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Group-IV and group-V substitutional impurities in cubic group-III nitrides
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We presentab initio pseudopotential plane-wave calculations for C, Si, Ge, P, As, and Sb on substitutional
sites in cubic AlN and GaN for several charge states. The stability of these impurities, the geometry of the
nearest neighbors, as well as the defect levels are studied in large supercells, reducing the impurity-impurity
interaction and the alloying effect inherent the small supercells. Due to the large number of electrons in the
supercell, higher charge states can be studied with less perturbation of the system. The trend of the defect levels
and stability with respect to the atomic number of the impurity is analyzed in order to provide information
about alternative dopants for the nitrides. Different growth and preparation conditions are considered. We
estimate the partial concentrations of the incorporated impurities according to their charge states and versus the
total amount of impurities available.
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I. INTRODUCTION

Group-III nitrides crystallize usually in the hexagonal
wurtzite ~w! phase.1 However, the cubic~c! or zinc blende
phase of these compounds offers in principle many adv
tages such as a high symmetry, lack of spontaneo
polarization effects, and it is more suitable top doping.2

Since the structural differences between the cubic and wu
ite phases refer only to the positions of the second neighb
it is useful to compare the results obtained for the impurit
in these two phases. The group-IV elements silicon and
manium have been traditionally used as dopant elemen
order to achieven-type conductivity in AlN and GaN.3–7

Differently from silicon and germanium which have be
applied in semiconductor technology for many years, car
has been recently quoted to obtainp-type conductivity in
c-GaN ~Ref. 8! with some advantages with respect to MgGa,
since it can be incorporated in higher concentrations9 than
Mg and the activation energies are reduced in the case o
cubic phase.10 Moreover, carbon is an unintentional impuri
during the growth of group-III nitrides.11–14

On the other hand, group-V impurities have low solubil
in nitrides and are often applied as surfactants.2,15,16 When
acting as surfactants, these impurities can modify sign
cantly the properties of the growing surface without incorp
rating into the sample. By adding phosphorus during
growth of hexagonal GaN, one can induce the growth
layers of the cubic phase of the material.15 The reconstruc-
tion properties of GaN surfaces are modified when a sm
amount of arsenic is added during the growth.2 Antimony has
been used as a surfactant in GaN surfaces16 and other
semiconductors17 being incorporated in low concentration
In addition to the residual character of the group-V impu
ties, they can be incorporated in the samples by mean
ionic implantation18 or under special growth conditions.19

Recently the incorporation of P and As in GaN has be
studied in order to provide preliminar information abo
GaNP and GaNAs alloys. Since GaP and GaAs have a lo
lattice mismatch than InN in comparison to GaN, and a w
fundamental energy gap as well, the GaNP and GaNAs
0163-1829/2003/68~8!/085209~12!/$20.00 68 0852
n-
s-

z-
rs,
s
r-
in

n

he

-
-
e
f

ll

-
of

n

er
e
l-

loys could be alternative materials to perform similar to I
GaN in some optoelectronic applications.20,21

The recent growth of zinc blende–phase crystals m
vates a more detailed study of group-V impurities in grou
III nitrides, in particular for AlN and GaN. One of the firs
theoretical investigations on group-IV and group-V impu
ties in group-III nitrides substitutionally on nitrogen sites~C,
Si, Ge, P, As, and Sb! and cation sites~Si and Ge! was
performed by Jenkins and Dow22 applying the tight-binding
method. Other works applied different methods for Si~Refs.
23,24! and Ge~Refs. 25,26! impurities in the zinc blende27

and wurtzite phases of AlN and GaN. Park and Chadi c
clude that Ge would be a good alternative to Si for dop
AlGaN alloys26 in accordance to experimental observation3,4

Mattila and Zunger studied the isovalent P and
impurities28 as well as the pairs P-P and As-As in GaN~Ref.
29! motivated by the optical properties of GaNAs and GaN
alloys. Van de Walle and Neugebauer concluded that
single As impurity would be an obstacle to achievep-type
doping in GaN, and possibly would makep type impossible
in GaNAs alloys as well.30 Unless particular binding effect
are involved, the incorporation of a given impurity on su
stitutional sites is usually favored to other sites.31

In this paper we investigate the incorporation of group-
and group-V impurities on substitutional sites for zinc blen
AlN and GaN, analysing the geometry of the nearest nei
bors, the trend of the defect levels and ionization levels,
the formation energies. The C, Si, Ge, P, As, and Sb imp
ties are studied on the nitrogen and cation sites for sev
charge states and, when it is possible, a comparison to
vious results in the literature is made. The paper is organi
as follows. In Sec. II we describe the method applied
calculate the total energies, chemical potentials and de
levels. The results for each of the group-IV and group
impurities are presented in Sec. III, and we summarize
results in Sec. IV.

II. METHOD

A. Total energies,k-point mesh, and geometry

The total energies for the systems with and without
impurity were calculated in the framework of the dens
©2003 The American Physical Society09-1
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TABLE I. Orthornormal sets of basis used to project the displacement vectors of first-~1NN! and second-
~2NN! nearest neighbors.

1NN 2NN

b00
1

A3
(1, 1, 1) b0j

1

A2
(0, 1, 1)

1

A2
(1, 1, 0)

1

A2
(1, 0, 1)

p00
1

A6
~21, 21, 2! p0j

1

A2
~0, 1,21!

1

A2
~1, 21, 0!

1

A2
~1, 0,21!

n00
1

A2
~1, 21, 0! n0j ~1, 0, 0! ~0, 0, 1! ~0, 1, 0!

b10
1

A3
~21, 1,21! b1j

1

A2
~0, 1,21!

1

A2
~21, 1, 0!

1

A2
~21, 0,21!

p10
1

A6
~1, 21, 22! p1j

1

A2
~0, 1, 1!

1

A2
~21, 21, 0!

1

A2
~21, 0, 1!

n10
1

A2
~21, 21, 0! n1j ~21, 0, 0! ~0, 0,21! ~0, 1, 0!

b20
1

A3
~21, 21, 1! b2j

1

A2
~0, 21, 1!

1

A2
~21, 21, 0!

1

A2
~21, 0, 1!

p20
1

A6
~1, 1, 2! p2j

1

A2
~0, 21, 21!

1

A2
~21, 1, 0!

