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Pseudomorphic and relaxed α‑(AlxGa1−x)2O3 thin films are grown by combinatorial pulsed laser 
deposition in the entire composition range on prismatic a‑ and m‑plane α‑Al2O3 substrates. 
Pseudomorphic growth on m‑plane sapphire has been achieved for x ≥ 0.45 . A distinct difference 
between the a‑ and m‑epitaxial plane is observed in reciprocal space map measurements being in 
agreement with continuum elasticity theory for rhombohedral heterostructures. While pseudomorphic 
layers on m‑plane sapphire show a pronounced shear strain e′

5
 along the c‑axis direction, relaxed layers 

exhibit a global lattice tilt in the same direction. Both effects are not present on the a‑epitaxial plane. 
Out‑of‑plane lattice constants as well as e′

5
 are modeled as function of x employing elasticity theory, 

confirming theoretical values of the elastic stiffness tensor for α‑Ga2O3 , especially the non‑zero value of 
the C14 component. Possible pyramidal slip systems for strain relaxation in c‑axis direction are examined 
to explain and numerically model the difference in lattice tilt for the two substrate orientations.

Introduction
Ga2O3 as wide bandgap semiconductor has received grow-
ing attention in the last two decades mainly due to the large 
predicted electric breakdown field of about 8 MV/cm for the 
thermodynamically stable monoclinic β-modification caused 
by its large bandgap of about 4.6 eV that allows for efficient 
power device applications  [1]. Further, the growth of large 
single crystals from the melt is possible that triggered addi-
tional research efforts due to the possibility of homoepitaxial  
growth. Due to the limited electron mobility of the material, 
sophisticated heterostructure devices such as HEMTs based on  
β-(AlxGa1−x)2O3/β-Ga2O3 heterointerfaces were utilized to 
localize two-dimensional electron gases (2DEGs) at the inter-
face that increase the mobility  [2–4]. This can be recapitu-
lated in several recent reviews  [1, 5–8]. However, lately, there 
is also increasing interest in the metastable modifications of  

Ga2O3 , such as rhombohedral α-Ga2O3 in R3̄c corundum 
structure [9–11], orthorhombic κ-Ga2O3 [12, 13] or γ-Ga2O3 
with defect spinel structure [14–16]. α-Ga2O3 possesses the 
largest bandgap of these polymorphs of about 5.3 eV [9] that 
would even further increase the expected breakdown voltage. 
Additionally, it can be grown heteroepitaxially with high qual-
ity on cost-effective isostructural α-Al2O3 substrates [17–22] 
(sapphire). It can be doped n-type utilizing, e.g., Si, Sn or F as 
dopants [22–26] and due to it being isostructural to α-Al2O3 
the full compositional range of α-(AlxGa1−x)2O3 from Ga2O3 
to Al2O3 can be covered without miscibility gaps allowing band-
gap engineering for HEMT structures or quantum wells from 
5.3 eV to 8.8 eV [22, 27–33]. In most reports, α-Ga2O3 and  
α-(AlxGa1−x)2O3 is grown on the basal c-plane of α-Al2O3   
[9, 17–22, 24, 28, 29, 34, 35]. Lately, also the pyramidal 
r-plane [14, 31, 36–40] as well as the prismatic a- [14, 27, 32, 
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41, 42] and m-plane [26, 33, 42–44] of sapphire were utilized as 
epitaxial plane for the material. Especially the last one became 
interesting for potential device applications due to doped 
m-plane α-Ga2O3 exhibiting up to three times higher mobil-
ity than similar layers on c-plane sapphire [26]. Also, m-plane 
growth is beneficial for the stabilization of the α-phase due 
to the suppression of basal facets, where β-Ga2O3 favourably 
forms [33].

However, for the design and growth of heterostructure 
device applications and also the growth of the binary material, 
detailed knowledge about the strain distribution and relaxa-
tion processes of α-Ga2O3 and α-(AlxGa1−x)2O3 is necessary. 
We recently reported on the heteroepitaxial stress and strain 
present in pulsed laser deposition (PLD) grown pseudomor-
phic r-plane α-(AlxGa1−x)2O3/α-Al2O3 heterostructures that 
we modeled rigorously as well as with great accuracy based on 
our elasticity theory for rhombohedral heterostructures [31, 45, 
46]. Further, also the relaxation processes for partially relaxed 
layers were understood and the prismatic a-planes identified as 
dominant slip system on the r-plane [31, 39]. The same elasticity 
theory was applied to reproduce the out-of-plane strain present 
in the pseudomorphic part of an α-(AlxGa1−x)2O3 thin film with 
lateral composition gradient on a-plane sapphire grown by com-
binatorial PLD [32]. Crucial for the understanding of the heter-
oepitaxial strain is the knowledge about the entries of the elastic 
stiffness tensor Cij in dependence on x. Up to now, for α-Ga2O3 , 
they are exclusively available from theoretical calculations [47] as 
given later in this report. Due to the threefold pseudohexagonal 
rhombohedral R3̄c symmetry of the corundum structure, a dis-
tinct difference in biaxially strained α-(AlxGa1−x)2O3/α-Al2O3  
heterostructures for epitaxial a- and m-planes is expected [40, 
45, 46]. This is caused by the nonvanishing C14 component of Cij 
in contrast to ”true” sixfold hexagonal systems such as wurtzite 
GaN or ZnO [48]. This should manifest itself in a shear strain 
present for heterostructures on the m-plane in contrast to the 
a-plane, if the theoretically calculated C14 component is correct. 
However, the epitaxial r-plane is relatively insensitive to the C14 
component [31] and the m-plane α-(AlxGa1−x)2O3 epilayers in 
literature were typically relaxed [33]. To the best knowledge of 
the authors, pseudomorphic growth on m-plane sapphire sub-
strates was not yet reported. Additionally, a difference in strain 
relaxation for m-plane and a-plane epitaxial growth should be 
expected as well.

Here, we aim to understand the fundamental difference in 
the strain and relaxation of α-(AlxGa1−x)2O3 epilayers on a- and 
m-plane sapphire as well as to confirm the theoretically calcu-
lated entries of the elastic stiffness tensor for α-Ga2O3 . For this, 
we grew pseudomorphic as well as relaxed α-(AlxGa1−x)2O3 thin 
films on m-plane as well as a-plane sapphire by combinatorial 
PLD employing only two radially-segmented targets to cover 
the entire composition range from α-Ga2O3 to α-Al2O3 with 

narrow steps in chemical composition (Discrete compositional 
screening (DCS) PLD [49, 50]). We performed a detailed and 
rigorous X-ray diffraction (XRD) examination of our layers and 
will show pseudomorphic growth with high crystalline quality 
of the layers on m-plane sapphire for xAl ≥ 0.45 . The in- and 
out-of-plane lattice constants and shear strains of all layers shall 
be determined and modeled based on our stress-strain theory 
for rhombohedral heterostructures [45, 46] and the theoretically 
calculated stiffness tensor of α-Ga2O3 that is tested for accuracy 
especially of the C14 component. Further, the possible slip sys-
tems for strain relaxation in the m- and a-plane epilayers will 
be determined and based on that the composition-dependent 
lattice tilt in c-axis direction, only present for relaxed m-plane 
epilayers, will be reproduced.

