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The process of spontaneous lateral composition modulation in short-period InAs/AlAs superlattices has
been investigated by grazing-incidence x-ray diffraction. We have developed a theoretical description of x-ray
scattering from laterally modulated structures that makes it possible to determine the lateral composition
modulation directly without assuming any structure model. From experimental intensity distributions in recip-

rocal space we have determined the amplitudes of the modulation and its degree of periodicity and their
dependence on the number of superlattice periods. From the data it follows that the modulation process cannot
be explained by bunching of monolayer steps and most likely, it is caused by stress-driven morphological

instabilities of the growing surface.
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I. INTRODUCTION

Processes of self-organization during the epitaxial growth
of strained semiconductor heteroepitaxial systems represent
a possible route for fabricating semiconductor quantum wires
and dots (see Ref. 1, for a review). In a short-period super-
lattice grown nearly lattice-matched to a buffer layer under-
neath, such a process leads to a spontaneous modulation of
the thicknesses of individual layers. A series of works has
been devoted to a spontaneous modulation of InAs/AlAs
superlattices grown on InAlAs buffer layers on InP(001)
substrates.>”” Transmission electron microscopy (TEM) re-
vealed the dependence of the preferred modulation direction
on the average stress in the superlattice; superlattices de-
formed in compression exhibit the lateral modulation along
(100), while a deformation in tension leads to the modulation
nearly along (310).6%

Theoretical description of the modulation process is based
on two different models. If the crystallographic miscut of the
substrate surface is large (above 1 deg), the density of mono-
layer steps on the vicinal surface is large. In this case a
stress-induced bunching of the steps takes place' creating a
nearly periodic sequence of atomically flat terraces divided
by bunches of monolayer steps. The resulting modulation is
one-dimensional and the average direction of the bunches is
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always perpendicular to the azimuthal direction of the mis-
cut. If the miscut is small, the mean distance between the
neighboring monolayer steps is larger than the diffusion
length of the migrating adatoms. Then, the bunching process
does not occur and the spontaneous modulation of the layer
thicknesses is caused by a morphological instability of the
growing surface—the Asaro-Tiller-Grinfeld instability
(ATG).'® The direction of the modulation depends on the
anisotropy of the physical properties (elastic constants, sur-
face energy density) and usually a two-dimensional array of
bumps is observed as a result of the ATG process. Several
works have been published studying the ATG instability in
superlattices.''='* In these papers, a continuum model was
used based on a solution of a growth equation in a first-order
approximation, assuming very small amplitudes of the sur-
face corrugation. From the analysis of the stability of the
solution of this equation, critical wavelength L, of the sur-
face corrugation was found and its dependence on the mate-
rial constants (surface energy, diffusivity of the adatoms,
among others) was discussed.

In our previous works'3"!7 we have studied the structure
of modulated InAs/AlAs superlattices by high-resolution
x-ray scattering, namely by small-angle grazing-incidence
x-ray scattering (GISAXS) and grazing-incidence diffraction
(GID). In the case of samples with a large number of periods
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(about 100) grown on a substrate with a large miscut of
2.5 deg we have found that the laterally modulated structure
can be described as a result of bunching of monolayer steps.
A detailed comparison of measured data with numerical
simulations made it possible to determine the mean distances
between the monolayer steps on the interfaces of such a
modulated structure.

The aim of this paper is to study the onset of the modu-
lation process by investigating a series of samples with vari-
ous numbers of the periods, i.e., with various growth times.
We investigate InAs/AlAs superlattices grown on substrates
with nominally zero miscut; the superlattices are deformed in
tension. We use the GID method for this purpose and we
develop a theoretical description of x-ray scattering that
makes it possible to determine the degree of the lateral
modulation directly from the measured data without assum-
ing any structure model.

The paper is organized as follows. In Sec. II we present
the experimental data. In Sec. III we describe a theoretical
procedure for the calculation of diffracted intensity; in Sec.
IV we show a method of a direct analysis of experimental
data without any a priori assumed structure model. Sections
V and VI contain the analysis of experimental data.

