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Abstract: Residual stresses in multilayer coatings are indeed a complex phenomenon due to intricate
interaction between multiple factors such as layer number and thickness, layer and substrate
materials, coefficient of thermal expansion mismatch (CTE), deposition technique, process
parameters and deposition environment. The measurement of residual stresses is crucial and for that
reason a series of AlGaN/GaN multilayer coatings with different layer structure was produced by
metalorganic vapor phase epitaxy (MOVPE) on sapphire substrate. These produced coatings were
characterized by high-resolution x-ray diffraction to verify their epitaxial growth and structural
properties. The coating structure and layer thicknesses were obtained by performing the FIB cross-
section and TEM lamella preparation. The residual stresses within the AlGaN/GaN multilayer
coatings were evaluated by two different techniques with different spatial resolution from sub-nano
scale to micron level: high-resolution scanning transmission electron microscopy-geometrical phase
analysis (HRSTEM-GPA) and focused ion beam-digital image correlation (FIB-DIC). The residual
stresses resulting from these techniques (non-destructive and semi-destructive) were critically
compared based on variable spatial resolution ranging from sub-micron to sub-nano level, in order
to check the reliability and compatibility of both techniques in terms of accuracy and efficiency. This
study observes the residual stresses calculated by different spatial resolution techniques are reliable
and comparable at required coating depths and locations.

Keywords: AlGaN/GaN multilayer coatings; HRSTEM-GPA; FIB-DIC residual stress measurement;
Spatial resolution

1. Introduction

The residual stresses in multilayer coatings are strongly dependent on several factors such as
layer thickness and numbers, coating and substrate materials, thermal expansion coefficient
mismatch between substrate and coating material, deposition techniques, process parameters and
working pressure (Huff, 2022). These stresses are critical in multilayer structures and play an
important role in the performance and reliability of coatings, impacting mechanical and physical
properties like hardness, adhesion, fracture, fatigue and corrosion resistance. Therefore, it is essential
to understand the origin and evaluation of residual stresses in coatings by means of suitable and
reliable techniques, and to develop methods to predict and control them to be able to design
multilayer films with high performance (Sebastiani et al., 2020). The residual stresses are determined
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in the form of elastic strain and for analyzing the depth profile of residual strain, it is important to
understand the in-depth lattice strain functions (Bemporad et al., 2014; Korsunsky et al., 2010).

Nowadays, residual stress measurements are generally conducted with more advanced
techniques with spatial resolution ranging from micron to sub-nano level. Most commonly these are
divided into three categories named as non-destructive, destructive and semi-destructive techniques.
Non-destructive residual stress measurement includes ultrasonic method (Hwang et al., 2021; Zhan
etal., 2017), laser acoustic wave method (L. Zhang et al., 2022), diffraction method (Genzel & Reimers,
2022), Raman spectroscopy method (Ye & Jiang, 2020), and HRSTEM-GPA method (Quillin et al.,
2023). Destructive techniques consist of counter, crack compliance and stripping methods (GUO et
al., 2021; Nervi & Szabo, 2007). Lastly, semi-destructive techniques combine the above two, including
the hole-drilling (Bobzin et al., 2020; Peng et al., 2021) and the FIB-DIC ring-core milling method
(Sebastiani et al., 2011, 2020).

Here in this article, the residual stress measurements are performed using non-destructive
HRSTEM-GPA technique and semi-destructive FIB-DIC technique. The non-destructive high
resolution transmission electron microscopy (HRTEM) can provide quantitative information on the
elastic strain present in materials at sub-nanometric scale. Two types of image processing methods
can be employed to extract deformation maps from lattice spacing variations across HRTEM images:
geometric phase analysis (GPA) which relies on Fourier space information (Hytch et al., 1998; M.].
Hytch, 1997) and real-space peak-finding methods (Galindo etal., 2007) that benchmark the position
of intensity maxima in the area under analysis against the intensity distribution in a non-distorted
lattice region. Both approaches yield similar results, however, real space algorithms typically require
human intervention when dealing with the highly distorted dislocation cores, while GPA is not only
straightforwardly employed but also generates deformation maps in agreement with the linear elastic
theory of dislocations (Hytch et al., 2003, 2006).

