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Abstract

Self-organized CdSe/ZnSe quantum dots (QDs) were investigated by means of transmission electron microscopy (TEM).
Plan-view diffraction contrast images each obtained under individual diffraction conditions showed different contrast behaviour.
Bright-field imaging of single dots revealed circle-like contrast features. In the 040 dark-field image a 2-fold symmetry and in the
220 dark-field image a nearly 4-fold symmetry of the contrast features were observed. Supplementary strain-field calculations using
a finite-element method were compared with the experimental contrast features. The distributions of the several strain components
chosen according to the certain diffraction conditions show the same symmetry and orientation -as the experimental features.
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1. Introduction

Quantum structures like quantum wells. quantum
wires, and quantum dots are of great fundamental and
technological interest because of their physical proper-
ties, especially as to their optoelectronical behaviour.
Quantum dots (QDs) are structures limited in the three
spatial directions to only some nanometers where quan-
tum-size effects become important. Besides the IIT-V
materials like (In.Ga)As/GaAs or (In,Ga)P/InP yielding
infrared and red light emission I1-VI materials like
CdSe/ZnSe were found to form QD structures of emis-
sion in the blue—green range.

The formation of QDs on non-structured surfaces is
a self-organization process due to the lattice mismatch
being about 7% for CdSe/ZnSe. In general, there are
three possible modes of the growth of mismatched
structures. Pseudomorphic layer growth is described by
the model of Frank and van der Merwe [1], where the
relaxation of strain is realized by strained unit cells and
after exceeding a critical thickness by the generation of
misfit dislocations or surface modulation. The genera-
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tion of islands on a wetting layer having the critical
thickness for strain relaxation was predicted by Stran-
ski and Krastanow [2]. Hereby, the strain is predomu-
nantly relaxed in the upper regions of the islands.
Volmer and Weber [3] described the immediate growth
of isolated islands on the substrate without the presence
of a wetting layer.

The self-organization process of the CdSe/ZnSe is
similar to the Stranski—Krastanow growth mode estab-
lished for the I[II-Vs. But, in contrast to that an
additional activation energy is mandatory for the reor-
ganization of the top atomic layer to 3-dimensional
islands. This was shown by Rabe et al. [4] for growing
CdSe in a layer by layer mode on (001) ZnSe. The
CdSe/ZnSe QDs were formed during an intermediate
annealing step adapted to the molecular beam epitaxy
(MBE) growth process. A two monolayers (MLs) thick
remnant layer was verified by X-ray diffraction experi-
ments [3].

Transmission electron microscopy (TEM) investiga-
tions were applied in order to study the structural and
chemical properties of the QDs. Plan-view diffraction
contrast imaging reveal contrast features having 4-fold
symmetry hinting to entities having a 4-fold symmetry.
too [6]. A size distribution of 5—-50 nm and an average
area density of 100 um —? were found. Respective cross-
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sectional examinations were carried out by diffraction
contrast as well as high-resolution TEM (HRTEM)
imaging. The HRTEM inspections and subsequent im-
age analysis yielded a height of about 3 nm and a
projected width of about 15 nm. Information about the
chemical composition was obtained by energy disper-
sive X-ray spectroscopy (EDXS) [7], which revealed a
clearly wider Cd distribution in the QD region of about
5.5 nm compared to the adjacent CdSe wetting layer
where 2.5 nm were found. The larger values in compari-
son to the HRTEM results were attributed to beam
broadening and secondary fluorescence.
Computer-aided image-contrast simulations neces-
sary for a reliable interpretation of the diffraction con-
trast images are in good agreement with the
experiments for a truncated pyramid having {101}
facets and with the edges of its basal plane orientated
parallel to the <100} directions [7.8]. An (110} orienta-
tion and {111} or {113} facets vielded contrast features
rotated by 45° in comparison to the experimental one.
Furthermore, finite-element method (FEM) calculations
utilizing the linear elasticity theory were applied to
describe the strain field surrounding the CdSe/ZnSe
QDs. The maximum of the atomic displacement found
at the edges of the basal plane explained the bright-field
contrast features visible in the experiment exhibiting
maximum dark contrast along these edges [8].

