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Abstract

The atomic layer misorientation during the growth of a 5 pm thick AIN thin film on a
patterned (0001) sapphire substrate was investigated by the scan rotation approach in
a probe aberration corrected scanning transmission electron microscope at nanometer
scale. Through the geometrical phase analysis of the resulting twisted atomic structure
at different depths below the top surface, it is shown that over 10% of local tensile
and compressive strain is balanced in a 1.6° twist of the c-planes within the first
micron of AIN growth. As a consequence, the formation of threading dislocations is
reduced. The in-plane twist is seen to decrease towards the layer surface down to 0.5°.
Finally, growth has adopted the conventional step flow mechanism with a reduced
density of emerging dislocations by the thickness of 5 um. Our finding forecasts the
possibility of understanding the relationship between atomic bilayer twist and local
strain accommodation at nanometer scale, which could provide guidance for
achieving better crystal quality of AIN thin films on patterned substrates during

epitaxy.

Keywords: Strain relaxation, strain accommodation, moiré fringes, misorientation,

scan rotation, scanning transmission electron microscopy

Introduction
Due to its short emission wavelength (~210 nm)!~, aluminum nitride (AIN) has
been under extensive research for applications in ultra-violet opto-electronics.*®

However, because of the large lattice mismatch between AIN and sapphire (Al2O3),



the threading dislocation density (TDD) is expected to be high®!'!, so access to high
crystal quality AIN epilayer can still be a challenge in AIN heteroepitaxial growth.
Particularly, due to the large in-plane lattice misorientation (~30°) between AlO;
(0001) and AIN (0001)!>!3, c-plane twisting may be expected to occur. Since AIN has

1415 serew and

the highest stacking fault energy among all nitride semiconductors
mixed type dislocations across the AIN/AlL,O; interface could transform into pure
edge TDs along the growth direction!"!®!”  leading to the high density of TDs often
reported in direct growth of 1-2 um AIN epilayers on sapphire substrates'®!.
However, such high density of TDs was not present in recent epitaxial lateral
overgrowth (ELOG) of AIN on nano-patterned sapphire substrates (NPSS), even in 4
pm thick layers®2%23,

For example, Xu et al** and Tang et al*®, obtained a TDD of only ~10%cm™ on a
hole-type nano patterned substrate, which was one order of magnitude smaller
compared with recent progress in direct growth of AIN epilayers on sapphire
substrates (~10° cm™)!®!%. The dislocation density reduction in AIN epitaxy on NPSS
is attributed to the voids inducing dislocations to bend over and terminate at internal

pores 16,21,25,26

, so their propagation towards the surface is reduced. This mechanism
can lead to a highly textured crystal orientation in the vicinity of the voids. Indeed,
many reports show inhomogeneous contrast around such voids in transmission

electron microscopy images under two beam conditions!'”*!?

, especially for
g=[1120]?'2%?7_ indicating a possible lattice rotation within the basal plane of AIN.

Interestingly, these twisted c-plane regions have been considered irrelevant to the



propagation of dislocations in recent models of strain accommodation. Therefore, it is
vital to explore the relationship between atomic bilayer misorientation and strain
relaxation at the nanometer scale. Unfortunately, to simultaneously measure small
crystal misorientations and the strain state simultaneously with nanometer spatial
resolution is experimentally difficult even in convergent -electron beam
nano-diffraction.

In this work, we investigate AIN growth on patterned substrates in order to
determine the influence of local strain relaxation on the crystalline layer quality. This
has been possible using the latest techniques developed in scanning transmission
electron microscopes with aberration correction that allow to monitor without drift or
distortions the occurrence of fine moiré fringes?® at the few Angstroms scale, as a
result of interference between the crystal lattice and a fixed scan pattern. The scan
rotation method has been proven to be useful in strain measurement® 3! and defect
magnification®>. Applying this technique in combination with geometrical phase
analysis (GPA), we demonstrate that the crystal quality of AIN thin films on patterned
substrates benefits from the continuous decrease of the small angle c-plane
misorientation until a step flow growth mode with low defect density is reached. Our
finding pioneers the feasibility of evaluation of local strain distribution in an atomic
bilayer twisted lattice at sub-nanometer scale, which is potentially useful for
improving the crystal quality in AIN/NPSS epitaxy as well as the understanding of

nano-strain dynamics in a locally distorted lattice.