Results and discussion
We first present the different typical effects associated with the 
pseudomorphic and relaxed growth of α-(AlxGa1−x)2O3 on 
m-plane and a-plane sapphire substrates that can be observed in 
reciprocal space map measurements (RSMs). Schematic depic-
tions of these effects in reciprocal space and the corresponding 
distortions of the lattice in real space can be found in Fig. S1 of 
the supplementary material. After that, we evaluate these meas-
urements quantitatively and compare the results to elasticity the-
ory as well as possible relaxation mechanisms. All of our samples 
grew phase pure in the α-phase and adopted the orientation of 
the substrate as expected due to the identical crystal symmetry. 
XRD 2 θ-ω scans of the samples can be found in Fig. S2 in the 
supplementary material.

RSM measurements for α‑(AlxGa1−x)2O3 on m‑plane 
and a‑plane sapphire

Pseudomorphic layers

At first, we explain the differences of the growth on m-  
and a-plane sapphire for typical pseudomorphically strained  
α-(AlxGa1−x)2O3 layers.

Figure 1a shows the RSMs around the symmetric (30.0) and 
asymmetric (22.0), (42̄.0), (30.6̄ ) and (30.6) reflections for a sample 
with x = 0.8 on m-plane sapphire with a thickness of ≈ 200 nm. 
For the (22.0) and (42̄.0) reflections without c-axis component, 
i.e. measured in an azimuth where the c-axis is perpendicular to 
the plane of incidence of the X-ray beam, we observe the typi-
cal behavior of a pseudomorphically strained layer in reciprocal 
space. The reflections of the thin film are aligned in q‖ with those of 
the substrate corresponding to an adoption of the in-plane lattice 
constant of the substrate. Further, the q⊥ values of these reflections 
are the same as the one of the symmetric (30.0) reflection meas-
ured in the same azimuth corresponding to the same out-of-plane 
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component of the reflection. The reflections are very sharp and 
show a similar broadening as the ones of the substrate corroborat-
ing a high crystalline quality of the thin film layer.

For the (30.6̄ ) and (30.6) reflections, however, we observe 
something different. While the reflections are still aligned with 
the substrate reflections in q‖ , they are shifted in the out-of-plane 
coordinates q⊥ with respect to the symmetric (30.0) reflection 
in the same azimuth, one to lower and the other one to higher 
values. This is a consequence of a shear strain present in the 
thin film layer, i.e. the lattice is sheared in c-axis direction due 
to the pseudomorphic strain by a shear angle �s as predicted in 
Ref. [45]. The shear strain results in a rotation of the asymmet-
ric reflections in reciprocal space by �s around the symmetric 
(30.0) reflection [51–53] as indicated in Fig. 1a. Since �s is typi-
cally very small, the difference in q‖ due to the rotation is not 
noticeable in the RSM.

In contrast, for layers grown on a-plane sapphire, we could 
not observe shear strain for any sample we investigated as 
expected [45]. Fig. 1b shows typical RSMs around the sym-
metric (22.0) and asymmetric (41.0), (14.0), (22.6̄ ) and (22.6) 
reflections of a sample on a-plane sapphire with x = 0.87 . 

Neither in c-axis direction for the (22.6) and (22.6̄ ) reflections 
nor perpendicular to it for the (41.0) and (14.0) reflection, 
we found any difference in the q⊥ component for the sam-
ples. The RSMs in Fig. 1b were also all measured in grazing 
exit geometry to decrease the instrumental broadening of the 
reflections to ensure that also small effects are not overlooked.

Pseudomorphic growth of the samples with ≈ 200 nm thick-
ness was only possible for x � 0.8 . For lower x, the critical thick-
ness for coherent growth was exceeded and the thin films are 
partially or fully relaxed. For verification, we estimated a critical 
thickness of at least 220 nm for x ≈ 0.8 on m-plane sapphire and 
at least 250 nm for x ≈ 0.86 on a-plane sapphire, see Fig. S3 in 
the supplementary material. To further investigate and increase 
the strain effects that are enhanced for lower x, we successively 
decreased the layer thickness down to 30 nm, 20 nm and 10 nm 
for which we obtained pseudomorphic growth for Al-contents 
on m-plane sapphire as low as x ≈ 0.6 , x ≈ 0.55 and x ≈ 0.45 , 
respectively. To the best knowledge of the authors, this is the 
lowest Al-content for which pseudomorphic growth has been 
observed, apart from three monolayer thick pseudomorphically 
strained binary α-Ga2O3 at the interface to the c-plane α-Al2O3 

Figure 1:  Typical RSMs for pseudomorphic α-(AlxGa1−x)2O3 with Al-content x as indicated. The more intense reflections on top are always the 
reflections of the m- or a-plane α-Al2O3 substrate with distinct K α1/Kα2 splitting and solid white lines are guides to the eye. (a) RSMs around the 
symmetric (30.0) and asymmetric (22.0), (42̄.0), (30.6̄ ) and (30.6) reflections for a sample on m-plane sapphire. The two different (30.0) reflections were 
measured in the same azimuth as the asymmetric reflections in the upper or lower images, respectively. For the asymmetric reflections with a c-axis 
component in q‖ , a distinct difference between q⊥ for positive and negative q‖ positions of the reflections can be observed. This corresponds to a shear 
angle �s as indicated. (b) RSMs around the symmetric (22.0) and asymmetric (41.0), (14.0), (22.6̄ ) and (22.6) reflections for a sample on a-plane sapphire. 
The (22.0) reflection was measured in the same azimuth as the asymmetric reflections in the lower images. The q‖ values for all reflections are negative 
since they were all measured in grazing exit geometry and the sample was rotated by �φ = 180

◦ for the (22.6) and (14.0) reflection to decrease 
instrumental broadening that is enhanced for grazing incidence. In contrast to samples on m-plane substrates, no shear strain and corresponding 
shear angle can be observed.
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substrate of β-Ga2O3 layers [54] or 1 nm pseudomorphic α-Ga2O3  
on a-plane α-Al2O3 [41].

