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Measurement of strain in epitaxial layers frequently faces the problem of localizing “perfectly” unstrained
regions to use as a reference for the whole structure. Here, we develop a method for deducing such
references in the unstrained substrate (with one crystal structure) to determine the local lattice defor-
mations in the layer (with another crystal structure). The method works if there is a common sublattice in
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the layer and the substrate, so that the deviations from it may be used to interrelate the experimentally
recorded data. The proof-of-concept is obtained using samples of cubic y-Ga,Os3 layers on a monoclinic
p-Ga,Os3 substrate, confirming that the new method overcomes several limitations of HRTEM-based
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Introduction

The importance of strain measurements is well known," and
the methods for strain measurement are reviewed in the litera-
ture, e.g., by Gammer et al.” Elastic strain is related to lattice
distortions and can be measured either starting from high-
resolution transmission electron microscopy (HRTEM) images
or from diffraction patterns (formed by either neutrons, X-rays
or electrons). When large volumes are sampled (as in neutron
or X-ray diffraction), one gets global lattice distortions, while
electron-microscopy-based methods provide local information
from nanosized volumes. The HRTEM-based peak pairs algor-
ithm (PPA) locates the positions of atomic columns in real
space.® Chen et al. extended the usage of PPA to crystals with
low symmetries.” Ophus made an extensive comparison of
4D-STEM methods with many applications, such as the
measurement of strain among them.” HRTEM-based geometri-
cal phase analysis (GPA) of strain® starts with a real-space
image, Fourier transformed into a reciprocal-space pattern,
equivalent to a diffraction pattern, so that it can also be
treated together with the other “diffraction” methods. Feng
used GPA to determine strain in 2D crystals.” Wang et al.® and
Labar et al." applied lattice fitting to improve the accuracy of
the measurement of positions of diffraction disks and spots,
respectively, in 4D-STEM. Schretter et al. extended 4D-STEM to
polycrystalline materials.” Drouillas et al compared the
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methods. The precision of the method is ~0.5% in strain values.

4D-STEM approach to N-PED for strain analysis in semi-
conductor thin films."® The application of direct electron
detectors with 4D-STEM has facilitated in situ measurements
of strain during gas-solid interaction."* To minimize the cali-
bration complexities and possible instrumental artefacts, it is
vital to record the data from the undistorted part of the
sample under identical experimental conditions within the
same measurement session. This undistorted part is called the
reference area, even though the identification of undistorted
regions within an epitaxial layer grown is not always possible.
On the other hand, using a single-crystal substrate as a refer-
ence can serve to eliminate problems arising from both
deficiencies of calibration and instrumental distortions. Thus,
in heterostructures, the differences between the lattice para-
meters of the substrate and the layer may help to deduce the
local distortions in the layer as compared to the parameters of
a free-standing undistorted layer of the same crystal structure.
The situation is especially challenging if the heterostructure
manifests different crystal structures in the layer compared
with those in the substrate. The present paper illustrates the
utility of such an approach, discussing both the necessary con-
ditions for its applicability and the limitations of the results
using differently treated and differently measured cubic
y-Ga,0; layers on a monoclinic p-Ga,0O3 substrate.

Indeed, to prove the concept, we use the recently discovered
Ga,0; polymorph heterostructures.’**® Notably, Ga,0; is an
interesting material, with promising applications in semi-
conductor technology. There are five polymorphs (rhombohe-
dral (a), monoclinic (B), defective spinel-type cubic (y), ortho-
rhombic (k), and bixbyite-like cubic (8) phases'® ™) of Ga,0,
known in the literature. The thermodynamically stable mono-
clinic p (C2/m) is available in the form of wafers. The meta-
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stable k- and a-phases have been demonstrated in the form of
thin films grown in certain temperature ranges. Recently, the
less known cubic y-Ga,03; has become available in the form of
thin layers, and the stability of this phase and its crystallo-
graphic compatibility with the stable § have attracted increas-
ing attention from the scientific community. Therefore,
measuring the strain in such layers can provide valuable infor-
mation for further development of polymorph heterostructure
concepts.'*™

We present here the common sublattice method (CSM) to
extend strain measurements in epitaxial layers from the simple
case of a cubic layer on a cubic substrate to the general case of
a substrate with one crystal structure and a layer on it from
another crystal structure. In our method, we calibrate the
system by measuring an unstrained reference in the substrate,
and the strain in the layer is given relative to the unstrained
lattice of the layer based on an interrelation of the two struc-
tures. We demonstrate the benefits of the new method over the
GPA method. We show that the new method is insensitive to
either the variations of local thickness of the sample or minor
variations of bending of the lamella or experimental para-
meters like camera length and convergence angle. Its precision
is ~0.5% in strain values. Our measurements reveal aniso-
tropic lateral strain resulting from the anisotropic lateral mis-
match between the cubic y-Ga,O; layer and the monoclinic
B-Ga,0O; substrate. We explain the variation of spatial relax-
ation of strain in differently treated samples by the presence of
implanted Ni ions on the one hand and by differences in the
tendency of back-transformation of the cubic phase into the
monoclinic phase over the layer volume in differently heat-
treated samples.