The Fourier Transform (FT) of a perfect lattice image gives rise to sharply peaked frequencies
(Bragg spots), while local variations in interplanar distance produce diffuse intensity centered around
the mean Bragg spots. GPA is based on filtering with a numerical aperture specific Bragg spots and
corresponding diffuse intensity. The Fourier coefficients H; are allowed to become a function of
position r in the image (Hy(r)), and the Ag deviations can consequently be equated to an additional
phase term P(r) in the Fourier coefficient mapped in real space. The fundamental assumption of the
methodology lies in assuming that each set of real-space lattice fringes can be described by the mean
frequency g with the local displacement of the sinusoidal function dictated by the phase. The vectorial
displacement field can then be directly inferred from. Thus, phase maps of two non-colinear g can be
used to generate strain maps by differentiation. The P(r) phase is called geometric as it pertains to
changes in the position of lattice fringes in an image rather than to the phase of periodicities in the
electron wavefunction emerging from the crystal.

In general, the reliability of strain mapping relies on the constant spatial relationship between
the intensity maxima in the image and the relative positions of the atomic columns in the specimen,
which is the hallmark of high angle annular dark field images in high resolution scanning
transmission electron microscopy (HRSTEM). Nevertheless, the method is relative and does not
allow to determine the absolute distortion field present in the sample. In addition, it can be affected
by thin foil relaxation, local crystal tilts and thickness and/or composition variations.

The semi-destructive Focused lon Beam — Digital Image Correlation (FIB-DIC) ring-core milling
technique can be used to measure the residual stresses at sub-micron level, is an accurate method that
does not completely damage the crystal structure and is unaffected by the amorphous structure
(Korsunsky et al., 2009). The technique is a combination of FIB ring-core milling, acquiring high-
resolution scanning electron microscopy (HRSEM) images after each milling step, and surface
displacement calculation using MATLAB-based DIC analysis (Lord et al., 2018; Lunt et al., 2015).

FIB micro-milling induces controlled strain relaxation at the stressed coating surfaces. Then the
relaxation strain is measured at the coating’s surface of HRSEM micrographs using DIC MATLAB
based routine, and residual stress profile throughout the coating thickness is then calculated from the
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MATLAB-based Resldual Stress Evaluation (RISE) toolbox (considering number of coating layers,
layer thicknesses, pillar diameter, relaxation strain, elastic modulus and poison’s ratio of both
substrate and coating layers, respectively) (Zeng et al., 2024). The FIB-DIC method has been widely
used and proved its accuracy for semi-destructive residual stress measurement of thin films (Chen et
al., 2020; Korsunsky et al., 2009; Salvati et al., 2019; Sebastiani et al., 2011, 2014), numerous researchers
have used the conventional calibration coefficient for the depth resolved residual stress calculation
especially for the multilayer coatings as its evaluating the stress profile throughout the coating
thickness.

In this article, the heterogeneous AlGaN and GaN multilayer coatings were deposited on a
sapphire substrate using metalorganic vapor phase epitaxy (MOVPE) method. These coatings exhibit
excellent optical and structural properties that make them good candidates for optical applications
such as optical sensors (Yin et al., 2021). Some previous studies state that AlGaN/AIN/GaN
heterogeneous structures grown on epitaxial AIN/Sapphire substrate show high electron Hall
mobility of 2500 cm?/Vs that corresponds to efficient and fast charge transfer, essential for
applications like transport conductive oxides, photovoltaic cells, and electronic devices (Miyoshi et
al., 2004). The AIN/GaN/sapphire heterostructure shows temperature coefficient of frequency (TCF)
value of -34.6 ppm/°C, demonstrating the potential of the waveguiding layer acoustic waves (WLAW)
that makes them suitable for high temperature package less acoustic wave devices(Bartoli et al., 2018).
These high-quality, low-sheet-resistive layers are of key importance to avoid current crowding in
quaternary AlGaN/GaN multiple-quantum-well deep-ultraviolet light-emitting diodes over sapphire
substrates (J. P. Zhang et al., 2002).