Figure 2 shows typical RSMs around the asymmetric (22.0) 
reflection for three layers with different thickness as well as dif-
ferent values of x. Even the 10 nm samples exhibit sufficient 
intensity to clearly resolve the thin film reflections from the 
background. The red arrows mark the corresponding thin 
film reflections that become broader in the q⊥ direction with 
decreasing thickness, but still exhibit the same broadening in 
q‖ as the substrate reflections. Further, we can typically observe 
pronounced Pendellösung fringes close to the layer reflections 
up to the fourth order (white arrows). The separation of the 
fringes decreases with increasing film thickness in accordance 
to the expected behavior. From the separation of the fringes, 
the thickness of the layers was estimated. The 200 nm samples 
exhibit hints for Pendellösung fringes as well, however, they are 
too narrowly spaced for the reflections we measured and often 
rather appear as streak, see for example the (22.6̄ ) reflection in 
Fig. 1b.

The occurrence of the Pendellösung fringes and the low 
broadening in q‖ further confirm the excellent crystalline qual-
ity of our layers as well as smooth interfaces. The increase in 
broadening in q⊥ agrees with the expected broadening due to 
the limited film thickness and is no sign of inferior crystalline 
quality.

Relaxed layers

When strain relaxation sets in, we typically can observe vari-
ous effects that are also occurring differently for m-plane and 
a-plane sapphire substrates.

Figure 3a shows the RSMs around the symmetric (30.0) and 
asymmetric (22.0), (42̄.0), (30.6̄ ) and (30.6) reflections typical 

for a relaxed sample with x = 0.04 on m-plane sapphire. For the 
reflections without c-axis component, we see the behavior that is 
expected for a relaxed thin film layer. Reflections of the relaxed 
layers show generally a much larger broadening compared to the 
pseudomorphic layers. The (22.0) and (42̄.0) reflections are shifted 
to lower positions both in q⊥ and q‖ due to the lattice expansion 
when the larger Ga atoms are introduced. The q⊥ components are 
here also aligned with the one of the symmetric (30.0) reflection, 
which is located at q� = 0.

This is different for the reflections with c-axis component and 
also the symmetric (30.0) reflection in the same azimuth. Apparent 
is the shift of the symmetric reflection from q� = 0 . The reciprocal 
lattice in this direction is rotated by an angle θT with respect to the 
origin of reciprocal space as indicated in Fig. 3a. This corresponds 
to a global tilt of the epitaxial plane of the thin film lattice with 
respect to the one of the substrate by θT along the c-axis caused by 
the relaxation mechanism that prevails.

This is not the case for the samples on a-plane sapphire. Fig. 3b 
shows the symmetric (22.0) reflections of several relaxed layers 
on a-plane sapphire with different values of x. The reflections 
were recorded both in an azimuth where the c-axis lies within the 
plane of incidence as well as perpendicular to it, i.e. the sample 
was rotated by �φ = 90◦ . For all samples and azimuths, the sym-
metric reflections are located at q� = 0 corresponding to negligible 
lattice tilt.

Quantitative evaluation of RSM measurements 
and comparison to elasticity theory

To obtain correct values for the lattice constants, several correc-
tions need to be applied to the RSM data. First, sample tilt and 
goniometer errors need to be corrected by a comparison of the 
measured and theoretical positions of the substrate reflections. The 
difference is corrected by a transformation of the coordinate sys-
tem of the RSM such that the substrate reflections are at the correct 
positions. Afterwards, the tilt angle can be determined from the 
position of the symmetric thin film reflections via

After a rotation of the thin film reflections by θT around the 
center of the coordinate system, the shear angle can be deter-
mined from a pair of asymmetric reflections with nominally 
identical magnitudes of the positions in reciprocal space, but 
opposite signs of q‖ , e.g. (30.6̄ ) and (30.6), via

Finally, the asymmetric reflections are rotated around the posi-
tion of their corresponding symmetric reflection, e.g. (30.0) 

(1)cos θT =
q⊥,symm

√

q2⊥,symm + q2�,symm

(2)tan�s =
q⊥,+ − q⊥,−
q�,+ − q�,−

Figure 2:  Typical RSMs around the asymmetric (22.0) reflections of thin 
pseudomorphic m-plane α-(AlxGa1−x)2O3 samples with Al-contents x 
and thicknesses d as indicated. The more itense reflections on top are 
always the reflections of the m-plane α-Al2O3 substrate with distinct K α1
/Kα2 splitting. The red arrow denotes the position of the K α1 reflection 
of the α-(AlxGa1−x)2O3 thin film while white arrows denote pronounced 
Pendellösung fringes that were also used to estimate the thickness of 
the samples and corroborate a high crystalline quality as well as smooth 
interfaces.
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for (30.6), by �s . From the corrected positions in reciprocal 
space, the lattice constants can be calculated. For all reflections, 
the same lattice parameters were obtained after the correction 
within the experimental error, which served as self consistency 
check for the procedure. To further increase the accuracy, all 
reflections for the pseudomorphic samples were measured in 
grazing exit geometry, which decreases the instrumental broad-
ening of the reflections. This is increased in grazing incidence 
geometry as for example given in Fig. 1a for the (42̄.0) and (30.6) 
reflections in contrast to the (22.0) and (30.6̄ ) reflections that 
were measured in grazing exit geometry.

In reports on α-(AlxGa1−x)2O3 layers on m-plane sapphire, 
only one asymmetric reflection is typically evaluated to deter-
mine strain state and lattice constants of the epilayer [33]. How-
ever, one should be aware that for an accurate determination 
of those properties, the measurement of several reflections is 
necessary to obtain correct results due to the aforementioned 
effects on this epitaxial plane.

Figure 4 shows the out-of-plane a-lattice constants as well as 
the in-plane a- and c-lattice constants for all investigated sam-
ples as function of x. The obtained shear angles are summarized 
in Fig. 5a and the tilt angles are depicted in Fig. 8a for all samples 
on m-plane sapphire as function of x as well. Note that in the 

case of the out-of-plane a-lattice constant for the m-plane sam-
ples as well as for the in-plane a-lattice constant of the a-plane 
samples, we calculated the associated a-lattice constant from 
the lattice plane distance d10.0 of the corresponding {10.0} plane 
extracted from the RSMs via a = 2

√
3

3 d10.0 . Strictly, there is no 
well-defined a-lattice constant in these cases, since for these 
directions, no crystallographic a-plane with the corresponding 
lattice plane distance as a rational fraction of the a-lattice con-
stant is existing, i.e. no ai-axis vector is pointing in these direc-
tions, see also the unit cell orientations as schematically depicted 
in Fig. 7. All values shown here are given as a-lattice constants 
for comparison to highlight the similarities of a- and m-epitaxial 
planes regarding the fully-strained and relaxed lattice constants.

The out-of-plane a-lattice constants as well as the in-plane 
c-lattice constants of the relaxed samples closely follow the theo-
retical evolution of the bulk lattice constants aF(x) and cF(x) as 
expected from Vegard’s law (black dashed lines), which should 
be a linear function of x.