Results

Principles of the common sublattice method

The common sublattice method (CSM) is based on the
measurement of electron diffraction patterns from thin lamel-
lae using a transmission electron microscope (TEM) operated
in microprobe scanning mode (uP-STEM). It is based on the
output of a four-dimensional (4D) electron diffraction (ED)
dataset processed by the 4D-ED method." A two-dimensional
(2D) electron diffraction spot pattern is recorded at each posi-
tion while a nearly parallel electron nanobeam is scanned over
a rectangular region line-by-line. While the 4D-ED method can
only evaluate samples where both the reference and the
measured layer have the same crystal structure (belong to the
same crystallographic phase), in our new common sublattice
method, the reference area is taken from one crystal structure,
and the measured layer belongs to another (but closely related)
crystal structure. We can easily follow the spatial distribution
of the distortion of a preselected measured reciprocal lattice
(diffraction pattern), and changes in this distortion clearly
indicate the location of the transition from the reciprocal
lattice of one structure to the reciprocal lattice of another
structure.
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The common sublattice is defined in reciprocal space. Let
5, and &, be two predefined small numbers, while a; and b;
are the base vectors of lattice; and a, and h; are the base
vectors of lattice,. If there exists a pair of reciprocal vectors a*
and b* such that all the reciprocal vectors (g;) of lattice; in the
2D observed reciprocal space plane (i.e. the diffraction pattern
measured from the given zone axis orientation) are close to
ny-a* + my-b* (ie |ng-a* + my-b* — g4|<6,) and ny-a* + my-b* is
close to all the reciprocal vectors (g,) of lattice, (i.e. |ny-a* +
my-b* — 8,|<6,), then linear combinations of a* and b* with
integer multipliers define the common sublattice. Small devi-
ations (5, and §,) are treated by separate lattice matching to
each pattern, irrespective of the fact that the small deviation
was caused by changes in the lengths of the base vectors, the
angle between them, or both. The size of the small deviations
(61 and &,) can be set at the start of operation up to the point
where the spots to identify remain clearly distinguishable from
other spots (see graphical abstract).

With the above conceptual framework, we can follow how
the lengths of the measured surface-normal vectors (|gn:| and
|gn2|) and lateral vectors (|gn:| and |gi.|) change in the
measured patterns without the need to predefine which
measured patterns belong to which phase. (g, is normal to gy
in both lattices.)

In the lattice fitting procedure, we only use the measured
points close to the expected positions of the common sublat-
tice. In this way, we can use different subsets of lattice points
for fitting in the different patterns. Similarly, we disregard
“alien” spots.

The necessity and efficiency of the lattice-fitting approach
are demonstrated during the discussion of results. The
d-values are always measured from the fitted lattice.

Relative lattice distortion (strain) is determined from the
d-values in the layer (d;) and the reference area (d,ef)-

_ dy — dres _ St — 81
dref gl

where g = 1/d in accordance with convention in electron diffr-
action. In contrast to the 4D-ED approach, GPA calculates

Olly ou
ly

ex=—5— and gy =—=,
Oy 0y

where u is the displacement vector.

When the layer is epitaxial to the substrate (as in our case),
there is a strong correlation between the two respective lattices
even though the lattice parameters are slightly different. In
such cases, a common sublattice can be defined. When we
slightly distort this common sublattice to the different diffrac-
tion patterns, we do not need to use the same diffraction spots
in each pattern. When the sample is slightly tilted (bent), a few
diffraction spots may be missing from the measured pattern.
Since different parts of the TEM lamella may bend differently,
different diffraction spots may be missing from patterns
recorded in different parts of the lamella. However, the
remaining (visible) spots facilitate fitting the entire lattice. In
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this way, we can start with different subsets of diffraction spots
in different patterns to arrive at the same entire lattice (of a
structure). This procedure ensures that we can measure any
point of the reciprocal lattice with equal reliability, irrespective
of whether the corresponding diffraction spot is visible in the
examined diffraction pattern.

