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Abstract

We carried out atomic-scale observations of Mg-ion-implanted GaN by transmission electron
microscopy (TEM) and atom probe tomography (APT) to clarify the crystallographic structures of
extended defects and Mg agglomerations that form during post-implantation annealing. The
complementary TEM and APT analyses have shown that Mg atoms agglomerate at dislocations that
bound extended defects. The concentration of Mg is higher at the dislocations with a larger Burgers
vector. This indicates that the Mg agglomeration is caused by the pressure at the dislocations. The Mg
concentration in the highly Mg-rich regions is 1 atomic %, which exceeds the solubility limit of Mg
in GaN. We investigated isothermal and isochronal evolution of the defects by TEM,
cathodoluminescence analysis and positron annihilation spectroscopy. The results indicated that the
intensity of donor-acceptor-pair emission increases with the annealing temperature and duration, and
reaches a maximum after elimination of the extended defects with highly Mg-rich regions. These
results strongly suggest that such extended defects reduce the acceptor formation and that they, as well
as the previously reported compensating centers such as N-related vacancies, can inhibit the formation

of p-type GaN. The mechanism by which the extended defects reduce acceptor formation is discussed.



l. Introduction
Gallium nitride (GaN)-based power devices have been developed to open up new

application fields of semiconductor power devices: Since GaN has a breakdown electric field higher
than that of other semiconducting materials in practical use, > GaN-based power device technology
can realize higher power and higher efficiency devices. To unleash the full potential of GaN devices
for high voltage applications, selective area doping using ion implantation is indispensable.>™
However, ion-implanted magnesium (Mg) atoms exhibit an activation ratio lower than that of Mg
atoms doped in epitaxially grown GaN.”"12 Mg is the dopant most commonly used to generate p-type
conductivity in GaN. Recently, we have shown that Mg ion-implanted GaN exhibits p-type
conductivity after annealing at temperatures of 1673 K and higher.®!":13

We have examined crystallographic structures of extended defects formed after post-
implantation annealing by transmission electron microscopy (TEM).!*!5 Defects visible in TEM, as
distinguished from invisible ones, such as the point defects and their complexes, are referred to
hereafter as extended defects. We found nano-scale intrinsic defects and intrinsic dislocation loops
lying on {1120} in the samples in which the Mg acceptors were fully activated after high temperature
or prolonged annealing.'*!* In contrast, nano-scale extrinsic stacking faults and defects with inversion
domains (IDs) were found in the samples in which the Mg acceptors were not fully activated.'®!> We
also showed that Mg atoms at the (0001) ID boundaries (IDBs) are electrically inactive, i.e., they do
not act as acceptors. Atom probe tomography (APT) showed local increase in Mg concentration
occurred in the samples annealing at and above 1373 K.!® These results indicate that such local
increase in Mg concentration does not have random nature and that Mg atoms might agglomerate at
some crystallographic defects.'® However, the crystallographic structures of the defects at which the
Mg atoms agglomerate have yet to be clarified.'*!® The cause of the Mg agglomeration and the impacts
of the agglomerations on acceptor formation have not been fully understood.'®!” In this study, we have
revealed the atomic structures of the defects for better understanding of the cause of the Mg
agglomeration and the impact of the defects and the agglomerations on the Mg acceptor formation.

Cathodoluminescence spectroscopy (CL) has been used to investigate the acceptor
formation and its compensation via point defects.®>*!*2! Positron annihilation spectroscopy (PAS) has
been employed in characterizing vacancy-type point defects and their complexes and in measuring
their concentrations.?>?* CL and PAS measurements have shown how the annealing temperature and
duration affect the acceptor formation and the concentrations of the point defects and their
complexes.®????* Since extended defects grow or shrink by capture or emission of point defects,
isochronal and isothermal analysis of the extended defects using TEM and APT in combination with
CL and PAS should provide a further understanding of the evolution of the extended defects as well
as the relation between their correlation with the acceptor activation.

