
PHYSICAL REVIEW B 15 JUNE 2000-IIVOLUME 61, NUMBER 24
Character of the Cd distribution in ultrathin CdSe layers in a ZnSe matrix
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The character of Cd distribution and the morphology of CdSe layers with nominal thicknesses between 0.7
and 3.6 ML in a ZnSe matrix were studied by conventional transmission electron microscopy~TEM! and
high-resolution transmission electron microscopy~HRTEM! using plan-view and cross-section TEM samples.
The Cd distribution was determined on an atomic scale by two different techniques. The first method is based
on the measurement of local lattice parameters from zone-axis HRTEM images. The second technique relies on
the evaluation of Fourier amplitudes derived from off-axis lattice fringe images. Continuous CdxZn12xSe
layers are observed, which are significantly broadened compared to the nominal thicknesses. The layers contain
Cd-rich inclusions~small islands! with a size of less than 10 nm, and regions with a lower Cd concentration.
With increasing nominal CdSe thickness, the Cd concentration and the island density increase. In addition,
larger islands with a density two orders of magnitude below the small island density and a shape asymmetry
are found in the 3.6-ML CdSe layer. The results are discussed with respect to the impact of the averaging effect
caused by the finite TEM foil thickness on the measured Cd content in the Cd-rich islands and the surrounding
region.
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I. INTRODUCTION

Heterostructures containing CdSe with a nominal thi
ness of a few monolayers embedded in a ZnSe matrix h
recently been the subject of increasing interest, motivated
the prospect of obtaining CdSe quantum-dot structures
fundamental studies and device applications. Due to the la
lattice-parameter mismatch of 7.2%, the CdSe growth
ZnSe is expected to occur in the Stranski-Krastanow mo
comparable to the growth of InAs on GaAs, where thre
dimensional~3D! islands nucleate on 2D wetting layer.1,2

The generation of islands is energetically favorable co
pared to a two-dimensional, tetragonally strained layer,
cause the islands are able to elastically relax the lattice m
match at their free surfaces. Reflection high-energy elect
diffraction RHEED patterns indeed revealed the transit
from a two- to a three-dimensional growth mode at a Cd
thickness close to the critical one~about 3 ML! during the
molecular-beam-epitaxy~MBE! growth.3,4

Several transmission electron microscopy~TEM! and
atomic force microscopy~AFM! studies were already pub
lished, which are concerned with the structural properties
the CdSe deposits. AFM investigations of uncapped C
layers5–11 revealed the presence of islands which are ty
cally larger than 20 nm. However, there are strong indi
tions that the results are not representative of buried lay
because a ripening of the islands was observed dependin
the time after the removal from the growth chamber. In a
dition, the chemical nature of these islands was not co
pletely clarified, because they were also observed on Z
with a submonolayer CdSe deposition11 and even without
CdSe at all.6,12 Therefore, a distinction must be made b
tween results obtained by AFM from uncapped island str
tures and those from capped CdSe layers studied by TE
PRB 610163-1829/2000/61~24!/16819~8!/$15.00
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The TEM results for ZnSe-capped structures differ co
siderably depending on the nominal thickness of the Cd
layer and the growth technique. Leonardiet al.13 observed
the transition from a continuous, two-dimensional layer in
a layer with distinct thickness fluctuations in convention
cross-section TEM images, which can be correlated with
corresponding change of the RHEED pattern. Compara
results were obtained by Hommelet al.,6 who observed a
critical wetting layer thickness between 3.5 and 5 ML for t
2D/3D transition. At a CdSe thickness of 3 ML, Kirms
et al.14 found a bimodal island distribution. The plan-vie
TEM strain contrast indicates the presence of small isla
with sizes of less than 10 nm and an area density of ab
1010 cm22, as well as larger islands with extensions b
tween 10 and 50 nm with a density of 23109 cm22. More
detailed studies of the continuous CdSe layers with nom
thicknesses below 3 ML by cross-section high resolut
TEM ~HRTEM! revealed a laterally inhomogeneous Cd d
tribution with Cd-rich inclusions of approximately 5-nm
size.14–18

