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Structural properties of BeTe/ZnSe superlattices

T. Walter, A. Rosenauer, R. Wittmann, and D. Gerthsen
Laboratorium fur Elektronenmikroskopie, Universit&arlsruhe, KaiserstraRe 12, D-76128 Karlsruhe, Federal Republic of Germany

F. Fischer, T. Gerhard, A. Waag, and G. Landwehr
Physikalisches Institut der Universitsvirzburg, Am Hubland, D-97074 Wiburg, Federal Republic of Germany

P. Schunk and T. Schimmel
Institut fr Angewandte Physik, Universtt&arlsruhe, KaiserstraBe 12, D-76128 Karlsruhe, Federal Republic of Germany
(Received 15 July 1998

The structural properties of BeTe/ZnSe short-period superlattices grown by molecular-beam epitaxy on
(00)-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 particulaK110 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 and§8i63-182@09)10111-5

[. INTRODUCTION served defects, the assessment of the layer undulations, and
the width and chemical composition at the interfaces. The

Due to their high-band-gap energies, beryllium-experimental results are described in Sec. Il which is subdi-
chalcogenides are considered to be promising materials fofided into Secs. Il A(sample morphology Il B (polarity
optoelectronic devices in the green and blue spectral regioleterminatiol, and 11l C (a determination of the width of the
The atomic bonding in the BeTe crystal has a more covalerghemical transition by the correspondence analy3ise ef-
character compared to most other wide-band-gap 1I-VI semitects leading to the observed microstructure and nanostruc-
conductors like ZnSe, where the ionicity of the atomic bond-ture are considered in Sec. IV. It will be shown that the
ing is larger* This leads to a considerable increase of thechemical composition at the interfaces of the short-period
elastic hardness. A higher covalency is expected to improv&uperlattices plays an important role because it influences the
the degradation behavior of II-VI laser diodes emitting in the@verage lattice parameter and consequently the strain and the
blue-green region of the visible spectrdm. structural and electronic properties.

Binary BeTe and ZnSe are almost lattice matched to
GaAs. The lattice parameters of GaAs, BeTe, and ZnSe are
agaas=5.654 A ,ag.1=5.626 A, and az,s~=5.668A at
room temperaturé.If the mismatch is defined aé:=(ag Three BeTe/ZnSe SL’'s with 7%sample A) and 25
—ay)/as (as and a; are the lattice parameters for the sub-(samplesB and C) periods were grown by MBE on
strate and the fillp the corresponding lattice misfits with GaAg001) at a substrate temperature of 300 °C. The GaAs
respect to the GaAs substrate digs—=—2.5<10% and  substrates were prepared by growing a 300-nm-thick GaAs
fgete= +5.0X 10 3. Therefore, ZnSe and BeTe can be com-buffer layer at 580 °C. Each period of the SL nominally con-
bined in BeTe/ZnSe superlattic€SL’s) on GaAs substrates sists of 4-ML BeTe and 10-ML ZnSe. The samples were
with alternating tensile and compressive strain. If the layeispecifically grown to modify the bond configuration at the
thickness ratio between BeTe and ZnSe is adjusted close tnterfaces.

3 (taking into account the different elastic properties of the SampleB, with interfaces containing predominantly ZnTe
ZnSe and BeTg lattice match with respect to the GaAs sub- bonds, was grown by the following procedure. ZnSe was
strate can be obtained. deposited on BeTe by first closing the Be shutter, waiting for

In the present study the structure of BeTe/ZnSe SL's wa$ sec then closing the Te-shutter and opening the Zn shutter
characterized with different experimental techniques becausenmediately, and finally after 3 sec opening the Se shutter. A
the understanding of the defect generation is essential for theorresponding cycle was applied for the BeTe on ZnSe tran-
use of superlattices in light-emitting devices. The chemicakition by first closing the Se shutter, waiting 4 sec and open-
composition of the interface regions was varied by speciaing the Te shutter and closing the Zn shutter, and opening the
molecular-beam-epitaxYMBE) growth techniques which Be shutter after another delay of 4 sec.
are outlined in Sec. Il. Particular emphasis was put on the For sampleC with BeSe-rich interfaces the following
determination of the strain state of the superlattice, the obgrowth sequence was used. For the ZnSe on BeTe interface

