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Abstract
In the present work, the importance of determining the strain states of semiconductor
compounds with high accuracy is demonstrated. For the matter in question, new software titled
LAPAs, the acronym for LAttice PArameters is presented. The lattice parameters as well as the
chemical composition of Al1−xInxN and Ge1−xSnx compounds grown on top of GaN- and Ge-
buffered c-Al2O3 and (001) oriented Si substrates, respectively, are calculated via the real space
Bond’s method. The uncertainties in the lattice parameters and composition are derived,
compared and discussed with the ones found via x-ray diffraction reciprocal space mapping.
Broad peaks lead to increased centroid uncertainty and are found to constitute up to 99% of the
total uncertainty in the lattice parameters. Refraction correction is included in the calculations
and found to have an impact of 0.001 Å in the lattice parameters of both hexagonal and cubic
crystallographic systems and below 0.01% in the quantification of the InN and Sn contents.
Although the relaxation degrees of the nitride and tin compounds agree perfectly between the
real and reciprocal-spaces methods, the uncertainty in the latter is found to be ten times higher.
The impact of the findings may be substantial for the development of applications and devices
as the intervals found for the lattice match the condition of Al1−xInxN grown on GaN templates
vary between ∼1.8% (0.1675–0.1859) and 0.04% (0.1708–0.1712) if derived via the real- and
reciprocal spaces methods.
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Supplementary material for this article is available online

Keywords: Bond’s method, lattice parameters, chemical composition, uncertainties

(Some figures may appear in colour only in the online journal)

1. Introduction

Combining real space ω-scans with reciprocal space map-
ping x-ray diffraction (XRD) techniques may overcome par-
tially the different limitations associated with both method-
ologies for determining the lattice parameters of thin films.
As a matter of fact, ω-scans are frequently accumulated with
an open-detector set-up while reciprocal space maps are often
measured with add-on optics in both primary and secondary
beam paths [1–5]. The measured Bragg peak is expected to
be broader in the former resulting in a higher probability of
partial peak overlapping between the scattering events due to
the thin film and the ones of the supporting crystal. Partial peak
overlapping increases the diffraction centroid uncertainty, res-
ulting in an increased uncertainty in the lattice parameters.
In the case of the latter, reciprocal space maps are highly
time-consuming due to the wide ranges of probing through
combinations of ω- and 2θ- angles with convenient statist-
ics. The lower statistics expected in the case of the reciprocal
space mapping introduce uncertainties in the diffraction spot
centroid. The crystalline mosaicity becomes accessible from
the peak-shape and the broadening of the fits of a reciprocal
space map (RSM) along specific ω- and 2θ–ω directions [4].
In particular, the tilt angle and the lateral coherence length
may be determined from a ω-scan while the vertical coherence
length and the heterogeneous strain are causes of the broad-
ening and change of the peak-shape of a 2θ–ω scan. There-
fore, higher uncertainties in the full width at half maximum
(FWHM) and in the peak-shape anticipate higher uncertainties
associated with the quantification of crystallographic defects.
Indeed, the density of dislocations depends on a specific Bur-
gers vector determined by its direction and magnitude (lattice
parameters) [4, 6–8].

Higher lattice parameter uncertainties also predict higher
chemical composition uncertainties as the latter are often
derived using Vegard’s rule [9] together with the Poisson law
[10, 11]. Moreover, the uncertainties in the lattice paramet-
ers and the composition of semiconductor compounds propag-
ate to the determination of its strain states [5, 12, 13]. As
an example, according to Vegard’s rule, [9] Al1−xInxN thin
films grown on GaN templates are under tensile strain for
InN molar fractions below ∼17.2%, while above it, the tern-
ary compound is subjected to compressive strain. The∼17.2%
InN content, or the so-called ‘magic’ lattice match condition,
is the condition for strain-free growth of Al1−xInxN on GaN
virtual substrates [5, 14]. On the one hand, the quantifica-
tion of the uncertainties in the lattice parameters measured
by XRD may affect the interpretation of several compound’s
chemical composition and its derived strain state. On the other
hand, the inaccuracy in the determination of the lattice match

condition between the Al1−xInxN and the GaN may reduce
the quality of promising applications such as Bragg mirrors
or microcavities [14, 15], high electron mobility transistors
[16, 17] and applications regarding a sacrificial layer for the
development of 3D GaN crystalline structures through chem-
ical etching [14, 18]. An important impact of the uncertain-
ties in the mentioned physical quantities on related technolo-
gies is, thus, expected. In fact, the increased uncertainty in the
strain states additionally propagates to the quantification of the
strain-induced defects affecting the conclusions related to the
large band offsets and the strong polarization fields’ typical in
the nitride compounds.

Another important layered system where the effects of
strain govern the optoelectronic fundamental properties is the
Ge1−xSnx grown onGe buffer layers and Si substrates [19–22].
Actually, if the Ge1−xSnx layer is relaxed, calculations based
on the density functional theory propose a direct band-gap
for the binary which would enhance the already tremendous
potential of the tin compounds [23]. The uncertainties in the
lattice parameters, thus, in the composition of the Ge1−xSnx
binary are expected to affect the interpretation of the solubil-
ity of Sn in Ge which is limited. Phase separation and segreg-
ation tend to decrease the solubility for higher Sn content
Ge1−xSnx pure random compounds reducing the crystalline
quality with increasing tin content [24, 25]. Therefore, higher
uncertainties in the crystalline quality are expected. Specific-
ally, uncertainties in the relaxation of the lattice strain induce
higher uncertainties in the tilt of the crystallites and in the
density of dislocations as it will generate higher uncertain-
ties in the pseudomorphism degree even for low Sn content
Ge1−xSnx [25].

As controlled lattice parameters are fundamental for
optoelectronic and microelectronic devices operating in the
near-infrared region, higher uncertainties may limit the
development of Si-compatible direct band-gap materials.
Accordingly, the quantification of the lattice parameters and
chemical composition uncertainties of the groups III-nitrides
and IV compoundsmay strongly affect the interpretation of the
strain states imposed to the surface layer, i.e. the relevant and
technologically driven crystal. The quantification of the uncer-
tainties in the lattice parameters and chemical composition
may also be relevant for II–VI semiconductors where HgCdTe
and CdTe are important examples. In fact, the ternary is a
promising candidate for high-performance infrared detectors
and imaging focal plane arrays [26]. Furthermore, HgCdTe is
latticematched to CdZnTe at a Cdmolar fraction of 0.96. Thus,
if grown coherently it may increase dramatically the perform-
ance of HgCdTe devices. In fact, Pan et al demonstrated the
pseudomorphic growth of sets of CdZnTe/CdTe superlattices,
the so-called dislocation filtering layers, stacked in-between
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CdTe layers, capped and buffered by a thicker CdTe layer
grown on a GaAs (211) B substrate [27, 28]. The CdTe layers
outside the superlattice become compressively strained which
facilitates in-plane lattice matching with HgCdTe. Moreover,
the growth of the dislocation filtering layers adjuvants the
reduction of dislocation densities, thus improving the crystal-
line quality of the CdTe layers [29]. Detailed analysis of the
XRD rocking curves of CdZnTe/CdTe superlattices may be
found in [28] while the analysis of the reciprocal space map-
ping of HgCdTe grown on alternative substrates may be found
in [30].

