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Stability of deep donor and acceptor centers in GaN, AlN, and BN

C. H. Park and D. J. Chadi
NEC Research Institute, 4 Independence Way, Princeton, New Jersey 08540

~Received 6 January 1997!

We examine the atomic and electronic structure of substitutional Be, Mg, and C acceptor impurities and of
Si, Ge, S, and O donor impurities in GaN, AlN, and BN through first-principles calculations. The small bond
lengths in III-V nitrides are found to inhibit large lattice relaxations around impurities and, with a few
exceptions, this leads to a significant stabilization of effective-mass states over deep centers despite the large
band gaps of these materials. In particular, we find that Ge and S impurities do not have stable or even
metastableDX centers in GaN, AlN, or BN, independent of crystal structure. Similarly, the effective-mass
states of Be, Mg, and C acceptor impurities in GaN are found to be more stable than the corresponding deep
AX centers. We propose that persistent photoconductivity in Mg-doped GaN arises from the bistability of a
N-site vacancy that is accompanied by a charge-state change from13e to 11e. @S0163-1829~97!00719-4#
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I. INTRODUCTION

There is currently great interest in III-V nitrides, partic
larly GaN and AlxGa12x2yInyN alloys, as a result of
progress in making light-emitting diodes and lasers w
emission wavelengths spanning a wide range of the vis
spectrum from red to blue. The room-temperature band
of Al xGa12x2yInyN varies from 1.95 eV to 6.2 eV, makin
even shorter wavelength light-emitting devices a possibi
in the future.1,2 Currently, blue-light-emitting diodes3,4 with
a luminous intensity of over 1 cd have been successf
fabricated. For reasons that are not yet well understood
appear to be related to their small bond lengths and str
bond strengths, III-V nitrides are more robust against defe
than wide-band-gap II-VI semiconductors. These mater
are also of interest for potential applications in hig
temperature and high-power electronic devices.2

Control of carrier density has been a major challenge
many wide-band-gap semiconductors. The difficulties gen
ally affect eithern- or p-type doping, but not both. In the
case of III-V nitrides, particularly GaN,n-type doping is
easy butp-type doping has proved troublesome. Curren
Mg is the most widely used acceptor impurity in GaN a
hole concentrations of about 331018/cm3 have been
obtained.5–9 A recent report on persistent photoconductiv
~PPC! in p-type Mg-doped GaN has raised the possibil
that Mg may have both effective-mass and deep acce
states.10

As-grown GaN is generallyn-type with an electron den
sity of about 531019/cm3 resulting from unintentional im-
purity incorporation or native defects during growth.11–13

The incorporation of donor impurities such as oxygen c
perhaps be minimized by using molecular-beam epit
~MBE! and samples with far lower electron densities ha
been made.14–17 It is not presently known whether such hig
values of electron density can be maintained in larger ba
gap nitrides such as AlxGa12xN alloys and BN. The role of
wurtzite versus cubic crystal structure on doping has
been considered in detail either. In the analogous cu
GaAs-AlxGa12xAs alloy series, GaAs can ben-type doped
to a maximum level of 231019/cm3, but at a pressure o
550163-1829/97/55~19!/12995~7!/$10.00
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20–25 kbar or when more than 22% of Ga atoms are
placed by Al, deep donorDX centers become energetical
more stable than shallow donor centers and the carrier d
sity decreases.18,19 A similar decrease of carrier density i
as-grownn-type GaN subjected to hydrostatic has been
served recently raising the possibility that AlxGa12xN alloys
are similar in their doping properties to AlxGa12xAs.

11 As
discussed below, we find that the two systems are, howe
quite different and, except for a few impurities, deep cent
are far less likely in III-V nitrides than in AlxGa12xAs al-
loys.

The most important conclusion from our study is that t
small lattice constants of III-V nitrides do not allow larg
lattice relaxations for many impurities and this leads to
significant decrease in the stability of deep centers. For
ample, we find that the effective-mass state of a Mg impu
in GaN is stable againstAX center formation, indicating tha
PPC in Mg-doped GaN~Ref. 10! is not a manifestation of
the bistability of Mg. Instead we propose that PPC is rela
to the bistability of a N-site vacancy. We also find that B
and C impurities should be as suitable as Mg for t
p-type doping of GaN. In the case ofn-type doping, we find
that Ge and S impurities that readily formDX centers in
Al xGa12xAs alloys~with binding energies that increase wit
band gap18,19! are totally immune toDX center formation in
cubic or hexagonal AlxGa12xN and BN despite their much
larger band gaps. This result suggests that highn-type dop-
ing levels can be obtained in these materials even for b
gaps exceeding 6 eV. For oxygen, which has a small co
lent bonding radius, we find that a stableDX center can form
under high pressures or alloying with AlN. A comparison
our results with experimental data provides strong evide
that O is the principle unintentional impurity in highl
n-type as-grown GaN.

