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ABSTRACT

The precise control of p-GaN is a crucial issue for developing GaN-based power devices. Mg as an acceptor is commonly used in p-type
doping; however, the Mg diffusion through threading dislocations (TDs) has not been well addressed. To clarify the Mg diffusion and activa-
tion along TDs, we have performed a systematic characterization of a Mg-implanted homoepitaxial GaN layer grown on a freestanding
substrate. Active-Mg related donor–acceptor pair (DAP) emission from certain TDs is identified by cathodoluminescence (CL). Dislocations
with and without DAP emission are investigated structurally and compositionally based on etch pits, transmission electron microscopy,
and atom-probe tomography. Direct evidence of Mg distribution around edge- and mixed-type TDs is obtained. There exists a significant dif-
ference in the Mg concentration and incorporation states between different types of TDs.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009596

As a direct wide-bandgap (3.47 eV) semiconductor, GaN has
been commonly used for optoelectronic device applications, such as
light-emitting and laser diodes.1 Owing to the merits of high electron
mobility, high breakdown electric field, and fast saturation electron
velocity, GaN has also attracted great attention as a promising candi-
date for power semiconductor devices.2–5 However, the development
of these applications is restricted by two challenging issues: the thread-
ing dislocation density (TDD) and the difficulty in precise control of
p-type conductivity. Threading dislocations (TDs) are considered as
pathways of current leakage,6,7 which suppress the critical breakdown
electric field and degrade the reliability of devices.8,9 In addition, the
deep-gap states of dislocations act as nonradiative recombination cen-
ters.10 Electrostatic and elastic strain fields of dislocations trap alloying
elements and impurities, resulting in scattering carriers and reduction
of mobility.11,12 Thus, the presence of TDs in the p-n junction may be
harmful and their impact should be clarified.

A p-n junction is an important component in GaN power
devices. The achievement in precise control of p-type conductivity is
considered as a crucial issue for applications. Mg has been proven to
be the most efficient p-type dopant, which is commonly used in

p-GaN fabrication by metal-organic vapor phase epitaxy (MOVPE)
growth or via an ion implantation method. The Mg ion implantation
is an important technique for realizing precise doping in both vertical
and lateral devices.13–15 At room temperature, most implanted
Mg ions are interstitially dissolved without electrical activation. As an
acceptor impurity in GaN, Mg must be doped in the substitutional
Ga site.16 Therefore, high temperature post-implantation annealing is
essential for promoting Mg substitution, thus increasing the electrical
activation.17–21 However, the thermal treatment also induces Mg
diffusion and segregation.22,23

In order to achieve reasonable p-type conductivity with free hole
concentrations up to 1018 cm�3, a large dosage of Mg implantation is
required. However, when the Mg concentration is around 1019 cm�3

or more, the p-type conductivity is unexpectedly suppressed. The for-
mation of vacancy clusters and various defects associated with the
Mg clusters was reported as the possible reasons for the conductivity
suppression.24–26 They act as a nonradiative center, resulting in the
decrease in the emission intensity of the donor–acceptor pair
(DAP) as characterized by photoluminescence of the Mg-implanted
(Mg-imp) layer.27,28 Recently, we carried out high resolution
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cathodoluminescence (CL) imaging on the slanted cross section of the
p-n junction prepared by the angle cutting method, in which DAP
emission from certain TDs beneath the Mg-imp layer was found.29

This suggests the existence of Mg diffusion along certain TDs and the
high rate of Mg activation. Meanwhile, using the atom probe study,
Usami et al. have confirmed the Mg diffusion through mixed-type
threading dislocations without causing the leakage in the n-GaN layer
beneath p-GaN grown by MOVPE.30

The controversy arises due to a lack of full understanding of the
interaction between TDs and Mg. There are a variety of TDs in the
GaN epilayer, and they are structurally classified into three categories:
edge-type with a Burgers vector of b¼ 1/3 h 11–20i, screw-type with b
¼ h0001i, and mixed-type b¼ 1/3 h 11–23i with both hai and hci
components.31 Depending on the character of dislocations, their
impact on Mg diffusion and activation may be different. Hence, it is
necessary to clarify the Mg diffusion via different TDs and to distin-
guish which kind of TD tends to be electrically active with activated
Mg. In this work, we have carried out a comprehensive study on the
interaction between TDs and Mg in the Mg-imp homoepitaxial GaN
layer. It includes optical characterization by CL focusing on the distri-
bution of activated Mg, structural analysis of dislocation character
based on the etch pit and transmission electron microscope (TEM),
and atomic distribution of Mg at different dislocations by atom probe
tomography (APT).