2. Experimental

The quantum structures were grown by MBE on
(001) GaAs. Details of the growth procedure are given
in [4]. The large thermal misfit between ZnSe and GaAs
causes misfit dislocations. In order to supply a struc-
turally perfect surface a 1 pm thick ZnSe buffer layer
was grown, The two-dimensional layer by layer growth
of ZnSe at a temperature of 310°C was monitored by
reflection high energy electron diffraction (RHEED).
After lowering the substrate temperature to 230°C 3
MLs of CdSe were deposited again in a layer by layer
mode making the CdSe thickness controllable by means
of the RHEED intensity oscillations. Subsequent in-
creasing the substrate temperature to 310°C and wait-
ing for some seconds causes a significant change of the
shape of the RHEED spots from initially streaky to
spotty indicating the formation of 3-dimensional struc-
tures. Finally the CdSe was capped by an 85 nm thick
ZnSe layer.

The preparation of TEM samples in plan view com-
prised a mechanical pre-thinning down to a thickness of
about 100 um, cutting discs out of the wafer, dimpling
ending up with a thickness of about 30 pm and finally
Xe™ ion milling always from the back to preserve the
quantum structure. The ion milling was carried out by
applying a gradual reduction of the acceleration voltage

from 5 to 0.7 kV in order to minimize preparstis
artifacts like micro-twins.

The TEM investigations were performed on am B8
TACHI H-8110 microscope (200 kV) equipped with e
standard double-tilt holder.

For the FEM calculations of the strain field sws
rounding the QDs the software package MARC was
used. The existence of defect-free islands confirmed by
the cross section HRTEM investigations [6] allows 1o
apply the linear elasticity theory. For the FEM calcula-
tions a sample setup has to be created and divided into
small units having almost the same materials properties
namely the same elastic constants, On a 5 nm thick and
15 % 15 nm wide ZnSe base an 1 nm thick ZnSe welting
layer was defined. Two assumptions were made for
setting up a CdSe island. In the first model only a
complete CdSe pyramid having {101} facets and with
the edges of its basal plane orientated along (100>
directions was placed on the ZnSe wetting layer. In the
second model this pyramid was truncated at a height of
1.5 nm according to the findings of the diffraction
contrast simulations and finally it was covered by a 3
nm thick ZnSe cap.

3. TEM diffraction contrast investigations

Fig. 1 shows the results of the plan-view TEM inves-
tigations. From Fig. la, where a representative bright-
field image taken along the [001] zone axis is given, the
size of the individual contrast features can be estimated
to be about 20 nm or even smaller. Because the diffrac
tion contrast of the QDs is mostly influenced by the
strain field in their surrounding consequently the QD
size is overestimated, The contrast feature near the
center of the image (marked by an arrow) shows =
continuous dark ring indicating the strain field. Heme
contributions to the contrast are present from all he
lattice planes taking part in the diffraction process. |
therefore, a circle-like contrast is imaginable. The corme
sponding 040 dark-field image of the same area is gives
in Fig. Ib, Under the imaging condition chosen &%
contrast features exhibit a 2-fold symmetry (see e.g. 52 J
marked ones) due to the strain induced distortion of :
040 lattice planes. The 220 dark-field image of Fig.
partly reveals a substantial different contrast behavios
(cf. the marked feature). Two lines of no conts
orientated parallel to the (100} directions intersect
the central region of the contrast feature. Appare
the distortion of the 220 lattice planes in the QD re
is of nearly four-fold symmetry. Fig. 1d shows 3
respective selected area diffraction pattern along.
[001] zone axis with the positions of the aperture
cated used for the individual imaging condition.
findings of the TEM diffraction contrast investig:
have to be verified by respective strain-field simul
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W:—-—.ﬁ ::c..". = microscopy (TEM) images of CdSe/ZnSe quantum dots (QDs): (a) diffraction-contrast bright-field images:
m e o T fark-field mmage: and (d) selected-area diffraction pattern with the reflections chosen for imaging marked by

dark lines visible connect the nodes defined for the
FEM procedure. The drawing represents almost all the
strain affecting the bright-field diffraction contrast. The
highest elastic strain energy density is found at the
edges of the basal plane causing the contrast feature of
Fig. la. The lowest density is determined at the central
region of the basal plane indicating the high efficiency
of the island formation for the relaxation of strain. The
medium gray level outside the pyramid indicates the
residual strain away from the islands.

