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Abstract

Thin films of small organic semiconducting molecules ex-
hibit attractive optical and electronic properties depending
on their molecular structure. Pentacene (PEN) molecules
are known to form a lying-down phase on graphene that
improves vertical electron transport and increases optical
absorption and light harvesting. Here, we studied the
mechanism of epitaxial PEN growth on graphene by in-situ
GISAXS and GIWAXS techniques complemented by
ex-situ AFM and polarized confocal Raman microscopy.
Two principal stages of the growth were observed. First,
nucleation and growth of PEN islands saturating in width
and height at 1 monolayer thickness was observed. Later
on, the islands continue to grow only along [100] direction
of the PEN triclinic lattice adopting needle-like shape and
copying hexagonal symmetry of the underlying graphene.
The c* axis of PEN reciprocal lattice was found to be paral-
lel to the [210] (armchair) direction of graphene and tilted
by 18° with respect to the graphene surface. This suggests a
~11° deviation of the PEN molecular chains from the
graphene surface driven by the energy minimization in
later stages of the islands growth.

Introduction

Thin films of small organic molecules are attractive for ap-
plications in light-emitting diodes, field-effect transistors
or organic solar cells. The device performance critically
depends on the molecular structure of the film which in
turn depends on the substrate type. For the oxide surfaces
such as SiO,, the standing-up configuration is typical. It the
last decade it has been shown that templating the substrate
with two-dimensional materials, the lying-down configu-
ration can be achieved. Hence, this approach offers a possi-
bility to control the molecular orientation and properties of
the small molecule organic films. Indeed, the lying-down
configuration of pentacene (PEN) molecules after evapora-
tion on graphene was observed. PEN is an archetypal type
of small organic molecules that are frequently used in or-
ganic electronics and photovoltaics. In order to optimize
preparation of PEN films with the lying-down configura-
tion, a study of the mechanism of PEN growth on graphene
is needed. This gave impetus for the work presented here.

Experimental details

The PEN molecules (Sigma-Aldrich) were thermally evap-
orated onto epitaxially grown graphene on hexagonal
4H-SiC(0001) substrate (Graphensic) in a deposition
chamber that was equipped with a beryllium window for
the in-situ grazing-incidence small-angle and wide-angle
X-ray scattering (GISAXS, GIWAXS) experiments. The
deposition rate was 1.38 A/min. The in-situ GISAXS/
GIWAXS measurements were done at the 0.1° angle of in-
cidence at ID10 (9.25 keV) and PO3 (11.4 keV) synchro-
tron beamlines at ESRF Grenoble and DESY Hamburg,
respectively. Two hybrid pixel detectors acquired simulta-
neously and repeatedly the GIWAXS and GISAXS pat-
terns during the evaporation (Maxipix and Pilatus 300K at
ESREF, Pilatus 300K and Pilatus 1M at DESY). The 60 s in-
tegration time used at ESRF was reduced to 100 ms at
DESY to capture initial stages of the deposition. The
ex-situ GIWAXS measurements were done on a cus-
tom-designed Nanostar X-ray setup (Bruker AXS)
equipped with a Ga liquid-metal jet anode X-ray source
Excillum (9.25 keV) at an angle of incidence of 0.15° with
a Pilatus 300K detector. The AFM measurements (Bruker,
Dimension Edge) were done in tapping mode and the po-
larized Raman measurements were performed on a confo-
cal Raman microscope (Witec, Alpha300 R+).

Results and conclusions

The ex-situ GIWAXS pattern after the PEN film deposition
shows 3 diffraction spots (Fig. 1a). The film thickness cal-
culated from the deposition rate and time corresponds to
that of 10 PEN monolayers (MLs) reported previously [1].
The diffraction spots have no symmetric counterparts on
the opposite side of the pattern (not shown) suggesting a
monocrystalline structure of the film. It is composed of
PEN crystals forming needle-like islands that follow hex-
agonal symmetry of the underlying graphene (Fig. 1b). The
hexagonal unit cell of epitaxially grown graphene on SiC is
rotated by 30° from the SiC hexagonal unit cell. Supposing
the triclinic PEN phase [2], the orientation of PEN Ilattice
with respect to graphene can be thus found from the ex-situ
GIWAXS pattern (Fig. 2a). The reciprocal c* axis of PEN
crystal is aligned along [210] (armchair) graphene direc-
tion and tilted by 18° from the graphene surface. The crys-
tallographic a axis of the PEN unit cell lies in the graphene
plane. Taking into account the PEN molecule orientation in
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Figure 1. (a) GIWAXS pattern of PEN film and (b) its AFM image with Fourier transform in the inset.
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Figure 2. (a) Mutual orientation of PEN and graphene lattices. (b) PEN unit cell and (c) crystallographic orientation of PEN islands.

