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Scattering of X-rays in GaAs/AlAs short-periodic superlattices
(SL) is studied by high-resolution diffractometry. The diffraction
parameters and characteristics of SL, i.e., the thickness of separate
lattices and the level of their deformation, are determined by
fitting the calculated diffraction curves to experimental ones. The
semikinematic theory of X-ray scattering was used in calculations.
Relatively high crystal coherence and structure perfection of the
neighbor layers are established to occur despite the high level of
elastic deformation in every layer.

Introduction

In recent years, a considerable attention was paid
to the study of properties of quantum dimensional
SL GaAs/AlAs, which is related to the perspective
of their practical use, in particular in devices of
optoelectronics. In this aspect, of great importance
is the information on the structure of these objects
concerning the planarity of the boundaries of layers
the uniformity of the thickness of layers, the diffusion
processes on boundaries, impurities and microdefects in
periodic structures. All these structural imperfections
influence the electrophysical and optical characteristics
of SL to a significant extent.

The most sensitive and informative method of
nondestructive study of a real structure of SL is high-
resolution X-ray diffractometry [1—3]. In this approach,
the diffraction of X-rays on structures, in which the
lattice constant or scattering intensity is modulated
along one of the coordinates, is characterized by the
presence of satellites near the Bragg peak of an averaged
lattice [4, 5]. The scattering intensity of X-rays which
can be characterized by satellite peaks is proportional
to the Fourier-components of the coordinate-dependent
modulation of the system composition [6]. Therefore,
the mutual diffusion of GaAs and AlAs in SL, e.g.,
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can be studied by measuring the intensity of satellites
as a function of the annealing duration at a constant
temperature [7]. In addition, a change in the width
of satellite peaks in the reciprocal space bears the
information on perfection of films and, in particular, on
coherence of layers of SL.

The goal of this work is to study the structural
defects, geometric parameters, and elastic state of
layers of short-periodic S GaAs/AlAs by methods of
high-resolution X-ray diffractometry. We compare the
experimentally derived curves of diffraction reflection
(CDR) with theoretically calculated ones (by using the
so-called semikinematic approximation of the theory
of scattering of X-rays [4] when the thicknesses of
separate layers of SL are small as compared with the
extinction length). The purpose of such a procedure
was a determination of the parameters of real SL,
their separate components, and the characteristics of
structural incommensurability in heteroboundaries.

Theoretical Foundation of the Method

In the calculation of X-ray diffraction patterns, the first
iteration of the Topin equation proposed in [8] is usually
used. X-ray scattering by a uniform epitaxial layer is
described with the following parameters: the thickness
t, Fourier coefficients of the crystal polarizability x,
stresses €, and the coefficient of absorption u. The main
characteristics of diffraction in an epitaxial layer with
thickness t are A, which is inversely proportional to the
extinction length, and the parameter Y defined by
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Here, A, ¥B, 70 and 73 stand for, respectively, the X-ray
wavelength, the Bragg angle for a substrate, and the
diffraction cosines for a primary and diffracted beams;
Aw is the value of deviation of the crystal from the Bragg
position.

Analyzing the reflectivity of real SL for the given
X-ray emission, it is necessary to consider mechanical
stresses (deformations) in the epitaxial film, because
they can be directly determined if the shape of CDR
is known. We denote the characteristics of the film
and substrate by indices f and s, respectively. The
difference of interplanar distances depends on a specific
deformation and an orientation of atomic planes Ad =
dy—ds. In elasticity theory, the above-mentioned stresses
(deformations) normal, €|, or parallel, €|, to the crystal
surface are defined by a relative change of interatomic
distances in the film and substrate:

Ad/ds = e, cos® ¥ + el sin? ¥, (3)

where U is the angle between the planes and the crystal
surface. The differential angle Aw equals

Aw =19 —9p +(5J_cos2\Il+5H sin? ¥) x
xtgp £ (€1 +¢)sin Wcos ¥, (4)

where ¢ is the incident angle for X-rays.

An arbitrary distribution of the stresses ¢ and the
structural factor F' of the epitaxial film over depth can
be represented by a discrete structure composed from N
sublayers. The normalized diffraction amplitude of this
structure reads

1/ Za,exp AY+<1>)]Sm(éi?'Yj), (5)

J

is the absorption

+
where a; = exp [ (;T%l:::l‘) Z t;

factor,an = 1,and ®; =2 Zi:l AiYi is the phase factor
such that ®; = 0.

