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Structural properties of BeTe/ZnSe superlattices
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The structural properties of BeTe/ZnSe short-period superlattices grown by molecular-beam epitaxy on
~001!-oriented GaAs substrates were investigated. Different growth modes were used which influence the
morphology and chemical transition at the interfaces. The BeTe/ZnSe superlattices were examined by optical
microscopy, conventional and high-resolution transmission electron microscopy, x-ray diffractometry, and
atomic force microscopy, with a particular emphasis on the defect generation mechanisms and the effects of
different bond configurations at the interfaces. The critical thicknesses largely exceed the theoretical values for
the plastic relaxation by misfit dislocations. The mismatch is relaxed by cracks preferentially oriented along
one particular̂110& direction under tensile stress conditions. In order to quantify the abruptness of the chemi-
cal transition at the interfaces and to determine the layer thicknesses accurately, high-resolution transmission
electron micrographs were evaluated by correspondence analysis.@S0163-1829~99!10111-5#
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I. INTRODUCTION

Due to their high-band-gap energies, beryllium
chalcogenides are considered to be promising materials
optoelectronic devices in the green and blue spectral reg
The atomic bonding in the BeTe crystal has a more cova
character compared to most other wide-band-gap II-VI se
conductors like ZnSe, where the ionicity of the atomic bon
ing is larger.1 This leads to a considerable increase of
elastic hardness. A higher covalency is expected to impr
the degradation behavior of II-VI laser diodes emitting in t
blue-green region of the visible spectrum.2

Binary BeTe and ZnSe are almost lattice matched
GaAs. The lattice parameters of GaAs, BeTe, and ZnSe
aGaAs55.654 Å,aBeTe55.626 Å, and aZnSe55.668 Å at
room temperature.3 If the mismatch is defined asfª(as
2af)/af (as and af are the lattice parameters for the su
strate and the film!, the corresponding lattice misfits wit
respect to the GaAs substrate aref ZnSe522.531023 and
f BeTe515.031023. Therefore, ZnSe and BeTe can be co
bined in BeTe/ZnSe superlattices~SL’s! on GaAs substrate
with alternating tensile and compressive strain. If the la
thickness ratio between BeTe and ZnSe is adjusted clos
1
4 ~taking into account the different elastic properties of t
ZnSe and BeTe!, lattice match with respect to the GaAs su
strate can be obtained.

In the present study the structure of BeTe/ZnSe SL’s w
characterized with different experimental techniques beca
the understanding of the defect generation is essential fo
use of superlattices in light-emitting devices. The chemi
composition of the interface regions was varied by spe
molecular-beam-epitaxy~MBE! growth techniques which
are outlined in Sec. II. Particular emphasis was put on
determination of the strain state of the superlattice, the
PRB 590163-1829/99/59~12!/8114~9!/$15.00
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served defects, the assessment of the layer undulations
the width and chemical composition at the interfaces. T
experimental results are described in Sec. III which is sub
vided into Secs. III A~sample morphology!, III B ~polarity
determination!, and III C ~a determination of the width of the
chemical transition by the correspondence analysis!. The ef-
fects leading to the observed microstructure and nanost
ture are considered in Sec. IV. It will be shown that t
chemical composition at the interfaces of the short-per
superlattices plays an important role because it influences
average lattice parameter and consequently the strain an
structural and electronic properties.

II. EXPERIMENTAL TECHNIQUES

Three BeTe/ZnSe SL’s with 75~sample A! and 25
~samples B and C! periods were grown by MBE on
GaAs~001! at a substrate temperature of 300 °C. The Ga
substrates were prepared by growing a 300-nm-thick G
buffer layer at 580 °C. Each period of the SL nominally co
sists of 4-ML BeTe and 10-ML ZnSe. The samples we
specifically grown to modify the bond configuration at th
interfaces.