II. EXPERIMENTAL RESULTS

We have investigated a series of four samples of
InAs/AlAs superlattices grown by molecular beam epitaxy
(MBE) on an InP(001) substrate covered by a 100 nm thick
InAlAs buffer layer; the substrate was prepared without any
nominal miscut. The samples have 2, 5, 10, and 20 superlat-
tice periods; the InAs and AlAs thicknesses were nominally
1.9 monolayers (mL) in all samples. The chemical composi-
tion of the buffer layer was chosen so that the superlattices
were slightly deformed in tension; for our samples, the criti-
cal thickness for plastic relaxation and creation of misfit dis-
locations is about 0.3 um, i.e., much larger than the super-
lattice thickness.!® The growth temperature was 535 °C and
the growth rate 0.5 mL/s. The details of the sample growth
are published elsewhere.®

The x-ray measurements have been carried out at the
beamline IDO1 of the European Synchrotron Radiation Fa-
cility (ESRF, Grenoble). For all samples, we have measured
the intensity distribution of the 400 and 040 diffraction in the
4.4, plane of the reciprocal space, i.e., parallel to the sample
surface, at q.=const. In order to enhance the surface sensi-
tivity of the scattering and suppress the substrate signal, the
angle of incidence of the primary beam was kept constant
a;=0.27 deg, i.e., just below the critical angle of total exter-
nal reflection (a,.=0.28 deg) for the wavelength used (A
=1.5468 A).

In Fig. 1 we show the reciprocal space maps of all
samples taken in diffraction 400, Fig. 2 compares the 400
and 040 reciprocal space maps of sample #20 (i.e., with 20
superlattice periods). In all cases except of the 2-period
sample, the intensity distributions exhibit two side maxima
in direction few degrees from [100] and [010] caused by the
periodicity of the composition modulation, in addition to the
central maximum (representing a coherent crystal truncation
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FIG. 1. The reciprocal space maps of sample #2—#20 of the
diffracted intensity measured in diffraction 400. The diffraction vec-
tor is parallel to the g,-axis, the numbers of the periods of the
superlattices are denoted in the maps.

rod). From Fig. 1 it follows that with the increasing number
of the superlattice periods, the intensity satellites are more
pronounced, so that the lateral composition modulation be-
comes stronger. From the pair of the maps in 400 and 040
diffractions (Fig. 2) it follows that the sample is laterally
modulated in two orthogonal directions making the angle of
about (12+3) deg with (100) directions, i.e., (6+3) deg with

the directions [310] and [130]. Similar modulation was
found previously for superlattices deformed in tension.>® In
these works, however, the two modulation directions [310]
and [130] were nonhogonal. The reason for this difference is
not clear up to now, it might be caused by the fact that the
samples in Refs. 6 and 8 have more than a hundred of peri-
ods. A more detailed analysis of the measured maps are pre-
sented in Sec. V.

III. THEORETICAL DESCRIPTION

In this section, we derive formulas describing the distri-
bution of the diffracted intensity in a reciprocal plane (g,g,),
i.e., g,=const parallel to the sample surface. Since, in a
grazing-incidence geometry, both the incidence angle «; and
the exit angle ay of the radiation are small, the vertical co-
ordinate g, of this reciprocal plane is much smaller than the
distance Ag,=2m/D of the superlattice satellites (D is the
superlattice period). Therefore, for the purpose of the inten-

o \_\7,0\"-.‘ 400 \_\30\'-.f 040
— - e ey s
T o0 L; / 5 4
< il 5
= 0.1 W\\ﬁ L

01 00 01 01 00 0.1
q, (1/A) - [100]

FIG. 2. The reciprocal space maps of sample #20 of the dif-
fracted intensity measured in diffractions 400 and 040. The diffrac-
tion vectors are denoted by the arrows, the dotted lines represent the

directions [310] and [130].
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FIG. 3. The actual structure of a superlattice (a) is modeled by a
vertically homogeneous layer in (b), its chemical composition peri-
odically changes in a lateral direction.

sity calculation, the actual superlattice structure can be mod-
eled by a single, vertically homogeneous layer. In this model,
the lateral spontaneous modulation of the thicknesses of in-
dividual layers is represented by the lateral modulation of the
chemical composition of this averaged layer, as shown in
Fig. 3.

