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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 micro€tép) and
high-resolution transmission electron microscdp§\RTEM) 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. ContinugC¢Se

layers are observed, which are significantly broadened compared to the nominal thicknesses. The layers contain
Cd-rich inclusiongsmall islandg 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.

I. INTRODUCTION The TEM results for ZnSe-capped structures differ con-
siderably depending on the nominal thickness of the CdSe
Heterostructures containing CdSe with a nominal thick-layer and the growth technique. Leonastial’® observed
ness of a few monolayers embedded in a ZnSe matrix havile transition from a continuous, two-dimensional layer into
recently been the subject of increasing interest, motivated by layer with distinct thickness fluctuations in conventional
the prospect of obtaining CdSe quantum-dot structures focross-section TEM images, which can be correlated with the
fundamental studies and device applications. Due to the largeorresponding change of the RHEED pattern. Comparable
lattice-parameter mismatch of 7.2%, the CdSe growth omesults were obtained by Hommet al,® who observed a
ZnSe is expected to occur in the Stranski-Krastanow modegritical wetting layer thickness between 3.5 and 5 ML for the
comparable to the growth of InAs on GaAs, where three-2D/3D transition. At a CdSe thickness of 3 ML, Kirmse
dimensional(3D) islands nucleate on 2D wetting laye?. et al’* found a bimodal island distribution. The plan-view
The generation of islands is energetically favorable comTEM strain contrast indicates the presence of small islands
pared to a two-dimensional, tetragonally strained layer, bewith sizes of less than 10 nm and an area density of about
cause the islands are able to elastically relax the lattice mist0'® cm 2, as well as larger islands with extensions be-
match at their free surfaces. Reflection high-energy electrortween 10 and 50 nm with a density oik20° cm™2. More
diffraction RHEED patterns indeed revealed the transitiondetailed studies of the continuous CdSe layers with nhominal
from a two- to a three-dimensional growth mode at a CdSehicknesses below 3 ML by cross-section high resolution
thickness close to the critical onabout 3 ML during the TEM (HRTEM) revealed a laterally inhomogeneous Cd dis-

molecular-beam-epitax¢MBE) growth3# tribution with Cd-rich inclusions of approximately 5-nm
Several transmission electron microscopyEM) and  sizel4~18
atomic force microscopyAFM) studies were already pub- Of particular interest are the layers with<<3 ML,

lished, which are concerned with the structural properties ofvhich show the signatures of the three-dimensional exciton
the CdSe deposits. AFM investigations of uncapped CdSeonfinement in the optical spectra, although a change of the
layers~!! revealed the presence of islands which are typi-RHEED pattern corresponding to the three-dimensional
cally larger than 20 nm. However, there are strong indicagrowth mode is not observed. A considerable number of
tions that the results are not representative of buried layerstudies were published regarding the optical properties of the
because a ripening of the islands was observed depending aitrathin CdSe layers in a ZnSe matfix.*>15-2"Two inter-

the time after the removal from the growth chamber. In ad-pretations of the spectra regarding the role of the exciton
dition, the chemical nature of these islands was not comeonfinement effects were proposed. Some authors argued
pletely clarified, because they were also observed on ZnSthat the charge carriers and excitons are essentially confined
with a submonolayer CdSe deposittbrand even without only in one dimension, as expected for a quantum-well sys-
CdSe at alf*? Therefore, a distinction must be made be-tem, (e.g., see Refs. 19 and 24-)2The exciton localization
tween results obtained by AFM from uncapped island strucwithin regions of higher Cd concentration is suggested to
tures and those from capped CdSe layers studied by TEM.result in a broad band tail of the excitonic emission. These
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localized states were assumed to affect the radiative lifetimegrint of the local lattice parameter if the specimen thickness
and were regarded as zero-dimensional excitons. Alternaand defocusing distance do not significantly change in the
tively, other authors(e.g., see Refs. 15, 16 and 20+23 image area of interest. The intensity maxima positions allow
claimed that the optical properties of ultrathin CdSe inserthe subdivision of the image into unit cells of the si&g,
tions can be explained only by assuming that all the excitons< a1, (agy; anday ;o are the distances of tHe01) and(110
are laterally confined, and the continuum states do not play kttice planes
role up to high excitation densities and observation tempera- The composition in each image unit cell is deduced ac-
tures. cording to Vegard’s law, taking into account the tetragonal
In this study the Cd distribution and morphology of single distortion of the coherently strained h;_,Se layer,
CdSe layers in a ZnSe matrix were investigated in detail byvhich increases the lattice parameter along[6@®l] growth
conventional TEM and HRTEM. Thin layers with,  directionagg cqzn, ,se- TWO limiting cases can be distin-

