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Structural and chemical analysis of CdSeÕZnSe nanostructures
by transmission electron microscopy
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A transmission electron microscopy~TEM! study of the structure and chemical composition of 0.5 to 3.0
ML ~monolayer! CdSe sheets that are buried in a ZnSe matrix is presented. The CdSe layers were grown by
migration-enhanced epitaxy at a growth temperature of 280 °C. We find two-dimensional~2D! CdxZn12xSe
layers with a total thickness of approximately 3 nm for all samples independent of the nominal CdSe content
that contain inclusions~islands! with an enlarged Cd concentration. Plan-view TEM revealed two types of
islands: First, small 2D islands with a lateral size of less than 10 nm, and second, large 2D islands with a lateral
size between 30 and 130 nm. The combination of two-beam dark-field imaging and the new composition
evaluation by lattice fringe analysis~CELFA! procedure allow the precise measurement of the Cd-
concentration profiles of the CdxZn12xSe layers. The CELFA evaluation yields a full width at half maximum
value of (1061) ML. The most probable origin of the broadening is a strong interdiffusion of Cd and Zn with
an additional contribution of the segregation of the Cd atoms. The diffusion length of the Cd diffusion in ZnSe
during the growth of the ZnSe cap layer isLD5(3.660.8) ML and the segregation probability is estimated to
beR5(0.660.2). It is shown that neither objective lens aberrations nor specimen tilt are the main sources for
the observed enormous broadening of the CdSe interlayers.
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I. INTRODUCTION

Low-dimensional semiconductor structures are at pres
one of the main research topics in solid-state physics. M
applications of semiconductor nanostructures are found
the field of optoelectronic devices like light-emitting diod
and lasers. The development of the quantum-dot~QD! lasers
is expected to lead to an increased quantum efficiency an
lower threshold-current densities. In some high lattic
mismatch heterostructures like In~Ga!As/GaAs, the Stranski-
Krastanow growth mode leads to the self-organized form
tion of QD’s.1,2 The formation of CdSe QD’s is likewise
expected in the CdSe/ZnSe system that possesses a s
lattice-parameter misfit off a56.8 %. Several transmissio
electron microscopy~TEM!, photoluminescence spectro
copy, and atomic force microscopy studies were already p
lished ~see Refs. 3–11!. However, until now there is a lac
of direct information on the structure, the distribution of t
Cd and Zn in ZnSe-capped CdSe layers, and in particula
the mechanisms determining the Cd distribution, which w
analyzed in detail in this study.

II. EXPERIMENTAL SETUP

The epitaxial layers were grown pseudomorphically
GaAs~001! substrates at a temperature of 280 °C. T
samples contain a 50 nm thick ZnSe buffer and a 10
thick ZnSe-cap layer grown by molecular-beam epita
~MBE! at a Se/Zn flux ratio of 1.3. The CdSe epilayer w
deposited by migration enhanced epitaxy~MEE! ~see Refs.
12–15! with nominal thicknesses of 0.5, 1, 2, or 3 M
~monolayers!. Note that the unit ML in the following is un-
PRB 610163-1829/2000/61~23!/16015~10!/$15.00
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derstood to correspond to 0.283 nm independently of the
concentrationx in CdxZn12xSe. During the MEE mode, the
Se and Cd fluxes were supplied separately with a 10 s in
ruption.

The TEM cross-section samples were conventionally p
pared with Ar1- or Xe1- ion milling at an energy of 3 keV in
a liquid nitrogen-cooled specimen holder. Plan-view samp
were prepared by dimple grinding and subsequent back-
chemical etching in a solution of 1 H2O2~30%!:5 NaOH. A
Philips CM200 FEG/ST transmission electron microsco
was used with a spherical aberration constantCS51.2 mm
and a Scherzer resolution of 0.24 nm. The cross-section
ages were recorded with an on-line CCD camera with 10
31024 picture elements.

