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Abstract

Precipitates in glasses as well as multi-layer semiconductor structures (quantum wells) are investizated by high resolution
electron microscopy (HREM) providing local atomic information at the reluxed interfaces, The analysis of micrographs requires
the computer simulation of the HREM contrast using a theoretical atomic structure model of the interfaces generated by

molecular dynamics to describe the relaxations.
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1. Introduction

Interfaces have a strong influence on material proper-
ties because they are associated with mechanical. chem-
ical, and electrical inhomogeneities. Two different types
of interface were investigated by high resolution elec-
tron microscopy (HREM) to discuss the relevance of
the molecular dynamics (MD) model generation to the
structure analysis applying HREM image simulations.
First, silver particles in sodium silicate glasses are inves-
tigated. They are generated after sodium-—silver ion
exchange, thermally activated migration and subse-
quent annealing [1-3]. Second, HREM imaging will be
discussed concerning multi-layer structures in the bi-
nary and ternary systems based on GaAs and GaSb
[4-6].

2. HREM imaging and MD structure modelling

HREM, widely used in materials science, provides
direct information on the local structural variability at
the atomic level. However, a direct and phenomenolog-
ical interpretation of the HREM micrographs is mostly
not possible so that image processing and image simu-
lations using theoretical structure models are inevitable.
The HREM image contrast is mainly determined by
two processes: first, by the electron interferences owing
to the interaction process of the electron beam with the
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almost periodic potential of the matter, and second. by
the interference of the plane waves scattered by the
specimen and transferred by the microscope. Images are
modelled by calculating both processes. Starting from
an initial model, imaging conditions and model have to
be varied up to a sufficient coincidence of simulated
image and experimental contrast (trial and error).

Starting from geometrical models the relaxed struc-
tures were calculated by MD calculations and energy
minimization mainly using the CERIUS program pack-
age [7]. Different force fields, consisting of simple two-,
three-, and four-body potentials, i.e. distance. angle,
torsion, and inversion of the bonds with respective
parameters varied, were used to calculate the energy of
a certain configuration. Some of the structures were
refined by the program package of the Rutgers State
University [8] using special many-body potentials such
as Stillinger—Weber potential [9], Tersofl potential [10],
and the modified Born—Mayer- Huggins (BMH) pair
potential including Stillinger—Weber angular terms for
covalent bondings and embedded atomic potentials
(EAM) for metals [11].

3. Ag particles in glass and HREM imaging

Commercial sodiun silicate glasses (0.13% Fe,0;) are
exposed to an jon exchange in an NaNO;-AgNO,; melt
at 400 °C. Subsequent annealing at temperatures be-
tween 460 and 600 °C creates Ag particles of up to 120
nm in size. Fig. 1(a) shows an experimental HREM
micrograph of a silver particle within sodium silicate
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Fig. 1. (a) (111)-lattice fringes of an Ag-particle within commercial sodium silicate glass after ion exchange and annealing: U= 400 kV. (b)
Calculated HREM micrographs of a spherical (011)-oriented Ag-particle (1722 atoms) before and after relaxation: particle is turned around [1T1]
by rotation angle 0--10°, Imaging parameters: U =400 kV: Co=1mm: =10 nm: x=0.5 mrad; A= —37 nm,

glass. The particles are investigated under lattice fringe
imaging conditions using a JEOL-JEM 4000 EX elec-
tron microscope near the Scherzer focus. The (111)
lattice fringes characterizing the crystalline particle
structure clearly stand out against the speckled contrast
of the amorphous matrix. Measurements of the fringe
distances in experimental HREM micrographs indicate
that with declining particle diameter the lattice parame-
ters decrease more strongly than expected for free parti-
cles [12]. Based on structural models (see Fig. 2)
computer simulated HREM images of both an unre-
laxed and a relaxed spherical silver particle were calcu-
lated for the underfocus of — 37 nm and for different
orientations (see Fig. 1(b): acceleration voltage U/ =400
kV: spherical aberration C,=1 mm; defocus spread
¢ = 10 nm; semi-angular beam divergence » = 0.5 mrad:
diffraction aperture %"= 16 nm '), Starting off in an
(011) orientation, the particle is turned around [111] up
to 10°. With increasing rotation angle the image con-
trast of the particle will be disturbed, but even at
rotation angles up to 10° the lattice fringes of the
precipitate can clearly be detected. The contrast of the

relaxed particle seems to be less extended than that of
the unrelaxed one. and is characterized by reduced
lattice distances, indicating the compression of the par-
ticle as the result of MD relaxation.

