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Atomic structure of pyramidal defects in Mg-doped GaN
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A detailed transmission electron microscopy study of pyramidal defects appearing in highly Mg-doped GaN
is reported. It is shown that these defects are closed pyramidal inversion domains. From a high-resolution
microscopy study, we propose atomic models for inversion domain boundaries which consist of Mg3N2

building blocks for both the basal and inclined facets of the pyramids. In Mg-doped GaN grown by metalor-
ganics vapor phase epitaxy, these pyramidal inversion domains are a few nanometers wide, and their density is
high enough to play a role in the free hole density decrease at high Mg doping.
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I. INTRODUCTION

Gallium nitride is naturallyn type and its doping with
substitutional donors is easy and controllable up to a
1019 cm23. However, the development of efficient GaN
based optoelectronic devices has long been hampered b
difficulty to dope it top type. Akasakiet al.1 first showed
that magnesium is an efficientp-type dopant in GaN grown
by metalorganics vapor phase epitaxy~MOVPE!, provided
that a post-growth treatment is used to electrically activate
This was performed using low-energy electron bombardm
in an electron microscope. Later, Nakamuraet al.2 showed
that this could be more simply obtained by thermal annea
in a nitrogen atmosphere, and that the activation of mag
sium results from the dissociation of some Mg-H complex
On another hand, when Mg-doped GaN is grown by mole
lar beam epitaxy ~MBE!, this annealing step is no
necessary.3 Mg is today the only reliablep-type dopant in
GaN, but its large Hall depth, around 160 meV,4,5 necessi-
tates large atomic concentrations@Mg#, in the 1019 cm23

range, leading to free hole densities~p! at room temperature
saturating around 1 to 231018 cm23. A further increase of
the Mg concentration, up to typically 131020 cm23 leads to
a strong decrease of the free hole concentration.6–8 This is
commonly interpreted as autocompensation due to an
creased formation of N vacancies (VN) and/or MgVN or
Mg2VN complexes,6,7 following the decrease of the crystal
Fermi level with increasing Mg concentration.

Using transmission electron microscopy~TEM!, we have
recently observed8,9 in Mg-doped GaN grown by MOVPE
samples the formation of nanometer scale pyramidal inv
sion domains~PID’s! for @Mg# higher than a few 1019 cm23.
These pyramids have a hexagonal base which lies in
~0001! plane and with six$12̄13% inclined facets. Actually,
structural defects of similar shape, with a large size~up to
100 nm! were first observed in Mg-doped, high pressu
grown, bulk GaN single crystals.10,11It is necessary to briefly
recall literature results on structural defects appearing
highly Mg-doped GaN. Pyramidal defects observed in b
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and MOVPE-grown crystals have been ascribed to holl
cavities in Ref. 11. In the case of our MOVPE-grow
samples, electron energy loss studies have shown no th
ness variations between regions with and without defe
ruling out the possibility that PID’s are empty, while th
contrast reversal observed in dark field images indicates
they correspond to inversion domains.9 Other authors repor
the presence of several kinds of structural defects in b
Mg-doped GaN: spontaneously formed inversion doma
superlattices11 and dome-shaped defects filled with amo
phous material or precipitates.10 In MOVPE GaN with@Mg#
higher than 1020 cm23, defects with complicated shapes co
responding to the coalescence of various PID’s, or also
lumnar inversion domains have been reported too.12 Another
frequent observation in the literature is the formation of e
tended basal inversion domain boundaries.7,11–14 These
boundaries are atomically flat when formed on an N fa
and facetted when formed from a Ga face,14 in agreement
with the orientation of PID’s, which can be seen as clos
inversion domain boundaries~inversely, a basal inversion do
main can be seen as coalesced PID’s!. In summary, for Mg
doping of GaN above a few 1019 cm23, the structural defects
which form are mainly inversion domains. This can simp
be a change of the polarity of the growing crystals or t
appearance of closed pyramids with inverted polarity relat
to the matrix. This last case corresponds to most of
highly Mg-doped MOVPE-grown samples that we ha
studied and is in agreement with the literature.15,16

From our TEM observations,8 the size of the pyramida
defects agrees with previous reports11 for bulk, high
pressure-grown GaN.17 In standard Mg-doped GaN grow
by MOVPE on ~0001! sapphire,18 the defects are much
smaller~2–6 nm!. However, when Mg is introduced durin
MOVPE growth on inclined facets to planarize surfaces
our epitaxial lateral overgrowth~ELO! procedure,19 various
intermediate sizes may be observed.