In the current work, the nominal crystal structures of
a set of Al1−xInxN and two sets of Ge1−xSnx compound
epilayers grown by metal organic chemical vapour depos-
ition (MOCVD), molecular beam epitaxy (MBE) and chem-
ical vapour deposition (CVD), respectively, are described in
section 2. Section 2 also contains a description of the experi-
mental technique used to characterize the samples (XRD). The
procedure to determine the uncertainties in the lattice para-
meters and the chemical composition is addressed in supple-
mental information S1. To the best knowledge of the authors,
it is the first time that a detailed comparison between the main
sources of uncertainties in the determination of the lattice para-
meters, chemical composition, and strain derived via the real-
and reciprocal space approaches is presented. In section 3,
the composition and strain dependence upon the InN/Sn con-
tents are characterized by the x-ray reciprocal space map-
ping and ω-scans. The Bond’s method, a high accuracy real-
space method for determining the lattice parameters through
the reduction of experimental and instrumental errors, is used
[31]. It consists in measuring glancing incidence/exit ω-scans
of asymmetric and symmetric reflections. One of the advant-
ages ofBond’smethod is to reduce important systematic exper-
imental errors. In particular, the position of the sample with
respect to the sample holder may affect the measured 2θ, thus,
affecting the measured lattice parameter. Other effects con-
tributing to a mis-interpretation of the measured lattice para-
meters are the presence of point defects as described in [32],
the presence of misfit dislocations in partially relaxed layers,
[33] and the inhomogeneous tilt of the crystal’s lattice [34, 35].
The effects of the above defects on the lattice parameters are
not addressed in this work. Moreover, the accuracy in the
determination of the lattice parameters may be increased by
measuring more than 1 asymmetric reflection as in the case of
Bond’s method. In fact, by employing the Fewster and Andrew
method, [34] the accuracy may increase up to one order of
magnitude (0.000 01 Å) as demonstrated in [36] for the case of
GaN films grown on AlN/6H SiC (0001) substrates. A detailed
description of Bond’s method is addressed in S1. The main
conclusions of the manuscript are conveyed in section 4.

2. Samples and experimental techniques
description

In order to deepen the knowledge about the hetero-epitaxial
crystal growth, two sets of samples with different Brav-
ais lattices (hexagonal Al1−xInxN and cubic Ge1−xSnx) are

studied. The first set, designated as the S series, is composed
of aluminium indium nitride (Al1−xInxN) thin films grown
by MOCVD with increasing InN contents grown on top of
an ∼1000 nm thick gallium nitride (GaN) buffer layer and
wurtzite c-sapphire substrate. In one sample, S1, the ternary
compound was grown on top of GaN-free standing substrate
[37]. The ternary film thicknesses are about 100 nm and
the chemical compositions were accurately derived through
Rutherford backscattering spectrometry using the high accur-
acy method described in [38] The relaxation degree measured
with respect to the GaN- templates (or substrate) is calculated.
The proposed methodology is also applied to ∼200 nm thick
germanium tin layers (Ge1−xSnx) with increasing tin contents
grown on top of an ∼100 nm germanium template and com-
mercial (100) oriented silicon substrate. The Ge1−xSnx com-
pound films (C series) were grown by MBE. Complementar-
ily, the relaxation degrees of three Ge1−xSnx films (A series)
with different nominal thicknesses (190 nm (A1), 290 nm (A2)
and 100 nm (A3)) and Sn contents (8.5% (A1), 9% (A2) and
12% (A3)) grown by CVD is studied. Detailed descriptions of
the growth of the nitride compounds can be found in [39] while
the growth of the tin compounds by MBE and CVD are com-
municated in [40–42], respectively. In both latter cases, the Ge
template imposes compressive strain to the surface tin layer
forcing it to adopt pseudomorphic behaviour. All the samples
were measured in a Bruker D8 AXS diffractometer using a
Göbel parabolic mirror, followed by a 0.2 mm wide slit to
limit the horizontal divergence and a Ge 220 monochromator
to collimate the x-ray beam and to mitigate the Kα2 radiation.
According to [43], the application of a monochromator may
be sufficient to eliminate the off-plane divergence which may
affect the angular positions of the diffractionmaximawhile the
horizontal divergence is below 0.005◦. The diffracted x-rays
were collected using a point focus detector with an active area
of 4× 15mm2 located at 35 cm distance from the sample along
the secondary diffractometer beam path. For the reciprocal
space mapping and the radial 2θ–ω scans, a 0.1 mm wide slit
was included in front of the detector to further reduce the hori-
zontal beam divergence. The ω-scans were collected without
the 0.1 mm wide slit. According to the employed optics, the
resulting sample’s probing area is ∼0.2 × 1 cm2 for the nor-
mal incidence of the x-rays. The broadenings of the diffraction
peaks caused by the instrumental resolution acquired on the Si
wafer provided by the diffractometer manufacturer were found
to be at least 100 times lower than the broadenings of themeas-
ured 2θ–ω and ω-scans (not shown). Furthermore, very low
levels of asymmetry were deduced from the diffracted curves
suggesting a negligible effect of the instrumental function in
the accuracy and precision in the determination of the lattice
parameters of the studied crystals. The alignment procedure
is exhaustively described in S2. LAPAs, an acronym for ‘LAt-
tice PArameters’ software is made available in its final ver-
sion to the research community on the www.MROX.eu web-
site while previous versions were employed in several studies
[1, 5, 44–50]. The software was used to estimate the lattice
parameters, chemical composition of the compounds, output
Pseudo-Voigt (PV) coefficients, FWHM, scan asymmetry, and
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respective uncertainties, as well as generic ∗.dat output files for
representation in graphical software are provided in around
two minutes. Detailed description of the LAPAs software is
addressed in S3.

3. Experimental results

The lattice parameters of the relaxed GaN, AlN, InN, Si, Ge,
Sn and respective stiffness coefficients considered in the cur-
rent work are listed in table 1. According to the dispersion
of the values found in the literature, uncertainties of 0.001 Å
and 5 GPa are used for the relaxed lattice parameters and
respective stiffness coefficients. Both quantities are funda-
mental to derive the chemical composition uncertainties while
the former are relevant to determine the uncertainty in the
relaxation of the surface layer.

With respect to the Si, Ge and Sn cubic crystals, the con-
stants indicated in table 1 correspond to the average of the
published parameters determined for the last two decades
as exhaustively compared and discussed in the supplemental
information S1 of [1]

3.1. Aluminium indium nitride thin films grown on GaN
templates (hexagonal)

In order to compare the relaxation of the Al1−xInxN thin films
derived by reciprocal spacemapping and real-space via Bond’s
method [31], the lattice parameters and composition of the
ternary compound and the lattice parameters of the respect-
ive templates are calculated. Figure 1 shows the 101̄5 RSMs
around the GaN and Al1−xInxN diffraction spots of the S1,
S2, S3 and S4 samples. Simulations using 2D-Gaussians of
the respective experimental RSMs are included on the right
side of each individual measurement shown in figure 1. Sim-
ulations (and fittings) were executed using the RSM software
described in [1] Cu Kα2 residuals observed in all the meas-
ured RSMs are accounted for in the simulations through an
additional 2D-Gaussian function. Generically, the asymmet-
ric 101̄5 reciprocal lattice point is fitted using 2D-Gaussians.
Then, the solution is refined through the PV ′s function for the
cuts along orthogonal directions calculated for the rotation of
the different diffraction spots. High agreement between the
simulations and the experimental RSM is found.

From the optimized GaN and Al1−xInxN centroids (Qx̂,Qẑ)
included in table 2 and the appropriate relation for the inter-
planar distance of an hexagonal unit cell [56], the in-plane

(a=
2π
√

4
3 (h

2+hk+k2)
Qx̂

) and out-of-plane (c= 2π l
Qẑ

) lattice para-
meters are derived. h= 1, k= 0, l= 5 correspond to theMiller
indexes for the measured reflection. With respect to the GaN,
the derived Qx̂/Qẑ is higher/lower for sample S1 (grown on
free-standing GaN) compared to S2 to S4 (grown on sapphire)
resulting in a lower/higher calculated a-/c- lattice parameter.
In fact, thick GaN templates grown on top of sapphire-c sub-
strates are, typically, slightly compressive [57]. It is interest-
ing to note the absence of any additional diffraction spots other
than the ones associated to the GaN buffer layer/substrate, the

Al1−xInxN ternary compound and to the remaining Kα2 not
completely mitigated by the used optics. Therefore, according
to [58], a high density of misfit dislocations is not expected and
the simple procedure to calculate the lattice parameters based
on the (Qx̂,Qẑ) centroids is suggested to be accurate.

