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Abstract

Molecular dynamics simulations using empirical potentials are applied to characterize the structure, the energy
relaxation and the stability of pyramidal-shaped quantum dots in the CdSe/ZnSe system. The relaxed structure models
are used for a reliable interpretation of electron microscope investigations to analyze the size, the shape and the strain
fields of the quantum dots. Though the elastic strains modify the electron microsope image contrast by creating virtual
truncations of the pyramids or additional black-white lobes, optimum imaging conditions chosen will reveal the shape
and the size of the dots. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 02.70.Ns; 34.20; 61.16; 61.34
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1. Introduction

Quantum dots (QD) and other structural modifi-
cations with reduced dimensions in semiconductors
are of interest in microelectronics because of their
significant optical and electronic properties due to
the quantum confinement of the electron wave
function (see, e.g., the reviews [1,2]). Two main
problems are of particular interest: the control of
the self-assembled growth of QDs, and the depend-
ence of the opto-electronic properties on the QD
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structure, i.e., the influence of the shape, the size
and the strain due to the misfit between the lattices
of the dot and the matrix. To solve the problems
QDs are frequently investigated by atomic force
microscopy, scanning tunneling microscopy, spec-
troscopic methods, etc. In addition, conventional
transmission electron microscopy (TEM) — mostly
as plan-view imaging — and cross-sectional high-
resolution electron microscopy (HREM) have been
applied to investigate the QD structure at an
atomic level. For capped quantum dots electron
microscope imaging is the only direct method of
structure investigation without destroying the
buried QDs.

The size and the shape of molecular beam epi-
taxy (MBE) grown QDs depend strongly on the
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growth mode. This can directly be investigated, e.g.,
by studying the moiré fringes in plan-view TEM
images during the QD growth [3]. Thus a great
variety of dot shapes have been proposed and the-
oretically investigated as, e.g., lens-shaped dots,
conical islands, and pyramids with different side
facets of types {011}, {111},{112},{113}, and
{13 6}. Band structure calculations for strained
dots based on the elasticity theory or using struc-
ture relaxations with simple valence force fields
have demonstrated that the wave function and en-
ergies are very sensitive to the underlying strain
distribution [4]. Similarly, a strong modification of
the electron microscope image contrast has been
revealed by the strain field calculations using mo-
lecular static energy minimization based on many-
body cluster potentials [5]. Here, the main differ-
ences in the image contrast between the relaxed and
the unrelaxed pyramids are the virtual truncation
and the black-white lobes around the top of the
pyramids in the cross-sectional HREM images. The
investigated InAs islands of pyramidal shape al-
ways seem to be truncated owing to a lower In
content on top of the pyramid and to the high level
of strain around the island. For technical reasons,
in [5] it was impossible to calculate the plan-view
images, too. But the diffraction contrast was
simulated for the cross-sectional orientation, allow-
ing one to discuss the depth dependency of the
contrast of the pyramids and the possibilities and
limitations of the size and shape analyses, bestow-
ing great caution on interpreting the images. Not
reflecting these results, in [6] the same caution is
demanded. However, simulations using only
spherical inclusions or displacement fields in iso-
tropic media cannot explain the HREM images of
non-spherical structures and the influence of an-
isotropy, respectively. Here, better results may be
revealed using the diffraction contrast analysis of
non-spherical inclusions [7], cubes or ellipsoids in
anisotropic media [8], or applying finite element
methods to evaluate the strain fields (FEM; see, e.g.,
[9-11]).

However, the atomic processes determine the
behavior of extended defects at a microscopic level,
thus influencing the macroscopic properties. While,
in principle, it is now possible to predict material
properties by using quantum-theoretical ab initio

calculations with a minimum of free parameters,
the only method of simulating atomic processes
with macroscopic relevance is the molecular dy-
namics (MD) method using suitably fitted many-
body empirical potentials. Such simulations enable
a large number of particles (10*-10°) and sufficient
relaxation times (10-1000 ps) to be considered.

