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Strain-induced modulation versus superlattice ordering in epitaxial(Galn)P layers
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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 &gsieyR.
Applying a modulated-growth regime, we prepat&@ilnP/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 €:4€ 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.

I. INTRODUCTION that allows further to improve the degree of ordering as com-

. . . pared to conventional growth methotisThe modulated
Spontaneous ordering on atomic and mesoscopic scales in

. . rowth consists in an alternating deposition of each binary
the epitaxy of ternary and quaternary semiconductor alloy . ; .
. L . . component of the alloy with precise adjustment of the depo-
has attracted increasing interest with current efforts in the... " . .
develonment of hiah-nerformance svstems for novel devic Sition rate and cycle time by controlling the constituent gas
-lop! gnh-p y . JeVICY reams of the gallium and indium sources at continuous
applications. It has become clear that systematic deviatio

f the atomically disordered stat iv alter th hosphorus source flux. Due to the continuous supply of
rom the atomically disordered state may greatly alter hosphorus, the growing surface remains always under

optical properties of the materials due to band-gap narrowing_gtapjlized reconstruction conditions throughout the epitax-
as well as valence-band splittitg> On the other hand, much ial layer growth.
attention is paid now to self-assembly systems for fabricating grom previous investigations we know that, besides the
low-dimensional structures that show quantum-confinemenjye||-known platelike antiphase domains, under modulated
effects. Strain-induced lateral ordering and compositionMOVPE conditions a columnar domain morphology is
modulation seem very promising to realize this type of func-formed®3that originates from a two-dimensional structure
tional layer®~1! modulation. Spontaneous large-scale ordering due to the
Since the work of Suzuki and co-workers® the ten-  phase separation over many tens of lattice spacings has so far
dency of(GalnP to show chemical ordering of the group-lll been known among the ternary-alloy systems, primarily from
atoms on{111} lattice planes forming a CuPt-type structure gas-source molecular beam epitafiyiBE) of short-period
has been well-established. Recently, detailed theoretical aguperlattices (SPS of (GaP),/(InP),, on GaAs>*>~%7
proaches have led to the conclusion that surface reconstru¢inAs), /(GaAs), on InP® and (AlAs),/(InAs),, on InP for
tion plays a predominant role in the ordering formationn=m=2%%%-423nd from MBE of (GalnAs on InP with
process>~?° The driving force for this kind of superlattice varying In/Ga ratid®® Similar quasiperiodic composition
ordering comes from the dimerization of the surface phosvariations were observed in quaternary systems (&eln)
phorus atoms and the formation of crystallographically ori-(AsP) on InP grown by liquid-phase epitaxy.PE).**=*" As
ented dimer rows on the growing surface. The most probablear as well-matched MOVPE-growGalnP bulk layers are
reconstruction modes proposed are tif{2 X 4) reconstruc- concerned, there are, however, only a few observations re-
tion with the 2<1 motif of a model surface, and the{4  ported in the literature of spinodal-like decomposition until
X 4) reconstruction with the basicx12 motif?° While the  now8°
former stabilizes the two Cupwariants of ordering parallel Continuous-wave and time-resolved optical spectroscopy
to the (1118 steps, the latter should cause CuBtdering!®  measurements have shown us that the complex modulation
Until now, the A type of ordering has been discovered in morphology changes the time scale of the exciton relaxation
(Alln)P only?! and determines their recombination patHJsing scanning
The development of CuPt superlattice ordering is basinear-field optical microscopy, spatially resolved photolumi-
cally controlled by the growth conditioffs ®such as growth  nescencéPL) experiments have indicated the dependence of
temperature, growth rate, and V/IlI ratio and by the misori-the optical properties from the local environment within the
entation of the substraté?"?*-32Recently, we have re- layers®® To improve our understanding of the structure/
ported the application of a modulation scheme during metalproperty relationships of those systems, in the present work
organic vapor phase epitaxMOVPE) of (GalnP on GaAs we have studied the onset and the evolution of the structural
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organization on different length scales in modulated
MOVPE-grown (GalnP using particular double-multilayer
samples. By means of systematic variation of the thickness
of the elementary monolayergML’s) within such a
multilayer system we were able to control the superlattice
ordering and to gain new insight into the mechanisms of the
ordering process. Our attention has further focused on the
competing formation of a strain-induced two-dimensional
modulation morphology that transforms into a three-
dimensional (3D) Stranski-Krastanov mode at monolayer
thicknesses>1.7. The latter, however, is not subject of this
study.

