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1. Introduction

X-ray reflectivity (XRR),

counterpart technique, is independent of the crystalline

in contrast to its

MROX 2.0: a software tool to explore quantum
heterostructures by combining X-ray reflectivity
and diffractiont

S. Magalhaes, @*2 C. Cachim, ©° P. D. Correia, ©° F. Oliveira,° F. Cerqueira,®
J. M. Sajkowski and M. Stachowicz®

New software for the simulation and fitting of specular X-ray reflectivity (XRR) measurements has been
developed. The novel software employs the recursive formalism of the dynamical theory of X-ray scattering
and constitutes an extension of the Multiple Reflection Optimization package for X-ray diffraction (MROX).
The software is used to determine the layer thicknesses, mass densities and roughnesses of quantum
heterostructures of two sets of samples: Si/Ge bilayers with 1, 2, 3, 4 and 10 periods grown on Si buffer
layers and (001) Si substrates, and a 50 period ZnO/Zn;_,Mg,O layer grown on a m-ZnO substrate. For the
case of the group IV elemental semiconductors, an increase in the interface roughness with an increasing
number of periods is found. The evolution of the roughness with increasing layering complexity is
suggested to be due to the decrease of the crystalline quality deduced via simulations of X-ray diffraction
004 20-w scans. With respect to the superlattice grown on top of the wide bandgap II-VI semiconductor,
XRR scans were performed for different azimuth directions, ¢ = {0°, 20°, 40°, 60°, 80°, 90°}. In perfect
agreement with high-resolution transmission electron microscopy images, lower roughnesses are derived
when the X-ray beam is perpendicular to the c-axis. Furthermore, in both systems, the derived thicknesses
fully agree with the ones observed via imaging techniques. For the wurtzite one, the low averaged MgO
content (~10%) reduces the contrast between the binaries’ refractive indices (mass densities) while a
difference in the a-lattice parameter is still observed experimentally. The density of the Zn;_ Mg,O
compound is then determined as a linear interpolation between the binaries’ densities weighted by the
MgO content derived via XRD and used as input in the XRR simulations. The resulting XRR simulations
agree perfectly with the experimental data. Thus, an approach combining reflectivity and diffraction
presents substantial advantages over the single scattering mode.

semiconductor quantum heterostructures, the class of
materials studied in the present work, an XRR scan is strongly
affected by the surface roughness, thickness and mass density
of the individual layers.">'* The measured curves are

diffraction

structure. The applicability of the former spans from
crystalline solids'® to amorphous materials,” liquids and
biological specimens as well.'"* In crystalline solids’
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characterized by a region of low incident angles for which the
X-ray beam is totally reflected and an angular range above the
critical angle in which the reflected intensity decreases rapidly
with increasing incident angle."”® The drop of the reflected
intensity presents a strong dependence on the surface
roughness following the well-known Porod's law, ie.,
proportional to Q,*.'® Q, is the transfer wave vector defined
by the difference between the (scattered) reflected and

nsin(6)

. . 4 .
incident wave vectors and has a magnitude of , with

0 being half of the scattering angle (26). By definition, the
incident angle equals the reflected one in specular X-ray
reflectivity measurements. Thus, due to geometrical
considerations, Q. is perpendicular to the sample surface.
The XRR scans of single layers frequently evidence

CrystEngComm, 2023, 25, 4133-4145 | 4133
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oscillations, analogous to the Fabry-Pérot effect, assigned in
reflectivity measurements to Kiessig fringes."” These oscillations
are a consequence of the optical interference phenomena
caused by the reflection at consecutive atomic planes, ie., the
internal pseudo-interfaces with similar physical and chemical
properties. When increasing the layered complexity to a periodic
bilayer structure with a given number of periods (N), the
resulting interference pattern is caused by the individual layers
and by the averaged lattice parameter of the superlattice as well.
The latter is identified in XRR scans by the so-called superlattice
diffraction orders (SLs).'® The number of Kiessig fringes in-
between consecutive SLs may be determined by N — 2. Further
increasing the layered complexity to a superlattice embedded in
a quantum heterostructure, where a thin surface oxidized layer
is the simplest example, causes the number of oscillations in-
between SLs to vary and in order to perform structural/
morphological characterization, simulation tools are required.
Through simulations of the measured curves using Parratt's
recursive formalism or the Abeles matrix formalism, both
employing the dynamical theory of X-ray scattering,'’ the
refractive indices of the individual layers of the stacked
structure, n, are estimated. Alternatively, the weight of an atom
or compound in grazing incidence X-ray scattering may be

2n (3 + i6;)

defined via the scattering length density (SLD) as —
N vpilp;+ f vpi\py + ff

with J; o J<J j)andﬁ E J<J ) pjandM

Jj=1
are the mass den51ty and atomic mass of atom j, respectively, f
and f" are the real and imaginary parts of the anomalous
dispersion term of the atomic scattering factors for a given atom

ar?