In the following, MD simulations of CdSe QDs
in the ZnSe matrix are discussed to gain a better
understanding of the structural modifications due
to relaxation and of the resulting TEM and HREM
contrast modifications, both necessary for an im-
proved image interpretation. The present work is
based on the experimental investigations described
in detail in [12] and the preliminary contrast inter-
pretations using plan-view MD and TEM simula-
tions [13].

2. Method

The method of molecular dynamics (MD) solves
Newton’s equations of motion for a molecular sys-
tem, which results in trajectories for all particles
considered in the system. Thus MD provides a tool
suitable for simulating time-dependent processes at
an atomic level as, e.g., the growth of crystals, the
reordering of interfaces, the interaction between
adatoms and surfaces as well as the relaxation of
core structures of lattice defects. The calculations
are performed with the fifth-order predictor-correc-
tor algorithm of Gear [14] using a constant volume
(NVE ensemble) or a constant pressure (NpT en-
semble) and time steps of the order of 0.25 fs to
ensure the proper calculation of all possible modes.
NVE is preferred for free surfaces or simulations to
calculate diffusion constants, whereas NpT enables
the relaxation of the cell dimensions and the ap-
plication of an outer pressure, which is important
for, e.g., the reordering process at interfaces. For
controlling the system temperature either all par-
ticle velocities are slightly rescaled at each time
step, or solely the outer layers of the structure
model, but still applying periodic boundary condi-
tions parallel to interfaces. In the latter case, the
energy dissipation is controlled by the transfer rates
of the kinetic energy at the borders of the
model describing an energy flux into a macroscopic
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substrate. In addition, for straight defects relaxing
the misfit at interfaces the system is coupled elasti-
cally to the bulk surrounding matrix.

The interatomic forces in covalent solids can
sufficiently be described only if the influence of the
local environment according to the electronic
structure is included. Simple pair potentials and
potentials of the valence force field or related types
as, e.g. the Keating (K) potential, are restricted in
their validity to small deviations from the equilib-
rium. However, empirical potentials have been
developed, which allows the calculation of the
many-body interaction sufficiently well. The poten-
tial most often used for semiconductors is the Stil-
linger-Weber (SW) potential [15], consisting of 2-
and 3-body interactions, with a smooth cut-off
mostly behind the nearest-neighbor distance, and
which is fitted to the cohesive energy, the lattice
parameter, and the elastic constants or the melting
point. Though it fails for large distortions in the
surrounding of defects, it allows the second next
neighbor interaction to be included by rescaling.
The potential of Tersoff [ 16] (here there are at least
three parametrizations TI, TII, TIII) consists of
a third-order cluster structure and is a bond-order
potential, thus having a functionality other than
SW.

Most of the potentials available are of the SW or
T types. They offer advantages and disadvantages
in the range of validity, physical meaning, fitting
and accuracy as well as applicability [17]. Such
restrictions exist for other potential types, too, even
if the embedded atom approximation is used
(EAM) or special environmental dependencies are
constructed to enhance the elastic properties near
defects. In addition, all potentials are not well ap-
plicable to long-range interactions, and the elec-
tronic structure and the nature of the covalent
bonds can only be described indirectly. Therefore, it
is of importance to find physically motivated
semiempirical potentials and to use suitable
methods to fit to first principle as well as experi-
mental data bases. We have intensively tested dif-
ferent parametrizations of the SW and T potentials.
For the present calculations we applied our own
parametrization of the Stillinger-Weber potential
fitted to the cohesive energy, the lattice constant,
and the elastic constants, similar to that of [18] for

