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In this work we investigate the structural properties of symmetrically strai@dnAs/GaAs/GaPAs)/
GaAs superlattices by means of x-ray diffraction, reciprocal-space mapping, and x-ray reflectivity. The mul-
tilayers were grown by metalorganic vapor-phase epitaxy0@1) GaAs substrates intentionally off-oriented
towards one of the neare&t10 directions. High-resolution triple-crystal reciprocal-space maps recorded for
different azimuth angles in the vicinity of tH@04) Bragg diffraction clearly show a double periodicity of the
x-ray peak intensity that can be ascribed to a lateral and a vertical periodicity occurring parallel and perpen-
dicular to the growth surface. Moreover, from the intensity modulation of the satellite peaks, a lateral-strain
gradient within the epilayer unit cell is found, varying from a tensile to a compressive strain. Thus, the
substrate off-orientation promotes a lateral modulation of the layer thickonedsred interface roughngsand
of the lattice strain, giving rise to laterally ordered macrosteps. In this respect, contour maps of the specular
reflected beam in the vicinity of th@®00) reciprocal lattice point were recorded in order to inspect the vertical
and lateral interface roughness correlation. A semiquantitative analysis of our results shows that the interface
morphology and roughness is greatly influenced by the off-orientation angle and the lateral strain distribution.
Two mean spatial wavelengths can be determined, one corresponding exactly to the macrostep periodicity and
the other indicating a further interface waviness along the macrosteps. The same spatial periodicities were
found on the surface by atomic-force-microscopy images confirming the x-ray results and revealing a strong
vertical correlation of the interfaces up to the outer surff86163-1827)10407-9

[. INTRODUCTION (XDS). In addition, we used atomic-force microscopy
(AFM) to reveal the surface morphology. HRXRD and high-
The surface morphology of a growing film is mainly con- angle RSM measurements were employed in order to inves-
trolled by surface kinetic processes, i.e., nucleation, diffutigate the long-range ordering of the structures along the
sion, chemisorption, etc. Besides these processes, recamowth direction as well as in the interface plane and for
studies on strained structures revealed the fundamental rofvaluating the strain distribution within the superlattice unit
of the strain in determining the growth morphology.Fur-  cell. Low-angle RSM, XSR, and XDS measurements and
thermore, changes in surface roughness have been reportd&M images were recorded in order to investigate the inter-
as a function of the sign of the strain incorporated in theface and surface roughness of the superlattice and the rough-
material systems: a surface flattens under tensile strain whileess correlation among all the interfaces. Our results show a
it becomes rough under compressive stfaifhe discovery remarkably regular laterally periodic structure induced by a
of this relationship offered the possibility of tailoring the lateral modulation of the layer thickness and of the lattice
surface morphology of strained structures by changing thstrain. Moreover, a correlated interfacial roughness anisot-
incorporated strain. In fact, strained induced growth of lateratopy is present that depends on the misorientation of the
periodic strained superlattices has been already demonstratedbstrate and on the structural lateral organization of the
for symmetrically strained multilayef€ Moreover, sym- multilayer.
metrically strained multilayers form surface macrosteps if
grown on off-oriented substratés.
In this context, with this work we intend to give an accu-
rate structural description ofGalnAs/GaPAs symmetri- The samples were grown by MOVPE using a commercial
cally strained superlattices grown by metalorganic vaporsystem equipped with a horizontal reactéix 200, Aixtron
phase epitaxy(MOVPE) on a (001) GaAs substrate Corporation working at a pressure of 100 mbar for a growth
intentionally off-oriented towards one of the nearésit()  temperature of 650 °C. The standard precursors trimethylgal-
directions. In order to get a complete analysis of the struclium (TMGa), trimethylaluminium(TMAL1), and solution tri-
tural ordering of the investigated samples different x-raymethylindium(TMIn, Billiton precursor$ were used in com-
scattering methods were used: high-resolution x-ray diffrachination with AsH, and PH. The (00) GaAs substrates
tion (HRXRD), reciprocal-space mappingRSM), x-ray  were off-oriented towards one of the neardst0 directions
specular reflectivity(XSR), and x-ray diffuse scattering depending on the sample, as reported in Table I. The inves-