the unit cell (Fig. 2b), the long molecular axis does not fol-
low the [100] (zigzag) graphene direction but is tilted by
11°. This is due to energy minimization in the presence of
intermolecular interactions in three-dimensional PEN crys-
tals. The blurred and 112 diffraction spots (Fig. 1a) origi-
nate from the crystals rotated by 120° and 300° (Fig. 2c¢).
The ex-situ polarized confocal Raman microscopy re-
vealed a uniform orientation of PEN molecular chains in-
side the islands, confirming thus their monocrystalline
structure (Fig. 3).

The ex-situ GIWAXS pattern after the PEN film depo-
sition shows 3 diffraction spots (Fig. 1a). The film thick-
ness calculated from the deposition rate and time
corresponds to that of 10 PEN monolayers (MLs) reported
previously [1]. The diffraction spots have no symmetric
counterparts on the opposite side of the The temporal evo-
lution (in the number of deposited MLs) of the integral in-
tensity of 001 diffraction extrapolated to zero thickness
indicates a linear growth of the lying-down phase from the
very beginning of deposition (Fig. 4a) when the scattered
intensity was too low to be measured (yellow region).
While the lateral Ag,, width of 001 diffraction spot is con-
trolled by the limited resolution at grazing incidence, Ag,
shows an increase in islands height from 25 nm to 44 nm

between 2.5 and 8 MLs before the resolution limit is
reached (Fig. 4a). The temporal evolution of the islands di-
mensions evaluated from AFM images taken ex-situ at se-
lected deposition times suggests a strongly asymmetric
growth due to the saturation of the islands width and height
at 1 ML thickness (Fig. 4b). The asymmetry is driven by
different surface energies of (001), (010) and (001) facets
(Fig. 2¢) that are 3.1, 4.8 and 6.4 meV/A?, respectively.
The kinetics of PEN crystals growth was studied by
in-situ GISAXS. It could be measured simultaneously with
GIWAXS as the in-plane Bragg angle of 001 diffraction
was slightly deviated from the graphene zigzag direction
(Fig. 2a). Due to the low PEN islands density and large
interisland distances exceeding experimental GISAXS res-
olution, the measured GISAXS curve is primarily con-
trolled by the interplay of three form factors corresponding
to three different crystal orientations (Fig. 2c). Hence, it
could be evaluated by Guinier analysis. As a consequence
of the highly anisotropic crystals growth, these form fac-
tors contribute to GISAXS curve in different ¢ ranges.
Consequently, Guinier analysis in a ¢ range of
(1-2)x10” A" allowed to analyze the temporal evolution
of the radius of gyration which could be attributed to a half
of the islands width (Fig. 5). A fit with a simple exponential
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Figure 3. (a) Overlap of the optical and Raman images of a PEN island and (b) cos” fit of the azimuthal dependence of Raman
band integral intensity at 1373 cm™ (short molecular axis vibrations) inside the black circle in (a).
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Figure 4. (a) Temporal evolution of PEN 001 diffraction peak parameters and (b) dimensions of PEN islands. (dots - measured points,

lines — fits).
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Figure 5. Temporal evolution of the radius of gyration R, =" w (w

— PEN islands width). The inset shows the growth of (100)
facets.

limited growth function provided a rate constant of
(3.5 £ 0.03)x107 5. Combining these results with AFM

data, the growth of (100) facets (Fig. 2c) can be visualized
(inset in Fig. 5).