The amplitude of the wave scattered from the layer in a
point q=(g,.qy.q;) in reciprocal space is!

E(q) =AE Fme—iq.rme—ih.um’ (1)

where the summation is performed over the unit cells of the
layer, F,, is the structure factor of the unit cell in position r,,,
u,, is its displacement vector and h is the diffraction vector.
The position vector q in reciprocal space is q=Q—h, where
Q=K,-K; is the scattering vector, K, , are the wave vectors
of the incident and scattered beams, respectively. Deriving
Eq. (1) we have assumed the validity of the kinematical ap-
proximation and we have neglected the wave diffracted by
the substrate underneath.

We denote c,, the concentration on the In atoms in the unit
cell in position r,,; c={c,,) is the average In content in the
layer. In the layer assumed, the concentration c,, depends
only on the in-plane coordinates (x,,,y,,) and not on the po-
sition z,, in direction perpendicular to the surface. The dis-
placement vector u,, is defined with respect to the averaged
lattice of the layer corresponding to the mean In content c.
The structure factor F,, is

Fm= (1 _Ct71)FA1As+CmFlnAs= <F>(1 + ‘Scmg)’ &mz Cm—C,

where Foj5s and Fi s, are the structure factors of AlAs and
InAs, respectively, (F)=(1—-c)Fjas+cFas 1S the average
structure factor, and &=(Fias—Faias)/{F). In the following
we assume that the modulation of the structure factor due to
the chemical inhomogeneities is rather shallow, i.e., dc,,&
< 1. Then

Fy = (F)e™n. 2)

Assuming linear elasticity, the displacement vector u,, of
the mth unit cell can be expressed by the formula
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h- u, = 2 &nvmn’ (3)

where the function v,,, contains the elastic Green function.
Its form can be obtained by solving the equilibrium equation
of linear elasticity

Jo;
—E 4 f,=0, jk=x.z, (4)
&xk

where o, is the stress tensor and f; is the volume force
density proportional to the local concentration c,,= ¢(r,,) and
to the lattice mismatch between InAs and AlAs. The details
of the solution can be found elsewhere.'®!7-19

In this paper, we use a simplified form of function v,,,
neglecting the surface relaxation of internal stresses. In this
case, U,,,=U,,_, holds and the displacement vector u,, de-
pends on Xx,,=(x,,,y,,) only. From Egs. (1) and (3) we obtain
the following expression for the scattered amplitude

E(q) =A(F)S, e 14 exp(— i &p)

pm—n = vm—n + ig&mn’ (5)

O 18 the Kronecker delta.

In our model, the local concentration c,, is a random func-
tion of the in-plane position x,,. The distribution of the scat-
tered intensity in a plane g,=const averaged over a statistical
ensemble of all sets of random values dc,, is

I(qll) =B 2 e—iq.(xm—xm/)<exp|:_ 12 &n(pm—n

’
m,m

_pjn’—n):|>’ q = (qx’CIy)a (6)

where the constant B contains a ¢,-dependent term that is not
affected by the lateral modulation of the layer.

The averaging in Eq. (6) can performed using the cumu-
lant expansion as follows.?’ We define

<exp[— 12 &n(pm—n - p;’_n):| > = C_T’”_’”' (7)

and the function T can be expanded in the following cumu-
lant series

_ i ) o g
Tm—m’—_t=1 / Ko ( )
where K’(:_m, is the rth cumulant. Restricting the cumulant

series to the second cumulant only, we obtain

1y 1
Tm—m’ =~ EKfnzmr = _E 8n—n'(vm—n - Um’—n)(vm—n’ - Um’—n’)

’
nn

—2iRe 52 Enlm! —mn = |§|28m—m’

n

- Re(fz)so -2 Im('f)z EnUns (9)
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where &,,_,,=(5¢c,,6¢,,) is the correlation function of the
fluctuations of the chemical composition.