1

A2
~21, 0,21!

n20
1

A2
~21, 1, 0! n2j ~21, 0, 0! ~0, 0, 1! ~0, 21, 0!

b30
1

A3
~1, 21, 21! b3j

1

A2
~0, 21, 21!

1

A2
~1, 21, 0!

1

A2
~1, 0,21!

p30
1

A6
~21, 1,22! p3j

1

A2
~0, 21, 1!

1

A2
~1, 1, 0!

1

A2
~1, 0, 1!

n30
1

A2
~1, 1, 0! n3j ~1, 0, 0! ~0, 0,21! ~0, 21, 0!
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functional theory~DFT!32 and local density approximatio
~LDA !.33 To describe the exchange and correlation ene
per electron, we applied the parametrization of Perdew
Zunger34 for the quantum Monte Carlo calculations of Ce
erley and Alder.35 The Ga 3d electrons are included as va
lence electrons, whereas the Sb 4d, As 3d, and Ge 3d elec-
trons are frozen in the atomic core. The interaction betw
the atomic cores and valence electrons is treated by mea
ultrasoft Vanderbilt pseudopotentials36 implemented in the
Viennaab initio Simulation Package.37 The ultrasoft pseudo
potentials allow a significant reduction of the cutoff ener
up to 15.4 Ry for Al, 17.7 Ry for Ga, 14.9 Ry for N, 18.8 R
for P, 15.4 Ry for As, 12.7 Ry for Sb, 14.8 Ry for C, 12.8 R
for Si, and 12.3 Ry for Ge. The Kohn-Sham~KS! equations
are solved by the method of residual minimization band
band and the KS eigenvalues are interpreted as the elect
levels of the bulk material as well as the impurity levels.
model the bulk material with the impurity atom, we applie
216-atom simple-cubic supercells which assure we are
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beyond the alloy regime. In Ref. 38, we studied the influen
of the supercell size in several electronic properties relate
CN . The impurity-impurity interaction is inherent the use
the supercell method and affects the total energies. The l
number of electrons in the 216-atom supercells allows u
consider the relevant charge states for the impurities cha
ing less than 1% of the total number of electrons. This r
resents an advantage with respect to the calculations repo
in the literature, where the number of atoms is usually
larger than 72. The occupation of the electronic states
lowed the zeroth order Methfessel-Paxton method withs
50.1 eV, which corresponds to a Gaussian smearing.39

The geometry of the fully relaxed atomic positions wi
respect to the ideal zinc blende structure was determined
the first-nearest~1NN! and second-nearest~2NN! neighbors.
To describe completely the geometry of the neighboring
oms, one needs in principle sixteen sets of orthonormal b
(bij , pij , nij ) centered at each particular neighbor to proje
their displacement vectors on these sets. For the sets
9-2
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sented in Table I, the indexi 50,1,2,3 withj 50 refers to the
four first-nearest neighbors and the indexj 51,2,3 refers to
the respective second-nearest neighbors. In the basis set
responding to the first-nearest neighbors,bi0 are the
breathing-mode vectors connecting the impurity to the nei
bor, pi0 are the pairing-mode vectors, andni0 are vectors
perpendicular to the latter ones.40 For the twelve second
nearest neighbors to the impurity, we apply different ba
sets. In these basis sets,bij are the breathing-mode vectors
before,pij are vectors pointing to third neighbors lying o
the same plane as the impurity, and the corresponding
torsnij are perpendicular to the latter ones. The sixteen b
sets allow one to describe the geometry of the neighbor
an atomic site, including the case of lowering of the loc
symmetry, when a so-called Jahn-Teller distortion occur31

For the impurities considered here, we found no indicat
for a Jahn-Teller distortion, therefore four basis sets, one
the first neighbor and three for its corresponding three s
ond neighbors distinct from the impurity, are sufficient
describe the geometry changes of the neighboring ato
Moreover, the displacements of the nearest neighbors a
the vectorspij ~first and second neighbors! and ni0 ~first
neighbors! are found to be negligible or zero for the impur
ties considered.

B. Formation energies and chemical potentials

The stability of the C, Si, Ge, P, As, and Sb impurities
determined by their formation energiesV f(XN:ZN,X

q ,EF)
5 Etot (XN:Z N,X

q ) 2 Etot
ideal(XN) 1 m(N, X) 2 m(Z) 1 qEF ,

whereX is the cation~Al or Ga!, Z is the impurity atom~C,
Si, Ge, P, As, and Sb! in its charge stateq incorporated on a
N or cation site~N, X), Etot

ideal(XN) is the total energy corre
sponding to the bulk, them ’s are the chemical potential
under given preparation conditions, andEF is the chemical
potential of the electron reservoir or Fermi level.EF is usu-
ally written in terms of a reduced Fermi level«F , which
varies from zero to the fundamental gapEg of the host com-
pound, and the energetical position of the valence b
maximum~VBM ! EV , by EF5EV1«F . Unless the doping
conditions are mentioned explicitly, we consider optimal f
mation energies in the following, i.e., N-rich~cation-rich!
conditions for impurities on the cation~nitrogen! sites and
p-type (n-type! doping level for positively ~negatively!
charged impurities. Due to the possibility of finding defe
levels close to the conduction band minimum~CBM! EC
5EV1Eg , we applied the DFT-LDA fundamental gap
(Eg53.29 eV for AlN and 2.03 eV for GaN using the abov
described DFT-LDA! for the range of variation of«F . To
determine the absolute position ofEV for the supercells with
an impurity in the charge stateq, we compare the shift of the
electrostatic potential along one of the Cartesian axes f
supercell containing the impurity with respect to the cor
sponding bulk supercell.41 Since, we found that this potentia
varies less than 50 meV with respect toq, we use the shift
energy corresponding toq50 to calculate the optimal for
mation energies of charge states and the ionization lev
The plain value ofEV from bulk gives already a good ap
proximation in most of the studied cases. The chemical
08520
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tentials of N andX are linearly dependent on each other
m(XNbulk)5m(X)1m(N) in accordance to the mass actio
law,42 wherem(XNbulk) is the chemical potential of the bul
compoundXN ~-16.40 eV for AlN and -13.94 eV for GaN!.
In thermodynamic equilibrium, the chemical potentials of t
atomic species may differ from their corresponding bulk r
ervoirs in such a way that it is convenient to define variatio
Dm5m2mbulk . The upper limit ofDm is zero for a given
species and describes preparation conditions rich in this
cies. To determine the lower limit for the variation of th
chemical potentials, we use the experimental heats of for
tion DH f53.28 eV for AlN and 1.28 eV for GaN~Ref. 43!
and the relation2DH f(XN)5Dm(X)1Dm(N). This choice
of experimental values forDH f avoids the explicit determi-
nation ofm(Nbulk) by means of the N2 molecule. The deter-
mination of the cohesive energy of N2 would require a much
harder pseudopotential than the one used in our calculati
In addition to this, it is convenient to describe the preparat
conditions by choosing as variable the nitrogen chemical
tential m(N)5m(XNbulk)2m(Xbulk)1DH f(XN)1Dm(N).
N-rich preparation conditions correspond toDm(N)50 and
X-rich preparation conditions toDm(N)52DH f(XN).

