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Grazing-incidence x-ray scattering from stepped interfaces in AlAs/GaAs superlattices
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The features of surface and interface roughness in crystalline AlAs/GaAs superlattices grown by molecular
beam epitaxy on vicinal~001! GaAs substrates are studied by grazing-incidence x-ray scattering~GIXS!. The
effects of different growth modes@step-flow or two-dimensional-~2D-! nucleation#, different substrate prepa-
rations, and growth interruptions on the roughness are investigated. The results of GIXS are compared with
atomic force microscopy~AFM! images of sample surfaces. For samples grown in the step-flow mode, both of
the methods display a distinct anisotropy in the lateral size of roughness along the substrate miscut direction
and perpendicular to it. The lateral correlation lengths given by GIXS correspond to the size of step bunches
observed by AFM, while individual steps are resolved by AFM only. GIXS reveals also a strong interface-
interface correlation or inheritance of roughness for all the samples which is not accessible by AFM. Moreover,
the angle of inclination of the direction of this inheritance from the surface normal is found to be dependent on
the growth conditions. Two effects in the skew inheritance have been observed by means of 2D mapping of
GIXS in the reciprocal space:~i! in the direction of substrate miscut the angle of skew inheritance inverted its
sign, ~ii ! in the direction perpendicular to the miscut a strongly skew inheritance appeared as an effect of
growth interruptions. Conclusions concerning the improvement of GIXS experiments applied to the studies of
multilayers are derived.@S0163-1829~97!04839-X#
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I. INTRODUCTION

Interfaces in semiconductor multilayers are of a wi
practical interest since their quality directly affects the o
eration of microelectronic devices. However, many meth
of material science, like atomic force microscopy~AFM!,
reflection electron microscopy, or reflection high-ener
electron diffraction ~RHEED! probe the sample surfac
roughness only, providing no information about internal
terfaces. In the recent years nonspecular grazing-incide
x-ray scattering~GIXS! has proved to be a powerful tool fo
studying roughness phenomena, since it can deliver sta
cally averaged information about roughnesses of buried
terfaces and their correlations in multilayers.1–30

Originally, GIXS method was developed for cha
acteri- zation of the roughness of amorphous sampl1

Later on, it was also applied to crystallin
multilayers,4,7,9,10,14–16,21–23,25–30and some of these applica
tions revealed effects not observed for amorphous obje
Among these are a difference between GIXS measured a
the surface miscut direction and perpendicular
it,10,14,16,21,27–29an asymmetry of the GIXS pattern along th
miscut direction,10,16,21,28,29and the formation of periodic
peaks in transverse scans of GIXS.4,10,21,29These are clea
indications of specific features of roughness in multilaye
like atomic steps on vicinal interfaces,4,10,14 strain
relaxation,29 or skew roughness transfer betwe
interfaces.16,28 However, the relationship between GIXS pa
terns and interface morphology in crystals is still und
560163-1829/97/56~16!/10469~14!/$10.00
-
s

y

-
ce

ti-
-

.

ts.
ng

,

r

discussion.16 It is not completely understood as yet, how th
surface and interface morphology develops and how i
inherited from interface to interface. In the case of stron
strained layer systems it has been suggested that the inh
ance of the morphology is of thermodynamic rather th
kinetic origin.16 Such a mechanism is, however, not expec
to be effective for weakly strained systems like AlAs/GaA
Here the surface morphology is dominated by step bunch
~at least in the step-flow growth mode! which is mainly in-
fluenced by growth kinetics. The direction of inheritan
strongly deviates from the surface normal and behaves
peculiar way depending on the growth conditions.28 The
above phenomena urgently require detailed experimental
theoretical investigations.

In Sec. II we give a summary of the theory used for t
analysis of GIXS from crystalline multilayers. Special atte
tion is paid to the effect of steps on vicinal surfaces and o
skew roughness transfer in multilayers on GIXS.

In Sec. III the details of the sample preparation and
experimental techniques are described. Unlike most of
previous studies we applied a 2D mapping of GIXS in rec
rocal space. This enabled us to reveal several new eff
which, to our knowledge, had not been noticed before. AF
was also used in this study. The results obtained by b
methods are described in Sec. IV and compared and
cussed in Sec. V. We conclude with a summary of exp
mental evidence and some recommendations regarding
improvement of GIXS techniques applied to semiconduc
multilayers and other crystals.
10 469 © 1997 The American Physical Society
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II. THEORY

Nonspecular x-ray scattering from rough interfaces
caused by the fluctuationsDx(r) of material susceptibility in
the scattering object when materialA forming the interface
occurs in the place of materialB and vice versa. The mos
commonly used approach to calculate this effect in the lo
est order over the perturbationDx(r) is to apply the distorted
wave Born approximation~DWBA!.1,2,12,13,15,18,20The gen-
eral expression for the cross section of nonspecular x
scattering from a multilayer withN nonflat interfaces is

ds

dV
5

Sk4

16p2 (
n,n851

N

(
i ,i 85r ,t

(
j , j 85r ,t

Cni jCn8 i 8 j 8
*

qzni jqzn8 i 8 j 8
*

3E d2r @eqzni jqzn8 i 8 j 8
* Knn8~r!21#e2 iqir. ~1!

Here

Cni j5Dx0
nDni

inDn j
outeiqzni j zn2sn

2qzni j
2 /2, ~2!

the parametersDx0
n are the differences in the mean x-ra

susceptibilities of the two layers forming thenth interface;S
is the illuminated sample surface area;qni j5kni

in 1kn j
out is the

momentum transfer at scattering; and indicesz and i denote
the vector components perpendicular and along the surf
respectively. Finally,kni

in,out and Dni
in,out are the wave vectors

and the amplitudes, respectively, of transmitted (t) and re-
flected (r ) waves which are the solution to the specular
flection problem in multilayers for the real incident wavek0
~denoted as ‘‘in’’! and a virtual incident wave~‘‘out’’ ! which
is the inverted scattered waveks ~see Fig. 1!. Both the ‘‘in’’
and the ‘‘out’’ solutions correspond to flat interfaces and c
be given by the Parratt or Abeles methods.31,32 The param-
eterssn

25^dzn
2(0)&, andKnn8(r)5^dzn(0)dzn8(r)& are the

rms roughness and the correlation function of the interf
relief, respectively.