Table 1
Parametrization of the Stillinger-Weber potential for
Cd-Zn-Te-Se

ro (A)  e@EV) A4 B s

ZnSe 2.455 2.19
ZnTe 2.641 1.955
CdSe 2.620 1.955

6.736385
8.607706
6.637040

0.32509 1.2351
0.35070  1.3777
0.31986  1.2049

the CdTe interaction. The parameters used
(ro, & A, B, and 7y,) are given in Table 1, for the
functionality and the parametrization cf. the orig-
inal papers [15,18]. The additional parameters
A=21.0,a=18,7; =12, and cos 0, = — 1/3 of
the fitted SW potential are the same for all interac-
tions considered (cf. [15,18,19]). Thus the interac-
tions Cd-Se and Zn-Se are included completely,
whereas an intermixing of Cd and Zn is avoided by
controlling the topology of the QDs. Therefore, the
simulations of the stability of the QDs are valid as
long as no direct interaction occurs between Cd
and Zn during intermixing. The embedded QDs are
relaxed at 0 K for at least 10 000 time steps of
0.25 fs, i.e. for 250 ps. Then annealing follows up to
some 600 K so that the system is always near the
equilibrium at each temperature step, i.e. holding
again about 250 ps per step.

The atomic structures of the CdSe QDs in the
ZnSe matrix are prescribed by geometric models as
demonstrated in Fig. 1 by using the CERIUS [20]
package. Besides this, the CERIUS package is used
only for prerelaxations with simple many-body po-
tentials or the valence force fields and creating data
bases for the potential fit. The following annealing
and relaxation simulations are based on an own
program as described in general above. The start-
ing configurations are supercells in {1 0 0} orienta-
tion of 13 x 13 x 13 unit cells with 17 576 atoms and
a resulting box length of 7.31 nm. The base length
of the dots is about 6 nm. In {1 1 0} representation,
necessary for comparing the simulations with re-
spective HREM investigations, the structure is
transformed into [110] by 1/./2x /2 x 1 super-
cell enlargement and contains 16 848 atoms. Alter-
natively, larger cells with the same QDs
(16 x 16 x 16, box length 8.82 nm) and smaller dots
within the original boxes (base length 5.3 nm) and
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the respective transformations are used to investi-
gate the effects of the self-influence of QDs in small-
er cells due to periodic boundary conditions.

Four different QDs with facets {011},
{112},{113} and {13 6} are presented in Fig. 1.
Additionally, on the left-hand side the embedding is
demonstrated for a spherical QD showing the em-
bedded dot and the isolated one. The most impor-
tant difference of the various structures consists in
the varying step structure of the facets due to their
different inclination. Other configurations, e.g.
{111} facetting, and different orientations are
simulated, too, as well as one or two monlayer
(ML) thick wetting layers are compared with calcu-
lations not using wetting layers.

3. Experiments and image analysis

Two 200 kV microscopes, a PHILIPS CM20
FEG and a HITACHI H-8110, have been used to
investigate the QDs in the system CdSe/ZnSe.
Plan-view diffraction contrast TEM images were
taken to characterize the shape and size, and cross-
sectional HREM images to reveal the atomic struc-
ture. The investigations were supported by energy-
dispersive X-ray spectroscopy to gain chemical in-
formation of the wetting layer (see [12,13] for de-
tails and respective results).

The samples were grown by MBE on a (001)
GaAs substrate with a 1 um ZnSe buffer layer [21].
Three monolayers of CdSe were deposited at 230°C
and then annealed at 310°C, the initial growth
temperature of ZnSe. This corresponds to a ther-
mal activation during the growth interruption after
the deposition. The resulting QDs are capped by
85 nm of ZnSe. The plan-view samples were mech-
anically pre-thinned and subsequently dimpled to
a thickness of 30 um, and finally thinned by Xe™
ion milling at 0.7 kV. The cross-sectional samples
were prepared by face-to-face gluing, drilling of the
cylinders out of the stack with the layers lying on
the cylinder axis, cutting them into thin slices, pol-

A

lsig. 1. Structures of different pyramidal quantum dot config-
urations: embedded and isolated spheres; {0 1 1}, {1 12}, {113}
and {13 6} pyramids (ball and stick presentations, besides for
{113} where only the Cd atoms are shown as balls).

ishing both sides down to approximately 100 um,
and finally by dimpling and ion-milling.