Of particular interest are the layers withtn,3 ML,
which show the signatures of the three-dimensional exc
confinement in the optical spectra, although a change of
RHEED pattern corresponding to the three-dimensio
growth mode is not observed. A considerable number
studies were published regarding the optical properties of
ultrathin CdSe layers in a ZnSe matrix.3–7,13,15–27Two inter-
pretations of the spectra regarding the role of the exci
confinement effects were proposed. Some authors arg
that the charge carriers and excitons are essentially confi
only in one dimension, as expected for a quantum-well s
tem,~e.g., see Refs. 19 and 24–27!. The exciton localization
within regions of higher Cd concentration is suggested
result in a broad band tail of the excitonic emission. The
16 819 ©2000 The American Physical Society
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localized states were assumed to affect the radiative lifeti
and were regarded as zero-dimensional excitons. Alte
tively, other authors~e.g., see Refs. 15, 16 and 20–2!
claimed that the optical properties of ultrathin CdSe ins
tions can be explained only by assuming that all the excit
are laterally confined, and the continuum states do not pla
role up to high excitation densities and observation temp
tures.

In this study the Cd distribution and morphology of sing
CdSe layers in a ZnSe matrix were investigated in detail
conventional TEM and HRTEM. Thin layers withtn
,3 ML and a layer with a thickness slightly above the cri
cal one are studied. The distribution of the cadmium is qu
titatively derived on an atomic scale from HRTEM imag
by two different and independent evaluation procedures.
first method is based on the measurement of local lat
parameters by the programDALI ~digital analysis of lattice
images!.28,29 The second techniqueCELFA ~composition
evaluation by lattice fringe analysis!29–31relies on the chemi-
cal sensitivity of the~002! Bragg reflection.

There are several reasons for the present study. M
quantitative data regarding the Cd distribution and the siz
the structural features~layer thickness, island sizes! are de-
sirable for the interpretation of the optical spectroscopy d
The study is also motivated by the fact thatex situ AFM
investigations of bare CdSe islands appear not to be re
sentative of buried structures because the morphology
Cd distribution could be modified during the growth of th
ZnSe cap layer.

II. EXPERIMENTAL PROCEDURES

The structures were grown by MBE on GaAs~001! sub-
strates at a temperature of 280 °C. They contain a 50
ZnSe-buffer layer and a 10-nm ZnSe cap layer on top o
thin CdSe layer. The intended nominal thicknesses of
CdSe layers are 0.7, 1.25, and 3.6 ML. The details of
growth procedure are outlined by Ivanovet al.24

The samples were studied by TEM using a Philips C
200 FEG/ST electron microscope with an electron energy
200 keV in plan-view and cross-section geometries. T
plan-view specimens were prepared by back-side chem
etching using an etching solution consisting of NaOH~1
mol! and 30% H2O2 with a proportion of 5:1. The cross
section specimens were thinned by mechanical grind
dimpling, and subsequent ion etching with Ar1 or Xe1 ions
at 3 keV with 1 mA.

The composition in the region of the CdSe layer is d
rived on an atomic scale from HRTEM images. The eval
tion procedureDALI requires the measurement of the loc
lattice parameters, which are determined by the local c
mium concentrationxCd according to Vegard’s law

aCdxZn12xSe5aZnSe1xCd~aCdSe2aZnSe!, ~1!

whereaCdxZn12xSe, aCdSe, andaZnSe are the bulk lattice pa-
rameters of the ternary compound and the binary materi

The HRTEM images are typically taken along th
^110&-zone axis. After the noise reduction by a Wiener fi
tering procedure,28 the positions of the intensity maxima a
determined, whose distances can be considered as a fi
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print of the local lattice parameter if the specimen thickne
and defocusing distance do not significantly change in
image area of interest. The intensity maxima positions all
the subdivision of the image into unit cells of the sizea001
3a110 (a001 anda110 are the distances of the~001! and~110!
lattice planes!.