Experimental
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Figure 1. Growth process of AIN epilayer on NPSS a) nano-imprinted sapphire
substrate with 365 nm ultraviolet curing, b) incomplete coalescence during AIN
growth (epilayer thickness ~1 um), c) complete coalescence during AIN growth
(epilayer thickness ~2.5 pm), d) accomplished epitaxy of AIN (epilayer thickness ~5

um).

The AIN thin film was grown on Al2O3 (0001) pattered by 365 nm wavelength UV
light lithography, creating a hexagonal close-packed hole pattern with 1 um period
and approximate 500 nm hole depth to satisfy the principle of small coalescence
areas>. The epitaxy was carried out in a 3x2" close-coupled showerhead (CCS)
Aixtron high-temperature metal-organic chemical vapor phase (MOCVD) system.

Trimethylaluminum (TMALI) and NH3 were used as growth precursors. AIN epilayers



with thickness of 0.5, 1, 2.5 and 5 um were grown at 1270°C. The process of AIN
epitaxy on NPSS is shown in Figure 1, where the details of growth parameters can be
found in our previous report>*,

The surface topography at different growth stages was investigated by atomic force
microscopy (AFM). A Panalytical RMD X-ray diffractometer (XRD) was used to
evaluate the crystal quality of AIN epilayer. In order to investigate the local structure,
plan-view and cross-sectional TEM specimens were prepared by focused ion beam
(FIB) thinning using a Thermo-Fisher Helios 600i. A 30 kV gallium (Ga) ion beam
with a beam current of 0.23-9.3 nA was applied to produce FIB lamella; the
specimens were further thinned by a 2 kV Ga ion beam with beam current down to 15
pA. To eliminate the surface oxides, a final surface polishing was carried out in a
Fischione Nanomill 1040, where the beam current and accelerating voltage were set
as 150 pA and 900 eV respectively. The scan rotation technique and atomic resolution
high angle annular dark field (HAADF) imaging were carried out in a Thermo-Fisher
Titan Themis G2 double aberration corrected transmission electron microscope at
300k V.

Results and Discussion

To monitor the coalescence procedure, ex-situ AFM investigations at different
growth stages were carried out, as seen in Figures 2a—e). At the beginning, triangular
shaped holes were observed in Figure 2 a), which indicates incomplete coalescence
regions (ICR) in AIN epilayer on NPSS. Then the overgrowth rapidly takes place on

the patterned surface covering most of the substrate but still leaving pits at the centers



of the initial triangular holes (Figure 2b). At 1 um thickness (Figure 2c), the triangular
structures have completely disappeared, and the pits exhibit various shapes. When the
AIN layer reaches 2.5 um thickness (Figure 2d), the initial surface morphology has
mostly disappeared and the surface is only exhibiting irregularly distributed small
triangular defects due to coalescence at pits. Finally, atomic steps are clearly visible at
5 um thickness demonstrating two-dimensional growth as shown in Figure 2e).

For the epilayer thicknesses up to 2.5 um, the full width at half maximum (FWHM)
of the (0002) diffraction peak of AIN is estimated as ~180 arcsec, which is much
narrower than that of the (1012) diffraction peak (~360 arcsec). Since only the TDs
with screw components contribute to (0002) peak!®, this is a good indication that pure
edge TDs dominate AIN epitaxy before coalescence (Figure 2 d). When the epilayer
thickness approaches 5 um, the (0002) and (1012) X-ray diffraction peaks exhibit
FWHM comparable values of 170 and 192 arcsec, respectively (Figure 2g), where the
decrease of the (1012) peak width is due to a reduction of edge dislocation density.
Therefore, such dislocations in the vicinity of nano-imprinted doles must bend over
and disappear at the void facets (Figures 2 h—j).

