs 0:25 043 ~1:2
(OnSbh 0:02

@ 1995 The Royal Microscapical Society, Journal of Microscopy, 179, 214228



222 . SCHEERSCHMIDT ET Al

mualti-layer structures investigated are listed in Table 1. The
asymmetry controls the HREM patierns obtained and the
A—t dependencies as discussed above. In addition to the
scaltering factor asymmetry of the perfect regions, which is
assumed to be the average of the compound, the asymmetry
at the interfaces controlling the delocalization behaviour is
given in Table 2. As is also shown in Table 2, the difference
in the lattice constanls determines the misfit at the
boundaries and thus the elastic behaviour according Lo
the material parameters. The misfit of structures under
study varies widely between 0-1% for AlAs/GaAs and 1-2%
for InAs/AlSb. No misfit dislocations are created at the

interfaces as the thickness of the layers is less than the
critical thickness. The equilibrium distances of the pair
potentials (see Table 1) are chosen such that the crystal
structure is stable to the energy minimum.

5.1. Small interface misfit (GaAs/AlAs)

Figure 4 shows a 400-kV (110)-HREM image (a) of a (1:2-
nm GaAs/1-2-nm AlAs), quantum well grown on (001)-
orientaled GaAs by MBE. Computer-simulated images of an
extended AlAs layer inserted in a 90° wedge-shaped GaAs
matrix are presented for comparison. For micrograph

def/nm : t/nm

GaAs AlAs  GaAs GaAs | AlAs || GaAs

Al s Ga o As

Fig. 4. A 400-kV (100)-HREM image (a) of & (1:2-nm GaAs/1-2-nm AlAs), quantum well grown on (001)-orientated GaAs by MBE, and
computer simulated images ol an extended AlAs layer inserted in a 90" wedge-shaped GaAs matrix of thickness t = 0-11-2 nm: (b) abrupt
interfaces. (c) with Al ;Gay sAs interlayers at both interfaces: U = 400kV, ¢, = I mm, § = 8nm, a, = 0-5mrad, o = 16nm . defocus

values A =0, —42 and —72nm.

1 19935 The Royal Microscopical Sactety. Jomrnal of Microscopy, 179. 214-228



computations an abrupt interface is assumed in Fig. 4(b).
whereas Al ;GasAs interlayers at both interfaces are
included in Fig. 4(e). Respective computer simulations
applied U =400kV, ¢, = 1mm, § = 8nm, ap = 0-3mrad
and o = 16nm '. Owing to the wedge-shaped model, in
each simulated image the thickness increases from t = 0 to
t=46nm. The defocus values are A=0, —42 and

;

HREM CHARACTERIZATION OF INTERFACES 223

—72nm. The small scattering factor asymmetry for GaAs
(0:03) is in contrast to the strong asymmetry in the AlAs
interlayer, explaining the different HREM patterns and the
different defocus thickness behaviour. This system has the
lowest misfit considered, with no additional contrast
modifications and no streaks occurring at the interfaces.
The graduated interlayer (Fig. 4¢) creates a smoothing of the

fl GaSh InAs GaSb

defnm 0 -6 -42 72

Fig. 5. Experimental 400-kV HREM image (a) of a (1-:2-nm InAs/10-nm Gash), quantum well structure grown on (001 )-orientated GaSb
prepared as a 90 wedge-shaped sample. Image processing: filtered 35-beam images (b), using all 200 beams (c) and all 020 beams (d),
HREM contrast simulations (e): thickness delocus series of a 1*3-nm-wide InAs layer in 907 wedge-shaped GaSbh matrix; U = 400KkV,
Co=1mm, §=8nm, oy, =05mrad, o = 16nm™", t = 0-34nm, A =0, —6, =42 and =72 nm,

£ 1995 The Royal Microscopical Soclety, Jourmd of Microscopy. 179, 214228



224 K. SCHEERSCHMIDT ET AL.

abrupt contrast change and no additional features. The
interfaces can be analysed most easily under imaging
conditions for which both materials create well-distinguish-
able patterns as discussed for the perfect regions (Fig. 2).