In the following, we replace the discrete sums by inte-
grals. The Fourier transformation of the function 7 is

TFT(qH) = f d*(x,, - x,,)T(x,, - xmr)e_iq”'(xm_"M’)

= 89(q)T. + Ty, (10)

the constant term

T.= f dzq/\\8FT(‘]/|\)[(WFT(‘]/”))2 —Re(&)]

appears only in a multiplicative pre-factor in the expression
for the scattered intensity, and

Tar(a) = - ™ (q)w ™ (qy) + &? (11)

is the Fourier transformation of the diffuse part Tg(x—x")
of the function T(x—x'). Here we have denoted wi(q))=
-ivfT(q))/a’, a is the averaged lateral lattice parameter of
the layer.

The scattered intensity can be divided into two parts. The
coherent part of the intensity is concentrated at the crystal
truncation rod, i.e., this part is proportional to 6?(q,). In the
following, we will deal with the diffuse part of the scattered
intensity

Lige(qy) = Vf d2XJdZX,e_iq'(X_X,)[e_Tdiff(X—X')_ 1],
(12)

where V is a constant containing exp(—T,). among others.
Equations (11) and (12) will be used for the intensity calcu-
lation.

The correlation function &, = &(X,,—X,,’) ={5¢,,5¢,,)
describes the random lateral modulation of the chemical
composition of the layer. If the modulation were completely
periodic, the correlation function could be expressed by
means of a Fourier series

8(X _ X,) — 2 SGeiG(x—x'),
G

where G are the vectors of a lattice reciprocal to the two-
dimensional lattice of the composition modulation. In reality,
the lateral modulation is not exactly periodic and it creates a
disordered two-dimensional grid. Let us assume now that the
lattice parameter 277/ L of this reciprocal lattice is randomly
distributed (L is the period of the lateral composition modu-
lation). Then the correlation function can be postulated in the
form

e(x—-x')= 2 egxg(x - x'), (13)
G

where  x¢(x)=Jd’G'f(G")exp(iG'-x) is the two-
dimensional characteristic function of the random variable
G’ and f(G’) is it’s distribution function around the recip-
rocal lattice point G. Then the Fourier transformation &"(q;)
of the correlation function equals:
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FIG. 4. The imaginary part of function vFT(q,) calculated in
diffraction 400; the direction of the diffraction vector h is denoted.
The step of the contours is 10%!, the positive (negative) lobe of the
function is denoted by +(—).

e (q) =472 eafcla)-
G

Since the distribution function f(G') is normalized the in-
tegrated intensity of the Gth satellite of Fourier transforma-
tion £"T(q;) does not depend on the degree of periodicity of
the composition modulation and it equals 47&¢. This inte-
grated intensity is proportional to the product of the satellite
height C with its full width at half maximum (FWHM) &q.
The explicit formula for the function v,,, occurring in the
expression of the displacement field in Eq. (3) is complicated
even for a material with cubic symmetry; however, a simple

formula exists for its Fourier transformation:2!

hiq ]
|| jexy Caat H(q;))2

x{1+

Here ¢, c2,cq4 are the elastic constants of a cubic material
(in the 6 X 6 notation; we neglect the dependence of the elas-
tic constants on the chemical composition), A is the lattice
mismatch of pure InAs with respect of AlAs, a is the aver-
aged in-plane lattice constant, q;-’=q i lql,  j=x.y,
h=(h,,h,,0) is the diffraction vector parallel to the sample
surface, and H=c|;—cy—2cy4 is the elastic anisotropy factor
(H=0 for an elastically isotropic continuum). Function
vFT(q,) is purely imaginary and antisymmetric [vFT(-q))=
—vfT(q)]. Figure 4 shows the imaginary part of this function
calculated in diffraction 400 (diffraction vector h parallel to
the ¢, axis).