The purpose of this study is to clarify the impact of the extended defects and the Mg



agglomerations on the acceptor formation in Mg-ion-implanted GaN. We first examine extended
defects that form during post-implantation annealing and clarify their crystallographic features, such
as their Burgers vectors using TEM. We also examine the relationship between the extended defects
and Mg agglomeration using TEM and APT. We then investigate the relation between the extended
defects and the acceptor formation through isochronal and isothermal analyses of the evolution of
extended defects using TEM, CL and PAS. The impact of the evolution of the extended defects on the

Mg accepter formation is discussed.

Il. Experimental methods

Undoped GaN epitaxial layers were grown by metalorganic vapor phase epitaxy on free-
standing GaN (0001) substrates. Mg ions were implanted at room temperature to generate a box-
shaped Mg profile to a depth of 300 nm. The Mg concentration measured by secondary ion mass
spectrometry (SIMS) was 1 x 10' cm™. Table I shows the temperatures and the durations of the
annealing for the samples examined in the present experiments. The isochronal annealing was carried
out at 1573 K, 1673 K and 1753 K for 5 min (C1 to C3). The isothermal annealing was carried out at
1573 K for 0.5 min to 120 min (TO to T5). In the annealing of sample TO, the temperature of the sample
was dropped just after it reached 1573K. All the annealing runs were performed under a N, partial
pressure of 1 GPa.® The temperature was raised at a rate of 26.7 K/min.

We examined the structures of extended defects using scanning TEM (STEM) of a JEOL
ARM-200F. The acceleration voltage was 200 kV and the spherical aberration coefficient was smaller
than 1 pm. In high-angle annular dark-field (HAADF) STEM observations, the inner and outer angles
of the annular dark-field (ADF) detector were 50 and 150 mrad, respectively. Energy dispersive x-ray
spectroscopy (EDS) was used to detect Mg agglomerated at defects in the samples. The specimens for
TEM were prepared by mechanical thinning followed by Ar-ion milling. A low-energy Ar-ion beam
(1 keV) and a liquid-nitrogen-cooled stage were used to reduce artifacts produced by ion milling. APT
analyses to obtain three-dimensional Mg distributions were conducted by using a CAMECA LEAP
5000XS. APT specimens were prepared by the FEI Helios G4UX, a focused ion beam instrument with
a scanning electron microscopy system, using a standard lift-out method. APT measurements were
carried out with 250 kHz 355 nm UV laser pulsing at a specimen temperature of 30 K. The laser pulse
energy was set to 10 fJ. In this measurement condition, the detection limit of Mg by APT is 1017 to
108 cm™2* The APT data were visualized by CAMECA Integrated Visualization and Analysis
Software (IVAS) 3.8 and AP Suite Software.

CL analyses were carried out at a sample temperature of 10 K. The acceleration voltage and
probe current density were 5 keV and 8.3 x 10~ A/cm?. Intensity of donor-acceptor pair (DAP)
luminescence around 3.28 eV indicates Mg acceptor formation.'®!* Broad green luminescence (GL)

around 2.35 eV is commonly observed in Mg ion-implanted GaN and has been assigned to a transition



involving nitrogen vacancy (Vn) related defects.”?®*! Vy-related defects reportedly act as
compensating centers in p-type GaN.?* In the PAS analysis, the line-shape parameter S of the Doppler
broadened profile was used to detect vacancy-type defects in the samples.?® The S parameter represents
the sizes and concentrations of vacancy-type defects. S parameters measured at the incident energy of
positrons E in the range between 4 and 7 keV were averaged to increase the statistical accuracy. The
mean implantation depth of positrons in this energy range is about 80 nm. Measurements were carried
out in darkness and with illumination with a He—Cd laser.’” The value of S can be changed by
illuminating samples with a He—Cd laser (wavelength of 325 nm), and this change is attributed to the
capture of photon-excited electrons by the vacancy defects. The capture of the electrons change the
charge state of the defects from positive to neutral (V+ to Vo) or from neutral to negative (Vo to V.)
and can increase the probability of positrons being trapped at defects.?” Hence, the measurement with