Il. MATERIALS AND METHODS

The epitaxy experiments were carried out in a horizontal
MOVPE reactor(Aix 200, Aixtron) using trimethylgallium
(TMGa), trimethylindium (TMIn), and phosphine (P} as

source materials in a hydrogen carrier gas. The reactor pres- 40 nm GaAS\

sure was 100 mbar at a V/IlI ratio of 60. A growth rate of 1.1 180nm _=

um/h was chosen, and the samples were rotated on a hydro- (BalmR 100 nm GaAs-Buffer
gen gas foil cushion during growth. Before growth of the 500 ym
epilayers, a 100 nm thick buffer layer was deposited on the GaAs-Substrate

GaAs substrate to minimize any substrate effects.(@H)
GaAs substrates with a misorientation of 4° and 5° in the

[110] direction we prepared multiple GaA&/alnP double-

layer structures. ThéGalnP layers of approximately 180 FIG. 1. Schematic drawing of a cross-sectional sample of a

nm thickness were deposited in an alternating sequence withultiple-double-layer structure dfGalnP/GaAs after preparation

40 nm thin GaAs intermediate layers. The modulated growtlor TEM. Electron-diffraction analysis was accomplished along the

was performed under P-stabilized conditions at an alternatindark circular line inserted, indicating locations of constant sample

deposition ofn monolayers of GaP andmonolayers of InP  thickness. For further details see text.

per deposition cycle. The cycle period was systematically

changed from one epitaxidGalnP superlayer to the other was estimated from the reduction in band-gap ereagply-

so as to vary the elementary layer thickness within one anihg photoluminescence spectroscopy. Correction of the PL

the same sample in the range Of<1.70 monolayers. spectra was done in terms of the thermal distribution of the

Figure 1 schematically illustrates a section of such a multiplecharge carriers at room temperature over the density of

double-layer structure prepared face-to-face for transmissiostates, which shifts the energy maximum b = +KkgT/2.

electron microscopyTEM). Thinning of the samples for TEM occurred by Ar-ion
The CuPt ordering within eaclGalnP layer was quanti- milling in a Gatan DuoMill, the TEM investigations were

fied utilizing the fact that, in the case of a kinematical ap-performed using a Philips CM 20 operating at 200 kV, and a

proach, the intensity scattered into a superlattice reflection iSEOL JEM 4000EX operating at 400 kV. Microanalytical

proportional to the amount of ordering weighted by the av-measurements were accomplished using a VG HB-501UX

erage structure factor of the all6y>® Selected-area trans- scanning transmission electron microscope at 100 kV

mission electron diffractioTED) zinc blende patterns were equipped with an energy-dispersive x-rédgDX) spectrom-

taken from layer regions near the inner edge of the specimeeter with a Ge detectgiNoran Instruments

along an imaginary circular line that represents identical

sample thicknesses. Hence, the influence of dynamic effects Il RESULTS

onto the diffraction intensities is minimized. The TED pat- ’

terns were acquired from negatives using a charge-coupled The epitaxial growth oflGalnP/GaAs multilayer struc-

device (CCD) camera, and were calibrated by means of atures with systematically varied ML thicknesses and the

Kodak gray-scale calibration strip of known optical densi-preparation of these multilayers for TEM were the essential

ties. Analysis of the scattering intensity of a superspot, e.gexperimental requirements for the following measurements.

of the3 (111) reflection, was accomplished in relation to the The dark-field electron micrographs using th¢111) su-
intensity of the corresponding fundamental reflection of theperlattice spot along with the corresponding selected-area
zinc-blende structure. diffraction patterns in Fig. 2 show, as an example for the
In addition, bulk(Galn)P mixed crystals of~1.5um total  case of growth on a substrate with 5° off-cut, the results of
thickness were deposited under modulated MOVPE condiene specimen including eigliGalnP layers with gradually
tions with n=<1 ML on substrates with orientations of ex- increasing ML thickness during modulated MOVPE starting
actly (002), 4°, and 5° off cut. A growth temperature of from n=0.40 up ton=1.44. The diffraction pattern of each
650 °C was used, and the applied growth rates ranged frosingle epilayer corresponds to a region of less than 100 nm
0.66 to 1.35um/h. The degree of ordering in these layersdiameter and was taken at an almost equal distance from the
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FIG. 3. Photoluminescence and transmission electron diffraction
derived ordering parameter in dependence on the monolayer thick-
ness per deposition cycle of bulk and multiple layers, respectively.
The measures are for different substrate cutoffs at a growth tem-
perature of 650 °C.

