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Calculated properties of nitrogen-vacancy complexes in beryllium- and magnesium-doped GaN
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The properties of defect complexes consisting of a nitrogen vacancy with a substitutional beryllium or
magnesium atom on neighboring lattice sites in hexagonal GaN are calculated using theAIMPRO local-density-
functional theory method. Both types of defectsVN-BeGa andVN-MgGa are bound with respect to their isolated
constituents. They do not appear to have any electronic levels in the bandgap, and are expected to be neutral
defects. Important structural differences are found. In its minimum energy configuration, the Be atom in the
VN-BeGa complex lies nearly in the same plane as the three equivalent N atoms nearest to it. Thus, it has shorter
Be-N bonds than the Ga-N distance in the bulk crystal, while the Mg atom in theVN-MgGa complex occupies
a position closer the lattice site of the Ga atom it replaces. Hence, theVN-BeGa complex has a larger open
volume than theVN-MgGa complex. This is consistent with positron annihilation experiments@Saarinenet al.,
J. Cryst. Growth246, 281 ~2002!; Hautakangaset al., Phys. Rev. Lett.90, 137402~2003!#. The frequency of
the highest local vibrational mode of theVN-BeGa center is calculated to be within 3–4 % of an infrared
absorption line detected in Be-doped GaN@Clerjaud~private communication!#.

DOI: 10.1103/PhysRevB.68.205209 PACS number~s!: 61.72.Bb, 61.72.Ji, 61.72.Vv, 71.15.Nc
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I. INTRODUCTION

Gallium nitride that has not been deliberately doped u
ally exhibits slightlyn-type conducting behavior due to re
sidual oxygen and silicon donors. The concentration of e
trons can be readily increased by the addition of m
oxygen or silicon. Unfortunately, it is more difficult to obta
p-type material. Magnesium acceptors have a relatively la
activation energy, while beryllium-doped GaN is so heav
compensated that the material is only ‘‘semi-insulating
Five defects are considered in the work reported here as
of our continued investigation into the problems associa
with doping GaN. These are the two vacancy-acceptor c
plexesVN-BeGa andVN-MgGa and their constituents, the n
trogen vacancyVN , the substitutional beryllium accepto
BeGa, and the substitutional magnesium acceptor MgGa. The
results for BeGa and MgGa are carried forward from our pre
vious work.1 These two defects have simple structures
both their neutral and21 charge states: the Be and M
atoms in their minimum energy configuration are situa
very close to the lattice site of the Ga atom that they repla
No other local minima were found.

A conclusion of the earlier work is that BeGa defects have
relatively long and somewhat weaker bonds to their fo
neighboring N atoms compared with those in a material s
as Be3N2. This results in very nearly equal frequencies f
the highest local vibrational modes~LVMs! of BeGa and
MgGa defects in GaN, rather than being more nearly prop
tional toA1/m, wherem is the atomic mass. Thus, in the ca
0163-1829/2003/68~20!/205209~5!/$20.00 68 2052
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of BeGa, the reduction in the frequencies of its LVMs due
having streched, weakened bonds outweighs the incre
from having a smaller mass. The frequencies of the LVMs
both BeGa and MgGa are below theA1 ~LO, 735 cm21) pho-
non frequency of GaN, yet are in bands where the bulk p
non density of states are low, thus allowing the modes
MgGa defects in GaN to be observed by Raman experime
scattering.2–5. It is quite likely, therefore, that the modes fo
BeGa defects could also be detected by the same techni
In the previous work, it was also suggested that BeGa could
combine withVN to produceVN-BeGa complexes that would
have a larger open volume thanVN alone, and a higher fre
quency LVM than BeGa by virtue of the Be atom in the
defect having a more planar bonding arrangement with
three N atom neighbors. This could possibly explain the
sults of positron (e1) annihilation experiments in which va
cancies are found in Be-doped GaN that have a posi
lifetime of 220610 ps, which is more than that expected f
bulk GaN ~160–170 ps! and isolatedVN ~160–180 ps! but
slightly less than that measured forVGa (23565 ps).6

Moreover, there is a LVM that has been found in B
doped GaN with a frequency 789 cm21, and that is uncorre-
lated in amplitude with higher modes.1,7 This would be con-
sistent with a Be-N bond length that is shorter than the o
that isolated BeGa defects have, as would be the case if t
Be atom in aVN-BeGa complex assumed a more plana
threefold-coordinated configuration. The positron annihi
tion experiments also find that in heavily Mg-doped,p-type
GaN, there is a positron lifetime component'16561 ps
©2003 The American Physical Society09-1
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~Ref. 6! It is not possible to say whether this is due to an
hilation of e1 in the bulk crystal or is due to an unresolve
combination of annihilation in the bulk and atVN-MgGa com-
plexes. In latter work, the positron lifetime forVN-MgGa
complexes has been measured to be 18065 ps.8