5.2. Medium interface misfit (InAs/GaSh and AISb/GaSh)

Figure 5 shows an experimental 400-kV HREM image (a) of
a (1-2-nm InAs/10-nm GaSb), quantum well structure
grown on (001)-orientated GaSb prepared as a 90° wedge-
shaped sample. The filiered image (b) includes 35 beams,
whereas the micrographs image-processed by using the 200
and 020 beams are shown in (c) and (d). respectively. The
HREM contrast simulations in Fig. 5(e) present a defocus
series of a 1'5-nm-wide InAs layer in a 90° wedge-shaped
GaSb matrix; the thickness t at the wedge ranges from 0 to
34nm. The imaging parameters chosen are as for Fig. 4
with defocus values A=0, —6, —42 and -72nm.
Analogous experiments and image simulations of a (1-5-
nm AlSb/1-5-nm GaSb), quantum well structure grown on
(001 )-orientated GaSb (90° cleaved sample) are demon-
strated in Fig. 6. Thickness ¢ at the wedge ranges from 0 to
54nm (12 nm), the defocus values from A = 0 to —70 nm.
The HREM simulation of the 1-5-nm-wide AlSb layer in a
90" wedge-shaped GaSbh matrix assumes abrupt interfaces
in (b) and monoatomic AlysGa;sSb interlayers at both
interfaces in (c).

The influence of strain in addition to effects of the scattering
factor contrast are illustrated in the image-processed micro-
graphs of Fig. 5(b—d) and in the corresponding simulated
HREM images (Fig. Se). whereas in both the experimental
and the simulated images of Fig. 6 the structure factor
contrast prevails over the strain contrast. In both systems
the misfit is almost the same (0-6-0'7%); the degree of
structure factor asymmetry, however, differs considerably.
The structure factor asymmetry of InAs/GaSb (Fig. 5) is
approximately between 0+0 and 0-03 for the perfect regions
and independent of the actual interface stacking, whereas in
the GaSb/AISb system the perfect regions and the GaSh
interface have a medium asymmetry of 0:12—-0-19, and the
AlSb interface shows a strong asymmetry of 0-39. The
strains at the interfaces in Fig. 5 create the delocalized defect
contrast, whereas the sharp interface contrast in Fig. 6 is
determined by the structure factor asymmetry. The A—t
dependency of both contrast types correlates to this main
contrast effect, namely in Fig. 5 the spreading of the interface
region is determined by the delocalization, whereas Fig, 6
reveals characteristic patterns and a synchronous thickness
dependence as discussed in Fig. 2.

5.3. Large interface misfit (InAs/AISb)

The InAs/AISb system considered in Figs. 3 and 7 is
characterized by a large misfit and a structure factor

asymmeltry as well as by two very different interfaces: InSb
having a small asymmetry and AlAs having a large
asymmetry (see Table 2). Figure 7 shows an HREM
micrograph (a) of the InAs/AISb multi-layer system and
its contrast enhancement by Fourier processing using 35
beams (b) or solely the 200 reflections (c), The analysis
enables discrimination of the layer sequence (InSb and AlAs
interface) and identification of the roughness of the
interfaces (steps). The interfaces are no longer abrupt and
local variations in the orientation create virtual boundary
structures. which cannot be analysed in a phenomenolo-
gical manner. In some places finer fringes occur, which can
be interpreted as ‘half spacings’. In the theoretical
considerations and in the simulated defocus series of Fig.
3 for underfocus values of 70, 40, 10 and an overfocus
value of —20 nm, the strong dependence of the contrast on
thickness, imaging orientation and sample preparation
shown here prevents the unambiguous characterization of
the interfaces themselves, Nevertheless, in most of the cases
the different layers can clearly be distinguished and their
atomic columns or pairs can be directly imaged.

Comparison with Fig. 3 proves that there are defocus
values (e.g. 40nm) at which interface delocalization and
visibility show maxima. Varying the defocus may change
the orientation of the striations according to the strains.
Such features are less pronounced in the experimental
images than in the simulated images considering the
relaxation, which was calculated by energy minimization
of the structure including the misfit. Thus, boundary
restrictions, model enlargements and potential refinements
are necessary in the MD calculations for a more
quantitative image matching. The different assumptions of
the local interface structure in the InAs/AlISb system imply
different contrasts at the boundaries where the interface
region is blurred and extended if additional interlayers are
considered.