The utilized lattice parameters of the binary materials are 
given in Table 1. The in-plane a-lattice constants of the relaxed 
samples, however, are slightly lower than expected. This might 
correspond to a low residual compressive in-plane strain in the 
a-axis direction. A corresponding low tensile strain might be 

Figure 3:  Typical RSMs of relaxed α-(AlxGa1−x)2O3 epilayers with Al-content x as indicated. The more intense reflections on top are always the 
reflections of the m- or a-plane α-Al2O3 substrate with distinct K α1/Kα2 splitting and solid white lines are guides to the eye. (a) RSMs around the 
symmetric (30.0) and asymmetric (22.0), (42̄.0), (30.6̄ ) and (30.6) reflections for a sample on m-plane sapphire. The two different (30.0) reflections 
were measured in the same azimuth as the asymmetric reflections in the upper or lower images, respectively. For the asymmetric reflections with 
a c-axis component in q‖ , a distinct tilt of the reciprocal lattice can be observed. This corresponds to a tilt angle θT as indicated. Solid white lines are 
guides to the eye. (b) RSMs around the symmetric (22.0) reflections for samples with different x on a-plane sapphire. The (22.0) reflections on top were 
measured in an azimuth with the c-axis within the plane of incidence of the X-ray beam, while the corresponding ones on the bottom were measured 
at �φ = 90

◦ , i.e. in an azimuth where the c-axis was perpendicular to the plane of incidence. In contrast to the layers on m-plane sapphire, no tilt of the 
reciprocal lattice points was observed for any sample.
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interpreted into the c-lattice data and also a residual shear strain 
different from zero within the experimental error in the c-axis 
direction for the relaxed samples on m-plane sapphire as given 
in Fig. 5a could be a consequence of the insufficient strain relax-
ation in a-axis direction. Another possible explanation could be 
additional asymmetric thermal strain as consequence of the dif-
ferent and anisotropic thermal expansion coefficients of α-Al2O3 
and α-Ga2O3 in a-axis and c-axis direction [55–57]. Also, while 
the c-axis component of the thermal expansion coefficient of α
-Ga2O3 is always about 25% larger than the one of α-Al2O3 from 
room temperature to about 700◦ C, the difference in the thermal 
expansion coefficient in a-axis direction changes sign at about 
200◦C [55–57]. Below this temperature, the value for α-Ga2O3  
becomes lower than for α-Al2O3 that might result in a total 

compressive strain in a-axis and tensile strain in c-axis direc-
tion. However, additional experimental error for the in-plane 
coordinate could be possible as well since the reflections of the 
relaxed samples show increased broadening in q‖ that also affects 
the correction procedure for the tilt angle not included in the 
error bars in Fig. 4. Additional microcrystalline methods such 
as transmission electron microscopy investigations are necessary 
to resolve this issue, which are not in the scope of this report.

The pseudomorphically strained samples all necessarily 
exhibit the in-plane lattice constants of the α-Al2O3 substrate 
and a vanishing tilt angle. The out-of-plane a-lattice constants 
are increased compared to the bulk value and the shear angle 
in c-axis direction for the m-plane samples is significantly 

Figure 4:  In- and out-of-plane lattice constants of all α-(AlxGa1−x)2O3 samples as obtained from the evaluation of the RSM measurements as explained 
in the text. Triangular and circular symbols correspond to experimental values, while dashed lines are theoretically calculated curves in all panels. 
The approximate sample thickness d is color coded as given in the legends. The same color code applies for the completely colored symbols and 
the symbols with grey filling. (a) and (b) depicts the in- and out-of-plane a-lattice constants of all samples as function of the Al-content x for samples 
(a) on a-plane sapphire and (b) on m-plane sapphire, respectively. The blue dashed line corresponds to the out-of-plane a-lattice constant for 
pseudomorphic thin films as expected from elasticity theory given in Eqs. 6 and 10 for a-plane and m-plane orientation, respectively. (c) and (d) 
in-plane c-lattice constant of samples on (c) a-plane sapphire and (d) m-plane sapphire. The black dashed lines for all panels is the bulk lattice constant 
for relaxed samples as expected from Vegard’s law. The orange dashed lines are the lattice constants of the α-Al2O3 substrate.
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different from zero due to the compressive in-plane strain 
imposed by the substrate.

We numerically modeled the out-of-plane lattice constants 
as well as the shear strains based on continuum elasticity theory 
as derived in Refs. [45] and [46]. The stress-strain relation in the 
crystal system for a rhombohedral system with R3̄c crystal sym-
metry reads

where C66 = (C11 − C12)/2 . We utilize Voigt notation for the 
stress-strain relation, i.e. the strains are given by e1 = εxx , 
e2 = εyy , e3 = εzz , e4 = 2εyz , e5 = 2εxz and e6 = 2εxy , with sym-
metrized εij = 1

2

(

∂ui
∂xj

+ ∂uj
∂xi

)

 , and the stresses are correspond-

ingly given by σ1 = σxx , σ2 = σyy , σ3 = σzz , σ4 = σyz , σ5 = σxz , 

(3)
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and σ6 = σxy . The ui are the displacements in the crystal. With 
this, the stiffness tensor Cijkl can be reduced to the symmetrized 
6× 6 matrix Cij given above as explained in detail in Ref. [45]. 
Note that for a hexagonal system, such as wurtzite GaN or ZnO, 
the C14 component is equal to zero.

A rotational transformation into the laboratory system for the 
different epitaxial planes, as explained in Refs. [45] and [46], the 
conditions σ ′

zz = σ ′
xz = σ ′

yz = 0 for the stresses and the known 
strains e′1 , e

′
2 and e′6 in the laboratory system are then utilized to 

calculate the unknown strains e′3 , e
′
4 , and e′5. This procedure delivers 

for the a-growth plane:

(4)e′1 = ε′xx =
cs

cF
− 1

(5)e′2 = ε′yy =
as

aF
− 1

(6)e′3 = ε′zz = −
C13e

′
1 + C12e

′
2

C11

(7)e′4 = e′5 = e′6 = 0 ,

Figure 5:  (a) Shear angle �s calculated from the RSM measurements for the samples on m-plane sapphire as function of Al-content x for an azimuth 
with the c-axis within the plane of incidence of the X-ray beam ( ‖ c-axis) as well as perpendicular to it ( ⊥ c-axis). Triangular and quadratic symbols 
correspond to the determined experimental values. The approximate sample thickness d is color coded as given in the legend. The same color code 
applies for the completely colored symbols and the symbols with grey filling. The relaxed samples all exhibit a thickness of nominally 200 nm. (b) Shear 
strain e′

5
= tan�s as function of Al-content x for samples on m-plane and a-plane sapphire as indicated. The grey dashed line is a guide to the eye at 

zero strain. The blue dashed line is the expected evolution of shear angle and shear strain e′
5
 as given in Eq. 11. An excellent agreement with theory is 

found that confirms the validity and value of the C14 component for the stiffness tensor of α-Ga2O3 and α-Al2O3 . The dotted lines are theoretical curves 
for different values of C14 for α-Ga2O3 as indicated for comparison.