The ternaries reveal a high degree of pseudomorphism with
the respective binaries, in spite of the differences between
the InN contents depicted in inset figure 1. In fact, ∆aRSM
(≡ aAl1−xInxN − aGaN) is found to be 0.0011 Å, 0.0016 Å,
−0.0001 Å and 0.0005 Å for samples S1, S2, S3 and S4,
respectively. ∆aRSM is found to be similar to the assumed
uncertainties for the relaxed lattice parameters of the binar-
ies (0.001 Å). The calculation of the uncertainties of the bi-
layer a- and c-lattice parameters follows the description in [1].
Such quantities depend exclusively on ∆ Qx̂ and ∆, i.e. the
uncertainties in diffraction spot centroids along Qx and Qz,
respectively. On the other hand,∆Qx̂ and∆Qẑ are determined
through PV refinement of the optimized 2D-Gaussian solution.
The PV fittings allow accounting for the peak’s wing through
the Lorentzian fraction included in a standard PV function
[4]. The higher fit quality using a PV distribution rather than
a Gaussian one results in lower uncertainties for the relevant
quantities, in particular, to the diffraction centre.

Evidenced in figure 1, the Al1−xInxN Qẑ decreases from
the left of the right side showing increasing ternary’s c-
lattice parameter, thus, the InN incorporation is increas-
ing in the same direction: from the left to the right. In
figure 2(a1), the optimized GaN (represented with star sym-
bols) and the Al1−xInxN (Qx̂,Qẑ) (open squares) diffraction
spots centres as well as the reciprocal space units calcu-
lated for relaxed AlN, (Qx0,Qz0)AlN∼(23.32, 63.08) nm−1,
and InN, (Qx0,Qz0)InN∼(20.51, 55.08) nm−1, are represen-
ted. As depicted in table 1, the relaxed AlN lattice paramet-
ers are smaller than the ones for the InN crystal. Therefore,
the reciprocal relation between (Qx̂,Qẑ) in the reciprocal-
space and the lattice parameters calculated in real-space is
evidenced by the lower (Qx̂,Qẑ) pair derived for the relaxed
InN. What is more, the (Qx0,Qz0)Al1−xInxN pairs calculated for
the entire compositional range (0 ⩽ xInN ⩽ 1) are included
in figure 2(a1). The calculated (Qx0,Qz0)Al1−xInxN constitute
the reciprocal space coordinates that satisfy the condition
for full relaxation. Thereby, the line connecting (Qx0,Qz0)InN
and (Qx0,Qz0)AlN that crosses the sets of (Qx0,Qz0)Al1−xInxN

pairs for a given composition is defined as the full relaxa-
tion line (R = 1) [59]. To obtain (Qx0,Qz0)Al1−xInxN, Vegard’s
rule is applied considering the relaxed AlN and InN para-
meters indicated in table 1. The ternary’s stoichiometry is
employed to calculate the relaxed Al1−xInxN (Qx0,Qz0) for
the 4 derived InN contents. The dash-dotted lines overlapped
with the R = 1 line are, thus, calculated accounting the uncer-
tainties in the composition of the compound in the a- and
c-lattice parameters as a0,Al1−xInxN|+− = a0,InN (xInN ±∆xInN)+
a0,AlN (1− xInN ±∆xInN) where the ‘±’ signs are chosen in
order to maximize and minimize a0,Al1−xInxN, respectively.
After the calculation of the relaxed lattice parameters, follows
the conversion to reciprocal space units and representation in
figure 2(a1).
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Table 1. In- (a||) and out-of-plane (a⊥) relaxed lattice parameters as well as C13 and C33 stiffness coefficients corresponding to GaN, AlN
and InN, Si, Ge, Sn crystals used to determine the InN and the Sn contents in the Al1−xInxN and the Ge1−xSnx compounds, respectively.

Material a|| (Å) a⊥ or c (Å) C13 (GPa) C33 (GPa)

GaN 3.1896 [51] 5.1855 [51] 103 [52] 405 [52]
AlN 3.111 [53] 4.98 [53] 99 [54] 389 [54]
InN 3.5377 [54] 5.7037 [54] 121 [55] 182 [55]
Si [1] 5.431 5.431 63.9 165.7
Ge [1] 5.658 5.658 47.9 129.2
Sn [1] 6.49 6.49 29.3 67.6

Figure 1. Experimental and simulated using 2D-Gaussians reciprocal space maps around the 101̄5 GaN and Al1−xInxN reciprocal lattice
points. The Al1−xInxN Qẑ decreases from the left to the right (S1 to S4 sample) indicating higher c-lattice parameter, thus, higher InN
content. The horizontal dashed-dot line highlights the slightly increasing GaN c-lattice parameter measured for sample S1.

Table 2. GaN and Al1−xInxN in-plane (a-) and out-of-plane (c-) lattice parameters calculated using the optimized, ω+/−
101̄4

and ω+/−
0004 centres

as well as the derived InN contents calculated from the AlN, InN relaxed lattice parameters and respective uncertainties indicated in table 1.
The relevant uncertainties are included. Poisson law was used together with Vegard’s rule to determine the chemical composition.

Sample Qx̂ (nm−1) Qẑ (nm−1) a (Å) c (Å) InN molar fraction

S1 GaN 22.7969 ± 0.0039 60.5329 ± 0.0038 3.1825 ± 0.0011 5.1899 ± 0.0007 —
AlInN 22.7894 ± 0.0058 61.1869 ± 0.0124 3.1836 ± 0.0015 5.0778 ± 0.0021 0.1474 ± 0.0053

S2 GaN 22.7816 ± 0.0040 60.5495 ± 0.0042 3.1847 ± 0.0011 5.1885 ± 0.0007 —
AlInN 22.7698 ± 0.0095 61.4886 ± 0.0143 3.1863 ± 0.0019 5.1092 ± 0.0024 0.1778 ± 0.0055

S3 GaN 22.7433 ± 0.0047 60.5552 ± 0.0044 3.1900 ± 0.0013 5.1880 ± 0.0007 —
AlInN 22.7438 ± 0.0066 61.1690 ± 0.0124 3.1899 ± 0.0019 5.1359 ± 0.0021 0.2045 ± 0.0055

S4 GaN 22.7437 ± 0.0053 60.5598 ± 0.0045 3.1900 ± 0.0015 5.1876 ± 0.0008 —
AlInN 22.7397 ± 0.0071 60.9594 ± 0.0119 3.1905 ± 0.0020 5.1536 ± 0.0021 0.2204 ± 0.0059

Sample ω+
10̄14

(deg) ω−
10̄14

(deg) ω+
0004 (deg) ω−

0004 (deg) a|| (Å) c (Å) InN molar fraction

S1 GaN 15.8624 ± 0.0001 113.8514 ± 0.0001 36.4760 ± 0.0001 143.6451 ± 0.0001 3.1826 ± 0.0001 5.1903 ± 0.0001 —
AlInN 17.2458 ± 0.0002 113.4200 ± 0.0002 37.4111 ± 0.0002 142.7058 ± 0.0002 3.1824 ± 0.0002 5.0784 ± 0.0001 0.1469 ± 0.0002

S2 GaN 15.6587 ± 0.0001 113.6254 ± 0.0001 36.2588 ± 0.0001 143.3951 ± 0.0001 3.1842 ± 0.0001 5.1883 ± 0.0001 —
AlInN 16.6371 ± 0.0005 113.3308 ± 0.0004 36.9206 ± 0.0003 142.7388 ± 0.0002 3.1859 ± 0.0002 5.1090 ± 0.0001 0.1773 ± 0.0002

S3 GaN 15.5764 ± 0.0001 113.5555 ± 0.0002 36.1796 ± 0.0001 143.3300 ± 0.0001 3.1840 ± 0.0001 5.1891 ± 0.0001 —
AlInN 16.2062 ± 0.0007 113.3708 ± 0.0006 36.6014 ± 0.0005 142.9100 ± 0.0004 3.1838 ± 0.0002 5.1381 ± 0.0001 0.2012 ± 0.0002

S4 GaN 16.0653 ± 0.0001 114.0412 ± 0.0001 36.6681 ± 0.0001 143.8119 ± 0.0001 3.1846 ± 0.0001 5.1887 ± 0.0001 —
AlInN 16.4884 ± 0.0008 113.9168 ± 0.0006 36.9546 ± 0.0004 143.5226 ± 0.0002 3.1861 ± 0.0002 5.1537 ± 0.0001 0.2168 ± 0.0002