Here, SL represents an arbitrary epitaxial layered
structure. In the simplest case, its period is formed by
two layers a and b. Each of them is characterized by its
thickness, stresses, structural factor, and the parameters
A and Y. The diffraction amplitude for an M-periodic
two-layer SL is [5]

_ . [0 » sin[M (A.Ys + ApYs)]
R T e TP R AT A R
where 8 = (M — 1)(AYs + 4AYs) + A.Y,, and

Fs = S0Ula¥e) 4 oxp[—i(4,Y, + ApY)]22%) can be
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considered as a structural factor for one period of SL.
The sine in the numerator of (6) becomes zero with
period Adys which is determined from the condition
M(AY,+ ApY,) = m. This factor describes the so-called
rapid pendular oscillations of the intensity on CDR. In
view of (1) and (2), we get

>‘|7h| (7)

A =
Im M(t, + ty) sin(20g)’

which allows us to determine the full thickness of the
superlattice T' = M (t, + tp)-

The sine in the denominator of (6) corresponds to
other (slower) oscillations of the scattering amplitudes
in registering a CDR. The zero positions of oscillations
are determined from the relation

ALY, + ApYy = nm, (8)

and are denoted as n = 0,%£1,+2.... Having known
the angle distance between these peaks Ad,, we may
determine the period of SL as

=to+th = ———F—7—=.
b T AY, sin(29g)

The superlattice-induced peak of a zero-order satellite is
located from the peak from the substrate at the angle
distance defined by Ay,

—Aﬁo = k‘l <Ei> + k‘2<e’:‘“>,
where
ki = cos®? Utgdp +sin ¥ cos T,

ko = sin® Wtgdp + sin ¥ cos 0. (10)
Brackets for deformations mean the averaging over the
period of SL.

The amplitude of n-order satellites is proportional
to the value of the structural factor of SL in view of
condition (8):

Sin(lla} an) Ay
Fgp,=———"—(A, + ————). 11
s ilaian ( 1 4?Yﬂ'an ) ( )

Because the angle parameter of a satellite is connected
with Y, through Yo [formulas (9) and (2)], it depends
only on A,, Ap, and Y,0. At n = 0, relation (11) acquires
a simple form:

sin(A,Yon)

Foog =
50 AoYan

(Aa + Ab) ~ A, + Ayp. (12)
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By measuring the ratio of the scattering amplitudes
of satellites of n-order and zero order, we can calculate
the thickness of one of the SL layers and the mean
stresses in it. But the most suitable in this case
are the so-called quasiforbidden 200-type reflexes, as
the analysis of relations (11) and (12) shows. The
latter are more sensitive to deformations, because the
parameter A, related to them is sharply decreased
relative to structural reflexes. Their application in the
study of multilayered structures will be considered
elsewhere.

Experimental Procedure and the Object of
Studies

The measurement of CDR for symmetric 400- and 200-
reflexes and asymmetric 311-reflex was performed at the
Institute of Physics of PAS on the 3-crystal spectrometer
of the “Philips” firm. The intensities of reflected rays
were registered by a detector with the system of slits.
The specimen was scanned near the Bragg exact position
near 4° in the so-called w/2¢¥-mode. The measurements
were carried out in a discrete angular mode with a
step of 2”. For the given parameters of accumulation
of the number of impulses, the signal-to-noise ratio
reached 10%. While analyzing the experimental data,
we compared the experimental and theoretical CDR, by
fitting with the use of the so-called x? method, which
allows one to find the average values of parameters and
their errors. We normalized the experimental spectra by
maxima of the reflectivity of SL.