Fig. 2 shows typical experimental contrast fea-
tures for a comparison with theoretical results. Fig.
2a is a slightly tilted HREM image of a single CdSe
QD in the ZnSe matrix at an acceleration voltage
of 200 kV and in approximately [1 1 0] orientation
where only one set of the lattice fringes is seen with
good contrast. Fig. 2b and ¢ show two enlarged
[00 1] plan-view diffraction contrast TEM micro-
graphs with excitations of the (22 0)- and (0 4 0)-
beams, respectively, and slightly different sample
thicknesses.

The image simulations were carried out using the
EMS software [22] or the CERIUS package. The
latter is restricted to a maximum of 99 subslices,
which is insufficient for highly distorted larger super-
cells. The parameters correspond to the microscopes
used: acceleration voltage U = 200kV, spherical
aberration C, = 1 mm, absorption potential factor
q = 0.1, defocus spread 6 = 8 nm, beam-semicon-
vergence o = 0.5 mrad. The beam apertures were
chosen = 16 and 2.0-6.0 nm ~* for cross-sectional
HREM and plan-view TEM (diffraction contrast
bright-field) images, respectively. All diffraction
contrast thickness series were calculated with a de-
focus value of 4 = 25 nm lying between the Gauss
and the Scherzer focus. The HREM defocus series
started at 4 = — 25 nm in steps of 25 nm up to
150 nm. The thicknesses chosen are t = 7.4, 10.2,
and 13.6 nm (respectively t =9, 13, and 17 nm for
the larger cell).

4. Results

Though the theoretical annealing behavior of the
QDs depends on the box size, the heating and
cooling rates, and the outer forces applied, it en-
ables the characterization of the stability of the
QDs. Fig. 3 shows two typical results: the annealing
of {112} and {11 3} QDs with 2 ML wetting layer
is simulated for a heating rate of 24 K/ps (6 K/1000
steps). The potential energies are presented as
a function of the simulation time. Selected regions
of the QDs are shown in the insets characterizing
the structure of the dots for the time step indicated
by the arrows in the energy curves. While the
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[001]

[110] [110]

Fig. 2. Experimental {1 1 0) HREM image (a) and {1 0 0) plan-view diffraction contrast micrographs of CdSe QDs in ZnSe at 200 kV:
bright field at (2 2 0) excitation (b) and dark field at (0 4 0) excitation (c).
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Fig. 3. Energy relaxation of a {1 1 3} (a) and a {1 1 2} (b) quantum dot (potential energy versus time steps, inset: perspective view of the
structures for the step indicated by the arrows).
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Fig. 4. Strain fields of the {0 1 1} (a, b) and the {1 1 3} (c, d) quantum dots at 600 K (a, ¢) and near 0 K (b, d) in z = [1 0 0]-projection

(x=[010], y=[001], red: 0., green: g,., blue: o,.)

{112} pyramid in Fig. 3b is amorphized after
about 15 ps at 360 K, the {1 1 3} pyramid remains
stable (cf. Fig. 3a). Comparing different simulations,
however, similar to those shown in Fig. 3 but with
larger boxes or smaller QDs, as well as using differ-
ent facets yields analogous results: The flat QDs are
more stable than the QDs with facets of a steeper
descent. Larger boxes avoid the self-influencing
effects and lead to a higher stability. However,
because the direct Cd-Zn interaction is avoided in
the potential, only the structural changes of the
stable QDs have a well-defined physical meaning.
Thus solely the stable QDs are used to evaluate the
strain fields and to simulate the TEM and HREM
images. The detailed analysis of the energetic be-

havior will be investigated in a forthcoming
paper.