SampleB, with interfaces containing predominantly ZnT
bonds, was grown by the following procedure. ZnSe w
deposited on BeTe by first closing the Be shutter, waiting
5 sec then closing the Te-shutter and opening the Zn shu
immediately, and finally after 3 sec opening the Se shutte
corresponding cycle was applied for the BeTe on ZnSe tr
sition by first closing the Se shutter, waiting 4 sec and op
ing the Te shutter and closing the Zn shutter, and opening
Be shutter after another delay of 4 sec.

For sampleC with BeSe-rich interfaces the following
growth sequence was used. For the ZnSe on BeTe inter
8114 ©1999 The American Physical Society
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FIG. 1. Cross-sectional TEM images alon
the @110# direction of sampleA. ~a! g5(004)
two-beam bright field image displaying
V-shaped crack in the SL.~b! HRTEM image of
another crack showing the area close to t
GaAs/SL interface with undulating crack edges
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the Be and Te shutters were closed simultaneously with
opening of the Se shutter. After a Se flux of 5 sec the
shutter was opened. The opposite sequence was perfo
for the growth of the BeTe on ZnSe transition, but only w
a Se flux of 4 sec. The two shutters for the correspond
binary components were simultaneously closed and ope
for sampleA.

For a visual surface inspection of the SL’s, Nomars
high-contrast microscopy was used. Atomic force micr
copy ~AFM! was performed with a commercial instrume
~Park Scientific Instruments! and a home-built AFM head
equipped with a laser beam deflection detection system
ambient air at room temperature using a V-shaped sili
nitride cantilever with a pyramidal tip.

The transmission electron microscopy~TEM! investiga-
tions were carried out with plan-view and cross-sectio
specimens along the two^110& projections with a Philips CM
200 FEG/ST electron microscope. The preparation of
samples started with the standard mechanical thinning
cedure with grinding and dimpling. To minimiz
preparation-induced defects, a low acceleration voltage
kV, low currents of 0.5 mA, and liquid-nitrogen cooling wa
applied for the Ar1-ion milling.

The x-ray measurements were performed using a Ph
X’PERT System. The average composition of the superlat
was obtained by an iterative fit procedure for the rock
curve of the~002! and ~004! reflections. TheEPITAXY pro-
gram ~Philips version 1.2c! was used with the BeTe an
ZnSe layer thicknesses obtained by the corresponde
analysis as starting values for the fit.

III. EXPERIMENTAL RESULTS

Different structural aspects were studied whose results
presented in the following subsections.

A. Superlattice morphology

In Fig. 1~a!, a cross-sectional TEM micrograph of samp
A with a SL thickness of 320 nm is presented, that contain
V-shaped crack whose width increases toward the surfac
the two orthogonal̂110& projections, crack distances of 1–
mm were found. The shape of the crack is typical for
observed cracks. The crack in Fig. 1~a! terminates at the
GaAs/SL interface, but some cracks penetrate into the s
strate up to a depth of 30 nm as shown in the high-resolu
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transmission electron microscopy~HRTEM! image @Fig.
1~b!#. The width of the cracks at the surface of the SL var
between 3 and 6 nm.

Figure 1~b! reveals undulating crack edges with a smal
crack width between the ZnSe layers. The wavy crack ed
are attributed to artifacts of the specimen preparation pro
dure. The exposure of the crack surface to oxygen after
MBE growth or to water during the sample preparation co
induce the growth of oxides. Beryllium is known to have
large hydration enthalpy4 and a strong tendency to oxidiza
tion. The oxide is highly strained on the BeTe, and could
preferentially removed during the Ar1-ion milling.

A slight concave curvature of the SL layers between
cracks is visible on larger sections of HRTEM images wh
indicates the presence of tensile strain. As steps could no
observed in HRTEM micrographs, the interface of the Ga
substrate with the SL was confirmed to be flat on an ato
scale for 50 nm. Misfit dislocations were observed neithe
cross-sectional nor in plan-view specimens~electron trans-
parent area.1023 cm2), indicating that the dislocation den
sity must be smaller than 103 cm22.

