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Strain-induced modulation versus superlattice ordering in epitaxial„GaIn…P layers

Jiechao Jiang,* Andreas K. Schaper,† Zeljko Spika,‡ and Wolfgang Stolz
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One main goal of the present work was to perform specific metal-organic vapor-phase epitaxy experiments
to prove existing models for the fundamental process of superlattice ordering in the model system~GaIn!P.
Applying a modulated-growth regime, we prepared~GaIn!P/GaAs multilayers, which enabled us to follow the
structural and morphological development in dependence on the deposition cycle of the constituent binary
components by transmission electron microscopy and electron diffraction investigations. The thickness of the
alternating deposition layers was varied in the range 0.40<n<1.66. From the systematic investigations we
could gain new insight into the mechanisms of the reconstruction of group-V stabilized growth surfaces and of
the general role surface reconstruction processes play in CuPt superlattice ordering. A competitive interaction
was revealed between the mechanisms of ordering and processes that lead to morphological and compositional
modulation structures. The lattice mismatch of the constituent binary alloys and the accumulation of the misfit
strains is suggested as the main driving force for the modulation. Those self-organization capabilities of
strained epitaxial layers are of considerable interest in view of low-dimensional confinement formations.
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I. INTRODUCTION

Spontaneous ordering on atomic and mesoscopic scal
the epitaxy of ternary and quaternary semiconductor all
has attracted increasing interest with current efforts in
development of high-performance systems for novel dev
applications. It has become clear that systematic deviat
from the atomically disordered state may greatly alter
optical properties of the materials due to band-gap narrow
as well as valence-band splitting.1–5 On the other hand, much
attention is paid now to self-assembly systems for fabrica
low-dimensional structures that show quantum-confinem
effects. Strain-induced lateral ordering and composit
modulation seem very promising to realize this type of fun
tional layer.6–11

Since the work of Suzuki and co-workers,12–14 the ten-
dency of~GaIn!P to show chemical ordering of the group-I
atoms on$111% lattice planes forming a CuPt-type structu
has been well-established. Recently, detailed theoretical
proaches have led to the conclusion that surface recons
tion plays a predominant role in the ordering formati
process.15–20 The driving force for this kind of superlattic
ordering comes from the dimerization of the surface ph
phorus atoms and the formation of crystallographically o
ented dimer rows on the growing surface. The most proba
reconstruction modes proposed are thec(234) reconstruc-
tion with the 231 motif of a model surface, and thec(4
34) reconstruction with the basic 132 motif.20 While the
former stabilizes the two CuPtB variants of ordering paralle
to the (111)B steps, the latter should cause CuPtA ordering.19

Until now, the A type of ordering has been discovered
~AlIn !P only.21

The development of CuPt superlattice ordering is ba
cally controlled by the growth conditions22–28such as growth
temperature, growth rate, and V/III ratio and by the miso
entation of the substrate.14,27,29–32 Recently, we have re
ported the application of a modulation scheme during me
organic vapor phase epitaxy~MOVPE! of ~GaIn!P on GaAs
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that allows further to improve the degree of ordering as co
pared to conventional growth methods.33 The modulated
growth consists in an alternating deposition of each bin
component of the alloy with precise adjustment of the de
sition rate and cycle time by controlling the constituent g
streams of the gallium and indium sources at continu
phosphorus source flux. Due to the continuous supply
phosphorus, the growing surface remains always un
P-stabilized reconstruction conditions throughout the epit
ial layer growth.