The resulting strain fields are presented in Fig.
4 as color-coded maps. Here, the strength of the
normal strain component o, is described by the
intensity of red, whereas blue and green character-
ize the shear components o, and o,., resp., for the
selected projection plane denoted by x, y, and z. In
Fig. 4 the projection z = (1 0 0) is chosen, i.e. x and
y of the maps correspond to (010) and (00 1),
respectively. The strains are evaluated by analyzing
the atomic displacements during the relaxation of
QDs. The characteristic strain fields are generated
due to the lattice mismatch of about 7% in the
present system. In Figs. 4a and b the strain fields of
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tre-{011} {113} {136} sphere

Fig. 5. Simulated bright-field (BF, apertures: 2 and 4 nm !, image axes parallel [1 1 0] with 7.4 nm length) diffraction contrast TEM
images of QDs with different pyramidal shapes and sample thickness of t = 7.4 nm(a), 10.2 nm (b), 13.6 nm (c).

[o11} tre-{011} {112} (113} (136} sphere

Fig. 6. Simulated dark-field (2 0 0 DF (a,c) and 2 2 0 DF (b,d), image axes parallel [1 1 0] with 7.4 nm length) diffraction contrast TEM
images of QDs with different pyramidal shapes and sample thickness of t = 7.4 nm (a,b) and 13.6 nm (c,d).
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t=13 nm

t=9 nm

| c
Top t=17 nm bottom

Fig. 7. Thickness series (t in nm, image axes parallel [1 1 0] with 9 nm length) of the {011} quantum dot within the larger box:
symmetric [0 0 1] bright field (a), cross-sectional [1 1 0] bright field (b) and [0 0 1] tilted dark field with (2 2 0) excitation; depth position

of the QD: 7 nm (left three columns) and 14 nm (right column).

a truncated {0 1 1} QD are shown in a snapshot at
600 K and in relaxed equilibrium, respectively,
whereas in Figs. 4c and d the strain fields of the
{113} dot are presented. The strain distribution
can be compared with finite element calculations
(FEM) of the elastic energy density of QDs, which,
e.g., in [11] were performed for a 15 nm x 15 nm x
3 nm ZnSe substrate with a 0.5 nm CdSe wetting
layer and a {011} facetted CdSe pyramid
of 5nm in base length along {1 00) directions.
Furthermore, comparing the strain maps enables
the direct understanding of the contrast features in
TEM and HREM. The strain fields are almost
symmetric for the relaxed structures, demonstrat-
ing the driving forces for the relaxation during
annealing.

Fig. 5 shows the simulated zone-axis bright-field
contrast of QDs with different facets (cf. Fig. 1 for
the shapes): {011}, truncated {011}, {112},
{113}, {136}, and a sphere, resp. Three different
thicknesses were chosen: t = 7.4 nm in (a), 10.2 nm
(b), and 13.6 nm (c), to demonstrate the contrast
reversal with increasing thickness. The simulations
reveal that there are imaging conditions that allow
a clear distinction of the different QDs by their
characteristic contrast features due to the strain
fields. Without strains solely a weak structure fac-
tor contrast arises. The pyramidal QDs with
a steeper descent of the facets show a fourfold
symmetry of their contrast features, however, this is
clearly visible only at a symmetric bright-field inci-
dence. The striations superimposed show that here
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Fig. 8. Simulated [1 1 0] HREM defocus series (defocus 4 in nm, thickness t = 7 nm) of the truncated {0 1 1} quantum dot.

some of the structures are not yet completely re-
laxed, their contrast depends sensitively on the ob-
jective aperture chosen in the simulations
(B = 2-4 nm ™~ '). Especially at interfaces this results
in some residual lattice fringe bending and in dis-
turbances of the simulated images for larger thick-
nesses.