Il. EXPERIMENTAL DETAILS
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TABLE I. Nominal and x-ray determined values of the geometrical parameters of the investigated struc-
tures: No. is the number of periods,is the angle between surface normmahnd[001] direction, A is the
period of the superlattice along the growth direction. The tensile and compressive hominal strains within the
(GalnAs and G#&PAs) ternary compounds are given hys. The angleg is the angle between macrosteps
developing directiorr and the equivalent110 direction. The lateral periodicity is indicated ky. The
equivalent110 direction indicates the off-orientation direction of the substrate.

Nominal X ray
Sample No. «(deg A (nm) & a(deg A (nm) ¢ (deg L (nm) (110
A 50 1.7 21.4 +1072 25+05 20.70.3 48+1 33010 [017]
B 50 1 21.4 +1072 15+05 21.3:0.3 31*+1 264 6 [110]
C 50 2 21.4 +1072 3 =1 20.1+0.3 57+3 39030 [110]
D 50 4 21.4 +1072 6 *2 22.2-0.3 56+4 27030 [011]

tigated samples consisted of 50 periods of[@ nm the high-angle RSM the origin of the axes coincides with the
(GalnAs]/(1.7 nm GaAF[9 nm G4PA9 /(1.7 nm GaAs GaAq004 rlp and for the low-angle RSM the origin corre-
superlattice with various lattice straif§able ). The GaAs sponds to th¢000) rlp.
intralayers were deposited in order to avoid intermixing at Several important structural and geometrical parameters
the interface between the ternary compounds. A buffer layecan be determined by a careful analysis of the high-angle
composed of 10 periods ¢8 nm (AlGa)As]/(3 nm GaA$ RSM. The lattice periodicity along the surface normahs
superlattice was deposited before the growth of thewell as the lateral periodicity are related to the correspond-
multilayer. Further details about the growth procedure aréng average angular distances between satellkeg and
given in Ref. 10. Aw, respectively, by
The experimental setup for double-crystal x-ray diffrac-
tion measurement§HRXRD) and high-angle reciprocal-

space mappinggRSM) is equipped with a conventional A= &

3-kW generator and a fine focus Cu-tar¢€ti K« radiation siN(26)Aw

source. A four-crystal channel-cut G220 crystal is used as @
monochromator and collimator. The x-ray beam impinging Cog O\

on the sample surface has a divergence of 12 sec of arc and = sm(T)Aw,_

the wavelength dispersion is estimated to bex26 °. For

the high-angle reciprocal-space mappings a two-Crystalhere ) is the x-ray wavelength and is the kinematical
channel-cut G20 crystal is used as an analyzer. The dif- Bragg angle. The factog, is the direction cosine and the

fracted x-ray intensity is measured by a proportional Coumeéngleae is the angle between the crystal surface and diffrac-

(Philips MRD). tion plane. From the alignment of satellite peaks with respect

The low-angle contour maps together with the XSR and, he crystallographic axes any angle that occurs between
XDS measurements were performed by using a Philips-188{he req ‘structure of the epitaxial layer and the crystallo-
diffractometer equipped with a 3-kW generator. A Cu targely aphic axes can be determined, as will be demonstrated in
is used as x-ray sourd€u Ke radiation. The x-ray beam g v A.
incident on the'sample is collimated by a 1/30° slit. The Specular and off-speculdtongitudinal diffuse scanre-
reflected beam is collimated by a Soller slit and by 0.1-mMgectivity measurementéXSR) are intensity curves recorded
receiving slit located at a dlsta_nce of 100 mm from thepgiow and above the critical angle by a coupled sample de-
sample, fol!owed by a flat.graph|te mon_ochromator that resector »-26 movement, wherew=6+6,;.2%14 The offset
flects the diffracted beam into a proportional counter. — 5ngleq - is zero only for the specular reflectivity curve. This
_ The AFM images were obtained by using a Park Scienmeasyrement geometry allows a variation of the scattering
tific Instruments microscop€BD2-210 working in air at  yector mainly perpendicular to the sample surface plane and,
room temperature. A piezoelectric transducer eleniP&T ¢, this reason, is particularly indicated to probe the struc-
scanner with a maxmuryx—y extension(calibratedz dis-  { g ordering along the surface normal.
placement of 10x10 um® was used for the sample move-  1hg {ransverse scan or diffuse scattering measurement
ment and a SN, pyramidal tip of elastic constant 0.37 N/m (XDS) is performed by rocking only the sample around a
was employed to probe the samples surface. specular peak and keeping the detector position fi@#
fixed). In this case the variation of the scattering vector oc-
curs mainly in the sample surface plane. Therefore, trans-
verse scans are used to investigate the in-plane structure, i.e.,

