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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 consistNf Mg
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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[. INTRODUCTION and MOVPE-grown crystals have been ascribed to hollow
cavities in Ref. 11. In the case of our MOVPE-grown
Gallium nitride is naturallyn type and its doping with samples, electron energy loss studies have shown no thick-
substitutional donors is easy and controllable up to a fewness variations between regions with and without defects,
10'° cm~3. However, the development of efficient GaN- ruling out the possibility that PID’s are empty, while the
based optoelectronic devices has long been hampered by thentrast reversal observed in dark field images indicates that
difficulty to dope it top type. Akasakiet al® first showed they correspond to inversion domath&ther authors report
that magnesium is an efficiepttype dopant in GaN grown the presence of several kinds of structural defects in bulk
by metalorganics vapor phase epitafifOVPE), provided Mg-doped GaN: spontaneously formed inversion domains
that a post-growth treatment is used to electrically activate itsuperlatticeS and dome-shaped defects filled with amor-
This was performed using low-energy electron bombardmenphous material or precipitaté$in MOVPE GaN with[Mg]
in an electron microscope. Later, Nakamatzal? showed  higher than 18 cm™3, defects with complicated shapes cor-
that this could be more simply obtained by thermal annealingesponding to the coalescence of various PID’s, or also co-
in a nitrogen atmosphere, and that the activation of magndumnar inversion domains have been reported'tosnother
sium results from the dissociation of some Mg-H complexesfrequent observation in the literature is the formation of ex-
On another hand, when Mg-doped GaN is grown by molecutended basal inversion domain boundafi€s:!* These
lar beam epitaxy (MBE), this annealing step is not boundaries are atomically flat when formed on an N face,
necessary.Mg is today the only reliablg-type dopant in  and facetted when formed from a Ga fdédén agreement
GaN, but its large Hall depth, around 160 nfeVhecessi-  with the orientation of PID’s, which can be seen as closed
tates large atomic concentratiofislg], in the 13° cm 3 inversion domain boundariémversely, a basal inversion do-
range, leading to free hole densitigs at room temperature main can be seen as coalesced PIDis summary, for Mg
saturating around 1 to>210' cm 3. A further increase of doping of GaN above a few 1®cm™3, the structural defects
the Mg concentration, up to typically>X110?° cm ™3 leads to  which form are mainly inversion domains. This can simply
a strong decrease of the free hole concentr&tiiThis is  be a change of the polarity of the growing crystals or the
commonly interpreted as autocompensation due to an inappearance of closed pyramids with inverted polarity relative
creased formation of N vacancie¥\) and/or Mg/ or  to the matrix. This last case corresponds to most of the
MgzvN Complexe§,’7 fO”OWing the decrease of the Crystal's h|gh|y Mg-doped MOVPE-grown Samp|es that we have
Fermi level with increasing Mg concentration. studied and is in agreement with the literatifé®
Using transmission electron microscofhEM), we have From our TEM observatiorfsthe size of the pyramidal
recently observetf in Mg-doped GaN grown by MOVPE  gefects agrees with previous repdttsfor bulk, high
samples the formation of nanometer scale pyramidal inverpressure-grown Gal. In standard Mg-doped GaN grown
sion domaingPID’s) for [Mg] higher than a few 1§ cm™®. by MOVPE on (0001 sapphiré® the defects are much
These pyramids have a hexagonal base which lies in thgmaller(2—6 nm). However, when Mg is introduced during
(0009 plane and with siX1213} inclined facets. Actually, MOVPE growth on inclined facets to planarize surfaces in
structural defects of similar shape, with a large digp to  our epitaxial lateral overgrowttELO) procedurée?® various
100 nm were first observed in Mg-doped, high pressureintermediate sizes may be observed.
grown, bulk GaN single crystal§:'1t is necessary to briefly In this work, a detailed TEM study of the pyramidal de-
recall literature results on structural defects appearing irfiects appearing in Mg-doped GaN is performed, allowing us
highly Mg-doped GaN. Pyramidal defects observed in bulkto propose a structural model at the atomic level. Previously
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proposed atomic models for inversion domains boundaries
are also considereld:?°