However, the continuous change of ICR structure observed in AFM (Figures 2a—¢)
hints at an irregular crystal coalescence leading eventually to high crystal quality of
the final AIN epilayer. It is therefore important to reveal the mechanism which

governs this coalescence.
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Figure 2. Surface morphology of AIN for epilayer thicknesses of a) 0 um, b) 0.5um, ¢)
1 um, d) 2.5 pm and e) 5 pm. f) and g) show (0002) and (1012) XRD peaks from 2.5
um and 5 um AIN thin film. h)—j) display dislocations bending towards the sidewalls

of voids.

The bright field overview image of the 5 um AIN epilayer shows regularly spaced
vertical features (Figure 3a) which emanate from the patterned sapphire surface as
tubular defects and extend just below the surface, in agreement with the AFM

35,36 are

observations (Figure 2e). Between these tubular defects, a-type dislocations
visible (Figure 3c). The absence of screw or mixed type dislocations in the
investigated area and the density of the a-type dislocations correlate well with the
expectation from XRD results. Inside the field of view of Figures 3b)—d), the vertical
defects exhibit an inhomogeneous contrast along the vertical direction. This is
probably correlated to changes in the strain due to local orientation variation when the
triangular shape of the surface patterns transforms from pits to irregular three-fold

openings and finally close up at deposition thicknesses of 5 um to yield step flow

growth on the epilayer surface (Figure 2e).
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Figure 3. a) Overview of the investigated AIN cross-sectioned 5 pm thick film, b)-d)
show weak beam dark field images for incomplete coalescence regions (ICR) with

g=0002, 1120, 1010, respectively.

To appreciate the contribution of any lattice misorientation to the TD density, we
carry out a local strain and atomic plane twist analysis. Indeed, any local twist of
lattice planes can be determined as it gives rise to moiré fringes in the corresponding
images®’. We take advantage of the high spatial resolution and low geometrical
distortion in aberration corrected scanning transmission electron microscopy
(AC-STEM) for a direct observation of lattice misorientation induced moiré fringes.
The scan rotation technique in scanning transmission electron microscopy (STEM)
allows to easily observe moiré patterns at nanometer scale*®, due to the interference of
the square scan grid and the hexagonal lattice fringes. The principle of the scan
rotation technique is shown in Figure 4.

In a moiré pattern, the interference between two sets of misoriented lattices gives
rise to a coarser fringe spacing if the two lattice constants are close enough in length.

However, due to the hexagonal lattice coordinates in AIN and square scan grid



coordinates (Figure 4a), their interference might be incompatible with standard
Lorentzian formula (SLF) derived for square scan grids and cubic lattices?’. To reveal
the influence of moiré patterns in a space group mismatched system, the relationship
between scan rotation angle and extrapolated moiré¢ fringes spacings are compared
with the SLF* in Figure 4b). It can be seen here that the SLF can be applied to predict
the moir¢ fringe spacing within scan rotation angle ranges from -6° to +6°, where the
influence of space group mismatch between hexagonal lattice and square scan grid is
negligible under the condition of small scan rotation angle.

To test the angular range within which the SLF model is available for interpreting
moiré fringes in strained lattices, a 20 % expansion/compression of the AIN atomic
layer was coupled with image plane rotations as shown in the supporting information
of Figures S1 and S2. As can be seen in these simulations, within +6° of scan rotation
angle, the moiré fringe spacing agrees with the SLF prediction. Thereby, independent
of tensile/compressive strain in AIN, the SLF model is valid for analyzing
interference between square scan grid and hexagonal lattices within +6° of scan

rotation angle.
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Figure 4. a) Principle of electron beam scanning in STEM. The green and black dots
are associated with Al and N atoms respectively, the square scan grid is shown on top
of AIN. b)-d) Left column: 0.5°, 1°, 1.6° misoriented AIN structure as well as their
in-plane misorientation angle (yellow and black dots represent the upper and lower
layers of atomic bilayers). Middle column: the moiré fringes from superimposed
hexagonal and square grid. Right column: moiré fringe width as a function of scan

rotation angle (-6° to 6°).



