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ABSTRACT

The voids will be formed in the physical vapor deposited (PVD)-AlN epilayer after high temperature annealing. In this work, the formation
mechanism of voids and its effect on crystal quality are investigated. Based on microstructural analysis and first principles calculations, it is
confirmed that (1) the dislocations mainly gather around the voids and the strain status around the voids is similar to other regions in the
same PVD-AlN epilayer, (2) the paired dislocations with opposite signs prefer to move closer and react with each other during high tempera-
ture annealing, thus contributing to the formation of voids, (3) the voids provide the inner surface for dislocations to terminate, decreasing
the density of the threading dislocation propagating to the surface, and (4) the emergence of dislocations is energetically favorable and the
energy dropped by 5.93 eV after the two isolated dislocation lines fused into a void by overcoming a barrier of 1.34 eV. The present work is
of great significance for improving the quality and performance of AlN materials and devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012792

As an ultrawide bandgap semiconductor, AlN is receiving great
attention due to its excellent properties such as the direct band
structure, high breakdown voltage, and polarization characteristics,
showing potential applications in deep ultraviolet photoelectronic and
power electronic devices.1–10 Due to the deficiency of the AlN homog-
enous substrate, great efforts have been dedicated to heteroepitaxy
growth of AlN on substrates such as sapphire, SiC, and Si.11–14 The
intrinsic physical difference between AlN and heterogeneous substrate
materials, such as the lattice mismatch and thermal mismatch, would
result in high dislocation density in the AlN epitaxy layer. Although
several effective methods have been developed to grow AlN on hetero-
geneous substrates, such as epitaxial lateral overgrowth, migration-
enhanced epitaxy, and ammonia (NH3) pulse-flow growth,15–17

achieving high-quality AlN using a facile but effective method was still
challenging. Fortunately, the high temperature (HT) annealing

method developed in 2016 has been proven to be an effective method
to obtain high-quality AlN material using a simple process and with
high repeatability.18 Several groups have investigated the HT annealing
method, and some interesting phenomena were reported such as the
polarity inversion and higher compressive stress in HT-annealed
AlN.19–21 However, it has been reported that the voids would be
formed in the physical vapor deposited (PVD)-AlN epilayer after HT
annealing,19 and there is no detailed investigation for understanding
the formation mechanism of the voids during HT annealing, which is
extremely important for the stable growth of high-quality AlN wafers
and fabricating devices.

Herein, the formation mechanism of the voids and its effect on
crystal quality are systematically investigated and clarified. It is found
that the distance between different dislocations will be shortened to
form paired dislocations during HT annealing, and the reaction
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between the paired dislocations contributes to the formation of voids,
which is energetically favorable compared to dislocation migration.
The voids will further attract the dislocations to gather around them
and can also provide the inner surface for dislocations to terminate,
decreasing the density of the threading dislocation propagating to the
surface.

At first, about 60 nm-thickness AlN was sputtered on c-sapphire
substrates at 650 �C in a N2 atmosphere under 4 mTorr using an AlN
Sputter system with equipment model: iTops A230. Then, 600 nm
AlN epilayers was grown via metal-organic chemical vapor deposition
at 1277 �C under the pressure of 40 mbar to fabricate AlN templates.
Trimethylaluminum and NH3 were used as precursor gases. The tem-
plates were annealed at 1500 �C and 1700 �C 1 h in a N2 atmosphere
to improve the crystal quality.

The dislocation density of the AlN templates decreased from
2.78� 109 cm�2 to 1.81� 109 cm�2 for 1500 �C annealing and
5.39� 108 cm�2 for 1700 �C annealing according to the x-ray diffrac-
tion (XRD) results shown in Fig. S1 and Table S1, supplementary
material, indicating that the HT annealing could effectively improve
the quality of the AlN epilayer. The microstructure evolution of sam-
ples with different HT annealing temperatures is shown in Fig. 1.
Figure 1(a) shows the high-resolution transmission electron micro-
scope (HRTEM) cross-sectional view of the AlN sample without
annealing, and no void could be found. For samples annealed at
1500 �C and 1700 �C as shown in Figs. 1(b) and 1(c), the formation of
voids in the PVD layer is confirmed, and the voids are hexagonal in
shape and have regular edges.

