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Single and multilayer sheets of self-assembled CdSe [quantum dots (QDs)] were
grown by means of molecular beam epitaxy in both ZnSe and (Zn,,Mn,,)Se
matrices. Both types of structures were assessed by means of transmission
electron microscopy in the scanning, high-resolution, and diffraction-contrast
modes. Complementary results from wider sample areas were obtained by
means of photoluminescence spectroscopy. In one of the samples analyzed, a
fractional monolayer of MnSe was deposited immediately before the CdSe
deposition. A second structure grown under identical conditions, but without the
MnSe fractional monolayer, was also analyzed. This comparison provides direct
evidence for an enhanced size and shape homogeneity of 3D QDs caused by the
presence of a tiny amount of MnSe at the interface. In the multilayer structure,
we observed the co-existence of highly strained quasi-2D QDs and CdSe rich
aggregates with compositional modulations on certain crystallographic planes
in close proximity.
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INTRODUCTION

Semiconductor quantum dot (QD) structures are
expected tolead to “paradigm changes in semiconduc-
tor physics”™ and have, therefore, been attracting
considerable interest in recent years. For QDs to
become useful in opto-electronic devices, they should
simultaneously fulfill the following conditions: di-
mensions of the order of magnitude of the Bohr radius
of the exciton (leading to quantized energy levels
inside a QDs), smaller bandgap than the surrounding
matrix, highest possible size and composition homo-
geneity, highest possible number density, and no
defects such as misfit dislocations.? These desired
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properties of self-assembled quantum dots are thought
to be achievable by means of self-ordering processes®->
during heteroepitaxial growth in the Stranski-
Krastanov mode (i.e., where according to the ideal-
ized classical model, three-dimensional (3D) islands
are formed on top of a two-dimensional (2D) wetting
layer (WL) after acertain critical thicknessisreached).
A topic of current debate??® is whether the observed
QD configurations might be at thermodynamic equi-
librium or may be prevented by (possibly synergistic®)
kinetics from reaching the equilibrium state.”® Fur-
thermore, at this point in time, the nature of the
ongoing self-ordering processes has not been pre-
cisely clarified.®

Self-assembled CdSe QDs in ZnSe based matrices
on GaAs are considered to be a promising material for
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novel opto-electronic devices that may work in the
green to blue range of the electromagnetic spectrum.
Since 1996, several groups have been growing such
QD structures by means of molecular beam epitaxy
(MBE), migration enhanced epitaxy, metal-organic
molecular beam epitaxy (MOMBE), and metal-or-
ganic vapor phase epitaxy (MOVPE), a review of
which is given in the textbook by Bimberg et al.? and
the proceedings of the 9th International Conference
on II-VI Compounds. (Zn,Mn)Se rather than pure
ZnSe matrices have been found to be beneficial for the
growth of the QDs,?13 leading to dilute magnetic
semiconductors!* whose luminescence properties can
be controlled by a magnetic field. Recently, fractional
monolayers (ML) of BeSe have been used toinduce the
growth of 3D CdSe islands/QDs at a thickness region
of the WL that usually leads only to the formation of
a 2D quantum well.’

In this paper we will present results of transmis-
sion electron microscopy (TEM) studies in both the
scanning and parallel beam mode and photolumines-
cence (PL) assessments of single-layer CdSe QDs in a
ZnSe matrix. The main analysis will focus on the
comparison of two samples, one with and one without
a fractional monolayer of MnSe deposited immedi-
ately before the CdSe deposition commenced. In addi-
tion to this analysis of the influence of a tiny amount
of MnSe on the size and shape distribution of the 3D
QDs, we will present preliminary results from a
multilayer structure of Cd,,3Mn g;Zn,g;55€. In par-
ticular, Z-contrast scanning transmission electron
microscopy (STEM), high-resolution TEM (HRTEM),
and transmission high energy electron diffraction
(THEED) indicate the existence of compositional
modulations to the structure which are as yet unex-
plained.