As an example, we calculate the functions &£T(q,),
THi(q,) and the resulting intensity distribution Ig(q,). We
assume that the lateral inhomogeneities of the chemical com-
position create a disordered square lattice with the mean lat-
tice parameter (L)=340 A, the distance L was assumed ran-
domly distributed with the Gamma distribution. Figure 5
shows the function Fourier transformation of the correlation

A
v (q) = —ia*—(cy, + 2012){ >

D CiotCuy

0
Jj=x,y Cyq + H(C]J)Z

-1
(q?)z} : (14)
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FIG. 5. The Fourier transformation &'(q;) of the correlation
function of the lateral modulation (a) (the central &-like peak is not
shown), the Fourier transformation TdFinf(q”) of the diffuse part of
function T(x—x") (b) and the resulting diffusely scattered intensity
Lire(q)) (c). In panel (d), a cut of Iy along ¢, axis is plotted. The
calculation has been performed for diffraction 400, the diffraction
vector h is parallel to the axis g¢,.

function &, the Fourier transformation of Ty;;(x—x"), and the
corresponding intensity distribution I4(qy). In the correla-
tion function in Fig. 5(a) we have neglected the central peak
at q;=0, since it has no influence on the shape of the result-
ing intensity distribution. The lateral modulation creates a
disordered lattice along [100] and [010] creating only four
satellites of the first order in the map of £"T(q,); higher sat-
ellites disappear due to the disorder. The function wf(qy)
consists in two lobes (see Fig. 4) separated by a line of zero
values (nodal line) perpendicular to h; therefore, in the func-
tion Th(q,) only the satellite maxima lying along [100] are
visible—see Fig. 5(d) (i.e., in the direction parallel to h). The
other two satellites are suppressed since they lie in the nodal
line of wfT. This is also the reason, why the resulting inten-
sity distribution in Fig. 5(c) is elongated parallel to h. The
function T’} is a coherent superposition of the antisymmet-
ric function wtT with a constant factor . Since the two lobes
of wfT differ in sign, this superposition results in an asym-
metry of function 7% [Fig. 5(b)] and consequently in an
asymmetric intensity distribution in Figs. 5(c) and 5(d).
Therefore, the asymmetry in the intensity distribution in the
radial direction (i.e., along h) is a consequence of the inter-
ference of a wave scattered from the deformation field with a
wave scattered from the inhomogeneities of the structure fac-
tor.

IV. DIRECT DETERMINATION OF THE CORRELATION
FUNCTION & FROM THE EXPERIMENTAL DATA

Formulas (11) and (12) make it possible to determine the
correlation function e(q,) directly from the measured data

PHYSICAL REVIEW B 72, 035313 (2005)

without assuming any particular form of the correlation func-
tion (x—x"). The procedure consists in the following steps:

1. We calculate the inverse Fourier transformation of the
intensity distribution /(q,,q,) =I(q,) (the Patterson function)

1

PX)=——7

X) 47

2. From the Patterson function we determine the diffuse
part Tg:(X) of the correlation function using the formula

d*qyl(q)e'drX. (15)

T4ir(X) = In[ P(X)] + const., (16)
where the constant is determined so that

lim Tdiff(X) =0.
X[

3. We calculate the Fourier transform

Thlq) = f X Ty X)e ¥ (17)

It is worthy to note that the resulting function Th(q,) is
real. Knowing this function, using Eq. (11) we can directly
determine £"7(q), since the function w¥T(q,) and the factor &
are known. The procedure fails in the points q;, where
|wFT(q))+&? is very small; this is the reason, why two dif-
fractions (400 and 040, for instance) are necessary in order to
reconstruct the correlation function £(q;). We demonstrate
the application of this method in the following section.

V. ANALYSIS OF MEASURED DATA

In this section we use the procedure described in the pre-
vious section to analyze the experimental data presented in
Sec. II. In the measured maps in Figs. 1 and 2 only the side
maxima lying on a line nearly parallel to h are visible. The
other pair of the maxima (on a line nearly perpendicular to h)
are suppressed, since the function |wFT(q,)+&? is rather
small here. The asymmetry of the maxima (the maximum at
q,<0 is larger than that for g, >0) is caused by the interfer-
ence of the contributions caused by the scattering from the
strain field and from the chemical contrast.