The 2D distribution of deviations of the measured values
from the values recorded in the reference area can be mapped
over the area examined in the TEM lamella. Upon assuming
that the measurement is good, these values statistically fluctu-
ate around zero at the pixels of the reference area, and (in case
of an ideally steep transition between the phases) there is a
step-like jump when the map crosses the border between the
substrate and the layer. In the case of undistorted layers (i.e.,
the two structures hypothetically glued together without inter-
action), the size of the jump should be equal to the difference
between the relevant lattice parameters between the substrate
and the layer. Based on the known (and imaged) position of
the substrate and of the layer in the lamella, we can subtract
the jump caused by the nominal difference between these
lattice parameter values, leaving a map of variations that fluc-
tuate (with the random errors) around the values expected for
an undistorted lattice at each pixel. When these deviations
exceed the size of random fluctuations, they represent the
local distortion of the lattice (strain) in the pre-selected
direction.

Statistical reliability is improved if values from pixels at a
given depth from the surface are averaged to produce a one-
dimensional (1D) depth distribution that can be compared to
the depth profiles of any other measured properties.

Measured deviations from reference d-values

In addition to our 2D maps and 1D depth distributions of
changes in d-values, we also measure the angle between the
base vectors and present their variation as a function of depth
from the sample surface. In many cases (including the one
treated here), the latter one serves as a sensitive indicator of
the depth at which the structure changes from one crystallo-
graphic phase to the other. In the examples of gallium oxide,
it sensitively shows the location of change from the f to the y
phase. We use this fact to position the model calculations
relative to the measured values more accurately (see Fig. 1).
Although the measured angular values may carry a systematic
error due to the slight elliptical distortion of the recorded diffr-
action patterns (caused by the lenses of TEM), this systematic
error is identical for all diffraction patterns from a given
measurement, so the variation reliably shows the interface
between the f and y phases.

Fig. 1 shows the depth distribution of angles between the
base vectors as a function of the position from the surface.
The distance is measured along the surface normal, so posi-
tions inside the sample are described by negative numbers.
The first three (Fig. 1a-c) are from lamellae cut in the [110]
orientation of the layer (ie., the electron beam is incident
along the [110] direction) with the surface normal pointing to
(020) in the p phase (substrate) and to (440) in the y phase
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(layer). We call this the normal direction. As expected, the posi-
tion of the interface can be seen from the jump in the angular
value for the samples as-implanted and heat treated at 300 C
and at 700 C. Fig. 1d presents the angle between base vectors
in a lamella cut from an orthogonal direction, the [001] orien-
tation of the y layer. The surface normal also points to (020) in
the p phase (substrate) and to (440) in the y phase (layer). The
direction orthogonal to both the normal direction and the
beam direction is called the lateral direction, given by (20—4)
in p and (440) in y.

When the Miller indices of the lateral and normal g-vectors
(diffraction spots) are identified both in the undistorted sub-
strate and in the undistorted layer, we can calculate relative
differences between them. We call this presentation of the lit-
erature data the “Model”.

We summarize the concrete literature data (based on ICSD
database entries ICSD 236276 and ICSD 290282) relevant to
gallium oxide phases used in the model in Tables 1 and 2,
while one can see the variation of the d-values in the normal
and lateral directions as a function of depth in Fig. 2. The over-
laid variations in the Model d-values show how the d-values
would change if the two phases were glued together with an
abrupt interface without any strain. Note that the orientations
are orthogonal in Fig. 2A and D.

One can see that the two lateral directions (from the two
orthogonally cut lamellae) behave differently. The lateral misfit
in the [110]" lamella is 4.22%, while in the [001]' lamella it is
only 0.37%. Comparing Fig. 2A and D, we can see that indeed
we observe large and small lateral jumps in the respective
lamellae, as expected.

Strain

By removing the contribution of the model from the measured
changes in d-values, we obtain the relevant strain components
in the layer as if they were related to a reference in an undis-
torted region of the layer material.

Fig. 3 presents the depth variation of these strain values for
the three, differently treated [110]"-oriented samples. We can
identify 3 regions in both Fig. 3A (normal strain) and Fig. 3B
(lateral strain): substrate region, interface region and far-from-
interface region (extending to the sample surface). Since the
deepest part of the substrate region was used as the reference,
the strain value is expected to be close to zero there, irrespec-
tive of heat treatment. When the three measurement sets are
considered together, the scatter of measured points (irrespec-
tive of colour) in the region between —460 nm and —328 nm
provides the first estimate of precision.