From previous investigations we know that, besides
well-known platelike antiphase domains, under modula
MOVPE conditions a columnar domain morphology
formed33,34 that originates from a two-dimensional structu
modulation. Spontaneous large-scale ordering due to
phase separation over many tens of lattice spacings has s
been known among the ternary-alloy systems, primarily fr
gas-source molecular beam epitaxy~MBE! of short-period
superlattices ~SPS! of (GaP)n /(InP)m on GaAs,6,35–37

(InAs)n /(GaAs)m on InP,6 and (AlAs)n /(InAs)m on InP for
n>m>2,10,38–42 and from MBE of ~GaIn!As on InP with
varying In/Ga ratio.43 Similar quasiperiodic composition
variations were observed in quaternary systems like~GaIn!
~AsP! on InP grown by liquid-phase epitaxy~LPE!.44–47 As
far as well-matched MOVPE-grown~GaIn!P bulk layers are
concerned, there are, however, only a few observations
ported in the literature of spinodal-like decomposition un
now.48,49

Continuous-wave and time-resolved optical spectrosc
measurements have shown us that the complex modula
morphology changes the time scale of the exciton relaxa
and determines their recombination path.50 Using scanning
near-field optical microscopy, spatially resolved photolum
nescence~PL! experiments have indicated the dependence
the optical properties from the local environment within t
layers.51 To improve our understanding of the structur
property relationships of those systems, in the present w
we have studied the onset and the evolution of the struct
15 826 ©2000 The American Physical Society
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organization on different length scales in modulat
MOVPE-grown ~GaIn!P using particular double-multilaye
samples. By means of systematic variation of the thickn
of the elementary monolayers~ML’s ! within such a
multilayer system we were able to control the superlatt
ordering and to gain new insight into the mechanisms of
ordering process. Our attention has further focused on
competing formation of a strain-induced two-dimension
modulation morphology that transforms into a thre
dimensional ~3D! Stranski-Krastanov mode at monolay
thicknessesn.1.7. The latter, however, is not subject of th
study.

II. MATERIALS AND METHODS

The epitaxy experiments were carried out in a horizon
MOVPE reactor~Aix 200, Aixtron! using trimethylgallium
~TMGa!, trimethylindium ~TMIn!, and phosphine (PH3) as
source materials in a hydrogen carrier gas. The reactor p
sure was 100 mbar at a V/III ratio of 60. A growth rate of 1
mm/h was chosen, and the samples were rotated on a hy
gen gas foil cushion during growth. Before growth of t
epilayers, a 100 nm thick buffer layer was deposited on
GaAs substrate to minimize any substrate effects. On~001!
GaAs substrates with a misorientation of 4° and 5° in

@11̄0# direction we prepared multiple GaAs/~GaIn!P double-
layer structures. The~GaIn!P layers of approximately 180
nm thickness were deposited in an alternating sequence
40 nm thin GaAs intermediate layers. The modulated gro
was performed under P-stabilized conditions at an alterna
deposition ofn monolayers of GaP andn monolayers of InP
per deposition cycle. The cycle period was systematic
changed from one epitaxial~GaIn!P superlayer to the othe
so as to vary the elementary layer thickness within one
the same sample in the range 0.40<n<1.70 monolayers.
Figure 1 schematically illustrates a section of such a mult
double-layer structure prepared face-to-face for transmis
electron microscopy~TEM!.

The CuPt ordering within each~GaIn!P layer was quanti-
fied utilizing the fact that, in the case of a kinematical a
proach, the intensity scattered into a superlattice reflectio
proportional to the amount of ordering weighted by the a
erage structure factor of the alloy.52,53 Selected-area trans
mission electron diffraction~TED! zinc blende patterns wer
taken from layer regions near the inner edge of the speci
along an imaginary circular line that represents identi
sample thicknesses. Hence, the influence of dynamic eff
onto the diffraction intensities is minimized. The TED pa
terns were acquired from negatives using a charge-cou
device ~CCD! camera, and were calibrated by means o
Kodak gray-scale calibration strip of known optical den
ties. Analysis of the scattering intensity of a superspot, e
of the 1

2 (11̄1) reflection, was accomplished in relation to t
intensity of the corresponding fundamental reflection of
zinc-blende structure.