The aim of this study was to assessment of residual stresses within the multilayer coatings
thicknesses and make a critical comparison between two different techniques (non-destructive and
semi-destructive) exhibiting different levels of spatial resolutions, ranging from sub-micron to sub-
nano level, in order to check the reliability and compatibility of both techniques in terms of accuracy
and efficiency.

2. Materials and Methods
2.1. Production of Multilayer Coatings

The investigated structures have been epitaxially grown on single side polished, two-inch
diameter, 430 + 15um thick sapphire substrates. The C-plane (0001)-oriented substrates with off angle
toward M-axis 0.2 + 0.1° and toward A-axis 0 + 0.1° have been chosen as a standard alternative
substrate for epitaxial growth of nitrides. The quality of the substrates was defined by the supplier
by the etch pits density (EPD) at the level lower than 5E8/cm?, total thickness variation (TTV) <10 um
and bowing < 10 um. The growth of the periodical structures has been preceded by metalorganic
vapor phase epitaxy (MOVPE) method in a vertical flip-top closed coupled showerhead (FT 3x2 CCS)
AIXTRON reactor, designed for three 2’ diameter wafers. For the growth of nitrides, hydrogen (H2)
was used as a carrier gas and ammonia (NH3), trimethylgallium (TMGa), trimethylaluminium
(TMAL) as precursors. Standard of 1.7 um thick undoped GaN buffer layer and subsequent undoped
AlosGaos2N /GaN (Sample A) or Alo2GaosN/GaN (Sample B) periodical structures have been grown
at 50 mbar in the reactor and at 1060 and 1080°C for the buffer and superlattices respectively. In situ
reflectance monitoring was performed using a Laytec EpiTT system operating with a 633 nm laser.
Emissivity-corrected pyrometry (true temperature) was used to determine the sample surface
temperature during growth. The schematic illustrations of investigated multilayer coating structure
geometry with the thickness measurement of each layer are presented in Table 1. The multilayer
coatings exhibit four alternative sublayers of AlGaN and GaN with the total thickness of 296 nm and
276 nm for sample A and B, respectively. In both cases, a 1.7 pum thick buffer layer of GaN was used
for better adhesion and growth of the coatings.

d0i:10.20944/preprints202501.0961.v1
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Table 1. The structural data of the investigated samples A and B.
Sample A Sample B
Material Thickness Relaxation Material Thickness Relaxation
GaN 52.0 nm GaN 54.5 nm
Superlattice 0% to GaN 0% to GaN
AlpGagsaN 22.0 nm buffer Alo22Gag7sN 14.5 nm buffer
GaN ~1.7 pm
0, 0
Buffer GaN 1.7 um i{?oﬁ.ﬁ GaN 1.7 um igo f]’trg
Sapphire 430 pm pphi ppni

2.2. XRD Analysis

High resolution X-ray diffraction technique (HRXRD) was used to determine structural data of
each investigated sample. HRXRD scans of 00.2 reflection were performed, and asymmetrical 11.4
reciprocal space maps (RSMs) were obtained to determine the thicknesses, composition, relaxation
and crystal quality of the subsequently grown layers. All structural data have been determined by
means of curves fitting to the 2theta/omega scan of 00.2 reflection preceded by analysis of reciprocal
space maps around the 11.4 lattice point. The Empyrean X-ray diffractometer equipped with Cu kal
=1.540597 A wavelength source and supported by a Pixcel3D detector with a hybrid monochromator
in incidence beam mode has been used for that investigation. The quality of the epitaxial samples,
including interface sharpness and uniformity were verified by transmission electron microscopy
(TEM) imaging.