III. EXPERIMENTAL RESULTS

A. Plan-view imaging

Plan-view images yield an overview of the size distrib
tion and density of the islands. Figures 1~a!, ~b!, ~c!, ~e!, and
~f! show conventional~220! dark-field images of the sampl
with nominally 0.5, 1, 2, and 3 ML CdSe. The observ
strain contrast can be interpreted in terms of islands. It or
nates from local lattice bending at the boundary between
island and the ZnSe matrix. Two different kinds of islan
are prevailing. First, the micrographs reveal large islan
with extensions between 30 and 130 nm@details ~ii !, ~iii !,
~iv!, and ~v! in Fig. 1#. The estimated densities of the larg
islands are 53109 cm22 ~0.5 ML!, 93109 cm22 ~1 ML!, 7
3109 cm22 ~2 ML!, and 23109 cm22 ~3 ML!. Second, we
found small islands with a size of less than 10 nm. In co
16 015 ©2000 The American Physical Society
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16 016 PRB 61N. PERANIOet al.
ventional ~220! dark-field images, the small islands sho
only a faint contrast@e.g., inside region~i! of Fig. 1~a!#. The
density of small islands is approximately 731010cm22 ~0.5
ML ! and 431011cm22 ~2 ML! corresponding to average is
land distances of 38 nm and 15 nm. The small islands
more clearly visible ing/4g weak-beam~WB! micrographs
@see Fig. 1~b!# due to the smaller contrast widths that a
obtained by the WB imaging. We also found the contr
features of small islands embedded in large islands. In th
ML sample, large islands with a pronounced ‘‘coffee-bea
strain contrast are in addition observed at a low density
approximately 63108 cm22 @region ~vii ! in Fig. 1~f!#. The
coffee-bean contrast could be indicative of the thr
dimensional~3D! nature of these islands while the other
lands can be expected to be of rather flat shape which wil
confirmed in Secs. III B and III C 2. The plan-view imag
did not show any defects in the samples containing 0.5
and 2 ML CdSe as expected for pseudomorphically gro
heterostructures. A low defect density of 23109 cm22 was
observed in the 3 ML structure.

B. „002… dark-field images

Conventional dark-field images of cross-sectional spe
mens were used for a first estimation of the Cd distributi
A two-beam condition with a strongly excited and center
~002! beam was used for the imaging. Starting with a cro
section sample with a@100#-zone axis orientation, the spec
men was tilted approximately 5° around the@001# direction.
Note that a tilt around the@001# direction does not cause a
artificial broadening of the CdxZn12xSe/ZnSe interfaces
~projected along the electron-beam direction! in contrast to a
tilt around the@010# direction.

Figure 2 shows~002! dark-field images of all investigate
samples. The CdSe epilayer can be clearly identified by
lower brightness. The observed contrast in the~002! dark-

FIG. 1. TEM plan-view images of the samples with nomin
CdxZn12xSe layer thicknesses of~a! 0.5 ML, ~b! 1 ML, ~c! and~d!
2 ML, and ~e! and ~f! 3 ML. ~a!, ~b!, ~c!, ~e!, and ~f! are ~220!
dark-field images and~d! is a ~220! (g/4g) weak-beam image.
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field micrographs can be attributed to different atomic sc
tering factors of Cd and Zn. In a kinematic approximatio
the structure factorFhkl for the sphalerite structure is give
by

Fhkl54@ f CdxZn12x
1 f Seexp$ i2p~h1k1 l !/4%#, ~1!

where f CdxZn12x
and f Se are the atomic scattering factors o

the two-atomic basis. In the case of the~002! reflection we
obtain F00254( f CdxZn12x

2 f Se). Therefore, the intensity o
the ~002! reflection strongly depends on the chemical co
position and is called a ‘‘chemically sensitive’’ reflection.
is appropriate to note that this is not the case for an elect
beam direction close to, e.g., a^110&-zone axis where an
artificial excitation of the~002! beam can occur due to mu
tiple scattering.

Bloch-wave calculations with theEMS program package16

revealed that the image intensityI for CdxZn12xSe normal-
ized with respect to the intensity in ZnSe, is given byI
56(x20.41)2 ~x is the Cd concentration! for sample thick-
nesses below 50 nm as displayed in Fig. 3. A value oI
51 represents the ZnSe. The image intensityI reaches its

l

FIG. 2. TEM cross-sectional~002! dark-field images of all in-
vestigated samples with the nominal CdSe content indicated on
micrograph. The black arrows indicate the CdxZn12xSe layer. The
white arrow marks a region with a Cd concentration larger th
41 %.
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PRB 61 16 017STRUCTURAL AND CHEMICAL ANALYSIS OF . . .
minimum at x50.41. Regions with a Cd concentrationx
.0.41 ~e.g., in islands! would appear with a bright contras
within the dark background of the epilayer.