The actual chemical potentials of the atomic species d
ing the growth are usually unknown, since the source for
atomic species are complex gases and the whole process
sists in several chemical reactions. In order to be con
tent, one has to calculate these quantities using the s
theoretical scheme as the one applied to calculate the
energies. The chemical potentials for the group-IV impurit
C, Si, and Ge were obtained from DFT-LDA calculatio
for the diamond structure of these compounds:m(Cbulk)
5210.15 eV,m(Sibulk)525.92 eV, andm(Gebulk)525.15
eV. The group-V atomic species have the rhombohedralA7
as a common structure among many other polymor
whose geometries can be more complex.44 For that reason, to
evaluate their bulk chemical potentials we only considere
simple-cubic structure. Using DFT-LDA and 20k points in
the irreducible wedge of the Brillouin zone one obtai
m(Pbulk)525.91 eV,m(Asbulk)525.18 eV, andm(Sbbulk)
524.65 eV. The chemical potentials determined by DF
LDA using the geometry of theA7 structure optimized by
other authors44–46 give rise to slightly lower values by 0.1
20.2 eV. The pseudopotentials for Al and Ga we use are
same as the ones described in Ref. 47 where the chem
potentialsm(Albulk)524.19 eV andm(Gabulk)523.58 eV
were calculated assuming a fcc structure.

C. Kohn-Sham defect levels, ionization levels,
and relaxation energies

Defect levels are usually characterized by KS defect l
els ~single-particle picture! or by means of ionization levels
calculated in the framework of theDSCF ~delta self-
consistent field! method. The KS eigenvalues associated
the defect states do not account for the excitation aspec
herent the ionization on a recharging of the defect. The i
ization levels provide a more rigorous information about t
defect levels, since they are calculated by differences
tween the total energies of the systems in certain cha
9-3
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states. The position of the KS defect levels in the fundam
tal gap is determined by the alignment procedure, wher
the acceptorlike ionization levels31 are calculated by«(q
11/q)5Etot(XN:ZN,X

q )2Etot(XN:ZN,X
q11)2EV , whereZ5C,

Si, Ge, P, As, and Sb are the impurity atoms in a giv
charge stateq, X5Al or Ga, andEV is the aligned top of
valence band. All the ionization energies refer to the VB
independent of the eventual acceptor or donor character.
rections due to the band gap underestimated in DFT-LDA
not taken into account in our results. In order to do th
different procedures are suggested. The simplest procedu
to increase the fundamental gaps according to the exp
mental or quasiparticle values.48 Another procedure is to rep
resent all ionization levels which include negatively charg
states with respect to the CBM and the ones which incl
positively charged states with respect to the VBM.49 Then
experimental values or theoretical values including quasip
ticle corrections for the bandgap are applied. As a con
quence, the ionization levels are shifted with respect to
CBM. In a third procedure, the defect levels in the gap
shifted by a fraction of the quasiparticle gap opening prop
tional to the overlap of their wave functions with th
conduction-band states.50

The incorporation of the impurity on a subtitutional si
implies some displacements of the atoms on the neighbo
sites. A comparison between the covalent radius of
impurity51 and the covalent radius of the replaced atom in
host crystal allows to preview the general trend for the

TABLE II. Displacements of the nearest neighbors 1NN a
2NN (Dd1,2 in % of the bond length!, lattice relaxation energyDE,
optimal formation energy for the defectV f ~N-rich @cation-rich# for
CAl,Ga @CN# and p-type @n-type# for neutral and positively@nega-
tively# ionized!, KS defect levels«KS with respect to the VBM, and
ionization levels«(q11/q) for C in AlN and GaN.

Impurity Dd1 Dd2 DE V f «KS «(q11/q)
b0j bij nij ~eV! ~eV! ~eV! ~eV!

CN
32 20.13 1.88 0.24 0.2520.28 3.29 3.27

CN
22 20.13 1.90 0.23 0.2620.26 3.29 3.25

CN
12 20.13 1.91 0.23 0.2820.21 1.02 0.80

CN
0 2.51 1.41 0.04 0.12 2.28 0.52 0.39

CN
11 4.34 1.19 20.14 0.24 1.89 0.25 0.19

AlN CN
21 5.28 1.09 20.26 0.34 1.70 0.15 0.09

CN
31 5.75 1.06 20.32 0.38 1.61 0.10

CAl
22 215.97 22.59 1.45 2.12 4.05 3.20 3.20

CAl
12 215.99 22.61 1.50 2.15 4.15 3.21 3.19

CAl
0 216.00 22.62 1.53 2.20 4.26 3.22 3.17

CN
12 21.31 1.36 0.18 0.23 0.82 0.26 0.26

CN
0 20.38 1.14 0.11 0.07 2.59 0.16 0.16

CN
11 0.16 1.04 0.06 0.04 2.43 0.12 0.11

GaN CN
21 0.48 0.99 0.02 0.04 2.32 0.09 0.07

CN
31 0.74 0.97 0.00 0.04 2.25 0.07

CGa
12 218.87 23.81 1.03 2.79 3.63 1.87 1.90

CGa
0 218.82 23.81 1.10 3.01 3.76 1.87 1.85
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laxation of the neighboring atoms. The difference betwe
the total energies of the system where all the atoms ar
ideal zinc blende sites and the system with the rela
atomic positions is the lattice relaxation energyDE(ZN,X

q )
5Etot

ideal(XN:ZN,X
q )2Etot(XN:ZN,X

q ). Together with the dis-
placements given in percentage of the bond lengthd (d
51.879 Å for AlN andd51.931 Å for GaN! and formation
energies, the relaxation energy provides information ab
the strength of the atomic relaxation around the impurity.