5



J. Phys. D: Appl. Phys. 56 (2023) 245102 S Magalhães et al

Figure 2. (a1) Representation in the reciprocal space of the measured 101̄5 GaN and Al1−xInxN diffraction spots indicating the R = 1
theoretical relaxed (Qx,Qz) = (Qx0,AlN,InN,Qz0,AlN,InN) pair of coordinates for every xInN content from x = 0 (pure AlN) to x = 1 (pure
InN)—black curve. With respect to the GaN/Al1−xInxN diffraction spots, the stars and diamonds/squares and circles refer to the lattice units
calculated directly by reciprocal space mapping and converted from real-space units to reciprocal lattice units, respectively. As evidenced in
figure 1, higher InN contents are reflected in lower Qz units. The Al1−xInxN (Qx,Qz) pairs for the tensile compound are also highlighted.
Magnifications around the relevant reciprocal lattice units derived for sample S2 (in red) are highlighted in figures (a2) and (a3), for the
Al1−xInxN compound and GaN, respectively. (b) Comparison between the relaxation degrees of the S series samples derived using a- and c-
GaN and Al1−xInxN lattice parameters calculated through reciprocal space mapping and real-space methodologies.

The vertical line that passes through the substrate (or thick
GaN template) and the film, Qx̂substrate = film represents the
pseudomorphic line, often designated as the fully strained line.
In the case of the Al1−xInxN compound, the ability to engin-
eer the film’s strain state from tensile to compressive through
the incorporation of InN into the compound foresees a par-
ticular composition where the ternary is fully relaxed and
at the same time pseudomorphic (or nearly pseudomorphic)
to the GaN template. Therefore, although the vertical line
anticipates pseudomorphic behaviour, at a particular ‘magic’
lattice match condition the ternary is not fully strained but
fully relaxed, instead. On the one hand, the green and blue
lines in figure 2(a1) passing through the 101̄5 GaN as well
as the Al∼0.795In∼0.205N and Al∼0.779In∼0.221N reciprocal lat-
tice points, i.e. samples S3 and S4, respectively, evidence
high levels of strain imposed by the binary. On the other
hand, the (Qx̂,Qẑ) = (22.7698,61.4886) coordinates derived

for the ternary of sample S2 (Al∼0.822In∼0.178N) are very
close to the ones calculated for a fully relaxed compound
((Qx0,Qz0)Al(1−x)In(x)N = (22.76,61.48)) with the same chem-
ical composition. Thus, the ternary in sample S2 is almost
relaxed whilst the other three layers are highly strained. Also
depicted in figure 2(a1) are the calculated Al1−xInxN (Qx,Qz)
pairs that lead the compound towards a tensile state if grown
on top of a standardGaN template. Figures 2(a2) and (a3) allow
observing in high detail the relevant reciprocal lattice units
derived for sample S2 (in red) with respect to the Al1−xInxN
compound and GaN, respectively. The determination of the
relaxation degree of the compound depends on the (Qx,Qz)
coordinates for a fully relaxed Al1−xInxN (R = 1) with a spe-
cific InN content (x) and the ternary’s (Qx̂,Qẑ) diffraction
centre.

Moreover, the uncertainty in the relaxation degree evid-
enced in figure 2(b)) is determined by considering the InN
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molar fraction uncertainties in the calculation of the relaxed
Al1−xInxN a- and c-lattice parameters. The uncertainties in
the GaN and Al1−xInxN lattice parameters are converted to
Qx and Qz units and represented in figure 2(a)) by hori-
zontal and vertical dashed lines, respectively. Therefore, the
relaxation degree may be determined as the angle between
the vertical line (constant Qx) that crosses the Al1−xInxN
(Qx̂ ,Qẑ ) diffraction spot and the R = 1 line. A Monte
Carlo algorithm generates 30 000 combinations of differ-
ent (Qx̂ ± ∆Qx̂ ,QẐ±∆QẐ)GaN/Al1−xInxN and calculates the
relaxation degree in each combination. The absolute value
shown in figure 2(b)) is derived as the calculated average
relaxation while the uncertainty corresponds to the stand-
ard deviation. The high dispersion for the relaxation of
the compound may be also concluded geometrically from
figure 2(a1) by connecting the Qx̂ +Qx̂ for GaN with the
Qx̂ −Qx̂ for Al1−xInxN reciprocal lattice point (vertical and
oblique dash-dashed lines). Calculating Qx̂ for sample S2 as
(Qx̂ ,Al0.178In0.822N + ∆Qx̂ ,Al0.178In0.822N) − (Qx̂ ,GaN − ∆Qx̂ ,GaN)
results in∼0.000 17Å in real-space units. Therefore, consider-
ing theminimumQx for GaN and themaximum for the ternary,
the Al1−xInxN is nearly pseudomorphic to the binary because
the difference in the in-plane lattice parameters is close
to zero while a reasonable relaxation is found considering
(Qx̂ ,Al0.178In0.822N − ∆ Qx̂ ,Al0.178In0.822N) − (Qx̂ ,GaN + ∆Qx̂ ,GaN),
i.e. |Qx̂ |= 0.0253 nm−1 or 0.0035 Å. The difference in the
in-place lattice parameters in the latter case is only slightly
higher if compared to the cases of samples S1 (0.0172 nm−1),
S3 (0.0108 nm−1) and S4 (0.0118 nm−1), respectively. Thus,
sample S2 is found to be the one with a higher degree of
relaxation as shown in figures 2(a2) and (a3). The uncertainty
in the InN content is also represented in figure 2(b). There-
fore, the uncertainties in the Al1−xInxN relaxation degree and
also in the InN content (via the uncertainties in the a- and c-
lattice parameters) are quite high. The high uncertainty for the
relaxation degree in the sample grown close to lattice matched
conditions (S2) is unexpected and probably caused by some
growth-related issues leading to different defect distributions
in the interface and film. Nevertheless, it will not affect the
analysis procedure presented here. From the data derived using
the reciprocal space mapping, the only conclusions possible to
be ascertained are related to the different InN molar fractions
deduced for the four samples and the clear different relaxa-
tion degree of the Al1−xInxN from sample S2. The procedure
to calculate the Al1−xInxN relaxation degree via the real-space
method follows.

The 101̄4+/− and 0004+/− GaN and the Al1−xInxN asym-
metric and symmetric ω-scans from samples S1 to S4 are
shown in figures 3(a1,b1,c1,d1) and (a2,b2,c2,d2), respectively.
The simulated curves also included in the figure are optim-
ized through symmetric PV functions. The difference between
the ω-scans centroids simulated using a symmetric and an
asymmetric PV is below the uncertainty of the former. The
level of asymmetry calculated for the ω-scans is below 1%.
The combined effect of the instrumental function, low levels
of composition/strain heterogeneities, crystal mosaicity and

wafer curvature is suggested to play a minor role in the accur-
acy of the determination of the Bragg’s peak centroid. The
fits employing PVs show high agreement with the experi-
mental data. The FWHMs are highlighted in inset figure 3.
Considering the 4 measured reflections, the average FWHM
are 0.108 ± 0.014◦ and 0.126 ± 0.003◦ for the GaN and
the Al1−xInxN films, respectively. Thus, as the GaN aver-
aged FWHM is ∼17% lower than the ternary’s one, the bulk-
and GaN templates present slightly better crystalline qual-
ity if compared to the deposited ternary. The deterioration of
the crystalline quality observed in the ternary may be due to
the morphology and nature of defects as observed by several
authors [5, 60–62]. In fact, hillocks and V-pits are common in
Al1−xInxN layers. Although, it is not expected the formation
of extra threading dislocations compared to the ones present at
the GaN template, the extended defects usually are created at
the sapphire/GaN interface and propagate towards the surface
where they frequently terminate with V-type artefacts. Further-
more, the higher standard deviation calculated for the GaN is
attributed to the higher dispersion of the FWHM derived for
the binary. Indeed, the FWHM calculated for the bulk-GaN
sample (S1) is ∼33% lower if compared to the FWHMs of
the thick S2, S3 and S4 GaN templates. The in- and out-of-
plane lattice parameters were derived through Bond’s method
[31]. In Bond’s method, as exhaustively described on S1, the
c-lattice parameter is proportional to the angular separation
in the real-space between 0004+ and 0004− centres (∆ω0004)
while the a-lattice parameter depends on the angular spacing
between the 101̄4+ and 101̄4− Bragg peaks (∆ω101̄4) as well.
∆ω0004 and ∆ω101̄4 are indicated in figure 3. The optimized
diffraction centres are depicted in figure 3 and in table 2.