Summarizing, a comprehensive time-resolved study of
PEN thermal evaporation on a large-area graphene
monolayer on SiC revealed a highly anisotropic epitaxial
two-stage growth of a laying-down phase in the form of
elongated islands following hexagonal symmetry of the
substrate. The PEN islands posses triclinic monocrystalline
structure, the long molecular axis being deviated from
graphene by 11° in the final stage.
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High resolution mode is a special branch of X-ray diffrac-
tion techniques devoted to the analysis of single crystalline
epitaxial layers. One of the most important tasks in
epitaxial technologies is the determination of the layer
composition. For epitaxial systems with high degree of per-
fection, e. g. Si- or GaAs-based compounds, the recorded
diffraction curves have rather complex form and the layer
parameters are routinely determined by computer simula-
tion of the model structure. For epitaxial layers based on
materials with lower quality and/or larger lattice mismatch,
the fine features of the diffraction curves are missing and
only more or less separated diffraction maxima of individ-
ual layers can be observed. Typical examples of such mate-
rials are the III-nitride semiconductors as AIN, GaN, InN
and their ternary alloys. These materials have great poten-
tial for use in optoelectronic and high-temperature elec-
tronic devices due to their wide range of bandgaps and
high-temperature stability [1-3].

If the layers are perfectly matched to the substrate, it is
sufficient the measuring of one symmetric diffraction of
the type 000/. But in the case of layers exhibiting certain
degree of relaxation, in addition to the symmetric diffrac-
tion, at least one asymmetric diffraction has to be mea-
sured. From the position of the diffraction spots the
composition as well as the degree of relaxation can be de-
termined. For the GaN based compounds the most conve-
nient and accessible asymmetric diffraction is 1124. There
are six equivalent diffractions of this type in hexagonal ma-
terials but if the lattice tilting does not take place, it is, in
principle, sufficient to measure only one of these diffrac-
tions. However, measuring of several diffractions in-
creases the precision of the evaluation. Further
simplification stems from the symmetry of the stress state
of the layer. Hexagonal c-oriented epitaxial layers are
transversely isotropic, i.e. the deformation of the layer is
completely described by two nonzero strain components:

su(x)zm,

a,(x)

c—c,(x)

¢y(x)

M

g, (x)=

where a, ¢ and ay, ¢, are the lattice parameters of strained
(and measured) and fully relaxed layer, respectively [4].
These components are connected by the relation

¢, (x)
€y (%)
where c;3(x) and c33(x) are the composition dependent stiff-
ness constants of the material. Alternatively, instead of
in-plane strain g, the degree of relaxation R defined as

g, =2 € 2)

a—dg.y

R= (€))

Ay —Agan

is often used to describe the strain state of the epitaxial
layer. It has to be pointed out that the parameter character-
izes the strain state of the layer with respect to the substrate
lattice.

The values of @ and ¢ can be calculated from the recip-
rocal co-ordinates / and / of the layer diffraction spot as[5]

1 4
a:ZaGaN, c:chaN. 4)

The unknown composition parameter x and the in-plane
strain g(x) can be obtained by solving the system of equa-
tions in (1) and (2). A simple iterative procedure that uses %
and / in (4) as input parameters is outlined in [6]. The
method supposes linear dependence of the parameters
ap(x), co(x) and c3(x), c33(x) on the composition x.

The complete information on the state of the epitaxial
layer can be obtained by measuring the reciprocal space
map (RSM) around a suitable asymmetric diffraction. For
the later purposes it is reasonable to introduce the presenta-
tion of the admissible positions of the layer spots in recip-
rocal space in dependence of the layer composition and the
degree of relaxation. It follows from simple geometrical
considerations that in the case of AlGaN/GaN and
InGaN/GaN systems the possible positions of the layer dif-
fraction spot are confined to triangular region in the vicin-
ity of GaN diffraction. This area is bounded by the so called
relaxation line connecting the AIN or InN layer diffraction
spots for fully strained and completely relaxed state [7].
The third vertex of the triangle is the GaN substrate (or
buffer layer) diffraction spot. However, for the system
InAIN/GaN this area comprises two triangular regions as
shown in Fig. 1. This is a consequence of the fact that the
lattice parameters of GaN are in between the parameters of
InN and AIN lattices. The common vertex of these triangles
corresponds to the composition of the In,Al;_,N for which
the layer is perfectly matched to the GaN lattice. It is worth
noting that this point in reciprocal space does not coincide
with the GaN diffraction spot. This is a general property of
hexagonal epitaxial systems and it stems from different
values of aspect ratios of In,Al; N and GaN lattice.