In addition, bulk~GaIn!P mixed crystals of;1.5mm total
thickness were deposited under modulated MOVPE co
tions with n<1 ML on substrates with orientations of ex
actly ~001!, 4°, and 5° off cut. A growth temperature o
650 °C was used, and the applied growth rates ranged f
0.66 to 1.35mm/h. The degree of ordering in these laye
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was estimated from the reduction in band-gap energy3 apply-
ing photoluminescence spectroscopy. Correction of the
spectra was done in terms of the thermal distribution of
charge carriers at room temperature over the density
states, which shifts the energy maximum byDE51kBT/2.

Thinning of the samples for TEM occurred by Ar-io
milling in a Gatan DuoMill, the TEM investigations wer
performed using a Philips CM 20 operating at 200 kV, an
JEOL JEM 4000EX operating at 400 kV. Microanalytic
measurements were accomplished using a VG HB-501
scanning transmission electron microscope at 100
equipped with an energy-dispersive x-ray~EDX! spectrom-
eter with a Ge detector~Noran Instruments!.

III. RESULTS

The epitaxial growth of~GaIn!P/GaAs multilayer struc-
tures with systematically varied ML thicknesses and
preparation of these multilayers for TEM were the essen
experimental requirements for the following measureme
The dark-field electron micrographs using the1

2 (11̄1) su-
perlattice spot along with the corresponding selected-a
diffraction patterns in Fig. 2 show, as an example for t
case of growth on a substrate with 5° off-cut, the results
one specimen including eight~GaIn!P layers with gradually
increasing ML thickness during modulated MOVPE starti
from n50.40 up ton51.44. The diffraction pattern of eac
single epilayer corresponds to a region of less than 100
diameter and was taken at an almost equal distance from

FIG. 1. Schematic drawing of a cross-sectional sample o
multiple-double-layer structure of~GaIn!P/GaAs after preparation
for TEM. Electron-diffraction analysis was accomplished along
dark circular line inserted, indicating locations of constant sam
thickness. For further details see text.
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15 828 PRB 62JIANG, SCHAPER, SPIKA, AND STOLZ
inner edge of the sample hole. The degree of local order
quantified by estimating the ratio of the scattering intens
in the 1

2 (11̄1) ordering reflection and the intensity of th
main $111% zinc-blende lattice spot.~The intensity variations
of the diffraction spots in Fig. 2 are hardly detected by t
naked eye.!

FIG. 2. 1
2 (11̄1) dark-field electron micrographs and corr

sponding selected-area diffraction patterns of~110! cross sections
of ~GaIn!P layers with increasing individual layer thickness of
multilayer structure modulation-grown at 650 °C on 5° misorien
GaAs: ~a! 0.40 ML, ~b! 0.50 ML, ~c! 0.60 ML, ~d! 0.90 ML, ~e!
0.95 ML, ~f! 1.00 ML, ~g! 1.10 ML, ~h! 1.44 ML. The TED patterns
were taken from a region of approximately 100 nm diameter in e
case. The arrows point the array of strain-induced contrast cont
inside the GaAs intermediate layers in direct relation to the colu
nar domains in the~Ga, In!P epilayers.
as
y