In this work, a detailed TEM study of the pyramidal d
fects appearing in Mg-doped GaN is performed, allowing
to propose a structural model at the atomic level. Previou
©2003 The American Physical Society14-1
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proposed atomic models for inversion domains bounda
are also considered.13,20

In a second part, we shall see if the existence of s
nanometer wide pyramidal inversion domains can be co
lated to the abovementioned autocompensation problem
deed, whatever the investigating group, PID’s appear
@Mg# in the mid 1019 cm23 which corresponds to the ons
of the free hole concentration saturation.8,15–16

II. EXPERIMENTAL DETAILS

Mg-doped GaN samples grown using various meth
were investigated using TEM, Hall effect, and secondary
mass spectroscopy~SIMS!. The details about the differen
growth techniques may be found elsewhere@bulk,17

MOVPE,18 MBE ~Ref. 3!#. TEM analyses, mostly cross
sectional, were performed using a 200 keV field emiss
gun~FEG! JEOL 2010 electron microscope equipped with
energy dispersive x-ray spectroscopy~EDX! Oxford ISIS at-
tachment. The image simulations have been performed u
the JEMSsoftware package.21 The following parameters hav
been used for simulations: a spherical aberration coeffic
~Cs! of 0.5 mm, a beam half convergence of 0.68 mrad, a
a defocus spread of 4.5 nm. The TEM objects were prepa
by mechanical polishing and argon ion thinning.9 Hall effect
experiments were performed in the Van der Pauw geome
using In or Au/Ni contacts. A Hall factor of unity is assume
~note that as frequently reported for Mg-doped GaN, data
low Mg concentrations, typicallyp lower than 1017 cm23 at
300 K, are very noisy due to very low Hall mobility!. Care
was taken to perform every analysis, including SIMS, fro
the same piece of each studied wafer.

III. STRUCTURAL STUDIES

In MOVPE-grown samples, the size of the PID’s is,
most cases, thinner than the TEM objects. This means
these defects are most of the time buried within the bu
which may introduce some artifacts due to the interferen
during high-resolution TEM~HRTEM! imaging. Therefore,
we have used a bulk sample with large pyramidal defect
conduct the study of their atomic structure. But it is fir
necessary to verify that pyramidal defects in bulk a
MOVPE-grown Mg-doped GaN are of the same nature. S
a large pyramidal defect in a bulk sample is shown in F
1~a!. Thickness fringes, which are running parallel to t
object edge are not affected by the defect. Therefore,
defect is not an empty volume. Moreover, the absence
extra fringes in most of the defect area~extra fringes are only
seen close to the defect’s apex! indicates that the defec
crosses the entire TEM object. Convergent beam elec
diffraction ~CBED! patterns from areas of the same thickne
inside and outside the defect@Figs. 1~b! and 1~c!# clearly
demonstrate a reversal of polarity between the defect and
matrix. A comparison with a simulated CBED pattern for
object thickness of 20 nm@Fig. 1~d!# leads to the schemati
representation of polarity distribution shown in Fig. 1~e!. In
23521
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Figs. 1~d! and 1~e!, the arrows indicate the positive@0001#
direction, i.e., point to the Ga face. Pyramidal defects
therefore inversion domains in both bulk and MOVP
grown Mg-doped GaN.