The composition in each image unit cell is deduced
cording to Vegard’s law, taking into account the tetragon
distortion of the coherently strained CdxZn12xSe layer,
which increases the lattice parameter along the@001# growth
direction a001,CdxZn12xSe. Two limiting cases can be distin
guished for the tetragonal distortion in TEM samples. T
distortion of a thick sample corresponds to the bulk case.
HRTEM specimens with typical thicknesses of less than
nm, an additional elastic relaxation must be considered al
the electron-beam direction. According to elasticity theo
the mismatch for a coherently strained structure along
@001# growth direction in the two limiting cases of a thic
and a very thin specimen is given by

a001,CdxZn12xSe2aZnSe

aZnSe
5a thick,thin

aCdxZn12xSe2aZnSe

aZnSe

5a thick,thinf , ~2!

with

a thick5S 112
C12

C11
D and

a thin5S 114
C44C12

C11
2 12C11C441C11C122C12

2 D ,

whereaCdxZn12xSe denotes the bulk CdxZn12xSe lattice pa-

rameter,Ci j the elastic constants of the CdxZn12xSe layer,
andf the lattice-parameter mismatch between the bulk lat
parameters. The Cd concentrationxCd can be deduced from
Eqs.~1! and ~2!:

xCd5
a001,CdxZn12xSe2aZnSe

a thick,thin~aCdSe2aZnSe!
. ~3!

The coefficients of the tetragonal strain for a thin sam
(a thin51.66) and a thick (a thick52.3) sample are almost in
dependent of the Cd concentration. More details of
evaluation procedure were outlined by Rosenauer
co-workers.28,29

The alternative methodCELFA relies on the chemical sen
sitivity of the $002% reflections in lattice fringe images
which are obtained by strongly exciting only the~000! and
~040! reflections close to thê100&-zone axis. The chemi-
cally sensitive~020! reflection between the~000! and ~040!
reflections is centered on the optic axis. The images are ta
by transmitting the ~000!, ~020!, and ~040! reflections
through the objective aperture. A defocus series of ima
with defocus steps of approximately 10 nm is recorded w
a CCD camera. After the noise reduction by a Wiener filt
ing procedure, the lattice fringe images are subdivided i
image unit cells of the size of the projected unit cell. Ea
image unit cell is Fourier transformed. The procedure for
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PRB 61 16 821CHARACTER OF THE Cd DISTRIBUTION IN . . .
determination of the local sample thickness and the relev
imaging parameters in regions of known composition, e
in the ZnSe, was outlined by Rosenauer and Gerthsen29,31

Knowing the specimen thickness and the imaging conditio
the Cd concentration in each image unit cell is obtained
the comparison of the amplitudes of the~000!, ~020!, and
~040! beams in the CdxZn12xSe, with the respective ampli
tudes of simulated images for the whole range of Cd conc
trations. The image simulations were carried out with
EMS program package,32 using the Bloch-wave method.

III. EXPERIMENTAL RESULTS

Figure 1 shows plan-view images taken under (g/3g)
weak-beam~WB! conditions with g5(220) for different
nominal CdSe thicknesses: 0.7 ML~a!, 1.25 ML ~b!, and 3.6
ML ~c!. The fine speckle contrast is interpreted in terms
small islands with a size of less than 10 nm. The change
the thickness and bending of the TEM specimen induces
coarse bright and dark bands. The island density incre
with the nominal CdSe thickness from 331011 cm22 for 0.7
ML ~a! to 531011 cm22 for 1.25 ML ~b! and 7
31011 cm22 for 3.6 ML ~c!. It is worth noting that the smal
islands can only be seen under~220! WB conditions. They
are almost invisible under different imaging conditions, e
bright-field or WB imaging withg5(22̄0). This effect is
probably due to a shape asymmetry of the small islan
which will be further discussed in Sec. IV. In addition, larg
islands with a lateral extension up to 40 nm and with a d
sity of 53109 cm22 can be observed in Fig. 1~c! for tn
53.6 ML. The CdxZn12xSe islands are completely straine
because misfit dislocations were not observed.

Figure 2 shows images of a big island in the 3.6-M
specimen under different imaging conditions. The plan-vi
bright-field image@Fig. 2~a!# was taken in a@001# zone-axis
orientation. Figures 2~a! and 2~c! are (g/3g) WB images with
g5(22̄0) and g5(220). Although the strain contrast doe
not allow an exact size determination, the oval shape of
island can be recognized. The HRTEM cross-section im
@Fig. 2~d!# was taken along the@11̄0#-zone axis, where an
island is visible along its large extension. An estimation
the island sizes yields 1562 and 3565 nm along the two
^110& directions.