A cross-sectional TEM image along one^110& projection
of sampleB is shown in Fig. 2~a!. The total thickness of the
SL is 120 nm. The substrate/SL interface shows an und
tion with a period in the order of 100 nm and an amplitude
about 5–10 ML which prevails through the whole BeT
ZnSe SL structure. Such an undulation could not be obser
by TEM investigations along the perpendicular^110& projec-
tion, where the interface appeared essentially smooth. St
tural defects in sampleB were not observed in cross
sectional TEM. The planview TEM examination yielde
only one misfit dislocation in a TEM specimen with an ele
tron transparent area of more than 1.531023 cm2 corre-
sponding to a dislocation density,103 cm22.

Figure 2~b! shows a^110& HRTEM micrograph which
was taken from sampleC. In this case, the thickness of th
whole SL is about 100 nm. Figure 2~b! reveals numerous
stacking faults and microtwins lying in the two different vi
ible $111% planes. Cross-sectional TEM investigations of
specimen along the perpendicular^110& projection showed
the same defects with a comparable density.

In Figs. 3~a!, 3~b!, and 3~c!, Nomarski micrographs of
samplesA, B, and C are presented. The surfaces of a
samples are characterized by a cross-hatched line pattern
atomic force microscopy, small ribbons with a width
about 1–3mm ~the density of the ribbons is greater tha
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8116 PRB 59T. WALTER et al.
107 cm22), separated by steps with a height smaller tha
nm, were observed which are responsible for the cro
hatched contrast in the optical microscopy. A cross-hatc
pattern with the same appearance was found on the su
of a GaAs substrate covered only with the GaAs buffer lay
An additional feature of sampleA is the presence of crack
that are preferentially oriented along only one^110& direc-
tion. The crack separation ranges between 2 and 50mm, in
contrast to the crack density and orientations in the TE
cross-section samples. After a cleaning treatment in ul
sonically vibrated acetone the AFM investigations reveale
surface with a crack density in the order of 1–3mm for both
^110& directions. SamplesB and C with the thinner BeTe/
ZnSe SL’s do not show any cracks.

B. Crystal polarity

In the case of sampleA, the crystal polarity was deter
mined using convergent beam electron diffraction~CBED!
because of the observed asymmetry of the relaxation
cracks. In compound semiconductors the two orthogo
^110& directions are not equivalent. The difference is d
picted in Fig. 4 for the example of GaAs where the arran
ment of the gallium and arsenic reverses in the clos
spaced dumb-bell atoms along the@110# and @11̄0# direc-
tions. The polarities are deduced from the convention of G
tos and Lavine,5 where the (1̄1̄ 1̄) surface is terminated with
group-V atoms.

The polarity of thê 110& direction of the cracks was de
termined by the following CBED technique which was su
gested by Tafto” and Spence.6 A cross-sectional specimen or
ented along the@110# direction is tilted by approximately 10
along the~002! Kikuchi band with g5(002). Two bright
HOLZ ~higher-order Laue zone! lines cross each other unde
a flat angle@marked with black arrows in Fig. 5~b!# in the
~002! CBED disk if the Bragg condition is fulfilled for the

FIG. 2. Cross-sectional TEM images of^110&-oriented speci-
mens of~a! sampleB and~b! sampleC taken along thê110&-zone
axis orientation.
1
s-
d
ce
r.

a-
a

y
al
-
-

ly

-

-

~002!, (1̄19̄), and (1̄,1,11) reflections@(1̄19̄) and (1̄,1,11)
are the HOLZ lines in the~002! disk#. Tilting the sample
until the Bragg condition is fulfilled for the (002)̄, (1̄19),
and (1̄,1,11) reflections, two dark lines cross each other
the (002̄) CBED disk @Fig. 5~c!#. The exact electron-beam
direction can now be determined by comparing one of th
CBED images with the accompanying cross-sectional TE
image, containing the~001! surface of the GaAs substrat
@Fig. 5~a!#. This first requires the determination of the ima