The technology of derivation of SL consisted in
the following. First, a buffer layer of GaAs of 20 nm
in thickness was grown on the substrate GaAs(001).
Then the growth was terminated in 60 s, and further
50 periods of SL (AlAs of 1.13 nm in thickness and
GaAs of 2.26 nm in thickness) was added. This whole
structure was covered by one layer of AlAs (30 nm)
and 30 layers of GaAs (6 nm). Thus, we got specimen
1. The next specimen 2 differed from the previous one
by only the thicknesses of layers of SL (1.413 nm for
AlAs and 2.83 nm for GaAs). The last specimen 3
had the following structure: the buffer layer of 200 nm
in thickness was covered with a layer of Aly5GagsAs
of 25 nm in thickness and then 200 periods of SL
of the total thickness of 500 nm with layers which
consisted of 3 monolayers of AlAs and 6 monolayers of
GaAs.
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Fig. 1. CDR for 004 reflection from SL in GaAs/AlAs: points —
experiment, solid line — the result of calculations of the diffraction
pattern with the use of technological parameters. The insert shows
the position of the first-order satellites (—S1)

Results and their Discussion

Fig. 1 shows the diffraction spectra from superlattice
structures for 004 reflection. Their analysis indicates
the presence of clearly pronounced satellites £5; caused
by the SL period and a number of other peaks from
pendular oscillations of the intensity. Some peaks located
near the zero-order satellite Sy can be referred to the
so-called fast oscillations whose periodicity is described
by (1). The other peaks marked by A in Fig. 1 are
caused by the presence of the buffer layer and define
its thickness. As seen, the zero satellite possesses the
highest intensity, which is a sign of short-periodic SL
[5]. The technological parameters of the SL structure
were used as the first approximation in the quantitative
analysis of experimental curves during a theoretical
fitting. The behavior of the calculated curve indicates
that these parameters do not correspond to the true data
for both the SL period thickness and the ratio of the
thicknesses of these layers (see the insert). For such a
choice of the initial conditions of the fitting, we have
got a large value of the parameter x?> = 2300. Fig. 2
demonstrates experimental and calculated curves, 004
reflection, for specimen 1. In the insert of Fig. 2, we
give the positions of the experimental and calculated
satellites —S7. As seen the experimental and calculated
CDR coincide with rather high accuracy (x* = 4.67).
The structural characteristics of layers and the lattice
parameters derived by fitting are presented in Table 1.
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Fig. 2. CDR for 004-reflection from SL: points — experimental
data, solid line — the result of fitting. Symbols —S1, +S1, and Sp
stand for the position of satellites, the distance A is defined by the
buffer layer thickness (20 nm). The insert shows the calculated
and experimental positions of satellite (—S1)

These data indicate a certain inconsistency of
experimental and technologically set values of the layer
thicknesses for SL. Using the angle position of the zero

T a b le 1. Parameters of SL layers

Experimental
Number |Parameters of SL values Error
of a specimen set by of parameters |of parameters,

technology, nm |of SL from 004 %
reflection, nm
1 1.13 (AlAs) 1.1 (AlAs) 0.2
2.26 (GaAs)  0.003 (AlGaAs)
2.24 (GaAs)
2 1.413 (AlAs)  1.414 (AlAs) 0.4
2.83 (GaAs)  0.004 (AlGaAs)
2.863 (GaAs)
3 3ML (AlAs)  0.835 (AlAs) 0.134
6ML (GaAs) 1.736 (GaAs)
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Fig. 3. Fragment of CDR for 004-reflection from SL presented
in Fig. 2 on a larger scale: points — experiment, solid line — the
theoretical result with fitted parameters. The position of zero-order
satellite So and the distance between maxima of fast oscillations
Avg which define the thickness of the whole SL are shown

satellite, the average value of deformation in the SL
period given in Table 2 was calculated by means of
formula (2). Knowing the layer thicknesses, we also
determined the lattice period of each layer according
to [1]. The period thickness can be calculated from the
period of the sinusoidal denominator in (6). Despite the
ratio of the thicknesses of SL layers set by technology
is the same for all SL, the average deformations are
different. This fact confirms the inconsistency of set and
real parameters of SL once again.

The values of the total thicknesses of SL and the
whole structure were determined by utilization of the
distance between the above-mentioned oscillations of the
intensity presented in Fig. 3 (the section of CDR in Fig.
2 which is shown on a larger scale). A further decrease
in x? can be apparently attained with regard for the

T a ble 2. Parameters of deformation in the period and separate layers of SL

Number Position of Mean deformation Deformation in layers of Interplanar distances (004)
of a specimen zero-satellite, in the period, AlAs and GaAs, in AlAs and GaAs, nm
ang. sec % % Exp. | Theor.
1 -139 0.1038 0.175 0.14330 0.14155
-0.081 0.14053 0.14133
2 —143 0.1068 0.178 0.14341 —
-0.073 0.14060
3 -123 0.0925 0.140 0.14295 —
-0.039 0.14094
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presence of the diffuse scattering component of X-rays
according to [9]. The presence of fast oscillations of
the intensity on CDR testifies to the pseudomorphic
growth of SL, because the dislocations of the
incommensurability of lattices smear out the zero
satellite and others as well [10].