Figure 3 shows a noise-filtered HRTEM image along

@11̄0# zone axis~a!, and the results obtained by theDALI

evaluation @~b! and ~c!# for the specimen with tn
51.25 ML. The local lattice parameters are displayed
Fig. 3~b! in a color-coded map in units o
a001,CdxZn12xSe/aZnSe. The measured layer thickness betwe
5 and 9 ML distinctly deviates from the nominal thickness
1.25 ML. A laterally inhomogeneous Cd concentration
evident from the variations of the local lattice parameter. T
lattice-parameter misfit along the@001# direction reaches
about 8% in the island in the center, yielding a maximu
cadmium concentrationxCd55568% Cd according to Eq
~3!. The error is mainly determined by the uncertainty in t
specimen thickness, which is responsible for the elastic
laxation along the electron-beam direction. The small
gions in the ZnSe matrix in the Fig. 3~b!, where Cd appears
to be present, are most likely induced by residual noise
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local change of the imaging conditions, e.g., a local crys
tilt or thickness fluctuations of the specimen.

Another effect of the lattice-parameter increase by the
is a displacementU of the lattice positions in the
CdxZn12xSe layer with respect to a reference lattice extra
lated from the ZnSe over the Cd-rich region. The local d
placements of each image unit cell with respect to the Zn
reference lattice along the growth direction are shown in F
3~c!. The red color, indicating large displacements on top
the island marked byA, visualizes the upward bending of th
lattice planes which is associated with the high Cd conte
The total amount of the cadmium contained in the lay

FIG. 1. Dark-field plan-view images of the ZnSe/CdSe/Zn
heterostructures under (g/3g) weak-beam conditions withg
5(220) for different nominal CdSe thicknesses: 0.7 ML~a!, 1.25
ML ~b!, and 3.6 ML~c!.
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CCdSe in units of CdSe ML is given by

CCdSe5
Umax

a thick,thinf 0

, ~4!

where Umax is the maximum displacement on top of th
CdxZn12xSe layer, andf 0 the misfit between the bulk lattic
parameters of the binary compounds. The valueUmax50.4
for the Cd-rich inclusion~region A! corresponds toCCdSe
52.960.5 ML. The error is determined by the thin/thic
foil approximation given by Eq.~4!. Region B, with the
lower Cd concentration next to the island, contains o
1.360.2 ML CdSe.

Figure 4 shows a lattice fringe image with a superimpo
color-coded map of the local Cd content for the specim

FIG. 2. Plan-view images of a big island at a nominal Cd
layer thickness of 3.6 ML.~a! Bright-field image along the@001#-

zone axis.~b! (g/3g) weak-beam conditions withg5(22̄0). ~c!
(g/3g) weak-beam conditions withg5(220). ~d! Cross-section

@11̄0#-HRTEM image.
y

d
n

e

FIG. 3. ~Color! ~a! @11̄0#-HRTEM image of the CdSe laye
with a nominal thickness of 1.25 ML.~b! Color-coded maps of the
local lattice parameters in units ofa001,CdxZn12xSe/aZnSe. ~c! Com-
ponent of the local displacements along the@001# direction.

FIG. 4. ~Color! Color-coded map of the local Cd content o
tained byCELFA for the CdSe layer withtn53.6 ML superimposed
on a lattice fringe image. Region 1 marks a part of a large isla
Regions 2 and 3 denote small islands.
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PRB 61 16 823CHARACTER OF THE Cd DISTRIBUTION IN . . .
with tn53.6 ML obtained byCELFA. The faint bright lines
which are visible at the borders of the color-coded map r
resent the~002! planes. The yellow regions correspond to t
ZnSe and the green to red regions show the Cd content in
CdxZn12xSe layer. Again, a significant broadening of t
CdxZn12xSe compared to the nominal layer thickness is
served. Three regions with an elevated Cd content can
distinguished. Region 1 is part of a large island, where
Cd concentration reaches 50%. Regions 2 and 3 are s
islands, with an extension smaller than 10 nm and a Cd c
centrations up to 23% which are separated by narrow reg
with only 17% Cd.