2.3. GPA Suitability

GPA can be successfully employed to map elastic strain provided the sample is not extremely
deformed, since the atomic columns need to be clearly discerned, and an unstrained region with the
same crystallographic orientation is present in every field-of-view to be used as reference. The
localized strain associated with coherent interfaces or semi-coherent interfaces with misfit
dislocations is particularly suited for GPA. However, these extended defects must be observed in
edge-on and end-on orientations, respectively. The AlGaN/GaN multilayer coatings produced by
MOVPE exhibited localized strain at the interfaces and relatively defect-free regions in the layers,
rendering them suitable for GPA. In contrast, the generalized high level of residual strain and small
crystallite sizes in the samples prepared by sputtering precluded the use of GPA.

2.4. TEM Lamella Preparation

Lamellas of the multilayer samples produced by sputtering and pulsed laser deposition were
precisely sectioned with a gallium focused ion beam using an FEI Helios G4 Dual-Beam instrument
at 30 kV and, subsequently, polished at 5 and 2 kV for removal of amorphous layers.

2.5. High Resolution — Scanning Transmission Electron Microscopy (HR-STEM) and Geometric Phase
Analysis (GPA)

A DCOR Cs probe-corrected FEI Titan G2 60-300 instrument, with 0.08 nm nominal spatial
resolution when operated at 200 kV, was used for the HRSTEM work. A high-angle annular dark
field obtained with a convergence angle of 22 mrad was employed for image acquisition.

The distribution of misfit strain at the interfaces between the layers produced by PLD was
evaluated by GPA using the FRWR tools plugin for digital micrograph. This method was used to
investigate type-III residual stresses (RS, III) existing over atomic dimensions.

The key steps of GPA involved:

a. Selection of two non-colinear reciprocal vectors gi and gz from the power spectrum.

b. Selection of the size of the Gaussian mask (resolution).
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C. Selection of a reference image from which the positions of the mean g vectors were

established, and around which the masks were centered.

The two-phase maps were used to calculate the local displacement and map the strain
components and the rotation.

2.6. Focused lon Beam — Digital Image Correlation (FIB-DIC) Method

The residual stress measurements were carried out by the FIB-DIC micro-ring core method on a
FEI Helios Nanolab 600 dual beam focused ion beam scanning electron microscope (FIB/SEM,
Thermo Fisher Scientific, Waltham, MA, USA), using a specifically developed automated procedure
(Sebastiani et al., 2011). The milling was performed using an annular trench with an inner diameter
of 2 um while employing a current of 28 pA at the acceleration voltage of 30 kV. Ten high resolution
secondary electron images were acquired before and after each milling step using an integral of 150
images at a dwell time of 50 ns. The automatic procedure continuously monitored and corrected
electron and ion beam drift while maintaining the same contrast of the reference image. The milling
was performed until the h/D ratio of 0.2 was achieved, where h and D represent the milling depth
and the pillar diameter, respectively. The h/D ratio of 0.2 ensures an optimal strain relief, as
demonstrated in several recent publications (Korsunsky et al., 2018; Salvati et al., 2019; Sebastiani et
al., 2020). After the milling cycle, all the HRSEM images were processed with a customized MATLAB
v2.1.0.0 based DIC code(MATLAB Central. Digital Image Correlation and Tracking. 2016) to
calculate the relaxation strain over the pillar surface. The residual stress profiles in the multilayer
coatings were calculated using RISE toolbox MATLAB-based routines that considered relaxation
strain calculated by DIC as input and elastic modulus (E) and Poisson’s ratio (v) for both coatings
and substrate material.

3. Results
3.1. X-Ray Diffraction

The X-ray diffraction scans show the epitaxial growth of both sets of multilayer coatings on
sapphire substrate which makes them suitable for the HRSTEM-GPA analysis for the evaluation of
the localized strain at the sub-nano level. The reciprocal space maps (RSMs) measured using XRD as
shown in Figure 1. It is confirmed that the crystal quality of the AlIGaN and GaN layers becomes
better with increasing distance of the respective layer from the substrate. This improvement, which
concerns mainly a decrease of the dislocation density and a reduction of the mosaicity of the layers,
is visible on the width of the 11.4 reciprocal lattice points. The detailed sublayers geometrical growth
and coating thicknesses of each layer are presented in Table 1.