The different configurations of inversion domain boun
aries~IDB’s! have been referred as ‘‘head to head’’ when t
positive @0001# directions are pointing to the IDB and ‘‘tai
to tail’’ when the negative@0001̄# directions are pointing to
the IDB.22 In PID’s, which are closed inversion domains, th
‘‘tail to tail’’ IDB’s are in the basal plane whereas ‘‘head t
head’’ IDB’s are in inclined$12̄13% planes. The same con
figuration of IDB’s is observed when a total reversal of p
larity is induced by Mg doping in MBE and MOVPE-grow
GaN films.12–14

To study the distribution of Mg in the PID’s, EDX analy
sis using a 0.5 nm diameter probe have been performed
four different areas shown in Fig. 1~a!: outside the defect in
the matrix~point 1!, in the center of the PID~point 2!, in the
basal inversion domain boundary~IDB! ~point 3!, and in the
inclined IDB ~point 4!. Mg concentrations are below the de
tection limit in both the matrix and the center of the PI
whereas Mg enrichment is clearly detected in the basal
also in the inclined IDB’s@Fig. 1~f!#. The lower @Mg# de-
tected in the inclined IDB’s may be explained by the pyr
midal shape of the PID’s with the length of the inclined fac
along the beam direction rapidly decreasing from the ba
IDB to the apex of the pyramid. High resolution TEM ha
then been conducted to determine the atomic structure

FIG. 1. ~a! Bright field image of a large pyramidal defect i
Mg-doped bulk GaN. The numbers show the different areas wh
EDX analyses have been performed.~b! Experimental CBED pat-
tern from inside the pyramidal defect.~c! Experimental CBED pat-
tern from the matrix.~d! Simulated CBED pattern for an objec
thickness of 20 nm.~e! Polarity distribution in the PID. The arrows
in Figs. 1~d! and 1~e! show the@0001# positive direction.~f! EDX
spectra from the points shown in~a!.
4-2
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ATOMIC STRUCTURE OF PYRAMIDAL DEFECTS IN . . . PHYSICAL REVIEW B68, 235214 ~2003!
these Mg-rich IDB’s. We first focus on the basal IDB’s.
Wurtzitze GaN structure can be described as a hexag

stacking of N compact planes with Ga atoms filling one h
of the tetrahedral sites of the N sublattice. In Fig. 2, the

FIG. 2. ~a! GaN structure projected along@112̄0#. ~b! N tetra-

hedra representation of the GaN structure projected along@112̄0#.

~c! GaN structure projected along@101̄0#.

FIG. 3. ~a! Mg3N2 in a perfect antibixbyite structure projecte
along @110#. The cell that is used for building the model for bas
IDB’s is framed. ~b! N tetrahedra in perfect Mg3N2 antibixbyite
structure projected along@110#. ~c! Mg3N2 in a perfect antibixbyite
structure projected along@112#. The cells that are used for buildin
the models for inclined IDB’s are framed.~d! Actual Mg3N2 struc-
ture projected along@110#.
23521
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atoms fill the tetrahedra pointing downward. In this repres
tation, the positive@0001# direction also points downward
Mg being a substitutional atom of Ga, Mg enrichment m
induce the formation of a N-Mg compound. Mg3N2 , which
is the only reported N-Mg compound, has an antibixby
structure23,24 ~Fig. 3! which can be described as a face ce
tered cubic stacking of N compact planes with Mg fillin
both up- and down-pointing tetrahedra of the N sublatti
with a filling factor of 3/4. Figures 3~a! and 3~c! are repre-
sentations of a perfect antibixbyite structure. The act
structure of Mg3N2 is shown in Fig. 3~d! including distor-
tions of N tetrahedra depending whether they are filled or
with Mg.23,24