We consider the most widely used GIXS experime
where the scattered waves are analyzed as a function of

FIG. 1. Effects causing the asymmetry of grazing-incidence
ray scattering from multilayers:~i! steps at vicinal interfaces due t
a small misorientation angleum between interfaces and a crystall
graphic plane and~ii ! the skew inheritance of interfacial roughne
by the angleu. The other notations arek0, ks—wave vectors of
incident and scattered waves respectively,X— direction along
sample surface,Z—internal surface normal. For clarity, the vertic
scale is expanded relative to the horizontal scale.
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takeoff angle to the surface and integrated over their de
tions from the incidence plane. Then Eq.~1! is integrated
over the componentqy of the momentum transfer which i
perpendicular to the incidence plane:

ds

dV
5

Sk3

8p (
n,n851

N

(
i ,i 85r ,t

(
j , j 85r ,t

Cni jCn8 i 8 j 8
*

qzni jqzn8 i 8 j 8
*

3E
2`

1`

dx@eqzni jqzn8i 8 j 8
* Knn8~x!21#e2 iqxx. ~3!

As given by Eq.~3!, an asymmetry of the GIXS patter
with respect to6qx may appear solely due to an asymme
in the correlation functionKnn8(x) of the interface morphol-
ogy in the plane of incidence. For self-affine roughness
which is characteristic to amorphous materials the corre
tion functionKnn8(x) depends only on the distanceuxu be-
tween the two points. Thus, the GIXS pattern is always sy
metric.

As reported by several groups,10,14,16,21x-ray scattering
from crystalline multilayers can exhibit~a! anisotropy and
~b! asymmetry~polarity!. These results were observed f
vicinal surfaces with a small miscut angleum&1° from a
crystallographic plane. Interfaces of multilayers grown
such surfaces are not flat and consist of atomic steps and
bunches.33

The observed anisotropy was the difference betw
GIXS patterns taken with the incidence plane of x rays be
parallel and perpendicular to steps.10,14,16,21The asymmetry
~polarity! was observed when the plane of x-ray inciden
was directed along the miscut and crossed the steps. T
the GIXS pattern became asymmetric with respect to
right and left x-ray momentum transfersqx along the inter-
faces. When the plane of incidence was rotated by 180°,
asymmetry of GIXS was inverted and one could speak ab
polarity in this sense. This effect was observed for Si/
superlattices.10,16,21

The anisotropy effect does not require any special the
since GIXS experiments probe interface morphology in
incidence plane only. That means, the models of scatte
from isotropic roughness developed for amorphous obje
are applicable for each particular measurement. Contrar
that, the asymmetry effect is an indication of an asymme
in the correlation function. Thus, the derivation of asymm
ric Knn8(x) is the major aim of this section. Two differen
kinds of asymmetry can be assumed.

A. Skew roughness inheritance

First, a skew inheritance of interface morphology mig
take place at multilayer growth, i.e., the roughness featu
of the bottom interface are inherited by succeeding interfa
at some angleu to the interface normal~Fig. 1!. For instance,
the inheritance might be declined from the surface norm
towards the step-flow direction, as observed in Ref. 16
shown in Fig. 1. The inheritance along some crystallograp
axis might also become favorable.

In the case of the skew roughness transfer
interface-interface correlation function transforms

-
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Knn8(x) →Knn8@x2tanu(zn2zn8)#, wherezn are the coor-
dinates of interfaces~see Fig. 1!. With this function Eq.~3!
takes the form

ds

dV
5

Sk3

8p (
n,n8

(
i ,i 8

(
j , j 8

Cni jCn8 i 8 j 8
*

qzni jqzn8 i 8 j 8
*

e2 iqxtanu~zn2zn8!

3E
2`

1`

dx@eqzni j qzn8 i 8 j 8
* Knn8~x!21#e2 iqxx, ~4!

and the factor exp@2iqxtanu(zn2zn8)# in Eq. ~4! provides
the asymmetry of GIXS with respect to6qx . Equation~4! is
symmetric atqx50 and the asymmetry increases withuqxu.
In the case of a periodic multilayer with correlated interfa
roughness where x-ray scattering is bunched into reson
diffuse scattering~RDS! sheets parallel toqx axis and per-
pendicular to the specular rod,15,20 the skew roughness trans
fer causes a tilt of the sheets by the angleu around their
centers at the specular rod. In most of GIXS experime
qx!qz , and therefore only large anglesu*1 rad can be
detected. Therefore, for example, GIXS cannot reso
whether roughness is transferred along the surface norma
along the normal to a vicinal crystallographic plane, sin
the angle between them is small. The larger transfer an
which could be resolved might appear in step-flow gro
samples, or if the roughness were inherited in some o
crystallographic direction.

The numerical examples are not given here, because
of them will be presented in the experimental part. F
Knn8(x) we used the self-affine roughness model by Sin
et al.1 and the interface-interface correlations in the form
Ming et al.:9

Knn8~x!5s2exp@2~x/j!2h#exp~2uzn2zn8u/jz!. ~5!

Here h is a roughness exponent (0,h,1), determining
‘‘jaggedness’’ of roughness,j is the lateral correlation length
corresponding to a characteristic lateral size of roughn
andjz is the vertical correlation length for interface-interfa
roughness correlations. Atjz5` all the interfacial reliefs are
completely correlated~replicated! and atjz50 they are non-
correlated. Equation~5! neglects a different vertical correla
tion for roughness with small and great lateral size,11,20but it
does account for strong correlations observed in our exp
ment. The advantage of this function is that it makes cal
lations fast.

B. Asymmetric scattering from atomic steps

Another possible source of the asymmetry of GIXS is
atomic steps on vicinal interfaces of crystals~see Fig. 1!.
Since vicinal interfaces look different when they are illum
nated from the left and right sides, GIXS patterns can
different too. The scattering from stepped surfaces w
widely discussed for RHEED.37–41 Some of these result
have been used for x-ray scattering,4,10 however, without de-
tailed analysis. Alternatively, a study by Sinhaet al.14 pre-
dicted that~i! x-ray scattering from stepped interfaces pea
in the reciprocal space along the lineqx52qzum , which is
perpendicular to the surfaces of terraces between step~to
vicinal crystallographic plane!, and ~ii ! the GIXS pattern at
smallqxj!1 would be symmetric and given by a self-affin
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model of interface roughness. Indeed, an additional n
specular x-ray reflection peak at angleum was found in Ref.
42 for agglomeratedfacets on carefully prepared steppe
surfaces.