In a second part, we shall see if the existence of such
nanometer wide pyramidal inversion domains can be corre-
lated to the abovementioned autocompensation problem. In-
deed, whatever the investigating group, PID’s appear for
[Mg] in the mid 13° cm™2 which corresponds to the onset
of the free hole concentration saturatfoh 6

Il. EXPERIMENTAL DETAILS

Mg-doped GaN samples grown using various methods f 2 Ga 3 Ga 4 Ga
were investigated using TEM, Hall effect, and secondary ion
mass spectroscop§SIMS). The details about the different
growth techniques may be found elsewhefbulk,'’
MOVPE® MBE (Ref. 3]. TEM analyses, mostly cross-
sectional, were performed using a 200 keV field emission
gun(FEG) JEOL 2010 electron microscope equipped with an Mg
energy dispersive x-ray spectroscqiDX) Oxford ISIS at- . Mg
tachment. The image simulations have been performed using
the JEMs software packag#: The following parameters have
been used for simulations: a spherical aberration coeﬁicie%‘

FIG. 1. (a) Bright field image of a large pyramidal defect in

g-doped bulk GaN. The numbers show the different areas where
(Cs) of 0.5 mm, a beam half Convergence. of 0.68 mrad, an DX analyses have been performéh) Experimental CBED pat-
a defocus Sfpread Qf 4'5 nm. The TE.M Ob].emﬁi WEre Préparedd , #om inside the pyramidal defec¢t) Experimental CBED pat-
by me_chanlcal polishing and argon ion thinninBjall effect tern from the matrix.(d) Simulated CBED pattern for an object
experiments were performed in the Van der Pauw geomemfhickness of 20 nm(e) Polarity distribution in the PID. The arrows

using In or Au/Ni contacts. A Hall factor of unity is assumed Figs. 1d) and Xe) show the[0001] positive direction (f) EDX
(note that as frequently reported for Mg-doped GaN, data fogpectra from the points shown {a).

low Mg concentrations, typicallp lower than 16" cm™2 at
300 K, are very noisy due to very low Hall mobiljtyCare

was taken to perform every analysis, including SIMS, fromFigs- Xd) and Xe), the arrows indicate the positif@001]
the same piece of each studied wafer. direction, i.e., point to the Ga face. Pyramidal defects are

therefore inversion domains in both bulk and MOVPE-
grown Mg-doped GaN.
The different configurations of inversion domain bound-
lll. STRUCTURAL STUDIES aries(IDB’s) have been referred as “head to head” when the

In MOVPE-grown samples, the size of the PID’s is, in positive[000]] directions are pointing to the IDB and “tall

most cases, thinner than the TEM objects. This means th&@ tail” when the negativg 0001] directions are pointing to
these defects are most of the time buried within the bulkthe IDBZIn PID’s, which are closed inversion domains, the
which may introduce some artifacts due to the interferencestail to tail” IDB’s are in the basal plane whereas “head to
during high-resolution TEMHRTEM) imaging. Therefore, head” IDB’s are in inclined{1213} planes. The same con-
we have used a bulk sample with large pyramidal defects tdiguration of IDB’s is observed when a total reversal of po-
conduct the study of their atomic structure. But it is firstlarity is induced by Mg doping in MBE and MOVPE-grown
necessary to verify that pyramidal defects in bulk andGaN films?~14

MOVPE-grown Mg-doped GaN are of the same nature. Such To study the distribution of Mg in the PID’s, EDX analy-