<3 ML and a layer with a thickness slightly above the criti- guished for the tetragonal distortion in TEM samples. The
cal one are studied. The distribution of the cadmium is quangistortion of a thick sample corresponds to the bulk case. For
titatively derived on an atomic scale from HRTEM imagesHRTEM specimens with typical thicknesses of less than 15
by two different and independent evaluation procedures. Thgm an additional elastic relaxation must be considered along
first method is based on the measurement of local latticghe electron-beam direction. According to elasticity theory,
parameters by the prograpmui (digital analysis of lattice  the mismatch for a coherently strained structure along the
images.”” The second techniqu&ELFA (composition  [001] growth direction in the two limiting cases of a thick
evaluation by lattice fringe analy$fS—>'relies on the chemi-  and a very thin specimen is given by

cal sensitivity of the(002 Bragg reflection.

There are several reasons for the present study. More

Qo01,c4zn, _,Se~ Aznse Acdzn,_,se znse

guantitative data regarding the Cd distribution and the size of = gthick.thin
the structural featuredayer thickness, island sizeare de- aznse aznse
sirable for the interpretation of the optical spectroscopy data. = gthick thing )

The study is also motivated by the fact thet situ AFM _
investigations of bare CdSe islands appear not to be repravith
sentative of buried structures because the morphology and

Cd distribution could be modified during the growth of the gthick— 1+2C—12 and
ZnSe cap layer. Cuy
Il. EXPERIMENTAL PROCEDURES hin ( C4C1o )
a’= ;
The structures were grown by MBE on Ga081) sub- C%1+2C11Caqt C11C1o—CT,

strates at a temperature of 280°C. They contain a 50-nm :
ZnSe-buffer Iaye[r) and a 10-nm ZnSe cag layer on top of avhereacqyzn, ,se denptes the bulk Gdn, _,Se lattice pa-
thin CdSe layer. The intended nominal thicknesses of théameter,C;; the elastic constants of the (Zh, ,Se layer,
CdSe layers are 0.7, 1.25, and 3.6 ML. The details of th&ndf the lattice-parameter mlsmgtch between the bulk lattice
growth procedure are outlined by Ivanetal2* parameters. The Cd concentratiogy can be deduced from
The samples were studied by TEM using a Philips CMEGs-(1) and (2):

200 FEGI/ST electron microscope with an electron energy of

200 keV in plan-view and cross-section geometries. The 8o01,cqzn, _,Se Aznse
plan-view specimens were prepared by back-side chemical XCd= "hick thin _ :
etching using an etching solution consisting of Na@QH « (8cse™ Aznsd

mol) and 30% HO, with a proportion of 5:1. The €ross- g coefficients of the tetragonal strain for a thin sample
section specimens were thinned by mechanical gl’ll’ldlng(athin: 1.66) and a thick ¢""°k=2.3) sample are almost in-

oot . oY e L
dimpling, and subsequent ion etching with"Aer Xe™ ions  genendent of the Cd concentration. More details of the

at 3 keV with 1.'T‘A-. . ) evaluation procedure were outlined by Rosenauer and
The composition in the region of the CdSe layer is de-.q_\orkers8:29

rived on an atomic scale from HRTEM images. The evalua-  1,q siternative methodeLFA relies on the chemical sen-
tion proceduredALl requires the measurement of the local sitivity of the {002 reflections in lattice fringe images,

dWhich are obtained by strongly exciting only tk@00) and
(040 reflections close to th¢100)-zone axis. The chemi-
cally sensitive(020) reflection between théd00) and (040
Acdzn, se= znse Xcd(@cdse™ @znsd (D reflections is centered on the optic axis. The images are taken
) by transmitting the (000), (020, and (040 reflections
whereacqzn,  se: @cdse aNdaznseare the bulk lattice pa-  through the objective aperture. A defocus series of images
rameters of the ternary compound and the binary materialswith defocus steps of approximately 10 nm is recorded with
The HRTEM images are typically taken along the a CCD camera. After the noise reduction by a Wiener filter-
(110)-zone axis. After the noise reduction by a Wiener fil- ing procedure, the lattice fringe images are subdivided into
tering proceduré® the positions of the intensity maxima are image unit cells of the size of the projected unit cell. Each
determined, whose distances can be considered as a fingémage unit cell is Fourier transformed. The procedure for the