The comparison of the simulations with charac-
teristic plan-view TEM images of CdSe/ZnSe QDs
(see, e.g., Fig. 2, and [13]) allows one to conclude
that most probably the observed pyramids have
{01 1} facets and base edges along <10 0). Of all
the different simulated contrast features only those
as, e.g. Fig. 5c for the {01 1}-QD type match the
black-white distribution of the experiment, because
the sample thickness in the experiment is larger
than 20 nm. Thus the observed contrast reversal
leads to the assumption of truncated {0 1 1}-pyr-
amids. The remaining discrepancy along the ledges

of the pyramid may be due to some additional
facetting, which has to be investigated in more
detail later on. The orientation relationship of the
CdSe QDs differs from that of InAs/GaAs in [5],
probably due to the higher ionicity in II-VI
semiconductors than in the III-V systems.

For comparison, Fig. 6 shows simulated dark-
field diffraction contrast images of the same pyr-
amids as in Fig. 5 using a (2 00) reflex (a,c) and
a (220) one (b,d), as well as two different thick-
nesses ¢t = 7.4 nm (a,b) and 10.6 nm (c,d). Dark-field
images and/or tilted samples reveal the black-white
contrast features with the well-known line of no
contrast. In addition, Fig. 7 discusses various con-
trast-influencing factors using the example of the
{11 3} quantum dot, here, however, embedded in
a larger supercell to understand the contrast scaling
behavior. Thickness series of the plan-view and the
cross-sectional orientation are presented in Fig. 7a,
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Fig. 9. Simulated [1 1 0] HREM defocus series (defocus 4 in nm, thickness t = 9 nm) of the complete {1 1 3} quantum dot.

¢ and b, resp., for three different thicknesses t = 9,
13, and 17 nm. The contrast reversal between the
thicknesses t = 9 and 13 nm is clearly evident. The
cross-sectional TEM images of Fig. 7b reveal the
existence of the wetting layers as dark or white
stripes for smaller (t = 9 nm) and larger thicknesses
(t = 13 nm) with respect to the background. The
same strained QD in Fig. 7c is simulated for a tilted
incident beam orientation. Exciting the (2 2 0) re-
flex approximately, the contrast no longer shows
fourfold symmetry. Similarly, for dark fields, the
contrast reversal of the black—white contrast lobes
is coupled with the oscillation of the contrast ac-
cording to different depths below the surface.
Finally, selected examples of various defocus
series of HREM images of a truncated {0 1 1} and
a complete {1 13} QD are shown in Figs. 8 and 9,
respectively, to demonstrate the conditions of vis-
ualizing the atomic structures. The cross-sectional

HREM images show a dumbbell-like contrast sol-
ely near the Scherzer focus, perhaps here the de-
focus spread of 6 = 8 nm and the divergence angle
of & = 0.5 mrad are still too optimistic for a com-
parison with the experiment. Nevertheless, the QDs
are visible at certain defoci for the sample thick-
nesses of t = 7 and 9 nm considered. The pyramids
mostly appear truncated. Striations of the HREM
contrast of all atomic columns around the pyramid
occur, the curvature of which is due to the strain
field. The real shape of the QDs seems to be best
pronounced near Scherzer focus 4 = 50 nm as well
as for 4 = — 25 nm and above 100 nm.

5. Conclusions

Structure simulations of CdSe quantum dots in
a ZnSe matrix are performed to test the stability of
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different configurations and to understand the un-
derlying strain fields at an atomic level. The result-
ing relaxed QD structures are used to calculate the
electron microscope contrast features. For the
simulated as well as the experimental micrographs,
the typical bright-field images of QDs show a wide
contrast variability due to variations in thickness
and orientation of the samples. The fundamental
features of the diffraction contrast (black-white
lobes and oscillation behavior) are maintained.
Both in plan-view and in cross-sectional images
there are contrasts due to the strain fields
around the QDs having symmetries influenced by
the shape of the dots. Under optimum imaging
conditions the estimation of the size and the shape
as well as the atomic displacements due to the
misfit can be correlated. In the HREM images the
pyramids seem to be almost truncated, and the
visibility of the QDs is strongly influenced by the
defocus, too. For appropriate specimen thicknesses
and choosing suitable defoci the images may be
interpretable with respect to the real size and shape
of the QDs superimposed by the strain fields due to
the lattice mismatch.
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