The paper is organized as follows. The stability
effective-mass states relative to deepAX acceptor states o
Be, Mg, and C is examined in Sec. II. The question of P
in p-type GaN and its connection to the bistability of a
vacancy is discussed in Sec. III. The stabilities of shall
donor states relative to deepDX centers for various dono
impurities are examined in Sec. IV. A possible application
12 995 © 1997 The American Physical Society
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12 996 55C. H. PARK AND D. J. CHADI
III-V nitrides as a new class of photorefractive materials
briefly discussed in Sec. V and the conclusions are give
Sec. VI.

The results reported in the following sections have be
obtained from first-principles pseudopotential total-ene
calculations20,21 based on the local-density-function
approximation.22 Norm-conserving nonlocal pseudo
potentials23 were generated by the scheme of Troullier a
Martins,24 and a Kleinman-Bylander type of fully separab
pseudopotentials was constructed.25 Brillouin-zone summa-
tions were done with specialk-point sets26 in a three-
dimensionally periodic 32-atom bcc supercell. Total-ene
minimization was achieved by a Davidson-type se
consistent diagonalization method.27

II. Mg, Be, AND C ACCEPTOR IMPURITIES

We first examine the stability ofAX centers for Mg and
Be in III-V nitrides such as GaN and AlN by calculating th
change in energy for the self-compensation reaction28

2a0→a21AX1. ~1!

In Eq. ~1! a represents a substitutional tetrahedrally coor
nated shallow impurity,AX denotes a deep acceptor cen
resulting from large lattice relaxation, and the superscr
specify the charge states. If the reaction is exothermic t
anAX1 center captures the hole emitted by a second im
rity and this leads to compensation.

We have recently identified the lowest-energy atom
configuration forAX centers in zinc-blende crystals.28 The
same type of defect is possible in the wurtzite structure.
AX center arises from the rupture oftwo host bonds and the
formation of a new covalent bond between two seco
neighbor anions, as shown in Fig. 1. We have labeled
configuration a double-broken-bond~DBB! state. The DBB
state in zinc-blende crystals is the analog of the Vk center in
an alkali halide such as KCl in which two Cl atoms mo
towards each other to create a defect that traps a hole.29 In
the case of the DBBAX center, the formation of the anion
anion bond leads to the capture oftwo holes makingAX a
positively charged center.

Because of the small size of N, the atomic relaxatio
needed for the formation of a N-N bondedAX center in III-V
nitrides are much larger than in other III-V semiconducto
The covalent radius of N is only 0.7 Å, while the initial N-N
separation in bulk GaN is nearly 3.2 Å. The formation of
AX center for a Be impurity in GaN leads to a N-N bon
length of 1.50 Å, while the value for Mg is 1.52 Å. Th
formation energies of a DBB-typeAX center in cubic and
wurtzite crystal structures are found to be very similar. T
DBB states of Be and Mg impurities in GaN and AlN a
found to be high-energy metastable states in both cry
structures, indicating that these impurities should
effective-mass-type acceptors. In GaN, the reaction energ
Eq. ~1! is calculated to be endothermic by 0.7 eV for Be a
2.0 eV for Mg. The corresponding numbers for AlN are 0
eV and 2.2 eV. As might be expected, the stability of t
DBB state is strongly dependent on the atomic size of
impurity. For Be with a small covalent radius of 1.06 Å
compared to Mg with a covalent radius of 1.40 Å, latti
strain is more easily relaxed leading to a lower-energy str
in
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ture. We expect that theAX center for a Zn impurity should
also be unfavorable because of its large covalent radius.
results are in agreement with experimental data showing
Mg and ~more recently! Be are shallow acceptors.5–9,30

We have also examined the stability of C-derivedAX
centers in GaN. Since the covalent radius and ionicity o
are similar to those of N, we expect that C impurities w
occupy predominantly N sites. TheAX state for C in GaN is
found to have a DBB-type structure similar to that of N
ZnSe as shown in Fig. 1~c!.28 The formation of the
C-induced DBBAX center is calculated to be endotherm