TABLe 1:  Elastic constants and 
hexagonal lattice parameters of 
rhombohedral ( R3̄c ) Al2O3 and 
Ga2O3.

Values of the elastic constants given in units of 1011 Pa. Values for Al2O3 taken from Refs. [58] and [59] and for 
Ga2O3 from Refs. [47] and [60].

Material C11 C12 C13 C33 C14 C44 a (Å) c (Å)

α-Al2O3 4.97 1.63 1.16 5.01 0.22 1.47 4.759 12.991

α-Ga2O3 3.815 1.736 1.26 3.458 0.173 0.797 4.9825 13.433
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where as and cs are the lattice constants of the α-Al2O3 substrate. 
For the m-growth plane, we obtain

The out-of-plane lattice constants can then be calculated from 
the out-of-plane strain ε′zz in the laboratory system:

The shear angle �s can be connected to the shear strain compo-
nents via the differential displacements in the lattice.

Note, ∂u
′
z

∂x = 0 is due to the vanishing tilt angle for the pseu-
domorphic layers and is a consequence of the imposed biaxial 
strain and the coherent film-substrate interface.

The manifestation of a shear angle along the c-direction 
for the growth on the m-plane in contrast to growth on the 
a-plane is therefore a consequence of Eqs. 7 and 11, i.e. a non-
vanishing e′5 component only for the m-growth plane. This in 
turn is a direct consequence of the non-vanishing C14 compo-
nent of the stiffness tensor in the rhombohedral R3̄c crystal 
symmetry. For C14 = 0 , the exact same strain relations hold 
for a-plane and m-plane systems.

We have interpolated the elastic constants Cij for α-Ga2O3  
and α-Al2O3 linearly as given in Table 1 for the Cij(x) for  
α-(AlxGa1−x)2O3 to calculate the relevant strains, lattice con-
stants and shear angles for our pseudomorphic samples as 
function of x. Note that the sign of C14 of α-Ga2O3 in Ref. [47] 
is opposite to the one given here. This is solely due to the 
specific choice of the coordinate system [31] and C14 should 
not change sign for α-(AlxGa1−x)2O3 . The result is shown in 
Fig. 4 and 5 as blue dashed lines. The out-of-plane a-lattice 
constants follow the theoretical curve with very good agree-
ment corroborating our previous studies for epilayers on 
r-plane [31] as well as on a-plane sapphire [32]. The curves 

(8)e′1 = ε′xx =
cs

cF
− 1

(9)e′2 = ε′yy =
as

aF
− 1

(10)e′3 = ε′zz = −
C13 C44 e

′
1 + (C12C44 + C2

14) e
′
2

C11C44 − C2
14

(11)e′5 = 2ε′xz =
C14 (C13 e

′
1 + (C11 + C12) e

′
2)

C11C44 − C2
14

(12)e′4 = e′6 = 0 .

(13)aout(xAl) = aF(xAl)
[

1+ ε′zz(xAl)
]

.

(14)ε′xz =
1

2

(

∂u′x
∂z

+
∂u′z
∂x

)

=
1

2

∂u′x
∂z

(15)⇒ tan�s =
∂u′x
∂z

= 2ε′xz = e′5 .

for a- and m-growth planes are relatively similar due to the 
out-of-plane strain ε′zz being quite insensitive to the C14 com-
ponent in the case of m-plane sapphire, since C2

14/C44 is small 
compared to C11 , C12 and C13 [31].

The shear strain e′5 in Eq. 11, however, has a direct linear 
proportionality to the C14 component and is quite sensitive to 
its value. Using the linear interpolation of the experimental 
values of α-Al2O3 and the theoretical values for α-Ga2O3 , we 
can reproduce the shear angle with high accuracy (blue dashed 
line in Fig. 5a and for a large range in x. Fig. 5b shows further 
the e′5 component calculated from the shear angles in c-axis 
direction for pseudomorphic layers on m-plane and a-plane 
sapphire in comparison. e′5 for the m-growth plane is clearly 
non-vanishing and in very good agreement with the theoretical 
curve. For comparison, curves with a variation of C14(α-Ga2O3) 
are shown as well. The e′5 component for the layers on a-plane 
sapphire in contrast is equal to zero over a broad range of x. 
A fit to the e′5 data for the m-plane samples for C14(α-Ga2O3) 
delivers a value of C14(α-Ga2O3) = (17.9± 1) GPa when the 
experimental errors are not included in the weighting of the fit. 
When the errors are included as instrumental weight, we obtain 
C14(α-Ga2O3) = (15.8± 1.7) GPa, both close to the value given 
in Table 1. This finding greatly corroborates the validity of the 
continuum elasticity theory approach as given in Refs. [45] and 
[46] and also validates the theoretical value of C14 for α-Ga2O3 
reported in Ref. [47].

We further calculated the shear strain component e′5 as func-
tion of the inclination angle θs of the epitaxial plane with respect 
to the c-plane in the r- (01.2) and r ′-plane (10.2) azimuth for 
a pseudomorphically strained α-(Al0.8Ga0.2)2O3/α-Al2O3 het-
erostructure, both for the interpolated value of C14 for x = 0.8 
as well as for C14 = 0 for comparison. The result is shown in 
Fig. 6. As one can clearly observe, the m-plane is actually the 
best suited plane to test the accuracy of the C14 component 
since the relative difference in e′5 compared to a vanishing C14 
component is the largest. The r- and r ′-planes we investigated 
in previous studies in detail [31, 39, 40], however, show only 
little sensitivity of e′5 to C14 , which is almost vanishing for the 
r-plane inclination angle in Fig. 6. This is the reason why no 
shear strain was detected in our previous reports on the growth 
on r-plane sapphire and further confirms the validity of the elas-
ticity theory. In the final part of this report, we will shed light on 
the difference in relaxation and the manifestation of a tilt angle 
only for the m-growth plane.