5.4, Stoichiometric variability

The thin interlayers considered in Figs. 3, 4 and 6 variously
influence the image contrast. While the AlgsGagsAs
interlayer in the GaAs/AlAs system (Fig. 4) and the Al s
Gag.58b interlayer in the GaSh/AISb system (Fig. 6) create
smooth interface contrast, doubling of the AlAs and InSb
interfaces, which corresponds to a graduated interface,
creates extended and blurred interface contrasts. Thus, the
effect depends on the stoichiometry, the misfit and the
structure factor asymmetry.

Figure 8 shows the x- and z-projections of an In,Ga;_,As
multi-layer structure after energy relaxation, and corre-
sponding HREM image simulations, The calculations are
related to the experimental example of Fig. 1, namely the
ternary systems of In,Ga,_,As/Al,Ga; ,As. The misfit of
this system is rather low so that only the random changes

(© 1995 The Royal Microscopteal Society, Journal of Microseopy, 179, 214-228
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in stoichiometry canse an inhomogeneous composition solely the model of the sharp interface is shown in Fig. 8(a)
resulting in strain effects. The different layer stoichiometry with x abruptly changing from 0 to 25%. The resulting
is due to the random substitution of atoms, with the force contrast in Fig. 8(b) demonstrates the influence of both the
field minimum in the MD simulations corresponding to the scattering factor and the strains owing to local variations in
crystalline equilibrium distance. For the sake of simplicity the lattice distance.

t/nm 12

Aisb |
Gash) EOEn )
c

a b

Fig. 6. A 400-kV (100)-HREM image (a) of a (1:5-nm AlSb/1+5-nm GaSh), quantum well structure grown on (001)-orientated GaSh (90°
cleavage sample) and simulated defocus series of a 1-5-nm-wide AlISb layer in a 907 wedge-shaped GaSb matrix with thickness ¢t = 0=12 nm:
(b) abrupt interfaces (c) with Aly;Gag.5Sb interlayers at both interfaces; U = 400kV, ¢, = 1mm, 6§ = 8nm, ap = 0-5mrad. o = 16nm™,
t=0-12nm, A =0, =20, =30, =40, —=30. —60. —70nm.
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Fig. 7. Experimental 400-kV HREM image (a) of a (1:8-nm InAs/1-8-nm AlSh), multi-layer structure and filtered selections with 35 beams
) and four (200) beams (c).
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a4

Fig. 8. Projection in x- and =direction (a) and simulated IIREM defocus series (A in nm) of the energy-relaxed In, Ga,_, As and In Al Gay . ,As
multi-layer structures of different layer stoichiometry (x.y in %) on a GaAs substrate: U = 400kV, C,=1mm, § = 8nm, op = (:5mrad,

o=16nm™', t=11-3nm.
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Calculated HREM defocus series are shown for the sharp
interface x =0|25% (Fig. 8b). for the smooth interface
x=0]5]12-5]|20]25% (Fig. 8c). and for the interdiffusion
of Im,AlGa;_,_ As with xy=30:25|20:25|10:25 |
3:25|0:25%. The resulting contrast in Fig. § demonstrates
the influence of both the scattering factor and the strains
owing to the local lattice distance variations. In the ternary
systems in particular, the random changes in stoichiometry
cause an inhomogeneous composition in addition to strain
effects. Both the (100) and (110) projections of experiment
and simulation reveal the roughness of the interfaces and
the influence of strains as well as thickness and orientation
fluctuations.

F'urther investigations arc necessary using different and
more appropriate potentials, a greater variability in the
random substitution and enlarged models to quantify the
effects.

5. Conclusions

Under optimum imaging conditions the estimation of the
width and the atomic disturbance of the interface region
can be correlated with the different misfits in the epitaxial
multi-layer systems based on GaAs and GaSb. Image
processing and simulation enable a more gquanfitative
interpretation of HREM images and thus the detailed
analysis ol interfaces. The HREM image contrast is
determined by the geometrical interface structure as well
as by the imaging conditions. The main contrast features
result from the differences of the structure factors of the
projected atom columns. Different atomic species at the
interfaces can be revealed by the contrast features as well as
by the relaxation of the lattices owing to the lattice mistit
and the stoichiometry of mixed compounds. The interface
structure has to be refined by using more realistic pair
potentials, enabling the rearrangement of bonds and
including semi-coherent interfaces in the molecular
dynamics simulation.
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