EXPERIMENTAL
MBE Growth

The three samples analyzed here were all grown by
means of MBE in a Riber 32 R&D machine equipped
with elemental sources. In the following, the samples
are denoted as A, B, and C. (001) GaAs substrates
were turned into pseudo-substrates by growing ap-
proximately 2 um (samples A and B) and approxi-
mately 1 um (sample C) thick ZnSe buffer layers at
300°C. During the growth of the ZnSe buffer layers,
the reflection high energy electron diffraction pattern
showed a streaky 2 x 1 reconstruction and oscillations
of the intensity of the specular reflection.

Samples A and B form a pair and were grown under
nominally the same growth conditions, except for the
initial deposition of a fractional monolayer of MnSe
immediately before the deposition of the 2.6 MLs
(0.79 nm) of CdSe in sample B. Only the Mn shutter
was opened during this process, which we will dub Mn
“sprinkling”, but since MBE proceeds in an excess of
the column VI element, effectively, a fractional mono-
layer of MnSe must have been deposited. The Mn flux
was chosen to be equal to that needed for the deposi-
tion of 0.1 ML of MnSe under the given growth
conditions. Since there was no Se flux during the
Mn deposition, we can assume that there is a nominal
MnSe layer thickness of less than 0.1 ML. This frac-
tional monolayer of MnSe must have an in-plane
lattice constant that is intermediate between ZnSe
and CdSe (since bulk MnSe has a lattice constant of
0.592 nm) and may be considered as constituting
2D islands of reduced strain with respect to the
surrounding ZnSe surface. In an idealized scenario,
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Fig. 1. Histograms of the convolution of the size and shape distribution of 3D QDs: (a) 78 QDs of sample A, and (b) 90 QDs of sample B.
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Fig. 2. (a) CTEM and (b) bright field STEM, and (c) low-resolution Z-contrast STEM image of sample A in plan view. Images (b) and (c) have been
taken simultaneously from the same area. The contrast reversal in connection with a nearly complete retention of the size of individual QDs indicates
that under the employed imaging conditions strain field effects are negligible in the bright field STEM image.

less than 10% of the ZnSe surface is covered by these
2D MnSe islands. The CdSe layers of samples A and
B were grown at 350°C and a rate of 0.071 ML s'to a
nominal thickness (2.6 ML), which is within the range
of the commonly accepted critical thickness for the
2D to 3D island transition of the wetting layer. After
the deposition of the CdSe layers, the growth was
interrupted for 2 sec. The final growth stage involved
capping the CdSe by the deposition of approximately
50 nm of ZnSe at 350°C.

For sample C, nominally 82.5 nm of ZnSe were first
deposited homoepitaxially onto the ZnSe/GaAs pseudo-
substrate at 300°C. A multilayer structure of 8 se-
quences of 10 ML (2.83 nm) of Zn,,Mn, ;Se cladding
layer and 0.3 ML (0.09 nm) CdSe sheet was then
deposited at 350°C. While the Zn,,Mn,,Se cladding
layers were grown at a deposition rate of 1 ML s,
the CdSe sheets were grown at a deposition rate of
0.038 ML s™. As the final (9th) cladding layer of the
multilayer structure, 10 ML of Zn,,Mn,,;Se were
deposited, and finally a ZnSe capping layer of 50 nm
nominal thickness was grown at 350°C. Within the
multilayer structure, there are, thus, nominally 87.3%
ofthe cation sites occupied by Zn, 9.7% by Mn, and 3%
by Cd (as the Zn to Mn ratio is 9, we can consider the
matrix surrounding the CdSe layers of sample C as
Zn,,Mn,;Se).