From the maps in Fig. 2 we have calculated the Patterson
function P(X), the correlation function T4;(X), and its Fou-
rier transformation 7% (q,) (Fig. 6). A direct calculation of
the correlation function £7(q,) from Tginf(q”) using Eq. (11)
is not possible, since the division of T%(q) by the function
|wFT(q))+&? introduces a very large error in the points g,
where this function is very small. However, in order to de-
termine the degree of lateral modulation and its change dur-
ing the superlattice growth, it is not necessary to extract
e"(q) from the measured data. Instead, we use the symmet-
ric part TEinf,Sym(qH) of Thi(qy), plotted in Fig. 6(f); the lateral
maxima of this function are nearly proportional to the
maxima of £7(q;). In Fig. 7 we have plotted the functions
Tg;ltjf,sym(q\\) of all samples, extracted along the lines crossing
the side maxima, with their fits by the pseudo-Voigt func-
tions. Figure 8 demonstrates the dependences of the inte-
grated amplitude Céq (i.e., the area below the first satellite
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FIG. 6. (Color online) The reciprocal space maps of sample #20
of the diffracted intensity measured in diffractions 400 (a), the real
part (b) and the imaginary part (c) of the Patterson function P(X),
the real part (d) and the imaginary part (e) of the function Ty;(X),
and the symmetric part of the function Tﬁinf,Sym(q”) (f). In (c) and
(e), the positive (negative) values are denoted by +(—); in the color
version they are denoted by red (blue) colors, respectively.

maximum in Tﬂﬂsym(qu)) and width &g of the satellites on
the number of superlattice periods, i.e., on the growth time.
A scaling behavior of dg clearly visible. On the other hand,
the period of the lateral modulation does not depend on the
number of superlattice periods and from the positions of the
lateral satellites the mean period of (L)=(267+15) A fol-
lows.

VI. DISCUSSION

During the growth of a strained short-period superlattice,
a spontaneous lateral modulation of the average chemical
composition occurs. From our measurements it follows that

FT .
Tm’_ym (arb. units)
e
D

-0.06 -0.04 -002 000 002 004 0.06
q,(WA)

FIG. 7. The linear scans of the functions Tginf,sym(QH) of samples
#2—#20 extracted along the line crossing the lateral intensity satel-
lites (dots) along with their fits by the pseudo-Voigt function (lines).
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FIG. 8. The scaling behavior of the heights C and widths dg of
the lateral satellites as functions of the number of the superlattice
periods. Instead of the satellite heights C, the integrated satellite
intensities Cdq are plotted.

the period of the modulation remains constant during the
growth, the modulation amplitude increases and the period-
icity of the modulation improves. The integrated amplitude
Cdq of the lateral satellites of Tginf’Sym is proportional to the
+1st Fourier coefficients of the correlation function &(x
—x")=(8c(x)Sc(x’)) of the local chemical composition. The
integrated amplitude increases with the number N of the pe-
riods, while the width 8g of the lateral satellites decreases
with N as N2, From this behavior it follows that the first
stages of the spontaneous modulation of the average chemi-
cal composition of a short-period super-lattice cannot be ex-
plained as a result of the bunching of monolayer steps at the
interfaces. In the case of the step-bunching, the lateral period
L of the modulation is always proportional to the mean num-
ber ng of the monolayer steps in a bunch, i.e., to the modu-
lation amplitude, so that the crystallographic miscut S
~ngal/L remains constant (a is the lattice parameter).’

The results of this work indicating that the modulation
period does not change with the number N of the superlattice
periods, is in contradiction to our previous works,'>™!7 where
we have found that the lateral composition modulation is
caused by bunching of monolayer steps. In those works,
however, we have investigated samples with a large inten-
tional substrate miscut, i.e., with a large density of mono-
layer steps on the vicinal substrate surface. The samples in in
those works exhibited the lateral composition modulation
only in one [100] direction close to the azimuthal miscut
direction, whereas two orthogonal modulation directions are
present in the samples in this paper. This finding agrees with
previously published results® showing that the actual direc-
tion of the lateral composition modulation is affected by the
miscut direction as well.