We proposed a structural model~Fig. 4! which takes into
account our experimental observations~Fig. 5!. The right
image in Fig. 5 is a HRTEM image along the@112̄0# zone
axis of a basal IDB for an object thickness of 13 nm and
defocus of 64 nm. In this image the PID is at the bottom a
the matrix at the top. Image simulations for this zone a
show that for a thickness range from 8 to 20 nm and a de
cus range from 60 to 70 nm, the white points in the imag
correspond to the position of N atomic columns. This ima
therefore reveals that the N sublattice is continuous ac
the basal IDB with just an increase of~0002! interplanar
distances at the IDB location. The model for the basal ID
which is proposed in Fig. 4 corresponds to the introduct
of a monolayer of Mg3N2 @framed in Fig. 3~a!# in between
two GaN crystals of reversed polarity. In the bottom Ga
crystal, the N tetrahedra pointing downward are filled w
Ga whereas in the upper crystal that are the tetrahedra p
ing upward which are filled with Ga atoms. The transitio
between these two crystals is a Mg3N2 monolayer where
both kind of tetrahedra are filled with Mg atoms~filling fac-
tor 3/4!. It has to be noted that such a model correspon

FIG. 4. Model for the basal IDB projected along the@112̄0#
direction of GaN.~a! Atomic representation,~b! N tetrahedra rep-
resentation. Tetrahedra filled with Ga are in black and tetrahe
filled with Mg are in gray.
4-3
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P. VENNÉGUÈS et al. PHYSICAL REVIEW B 68, 235214 ~2003!
along @0001#GaN, to the replacement of one Ga hexagon
compact plane by two Mg planes with a filling factor of 3/
which keep the neutrality of the crystal. Image simulatio
for this structural model have been performed for a sam
thickness of 13 nm and defoci of 32 and 64 nm~left parts of
each image! and compared to experimental images. A ve
good fit between simulated and experimental images is
served taking into account the simplicity of the model th
we proposed. In fact, the Mg3N2 monolayer introduced in
the IDB for the simulation is of a perfect antibixbyite stru
ture with all the tetrahedra~with or without Mg! having the
same size, which is not the case in the actual Mg3N2 struc-
ture. In the model, the Mg atoms are kept at the center of
N tetrahedra. The strain due to the introduction of t
Mg3N2 monolayer has also been limited to the IDB where
it certainly extends to the surrounding GaN layers.

In building the atomic model, we have used for simu
tions the following interatomic distances: the in-plane N
teratomic distances are those of GaN whereas the dista
between N basal planes~d! are those of Mg3N2 . The anti-
bixbyite unit cell corresponds to four face centered cu
basic unit cells. Therefore, using the recently determined
tice parameter of Mg3N2 (aMg3N2

50.9528 nm)~Ref. 24!

d5
aMg3N2

2)
50.2873 nm.

FIG. 5. HRTEM images along@112̄0# zone axis of a basal IDB
for an object thickness of 13 nm and defoci of 32 and 64 nm. T
left part of each images are simulated images for the model
posed in Fig. 4. The graph shows the distances between basal p
measured in the experimental image~black curve! and in the simu-
lated image with a basal plane distance in the IDB of 0.287
~light gray!.
23521
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A comparison between the basal planes distances meas
in the simulated and experimental images is also shown
Fig. 5. The values obtained ford50.2873 nm~light gray
curve! correctly fit the experimental values~dark curve!
within the error limit. In fact, the fit is correct ford
50.28– 0.29 nm. With smaller in-plane and similar out-o
plane atomic distances, the volume of the Mg3N2 cell vol-
ume is then reduced as compared to bulk material.

Based on total energy calculations, Northrup19 proposed
another model for the basal IDB. As with ours, this mod
takes into account an Mg enrichment of the basal IDB a
the continuity of the N sublattice across the IDB. But, wh
the IDB is formed by a double layer of Mg corresponding
a Mg3N2 stacking in our model, in Northrup’s model th
IDB is formed of a single Mg layer in cubic position. From
his calculations, this configuration should be the most sta
one. We have performed images simulations for this mo
too. Figure 6 shows a comparison between simulated ima
~left parts of each image! and the same experimental imag
as in Fig. 5. Qualitatively, our model gives a better fit to t
experimental images. This is clearest in the image at a d
cus of 32 nm. The white points, which are seen at the I
location in the experimental image, are not reproduced in
simulation. Nevertheless, these considerations are qualita
and it is difficult to definitively conclude from our data, sinc
the Mg atoms are not directly seen in the images due to
insufficient spatial resolution of our TEM. Some other stru
tural models have also been tested but with a poor fit
tween simulated and experimental images.8