()

mium concentratiorxcq according to Vegard's law
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determination of the local sample thickness and the relevant
imaging parameters in regions of known composition, e.g.,
in the ZnSe, was outlined by Rosenauer and Gerths&h.
Knowing the specimen thickness and the imaging conditions,
the Cd concentration in each image unit cell is obtained by
the comparison of the amplitudes of t@00), (020), and
(040 beams in the Cd&n, _,Se, with the respective ampli-
tudes of simulated images for the whole range of Cd concen-
trations. The image simulations were carried out with the
EMs program packag& using the Bloch-wave method.

Ill. EXPERIMENTAL RESULTS

Figure 1 shows plan-view images taken undef3g)
weak-beam(WB) conditions with g=(220) for different
nominal CdSe thicknesses: 0.7 M4&), 1.25 ML (b), and 3.6
ML (c). The fine speckle contrast is interpreted in terms of
small islands with a size of less than 10 nm. The change of
the thickness and bending of the TEM specimen induces the
coarse bright and dark bands. The island density increases
with the nominal CdSe thickness fromx3.0** cm™?2 for 0.7
ML (@ to 5x10" cm ? for 1.25 ML (b) and 7
X 10' cm™2 for 3.6 ML (c). It is worth noting that the small
islands can only be seen und@20 WB conditions. They
are almost invisible under different imaging conditions, e.g.,
bright-field or WB imaging withg=(220). This effect is
probably due to a shape asymmetry of the small islands,
which will be further discussed in Sec. IV. In addition, larger
islands with a lateral extension up to 40 nm and with a den-
sity of 5x10° cm 2 can be observed in Fig.(d for t,
=3.6 ML. The Cgzn,_,Se islands are completely strained
because misfit dislocations were not observed.

Figure 2 shows images of a big island in the 3.6-ML
specimen under different imaging conditions. The plan-view
bright-field imag€g Fig. 2(a)] was taken in 4001] zone-axis
orientation. Figures(a) and Zc) are (@/3g) WB images with
0=(220) andg=(220). Although the strain contrast does
not allow an exact size determination, the oval shape of the
island can be recognized. The HRTEM cross-section image

[Fig. 2d)] was taken along thg110]-zone axis, where an
island is visible along its large extension. An estimation of
the island sizes yields 152 and 35-5 nm along the two
(110 directions.

_Figure 3 shows a noise-filtered HRTEM image along the  FiG. 1. Dark-field plan-view images of the ZnSe/CdSe/ZnSe
[110] zone axis(a), and the results obtained by timaLl heterostructures underg/@g) weak-beam conditions withg
evaluation [(b) and (c)] for the specimen witht, =(220) for different nominal CdSe thicknesses: 0.7 K&, 1.25
=1.25 ML. The local lattice parameters are displayed inML (b), and 3.6 ML(c).

Fig. 3b) in a color-coded map in units of

o01,c4zn, ,sel Aznse- The measured layer thickness betweenjgcal change of the imaging conditions, e.g., a local crystal
5 and 9 ML distinctly deviates from the nominal thickness oftilt or thickness fluctuations of the specimen.

1.25 ML. A laterally inhomogeneous Cd concentration is Another effect of the lattice-parameter increase by the Cd
evident from the variations of the local lattice parameter. Thas a displacementU of the lattice positions in the
lattice-parameter misfit along thg001] direction reaches Cd,Zn,_,Se layer with respect to a reference lattice extrapo-
about 8% in the island in the center, yielding a maximumlated from the ZnSe over the Cd-rich region. The local dis-
cadmium concentratiomcy=55+8% Cd according to Eq. placements of each image unit cell with respect to the ZnSe
(3). The error is mainly determined by the uncertainty in thereference lattice along the growth direction are shown in Fig.
specimen thickness, which is responsible for the elastic re3(c). The red color, indicating large displacements on top of
laxation along the electron-beam direction. The small rethe island marked by, visualizes the upward bending of the
gions in the ZnSe matrix in the Fig(l3, where Cd appears lattice planes which is associated with the high Cd content.
to be present, are most likely induced by residual noise or &he total amount of the cadmium contained in the layer
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FIG. 3. (Colon (a) [110]-HRTEM image of the CdSe layer
with a nominal thickness of 1.25 Ml(b) Color-coded maps of the
local lattice parameters in units @ho1cqzn, ,sd@znse- (€) Com-
ponent of the local displacements along [081] direction.