Transmission Electron Microscopy Studies
and PL Assessment

The primary method of analysis of these samples
was the Z-contrast imaging technique in the STEM.
The Z-contrast technique produces an essentially
incoherent image'® which shows a high sensitivity to
the square of the atomic numbers (Z,2=482,7Z,,2= 302,
Zo2 = 252%) of the constituent atoms of the imaged
material and is fairly insensitive to short- and long-
range strain fields.'”'® By comparing Z-contrast im-
ages that had been recorded at different inner angles
of the annular dark field detector (also called Howie
detector), we could safely exclude strain field influ-

ences!’ from the interpretation of our data. Low-
resolution Z-contrast images of these samples can,
therefore, be considered in a first approximation as a
distribution map of the local Cd concentration. Em-
ploying Z-contrast imaging one can derive reliable
data on the size and shape distribution of typical QDs.
Since uncovered CdSe islands are subject to a fast
Ostwald ripening process,' such data could not be
obtained before by the commonly applied atomic force
microscopy techniques. Furthermore, bright features
in atomic resolution Z-contrast images can be directly
interpreted as atomic columns. The relative bright-
ness of individual atomic columns is, to a first ap-
proximation, directly proportional to the square of the
average atomic number of the constituting atoms. By
comparing intensity profiles and atomic column spac-
ing in parallel directions within CdSe rich aggregates
and the surrounding matrix, it was possible to quan-
tify elemental compositions and distributions on the
atomic level with an accuracy of some 20%.'#

In these experiments with a 200 kV JEOL JEM
2010F Schottky field emission STEM, we typically
used a sub 0.2 nm electron probe. Energy dispersive
x-ray spectroscopy (EDXS) was performed on this
microscope employing a Noran Voyager system. Con-
ventional diffraction contrast TEM (CTEM), THEED,
and HRTEM were performed on a JEOL JEM 3010 at
300 kV, giving a point resolution of about 0.17 nm at
Scherzer focus in the latter case. Although HRTEM
and CTEM are sensitive to strain fields around QDs,
this can, to some extent, be reduced under kinemati-
cal diffraction conditions close to a low indexed zone
axis. THEED can easily be performed in the selected
areamode to derive crystallographicinformation such
as the self-ordering of atoms onto certain sites within
the unit cell or the co-existence of different crystal
phases. For all experiments, plan-view and [110]
cross-section specimens were prepared by the stan-
dard TEM techniques of mechanical polishing fol-
lowed by ion-milling.

The PL spectra were recorded using a 1m long
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grating monochromator. The excitation source was a
multi-line Ar laser. The samples were placed on a cold
finger in a closed cycle He refrigerator.

RESULTS AND DISCUSSIONS

Controlling the Shape and Size Distribution of
3D QDs by Mn “Sprinkling”

Pronounced inhomogeneities in the shape and size
ofthe QDs were observed for sample A (no Mn “sprin-
kling”), as shown by the histogram in Fig. 1a. This
histogram contains a convolution of the size and
shape of the QDs that was obtained by plotting the
largest and smallest lateral dimension as seen in low-
resolution Z-contrast STEM images. Statistical analy-
sis of this data gives an average QD size (expectation
value?) of 22 nm and a standard deviation of 7 nm.
Expressed as a relative spread of the QD base widths
(sizes) along the lines of Ref. 21, we obtain a shape/
size “homogeneity” of 32%. The QDs, seen in both low
resolution Z-contrast, Fig. 2b, and bright field images
(where the influence of the strain field surroundings
can be suppressed by a suitable choice of the imaging
conditions) in STEM, possessed a wide variety of
shapes. On average, the length-to-width ratio of the
elongated QDs was approximately 1.4. There were, in
addition, QDs with shapes of more or less regular
rings, pairs of triangles, and dumbbells. About 20% of
the QDs were significantly elongated with a ratio of
the longer to smaller axis of about 4:1 and were
considered as representing coalesced QDs. Further-
more, orientation order, i.e., the lowest level in the
phenomenological hierarchy of self-ordered QDs ar-
rangements,®was observed at special nucleation sites,
such as terrace edges.