Table I summarizes the measured Cd concentrations
islands in the different samples. A distinction was made
tween small and large islands fortn53.6 ML and between
the results of the two techniques. TheCELFA measurements
typically yield lower Cd concentrations compared to t
DALI results, which are average concentrations derived fr
the thin/thick specimen approximation. The discrepancy
tween theDALI andCELFA results can be partially explaine
by the higher inaccuracy of theDALI evaluations. The erro
for the measured lattice plane distances is larger in reg
with large gradients of the specimen thickness or comp
tion. In addition, there is a tendency to discardDALI evalua-
tions with low Cd concentrations which are typically a
fected by noise despite the applied noise reduct
procedures. The true Cd concentration of the islands mus
assumed to be higher than the measured value due to
composition averaging along the specimen thickness, wh
will be shown in Sec. IV of this paper.

Figure 5 shows Cd-concentration profiles obtained
CELFA along the@001# growth direction for all investigated
specimens. These evaluations were carried out in regions

FIG. 5. Cd concentration profiles from regions with a low C
concentration between the islands for the different nominal C
thicknesses.

TABLE I. Measured Cd concentration in the islands by t
methodsDALI andCELFA.

Nominal CdSe
thickness~ML !

Cd concentration
@%# DALI

Cd concentration
@%# CELFA

0.7 12–25 10–16
1.25 25–55 20–30
3.6 30–60~small islands! 22–32~small islands!

70 ~large islands! 50 ~large islands!
-
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tween the Cd-rich islands, e.g., for the sample withtn
53.6 ML CdSe between islands 2 and 3 in Fig. 4. The
content was averaged along the horizontal@100# direction.
The calculated full widths at half maximum of the Cd pr
files are 7.5 ML fortn50.7 ML, 8.5 ML for tn51.25 ML,
and 11 ML fortn53.6 ML. The total CdSe content obtaine
by the integration of the curves increases withtn and corre-
sponds to 0.3, 0.7, and 1.7 ML, which amounts to appro
mately 50% of the nominal CdSe content.

IV. DISCUSSION

A. Cd distribution and growth mechanisms

The TEM characterization and the composition evaluat
yield a detailed picture of the morphology and Cd distrib
tion of ultrathin CdSe layers in a ZnSe matrix. Instead
binary CdSe layers, the results of the composition analy
reveal a two-dimensional ternary CdxZn12xSe layer with a
fairly homogeneous thickness, which contains Cd-rich inc
sions. The Cd-concentration profiles of the 2D layers~Fig. 5!
show, that the real layer thickness does not increase pro
tionally to tn , in contrast to the maximum Cd concentratio
which significantly rises from 3% to 7.5% and 16%.

The layer morphology fortn50.7 and 1.25 ML does no
comply with the typical SK structure, where islands on a th
wetting layer are expected. A morphology better compati
with the SK mode can be assigned to the specimen withtn
53.6 ML, where large islands are additionally observ
whose heights exceed the 2D CdxZn12xSe layer thickness
~Fig. 4!. The transition from the two-dimensional to th
three-dimensional growth mode attn>3 ML is in agree-
ment with the literature.3,4,17 However, the small islands ar
already present prior to the 2D/3D transition.

A correlation between the small-scale speckle contras
the plan-view images and the Cd-rich inclusions in t
CdxZn12xSe appears reasonable because the sizes and
tances agree in the plan-view and cross-section images.
difference is that the chemical analyses allow a more pre
evaluation of the sizes of the Cd-rich inclusions than
strain contrast of the plan-view images. Small islands w
extensions between 3 and 7 nm and a density of
31011 cm22 are already detected in the sample withtn
50.7 ML. The sizes of the small islands do not significan
depend on tn , while the island density approaches
31011 cm22 at 3.6-ML CdSe. However, the main effect o
the increase of the nominal CdSe content is the enlargem
of the Cd concentration in the small islands from 10%
60% according to Table I.

It can be stated as a summary of the quantitative com
sition analyses that the variation oftn between 0.7 and 3.6
ML only slightly affects the real layer thickness and the
land sizes. The increasing amount of deposited CdSe
mainly accommodated by a rising Cd concentration in
2D CdxZn12xSe layer and in the small islands.