the laser illumination enables detection of donor-like vacancies.®

11 Results
A. TEM and APT results

Figure 1 shows the evolution of extended defects during the isochronal annealing (Figs. 1(a)-
(c): samples C1-C3) and the isothermal annealing (Figs. 1(a), (d)-(f): samples C1, T1, T2, and T5).
Micrographs are ADF-STEM cross-sectional images of the samples viewed in the [1120] direction.
Four types of extended defects are observed. That is, bright oblongs and dots are seen in samples C1
and T1, and indicate type o and B defects, respectively. Bright loops and dots are seen in samples C2,
C3, T2, and T5, and indicate type y and & defects, respectively.

The TEM images of samples C1, C2, and C3 show that a and B defects form during lower-
temperature annealing (sample C1), and y and & defects form during higher-temperature annealing
(samples C2 and C3). TEM images of samples C1 and T1 to T5 show that o and 3 defects form during
shorter-duration-annealing (samples C1 and T1), and y and & defects form during longer-duration-
annealing (samples T2 and T5). Figures 1(a) and 1(d) indicate that the oblong-shaped a defect changes
into a circular-shaped defect as it becomes larger (from C1 to T1). This suggests that the defect changes
its shape to reduce the length of the perimeter of its defect area and to increase the curvature radius of
the dislocation segments because reducing the length of the perimeter and increasing the curvature
radius reduces the total dislocation energy of the defect.”” The o and B defects were mainly found in
the depth region 200 to 500 nm from the sample surface. The evolution of the defects seen in the
present analyses is consistent with previous observations.!* Therefore the same defect evolution was
observed in the isochronal and the isothermal annealing: o and B defects were observed in the early
stage of the annealing (samples C1 and T1), and y and 8 defects were found in the later stages (samples
C2, C3, and T2-T5).

We examined the structural details of the extended defects to clarify their crystallographic



features, such as their Burgers vectors. TEM results for as o defect are shown in Fig. 2. Fig. 2(a) shows
a HAADF-STEM image of the defect. The incident beam direction is (1100}, which is orthogonal to
that used in Fig. 1, (1120). Each bright dot in the image shows the position of a Ga atomic column. A
triangular region was observed at the top edge (the surface-side edge) of the a defect and a pair of
defects were observed at the bottom edge (the substrate side edge). The triangle at the top edge was
bounded by a (0001) base and {1123} sidewalls. The IDBs in heavily Mg-doped GaN are reportedly
parallel to (0001) and {1123} planes.’*3! A pyramidal ID is an example of a closed ID bounded by
(0001) and {1123} planes.!”323% We performed a qualitative elemental analysis of the triangular
region by EDS in TEM (Fig. 2(b)). The Mg concentrations at the top (0001) base and at the sidewalls
(points A and B in the inset) were clearly larger than those measured outside and inside the triangular
region (points C and D). In addition, the Mg concentration at the (0001) base (point A) was larger than
that at the sidewalls (point B). This Mg distribution agrees with that reported previously at a pyramidal
ID.3* We thus concluded that the triangular region was a closed ID and that the top (0001) base was
an IDB with Mg segregation, which was observed in our previous analysis.!* The present TEM results
indicate that the ID is elongated along the <1100> direction. This is probably because the ID is a part
of a dislocation loop that bound extrinsic {1120} planes as described in the following. Along with the
growth of the extrinsic defect, the ID would grow along the <1100> direction to keep the triangular
prism shape bounded by (0001) and {1123} planes.