For sample B (with Mn “sprinkling”), a more homo-

geneous distribution of the shape and size of the QDs
was observed. More or less circular to oval shapes
dominated (Fig. 3a and b). The smaller QDs of up to
approximately 10 nm diameter were usually more
circular. The larger QDs were usually more oval with
an average ratio of the longer to the shorter axis of on
average about 1.2 to 1.4. These observations can be
summarized as indications of QDs shape/size order,
i.e., the 2nd/3rd levels of the phenomenological hier-
archy of self-ordering processes.? This is well reflected
in Fig. 1b, where the histogram is again a convolution
of the size and shape distribution. The statistical
analysis ofthe data represented graphically in Fig. 1b
gives an average QD size of 25 nm and a standard
deviation of 6 nm. Expressed as a relative spread of
the QDs sizes along the lines of Ref. 21, we obtain a
shape/size “homogeneity” of 24%. This is still more
than twice the value that has been achieved for the
size “homogeneity” of InAs QDs in GaAs matrices,?!
but a remarkable improvement over sample A. The
average QDs size has also increased slightly due to
the influence of the deposition of a fractional ML of
MnSe.

The structural observations from both samples can
be correlated to the PL spectra, Fig. 4. The PL peak of
sample Bisnarrower and at an energy that is approxi-
mately 0.027 eV lower than the PL peak of sample A.
Our standard interpretation of anarrower PL peak at
a slightly lower emission energy around 2.3 eV is that
the shape/size distribution of 3D QDs is more homog-
enous and that the QDs are slightly larger and/or
contain more Cd.??

An improved shape and size homogeneity, i.e.,
higherlevels of self-ordering, in other words, has been
observed before in 3D InP islands on (Ga,In)P, which
was lattice matched to GaAs, as a result of the depo-

Fig. 3. (a) CTEM and (b) low-resolution Z-contrast STEM images of sample B in plan view.
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Fig. 4. PL spectroscopy results of samples A and B. The PL peak of
sample A is at 2.307 and has a full width at half maximum (FWHM) of
approximately 97 meV. The PL peak of sample B (Mn “sprinkling”) is
at 2.28 eV and has a FWHM of approximately 50 meV.

sition of a GaP layer in the ML range.?* As in our case,
the formation of smaller and less isotropically shaped
3Dislands was suppressed in favor of the formation of
larger and more isotropically shaped 3D islands. The
effect was explained by static strain considerations?*
and a smoothing effect that may have delayed the
formation of the 3D QDs. We suspect that both of
these explanations are insufficient and are currently
working on alternatives. Another conclusion to be
drawn from our comparison of samples A and B is: as
in the case of InSb islands on GaSb, GaSb islands on
GaAs, and InSb QDs in GaSb matrices before,? the
phenomenological model of the hierarchy of self-or-
dering processes? has been proven to be applicable to
self-assembled semiconductor QDs.

Controlling the Number Density Value and
Homogeneity of 3D QDs by Mn “Sprinkling”

CTEM and low-resolution Z-contrast STEM shown
in Fig. 2a and b, reveal a rather inhomogeneous
distribution of the number density of the 3D QDs for
sample A (no Mn “sprinkling”). Areas with number
densities of up to about 2 x 10 ¢cm2 co-existed with
areas where the 3D QDs number density was only
about 10 cm2. Based on the observation that there
are approximately two times more low number den-
sity areas than high-density areas, we estimate an
average number density of about 1.3 x 10°cm=2. On
another TEM specimen of sample A, there were,
however, hardly any 3D QDs visible. The above given
figures for the 3D QDs number density may, there-
fore, not be representative for the whole of sample A.
However, what is clear from the results is that there
is an inhomogeneous distribution of 3D QDs on this
sample.

For sample B, areas with number densities of up to
about 2.2 x 10'° cm~2 coexisted with areas where the
3D QDs number density was down to about 1.3 x
101° cm2, yielding an average number density of

about (1.840.5) x 10'° cm2. The number density of 3D
QDs was, thus, not only slightly higher as the a result
of the deposition of less than 0.1 ML of MnSe prior to
the deposition of the CdSe, but also more homog-
enous. This may be partly explained by the nominal
thickness of the CdSe layer, which may at certain
parts of the sample be above the critical thickness and
at certain other parts below it. In addition, it is
conceivable that a fractional ML of MnSe has similar
influences on the self-ordering processes to a frac-
tional ML of BeTe, although the static strain rela-
tions are reversed since bulk BeTe has a 9.4% smaller
lattice constant than ZnSe. As observed in other
semiconductor QDs systems before,?>26 a higher num-
ber density leads for 3D CdSe QDs in ZnSe matrix to
higher levels in the self-ordering hierarchy.