Il. EXPERIMENTAL TECHNIQUES
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FIG. 1. Cross-sectional TEM images along
the [110] direction of sampleA. (a) g=(004)
two-beam bright field image displaying a
V-shaped crack in the Slb) HRTEM image of
another crack showing the area close to the
GaAs/SL interface with undulating crack edges.

the Be and Te shutters were closed simultaneously with theansmission electron microscopfHRTEM) image [Fig.
opening of the Se shutter. After a Se flux of 5 sec the Zni(b)]. The width of the cracks at the surface of the SL varies
shutter was opened. The opposite sequence was performgdtween 3 and 6 nm.
for the growth of the BeTe on ZnSe transition, but only with  Figure 4b) reveals undulating crack edges with a smaller
a Se flux of 4 sec. The two shutters for the correspondingrack width between the ZnSe layers. The wavy crack edges
binary components were simultaneously closed and openegte attributed to artifacts of the specimen preparation proce-
for sampleA. _ _ dure. The exposure of the crack surface to oxygen after the
_For a visual surface inspection of the SL's, NomarskiyBE growth or to water during the sample preparation could
high-contrast microscopy was used. Atomic force microsyq e the growth of oxides. Beryllium is known to have a
copy (AFM) was performed with a commercial instrument |, e hydration enthalfyand a strong tendency to oxidiza-

(Par_k Scien_tific Instrumentsand a h(_)me-built AFM head tion. The oxide is highly strained on the BeTe, and could be
equipped with a laser beam deflection detection system in

’ . ; - r;i)referentially removed during the Asion milling.
ambient air at room temperature using a V-shaped silico A slight concave curvature of the SL layers between the
nitride cantilever with a pyramidal tip. 9 y

The transmission electron microscopyEM) investiga- _crapks Is visible on larger sect!ons Of.HRTEM images which
tions were carried out with plan-view and cross-sectionafnd'cates t'he presence .Of tensile straln: As steps could not be
specimens along the twWa 10 projections with a Philips CM observed m_HRTEM m|crograp_hs, the interface of the GaA_s
200 FEG/ST electron microscope. The preparation of théubstrate with the SL was confirmed to be flat on an atomic
samples started with the standard mechanical thinning prgscale for 50 nm. Misfit dislocations were observed neither in
cedure with grinding and dimpling. To minimize Cross-sectional nor in plan-view spemme(n@ctroq trans-
preparation-induced defects, a low acceleration voltage of Barent area>10"° cn¥), indicating that the dislocation den-
KV, low currents of 0.5 mA, and liquid-nitrogen cooling was Sity must be smaller than $@m™2. o
applied for the Af-ion milling. A cross—sectlonal TEM_ image along o(ﬂelQ projection

The x-ray measurements were performed using a Philip8f sampleB is shown in Fig. 2a). The total thickness of the
X'PERT System_ The average Composition of the Super'atticél_ IS 120 nm.- The Substl’ate/SL |nterface ShOWS an- undula'
was obtained by an iterative fit procedure for the rockingtion with a period in the order of 100 nm and an amplitude of
curve of the(002) and (004) reflections. TheepiTaxy pro-  @bout 5-10 ML which prevails through the whole BeTe/
gram (Philips version 1.2cwas used with the BeTe and ZnSe SL structure. Such an undulation could not be observed
ZnSe layer thicknesses obtained by the correspondend®y TEM investigations along the perpendicu(ai0) projec-
analysis as starting values for the fit. tion, where the interface appeared essentially smooth. Struc-

tural defects in sampleB were not observed in cross-

sectional TEM. The planview TEM examination yielded
ll. EXPERIMENTAL RESULTS only one misfit dislocation in a TEM specimen with an elec-

tron transparent area of more than XHB) 3cn? corre-

Different structural aspects were studied whose results argponding to a dislocation density10® cm2.
presented in the following subsections. Figure 2b) shows a(110) HRTEM micrograph which
was taken from sampl€. In this case, the thickness of the
whole SL is about 100 nm. Figure(l§ reveals numerous
stacking faults and microtwins lying in the two different vis-