Figure 1. HRXRD 2theta-omega 00.2 scans and simulations of the sample A — AlossGaos2N/GaN (in blue) and
sample B — Alo2GaossN/GaN (in red) superlattices (left), together with their11.4 RSMs (right).
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3.2. GPA Method

The GPA can only be used reliably for localized strain mapping. Annealing was performed for
2 hours at 600 °C on a piece of the CTN CT 4 layers sample to characterize the stress at the interfaces.
However, the stress level was still at levels high enough to prevent effective GPA. It was then decided
to produce films with epitaxial interfaces. Then multilayers consisting of Alo4sGaos2N/GaN (A) and
Alo2Gao7sN/GaN (B) were produced, sectioned by focused ion-beam for STEM and analyzed by GPA.
The analysis was carried out in 5 regions of sample A.

The GPA results indicate that the thin film exhibits residual compressive stress both in plane
and perpendicular to the substrate. The STEM lamella of Alo2Gao7sN/GaN was prepared by FIB as
shown in Figure 2.

Figure 2. STEM lamella extracted from the Alo22Gao7sN/GaN sample.

The Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS)
analysis was performed in order to determine the layer microstructure and identify the elemental
composition of the layer’s material to assess its integrity and uniformity as shown in Figure 3. The
SEM-EDS analysis confirms the expected elemental composition of the multilayer coating, the color-
coded maps showing the distribution of the key elements (Al, Ga and N) in the coating.
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Figure 3. The SEM-EDS mapping for the evaluation of microstructure and elemental composition.

Figure 4 and 5 present illustrative examples of the GPA measurements performed on the
AlosGaos2N/GaN (A) and Alo22GaozsN/GaN (B), respectively. The colored images show the long-
range stress fields emanating from misfit interfacial dislocations (b, ¢, d). Bragg-filtered images
revealing the position of the edge dislocations are also presented (e).

| f‘”m ””

| f\

Size |Dwell |HT STEM Mag | Pixel size
1024 | 5.00 ps | 200kV | 23.1nm | 433 Mx | 22.54pm
X

Figure 4. GPA performed in sample A — AlossGaos2N/GaN. (a) Lattice image of multilayer films. (b) exximage, (c)
eyyimage, (d) exyimage, where the color scale indicates the stress level. (e) Bragg’s filtered image of the same

region where the yellow arrows point to the dislocation position.

‘i

| % | \”\U\‘H w\

Figure 5. GPA performed in sample B — Alo2GaozsN/GaN. (a) Lattice image of multilayer films. (b) exximage, (b)
eyyimage, (c) exyimage, where the color scale indicates the stress level. (d) Bragg’s filtered image of the same

region where the yellow arrows point to the dislocation position.

The TEM-GPA method successfully maps the localized strain states associated with misfit
dislocations in the two sets of multilayer coatings with different layer geometries (Sample A and B).
The average stresses extracted from 5 different regions in each sample yielded the average stress


https://doi.org/10.20944/preprints202501.0961.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 January 2025 d0i:10.20944/preprints202501.0961.v1

8 of 14

state. These results are statistically limited due to the scale of lattice images. Still, they allow
interpreting the contribution of the localized interfacial strain to the overall residual stress of the
coatings as shown in Table 2.

Table 2. (a). Average strain for sample A —Alo4sGaos2N/GaN. (b). Average strain for Sample B —

Alo22GaozsN/GaN.
[exx exy] _ [—0.00339 0.00133 [exx exy] _ [—0.00454 —0.00114
€xy Cyy 0.00133 —0.00743 Cxy Cyy —0.00114 —0.00746

(@) (b)

3.3. FIB-DIC Method

FIB-DIC ring-core residual stress measurement, the relaxation strains are evaluated from DIC
analysis of SEM images obtained after each milling step. The plot is drawn between relaxation strain
values and milling depth at each milling step (Figure 6). The relaxation strain curves are evaluated
by DIC analysis and residual strain profiles were calculated by RISE toolbox. The sampling region of
interest for the case of TEM-GPA method is highlighted in red circles in both relaxation strain and
residual strain profiles, respectively.