Our further consideration is confined to small roughne
whereqzs!1. Then, Eq.~3! reduces to

ds

dV
5

Sk3

8p (
n,n8

(
i ,i 8

(
j , j 8

Cni jCn8 i 8 j 8
* Knn8~qx!, ~6!

whereKnn8(qx)5*dxKnn8(x)exp(2iqxx) is a Fourier trans-
form of the correlation function. In addition, we assume th
the incidence and exit angles of x rays are larger than
critical angle for total external reflection, so that x-ray spec
lar reflection and refraction effects can be neglected. Th
we can putDnt

in,out51, Dnr
in,out50, qzntt[qz , and Eq.~6! fur-

ther reduces to the Born approximation:

ds

dV
5

Sk3

8p (
n,n8

Dx0
n~Dx0

n8!* e2qz
2
~sn

2
1s

n8
2

!/2

3eiqz~zn2zn8!Knn8~qx!. ~7!

Under the above simplifications, the correlation functi
Knn8(qx) can be taken in the forms obtained in Refs. 14 a
39 for x-ray scattering and RHEED from stepped interfac
respectively. The result of Ref. 14 is difficult for analysi
since it is expressed in terms of an infinite series of
correlation functions of individual steps. Therefore, we ta
the correlation function from Ref. 39, where a sum of t
series was found in a compact form. Some of previous GI
studies used this function too.4,10 After a few transformations
the result of Ref. 39 can be presented as

Knn8~qx!5
2Ann8

qx
2j

Re
@12P~qx!#@12H~qz!#

12P~qx!H~qz!
, ~8!

P~qx!5E
0

`

dLP~L !e2 iqxL, ~9!

H~qz!5 (
h52`

`

H~h!e2 iqzhd. ~10!

Here it is assumed that all interfaces have the same
distributions, andAnn8 is a factor describing interface
interface correlations of steps, which will be determin
later. The parametersd andj[^L& are the elementary ste
height and the mean terrace length, respectively.P(L) is a
probability per unit length for a terrace of lengthL, and
H(h) is a probability for a step of heighthd. These functions
are normalized as

E
0

`

dLP~L !51, (
h52`

`

H~h!51. ~11!

First, let us consider interfaces where all the steps
always in one direction and monoatomic. Then

H~h!5dh,1 , H~qz!5exp~2 iqzd!. ~12!
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10 472 56E. A. KONDRASHKINA et al.
Assuming a geometric staircase,P(L) and P(qx) can be
presented as43

P~L !5j21exp~2L/j!, P~qx!51/~11 iqxj!. ~13!

After the substitution of Eqs.~12! and ~13! into Eq. ~8!
and on the assumption of small roughness (qzd.qzs!1),
we obtain

Knn8
Mono

~qx!5
Ann8jqz

2d2

~qxj1qzd!21qz
4d4/4

. ~14!

The asymmetry of the GIXS pattern provided by the c
relation function~14! is qualitatively different from that for
skew roughness transfer. Here we have a shift of resona
sheets of GIXS towards negativeqx instead of their rotation
given by Eq.~4!. Thus, the two effects can be clearly disti
guished.

Sinced5umj, Eq. ~14! provides a peak of x-ray scatte
ing atqx52qzum , i.e., along the normal to terrace surface
This coincides with the prediction by Sinhaet al.14 and with
the observation of peaks in GIXS from vicinal surfaces
Refs. 4, 10, and 42. However, there were no such pe
observed in some other experiments10,16,21 and in our own
study. To explain this discrepancy, we have assumed
interfaces were not simple staircases and possessed ra
up and down fluctuations. Then, the correlation function m
be viewed as a sum of a self-affine part due to fluctuati
and the staircase part:

Knn8~qx!5Knn8
Affine

~qx!1Knn8
Steps

~qx!, ~15!

where, e.g., the Fourier-transform of the self-affine corre
tion function ~5! presumingh50.5 is

Knn8
Ming

~qx!5
2js2

~qxj!211
exp~2uzn2zn8u/jz!. ~16!

Proceeding to a continuous step distribution, the proba
ity distribution for step heights in the staircase part~8! can be
presented as

H~qz!5e2 iqzumj2qz
2s2

, ~17!

where s is the total rms roughness of interfaces and it
taken into account that the mean probability for steps to
up ~down! on the lateral scalej must provide the interface
shift in z direction byumj. Substituting Eq.~17! into Eq.~8!
and assuming again a geometric staircase~13!, we arrive at

Knn8
Steps

~qx!5
2jseff

2 qz
2Ann8

~qxj1qzumj!21qz
4seff

4
, ~18!

whereseff
2 5s21um

2 j2/2. If the fluctuations at the interface
are high, thens2@um

2 j2, and the peak given by Eq.~18! is
much broader than that given by Eq.~14!. In the range of
small qx it appears as an asymmetry of the GIXS patte
only.

At small qxj!1 Eqs. ~18! and ~16! possess a simila
structure, thus confirming the statement by Sinhaet al.14 that
the self-affine model of interface roughness can be applic
to GIXS from stepped interfaces at smallqx . Taking into
-
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account the similarity of the correlation functions, the fac
Ann8 is chosen in the formAnn8.ss

2exp(2uzn2zn8u/jz), where
ss

2 is a fitting parameter corresponding to an effective r
roughness of interfaces caused by atomic staircases.

C. Numerical procedures

Either of the above two models have been alternativ
applied to the analysis of our experimental data. For
skew roughness transfer model, the calculations were
formed using Eq.~4! with the correlation function in the
form of Eq. ~5!. For the alternative assumption of stepp
interfaces, Eq.~7! was used and the correlation function w
taken as a sum~15! of the self-affine~5! and the smoothed
steps~18! contributions, respectively, in order to smear t
peak alongqx52qzum given by the steps model and no
observed in our experiment.

Since the two models provide the two qualitatively diffe
ent types of GIXS patterns discussed above, we were ab
distinguish between them and it was found that our data w
only explained by the skew roughness transfer. Therefore
the calculations presented in the following sections are ba
on this model and here we discuss some details of the
merical procedures.

There is a practical problem that the computations w
Eq. ~4! are slow because it contains the six enclosed su
and the integral from the exponent, which in turn requires
expansion into the Taylor series.13 In view of the necessity to
simulate the huge amount of data in our study, some a
tional simplifications were implemented without any su
stantial loss of precision.

First, we proceeded to the small-roughness approxima
(qzs!1), i.e., the integral in Eq.~4! was replaced by the
Fourier transform of the correlation function like in Eq.~6!.
The latter one was tabulated once for different (qx ,h) and
the tabulated values were used in the calculations of GI
The application of the above approximation to our ca
(s.4 Å! had a minor effect on the shape of the calcula
GIXS patterns, which was the major parameter compa
with experiment. The intensity calculated with this appro
mation was;1.2 and;1.8 times lower than that given b
the original formula~4! for RDS-5 and RDS-8, respectively
However, that could be corrected.