a large pyramidal defect in a bulk sample is shown in Fig.sis using a 0.5 nm diameter probe have been performed on
1(a). Thickness fringes, which are running parallel to thefour different areas shown in Fig(d): outside the defect in
object edge are not affected by the defect. Therefore, thithe matrix(point 1), in the center of the PIDpoint 2), in the
defect is not an empty volume. Moreover, the absence dbasal inversion domain boundapB) (point 3), and in the
extra fringes in most of the defect ar@xtra fringes are only inclined IDB (point 4). Mg concentrations are below the de-
seen close to the defect’'s apeixdicates that the defect tection limit in both the matrix and the center of the PID
crosses the entire TEM object. Convergent beam electrowhereas Mg enrichment is clearly detected in the basal and
diffraction (CBED) patterns from areas of the same thicknessalso in the inclined IDB'Fig. 1(f)]. The lower[Mg] de-
inside and outside the defefffigs. 1b) and Xc)] clearly tected in the inclined IDB’s may be explained by the pyra-
demonstrate a reversal of polarity between the defect and thaidal shape of the PID’s with the length of the inclined facet
matrix. A comparison with a simulated CBED pattern for analong the beam direction rapidly decreasing from the basal
object thickness of 20 nifFig. 1(d)] leads to the schematic IDB to the apex of the pyramid. High resolution TEM has
representation of polarity distribution shown in Figell In  then been conducted to determine the atomic structure of
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atoms fill the tetrahedra pointing downward. In this represen-
tation, the positivd 0001] direction also points downward.
Mg being a substitutional atom of Ga, Mg enrichment may
induce the formation of a N-Mg compound. W\,, which
is the only reported N-Mg compound, has an antibixbyite
structuré®?* (Fig. 3 which can be described as a face cen-
tered cubic stacking of N compact planes with Mg filling
both up- and down-pointing tetrahedra of the N sublattice,
with a filling factor of 3/4. Figures @) and 3c) are repre-
sentations of a perfect antibixbyite structure. The actual
b structure of MgN, is shown in Fig. &) including distor-
tions of N tetrahedra depending whether they are filled or not
with Mg.2%
We proposed a structural modgélig. 4) which takes into
oN account our experimental observatiofisg. 5). Ihe right
l image in Fig. 5 is a HRTEM image along th#&120] zone
axis of a basal IDB for an object thickness of 13 nm and a
®Ga [0001] defocus of 64 nm. In this image the PID is at the bottom and
the matrix at the top. Image simulations for this zone axis
show that for a thickness range from 8 to 20 nm and a defo-
cus range from 60 to 70 nm, the white points in the images
correspond to the position of N atomic columns. This image
therefore reveals that the N sublattice is continuous across
the basal IDB with just an increase 9002 interplanar
these Mg-rich IDB’s. We first focus on the basal IDB's. distances at the IDB location. The model for the basal IDB,
Wurtzitze GaN structure can be described as a hexagonghich is proposed in Fig. 4 corresponds to the introduction
Stacking of N compact planes with Ga atoms fl”lng one halfpf g mon0|ayer of MgN,, [framed in F|g :6a)] in between
of the tetrahedral sites of the N sublattice. In Fig. 2, the Gawo GaN crystals of reversed polarity. In the bottom GaN
crystal, the N tetrahedra pointing downward are filled with
Ga whereas in the upper crystal that are the tetrahedra point-
ing upward which are filled with Ga atoms. The transition
between these two crystals is a M& monolayer where
both kind of tetrahedra are filled with Mg atorffdling fac-
tor 3/4). It has to be noted that such a model corresponds,

800 8
o o o
oo
o o o o

FIG. 2. (a) GaN structure projected anr[glEO]. (b) N tetra-
hedra representation of the GaN structure projected dlaago].
(c) GaN structure projected alorfd010].

FIG. 3. (a) MgsN, in a perfect antibixbyite structure projected

along[110]. The cell that is used for building the model for basal a
IDB’s is framed. (b) N tetrahedra in perfect Mg, antibixbyite o
structure projected alord10]. (c) MgsN, in a perfect antibixbyite FIG. 4. Model for the basal IDB projected along th£120]

structure projected alond12]. The cells that are used for building direction of GaN.(a) Atomic representation(b) N tetrahedra rep-
the models for inclined IDB’s are frame() Actual Mg;N, struc-  resentation. Tetrahedra filled with Ga are in black and tetrahedra
ture projected alon@110]. filled with Mg are in gray.
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iy IR reawy A comparison between the basal planes distances measured
2 in the simulated and experimental images is also shown in
Fig. 5. The values obtained faf=0.2873 nm(light gray
curve correctly fit the experimental value@ark curve
L within the error limit. In fact, the fit is correct fod
=0.28-0.29 nm. With smaller in-plane and similar out-of-
plane atomic distances, the volume of the Mg cell vol-
ume is then reduced as compared to bulk material.
Based on total energy calculations, Northfuproposed
1111 another model for the basal IDB. As with ours, this model
- takes into account an Mg enrichment of the basal IDB and
the continuity of the N sublattice across the IDB. But, while
9=0:287n the IDB is formed by a double layer of Mg corresponding to

a MgN, stacking in our model, in Northrup’s model the

| IDB is formed of a single Mg layer in cubic position. From
his calculations, this configuration should be the most stable
.\_\/\‘/ ‘/\,,__.\Y one. We have performed images simulations for this model