In case of atomic bilayer misorientation model, each atomic plane could form its
individual moiré patterns with the scan grid pattern, so the superposition of two moiré
patterns could restrict the direct implement of SLF model to predict fringe spacings.
Therefore, a theoretical model needs to be introduced as a reference for determining
c-plane twist in scan rotation experiments, In Figure 4 b)-d), three in-plane
misoriented AIN atomic bilayers (rotated by twist angles of 0.5°, 1° and 1.6°) in the
model were combined with a square scan grid within +6° of scan rotation angle. All
the simulated images show clear periodic moiré¢ fringes, and by measuring the moiré
fringe distances for known image plane rotation angles, the lattice rotation of
individual c-plane twisted models can be recovered from the resulting moiré patterns
as shown in Figure 4 b—d). These models were applied as a reference to determine the
in-plane lattice misorientation angle.

The scan rotation measurements were then conducted on plane-view specimens
extracted from surface and central regions of the 5 um AIN epilayer. To correlate the
experimental with simulation results, the scan rotation angle has been defined as 0°
once the maximum spacing of moiré fringes was achieved (Figure 5). The moiré
fringes in near-surface area show a strong dependence on scan rotation angle, and the
spacing of fringes can vary from ~3.5 nm (Figure 5a) to 5.2 nm (Figure 5b). To
determine whether lattice expansion or atomic plane misorientation can describe the
observation, the experimental moiré fringes have been compared with theoretical

lattice expansion as a function of scan rotation angle (supporting information Figure



S3) and misorientation model (Figure 4). As shown in Figure 5g), ~0.5° lattice

misorientation and 2.2% strained lattice describe the experimental observation best.
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Figure 5. STEM bright field images of moiré fringes of: a)—c) surface region of AIN
epilayer; d)-f) middle area of AIN epilayer. Plots of the scan rotation angle as a
function of fringe spacing for g) surface region of 5 um AIN epilayer, and h) central
area of 5 um AIN epilayer, where the red, black and grey curves represent the values

from STEM bright field images, misorientation and SLF model respectively.



On the contrary, as can be seen in Figures 5d)—f), in the middle region of the AIN
epilayer (~2.5 um below the surface), a weak dependence of moiré fringe spacings on
scan rotation angle is observed. By comparing the experimental and simulated results,
none of our lattice expansion SLF models could fully describe the experimental
statistics, even for an assumed lattice expansion of 20% (Figure 5 h). Nevertheless, by
employing the reference model of lattice misorientation, the results in Figure 5 h)
suggest an ~1.6° c-plane twist angle. Therefore, the scan rotation technique provides
evidence of a gradual decrease of atomic in-plane twist angle along the growth
direction, thereby improving the crystal quality of the AIN epilayer.

According to the lattice misorientation angle determined from scan rotation
technique, although the maximum twist angle of atomic planes approaches ~1.6°, the
in-plane lattice stress failed to further introduce dislocation This could be an
indication that there may be strain accommodation in the distorted lattice around the
vertical ICR without the contribution from the tilt of AIN sub-grains with respect to
sapphire substrate.

To evaluate the contribution from c-plane twist in our AIN epilayer, the GPA
analysis was first employed to investigate the strain distribution in cross-sectional
view of middle and near-surface regions of the epilayer (Figure S6). In Figure S6, a
weak strain ¢ in agreement with lattice displacements (LD) < 2% within the (0001)
plane was observed in both the near-surface and the middle region of the AIN thin
film, which demonstrates a weak c-plane twist in the AIN epilayer, which correlates

well with observation from XRD and WBDF images. The &y strain in the (0110)



planes and &, shear strain in (0110) planes are strong in the middle region compared
to the near surface, which reflects an effective release of internal strain at the top of
AIN thin film. Therefore, it is necessary to explore the in-plane twist of (0001) atomic
layers. By implementing the GPA on plane-view atomic resolution images, the
corresponding strain distributions are shown in Figure 6. In Figure 6 a)-d), a weak
strain contour (LD <5%) was observed in the near-surface region of the AIN thin film,
which confirms the effectively strain relaxation at the surface.