FIG. 3. Nomarski high-contrast micrographs of the surface m
phologies of~a! sampleA, ~b! sampleB, and~c! sampleC showing
cross-hatched patterns. In addition, the surface of sampleA exhibits
cracks oriented along the@110# direction.
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PRB 59 8117STRUCTURAL PROPERTIES OF BeTe/ZnSe SUPERLATTICES
rotation between the diffraction pattern and the TEM mic
graph of a specimen with known crystal polarity. The orie
tation of the CBED images toward the TEM image for
GaAs sample with a@110# viewing direction is summarized
in Fig. 5. For a sample with@11̄0# orientation, the directions
in the CBED pattern are reversed. The BeTe and ZnSe la
of the SL are assumed to be of comparable polarity to
substrate, i.e., the positions of the group-VI atoms co
spond to the arsenic locations. It was deduced from
CBED analysis that the cracks of sampleA are preferentially
oriented along the@110# direction.

C. Correspondence analysis

In order to determine the abruptness of the chemical tr
sition at the interface regions and accurate layer thicknes
HRTEM images of cross-sectional specimens along
^110& projection were analyzed using the corresponde
analysis7 ~CA! which was implemented in theDALI software
package.8 The HRTEM negatives were digitized with a CC

FIG. 4. GaAs structure along the@110# and @11̄0# directions.
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camera at a resolution of 102431024 picture elements~pix-
els!. The CA is a special variant of the multivariate statisti
~MS!. A raw description of the method is given in the case
the evaluation of sampleA, which is outlined in the flow
chart ~Fig. 6!.

The dark areas in Fig. 6~a! correspond to the BeTe layers
and the bright regions to the ZnSe. The digitized image w
subdivided intoN533370 image unit cells as shown in th
upper left corner of Fig. 6~a!. The image unit cells that may
differ in their sizes and shapes are transformed into quadr
cells of identical size ofP52n32n (nPN, typically n55)
pixels. The corresponding procedure is described in detai
Rosenaueret al.9 Each image unit cell is represented by
P-dimensional positive and real vectorr j ( j 51, . . . ,N)
which contains the intensity of each pixel. The aim of theMS
is the investigation of the shape of the cloud of points form
by the tips of theN image vectors. This problem is analogo
to the well-known task of finding the axis of least inertia
a distribution ofN points of the massmj , wheremj is given
here by the integral intensity of the unit cellj. Therefore, the
origin of the coordinate system is shifted into the center
the mass distribution by an axis transformation. The giv
problem is solved by calculating eigenvalueslk (k
51, . . . ,M ) and eigenvectorsek of the matrix of inertia.
Each eigenvectorek represents a principal axis of the clou
of image pointsr j . The main idea of this method is that on
a small numberM of principal axes is sufficient to describ
the given distribution of pointsr j . It can be shown that the
correspondingM eigenvectors are eigenvectorsea1

. . . eaM

to the M largest eigenvaluesla1
.la2

.¯.laM
. These

eigenvectors can be rearranged into unit cells which are n
called eigencells. In Fig. 6~b! the first three eigencells ar
presented, which were obtained from the first three eigenv
tors. In the present case it was found that the first eigenve
ea1

contains the characteristics of the contrast pattern of
BeTe region. This behavior is shown in Fig. 6~c!, where the
projections of each image unit cell onto the first eigenc
~given by the scalar product of the two vectorsr j•ea1

) are
arranged in a map. The different gray levels of the rectang
in this map represent the degree of correspondence of
unit cell with the first eigencell. Bright rectangles that lab
good correspondence belong to the BeTe region. In cont
the dark cells represent the ZnSe. The image given in
n

n-

-

FIG. 5. CBED images for the determinatio
of the crystal polarity.~a! Cross-sectional image
of a GaAs~001! surface along the@110# viewing
direction.~b! Orientation of a CBED image with
the ~002! Bragg reflection containing the two
crossing bright HOLZ lines~arrows!. ~c! Corre-
sponding orientation of a CBED image contai