FIG. 1. The ideal zinc blende lattice is shown in~a!. A sche-
matic illustration of the atomic structure of the double broken bo
~DBB! state for a Be acceptor impurity that leads to the rupture
two Ga-N bonds and the formation of a N-N bond is shown in~b!.
The DBB state for a C acceptor impurity in GaN is shown in~c!.
The dotted lines denote broken bonds.
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55 12 997STABILITY OF DEEP DONOR AND ACCEPTOR . . .
by 2.8 eV in GaN, suggesting that substitutional C should
an excellent acceptor impurity in GaN. We note thatp-type
conductivity has been recently observed in C-doped G
grown by MBE.31

III. PERSISTENT PHOTOCONDUCTIVITY
IN p-TYPE GaN

A recent report on PPC in Mg-doped GaN has raised
possibility of structural bistability for Mg.10 If PPC is related
to such a bistability, then in order to explain the increas
carrier density resulting from illumination it is necessary th
the deepAX state of the impurity should be more stable th
the effective-mass state, a result at variance with experim
tal data and to our finding that theAX center is metastable
To explain PPC we have considered, therefore, other a
natives.

We suggest that the PPC is caused by the bistability
nitrogen vacancies. Previous theoretical studies have ide
fied the nitrogen vacancy as the native defect with the low
formation energy inp-type GaN.12,32,33The nitrogen vacancy
is bistable with two distinct charge states and atomic str
tures. The charge states are11 ~single donor! and13 ~triple
donor!. The13 state occurs only after a large lattice rela
ation consisting of an outward breathing mode relaxation~by
16–20 % of a bond length! of the four Ga atoms surroundin
the vacancy. The13 charge state is 0.78 eV more stable th
the11 charge state inp-type GaN when the Fermi level i
located at the valence-band maximum~VBM !. The13 state
remains more stable than the11 state as long as the Ferm
level is within 0.39 eV of the VBM. From our calculation
we find that the11 and13 charged states are separated b
relatively small 0.14-eV energy barrier for hole capture. T
13 state, but not the11 state, has a defect level in the gap
0.9 eV above the VBM. Occuption of this level via optic
excitation converts the13 state into the11 charge state
thereby releasing two holes into the VBM and giving rise
PPC. We note that experimentally a hole capture barrie
0.13 eV has been observed in Mg-doped GaN samples
hibiting PPC.10

The situation is essentially the same when the vacanc
coupled to a Mg impurity. Such a coupling reduces the f
mation energy of the vacancy.32 We find a binding energy o
0.53 eV for the Mg-VN complex. The Mg component of th
complex is an acceptor and is in a negative charge state.
complex, therefore, exhibits a bistability associated w
doubly positive and neutral charge states. In the12 charge
state of the complex, an outward breathing relaxation of
three Ga atoms surrounding the vacancy takes place.
stable state of the Mg-VN complex in p-type GaN is the
12 charge state. In this state,~Mg-V! 21 has an empty deep
level 0.7 eV above the VBM. Optical excitation of electro
into this deep level transforms the structure into a neu
state with the Ga atoms moving back into essentially un
laxed positions. The transformation from the12e state to the
neutral state results in an increase in the hole concentra
that also leads to PPC.

Recent photoluminescence measurements in Mg-do
GaN have revealed two emission lines at 2.43 eV and 2
eV ~in addition to the emission line at 3.25 eV! that were
attributed to deep centers associated with Mg-de
e
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complexes.34 From the results of our calculations on defe
levels, we propose that triple~and double! positively charged
V N ~and Mg-VN) defects with large breathing mode rela
ations are the source of these photoluminescence lines.

IV. DONOR IMPURITIES

A. DX centers in hexagonal III-V nitrides

The energetics of deep donor formation were determi
by considering the following negative U reaction forDX
centers,19 which is similar to that forAX centers in Eq.~1!:

2d0→DX21d1. ~2!

In Eq. ~2!, d denotes a substitutional shallow impurity,DX
represents a broken-bond~BB! state, and the superscrip
specify the charge states.