Difference in layer relaxation

Possible slip systems for strain relaxation

Plastic strain relaxation is typically mediated by misfit disloca-
tions at the heterostructure interface. The dislocations can move 
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only in the relevant glide planes and are associated with a char-
acteristic Burger’s vector b that possesses an edge component b‖ 
in the interface normal to the dislocation line direction allowing 
strain relaxation in this direction, a screw component bo along 
the dislocation line direction not contributing to strain relaxa-
tion, and a tilt component b⊥ normal to the interface plane not 
contributing to strain relaxation as well, but causing the lattice 
tilt. The total tilt and edge components of all Burger’s vectors 
contributing to strain relaxation in a specific direction x deter-
mine the lattice tilt in this direction for the partially or fully 
relaxed layer. The lattice tilt can be calculated via [31]:

where ρx is a relaxation parameter in x-direction ( ρx = 0 for a 
completely relaxed layer, ρx = 1 for pseudomorphic growth). 
For the growth on a- and m-plane sapphire, only the pyramidal 
slip systems can contribute to strain relaxation in c-direction. 
We chose here the {01.2} r- and {10.1} s-plane slip systems as 
the ones experimentally observed in α-Al2O3 [62–67]. The basal 
c-glide planes are orthogonal both to the a- as well as m-plane 
for which the resolved shear stress on the dislocations vanishes. 
The prismatic a- and m-plane slip systems and associated Burg-
er’s vectors can only relieve strain in a direction orthogonal to 
the c-axis, since the edge component of the Burger’s vectors does 
not have a component along the c-axis direction, since the dis-
location line direction is equal to the c-axis.

(16)θT(xAl) = (1− ρx)ε
′
xx(xAl)

|b⊥(xAl)|
∣

∣b�(xAl)
∣

∣

,

Further, as special property of the rhombohedral R3̄c crystal 
symmetry, not all r-planes and s-planes are actual glide planes, 
since there is a difference between r- and r ′-planes [40] as well 
as s- and s ′-planes in the crystal. Only the three (01.2) , (11̄.2) 
and (1̄0.2) r- as well as the (01̄.1) , (1̄1.1) , and (10.1) s-planes are 
actual crystallographic glide planes within the unit cell in con-
trast to a hexagonal crystal system [62]. Possible Burger’s vectors 
for the r-planes are 13

〈

21̄.0
〉

 , 13
〈

01̄.1
〉

 and 13
〈

2̄0.1
〉

 , while for the 
s-planes only 13

〈

1̄2.0
〉

 and 13
〈

1̄1.1
〉

 are allowed [62]. The follow-
ing discussion for the r-planes holds true for the three s-planes 
as well, which will not be mentioned explicitly again for the 
sake of simplicity. The relevant figures would look essentially 
similar as well for the s-planes with only slight differences in the 
intersections of the dislocation lines and the position in the unit 
cell and can be found in Fig. S4 in the supplementary material. 
Figure 7a and b show the positions of the relevant r-planes and 
their intersection with the epitaxial (11.0) a- and (10.0) m-planes, 
respectively. A possible Burger’s vector for the 13

〈

01̄.1
〉

 system 
for each r-plane is shown as well. As one can see, there is a 
fundamental difference between the number, inclination and 
the dislocation line direction for the r-planes to the a-plane or 
m-plane, respectively. First, only two r-planes can contribute to 
strain relaxation for the a-growth plane, (01.2) and (1̄0.2) . The 
third r-plane (11̄.2) is orthogonal to the a-plane and cannot con-
tribute to strain relaxation. For the m-plane, all three r-plane slip 
systems can contribute to strain relaxation. Second, the adjacent 
r-planes exhibit different dislocation line orientations. For the 
a-plane, both adjacent r-planes have the same dislocation line 
direction, while for the r-planes adjacent to the m-plane, the 
dislocation lines cross. This can also be seen in Fig.7c and d, 
where the dislocation lines are shown on the epitaxial planes in 
a two dimensional depiction. The crossing angles αr and αs for 
the adjacent r- and s-planes, respectively, as defined in Fig. 7d 
and Fig. S4d are composition-dependent and can be given as:

where ξ(xAl) = aF(xAl)
cF(xAl)

 . We further decomposed all possible 
Burger’s vectors lying in the specific r-plane or s-plane into 
their edge, tilt and screw components in dependence on the 
Al-content x of the epilayer. The specific decompositions are 
given in the supplementary material. We found a fundamental 
difference in the edge and tilt components of the r-plane slip 
systems for a-plane and m-plane sapphire. When the equiva-
lent Burger’s vectors of the adjacent r-planes, e.g. 13

[

01̄.1
]

 for the 
(01.2) plane and 13 [10.1] for the (1̄0.2) plane, are chosen to have 
the same sign for the edge component in c-direction for strain 
relaxation along the c-axis (for opposite sign any equivalent pair 
of Burger’s vectors of the adjacent planes exactly compensate 
the edge component of each other in c-axis direction), the tilt 

(17)αr(xAl) = arctan [2ξ(xAl)]

(18)αs(xAl) = arctan [ξ(xAl)] ,

Figure 6:  Expected value of the shear strain e′
5
 for a pseudomorphically 

strained α-(Al0.8Ga0.2)2O3/α-Al2O3 heterostructure as function of 
the inclination angle θs of the growth plane in the azimuth of r 
and r ′ -plane as defined in Refs. [45] and [31] for an interpolated 
C14(x = 0.8) = 21.06 GPa. The blue dashed line is the expected value 
for a vanishing C14 component for comparison that is characteristic for 
hexagonal materials in contrast to crystals with rhombohedral symmetry. 
The m-plane shows the largest sensitivity of e′

5
 on the value of C14.
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components of the Burger’s vectors for the a-growth plane will 
exactly pairwise compensate each other and the tilt vanishes. For 
the m-growth plane, a triple set of equivalent Burger’s vectors 
(one for each r-plane) with the same sign of the edge component 
in c-axis direction will always have a net tilt component. This 
is also shown in Fig. 7c and d, where the directions of the edge 
components of the Burger’s vectors are schematically depicted 
for all possible r-planes.

The consequence of this is that no lattice tilt should be 
possible for strain relaxation in c-axis direction for the growth 
on a-plane sapphire, while there will always be a lattice tilt 
in c-direction on m-plane sapphire when the r- or s-plane 
slip systems relieve strain in that direction. This is in perfect 

agreement with our experimental observations, where a tilt 
angle is only observed for layers on m-plane sapphire.

For relaxed m-plane InGaN/GaN heterostructures, a global 
lattice tilt has been observed as well [68, 69]. However, here the 
lattice is tilted along the a-axis direction and two oppositely 
tilted domains are observed due to prismatic m-plane slip sys-
tems that are activated asymmetrically [68].