Second, it was taken into account that the reflected am
tudes Dnr

in,out are small outside the angular range for to
external reflection. Therefore, the summation in Eq.~4! was
restricted by the terms containing the transmitted amplitu
Dnt

in,out only. This approximation is closer to the DWBA tha
the Born one@Eq. ~7!#, since it uses the amplitudesDnt

in,out

given by the Parratt equations and containing all the refr
tion effects in the layers. With this approximation, even t
Bragg-like peaks20 in GIXS are perfectly reproduced~these
are not seen on the patterns presented in Sec. IV becau
averaging over the experimental resolution!. Some devia-
tions of this method from the DWBA are naturally observ
for the Yoneda peaks at the critical angles for total exter
reflection. However, most of our experimental data went
der the experimental background at the Yoneda peaks;
few other cases the DWBA was applied.

Thus, the following formula was used in the majority
computations:
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TABLE I. The structures and growth conditions of samples 1–4. The AlAs/GaAs superlattices are grown on vicinal GaAs subs
molecular beam epitaxy. The surface miscut angles and directions are determined by x-ray diffraction. The buffer layer thickne
measured byin situ reflection high-energy electron diffraction. Buffer layer of sample 4 is grown as a single GaAs layer of 5000 Å a
additional 206 Å superlattice produced after 1800 s interruption and consisting of 1634 ML GaAs and 532ML GaAs grown with 60 s
interruptions. The parameters of superlattice samples are evaluated by simulating x-ray reflectivity curves. The surface rms rou
measured by atomic force microscopy.

Sample 1 2 3 4

GaAs ~001! substrate:
Surface miscut angle(°), 60.03 0.38 0.40 0.43 0.38
Deviation of miscut direction from~110! (°), 65 8 5 0 6
GaAs buffer layer thickness~Å! 1000 1000 2000 50001 206

Superlattice preparation:
Growth temperature (°C! 610 610 580 610
As4/Ga beam equivalent pressure ratio 12 15 17 7
Growth rate (mm/h! 0.5 0.5 0.5 0.5
Growth mode of GaAs layers step flow transitional 2D nucleation step flow
Growth interruptions after GaAs~s! 120 120

Superlattice parameters:
Number of periods of AlAs/GaAs 20 20 20 20
AlAs layer thickness~Å!, 60.5 156.0 153.5 160.0 154.2
GaAs layer thickness~Å!, 60.5 71.0 71.0 68.0 70.8
Surface oxide thickness~Å!, 61 18 15 15 12
Total rms roughness~Å!, 60.5 4.0 4.0 3.5 3.0
Surface rms roughness~Å!, 60.2 4.2 4.7 3.3 2.3
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ds

dV
5

Sk3

8p (
n,n8

CnttCn8t8t8
* e2 iqxtanu~zn2zn8!Knn8~qx!,

~19!

with Knn8(qx) being the Fourier transform of Eq.~5!. The
application of Eq.~19! provided about 30 times acceleratio
of calculations, as compared with Eq.~4!.

III. EXPERIMENT

A. Sample preparation

Four model samples of AlAs/GaAs superlattice we
grown by molecular beam epitaxy~MBE! on epiready GaAs
~001! substrates. Some important parameters of the gro
process are given in Table I.

In order to have similar initial stepped surfaces for t
growth, vicinal GaAs substrates having the same small an
of surface miscut of 0.40°60.03° from the~001! plane into
@110# direction were selected~as checked by x-ray diffrac
tion!. The deviation of surface miscut from@110# direction
did not exceed 8° for all the substrates, see Table I.

Before the deposition of 20 period AlAs/GaAs superl
tices GaAs buffer layers with different thicknesses~Table I!
were grown. The conditions for superlattice growth, i.e.,
As4-to-Ga beam equivalent pressure ratio~BEP! and the
growth temperature were chosen to provide different gro
modes. The samples 1 and 4 were grown in the step-fl
mode in the GaAs compound of the superlattice, whereas
growth mode of sample 3 was the 2D nucleation. The gro
mode of sample 2 was probably at a transition from the s
flow to 2D nucleation, due to a slightly increased BEP co
th

le

-

e

h
w
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h
p
-

pared to sample 1. An interruption of 120 s at the GaAs-
AlAs interface was applied during the growth of samples
and 4.

B. Methods

GIXS measurements from the samples were perform
using three different experimental setups. The first setup
a widely used conventional double-crystal diffractome
with a 1.5 kW x-ray tube, Ge~111! monochromator, slits on
the incident beam side, and analyzing slit in front of scin
lation detector. The adjustment of samples was implemen
with the help of an analyzer crystal, which was removed
measurements to achieve a higher intensity. The setup
lowed the measurements of both x-ray specular reflec
and diffuse scattering with the resolutions ofDqz50.0036
Å 21 andDqx50.0003qz .

The second type of experimental setup included a 12
rotating anode~Rigaku!, Ge~220! channel-cut monochro
mator, slits for the incident beam and a linear position s
sitive detector, PSD~Braun!, on the exit. The resolutions
wereDqz50.0010 Å21 andDqx50.0002qz . An advantage
of this setup is the possibility of rapid mapping of x-ra
scattering over a large area in the reciprocal space. Howe
there are some problems in the separation of high-inten
specular reflection and low-intensive diffuse scatterin
which are discussed in Sec. IV.

The most precise measurements of GIXS were perform
with synchrotron radiation at CEMO beamline o
HASYLAB, DESY, Hamburg.44 The setup included a
double-crystal Si~111! monochromator, slits for the inciden
beam, and a Si~111! crystal analyzer in front of a scintillation
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10 474 56E. A. KONDRASHKINA et al.
detector. The resolutions ofDqz50.0004 Å21 and
Dqx50.0001qz were achieved, which allowed the measu
ment of the intrinsic width of x-ray curves.

In the following sections these three experimental set
will be referred to as those with analyzing slit, with PSD a
with crystal-analyzer, respectively.

In all the experimental schemes x rays with the wa
length of CuKa1 radiation were used. The resolution inqy
direction was restricted only by millimeter slits leading to
effective integration overqy @see Eq.~3!#. Along with the
mapping of GIXS over a largeqxqz area in the reciproca
space, single transverseqx and longitudinalqz scans were
measured.