In our samples, the mechanism of the onset of the lateral
modulation must be different. Most likely, this behavior can
be ascribed to the Asaro-Tiller-Grinfeld instability,'® in
which the critical wavelength of the surface corrugation,

41yE
Lyii=—">5 1757 18
3 (1- ) (18)
depends on the stress o in the growing layer, its surface
energy 7y, the Young modulus E, and the Poisson ratio v.
During the growth, the amplitude of the critical-wavelength
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— according to Ref. [14]

Nk =4/4,,

0 1 1 i 1
0.00 0.01 0.02 0.03 0.04
k(AH

FIG. 9. The ratio n(k)=A,/A,_, of the amplitudes of the inter-
face corrugations at subsequent interfaces calculated for various
wave vectors k=2/L of the surface corrugations using the ATG
model (Ref. 10) and a multilayer model (Ref. 14). In the ATG
model, we have assumed an InAs layer growing on InP. The arrows
denote the critical wave vectors, corresponding to the critical wave-
lengths L.

corrugation increases faster than other corrugation compo-
nents and eventually, the only modulation period present on
the growing surface is L.

Using the numerical values of the material constants,?? we
obtain L;~200 A for a growing AlAs layer on InAs, and
L.w=380 A for InAs on AlAs. These values roughly corre-
spond to the obtained period L. In periodic multilayers, such
an instability was investigated theoretically in Ref. 14; using
this approach we obtain L;;=~200 A for our samples. From
this work it also follows that the predicted phases of the
neighboring interfaces are opposite indeed, as assumed in
our model in Fig. 3.

Using both theoretical models, one can calculate the
ratio 7(k)=A,/A,_, of the amplitudes of the interface modu-
lation of a given wave vector k=2/L, in two subsequent
interfaces of the same kind (InAs on AlAs, for instance). We
have carried out these calculations for our samples and the
results are in Fig. 9. The wave vector k, for which a maxi-
mum of 7(k) appears (arrows in Fig. 9) represents the critical
interface corrugation wavelength L;; within the ATG model
this wavelength is given by Eq. (18). In Refs. 10 and 14, the
surface development was investigated within a first-order ap-
proximation assuming very small amplitudes of the surface
corrugation. Then, the ratio # remains constant during the
growth and, therefore, the corrugation amplitude A, expo-
nentially increases. In reality, however, the limits of the first-
order approximation are reached after the deposition of few
superlattice periods, the exponential growth of the corruga-
tion is inhibited and eventually a constant modulation ampli-
tude is reached. Our structure model introduced in Fig. 3
assumes a constant corrugation amplitude; in order to ac-
count for a vertical profile of the modulation amplitude, we
ascribe the determined modulation amplitude Cdq to be pro-
portional to an weighted sum of the actual corrugation am-
plitudes
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N
!
> A, exp[- b(N - n)] ~ %VL,
n=1 Negr — 1

since A, ~ 77". The factor exp[-b(N—n)] accounts for x-ray
absorption (b>0) and 7.5=7exp(b). We have compared
this function with the measured data in Fig. 8 and we found
7.~0.9. Since the theoretical value of % for the critical
wavelength L is larger than unity (see Fig. 9), the linear
first-order approximation of the growth theory does not ap-
ply even in the very early stage of the growth.

In the theoretical description of the scattering process in
Sec. III we have made two simplifications that do not affect
the final results. Calculating the displacement field u,, in Eq.
(3), we have used a simplified form (14) of the function v,,,
neglecting the surface relaxation of internal stresses. Another
simplification consists in the assumption that the modulation
of the structure factor F is shallow; this allowed us to express
the structure factor in the form in Eq. (2). Both simplifica-
tions could influence the asymmetry for the intensities of the
lateral satellites and they also affect the value Cdg of the
modulation amplitude. However, in this paper we investigate
only the relative changes of the amplitude and these changes
remain unaffected by these simplifications. In order to deter-
mine the values of the modulation amplitude and not only its
relative changes, both assumptions should not be made. This
will be the subject of further investigations.

VII. SUMMARY

Using grazing-incidence x-ray diffraction, we have inves-
tigated the early stages of spontaneous lateral composition
modulation during epitaxial growth of short-period superlat-
tices InAs/AlAs on InP(001) substrates. From the analysis of
experimental data it follows that the period of the modulation
remains constant during the growth, while the modulation
amplitude increases and the periodicity of the modulation
improves. This behavior cannot be explained by bunching of
monolayer steps and the modulation process is explained by
the creation of periodic surface modulation (Asaro-Tiller-
Grinfeld instability). A scaling behavior was found for the
time evolution of the degree of periodicity of the composi-
tion modulation.
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