Note that it is difficult to identify individual islands in
Fig. 2. Distinct concentration fluctuations along t
CdxZn12xSe can only be seen in the microgaph of the 3 M
sample where we find some regions with a Cd concentra
larger than 41 %~white arrow in Fig. 2!. These observation
indicate that most islands observed in plan-view microgra
~see Fig. 1! are due to rather small concentration fluctuatio
inside a 2D CdxZn12xSe layer with a quite homogeneou
thickness. Most probably, only few islands with strong
pronounced strain contrast, like that depicted in Fig. 1~f!, are
3D islands.

Figure 4 shows the line scans of the image intensi
across the CdxZn12xSe layer in growth direction normalize
with respect to the intensity in the ZnSe. The line sca
represent intensity profiles that were averaged from differ
positions along the CdxZn12xSe layer. We find qualitatively
a decrease of the minimum intensity~equivalent to an in-
creasing maximum of the Cd-concentration profile! with an
increasing~nominal! amount of CdSe. The full widths at ha
maximum ~FWHM! of the intensity profiles of (2.3

FIG. 3. Normalized intensity of the~002! beam plotted versus
the Cd concentration calculated with EMS for different sam
thicknesses.

FIG. 4. Intensity linescans of~002! dark-field images across th
CdxZn12xSe layer for all samples in growth direction.
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60.3) nm are similar for all samples and reveal a signific
broadening in comparison to the nominal layer thickness

Note that Fig. 3 cannot be used for an accurate deter
nation of the Cd concentration from Fig. 4 because of inel
tic electron scattering. The objective lens possesses diffe
focal lengths for inelastically and elastically scattered el
trons. Therefore, inelastically scattered electrons cause
~incoherent! diffuse background intensityI inel in the image.
These additional electrons lead, for example, to a nonvan
ing image intensity for a Cd concentration of 41 %. The
fect of inelastic scattering on the interpretation of Fig. 4
readily estimated by assuming thatI inel is constant over each
line scan andx,0.41. Then, the normalized image intensi
shown in Fig. 4 is given by

I 5
I el1I inel

I 01I inel
, ~2!

whereI el is the intensity of elastically scattered electrons a
I 0 is I el for x50. With I 8 being the normalized intensity
without inelastic scattering displayed in Fig. 3 we find

I

I 8
5

11I inel /I el

11I inel /I 0
. ~3!

From Eq. 3 we deduce thatI<I 8 becauseI el<I 0 . There-
fore, the interpretation of Fig. 4 with theI (x) dependency
shown in Fig. 3 leads to concentration values that are
small. Nevertheless,~002! dark-field imaging provides an
easy-to-apply method to obtain a semiquantitative impr
sion of the Cd concentration in thin CdxZn12xSe layers.

C. Composition evaluation by lattice fringe analysis

The chemical sensitivity of the~002! reflection can be
further exploited to quantify the composition at higher res
lution and better accuracy by using an electron interfere
pattern. This approach possesses two advantages com
to the dark-field technique. First, the effect of inelastic sc
tering is reduced because inelastically scattered electrons
proximately can be considered as incoherent. Secondly,
generation of images with a periodic contrast pattern ena
an effective noise reduction by the Wiener-filterin
technique.17 In the Fourier-transformed images, the signi
cant information then is localized in the reflections, where
the noise spreads over the whole area.

1. Explanation of the analysis procedure

The CELFA method is described for InxGa12xAs in Refs.
18 and 19. A detailed explanation of the CELFA procedu
as well as its application to CdxZn12xSe can be found in Ref
20. Here we only give a brief outline of the principle of th
technique.