4. Glass generation by MD simulations

In order to establish a realistic glass model, the MD
relaxations should result in an amorphous structure
having a local atomic environment similar to that of a
crystal, considering the correlation of the atomic posi-
tions vanishing over far distances, and special topologi-
cal rules. Different strategies of glass generation were
checked. Starting from a -Na,Si,O: crystal, space
group Pcnb, (Fig. 3(a)) either the crystalline atomic
positions were statistically disturbed or the bonding
relations were rearranged by converting some of the
six-fold Si-O rings to five-, and seven-fold rings. Subse-
quent energy minimization yields a relaxed glass struc-
ture. Fig. 3(b) shows a glass structure modelled by MD
simulations using BMH and EAM potentials after ran-
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2 Cuboctahedral Ag-particle in the 10 x 4 x 12 supercell of the sodium silicate glass before and after relaxation: particle. 1290 atoms:
oell, 6.4 % 6.2 % 5.8 nm.
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Fig. 3. Generation of sodium silicate glass models and corresponding PDFs.
enly replacing Na by Ag according to the experimen- structures are lowered and broadened. Solely for small
son exchange rate. The glass was heated up to 2500 distances, these structures reveal a correlation of the
in 20 ps. The corresponding pair distribution func- atomic position. In addition, the PDFs of the glass
2 (PDF) sufficiently describes the averaged local structures have Ag—Ag and Ag-O peaks. The anneal-
mic environment and the long-range disorder. Com- ing process of the ion-exchanged glass structure seems

«d with the peaks of the crystal, those of the glass to cause a clustering of the Ag particles. However,




104 D. Timpel et al. | Materials Science and Engineering B37 (1996) 101-107

.,
129) ateans
iz
0.98 ¢
0.96 1
.96 5 _
— T - |
" 640 atons 0.94 L 1'_. =
[
74 ,.r'r’
- 0.92 |
= 090 +
= i
.88 )
3 )
086 - o
084 + 2
v 0 1060 2000 3000 4000 5000
i - 4 6 g /A number of atoms

Fig. 4. (a) Partial Ag—Ag PDF of relaxed cuboctahedral particles in sodium silicate glass. (b) Variation of next-neighbour distance
as cuboctahedral and spherical Ag-particles in sodium silicate glass as a function of particle size.
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Fig. 5. Relaxed model of (2) an InGaAs-AlGaAs-GaAs QW structure and (b) strains measured across the QW at (i) the centre of
(1) near the exit face, and (iii) a side [ace.

depending on the Ag—Ag pair potential chosen these
results have to be clarified by future investigations.
Crystalline Ag particles of different shape and size
were included in the enlarged sodium silicate glass
matrix. Owing to numerical difficulties in generating
such large models, the cubic glass matrix was created
by statistically disturbing an enlarged crystal
(10 x 4 x 12), recalculating the bonding relations, and
subsequent energy minimization. Fig. 2 shows such a
model including a spherical Ag particle (a) before and
(b) after relaxation of the whole system. as well as the
corresponding partial Ag—Ag PDFs. The energy was
minimized by assuming a universal force field [5], which
included pair and three-body interactions for the glass

structure. and described the metallic bondings
the particle as well as the bonding relations &
precipitate and surrounding matrix by Lennard
potentials. The comparison of the relaxed
unrelaxed state reveals the disturbance of the &
atoms of the particle. Compared with the sharp
of the unrelaxed precipitate, the peaks of the
precipitate are lowered and broadened. Comp
partial Ag—Ag PDF of two embedded spherical
particles of different size (640 and 1290 atoms
relaxation provides more detailed information
relaxation behaviour of the precipitate (see Fig
For the smaller particle, besides a lowering

broadening of the crystal peaks. there is a slight &
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Fig. 7. 400 kV (110)-HREM image of (a) a (1.2 nm' GaAs—1.2 nm AlSh), QW structure grown on (001)-oriented GaAS by MBE; computer
simulated images of an extended AlAs layer inserted in a 90° wedge-shaped GaAs matrix of thickness ¢ =0.25 nm. (b) Abrupt interface, (¢) with
Al,sGa, ;As interlayers at both surfaces. Imaging parameters: /=400 kV; C,=1 mm; § =8 nm; ¥ =0.3 mrad; A=0, —42, —72 nm.

the peak maxima towards the smaller distances. Fig.
4(b) summarizes the results for cuboctahedral
and spherical precipitates embedded in two slightly
different glass models, as well as for free particles
of different size. For free particles. which are
relaxed by using potentials and parameters equivalent
to those of embedded ones. the next neighbour dis-

tances increase with decreasing particle size. In con-
tradiction to the experiments, it demonstrates Len-
nard—Jones potentials being insufficient for metals.
Nevertheless, the embedded  particles  show
an opposite behaviour: the obvious influence of the
matrix results in an additional pressure on the parti-
cle.
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Fig. 8. Experimental 400 kV HREM image of (a) (1.8 nm InAs-1.8 nm AlSb),, multi-layer structure; (b) sections filtered with 35 beams; (c) {200}
beams. (d) Simulated images using different defoci for four atomic sequences across the InAs—AlSb interface (Al As or In—As interface with an
AsAl or InSb interlayer). Imaging parameters: U=400 kV; ¢, =1 mm; § =8 nm; z=0.5 mrad: r=113 nm; A=70, 40, 10, — 10 nm.