1.00E-03
OT3 AT4
5.00E-04
(o]
o ° i °°
0.00E+00 ﬁ‘ s e ©
c N e} o
f oo O QQ-Q:«A- o [°a oo
4 a A A P A Co (o
S -1.00E-03 A Sr~_ o)
5 Te =~
x A >
S -1.50E-03 - = Ap a B
o« A A A
-2,00E-03
A A AA A
A | A
-2.50€-03 A A
-3.00E-03 4
0 20 40 60 80 100 120 140 160 180 200
Milling depth (nm)

Figure 6. Relaxation strain curve for sample A — Alo4sGaos2N/GaN. The sampling region of GPA is highlighted

in red.

A comparison between the residual strain calculated by the RISE toolbox and TEM-GPA method
is presented in Figure 7. The residual strain calculated by the FIB-DIC method in the GPA inspected
region is 7.64E-4 which is slightly different from -3.39E-3 evaluated by the GPA method. The
difference between these values is very minimal, however this might have occurred because of the
dislocations in that GPA map (Figure 8b).
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Figure 7. (a). FIB-DIC residual strain value [7.68E-4]. The sampling region of GPA is highlighted in red. (b). TEM-
GPA strain value [-3.39E-3].

In the case of Sample B, there is a very promising match between the residual strain values
obtained by both techniques, FIB-DIC and TEM-GPA, respectively. The relaxation strain curves are
presented in Figure 8, which shows positive relaxation strain values that correspond to the presence
of compressive residual stresses within the coating thicknesses. The red encircled areas on all the
strain profiles are the interfacial sampling region for GPA method.
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Figure 8. Relaxation strain curve for Sample B — Alo22Gao7sN/GaN.

The residual strain values calculated by FIB-DIC and TEM-GPA methods are presented in Figure
9, which shows a strong validation and profound accuracy between both high-spatial resolution

techniques.
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Figure 9. (a). FIB-DIC strain value [-4.27E-3]. (b). TEM-GPA strain value [-4.55E-3].

4. Discussion

The structural properties of MOVPE grown AlGaN/GaN multilayer coatings have been
investigated by high resolution x-ray diffraction (HRXRD) and reciprocal space maps (RSMs)
techniques. The two sets of coatings, 4-fold alternative sublayer geometry (AlGaN/GaN), different
sublayer thickness with 1.7um GaN buffer layer deposited on the sapphire substrate by MOVPE
method. The sublayers thicknesses and total thickness were measured by FIB cross-section, the
sample-A and sample-B have a total thickness of 296 nm and 276 nm, respectively. The residual strain
values at the interfacial regions between the first layers within the heterogeneous multilayer coatings
are calculated by using two advanced techniques with different spatial resolution (from sub-micron
to sub-nano scale), HRSTEM-GPA and FIB-DIC, respectively.

The epitaxial growth of these coatings is confirmed by HRXRD and RSMs techniques, which
makes them suitable for the TEM-GPA analysis. HRXRD scans with the reflection of 00.2 were
performed, and asymmetrical 11.4 RSM maps were obtained to determine the thicknesses,
composition, relaxation and crystal quality of the subsequently grown layers. The structural data
were analyzed by means of curves fitting to the 2theta/omega scan of 00.2 reflection preceded by
analysis of reciprocal space maps around the 11.4 lattice point which confirm its epitaxial growth
(Feng et al., 2019; Mudie et al., 2003).

Comparison between these two techniques

In the case of sample B: Alo22Gao7sN/GaN coatings, there are similar residual strain values are
obtained from both techniques (FIB-DIC and TEM-GPA; -4.27E-3 and -4.54E-3), negative strain values
corresponding to the presence of tensile stresses within the coatings structure. Both high-spatial
resolution techniques provide strong validation and accurate results for the same region of interest
within the coatings thicknesses.