Figure 1 shows the experimental procedure in this study. As shown
in Fig. 1(a), the substrate is c-plane free standing GaN (sub-GaN) grown
by the hydride vapor-phase epitaxy (HVPE) method, with an n-type
(Si doped) carrier concentration of around 1.75� 1018 cm�3 and a
threading dislocation density of around 106 cm�2. A 10lm thick homo-
epitaxial n-GaN layer (epi-GaN) was grown by MOVPE with a carrier
concentration around 1.5� 1016 cm�3 by Si doping. Mg ions are
implanted into the epi-GaN layer surface at room temperature by

multiple energies to form a 500nm thick box profile, with a Mg concen-
tration of 1� 1019 cm�3.28 Then, post annealing was performed at
1300 �C for 5min with an AlN protection layer, which is chemically
removed after the thermal treatment.

To enhance the spatially resolved CL characterization in the
depth direction, slanted cross section polish with a small angle around
4� to the c-plane surface was performed. As shown in Fig. 1(b), CL
characterization is performed along the yellow dotted line in the lateral
direction. When the depth increases about 1lm, the distance reflected
in the CL image along the red line is about 14.3lm. In this way, the
depth resolution is improved. The details have been described in our
previous work.29 The angle cutting was performed using a cross
section polisher (JEOL SM-09010), which used an Ar ion beam at low
beam energy of 4 kV with a shield plate. Using a low energy ion beam,
a cross-sectional specimen with less surface damage and degradation
in the luminescence property was prepared. CL observations were per-
formed with an e-beam of 3 kV and a specimen temperature of 80K,
using a HORIBAMP32 CL system attached to a Hitachi SU6600 field-
emission scanning electron microscope (FE-SEM).

After CL characterization, the specimen was chemically
etched by molten KOH at 520 �C for 10min. The etch-pits were
used as makers to confirm locations of dislocations as shown in
Fig. 1(c). A dislocation below an etch pit is picked up by the lift-
out technique using a focus ion beam (FIB). A dual-beam FIB (FEI
HeliosG4UX)-based lift-out and annular milling procedure were
used to prepare a vertical cross-sectional specimen sheet and
needle-shaped specimen for TEM and APT, respectively. In order
to avoid gallium implantation and ion-beam damage, a thin pro-
tective nickel layer was sputtered on the top of the specimens. The
Burgers vector b of the TD was identified based on the g � b analy-
sis in TEM two-beam conditions using a FEI Tecnai G2 20 micro-
scope with a double-tilt holder at 200 kV. The three-dimensional
(3D) atomic distribution of Mg around a dislocation is obtained by
a local electrode atom probe (CAMECA LEAP5000XS) using a
laser energy of 10 fJ, a detection rate of 1.0%, a temperature of
30 K, and a pulse rate of 250 kHz.