Effect of experimental parameters

Two experimental parameters, namely, camera length and con-
vergence angle, can influence the precision and accuracy of
measuring the positions of diffraction spots, so examination
of their effect is important. If the camera length is increased,
the distance between any two diffraction spots increases.
However, the number of diffraction spots that are available for
lattice fitting decreases. When the convergence angle is

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Depth distribution of angles between base vectors, measured from the fitted lattices (@ = 0.24 mrad and L = 264 mm). (a) As-implanted
[110]"; (b) 300 C [110]"; (c) 700 C [110]"; (d) as-implanted [001]'. The steep decrease in angle values indicates the position of the interface. Note that

the orientations are orthogonal in (a) and (d).

Table 1 Details of the reciprocal lattice for samples with the [110] zone
of the y-phase from literature data [ICSD 236276 and ICSD 290282]

Table 2 Details of the reciprocal lattice for samples with the [001] zone
of the y-phase from literature data [ICSD 236276 and ICSD 290282]

Indexin dinp Indexiny diny Adld Index in dinf Indexin diny Adld
B(SG12) (SG12)(A) (SG227)  (SG227)(A) (%) B(SG12)  (SG12)(A) 7y (SG227) (SG227)(A) (%)
Base-1 (310) 2.4084 (444) 1.189 Base-1 (1-1-2) 2.0983 (400) 2.0594
Base-2 (200) 5.9276 (400) 2.0594 Base-2 (11-2)  2.0983 (040) 2.0594
Basel2-angle 127.5° 125.3° Basel2-angle 92.2° 90°
Zone [001] [110] Zone [201] [001]
Normal (020) 1.5188 (440) 1.4562 —-4.12  Normal (020) 1.5188 (440) 1.4562 -4.12
Lateral (600) 1.9759 (400) 2.0594 4.22  Lateral (20-4)  1.4509 (440) 1.4562 0.37

increased, the size of the probe decreases, and spatial resolu-
tion improves. However, the diffraction spot extends to a small
disk with an inner structure (in thicker samples), so the
reliability of localization can be reduced.

To study the effect of these parameters, we repeated the
same measurements (in new locations) with three experi-
mental parameter sets (1: camera length, L = 327 mm, and

This journal is © The Royal Society of Chemistry 2026

convergence angle, @ = 0.24 mrad; 2: L = 264 mm and a =
0.24 mrad; and 3: L = 264 mm and « = 0.34 mrad). The three
sets are plotted in different colours in Fig. 4 (Fig. 4A for the
normal direction and Fig. 4B for the lateral direction). If we
treat the three sets together (disregarding colour), the scatter
of points in Fig. 4 provides an estimate of precision. Linear fits
to the consolidated dataset (containing all 3 measurement

Nanoscale, 2026, 18, 2264-2276 | 2267
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Fig. 2 Depth distribution of measured changes in d-values together with changes in d-values of the Model. Blue = normal component. Red =
lateral component (@ = 0.24 mrad and L = 264 mm). (A) As-implanted [110]; (B) 300 C [110]; (C) 700 C [110]"; (D) as-implanted [001]". Deviations of
the measured values (symbols) from the Model (lines) indicate the presence of strain (see Fig. 3 and 4). Note that the orientations are orthogonal in

(A) and (D).

sets) are shown to provide trend lines for the individual
regions. If we disregard the observed trends in either the sub-
strate region or in the far-from-interface region and interpret
any variation of data as if they were statistical scattering of
data, we obtain a conservative overestimation of the standard
deviation (precision).

Fig. 4 supports our claim that the precision of 0.5% in
strain values is a conservative estimate. Tables 3 and 4 sum-
marize the statistical evaluation of the consolidated data in the
substrate region and in the far-from-interface region. They also
confirm that reproducibility is better than the claimed 0.5% in
strain values (the standard deviation (o) of the data for normal
strain in both regions is 0.18% and 0.23%, respectively, and
for lateral strain, it is 0.19% and 0.07%, respectively).

Discussion

In Fig. 3 (as-implanted sample in the [110]" orientation), the
black squares show the averaged in-plane (lateral) and out-of-

2268 | Nanoscale, 2026, 18, 2264-2276

plane (normal) strain components across the layer including
the substrate p-Ga,O; and the transformed y-Ga,O; layer.
Three main parts of the strain curves can be differentiated and
are discussed in detail: (1) the p — y transformation front, (2)
ca. 35 nm wide range after the transformation front (interface
region), where the slope of the strain curves is high, and (3)
the range up to the top of the layer (far-from-interface region),
where the slope of the strain curves is low. The implantation
depth, where the strain curve shows a sharp jump/step, is
found to be 320 nm (+10). At the transformation front, the top
of the B substrate probably exhibits slight compressive strain
(deduced from the trend line in Fig. 4), while y shows 3.75%
out-of-plane tensile strain and —4% in-plane compressive
strain. After the p/y transformation front, within ca. 35 nm,
most of the strain is relaxed and reaches +0.4% in the normal
direction (tensile strain), while it is —1% in the lateral direc-
tion (compression strain), and further upward in the layer,
they start to approach zero value, which is valid for a fully
relaxed structure. Energy-dispersive X-ray spectrometry (EDS)
depth profiles (Fig. 5) showed that Ni accumulates in the lower