If In, Al N layer is grown on GaN buffer layer in se-
quence (without breaking the growth after GaN), uninten-
tional Ga-auto-incorporation into In,Al;, N layer is an
obvious problem, as reported in [8-10]. Sources of Ga
could be the deposited Ga-containing-residues on the reac-
tor wall, susceptor or shower head during GaN growth.
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Figure 1. Schematic drawing of the admissible positions of the
1124 diffraction spot of InAIN layer for various composition 0 <
x < 1 and degree of relaxation 0 < R < 1. Note the sign of the
in-plane strain component g is opposite in Al rich and In rich re-
gions. For the sake of clarity the width of the area is 6-times en-
larged.

Due to the Ga-incorporation in InAIN, intended In,Al; N
ternary alloy actually becomes In,Al,Ga;..,N quaternary
alloy. This has a significant consequence for the evaluation
of X-ray diffraction measurements, e. g. for the interpreta-
tion of the RSM. In the case of ternary compounds each
couple of lattice parameters a and ¢ of strained layer mea-
sured by X-ray diffraction has a unique solution g, ay , ¢o
and x. Evidently, this is not valid for quaternary com-
pounds. In this case the composition of the layer is de-
scribed by two parameters, e. g. In,Al,Ga,..,N, and the
measured values of strained lattice parameters a and ¢ can
be interpreted by an infinite number of x, y values resulting
in different relaxed lattice parameters ao, ¢y and different
degree of in-plane strain g|. As an illustration, in Tab. 1 five
different compositions of quaternary In,Al,Ga,.,.,N layer
resulting in the same values of measured lattice parameters
are listed.

This example clearly demonstrates that in the case of
quaternary compounds the X-ray measurements alone are
insufficient for the determination of the layer composition
and further independent analytical technique is required for
the evaluation of the structural parameters of the layer.
Moreover, the concentration of Ga atoms in the In,Al;_ N
layer is strongly dept-dependent with higher value at the
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Figure 2. Depth profile of InAlGaN layer composition. The dis-
tance between the adjacent sublayers is ~ 40 nm.
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Figure 3. Composition & Relaxation diagram of InAlGaN layer.

The position of two maxima revealed by X-ray RSM are schemati-
cally shown as ellipses.
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bottom close to the GaN buffer layer. The depth
distribution of the elements in the quaternary layer can be
determined e. g. by Rutherford backscattering spectrome-
try (RBS), X-ray photoelectron spectroscopy etc. An ex-
ample of depth profile of the layer composition obtained by
RBS measurement is given in Fig. 2. It is seen that the high-
est concentration, almost 20%, of Ga is at the bottom of the
layer and from the middle up to the layer surface the Ga

Table 1. Five compositions of quaternary In,Al,Ga;.,,N layer for the same values of measured lattice
parameters and corresponding relaxed lattice parameters ao, ¢y, and in-plane strain component g .

Ga [%)] In [%] Al [%] ao [nm] ¢o [nm] g [%]
0.0 18.4 81.6 0.31898 0.51134 -0.14
5.0 17.2 77.8 0.31884 0.51147 -0.09
10.0 16.0 74.0 0.31870 0.51160 -0.05
15.0 14.7 70.3 0.31856 0.51173 -0.006
20.0 13.5 66.5 0.31843 0.51187 0.04
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content is negligible. The distance between the adjacent
sublayers is ~ 40 nm. The total layer thickness is ~280 nm.
These measurements can be combined with the X-ray re-
sults in the way outlined in the following.