“
-
-
N
=1
-~
ol

"

N

1

3

too. Figure 6 shows a comparison between simulated images
(left parts of each imageand the same experimental images
as in Fig. 5. Qualitatively, our model gives a better fit to the
experimental images. This is clearest in the image at a defo-
cus of 32 nm. The white points, which are seen at the IDB
FIG. 5. HRTEM images alonf1120] zone axis of a basal IDB chation in the experimental image, are not reproduced i_n the
for an object thickness of 13 nm and defoci of 32 and 64 nm. Thesimulation. Nevertheless, these considerations are qualitative
left part of each images are simulated images for the model pro@nd itis difficult to definitively conclude from our data, since
posed in Fig. 4. The graph shows the distances between basal plarfé$ Mg atoms are not directly seen in the images due to an
measured in the experimental imagpgack curvé and in the simu-  insufficient spatial resolution of our TEM. Some other struc-
lated image with a basal plane distance in the IDB of 0.287 nmiural models have also been tested but with a poor fit be-
(light gray). tween simulated and experimental ima§es.
Inclined IDB’s are parallel td1213} planes so they are

along[0001]g,y, to the replacement of one Ga hexagonalviewed edge-on for HRTEM images i1100) zone axis.
compact plane by two Mg planes with a filling factor of 3/4,
which keep the neutrality of the crystal. Image simulations
for this structural model have been performed for a sample
thickness of 13 nm and defoci of 32 and 64 (eft parts of
each imageand compared to experimental images. A very
good fit between simulated and experimental images is ob-
served taking into account the simplicity of the model that
we proposed. In fact, the Mbl, monolayer introduced in |
the IDB for the simulation is of a perfect antibixbyite struc-
ture with all the tetrahedréwith or without Mg) having the
same size, which is not the case in the actuakNgstruc-
ture. In the model, the Mg atoms are kept at the center of the
N tetrahedra. The strain due to the introduction of this
MgsN, monolayer has also been limited to the IDB whereas
it certainly extends to the surrounding GaN layers.

In building the atomic model, we have used for simula-
tions the following interatomic distances: the in-plane N in-
teratomic distances are those of GaN whereas the distance
between N basal plands) are those of MgN,. The anti-
bixbyite unit cell corresponds to four face centered cubic
basic unit cells. Therefore, using the recently determined lat- A
tice parameter of MgN, (aMgsN2=0.9528 nm)(Ref. 29 i iy 4 LR A

distance (pixels)

3

10 20

15
plane number

d"‘i '-P:

J
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FIG. 6. Atomic model for the basal IDB as proposed by
Amg.n Northrup (Ref. 20. HRTEM images alon§1120] zone axis of a
d= 22 _0.2873 nm. basal IDB for an object thickness of 13 nm and defoci of 32 and 64
2V3 nm. Left part of each images are simulated images for this model.
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defocus of 64 nm; N atomic columns are seen in white. Fig-
ures Tb) and 7c), which are Fourier filtered images of Fig.

7(a) using (0002 and (1100) spots respectively, show that
there is no translation of basal and vertical N planes between
the PID’s and the matrix. The only strains are detected at the

inclined IDB location. Observation anr[g.TOO] zone axis
(Fig. 8 demonstrates that inclined IDB’s, which have an

average orientation (118), are in fact formed by successive
(1212) and (126) segments. It should be noted that to
obtain an average (_]1:8) direction for the inclined IDB, the
sum of the length of the (122) segments projected on the

axis should be 3 times that of the (1€) segments. Assum-
ing that, as in the basal IDB's, the transition between the two
| GaN crystals with reversed polarities is formed by the inser-
| 'l“ ”‘ HI tion of MgzN,, and taking into account the continuity of the
(| N sublattice, we propose the model shown in Fig. 9 for the