We note that there is another consequence of the different 
behavior of the r- and s-plane slip systems on a- and m-growth 
planes. While the total edge component of a pair of Burger’s vec-
tors of these planes exhibits a component in the [11̄.0] direction 
for the a-growth plane, i.e. perpendicular to the c-axis, the com-
ponents perpendicular to the c-axis for a triple set of equivalent 

Figure 7:  (a) and (b) Schematic depiction of the possible r-plane slip systems and dislocation line directions for (a) samples on a-plane sapphire and (b) 
on m-plane sapphire. The grey plane is always the epitaxial plane, while the colored planes are the respective adjacent r-glide planes. The third r-plane 
in (a), the (11̄.2)-plane is perpendicular to the a-plane and cannot contribute to strain relaxation. The third r-plane in (b), the ( ̄10.2)-plane, contributes 
to strain relaxation for the m-growth plane, but has been omitted in this depiction for better visibility. Possible 〈10.1〉 Burger’s vector directions for the 
different r-planes are given as well as blue arrows. The smaller hexagons depict the respective orientation of the planes within the hexagonal unit cell. 
The color code of the planes is the same as in the larger images. For the m-growth plane, also the ( ̄10.2)-plane is shown in green in the lower hexagon. 
Images of the planes partially created using VESTA [61]. (c) and (d) Bird’s eye view on the (c) a-growth plane and (d) m-growth plane. The colored solid 
lines are the dislocation line directions within the epitaxial plane for the r-plane slip systems shown in (a) and (b). The same color code applies. The 
arrows are the corresponding directions of the edge components of the Burger’s vectors of the r-plane slip systems. Solid (dashed) arrows indicate 
upward (downward) tilt component. αr denotes the crossing angle of the dislocation lines.
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Burger’s vectors in the case of m-plane sapphire compensate 
each other completely and the total edge component points 
purely in c-axis direction. This means while the r- and s-plane 
slip systems for layers on a-sapphire can relieve strain both in 
c-axis direction as well as perpendicular to it, the r- and s-plane 
slip systems for layers on m-sapphire can only relax strain in 
c-axis direction. Strain perpendicular to the c-axis can then only 
be relieved by the prismatic slip systems. An exception might be 
a symmetry breaking and a preferential activation of only one of 
the r- or s-plane slip systems adjacent to the epitaxial m-plane. 
However, then a global lattice tilt in a direction not equal to the 
c-axis would be the consequence.

Numerical modeling of the tilt angle

The tilt angle θT as function of x for our layers on m-plane sap-
phire is shown in Fig. 8a. The tilt angle is only non-vanishing 
in c-axis direction and for the relaxed layers as expected from 
the discussion above and is increasing with decreasing x due to 
an increase in lattice mismatch and relieved strain ε′xx(xAl) in 
agreement with Eq. 16.

To numerically reproduce the lattice tilt, we utilized the 
decomposition of the Burger’s vectors into their components. The 
possible Burger’s vectors for the different r- and s-planes are sum-
marized in Table 2. We included only the Burger’s vectors given in 
red. The 13

[

1̄2.0
]

 Burger’s vector for the (1̄0.2) and (10.1) plane is 
purely screw type, while the 13

[

2̄1.0
]

 and 13
[

1̄1̄.0
]

 Burger’s vectors 
for the (01.2) and (11̄.2) plane, respectively, exhibit no resolved 
shear stress for strain in c-axis direction as driving force for the 

movement of the dislocation to relieve strain in this direction. The 
1
3

[

2̄2.1̄
]

 and 13
[

02̄.1̄
]

 Burger’s vectors for the (01.2) and (11̄.2) plane, 
respectively, show a much larger screw component for a lower 
edge component as the two equivalent 13

[

2̄0.1
]

 Burger’s vectors 
with equal length and should therefore contribute little to strain 
relaxation as the 13

[

2̄0.1
]

 Burger’s vectors should be preferred. We 
obtain for the set of Burger’s vectors for the three r-planes a total 
tilt and edge component in dependence on x of:

Considering fully relaxed layers in c-axis direction, we obtain 
for the tilt angle θT(xAl):

(19)br,⊥(xAl) =
2

3

[

1̄0.0
]

(20)br,�(xAl) =
(

20 ξ 2(xAl)

24 ξ 2(xAl)+ 6
+ 1

)

[00.1] .

Figure 8:  (a) Tilt angle θT as function of Al-content x for all α-(AlxGa1−x)2O3 samples on m-plane sapphire for the c-axis within the plane of incidence of 
the X-ray beam and perpendicular to it. Triangular and quadratic symbols correspond to the determined experimental values. The approximate sample 
thickness d is color coded as given in the legend. The same color code applies for the completely colored symbols and the symbols with grey filling. 
The relaxed samples all exhibit a thickness of nominally 200 nm. The blue and red dashed lines are the theoretically expected tilt angles for full strain 
relaxation due to the r- and s-plane slip systems as given in Eqs. 22 and 24, respectively. (b) Schematic depiction of the relevant (10.1) s-plane for the 
modeling of the tilt angle shown in orange. The grey plane is the epitaxial m-plane.

TABLe 2:  The three different r- and s-plane slip systems in rhombohedral 
α-(AlxGa1−x)2O3 and the possible Burger’s vectors lying in each plane.

plane Burger’s vectors

(01.2) 1
3 [2̄1.0] 1

3 [01̄.1] 1
3 [2̄0.1] 1

3 [2̄2.1̄]

(11̄.2) 1
3 [1̄1̄.0] 1

3 [1̄1.1] 1
3 [2̄0.1] 1

3 [02̄.1̄]

(1̄0.2) 1
3 [1̄2.0] 1

3 [10.1] 1
3 [22̄.1] 1

3 [02.1]

(01̄.1) 1
3 [21̄.1] 1

3 [10.1] 1
3 [11̄.1]

(1̄1.1) 1
3 [11.0] 1

3 [01.1̄] 1
3 [10.1]

(10.1) 1
3 [1̄2.0] 1

3 [1̄1.1] 1
3 [01̄.1]

The vectors given in red were utilized for the calculation of the tilt 
angle as explained in the text.
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For the s-planes, we found the (10.1) plane (schematically 
depicted in Fig. 8b) to be sufficient to explain the tilt angle, for 
which we obtain for the Burger’s vector components:

and for the tilt angle:

This is reasonable, since the relative portion of the edge compo-
nent in c-axis direction for the s-planes adjacent to the m-plane 
is considerably lower than for the (10.1) plane or the adjacent 
r-planes.

The resulting curves are plotted as blue and red dashed 
curves in Fig.  8a and both reproduce the experimentally 
observed tilt angles with good agreement. The r-plane or s-plane 
slip systems should therefore be responsible for the strain relaxa-
tion in c-axis direction. Considering the larger resolved shear 
stress for the (10.1) and (1̄0.2) planes for strain along the c-axis 
direction compared to the adjacent r- and s-planes, the single 
s-plane slip system seems to be the more reasonable alterna-
tive, since the (10.1) plane should be the first to reach the criti-
cal resolved shear stress and get activated. Additionally, defects 
from s-plane glide have been identified in transmission elec-
tron microscopy (TEM) images of strongly relaxed layers on 
r-plane sapphire [70]. In future studies, the slip lines of samples 
grown at higher substrate temperatures and close to the critical 
thickness should be investigated by atomic force microscopy 
and their crossing angle evaluated to identify the responsible 
slip systems similar as for samples grown on r-plane sapphire 
in Refs. [39], [70] and [71]. Alternatively, also TEM investiga-
tions could be conducted to reveal the dislocations and domi-
nant Burger’s vectors. This was however not in the scope of the 
present study.