Reciprocal-space maps are isointensity contour maps rehe structural ordering, parallel to the sample surface
corded around a reciprocal lattice poirp) and plotted in a order to determine the in-plane periodicltyfrom the XDS
two-dimensional projectioit For all the RSM reported in measurements, we reported each transverse scan recorded at
Sec. IV thex axis corresponds to tH®01] crystallographic  the detector positiofi26,)/2, in reciprocal-space coordinates
direction and they axis to one of thg110 directions. For (Q,,Q,) wherée'

lll. X-RAY SCATTERING METHODS
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TABLE Il. Nominal and x-ray determined values of the thicknessemd lattice mismatcla of sample
A. The x-ray values are obtained from the computer simulation of the experimental double-crystal HRXRD
pattern(Fig. 5 considering four subcellsee Fig. 4c)].

In,Ga, _,As GaAs GakR_,As, GaAs

InGa _,As GaAs Gak_,As, GaAs

s (107) | I
Nominal 1.00 0.00 -1.00 0.00 1.00 0.00 -1.00 0.00
X-ray 0.93 0.00 -1.29 0.00 0.96 0.00 -1.15 0.00
d (nm)
Nominal 9 1.7 9 1.7 9 1.7 9 1.7
X-ray 10.1 1.5 6.5 2.5 7.6 1.9 7.5 3.6
11 \Y
£ (1079
Nominal 1.00 0.00 -1.00 0.00 1.00 0.00 -1.00 0.00
X-ray 1.09 0.00 -1.19 0.00 1.18 0.00 -1.30 0.00
d (nm)
Nominal 9 1.7 9 1.7 9 1.7 9 1.7
X-ray 7.2 1.6 10.3 1.5 7.6 2.4 8.2 2.4

2(a) and 2b) the x-ray scattering geometry corresponds to

the sample oriented in such a way that the plane containing
@ the substrate miscut direction is parallel and perpendicular to

the diffraction plane, respectively. The measurement geom-
etries of Figs. 2a) and Zb) correspond to the azimuthal po-
sitionsW=7/2 rad and¥ =0 rad, respectively. In the follow-
ing, we will not specify the measurement geometry assuming
that all the figures marked witta) and (b) refer to Fig. Za)
and Fig. Zb), respectively, unless stated otherwise.

4
QZ:T sindycog w — by),

4 .
QXZT Sindgsin(w— 6;).

In this way, the separation between satellite peak®)) is
directly related to the lateral lattice periodicitiésby the
equation

_277

AQ=T ®

IV. EXPERIMENTAL RESULTS AND DATA ANALYSIS
A. HRXRD and high-angle RSM measurements

Strain and geometrical parameters of the investigated su-
perlattices were determined by means of HRXRD and RSM
measurements. In particular, the geometrical parameters have
been reported in Table | for all the samplés B, C, andD)
and the strain content of a representative multildgample
A) is analyzed in detai{Table II).