Inclined IDB’s are parallel to$12̄13% planes so they are
viewed edge-on for HRTEM images in̂11̄00& zone axis.

e
o-
nes

FIG. 6. Atomic model for the basal IDB as proposed

Northrup ~Ref. 20!. HRTEM images along@112̄0# zone axis of a
basal IDB for an object thickness of 13 nm and defoci of 32 and
nm. Left part of each images are simulated images for this mo
4-4
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ATOMIC STRUCTURE OF PYRAMIDAL DEFECTS IN . . . PHYSICAL REVIEW B68, 235214 ~2003!
The interreticular distances for$112̄0% planes~0.159 nm! are
smaller than the resolution of our TEM at Scherzer defo
and lattice resolution is only obtained thanks to the h
coherency of the FEG electron beam, which results to
information limit of 0.14 nm. Nevertheless, simulation
show that it is difficult to directly interpret the images alon

^11̄00& zone axis in terms of atomic positions. Therefore,
a first step, inclined IDB’s have been observed along^112̄0&
zone axis. Figure 7~a! is a @112̄0# HRTEM image of such an
inclined IDB for an object thickness around 10 nm and

FIG. 7. ~a! HRTEM image (@112̄0# zone axis! of an inclined

IDB; Fourier filtered images of~a! using (11̄00) ~b! and~0002! ~c!
spots.
23521
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defocus of 64 nm; N atomic columns are seen in white. F
ures 7~b! and 7~c!, which are Fourier filtered images of Fig
7~a! using ~0002! and (11̄00) spots respectively, show tha
there is no translation of basal and vertical N planes betw
the PID’s and the matrix. The only strains are detected at
inclined IDB location. Observation along@11̄00# zone axis
~Fig. 8! demonstrates that inclined IDB’s, which have a
average orientation (121̄3), are in fact formed by successiv
(12̄12) and (12̄16) segments. It should be noted that
obtain an average (121̄3) direction for the inclined IDB, the
sum of the length of the (121̄2) segments projected on thec

axis should be 3 times that of the (121̄6) segments. Assum
ing that, as in the basal IDB’s, the transition between the t
GaN crystals with reversed polarities is formed by the ins
tion of Mg3N2 , and taking into account the continuity of th
N sublattice, we propose the model shown in Fig. 9 for
(12̄12) IBD. The Mg3N2 brick, which is introduced in the
IDB is framed in Fig. 3~c!. In this model, two N tetrahedra
filled with Mg ~filling factor 3/4! replace two N tetrahedra
with only one filled with Ga therefore the crystal neutrality
maintained. The comparison of the simulated and experim
tal images for the model we proposed for an object thickn
of 5 nm and defoci of 36, 56, and 66 nm are shown in Fig
The fit between simulations and experience is qualitativ
correct. The differences between the simulated and exp
mental images for this model may also be explained by
simplicity. In fact, we just have introduced Mg3N2 by filling
pointing upward and downward tetrahedra with Mg~filling
factor53/4) in the (12̄12) IDB keeping GaN interatomic
distances. Nevertheless, this model may be considered a
sically correct. Another model has already been propose13

for (12̄12) IBD. In this model, it is the Ga sublattice rath
than the N sublattice which is continuous across the ID
Image simulations have also been performed to test it. Th
between simulated and experimental images~not shown! is
definitively worst.

FIG. 8. HRTEM image (@101̄0# zone axis! of an inclined IDB.