The x-ray measurements were performed in two dir
tions @110# and @1 1̄0# for all the samples, i.e., along th
direction of miscut and perpendicular to it. These directio
are denoted in Fig. 2 as AM and PM, respectively. So
measurements for samples 1 and 2 were also taken in
opposite directions,@ 1̄ 1̄0# and@ 1̄10#, in order to verify that
the peculiarities of curves and maps were not artificial.

In addition to the x-ray measurements, the surface m
phology of the samples was imaged in real space by ato
force microscopy. A commercial ambient air atomic for
microscope~Park Scientific Instruments! operating in con-
stant force contact mode was used. The images were
lected at a scan rate 10mm/s and line-by-line corrected t
account for the finite radius of curvature of the cylindric
piezos. The lateral and vertical resolution were 200 Å a
0.2 Å, respectively.

IV. RESULTS

A reciprocal space map of GIXS from sample 1 measu
with PSD is shown in Fig. 3~a! as being typical for all the
samples studied. The map exhibits a vertical streak of sp
lar reflected intensity with superlattice Bragg peaks on it a
a series of horizontal streaks corresponding to diffuse s
tering concentrated into resonance diffuse scattering she

The map in Fig. 3~a! consists of a series of PSD data lin
which are directed diagonally and serially shifted in the v
tical direction. Some of these data~the diagonal streaks
marked by arrows! exhibit artifacts occurring when the PS
was oversaturated by a high intensity in the low-order sup
lattice Bragg peaks. Then, the signal spreaded over the o
PSD channels producing the artificial strip. These artifa
can be partially suppressed by using a wirelike attenuato
front of those PSD channels which record the specularly
flected beam.

FIG. 2. Azimuthal orientation of the sample with respect
incident and exit x-ray waves when~a! x-ray scattering is measure
along the surface miscut~AM ! and step movement directions, an
~b! perpendicular to miscut~PM!. VectorNsurfacedenotes the exter
nal normal to the sample surface.
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The specular reflection curve corresponding to theqz sec-
tion of the map atqx50 is shown in Fig. 3~b!. It exhibits the
same set of superlattice Bragg peaks and a long hum
intensity due to a surface oxide layer. The mean slope of
curve withqz is determined by the average roughness of
surface and all interfaces. The thin line in Fig. 3~b! shows a
simulated curve calculated by the Parratt’s method31 with
regard to roughness. Fitted parameters of the superlat
such as the thicknesses of the AlAs and GaAs layers wi
one period, the thickness of surface oxide layer, and the t
root mean square~rms! roughness of the surface and th
interfaces are listed in Table I for all the samples. The AF
data for surface rms roughness are presented in Table
well. A small difference in absolute values of rms roughne
obtained by GIXS and AFM measurements arises most p
ably as a consequence of different areas for the data ave
ing in these methods.

As follows from Eq.~3!, the resonance diffuse scatterin
sheets observed in Fig. 3~a! indicate a strong vertical corre
lation of the roughness between the interfaces in
superlattice.15,20Further detailed information about the inte
facial roughness can be provided by the analysis of the
and shape of different RDS sheets. Figure 4 shows the
tailed maps of the fifth and the eighth RDS sheets. Th
were measured for sample 1 along the miscut directions
perpendicular to it using the setup with analyzing slit. T
maps measured in reverse directions~after azimuthal rotation
of the sample by 180°) exhibited mirrored features, as
pected. The maps in Figs. 3 and 4 are compressed in thqz
direction due to the different scales along theqx andqz axes.

First of all, the experimental maps in Fig. 4 exhibit ve
different qx widths of the RDS sheets measured in AM a
PM directions. This is an evidence for a strong anisotropy
lateral size of interfacial roughness~see Sec. II!. A largerqx
width of RDS indicates a smaller lateral correlation length

FIG. 3. Reciprocal space map of GIXS from sample 1,~a!, and
specular reflection curve corresponding toqz section of the map at
qx50, ~b!. The fifth and eighth RDS sheets are marked by numb
5 and 8, respectively. Arrows indicate artifacts due to P
crosstalk.
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FIG. 4. Reciprocal space maps of the fifth and the eighth RDS sheets for sample 1.~a!: 5AM, 8AM — results of x-ray measurements i
the direction along miscut and corresponding simulations,~b!: 5PM, 8PM — the same for direction perpendicular to miscut.
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roughness in the direction along the miscut than perpend
lar to it.

Another peculiarity of the RDS sheets in Fig. 4 is a sm
tilt in the qxqz plane, or the asymmetry of theqx sections of
RDS with respect to the central specular reflection peak~Fig.
5!. According to the theory described in Sec. II this kind
asymmetry of diffuse scattering is due to skew roughn
inheritance by successive interfaces.

Both the anisotropy and asymmetry effects are obser
for the other samples as well. The RDS maps for sample 2
and 4 are presented in Fig. 6. The maps of the eighth R
sheet for samples 3 and 4 are not shown because they d
provide any additional information.

In the first approximation the skew inheritance angle w
measured as the tilt angle of RDS in the figures taking i
account the difference in the scales ofqx and qz . The fol-
lowing convention was used for the signs of skew inhe
ance. For AM direction the ‘‘1 ’’ sign was assigned to the
skew angle when the roughness was inherited towards
step-flow direction, as taken from the literature16 and shown
in Fig. 1. In Fig. 2~a! this positive direction coincides with
@110#. For PM direction, where there is not such a cle
criteria, the skew angle was assigned positive when the
heritance was inclined towards@1 1̄0#, see Fig. 2~b!. The
measured skew angle values were taken as starting pa
u-
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eters for computer simulations of RDS sheets.
The simulations of GIXS were performed according

Eq. ~4! with the correlation function in the form~5!. The
fitted parameters were the lateral and vertical correlat
lengths, the roughness exponent~jaggedness!, and the skew
angle of roughness inheritance~see Table II!. An additional
parameter was the relative height ofcorrelatedroughness. It
was determined by comparing the intensities of measu
GIXS with corresponding theoretical cross sections cal
lated using the total rms roughness. The ratio of these
values was nearly the same for samples 1–3, while
sample 4 GIXS was weak and the ratio was about 6 tim
less. This corresponded to about 2.5 times lower rms of c
related roughness in the sample 4~see Fig. 5 and Table II!.