e

The results of the evaluation of series of electro
diffraction patterns from several multilayer structures a
plotted in Fig. 3 together with the ordering parameter deriv
by room-temperature photoluminescence~RTPL! measure-
ments. While the RTPL data, obtained using bulk epilay
at exact substrate orientation and at 4° and 5° misorienta
hold for layer thicknessesn up to 1 ML GaP/InP per depo
sition cycle, the TED data cover a range 0.40<n<1.66 ML
for 4° and 5° off-cuts, respectively. Both the optical and t
structural ordering parametershRTPL and hTED show the
same tendency to steadily increase with increasing individ
layer thickness up ton'1 ML. Beyond this region, the op
posite trend in the ordering behavior is detected as cle
revealed by the continuous decrease inhTED. The maximum
ordering parameters of 0.58 in the RT PL analysis and
0.45 in the TED analysis correspond to 300 K band-gap
ergies of about 1.74 eV~exact orientation! and 1.79 eV~5°
off orientation!, respectively. These are, to our knowledg
among the lowest values reported in the literature along w
the band gap of 1.78 eV dealt with for atomic layer epita
~ALE! grown ~GaIn!P.54 Although the determination of the
degree of ordering by TED has led to smaller values as c
pared to the PL measurements, the dependence on the m
lation conditions is unambiguously established by both me
ods. The differences in the results are presumably cause
the inappropriate specimen thicknesses at the location f
where the TED patterns were taken, i.e., by dynamic effe
in the scattering experiments, and by the differing dom
sizes within the samples studied. This may also apply for
differences in thehTED values for the two different substrat
misorientations. There are other results that show, un
modulated growth conditions at 650 °C and using the sa
growth rate, that the influence of the misorientation of t
substrate on the final degree of ordering is neglegible.33,55

The sequence of the dark-field images in Fig. 2, view
along the@110# direction, shows a typical antiphase doma
structure which, beginning at about 0.9 ML, becomes sup
imposed by contrast modulations crossing the antiphase
mains at an inclination of usually less than 10° against
layer normal within the~110! plane. At n50.9 ML, the
modulation contrast appears for the first time about 100

d

h
rs
-

FIG. 3. Photoluminescence and transmission electron diffrac
derived ordering parameter in dependence on the monolayer th
ness per deposition cycle of bulk and multiple layers, respectiv
The measures are for different substrate cutoffs at a growth t
perature of 650 °C.
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apart from the interface in the middle of the epilayer w
nonuniform separation; fromn50.95 ML on, it runs through
the whole layer. The contrast patterns are not very cle
defined within these micrographs and thus do not provid
reliable measure of the modulation wavelength and the
eral domain size. These would best be estimated from p
view images, which, however, are not available with t
multilayer systems. For a more direct relation to the real s
of single domains, the curved contrast contours inside
capping GaAs layers shown by arrows in Figs. 2~d!–2~h!
~see also Fig. 2 in Jianget al.34! can be used. These contras
indicate localized elastic distortions due to strain relaxat
at the~GaIn!P layer surfaces. It seems interesting to note t
there are some indications in Fig. 2~d! of an interference of
antiphase boundaries with the modulation structure. In
case were interfacial misfit defects, such as dislocations,
served. Forn.1.7, the epitaxial growth becomes more a
more unstable and the layer quality deteriorates drastic
due to the onset of a three-dimensional Stranski-Krasta
growth.56

The domain structure of the particular contrast modu
tion in Fig. 2 has been characterized in detail forn51
growth on 4° off-oriented substrates in a forthcomi
paper.57 There, we have shown by cross-sectional as wel
plan-view imaging that two modulation waves running alo
the @100# and@010# orthogonal directions form columnar do
mains at the points of intersection. The modulation wa
length was determined from plan-view images to amoun
80 nm, on average. A typical plan-view using many-be
bright-field conditions is shown in Fig. 4 with the 30–50 n
diameter columns seen top-on. This observation finds
counterpart in the ripple topology of an uncapped plan s
face of such a strained epilayer when viewed in the ato
force microscope.57

Very little information about the structural characteristi
of the modulation has come from high-resolution x-ray d
fraction ~XRD! investigations of bulk layer samples. Wea
but noticeable line broadening effects were observed o
under inappropriate group-III flux conditions and in laye
grown on exactly oriented~001! substrates.33,55

Furthermore, we have carried out electron microsco
observations using the compositionally sensitive~002! re-

FIG. 4. Many-beam plan-view transmission electron microgra
showing the top-on view of the columnar modulation domains i
650 °C bulk layer grown on 4° misoriented substrate.
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flection in cross-sectional dark-field imaging. Contrary to t
results reported for InAs/AlAs on InP short-perio
superlattices,39,41,42 the contrasts are very blurred with n
clear modulation profile being visible. The modulation is v
ible in (22̄0) dark field but not as clear as when the1

2 (11̄1)
superlattice spot is used.