The BB state occurs for donor impurities on either a c
ion or an anion sublattice as shown in Figs. 2 and 3. In b
cases, the BB state results from the motion of a cation
atom ~either the impurity itself or a nearest-neighbor ato!
into an interstitial position. The BB geometry is sometim
referred to as a vacancy-interstitial-pair defect and is the a
log of a Frenkel defect in alkali halides.29 As discussed fur-
ther below, for oxygen impurities the BB configurations a
not the only types of structures to give aDX center.35

In awurtzitestructure, there are two different BB types
DX centers for every impurity. The rupture of a bond c
take place either along a bond parallel to thec axis or along
one of the three other equivalent bonds. We denote the
structure along thec axis @see Fig. 3~b! by g-BB and the
others bya-BB @Fig. 3~c!#.

The g-BB-type structure is found to be unstable forall
impurities in AlxGa12xN alloys in the wurtzite structure. The
reason for the instability is that in the BB state, the cati
atom displaced into the interstitial position experiences
pulsive interactions with three host Ga or Al atoms@see Fig.
3~b!# and with a host N* atom lying along the displacemen
axis. The repulsive interactions are a consequence of
small bond length of AlxGa12xN alloys relative to cation-
cation separations that occur in the process ofDX center
formation. Consider, for example, the trigonalg-BB struc-
ture of an impurity such as Ge in GaN. When the Ge atom
displaced by the ‘‘normal’’ 44% of a bond length into a
antibonding site, the separation between it and the th
nearby Ga atoms is only 2.51 Å. Considering the fact that
sum of covalent radii is 2.48 Å and that no bonds are for
ing, the interaction between Ge and the Ga~or Al! atoms is
strongly repulsive. This makes theg-BB DX center highly
unstable.

The local atomic environment is different for thea-BB
type ofDX center where bond rupture is not along thec axis.
In this case a cation-site impurity displaced into the an
bonding interstitial site comes within the interaction radi
of four host cations. In GaN doped with Si, when the Si ato
is displaced 44% of the bond length into the interstitial p
sition, two Ga atoms@Ga1 in Fig. 3~c!# are at a distance o
2.51 Å ~same withg-BB! and the other two atoms~labeled
Ga2) are at 2.79 Å. The repulsive interactions are wea
than in the case of the trigonalg-BB state and this state give
rise to a local minimum or a global minimum in the tot
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12 998 55C. H. PARK AND D. J. CHADI
energy depending on alloy composition. For the somew
larger-sized Ge impurity even thea-BB-type DX center is
found to be unstable. The results are discussed in more d
below.

B. Si and Ge impurities in wurtzite
and cubic structure Al xGa12xN alloys

As mentioned above, we find that Si, unlike Ge, has sta
and metastableDX centers in wurtzite (w) structure
Al xGa12xN alloys. Relative to the shallow donor state, t
deep donora-BB center of Si is metastable inw-GaN but

FIG. 2. The broken-bond~BB! type ofDX center for a Si im-
purity in GaN is shown in~a!. The BBDX state for a column VI
donor impurity such as S is shown in~b!. The dotted lines denote
broken bonds. A different type ofDX center denoted as cation
cation-bonded~CCB! is shown in~c!. The CCBDX center is im-
portant for oxygen in GaN and for S in other III-V semiconducto
The oxygen donor impurity is displaced along a@001# axis and two
bonds~dashed lines! around it become weak.
at

tail

le

stable inw-AlN. The binding energy ofa-BB is estimated to
increase from20.43 eV ~i.e., unbound! in w-GaN to 1.54
eV in w-AlN. We find a large energy barrier of 0.68 e
separating shallow from deep donor states. Structurally,
Si atom is displaced by 44% of the ideal bond length tow
the antibonding interstitial position. TheDX formation ener-
gies in GaN and AlN indicate that in hexagon
Al xGa12xN alloys, Si donors should become se
compensated bya-BB DX centers as the Al mole fraction
increases. By linear interpolation, we expect a shallow-d
transition atx;0.24 in hexagonal AlxGa12xN.

In cubicGaN (c-GaN! there is only one type ofDX cen-
ter with a trigonally symmetric broken-bond configuratio
The BB DX structure for Si is found to be unstable
c-GaN andc-AlN because of a steric hinderance effect ar
ing from repulsive cation-cation interactions similar to th
of the unstableg-BB center inw-GaN. This indicates that S

.

FIG. 3. The ideal wurtzite lattice is shown in~a!. The broken-
bond DX center with bond breaking along thec axis ~i.e., the
g-BB DX center! is shown in ~b!. The second type of BBDX
center~thea-BB DX center! is illustrated in~c!.
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55 12 999STABILITY OF DEEP DONOR AND ACCEPTOR . . .
impurities should be immune to self-compensation byDX
formation in c-Al xGa12xN alloys and that one should b
able to achieve highn-type conductivity for all composi-
tions.