NeutralVN defects have a singly occupiedt2 state that is
thought to be resonant with the conduction band, and a d
bly occupieda1 state that is probably resonant with the v
lence band.9,10 Thus, VN is expected to be an autoionizin
effective-mass-like donor with11 charge. Consequently
Coulomb repulsion will render it inoperative as a trap fore1.
It has been suggested that theVN defect can exist in a13
charge state that is stabilized by an outward relaxation of
neighboring Ga atoms.11 However, there is good reason
believe that the13 state ofVN is only an artifact of the
supercell method where the corrections required to t
charged supercells become more problematic for high ch
states. Specifically, when ionization energies are calcula
purely from total energies within the supercell formalism
additional term called the Madelung correction shou
strictly be applied. Its effect is to push donor levels deep
Unfortunately, its convergence with supercell size is po
and it involves parameters that are not possible to determ
accurately, thus energies are often quoted without this
rection. If a ‘‘suitable’’ reference state is available then io
ization energies relative to it can be calculated more relia
than absolute values as the Madelung terms approxima
cancel. As is often the case, for the defects that we are in
ested in, there is no comparable state of similar electro
character that can be used as a reference. For further dis
sion on this subject see, for example, Ref. 12.

By analogy withVN , we expectVN-BeGa andVN-MgGa to
be neutral defects, but may possibly exist in12 charge
states depending on exactly where the levels are in rela
to the top of the valence band.

Thus, the aim of this work is to model in detail the pro
erties of these defects by an accurate density-functio
theory method within the formalism of the local-density a
proximation, to examine the validity of the ideas presen
above.

II. METHOD

The total energies of supercells are calculated using a
gram package based on self-consistent local-dens
functional theory,AIMPRO.13,14 It can provide detailed infor-
mation about the structure of defects, their formati
energies, electronic bandstructure, local vibrational mod
etc. The method uses a Gaussian basis set to describ
Kohn-Sham wave functions of the valence electrons, wh
the charge density is represented by a plane wave bas
reciprocal space, together with the Monkhorst-Pack~MP!
scheme to sample the band structure.15 Core electrons are
replaced by a pseudopotential based on the Troullier-Mar
scheme.16 The semicore Ga 3d electrons can be include
explicitly in the valence orbitals. However, for the majori
of calculations, we apply instead a nonlinear core correc
to include their effects approximately.17 Selected tests ar
then performed to ensure that the approximation is valid
20520
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the particular problem under consideration. When calculat
local vibrational modes,ab initio second derivatives of en
ergy are calculated for selected atoms in the immediate
cinity of a defect. We test whether the choice is adequate
extending the dynamical matrix to include ‘‘bulk’’ atoms b
applying the Musgrave-Pople classical potential.18,19The su-
percells used for these calculations contain 72 atoms in
ideal wurtzite-GaN crystal, where the lattice parametersa
53.1879 Å andc/a51.6330 give the minimum total energ
for pure GaN by our method. Other details of the method
described in our previous work.1

III. RESULTS AND DISCUSSION

As discussed in the Introduction, the electronic struct
of VN , VN-BeGa, andVN-MgGa is unusual compared with th
majority of defects in that there are probably no levels in
bandgap. Purely for the record, and without applying
Madelung correction, the calculated electronic transition
ergies relative to one another are:E(VN)1/111

' E(VN-BeGa)
0 /11 ' E(VN-MgGa)

0 / 11 ' @E(VN)0/1 22.2
eV# per electron. Recall that the (0/1) level of VN appears
to be an effective-mass state resonant with the bottom of
conduction band and note the Kohn-Sham bandgapEKS
'2.2 eV. Also note that in the supercell formalism effectiv
mass states cannot be properly described as the exte
their wave function is very much greater than the size of
supercell. It must be stressed that we consider the validit
these electronic transition energies for the high charge st
is extremely dubious and only two reliable conclusions c
really be made about them. First, even if these states are
their high positive charge would prevent them from trappi
e1. Second, it is clear that under most circumstances,
possibly always, they are below the Fermi levelme . There-
fore, VN will be in the 11 state, andVN-BeGa andVN-MgGa
will be neutral. This will certainly be the case in sem
insulating material whereme is near mid gap.