In order directly to prove the question how far later
chemical composition variations correlate with the revea
structure modulation, x-ray nanoanalytical techniques w
applied, with the knowledge that reliable data are difficult
obtain because of beam broadening effects that deterio
the attainable spatial resolution and because of the lim
detection efficiency. We have taken EDX profiles of lay
cross sections parallel to the inner edge of ion-mill
samples as shown in Fig. 5~a!. For each measurement th
focused electron beam was scanned over an area with e
tive scan width~see Ref. 58! of about 10 nm to ensure suf
ficient selectivity. Although the lateral extent of a doma
boundary is to be assumed considerably small, besides m
suring inside contiguous domains also analyses of the in
mediate boundary regions were performed. The results
two such runs using the GaK and the InL lines, normalized to
an averaged composition of 0.5/0.5 of both components,
summarized in Fig. 5~b!. Even though the significance of th
variation in the In/Ga ratio is not very high, the experimen
may serve as an indication that some phase-separationa

h
a

FIG. 5. EDX analyses of the composition variation using
probe width of 10 nm.~a! TEM dark-field image of the modulation
in a cross-sectional sample and~b! measured profiles of the In/G
ratio across domains~D! and boundary~B! regions.
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15 830 PRB 62JIANG, SCHAPER, SPIKA, AND STOLZ
fects contribute to the image contrast and have to be ta
into account in the discussion of the modulation-format
mechanism.

IV. DISCUSSION

A. Ordering behavior

According to theoretical estimations3,59 the overall super-
lattice ordering in~GaIn!P is limited by statistical fluctua
tions and should remain imperfect even in the best orde
samples. In this paper and others we have establishe
alternative route to achieve exceptionally high degrees
ordering by the application of a modulated MOVPE grow
process. Whereas during continuous growth random in
mixing of the alloy constituents provides a natural limitati
for ordering, in the modulated epitaxy the individual mon
layer thickness of the deposited binary alloys GaP and
has been proved the determining factor in control of the
dering. The maximum degree of ordering is obtained fo
deposition sequence of 1 ML GaP and 1 ML InP.

The early step-terrace reconstruction model13,14 does not
provide a suitable base for an understanding of the abo
noted results. The ordering mechanism proposed within
scope of that model consists of an alternate occupation
surface sites by Ga and In as a consequence of a stress
mum principle. Therefore, because of stress minimization
modulated layer-by-layer growth theoretically should yie
the highest degree of ordering at a deposition cycle on
50.5, leading to 1 ML of ordered GaxIn12xP. On the other
hand, in the view of the step-flow mechanism, this cycli
should result in a fractional layer superlattice structure
shown by Fukui and Saito.60 None of these two cases ho
for the observations reported in the present paper.

Our results, however, principally confirm the theoretic
surface reconstruction model of Zunger a
co-workers.4,15,20 According to this model, the superlattic
ordering during phosphorus-stabilized growth of~GaIn!P can
be explained by nearest-neighbor vertical exchange
cesses of Ga and In atoms within the upper two group
layers beneath the top phosphorus layer. The driving fo
for this kind of exchange is provided by the formation
phosphorus dimers and dimer rows at the growing surf
and consequently the formation of subsurface compres
and tensile stresses. The compressed and dilated lattice
selectively accommodate atoms according to their respec
size.

In Fig. 6 this model is adapted to the scenario of a mo
lated growth regime for the special case ofn51, i.e., 1 ML
of GaP and 1 ML of InP, alternately. The sequence of dra
ings in Figs. 6~a!–6~e! amply illustrates that, in this case
perfect ordering is theoretically achieved when the princip
of the reconstruction model of Zunger and co-workers
strictly applied. Experimentally, we found maximum ord
exactly under the condition of complete covering of t
growing surface with one or the other of the two bina
species, GaP or InP. It is relatively easy to realize from F
6 that the probability of the incorporation of reconstructi
‘‘faults’’ increases with decreasing as well increasingn start-
ing at n51. The alternating deposition of incomplete mon
layers atn,1 and the deposition of excess atom layers
en
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n.1 both introduce occupational disorder into the order
layers, reducing the global degree of ordering attainable.