For the Alo4sGaos2N/GaN coatings (sample-A), the negative residual strain value of -3.39E-03
obtained by TEM-GPA method which represents the tensile residual stresses, while FIB-DIC method
provides slightly different residual strain of 7.68E-04, positive value which corresponds to the
presence of very little compressive stresses within the interfacial coatings layer thicknesses and
considered to be close to zero. The strain values for sample A are still comparable to some extent as
the difference is quite small. The change in the calculated values might be due to the presence of
dislocations in the GPA maps and exhibiting the different spatial resolution. The main reason other
than having difference in spatial resolution, could be annealing of the samples before GPA method
as compared to the FIB-DIC there is no annealing needed before the experiment.
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Effect of dislocation:

The presence of dislocations strongly influences the residual strains within the multilayer
coatings. The dislocations can act as stress-relief mechanisms in coatings as the lattice mismatch
between the adjacent layers generate excessive strain dislocations from the interfaces to partially
relieve this strain. The introduction of dislocations reduces the residual strain but can lead to localized
distortions near the interfaces. This redistribution of strain depends on the density and type of
dislocation (e.g., edge or screw dislocations). The network of misfit dislocation may develop at the
interfaces within multilayers because of significant lattice mismatches. These dislocations
accommodate the mismatch and minimize the buildup of elastic strain energy.

Such networks can stabilize the structure by reducing overall strain energy, but they may also
introduce localized stress concentrations that could lead to failure under mechanical or thermal
loading. The dislocations in multilayer thin coatings can either relieve or redistribute residual strain,
depending on factors such as the lattice mismatch, layer thickness, temperature, and material
properties. While they generally help in strain relaxation, they can also introduce localized stresses
that may affect the mechanical integrity and durability of the coating system.

Both are high-spatial resolution techniques ranging from sub-micro (FIB-DIC) to sub-nano scale
(HRSTEM-GPA). The combination of these techniques provides us with the more validated, trusted
and accurate results regarding the residual strain at the interfacial layers within the complex and
heterogeneous coatings. The TEM-GPA method is restricted to presence of polycrystallinity and
cannot be analyzed by highly stressed multilayer coatings while the FIB-DIC method can be applied
to a wide range of materials irrespective of the crystal structures and stress state. The difference
between the samples may not be significant given the small sampling size associated with STEM
analysis.

5. Conclusions

Heterogenous multilayer AlIGaN/GaN coatings with GaN buffer layer were successfully grown
on C-plane oriented-sapphire substrate via MOVPE. Two different sets of AlIGaN/GaN multilayer
coatings with different layer thickness were investigated. The structural properties and layer
thicknesses of the as-grown coatings were evaluated by HRXRD and RSMs techniques that show
epitaxially grown coatings well suited for HRTEM-GPA analysis. The residual strain values were
calculated by two different high-spatially resolved techniques with the resolution ranging from sub-
micron to sub-nano level, FIB-DIC and HRSTEM-GA.

A critical comparison was made between the residual strain obtained by two different
techniques on the AlIGaN/GaN multilayer coatings. Both techniques show consistent results, negative
residual strain (-4.5E-3) that represents the presence of tensile residual stresses, for sample B with no
dislocation on the GPA map. The sampling area of interest (AOI) was selected at the interfaces of the
first two layers (encircled in red on the strain curves).

The influence of dislocation is quite evident in the case of sample B exhibiting the two
dislocations on the GPA map, for that reason, the residual strain calculated by HRSTEM-GPA method
is -3.39E-3 while the FIB-DIC method shows strain value of 7.5E-4. The reason for the change in results
is because of the presence of dislocation on the selected AOI which can be avoided for the similar
results as for the sample B with no dislocation.

The combination of these two high-resolution techniques provides the validated residual stress
values with high precision calculated at sub-micron to sub-nano level. This comparative study on
residual stress measurement can help the scientific community to choose coating synthesis
techniques and deposition parameters to produce efficient coatings with high structural durability
depending on their applications. Further studies can be conducted in different nanostructured
multilayer coatings that undergo different annealing treatments and application of these developed
comparisons on the wide spectrum of industrial use cases.
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