The results of the evaluation of series of electron-
diffraction patterns from several multilayer structures are
plotted in Fig. 3 together with the ordering parameter derived
by room-temperature photoluminescen&rTPL) measure-
ments. While the RTPL data, obtained using bulk epilayers
at exact substrate orientation and at 4° and 5° misorientation
hold for layer thicknesses up to 1 ML GaP/InP per depo-
sition cycle, the TED data cover a range 049<1.66 ML
for 4° and 5° off-cuts, respectively. Both the optical and the
structural ordering parameterggrp. and ntgp show the
same tendency to steadily increase with increasing individual
layer thickness up toa~1 ML. Beyond this region, the op-
posite trend in the ordering behavior is detected as clearly
revealed by the continuous decreaseigp. The maximum
ordering parameters of 0.58 in the RT PL analysis and of
0.45 in the TED analysis correspond to 300 K band-gap en-
ergies of about 1.74 eVexact orientationand 1.79 eV(5°
off orientation), respectively. These are, to our knowledge,
among the lowest values reported in the literature along with
the band gap of 1.78 eV dealt with for atomic layer epitaxy
(ALE) grown (GalnP>* Although the determination of the
degree of ordering by TED has led to smaller values as com-
pared to the PL measurements, the dependence on the modu-
lation conditions is unambiguously established by both meth-

FIG. 2. £(111) dark-field electron micrographs and corre- 0ds. The differences in the results are presumably caused by
sponding selected-area diffraction patterng1f0) cross sections the inappropriate specimen thicknesses at the location from
of (GalnP layers with increasing individual layer thickness of a Where the TED patterns were taken, i.e., by dynamic effects
multilayer structure modulation-grown at 650 °C on 5° misorientedin the scattering experiments, and by the differing domain
GaAs: (a) 0.40 ML, (b) 0.50 ML, (c) 0.60 ML, (d) 0.90 ML, (e) sizes within the samples studied. This may also apply for the
0.95 ML, (f) 1.00 ML, (g) 1.10 ML, (h) 1.44 ML. The TED patterns  differences in theygp values for the two different substrate
were taken from a region of approximately 100 nm diameter in eacimisorientations. There are other results that show, under
case. The arrows point the array of strain-induced contrast contouihiodulated growth conditions at 650 °C and using the same
inside the GaAs intermediate layers in direct relation to the columgrowth rate, that the influence of the misorientation of the
nar domains in théGa, INP epilayers. substrate on the final degree of ordering is neglegibte.

. The sequence of the dark-field images in Fig. 2, viewed
inner edge of the sample hole. The degree of local order wagjong the[110] direction, shows a typical antiphase domain
quantified Ey estimating the ratio of the scattering intensitystrycture which, beginning at about 0.9 ML, becomes super-
in the 3 (111) ordering reflection and the intensity of the imposed by contrast modulations crossing the antiphase do-
main {111} zinc-blende lattice spofThe intensity variations mains at an inclination of usually less than 10° against the
of the diffraction spots in Fig. 2 are hardly detected by thelayer normal within the(110) plane. At n=0.9 ML, the
naked eyse. modulation contrast appears for the first time about 100 nm
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FIG. 4. Many-beam plan-view transmission electron micrograph T T T T T T T T
showing the top-on view of the columnar modulation domains ina 1.4 b) W scani| 1
650 °C bulk layer grown on 4° misoriented substrate. scan 2