Further Structural Differences
Due to Mn “Sprinkling”

Since the Bohr radius ofthe exciton in CdSeis about
5 nm,* all of the QDs described above cannot be
considered as “true” QDs in the sense of the definition
given in the introduction. There is, however, some
spatial confinement due to their size which justifies
the description as 3D QDs. The strained state of the
vast majority of the 3D QDs in both samples could be
inferred from the existence of strain contrast in the
CTEM images shown in Figs. 2a and 3a.

For both samples, we observed smaller quasi-2D
QDs oflateral dimensions of the order of magnitude of
about 5 nmin dark-field CTEM images with anumber
density in the 10! cm2 range for sample A (no Mn

Fig. 5. Low resolution Z-contrast image of sample B, [110] cross-
section. Arrows indicate 3D QDs with a vertical extension of approxi-
mately 8 nm and a lateral extension of approximately 16 nm. Note that
the QDs are, as we have observed before on similar samples,??
extended in the third dimension to an approximately equal amount
above and below the level of the WL, possessing shapesthatresemble
“convex lenses”.
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“sprinkling”) and the 10'° cm~2 range for sample B.
The high number density of these tiny QDs in sample
A explains the somewhat speckled contrast in Fig. 2a.
This type of QD, however, does not discernibly con-
tribute to the PL spectra shown in Fig. 4, asit has been
shown earlier from photoluminesce at energies of
around 2.4-2.7 eV.?"28 The lower number density of
quasi-2D QDs in sample B may also be explained as
being a result of the deposition of the fractional ML of
MnSe. As the formation of 3D QDs probably proceed
in competition with the formation of quasi-2D QDs, a
higher number density of 3D QDs may have been
achieved by kinetic processes at the expense of the
number density of the quasi-2D QDs.

The 3D Nature of the QD Structures

Employing a nominal electron probe size of 0.5 nm,
EDXS spectra were taken for sample B from two
typical QDs and their surrounding areas. In order to
improve x-ray quantum counting statistics, analysis
times of several hours were employed. An enhanced
Cd concentration with respect to the surroundings of
about 20% was observed at the positions of the QDs.
This was also consistent with estimations of the local
Cd-concentration differences from high resolution
Z-contrast images. We interpret these results mainly
as projection effects and, thus, as proof of the 3D
nature of the typical QDs shown in Fig. 2a and b
(although there may also be differences in the Cd
composition of the 3D QDs and the remains of the
WL). For sample B, a low resolution Z-contrast as-
sessment of a [110] cross-section specimen also con-
firms the 3D nature of the QDs (Fig. 5).

QDs and Compositional Modulations in the
Nominal (Cd,Mn,Zn)Se Multilayer Structure

For the Cd,,sMno;Zn,s;55e multi-layer sample
(C), the co-existence of different types of CdSe rich
aggregates in close proximity was observed. The first
of these aggregates were easily recognizable by their
pronounced strain fields in cross-section HRTEM
images. The lateral dimension of these aggregates
was of the order of magnitude 5 nm and this type of
QD may be considered as being quasi-2D. Much
larger CdSe rich aggregates of predominantly the
order of magnitude 100—200 nm lateral and 50-100
nm vertical represent the second type. Some of these
aggregates showed more or less well developed facets
in low- and atomic-resolution Z-contrast images and
were, despite their large size, usually free of struc-
tural defects (Fig. 6). Intriguingly, the contrast in the
imageindicates that thereis a compositional ordering
taking place in every second lattice plane of the
structure.