) N . .
jand v= , with Na being the Avogadro number and r,

the classical electron radius (~2.818 x 10 > A). Thus, as J and f
are dependent functions of the mass density of the material in a
given layer, fitting both quantities independently may result in
misinterpretation of the outputs due to the higher probability of
calculating mass densities without physical meaning. Although
a possible explanation for the deviations of the derived density
compared to the literature would be the presence of
crystallographic defects that may affect absorption, thus, f,
independent fitting should be used with caution. One example
of software that allows the user to fit 6 and f independently is
Parratt32.>' Even though Parratt32 is extremely powerful and
fast, in order to obtain ¢ and f of the quantum heterostructures
studied here, access to external databases is required. Another
piece of software for the visualization and analysis of non-
polarized specular reflectivity data is LEPTOS®.>* The software,
developed by the Bruker company, does not require in advance
knowledge of the SLD of a material and the mass density is the
key parameter as in the case of MROX, an acronym for Multiple
Reflection Optimization package for X-ray scattering. Although
extremely versatile and powerful as it not only simulates
experiments of X-ray reflectivity and diffraction but also grazing
incidence small angle X-ray scattering (GISAXS), the commercial
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character of LEPTOS® reduces its attractivity. Several other
types of software are available to simulate and fit XRR
scans.?**° MROX intends to stand out as a reliable, fast and
highly versatile tool where layer creation and manipulation
are extremely easy and the material database is readily
accessible and editable. Furthermore, MROX provides a fast
access list to the materials available in the database (DB).
The fast access list and the DB are also editable. Therefore,
the user may select materials according to specific interests
or research fields. MROX is implemented in a modern design
that guides the user through relevant suggestions (embedded
text messages). Moreover, it enables the user to fit J and g
independently by requesting the user to quantify the SLD
parameterization via an external file. Therefore, it transfers
to the user the responsibility of employing SLD parameters
instead of using the mass density per default. Preliminary
versions of the MROX for X-ray reflectivity were developed in
ref. 7, 8, 30 and 31. The final version, for the first time
presented here, is made available to the scientific community
on a dedicated website (https://www.MROX.eu). In section 2,
the growth procedures of two sets of samples with increasing
layering complexity are described. The first consists of 5 Si/
Ge quantum heterostructures grown on Si buffer layers and
(001) Si substrates. The second refers to a ZnO/ZnMgO
superlattice containing 50 periods deposited on a ZnO buffer
layer and m-ZnO substrate. The technological relevance of
the layered structures studied here concerns their
applicability to the optoelectronics field. In fact, concerning
the cubic system, the reduction of the dimensionality from
films to quantum wells/superlattices changes the density of
states’>** while the wurtzite system, as a wide band gap
semiconductor, is suitable for a variety of applications, from
near-UV emitters® and sensors® to laser structures as well.*®
Furthermore, the experimental conditions used in the
measurements of XRR scans are highlighted in section 2. The
application of the MROX software in its reflectivity version to
the different sets of samples is addressed in section 3, while
in section 4, the main conclusions are summarized.

2. Samples and description of the
experimental techniques

Two sets of samples are employed to demonstrate the
applicability of the X-ray reflectivity package of the MROX
software in the study of layered quantum heterostructures.
The criteria for including the various samples in the
manuscript are based upon the layering complexity and
scientific area applicability of the different sets. The first set
consists of an increasing number of 100 A Si/~10 A Ge
bilayers grown on ~500 A Si buffer layers and (001) Si
substrates. The samples, grown by Molecular Beam Epitaxy
(MBE), hereafter referred to as E,, E,, Es;, E; and Es, are
schematically presented in Fig. 1a) and consist of stacks of
1, 2, 3, 4 and 10 Si/Ge periods, respectively. A detailed
description of the growth procedure may be found in ref. 37.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic views of samples E; {i = 1, 2, 3, 4, 5} with 100 A Si/~10 A Ge bilayers grown on a Si buffer layer and (001) Si substrate a), and
sample M with 50 periods of ZnO/Zn;_,Mg,O layers grown on a ZnO buffer layer and m-ZnO substrate b).

Succinctly, samples from the E series were grown using an
electron beam evaporator for Si and an effusion cell with a
crucible of pyrolytic BN for Ge and a base pressure lower
than 107"° mbar. A Si flux is tapered through Si films on
(001) Si wafers with a growth rate of 1 A per second. The
growth of the Si/Ge heterostructures was performed at the
Institute for Semiconductor Engineering, University of
Stuttgart, Germany.