For Ge in GaN or AlN, we find that BB-typeDX centers
are unstable in either the hexagonal or cubic phases. T
reason that Ge does not have a stable or metast
a-BB-typeDX center is related to the slightly larger atom
size of Ge as compared to Si. The Ge-N bond length
calculated to be 9%~0.2 Å! longer than the Si-N bond
length. This amounts to more than 10% of the GaN bo
length and is sufficient to change the interactions betw
interstitial and host atoms and to alter the energy of the d
donor center of Ge relative to Si. Our results suggest that
should be a much better dopant in AlxGa12xN than Si, con-
sistent with experimental data.15–17 Room-temperature free
electron concentrations of at least as high as 3.73 1019

cm23 can be achieved for Ge-dopedw-Al xGa12xN with a
relatively high Al mole fraction ofx50.2,15 while for Si-
doped AlxGa12xN with a smallerAl mole fraction of only
x50.1, the maximum free-carrier concentration of 231018

cm23 is more than an order of magnitude smaller.16 Hall-
effect studies on Si-doped GaN show high compensation
der a doping density of the order of 1019cm23.17

C. Sulfur

We now consider the broken-bondDX center for a S
impurity. The BB state for S involves the motion of either
Al or a Ga atom into an interstitial position. Forw-
Al xGa12xN we find no secondary local minimum in the tot
energy for the two types of BB states discussed above. T
implies that S is immune toDX center formation, even in a
metastable state, and that it should be an excellent choic
a shallow donor impurity inw-Al xGa12xN alloys with large
band gaps. Forc-Al xGa12xN alloys the results are similar t
those for the wurtzite phase. Although a Ga nearest-neigh
atom of S undergoes a large~0.88-Å! lattice relaxation into
an antibonding position, the relaxation of the S impur
along the same direction prevents a true bond-breaking
of structure from occurring. In principle, the existence of th
state with a large lattice relaxation could give a deep ce
as the Al mole fraction increases. However, the localiz
DX level is found to follow the conduction-band maximu
and it does not develop into a bona fide deep state.

D. Oxygen

Another important anion-site dopant in GaN is substi
tional oxygen. It has been suggested to be the impurity
marily responsible for the unintentional heavyn-type doping
of as-grown GaN.36,37An important question is whether oxy
gen is a shallow or deep donor in AlxGa12xN. It is expected
that oxygen impurities are located predominantly
N-substitutional site in III-V nitrides. In a substitutiona
structure, nearby Ga atoms are relaxedoutwardfrom O atom
by 4.2% of the bond length even though oxygen has
smaller covalent bonding radius than N.

For anion-site substitutional impurities, we have recen
identified a different type ofDX center with orthorhombic
symmetry and a very different lattice relaxation around
e
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impurity @see Fig. 2~c!#.35 Execpt for an interchange of ca
ions and anions, the cation-cation-bonded~CCB! type of
DX center is structurally similar to the DBBAX center dis-
cussed in Sec. II. It is characterized by covalent bond form
tion between initially second-nearest-neighbor cations an
occurs only for an anion site impurity with a covalent bon
ing radius smaller than the atom it replaces.35 Like BB
DX, the CCB DX center is stable only in a negativel
charged state. The CCB type ofDX center is important pri-
marily for oxygen in III-V nitrides and for sulfur impurities
in other III-V semiconductors with larger lattice constants35

In III-V nitrides, the CCBDX state of S is found to be
unstable in either the cubic or wurtzite phases because S
a larger ionic radius than N.

For oxygen in cubic GaN and AlN, the CCBDX configu-
ration is estimated to be 0.16 eVlower in energy than the BB
DX state. The stability of the CCBDX state relative to the
shallow donor state inc-Al xGa12xN depends on alloy com
position. The reaction in Eq.~2! is estimated to be 0.34-eV
endothermic inc-GaN, but to become 2.4 eV exothermic
c-AlN.

In the wurtzite structure, the CCBDX center for oxygen
is found to transform itself into ana-BB-typeDX state. The
stability of the latter relative to the shallow donor state
also composition dependent. Thea-BB state is metastable in
w-GaN with an energy 0.3 eV above the shallow donor sta
But inw-AlN, thea-BB state becomes the ground state of
oxygen donor impurity and the reaction in Eq.~2! is found to
become exothermic by a large 2.5 eV.