In terms of energy, both theVN-BeGa and theVN-MgGa
complexes are bound with respect to their isolated com
nents. The energy for the reaction BeGa

2 1VN
1→VN-BeGa

1GaN is estimated to be 0.86 eV. When the acceptor is M
the reaction MgGa

2 1VN
1→VN-MgGa1GaN yields about 0.53

eV. The orientation of the defect makes no significant diff
ence to the binding energy. These defects might form ea
during growth: it only requires that a N atom fails to occupy
one of the four sites next to a BeGa or MgGa atom at or near
the surface of a growing crystal. The fact this creates
energetically favorable complex makes the process all
more likely. A second Be acceptor binds to aVN-BeGa com-
plex so that the reaction BeGa

2 1VN-BeGa→(VN-(BeGa)2)2

1GaN yields a further 0.77 eV. To create this complex
requires that two Be atoms occupy neighboring Ga sites
the Be atoms are randomly distributed, then the concen
tion of (VN-(BeGa)2)2 will be low. A concentration closer to
the equilibrium value for this defect might be achieved in t
right growth conditions if a second Be atom is able to m
grate to an existingVN-BeGa complex and displace one of th
neighboring Ga atoms. However, the activation energies
such processes need to be sufficiently low for them to oc
9-2
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otherwise the system will remain far from equilibrium. Th
same remarks apply to the decomposition of these compl
into their isolated components. An order of magnitude e
mate for the equilibrium concentration rat
@VN-BeGa#/@(VN-(BeGa)2)2# is in the range;1 –1000 for a
growth temperatureT'1500 °C and Be concentration@Be#
;1021–1019 cm23. These figures are based on typical valu
for bulk GaN crystallized from liquid Ga and N2 gas at high
pressures and temperatures. The specimens used in the
red spectroscopy experiments and some of the positron
nihilation experiments described previously were of t
type. LowerT or larger@Be# gives a smaller ratio. The cor
responding ratio for Mg is perhaps;10 times bigger.

The structure of aVN-BeGa complex in its minimum en-
ergy configuration optimized by theAIMPRO method is illus-
trated in Fig. 1. Both this defect and theVN-MgGa complex
have a similar overall appearance, but differ significantly
the amount that the atoms are displaced from the lattice s
of Ga and N atoms in bulk GaN. The Be atom in theVN-BeGa
complex lies nearly in the same plane as the three equiva
N atoms nearest to it, and about 0.42 Å from the lattice
of the Ga atom that it replaces. The three N atoms close
the Be atom are also shifted slightly from their normal po
tions towards the Be atom so that, combined with the shif
the Be atom along thec direction, it makes the Be-N dis
tance about 13.2% less than the Ga-N distance in the
crystal. TheVN-MgGa complex, however, has much small
displacements of the atoms away from bulk lattice positio
The Mg atom is situated approximately 0.11 Å further fro
the vacancy than the Ga lattice site, and the bonds to
three neighboring N atoms are only about 0.6% shorter t
the normal, bulk GauN distance. The atomic displacemen
are even smaller for the singly charged nitrogen vaca
VN

1 , and are towards the vacancy rather than away from
The unique Ga atom moves less than 0.01 Å, and the G
distance to the three nearest N atoms is 0.2% longer than
bulk value. Table I contains details of these results toge
with others carried forward from our previous work.1

The dynamical matrix used to calculate the local vib
tional modes of defects is constructed in two ways. In
first case, it only contains second derivatives of energy fo

FIG. 1. ~Color online! Structure of theVN-BeGa complex in
GaN.
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few atoms calculated numerically using the analytic first d
rivatives. For theVN-BeGa andVN-MgGa complexes in GaN,
these are the impurity atom, its three nearest nitrogen ne
bors, and the three gallium atoms that are closest to the
cancy. The modes given by this method are then constra
to be completely localized on the defect atoms, and are
masked by bulk phonons, but it ignores dynamical inter
tions with other atoms. In the second case, the dynam
matrix is extended to include the contributions from oth
more distant atoms by applying the Musgrave-Pople pot
tial ~MPP!. The parameters for the potential are fitted to to
energies for bulk GaN given by theAIMPRO method. If the
choice of atoms for whichab initio second derivatives are
calculated is adequate, then these contributions should h
very little effect on the frequencies of local modes, and th
act only as a check on and refinement to the method. H
ever, local modes that are resonant with bulk phonons ca
longer be distinguished.

The local vibrational modes forVN-BeGa and VN-MgGa
complexes in GaN calculated by theAIMPRO method are
given in Table II. The results given are restricted to t
higher frequencies of the centers, where the vibrations
mainly confined to the impurity Be and Mg atoms, and th
three nitrogen neighbors. With the exception of the high
mode of theVN-BeGa defect, all the modes are lower than th
A1 ~LO, 735 cm21) phonon frequency of GaN. Howeve
several are in the bulk phonon bandgap between'330 and
550 cm21. Some others have frequencies within a ‘‘win
dow’’ in the bulk bands at'620–660 cm21 where the den-
sity of states is small making it possible to observe lo
modes in this region by Raman scattering experiments.