In Fig. 1(a), a cross-sectional TEM micrograph of sample ible {111 planes. Cross-sectional TEM investigations of a
Awith a SL thickness of 320 nm is presented, that contains apecimen along the perpendicukdrlO projection showed
V-shaped crack whose width increases toward the surface. the same defects with a comparable density.
the two orthogona{110 projections, crack distances of 1-3  In Figs. 3a), 3(b), and 3c), Nomarski micrographs of
um were found. The shape of the crack is typical for allsamplesA, B, and C are presented. The surfaces of all
observed cracks. The crack in Fig(al terminates at the samples are characterized by a cross-hatched line pattern. By
GaAs/SL interface, but some cracks penetrate into the sut&tomic force microscopy, small ribbons with a width of
strate up to a depth of 30 nm as shown in the high-resolutioabout 1-3um (the density of the ribbons is greater than

A. Superlattice morphology
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FIG. 2. Cross-sectional TEM images ¢f10-oriented speci-
mens of(a) sampleB and(b) sampleC taken along th€110-zone
axis orientation.

10’ cm™?), separated by steps with a height smaller than 1
nm, were observed which are responsible for the cross-
hatched contrast in the optical microscopy. A cross-hatched
pattern with the same appearance was found on the surface
of a GaAs substrate covered only with the GaAs buffer layer.
An additional feature of sampla is the presence of cracks
that are preferentially oriented along only offel0 direc-
tion. The crack separation ranges between 2 angtB0in
contrast to the crack density and orientations in the TEM
cross-section samples. After a cleaning treatment in ultra-
sonically vibrated acetone the AFM investigations revealed a
surface with a crack density in the order of 1 for both
(110 directions. Sample8 and C with the thinner BeTe/
ZnSe SL's do not show any cracks.

B. Crystal polarity

In the case of samplé, the crystal polarity was deter-
mined using convergent beam electron diffracti@BED)
because of the observed asymmetry of the relaxation by
cracks. In compound semiconductors the two orthogonal
(110 directions are not equivalent. The difference is de-
picted in Fig. 4 for the example of GaAs where the arrange-

ment of the gallium and arsenic reverses in the Closel)Pross hatched patterns. In addition, the surface of sampbhibits

spaced dumb-bell atoms along tf10] and[110] direc-  cracks oriented along tHe.10] direction.
tions. The polarities are deduced from the convention of Ga-

tos and Lavin€,where the (]1 1) surface is terminated with (002 (Tlg) and (_ll 11) reflectioni(Tlg) and (_ll 11)

group-V atoms. . : ) -
The polarity of the(110 direction of the cracks was de- are.lth;]a HOLZ Imesdl.n. the.(OC;Z)If.(Ijllsg].f Tllthg t@ simple
termined by the following CBED technique which was sug-tNtil the Bragg condition is fulfilled for the (002(119),

gested by Taftand Spenc@A cross-sectional Spec|men ori- and (1,1 11) reflections, two dark lines cross each other in
ented along thg110] direction is tilted by approximately 10° the (002 CBED disk[Fig. 5(c)]. The exact electron-beam
along the(002 Kikuchi band with g=(002). Two bright direction can now be determined by comparing one of these
HOLZ (higher-order Laue zondines cross each other under CBED images with the accompanying cross-sectional TEM
a flat angle[marked with black arrows in Fig.(B)] in the  image, containing th€001) surface of the GaAs substrate
(002 CBED disk if the Bragg condition is fulfilled for the [Fig. 5a@)]. This first requires the determination of the image

FIG. 3. Nomarski high-contrast micrographs of the surface mor-
hologies of(a) sampleA, (b) sampleB, and(c) sampleC showing
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camera at a resolution of 10241024 picture elementgix-
els). The CA is a special variant of the multivariate statistics
(MS). A raw description of the method is given in the case of
the evaluation of sampld, which is outlined in the flow
chart(Fig. 6).