The question arises as to the role of surface steps in
reconstruction model. It has been confirmed by a numbe
continuous-growth epitaxy experiments that the step t
~group-III or group-V terminated! and their direction decide
about the occurrence and the variant of CuPt-ty
ordering.13,14,18,61It has further been suggested that surfa
steps are the nucleation sites of antiphase boundaries.27,62,63

However, quite often commensuration of ordering over d
tances much larger than the widths of the antiphase dom
is observed. The initiation of the surface reconstruction at
step edges and its propagation across the surface tread
the proposed mechanisms to explain such commensu
growth across surface steps on the basis of the step-te
reconstruction model by Suzuki and Gomyo,14 and of the
vertical-exchange reconstruction model by Philipset al.18

The formation of antiphase boundaries can be attributed
the existence of supersteps formed by step bunching.63

Commensuration of the ordering process across step
also easy to comprehend in light of the modulated layer-

FIG. 6. Schematics of superlattice$111% ordering during recon-
struction of a step-containing group-V stabilized surface at alter
ing deposition of 1 ML of GaP and 1 ML of InP.~a!–~e!: Succes-
sive deposition cycles and nearest-neighbor vertical group
atomic exchange processes due to subsurface lattice strains a
rowed. The surface step does not disturb commensuration of
ordering formation.
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layer growth as depicted in Fig. 6. The vertical exchan
processes are obviously not disturbed by the presence
surface step but lead to complete commensuration of or
ing across the step. In this work, the substrate misorienta
was always a@11̄0# off-cut producing the~111!B type of
steps. In contrast to the results from continuous growth
many experiments under modulated growth conditions
have found only little influence of different substrate miso
entation, i.e., a varying number of steps, on the final deg
of ordering.33,35 These observations support our view of
rather secondary role of steps in the ordering formation.

On the other hand, the mismatch in the ternary sys
between GaP and GaAs and between InP and GaAs app
to be of considerable importance in the overall structu
organization. In continuous growth, this misfit is wide
strain-balanced on a macroscopic scale due to random i
mixing of both species. During layer-by-layer growth, ho
ever, it should increasingly influence the fundamental rec
struction when the elementary layer thickness approachn
>1 and higher. Our assertion is that the development of
structural modulation discussed below is an additional rea
for the reduction of ordering with increasing monolay
thickness per deposition cycle.

B. Lateral structure modulation

The reversal aroundn>1 in the tendency to order almos
coincides with the appearance of the strain-induced mod
tion pattern that is maintained up to ultimate monolay
thicknesses in the range 1.6–1.7 ML’s. Comparable one-
two-directional periodic modulations were reported by s
eral authors for a number of highly strained epitaxial lay
systems prepared using MBE and liquid-phase epit
techniques.6,10,11,36–47 Composition variations as large a
15% and more were determined by x-ra
microanalysis.35,42–45 Models have been developed to e
plain the initiation of morphological and composition
modulations by a nucleation-based strain-induced latera
dering ~SILO! mechanism,6,11,37,38 by stress-driven step
bunching instabilities,64 or by considering the elastic defo
mation and thermodynamic stability of an epitaxial lay
surface with atomic size differences and varying lattice
rameters of the constituents.65–67