The determination of roughness parameters from GI
data is usually based on the fact that each of the parame
can be related to a particular feature of x-ray scattering p
tern. For example, the lateral and vertical correlation leng
are inversely proportional to the extension of RDS in rec
rocal space overqx andqz , respectively, while the value o
the roughness exponent determines the descent of GIXS
qx . Thus, different effects can be separated and prelimin
estimations of the correlation lengths can be obtained m
suring the half width of experimental RDS in the two dire
tions. However, when GIXS measurements are implemen
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10 476 56E. A. KONDRASHKINA et al.
with the analyzing slit, theirqz resolution can turn out to be
low, so that just the resolution itself, but not the correlati
length determines theqz half width of RDS. For example
estimating the vertical correlation length from th
qz-halfwidth of all experimental RDS sheets in Figs. 4, 6 o
can find a very small vertical correlation length of abo
500–900 Å in all the cases. That contradicts the presenc
high-order RDS sheets on the map of Fig. 3~a!, which indi-
cates a higher vertical correlation of roughness. Thus,
improvement of the resolution is required. This fact was
taken into account in many previous studies, where o
transverse scans providing sections of RDS at constanqz
were measured.

Using synchrotron radiation and the setup with analy
crystal, the resolution was improved and the intrinsic wid
of the RDS sheets was measured. In Fig. 7 longitudinal
transverse scans taken from sample 1 in the AM direc
across the fifth RDS sheet are presented. Here the mea
ments with conventional x-ray tube using an analyzing
and with synchrotron radiation using an analyzer crystal
compared. The half width of the longitudinal scan obtain
with the analyzer crystalDqz51023 Å 21 is two and a half
times larger than the resolution of the setup. The accu
value of the vertical correlation length determined from t

FIG. 5. Transverse scans through the fifth~a! and eighth~b!
RDS sheets for sample 1 and sample 4 measured in the dire
along miscut. Experimental and calculated curves are shown
solid and dotted lines, respectively. Dotted curves 1.1 and 1.2
respond to simulations using lateral correlation lengths of 1
Å and 2000 Å, respectively.
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curve amounts to 3000 Å. The vertical correlation leng
obtained from these high-resolution measurements are g
in Table II for all the samples.

As one can see in Fig. 7~b!, the transverseqx scans also
display a significant difference in their half width when me
sured either with an analyzing slit or with an analyzer cry
tal. The major reason for this is the influence ofqz resolution
on the width of qx sections. Since RDS sheets posses
crescent shape, the width of their lateral sections effectiv
increases when they are smeared due to lowqz resolution.
Thus, the disregard of theqz resolution of GIXS experimen
can result in underestimated lateral correlation lengths.

In view of this argumentation, the calculated maps
RDS sheets were averaged taking into account experime
resolution in bothqx and qz directions in order to compare
them with experimental data and to obtain the correct val
of lateral and vertical correlation lengths. The calculat
transverse scans were obtained as sections of averaged
culated RDS sheets. These sections were compared to
perimental transverse scans. Such a procedure gave la
correlation lengths which agree with AFM data~see Sec. V!.

The calculated averaged RDS sheets are shown for al
samples in Figs. 4, 6 along with the experimental data,
the fitted parameters are listed in Table II. The comparison
the qx sections of calculated averaged maps with the exp
mental curves for samples 1 and 4 is presented in Fig. 5
indicates their satisfactory agreement.

It should be mentioned that the fitting of the eighth RD
sheet of samples 1 and 2 indicates the presence of an a
tional component of interface roughness with a smaller
eral correlation length~see Figs. 4, 5, 6 and the lateral co
relation length 2 in Table II!. It could be attributed to an
increase of the lateral correlation length with the superlat
growth, since the higher-order sheets are formed by diff
scattering from a thicker probed surface layer.

The AFM images for all samples are displayed in Fig.
The surfaces of samples 1 and 3 show pronounced
bunches directed along@1 1̄0# ~Ga-terminatedA steps!.
These bunches are restricted in their elongation in perp
dicular @110# direction byB steps, As terminated. Beside
the A steps of sample 1@Fig. 8~a!# are smoother and mor
elongated, while for sample 3@Fig. 8~c!# they are rougher,
shorter, and resemble islands.

AFM images of sample 2@Figs. 8~b!, ~f!# do not show any
regular steps. However, on a larger length scale step bun
with a strong anisotropy of the shape can be observed@Fig.
8~f!#. For sample 4 GIXS indicates the smallest height
total and correlated roughness. This is also reflected in
AFM images@Fig. 8~d!, ~h!# which show a very small sur
face roughness of only 2.3 Å. Nevertheless, anisotropic
lief, resembling steps, can be resolved@Fig. 8~d!#, and on a
larger length scale@Fig. 8~h!# some step bunches can be d
tinguished.

The lateral correlation lengths obtained by GIXS are
dicated as bars on all AFM images of samples 1–4 in Fig
It can be seen that x-ray and AFM data are in good agr
ment.

V. DISCUSSION

We have demonstrated that both the morphology of
vicinal surface of the substrate and the conditions of M

ion
y
r-
0
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FIG. 6. Reciprocal space maps of the fifth and the eighth RDS sheets for sample 2 —~a!,~b!, and the fifth RDS sheet for sample 3 —
~c!,~d!, and sample 4 —~e!,~f!. 5AM, 8AM — results of x-ray measurements in the direction along miscut and corresponding simula
5PM, 8PM — the same for direction perpendicular to miscut.u is the angle of skew roughness inheritance.
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growth influence the roughness of interfaces in AlAs/Ga
superlattices. In this section we will discuss this influence
more detail.

A. Roughness height

The magnitude of surface and interfacial roughness, fo
by GIXS measurements, is dependent on the quality of
initial surface prepared for superlattice growth. Since s
strates are always roughened by pits and other def
formed during oxide desorption preceding superlatt
growth,33,36 buffer layers are grown in order to improve th
surface quality. It was shown previously33,36 that buffer lay-
ers grown at proper conditions~step flow mode! exhibit
smooth surfaces with step arrays and large-scale latera
dulations~step bunches! after approximately 750 Å depos
tion. The increase in the buffer layer thickness can lead
smoother surfaces,36,45although above 2000 Å a roughenin
can reappear. In consistency with these results, the incr
s
n

d
e
-
ts

e

n-

to

se

in the buffer layer thickness from 1000 Å to 2000 Å in o
experiment results in smoother surfaces and interfaces o
superlattices, as proven by the reduced rms roughnes
interfaces measured by GIXS and the surface rms rough
given by AFM ~see Table I!.