The HAADF-STEM image of a defects (Fig. 2(a)) directly shows that two extra (11-20) planes
are terminated by the triangular region at the top edge, and a (1120) plane ends at each defect at the
bottom edge. The extra lattice planes are easily seen in Fig. 2(c), which shows images of Fig. 2(a)
Fourier filtered using 1120 spots. Thus, these images show that two extra (1120) lattice planes are
present between the top and the bottom edges of the a defect, indicating that the Burgers vector of the
dislocation that bounds an o defect is b = %(1120). Furthermore, the HAADF-STEM images of the
defects at the bottom edge show that they were closely spaced dislocations along the <1100> direction
and that each dislocation bounds a (1120) lattice plane. This indicates that the defects are partial
dislocations with Burgers vectors b = é(lOiO) , which were generated through dissociation of a
perfect dislocation with a Burgers vector b = é(llfO).29 This dissociation reduces the dislocation
energy because the dislocation energy is proportional to |b|?.?° In addition, the STEM image shows
that the typical distance between the defects at the bottom edge was 6 nm. This distance, 6 nm, matches
the reported distance between basal partial dislocations in GaN in the literature.’* Furthermore, the
line connecting the top edge (the triangular region) and the bottom edge (the pair of defects) was about
45 ° from the [0001] plane, or their slip plane normal. This positional relationship between the top and
the bottom edges should be attributed to the Peach-Koehler force between the dislocations at the top
edge and those at the bottom edge.?’

Defect B, observed as a bright dot in Fig. 1(a), had an extra atomic plane between (0001) planes



of the matrix as described in our previous report (Fig. 2 in Ref'#). The atomic resolution image in the
figure directly shows that the Burgers vector of the dislocation bordering the defect was b = %(0001),
and that the dislocation did not dissociate into partial dislocations. The width of the STEM image of
defect B along (0001) was 3 to 5 nm in sample C1. Also, y and 3 defects were intrinsic defects on
{1120} GaN, and their total Burgers vector was % (1120)." The diameter of the loops in sample C3
ranged from 50 to 120 nm. In the present study, we have shown that the dislocations at the edges of
an o defect with a total Burgers vector of b = §(1120) dissociate into partial dislocations with a
Burgers vector of b = % (0001). This strongly suggests that the dislocations that bound y and § defects
should also dissociate into partial dislocations.

Mg atom maps of samples C1 and C3 obtained by APT analyses are shown in Fig. 3, where
each green dot corresponds to a Mg atom. In sample C1 (Fig. 3(a)), two types of Mg agglomerations
were observed. One was an agglomeration along edges of an oblong along the [1-100] direction
(denoted A) and the other was a nano-sized agglomeration (denoted B). Figure 3(b) shows a (1100)
cross-section of the Mg distribution in agglomeration A, where the Mg atom distribution in a thin slab
across the region of agglomeration A (the shaded slab in Fig. 3(a)) was projected on a (1100) plane.
The thickness of the slab was ~5 nm. Figures 3(a) and 3(b) show that Mg atoms agglomerate to form
a triangular prism region with high Mg concentration at the top edge of the agglomeration. At the
bottom edge, Mg atoms agglomerated along a pair of straight lines along the [1100] direction, and
Mg atoms were hardly detected on the (0001) plane between the lines. The distance between the lines
was about 10 nm. The Mg concentration is quantitatively calculated to be 10 atomic % at the top edge
and 0.2 atomic % along each line at the bottom edge. The Mg concentration in the matrix is 0.02
atomic %. The shape and the crystallographic orientation of the top and the bottom edges of
agglomeration A indicate that Mg atoms agglomerated at the dislocation that bounds o defect.