The sample for the second set (M) is a ZnO/Zn;_ Mg, 0
superlattice grown on a commercial m-plane ZnO substrate
by Plasma Assisted Molecular Beam Epitaxy (PA-MBE) using
a Riber Compact 21 system. The term ‘superlattice’ is
employed in the current work to describe sets of 2 layers
with the same crystalline structure but different lattice
parameters, thicknesses and roughnesses. In contrast to the
previous set of samples, a detailed description of the
growth procedure will follow as it is the first time that any
kind of structural characterization is performed on the
sample. Before the growth, the m-ZnO substrate was
chemically cleaned in a (1:1) H,SO,:H,0, mixture for 5
min and then rinsed in deionized water and dried with
nitrogen gas. Thermal purification of the substrate was
carried out at a temperature of 150 °C for 1 h in the load
chamber and then the substrate was transferred to the
growth chamber where it was baked in a vacuum at 700 °C
for 10 min. During the pre-growth process, the radio-
frequency (RF) power of the oxygen plasma was fixed at
400 W, and the pure 6 N O, gas flow rate was 3 sccm. The
substrate was oxygenized in a plasma environment for
about 3 minutes. After the preparation procedures, a ZnO
buffer layer was deposited to separate the hydrothermally
obtained substrate from the hydrogen-free SL structure. The
ZnO buffer layer was grown for 15 minutes with a growth
rate of about 30 A min™, with the oxygen flow reduced to
1.6 sccm. The buffer layer also was annealed, but in a
vacuum at 600 °C for about 30 min. The SL structure,
schematically presented in Fig. 1b), consists of 50 ZnO/
Zn,_,Mg,O bilayers. Pure Zn and Mg 7 N metals were
evaporated from conventional two-zone Knudsen cells. The
fluxes of Mg and Zn were measured before the growth with

This journal is © The Royal Society of Chemistry 2023

the beam flux monitor of a Bayard-Alpert type ionization
gauge with a pressure of ~4.04 x 10™® torr and 1.3 x 10™°
torr for Mg and Zn, respectively. Furthermore, in sample
M, Transmission Electron Microscopy (TEM) investigation
and annular dark-field imaging (HAADF) were performed
on the prepared transparent sediments for electron cross-
sections of the ZnO/Zn;_,Mg,O multilayer with the use of
FEI Helios Nanolab 600 dual beam FEG-SEM/FIB apparatus
equipped with an Omniprobe nano-manipulator and a
platinum gas injection system (GIS). High Resolution
Transmission Electron Microscopy (HRTEM) and Scanning
Transmission Electron Microscopy (STEM) investigations
were performed using an aberration-corrected FEI Titan
cube 80-300 microscope operating at 300 kv and equipped
with an energy-dispersive X-ray spectrometer (EDX). Prior to
measurements, the structures were polished with a SiC
abrasive with a gradual decrease in the size of the abrasive
grain, followed by argon ion milling on a copper holder at
room temperature. Images with a size of 2048-2048 pixels
were registered using a CCD camera with a 2 s exposure
time for a single acquisition. The surface roughness and
morphology are obtained using Atomic Force Microscopy
(AFM), allowing assessment of the flatness on the level of
RMS = 0.81 nm. The growth of the oxide was performed at
the Institute of Physics of the Polish Academy of Sciences,
Warsaw, Poland.

The X-ray reflectivity measurements were performed on a
Bruker D8 AXS Series diffractometer equipped with a Gobel
parabolic mirror to limit the vertical divergence and a 220
Ge monochromator to select the Cu Ko, radiation (4 =
1.54056 A). The component of the X-ray direct beam that
travels parallel to the sample surface without experiencing
reflection is blocked by a knife edge (KE) as shown in
Fig. 2a). The reflected intensity is measured by a point
focus detector after the beam is laterally limited by a Soller
slit (S).

To align the typical 8-26 scan that defines the XRR scan,
first, the axes x, y, z, and o depicted in Fig. 2b) were used to
place the beam parallel to the sample surface, ie., after
centering the sample using the x- and y-axes, sets of z- and

CrystEngComm, 2023, 25, 4133-4145 | 4135
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Fig. 2 a) In the case of the X-ray reflectivity measurements, a Soller slit (S) is placed in front of the detector while to perform the high-
resolution X-ray diffraction measurements, the Soller slit is replaced by a 0.1 mm width slit. The knife-edge (KE) with the function of blocking
the direct beam not reflected at the surface is also shown. b) Goniometer showing the sample holder and detector schematics showing the
possible scans to operate on the Bruker AXS D8 diffractometer. The sign convention used for the degrees of freedom at the measurement

system is also shown.

w-scans are performed. Then, the detector axis (26) is moved
to 0.2° and an w-scan is accumulated. The maximum was
defined in the acquisition software as half of the scattering
angle (260/2). Due to the low roughness expected in high-
quality single crystals, Yoneda wings were clearly observed,
which facilitates the optimization process.'>' In the present
case, the maximum should be located at 0.1°. The same
procedure is performed for 26 = {0.15, 0.2, 0.25, 0.3}. As
expected, the peak observed in the w-scan shifts towards
higher angles as 26 increases with increasing ¢ off-set, (26/2)
+ ¢. Therefore, a compromise of w = 26/2 is chosen. The
simulation and fit of the experimental data are successfully
accomplished using the MROX extension for X-ray reflectivity.
The simulations employ the recursive Parratt's formalism
which is accounted under the frame of the dynamical theory
of Xray scattering.””* The software considers the
instrumental function as the sum of a resolution function
and a constant background. The resolution is determined by
calculating the reflectivity averaged over several points, n,
analytically defined by a Gaussian distribution and ranging