The Cd-concentration profiles~Fig. 5! also contain some
information about the origin of broadening of the CdSe la
ers. Since the profiles exhibit an almost symmetrical sha
interdiffusion is the most likely cause. Segregation cou
also induce the spreading of the Cd distribution. Howev
asymmetrical profiles would be expected, if segregation w
e
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the dominant mechanism. In addition, a segregation mo
introduced by Murakiet al.33 did not allow a decent fit of the
experimental data. The diffusion distanceLD of Cd in ZnSe
is obtained by fitting the solution of Fick’s law with th
appropriate starting and boundary conditions34 to the experi-
mental profiles.LD increases with the nominal CdSe thic
ness from 4.5 to 5.6 ML. However, the increase is not c
sidered to be significant due to the error introduced by
specimen tilt that is required for theCELFA technique. A
diffusion coefficientD can be calculated on the basis of t
measuredLD according toLd52ADt, where the diffusion
time t'100 sec corresponds to the duration of the cap la
growth. A high diffusion coefficient D;5
310215 cm2 sec21 is deduced from the averaged diffusio
lengths which is at the upper limit of the range of diffusio
coefficients measured by Kuttleret al.35 Similarly, high dif-
fusion coefficients were obtained for samples with CdSe l
ers grown by migration enhanced epitaxy, where a deta
evaluation of the broadening of the CdSe layer was p
formed taking into account the influence of the CdZn int
diffusion, the cadmium segregation and the sample tilt.36

An asymmetry of the island extensions was directly o
served for the large three-dimensional islands~Fig. 2!. An
indication for an asymmetry of the small islands is obtain
by the fact that the islands can only be imaged under we
beam conditions withg5(220) while they are invisible with
a g5(22̄0) imaging vector. However, a more detailed spe
fication of the type of asymmetry~size and/or shape! is not
possible for the small islands. Further evidence for a poss
asymmetry of the small islands is obtained by photolumin
cence spectroscopy measurements of CdSe/ZnSe sup
tices along the@110# and @11̄0# directions37 which were
grown under similar conditions. Only speculations are p
sible about the origin of the asymmetry. A shape asymme
of two-dimensional InAs islands on vicinal GaAs~001! sur-
faces was found by Bressler-Hillet al.38 for a coverage of
0.75 ML by scanning tunneling microscopy. Here, the In
islands increases their sizes in one of the^110& directions on
a (234)-reconstructed GaAs~001! surface independent o
the substrate misorientation which the authors explained
the effect of strain relaxation during the island growth as a
suggested by Tersoff and Trump.39 Another possible origin
could be related to different surface diffusion coefficien
along the@110# and@11̄0# directions, which were calculate
in Ref. 40 for Ga and Al on the (234)-reconstructed
GaAs~001! surface. Although data about the Cd diffusio
coefficient on ZnSe~001! are not available, a similar effect i
conceivable for ZnSe~001! with surface reconstructions ex
hibiting dimers, e.g., the (231) reconstruction under Se-ric
growth conditions.

B. Influence of the averaging along the TEM sample thickness
on the measured Cd concentrations

The following considerations are presented to assess
influence of the averaging along the electron-beam direc
and to obtain an estimate of the true maximum Cd conc
tration in the Cd-rich inclusions. The probability for an i
land to be completely contained in a TEM cross-sect
specimen increases with decreasing island size and inc
ing island density. The distances between the center
el
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small islands of 12 to 18 nm can be calculated according
1/ANdot (Ndot is the density of the small islands! which are
comparable to typical measured specimen thicknesses fo
CELFA procedure of 1562 nm. With small island extension
below 10 nm, a significant fraction of the islands should
completely trapped in the TEM sample. The situation for t
cross-section imaging is schematically shown in Fig. 6. T
Cd concentration in the islands will be reduced at a specim
thickness of 15 nm due to the averaging, even if the islan
completely trapped in the TEM sample. Alternatively, t
cross-section specimens may only contain a part of an isla
Steps at the ZnSe/CdSe interface may lead to a local br
ening of the CdxZn12xSe layer.

The specimen thickness of 15 nm represents a worst
as far as the averaging is concerned because the region
the DALI evaluations are generally thinner. Accurate me
surements of the HRTEM specimen thicknesses yield
typical values between 2 and 10 nm could be performed
the InxGa12xAs system29,41 which can be considered to b
comparable to the CdxZn12xSe system. Another origin of the
systematically higher Cd concentrations in islands obtai
by the DALI evaluations—apart from the reasons alrea
mentioned in Sec. III—can therefore be that the averaging
the thinnerDALI specimens does not necessarily include
surrounding CdxZn12xSe layer.