5. Interface models of semiconductor heterostructures

Figs. 5 and 6 demonstrate the generation of inter-
faces in semiconducting interlayers using atomistic cal-
culations. A relaxed coherent interface of an
InAs—AlSb heterostructure (see Fig. 6) as well as the
basic model used for the MD simulation of ternary
structures (Fig. 5(a)) are presented. Starting from pure
GaAs supercells the InGaAs—AlGaAs—GaAs quantum
well (QW) structure is created by randomly exchanging
In and/or Al atoms for Ga in different layers. The latter
are matched, with the bonds being recalculated before
the energy is minimized by using a force field, with the
atomic distances varying. The misfit is determined by
the different equilibrium interatomic distances, chosen
to get stable crystal structures. The misfit varies be-
tween 0.1% for AlAs—GaAs and 1.2% for InAs—AlSb.
Strain measurements across the QW (Fig. 5(c)) visualize
the results of relaxation. The QW structures are studied
to analyse the different factors influencing the HREM
contrast at the interfaces. The systems are characterized

by different misfits and scattering factors, resulting in a
different elastic behaviour at the boundaries and in
respective imaging effects.

6. Small interface misfit multi-layers

Fig. 7(a) compares an experimental (110)-HREM
image (a) of a (1.2nm GaAs—1.2nm AlAs), QW grown
on (001)-oriented GaAs by MBE to computer-simu-
lated images of an extended AlAs layer inserted in a 90°
wedge-shaped GaAs matrix. According to the dynami-
cal scattering theory, the thickness contours and related
contrast shifts are visualized in the experimental im-
ages. The micrographs were computed by assuming an
abrupt interface (Fig. 7(b)) as well as Al;;GagsAs
interlayers at both interfaces (Fig. 7(c)). Respective
computer simulations applied U'=400 kV, C,=1 mm,
=8 nm, 2, =0.5 mrad. and x =16 nm ~'. Owing to
the wedge-shaped model, in each simulated image the
thickness increases from =0 to =46 nm. The defo-
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cus values are 0, —42, and — 72 nm. The small scatter-
ing factor asymmetry for GaAs (0.03) is opposite to the
strong asymmetry in the AlAs (0.43) interlayer, thus
explaining the different HREM patterns and the differ-
ent defocus/thickness behaviour. This system has the
lowest misfit considered. with no additional contrast
modifications and no streaks occurring at the inter-
faces. The graduated interlayer (Fig. 7(c)) is the sole
cause of the abrupt contrast change smoothing down,
but causes no additional features.

7. Large interface misfit multi-layers

The InAs—AlSb system (model, see Fig. 6(b)) is
characterized by a large misfit and a structure factor
asymmetry as well as by two very different interfaces.
Fig. 8(a) shows an experimental HREM micrograph of
the InAs-AlSb multi-layer system and its contrast en-
hancement by Fourier processing using 35 beams (Fig.
8(b)) or solely the {200} reflections (Fig. 8(c)). In
analysing the micrograph one can detect the laver se-
guence (InSb and AlAs interface) and the roughness of
the interfaces (steps). The latter are no longer abrupt.
Local wvariations of the orientation create virtual
boundary structures. which cannot be analysed in a
phenomenological manner. In some places finer fringes
occur, which can be interpreted as ‘half spacings’. The
simulated defocus series using underfocus values of 70,
40, 10 nm and an overfocus value of —20 nm are
shown in Fig. 8(d). In most cases the different layers
can clearly be distinguished and their atomic columns
or pairs can be directly imaged. Interface delocalization
and visibility show maxima at an overfocus of 40 nm.
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 ones considering the relaxation. which were
calculated by emerzy minimization of the structure in-
cluding the misfit. Thus MD calculations require better
boundary conditions. larger atomic numbers in simula-
tions, and potential refinements for a more quantitative
image matching The different assumptions of the local
interface structure n the InAs-AlSb system imply
different contrasis 21 the boundaries where the interface
region is blurred and extended if additional interlayers
are considerad.
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