(1212) IBD. The MgN, brick, which is introduced in the
IDB is framed in Fig. &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 is
maintained. The comparison of the simulated and experimen-
tal images for the model we proposed for an object thickness
of 5 nm and defoci of 36, 56, and 66 nm are shown in Fig. 9.
The fit between simulations and experience is qualitatively
correct. The differences between the simulated and experi-
mental images for this model may also be explained by its
simplicity. In fact, we just have introduced MN, by filling
pointing upward and downward tetrahedra with Nfidjing
factor=3/4) in the (122) IDB keeping GaN interatomic
distances. Nevertheless, this model may be considered as ba-
sically correct. Another model has already been proptsed
for (1212) IBD. In this model, it is the Ga sublattice rather
than the N sublattice which is continuous across the IDB.
Image simulations have also been performed to test it. The fit
between simulated and experimental imagest shown is
definitively worst.

e ————————————

FIG. 7. (@ HRTEM image {1120] zone axi$ of an inclined
IDB; Fourier filtered images ofa) using (1100) (b) and (0002 (c)
spots.

The interreticular distances f¢1120} planes(0.159 nm are
smaller than the resolution of our TEM at Scherzer defocus
and lattice resolution is only obtained thanks to the high
coherency of the FEG electron beam, which results to an
information limit of 0.14 nm. Nevertheless, simulations
show that it is difficult to directly interpret the images along

(1100) zone axis in terms of atomic positions. Therefore, in
a first step, inclined IDB’s have been observed aloh§20)

zone axis. Figure(a) is a[1120] HRTEM image of suchan ~ FIG. 8. HRTEM image [1010] zone axi of an inclined IDB.
inclined IDB for an object thickness around 10 nm and a(1212) and (126) segments are indicated.
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It is then possible to build a model for the (1§) IDB  the basal plane, whereas the inclined facets of the PID's are

which is also formed by the insertion of M, in the IDB  also composed of Mg\, bricks. Using this structural model,
and which keeps the continuity of the N sublattigy. 10.  we shall now try to evaluate the influence of these defects on
The MgN, brick, which is introduced in the IDB is also the free hole concentrations.
framed in Fig. c). The crystal neutrality is also maintained.  Figure 11a) shows the room temperature hole concentra-
With the same limitations as for the (12) IDB, the fit tionp, measured by Hall effect, of a series of Mg-doped GaN
between the experimental and simulated images for an objeé@Mples grown by MOVPE, as a function of the global mag-
thickness of 5 nm and different defo@6, 56, and 66 ninis ~ nesium contenfMg] measured by SIMS. An MBE-grown
correct(Fig. 10. sample is also shown. Up fdMg]~10'° cm 3, p increases
The main result about the structure of the PID’s obtainedVith [Mg], as expected, then it saturates fo~1-2
from the above determination of the IDB’s structures is thatx 10'® cm™3. At higher Mg contenfMg]>6x 10" cm™2, a
the N sublattice is not affected by the defect. We propose &trong drop in free hole concentration is observed. This typi-
model for IDB’s where there is only a change of the kind of cal behavior has already been reported for MOVPE-grown
tetrahedra which are filled with Ga in and outside the defectMg-doped GaN, witrp and[Mg] values only slightly vary-
The transition between the two regions is formed by the locaing among laboratorie%!
insertion of MgN, in which both kinds of tetrahedra are ~ The solid line in Fig. 1la) is the calculated room
filled with Mg. The only strains in this structure are localized temperature _free hole density assuming negligible
at the IBD's. With such a structure, there is no need forcompensatioR® The parameters used afg =160 meV and

dislocation at the intersection of basal and inclined IDB's. M,=0.8m, for each valence bantsince the three valence
bands of GaN are very near in energy, we take this into

account using suitable Boltzmann facfrahe spin degen-
IV. INFLUENCE OF PYRAMIDAL INVERSION DOMAINS eracy of the acceptop is set to 2, since we have not ob-
ON EREE HOLE CONCENTRATIONS served any acceptor excited states energetically closed to the
ground state in our temperature dependant luminescence
PID’s appear in highly Mg-doped MOVPE-grown GaN in studies of acceptors in GalQActually, this set of parameters
a doping range where autocompensation of Mg acceptorallows us to satisfactorily account for the Hall effect in
begins. In the first part of this paper, a structural model wasveakly compensated Mg-doped GaN in the 150—450 K tem-
proposed for these defects: the PID’s are pyramidal inversioperature range, leading to acceptor concentrations in good
domain of varying size, but that are typically very sm@ll5  agreement with their SIMS determinatignot shown. As
to 6 nm widg in MOVPE-grownp-type GaN. The inversion Fig. 11(a) shows, such a calculation is in good agreement
domain boundary consists of a molecular plane ogNigin ~ with the free hole density in the low Mg doping range, but