III. RESULTS

A. Carbon

The atomic displacements of the first- and second-nea
neighbors, the relaxation energy, the optimal formation
ergy, Kohn-Sham defect levels, and ionization levels for
C impurity are listed in Table II. C on the Al site produces
inward breathing-mode relaxation for the first and seco
neighbors. On the N site of AlN, the first neighbors of
show very short inward displacements for the negativ
charged states, including the isovalent caseq512. For the
neutral and positively charged states, an outward relaxa
occurs. The relaxation energies are lower for CN than for CAl
in AlN. The optimal formation energies are lower for CN than
for CAl in AlN. CAl induces the shallow donor level«(1
1/0), whereas CN induces the deep acceptor level«(0/1

TABLE III. Displacements of the nearest neighbors 1NN a
2NN (Dd1,2 in % of the bond length!, lattice relaxation energyDE,
optimal formation energy for the defectV f ~N-rich @cation-rich# for
SiAl,Ga @SiN# and p-type @n-type# for neutral and positively@nega-
tively# ionized!, KS defect levels«KS with respect to the VBM, and
ionization levels«(q11/q) for Si in AlN and GaN.

Impurity Dd1 Dd2 DE V f «KS «(q11/q)
b0j bij nij ~eV! ~eV! ~eV! ~eV!

SiN
22 16.56 6.99 0.40 5.66 4.56 3.26 3.25

SiN
12 16.00 7.00 0.41 5.65 4.60 2.21 2.07

SiN
0 18.13 5.94 0.20 6.45 5.83 1.82 1.67

SiN
11 20.55 4.97 20.02 7.52 4.16 1.47 1.34

SiN
21 23.21 4.09 20.28 8.58 2.82 1.20 1.08

AlN SiN
31 26.12 3.29 20.51 9.50 1.74 0.99 0.89

SiN
41 29.22 2.41 20.76 10.28 0.85 0.85

SiAl
32 25.59 0.15 20.80 0.62 22.19 3.18 3.19

SiAl
22 25.64 0.16 20.82 0.65 22.08 3.19 3.18

SiAl
12 25.68 0.18 20.84 0.68 21.97 3.20 3.18

SiAl
0 25.72 0.20 20.86 0.72 21.86 3.20 3.16

SiN
12 12.65 5.87 0.01 3.59 3.80 1.19 1.11

SiN
0 14.64 5.11 20.14 4.00 4.71 0.94 0.85

SiN
11 16.38 4.40 20.30 4.46 3.86 0.72 0.64

SiN
21 17.74 3.73 20.46 4.83 3.22 0.55 0.47

GaN SiN
31 18.82 3.22 20.59 5.10 2.74 0.42 0.35

SiN
41 19.65 2.82 20.72 5.30 2.39 0.34

SiGa
12 28.07 20.52 20.69 1.08 22.20 1.93 1.96

SiGa
0 28.06 20.50 20.70 1.10 22.14 1.94 1.91
9-4
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2) and the shallow donor«(12/22). When incorporating
in GaN on the Ga site, C requires inward relaxations of
first neighbors and second neighbors. For C occupying th
site, the displacements of the first and second neighbors
inward or outward according to the charge state. The re
ation energies for CN are extremely low, showing that C
replaces N in GaN with minimum perturbation of the lattic
C on the N site induces the shallow acceptor level«(0/1
2). The position of the level calculated with respect to t
VBM is in good agreement with the experimental value 2
meV reported by As and Ko¨hler.8 On the Ga site, C impurity
has both formation and relaxation energies higher than
CN and introduces the shallow donor level«(11/0).

B. Silicon

In Table III we show the effect of the incorporation of S
in the relaxed atomic positions of the nearest neighbors
the corresponding optimal formation energies and defe
levels. On the Al site, Si induces an inward relaxation
about 6% for the first neighbors and slight outward rela
ations for the second neighbors. The relaxation energies
SiAl are low, but higher than the one calculated by Bogusła
ski and Bernholc for the Si impurity in the wurtzite structu
of AlN.25 The calculated ionization levels indicate that SAl
introduces the shallow donor level«(11/0) in the funda-

TABLE IV. Displacements of the nearest neighbors 1NN a
2NN (Dd1,2 in % of the bond length!, lattice relaxation energyDE,
optimal formation energy for the defectV f ~N-rich @cation-rich# for
GeAl,Ga @GeN# andp-type @n-type# for neutral and positively@nega-
tively# ionized!, KS defect levels«KS with respect to the VBM, and
ionization levels«(q11/q) for Ge in AlN and GaN.

Impurity Dd1 Dd2 DE V f «KS «(q11/q)
b0j bij nij ~eV! ~eV! ~eV! ~eV!

GeN
22 16.70 7.11 0.44 6.04 4.47 3.26 3.24

GeN
12 16.50 7.12 0.47 6.00 4.51 2.24 2.11

GeN
0 18.69 6.08 0.25 6.86 5.70 1.87 1.73

GeN
11 21.23 5.15 0.02 7.99 3.97 1.54 1.41

GeN
21 23.99 4.24 20.23 9.12 2.56 1.28 1.18

AlN GeN
31 27.08 3.39 20.47 10.13 1.38 1.09 1.00

GeN
41 30.49 2.44 20.72 11.01 0.38 0.97

GeAl
32 20.69 1.31 20.78 0.19 20.04 3.19 3.20

GeAl
22 20.73 1.33 20.79 0.20 0.06 3.19 3.19

GeAl
12 20.77 1.35 20.80 0.22 0.17 3.20 3.18

GeAl
0 20.81 1.37 20.81 0.24 0.28 3.21 3.16

GeN
12 13.64 6.08 0.03 4.09 3.87 1.28 1.20

GeN
0 15.61 5.35 20.13 4.58 4.70 1.03 0.93

GeN
11 17.30 4.55 20.28 5.10 3.76 0.80 0.72

GeN
21 18.79 3.81 20.48 5.54 3.04 0.62 0.54

GaN GeN
31 20.07 3.24 20.62 5.87 2.50 0.48 0.41

GeN
41 21.22 2.74 20.77 6.11 2.09 0.39

GeGa
12 22.86 0.89 20.67 0.29 20.20 1.93 1.96

GeGa
0 22.93 0.90 20.69 0.32 20.13 1.93 1.91
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mental gap. On the other hand, on the N site we calculate
deep donor level«(0/12) and the shallow donor level«(1
2/22). Under optimal preparation conditions, the formati
energies for SiAl are negative. Considering the trend of fo
mation energies towards lower values, we conclude thatAl
is very likely to occur. Van de Walle and co-workers calc
lated formation energies even more negative for SiAl