The dark areas in Fig.(é) correspond to the BeTe layers,
and the bright regions to the ZnSe. The digitized image was
subdivided intoN= 33X 70 image unit cells as shown in the
upper left corner of Fig. @). The image unit cells that may
differ in their sizes and shapes are transformed into quadratic
cells of identical size oP=2"X2"(neN, typically n=5)
pixels. The corresponding procedure is described in detail by
Rosenaueet al® Each image unit cell is represented by a
P-dimensional positive and real vectar; (j=1,... N)
which contains the intensity of each pixel. The aim of h&
is the investigation of the shape of the cloud of points formed
by the tips of theN image vectors. This problem is analogous
to the well-known task of finding the axis of least inertia of
a distribution ofN points of the masm;, wherem,; is given
here by the integral intensity of the unit cgllTherefore, the
origin of the coordinate system is shifted into the center of
the mass distribution by an axis transformation. The given
problem is solved by calculating eigenvalues, (k

i ) . ) =1,... M) and eigenvectorg, of the matrix of inertia.
rotation betweerj the dl_ffractlon pattern and th'e TEM MICro-Each eigenvectoe, represents a principal axis of the cloud
graph of a specimen with known crystal polarity. The orien-qf jmage points ;. The main idea of this method is that only
tation of the CBED images toward the TEM image for aa small numbeM of principal axes is sufficient to describe
GaAs sample with £110] viewing direction is summarized e given distribution of points; . It can be shown that the
in Fig. 5. For a sample with110] orientation, the directions correspondingVl eigenvectors are eigenvectcﬂgl C €,
in the CBED pattern are reversed. The BeTe and ZnSe layet§ the m largest eigenvalues, >\, >--->\, . These
of the SL are assumed to be of comparable polarity to the. %2 *M

substrate, i.e., the positions of the group-VI atoms corre€igenvectors can be rearranged into unit cells which are now

spond to the arsenic locations. It was deduced from thgalled eigence_lls. in Fig.(ﬁ) the first thre_e eigencel!s are
CBED analysis that the cracks of samplare preferentially presented, which were obtained from the first three eigenvec-

: . tors. In the present case it was found that the first eigenvector
oriented along th¢110] direction. . o
g the110) e,, contains the characteristics of the contrast pattern of the

_ BeTe region. This behavior is shown in Figch where the
C. Correspondence analysis projections of each image unit cell onto the first eigencell

In order to determine the abruptness of the chemical tranl@iven by the scalar product of the two vectatse, ) are
sition at the interface regions and accurate layer thicknesseatranged in a map. The different gray levels of the rectangles
HRTEM images of cross-sectional specimens along thén this map represent the degree of correspondence of each
(110 projection were analyzed using the correspondencenit cell with the first eigencell. Bright rectangles that label
analysig (CA) which was implemented in theaLl software  good correspondence belong to the BeTe region. In contrast,
packagé The HRTEM negatives were digitized with a CCD the dark cells represent the ZnSe. The image given in Fig.

FIG. 4. GaAs structure along tfj@10] and[110] directions.

FIG. 5. CBED images for the determination
of the crystal polarity(a) Cross-sectional image
of a GaA$001) surface along th¢110] viewing
direction. (b) Orientation of a CBED image with
the (002 Bragg reflection containing the two
crossing bright HOLZ linegarrows. (c) Corre-
sponding orientation of a CBED image contain-
ing the (003 spot with the two crossing dark
HOLZ lines (arrows. The image rotation was
corrected to orienta)—(c) along the same direc-
tion.
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Digitized HRTEM image of the Projection of each unit lattice cell onto
BeTe/ZnSe superlattice: the first eigencell, averaged along the
[110]-direction:
1 | V LA PP 0.
f i oo o0 i
W, | e e
L XL L T o X -1
II l...l“ ", 1°PBGTG =
-
-‘g 15 e ] Znse
2 —-—
820-%

[09’1] pla

o 30 e Znse FIG. 6. Schematic drawing
33 ( 55 e S showing the successive steps of
1 70 0:10 -°7°5Av:r-':ged g'rozecﬁc;';o ohs the correspondence analysig)
The first three eigencells Digitized HRTEM image of the
(eigenvectors): * The grey bars mark the estimated BeTe{ZnSe SL(s_ampIe A). (b)
. BeTe/ZnSe transition zone The first three eigencellsic) A
map showing the projection of
T each image unit cell onto the first
Reconstructed image using only the elgen(.:ell.(d) A recolnstruF:tlon of
first eigenvector: (& using only the first eigencell.
* the first (left) eigenvector contains characte- (e) The projection of each image
ristics of the contrast pattern of the BeTe unit cell onto the first eigencell
region averaged along th€110) direc-
l ,,,,_,.;:’:. .;.;f",g?/’ tion, plotted vs the monolayer
Projection of each unit cell onto the L, numbers in th¢001] direction.

