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Abstract

In this work, X-ray Renninger scans for semiconduc-
tor single-crystal and heteroepitaxic structures are
simulated. The simulation program is based on the
iterative method for the calculation of multiple diffrac-
tion in imperfect crystals. The calculated diffracted-
beam path length takes into account the small thick-
ness of the heteroepitaxic layers in order to reproduce
the survival of only surface secondary reflections in
the layer Renninger scans. Applications of these simu-
lations for bulk material (GaAs, GaSb), binary layers
(GaAs/Si) and ternary layers (InGaAs/GaAs) show
very good agreement with the corresponding experi-
mental scans.

Introduction

The possibility of providing three-dimensional in-
formation about the crystalline lattice and its sensitiv-
ity to small lattice deformations (symmetry changes)
make X-ray multiple diffraction, as reported by Chang
(1984), a very useful technique for studying epilayered
materials.

The multiple diffraction of the sample 1s system-
atically measured in the Renninger geometry. The
sample 1s adjusted to set a primary crystallographic
plane (#p, kp, lp) whose normal is parallel to the
rotation axis, ¢, keeping the scattering vector in the
diffraction condition while the sample is rotated
around this axis. During rotation, the incident beam
can be scattered by other, secondary, planes (Ag, kg, I5)
asymmetrically with respect to the crystal surface.
Then, in the continuous background representing the
primary intensity, Umweganregung peaks and/or
Aufhellung dips will appear corresponding to the
interaction between the primary and the several
secondary reflections. Upon multiple diffraction, this
interaction occurs through the coupling planes
[(hp — hg), (kp — kg), (lp — I5)], which transfer in-
tensity from the primary to the secondary beam or
vice versa. Thus, the Renninger scan (RS) is the
representation of these interactions observed through
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the primary-intensity oscillations. In fact, peaks can
only be seen when a space-group-forbidden primary
reflection is chosen.

Soejima, Okazaki & Matsumoto (1985) and
Rossmanith (1986) have published RS simulation
programs that are based on X-ray kinematical theory.
The effect of higher-order diffraction (n-beam
interaction, # > 3) is treated in both as the sum over
the secondary reflections of the (n —2) pairs of
three-beam cases. Rossmanith, Kumpat & Schulz
(1989) have developed the program designed by
Rossmanith, making it faster and implementable on
a PC. More recently, Salles da Costa, Cardoso,
Mazzocchi & Parente (1990) have described a
program (MULTX) to simulate RS for X-rays. In
MULTX, the theoretical integrated intensities are
calculated step by step using the iterative method for
the multiple-diffraction calculation for imperfect
crystals reported by Parente & Caticha-Ellis (1974).
It uses the general term of the Taylor series and allows
for many-beam interactions to be simultaneously
considered. Since a large number of terms is easily
calculated by the computer, the MULTX program can
be used in cases of high absorption and/or high
secondary extinction.

It should be noted that the path lengths of the
several beams involved in multiple-difiraction pheno-
mena play a very important role in intensity
calculations. This justifies our effort in developing the
calculations of the path lengths.

In this work, the diffracted-beam path-length
calculation was improved so that the RS for binary
and ternary heteroepitaxic structures could be
simulated and compared with the experimental ones.
Interesting multiple-diffraction features, such as the
drastic decrease in the intensity for Bragg and Laue
secondary reflections are expected to appear in both
RS.

The diffracted-beam path lengths

Of the multiple-diffraction phenomena, the surface
secondary reflections constitute a special case,
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since they are diffracted parallel to the primary atomic
planes. Generally, these primary planes are parallel to
the sample surface. The geometrical representation of
these beams on the Ewald sphere is shown in Fig. 1.
One can observe that all surface reflections lie on the
equatorial plane. In case of heteroepitaxic structure
analysis, once the layer thickness is reduced, the
surface reflections must play the most important role
in the layer RS. For a 002 primary reflection in a zinc
blende structure, all secondary reflections with Miller
indices (4, k, 1) correspond to surface reflections. In
fact, the layer thickness reduction is not too important
for these special reflections. However, it strongly
affects the Bragg or Laue secondary reflections, which
depend on the diffracting material volume. Here, we
describe a new method for taking into account the
diffracted-beam path lengths in the calculations,
which is rather different from the geometrical
approach previously reported (Salles da Costa,
Cardoso, Mazzocchi & Parente, 1990).