On the contrary, in Figures 6e)-h), the middle region of AIN epilayer exhibits a
strong elastic tensor contour (LD>10%) of &y (principal component in (0110)), &,
(principal component in (2110)) and &, (shear component in (2110)**), which
indicates the existence of a high degree of atomic displacements in both principal and
shear axes®. Here, it is worth pointing out that the field of view contains both tensile
(bright area) and compressive (dark area) regions, which gives an average strain value
less than 0.6% (supporting information Table S1) in xx, yy and xy strain components,
indicating the local strain is almost balanced inside the field of view. Therefore, by
correlating the lattice misorientation results from Figures 5g) and h), the ~1.6° twist
of c-planes is able to balance the internal strain, which reduces the production of TDs.

Considering the three-fold tubular ICRs, their internal edges can serve as regions
relaxing the strain by terminating dislocations at inner surfaces. To determine the role
of lattice misorientation in strain relaxation, the atomic displacements in the vicinity
of ICRs are revealed in Figures 61)—p). As shown here, near ICRs a large degree of

lattice displacement (LD>10%) appears near the cores, which however fluctuates



strongly and may be due to the weak lattice fringe contrast, related to an
accommodation of strain in the amorphous region. Furthermore, apart from the ICR
region, the average of strain value in crystalline region remains under 0.6%
(supporting information in Table S1), revealing an effective strain relaxation towards
the core of ICR. The strain induced crystal deformation at the facets of ICR is

connected to the inhomogeneous intensity in WBDF images (Figure 3).
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Figure 6. The GPA lattice displacement of a)-d) surface area without ICR, e)-h)
middle area without ICR, i)-1) surface area containing ICR core structure, m)—p)

region near the core of ICR. Schematic diagrams of AIN crystal growth q) away from

ICR and r) near ICR.

Therefore, based on the geometrical phase analysis of the resulting moiré patterns,
ignoring the contribution from the small tilts out of the basal planes, two growth
modes are proposed in Figures 6q) and r). In the absence of ICR (Figure 6q)), the

strain can be accommodated by a strong twist of c-planes. As the lattice distortion



gradually decreases towards the surface of the epilayer, the formation of threading
dislocations is further suppressed due to the effective relaxation of residual strain. On
the contrary, as sketched in Figure 6 r), since the core of ICR relaxes some strain, a
relatively low degree of internal strain in the vicinity of ICRs can restrict the
formation of TDs. At the top of the layer, almost complete strain relaxation has taken
place and the step growth mechanism has taken over, giving rise to the formation of a

low dislocation density AIN film with a near-ideal smooth surface.

Conclusion

The lattice misorientation in an AIN epilayer on nano-imprinted substrate was
successfully determined by scan rotation induced moiré fringes at the nanometer scale,
together with geometrical phase analysis from atomic lattice imaging. At the internal
voids produced by the nano-patterning, the dislocations bend and terminate at their
internal surfaces instead of propagating to the layer surface. Moreover, the in-plane
twist of AIN (0001) planes appears to induce a pronounced lattice displacement,
during the coalescence (at ~2.5 pm depth below the growth surface), and a ~1.6°
twist of c-planes is shown to accommodate over 10% of the internal strain near the
ICRs with a balance of local tensile and compressive components being responsible
for avoiding the formation of TDs. At the top of the investigated layers (5 um), the
in-plane atomic layer twist angle has gradually reduced to 0.5°. Therefore, the
presence of low angle c-plane twist appears to be crucial for releasing the atomic layer
misorientation induced lattice strain, enabling the growth of high quality AIN thin

film on patterned substrates. In summary, this work explains an interesting growth



observation in ELOG of AIN on nano-imprinted sapphire substrates, which could
yield general guidance for achieving better crystalline quality layers for optoelectronic
applications on mismatched substrates as well as providing a better understanding of

nano-strain dynamics in distorted nanocrystals.

Supporting Information

There is supporting information provided, including additional simulations of moiré
pattern at various atomic plane twist angles, scan rotation measurements and

cross-sectional views with GPA analysis.
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