0 than
-1.86 eV underp-type preparation conditions.24 This differ-
ence may be due to the small 32-atom supercells use
their calculation, which increase the impurity-impurity inte
action in the supercell method. The absence of defect le
in the fundamental gap was predicted by Jenkins and Do22

for SiAl in the wurtzite phase of AlN. On the N site ofc-AlN,
Si induces an outward breathing-mode relaxation in the fi
and second neighbors, in accordance to results for the wu
ite phase in Ref. 25. The relaxation energies are higher
SiAl in comparison to SiN . Formation energies for Si on thi
site are relatively high, decreasing for higher charge stateq.
On the Ga site in GaN, Si induces inward breathing-mo
relaxations for both first and second neighbors in order
reach the energy minimum. The relaxation energies for SGa
are slightly higher than for SiAl , though the lattice constan
of GaN is larger than the AlN one. For SiGa in w-GaN Bo-
gusławski and Bernholc predict smaller inward relaxations
5.6% for the first neighbors and lower relaxation energies
0.65 eV.25 The ionization levels indicate that SiGa introduces
a shallow donor level«(11/0) in the fundamental gap, in
accordance to the results in Ref. 25 in which effective-m
levels were predicted. Neugebauer and Van de Walle23,24also
predicted a donor level at 0.1 eV below the bottom of t
conduction band. Go¨tz and co-workers measured a don
level located 22 meV below the CBM inw-GaN:Si.5 The
level corresponding to the excitonic transition measured
c-GaN:Si is about 40 meV below the CBM according to A
and co-workers.7 Likewise SiAl , the formation energies cal
culated for SiGa are negative and agree with those obtain
by Van de Walle and co-workers23,24 for the neutral charge
state. The first and second neighbors of Si on the N
experience outward relaxations in GaN. The acceptor le
«(0/12), introduced by SiN in GaN, lies close to the midgap
and is followed by the corresponding KS defect levels. T
formation energies of SiN in GaN are comparable to the one
in AlN.

C. Germanium

The main information about the geometry and stability
a Ge impurity is given in Table IV. We found a remarkab
difference between SiAl and GeAl concerning the inward dis
placements of the first neighbors. The relaxation energies
low, showing that Ge replaces Al with a minimum perturb
tion of the lattice. Our results for the lattice relaxation diff
considerably from the ones obtained by Bogusławski a
Bernholc25 for the Ge in wurtzite AlN, where the 1NN atom
are displaced by 17% of the bulk bond length and the rel
ation energy is 0.9 eV. Concerning the stability, we calcul
low formation energies for the neutral and negative
charged states. Taking into account the trend and value
the optimal formation energies, one may conclude that SiAl is
9-5
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more favorable than GeAl for doping in AlGaN alloys, con-
versely to the results of Park and Chadi26 and the experimen
tal observation.3 According to previous works for the zin
blende and wurtzite AlN,22,25,26GeAl gives rise to levels very
close to the CBM. We calculate a shallow donor level«(1
1/0) for GeAl . On the other hand, Ge on a N site requires
the first and second neighbors to move outwardly resultin
high relaxation energies. The displacements of the fi
neighbors induced by GeN are similar to the ones for SiN in
AlN. GeN induces the deep level«(0/12) and the shallow
donor level«(12/22) in the fundamental gap similar t
SiN . Concerning the stability GeN and SiN present very simi-
lar optimal formation energies. For GeGa the first and second
neighbors experience inward and outward relaxations,
spectively. We calculate low formation energies which in
cate that Ge would be promptly incorporated on the Ga
under optimal preparation conditions. The shallow don
level «(11/0) corresponding to GeGa lies practically at the
same energy position as for SiGa. The first and second neigh
bors to Ge on the N site experience an outward relaxatio
breathing mode. The relaxation and formation energies
GeN are higher but comparable with those for SiN in GaN.
The highest ionization level induced by GeN in GaN is the
deep level«(0/12).

TABLE V. Displacements of the nearest neighbors 1NN a
2NN (Dd1,2 in % of the bond length!, lattice relaxation energyDE,
optimal formation energy for the defectV f ~N-rich @cation-rich# for
PAl,Ga @PN# and p-type @n-type# for neutral and positively@nega-
tively# ionized!, KS defect levels«KS with respect to the VBM, and
ionization levels«(q11/q) for P in AlN and GaN.

Impurity Dd1 Dd2 DE V f «KS «(q11/q)
b0j bij nij ~eV! ~eV! ~eV! ~eV!

PN
22 15.84 4.81 0.14 5.16 1.23 3.24 3.27

PN
12 15.74 4.82 0.16 5.18 1.25 3.25 3.23

PN
0 15.53 4.83 0.20 5.20 1.31 0.78 0.68

PN
11 17.60 4.22 0.00 5.74 0.63 0.49 0.43

PN
21 19.18 3.78 20.20 6.07 0.21 0.33 0.28

AlN PN
31 20.34 3.54 20.34 6.30 20.07 0.23 0.19

PN
41 21.11 3.37 20.44 6.45 20.26 0.19

PAl
32 29.35 0.81 21.66 1.37 0.94 3.10 3.12

PAl
22 29.44 0.85 21.71 1.46 1.12 3.10 3.12

PAl
12 29.59 0.90 21.76 1.57 1.29 3.11 3.11

PAl
0 29.68 0.94 21.81 1.69 1.48 3.12 3.10

PAl
11 29.81 1.00 21.87 1.85 21.62 3.13 3.08

PN
0 13.29 4.17 20.03 3.46 1.16 0.22 0.25

PN
11 14.02 3.95 20.11 3.55 0.91 0.18 0.19

PN
21 14.44 3.84 20.16 3.62 0.72 0.15 0.15

PN
31 14.72 3.74 20.20 3.66 0.57 0.13 0.11

GaN PN
41 14.93 3.67 20.23 3.71 0.46 0.11

PGa
0 212.04 0.39 21.50 1.82 0.62 1.87 1.90

PGa
11 212.10 0.38 21.54 2.10 21.28 1.87 1.84
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D. Phosphorus