The average GaN a- and c- lattice parameters are found to
be 3.183 84 Å and 5.189 09 Å with 0.000 87 Å and 0.000 86 Å
as the standard deviations. According to table 2, differences
in aAl1−xInxN (RSM)–aAl1−xInxN (Bond) of 0.0012 Å (S1),
0.0004Å (S2), 0.0061Å (S3) and 0.0044Å (S4) and cAl1−xInxN

(RSM)–cAl1−xInxN (Bond) of −0.0006 Å (S1), 0.0002 Å (S2),
−0.0022 Å (S3) and 0.0001 Å (S4) between the a- and c- lat-
tice parameters of the Al1−xInxN derived via the reciprocal
spacemapping and Bond’s real spacemethod are, respectively,
found. On the one hand, for samples S3 and S4, the above dif-
ferences between the derived a-lattice parameters (inmodulus)
are found to be higher than the uncertainties in the respective
aAl1−xInxN lattice parameters derived by the formermethod (the
method with higher uncertainties). On the other hand, sample
S3 evidences higher cAl1−xInxN (RSM)–cAl1−xInxN (Bond) than
∆cAlInN RSM but within the margin of uncertainty if compared
to |∆cAlInN RSM(S3) + ∆cAlInN Bond(S3)| = 0.0021 + 0.0001.
In fact, the uncertainties in the lattice parameters calculated
through the real-space method are at least one order of mag-
nitude smaller if compared to the same quantity derived via
reciprocal space mapping (see table 2). The uncertainty in the
a- lattice parameter (∆a) determined through the real space
method is a function of ∂a

∂λ∆λ, ∂a
∂ω

+/−
h0̄hl

∆ω
+/−
h0h̄l

, ∂a
∂c∆c and

∂a
∂d∆d while the uncertainty in the c- lattice parameter (∆c)
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Figure 3. Experimental ω-scans around the 101̄4+/− GaN/Al1−xInxN asymmetrical (a1/2, b1/2) and symmetrical 0004+/− GaN (c1/2, d1/2)
reflections as well as the respective fittings employing a Pseudo-Voigt function. Insets show the optimized centres and the derived FWHM.
The red lines in figures (a1)–(d1) refer to PV fitting of the 4ω-scans with respect to the bulk-GaN while (a2)–(d2) address the PV fittings of
the ternary compound grown on top of the bulk-GaN.

depends on ∂c
∂λ∆λ, ∂c

∂ω+
000l

∆ω
+/−
000l . According to the diffracto-

meter manufacturer ∆λ= 3.8× 10−6Å. Moreover, ∆ω+
h0h̄l

,
∆ω−

h0h̄l
,∆ω+

000l and∆ω−
000l are the errors in the incident angles

output by the Marquardt–Levenberg fitting algorithm for the
ω
+/−
h0h̄l

, ω−
h0h̄l

, ω+
000l and ω−

000l diffraction centres [63]. The first
term in ∆a and ∆c are found to represent less than 1% of
the total uncertainty while the uncertainties related to∆ω

+/−
h0h̄l

and to ∆ω
+/−
000l contain around ∼99% of the total uncer-

tainty distributed between the effect of ∆c and ∆d in the in-
plane lattice parameter and∼99% for the orthogonal direction.
Exhaustive description of the calculation of the uncertain-
ties in the lattice parameters is addressed in S1. The differ-
ences in the in-plane lattice parameters between the ternary
and the binary in the real-space method are −0.0002 Å (S1),
0.0017 Å (S2), −0.0002 Å (S3), 0.0015 Å (S4). Therefore,

∆aBond derived using Bond’s method are in the same mag-
nitude order as ∆aRSM. Although the differences between
the derived Al1−xInxN a-lattice parameters calculated via the
reciprocal and real-space methods are outside the sum of the
individual uncertainties for aAl1−xInxN in samples S3 and S4,
the same order of magnitude in ∆aBond and ∆aRSM suggest
small-misalignments at the reciprocal space method meas-
urements. The ternaries present in S1 and S3 samples reveal
the highest level of pseudomorphism suggesting negligible
dependency of ∆aBond with the InN content in the range
of 0.1469 < xInN < 0.2168. Converting a- and c- lattice
parameters to reciprocal space units allows comparing the
relaxation degree derived by both methodologies. As evid-
enced in figure 2(b), the relaxation degrees of the Al1−xInxN
layers derived through real-space methodology agree inside
the uncertainties with the ones derived by reciprocal space
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Figure 4. Parallel (ε||) and perpendicular (ε⊥) deformations as a function of the InN content and calculated using the a- and c- GaN and
Al1−xInxN lattice parameters derived via the reciprocal space mapping, (a), and the real-space Bond’s method, (b). Around xInN = 0.171 a
magnification is highlighted to illustrate the lower uncertainties for both orthogonal deformations if derived through the real-space
methodology.

mapping. Concretely, the relaxation degrees are found to be
13 ± 10%, 72 ± 29%, 5 ± 7%, and 5 ± 6% for the former
while 2.7 ± 0.1%, 68.2 ± 0.1%, 1.7 ± 0.1% and 8.1 ± 0.1%
are calculated employing the latter method. Therefore, if the
Bragg peaks from the film are not overlapped or partially over-
lapped with the ones from the substrate, then Bond’s method
or any other real-space method is preferable in order to derive
the film’s relaxation degree.

Finally, the ‘magic’ lattice match condition may be
obtained analytically through the calculation of the parallel
and perpendicular to the sample surface deformations defined

by ε|| =
aAl1−xInxN−a0(x)

a0(x)
and ε⊥ =

cAl1−xInxN−c0(x)

c0(x)
, respectively.

a0(x) and c0(x) are the relaxed lattice parameters for a given
InN content, x. Figure 4(a) evidences and ε⊥ as functions
of the InN content for the 4 analysed samples via recip-
rocal space mapping while figure 4(b) represents the same
evolution using the lattice parameters and chemical com-
position determined by the real space Bond’s method. As
observed in figures 2(b) and in 4(a), (b), the InN con-
tents derived by reciprocal and real-spaces lie inside the
uncertainties found in the respective methodologies. In fact,
according to table 2, the InN contents are found to be
0.1474± 0.0053 (S1), 0.1778± 0.0055 (S2), 0.2045± 0.0055
(S3) and 0.2204 ± 0.0059 (S4) and 0.1469 ± 0.0002 (S1),
0.1773± 0.0002 (S2), 0.2012± 0.0002, 0.2012± 0.0002 (S3)
and 0.2168± 0.0002 (S4), derived through the reciprocal- and
real-space methods, respectively. By not including refraction
correction in the calculations, the derived absolute xInN con-
tents decreases to 0.1468 (S1), 0.1772 (S2), 0.2011 (S3) and
0.2167 (S4), respectively. In fact, refraction correction affects
only slightly the optimized ω-scan centre by a certain amount
close to−0.001◦. Nevertheless, the a- and c-lattice parameters
are calculated considering ∆ω101̄4 and ∆ω0004 as depicted in
figure 3 which are only slightly affected. Considering sample
S3 as an example,∆ω101̄4 decreases an amount of 0.0003◦ and

0.0001◦ resulting in a difference below 0.01% in the calcu-
lated InN content if one considers refraction correction or not
(0.1473–0.1472).