apart from the interface in the middle of the epilayer with = 12r -

nonuniform separation; from=0.95 ML on, it runs through N
the whole layer. The contrast patterns are not very clearlyg 10k - A~
defined within these micrographs and thus do not provide e§ \.—./\—/
reliable measure of the modulation wavelength and the lat-
eral domain size. These would best be estimated from plang 0-8f 1
view images, which, however, are not available with the —
multilayer systems. For a more direct relation to the real size 4|
of single domains, the curved contrast contours inside the
capping GaAs layers shown by arrows in Figsd)22(h) z 5 E 5 ] 5 ] z
(see also Fig. 2 in Jianet al% can be used. These contrasts
indicate localized elastic distortions due to strain relaxation FIG. 5. EDX analyses of the composition variation using a
at the(GalnP layer surfaces. It seems interesting to note thaprobe width of 10 nm(a) TEM dark-field image of the modulation
there are some indications in Fig(d® of an interference of in a cross-sectional sample afi) measured profiles of the In/Ga
antiphase boundaries with the modulation structure. In n@atio across domain®) and boundaryB) regions.
case were interfacial misfit defects, such as dislocations, ob-
served. Fon>1.7, the epitaxial growth becomes more andflection in cross-sectional dark-field imaging. Contrary to the
more unstable and the layer quality deteriorates drasticalljesults reported for InAs/AlAs on InP  short-period
due to the onset of a three-dimensional Stranski-Krastano§uperlattices)“-*?the contrasts are very blurred with no
growth°® clear mogulation profile being visible. The modulation_is Vis-
The domain structure of the particular contrast moduladble in (220) dark field but not as clear as when the€111)
tion in Fig. 2 has been characterized in detail for1 superlattice spot is used.
growth on 4° off-oriented substrates in a forthcoming In order directly to prove the question how far lateral
paper’ There, we have shown by cross-sectional as well ashemical composition variations correlate with the revealed
plan-view imaging that two modulation waves running alongstructure modulation, x-ray nanoanalytical techniques were
the[100] and[010] orthogonal directions form columnar do- applied, with the knowledge that reliable data are difficult to
mains at the points of intersection. The modulation wave-obtain because of beam broadening effects that deteriorate
length was determined from plan-view images to amount tdhe attainable spatial resolution and because of the limited
80 nm, on average. A typical plan-view using many-beandetection efficiency. We have taken EDX profiles of layer
bright-field conditions is shown in Fig. 4 with the 30—50 nm cross sections parallel to the inner edge of ion-milled
diameter columns seen top-on. This observation finds itsamples as shown in Fig(&. For each measurement the
counterpart in the ripple topology of an uncapped plan surfocused electron beam was scanned over an area with effec-
face of such a strained epilayer when viewed in the atomit¢ive scan width(see Ref. 58 of about 10 nm to ensure suf-
force microscopé’ ficient selectivity. Although the lateral extent of a domain
Very little information about the structural characteristics boundary is to be assumed considerably small, besides mea-
of the modulation has come from high-resolution x-ray dif- suring inside contiguous domains also analyses of the inter-
fraction (XRD) investigations of bulk layer samples. Weak mediate boundary regions were performed. The results of
but noticeable line broadening effects were observed onlywo such runs using the and the In lines, normalized to
under inappropriate group-lll flux conditions and in layersan averaged composition of 0.5/0.5 of both components, are
grown on exactly oriente@001) substrates>>° summarized in Fig. ®). Even though the significance of the
Furthermore, we have carried out electron microscopicvariation in the In/Ga ratio is not very high, the experiments
observations using the compositionally sensiti@®2) re- may serve as an indication that some phase-separational ef-

ized
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fects contribute to the image contrast and have to be taken
into account in the discussion of the modulation-formation @) . Ga
mechanism. <=

IV. DISCUSSION (b)

A. Ordering behavior

According to theoretical estimatiohs the overall super-
lattice ordering in(GalnP is limited by statistical fluctua-
tions and should remain imperfect even in the best ordered
samples. In this paper and others we have established an
alternative route to achieve exceptionally high degrees of
ordering by the application of a modulated MOVPE growth
process. Whereas during continuous growth random inter-
mixing of the alloy constituents provides a natural limitation
for ordering, in the modulated epitaxy the individual mono-
layer thickness of the deposited binary alloys GaP and InP
has been proved the determining factor in control of the or-
dering. The maximum degree of ordering is obtained for a
deposition sequence of 1 ML GaP and 1 ML InP.