In contrast to the group-IV impurities, P is not expected
introduce any defect level when replacing a N atom in AlN
and GaN. Taking into account only the atomic size of P, o
may expect that its incorporation is favored on the cat
sites. In Table V we present the results for the substitutio
P impurity in AlN and GaN. Our calculations show that P o
the Al site induces an inward breathing-mode relaxation
the first neighbors and an outward relaxation on the sec
neighbors. PAl introduce a shallow donor level«(21/11). P
on a N site induces an outward relaxation of the first a
second neighbors. Relatively low formation and relaxat
energies for PAl are calculated. On the other hand, high
relaxation energies are calculated for PN accompanied by low
optimal formation energies. The highest ionization lev
«(11/0) associated to PN in AlN is a deep acceptor level
On the other hand, we also find a shallow donor le
«(0/12) for PN in AlN. According to Mattila and Zunger,28

the deep level in the case of an isovalent impurity such a
is due to the difference between the size of the atoms and
subsequent difference between the orbital energies of th
ovalent atomic species. As far as we know, there is no re
about P impurity inc-AlN in the literature. In GaN, PGa
forces the first neighbors to displace inwardly and the sec
neighbors outwardly. PGa gives rise to the shallow dono

TABLE VI. Displacements of the nearest neighbors 1NN a
2NN (Dd1,2 in % of the bond length!, lattice relaxation energyDE,
optimal formation energy for the defectV f ~N-rich @cation-rich# for
AsAl,Ga @AsN# andp-type @n-type# for neutral and positively@nega-
tively# ionized!, KS defect levels«KS with respect to the VBM, and
ionization levels«(q11/q) for As in AlN and GaN.

Impurity Dd1 Dd2 DE V f «KS «(q11/q)
b0j bij nij ~eV! ~eV! ~eV! ~eV!

AsN
22 18.50 5.65 0.19 7.22 2.24 3.22 3.26

AsN
12 18.32 5.65 0.22 7.20 2.27 3.24 3.22

AsN
0 18.05 5.65 0.27 7.17 2.34 1.02 0.91

AsN
11 20.25 4.87 0.04 7.93 1.43 0.72 0.63

AsN
21 22.29 4.32 20.17 8.45 0.80 0.51 0.45

AsN
31 23.98 3.82 20.37 8.82 0.34 0.38 0.25

AlN AsN
41 25.42 3.47 20.52 9.18 0.09 0.30

AsAl
0 1.55 2.60 21.23 0.45 3.51 3.21 3.19

AsAl
11 2.19 2.70 21.14 0.51 0.33 3.13 3.29

AsAl
21 22.79 2.68 21.80 1.14 22.97 0.04 0.08

AsAl
31 22.80 2.58 21.78 1.07 23.05 0.03 0.04

AsAl
41 22.81 2.50 21.75 1.01 23.08 0.01

AsN
12 15.95 4.93 20.07 5.36 1.96 2.02 1.99

AsN
0 15.85 4.92 20.05 5.33 1.99 0.27 0.26

AsN
11 16.82 4.56 20.17 5.51 1.73 0.16 0.16

GaN AsN
21 17.35 4.28 20.27 5.62 1.57 0.11 0.10

AsN
31 17.69 4.10 20.33 5.71 1.47 0.08 0.06

AsN
41 17.93 3.97 20.37 5.77 1.41 0.05

AsGa
0 23.11 2.13 21.32 0.38 2.30 1.81 1.84

AsGa
11 24.07 2.16 21.47 0.60 0.45 1.82 1.80
9-6
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level «(21/11) in the fundamental gap. On the N site,
induces an outward displacement of the first and sec
neighbors. Higher relaxation energies are expected for PN in
comparison to PGa, though the formation energies in bo
cases are low. These results are in excellent agreement
those of Mattila and Zunger28 for the single P impurity in
GaN using the valence force-field method, LDA and 51
atom supercells. The low formation energies calculated sh
that PN must be very likely to occur. The KS defect eige
values for each charge state follow the ionization levels c
culated and the highest level,«(11/0) is in good agreemen
with those reported in Ref. 28.

E. Arsenic

Previous reports do not study the As impurity in the cu
phase of AlN. As shown in Table VI, AsAl presents a very
sensitive breathing-mode relaxation with respect to
charge state of the impurity. On the other hand, the relaxa
of the second neighbors is outwards and practically not s
sitive to the charge state. Due to the similar covalent ato
radii of As and Al, the lattice relaxation energies are sm
The optimal formation energies are rather negative for

TABLE VII. Displacements of the nearest neighbors 1NN a
2NN (Dd1,2 in % of the bond length!, lattice relaxation energyDE,
optimal formation energy for the defectV f ~N-rich @cation-rich# for
SbAl,Ga @SbN# andp-type @n-type# for neutral and positively@nega-
tively# ionized!, KS defect levels«KS with respect to the VBM, and
ionization levels«(q11/q) for Sb in AlN and GaN.

Impurity Dd1 Dd2 DE V f «KS «(q11/q)
b0j bij nij ~eV! ~eV! ~eV! ~eV!