first eigencell:

* the BeTe and the ZnSe regions from the
digitized HRTEM image reproduced by
using the first eigenvector only

* bright for good agreement between BeTe
eigencell and experimental unit cell

6(d) is a reconstruction of Fig.(8) using only the first eigen- addition, this value comprises effects of layer undulations
cell. A diagram, where the values of-e, averaged along along the direction of the electron beam and alqng[me)]
the [110] direction is plotted versus the monolayer number, diréction due to the averaging by the CA analysis which has

is depicted in Fig. &) opposite to the digitized HRTEM t© be considered. _ o
image[Fig. 6(@]. The gray bars in this plot mark the esti- In the case of samplB, the averaging of the projections
mated transition zone from BeTe to ZnSe. Its width is abou long 1 ML leads to a broadening of the transition zone

: .— because of the undulations which is visible in Figa)2 A
one atomic layer at each layer boundary. The layer thick tep of 1 ML was attributed to the undulation which is rec-

nesses can be accurately measured, which yields 3 ML 03 . P : :
7 gnized in Fig. 7a) by comparing corresponding arrows at
BeTe, 9 ML of ZnSe, and 2 ML for the transition zones of y,q |oft and right sides of the image. Therefore, the width of

each SL period. _ _ _the transition region can be estimated to be less than 1 ML.
The same analysis procedure was carried out with
samplesB and C. The corresponding results are shown in IV. DISCUSSION

Fig. 7. In the case of sampR[Fig. 7(a)], a period of 17 ML . .
with 7-ML BeTe, 8-ML ZnSe, and a transition zone of 1 ML !N Secs. IVA-IVC the aspects of the strain relax_a'uon
at each interface were measured. In Fig) the results for nd the effects of the interface growth modes on the width of
sampleC are presented. The SL has a period of 14 ML,the chemlc_al transition v_wII be dlscu_ssed for _th_e three
which is in agreement with the nominal value. The transitionsamples' Finally, suggestions concerning the origin Of. the
regions in this SL structure are rather broad. The thicknesséémss'hamhed pattern on the superlattice surfaces will be
of the BeTe and ZnSe layers were determined to be 3 and @ade in Sec. IVD.
ML. Broad chemical transition zones of 3 ML were mea- A. Sample A
sured at the interfaces. '

The width of the transition regions determined by the CA  The morphology of samplé is dominated by the cracks
is not only dependent on the real chemical transitions. Irand their asymmetrical densities along fi40] and[110]
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directions. The cracks result from the misfit stress in the=11.1x 10'°N/m? and C;,=4.3x 101°N/m? from first-
superlattice induced by the GaAs substrate. To understangtinciples calculations in Ref. 11. A lateral lattice parameter
the microstructure, the critical thicknesses for the relaxatiorag, of 5.650 A is calculated with the measured BeTe/ZnSe
by misfit dislocations and cracks are calculated. This task isatio of 4/10, which is nearly lattice matched with respect to
accomplished by approximating the superlattice by a homothe GaAs substrate. In contrast, the presence of tensile stress
geneous layer with an average SL lattice paramatgr, is required for the formation of cracks in an epitaxial
which is deduced from the individual BeTe and ZnSe layerfilm.*®*3 This discrepancy is resolved by considering the
thicknesses. This approximation is justified because the laydtond configuration at the interface. A tensile stress is
thicknesses of the BeTe and ZnSe are distinctly smaller thafchieved if the effect of the BeSe bonds witipes.
the critical thickness for the relaxation between the indi-=5.139A at the transition regions is taken into account
vidual layers'® which is experimentally verified by the fact Which induces a significant reduction a§, in short-period
that misfit dislocations are not observed at the interfaces iguPerlattices. For the layer thicknesses of the CA with 1-ML
the SL. BeSg at each transition as |n|t|a[ parameters for the fit of the
The relevant lateral lattice parameter of the SL for the'ocking curve, a SL with a period of 13.77 ML could be

fofi ; ; ; dapted, comprising an average layer composition corre-
misfit relaxation processes is calculated according to Ecf* X
(1),10 which contains the shear mOdlmBeTe and GZnSe and Spondlng to 10.07-ML ZnSe, 0.35-ML BeSe, 3.00-ML BeTe,