In Fig. 4 the components of the elastic strain in
several directions are presented and an interpretation of
the results is given. Fig. d4a depicts the strain compo-

Fig. 2. Sample setup for the finite-element method (FEM) strain-field
calculations for the complete uncovered pyramid. The cutting plane
referred to in the following pictures is marked.
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Fiz. 3. Elastic strain-energy at the basal plane of the pyramid. High
brightness indicates high strain-energy density.

nent parallel to the [010] direction. This strain directly
affects the distortion of the 040 lattice planes which
contribute to the image contrast of Fig. 1b. The maxi-
mum compressive strain is marked by minimum bright-

ness visible parallel 1o the [100] edges of the basal plane
and a little off the paremid. The appearance of the
maximum compression 2%ons the edges is due to the
superposition of the sshmes CdSe pyramid and the
pseudomorphically strammedl CUS: wetting layer, The
matenal inside the pyrassd B 1o relax at the base
edges 100, but the weiting keyes 802« =cainst causing the
maximum of strain. In contrast B0 a1 the maximum
elongation is found at the center of B¢ ovramids base
attributed to the relaxation. ]

The [010] strain component exhabsts 2 fwe-iold sym |
metry which was also realized in Fig 1b. The mapac: ol
this strain on an arbitrary defined square-like unit cell
is sketched in Fiz. 4b. The unit cells at the [100] edges
are compressed parallel to [010] labeled by dark arrows.
Unlike to that the umit cells at the [010] edges are
elongated in [010] direction (cf. bright arrows). In con-f i)
clusion, a 2-fold symmetry is obvious.

Fig. 4c represents the elastic strain parallel to the
[110] direction causing the diffraction contrast of Fig.
le. In the simulation the maximum and the minimum
values are found at the corners of basal plane. The
drawing of Fig. 4d helps to clarify the findings. The
initially square-like unit cells are distorted to rhombi.

<7

Fig. 4. Finite-element calculations of the strain field surrounding the quanium dots (QDs): (a) [010] component of the elastic strain: (b)
visulaization of the deformation parallel to the [010] direction of initially square-like unit cells at the edges of the basal plane: (¢) [110] component

of the elastic strain; and (d) deformation along the [110] direction at the corners of the pyramids base.
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In order to approm 3 = situation as
close as possible the setsp faw e FEM calculations
was modified by introdecmg & Ssescason of the pyra-
mid at a height of 1.5 nm 2a8 Ssppems =3th 5 nm ZnSe.
The improved sample setup i swem = Fiz 32 Because
of its 4-fold symmetry the size of the model was re-
duced to 0.25. The cufting plane remains the same like
in the uncapped case (see bold Emes) In Fiz 5b the
distribution of the [010] component of the slastic strain
is shown. Comparing Fig. 5b and Fig. 4a both showing
the same strain component one can see that there is no
big difference of the strain distribution. In both view-
graphs the maximum of strain is determined at the

-a7

Fle 5 Fomesemes secod (FEM) calculations for a truncated tetragonal CdSe pyramid capped with ZnSe: (a) sample setup with the cutting
Theme mackse wSwmises of the [010] component of the elastic strain. Due to the 4-fold symmetry only a quarter of the pyramid is shown.

edges of the basal plane. Unlike to that the maximum

of compression is a little bit closer to the edge of the
capped pyramid. Therefore the size of the capped pyra-
mids can be estimated roughly as the same which is
concluded from contrast feature.

5. Conclusions

TEM investigations of CdSe/ZnSe QDs grown by a
modified MBE growth regime were performed by plan-
view diffraction contrast under different imaging condi-
tions. Viewing in bright-field along the [001] zone axis
revealed a contrast feature behaving like a closed circle.
Using the dark-field information of the 040 and the 220
reflections a 2-fold and a 4-fold symmetry. respectively.
were observable. The size of the QDs estimated from
the individual contrast feature was found to be about
20 nm. The contrast behaviour could be explained by
strain-field calculations utilizing FEM. These simula-
tions are based on two structure models which differ in
their complexity. One model consisted of an uncapped
complete CdSe pyramid on a CdSe wetting layer placed
on the ZnSe substrate and the other one of a truncated
CdSe pyramid capped by ZnSe. The total strain-energy
distribution is an appropriate measure of the strain
influence on the bright-field image. Its maximum shows
a closed ring behaving square-like symmetry similar to
that found in the experimental image. The 2- and the
4-fold symmetry of the experimental dark-field contrast
features closely correspond with the distribution of the
[010] and the [110] strain components calculated by
FEM. The comparison of the elastic strain distribution
of the two different structure models revealed a strong
similarity permitting the conclusion of a weak infiluence
of the capping layer on the symmetry of the strain field
in the surrounding of the QDs.
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