The data describing the depth distribution of the ele-
ments in the layer are used as input parameters and the the-
oretical relaxation lines are calculated for all sublayers with
their particular composition obtained by RBS analysis. The
set of calculated relaxation lines plotted in reciprocal space
build up a special mesh — the composition & relaxation dia-
gram. Each relaxation line in this diagram is connected
with a sublayer in different depth, hence at favourable cir-
cumstances the eventual depth distribution of the relax-
ation can be established simply by comparison of the
diagram with the measured RSM (not shown here). Such a
comparison is given in Fig. 3.

It is seen that in addition to the basic GaN diffraction
1124 two distinct but rather broad maxima corresponding
to epitaxial layer were revealed. They are schematically de-
picted in the diagram as transparent red ellipses. The curves
of constant degree of relaxation are also shown. It can be
concluded that the InAIN layer with incorporated Ga atoms
is apparently divided into two layers. The maximum on the
left side can be ascribed to the bottom layer with high Ga
content. The layer is almost perfectly matched to the GaN
buffer layer. It is also evident that the Ga content provided
by RBS measurement is somewhat underestimated, the
maximum does not lie on the deepest relaxation line having
the highest Ga content. The right side maximum can be re-
lated to the upper layer with negligible Ga content. The
layer is almost fully relaxed.
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In the last couple of years our laboratory has implemented
couple of X-ray analytical techniques unusual in laborato-
ries. We will present couple of methods which has been im-
plemented and succesfully tested. We will discuss standing
wave X-ray fluorescence, rocking curve imaging and ab-
sorption spectroscopy.

X-ray fluorescence spectroscopy was implemented us-
ing energy dispersive detector Amptek (Si PIN diode). The
detector was mounted as the second detector to the stan-
dard X-ray diffractometer with copper or molybdenum an-
ode. The primary beam is monochromatized and
collimated with a multilayer parabolic Gobel mirror and
Ge(220) channel cut monochromator. We have measured
angle of incidence dependence of the fluorescence radia-
tion simultaneously with reflected or diffracted radiation.
In usual case the method allows us to determine depth pro-
file of the chemical composition. The measurement is usu-
ally performed for low angles of incidence; penetration
depth changes from couple of nanometers below angle of
total external reflection towards couple of micrometers for
higher angles of incidence.

As an example we present results obtained at
polycrystalline periodic multilayers FeCo/Al,O;. The sam-
ples have very thin layers of magnetic FeCo with thickness
between 1.3 nm to 2 nm separated by 3 nm spacer of insu-
lating Al,03. The samples with thinner FeCo layer exhibit
superparamgnetic properties with extremally high relative
permeability values up to 10*. We have studied the samples
using X-ray fluorescence and diffraction at low angles of
incindence. At the reflection maxima the incident and re-
flected wave form a standing wave within the superlattice.
Fitting angular dependences of fluorescence and diffrac-
tion signal we were able to determine size and position of
crystalline FeCo particles and also compositional profile of
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Figure 1. Angle of incidence dependence of Fe and Co fluores-
cence signal.
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Figure 2. Angle of incidence dependence of FeCo 110 diffrac-
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Figure 3. Map of 311 diffraction peak position measured at bent silicon wafer.
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Fe and Co in the superlattice. We have found the concen-
tration of interdiffused metallic atoms into insulating
spacer to be between 8% and 10% [1]. The examples of
fluorescnce and diffraction profiles are presented in figures
1 and 2.

Another method implemented in our laboratory is rock-
ing curve imaging using two dimensional detector. We
have used diffractometer Rigaku SmartLab with 2D detec-
tor Hypix3000, which we have mouted close to the sample
using a home made holder. The detector can be put at the
minimal distance of approximately 10 mm from the sample
in the case of asymmetric grazing incidence diffraction.
Such setup has also advantage of large irradiated area with
a limited beam size and low divergence of the diffracted
beam. The resolution is limited by the pixel size of detector
(0.1x0.1 mm?). At the angle of incidence of 1° we can
achieve irradiated area up to 25x60 mm®. This method can
provide locally resolved informations such as curvature of
the sample, chemical composition of alloyed layers, dif-
fraction peak width and intensities, which present informa-

L19

tion of defects. The example of the peak position map of
bent silicon wafer is presented in figure 3.