The CELFA method is based on high-resolution TE
lattice-fringe images resulting from a three-beam condit
with the ~000!, ~020!, and~040! reflections. A cross-section
specimen with a@100#-zone axis orientation is tilted by 3° to
6° around an axis parallel to the@010# direction~see Fig. 5!.
Subsequently, it is adjusted in such a way that only the in
dent beam and the~040! reflection are strongly excited. Th
~020! reflection is centered on the optic axis to minimize t
effects of objective lens aberrations. Note that the specim
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16 018 PRB 61N. PERANIOet al.
tilt here is performed around an axis perpendicular to t
used in Sec. III B. A different tilt axis is chosen because
~002!-plane distances depend on the Cd concentration of
CdxZn12xSe layer. However, the effect of different lattic
parameters on the image pattern can be neglected if the~020!
lattice planes are used for the imaging that have ident
distances in the interlayer and the ZnSe matrix in pseu
morphically grown structures. A focus series of 10 imag
with a defocus stepsize of typically 10 nm is recorded. T
amplitudeA020 of the ~020! reflection in the Fourier trans
form ~diffractogram! of the imagen of the defocus series i
then given by:20

A0205T020a0203Aa040
2 1a000

2 12a040a000cos~wn!,

wn522xn12p0202p0002p040,

xn5pD f nlg020
21

p

2
CSl3g020

4, ~4!

where thea0 j 0 are the amplitudes andp0 j 0 the phases of the
coefficients of the Fourier-transformed exit wave functi
( j 50,2,4). T020 is a real factor taking into account incohe
ency effects,D f n the objective lens defocus for thenth im-
age of the defocus series,g020 the reciprocal lattice vecto
corresponding to the~020! reflection, andl the De Broglie
wavelength of the electrons.xn is the phase shift introduce
by the spherical aberration of the objective lens and the

FIG. 5. Sketch showing the imaging condition used for t
CELFA method.
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focus. Equation~4! shows that the amplitudeA020 of the
~020! reflection in the diffractogram is proportional to th
amplitudea020 of the chemically sensitive~020! beam.

The evaluation of the local Cd concentration is perform
in the following way:

1. All images of the series are subdivided into image ce
of 0.283 nm30.283 nm (,1 ML31 ML in GaAs! size. Each
cell is transformed into a quadratic cell with a typical size
162 pixels using the algorithm described in Ref. 21. The ce
are Fourier transformed and the amplitude of the~020! re-
flection of each cell diffractogram yields a local value f
A020.

2. An approximate specimen thickness and the valuesxn

are determined from the defocus-dependent oscillation
A020 ~see Refs. 19 and 20!.

3. The amplitudesa0 j 0 and phasesp0 j 0 are calculated for
the estimated specimen thickness and Cd concentrations
tween 0 and 100 % with a stepsize of 1 % using the Blo
wave method of theEMS program package.16

4. One imageN of the defocus series that corresponds
a maximum of theA020 oscillation is used for the furthe
evaluation. In order to compensate for spatial variations
the specimen thickness and defocus,T020 is regarded as fit
parameter and a local map ofT020 is calculated from Eq.~4!
inside the ZnSe buffer and cap layers~see Refs. 19 and 20!
where the Cd concentrationx50 is known. An overall map
of T020 is obtained by interpolation inside the CdxZn12xSe
region.

5. Finally, Eq.~4! is used to obtain the local Cd conce
tration x for each image cell.

It was shown in Ref. 19 that an error of the estimat
specimen thicknesst as well as local thickness variation
only weakly affect the measured composition if the thickne
dependence ofa020(x,t)/a020(0,t) is small. Figure 6~a!
shows that this prerequisite is well fulfilled for CdxZn12xSe.
Figure 6~b! displays a color-coded map of the estimated re
tive maximum errorDx/x of the composition determination
per nm errorDt of the thickness measurement whose cal
lation is explained in Ref. 19. For example, measured val
x520% and t5(15610) nm yield an error Dx
50.0016@nm21# 10 nm 20%50.3%, i.e., x5(2060.3)%.
Therefore, the error of the thickness determination is ne
gible for the measurements presented in the following.