The early step-terrace reconstruction méd# does not
provide a suitable base for an understanding of the above-
noted results. The ordering mechanism proposed within the
scope of that model consists of an alternate occupation of
surface sites by Ga and In as a consequence of a stress mini-
mum principle. Therefore, because of stress minimization, a
modulated layer-by-layer growth theoretically should yield
the highest degree of ordering at a deposition cyclen of
=0.5, leading to 1 ML of ordered Gk, _,P. On the other
hand, in the view of the step-flow mechanism, this cycling

[170] OGa ©@In °P

should result in a fractional layer superlattice structure as [110]
shown by Fukui and Sait®. None of these two cases hold _ _ ) )
for the observations reported in the present paper. FIG. 6. Schematics of superlatti¢&11} ordering during recon-

Our results, however, principally confirm the theoretical struction of a step-containing group-V stabilized surface at alternat-
surface reconstruction model of Zunger anding deposition of 1 ML of GaP and 1 ML of InRa)—(e): Succes-

co-workergt15:20 According to this model, the superlattice sive deposition cycles and nearest-neighbor vertical group-lll

ordering during phosphorus-stabilized growtGaInP can atomic exchange processes due to sgbsurface lattice strgins are ar-
be explained by nearest-neighbor vertical exchange pror_oweql. The sur.face step does not disturb commensuration of the
oy ordering formation.
cesses of Ga and In atoms within the upper two group-lll
layers beneath the top phosphorus layer. The driving forcé>1 both introduce occupational disorder into the ordering
for this kind of exchange is provided by the formation of layers, reducing the global degree of ordering attainable.
phosphorus dimers and dimer rows at the growing surface The question arises as to the role of surface steps in the
and consequently the formation of subsurface compressiofeconstruction model. It has been confirmed by a number of
and tensile stresses. The compressed and dilated lattice sit@sntinuous-growth epitaxy experiments that the step type
selectively accommodate atoms according to their respectivgyroup-1il or group-V terminatedand their direction decide
size. about the occurrence and the variant of CuPt-type
In Fig. 6 this model is adapted to the scenario of a moduordering®>14181|t has further been suggested that surface
lated growth regime for the special casensf 1, i.e., 1 ML  steps are the nucleation sites of antiphase bounddr?é§3
of GaP and 1 ML of InP, alternately. The sequence of drawHowever, quite often commensuration of ordering over dis-
ings in Figs. §a)—6(e) amply illustrates that, in this case, tances much larger than the widths of the antiphase domains
perfect ordering is theoretically achieved when the principless observed. The initiation of the surface reconstruction at the
of the reconstruction model of Zunger and co-workers arestep edges and its propagation across the surface treads are
strictly applied. Experimentally, we found maximum order the proposed mechanisms to explain such commensurate
exactly under the condition of complete covering of thegrowth across surface steps on the basis of the step-terrace
growing surface with one or the other of the two binary reconstruction model by Suzuki and Gomyoand of the
species, GaP or InP. It is relatively easy to realize from Figvertical-exchange reconstruction model by Philigisal 18
6 that the probability of the incorporation of reconstruction The formation of antiphase boundaries can be attributed to
“faults” increases with decreasing as well increasimgtart-  the existence of supersteps formed by step bundHing.
ing atn=1. The alternating deposition of incomplete mono- Commensuration of the ordering process across steps is
layers atn<<1 and the deposition of excess atom layers atlso easy to comprehend in light of the modulated layer-by-
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layer growth as depicted in Fig. 6. The vertical exchangdslands are nucleated by statistical fluctuations and by strain-
processes are obviously not disturbed by the presence ofiaduced lateral migration of surface atoms. Beyand1,
surface step but lead to complete commensuration of ordefslanding is inherently connected with the excess adatoms of
ing across the step. In this work, the substrate misorientatiogach binary deposition layer.

was always & 110] off-cut producing the(111B type of Multiple layering of a single binary species due to coher-
steps. In contrast to the results from continuous growth, ient island formation results in a reduction of the degree of

many experment under modiated grouh condions weLPTAES BOTTD 2 ded b deea | O e
have found only little influence of different substrate misori- 9 9 gy '

entation, i.e., a varying number of steps, on the final degreals;o the capability of the epitaxial film to homogeneous ac-

' 5335 . . Eomodation of increasing lateral strain is getting used up.
of ordering.™*" These observations support our view of arpe response of the lattice consists in strain relief by forming
rather secondary role of steps in the ordering formation. 5 quasiperiodic structure modulatiBf#2667The sicces-