It is generally considered that the voids could relax the strain in
AlN that suffered from the heterogeneous substrate.22,23 Here, the
HRTEM images are shown in Fig. 2 to analyze the strain status around
the voids. The HRTEM images are taken along the (11�20) plane of
AlN. The crystalline interplanar spacing is calculated by the peak-
finding method as shown in Figs. 2(d) and 2(e), and the detailed calcu-
lations are given in the supplementary material and Fig. S2. 12 points
in different regions are chosen, the corresponding strains are calcu-
lated for the three samples, and the results are listed in Table S2,
supplementary material. For the sample without annealing, the strain
distribution is inhomogeneous due to the high density of grain bound-
aries. For the annealed samples, from the overall view, it is unexpect-
edly found that the stress status around the voids does not show
obvious difference with other regions in the same PVD AlN template.
To further confirm the results, the Geometric phase analysis (GPA)
images are taken to exhibit the strain field around the voids as shown
in Figs. 2(f) and 2(g), which exhibits the strain field for the region in
the dotted line in Figs. 2(b) and 2(c), respectively. From the extracted
strain data on the right side of Figs. 2(f) and 2(g), it can be concluded
that the strain variation is in permeable error limits at the edge of the
voids compared to that of the regions outside the voids.

These results strongly indicate that the strains around the voids
are the same as those of other regions. The dislocation distribution is
an important indication to analyze strain. The distribution of disloca-
tions around the voids is confirmed by the fringe images for samples
without and with 1700 �C annealing as shown in Fig. 3, and the fringe
images for the sample with 1500 �C annealing are shown in Fig. S3,
supplementary material. For the sample without annealing, a region in
the PVD-AlN layer is selected randomly because there is no evident
difference among different regions in PVD-AlN before annealing. For

the sample with 1700 �C annealing, two regions in the PVD-AlN layer
are selected, one is at the edge of the void and the other is away from
the void. As the Burgers vectors of screw and edge dislocations in AlN
are h0001iand 1/3 h11�20i,24,25 the fringe images of (0001) and (11�20)
planes are extracted and the dislocations are marked in Figs. 3(d)–3(f)
and 3(h)–3(j), respectively. For the PVD-AlN template without
annealing, the distribution of dislocations is irregular as shown in
Figs. 3(d) and 3(h). After 1700 �C annealing, there is no observable
dislocation along both (0001) and (11�20) planes for the position away
from the void as shown in Figs. 3(f) and 3(j), and the dislocations are
mainly gathered around the edge of the void as shown in Figs. 3(e)
and 3(i). With the aggregation of dislocations, the probability of the
interaction between dislocations will be greatly increased, resulting in
the dislocation annihilation and formation dislocation loop as shown

FIG. 1. The cross-sectional TEM images of AlN templates without annealing (a),
with 1500 �C annealing (b), and with 1700 �C annealing (c).
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in the black circle in Fig. 3(e).26 It is also found that the direction of
the Burgers vector of one dislocation is always accompanied by the
other nearby dislocation with the opposite Burgers vector, inducing
the strain cancelation around dislocation by each other, which explains
why although there is a high dislocation density around the void, the
strain around the void is not significantly different with other areas in
the same sample. From the above analysis, it can be concluded that the
voids will attract the dislocations to conglomerate and increase the
reaction possibility of dislocations to annihilate or form dislocation
loops. Accordingly, the density of the threading dislocation propagat-
ing to the surface could be decreased as indicated by XRD results.