These results suggest that oxygen is a shallow donor
purity in either cubic or wurtzite structure GaN, but a de
DX center in Al-rich Al1Ga12xN alloys.38 As Ga atoms are
replaced by Al, CCB ora-BB types ofDX centers become
progressively more stable than the shallow donor state.
hexagonal AlxGa12xN alloys, we expect a shallow-dee
transition of the oxygen donor level as the Al mole fracti
x becomes greater than 0.2.

The results of our calculations support the idea that o
gen impurities are a primary source of unintentional dop
of GaN.36,37 Zhanget al. have shown that the free-electro
concentration in unintentionally doped AlxGa12xN is
sharply reduced as the Al mole fraction increases ab
0.2,15 consistent with the above results for the stability
O:DX centers in AlxGa12xN. More recently, a pressure
induced shallow-deep transition of the donor state in un
tentionally doped GaN was measured at 20 GPa.11 The
pressure-induced shallow-deep transition is one impor
characteristic ofDX centers. The results of our calculation
show that the oxygen-derivedDX center can be stabilized a
a pressure of 22 GPa, which happens to be in very g
agreement with the experimental data.11

E. Boron nitride

To further test the effect of the lattice constant on t
stability of deep centers we have examined BN, which ha
smaller bond length than either GaN or AlN. The results
our calculations show that Si, Ge, and S impurities in B
give do not possess stable or metastableDX centers despite a
large band gap of 6.4 eV. This is consistent with experim
tal data showing that BN can be easilyn-type doped and tha
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13 000 55C. H. PARK AND D. J. CHADI
Si is a shallow donor impurity in this material.39 Similarly,
we have examined Be and C acceptor impurities and
thatAX centers are structurally unstable relative to effecti
mass states in BN. This implies that there should be no p
lem in thep-type doping of BN either.

V. APPLICATIONS

Finally, we would like to note that highlyn-type-doped
III-V nitrides may be suitable materials for optical applic
tions. Recently, the phenomena of persistent photocondu
ity exhibited byDX centers was shown to yield a differe
class of photorefractive materials.40 Materials operating a
room temperature would be optimal for practical use. T
III-V nitrides should lead to higher operating temperatu
because of their stronger elastic properties as compare
Al xGa12xAs:Si or II-VI semiconductors. We estimate th
electron capture barrier between the shallow donor and
DX state for a Si impurity inw-Al xGa12xN to be about 0.68
eV for x50.24, suggesting that PPC can persist to a temp
ture of 230 K.

VI. SUMMARY

In summary, we have examined the electronic and str
tural states of several acceptor and donor impurities in II
nitrides. We find that the stability ofAX andDX centers in
GaN, AlN, and BN are determined largely by the bondi
radii of impurities and that the steric hindrances introduc
by the small lattice constants of these materials inhibit
generation of deep centers for many impurities. From
results of our calculations we conclude that Mg, Be, and
sh
t.
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impurities should give effective-mass type states
Al xGa12xN and BN. We propose that persisten
photoconductivity in Mg-doped GaN is not associated w
the bistability of Mg but with that of a N-site vacancy. De
spite their large band gaps, we find that AlxGa12xN alloys
and BN can be highlyn-type doped. With a few exceptions
the small lattice constants of these materials prevent the
mation of deep centers arising from large lattice relaxatio
Substitutional oxygen with a small covalent radius is fou
to be a shallow donor in GaN, but a deepDX center in AlN.
The energetics ofDX center formation for a number of im
purities including C on a Ga site in GaN and AlN are su
marized in Table I. Although we did not examine large
sized impurities such as Sn, Se, and Te, we expect that
should be shallow donors because of their large atomic ra

TABLE I. The occurrence ofDX centers as either stable o
metastable states in AlxGa12xN alloys is summarized. Results fo
both the simple broken-bond~BB! and the cation-cation-bonde
~CCB! types ofDX centers in cubic and wurtzite crystal structur
are included. A ‘‘Yes’’ implies that the impurity forms a stable o
metastableDX center. A ‘‘No’’ means that the impurity is immune
to DX center formation.

Structure C Si Ge O S

Cubic: BB Yes No No Yes No
Cubic: CCB No No No Yes No
Wurtzite:a-BB Yes Yes No Yes No
Wurtzite:g-BB Yes No No No No
Wurtzite: CCB No No No No No
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