(12̄12) and (12̄16) segments are indicated.
4-5
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FIG. 9. Proposed model for the (121̄2) in-

clined IDB, projected along the@101̄0# direction
of GaN. Experimental and simulated HRTEM

images (@101̄0# zone axis! for an object thick-
ness of 5 nm and defoci of 36, 56, and 66 nm
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It is then possible to build a model for the (121̄6) IDB
which is also formed by the insertion of Mg3N2 in the IDB
and which keeps the continuity of the N sublattice~Fig. 10!.
The Mg3N2 brick, which is introduced in the IDB is also
framed in Fig. 3~c!. The crystal neutrality is also maintaine
With the same limitations as for the (121̄2) IDB, the fit
between the experimental and simulated images for an ob
thickness of 5 nm and different defoci~36, 56, and 66 nm! is
correct~Fig. 10!.

The main result about the structure of the PID’s obtain
from the above determination of the IDB’s structures is t
the N sublattice is not affected by the defect. We propos
model for IDB’s where there is only a change of the kind
tetrahedra which are filled with Ga in and outside the defe
The transition between the two regions is formed by the lo
insertion of Mg3N2 in which both kinds of tetrahedra ar
filled with Mg. The only strains in this structure are localize
at the IBD’s. With such a structure, there is no need
dislocation at the intersection of basal and inclined IDB’s

IV. INFLUENCE OF PYRAMIDAL INVERSION DOMAINS
ON FREE HOLE CONCENTRATIONS

PID’s appear in highly Mg-doped MOVPE-grown GaN
a doping range where autocompensation of Mg accep
begins. In the first part of this paper, a structural model w
proposed for these defects: the PID’s are pyramidal invers
domain of varying size, but that are typically very small~2.5
to 6 nm wide! in MOVPE-grownp-type GaN. The inversion
domain boundary consists of a molecular plane of Mg3N2 in
23521
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the basal plane, whereas the inclined facets of the PID’s
also composed of Mg3N2 bricks. Using this structural mode
we shall now try to evaluate the influence of these defects
the free hole concentrations.

Figure 11~a! shows the room temperature hole concent
tion p, measured by Hall effect, of a series of Mg-doped G
samples grown by MOVPE, as a function of the global ma
nesium content@Mg# measured by SIMS. An MBE-grown
sample is also shown. Up to@Mg#;1019 cm23, p increases
with @Mg#, as expected, then it saturates top'1 – 2
31018 cm23. At higher Mg content@Mg#.631019 cm23, a
strong drop in free hole concentration is observed. This ty
cal behavior has already been reported for MOVPE-gro
Mg-doped GaN, withp and @Mg# values only slightly vary-
ing among laboratories.6,7

The solid line in Fig. 11~a! is the calculated room
temperature free hole density assuming negligi
compensation.25 The parameters used areEA5160 meV and
mh50.8m0 for each valence band~since the three valenc
bands of GaN are very near in energy, we take this i
account using suitable Boltzmann factors6!. The spin degen-
eracy of the acceptorb is set to 2, since we have not ob
served any acceptor excited states energetically closed to
ground state in our temperature dependant luminesce
studies of acceptors in GaN.26Actually, this set of parameter
allows us to satisfactorily account for the Hall effect
weakly compensated Mg-doped GaN in the 150–450 K te
perature range, leading to acceptor concentrations in g
agreement with their SIMS determination~not shown!. As
Fig. 11~a! shows, such a calculation is in good agreem
with the free hole density in the low Mg doping range, b
s

FIG. 10. Model for (12̄16) inclined IDB, pro-

jected along the@101̄0# direction of GaN. Ex-
perimental and simulated HRTEM image

(@101̄0# zone axis! for an object thickness of 5
nm and defoci of 36, 56, and 66 nm.
4-6
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FIG. 11. ~a! Mg concentration dependence of the room temperature hole concentration in Mg-doped GaN. Squares are MOVP
samples; the circle corresponds to an MBE-grown sample.~b! Pyramidal inversion domain concentration as a function of Mg concentra
in some of the samples of Fig. 11~a!.
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cannot account for the decrease of free hole density at
Mg concentration. As mentioned in Ref. 6, the introducti
of a constant concentration of compensating donors~typi-
cally ND in the 1017– 1018 cm23 range! cannot give a bette
agreement. As mentioned in the Introduction, autocompe
tion has been interpreted as due toVN or (VN-Mg) com-
plexes formation related to the decrease of the cryst
Fermi level.6,7 In the following, we shall, however, investi
gate the possible role of PID’s in this limitation of the fre
hole density.