The nano-sized Mg agglomerations in sample C1 (Fig. 3 (a)) appear as a flat-disk or a flat-
doughnut on the (0001) plane. Figure 3(c) shows closeup views of the flat-doughnut shaped
agglomeration (agglomeration B in Fig. 3(a)), as an example. The left and the right panes in the figure
show the agglomeration B viewed in the (1120) and (0001) directions, respectively. The inner
diameter of the doughnuts was about 5 nm. The average Mg concentration in the nano-sized
agglomeration is 1 atomic %. In sample C3 (Fig. 3(d)), Mg agglomerations on loop edges are observed
(denoted C), while nano-sized Mg agglomerations are not observed in this APT data. Figure 3(e) shows
a closeup image of the loop-like agglomeration C. The loop-like agglomeration lies on {1120}, and
its diameter was about 80 nm. The Mg concentration at the loop edge was 0.2 atomic %. The above
APT results indicate that the agglomerations denoted B and C should represent Mg distribution at the
edges of B and y defects in Fig. 1, respectively, because the shape, size, and crystallographic orientation
of the agglomerations agree with those of the respective defects. The TEM and APT results are
summarized in Table II.



Figure 3 shows 3D Mg atom maps obtained by APT analyses in samples C1 and C3. Each
green dot in the figure shows a Mg atomic position. In sample C1 (Fig. 3(a)), two types of Mg
agglomerations were observed. One was agglomerated along edges of oblongs (denoted A) and the
other was nano sized Mg agglomerations (denoted B). Figure 3 (b) shows a (1100) cross-section of
the Mg agglomeration A. At the top edge of the agglomeration A, the Mg concentration was ~10
atomic % and the form was a triangular prism. At the bottom edge, Mg atoms agglomerated along a
pair of straight line along <1100>, and the distance between the lines was about 10 nm. The Mg
concentration along each line was 0.2 atomic %. Figure 3(c) shows closeup images of the nano-sized
agglomeration B viewed in the (1120) and (0001) directions. The nano-size Mg agglomeration
appeared as a flat-disk or a flat-doughnut on a (0001) plane. The average Mg concentration at defects
on the (0001) plane was about 1 atomic %. The inner diameter of the doughnuts was about 5 nm. In
sample C3 (Fig. 3(d)), Mg agglomerations were observed on loop edges (denoted C), but nano-sized
Mg agglomerations B were not. Fig. 3(e) is a closeup image of the loop-like agglomeration C, which
shows that the loop lies on the {1120} plane. The Mg concentration at the loop edge was 0.2 atomic %.
The diameter of the loop was about 80 nm.

The complementary TEM and APT results have revealed that Mg atoms agglomerate at
dislocations that bound extended defects. This indicates that the observed agglomeration is caused by
the effective pressure of the dislocations, i.e., Cottrell atmosphere.??*5-37 Impurity (Mg) atoms would
agglomerate at a dislocation to reduce the pressure and the energy of the dislocation, and the impurity
concentration in the Cottrell atmosphere would increase with the pressure around the dislocation.?*8
For an edge dislocation with Burgers vector b, the effective pressure around the dislocation is

|.2% Our results show that the Mg concentration at a B defect (1 atomic %) is larger

proportional to |b
than those at a y defect and at the bottom edge of an o defect (0.2 atomic %), and the magnitudes of
the Burgers vectors of B defects are larger than those of Burgers vectors of a and y defects. We did not
find agglomeration at & defects in the present analysis. This could be attributed to the small amount of
Mg atoms at those defects because the defects are very small (a few nanometers in diameter) and the
magnitudes of their Burgers vectors are small. We cannot exclude the possibility that the defect was

not included in the volume analyzed in the present analysis.

B. CL and PAS results

Figure 4(a) shows CL spectra for the samples C1, C2, and C3. The spectra show that the
intensity of DAP emission around 3.28 eV increases with the annealing temperature. Furthermore, the
intensity of GL around 2.35 eV, which originates from Vy-related defects,?! decreased when the
annealing temperature was increased. These results indicate that annealing at an elevated temperatures
increases Mg acceptor concentration and decreases the concentrations of Vn-related defects and non-

radiative recombination centers.?!