ing the (002̄) spot with the two crossing dark
HOLZ lines ~arrows!. The image rotation was
corrected to orient~a!–~c! along the same direc
tion.
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FIG. 6. Schematic drawing
showing the successive steps
the correspondence analysis.~a!
Digitized HRTEM image of the
BeTe/ZnSe SL ~sample A!. ~b!
The first three eigencells.~c! A
map showing the projection o
each image unit cell onto the firs
eigencell.~d! A reconstruction of
~a! using only the first eigencell.
~e! The projection of each image
unit cell onto the first eigencel
averaged along thê110& direc-
tion, plotted vs the monolaye
numbers in the@001# direction.
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6~d! is a reconstruction of Fig. 6~a! using only the first eigen-
cell. A diagram, where the values ofr j•ea1

averaged along
the @110# direction is plotted versus the monolayer numb
is depicted in Fig. 6~e! opposite to the digitized HRTEM
image @Fig. 6~a!#. The gray bars in this plot mark the est
mated transition zone from BeTe to ZnSe. Its width is ab
one atomic layer at each layer boundary. The layer thi
nesses can be accurately measured, which yields 3 M
BeTe, 9 ML of ZnSe, and 2 ML for the transition zones
each SL period.

The same analysis procedure was carried out w
samplesB and C. The corresponding results are shown
Fig. 7. In the case of sampleB @Fig. 7~a!#, a period of 17 ML
with 7-ML BeTe, 8-ML ZnSe, and a transition zone of 1 M
at each interface were measured. In Fig. 7~b! the results for
sampleC are presented. The SL has a period of 14 M
which is in agreement with the nominal value. The transit
regions in this SL structure are rather broad. The thicknes
of the BeTe and ZnSe layers were determined to be 3 an
ML. Broad chemical transition zones of 3 ML were me
sured at the interfaces.

The width of the transition regions determined by the C
is not only dependent on the real chemical transitions.
,
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,
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5
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addition, this value comprises effects of layer undulatio
along the direction of the electron beam and along the@110#
direction due to the averaging by the CA analysis which h
to be considered.

In the case of sampleB, the averaging of the projection
along 1 ML leads to a broadening of the transition zo
because of the undulations which is visible in Fig. 2~a!. A
step of 1 ML was attributed to the undulation which is re
ognized in Fig. 7~a! by comparing corresponding arrows
the left and right sides of the image. Therefore, the width
the transition region can be estimated to be less than 1

IV. DISCUSSION

In Secs. IV A–IV C the aspects of the strain relaxati
and the effects of the interface growth modes on the width
the chemical transition will be discussed for the thr
samples. Finally, suggestions concerning the origin of
cross-hatched pattern on the superlattice surfaces will
made in Sec. IV D.

A. SampleA

The morphology of sampleA is dominated by the crack
and their asymmetrical densities along the@110# and @11̄0#
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FIG. 7. Correspondence analy
sis with digitized HRTEM image
and the projection of each imag
unit cell onto the first eigencell,
averaged along thê110& direction
for ~a! sampleB and~b! sampleC.
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directions. The cracks result from the misfit stress in
superlattice induced by the GaAs substrate. To unders
the microstructure, the critical thicknesses for the relaxat
by misfit dislocations and cracks are calculated. This tas
accomplished by approximating the superlattice by a hom
geneous layer with an average SL lattice parameteraSL ,
which is deduced from the individual BeTe and ZnSe la
thicknesses. This approximation is justified because the la
thicknesses of the BeTe and ZnSe are distinctly smaller t
the critical thickness for the relaxation between the in
vidual layers,10 which is experimentally verified by the fac
that misfit dislocations are not observed at the interface
the SL.

The relevant lateral lattice parameter of the SL for t
misfit relaxation processes is calculated according to
~1!,10 which contains the shear moduliGBeTe andGZnSe and
the individual layer thicknessestBeTe and tZnSe:

aSL5
GBeTeaBeTetBeTe1GZnSeaZnSetZnSe

GBeTetBeTe1GZnSetZnSe
. ~1!

The shear moduliG5(C112C12)/2 are yielded with the
elastic constantsCi j . For ZnSe,C1158.9531010N/m2 and
C1255.3931010N/m2 are taken from Ref. 3, which leads t
a shear modulusGZnSe51.7831010N/m2. For BeTe a shea
modulus ofGBeTe53.431010N/m2 was calculated withC11
e
nd
n
is
-

r
er
n

-

in

q.