Figure 11~b! shows the PID density@PID# measured by
TEM in some of the samples of Fig. 11~a!. No PID’s are
detected when@Mg#<1019 cm23, they begin to be observe
when@Mg#5231019 cm23 and their density increases wit
Mg concentration. Note that a similar increase of PID de
sity with Mg doping has been reported in Ref. 15. Low
PID’s densities than in our samples are reported, but t
density is again in the 1016 cm23 range and, interestingly
these data are also in agreement with PID appearance w
@Mg#>131019 cm23.

Since our data only concern the domain@Mg#,1
31020 cm23, we shall assume for simplicity that the in
crease of PID’s density with@Mg# is linear in this range.
Thisis shown as a dotted line in Fig. 11~b!, corresponding to
@PID#'1.6731023 (@Mg#21.531019) above a threshold
value of @Mg#51.531019 cm23. ~Of course, the range is
limited, since PID’s cannot consume more magnesium t
is present in the crystal.! The areal density of Ga sites i
GaN is 1.13631015 cm22. The PID’s in the MOVPE-grown
samples studied in Fig. 11 are between 2.5 and 6 nm w
Assuming the atomic structure proposed in this work, e
PID then consumes between;170 and 970 atoms of mag
nesium. We can then calculate the free hole density in
samples, using the fact that the number of acceptorsNA is
23521
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now the total magnesium concentrationminus those con-
sumed in PID’s. This is shown as dashed lines in Fig. 11~a!,
for 2.5 or 6 nm wide PIDS. The experimental data are
circled by the calculated curves. It should be noticed tha
PID’s are all large~width 6 nm!, all magnesium atoms
should be consumed by PID’s for an Mg concentration
low as 431019 cm23 @under the assumption of the linea
variation of PID density shown in Fig. 11~b!#. As an indica-
tion, we show in Fig. 11~a! that it is possible to account fo
the free hole density decrease at high Mg doping in
samples using a suitable average PID size (F;5.3 nm). We
also mention that curves as shown in Fig. 11~a! can be gen-
erated using a higherb value (b;4, i.e., near zinc blende
case!, as sometimes proposed in the literature, by usin
slightly larger hole mass of 1.1m0 . The results in Figs. 11
show that the high concentration of PID’s in MOVPE-grow
Mg-doped GaN may account for the self-compensation p
nomenon inp-type GaN.A minima, it shows that the pres
ence of PID’s has at least to be considered when study
this self-compensation problem. This conclusion is in agr
ment with the results of Figgeet al.,16 showing a strong de-
crease of free hole density correlated with the appearanc
PID’s in Mg-doped samples, and those of Hansenet al.,15

who report an increase of the series resistance of nitride l
diodes with increasing PID density in thep-type electrode.

CONCLUSIONS

A detailed transmission electron microscopy of pyramid
defects formed in Mg-doped GaN confirms that they are
version domains. A high-resolution microscopy study p
4-7
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formed on large defects as formed in bulk Mg-doped G
allows us to propose that the inversion domain bounda
are likely composed of Mg3N2 bricks. This is in agreemen
with an Mg enrichment of these boundaries experiment
observed. In MOVPE-grown, Mg-doped GaN, the pyramid
inversion domains are nanometer wide, and appear for
concentrations in the low to mid 1019 cm23 range. Their
concentration is large enough to play a significant role in
autocompensation in Mg-doped GaN grown by MOVPE.
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