To quantitatively examine the isochronal and the isothermal changes in the CL spectra, we
plotted integrated intensities of DAP and of GL against the annealing temperature (Fig. 4(b)) and
against annealing duration (Fig. 4(c)). The solid and open circles in the figures show the integrated
DAP intensities and the integrated GL intensities, respectively. Figure 4(b) shows that the integrated
DAP intensity clearly increased from sample C1 to sample C2, whereas the difference in the DAP
intensities between samples C2 and C3 was small. The integrated GL intensity clearly decreased from
sample C1 to sample C2, whereas the difference in the GL intensity between sample C2 and C3 was
small. Similarly, in Fig. 4(c), the integrated DAP intensities of samples T2 to T5 were clearly larger
than those of samples C1 and T1, whereas the differences in the DAP intensities of samples T2 to TS
were small. The integrated GL intensity clearly decreased from sample C1 to T1, whereas the
differences in the GL intensities of the samples T1 to T5 were small. Therefore, the DAP intensities
indicate that the Mg acceptor activation ratio increases with increasing annealing temperature in the
early stage of the isochronal annealing (1573 to 1673 K) and increases with increasing duration in the
isothermal annealing (0 to 30 min). Furthermore, the GL intensities indicate that the concentration of
the compensating centers decreases with increasing annealing temperature (duration) in the early stage
of the isochronal (isothermal) annealing. In the later stages of the isochronal and the isothermal
annealing, no clear changes were observed in the acceptor activation ratio or the concentration of the
compensating centers. These results are consistent with those of the recent investigations of Mg
activation ratios using Hall-effect measurement.'>** The TEM results (Fig. 1) indicate that the o and
B defects were observed in samples C1 and T1, but not in samples C2, C3, and T2 to T5. This strongly
suggests that the lower activation ratios in samples C1 and T1 are attributed to the a and 3 defects.

Figures 5(a) and 5(b) show the isochronal and isothermal changes in values of S parameters,
respectively. In the isochronal annealing (Fig. 5(a)), the S values measured without the laser
illumination (denoted Dark in the diagram) were almost the same. The diagram also shows that the
laser illumination (denoted Illuminated in the diagram) increased the S values. The S value of sample
C1 under the laser illumination was larger than the S values of the other samples, whereas the S values
of the other samples under the laser illumination were nearly the same within experimental errors. In
the isothermal annealing (Fig. 5(b)), the S values measured without the laser illumination were almost
the same within the experimental error, except that for TO, which was larger than those for the other
samples. The S values of samples C1 and TO under the laser illumination were clearly larger than those
of the other samples.

The S value of sample TO without the laser illumination (Fig. 5(b)) indicates that the
probability of positron trapping by negatively charged vacancy-type defects is larger in sample TO
than those in the other samples. That means such vacancies are eliminated at the very initial stage of
the present annealing. The difference in the S values in Fig. 5 measured with and without the laser

illumination shows that the concentrations of positively charged defects (V+) and neutral defects (Vo)



in samples TO and C1 are significantly larger than those in the other samples. Since a Vy in GaN is
positively charged,* the S values in the samples T0 and C1 indicate that the amount of vacancy clusters
such as (Vga)m(VN)n [n, m: integer] in those samples is larger than those in the other samples.

The isochronal and isothermal changes in the values of S parameter measured with the laser
illumination (Fig. 5) agree well with the isochronal and isothermal changes in the GL intensities (Figs.
4(b) and 4(c)), which indicates that some of the (Vga)m(Vn)a-type vacancies detected in the PAS
measurement should be responsible for the GL. In addition, the analysis of the S parameters and the
analysis of GL intensities indicate that the concentrations of the vacancy-type defects in samples C2,
C3, and T2 to TS are lower than those in samples C1 and T1. This result is consistent with the TEM
results (Figs. 1) that observed intrinsic-type extended defects in samples C2, C3, and T2 to T5. This is
because intrinsic-type extended defects are produced by agglomeration of vacancies, which should

decrease the concentration of vacancies.