Conclusion
Pseudomorphically strained as well as plastically relaxed  
α-(AlxGa1−x)2O3 layers were grown with different thicknesses in 
the range of 10-200 nm on m- and a-plane sapphire substrates in 

(21)

θT,r(xAl) = ε′xx(xAl)
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∣br,⊥(xAl)
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3
[00.1] ,

(24)θT,s(xAl) =
√
3

2
ξ(xAl)

(

cs

cF(xAl)
− 1

)

.

the full composition range from α-Ga2O3 to α-Al2O3 by com-
binatorial PLD [49, 50] utilizing only two elliptically-segmented 
targets. RSM measurements on the epilayers reveal that pseudo-
morphic growth is possible for xAl ≥ 0.45 for layer thicknesses 
below 10 nm. For 200 nm layers, the critical Al-content was 
found to be about xAl = 0.8 . The high crystalline quality of the 
pseudomorphic layers and smooth interfaces were confirmed by 
the presence of Pendellösung fringes in RSM measurements as 
well as low broadening of all reflections equal to the broaden-
ing of the substrate reflections. A fundamental difference in the 
behavior of α-(AlxGa1−x)2O3 layers on epitaxial m- and a-growth 
planes has been identified. The pseudomorphic α-(AlxGa1−x)2O3 
thin films on m-plane sapphire show a pronounced lattice shear 
in c-axis direction not present for layers on a-plane sapphire. 
Similarly, relaxed layers on m-plane sapphire exhibit a strong lat-
tice tilt in c-axis direction that is not present on a-plane sapphire 
as well. The in- and out-of-plane lattice constants of all layers 
were evaluated and the relaxed layers follow a linear trend as 
expected from Vegard’s law with a slight residual in-plane strain 
perpendicular to the c-axis. The out-of-plane lattice constants 
as well as the shear strains as function of x were modeled using 
our continuum elasticity theory for rhombohedral heterostruc-
tures [31, 45, 46]. A good agreement between theoretical values 
and the experimental data was found corroborating the theoreti-
cally calculated entries of the elastic stiffness tensor for α-Ga2O3 
and the experimentally determined values for α-Al2O3 . Espe-
cially the validity of the C14 component could be confirmed and 
the m-plane was identified as most suitable epitaxial plane for 
its determination. The possible slip systems for strain relaxation 
for the epitaxial m- and a-planes were examined and also here a 
fundamental difference was found explaining the occurence of 
the lattice tilt only for relaxed m-plane epilayers. The tilt angle 
as a function of x was reproduced utilizing edge and tilt compo-
nents of relevant Burger’s vectors and the pyramidal r- or s-plane 
slip systems were identified as possibly responsible for plastic 
strain relaxation in c-axis direction for layers beyond the critical 
thickness. These findings should find potential use in the further 
design, growth and understanding of α-(AlxGa1−x)2O3 based 
heterostructures for power device applications.

Materials and methods
The α-(AlxGa1−x)2O3 thin films with nominal thicknesses of 
about 10, 20, 30 and 200 nm were grown by PLD using either 
5× 5mm2 or 10× 10mm2 m- as well as a-plane sapphire 
substrates (Crystec). For the films with 30 nm and 200 nm 
thickness, four 5× 5mm2 pieces including one m- and one 
a-plane sapphire cut were placed in a four-piece sample holder 
to ensure identical process parameters for the layers on the 
different growth planes. The 10 nm and 20 nm samples were 
grown on single 10× 10mm2 m-plane sapphire substrates to 
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increase the intensity in XRD measurements. We employed 
a 248 nm KrF excimer laser at a pulse energy of 650 mJ to 
ablate the targets. The laser was focused on the target surface 
to an area of 2× 6.5mm2 corresponding to a laser fluence 
of 2.6 J cm−2 . 10 Hz was chosen as repetition frequency for 
all samples. A detailed description of the PLD setup can be 
found in Refs. [72] and [73]. The oxygen partial pressure was 
chosen as p(O2) = 6× 10−4 mbar and the growth temperature 
was set to Tg ≈ 720◦ C for all layers. The Al-content in the lay-
ers was controllably varied in this study by employing ellipti-
cally-segmented targets. We used only two targets in total, a  
Ga2O3/(Al0.4Ga0.6)2O3 and a (Al0.4Ga0.6)2O3/Al2O3 target 
(inner segment/outer segment).

Employing elliptically-segmented targets in combination 
with a rotation of the target and a fixed radial position r of the 
laser spot on the target surface enables direct and reproduc-
ible control over the thin film stoichiometry which is a func-
tion of r (vertical continuous composition spread (VCCS) or 
also DCS PLD technique) as described in detail in Refs. [49] 
and [50]. The Al2O3 (99.997 % purity, Alfa Aesar) and Ga2O3 
(99.999 % purity, Alfa Aesar) target powders in the respective 
mixtures were ball-milled, cold-pressed and sintered in air at 
a temperature of 1550◦ C for 72 h.

XRD 2 θ-ω scans and reciprocal space map measurements 
(RSMs) were performed employing a PANalytical X’pert PRO 
MRD diffractometer with Cu K α radiation using a parabolic 
mirror and PIXcel3D detector. In total, 2 symmetric and 4 
asymmetric reflections were measured per sample employing 
the frame-based option of the PIXcel3D detector that allows 
a reduction of the measurement time by a factor of 5 in com-
parison to conventionally recorded RSMs.

The Al-content of the 200 nm samples was determined by 
energy dispersive X-ray spectroscopy (EDX) utilizing Nova 
NanoLab 200 by FEI company. Due to the low thickness of the 
other layers and the probable overestimation of the Al-content 
due to the substrate signal in EDX measurements, X-ray pho-
toelectron spectroscopy (XPS) measurements were utilized to 
determine the Al-content of the 10, 20 and 30 nm layers. XPS 
measurements were performed with a JEOL JPS-9030 system 
and a Mg K α X-ray source for excitation. The relative sensi-
tivity factors were calibrated by measuring binary Al2O3 and 
Ga2O3 reference samples and assuming perfect stoichiometry. 
The film thicknesses were either determined by spectroscopic 
ellipsometry or estimated from the positions of Pendellösung 
fringes in RSM measurements. The exact film thicknesses for 
the samples with nominal 200 nm thickness grown with 10000 
PLD pulses show a slight variation with Al-content x. The 
thickness values for the samples on m-plane sapphire can be 
found in Fig. S5 in the supplementary material, where also the 
film thicknesses for selected samples with nominal 10, 20 and 
30 nm thickness determined by spectroscopic ellipsometry as 

well as estimated by the separation of Pendellösung fringes are 
displayed for comparison.
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