P ; . and another 0.35-ML BeSe. This result shows that the simul-

the individual layer thicknessegere andznse taneous opening and closing of the shutters during the
growth of sampleA leads to BeSe-rich interfaces, which is

. 1) attributed to a displacement of Te by Se atoms and the high
sticking coefficient of the B&*

The shear moduliG=(C,;—C;,)/2 are yielded with the The relevant lateral lattice parameter of the SL was finally

elastic constant€;; . For ZnSe,C;;=8.95% 10'°°N/m? and  calculated by extending Eql) to three different layers.

C1,=5.39x 10'°N/m? are taken from Ref. 3, which leads to With the refined composition schemag (A)=5.601A is

a shear modulu§ z,se=1.78< 101°N/m?. For BeTe a shear obtained, with Ggese= 4.5 101°N/m?(C,;=14.9x 101

modulus 0fGg.re=3.4X 10'*°N/m? was calculated wittC;;  N/m? and C;,=5.9x 10'°N/m? according to Ref. 11

e — Ggete@BetdBeTet Cznsd@znsd znse
sL=

Ggetdgete™ Gznsd znse
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A relation between the critical thickneks for the relax-  contradiction to the observed higher mobility of thedislo-
ation by misfit dislocations and the lattice mismafctvas  cations in ZnSé® To our knowledge, measurements of the
given by Matthews and Blakeslé&The expression of Mat- BeTe-dislocation mobilities do not exist. The second possi-
thews and Blakeslee can be simplified without significantility also relies on an asymmetrical misfit dislocation den-
loss of accuracy according to People and B¥amhereh. is  sity. If the mismatch is first relaxed by misfit dislocations

given by along the[lTO] direction with a larger dislocation mobility,

he the strain along the orthogondl10] direction prevails which

ry , 2 induces a higher probability of crack nucleation along this
orientation. This model would indeed be consistent with a

with the Poisson ratiov [v=C;,/(C1;+C12)] and the higher mobility for « dislocations, in contrast to the first

length of misfit dislocation Burgers vectdx Equation(2) model. However, dislocation-induced processes for the crack

was deduced from mechanical equilibrium theory which isnucleation are in general highly unlikely because the dislo-

known to underestimate the actual critical thicknesses up teation density is much lower than the crack density.

one order of magnitude depending on the barriers toward Steps at the SL/substrate interface running along1te]

gislorgg;ions_rgcltleation WhiCho was bshown b|_3|’ People handor [110] directions were also considered in Ref. 12 as an
ean” for SiGe layers on $001) substrates. However, the ,yernative source for the generation of cracks. The steps

fﬁécg)l(atgocr;ecgﬁce Ilgx%r':il())/r:nt:enr?wies?itt%iss?;::/gt%isnlzeosrtgate Il;orinduce a lattice mismatch parallel to the step edge, which
P y ’ Thp could induce a stress concentration along the step.

with a misfit of f=0.95% a critical thickness of 10 nm is For sampleA an additional possibility for the crack nucle-
computed which is much smaller than the total SL thickness .. y .
of 320 nm even i, is distinctly underestimated. f':\tlon can be suggested. The steps at the SL surface resulting
An expression for the critical thickness of crack genera-" the cross-hatched pattern CC.JUId Ieaq o stress concentra-
tion was proposed in Ref. 12, tions at thg surface. Erom th'e high density of pracks after the
treatment in ultrasonically vibrated acetone, it must be sup-
ra-v) posed that only a small amount of mechanical stress is suf-
c:m: (3 ficient for the crack generation after the critical thickness for
crack nucleation is exceeded. Therefore, the asymmetry of
wherel is the{11¢ surface energy of the epilayer. Since the the crack density in sampl@ is attributed to a unilateral
surface energies for the Be chalcogenides have not beefxternal stress, e.g., while removing the specimen from the
known up to now, the ZnSe values bf », andG are taken  MBE holder to which it was mounted with indium. The com-
with I'zos¢=0.87 I/nf (Oshcherift) for an estimation of..  parable crack density for both orthogoralL0) projections,
This leads to a critical thickness of approximately 250 nm,ynich was found in the cross-sectional specimen, is most