Figure 2 shows the CL and secondary electron (SE) images from
the top view. Monochromatic CL images taken at donor–acceptor pair
(DAP) emission of 3.28 eV and near band edge (NBE) emission of
3.47 eV are shown in Figs. 2(a) and 2(b), respectively. The depth scale
is shown by the left axis. In the Mg-imp layer, both DAP and NBE
emissions are weak because nonradiative centers such as vacancy-type
defects and Mg-clusters are formed by the Mg implantation of
1019 cm�3 and subsequent annealing at 1300 �C.23,25 Under the
Mg-imp layer, a bright zone exists in the DAP image due to less
implantation damage and few nonradiative defects.29 The high inten-
sity of DAP emission suggests that the ratio of Mg activated as
acceptors to nonradiative defects is high in this Mg-activation layer
(Mg-act), where the depth is around 700nm. Beneath this layer, the
n-type GaN epi-layer is observed as a dark area with bright spots in
the DAP image [Fig. 2(a)] and as a bright area with dark spots in the
NBE image [Fig. 2(b)]. These dark spots in the NBE image are attrib-
uted to TDs, which are considered as a non-irradiative recombination
center. However, certain TDs are observed with bright contrast in the
DAP image, especially in the region near the Mg-act layer. The num-
ber of bright TDs decreases as the depth increases until all TDs are
dark where the depth is over 8lm.

FIG. 1. Characterization sequence: (a) Schematic structure of Mg implanted epi-
GaN, (b) CL characterization performed on the slanted cross section, (c) etch pit
formation using molten KOH, (d) FIB vertical cross-sectional specimen for TEM
observation, and (e) needle specimen with the TD for APT analysis.
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Figure 2(c) shows the SE image of the slanted cross section after
chemical etching observed from the same region in the DAP and NBE
images. The number and location of etch-pits in the epi-layer are con-
sistent with the TDs observed as dark spots in the NBE image. The
etch pits are classified into two types, namely, small and large pit
according to the size. With the consideration of optical behaviors, the
etch pits could be further classified into four categories: small pit with
a DAP (solid red circle); small pit without a DAP (dashed red circle);
large pit with a DAP (solid blue circle); and large pit without a DAP
(dashed blue circle). In Fig. 2(a), the TDs with DAP emission are
marked by solid red or blue circles. Except for a few large pits near the
Mg-imp layer, almost all the etch pits of TDs with DAP emission are
the small pits. The DAP emission at TDs is attributed to Mg diffusion
along dislocations. When the depth increases to the deeper region
(>3lm), some of the small pits are not visible in the DAP image. The
reasons are probably due to Mg diffusion decay along the depth direc-
tion, termination by steps on threading dislocation or basal plane
dislocations.

Figures 3(a) and 3(b) show magnified SE images of small and
large pits. The diameters of the small and large pits are around 0.7 and
1.1lm, respectively. The distorted hexagon of the etch-pits is attrib-
uted to the slanted cross-sectional off-angle to the surface. Figure 3(c)
shows a histogram of the etch pit size. There are mainly two groups,
i.e., small pits with an average diameter of 0.75lm and large pits with
an average diameter of 1.05lm. The ratio between small and large pits
is around 3:2. The total density of etch pits is about 2.6� 106 cm�2,
corresponding to the density of TDs. The type of TD can be character-
ized by wet chemical etching. Generally, the etch pits of edge-type dis-
locations are smaller compared to those for screw and mixed-types.
To further confirm the dislocation character, we have picked up typi-
cal etch pits by FIB and performed TEM analysis. Figure 3(d) shows
an enlarged SE image of the region marked by the dashed red rectangle
in Fig. 2(c). Two small pits with obvious DAP emission and one large
pit without DAP emission are chosen as denoted in Fig. 3(d).

The TD types below these etch pits are identified on the basis of
the invisibility criterion for g � b¼ 0, where g is the reciprocal lattice

vector and b is the Burgers vector of the TD, by cross-sectional TEM
observation. Figure 4 shows the bright field TEM images of the three
TDs, two small pits on both sides and one large pit in the middle,
under g¼ 11–20 and 0002 diffraction conditions. For small pits, the
dislocation lines are visible in the image taken with g¼ 11–20, but
invisible when g¼ 0002, indicating that the small pits are formed on
the edge-type TDs (e-TDs). On the other hand, the dislocation line
under the large pit is visible in the images with either 11–20 or 0002
diffraction conditions. Therefore, the large pit is formed on a mixed-
type TD (m-TD).