The linear regression equation takes into account the
uncertainties of the fitting parameters. Therefore, it con-
siders the ∆xInN, ∆ε||, and ∆ε⊥. In order to determine
∆xInN the method used here considers the propagation of
the lattice parameter uncertainties, i.e. for a ± ∆a and
c ± ∆c as well as the uncertainties of the AlN and InN
relaxed lattice parameters and the respective stiffness coef-
ficient uncertainties of 0.001 Å and 5 GPa. A maximum
and a minimum xcrystal are calculated. Then, ∆xcrystal =
max(xcrystal)−min(xcrystal)

2 . A Monte Carlo algorithm to derive the
hyperbolic boundary curves represented by dashed lines in
figure 4(a) and the inset of 4(b) is used in the fitting pro-
cedure. The uncertainty in the fitting parameters is computed
in 5000 iterations, assuming that errors are Gaussian and
centred. The linear fitting procedure yields yRSM

(
ε||
)
=

mRSMx+ bRSM=(−10.6105± 3.1326)x+(1.8787± 0.5868)
and yreal

(
ε||
)

= mreal x + breal = (6.2303± 1.8314) x +
(−1.1061± 0.34843) for ε|| and yRSM (ε⊥) = mRSMx+
bRSM = (−12.2486± 0.076349 )x+ ( 2.0963± 0.014104 )
and yreal (ε⊥) = mrealx+ breal = (7.2518± 0.04539)x+
(−1.2377± 0.0086111) for ε⊥, respectively. On the one
hand, the absolute lattice match condition is found when
yRSM

(
ε||
)
= yRSM (ε⊥) and yreal

(
ε||
)
= yreal (ε⊥) with

∆m→ 0 and∆b→ 0 resulting in 0.1772 and 0.1710, derived
via reciprocal and real-spaces, respectively. On the other hand,
the lower hyperbolic curve marked in figure 4(a) and in the
inset of figure 4(b) and determined for ε|| crosses the upper
one found for ε⊥ at 0.1675/0.1708 while the upper hyperbolic
curve derived for ε|| crosses the lower hyperbolic curve determ-
ined for ε⊥ at 0.1859/0.1712 for the reciprocal/real space,
respectively. The above values constitute the InN content
boundaries found with a 95% confidence level. To conclude
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the section, the impact of the findings from a technological
point of view may be tremendous. In fact, the interval ∼1.8%
(0.1859–0.1675) of InN content found via reciprocal space
mapping for the lattice match condition of Al1−xInxN grown
on GaN templates (or substrate) is quite high, contrary to the
0.04% determined through Bond’s method. It is interesting to
note a 41 times decrease in the ratio between the uncertainties
derived via both methods for the slope and curve offset with
respect of ε|| and ε⊥, respectively. Finally, on the one hand, the
uncertainty in the relaxation degree of the Al1−xInxN depends
on the uncertainties in the lattice parameter of the ternary
and the ones from the GaN template/substrate as well. On the
other hand, uncertainties in ε|| and ε⊥ depend on the uncer-
tainties of the Al1−xInxN measured lattice parameters and the
ones from the relaxed ternary, calculated using Vegard’s rule.
Therefore, the uncertainties in ε|| and ε⊥ depend on the uncer-
tainties in the GaN lattice parameters only indirectly. Thus,
the uncertainty in the determined ‘magic’ lattice condition
is almost independent of the uncertainties in the GaN lattice
parameters because the Al1−xInxN lattice parameters do not
depend analytically on the binary’s lattice parameters but the
uncertainties of the binary are fundamental to calculate the
relaxation degree of the ternary.

3.2. Germanium tin films grown on germanium virtual
substrates (cubic)

The relaxation degree of two sets of Ge1−xSnx films grown on
Ge virtual substrates by MBE (C series) and CVD (A series)
are derived and compared. Figure 5 shows the Si (a1 to d1), Ge
(a2 to d2) and Ge1−xSnx (a3 to d3) 115+/− and 004+/− exper-
imental ω-scans of the C1, C2 and C3 samples together with
the simulations by employing PVs. As in the case of the group-
III nitrides, the ω-scans were also simulated using asymmet-
ric PVs and very low levels of asymmetry were deduced.
Therefore, the determination of the lattice parameters of the
Si, Ge and the Ge1−xSnx considers the centre of the 115+/−

and 004+/− experimental ω-scans calculated via a symmet-
ric PV. The 4 Miller indexes used in the previous section are
replaced by a set of 3 Miller indexes, more appropriate for the
measured reflections in cubic crystals. The optimized ω-scan
centres for the individual Bragg peaks as well as the respect-
ive FWHM calculated for the heterostructure are depicted in
inset figure 5 and summarized in table 3. As in the case of
the nitride semiconductors, the PV fittings reproduce accur-
ately the experimental ω-scans. As expected, the FWHMs
indicate better crystalline quality attributed to the Si while the
Ge1−xSnx reveals similar broadenings amongst each sample
and compared to the Ge virtual substrate as well. Furthermore,
the asymmetry in 115+ Ge0.962Sn0.038 (C1) ω-scan highlighted
in figure 5(a3) suggested to be due to strain and/or compos-
ition heterogeneities agrees with the results determined via
RSM in [1] where a detailed analysis of reciprocal space map-
ping of the current samples was engaged. The inter-planar dis-
tance of a cubic crystal only depends on one lattice parameter
through 1

d2 =
h2+k2+l2

a2 . Therefore, in order to study the effect
of the strain on the epitaxial growth, the Si, Ge and Sn unit

cells are treated mathematically as tetragonal cells, instead of
the typical cubic. In fact, the tetragonal cell converges to a
cubic one when a≡ b≡ c. In a tetragonal cell, 1

d2 =
h2+k2

a2 + l2

c2

thus, a|| ≡ a and a⊥ ≡ c may be determined independently.
The a|| and a⊥ lattice parameters depicted in table 3 are cal-
culated from the angular separation between the optimized
115+ and 115− (∆ω115) and the 004+ and 004− (∆ω004),
respectively. The a||/a⊥ derived via the real-space method are
5.4316 Å/5.4308 Å, 5.6592 Å/5.6606 Å, 5.6699 Å/5.6826 Å
for sample C1, 5.4306 Å/5.4313 Å, 5.6491 Å/5.6662 Å,
5.6648 Å/5.7059 Å for sample C2 and 5.4312 Å/5.4313 Å,
5.6519 Å/5.6646 Å, 5.6671 Å/5.7122 Å for sample C3. The
three sets of values refer to the Si substrate, the Ge template
and the Ge1−xSnx layers, respectively. From the derived lattice
parameters, Sn contents of 0.0227± 0.0003, 0.0405± 0.0002
and 0.0384± 0.0003 are determined via the real-spacemethod
while 0.017 ± 0.005, 0.040 ± 0.004, and 0.042 ± 0.006 were
previously found through the reciprocal-space method [1].
Therefore, perfect agreement in the Sn contents betweenmeth-
ods is found.

In order to obtain the relaxation degree of the CVD
Ge1−xSnx layers and compare with the same for the MBE
Ge1−xSnx ones, the first step is to determine the lattice para-
meters and respective uncertainties of the tin compound as
well as of the Ge virtual substrate via reciprocal and real-
space methods. Figure 6 shows the experimental RSM around
the Si, Ge (CVD) and Ge1−xSnx (CVD) 115 reciprocal lat-
tice points. As in the case of the group-III nitrides, no other
truncation rod was observed rather than the ones associated
to the diffraction of the Si, Ge and the Ge1−xSnx films. The
absence of a vertically elongated diffraction spot suggests
a low density of misfit dislocations. The simulations using
2D-Gaussians perfectly agree with the data and are included
on the right side of each measurement. In figure 6, the three
horizontal dash-dot lines (along Qz) cross the 115 Si, 115 Ge
and the 115 Ge0.932Sn0.068 diffraction spots, respectively. The
former twoQz lines suggest similar out-of-plane Si and Ge lat-
tice parameters (a⊥) among the three samples while the lower
Qz line, associated to the tin compound, reveals decreasing Qẑ