Last presented method is x-ray absorption spectroscopy
used for absolute quantification of certain elements
concetration. We have used it for barium quantification in a
medical radiation shielding foil. We have again used stan-
dard x-ray diffractometer with copper rotating anode and
accelerating voltage of 45 kV. The barium K absorption
edge (38 keV) was then measured with a white primary
beam in Bragg-Brentano setup monochromatized with a
silicon (111) monocrystal. Measurement in tha Bragg an-
gle range of 5° to 7° corresponds to energy range 44 to
33 keV. This range covers clearly barium absorption edge
allowing us to determine absolute concentration usin
tabulated values of absorption coefficients [2].
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IMPACT OF SUBSTRATE ON PREFERENTIAL ORIENTATION OF NbN THIN LAYERS
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Relatively simple NbN superconducting and protective
coating material is still attractive due to its superconductive
critical transition temperature 7, around 16K, the critical
current density j. for thin films in the order of several
MA/cm” and very high critical magnetic fields of up to 40T
[1]. Typically the best superconducting properties are ob-
tained in epitaxially grown cubic NbN on MgO substrate
with misfit value of 4.3%. Recently we have prepared thin
highly oriented NbN layers on Si, MgO, and Al,O; sub-
strates [2].

In present work we have investigated in more detail
structural properties of NbN epitaxial layers deposited on
various substrates. Nitride layers were deposited on heated
substrates by pulsed laser ablation from Nb target in Ar: N
gas mixture. Technological conditions have been chosen in
order to obtain highly oriented — epitaxial fcc-NbN thin
films. Surprisingly, although the nominal misfit of NbN on
c-cut sapphire substrate is 13.1%, it showed highest T, =
16.4 K in comparison to sample on MgO (7. = 13.1 K) and
Si (T, = 8.3 K). When assuming domain epitaxy: (8dnpN —
9da103)/ 9danos, the effective mismatch can be decreased
to 0.5% [3].

The XRD analysis involved determination of the relax-
ation status and coherent blocks dimensions by reciprocal
space mapping and texture investigation by pole figures
measurement. Surface topography has been characterized
by atomic force microscopy and the local structure around
substrate interface using high resolution transmission elec-

Figure 1. Pole figure in 200 NbN /c-cut AL,O5

tron microscopy. Samples on MgO showed typical cube on
cube epitaxial relationship NbN(001)[100] || MgO(001)
[100], whereas samples on c-cut sapphire: NbN(111)[110]
| AL,O3(0001)[1010] (Fig.1). For the case of r-cut Al,Os
substrate the pole figures measured at 1 1 1NbN showed that
the films are twinned and strongly oriented: NbN(135) ||
Al,0;3(1012) (Fig.2).
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Figure 2. Pole figure in 111 NbN / r-cut Al,O;.
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The analysis of multiple diffraction (MD) processes could
provide an alternative method for the structural character-
ization of samples. One of the first studies reported on this
topic was made by Renninger in 1937 [1] and used for the
222 reflection of diamond, obtaining accurately its lattice
parameters [2]. MD takes place inside a material when
more than one set of planes fulfills simultaneously the
Bragg condition in the path of the incident beam. In the real
space it means that a specific diffraction (called primary)
can be produced by the combined diffracting effects from
two or more different set of planes (Fig. 1). This is possible
because the sum of two or more diffraction vectors always
end up at a reciprocal-lattice point of their corresponding
space. Experimentally, since it is not possible to discrimi-
nate the different contributions to diffraction between con-
ventional two-beam diffraction and MD, this phenomenon
is generally studied for forbidden or very weak reflections,
in which changes in intensity may be more easily observed.
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Figure 1. Geometry of a three-beam MD in real and reciprocal
space.
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Figure 2. Diffractogram showing the (006) InGaN and GaN re-
flections and an hybrid peak

Hybrid Multiple Diffraction (HMD) is a particular and
poorly studied kind of multiple diffraction that can happen
in heteroepitaxial systems. In these systems two different
materials are involved in the generation of MD in such a
way that the participant planes belong to different recipro-
cal lattices. In this respect, the final beam is not diffracted
exactly towards the outgoing primary direction (0) but in a
direction very close to it (0y). Thus HMD phenomenon can
be observed also for allowed reflections unlike as happens
with MD. One of the first studies in this frame was per-
formed by Isherwood et al. [3], who investigated cubic
Gal-xAlxAs epitaxially grown on (001) GaAs substrates.
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Figure 3. Azimuthal scan around (006) symmetric reflection
showing the signal from the layer, the substrate and the hybrid
points

Later, it was studied by Morelhao et al. [4-8] and
Domagala and coworkers for different cubic and, ulti-
mately, for wurtzite c-oriented materials [9] and by E. de
Prado et al [10] for r-oriented wurtzite structures.