V. Discussion

We previously showed that no extended defects were found in Mg-ion-implanted samples
before annealing.'* This indicates that the Mg ion implantation produced point defects (vacancies and
interstitials) and their complexes that could not be observed in the TEM analysis. The present TEM
observations have clarified that, in both isochronal and isothermal annealing, extrinsic defects
(denoted a and B) form in the early stage of the annealing, while intrinsic defects (denoted y and J)
form in the later stage of the annealing. Intrinsic extended defects are formed by agglomeration of
vacancies, and extrinsic extended defects are formed by agglomeration of interstitials. The change in
the nature of the defects between the annealing stages, i.e., from the extrinsic defects to the intrinsic
defects, can be explained by the difference between the migration energies of the point defects in GaN.
This is because the migration energies of Vn and Vg, are reportedly larger than those of N; and Ga;
when the Fermi level is high in the band gap.?®*! The diffusion or migration of the point defects, which
determines the structure and size of extended defects, is a thermally activated process, which can be
described by Arrhenius expressions.*>* Therefore, we conclude that the evolution of the extended
defects is driven by such thermally activated diffusion of point defects.

The present TEM analysis in combination with CL and PAS analyses clarified that Mg
acceptor formation well correlates with the elimination of the extended defects with highly Mg-rich
regions (a0 and P defects). We previously reported the SIMS analysis of Mg and Mg acceptor
distribution in a sample prepared using the same conditions as for sample C1. (Ref **, Fig. 1(b)). The
result indicated that the Mg acceptor concentration decreased in the depth range 200 to 500 nm from
the sample surface, where a and 3 defects were observed in the present analysis. The results also
indicated that a clear increase in Mg concentration provides a peak at the depth of 350 nm. The present

APT analysis indicates that the increase in the Mg concentration would mainly be due to the Mg



agglomeration at IDBs of o defects because the Mg concentration at the IDBs is 500 times larger than
that of the matrix and 10 times larger than that at [ defects. Thus, the observed decrease in the Mg
acceptor concentration in the depth range of 200 nm to 500 nm strongly suggests that § defects would
also reduce the Mg acceptor formation. We have shown that the Mg concentration in the Cottrell
atmosphere around B defects significantly exceeds the solubility limit of Mg (0.2 atomic % or less). 647
This strongly suggest that Mg nitride forms around B defects.*® Forming Mg-nitride-like structures
should reduce the Mg acceptor formation in samples C1 and T1.*%. Such structure could form at the
dislocation core that bounds a [ defect because non-stoichiometric core structures are often found
experimentally in compound semiconductors, including GaN.**-5? Further structural analysis of the

dislocation is now in progress.

V. Summary
Using TEM, APT, CL and PAS, we analyzed crystallographic features of extended defects
and Mg agglomeration in Mg-ion-implanted GaN after annealing, and investigated their impacts on

Mg acceptor activation.

The following conclusions were obtained:

1. The extrinsic defects (denoted o and 3) form and disappear in the early stages of the annealing,
and intrinsic defects (denoted y and 8) form in the later stages. We determined the Burgers vector
of the dislocation that bound 3 defects to be % (0001), while that of the dislocations bounding the
other defects is §(11§0). The latter should split into partial dislocations with b=§ (1010). The top
edge of an a defect consists of a thin triangular-shaped inversion domain.

2. Mg concentration at the edge of  defects is 1 atomic % and that at the edges of the other defects
is 0.2 atomic %. The significantly larger Mg concentration at the edge of § defects is attributed to
the large magnitude of |b|? for Cottrell atmosphere. Mg agglomeration at IDBs of a defects
inactivates Mg atoms. Mg agglomeration at 3 defects could reduce Mg acceptor formation since
the Mg concentration at the defect exceeds the solubility limit of Mg in GaN, forming Mg-nitride-
like structure.