FIG. 2. Plan-view images of a big island at a nominal CdSe
layer thickness of 3.6 ML(a) Bright-field image along th€001]-

zone axis.(b) (g/3g) weak-beam conditions witly=(220). (c)
(9/3g) weak-beam conditions witlg=(220). (d) Cross-section

[110]-HRTEM image.

Ccdsein units of CdSe ML is given by

Umax
Cedse—— o) 4)
Cdse athlck,thlnfo

where U5 is the maximum displacement on top of the [ we i sasinnsna
Cd,zn, _,Se layer, and, the misfit between the bulk lattice : o s 3 5 nm
parameters of the binary compounds. The vdlyg,=0.4 " ] :

for the Cd-rich inclusion(region A corresponds tdCcyse I_I----—---
0 B8 1

o
=2.9+0.5 ML. The error is determined by the thin/thick 17 22 28 33 39 44 50
foil approximation given by Eq(4). Region B, with the
lower Cd concentration next to the island, contains only FiG. 4. (Colon Color-coded map of the local Cd content ob-
1.3£0.2 ML CdSe. tained byceLra for the CdSe layer with,=3.6 ML superimposed
Figure 4 shows a lattice fringe image with a superimposen a lattice fringe image. Region 1 marks a part of a large island.
color-coded map of the local Cd content for the specimerRegions 2 and 3 denote small islands.
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TABLE I. Measured Cd concentration in the islands by the ween the Cd-rich islands, e.g., for the sample with
methodsDALI and CELFA. =3.6 ML CdSe between islands 2 and 3 in Fig. 4. The Cd
content was averaged along the horizont00] direction.

Nominal CdSe  Cd concentration Cd concentration The calculated full widths at half maximum of the Cd pro-

thickness(ML) [%] DAL [9%] cELFA files are 7.5 ML fort,=0.7 ML, 8.5 ML fort,=1.25 ML,
0.7 12-25 10-16 and 11 ML fort,=3.6 ML. The total CdSe content obtained
1.25 2555 20-30 by the integration of the curves increases withand corre-
36 30-60(small islands  22-32(small islandg ~ SPonds to 0.3, 0.7, and 1.7 ML, which amounts to approxi-

70 (large islands 50 (large islands mately 50% of the nominal CdSe content.
with t,=3.6 ML obtained byceLFA. The faint bright lines IV. DISCUSSION
which are visible at the borders of the color-coded map rep- A. Cd distribution and growth mechanisms

resent thé002) planes. The yellow regions correspond to the _— - .
ZnSe and the green to red regions show the Cd content in the The TEM characterization and the composition evaluation

Cd.zn, ,Se layer. Again, a significant broadening of the yield a detailed picture of the morphology and Cd distribu-

Cdzn, .Se compared to the nominal layer thickness is Ob_tlon of ultrathin CdSe layers in a ZnSe matrix. Instead of

served. Three regions with an elevated Cd content can bl:éinary CdSe '?yefs' _the results of the composition _analyses
distinguished. Region 1 is part of a large island, where th e_veal a two—d|men5|olnal ternary .ml—xse layer yv|th_a
Cd concentration reaches 50%. Regions 2 and 3 are sm ﬁ'rly homogeneous thlckness, W.h'Ch contains Cd—r!ch inclu-
islands, with an extension smaller than 10 nm and a Cd consf'r?gv?' :[rhhaet g]de'(;ggfle;t;?tlﬁ{::Ergsllsezg;;hﬁozt?ngﬁf‘"fé S)ro or-
centrations up to 23% which are separated by narrow regior}ss K : y : prop
with only 17% Cd ionally tot,, in contrast to the maximum Cd concentration

. . n ) 0 0 .

