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Abstract. We studied possibilities of a nondestructive X-ray technique for testing short-pe-
riod strained GaAs-AlAs superlattices. An analysis of the quasi-forbidden 200 reflections
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1. Introduction

X-ray diffraction (XRD) in structures where lattice pe-
riod and diffraction maxima intensity are modulated
along one of the coordinate axes (growth direction) is
characterized by presence of satellites near the Bragg
peak of the averaged crystal lattice [1,2]. The satellite
peak intensities in a superlattice (SL) structures are pro-
portional to the Fourier components of the modulated
composition of the system studied. Besides, the changes
of satellite peak widths in the reciprocal space carry use-
ful information about perfection degree and coherence
of SL layers [3,4]. Study of the so-called quasi-forbidden
reflections (QFRs) permits perhaps to obtain new struc-
ture information. QFR was shown [5] to be very sensitive
not only to structural defects but also to the lattice stoi-
chiometry. So application of such reflections to investi-
gation of periodic SLs when studying X-ray scattering
by such structures seems to be promising and of great
interest.

Our objective in this work was determination of layer
parameters in GaAs/AlAs SL with X-ray diffraction
(XRD) technique using QFRs.

2. Theoretical and experimental procedures and
subject of investigation

When calculating X-ray diffraction patterns from an uni-
form epitaxial layer by the semikinematical theory [1],
the following parameters are usually used: layer thick-
ness ¢, polarizability (that is proportional to the struc-
ture factor F3,) and strain €in the SL structures. The total
amplitude of X-ray scattering from a composite multi-
layer system may be described with a structural factor,
that has the following form [3]:

F(h)=F ¢op(h)+ Fygp (h)-exp(=if -t cqp ) +
+ FB (ljl) -exp(—iﬁ . (tCap +tML ))+

+ Fyuy () exp(=ih(t gy +1pip +1puf )- (1

Here t¢,p, 1y and ¢ are the thicknesses of the upper
and buffer layers of a SL, respectively; /4 is the diffrac-
tion vector. The exponential factors in the expression (1)
allow to describe the phase change of the scattering am-
plitude during X-rays propagation through the structure
sublayers. When performing the corresponding calcula-
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tions the effect of layer thickness fluctuations Az; was
taken into account by the phase factor change:

; =exp(—h* - (A1)?). ©)

The SL studied here is a special case of an arbitrary
layer structure. In the simplest case a SL period involves
two layers (denoted further by ¢ and b). Each of them is
characterized by its thickness, strain, structural factor
and parameters 4 and Y. The latter two are proportional
to layer thicknesses and incident beam deviation from
the exact Bragg angle. The diffraction amplitude for an
M-periodic two-layer SL is of the following form [3]:

o Sin[M(AY, + AY,)]
—iB)F
xXp(ip)Es Sin(AY, +AyYy) )

Yo
|71l

Here B =(M —-1)(A,Y, + A,Y,) + A,Y, stands for a
phase factor, and structural factor, respectively, for one
period is

sin(A,Y, sin(A,Y,
SIS | oplmiCA, Y, + Ay, oA h)

Y, Y, “4)

s
The sine denominator in the expression (3) gives rise
to peaks at

A Y, + ALY, =nr, )

which are denoted as n-th order satellites (n = 0, 1,
1+2...). SL period can be determined from the angular
spacing Ad, between these peaks:

Ay

p=t, +t) =————
“ AD, sin(20p)

(6)
The zeroth-order SL peak is off that of substrate one
by the angle Ad, such that

— A'l?o = tam?B <€J_> s (7)

where (s L =Aa/ a) is relative change of lattice period
along the growth direction, and ( . ) stands for averag-
ing over this SL period.

Let us consider the simplest case of two-layer struc-
ture (M = 1). Then the expression for the structural factor
becomes as follows:

Fo = sin(A,Y,) N sin(ApY},)

s Ya Yb

(cos(A Y, +AyY,)). (8

In the case of the GaAs two-layer system the struc-
tural factor for the QFR of 200-type (which is known to
be proportional to difference between Ga and As atomic
scattering factors) is rather small.