The nominal misfit of GaP and InP of approximate
63.7% with respect to the GaAs substrate creates lat
tensile and compressive strains when matched to GaAs. U
ally, under conventional growth conditions and at approp
ate growth temperatures and growth rates in the MOVPE
~GaIn!P, coherent heterostructures of even macroscopic
mension are formed with homogeneous strain distribut
throughout the epilayers.57 The same seems true for smalln
in the modulated-growth regime: The mismatch will par
be accommodated as elastic strain energy and balanced
to the opposite sign of the strain in successive layers, pa
compensated by vertical atomic exchange in the upper
face layers. Apparently, when individual layers 0.9 ML thi
or more are deposited, it is tempting to suppose an increa
tendency for the growth plane to roughening by coher
aggregation and islanding of the constituent species. Du
deposition of any new layer, the probablility increases t
e
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islands are nucleated by statistical fluctuations and by str
induced lateral migration of surface atoms. Beyondn'1,
islanding is inherently connected with the excess adatom
each binary deposition layer.

Multiple layering of a single binary species due to coh
ent island formation results in a reduction of the degree
superlattice ordering as discussed in Jianget al.57 With the
vertical atomic exchange becoming increasingly inhibite
also the capability of the epitaxial film to homogeneous
comodation of increasing lateral strain is getting used
The response of the lattice consists in strain relief by form
a quasiperiodic structure modulation.8,10,42,66,67The succes-
sive accommodation of islands follows the strain distributi
that develops at the vapor-solid interface. This is likely a
sociated with lateral diffusion gradients which additiona
force the segregation of the as-deposited group-III ato
The contribution of strain in the structure formation proce
is indicated by several microscopic observations, such as
maximum contrast amplitude of the modulaltion in1

2 (11̄1)
rather than in the~002! dark-field, the detection of curved
strain contrast contours inside the GaAs intermediate lay
and the observation of a rippling of uncapped plan surfa
by atomic-force microscopy.57

Another aspect concerns the relaxational behavior
strained layers when new surfaces are introduced du
thin-film preparation as needed for TEM.42,68,69The surface
relaxation generates lattice distortions by shear strains in
~001! plane~cross-sectional view!, and in the (hk0) planes
~plan view!, so that the electron microscopic thin-samp
contrast of the modulation columns also contains diffract
contrast resulting from lattice plane bending due to ne
surface relaxation. In our samples, the amplitude of the co
positional variation appears rather small as the analyt
measurements suggest. Therefore, the image contrast sh
be less affected by compositional changes, i.e., by di
changes in the atomic scattering factor, than by internal
tice distortions and their near-surface relaxation in the th
film samples. Final proof of this issue is expected from
ture analytical x-ray nanoprobe experiments using plan-v
samples.

V. SUMMARY

The electron microscopic results obtained in this pres
work by studying particular double-multilayer samples
~GaIn!P on GaAs provide direct information on the structu
evolution during modulated epitaxial growth. The report
quantitative determinations of the degree of CuPtB superlat-
tice ordering and its change with varying elementary de
sition cycle are interpreted in close agreement with curr
theoretical reconstruction models. They even show asp
of the ordering behavior not yet accounted for by theory. T
degree of superlattice ordering derived from electr
diffraction analyses as well as from photoluminescence m
surements was found to increase until a maximum w
reached at layer thicknesses of the individual GaP and
deposition layers of approximately 1 ML. An opposite tre
could be followed when the layer thickness was increa
beyondn'1. From these observations the conclusion w
drawn that the ordering is governed by a growth surfa
reconstruction in which extensive vertical atomic exchan
processes are involved. In contrast to a continuous-gro
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method, the alternating layer-by-layer growth leads to
accumulation of the misfit strains between GaP and G
and between InP and GaAs with increasing thickness of
individual deposition layers. By this, the strain energy of t
system increases until stress relief via structural modula
including possible phase-separational effects becomes m
favorable. The modulation is two-dimensional, and the int
section of the two modulation waves creates a columnar
main morphology on a scale less than 80 nm coexisting w
the platelike ordered antiphase domains. The progres
modulation increasingly inhibits the ordering formation a
becomes the dominating factor in the structural and morp
logical organization during the epitaxial growth process.
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