4136 | CrystEngComm, 2023, 25, 4133-4145

" a0,
> owr(e[147%])
3 o

from -a to a as R(Q,) = . 0Q, is the
a=-n

. . a\?
reciprocal space resolution and w, = exp(—z(ﬁ) > The

Genetic, Pattern Search and Simulated Annealing constitute
the available fitting algorithms in MROX. A brief description
of the theoretical background of the dynamical theory of
X-ray specular reflectivity is addressed in S1 while in S2, the
description of the MROX software is put forward ESL}

3. Experimental results and MROX
simulations

3.1 Si/Ge superlattices grown on Si buffer layers and (001) Si
substrates - samples E,, E,, E3, E, and E;

Fig. 3a) shows the MROX user interface highlighting the
experimental (black colored dots) and simulated (blue

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 a) MROX graphical user interface showing the experimental (black colored dots) and simulation (blue curve) XRR scans of sample E,. b)
Experimental (black colored dots) and simulated X-ray reflectivity scans of the 1 (E,), 2 (E,), 3 (E3), 4 (E4) and 10 (Es) Si/Ge periods grown on a Si
buffer layer and (001) Si substrate. In the inset, a transmission electron microscopy image of the 10 period Si/Ge superlattice (sample Es) is
shown.®” Bar graphs showing the depth-evolution of the thickness (in A, c;), mass density (in g cm™, c,) and roughness (in A, c3) of the Si and Ge
individual layers down to the Si buffer layer. For visualization purposes, the information regarding the Si substrate is discarded.

colored line) X-ray reflectivity (XRR) scans of sample E,. The
reasoning for showing sample E, is based upon the fact that
E, is the first sample in the measured sequence to exhibit
Kiessig fringes (KFs) and superlattice diffraction orders (SLs)

This journal is © The Royal Society of Chemistry 2023

simultaneously. The first eight identified KFs and SLs are
presented.

The quality of the fit is very good with all the KFs and SLs
accurately simulated. The high number of observed KFs and

CrystEngComm, 2023, 25, 4133-4145 | 4137
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Table 1 Thickness (in A), mass density (in g cm™) and roughness (in A) of
the 7 layers of sample E,

E,: layer Thickness (A) Density (2 cm™) Roughness (A)
1-Si0, 7.75 2.65 0.13
2-Si 95.19 2.33 0.66
3-Ge 7.52 5.20 0.39
4-Si 95.74 2.33 0.63
5-Ge 9.71 5.33 0.64
6-Si (buffer layer) 478.40 2.33 0.19
7-Si (substrate) — 2.33 0.21

SLs is an indication of the high-quality interfaces.*® That is
to say, the layer interfaces are sharp,” and low levels of
composition heterogeneities are expected. The derived
thickness, mass density, and roughness of the 7 layers are
the ones shown in Table 1 and the table embedded in the
MROX user interface. Accordingly, the experimental data
measured for sample E, was simulated (and fitted) by
including a thin SiO, layer (~7.7 A), followed by 2 Si/Ge
bilayers, i.e., 2 periods with corresponding layer thicknesses
of 95.2 A/7.5 A and 95.7 A/9.7 A on top of a ~478.4 A Si buffer
layer and a Si substrate. A thin oxidized Si or Ge surface layer
is common in silicides and  germanium-related
compounds.*”*' The thicknesses of the individual periods
are 102.7 A (95.2 A + 7.5 A) and 105.4 A (95.7 A + 9.7 A),
suggesting the bilayer thickness homogeneity with just a
slight dispersion of 2.7 A.