It is also known that a post-growth annealing at grow
temperature can essentially influence the surface rough
of the buffer layer.33,35,36The smoothing of surfaces due t
surface diffusion was found by Smithet al.35,36 Annealed
surfaces exhibited a lower step density and smoother la
scale undulations of roughness, although the monolayer s
edges became more irregular. Heyet al.33 observed that the
post-growth annealing at growth temperature~under arsenic
flux! drastically changed the width distribution of as-grow
step terraces. Prolonged annealing caused destruction o
regularity of as-grown step systems.

Our results confirm the smoothing of interfaces due
growth interruptions. As measured by both GIXS and AF
the total rms roughness of surface and interfaces decre
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TABLE II. The interfacial roughness parameters, i.e., lateral and vertical correlation lengths, roughness exponents, skew in
angles, and relative correlated rms roughness obtained from simulations of GIXS maps. GIXS measurements are performed for sa
in two sample azimuth directions: along and perpendicular to miscut. Along the miscut direction some samples exhibit two compo
roughness with different lateral and vertical correlation lengths marked as 1 and 2.

Sample 1 2 3 4

Along miscut: RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS-
Lateral correlation length 1~Å!, 6250 2000 2000 2500 2500 4000 4000 5000 5000
Lateral correlation length 2~Å!, 6250 1000 1000
Roughness exponent~jaggedness!, 60.1 0.8 0.8 0.8 0.7 0.9 0.9 0.9 0.9
Vertical correlation length 1~Å!, 6250 3000 3000 1500 1500 2000 2000 1000 1000
Vertical correlation length 2~Å!, 6250 3000 1000
Skew inheritance angle(°), 65 215 215 245 245 45 45 45 45
Relative correlated rms roughness~%! 100 100 100 100 100 100 40 40

Perpendicular to miscut: RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS-8 RDS-5 RDS
Lateral correlation length~Å!, 6250 4000 4000 7000 7000 3500 3500 6000 6000
Roughness exponent~jaggedness!, 60.1 0.8 0.7 0.9 0.8 0.9 0.9 0.9 0.9
Vertical correlation length~Å!, 6250 3000 3000 1500 1500 2000 2000 1000 1000
Skew inheritance angle(°), 65 8 8 75 75 10 10 50 50
Relative correlated rms roughness~%! 100 100 100 100 100 100 40 40
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when the superlattice is grown discontinuously on
multilayer buffer which is grown with growth interruption
~sample 4, Table I!. The effect is even stronger for the ve
tically correlated component of interfacial roughness. T
correlated roughness for a superlattice of the same samp
is 2.5 times smaller than in the other cases of a single bu
layer and continuous growth~Fig. 5 and Table II!. It indi-
cates that growth interruptions lead to a smoother surf
and that the correlated roughness of interfaces in supe
tices is to a greater extent a result of the morphology inh
itance from the buffer layer than the total roughness. As
will see in the next section, the correlated roughness in
case of step-flow mode corresponds to the step bunche
the surface and interfaces of the superlattices.

B. Surface and interface morphology

For all the samples GIXS and AFM exhibit an anisotro
of the surface and interface morphology related to the m
cut. The origin of this anisotropy is the stepped initial surfa
as the template for the superlattice growth. However,
characteristic feature can be strongly modified by differ
growth modes. The step-flow mode provides distinct s
bunches whereas 2D nucleation provides islands, differen
height and habitus, as confirmed by AFM images of sam
1 and 3@Figs. 8~a!, ~c!, ~e!, ~g!#, respectively. GIXS mea
surements also confirm this fact: the AM lateral correlat
length is 2 times smaller than the PM length for sample
grown in step-flow mode, while both the correlation lengt
are comparable for sample 3 grown in 2D nucleation mo
~see Table II!. Transitional mode of growth can preserve t
anisotropy. AM lateral correlation length is nearly 3 tim
smaller than PM length for sample 2, although the steps
no longer clearly resolved on the surface@Figs. 8~b!, ~f!#.

A further comparison of x-ray and AFM results revea
that the characteristic lateral correlation length, obtain
from GIXS, corresponds with the size of the step bunche
islands, but not with the width of the terraces for single ste
e
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FIG. 7. Longitudinal~a! and transverse~b! scans through the
fifth RDS sheet from sample 1 taken along the miscut direction
different experimental setups. Curves measured with a conventi
x-ray tube and analyzing slit are shown by dotted lines. Result
synchrotron measurements using a crystal analyzer are show
solid lines.
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FIG. 8. AFM images of GaAs surface of samples 1–4~subscribed in respective order!. ~a!–~d! Images of 131mm2 area;~e!–~h! images
of 333mm2 area. The directions along the miscut and perpendicular to it are shown by arrows for each image. Bars on the image
lateral correlation lengths given by GIXS.
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10 480 56E. A. KONDRASHKINA et al.
The lateral correlation lengths measured in the direct
along the miscut, 2000–5000 Å, are much larger than
width of terraces calculated for the nominal miscut angle a
the monostep height. The averaged terrace width is ab
400 Å for the samples with a miscut angle of about 0.4° a
the monosteps consisting of GaAs or AlAs bilayers with
height of about 2.8 Å.

Growth interruptions also strongly influence the surfa
and interface morphology. In line with the observations
lower step density35 and formation of rather large terraces33

at growth interruptions, our results show that discontinuo
growth leads to interfacial roughness with a larger late
correlation length in both along and perpendicular to mis
directions ~see Table II!. However, the vertical correlation
length becomes smaller. We will discuss this fact in the n
subsection. The growth interruptions also cause a stron
anisotropy of roughness due to the greater increase in
lateral correlation length perpendicular to the miscut dir
tion, than along the miscut, as observed by GIXS~see Table
II !. This result is consistent with the observations by Sm
et al.35 that annealed surfaces show a larger step spacing
a longer size of steps in the direction perpendicular to m
cut.

C. Roughness inheritance

In contrast to AFM, x-ray diffuse scattering also provid
information about the roughness of buried interfaces and
correlation of the roughness between interfaces. The corr
tion of interfacial roughness in the vertical direction throu
the multilayer stack was strongly influenced by the mode
superlattice growth and the use of growth interruptions. T
vertical correlation length was less than the thickness of
whole superlattice~about 4400 Å! for all the samples. The
largest vertical correlation length of about 75% of the sup
lattice thickness was observed for sample 1 grown in
step-flow mode and without growth interruptions. A smal
length, about a half of superlattice thickness, was obtai
for sample 3 grown in the 2D nucleation mode and a
without growth interruptions. Growth interruptions signifi
cantly destroyed the vertical correlation of the interfac
roughness and resulted in the smallest vertical correla
length~about 25% of the superlattice thickness!, as observed
for samples 2 and 4. It is possible to conclude that conti
ous step-flow growth provides the best conditions for inh
itance of interface morphology~step bunches! by successive
interfaces, while the modification of the surface at grow
interruption breaks this progression at each AlAs-on-Ga
interface and decreases the extent of vertical correlatio
roughness.