2. Experimental results

Figure 7 depicts color-coded maps of the Cd distribut
for all investigated samples. Note that the color coding is
identical for all images. In particular for the 0.5 and 1 M
samples the green color denotes a Cd concentration of on
to 4 %. In general, we find an approximately 3 nm thi
CdxZn12xSe layer ~2D-L! that contains inclusions with
larger Cd concentration~islands!. In the 2 ML sample we
find pronounced small islands with a lateral size of'8 nm
@see Fig. 7~d!#. Figure 7~c! gives an example for a large-sca
fluctuation with less pronounced small inclusions in the sa
specimen. The white-dotted lines in Figs. 7~b! and 7~e! indi-
cate that some of the inclusions probably are found in
vicinity of interface steps. Figure 7 also visualizes the 2
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FIG. 6. ~Color! ~a! Values fora020(x,t)/a020(0,t) plotted versus the Cd concentrationx and the specimen thicknesst. ~b! Color-coded
diagram showing the maximum errorDx of the measured Cd concentrationx due to uncertaintiesDt of the thickness measurement, plotte
versus the sample thicknesst and the Cd concentrationx.
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character of the islands whose height does, in general,
exceed the thickness of the CdxZn12xSe layer.

Figure 8 contains typical Cd-concentration profiles of t
2D-L’s for each of the four samples which were determin
in regions between the islands. The total Cd content is c
puted by the integration of the profiles. Table I summariz
ot

d
-

s

the results obtained for the 2D-L’s and islands. Table I
veals that the maxima of the Cd-concentration profilesxmax

increase with the nominal CdSe content. However, they
ways remain below 20%. Generally, the total amount
CdSe in the QW is 70–80 % of the nominal value. The to
Cd content in the center of the islands significantly exce
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FIG. 7. ~Color! Color-coded maps of the local Cd concentration for all investigated samples. Each colored square corresponds t
of 0.283 nm30.283 nm (,1 ML31 ML in GaAs!. ~c! and~d! reveal large-scale and short-scale fluctuations of the Cd concentration i
2 ML sample, respectively.
us
M

se

e to
the nominal amount. Therefore, 20–30 % of the Cd m
beconcentrated in the islands, besides possibly the 0.5
sample. All profiles of the 2D-L’s have a FWHM of'10
t
L
ML and exhibit a weakly pronounced asymmetry becau
the transition from the ZnSe buffer to the CdxZn12xSe layer
is steeper than that towards the cap layer. It is appropriat
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note that the measured concentrations are averaged alon
electron-beam direction, which means that the actual con
trations inside the islands may be higher.

IV. DISCUSSION

A. Interpretation of the concentration profiles

The most striking result of the Cd-concentration profi
~see Fig. 8 and Table I! is a significant broadening of th
CdSe layer that is most likely induced by interdiffusion. T
general solution of Fick’s laws for a given concentration p
file w(r ) at the timet50 is given by

xdiff~ i ,LD!5
1

ApLD
E

2`

`

w~r !expH 2
~r 2 i !2

LD
2 J dr, ~5!

where i and r are distances in growth direction in@ML #.
LD@ML #52ADt is the diffusion length withD being the
~composition-independent! diffusion coefficient andt the du-
ration of the diffusion process. Using the initial Cd
concentration profile of an ideal epilayer ofN monolayers
CdSe, Eq.~5! constitutes a fit curve for the experiment
profiles withLD as fit parameter:

xdiff
idea~ i ,LD!5

1

2
H erfS i 1

N

2

LD

D 2erfS i 2
N

2

LD

D J . ~6!

FIG. 8. Cd-concentration profiles of the 2D-L’s with fitted pr
files taking into account a diffusion lengthLD53.6 ML, a segrega-
tion probability R50.6, and the sample tilt of 6° at a specime
thickness of 20 nm~see Sec. IV A!.
the
n-

-

The evaluated diffusion lengths are given in the seco
column of Table II. Taking into account the error bars, t
results are identical for all four samples yielding an avera
LD'5.5 ML. This result is in contrast to diffusion coeffi
cients measured in earlier studies~see Refs. 22–25! that lead
to diffusion lengths of about 0.08 ML assuming a tempe
ture of T5280 °C and a duration of the diffusion oft
53 min. Possible origins for this discrepancy will be di
cussed in Sec. IV C.

The influence of the sample tilt around an axis parallel
@010# has to be considered with respect to a possible artifi
broadening of the measured profile. However, the~002!
dark-field images in Fig. 2, that were obtained by tiltin
around the perpendicular@001# direction, also reveal a stron
broadening~see Fig. 4! indicating that the tilt is not the main
source of the broadening.