511.131010N/m2 and C1254.331010N/m2 from first-
principles calculations in Ref. 11. A lateral lattice parame
aSL of 5.650 Å is calculated with the measured BeTe/Zn
ratio of 4/10, which is nearly lattice matched with respect
the GaAs substrate. In contrast, the presence of tensile s
is required for the formation of cracks in an epitaxi
film.12,13 This discrepancy is resolved by considering t
bond configuration at the interface. A tensile stress
achieved if the effect of the BeSe bonds withaBeSe
55.139 Å at the transition regions is taken into accou
which induces a significant reduction ofaSL in short-period
superlattices. For the layer thicknesses of the CA with 1-M
BeSe at each transition as initial parameters for the fit of
rocking curve, a SL with a period of 13.77 ML could b
adapted, comprising an average layer composition co
sponding to 10.07-ML ZnSe, 0.35-ML BeSe, 3.00-ML BeT
and another 0.35-ML BeSe. This result shows that the sim
taneous opening and closing of the shutters during
growth of sampleA leads to BeSe-rich interfaces, which
attributed to a displacement of Te by Se atoms and the h
sticking coefficient of the Be.14

The relevant lateral lattice parameter of the SL was fina
calculated by extending Eq.~1! to three different layers.
With the refined composition scheme,aSL(A)55.601 Å is
obtained, with GBeSe54.531010N/m2 (C11514.931010

N/m2 andC1255.931010N/m2 according to Ref. 11!.
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8120 PRB 59T. WALTER et al.
A relation between the critical thicknesshc for the relax-
ation by misfit dislocations and the lattice mismatchf was
given by Matthews and Blakeslee.15 The expression of Mat-
thews and Blakeslee can be simplified without signific
loss of accuracy according to People and Bean,16 wherehc is
given by

hc>
b

4p f ~11n! F lnS hc

b D11G , ~2!

with the Poisson ration @n5C12/(C111C12)# and the
length of misfit dislocation Burgers vectorb. Equation~2!
was deduced from mechanical equilibrium theory which
known to underestimate the actual critical thicknesses u
one order of magnitude depending on the barriers tow
dislocation nucleation which was shown by People a
Bean16 for SiGe layers on Si~001! substrates. However, th
calculation ofhc is only intended to serve as an estimate
the expected relaxation by misfit dislocations. For samplA
with a misfit of f 50.95% a critical thickness of 10 nm i
computed which is much smaller than the total SL thickn
of 320 nm even ifhc is distinctly underestimated.

An expression for the critical thickness of crack gene
tion was proposed in Ref. 12,

tc5
G~12n!

G~11n! f 2 , ~3!

whereG is the$110% surface energy of the epilayer. Since t
surface energies for the Be chalcogenides have not b
known up to now, the ZnSe values ofG, n, andG are taken
with GZnSe50.87 J/m2 ~Oshcherin17! for an estimation oftc .
This leads to a critical thickness of approximately 250 n
which is smaller than the total SL thickness of 320 nm. D
to the significantly increased elastic hardness of the Be c
cogenides compared to ZnSe, the experimental critical th
ness could be reduced by more than 100 nm.

Although the critical thickness for the misfit dislocatio
generation is largely exceeded, the mismatch is only rela
by cracks. Therefore, a strong barrier for the dislocation g
eration must exist. Since it is known that misfit dislocatio
are easily nucleated and mobile in mismatched ZnSe/G
heterostructures18 the observed effect can be attributed to t
BeTe. In addition, the stress distribution in the superlatt
could be a barrier toward the misfit dislocation propagati
because the dislocations experience a repulsive force in
compressively strained ZnSe. Also, the considerable dif
ence between the elastic constants of the BeTe and Z
must be taken into account because a difficulty in movin
dislocation out of the soft material into the hard material c
be expected.19