Figure 1 shows four HRXRD measurements recorded in
the vicinity of the(004) Bragg reflection in different azimuth
angles around the surface nornf#) for one sample, which
is off-oriented towards thg011] direction(sampleA). Each
profile contains the substrate pea®)(the buffer and cap
layer peak B), and the superlattice satellite pedksd;). The
zero order is apparently missing: in fact it coincides with the
substrate peak as expected for zero net strain structures.
However, the presence of a miscut induces very pronounced
differences of the diffraction profile recorded for different 10!
azimuth angles. Each superlattice satellite peak is composed
of several peaks whose number and relative intensity
changes with the azimuth angle. In order to understand this
behavior we performed high-angle RSM analyses around the F|G. 1. Double-crystal HRXRD patterns recorded on sample
(004) rlp in two main azimuthal orientations of the sample. in the vicinity of the (004 Bragg reflection for different azimuth

Figure 2 shows a schematic diagram of the measurememhglesW¥ (rotation around the surface normahamely,(a) ¥=0
geometry for two principal azimuthal orientations. In Figs.rad, (b) ¥==/2 rad,(c) Y= rad, and(d) ¥=—=/2 rad.

20 -10 0 10 20
6 (mrad)

20 .10 0 10 20
0 (mrad)
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0, (mrad)

(b)

FIG. 2. Schematic diagram of the measurement geometry for
two principal azimuthal orientations. The cagasand (b) refer to
the sample orientation where the plane containing the substrate mis-
cut direction is parallel and perpendicular to the diffraction plane,
respectively. The black stripes indicate the lateral periodicity.

8 ¢ (mrad)

Figure 3 shows the RSM'’s collected f#==/2 rad and
¥=0 rad, respectively. Our data show that if the sample is
oriented as in Fig. @), the experimental pattern contains the
diffraction peaks due to the periodicity along the growth
direction together with several laterally separated diffraction o (mrad)
spots, which can be attributed to a lateral perioditityThis

lateral periodigity disappears if.the'sample is rotatgdnl@ FIG. 3. High-angle RSM around th@04) rlp recorded on
around the azimuth as shown in FigbR Therefore, it fol-  sampleA for W=/2 rad (a) and =0 rad (b). Here, the azimuth
lows that the lateral periodic structure is oriented perpenganglesw=m/2 rad and¥=0 rad correspond to the measurement
dicular to the miscut direction. The line connecting the satyeometries of Figs.(@) and 2b), respectively. The contour levels
ellites peaks, due to the periodicity, is the actual surface inthe map(a) are at 2, 5, 8, 10, 25, 100, and 1000 counts/sec and in
normal (n). An angle a between the exadiD01] crystallo-  (b) are at 1.5, 3, 5, 10, 25, 50, 100, and 1000 counts/sec.
graphic direction and the surface normmaloccurs. On the _ ) )
contrary, the line connecting the lateral satellites peaks formB€aks is always equal and corresponds to the periodicity
an angles with the[001] direction. A schematic description A possible explan.auon of this multlp_le peak distribution is
of the map is given in Fig. @), where full and open circles that the actual unit cell can be considered to be formed by
correspond to vertical and lateral satellite peaks, respeJQur distinct subcells as depicted in Figlch This peculiar

: . : : onfiguration of the unit cell is also suggested by the results
T'r:'?:l?; -E‘?g) corresponding structure in the real space is showﬁf transmission electron microscopy analy§&8ach subcell

is characterized by a certain lattice strain and dimension
(layer thicknesgeven if the total thickness is always
Curveb in Fig. 5 shows the best simulation of the experi-

The laterally ordered thickness modulatigearface mac-
rostep$ induce a periodic strain modulation along one sur-
facg direction. The macrqsteps develop an_ng the direction yental profile obtained by using the dynamical theory of
which forms an anglep with the [011] direction. Here, for  y_ray diffraction for distorted crystal& The strain and thick-
reason of clarity the 1.9 nm thick GaAs intralayers at theness of each layer, as found from the simulation, are given in
interfaces are not shown. The values measured\fdr, @, Table II. The results of this simulation provide further fun-
and¢ are reported in Table | for all the investigated samplesdamental insight into the structure of the superlattice. The