Y
LS EE)

FIG. 10. Model for (126) inclined IDB, pro-
jected along thg 1010] direction of GaN. Ex-
perimental and simulated HRTEM images
- ([1010] zone axi$ for an object thickness of 5
b babebenr .

mm........:‘;;;“‘”_“ nm and defoci of 36, 56, and 66 nm.
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FIG. 11. (a) Mg concentration dependence of the room temperature hole concentration in Mg-doped GaN. Squares are MOVPE-grown
samples; the circle corresponds to an MBE-grown sangpJePyramidal inversion domain concentration as a function of Mg concentration
in some of the samples of Fig. ().

cannot account for the decrease of free hole density at highow the total magnesium concentratiomnus those con-
Mg concentration. As mentioned in Ref. 6, the introductionsumed in PID’s. This is shown as dashed lines in Figajl1l
of a constant concentration of compensating doritypi-  for 2.5 or 6 nm wide PIDS. The experimental data are en-
cally Np in the 167-10'% cm™3 range cannot give a better circled by the calculated curves. It should be noticed that if
agreement. As mentioned in the Introduction, autocompensa®|D’s are all large(width 6 nm), all magnesium atoms
tion has been interpreted as dueMq or (Vy-Mg) com-  should be consumed by PID’s for an Mg concentration as
plexes formation related to the decrease of the crystalgow as 4x 10 cm3 [under the assumption of the linear
Fermi level®” In the following, we shall, however, investi- \ariation of PID density shown in Fig. i)]. As an indica-
gate the possible role of PID’s in this limitation of the free tion, we show in Fig. 1(8) that it is possible to account for
hole density. _ the free hole density decrease at high Mg doping in our
Figure 11b) shows the PID densit{PID] measured by samples using a suitable average PID sike-(5.3 nm). We

TEM in some of the samples of Fig. (. No PID’s are . A
o 3 . also mention that curves as shown in Fig(allcan be gen-
detected whe({iMg] <10 cm*, they begin to be observed erated using a highes value (8~4, i.e., near zinc blende

=2x10¥cm3 i ity i [ . . i )
when[Mg]=2x 10> cm* and their density increases with cas@, as sometimes proposed in the literature, by using a

Mg concentration. Note that a similar increase of PID den-~ T
sity with Mg doping has been reported in Ref. 15. I_Owersllghtly larger hole mass of Iny. The results in Figs. 11

PID’s densities than in our samples are reported, but theinoW that the high concentration of PID's in MOVPE-grown
density is again in the 26cm 2 range and, interestingly, M9-doped GaN may account for the self-compensation phe-
these data are also in agreement with PID appearance wh&fmenon inp-type GaN.A minima it shows that the pres-
[Mg]=1x 10" cm™3. ence of PID’s has at least to be considered when studying
Since our data only concern the domajiMg]<1 this self-compensation problem. This conclusion is in agree-
X107 cm 3, we shall assume for simplicity that the in- Ment with the results of Figget al,'® showing a strong de-
crease of PID’s density witfiMg] is linear in this range. crease of free hole density correlated with the appearance of
Thisis shown as a dotted line in Fig. (b1, corresponding to  PID’s in Mg-doped samples, and those of Hanseral,*
[PID]~1.67x10"3 ([Mg]—1.5x10'% above a threshold who report an increase of the series resistance of nitride laser
value of [Mg]=1.5x10" cm~3. (Of course, the range is diodes with increasing PID density in tipetype electrode.
limited, since PID’s cannot consume more magnesium than
is present in the crystalThe areal density of Ga sites in
GaN is 1.136 10* cm 2. The PID’s in the MOVPE-grown
samples studied in Fig. 11 are between 2.5 and 6 nm wide.
Assuming the atomic structure proposed in this work, each
PID then consumes betweenl70 and 970 atoms of mag- A detailed transmission electron microscopy of pyramidal
nesium. We can then calculate the free hole density in oudefects formed in Mg-doped GaN confirms that they are in-
samples, using the fact that the number of accepityss  version domains. A high-resolution microscopy study per
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