For the calculation of the effect of tilt on the measur
concentration profile of a homogeneous 2D-CdxZn12xSe
layer we assume that the CdxZn12xSe/ZnSe interface is par
allel to the~001! plane. The tilt of a specimen with a thick
nesst and an initial@100#-zone axis orientation by an angleb
around the@010# direction ~see Fig. 5! yields a profile

xtilt~ i !5
1

t E0

t

xnotiltS i

cosb
1t tanb Ddt

'
1

Dr Ei

i 1Dr

xnotilt~r !dr, ~7!

whereDr 5t tanb and xnotilt(r ) is the projected concentra
tion profile of the untilted specimen. Usingxnotilt5xdiff

ideal Eq.
~7! yields

TABLE II. Fit values of the diffusion lengthLD and the segre-
gation probabilityR. With the exception of the second column,
sample tilt of 6° was taken into account at a maximum sam
thickness of 20 nm.

Diffusion
LD@ML # Segregation and diffusion

Sample Without tilt With tilt
LD@ML #
with tilt

R
with tilt

0.5 ML 5.560.4 4.560.6 3.460.7 0.660.1
1 ML 5.160.5 3.960.7 3.560.9 0.560.1
2 ML 5.660.6 4.660.7 4.060.8 0.560.1
3 ML 5.660.6 4.560.8 3.660.9 0.660.2
is
TABLE I. Maximum concentrationsxmax and sizes of the 2D-L’s and islands. The amount of Cd
obtained by the integration of Cd-concentration profiles and is given in equivalents of@ML CdSe#.

2D layer Islands

Sample
xmax

@%#
Cd amount
@ML CdSe#

FWHM
@ML #

xmax

@%#
Cd amount
@ML CdSe#

Diameter
@nm#

0.5 ML 462 0.560.2 962 863 1.060.4 765
1 ML 762 0.760.1 1061 1061 1.060.1 662
2 ML 1662 1.660.3 1061 2564 3.160.9 1264
3 ML 1964 2.060.4 1061 3567 4.861.4 962
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16 022 PRB 61N. PERANIOet al.
xdiff,tilt
ideal 5

LD

2Dr H f S i 1N/21Dr

LD
D2 f S i 1N/2

LD
D

2 f S i 2N/21Dr

LD
D1 f S i 2N/2

LD
D J ,

f ~x!5x erf~x!1
1

Ap
~e2x2

21!. ~8!

Taking into account a maximum tilt angle ofb56° and a
maximum sample thickness oft520 nm, and again usingLD
as fit parameter, we obtained the diffusion lengths listed
the third column of Table II yielding a mean value ofLD
'4.4 ML.

The asymmetry of the measured concentration profiles
dicates that segregation has to be considered as a third e
to contribute to the broadening of the CdSe sheets. The
ventional surface segregation~see e.g., Ref. 27! due to the
replacement of Cd atoms from the underlying monolayer
newly deposited Zn atoms, appears to be unlikely under
Se-rich ZnSe growth conditions used. However, Cd segre
tion may occur during the ZnSe overgrowth on the CdS
terminated surface containing islands due to the str
induced Cd extrusion by neighboring-in-plane Zn atoms
the strongly lattice-mismatched CdSe/ZnSe lateral bou
aries. Following the general formalism of Murakiet al.,26 the
Cd-concentration profile can be described by

xsegr~ i !5H 0 : i ,0

x0~12Ri ! : 0, i<N

x0~12RN!Ri 2N : i .N,

, ~9!

whereR is the segregation probability andN the number of
deposited monolayers of Cdx0

Zr12x0
Se. However, it was no

possible to fit the measured profiles solely on the basis of
~9! with sufficient accuracy. Therefore, we suppose that b
diffusion and segregation are involved. To check this
sumption we made the approximation that the initial Cd d
tribution w(r ) is formed by segregation@Eq. ~9!# and subse-
quently is broadened by interdiffusion according to Eq.~5!.
The resulting profilexdiff

segr was inserted in Eq.~7! using
xnotilt5xdiff

segr in order to take into account the effect of th
specimen tilt. Both, the segregation probabilityR and the
diffusion lengthLD , are treated as fit parameters. Again, w
assumed a tilt angle of 6° and a sample thickness of 20
This model yields the best agreement between the fit cu
and the experimental data leading to mean values ofLD
53.6 ML andR50.6 ~see Table II, columns 4 and 5!.