TABLE I. Structural information for all combinations ofAN-BGa

with A5V, N, andB5Be, Mg, Ga in GaN calculated by theAIM-

PROmethod. The distancedc is the displacement of atomB in thec
direction. See also Fig. 1, whereA5V andB5Be.

A B Structure A–B ~Å! B–N ~Å! dc ~Å! ABN̂ NBN̂

V Be VN-BeGa 1.695 10.420 96.3° 118.8°
V Mg VN-MgGa 1.940 10.115 105.5° 113.1°
V Ga VN

1 1.939 20.006 109.0° 109.9°
N Be BeGa

2 1.802 1.805 10.042 109.3° 109.6°
N Mg MgGa

2 1.999 1.981 10.062 109.0° 109.9°
N Ga Bulk GaN 1.955 1.952 0.000 109.5° 109.5

TABLE II. Local vibrational modes forVN-BeGa andVN-MgGa

complexes in GaN calculated by theAIMPRO method both with and
without the Musgrave-Pople potential~MPP!. When the MPP is
applied local modes that are resonant with bulk phonon bands
not be distinguished.

Defect MPP Frequencies (cm21)

VN-BeGa No 422 431 568 583 608 640 671 75
VN-BeGa Yes 452 481 587 602 614 763
VN-MgGa No 307 601 613 648 656 671 683
VN-MgGa Yes 380 607 616
9-3
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The two lowest modes given in Table II of theVN-BeGa
defect, as identified by their character and symmetry,
reversed in order of frequency when the MPP is applied. T
is due to a much larger upward shift of the first mode relat
to the second. In other words, the mode at 422 cm21 in-
creases to 481 cm21, while the mode at 431 cm21 changes
by a much smaller amount to 452 cm21. The lowest mode of
VN-MgGa also suffers a large shift. Therefore, the frequenc
of the modes at 422/481 cm21 for VN-BeGa, and
307/380 cm21 for VN-MgGa cannot be considered reliable
Of the other modes that are not resonant with bulk pho
bands, the shifts in frequency when the MPP is applied
small and acceptable. In earlier work, the frequencies ca
lated for the LVMs of the MgGa defect were found to be in
very good agreement with measured values.1 These include
modes that are resonant with bulk phonon bands.

Several lines with frequencies above the bulk phon
bands, including one in particular at 789 cm21, have been
observed by infrared spectroscopy in Be-doped GaN.1,7 We
have identified the higher frequency LVMs as most proba
being due to pairs of Be atoms sharing Ga-lattice si
(Be-Be)Ga. However, the line observed at 789 cm21 is not
correlated in amplitude with the other lines. A model bas
on a simple harmonic oscillator with empirical paramet
suggests that this line might be due to isolated, substitutio
beryllium, BeGa. Our calculations show that the highe
mode of the BeGa defect in fact has a relatively low fre
quency'663–679 cm21 depending on the charge state.1 It
also hasA1 symmetry. In infrared spectroscopy experimen
modes of this type are normally far too weak to be detec
The highest frequency mode of theVN-BeGa complex pre-
dicted at 763 cm21 hasE symmetry, and hence is expecte
to be infrared active.

IV. SUMMARY AND CONCLUSIONS

While it is clear that the negatively charged gallium v
cancy acts as an effective trap fore1, the existence of va-
cancies detected by positron annihilation experiments
semi-insulating andp-type material appears to be less easy
explain. Under these conditions the formation energy of
gallium-vacancy is too large for it to exist in significant co
centrations, while the nitrogen vacancy is excluded on
grounds of having a positive charge, and an open volu
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that is too small. The first clue for solving the problem is th
the measured positron lifetime is significantly longer in B
doped GaN than in Mg-doped GaN. Second, Be-doped
terial has a characteristic infrared absorption line
789 cm21 that is not correlated in intensity with other line
at higher frequencies. We propose that these experime
results can be explained by the presence ofVN-BeGa and
VN-MgGa complexes in GaN, and test our model using t
AIMPRO local-density-functional theory method. Accordin
to this, we conclude that the difference in positron lifetim
between Be-doped and Mg-doped GaN is a consequenc
the structural differences between the two types of co
plexes where theVN-BeGa defect has a larger open volum
than theVN-MgGa defect. The structures of the defects al
have important consequences for their local vibratio
modes. In particular, the presence of a nitrogen vacancy
to a substitutional Be atom raises the calculated frequenc
the highest mode above the bulk phonon bands to a v
that is within 3–4 % of the infrared absorption line detect
at 789 cm21. The electronic structure ofVN-BeGa and
VN-MgGa complexes is such that the defects will exist in
neutral charge state under most conditions. Therefore, t
formation energy, and hence, their concentration is indep
dent of the Fermi levelme . The formation energy of thes
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