The RSM shown in Fig. @) contains further information deformation within the epilayer unit cell changes laterally
about the actual structure of the sample. A complex hiddefrom a tensile(subcell ) to a compressive straisubcells I,
intensity distribution is observed around each Bragg satellit¢ll, and 1V). It is this lateral strain modulation which causes
peak. In order to show these fine structure in more detailthe appearance of the “in-plane” satellite peaks well ob-
double-crystal HRXRD measurements were performed foserved in the RSM of Fig. 3.
the same sample positig’=0 rad and almost in the same
angular rangdFig. 5. Each satellite peak is actually com- B. Low-angle RSM, XSR, and XDS measurements
posed of four peaks of different intensiffwo of them very In order to inspect the interface roughness and the rough-
close to each othgrThe angular distance between similar ness correlation among the multilayer interfaces we per-
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FIG. 5. Experimenta(a) and simulatedb) HRXRD profiles of
sampleA measured in the vicinity of th@04) rlp at =0 rad. The
() simulated curve has been obtained considering the unit cell struc-
ture of Fig. 4c) and the parameters given in Table II.

determined from the equispaced satellite peaks, coincides,
within the error, with the valuel() determined from the
high-angle RSM. The presence of higher-order diffuse satel-
éite peaks indicates that the laterally correlated interface mor-
phology is not pure sinusoid&.

FIG. 4. Schematic description of the multilayer structure in the
reciprocal spacéa) and in the real spac), respectively. The full
and open circles correspond to the vertical and lateral satellit

peaks.L and A are the lateral and vertical periodicitias,is the . . ;
surface normalr is the vector along the macrosteps developing If the sample is oriented with the macrosteps parallel to

direction, a is the angle between and the[001] direction, ¢ the  the Scattering plangFig. 6(b)] the intensity distribution de-
angle between and the[110] direction. The actual unit celt) of ~ Pends on the vertical correlation between the heterointerfaces

the heterostructure is formed by four distinct subcells. and on the lateral waviness along the macrosteps. Also in
this case, we recorded single transverse scans at difféxent
formed low-angle RSM, XSR, and XDS measurements orpositions, which are shown in Fig(ly) versus theQ, vector.
all the investigated samples. In this section we will focus ourTwo weak satellite peaks can be detected on both sides of the
attention on the experimental results of samplend we will  diffuse intensity that indicate the presence of a sinusoidal
analyze and discuss the obtained data in detail. waviness along the macrosteps. The mean spatial wavelength
Figures 6a) and @b) show the low-angle RSM measured of this roughness i&, =970+ 100 nm, as determined from
on sampléA in the vicinity of the(000) rlp for the azimuthal the distance between the satellites. Furthermore, the diffuse
orientations¥= /2 rad and¥=0 rad, respectively. A com- scattering is off-centered with respect to the specular peak,
parison between the two contour maps clearly indicates thidicating a vertical correlation direction slightly off-
strong anisotropy of the roughness distribution. If the sampleriented with respect to the growth directibht’ A good
is oriented with the macrosteps perpendicular to the scattemertical correlation between interfaces can be determined at
ing plane[Fig. 6(@)], the intensity distribution shows a ver- this azimuthal orientation if the specular and off-specular
tical periodicity (coincident withA) along the specular re- reflectivity curves shown in Fig. 8 are compared. In fact, the
flectivity direction (6,,=0 mrad and a lateral periodicity longitudinal scar(curveb) shows a diffuse pattern that con-
(L,) along each tranverse scan. The distribution of the diftains the same features of the specular reflectivity profile
fuse intensity contains information about the lateral correla{curvea).
tion between the steps and the vertical correlation between The structural analysis of the low-angle x-ray results can
the (GalnAs/GaPA9 interfaces:’~° In particular, the lat- be summarized as follows. The morphology of the roughness
eral correlation can be directly inspected by diffuse scatteren the growth surface is greatly influenced by the presence of
ing in tranverse scan measurements, while the vertical corréhe substrate miscut, i.e., by the strain-induced macrosteps.
lation is measured by recording longitudinal scajadf- In particular, the roughness is laterally strongly replicated
specular reflectivity measurementSeveral tranverse scans along the miscut direction following exactly the macrostep
corresponding to differen), values versus the in-plane distance. Actually, the roughness has a two-dimensional dis-
component of scattering vectoQ() are reported in Fig. tribution with a sinusoidal component also along the mac-
7(a). The lateral periodicityL ,= 320+ 20 nm), which can be rosteps. The two mean wavelengths of the roughness, as de-
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FIG. 7. XDS scans measured for differédy on sampleA for
the azimuthal orientationd’=7/2 rad(a) and V=0 rad(b). Here,
the azimuth anglesl==/2 rad and¥=0 rad correspond to the
measurement geometries of Figga)2and 2b), respectively. Pat-
tern (a) exhibits several satellite peaks caused by the lateral period-
icity.