3. The DAP intensities, which represent the formation of Mg acceptor, increases in the early stage
of the annealing, i.e., while a and B defects form and disappear, then they saturate in the later
stage. On the other hand, the GL intensities, which represent the concentration of Vn-related
defects, significantly decreases in the early stage of the annealing. In the PAS analysis, S parameter,
which represents the concentration of vacancy-type defects, indicates that the vacancy-type
defects are eliminated in the early stage of the annealing. Furthermore, S parameter measured
under He-Cd laser illumination indicate that the concentration of Vn-related vacancy clusters such

as (Vga)m(VN)n [n, m: integer] decreases at the very initial stage of the annealing.



Based on the above results, we conclude that, in the early stage of the post-implantation annealing,
the extrinsic defects and Mg agglomeration at the defects, as well as the compensating centers such as
Vn-related defects, would inhibit the formation of p-type GaN. These defects can be eliminated by
elevating the annealing temperature or by prolonging the annealing duration, which enables the

formation of p-type GaN.
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Tables

Table I Annealing conditions.

Sample Temp. (K)  Duration (min)

Cl 1573

C2 1673 5

C3 1753

TO 0.5

T1 15

T2 30
1573

T3 60

T4 90

T5 120

Table II STEM results (ADF-STEM image and Burgers vectors) and APT results (Mg concentrations

at dislocations).

Defect ADF Defect nature Burgers vector Mg concentration Mg
image (at. %) agglomeration
o Oblong {1120} extrinsic ;(1010) 0.2 A
(10 at the top edge)
B Dot (0001) extrinsic %(0001) 1.0 B
Loop {1120} intrinsic %(1010) 0.2 C
Dot {1120} intrinsic ; (1070) Not detected Not detected




Figure captions

Figure 1. ADF-STEM cross-sectional images of the samples. Isochronal evolution of the defects is
seen in (a), (b), and (c). Isothermal evolution of the defects is seen in (a), (d), (¢), and (f). Scale bars
are 200 nm. In the early stage of the annealing ((a) and (d)), defects are observed as bright oblongs
(o) and dots (B). In the later stage of the annealing ((b), (c), (¢) and (f)), defects are observed as bright
loops (y) and dots (5). a and 3 defects were distributed in the depth range 200 to 500 nm from the

sample surface.

Figure 2. () A HAADF-STEM image of o defect (oblong defect) viewed in the <1100> direction. A
triangular-shaped defect was observed at the top edge, while two defects were observed at the bottom
edge. The triangle was bounded by a (0001) base and {1123} sidewalls. (b) EDS results on the
triangular-shaped defect. Mg concentration clearly increases at the (0001) boundary and at the side
wall. (c) Fourier filtered images of defects in (a) using 1120 spots. Two additional (1120) lattice

planes are observed between the top and the bottom edges of the defect.

Figure 3. 3D Mg atom maps obtained by APT technique in samples (a—c) C1 and (d—e) C3. In sample
Cl, two types of Mg agglomeration were observed: Mg agglomeration along edges of oblongs
(denoted A) and nano-sized Mg agglomerations (denoted B). (b) (1100) cross section of the
agglomeration A. Triangular-shaped Mg agglomeration was seen at the top edge. Open triangles at the
bottom edge indicate Mg agglomeration along a pair of straight lines along <1100>. (¢) Closeup
images of the agglomeration B. left (right) panel shows Mg agglomeration viewed in the <1120>
(<0001>) direction. The atom map shows a flat doughnut-shaped agglomeration. (d) Agglomeration

along a loop edge was seen in sample C3 (denoted C). () Closeup image of the agglomeration C.

Figure 4. (a) Isochronal changes in CL spectra. Integrated intensities of DAP and GL during (b)
isochronal annealing and (c) isothermal annealing. Close and open circles show integrated DAP

intensity (left axis) and integrated GL intensity (right axis), respectively.

Figure 5. (a) isochronal and (b) isothermal changes in S parameters in PAS analysis. The S values
measured without and with the laser illumination are denoted Dark and Illuminated in the diagram,

respectively.
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