If one neglects the absorption and contribution from
a substrate, then the expression for normalized intensity
in structures with a center of symmetry may be written as
following:

SQO0, 6(3), 2003

R=|q)|2=

sin(AY; sin(A,Y
=(A1 (AN | 4, S0(A2T)

2
COS(A1Y1 +A2Y2) (9)
AY) ArYp
Taking into account the contribution to reflectivity
from GaAs layer, one may obtain, after some simple math-
ematical manipulations:

(10)

The rocking curves for the 400 and 200 reflections
were taken using a triple-crystal X-ray diffractometer
(Philips MRD, Institute of Physics PAN, Warsaw)
equipped with the 4xGe(220) monochromator and
2xGe(220) analyzer. CuK , radiation was used. The sam-
ples studied were scanned near the Bragg angle over the
~3° range in the so-called w/21¥-mode, as well as in the
sample scanning mode. The measurements were carried
outin the interval of 2”. When analyzing the experimen-
tal data obtained, we used the traditional y2-technique.
It allowed to obtain both the above mentioned average
parameters and their spread as well.

R=|®|> =443 sin?(Ay¥) cos? (A)Y] + AyY5) .

3. Results and discussion

Let us first consider the calculated rocking curves for a
structure with a quantum well (Fig. 1). One can see from
them that two diffraction pictures from regions differing
in pendular oscillations periods may be recognized. The
cosine term in the expressions (9) and (10) describes the
total period of a binary layer, while the sine term de-
pends on the AlAs layer thickness. A contribution from
the GaAs layer is rather small because of small struc-
tural factor for the QFR 200. One can determine the total
structure thickness as well as each layer thickness (from
an simple rocking curve analysis). Based on the above
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Fig. 1. Rocking curve for 200 reflex from GaAs-AlAs structure
as well as behaviors of sinusoidal (/) and cosinusoidal (2) terms
in expression (10).
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said, one may write down the following expression for
the positions of two peaks:

3 A
2(sin ¥, —sind,)

(11)

1+

Indices 1 and 2 denote GaAs and AlAs layers, respec-
tively. The central peak of the sine function has also
minima but with a period of 2z. From this one may ob-
tain the 7, value:

A

b=
sind, —sin v}

(12)

Using the expressions (6) and (7), one may obtain the
strain value in the direction normal to the crystal surface
(Aa/a), 1, attheinterface between two layers:

H+i 15
= 1+ .
1+(Aala),, | 1+(Aa/a)y |

(13)

Here (Aa/a),,, is the calculated lattice mismatch
for two layers in a free state. The experimental and cal-
culated rocking curves for the GaAs(8 ML)/AlAs(4 ML)
(ML here denotes a monolayer) sample studied using
QFR 200 are presented in Fig. 2. One can see that both
of the diffraction curves demonstrate fine spectral details,
as well as satellite structure that is responsible for the
value of SL period (Fig. 3). There is also a rather good
agreement even between the fine structures of the experi-
mental and theoretical rocking curves. It concerns the
value of intensities near the zero-order satellite and the
extremum positions as well.

Using a fitting procedure of the theoretical semi-
kinematical curves to the experimental ones, some quan-
titative results concerning the SL parameters are possi-
ble to be obtained (by means of the above expressions).
One may compare also these results with those derived
from expressions (11)—(13). An analysis made shows that
the data obtained by practically independent two ap-
proaches correlate rather well with each other. This fact
indicates that our assumption concerning a contribution
of the QFR 200 maxima into X-ray scattering is valid.
The results of our measurements and calculations of the
SL parameters are given in Table 1. Summing up all these
results, one can state that the contribution from the layer
1 made up of components with close atomic numbers
(GaAs) into the X-ray scattering intensity when using
QFR is rather small. So, mainly the layer 2 consistence
of components with considerably different atomic num-

Table 1. The parameters of structures studied.
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Fig. 2. Experimental (points) and simulated (solid line) rocking
curves for QFR 200 (@ scanning mode).
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Fig. 3. Rocking curve for QFR 200 from SL: experimental (cir-
cles), simulated (solid line). Characters S*, S~ denote first order
satellites. On insertion the rocking curve simulated in considera-
tion of layers thicknesses nonuniformity is shown.

bers determines the shape of 200 reflection. The main
contribution from GaAs layer into total diffraction pic-
tures is due just to phase factor changes. Nevertheless the
satellite structure of these reflections is formed by both of
layers. It is interesting to underline that the results of
calculations show the general shape of rocking curves
does not almost depend on crystal perfection of GaAs
layer, i.e. on structure defects.