The average path length of the different diffracted
beams at depth x below the surface of a plane parallel
plate of thickness 7, including the incident-beam
distance, is given by Caticha-Ellis (1969) as

Cxfyy=1u—(Tiplexp (—uTiN)/[1 —exp(— uTh')]l -]
(

Here ¢ is the linear absorption coefficient. Further-
more,

{xfyd = {xfv0 + Oy = lo + L, (2)

where /, and /, are the incident- and diffracted-beam
path lengths and 1/y = 1/y, + 1/ys; yo and y; are
the direction cosines for the incident and the diffracted
beams with respect to the normal to the plate surface,
respectively.

Primary

Incident Beom

Beam ?_,

i

\

gecondory
Ewald i
Sphere

Fig. 1. Representation of a surface three-beam case in the reciprocal
space. The vectors g,. g, and g, are the normals to the primary,
secondary and coupling planes, respectively.
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By considering a highly absorbing crystal
xfy) = n, 3)

one can obtain

lo = (XDfvo = (1/udyi70)
and
= OO0 = (v

Moreover, if the primary reflection is symmetric,
Yo =7T1» Wro=13:=1/2 and I, =1, = 1/2u which
gives

b= Qfy — o = 1jp — 1j2u = 12y (4

for all secondary reflections.

However, in the layer case where the thickness is
too small, (4) is no longer valid for all Laue or Bragg
secondary reflections. We use instead (2) in the form

lo = {x/y)> =i (5)

where {x/y> is given by (1).

By using the above conditions for a primary
symmetric reflection and taking I, =1, (5) can be
written as

fo = 120 —(T}yo)lexp (—2uT/yo)]
x [1=exp(=2uT/p)] " (6)
Then, the average path length is

i = 1/2u — (T/pexp (—uT/N1/[1 — exp(—uT/y)]

+ (ThroMexp (—2uT/yo)}/[1 — exp (—2uT/y,)]
(7

As for the surface secondary reflections in the
layer case, for a highly absorbing crystal (uT ~ 10" 3),
we have

xfyd =1 (8)

Therefore, the average path length of the surface
diffracted beam is

o= — 1o =120+ (T/yo)lexp (—2uT/y,)]
x [1—exp(=2uT/y)]" " (9)

In the high-thickness limit, (6) and (7) assume the
value 1/2u which is the same already obtained in the
bulk case, as expected. In turn, in the low-thickness
limit (layer range) one can observe that [ is at least
one order of magnitude greater than /.. This fact has
a remarkable effect on the layer RS since only the
surface secondary reflections contribute to this scan,
although weak peaks corresponding to the strongest
Bragg or Laue reflections can also be detected.

Experimental

The RS measurements were carried out on a
geometrical arrangement which consists of: an X-ray
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Table 1.

SIMULATION OF RENNINGER SCANS

Diffracted-beam path lengths | (cm) involved in the 002 GaAs Renninger scan for layers of different

thicknesses, caleulated by the MULTX program.

The path lengths for the primary, surface and Laue-Bragg reflections are shown together with the layer lattice parameter used in their
calculation.

a= 56614 A = 56593 A
¢ = 56481 A = 56463 A
hkf t=1.0pum =20 pum
002 0.000174 0.000331
311 0.002313 0.002154
111 0.002313 0.002154
(T3THT33) 0.000091 0.000179
151 0.002313 0002154
551 0.002313 0.002154
(531533 0.000091 0.000179
sT1 0.002313 0002154

divergent-beam source (Cu Kx) with an effective focal
size of 50 x 50 pm; a collimator of length 330 mm,
positioned between the crystal and the X-ray window,
which provides an incident beam of 3" divergence; a
horizontal goniometer with Eulerian cradle to provide
automatic RS (¢ axis with stepping motor); and a
scintillation detector with its associated electronics.

As for the samples, the GaAs and GaSb bulk
materials are pieces of commercial wafers of thickness
350 pm. The GaAs layer (1 um) was grown by vacuum
chemical epitaxy (VCE) on top of a [001] Si substrate
(Barreto, Carvalho, Ito & Fraas, 1987), whereas the
ternary layer InGaAs (0.2 pum) was grown by
metallorganic chemical vapour deposition (MOCVD)
on top of a [00l] GaAs substrate (Sacilotti &
Bordeaux Rego, 1989).