Furthermore, the XRR scan is also affected by the mass
density of the materials that form the heterostructure. The
mass density simulated for the surface layer is found to be
2.65 g cm ™ while the ones simulated for the Si and Ge layers
are 2.33 g cm™® (layers 2, 4, 6 and 7) and 5.2 ¢ cm ™ and 5.33
g cm ™ (layers 3 and 5), respectively. The former matches with
the theoretical value for a SiO, compound*? while the latter
two only differ by 0.1% and a maximum of 2% with respect
to the Si and Ge theoretical densities, respectively.**** The
above parameterization agrees with the respective nominal
values indicated in Fig. 1a) and in ref. 37. A maximum
difference of ~21 A is found for the Si buffer layer where a
thickness of 500 A would be expected. However, the effect of
the thickness of the Si buffer layer in the reflectivity pattern
is found to be negligible above 300 A. The roughness is also
deduced via simulations using the MROX software. According
to the fitting outputs, the surface roughness is found to be
0.1 A, highlighting its flat air/SiO, interface. It is interesting
to note that the thicker Si layers of the periodic structure
reveal higher roughnesses compared to the thinner Ge layers.
Specifically, the average roughness of layers 2 and 4 is
~0.6339 A (Si) while the same quantity is found to be around
20% lower for layers 3 and 5 (Ge), respectively. The
roughnesses of the Si buffer layer and Si substrate are ~0.19
A and ~0.21 A, emphasizing the Si wafer quasi-flat surface
prior to the growth of the bilayer quantum heterostructure.
The derived roughnesses of the Si/Ge interfaces are close to
the ones found in the literature for state-of-the-art Si/Ge
superlattices.”>*” The experimental and simulated X-ray
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reflectivity scans of samples E; to E; are compared in
Fig. 3b). The scans are vertically translated for clarity. For the
case of sample E;, the quality of the fits is found to be very
good while for the cases of samples E;, E, and Es5 slight
deviations in the simulations compared to the respective
experimental data are found. The deviations are suggested to
be due to small composition heterogeneities where Si;_,Ge,
compound thin layers could be stacked in-between the Si/Ge
bilayers, and thus some interdiffusion is suggested. In fact,
according to the literature, a low degree of interdiffusion is
common in Si/Ge superlattices.**>° The composition
heterogeneities would change the mass density depth-
distribution but the total thickness of a set of Si/Si;_,Ge,/Ge/
Si;_,Ge, layers would be kept constant. The result is
accurately simulated KFs, i.e., no simulated fringes would be
out-of-phase with respect to the experimental ones because
the total thickness is maintained, while affecting the KF and
SL overall intensity. As evidenced, the increased number of
Si/Ge periods is reflected in an increased number of SLs. In
other words, the constructive interference adds-up as
scattering events due to the number of Si/Ge bilayers
increasing from sample E; to Es. The image shown in the
inset of Fig. 3b), obtained via transmission electron
microscopy, highlights the 10 period Si/Ge superlattice
(sample E;).”” From this image, it is not clear the
interdiffusion suggested for the cases of samples with a
higher number of periods. On the one hand, the XRR scan of
sample E; only shows the presence of oscillation fringes and
no SLs are visible, which is a result of the scattering events
due to the finite thickness of the individual layers. On the
other hand, in the XRR scans of samples E, to Es, the
interference phenomena of the reflected X-ray waves arise not
only from scattering events at the interfaces of the individual
layers but also from the scattering events of the bilayer itself.
Furthermore, the angular separation between KFs decreases
from sample E; to E5 evidencing the higher total thickness
for samples with higher indices. Analytically, the thickness
may be determined via the kinematical theory of X-ray
scattering by employing the Bragg's law equivalent,

n- .
t= . Here, 1 is the Cu Ko, X-ray

(n(5) (%))
2-| sin{ —= | —sin| —

2 2
wavelength, and 26; and 26; are the maxima angular positions
of KFs separated by n. In the case of sample E; using 26/2
and the 1st and 7th KFs for the purpose of statistical
improvement (n = 6 = 7 — 1), a thickness of 107.05 A is
calculated. Both KFs are marked in Fig. 3b) with a star
symbol with the angular positions of 26; = 6.01° and 26; =
1.06°. For sample E,, the angular separation between SL7 (26
= 6.805°) and SL1 (26; = 1.025°) highlighted in Fig. 3b) with
double star symbols results in ~106.97 A. Therefore, as
expected, the angular separation between KFs is related to
the thickness of the Si/Ge bilayer in sample E,, while in
sample E,, the same quantity is measured by the angular
separation between consecutive diffraction orders. As
calculated from Table 1, the average Si/Ge heterostructure
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period is ~104.08 A which is slightly below (~2.89 A) the

one found wusing the kinematical approximation. The
individual layer thicknesses, mass densities and
roughnesses of the layers of samples E; to Es are

summarized in Fig. 3c;_3), respectively. It is interesting to
note the increase in the overall roughness with an
increasing number of periods being more accentuated for
samples E, and Es. The effect may be due to the increasing
strain anticipated by the increasing number of bilayers
leading to pseudomorphic growth of the superlattice which
in turn degrades the morphology prior to layer relaxation.
In fact, according to ref. 51 and 52, pseudomorphic growth
may lead to a roughness increase in Si/Ge superlattices.
Furthermore, in order to extract information about the
crystallinity of the quantum heterostructure, the thicknesses
derived via XRR were used as inputs in the X-ray diffraction
(XRD) simulations. Although, in the range of a few
nanometers, the sensitivity of XRR to the layer thickness is
superior, it is interesting to point out that highly accurate
XRD simulations were obtained. In fact, as the 26-w scans
around the 004 reciprocal lattice point measured for
samples E; to E; evidence in Fig. 4a), the match between
both techniques is almost perfect. The 26-w scans were