An interesting feature of QFR utilization consists in
the rocking curve shape dependence on GaAs layer thick-
ness. The results of the corresponding calculations are
presented in Fig. 4. One can see that the character of
intensity distribution near the satellite maxima changes

Sample mand n SL period  Calculated Experimental data Roughness
number/ sublayer T,nm strain for free according to of SL sublayer
reflection  thicknesses, nm lattice (Aa/a),, | expression (13), (Aa/a),, | interface, nm
HI'8/4 200 22.48 11.07 33.55 0.00132 0.0036 0.3

HI'8/4 400 22.45 11.12 33.46 0.0032 0.4
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Fig. 4. The QFR 200 rocking curve shape dependence on thick-
ness ratio of GaAs and AlAs layers: ratio 1:1 (dashed line), ratio
1:2 (solid line). On the insertions the enlarged scale for first order
negative satellite (a) and zero order satellite (b) ranges are shown.

substantially when varying thickness of both (1 and 2)
SL layers, by conservation of general SL period value.

Some words should be also said concerning the sensi-
tivity of a satellite intensity to the layer thickness. For
example, one should note a high sensitivity of scattering
to layer thickness variations at the level of about 0.5 ML
in the case when thicknesses of both layers are close to
each other. This result can be explained by an abrupt
alteration of the phase factor at a slight variation of the
thickness factor. Disappearance of satellites of a certain
order can be also explained by the phase factor effect.
When the real and imaginary parts of the corresponding
SL structure factor for a satellite of a certain order are in
antiphase, the satellites of this order disappear. These
are the so-called “forbidden SL structural factors”. Dis-
appearance of satellites of a certain order depends on
the relationship between the thickness of SL layer com-
ponents. For example, if the layers have the same thick-
nesses, the satellites of the second order disappear. If the
ratio of their thickness is equal, the maxima of the third
order disappear.

At last, we have performed fitting the calculated rock-
ing curves to the experimental ones. The results of this
procedure showed that the layer surface roughness con-
siderably affects diffraction pattern smearing, especially
near the satellites of high orders. The first- and zeroth-
order satellites demonstrate low sensitivity of diffraction
picture to the above structure imperfection parameter.
Fig. Sillustrates this. Our calculations are in good agree-
ment with the experimental rocking curves (see Fig. 3).
They demonstrate decrease of the second-order satellite
intensity. The sizes of statistically distributed nonuni-
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Fig. 5. The simulated rocking curves for the QRF 200 in the case
of ideally smooth layers (/) and layers with roughness 0.3+0.4 nm (2).

formities of the interface between the SL layers occur in
the 0.3-0.4 nm range. It should be also noted that asym-
metry shape of the satellite peak intensities is observed in
the case only when there are distortions of both types
(variations of interplane spacing and scattering ability).

The calculation carried out showed the nonstoichio-
metry in the GaAs layer does not almost affect the gen-
eral character of diffraction picture from SLs studied here.
The level of the strain between two layers happened to be
considerably higher as comparing with the value of mis-
match (Aa/ a),, between two lattices (GaAs and AlAs) (see
Table 1).

4. Conclusions

Utilization of quasi-forbidden reflections when studying
structural parameters of superlattices was shown to have
several advantages over of the usual or structure reflec-
tions. First of all, a satisfactory agreement between the
calculated and experimental rocking curves for quasi-
forbidden reflections was demonstrated. This indicates
that semikinematical approximations provide a possibil-
ity for adequate description of the character of X-ray scat-
tering. In the second place, use of quasi-forbidden reflec-
tions enables one to use more simple expressions for study-
ing such important parameters as layer thicknesses and
strains. Third, the fact that contribution from a layer
into reflectivity does not depend on the layer structural
perfection and makes it possible to separate information
from another structure layers .
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