This journal is © The Royal Society of Chemistry 2026
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to zero in the substrate region, as expected. A steep change is observed in the interface region. Strain curves for the as-implanted and 300 C
samples coincide within the statistical scatter, while the 700 C sample shows a much slower variation of strain in the far-from-interface region.

part (~150-200 nm depth) of the layer (at maximum ~<1 at%;
Fig. 5), which could be coherent with the strain curve. These
imply that the measured strain at the transformation front
(+3.75% and —4%) originates from the lattice mismatch
between f and vy (that is mostly relaxed after ca. 35 nm), while
the later low slope of the curve can be attributed to defects
induced by the implant atom (Ni).

Detailed EDS mapping did not provide evidence of Ni segre-
gation in any of the measured samples. Compositional quanti-
fication of Ni in the layer is very limited since the Ni amount is
around the detection limit of the EDS method. That is why
EDS elemental maps cannot be provided, only the depth pro-
files, which are presented in Fig. 5. However, an enhanced con-
centration due to segregation would be seen in the EDS, and
we have not observed such an enhancement.

Fig. 4 (as-implanted sample in the orthogonally cut [100]"
orientation) shows the averaged in-plane (lateral) and out-of-
plane (normal) strain components as a function of depth.
Since it is measured with three different experimental para-
meters at slightly different locations on the sample, they also
provide an estimate of reproducibility and demonstrate the
lack of sensitivity to experimental parameters (camera length
and convergence angle). One can see that the measured
normal strain component is identical to the value measured in
the orthogonally cut lamella (as it should), but the lateral
strain is negligible in this direction. Fig. 2D shows that the
striking differences in the variation of the measured lengths of
laterally pointing diffraction vectors coincide with the expected
small jump due to the change in structure as we cross the p/y
interface. The theoretical mismatch is conspicuously different
in the two orthogonal lateral directions. This fact explains the
size of the normal strain that tries to minimize volume
change (~—4% in one lateral direction, ~0% in the other

This journal is © The Royal Society of Chemistry 2026

lateral direction and ~+4% in the normal direction, resulting
in close to zero volume change, as expected for elastic
deformation).

Annealing of the sample at 300 °C only caused slight
changes in the strain curve (Fig. 3). The most striking differ-
ence compared to the non-annealed sample is the depth of the
y Ga,Oj layer, which is ca. 10 nm less, i.e., the thickness of the
y layer has decreased to ~310 nm. This indicates that the
(back)transformation from y — f has started at the interface
front. Meanwhile, the compressive strain measured at the top
of the p substrate in the as-implanted sample has disappeared/
relaxed. Parallel to this, the in-plane compressive and out-of-
plane tensile strains seem to slightly increase, but the change
remains within the error of the measurement. After the trans-
formation front with ca. 35 nm, the slope of the curve is very
similar to the strain curves measured in the as-implanted
sample. Energy-dispersive X-ray spectroscopy (EDS) depth dis-
tributions showed the same Ni distribution in all three
samples (Fig. 5).

Annealing of the sample at 700 °C caused more significant
changes. At this annealing temperature, y transforms back to
not only at the interface but also inside the y layer, as we docu-
mented this in individual ED patterns. Therefore, the slope of
the strain curve beyond the transformation front (Fig. 3) shows
more out-of-plane tensile and in-plane compressive strains with
a slower decrease toward the surface caused by the coexistence
of both polymorphs. This also implies an increasing relative
amount of f closer to the interface. The maximum measured
strain values of the layer at the interface are +4% out-of-plane
tensile strain and —4% in-plane compressive strain. As a con-
tinuation of the tendency/trend, the transformation front y —
shifts further into the layer that results in a decreased thickness
(304 nm + —10 nm) of the layer containing the y phase.
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Fig. 4 Variation of depth distribution of strain measured under different experimental conditions to test reproducibility. Orientation: [100]". Black
squares: camera length, L = 327 mm; convergence angle, a = 0.24 mrad. Blue circles: L = 264 mm, a = 0.24 mrad. Red triangles: L = 264 mm, a =
0.48 mrad. (A) and (C) Normal strain (in the direction of (020)"||(440)). (B) and (D) Lateral strain (in the direction of (20—4)"||(440)"). Three spatial sec-
tions are identified: substrate region (from —460 nm to —328 nm), interface region (from —324 nm to —292 nm) and far-from-interface region (up to
the surface) (from —288 nm to 0 nm). A slight (~10 nm) shift of the curves was applied to bring the interface into coincidence in all three measure-
ments facilitating comparison of trends between the samples. Linear fits to the consolidated dataset (containing all 3 measurement sets) are shown
to provide trend lines in the individual regions. Scatter of points (when colour is disregarded) gives an estimate of precision, while quantified results
of statistical evaluations are summarized in Tables 3 and 4. (C) and (D) Magnified views of the interface region. The three datasets produce the same