Table | summarizes the measured Cd concentrations fo‘?’h_'ﬁ:] sllgmfrmrintrlyhrlslgs frfoT E’g) 7t0 Z\dS {0 Zinﬁ/lEGd{;" s not
islands in the different samples. A distinction was made be- € layer morphology tot,=v.7 a s es not.
tween small and large islands for=3.6 ML and between com_ply with the typical SK structure, where islands on at_hm
the results of the two techniques. TheLFA measurements wgttmg layer are expected. A morphology better. compqtlble
typically yield lower Cd concentrations compared to thevl”ghethl\eﬂf‘K r;]]ode Ican b? f‘sségnEd to (;Zi.Speﬁ'meS with q
DALI results, which are average concentrations derived from_h' h . Vr\:t ere ar%e ﬂ'f‘ agDs :Zre aS |||ona %/h'okserve
the thin/thick specimen approximation. The discrepancy be\—"llz.osi ‘?ll% stexc_ei_e fe tﬁa t1*>< de' ayer '(|: tne?[ﬁ
tween theDALI and CELFA results can be partially explained (hlg. d)'. € rar|15| lon hrom q € V>V% I|\/|n’|1_e(13|pna o the
by the higher inaccuracy of theaLl evaluations. The error t re(i- |.rt’rr11etr;15|c1.r:a ?ro‘é\iﬂrgo © m/th ISII I'nl agdree-
for the measured lattice plane distances is larger in regionrs[;en dWI € |ter§1 urt .th é)l;v/%\lljert, e'tg,ma Islands are
with large gradients of the specimen thickness or composi‘:’1 ready present prior 1o the ransition. .
tion. In addition, there is a tendency to discasll evalua- A correl_atlon_ between the Sma”'SC?'e s_pecklg contrast in
tions with low Cd concentrations which are typically af- the plan-view images and the Cd-fich mcluspns n the_
fected by noise despite the applied noise reductionCdXZm*XSe appears reas_onable because th_e SIZES and dis-
procedures. The true Cd concentration of the islands must NCEs agree In the plan-w_ew and cross-section images. '_I'he
assumed to be higher than the measured value due to t feren_ce is that th? chemical analy;es ‘fi”OW amore precise
composition averaging along the specimen thickness, whicfvaluation of the sizes of the Cd-rich inclusions than the
will be shown in Sec. IV of this paper. strain contrast of the plan-view images. Small |slands with

Figure 5 shows Cd-concentration profiles obtained bfxt?f|on§2between 3 and 7 nm and a density of 3
CELFA along the[001] growth direction for all investigated <10 c¢m ° are already detected in the sample with

specimens. These evaluations were carried out in regions be-0-7 ML. The sizes of the small islands do not significantly
depend ont,, while the island density approaches 7

2. X 10 cm? at 3.6-ML CdSe. However, the main effect of

e —=— 0.7 ML CdSe the increase of the nominal CdSe content is the enlargement

) 151 2 —+—1.25 ML CdSe of the Cd concentration in the small islands from 10% to

s ~*~ 36 ML CdSe 60% according to Table |.

= It can be stated as a summary of the quantitative compo-

c .. . .

g sition analyses that the variation of between 0.7 and 3.6

§ ML only slightly affects the real layer thickness and the is-

g land sizes. The increasing amount of deposited CdSe is
mainly accommodated by a rising Cd concentration in the
2D Cd.zZn; _,Se layer and in the small islands.

0 10 20 30 40 50 The Cd-concentration profileFig. 5 also contain some
i . - information about the origin of broadening of the CdSe lay-
istance in [001] direction (ML) . . L .
ers. Since the profiles exhibit an almost symmetrical shape,
FIG. 5. Cd concentration profiles from regions with a low Cd interdiffusion is the most likely cause. Segregation could
concentration between the islands for the different nominal Cds@lso induce the spreading of the Cd distribution. However,
thicknesses. asymmetrical profiles would be expected, if segregation was
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the dominant mechanism. In addition, a segregation model thickness of a CELFA specimen (15 nm)

introduced by Muraket al3 did not allow a decent fit of the e

experimental data. The diffusion distaricg of Cd in ZnSe N\ thickness of a

is obtained by fitting the solution of Fick's law with the N\ DALI specimen
. . .\ . ZnSe (10 nm)

appropriate starting and boundary conditirte the experi- fefands.. \

mental profilesL increases with the nominal CdSe thick- \\ .

ness from 4.5 to 5.6 ML. However, the increase is not con- \ Lt

sidered to be significant due to the error introduced by the ZnCdSe R :

specimen tilt that is required for theeLFA technique. A

diffusion coefficientD can be calculated on the basis of the .
measured_, according toL4=2/Dt, where the diffusion thed;::g::g: ‘I;feam N |
timet~100 sec corresponds to the duration of the cap layer -
growth. A high  diffusion coefficient D~5