Alternatively, the situation has to be considered whe
Cd-rich islands are surrounded by pure ZnSe. It is conce
able that a continuous layer could be visible in cross-sec
images at small island distances, high island densities
the sample thicknesses for theCELFA procedure. However
isolated islands should have been occasionally visible in
thin sample regions for theDALI evaluations which neve
occurred. Therefore, the presence of a continu
CdxZn12xSe layer is indeed highly probable.

An idea of the true Cd concentration in an island cor
sponding to that marked by ‘‘2’’ in Fig. 4 is obtained by th
following procedure. A measured Cd-concentration pro
along the horizontal@100# direction is plotted in Fig. 7~a!.
We assume for the modeling of the Cd distribution that

FIG. 6. Schematic illustration of a TEM cross-section sam
containing Cd-rich islands embedded in a CdxZn12xSe layer with a
lower Cd concentration.
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island is entirely enclosed and centered in the TEM specim
as well as a radial symmetry of the lateral Cd distributio
Three models with different concentration profiles we
tested to fit the experimental Cd profile:~1! a constant,~2! a
Gaussian-shaped, and~3! a linear profile. As an example, th
Gaussian-shaped Cd distribution is displayed three dim
sionally in Fig. 7~b!. An integration along the@010# electron-
beam direction is performed to obtain the averaged Cd c
tent which is compared with the experimental data. T
results for the different model profiles are also included
Fig. 7~a!. Obviously, the best agreement is obtained
model ~2! shown in Fig. 7~b!, where the maximum Cd con
centration at the center is 28% in contrast to the measured
concentration of only 23%. It is therefore concluded that
small islands do not consist of pure CdSe but contain o
slightly higher Cd concentrations compared to the measu
values. In contrast to the small islands, a core of pure C

FIG. 7. Modeling of the true Cd concentration in island 2 of F
4 for a sample thickness of 15 nm along the@010# direction. ~a!
Experimental Cd profile along the@100# direction, and calculated
composition profiles based on different functions for the Cd dis
bution: ~1! constant, ~2! Gauss, and~3! linear. ~b! Three-
dimensional visualization of the Gaussian-shaped Cd distributio
t

n
.

n-

n-
e

r

d
e
ly
d
e

appears to be possible for the large islands in the 3.6-
sample, which exhibit the highest measured Cd concen
tions. Due to the large distances between the islands, the
a low probability that an island is completely contained
the cross-section sample which artificially reduced the m
sured Cd concentration.

V. SUMMARY

Two-dimensional ternary CdxZn12xSe layers are ob-
served when CdSe with a nominal thickness between 0.7
3.6 ML is inserted in a ZnSe matrix by MBE. The laye
contain regions with an enlarged Cd concentration and
eral extensions below 10 nm which are considered as s
islands. We have demonstrated that the real layer thickn
and the sizes of the small islands do not significantly
crease withtn . Instead, the additional CdSe is accomm
dated by the rise of the Cd concentration from 3% to 16%
the 2D layer, and from approximately 10% to 60% in t
small islands. The symmetrical concentration profiles alo
the growth direction indicate that interdiffusion is the dom
nant broadening mechanism as opposed to cadmium se
gation where an asymmetric profile is expected. It was de
onstrated by the modeling of the averaging effect along
TEM specimen thickness that the small islands cannot c
sist of pure CdSe. The results of our analyses profile a b
for the modeling of the confinement potential which w
significantly contribute to the proper interpretation of the o
tical spectroscopy data.

Larger islands with a lower density are found attn
53.6 ML, which is compatible with the Stranski-Krastano
transition from the two- to three-dimensional growth mo
typically occurring at 3 ML. Higher Cd concentrations a
measured in these islands, which possibly contain a cor
pure CdSe. Asymmetrical dimensions along the two differ
^110& directions were measured for the large islands. T
imaging behavior of the small islands also indicates an as
metry. The asymmetry could be related to the anisotro
surface reconstruction, which may cause an orientati
dependent relaxation behavior of the islands or directi
dependent surface diffusion coefficients.
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