trend in the interface region, too. The scatter of data is also low in this region.

Experimental
Preparation of the samples

TEM lamellae were prepared with a Thermo Fisher Scientific
Scios 2 Dual Beam microscope (Eindhoven, The Netherlands)
with an EasyLift™ nanomanipulator. First, a Pt layer was de-
posited onto the lamella to protect the layer during ion
milling. Thinning of the lamellae (after digging trenches on
both sides) was carried out in four steps using Ga ions: (1)
down to a lamella thickness of 400 nm - at 2.5° on both sides
with 16 kV per 50 pA; (2) down to a lamella thickness of
150 nm - at 2.5° on both sides with 8 kV per 25 pA; (3) for pol-
ishing at 5° on both sides with 5 kV per 48 pA; and (4) for the
final polishing at 7° on both sides with 2 kV per 27 pA. The

2270 | Nanoscale, 2026, 18, 2264-2276

detailed preparation protocol was developed just for these
types of samples to reduce any artefact below the observable
level. Additionally, the beta substrate, which was prepared at
the same time, shows no emerged/increased dislocation
density, amorphization, or any other unusual damage. To test
this effect, final polishing of the FIB sample was also per-
formed with Ar ions for comparison. No changes were
observed. This is why the effect of Ga-ion incorporation was
not considered in the error analysis.

Instrumentation

Experimental data for the 4D-ED dataset were collected using a
Titan Themis G2 200 STEM (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an X-FEG gun and a 4k x

This journal is © The Royal Society of Chemistry 2026
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Table 3 Normal strain (in the direction of (020)"||(440)Y). Orientation: [100]". The result of statistical evaluation of the consolidated data points from

3 sets of measurements (disregarding colour in Fig. 4a). The observed trends in both the substrate region and in the far-from-interface region were
disregarded, and variations in data were interpreted as statistical scatter to obtain a conservative overestimation of standard deviation (precision)

Range [nm] Minimum Maximum Median Mean Standard deviation
0 to —292 far from the interface 0.27 1.21 0.51 0.55 0.18
—328 to —460 substrate region —0.56 0.59 —-0.08 —0.06 0.23

Table 4 Lateral strain (in the direction of (20—4)||(440)). Orientation: [100]". The result of statistical evaluation of the consolidated data points
from 3 sets of measurements (disregarding colour in Fig. 4b). The observed trends in both the substrate region and in the far-from-interface region
were disregarded, and variations in data were interpreted as statistical scatter to obtain a conservative overestimation of standard deviation
(precision)

Range [nm] Minimum Maximum Median Mean Standard deviation
0 to —292 far from the interface -0.7 0.31 —-0.31 —-0.29 0.19
—328 to —460 substrate region —0.24 0.12 —-0.05 —0.05 0.07
X Ga203_110_300C EDS
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0.007 +
0.008 -
0.006 4
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Fig. 5 Depth distribution of Ni measured by energy-dispersive X-ray spectrometry (EDS): (a) as-implanted; (b) 300 C; (c) 700 C.

4k CETA16 CMOS camera (Thermo Fisher Scientific, Waltham, ware (FEI, Eindhoven, The Netherlands). STEM Z-contrast
MA, USA). The STEM was in microprobe STEM mode of oper- images were recorded with a high-angle annular dark-field
ation during data collection that was controlled using TIA soft- (HAADF) detector (E.A. Fischione Instruments, Inc.,
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Pennsylvania, PA, USA) controlled using Velox software
(version 3.3, FEI, Eindhoven, The Netherlands). TEM charac-
terization and recording of TEM images prior to the 4D-ED
experiment were performed with the same CETA camera,
which was later used to record the diffraction patterns. We
used the 4D-ED program' to measure spatial changes in
d-values. We prepared the graphs for the manuscript using the
Origin 2024 program (© 1991-2024 OriginLab Corporation).