Normalized intensity [arb. units]

View Article Online

Paper

vertically translated for clarity. The MROX code, as
recognized software for the simulation of X-ray diffraction

measurements, was used in X-ray diffraction single
reflection  mode.”*™®  The simulations considered
pseudomorphic growth, e, the Ge in-plane lattice

parameter equals the ones from the Si substrate and Si
buffer layer. Although the measured reflection is only
sensitive in the orthogonal direction with respect to the
surface, as it is only dependent on the c-lattice parameter,
the calculated intensity is slightly affected by the volume of
the unit cell which is different if the unit cell is relaxed or
strained uniaxially.”® In fact, previous XRD reciprocal space
maps around an asymmetric reflection show that Ge is not
relaxed but fully strained instead.’” Furthermore, the
derived strain perpendicular to the sample surface ()
presented in Fig. 4b) suggests higher strain in the Si SL
layers than on the Ge ones while the Si buffer is found to
be almost relaxed in the direction perpendicular to the
sample surface and fully relaxed in the orthogonal
direction. The crystalline quality was simulated as a Debye-
Waller parameter (DW).°® The evolution of the DW as a
function of depth for the five samples suggests lower
crystalline quality for samples with higher indices/periods

1010 ! ‘ 004 20-w
a):
SL-4 L3 st
10° sS850 [;\\ J
| sL-10SL-9 SL-8 aa! Y \ ]
A A ARV, \«tf '“\‘SI’ \\"ﬁrl ‘\m"‘ Wil
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Fig. 4 a) Experimental (black colored dots) and simulated X-ray 26-w scans around the 004 Si reciprocal lattice point of the E;, E,, E3, E4, and Es
samples. The individual scans were vertically translated for clarity. Strain perpendicular to the sample surface b), and Debye-Waller parameter

(crystalline quality) c) depth-profiles derived for samples E; to Es.
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Fig. 5 a) TEM a;) and STEM a,) images acquired along the <1120> axis highlighting the entire superlattice and a random 9-period depth-region in
the superlattice, respectively. From the STEM analysis, the thickness of the ZnO and Zn; ,Mg,O layers is found to be 17 + 1 A and 14 + 1 A,
respectively. The average total thickness of the superlattice is 1585 + 4 A. The interface roughness modulation is evidenced by the deviations in
the material's mass density with respect to the horizontal yellow lines. b) TEM image measured along the <0001> axis showing the full structure
of the quantum heterostructure. In a) and b), the vertical direction corresponds to the growth direction, <1100>. All layers are parallel to the
substrate surface. c) AFM image evidencing elongated stripes along the c-axis. The RMS roughness is found to be 5.6 A.

which may be related to the higher roughnesses derived via
XRR. To summarize the section, the simulations of the
XRD results fully agree with the XRR conclusions and a

combined

reflectivity/diffraction

approach  presents

advantages over the single scattering mode of the respective

configurations.

a”

Concentration [%]

b |=%—(2n)
n’ -
b1) —&-[Mg]

N -e-(0] |

60

3.2 ZnO/Zn,_,Mg,0 bilayers grown on ZnO buffer layers and

m-ZnO substrates

The application of MROX to the XRR measurements of a
sample containing 50 periods of ZnO/Zn,_,Mg,O bilayers
buffer layer and m-ZnO substrate is

grown on a ZnO

c)

.Zn0‘1.0TO
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Fig. 6 STEM observation along the <1120> a;) and <0001> a,) axes of a randomly selected depth-region of the quantum heterostructure.
Concentrations of Zn, Mg and O b,) and b,) determined along the light blue and red arrows shown in a;) and a,), respectively. The lengths of the
arrows are 100 A and 130 A, respectively. c) Experimental and simulated 26-» scans around the 1010 ZnO reciprocal lattice point.
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discussed as follows. As is evidenced in the TEM/STEM
images depicted in Fig. 5a) and b), significant changes in the
roughness are found if observed along the a-axis (<1120>,
Fig. 5a,.,) or along the c-axis (<0001>, Fig. 5b). In fact, the
interface layer roughness is more pronounced or less sharp
when probed along the a-axis rather than along the c-axis.