B. Errors due to the electron-microscopic imaging

1. The effect of objective lens aberrations

The aberration of the objective lens as well as Fres
fringes constitute other sources of error that could lead
broadening of the observed profiles. Incoherency effe
yield a damping of the transfer function at high spacial f
quencies mainly causing a broadening of chemically abr
transition regions. Fresnel fringes are induced by steps of
mean inner potential either at the interface between speci
and vacuum or at internal interfaces between different m
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rials. They occur for defociuD f u.0. Their intensity and
spacing depends on the inner potential step height as we
on the shape of the chemical transition at the interface
should be noted that these effects apply to both the~002!
dark-field imaging and to the CELFA technique. Profiles
A002 are compared in Fig. 9 for a simulated defocus series
an ideal, 2 ML thick CdSe layer buried in ZnSe~upper
curves! with measured profiles of the 2 ML sample~lower
curves!. Obviously, the simulated profiles deviate from th
initial profile. However, these deviations do not explain t
width of the experimental profiles. Simulations have sho
that the deviation of the simulated profiles from the init
profiles decrease for less abrupt transition regions.

2. Specimen tilt and nonstatistical distribution ofCd atoms

We explained in Sec. III C 1 that Bloch-wave simulatio
are used to calculate the amplitudesa0 j 0 of the beams that
contribute to the image. These values are used to determ
the Cd concentrationx from the experimental image usin
Eq. ~4!. The Bloch-wave calculations imply a statistical di
tribution of the Cd and Zn atoms along the electron-be
direction. This assumption is not fulfilled for an interfac
that is tilted against the electron beam as illustrated in F
10. Figure 10 shows as an example a 7 nmthick Cd0.3Zn0.7Se
layer that is tilted against the electron-beam direction. Ob
ously, the distribution of Cd and Zn atoms is not statistical
the regions of the tilted interface. For the upper interface,
Cd atoms are concentrated in the upper part of the T
sample in contrast to the lower interface where the Cd ato
are located in the lower part of the sample.

To estimate the effect of the nonstatistical distribution,
atomic model was generated according to Fig. 10 assumi

FIG. 9. Upper curves: Profiles of the amplitudeA020 simulated
for a 2 ML thick CdSe interlayer buried in ZnSe for different valu
of the objective lens defocusD f . A linear concentration profile was
assumed inside the transition regions between ZnSe and CdSe
shape of the initial profile is indicated by the bold solid curve. T
specimen thickness was assumed to be 10 nm. The micros
parameters were: Accelerating voltageUb5200 kV, CS51.2 mm,
semiconvergence angle of the electron beam 3 mrad and def
spread 7 nm. The electron-microscopic imaging was simulated w
theEMS program package. Lower curves: Experimental profiles o
defocus series of the 2 ML sample.
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tilt of 5°. On the basis of this model, simulations with th
multislice algorithm of theEMS program package16 were then
carried out assuming a strongly excited~004! and transmitted
beam. From the resulting exit wave function, a profile~along
the @001# direction! of the amplitudea002 of the ~002! beam,
normalized with respect to the local value
Aa000

2 1a002
2 1a004

2 , was extracted. Similar to the CELFA
evaluation of an experimental image, a table of analogou
normalized values of the~002! reflection was calculated b
Bloch-wave simulations~now assuming a statistical distribu
tion of Cd atoms! for Cd concentrations between 0 an
100 % and with a stepsize of 1 %, for a sample thickness
15 nm and the imaging conditions as given above. In anal
to the CELFA technique, the profile of normalizeda002 val-
ues ~obtained with the multislice algorithm! was evaluated
with the table~obtained by the Bloch-wave method!. Figure
11 displays the resulting Cd-concentration profile as wel
the ‘‘true’’ concentration profile that is also sketched in F
10. Obviously, the evaluated profile agrees well with t
initial ‘‘true’’ profile. Note that the deviation that is visible
for the largest concentrations is 1 %, which is equal to
stepsize of the calculated table. This error is most likely d
to a small deviation between the multislice approximat
and the~more precise! Bloch-wave calculation. These resul
clearly demonstrate that the effect of a nonstatistical dis
bution of Cd atoms is small for a Cd concentration of 30