X 10 % cnPsec! is deduced from the averaged diffusion steps '
lengths which is at the upper limit of the range of diffusion 3
coefficients measured by Kuttlet al>® Similarly, high dif- part of the ZnSel
fusion coefficients were obtained for samples with CdSe lay- island cut by !
ers grown by migration enhanced epitaxy, where a detailed the specimen

evaluation of the broadening of the CdSe layer was per-
formed taking into account the influence of the Cdzn inter-
diffusion, the cadmium segregation and the samplétilt.

An asymmetry of the island extensions was directly ob-
served for the large three-dimensional islartBiig. 2. An  small islands of 12 to 18 nm can be calculated according to
indication for an asymmetry of the small islands is obtained, Ngor (Ngor is the density of the small islandsvhich are
by the fact that the islands can only be imaged under weak-omparable to typical measured specimen thicknesses for the
beam conditions witly=(220) while they are invisible with  cg Fa procedure of 152 nm. With small island extensions
ag=(220) imaging vector. However, a more detailed speci-below 10 nm, a significant fraction of the islands should be
fication of the type of asymmetrisize and/or shapas not  completely trapped in the TEM sample. The situation for the
possible for the small islands. Further evidence for a possibleross-section imaging is schematically shown in Fig. 6. The
asymmetry of the small islands is obtained by photolumines€d concentration in the islands will be reduced at a specimen
cence spectroscopy measurements of CdSe/ZnSe superldtickness of 15 nm due to the averaging, even if the island is

tices along the[110] and [110] directions’ which were ~completely trapped in the TEM sample. Alternatively, the
grown under similar conditions. Only speculations are posCross-section specimens may only contain a part of an island.
sible about the origin of the asymmetry. A Shape asymmetr)steps at the ZnSe/CdSe interface may lead to a local broad-
of two-dimensional InAs islands on vicinal Ga@91) sur-  €ning of the CdZn; _,Se layer.

faces was found by Bressler-Hiit al® for a coverage of The specimen thickness of 15 nm represents a worst case
0.75 ML by scanning tunneling microscopy. Here, the InAsas far as the ave_:raging is concerned because the regions for
islands increases their sizes in one of ¢h&0) directions on  the DALI evaluations are generally thinner. Accurate mea-
a (2x4)-reconstructed GaA801) surface independent of surements of the HRTEM specimen thicknesses yielding
the substrate misorientation which the authors explained b{ypical values between 2 and 10 nm could be performed for
the effect of strain relaxation during the island growth as alséhe InGa;_As systerd®** which can be considered to be
suggested by Tersoff and TrumpAnother possible origin comparable to the Gan; _,Se system. Another origin of the
could be related to different surface diffusion coefficientsSystematically higher Cd concentrations in islands obtained
along the[110] and[ 110] directions, which were calculated by the DALI evaluations—apart from the reasons alrgady
in Ref. 40 for Ga and Al on the (24)-reconstructed menthned in Sec. III_—can therefore be that th_e averaging in
GaAg00]) surface. Although data about the Cd diffusion the thlnn_erDALl specimens does not necessarily include the
coefficient on ZnS@01) are not available, a similar effect is surrounding CgZn, _,Se layer.

conceivable for ZnS€01) with surface reconstructions ex- c dAI'ter:r!altlveC:y, the SItuatlodn gis to be;o;su?ered where
hibiting dimers, e.g., the (8 1) reconstruction under Se-rich bl-nfh ![S an st_are surlroun N Idybpu”'a 'brll e.Itis concvta_lv-
growth conditions. able that a continuous layer could be visible in cross-section

images at small island distances, high island densities and
the sample thicknesses for tloeLFA procedure. However,
isolated islands should have been occasionally visible in the
thin sample regions for theaLl evaluations which never
The following considerations are presented to assess theccurred. Therefore, the presence of a continuous
influence of the averaging along the electron-beam directioid,Zn, _,Se layer is indeed highly probable.
and to obtain an estimate of the true maximum Cd concen- An idea of the true Cd concentration in an island corre-
tration in the Cd-rich inclusions. The probability for an is- sponding to that marked by “2” in Fig. 4 is obtained by the
land to be completely contained in a TEM cross-sectionfollowing procedure. A measured Cd-concentration profile
specimen increases with decreasing island size and increastong the horizontal100] direction is plotted in Fig. (@&).
ing island density. The distances between the centers ale assume for the modeling of the Cd distribution that the

FIG. 6. Schematic illustration of a TEM cross-section sample
containing Cd-rich islands embedded in a@d, _,Se layer with a
lower Cd concentration.