Whiﬁh is sr_r;gllerlthgn the to(;al |SL _thiﬁkndess of ‘?g nm. Dr‘]J ikely caused by the stress exerted on the sample during the
to the significantly increased elastic hardness of the Be chalgc h-nicar thinning procedure.

cogenides compared to ZnSe, the experimental critical thick-
ness could be reduced by more than 100 nm.

Although the critical thickness for the misfit dislocation
generation is largely exceeded, the mismatch is only relaxed
by cracks. Therefore, a strong barrier for the dislocation gen- SampleB, with ZnTe-rich interfaces, is compressively
eration must exist. Since it is known that misfit dislocationsstrained according to the x-ray diffractigXRD). The ex-
are easily nucleated and mobile in mismatched ZnSe/GaAsess of ZnTe bondsag, .= 6.104 A) at the interfaces causes
heterostructuréé the observed effect can be attributed to thea significant increase of the average lattice parameter. With
BeTe. In addition, the stress distribution in the superlatticethe results of the CA as initial values for the fit of the rocking
could be a barrier toward the misfit dislocation propagationgcurve, a SL with a period of 17.61 ML could be adapted with
because the dislocations experience a repulsive force in tran average layer composition of 8.27-ML ZnSe, 0.75-ML
compressively strained ZnSe. Also, the considerable differZnTe, 7.82-ML BeTe, and another 0.75-ML ZnTe. The in-
ence between the elastic constants of the BeTe and ZnSensic lattice parameter of sampk could accordingly be
must be taken into account because a difficulty in moving acalculated ~ with  Gz,re= 1.56X 10'°N/m? (C;,=7.22
dislocation out of the soft material into the hard material canX 10'°°N/m? and C;,=4.09x 10'°N/m?%) to be ag(B)
be expected?® =5.666 A, which corresponds to a misfit of abot0.21%.

Three different mechanisms were suggested in Ref. 12 for A critical thickness for the misfit dislocation generation of
the crack nucleation. As a first possibility, 90° dislocations at67 nm is calculated according to E(), which is signifi-
or near the SL/substrate interface, formed by the interactiosantly below the total SL thickness of 120 nm. The TEM
of two 60°-type dislocations on two intersectififl 1} glide  investigations of sampld® yield a very small dislocation
planes, could act as stress concentration centers enablingnsity below 18cm 2, indicating that the SL is almost
crack nucleation. The origin of the crack asymmetry may bgseudomorphic with respect to the GaAs substrate. A strong
explained by the different mobilities of the and 8 disloca-  barrier for the dislocation generation is present in sample
tions on the correspondindl11}, and{111}z glide planes. Although sampleB is in a compressive strain statas op-
The determination of the crystal polarity showed that almosposed to samplg), the same mechanisms can be assumed to
all cracks are oriented along th&10] direction. This would be responsible for the inhibited dislocation nucleation. The
indicate a higher mobility of the8 dislocations, which is in layer undulation of sampl® along the[110] direction is

b

P T +1

In

he

B. SampleB
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likely to be induced by a miscut of the GaAs wafer and/orin sampleB, which is likewise reproduced through the whole
the preparation of the GaAs substrate prior to the buffer layeBeTe/ZnSe SL. The most likely origin of the cross-hatched
growth. pattern on the GaAs buffer layer surface are slip lines by
dislocation generation and motion induced by thermal

C. SampleC stresses. The GaAs buffer and the SL are grown in different

chambers which requires a temperature reduction to almost

The cor_responde_n_ce analy5|_s of samplecvealed a_d|f- room temperature between the deposition of the buffer and
fuse chemical transition extending over about 3 ML, in CON-4pa L

trast to the interface widths of samplasandB, which are in
the order of one atomic layer. The following explanation
could account for the difference between the samples. BeSe V. CONCLUSION

bonds were observed to be preferably formed in sarAgfe Short-period BeTe/ZnSe SL’s with different bond con-

the shutters are simultaneously opened and closed. By Offeggurations at the interfaces were grown by MBE and char-

ing excess Be and Se at the interfaces, the concentration I%terized with different microscopical methods and XRD. It

the BeSe is expected to increase, which leads to ternary aw s shown that the strain state of the SL'’s is strongly influ-
guaternary compounds extending into the adjacent ZnSe and® gly