Based on the CL, etch pit, and above TEM results, we can con-
clude that the edge-type TD tends to be radiative with strong DAP
emission, while the mixed-type TD is not obvious. This indicates that
the diffusion and activation of Mg may be different depending on the

FIG. 2. Monochromatic CL images taken at (a) DAP emission energy and (b) NBE
emission energy. (c) SE image of etch-pits in the corresponding region.

FIG. 3. Magnified SE images of small pit (a) and large pit (b). (c) Histogram of etch
pit size. (d) Typical pits selected for FIB and TEM observation.

FIG. 4. Bright field TEM images of dislocations below small and large pits taken
with the diffraction g of 11-20 and 0002. The small pits are formed on e-TDs, and
the large pit is on the m-TD. Segments m and e indicate the m-TDs and e-TDs,
respectively.
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TD type. To obtain direct evidence for Mg diffusion along TDs and
demonstrate the atomic distribution of Mg around TDs, APT analyses
have been carried out. Two needle specimens containing different
types of TDs were fabricated by FIB. Figure 5(a) shows the volume-
rendered 3D-map of Mg distribution obtained by APT. The needle
specimen contains a mixed-type TD under the nonradiative large pit,
which is in the middle of Fig. 4. The relative concentration of Mg is
shown by the color scale. It clearly demonstrates that Mg strongly seg-
regated along the mixed-type TD. It is noted that only the top segment
of the needle specimen contains dislocation due to the angle between
the mixed-type TD and the central axis of the needle.

Figure 5(b) shows a Mg-concentration profile crossing the
mixed-type TD calculated from the cylindrical volume in Fig. 5(a).
The location of the investigation region is around 2lm deep. The cyl-
inder is 15 nm in diameter and 50nm in length. The top project view
of Mg distribution around the mixed-type TD is shown in the inset of
Fig. 5(b). The rectangle in dotted lines shown in the inset of Fig. 5(b)
corresponding to the cylindrical sketch shown in Fig. 5(a) indicates
the location of the region, in which the Mg concentration profile is
investigated. The background Mg-concentration is around 0.015 at. %
and the peak concentration is about 1.3 at. %, where the core of the
mixed-type TD is located. This indicates that Mg is segregated at the
mixed-type TD, in agreement with recent work in p-GaN grown by
MOVPE.30

For comparison, the needle specimen containing an edge-type
TD with DAP emission is also investigated. Figure 5(c) shows the
volume-rendered 3D image of Mg distribution in the needle specimen,
in which no obvious enrichment of Mg can be found. From the top
project view, as shown in the inset of Fig. 5(d), slight enrichment of

Mg can be observed around the edge-type TD. Figure 5(d) shows the
Mg-concentration profile crossing the edge-type TD. The Mg concen-
trations are around 0.08 at. % at the peak position and 0.015 at. % at
the background, indicating that the Mg concentration along the radia-
tive edge-type TD is much lower compared to that of the nonradiative
mixed-type TD.

Now, it is clarified that the diffusion of Mg is enhanced through
not only mixed-type but also the edge-type TD since a relatively high
Mg-concentration is detected around TDs in the n-type GaN epi-layer.
A dislocation pipe diffusion model has been proposed in a previous
study.29 For the epi-layer about 2–3lm deep beneath the surface, the
Mg concentration in the matrix is less than 1 � 1016 cm�3, which is
much lower than the atom probe detection limit (�1 � 1018 cm�3).
However, Mg is still detected with an enhanced concentration from
TDs and its surrounding area in such a deep region. Hence, there exists
dislocation pipe diffusion.

The concentration of Mg in the dislocation core is largely differ-
ent depending on the type. This is probably due to the variation in the
Mg diffusion and segregation related to the dislocation structure.
Considering the Burgers vector of TDs, the edge-type has only the
a-component with lattice distortion mainly within the basal plane
(c-plane), while the mixed-type has an additional c-component with
lattice distortion along the c-axis. The high concentration of Mg
detected by the atom probe around the mixed-type TD indicates that
the mixed-type TD could act as a strong gettering site of Mg. When
the Mg concentration exceeds its solubility limit, strong segregation of
Mg at dislocations is expected to occur. Unlike the edge-type TD, the
mixed-type TD is nonradiative because of the high concentration of
Mg segregated at the mixed-type TD, and dopant activation becomes
ineffective.