To illustrate the formation mechanism of the voids, the disloca-
tion evolution model combined theoretical analysis is constructed and
shown in Fig. 4. The dislocations with different signs will slip toward
each other under the influence of external energy such as temperature;
the II part in Fig. 4(a) is the most common pattern that formed around
the voids after HT annealing, and the II-i part is the HRTEM image
taken from Fig. 3(e), showing the dislocation behavior descripted
above. The atomic mechanism of the behavior of dislocations is fur-
ther investigated by the molecular dynamics (MD) simulation and
first-principles calculations. At high temperature, the calculated dis-
tance between the two dislocation lines decreases quickly, indicating
that there is an attracting interaction between the two dislocation lines
with opposite burgers vectors, and the atomic trajectory shows that
the dislocation line tends to migrate along the slipping plane parallel
to the Burgers vector. As shown in Fig. 4(b), the high temperature can
offer extra energy to overcome the migration barrier (1.76 eV), which
is induced by 60� rotation for the Al-N pair (marked by the green

circle). However, the situation for dislocation mergence is entirely
different, and the energy sharply dropped by 5.93 eV after the two
isolated dislocation lines fused into a bigger void by overcoming a bar-
rier of 1.34 eV. It demonstrated that the bigger void is energetically

FIG. 2. The cross-sectional HRTEM images of AlN epilayers along the (11-20)
direction without annealing (a), with 1500 �C annealing (b), and with 1700 �C
annealing (c); (d) the detailed view of the part of HRTEM results; the blue line is the
path to read the lattice parameter; (e) the example of how the peak-finding method
works to obtain the lattice parameter along the path in (d). (f) and (g) the GPA
images and the extracted strain along the thin line of the void region in (b) and (c),
respectively. The white rectangles marked with numbers in (a)–(c) are the area for
reading lattice parameters. The lattice parameters of the numbered area are
extracted, and the compressive strains are summarized in Table S2.

FIG. 3. The cross-sectional HRTEM images of AlN epilayers without annealing (a) and
with 1700 �C annealing (b), and the marked squares are the areas to be taken for Fourier
and inverse Fourier analysis; (c) and (g) are the FFT results for the selected area, and the
red circle means the selected crystal orientation; (d)–(f) the fringe image of the (0001) plane
of the corresponding area; (h)–(j) the fringe images of the (11-20) plane of the correspond-
ing area. The dislocations are marked in (d)–(f) and (h)–(j); the solid blue lines in (e) and (f)
are the contour of the void, while the dotted blue line overwrites the region that is foggy.

FIG. 4. The evolution of the dislocations with the different signs with high tempera-
ture annealing. (a) The experimental model of the movement of dislocations. I part
represents the original positions of dislocations; II part shows the movement of dis-
locations during HT annealing, and II-i is the corresponding TEM results extracted
from Fig. 3(e); III part is the further reaction of part II. (b) The atomic evolution of
migration and emergence of dislocations by simulation.
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favorable. Once the voids are formed, they will further attract the dislo-
cations to gather around them according to the experimental results.
Based on the theoretical simulation, the volume of the void will be
increased with higher annealing temperature because higher energy will
be provided to promote the dislocations merging into the void, which is
consistent with the experimental phenomena. The average width of the
voids after 1500 �C annealing is 16.88nm, while the average width is
23.19nm for AlN with 1700 �C annealing. The density of dislocations
and grain boundaries will be greatly decreased during this process.

In summary, the formation mechanism of voids in the PVD AlN
epilayer after HT annealing and its effect on crystal quality are investi-
gated and clarified in the present work. It is found that the void will
attract dislocations to move toward and gather around it. The shortened
distance between neighboring dislocations with different signs will
increase the possibility for dislocations to annihilate and form disloca-
tion loops. The voids are formed via the emergence of dislocations with
different signs and will further attract dislocations to merge into it, lead-
ing to the higher volume of the voids with higher annealing temperature.
The voids are beneficial to lower the dislocation outcrop density, which
is of great significance to further AlN epitaxy and fabricate devices.

See the supplementary material for XRD data and Table S1, cal-
culation of the strain and Table S2, and the fringe images of the PVD-
AlN epilayer with 1500 �C annealing.
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