B. Influence of the averaging along the TEM sample thickness
on the measured Cd concentrations
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@ appears to be possible for the large islands in the 3.6-ML
23 sample, which exhibit the highest measured Cd concentra-
— 2 tions. Due to the large distances between the islands, there is
§ 1 a low probability that an island is completely contained in
2 21 the cross-section sample which artificially reduced the mea-
£ s 2 sured Cd concentration.
g 19
3 18 V. SUMMARY
L A Two-dimensional ternary C_;é[nl_XSe layers are ob-
distangs in [100]-direction (nm) served when CdSe with a nominal thickness between 0.7 and

3.6 ML is inserted in a ZnSe matrix by MBE. The layers
contain regions with an enlarged Cd concentration and lat-
|£| eral extensions below 10 nm which are considered as small

&’:l N islands. We have demonstrated that the real layer thickness
g /7;7;“03‘3{{\\ and the sizes of the small islands do not significantly in-
£ ';’;}Z")'0.0“\:}{\\‘k crease witht,. Instead, the additional CdSe is accommo-
2 "Z’I’O“.‘o\\\‘%“ dated by the rise of the Cd concentration from 3% to 16% in
E ’ﬁl&};“‘v\x the 2D layer, and from approximately 10% to 60% in the
(&)

small islands. The symmetrical concentration profiles along
the growth direction indicate that interdiffusion is the domi-
nant broadening mechanism as opposed to cadmium segre-
gation where an asymmetric profile is expected. It was dem-
e, o e\(\\\ onstrated by the modeling of the averaging effect along the
f”/;;/ d\gxa““ TEM specimen thickness that the small islands cannot con-
sist of pure CdSe. The results of our analyses profile a basis
FIG. 7. Modeling of the true Cd concentration in island 2 of Fig. for the modeling of the confinement potential which will
4 for a sample thickness of 15 nm along {f@40] direction. (a) significantly contribute to the proper interpretation of the op-
Experimental Cd profile along thigl00] direction, and calculated tical spectroscopy data.
composition profiles based on different functions for the Cd distri- Larger islands with a lower density are found &t
bution: (1) constant, (2) Gauss, and(3) linear. (b) Three- =3.6 ML, which is compatible with the Stranski-Krastanow
dimensional visualization of the Gaussian-shaped Cd distribution. transition from the two- to three-dimensional growth mode
typically occurring at 3 ML. Higher Cd concentrations are
island is entirely enclosed and centered in the TEM specimefmeasured in these islands, which possibly contain a core of
as well as a radial symmetry of the lateral Cd distribution.pure CdSe. Asymmetrical dimensions along the two different
Three models with different concentration profiles were(110 directions were measured for the large islands. The
tested to fit the experimental Cd profild) a constant(2) a  imaging behavior of the small islands also indicates an asym-
Gaussian-shaped, af®) a linear profile. As an example, the metry. The asymmetry could be related to the anisotropic
Gaussian-shaped Cd distribution is displayed three dimersurface reconstruction, which may cause an orientation-
sionally in Fig. 7b). An integration along thg010] electron-  dependent relaxation behavior of the islands or direction-
beam direction is performed to obtain the averaged Cd cordependent surface diffusion coefficients.
tent which is compared with the experimental data. The
results for the different model profiles are also included in
Fig. 7(a). Obviously, the best agreement is obtained for
model (2) shown in Fig. Tb), where the maximum Cd con- The authors are very much indebted to Dr. S. V. lvanov
centration at the center is 28% in contrast to the measured Qé\. F. loffe Physical-Technical Institute of the Russian
concentration of only 23%. It is therefore concluded that theAcademy of Sciences, St. Petersbuifor providing the
small islands do not consist of pure CdSe but contain onlysamples, and for fruitful discussions. The support of the
slightly higher Cd concentrations compared to the measureBeutsche ForschungsgemeinschétFG) under Contract
values. In contrast to the small islands, a core of pure CdSHo. Ge 841/7-1 is gratefully acknowledged.
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