On the other hand, the mismatch in the ternary systenje accommodation of islands follows the strain distribution
between GaP and GaAs and between InP and GaAs appedfat develops at the vapor-solid interface. This is likely as-
to be of considerable importance in the overall structurakociated with lateral diffusion gradients which additionally
organization. In continuous growth, this misfit is widely force the segregation of the as-deposited group-lll atoms.
strain-balanced on a macroscopic scale due to random inteThe contribution of strain in the structure formation process
mixing of both species. During layer-by-layer growth, how- is indicated by several microscopic observations, such as the
ever, it should increasingly influence the fundamental reconmaximum contrast amplitude of the modulaltion%imlTl)
struction when the elementary layer thickness approaches rather than in thg002 dark-field, the detection of curved
=1 and higher. Our assertion is that the development of thetrain contrast contours inside the GaAs intermediate layers,
structural modulation discussed below is an additional reasoand the observation of a rippling of uncapped plan surfaces
for the reduction of ordering with increasing monolayer by atomic-force microscopy.
thickness per deposition cycle. Another aspect concerns the relaxational behavior of

strained layers when new surfaces are introduced during
thin-film preparation as needed for TE¥I®®5°The surface
relaxation generates lattice distortions by shear strains in the
B. Lateral structure modulation (001 plane(cross-sectional vieyy and in the bk0) planes
The reversal around=1 in the tendency to order almost (plan view, so that th? electron microscopic thm;sample
coincides with the appearance of the strain-induced modulLontrast of the modulation columns also contains diffraction

tion pattern that is maintained up to ultimate monolayercontraSt resulting from lattice plane bending due to near-

thicknesses in the range 1.6—1.7 ML’s. Comparable one- anaurf_a_ce relaxa_tio_n. In our samples, the amplitude of the com-
two-directional periodic modulations were reported by Sev_posmonal variation appears rather S"“‘?‘” as the analytical
eral authors for a number of highly strained epitaxial Iayermeasurements suggest. Therefore, the image contrast should

systems prepared using MBE and liquid-phase epitax;pe less affected by.composi'.[ional changes, i.e_., by direct
technique€:1911:36-47 Composition variations as large as changes in the atomic scattering factor, than by internal lat-

I Vona o detominas by o e Hsorons and et e sface raton e
microanalysis>*?~4> Models have been developed to ex- ture analpt'cél o %ano robe e er'mentsp sing plan-vie
plain the initiation of morphological and compositional u ytical x-ray P xpern using plan-view

modulations by a nucleation-based strain-induced lateral Orc_,amples.
dering (SILO) mechanisnf;!37:38 by stress-driven step-
bunphmg instabilitie§* or by cons[d_erlng the ela}sth defor- V. SUMMARY
mation and thermodynamic stability of an epitaxial layer
surface with atomic size differences and varying lattice pa- The electron microscopic results obtained in this present
rameters of the constituerfts:®’ work by studying particular double-multilayer samples of
The nominal misfit of GaP and InP of approximately (GalnP on GaAs provide direct information on the structural
+3.7% with respect to the GaAs substrate creates lateravolution during modulated epitaxial growth. The reported
tensile and compressive strains when matched to GaAs. Usguantitative determinations of the degree of Gu&iperlat-
ally, under conventional growth conditions and at appropri-tice ordering and its change with varying elementary depo-
ate growth temperatures and growth rates in the MOVPE oéition cycle are interpreted in close agreement with current
(Galn)P, coherent heterostructures of even macroscopic ditheoretical reconstruction models. They even show aspects
mension are formed with homogeneous strain distributiorof the ordering behavior not yet accounted for by theory. The
throughout the epilayers. The same seems true for small degree of superlattice ordering derived from electron
in the modulated-growth regime: The mismatch will partly diffraction analyses as well as from photoluminescence mea-
be accommodated as elastic strain energy and balanced dserements was found to increase until a maximum was
to the opposite sign of the strain in successive layers, partlyeached at layer thicknesses of the individual GaP and InP
compensated by vertical atomic exchange in the upper sudeposition layers of approximately 1 ML. An opposite trend
face layers. Apparently, when individual layers 0.9 ML thick could be followed when the layer thickness was increased
or more are deposited, it is tempting to suppose an increasifgeyondn~1. From these observations the conclusion was
tendency for the growth plane to roughening by coherentirawn that the ordering is governed by a growth surface
aggregation and islanding of the constituent species. Duringeconstruction in which extensive vertical atomic exchange
deposition of any new layer, the probablility increases thaprocesses are involved. In contrast to a continuous-growth
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