In view of the rather narrow half-widths of satellites
+5; (Fig. 2), we may assert to a certain extent that
the structure of SL has a high structural perfection,
crystalline coherence, and planarity of layers [8]. For
example, the estimates of mean deviations for the SL
period and the thickness of separate layers gave the
values, respectively, of 0.0003 and 0.0001 nm. Now we
briefly discuss the form of experimental satellites. The
analysis of CDR shape (Fig. 2, the insert) shows that
they are asymmetric relative to the intensity maximum.
This fact can be interpreted as a breaking of the
symmetry of the distribution of stresses in layers. With
the use of the ratio of the intensities of zero- and first-
order satellites, we determined the layer thicknesses in
the period and the value of deformation in a layer.

The experimental and theoretical curves for the
asymmetric 113-diffraction are given in Fig. 4. As seen,
a rather satisfactory coincidence of both curves by
the angle positions of the maxima of oscillations takes
place for the considered angle interval. However, the
amplitudes of these pendular oscillations are somewhat
decreased relative to the theoretical curve, which can be
related to the presence of defects of the unknown nature
in a real SL.

Conclusions

The performed X-ray diffraction study of short-periodic
superlattices have shown the possibility to obtain the
quantitative information on their structural parameters
(the true period of SL, the degree of stress in layers,
and the lattice constant for them). We demonstrated
a certain difference of the experimentally determined
period of SL and technologically set parameters. This
difference goes far beyond the errors of determination
of these parameters. The simultaneous analysis of
symmetric 400- and asymmetric 113-reflexes allows us
to get the information on the deformations normal or
parallel to the structure surface. The results of the
studies carried out indicate that the SL possess a
rather high structural perfection with clearly pronounced
boundaries despite the large values of deformation,
which is supported by the small widths of satellites and
the presence of a fine structure of the spectrum (fast
oscillations).
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Fig. 4. CDR for asymmetric 113 reflection from SL in GaAs/AlAs:
points — experiment, solid line — the result of numerical fitting of
the experimental data. The position of satellite Sq is shown

Specimens were produced at P. Drude Institute of
Solid-State Electronics (Berlin).

This work has been carried out in the frame of
the budget theme “Complex studies of heteroepitaxial
(nanostructural) systems”.
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JNOC/IJI2KEHHSA KOPOTKONEPIOTHIUX HAJT'PATOK
GaAs/AlAs 3A JIOIIOMOT'OI0 BUCOKOPO3/I1JIbHOT
PEHTTEHIBCLKOI TN®PAKTOMETPII

B.I1. Kaaodvko, JI.I. JJayenxo, A.B. Kyuys,
. JTomazana, A.B. Ilanrimos, A.A. Kopuosuti

Pe3smowme

MerogoM  BHCOKOPO3IIBHOI  PEHTrEeHIBCHLKOI  AudpaKkTOMEeT-
pii mocmimxeHO pO3CisiHHS pEHTTEeHIBCBKHX OPOMEHIB B KO-
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porkonepioguux  maarpatkax  (HI)  GaAs/AlAs. Hlaa-
XOM MiJITOHKM TEOPEeTUYHHUX KPUBUX IudpaxkiifiHoro Big-
OUTTS [0 eKCIEePHMEHTAJbHHX OTPUMAHO $K [apaMeTpH -
dpaxnii, Tax 1 crpykrypri mapamerpm HI'  (ToBmum-

HE Ccybmapis, pisers gmedopmanii B mapax). Bcramos-
JIeHO, IO, HEe3BAXKAIYW HA  3HAYHI  BeJIHYUHH Iedop-
mamifi B mapax HI, 1x KOrepeHTHICTH Ta CTPYKTYpP-
Ha JOCKOHANICTH JOCHTH BHCOKA.

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 1