Another consideration is the lateral diffusion of Mg from the dis-
location core to its surrounding area. In the NBE image in Fig. 2(b), all
TDs are observed as small dark spots. In the DAP image in Fig. 2(a),
however, the bright contrast of edge-type TDs is not uniform, and
some brighter one spreads over a wide region from the dislocation
core. The size of the bright/dark spot is affected by the e-beam energy
(electron range), carrier diffusion length, and distribution of recombi-
nation centers. In this study, the electron range is about 100nm at
3 kV and the carrier diffusion length is around 60�70nm of the
epilayer. High spatial resolution spectra line scan across one bright
edge-type TD has been performed. The full width at half maximum
(FWHM) of bright contrast in DAP and dark contrast in NBE is about
450 and 200nm, respectively. These suggest that nonradiative centers
are limited to the dislocation core, while Mg-related DAP emission
has spread from the dislocation core to its surrounding area.
Corresponding to atom probe analysis, the Mg distribution seems to
be insignificantly different between the core and surrounding area of
the edge-type TD. It is considered that for the mixed-type TD, the lat-
tice is distorted due to the additional screw component, and the lateral
open space that is the diffusion path for Mg becomes modified,
whereas for the edge-type TD, there is no distortion along the c-axis
andMg diffusion is easy through lateral open space.

Therefore, for the mixed-type TD, due to the strong segregation
and limited lateral diffusion, most Mg is in the segregated form; the
ratio of activated Mg is low and DAP emission is not visible due to the
presence of numerous nonradiative centers. It is noted that some
mixed-type TDs also showed DAP emission as denoted by solid blue

FIG. 5. APT analysis of Mg distribution around different TDs. (a) Volume-rendered
3D image of Mg distribution and (b) Mg concentration profile around the m-TD; (c)
volume-rendered 3D image of Mg distribution and (d) Mg concentration profile
around the e-TD. The cylindrical sketches in (a) and (c) show the Mg concentration
profile investigating regions. The inset images in (b) and (d) show the XY plane
projection view of Mg distribution.
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circles in Fig. 2(a). However, they show much weak DAP emission
compared to the edge type. It is considered that these mixed-type TDs
in the top region are close to the Mg activation layer with a high con-
centration of activated Mg, and although the majority of Mg segre-
gated at the mixed-type TD, there is still a small amount of activated
Mg, while in the deeper region, mixed-type TDs are seldom found
with DAP emission. On the other hand, the edge-type TD with DAP
occurs even when the depth approaches 7lm. The pipe diffusion of
Mg along the TD can be deep into the n-type epi-layer about several
micrometers, and when TDs are surrounded with a high concentra-
tion of activated Mg, dislocations with p-type conductivity may act as
current shunts and result in device failure. Hence, the edge-type TDs
with activated Mg would be potential threats to the performance of
devices. The approaching depth of Mg diffusion and segregation along
the mixed-type TD is unable to be discussed by our CL characteriza-
tion since without DAP emission. That should be studied in further
work, to clarify the effect on device performance.

In summary, the Mg diffusion and incorporation state around
threading dislocations in the Mg-implanted homoepitaxial GaN layer
have been clarified based on CL, etch pit, TEM, and APT characteriza-
tion. Strong DAP emission from edge-type TDs is detected, while
mixed-type TDs are nonradiative. Mg diffusion through both types of
TDs has been confirmed by APT analysis. But the concentration and
incorporation state are different. The high concentration of Mg is
detected from the mixed-type TD and to formMg segregation. On the
other hand, the Mg concentration is slightly enhanced at the edge-type
TD, and Mg diffuses and incorporates on the substitutional Ga site
nearby. For the GaN power device, the diffusion of Mg along TDs
should be avoided. Specifically, the negative impact of edge-type TDs
with Mg diffusion and activation should not be underestimated.
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