Three different mechanisms were suggested in Ref. 12
the crack nucleation. As a first possibility, 90° dislocations
or near the SL/substrate interface, formed by the interac
of two 60°-type dislocations on two intersecting$111% glide
planes, could act as stress concentration centers ena
crack nucleation. The origin of the crack asymmetry may
explained by the different mobilities of thea andb disloca-
tions on the corresponding$111%A and $111%B glide planes.
The determination of the crystal polarity showed that alm
all cracks are oriented along the@110# direction. This would
indicate a higher mobility of theb dislocations, which is in
t
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contradiction to the observed higher mobility of thea dislo-
cations in ZnSe.18 To our knowledge, measurements of th
BeTe-dislocation mobilities do not exist. The second pos
bility also relies on an asymmetrical misfit dislocation de
sity. If the mismatch is first relaxed by misfit dislocation

along the@11̄0# direction with a larger dislocation mobility
the strain along the orthogonal@110# direction prevails which
induces a higher probability of crack nucleation along t
orientation. This model would indeed be consistent with
higher mobility for a dislocations, in contrast to the firs
model. However, dislocation-induced processes for the cr
nucleation are in general highly unlikely because the dis
cation density is much lower than the crack density.

Steps at the SL/substrate interface running along the@110#

or @11̄0# directions were also considered in Ref. 12 as
alternative source for the generation of cracks. The st
induce a lattice mismatch parallel to the step edge, wh
could induce a stress concentration along the step.

For sampleA an additional possibility for the crack nucle
ation can be suggested. The steps at the SL surface resu
in the cross-hatched pattern could lead to stress conce
tions at the surface. From the high density of cracks after
treatment in ultrasonically vibrated acetone, it must be s
posed that only a small amount of mechanical stress is
ficient for the crack generation after the critical thickness
crack nucleation is exceeded. Therefore, the asymmetr
the crack density in sampleA is attributed to a unilatera
external stress, e.g., while removing the specimen from
MBE holder to which it was mounted with indium. The com
parable crack density for both orthogonal^110& projections,
which was found in the cross-sectional specimen, is m
likely caused by the stress exerted on the sample during
mechanical thinning procedure.

B. SampleB

SampleB, with ZnTe-rich interfaces, is compressive
strained according to the x-ray diffraction~XRD!. The ex-
cess of ZnTe bonds (aZnTe56.104 Å) at the interfaces cause
a significant increase of the average lattice parameter. W
the results of the CA as initial values for the fit of the rockin
curve, a SL with a period of 17.61 ML could be adapted w
an average layer composition of 8.27-ML ZnSe, 0.75-M
ZnTe, 7.82-ML BeTe, and another 0.75-ML ZnTe. The i
trinsic lattice parameter of sampleB could accordingly be
calculated with GZnTe51.5631010N/m2 (C1157.22
31010N/m2 and C1254.0931010N/m23) to be aSL(B)
55.666 Å, which corresponds to a misfit of about20.21%.

A critical thickness for the misfit dislocation generation
67 nm is calculated according to Eq.~2!, which is signifi-
cantly below the total SL thickness of 120 nm. The TE
investigations of sampleB yield a very small dislocation
density below 103 cm22, indicating that the SL is almos
pseudomorphic with respect to the GaAs substrate. A str
barrier for the dislocation generation is present in sampleA.
Although sampleB is in a compressive strain state~as op-
posed to sampleA!, the same mechanisms can be assume
be responsible for the inhibited dislocation nucleation. T
layer undulation of sampleB along the@110# direction is
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likely to be induced by a miscut of the GaAs wafer and
the preparation of the GaAs substrate prior to the buffer la
growth.

C. SampleC

The correspondence analysis of sampleC revealed a dif-
fuse chemical transition extending over about 3 ML, in co
trast to the interface widths of samplesA andB, which are in
the order of one atomic layer. The following explanati
could account for the difference between the samples. B
bonds were observed to be preferably formed in sampleA if
the shutters are simultaneously opened and closed. By o
ing excess Be and Se at the interfaces, the concentratio
the BeSe is expected to increase, which leads to ternary
quaternary compounds extending into the adjacent ZnSe
BeTe layers. A fit of the rocking curve was not possible
sampleC, because the composition is likely to vary acro
the whole transition zone.