BeTe layers. A fit of the rocking curve was not possible forenced by the different shear moduli, and that the bond con-

sampleC, because the composition is likely to vary acrossf'glrjigg'oli attartlgtteti::r::rfa():(e-rsapla}r/]oigelmipszgm rsOI(;cltr;ossr(]:(())rt-
the whole transition zone. P P : y-p P py

The stacking faults in samplé are assumed to originate measurements of the valence-band offsets yielded a large

from a Se surface coverage of the substrate material. Wit ;22 ngﬁi;\/’ Of\{ﬁglggégﬁn?ge(;gOé:gsssna'n and inter
the presence of Se at the GaAs surface, the Ga atoms havea y . brop :
Correspondence analysis turned out to be a valuable

high tendency to fO”T? G&e, which was ShOW.” to be 3 evaluation method to quantify the information contained in
source for the generation of the stacking faults in the epitax; . X .
ial ZnSe layer HRTEM images regardlng the abruptness of the chemical
transition and the layer thicknesses of superlattices. Abrupt
chemical transition regions are achieved if the shutters are
simultaneously opened and closed during the MBE and un-
A cross-hatched surface morphology was frequently reder ZnTe-rich conditions, while an excess of Be and Se leads
ported in I1I-V-homoepitaxy and heteroepita&y??where a  to chemically diffuse interfaces. It was shown that the results
direct correlation was found between the density of misfitof the correspondence analysis are well suited as starting
dislocations and the cross-hatched lines. The lines were naglues for the fit of the rocking curves to obtain quantitative
observed after the start of the growth, but appeared aftevalues for the average composition of the SL’s.
exceeding the critical layer thickness. Heeinal > investi- The surfaces of the SL’s exhibited a cross-hatched pattern
gated the surface morphology of MBE-grown ZnSe, whichof surface ribbons, separated by steps with a height of less
was either directly deposited on a G&®81) substrate or on than 1 nm which are oriented along the two orthogghal)
an InGa _,As buffer layer(a GaAs buffer layer was grown directions. A correlation between the cross-hatched pattern at
on each substrateA cross-hatched pattern was only visible the SL surfaces and the misfit dislocation density could not
directly on the surface of the partially relaxed e, _,As  be established.
layer, and on the strained ZnSe surface grown on this buffer A strong barrier for the generation of dislocations in
layer. They found that the ZnSe layer only replicates theBeTe/ZnSe SL's exists, because a misfit dislocation density
surface morphology of the underlying,[Ba,_,As buffer.  smaller than 1dcm~2 was found although the critical thick-
Cross hatching was not observed on the ZnSe layers growmess for the generation of misfit dislocations is largely ex-
directly on the GaAs buffer. ceeded. The tensile strain in $Linduced the formation of
The TEM investigation of samples andB yielded dislo- ~ cracks which are oriented preferentially along fiéQ] di-
cation densities smaller thanx110® cm~2, which is more rection. The most likely origin are the steps at the GaAs/SL
than one order of magnitude less than the surface step deiterface or at the SL surface acting as stress concentration
sity. Therefore, a correlation between the cross-hatched pagenters in combination with a unilateral external stress ex-
tern and misfit dislocations is unlikely. However, the surfaceerted during the handling of the sample after the growth.
of the GaAs buffer already shows a cross-hatched pattern.
The step structure at the BeTe/_ZnSe SL surface can therefore ACKNOWLEDGMENTS
be assumed to be a reproduction of the step structure on the
GaAs buffer layer surface similar to the effect observed by We are pleased to acknowledge the support of this project
Heunet al> for ZnSe. A comparable effect is observed for by the Deutsche Forschungsgemeinschaft under Contract No.
the undulations at the GaAs surface along[thE0] direction  Ge 841/1.

D. Surface morphology
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