The three-beam X-Ray diffraction condition can be ful-
filled by rotating the sample around the primary diffraction
vector P of the reflection whose intensity is monitored,
generally a symmetric one. That is, participant planes are
excited only at some specific azimuthal angles of the inci-
dent direction. This makes that this type of diffraction
could be observed only for some particular azimuthal an-
gles.

In this work we show some additional conditions that
must been satisfied in order to achieve HMD. To illustrate
it we present our study on an InGaN thin layer grown by
Metal Organic Vapor Phase Epitaxy (MOVPE) on a thick
GaN buffered c-Al,O; substrate (Fig 2).

We present also an easy procedure for identify the par-
ticipant planes in the HMD process using for that a thick
MnGaAs layer grown by Molecular Beam Epitaxy on
GaAs c-oriented substrate. In this sample all the hybrid re-
flections (Fig 3) were identified.

10.

M. Renninger, “‘Detour-excitation’ a hitherto unobserved
interaction effect in space-lattice interference,” Zeitschrift
fiir Phys., vol. 106, no. November, pp. 141-76, 1937.

M. Renninger, “Beitrag zur Kenntnis der
rontgenographischen Unterschiede zwischen den beiden
Diamant-Typen,” Acta Crystallogr., vol. 8, no. 10, pp.
606-610, 1955.

B. J. Isherwood, B. R. Brown, and M. A. G. Halliwell,
“X-ray multiple diffraction as a tool for studying
heteroepitaxial layers. I. Coherent, on-axis layers,”

J. Cryst. Growth, vol. 54, no. 3, pp. 449-460, 1981.

S. L. Morelhao and L. P. Cardoso, “Simulation of hybrid
reflections in X-ray multiple diffraction experiments,”
J. Cryst. Growth, vol. 110, no. 3, pp. 543-552, 1991.

S. L. Morelhao, L. P. Cardoso, J. M. Sasaki, and M. M. G.
De Carvalho, “Hybrid multiple diffraction in Renninger
scan for heteroepitaxial layers,” J. Appl. Phys., vol. 70, no.
5, pp. 2589-2593, 1991.

S. L. Morelhdo and L. P. Cardoso, “Structural properties of
heteroepitaxial systems using hybrid multiple diffraction in
Renninger scans,” J. Appl. Phys., vol. 73, no. 9, pp.
4218-4226, 1993.

S. L. Morelhdo, A. A. Quivy, and J. Hartwig, “Hybrid and
effective satellites for studying superlattices,” Microelec-
tronics J., vol. 34, no. 5-8, pp. 695-699, 2003.

S. L. Morelhdo and J. Z. Domagala, “Hybrid reciprocal
space for X-ray diffraction in epitaxic layers,” J. App!.
Crystallogr., vol. 40, no. 3, pp. 546-551, 2007.

J. Z. Domagala, S. L. Morelhao, M. Sarzynski, M.
Mazdziarz, P. Dluzewski, and M. Leszczynski, “Hybrid re-
ciprocal lattice: application to layer stress appointment in
GaAIN/GaN(0001) systems with patterned substrates,”

J. Appl. Crystallogr., vol. 49, no. June, pp. 798-805, 2016.

E. De Prado, M. C. Martinez-Tomas, C. Deparis, V.
Munoz-Sanjose, and J. Zuniga-Perezb, “Hybrid multiple
diffraction in semipolar wurtzite materials: (0112)-oriented
ZnMgO/ZnO heterostructures as an illustration,” J. Appl.
Crystallogr., vol. 50, pp. 1165-1173, 2017.

© Krystalograficka spole¢nost