40 80 120
26 (mrad)

FIG. 6. Low-angle RSM recorded on samplén the vicinity of
the (000 rlp for the azimuthal orientation®==/2 rad (@) and
V=0 rad (b). Here, the azimuth angleg==/2 rad and¥=0 rad
correspond to the measurement geometries of Figs.ahd 2b),
respectively. The contour levels for both maps are at 6, 12, 25, 50,
100, 200, 500, 1000, and 10 000 counts/sec.

termined from this structural analysis, are reported in Table
[ll on sampleA as well as on samplB.

Finally, we carefully investigated the surface morphology
of these two samples by atomic-force microscopy in order to

find any correlation occurring between surface and interface
structural ordering.

Log (Reflectivity)

@

C. AFM images |
The surface topography and morphological features of the ®)
samples were investigated by atomic-force microscopy. Fig- ey )
ure 9a) shows an AFM image of aX9-um? area of sample 0.00 0.02 004 006 008 010 0.12

A. The AFM micrograph has been corrected by means of a
calibration procedure using a reference #tich order to
eliminate any image distortion, which may be introduced [ g speculata) and off-speculatb) scans on sampla for
during the acquisition, e.g., caused by the nonlinearity and/ofe azimuthal orientatior =0 rad. The off-specular curve is mea-
memory effect of the PZT scanner. A periodic structure fromsyred at an offset angle of 4.4 mrad. Besides one peak belonging to
left to right is clearly visible in Fig. @), which is also evi-  the (AIGa)As/GaAs superlattice buffer layg26=0.067 rad the
denced by the presence along tkedirection of satellite  off-specular scan shows still a tiny memory of the specular peaks
peaks in the two-dimensional Fourier transfofiT) of the  measured in curva. This indicates the presence of a vertical cor-
image[see Fig. #)]. The presence of a surface periodicity relation among the interfaces of ti@alnAs/GaPAs multilayer.

2Theta (rad)
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TABLE Ill. The mean spatial wavelengttL, andL,) of the

interface and surface roughness as determined by XDS measure-

ments and atomic-force microscopy.

X-ray AFM
Sample Ly (nm) Ly (nm) Ly (nm) Ly (nm)
A 320+10 970+120 35020 108G-170
B 265+ 5 850+ 80 255+12 895+115

also in the other orthogonal directialy direction is not
immediately evident in the AFM image as well as in the
two-dimensional FT.

However, integrating the FT along the two orthogonal

directionsx andy, the curves of Fig. 10 are obtained and

P Y1 A B N FT integrated along
. ‘ ' the y direction

— FT integrated along

the x direction

15

10

Log (Intensity)

05F

Frequency (pm™)

FIG. 10. The Fourier transform, shown in Figh® integrated
along they direction(dotted curvg, and along the direction(solid

both clearly show the presence of satellite peaks. The I:-Eurve. The two curves are shifted with respect to each other in

integrated along thg direction (dotted curve exhibits only

order to evidence their particular features clearly. The dotted-line

two satellite peaks, indicated by the dotted arrow, in accoryow indicates the satellite peak of the dotted curve, which is at-

dance with a single periodicity along theaxis (L,). On the
other hand, the FT integrated along theirection (continu-
ous curve presents twairs of satellites peaks, indicated by

a)