Experimental conditions for the measurements

The illuminating electron beam is almost parallel (conver-
gence angle, a = 0.24 mrad) in this mode of operation, provid-
ing spots in the diffraction pattern in contrast to the extended
discs observed in conventional STEM mode, which uses a
larger convergence, similar to convergent beam electron diffr-
action (CBED). The selection of these parameters is a trade-off
between spatial resolution (which is full width at half
maximum (FWHM) = 1.97 nm for ¢ = 0.5 mrad and 3.65 nm
for a = 0.24 mrad in our case, as shown in Fig. 6) and size of
diffraction spots (which are comparable to that observed in
selected area electron diffraction (SAED)). When the conver-
gence angle is increased to 0.48 mrad, the diffraction spots
expand into small disks with occasional inner structure,
depending on the structure and thickness of the sample.
Measurements at this increased convergence could pose a
challenge to our procedures for measuring distances of spots
accurately. However, the results show that the procedure works
well even for this convergence. 100 ms dwell time per pixel was
applied to collect the diffraction patterns. The STEM operated
at 200 keV. Two distinct camera lengths were applied to vali-
date that the results do not depend on this experimental para-
meter. The camera lengths (L = 264 mm and L = 327 mm) were
calibrated on diffraction patterns recorded at the reference
areas. We used spot size 9 to ensure strong enough diffraction
spots, helping to process without oversaturating or damaging
the camera. Our complementary metal-oxide-semiconductor
(CMOS) camera allowed combining the readout of several

Vacuum Beam a=0.24mrad sP9

2500 -

2000 - FWHM=3.65nm
N FWTM=6.65nm
2]

[
3 1500
©
2
% 1000 -
C
[J]
E

500 -

04 T
5 10 15
A

Position (nm)

View Article Online

Nanoscale

pixels at the hardware level and restricting the collection of
patterns to sub-parts of the camera. Since 512 x 512 pixel diffr-
action patterns proved to be good enough for our processing,
we used a quarter of the entire camera with sampling 2, which
reads out intensity from 2 x 2 pixels as a single value, resulting
in an effective camera pixel size of 28 pum. The final sample
area, for the 4D-ED experiment, the field of view (FOV), was
selected within an HAADF image, and the marked area was
divided into a preselected number of columns (N¢ojumn) and
rows (Nyow). This defines the lateral spatial resolution that is
called the step size for the STEM image (step size). Identical
step sizes were selected in the x and y directions. By combin-
ing it with the local sample thickness (¢), we could obtain the
size of the voxel, the excited volume (V = step size x step size x
t) that produces the measured signal. A step size = 4 nm was
used in the experiments reported here. The typical sample
thickness varied between 50 nm and 150 nm. The number of
measured diffraction patterns is given by Npattern = Neolum *
Nrow- Npattern = 125 X 15 = 1875 was used for the measurements
in the present publication.

Details of the reciprocal lattice for samples with the [110]" zone

In this series of images, the selected sublattice is generated
with Base-1 vector = (310)? and Base-2 vector = (—200)" with an
angle = 127.5° between them.

This sublattice is slightly distorted by the lattice-fitting pro-
cedure, resulting in 2 x Base-1 vector = (44 — 4)¥, 3 x Base 2
vector 2 (—400)Y with an angle = 125.3° between them.

Table 1 summarizes the parameters and Fig. 7a and b show
the indexing of the relevant patterns in both the substrate and
the layer.

The lattice of the unstrained layer is stretched in the lateral
direction by 4.22% and compressed in the normal direction by
—4.12%. The sizes of the two strains are similar. Assuming
elastic distortion, if the lateral strain were of similar size in the
two orthogonal lateral directions, it would imply a significant
change in volume.

Vacuum Beam_Sp9_o=0.5mrad

3000 +

2500 +
o~ ¢=0.835+-0.003
f2] FWHM=1.966+-0.007
g 2000 - FWTM=3.58 nm
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<1500 +
2
2
g 1000 -
=

500 4

Position (nm)

Fig. 6 Probe size from the intensity profile through the image of the beam for two values of convergence angles. FWHM = full width at half
maximum. FWTM = full width at tenth of maximum. (A) Convergence angle, a = 0.24 mrad, FWHM = 3.65 nm; (B) « = 0.5 mrad, FWHM = 1.97 nm.
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Fig. 7 Details of reciprocal lattice. (a) Indexed pattern from the substrate: samples with [110]" zone; (b) indexed pattern from the layer: samples with
[110]" zone; (c) indexed pattern from the substrate: samples with [001]" zone; (d) indexed pattern from the layer: samples with [001]" zone. The
sample surface points to the top of these patterns (direction of 200" type reflections).