SbN
22 25.22 7.76 0.24 14.63 5.83 3.19 3.24

SbN
12 24.95 7.77 0.29 14.57 5.88 3.21 3.19

SbN
0 24.60 7.79 0.36 14.49 5.98 1.64 1.54

SbN
11 26.72 6.75 0.15 15.70 4.44 1.35 1.26

SbN
21 28.99 5.76 20.08 16.77 3.18 1.12 1.04

SbN
31 31.41 4.77 20.29 17.66 2.14 0.96 0.89

SbN
41 33.99 3.75 20.53 18.43 1.26 0.84

AlN SbAl
32 17.57 3.89 0.19 1.80 3.51 3.20 3.20

SbAl
22 17.35 4.01 0.22 1.81 3.61 3.21 3.19

SbAl
12 17.05 4.11 0.23 1.83 3.71 3.21 3.16

SbAl
0 16.54 4.22 0.20 1.85 3.85 2.90 2.95

SbAl
11 11.02 4.39 20.61 1.71 0.90 2.94 2.97

SbAl
21 5.41 4.66 21.40 1.65 22.07 0.04 0.08

SbAl
31 5.40 4.58 21.38 1.57 22.15 0.02 0.03

SbAl
41 5.39 4.50 21.36 1.51 22.18 0.01

SbN
0 20.86 6.62 20.15 11.25 4.99 0.78 0.75

SbN
11 22.49 5.89 20.30 11.72 4.24 0.61 0.56

SbN
21 24.13 5.28 20.46 12.07 3.68 0.48 0.44

SbN
31 25.65 4.72 20.59 12.32 3.24 0.39 0.35

GaN SbN
41 26.80 4.28 20.71 12.52 2.88 0.33

SbGa
0 5.57 3.70 21.02 0.96 2.75 1.74 1.76

SbGa
11 4.27 3.84 21.23 0.98 0.98 1.73 1.69
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positively charged states, meaning that As would
promptly incorporated on this Al site for these charge sta
We verify that AsAl is a negative-U center with Hubbard
energy U520.1 eV. Therefore, only the shallow dono
level «(11/0) and the shallow acceptor level«(31/21) are
introduced in the fundamental gap by AsAl . On the N site,
As displaces first and second neighbors outwardly and
quires considerable lattice relaxation. A deep acceptor le
«(11/0) and a shallow donor level«(0/12) are induced by
AsN in AlN. On the Ga site in GaN, As also induces
breathing-mode relaxation of the first neighbors which is
wards, whereas the second-nearest neighbors of AsGa are dis-
placed outwardly. The relaxed geometries with respect to
charge state for AsGa are different from those reported b
Van de Walle and Neugebauer in Ref. 30. These differen
can be due to the fact that in small supercells the percen
of the total charge variation of the system is higher than
large supercells. The relaxation and formation energies
low for AsGa as well for AsAl . AsGa introduces the shallow
donor level«(21/11). On the N site, As displaces the firs
and second nearest neighbors outwardly, which is in ac
dance to the results reported by Van de Walle a
Neugebauer30 as well as Mattila and Zunger.28 The values of
the formation energies for AsN are low but higher than for PN
and in between those reported in the Refs. 28 and 30. The
defect levels agree quantitatively with our calculated ioni
tion levels «(11/0) and «(21/11), which by their turn
agree with the previous calculations.28,30 However, con-
versely to the results of Van de Walle and Neugebauer, we
not find that AsN is a negative-U center.

F. Antimony

Occupying either the Al or Ga site, Sb is expected to
as double donor. As far as we know, there is no theoret
study on isolated Sb impurities in the literature for cubic A
and GaN. According to Table VII, Sb gives rise to differe
effects with respect to the charge state on the Al site in A
suggesting that under extremep-type conditions its incorpo-
ration is favored. For the charge states withq,21 the out-
ward displacements of the first neighbors are about twice
displacements of the higher positively charged states.
though there are differences in the displacements, the re
ation energies of SbAl are relatively low. The calculated for
mation energies suggest that Sb would be promp
incorporated on an Al site for the highest positive char
states. The ionization levels calculated for SbAl are «(1
1/0) ~donor! and«(31/21) ~acceptor!. The level«(21/1
1) presents a negative-U behavior which means the sta
q511 is not stable. On the N site of AlN, Sb requires ev
larger outward displacements of its nearest neighbors and
a consequence, the relaxation energies are, the hig
among the impurities considered here. The formation en
gies of SbN may vary by 5 eV and decrease with the char
state of the impurity. We derive a shallow donor lev
«(0/12) and a deep level«(11/0) for SbN in AlN. On both
Ga and N sites in GaN, Sb displaces the first- and seco
nearest neighbors outwardly. The relaxation energies and
mation energies for SbGa are relatively low. We do not find a
9-7
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FIG. 1. Formation energies of the impuritiesZ5 C, Si, Ge, P, As, and Sb on the N site of AlN and GaN under N-rich and cation-
preparation conditions versus reduced Fermi level«F . The range of variation of«F corresponds to the DFT-LDA fundamental energy g
of AlN ~upper panels! and GaN~lower panels!.

FIG. 2. Formation energies of the impuritiesZ5C, Si, Ge, P, As, and Sb on the cation sites of AlN and GaN under N-rich and cation
preparation conditions versus reduced Fermi level«F . The range of variation of«F corresponds to the DFT-LDA fundamental energy g
of AlN ~upper panels! and GaN~lower panels!.
085209-8
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FIG. 3. Calculated partial concentrations~in cm23) of the substitutional impurityZ5C, Si, Ge, P, As, and Sb in AlN for Al-rich
preparation conditions andT51300 K versus total concentration ofZ ~in cm23).
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negative-U behavior for SbGa. The lowest donor level is
«(21/11). Likewise SbN in AlN, the relaxation energies o
SbN in GaN are high. The formation energies for SbN de-
crease with increasing charge of the impurity. We determ
the deep acceptor level«(11/0) for SbN in GaN.

G. Doping efficiency and impurity concentration

Gaseous nitrogen is one of the least reactive gases in
nature due to the strong triple bonds between the atoms
the N2 molecule the strong bonds result in a very high co
sive energy (Ecoh59.8 eV). As a consequence, when it
used as a source for nitrogen atomic species, high disso
tion energies are required and those cannot be achieved
der usual growth conditions except in plasma grow
environment.52 During the growth of GaN, Ga-rich prepara
tion conditions give rise to growing surfaces with better m
phology and high mobility for the atoms.53 However, the
initial growth conditions needed for the nucleation of cub
GaN require a N/Ga flux ratio higher than 1 for temperatu
lower than 1050 K.54 For higher temperatures, Ga-ric
08520
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preparation conditions favors the nucleation of cubic Ga
Under these preparation conditions, the incorporation of
purities is likely to occur on the nitrogen site. In Fig. 1 w
show the formation energies of the C, Si, Ge, P, As, and
impurities substitutional on N site in AlN and GaN for se
eral preparation conditions. As a rule, the incorporation
the six impurities on this site under fixed preparation con
tions is more favorable in GaN than in AlN. Carbon, pho
phorus and arsenic have lower formation energy than ger
nium, silicon, and antimony in both AlN and GaN. Sb, S
and Ge give rise to relatively deep acceptor levels, wher
C, P, and As produce shallow acceptor levels. The forma
energies of the impurities on cation sites are shown in Fig
for N-rich and cation-rich preparation conditions, and vers
the reduced Fermi level«F . Taking into account the trend o
the formation energies one verifies that on cation sites Si,
and P are more favored energetically than the other imp
ties. For wide range of«F , the group-IV impurities prefer
the charge stateq511, whereas the group-V impurities ar
in the charge stateq521, i.e., the charge state that mak
the impurity isoelectronic to the corresponding site in t
9-9
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FIG. 4. Calculated partial concentrations~in cm23) of the substitutional impurityZ5C, Si, Ge, P, As, and Sb in GaN for Ga-ric
preparation conditions andT51300 K versus total concentration ofZ ~in cm23).
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host crystal. Carbon and antimony are the least favored
purities on cation sites and silicon is the most favored im
rity taking into account the trend of the values for the form
tion energies. Negative formation energies are unphysic
one considers the calculated partial concentration of imp
ties C@Z#5NSexp@Sf /kB2Vf /(kBT)# in the total concentra-
tion of substitutional sitesNS54/~lattice constant!3. How-
ever, taking into account the entropy of impurity formatio
Sf one should obtain the correct formation energies. Since
has high formation energies for both nitrogen and cat
sites, we confirm its use in many growth experiments a
surfactant for both AlN and GaN.16,17