The effect of a nonstatistical distribution of atoms w
investigated analytically in a projected-potential approxim
tion by Coeneet al.28 They found that it is a second-orde
contribution to the wave function that is proportional to

FIG. 10. Model of a 15 nm thick TEM specimen containing a
nm Cd0.3Zn0.7Se layer buried in ZnSe that is tilted towards the ele
tron beam direction. The displayed configuration was used to de
an atomic model to estimate the effect of a nonstatistical distr
tion of Cd and Zn atoms along the electron-beam direction by m
tislice iterations. Furthermore, the figure contains a sketch of
projected Cd concentration obtained by averaging along the e
tron beam direction.
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V~R,z8!dz8, ~10!

whereV(R,z9) is the crystal potential,R the coordinate in
the foil plane,D the Laplacian operating in the plane of th
foil, and z the coordinate in electron-beam direction. Fro
Eq. ~10! we estimate that the effect is even smaller for C
concentrations below 30 %.

C. Comparison with previous results

A similar broadening of CdSe layers was already o
servedin situ in MBE-grown CdSe layers by reflection high
energy electron diffraction~Ref. 22! where an amount of Cd
equivalent to 1.4 ML CdSe was found to be distributed ov
a 6 ML thick transition region towards the ZnSe-cap lay
Kuttler et al.25 showed that the diffusion of Cd in ZnSe
governed by group-II vacancies and depends strongly on
epilayer doping and the atmosphere prevailing during
annealing process. An acceleration of the Cd diffusion
about four orders of magnitude inN-doped samples was a
tributed to a Fermi-level effect, which changes the cha
state of the vacancies due to thep-type doping.

The diffusion length observed in our paper correspond
the highest values found inN-doped layers, although th
samples in our study are undoped. There are two poss
explanations for the large diffusion lengths. The first a
probably the main effect could be related to the nonequi
rium conditions during the MEE and MBE growth, whic
could produce an anomalously high density of group-II v
cancies within the CdSe layer leading to a strong accel
tion of the interdiffusion. The ‘‘annealing’’ duration of only
3 min at a very low temperature of 280 °C to grow the Zn

-
e
-

l-
e
c-

FIG. 11. Cd-concentration profile obtained from the evaluat
of a simulated exit wave function. The wave function was simula
by the multislice algorithm on the basis of an atomic model gen
ated according to Fig. 10. The good agreement between evalu
and true profiles indicates the weak influence of the nonstatis
distribution of Cd atoms.
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cap layer~in contrast to the high annealing temperatures a
2 h annealing duration in the experiments by Kuttleret al.,25!
cannot be expected to yield diffusion distances that are
resentative for thermal equilibrium conditions. The seco
reason could be related to the large band bending close to
growth surface, which could induce a charge state of
vacancies comparable to that inp-type layers ~surface-
induced Fermi-level effect!.

V. SUMMARY

In summary, we observed that MEE-grown CdSe epil
ers with a nominal thickness between 0.5 and 3 ML emb
ded in ZnSe consist of a 2D layer broadened up to a FW
of '10 ML. The CdxZn12xSe layers contain inclusions wit
an enlarged Cd concentration and with a size of<10 nm and
large 2D islands with a lateral extension between 30 and
nm. The density of the small islands is in the order
1011cm22. The density of large-scale inclusions varies b
tween 23109 cm22 and 93109 cm22, depending on the
nominal CdSe content.
t
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The chemical analysis with the CELFA method revea
that the maximum Cd concentration in the CdxZn12xSe lay-
ers increases from 4% to 19% with the nominal CdSe c
tent and that approximately 20–30 % of the CdSe is c
tained in islands. The segregation of the Cd with
probability of (60620)% was detected. However, the dom
nant process for the layer broadening is a Cd/Zn interdif
sion with a diffusion length of (3.660.8) ML at 280 °C. The
interdiffusion is possibly accelerated by a high~nonequilib-
rium! density of group-II vacancies in the CdSe layer and
surface-induced Fermi-level effect.
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