Results and discussion

The 002 GaAs weak reflection was used as the primary
reflection. The intensities in each simulation were
approximately normalized to the strongest experi-
mental intensity, possible variations due to the
adjusted value for the plotter scale being small.
Table | shows the diffracted-beam path lengths
corresponding to different reflections calculated using
the program M ULTX for several layer thicknesses. In
the calculations, the lattice parameters used for the
GaAs layers were those quoted by Lum ef al. (1988),
which are indicated for each thickness value. For
comparison, the path length calculated in the GaAs
bulk case as [ = 1/2p for all secondary reflections
is also shown. One can observe in Table 1 that there
are only three different ! values corresponding
respectively to the 002 primary reflection, to all
possible (/= 1) surface secondary reflections rep-
resented by 311, 111, 151, 551 and STl and the
four-beam Laue-Bragg cases, involving the (/=
— 1 and 3) reflections represented by 131 133 and 531
533. It is very important to notice the large variation

= 56629 A a= 56619 A Bulk

= 56457 A ¢ = 356450 A a= 56534 A

t=42um t=50um { =350 um
0.000615 0.000699 0.001241
0.001873 0.001788 0.001241
0001873 0.001788 0.001241
0.000364 0.000428 0.001241
0.001873 0.001788 0.001241
0.001873 0001788 0001241
0.000364 0.000428 0.001241
0.001873 0.001788 0.001241

of {; with respect to [: both present the same value
in the bulk case, but /; is equal to [/25 in the | pm
layer case. The average is taken by considering the
path-length values at depth x: that is, when the layer
thickness decreases, the average value is approx-
imately equal to the surface path length, which is the
greatest value in the averaged region (since ! includes
the incident-beam distance). In the three-beam surface
case, the secondary planes diffract the incident beam
directly towards the primary direction, giving rise to
the visible surface peaks in the layer RS. Therefore,
for thinner layers, the observed surface-peak in-
tensities are strong, from the multiple-difiraction
viewpoint, because the secondary surface-beam
intensity is transferred to the primary. This is in
contrast with the kinematical point of view, which
indicates complete absorption of these beams as the
surface path lengths are the largest.

The influence of the layer thickness on the RS is
shown in Fig. 2 through the several simulated scans
for the interval 96 < ¢ < 126°. For this we have also
used a GaAs layer of thickness 350 um, which 1s
similar to the bulk material illustrated in Fig. 3. The
lattice parameters and layer thicknesses used in the
simulations are those listed in Table 1. Although the
intensity scales are in arbitrary units, the same scale
has been used for all scans. The analysis of the
intensity of the (1371) (133) Laue-Bragg peak shows
the striking effect of the layer thickness, i.e. when the
thickness increases, the peak intensity becomes
stronger. On the other hand, for the (151) surface
peak, a reverse effect occurs although to a lesser
degree; the peak intensity becomes weaker with the
increase in layer thickness. The other Laue-Bragg and
surface peaks appearing in the RS provide analogous
results when analysed.

By simple comparison between a Laue-Bragg peak
and a surface peak in Fig. 2, the scans corresponding
to different thicknesses can be clearly discriminated.
This result shows the strong effect of the diffracted-
beam path lengths on the intensities in a RS.
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Fig. 3 shows the RS for GaAs bulk material. The
experimental scan in Fig. 3(a) is compared with the
simulated one in Fig. 3(h) to illustrate the good
agreement obtamed. In the calculations, we used a
lattice parameter ¢ = 5.6535 A, a step size of Agp
0.045°, isotropic thermal parameters B, = B,,
0.6 A% and a mosaic spread = 0.05° (9 x 10~ * rad).
Although 30 terms in the expansion were considered.
the series converged after 6 terms. The value 1/2p was
used as the diffracted-beam path length for all
secondary reflections. The peak positions in both
theoretical and experimental RS are also in very good
agreement. As a check of the simulation, the reliability
lactor (R) was calculated by using

R = :E: llca]& o

where the summation is over all peaks in a specified
range. /.. stands for the theoretical maximum
intensities of the peaks, corrected by the scale factor,
and [, are the corresponding experimental in-
tensities. In the case of Fig. 3, using all peaks detected
in an interval 83 < ¢ < 1047 1n the RS, R turns out
to be 0.09, which supports the validity of the treatment
as well as the assumptions made in this work.

Fig. 4a) shows a typical experimental RS for GaSb
bulk maternial in which the 002 reflection is strong
enough to emphasize the energy interaction between
the primary and the secondary reflections giving rise
to Unmweganregung peaks and Awfhellung dips. The
MULTX program 1s able to simulate both multiple-
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Fig. 3. 002 Renninger scans using Cu Kz, for GaAs bulk: (a)
experimental and () simulated
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parameters a = 6095 A, B;, =066A% B =
060 A2, Ap =0045" and n=9 x 10 *rad were
used in the simulation. A good agreement is obtained
from the comparison between the experimental and
simulated scans.