6 3 0 3 6
x (pm')

FIG. 9. Undistorted AFM imagda) of a 9x9-um? area of

tributed to the periodicity along the direction. The solid curve
exhibits satellite peaks too, indicated by the solid-line arrows.

the solid-line arrows. The peaks close to the main maximum
are just the projection along the axis of L. This can be
easily explained by the fact that the fringes of Figa)%are

not exactly parallel to the direction. However, the other
pair of satellite peaks is actually due to a surface periodicity
along they direction (), which is less regular with respect
to that in thex direction and which is only slightly visible in
the AFM image[Fig. 9a)]. The lateral periodicitiet, and

L, measured from the integrated FT of the AFM images on
samplesA andB are reported in Table Ill together with the
mean wavelengths determined from low-angle x-ray results.
It should be noted that an excellent agreement between the
“internal” lateral periodicity of the superlattice measured by
XDS and RSM and the periodicity revealed on the samples
surface by AFM is obtained.

V. DISCUSSION

The successful growth of lateral superlattices on vicinal
substrates has been already reported for titéd,
fractional-laye! and serpentirfé superlattices. In these
cases, the lateral periodicitabout 10 nmhwas directly de-
termined by the monolayer steps occurring along the sub-
strate surface because of the miscut angle. Besides the miscut
of the substrate, the peculiarity of our structures is that the
superlattice is composed of highly strained layers of opposite
strain(tensile and compressiydn fact, from our experimen-
tal findings a much higher lateral period was measured, dem-
onstrating that the formation of the macrosteps cannot be
only attributed to the off-orientation of the substrate. A com-
bined effect has to be invoked in order to explain such a
large and regular periodicity. The second important result of
our analyses is the strain distribution found in the epilayer
unit cell (Table Il). The presence of multiple satellite peaks
in the HRXRD spectrgFig. 5 evidences the lateral strain
modulation within the cell going from a tensile strain in the
subcell I to compressive strains in the subcells |1, Ill, and IV.

sampleA, corrected by calibration procedure using a reference gridThis epilayer unit cell is repeated periodically with a lateral

The Fourier transforntb) of the AFM image.

periodicity of about 200—300 nm in correspondence to the



55 STRUCTURAL ORDERING AND INTERFAE . .. 5283

macrostep distance. Consequently, an irregularly shaped pe- VI. CONCLUSIONS
riodic profile of the interface is expected, as the roughness
depends on the sign of the str&im fact, our data reveal the
presence of a laterally correlated interface roughness with
mean spatial wavelength exactly equal to the macrostep p
riodicity and with a nonsinusoidal shape of the profile. The
interface profile is more reguldsinusoidal as found from
the measurements performed when the sample is orient
with the macrosteps lying parallel to the scattering plane. o . ; .
Therefore, this semiquantitative analysis of our data give§iC Within the epilayer unit cell, our data show a characteris-

already evidence of a close relationship between the interface lateral distribution of the strain going from tensile to com-

profile and the strain distribution. In order to obtain a bettert c>ov e deformation zones. Therefore, a periodic lateral de-

understanding of this relationship and to clarify the experi—formatlon with a mean distance of few hundreds of a

mental evidences, further work is necessary. In particular, $:§okmztg (rgr?;lr o;‘etgpsresgfnge?gf;;i ngrré?;fergacfwo-
correct simulation the XSR, XDS, and low-angle RSM mea- im%nsional rouyhness with a spatial )\/Navelen th corre-
surements is required in order to determine the correlatioﬁj g P g

function that best describes the roughness profile of the dh@pondlng exa_ctly o the macrosteps distance and, in addition,
ferent interfaces and to draw the actual shape of the ma inother spatial wavelength along the macrosteps. Further-

Finally, the AFM data and the low-angle x-ray results P 9 P '

summarized in Table Ill allow us to draw a further important
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odicity along the growth direction we found a strained-
'Hduced reorganization of the multilayers that results in a
Ighly periodic lateral structuréequispaced macrosteps
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