Fig. 5a,) shows a magnification of the TEM image
illustrated in Fig. 5a;). The magnification corresponds to a
9-period region from Fig. 5a;). The horizontal yellow lines
evidence the roughness modulation along the a-axis. The
roughness amplitude is similar amongst all the interfaces.
Specifically, the roughness amplitude is around half of the
thickness of the layer, while the number of oscillations per
unit of area decreases towards the surface. Moreover, by
comparing Fig. 5a,) and b), the morphology of the ZnO buffer
layer is suggested to be the driving force for the wavy
character of the interfaces of the overall structure. In fact,
according to the literature, replication of the buffer layer
roughness towards the surface is common in several
superlattice systems such as Si/Ge," GaAs/AlAs,** and GaN/
AIN.®*®* The high level of alignment between the atoms in
both ZnO and Zn, ,Mg,O layers as well as the individual
layer thicknesses is concluded from the high-resolution
STEM image of Fig. 5a,). The total thickness of the
superlattice is 1585 + 14 A while the average thicknesses and
respective standard deviations considering the 50 ZnO and
Zn,_,Mg,O layers are found to be 17 + 1 A and 14 + 1 A,
respectively. A root mean square (RMS) surface roughness of
5.6 A is measured through AFM. Furthermore, the AFM
image depicted in Fig. 5¢) shows elongated stripes along the
c-axis, in agreement with that observed in ref. 65 by
Chauveau et al. Along the red and light blue lines in
Fig. 6a;,) corresponding to the STEM a- and the c-axes
observations, respectively, the hill to bottom amplitudes
amount to 3 A thick in average (not shown). The regions
crossed by both lines are chemically characterized by a
random Zn,_Mg,O compound with the MgO content varying
between pure ZnO and maximum MgO content available in
the layers. Since the sample was not annealed after growing,
the high variations in the MgO contents depicted in
Fig. 6b;,) are suggested to be due to strain-induced
spontaneous intermixing.®®®’

The intriguing observation of the different interface
roughnesses along the a- and c-axes observed via STEM/TEM
motivated the XRD/XRR measurements as direct comparison
with visual techniques is possible. Concretely, the thickness of
the individual layers and the chemical composition may be
deduced via the simulations of the XRD and XRR scans while
the roughness is accessible through the simulations of the
latter. Therefore, as in the case of the Si/Ge heterostructures,
XRD and XRR measurements of the ZnO/Zn,_,Mg,O bilayer
superlattice were performed and simulated using the MROX
code in the reflectivity and diffraction single reflection
modes, respectively. Fig. 6¢) shows the experimental and
simulated 26-w scans around the 1010 ZnO reciprocal lattice
point for the sample with the a- and c-axes perpendicular to

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

the incident wavevector ((%i), respectively. As in the case of
the STEM images in Fig. 6a,_,) and the concentration of Zn,
Mg and O plotted as a function of distance in Fig. 6b,_,), the
26-w scan with the g-axis perpendicular to the X-ray beam is
presented in light blue while the latter scan is shown in red.
The latter measurement with the respective simulation is
translated vertically for clarity. The 1010 ZnO Bragg peak
from the substrate and buffer layer is clearly identified while,
at first glance, no SLs or KFs are visible. As the ZnO/Zn,_,-
Mg, O bilayer thickness is 31 A, the total thickness of the
superlattice is expected to be around 1500 A (31 A x 50
periods or 1585 A determined via STEM). Converting both
thicknesses into angular spacings, consecutive SLs/KFs would
be separated by 2.8°/0.056°, respectively. Because the
particular diffraction and interference signatures expected in
a quantum heterostructure are not present in the
measurements, simulations of the 26-w scans are required
for accurate structural characterization. The simulations
depicted in Fig. 6¢) were performed considering the averaged
thickness determined via STEM for ZnO and Zn,_.Mg,O, ie.,
17 A and 14 A, respectively, while, in order to include the
microscopy observations shown in Fig. 6a;,) and b;_,),
random in-depth MgO contents varying between 2% and
15% were considered. Furthermore, random variations of the
strain along the growth direction were added, in agreement
with the Geometric Phase Analysis determined via STEM (not
shown). The dynamical theory model considered here does
not account for the effects of the roughness in the diffraction
patterns. Instead, a Debye-Waller parameter ranging between
1 and 0 is included to model the structure factor of the
individual layers ranging from a perfect to a highly distorted
crystal. The best fits were accomplished with DWs of 0.7 and
1 in the cases of the X-ray beam being perpendicular to the
a-/c-axis, respectively. Therefore, the crystalline quality
interpreted as a decrease in the crystalline structure factor
caused by a decrease in the DW factor is expected to be lower
for the case when the X-ray beam is perpendicular to the
a-axis. The thicknesses of the individual and buffer layers
perfectly agree with the ones observed via STEM. The
thicknesses derived via XRD were used as inputs for the
simulations of the XRR scans. Fig. 7a) shows the
experimental and simulated XRR scans acquired for different
azimuth angles: ¢ = {0°, 20°, 40°, 60°, 80°, 90°} (check
Fig. 1b) for the definition of the azimuth angle). The former
corresponds to the X-ray beam perpendicular to the c-axis
while the latter measurement relates to the X-ray beam
perpendicular to the g-axis. All the simulations agree
perfectly with the experimental data. The mass density of the
Zn,_,Mg,O layers was included in the XRR simulations
assuming a linear interpolation between the mass densities
of ZnO (5.61 g em™)*® and MgO (3.58 g cm™)* weighed by
the MgO content derived via XRD. The averaged MgO content
calculated over all the ZnMgO layers anticipates small
differences in the refractive indexes of consecutive layers,
thus, on the density of the ZnO and Zn,oMg,;0. The
contrast in the refractive index of consecutive layers is barely
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Fig. 7 a) Experimental and simulated XRR scans for different azimuth angles: ¢ = {0°, 20°, 40°, 60°, 80°, 90°}. b) Average of the roughnesses
between all layers of the quantum heterostructure (bars) and the surface layer roughness as a function of the azimuth ¢ angle (black dashed line).