centroid, thus, increasing a⊥. Therefore, the tin incorporation
increases from the left to the right in figure 6. Specifically,
compositions of Ge0.932Sn0.068, Ge0.906Sn0.094, Ge0.877Sn0.123
are found for samples A1, A2 and A3, respectively. Moreover,
the broadenings along Qx and Qz directions (δQx, δQz) are
much higher in the 115 Ge and 115 Ge1−xSnx than in the
115 Si diffraction spots. In fact, the (δQx, δQz) for the various
samples are (0.0526,0.0750) nm−1, (0.3800,0.2000) nm−1

and (0.3729,0.1663) nm−1, (0.0573,0.0800) nm−1,
(0.3000,0.1736) nm−1 and (0.3646,0.2002) nm−1, and
(0.0550,0.0645) nm−1, (0.1700,0.1350) nm−1 and
(0.2700,0.1600) nm−1, for the Si, Ge and Ge1−xSnx, respect-
ively. Also interesting to note is the splitting of the 115
Ge1−xSnx with xSn = 0.094 (sample A2) diffraction spot
while on the other two samples higher symmetry is observed.
In fact, as observed in MBE Ge1−xSnx layers grown on Ge
buffers and reported in [24] compositional heterogeneities are
expected even for low Sn contents.
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Figure 5. Experimental ω-scans around the 115+/− Si, Ge, Ge1−xSnx asymmetrical (a1/2, b1/2, c1/2) and symmetrical 004+/− (a3/4, b3/4, c3/4,
d3/4,) reflections as well as the respective fittings employing Pseudo-Voigt functions, respectively. Insets show the diffraction curves
optimized centres and the derived FWHM. Case of the tin compounds grown by MBE.

The RSMs from figure 6 as well as a|| and a⊥ depicted
in table 4 for the Si, Ge and Ge1−xSnx crystals suggest strain
and composition heterogeneities to be present in the CVD tin

compounds. As a matter of fact, a||,Ge1−xSnx appears to be
slightly higher (lower Qẑ centroid) than the same for the
Ge indicating partial relaxation in the former. At the same
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Table 3. C1 to C3 Si, Ge and Ge1−xSnx in-plane (a||) and out-of-plane (a⊥) -lattice parameters, calculated ω
+/−
115 and ω

+/−
004 centres and as

well as the derived Sn contents calculated using the Ge and the Sn relaxed lattice parameters and respective uncertainties indicated in
table 1. The relevant uncertainties are included. Poisson law was used together with Vegard’s rule to determine the chemical composition. C
series refer to the tin compounds grown by MBE.

Sample ω+
115 (deg) ω−

115 (deg) ω+
004 (deg) ω+

004 (deg) a|| (Å) c≡ a⊥ (Å) Sn molar fraction

C1 (Si) 31.5217 ± 0.0001 116.5720 ± 0.0001 34.3965 ± 0.0001 145.2656 ± 0.0001 5.4316 ± 0.0001 5.4308 ± 0.0001 —
C1(Ge) 29.0889 ± 0.0013 119.2023 ± 0.0015 32.8462 ± 0.0006 146.9567 ± 0.0011 5.6592 ± 0.0005 5.6606 ± 0.0004 —
C1(GeSn) 28.7341 ± 0.0019 119.1520 ± 0.0001 32.6065 ± 0.0001 146.9568 ± 0.0001 5.6609 ± 0.0005 5.6826 ± 0.0004 0.0223 ± 0.0003
C2 (Si) 31.5992 ± 0.0001 116.6553 ± 0.0004 34.4722 ± 0.0001 145.3488 ± 0.0001 5.4306 ± 0.0001 5.4313 ± 0.0001 —
C2(Ge) 29.0889 ± 0.0013 119.2023 ± 0.0015 32.8462 ± 0.0001 146.9567 ± 0.0011 5.6491 ± 0.0004 5.6662 ± 0.0001 —
C2(GeSn) 28.5614 ± 0.0017 119.2935 ± 0.0011 32.6207 ± 0.0008 147.1848 ± 0.0007 5.6685 ± 0.0005 5.7009 ± 0.0001 0.0405 ± 0.0003
C3 (Si) 31.6819 ± 0.0001 116.7414 ± 0.0001 34.3667 ± 0.0001 145.2423 ± 0.0001 5.4312 ± 0.0005 5.4313 ± 0.0001 —
C3(Ge) 28.1876 ± 0.0015 119.9068 ± 0.0019 32.8865 ± 0.0015 146.9700 ± 0.0002 5.6519 ± 0.0005 5.6646 ± 0.0001 —
C3(GeSn) 28.4722 ± 0.0012 119.4678 ± 0.0009 32.5294 ± 0.0011 147.2687 ± 0.0006 5.6671 ± 0.0005 5.7122 ± 0.0001 0.0384 ± 0.0003

Figure 6. (a) Experimental (left diagrams) and simulated (right diagrams) using 2D-Gaussians reciprocal space maps around the 115 Si, Ge
and Ge1−xSnx reciprocal lattice points for the 3 CVD Ge1−xSnx samples. The Ge1−xSnx Qz decreases from left to right indicating higher
lattice parameters, thus, higher Sn incorporation in the compound.

time a⊥,Ge1−xSnx is higher than the equivalent for Ge sup-
porting variations in the chemical composition in the three
samples. High-resolution 004 2θ–ω scans around the Si, Ge
and Ge1−xSnx peaks are accumulated and detailed analysis is
addressed in S4. The simulations of the 004 2θ–ω scans were
performed using the MROX software. MROX is a recognized
code to simulate the 2θ–ω scans using the dynamical theory
of XRD of any cubic, hexagonal, tetragonal, orthorhombic
and monoclinic Bravais lattices [64–67]. From the simula-
tions of the diffraction patterns the thickness of the Ge and
the Ge1−xSnx are found to be 95 ± 10 nm and 295 ± 10 nm
for A1 sample, 275± 10 and 200± 10 nm for A2 sample and
285± 10 nm and 100± 10 nm for A3 sample. The thicknesses
of the individual layers agree perfectly with the ones expected
by the nominal growing conditions.

Following the procedure described for the Al1−xInxN com-
pounds, the Ge1−xSnx relaxation degree is calculated using
the (Qx̂ ,Qẑ ) optimized coordinates of the binary’s and Ge’s

diffraction spots as well as the reciprocal lattice units calcu-
lated for the relaxed film with a given chemical composition.
In the case of the real-spacemethods, the lattice parameters are
converted into reciprocal space units. The relaxation degree
represented as a function of the Sn content derived using
the real-space approach is compared with the one derived
via space mapping in figures 7(a) and (b) for the MBE and
CVDGe1−xSnx layers, respectively. The former is represented
using opened circles while the latter is depicted using opened
squares.

Although the Sn contents derived via both methods agree
inside respective uncertainties, the reciprocal-space method
outputs approximately five times higher uncertainties for the
chemical composition as evidenced in table 4. On the one
hand, the drawback of employing the reciprocal space meth-
odology is clear from the higher uncertainties (table 4). On
the other hand, according to [1] sample C2 contains a double
Ge1−xSnx layer with x ∼ 0.032 and x ∼ 0.04. The similar tin
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Table 4. Si, Ge and Ge1−xSnx in-plane (a||) and out-of-plane (a⊥)-lattice parameters calculated ω
+/−
115 and ω

+/−
004 centres and as well as the

derived Sn contents calculated using the Ge and the Sn relaxed lattice parameters and respective uncertainties indicated in table 1. The
relevant uncertainties are also included. Poisson law was used together with Vegard’s rule to determine the chemical composition.