Details of the reciprocal lattice for samples with the [001]" zone

In this series of images, the selected sublattice is generated
with Base-1 vector = (11 — 2)® and Base-2 vector = (-1 — 12)°
with an angle = 92.8° between them.

This sublattice is slightly distorted by the lattice-fitting pro-
cedure, resulting in 1 x Base-1 vector = (040)Y, 1 x Base 2
vector = (400)" with an angle = 90° between them.

This journal is © The Royal Society of Chemistry 2026

Table 2 summarizes the parameters and Fig. 7c and d show
the indexing of the relevant patterns in both the substrate and
the layer.

The lattice of the unstrained layer is stretched in the lateral
direction by 0.37% and compressed in the normal direction by
—4.12%. It is seen that the two orthogonal lateral directions
require different distortions of the layer to fit the substrate,
while the change in normal direction is identical, as expected.

Nanoscale, 2026, 18, 2264-2276 | 2273
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3

Fig. 8 Area selection for individual measurements. (A) As-implanted [110]*; (B) 300 C [110]"; (C) 700 C [110]"; (D) as-implanted [001]". The sample
surface is visible vertically on the right side of the images. A C—Pt protective layer is visible on top of the samples that was deposited during FIB
milling. The rectangle indicates the area used for 4D-ED data collection. The substrate (part of which is used as a reference) is on the left side of the
image. Since the STEM image was rotated 90° to bring the surface on the right side, and the diffraction does not rotate with the scan direction, the
sample surface points to the top of the image in Fig. 7 which shows the indexed diffraction patterns.

With that anisotropy in lateral stretching, we do not expect a
significant change in volume.
Unique parameters of the individual measurements

The first four measurements were carried out under identical
conditions (L = 264 mm; convergence angle, @ = 0.24 mrad; on
a scanned grid of 125 x 15 points with 4 nm step-size, result-

2274 | Nanoscale, 2026, 18, 2264-2276

ing in a 500 nm x 60 nm scanned area). The TEM lamella
called TEM-1 was cut from the as-implanted sample with
[110]' orientation. TEM-2 and -3 are from the same orientation
and heat treated at 300 C and 700 C, respectively. TEM-4 (as-
implanted sample from [001]" orientation) proves that there is
strong anisotropy of strain in the lateral plane. TEM-5 and
TEM-6 differ from the first 4 in the value of the convergence

This journal is © The Royal Society of Chemistry 2026
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angle and prove that the same strain can be measured despite
the more challenging localization of disk centres due to the
inner intensity distribution. TEM-7 is measured with a
different camera length.

TEM-5, TEM-6 and TEM-7 contain the untreated, as-
implanted layer of y Ga,O; on a B Ga,O; substrate measured
under different experimental parameters. All three prove the
lateral non-isotropic strain. Simultaneously, they also prove
that the method is robust to changes in camera length and
convergence angle.

The measured area and step size were selected graphically
in an HAADF image. A HAADF image of the selected area was
also recorded simultaneously with the diffraction patterns.
The sample surface was oriented vertically for the measure-
ments, so any drift in the x-direction appears in the HAADF
image as a virtual tilt of the surface. The composition of both
the substrate and the layer is identical (Ga,0;). Since the
HAADF image of a sample with homogeneous atomic compo-
sition reflects the variations in the local thickness of the TEM
lamella, one can see from Fig. 8 that in all samples, the local
thickness varies significantly within the area of the measure-
ment. The results give strong proof that our method is insensi-
tive to variations in sample thickness in contrast to the sensi-
tivity of the HRTEM-based GPA methods.

Conclusions

The common sublattice method deduces references in the
unstrained substrate (with one crystal structure) to determine
the local lattice deformations in the layer (with another crystal
structure). The method works if there is a common sublattice
in the layer and the substrate (which is fulfilled in all epitaxial
configurations), so that the deviations from it may be used to
interrelate the experimentally recorded data. The new method
overcomes several severe limitations of the geometrical phase
analysis method, e.g., having a limited field of view and the
requirement to resolve the lattice image which may be con-
strained by camera size for large areas to examine.
Furthermore, our method is insensitive to lamella thickness
variations. Measurements on lamellae cut from orthogonal
crystal orientations revealed non-isotropic lateral strain in
Ga,0; layers. The reliability was further proven by collecting
data under different camera lengths, convergence angle con-
ditions, and variable lamella thicknesses. The consistency of
the results shows the usefulness of the method.
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