Studying each of the six impuritiesZ separately and its
charge statesq as well as the charge neutrality conditio
involving hole ~p! and electron~n! concentrations

(
i

qiC@Zqi
#1p2n50, ~1!

one determines the Fermi level«F for which the crystal ful-
fils the charge-neutrality condition. The partial concent
tions of the substitutional defectsZ with chargeq are plotted
08520
-
-
-
if
i-

b
n
a

-

versus the total concentration of the impurityC@Z# total

5NS( iexp@Sf
i /kB2Vf

i /(kBT)# in Figs. 3 and 4 for cation-rich
preparation conditions and for a growth temperatureT
51300 K. The total concentration ofZ is controlled by de-
creasing the chemical potentialm(Z) towards negative val-
ues andm(Z)5m(Zbulk) correspond to the maximum con
centration ofZ. The entropy of formationSf

i is set equal to
zero for each charge statei of a given impurityZ in our
approximation. To calculate the hole and electron concen
tions we apply the corresponding values of the effect
masses reported in Ref. 55. The effective masses for h
are averaged among their values in three directions. We h
to mention that the results in Figs. 3 and 4 can be drastic
changed if additional defects are considered in Eq.~1!. Alto-
gether, there is a tendency for the underestimation of
evaluated concentrations.

The concentrations calculated for AlN in Fig. 3 show th
the highest incorporation occurs for the impurities in th
neutral and isoelectronic charge states. Carbon, phosph
and arsenic are incorporated mainly on the nitrogen s
whereas silicon, germanium, and antimony are incorpora
9-10
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GROUP-IV AND GROUP-V SUBSTITUTIONAL . . . PHYSICAL REVIEW B 68, 085209 ~2003!
in higher concentration on the aluminum site. According
the calculations, carbon, phosphorus, and arsenic are in
porated in concentrations varying from 1013–1018 cm23,
whereas antimony will be incorporated in negligible conce
trations from the experimental point of view. Phosphorus
pears as the impurity with the highest concentrat
(1018 cm23) in cubic AlN. In Fig. 4 the calculated concen
trations of the impurities in GaN are plotted. Except for
the concentration of the other impurities follows in gene
the trend observed in AlN. Phosphorus, in principle, wou
prefer to lose two electrons to be incorporated on the gall
site. In the thermodynamic equilibrium the concentrations
silicon and germanium should be 102–103 cm23 higher in
GaN than in AlN. Antimony should be incorporated in ne
ligible concentrations for both AlN and GaN. According
our calculations, carbon and arsenic concentrations
slightly lower in GaN than those calculated for AlN. In pa
ticular for carbon, the concentration of 101521016 cm23 is
similar to the one reported in Ref. 10 by Ko¨hler and co-
workers for the concentration of holes inc-GaN (6
31017 cm23) due to the intentional doping with carbon. A
though our calculated concentrations must be interpre
qualitatively, the concentration measured by Guidoet al.19

and Li et al.20 for growth temperatures of about 1300 K
w-GaN agree within two or three orders of magnitude. In
study of Kuroiwa and co-workers for the GaN12xPx and
GaN12xAsx alloys, maximum compositions x of
0.37% (1.731018 cm23) and 0.26% (1.231018 cm23), re-
spectively, deviate only by 102 to 103 cm23.

IV. SUMMARY

In this paper we presented a comprehensive study
group-IV and group-V substitutional impurities in cubic Al
and GaN, concerning to the relaxed geometry of the nea
neighbors, energetical stability, defect levels, and partial c
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centrations incorporated according to the charge state of
impurity. In comparison to previous studies, we attenua
the alloying effect and the impurity-impurity interaction re
sulting from the use of the supercell approximation. In ge
eral, the impurities on the nitrogen site give rise to we
defined acceptor levels, whereas the incorporation
impurities on the cation sites leads to shallow donor leve
On the N site we found that C, P, and As are the most sta
impurities introducing mainly shallow acceptor levels. O
the other hand, Si, Ge, and P are the most stable impur
on the cation sites for both AlN and GaN. Antimony po
sesses high formation energies for both substitutional s
and nitrides considered, which confirms its use as a sur
tant. For a large range of the Fermi levels the charge stat
the impurity is the one which makes it isoelectronic on t
site of the host crystal. In general, there is a good agreem
between the KS impurity levels and the ionization leve
calculated by means of theDSCF method. Although the ap
proximations used~e.g., the neglected entropy effects! for
the concentration of impurities correspond to a more qu
tative analysis, we found agreement with respect to
trends, in particular with the charge state. The absolute
ues for the concentrations are in general two or three ord
of magnitude smaller than the experimental values. Also
highest partial concentrations refer to the charge states
which the impurity is isoelectronic to the replaced atom
the host crystal.
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Phys. Lett.74, 221 ~1999!.

49A. Zywietz, J. Furthmu¨ller, and F. Bechstedt, Phys. Rev. B59,
15 166~1999!.

50G.A. Baraff and M. Schlu¨ter, Phys. Rev. B30, 1853~1984!.
51C. Kittel, Introduction to Solid State Physics~Wiley, New York

1966!.
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