Sample Qx̂ (nm−1) Qẑ (nm−1) a (Å) c (Å) Sn molar fraction

A1 Si 16.3556 ± 0.0024 57.8419 ± 0.0029 5.4327 ± 0.0001 5.4313 ± 0.0001 —
Ge 15.6395 ± 0.0192 55.5375 ± 0.0286 5.6621 ± 0.0069 56 567 ± 0.0029 —
GeSn 15.5984 ± 0.0144 54.8250 ± 0.0175 5.6966 ± 0.0053 5.7302 ± 0.0018 0.0685 ± 0.0068

A2 Si 16.3517 ± 0.0027 57.8458 ± 0.0034 5.4342 ± 0.0001 5.4310 ± 0.0001 —
Ge 15.7015 ± 0.0111 55.5202 ± 0.0251 5.6592 ± 0.0039 5.6585 ± 0.0026 —
GeSn 15.5310 ± 0.0134 54.6505 ± 0.0292 5.7213 ± 0.0049 5.7485 ± 0.0031 0.0941 ± 0.0071

A3 Si 16.3565 ± 0.0028 57.8491 ± 0.0024 5.4326 ± 0.0001 5.4307 ± 0.0001 —
Ge 15.6768 ± 0.0074 55.5882 ± 0.0107 5.6682 ± 0.0027 5.6516 ± 0.0011 —
GeSn 15.6041 ± 0.0129 54.0653 ± 0.0158 5.6945 ± 0.0048 5.8107 ± 0.0017 0.1228 ± 0.0106

Sample ω+
10̄15

(deg) ω−
10̄15

(deg) ω+
0004 (deg) ω−

0004 (deg) a|| (Å) c (Å) Sn molar fraction

A1 Si27c 31.8076 ± 0.0001 116.8647 ± 0.0001 34.6979 ± 0.0001 145.5683 ± 0.0001 5.4274 ± 0.0005 5.4315 ± 0.0001 —
Ge 29.737 93 ± 0.0016 119.3203 ± 0.0011 33.1278 ± 0.0016 147.1332 ± 0.0011 5.6557 ± 0.0005 5.6576 ± 0.0001 —
GeSn 28.6011 ± 0.0018 119.9193 ± 0.0019 32.6812 ± 0.0007 147.6135 ± 0.0009 5.6951 ± 0.0005 5.7292 ± 0.0004 0.0694 ± 0.0003

A2 Si24b 31.5303 ± 0.0001 116.5809 ± 0.0001 34.4083 ± 0.0001 145.2821 ± 0.0001 5.4292 ± 0.0004 5.4311 ± 0.0001 —
Ge 29.0798 ± 0.0009 119.0369 ± 0.0013 32.8399 ± 0.0005 146.8563 ± 0.0003 5.6561 ± 0.0005 5.6585 ± 0.0003 —
GeSn 28.1509 ± 0.0013 119.8452 ± 0.0019 32.2792 ± 0.0008 147.4522 ± 0.0009 5.7191 ± 0.0005 5.7482 ± 0.0004 0.0924 ± 0.0003

A3 Si26c 31.3141 ± 0.0001 116.3714 ± 0.0001 34.1957 ± 0.0001 145.0745 ± 0.0001 5.4287 ± 0.0005 5.4315 ± 0.0001 —
Ge 28.7894 ± 0.0003 118.6450 ± 0.0004 32.5063 ± 0.0002 146.4436 ± 0.0002 5.6630 ± 0.0005 5.6526 ± 0.0001 —
GeSn 27.1241 ± 0.0009 119.9288 ± 0.0012 31.6647 ± 0.0009 147.6589 ± 0.0006 5.6866 ± 0.0005 5.8139 ± 0.0004 0.1208 ± 0.0003

Figure 7. Comparison between the relaxation degrees derived using the Ge and Ge1−xSnx lattice parameters calculated through reciprocal
space mapping and real-space methodologies, (a) MBE, (b) CVD, Ge1−xSnx layers.

content of both layers introduces ambiguities in the ω-scan
measurements. In fact, similar Sn contents diffract the x-rays
in close scattering angles (2θ) making it more difficult to sep-
arate both signals. Both tin contents marked with light blue
and green open squares are included in figure 7(a). The uncer-
tainties calculated for the relaxation degree for the Ge1−xSnx
layers grown by MBE and CVD are at least one order of mag-
nitude higher if derived by the reciprocal space method than
the same calculated by Bond’s method (real-space). Neverthe-
less, the relaxation degrees as well as the Sn contents derived
through the two methods agree inside the errors. Figure 8
shows pie charts with the relative weight of the individual

components of∆d as well as ∂a
∂d∆d and the three independent

parcels in ∆c. It is concluded from figure 8 that the relative
weight of terms containing the wavelength divergence (∆λ)
overall total uncertainty is negligible and inferior to 1%. In
fact,∆d is mainly dependent on the uncertainties in theω-scan
centroids of the asymmetric reflections while the uncertainties
in the ω-scan centroids of the symmetric reflections dominate
∆c. On the other hand, the dependency of ∆c is found to be
higher than the dependency of ∆d in ∆a. Moreover, figure 8
suggests negligible dependence of the crystallographic system
and even on the growing technique in the relative weights of
the different uncertainties. In fact, concerning the two different
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Figure 8. The relative weight of the major components in the inter-planar distance, a- and c-lattice parameter uncertainties, i.e.∆d,∆a and
∆c calculated for samples S (Al1−xInxN grown on GaN templates/substrate) and samples C (Ge1−xSnx grown on Ge templates and Si
substrates).

Bravais lattices (wurtzite and cubic), ∆d depends mainly on
∆ω+

h0h̄l
as its main source of uncertainty, while∆c is strongly

dependent on ∆ω−
000l.

4. Conclusions

The lattice parameters and chemical composition as well
as respective uncertainties of four hexagonal MOCVD
Al1−xInxN and six cubic Ge1−xSnx layer compounds: three
grown by MBE and three grown by CVD are determined
and compared through reciprocal- and real space XRD tech-
niques. The real-space measurements employ Bond’s high
accuracy method for determining the lattice parameters and
are evaluated using the newly developed software-LAPAs,
the acronym for ‘Lattice parameters’ while the reciprocal
space maps are analysed by previously published RSM soft-
ware. Refraction correction is included in the former and
negligible impact was found on the overall lattice para-
meter’s total uncertainties. Derived via reciprocal and real-
space XRD techniques, the lattice parameters and chem-
ical compositions of the Al1−xInxN and Ge1−xSnx layers
agree inside respective uncertainties. Specifically, with respect
to the InN content, the four Al1−xInxN compositions are
found to be 0.147(4) ± 0.005(3), 0.178(78) ± 0.006(55),
0.205(45)± 0.006(55) and 0.220(4)± 0.006(59) if derived via
the former method while 0.1469, 0.1773, 0.2012 and 0.2168
with uncertainties of 0.0002 if derived through the latter
method. Both methodologies show close GaN and Al1−xInxN
in-plane lattice parameters in the four samples evidencing
high levels of pseudomorphism. Furthermore, the relaxation
degree determined via both reciprocal and real-space meth-
ods agree inside the respective uncertainties, i.e. 13 ± 10%,
72± 29%, 5± 7%, and 5± 6% for the former and 2.7± 0.1%,
68.2± 0.1%, 1.7± 0.1% and 8.1± 0.1% calculated for the lat-
ter method. The relaxation degree ofMBE and CVDGe1−xSnx
are also evaluated by reciprocal and real space-methods and

compared. As in the case of the nitrides, the relaxation was
found to present high uncertainties if derived via the recip-
rocal space mapping motivated by the high uncertainties in the
measured lattice parameters and consequently in the Sn con-
tents. The employment of Bond’s real-space method allows
decreasing the uncertainties in the lattice parameters and the
uncertainty in the Sn contents of the intervenient crystals in
about ten times. In both crystallographic systems, the domin-
ant uncertainty is found to be related to the Bragg’s peak centre
uncertainty while the smaller uncertainty is associated to the
x-ray wavelength divergence (∆λ/λ).
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S Magalhães https://orcid.org/0000-0002-5858-549X
O Concepción https://orcid.org/0000-0001-8197-7523
E Alves https://orcid.org/0000-0003-0633-8937

14

https://orcid.org/0000-0002-5858-549X
https://orcid.org/0000-0002-5858-549X
https://orcid.org/0000-0001-8197-7523
https://orcid.org/0000-0001-8197-7523
https://orcid.org/0000-0003-0633-8937
https://orcid.org/0000-0003-0633-8937


J. Phys. D: Appl. Phys. 56 (2023) 245102 S Magalhães et al
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diffractomètre à rayons X, A Acta Cryst. 9 829

[44] Cabaço J S, Nd D, Faye J P, Alves A E and Magalhães S 2021
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