For all the samples the inheritance of roughness by s
cessive interfaces in superlattices occurred in an inclined
rection with respect to the sample surface normal. As a c
sequence of the inclined inheritance of roughness, the R
sheets are tilted~see Figs. 4 and 6 and Sec. II!. The effect of
the skew roughness inheritance was observed previousl
other authors16,21 and was connected with a miscut of th
substrate. The direction of skew inheritance was found
coincide with the direction of step flow on growing vicin
surfaces.46 In our study we have found some different effec
~see Figs. 4, 6 and Table II!.
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First, a strong component of skew roughness inherita
was also observed in the direction perpendicular to the m
cut which together with a component along the miscut ga
inheritance in some intermediate direction. This effect a
peared due to the 120 s growth interruptions after each G
layer. For such samples, the PM component of roughn
transfer was characterized by very large skew angles
45°275°.

Second, negative skew angles of roughness inherita
are found in the direction along the miscut. This means t
the inclination of roughness transfer proceeds in the direc
opposite to the direction of step flow. This effect is observ
for sample 1 grown in the step-flow mode on thin buff
layer ~the highest total, surface, and correlated rms rou
ness!. The angle of negative transfer is small, but certain
above possible experimental errors. The perpendicular
miscut component of roughness inheritance for this samp
nearly zero. One possible explanation for the negative sk
angle could be such a large lateral transfer of step bunchein
the positive directionthat they could pass nearly the who
lateral correlation length. If the surface relief is periodic, t
cases of roughness transfer with large positive and sm
negative skew angles become equivalent. Some evidenc
the relief periodicity is observed for sample 1 as peaks
diffuse scattering in Fig. 5~shown by arrows!.

However, the very large negative skew angle is obser
for sample 2 grown on a similar rough surface to sample
but in a transitional growth mode@steps are not resolved o
AFM image in Fig. 8~b!# and with growth interruptions. In
addition, sample 2 exhibits the strongest component of
clined inheritance of roughness in the perpendicular-
miscut direction. The latter effect means that the annea
breaks the symmetry between@1 1̄0# and @ 1̄10# directions,
which is otherwise preserved~the symmetry between@110#
and@ 1̄ 1̄0# is broken by the miscut!. To our knowledge, the
only probable explanation for this effect could be a form
tion of some facets or roughness undulation with a prefer
crystallographic orientation other than the miscut directio
This could happen as a result of surface diffusion dur
growth interruptions. An indirect confirmation to this fact a
the observations of irregularly shaped step edges found
other authors33,35,34 on the surfaces of annealed or disco
tinuously grown samples. Finally, we would like to point o
that further systematic investigations are necessary to
vide a detailed model of the mechanisms that are respons
for skew roughness inheritance during epitaxial growth.

Our study, probably, exhausted the opportunities provid
by laboratory x-ray equipment. The experiments whi
would be desirable—obtaining direct information on t
shape of the correlation function using out-of-planes GI
measurements over a very wide range of momentum tra
fersqy ,17,47,48or determining the atomic ordering within th
roughness with GIXS near the grazing-incidence diffract
peaks,26 both require either a wiggler or a third-generatio
synchrotron radiation source.

VI. SUMMARY

The surface and interfacial roughness in AlAs/GaAs
perlattices grown by MBE on vicinal~001! GaAs substrates
have been studied depending upon different growth mod
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growth interruptions, and substrate preparation. The t
techniques applied to this study, the grazing-incidence x-
scattering and the atomic force microscopy, have b
shown to provide complementary information on the roug
ness.

The crucial parameter changing the morphology of s
face and interfaces of the superlattices grown on the s
strates with the same miscut angles was the growth mo
The samples grown in the step-flow mode exhibited s
bunching on the surface and interfaces possessing a st
azimuthalanisotropy. According to this, the lateral correla
tion length of roughness measured in the direction along
miscut was smaller than perpendicular to it. On the oth
hand, the sample grown in two-dimensional nucleation mo
exhibits no anisotropy of roughness.

It has been confirmed that surface and interfacial rou
ness of superlattices strongly depends on the substrate p
ration. The rms height of roughness decreased and the la
correlation length increased with the improvement of qua
of the buffer layer surface. This proves that the interfaces
the superlattices inherited the substrate morphology.

A strong asymmetry of interfacial roughness inheritan
has been observed via the asymmetry of GIXS. The theo
ical analysis has shown that this can be due to either a s
roughness inheritance in multilayers or the steps at vici
interfaces. In the former case each resonance sheet is
by the inclination angle, so that the sheets stay normal to
inheritance direction. In the latter case the whole GIXS p
tern lines up along the crystallographic direction normal
terraces at the vicinal interfaces. For all our samples
GIXS asymmetry has been found to be due to the skew
heritance of roughness and no asymmetry due to the ste
vicinal interfaces was evident.

It has been shown that growth interruptions smooth
interfaces, but drastically destroy the roughness inherita
in superlattices. The correlation of interfacial roughne
along the superlattice stack was much less for disconti
o
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ously grown samples. The first observation, to our know
edge, of the inclination of roughness inheritance in the dire
tion perpendicular to the miscut has been reported. Toge
with an inclination along the miscut it provided the inheri
ance in some intermediate direction. It has been sugge
that surface diffusion during growth interruptions results
the formation of some facets or roughness undulations wit
preferred crystallographic orientation. This breaks the sy
metry and provides a possibility of skew inheritance in th
direction other than the miscut one.

Another effect observed is the negative inclination ang
of roughness inheritance measured in the direction along
miscut. This effect has been found for the superlattic
grown on insufficiently smooth thin buffer layers. It was en
hanced by growth interruptions at the transitional mode
growth. We suppose that in this case as well the inherita
is in the positive direction of the step flow, but with a larg
angle, so that the steps could pass the whole lateral corr
tion length.

It has been found that the 2D mapping of GIXS in th
reciprocal space is urgently required for the characterizat
of roughness in multilayers. Theqx scans of GIXS used in
many previous studies may be fitted by incorrect lateral c
relation length of roughness, when the vertical intrins
width of the resonance sheets of GIXS is unknown. Theqx
scans drawn through the centers of the RDS sheet may
reveal the asymmetry caused by skew roughness inherita
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