The stacking faults in sampleC are assumed to originat
from a Se surface coverage of the substrate material. W
the presence of Se at the GaAs surface, the Ga atoms h
high tendency to form Ga2Se3, which was shown to be a
source for the generation of the stacking faults in the epit
ial ZnSe layers.20

D. Surface morphology

A cross-hatched surface morphology was frequently
ported in III-V-homoepitaxy and heteroepitaxy,21,22 where a
direct correlation was found between the density of mi
dislocations and the cross-hatched lines. The lines were
observed after the start of the growth, but appeared a
exceeding the critical layer thickness. Heunet al.23 investi-
gated the surface morphology of MBE-grown ZnSe, wh
was either directly deposited on a GaAs~001! substrate or on
an InxGa12xAs buffer layer~a GaAs buffer layer was grown
on each substrate!. A cross-hatched pattern was only visib
directly on the surface of the partially relaxed InxGa12xAs
layer, and on the strained ZnSe surface grown on this bu
layer. They found that the ZnSe layer only replicates
surface morphology of the underlying InxGa12xAs buffer.
Cross hatching was not observed on the ZnSe layers gr
directly on the GaAs buffer.

The TEM investigation of samplesA andB yielded dislo-
cation densities smaller than 13103 cm22, which is more
than one order of magnitude less than the surface step
sity. Therefore, a correlation between the cross-hatched
tern and misfit dislocations is unlikely. However, the surfa
of the GaAs buffer already shows a cross-hatched patt
The step structure at the BeTe/ZnSe SL surface can there
be assumed to be a reproduction of the step structure on
GaAs buffer layer surface similar to the effect observed
Heunet al.23 for ZnSe. A comparable effect is observed f
the undulations at the GaAs surface along the@110# direction
r
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in sampleB, which is likewise reproduced through the who
BeTe/ZnSe SL. The most likely origin of the cross-hatch
pattern on the GaAs buffer layer surface are slip lines
dislocation generation and motion induced by therm
stresses. The GaAs buffer and the SL are grown in differ
chambers which requires a temperature reduction to alm
room temperature between the deposition of the buffer
the SL.

V. CONCLUSION

Short-period BeTe/ZnSe SL’s with different bond co
figurations at the interfaces were grown by MBE and ch
acterized with different microscopical methods and XRD.
was shown that the strain state of the SL’s is strongly infl
enced by the different shear moduli, and that the bond c
figurations at the interfaces play an important role in sho
period superlattices. X-ray-photoemission spectrosc
measurements of the valence-band offsets yielded a l
shift of 0.8 eV,24 revealing the effect of the strain and inte
face chemistry on the electronic properties.

Correspondence analysis turned out to be a valua
evaluation method to quantify the information contained
HRTEM images regarding the abruptness of the chem
transition and the layer thicknesses of superlattices. Abr
chemical transition regions are achieved if the shutters
simultaneously opened and closed during the MBE and
der ZnTe-rich conditions, while an excess of Be and Se le
to chemically diffuse interfaces. It was shown that the resu
of the correspondence analysis are well suited as star
values for the fit of the rocking curves to obtain quantitati
values for the average composition of the SL’s.

The surfaces of the SL’s exhibited a cross-hatched pat
of surface ribbons, separated by steps with a height of
than 1 nm which are oriented along the two orthogonal^110&
directions. A correlation between the cross-hatched patter
the SL surfaces and the misfit dislocation density could
be established.

A strong barrier for the generation of dislocations
BeTe/ZnSe SL’s exists, because a misfit dislocation den
smaller than 103 cm22 was found although the critical thick
ness for the generation of misfit dislocations is largely e
ceeded. The tensile strain in SLA induced the formation of
cracks which are oriented preferentially along the@110# di-
rection. The most likely origin are the steps at the GaAs/
interface or at the SL surface acting as stress concentra
centers in combination with a unilateral external stress
erted during the handling of the sample after the growth.
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