Based on Fourier transforms of areas of the order of
magnitude 100 nm? from the aggregate and its sur-
rounding matrix in Fig. 6b, we interpret the atomic
arrangement as compositional modulation on succes-
sive £(110) planes. Self-ordering of such and other
kinds has been observed before in ternary and quater-
nary alloys of various III-V#?3° and II-VI?' compound
semiconductors which belong in their binary forms to
the sphalerite structure type. We consider here the Zn
and Mn atoms as distributed spatially randomly, but
in a numerical relation of 9 to 1 over their respective
+(110)cation site super-lattice planes and Cd as a
second type of atomic species which occupies only its

Fig. 6. (a) Low resolution and (b) atomic resolution Z-contrast STEM image of a large 3D aggregate that shows self-ordering on an atomic level,
sample C, [110] cross-section. This aggregate was the only one of four of its kind that showed a structural defect in the form of a low-angle grain
boundary.
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proper positions in alternating +(110)cation site su-
per-lattice planes. This implies an aggregate compo-
sition of about Cd,;Mn, 5cZn, ,4,5€¢ surrounded by a
matrix of Mn,,Zn,,Se. Our interpretation is con-
firmed within an accuracy of approximately 20% by a
quantitative analysis of the atomic resolution Z-con-
trast images along the lines of Ref. 18. Selected area
THEED patterns also confirm this interpretation
qualitatively.

A rather isotropically shaped smaller aggregate of
the order of magnitude 25 nm was observed in HRTEM
to be free of structural defects and did not possess a
noticeable strain field. The analysis of the Fourier
transform of this aggregate and its surrounding ma-
trixindicated an orderingin successive+(111) planes,
the alsopresent+£1/2 (113) extra spots probably being
due to double diffraction effects. Its composition is
likely to be Cd,;Mn, Zn,..,Se as well, effectively
constituting a 3D QD with a compositional modula-
tion inside. Aggregates of different compositional
modulation and with sizes of the order of magnitude
5 nm were also observed. The related selected area

THEED patterns showed +( % —% %), 2% % %),
=% %), 4% - 1), £(110), H0 -3 %), £(%
—24 0), 214 -4 1) reflections indicating that there
are, in addition to the well known cation ordering on
{111} and {110} planes, atomic arrangements in close
spatial proximity that have not been reported before
in the literature.

It is noticeable that this (Cd,Mn,Zn)Se multilayer
structure was grown with the intention of producing
vertically ordered arrays of quasi-2D CdSe QDs. At
present, we cannot explain why aggregates with dif-
ferent types of self-ordered atomic arrangements have
been formed in addition to the quasi-2D QDs we
intended to grow. If the self-ordering processes dur-
ing Stranski-Krastanov growth were, however, of a
dissipative!® nature, the co-existence of aggregates
with different atomic arrangements and strain status
would be a quite common phenomenon. Further ex-
perimental data from III-V and II-VI compound semi-
conductor QDs systems appears to support this and is
presented elswhere.32:33

SUMMARY AND CONCLUSION

Summarizing the results on the single sheet CdSe
structures, we have shown that depositing a tiny
amount of MnSe before the deposition of the CdSe
layers (which order themselves into 3D QDs approxi-
mately 25 nm in size) leads to a significant improve-
ment of the shape and size homogeneity and higher
hierarchy levels of the self-ordered arrangement. This
is reflected by a narrower PL peak from these QDs.
Summarizing the preliminary results on the multi-
layer (Cd,Mn,Zn)Se structure, we observed the co-
existence of the following CdSe rich aggregates: small
(order of magnitude 5 nm, quasi 2D), highly strained
QDs, very large (order of magnitude 100 nm) compo-
sitionally modulated aggregates, negligibly strained
compositional modulated aggregates of the order of
magnitude of typical 3D QDs, and small (order of

magnitude 5 nm) aggregates with crystallographi-
cally different compositional modulation. We con-
clude that self-ordering processes of CdSe QDs show
a much richer phenomenology that the classical
Stranski-Krastanow growth model accounts for and
may, therefore, be of a dissipative nature.
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