An application of RS simulation to the hetero-
epitaxic structure GaAs/Si 1s depicted in Fig. 5. The

q (h)

¢ { deg)

Fig. 4. Portion around ¢ = 90 of the 002 GaSb Renninger scan
using Cu K@ {a} experimental and (b} simulated. The peak
asymmetry indicative of the good quality of the crystal cannot
be simulated. since the MULTX program only applies to mosaic
crystals.
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Fig. 5. 002 Renninger scans using Cu Ka, applied to heteroepitaxic
structures, (¢} Experimental RS for a GaAs layer on top of an Si
substrate and (#) the corresponding simulated RS.

SIMULATION OF RENNINGER SCANS

experimental RS for a thin (1 pm) GaAs layer on top
of an Si [001] substrate is shown in Fig. 5(a) together
with the corresponding simulated RS of this layer in
Fig. 5(h). The simulation is made for « = 5.6614, ¢
= 56481 A, Ao =005°, Bg, =B, =06A% 1y
= 0.068" (1.2 x 10~ * rad). From the comparison of
the first scan with that depicted in Fig. 3{a), one can
clearly observe the striking effect of the reduction in
the layer thickness on the RS. Whereas all surface
secondary peaks are visible, the Bragg or Laue
_____ disappear, except for the
strongest 000 002 111 113 four-beam case, which gives
a weak contribution. The new method for the
diflracted-beam path length presented here is able to
simulate even this weak peak, as depicted in Fig. 5(h).
In Fig. 5(a). the effect of lattice strain for such a
highly mismatched epitaxic layer as GaAs/Si1 can be
seen through the broadening of the surface peaks.
Moreover, the small extra peaks close to the 111 and
111 peaks correspond to the first observation of
hybrid multiple diffraction in a RS (Morelhio,
Cardoso, Sasaki & Carvalho, 1991). These diffrac-
tions, due to the layer/substrate lattice interaction,
occur when the beam first diffracted by a substrate
{or layer) secondary plane crosses the interface
between both materials to be rescattered by a laver
(or substrate) coupling plane towards the detector.
Hybrid multiple diffraction has been observed and
described in X-ray divergent-beam experiments by
Isherwood, Brown & Halliwell (1981) and simulated
by Morelhio & Cardoso (1991). Therefore, only
extra Umweganregung peaks can contnbute as hybrid
reflections to layer (or substrate) RS in previously
determined positions. This hybrid multiple diffraction
cannot be simulated by the MULTX program, as is
observed in Fig. 5(b), since the program does not
account for the layer/substrate interactions. However,
the agreement for all remaining peaks is very good.
Since this paper deals with the simulation
of heteroepitaxic-layer RS, it is interesting to present
an application of the MULTX program to the
In,Ga, _,As/GaAs structure. The experimental 002
RS for the ternary layer with x = 0.035 is shown in
Fig. 6(«). Again, the disappearance of most Bragg and
Laue secondary peaks is clearly seen, in contrast to the
survival of the surface peaks. The corresponding
simulated RS depicted in Fig. 6(h) takes into account
this surface effect through the diffracted-beam path
length. The parameters in the calculation are a =
56534, ¢ = 5.6676 A, By.gaa. = 0.60 A2, A = 0.045°
and 7 = 0.057° (1.0 x 107 ? rad). The peak positions
in both scans are mn very good agreement,
as expected; this agreement includes even the 551
secondary peak, which is very sensitive to the
lattice-parameter change, since its corresponding
reciprocal-lattice point is almost tangent to the Ewald
sphere. In fact, the angle § between the entry and exit
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points from the Ewald sphere is small (11.0954%) for
this surface secondary reflection. The small difference
in the intensity ratio 111/131 in both RS is due to the
mosaic-spread value used for the calculations: the
bigger mosaic spread, the smaller the maximum
intensity.

We would like to thank our collegues, M. M. G. de
Carvalho at IFGW-UNICAMP and M. A. Sacilotti
at CPqD-TELEBRAS, for the samples used in this
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Fig. 6. 002 Renminger scan using Cu Kz, applied to the In Ga, _ As
ternary layer with x = 0.035; (@) experimental and (b) simulated.
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