noticeable due to the absence of KFs in the XRR scans while
3 SLs are identified in Fig. 7 as SLO, SL1 and SL2. As
described in the previous section, the distance between
consecutive SLs is related to the superlattice period. Using
SLO (26 = 2.92032°) and SL2 (26 = 8.56798°), a period of 31.3
A is found which perfectly agrees with the bilayer thickness
input in the simulations. The roughness in individual layers
is also determined via XRR simulations. Values between 1 A
and 8 A were employed for each layer but with an average of
1.9916 A, 2.8357 A, 2.9897 A, 4.8101 A, 5.5272 A, and 5.9101 A
for measurements performed with increasing azimuth angle
as depicted in Fig. 7a) and b). The averaged roughness
considering the total number of layers increases from ¢ = 0°
to ¢ = 90° Furthermore, the surface layer roughness
increases with increasing azimuth angle as presented in
Fig. 7b). Therefore, the simulation of the XRR scans suggests
an overall roughness dependency on the azimuth angle
which agrees with the high-resolution TEM results.

4. Conclusions

In the present work, an extension of the Multiple Reflection
Optimization package for X-ray diffraction focusing on the
simulation and fitting of non-polarized specular X-ray
reflectivity (XRR) measurements is developed. The recursive
Parratt's formalism of the dynamical theory of X-ray
scattering is employed to determine the layer thicknesses,
mass densities and roughnesses of quantum heterostructures
of two sets of heterostructures samples. The first set consists
of 5 samples of Si/Ge bilayer superlattices with 1, 2, 3, 4 and
10 periods grown on Si buffer layers and on (001) Si
substrates followed by a 50 period ZnO/Zn,;_,Mg,O bilayer
grown on a ZnO buffer layer on a m-ZnO substrate. In order
to consider typical surface oxidation in Si capping layers, a
thin SiO, layer was included at the surface in the simulations
of the reflectivity patterns of the group IV elemental

4142 | CrystEngComm, 2023, 25, 4133-4145

semiconductors with the novel MROX code. The thicknesses
agree with the ones expected by the growth procedure and by
direct imaging visual techniques. Moreover, the thicknesses
derived via the simulations of the XRR scans were used as
inputs in the MROX simulations of the radial 004 26-w scans.
Perfect agreement is found for the cases of a low number of
periods while for higher numbers, interdiffusion and/or
roughness effects may play an important role and are not
considered in the case of X-ray diffraction. The derived mass
densities of Si, SiO, and Ge agree with the ones found in the
literature. Furthermore, the simulations of the XRR scans
allows quantifying higher roughness in samples
characterized by a higher number of periods, in particular, in
the case of the 4 and 10 sets of Si/Ge bilayers. The higher
roughness is suggested to be related to the decrease of the
crystalline quality based on the Debye-Waller parameter
derived via XRD simulations. With respect to the second set
concerning the zinc oxide related superlattices, XRR and XRD
measurements were simulated. The low incidence reflectivity
measurements ~ were  motivated by  high-resolution
transmission electron microscopy observations (HR-TEM),
where the roughness was found to be dependent on the
sample azimuth orientation. Consequently, XRR scans were
accumulated for different azimuth angles (¢) of 0°, 20°, 40°,
60°, 80° and 90°. In the former azimuth angle, the X-ray
beam is put parallel to the g-axis, while in the latter, the
X-ray beam is parallel to the c-axis. With perfect agreement
with HR-TEM, the XRR simulations reveal lower roughnesses
for ¢ = 0° Furthermore, the derived thickness of the
individual layers forming the complex superlattice and Zn;_,-
Mg, O used for capping and buffering agree perfectly with the
ones directly determined via TEM. The low Mg incorporation
in the Zn; ,Mg,O compound of xyg ~ 0.1 induces low
contrast in the refractive index of the bilayer constituents
and is manifested in the very low intensity of superlattice
diffraction orders in the XRR scans. The single presence of

This journal is © The Royal Society of Chemistry 2023
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Kiessig fringes is not enough to accurately determine the
density of the compound. For this reason, the chemical
composition was determined via simulations of the XRD 100
260-w scans considering the linear interpolation between the
ZnO and MgO binaries (Vegard's rule). Then, the mass
density was extrapolated via a weighted average between the
mass densities of the binaries. Combining X-ray reflectivity
and diffraction constitutes, thus, a
fundamental asset while analyzing the structural properties
of quantum heterostructures.

measurements
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