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Native defect properties and p-type doping efficiency in group-IIA doped wurtzite AIN
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Using the first-principles full-potential linearized augmented plane-wave (FPLAPW) method based on den-
sity functional theory (DFT), we have investigated the native defect properties and p-type doping efficiency in
AIN doped with group-IIA elements such as Be, Mg, and Ca. It is shown that nitrogen vacancies (Vy) have low
formation energies and introduce deep donor levels in wurtzite AIN, while in zinc blende AIN and GaN, these
levels are reported to be shallow. The calculated acceptor levels e€(0/—) for substitutional Be (Bey;), Mg
(Mg,y), and Ca (Cay;) are 0.48, 0.58, and 0.95 eV, respectively. In p-type AIN, Be interstitials (Be;), which act
as donors, have low formation energies, making them a likely compensating center in the case of acceptor
doping. Whereas, when N-rich growth conditions are applied, Be; are energetically not favorable. It is found
that p-type doping efficiency of substitutional Be, Mg, and Ca impurities in w-AIN is affected by atomic size
and electronegativity of dopants. Among the three dopants, Be may be the best candidate for p-type w-AIN.

N-rich growth conditions help us to increase the concentration of Beyj, Mgy, and Cay.
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I. INTRODUCTION

Group-III nitrides (III-N, III=Ga, Al, and In) are wide-
gap semiconductors and have attracted researcher’s attention
for more than two decades due to their promising applica-
tions for the blue-ultraviolet (UV) optoelectronics.'™ Among
all I1I-V nitrides, wurtzite AIN has the widest direct gap (var-
ies from 6.28 eV at 5 K to 6.2 eV at room temperature).®
Thus, to push the optical emission and/or detection wave-
length to the deep UV region (A ~200 nm), AIN is of great
interest.

In spite of the recognition of the importance of AIN, the
report of light emitting directly from AIN is rare due to the
lack of high-quality films. Recently, Taniyasu et al. have re-
ported a light emitter with 210 nm made of AIN doped with
Si and Mg, which is the shortest wavelength emitted by
light-emitting diode at present,” whereas the internal quan-
tum efficiency is still low due to low p-type doping effi-
ciency. So the fabrication of p-type doped layers is essential
for all of these devices. However, similar to GaN, the growth
of highly conductive p-type AIN layers has so far proven to
be difficult. The main reasons have been proposed to be the
formation of donor defects, such as nitrogen vacancies, lim-
ited dopant solubility, and deep acceptor energy levels. Fol-
lowing the “doping limit rule,”® it will be much more diffi-
cult to achieve p-type AIN than to achieve p-type GaN.

To exploit fully the potential of AIN, systematic studies of
native defects and impurities in AIN are required. While
there have been several theoretical and experimental studies
of crystal defects in GaN,”"!'! little work has been done on
AIN. Magnesium is commonly used as p-type dopant for
nitride semiconductors, but the Mg low doping efficiency is
due to the deep acceptor level introduced by Mg. It would be
desirable to find an alternative dopant that would exhibit
higher solubility and lower ionization energy. In Ref. 7,
group-II and -IV elements have been proposed to be poten-
tial candidates for Mg. However, group-IV elements are
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likely to become donors when incorporated in the cation
sites, which will result in severe self—compensation.12 Thus,
group-II elements may be better candidates than group-IV
elements for p-type AIN doping. In GaN, it has been reported
that the acceptor level of Beg, is shallower than that of
Mgg,. However, the behavior of doping Be in w-AlN is still
unclear. To improve p-type doping efficiency, systemic stud-
ies of doping properties of group-IIA elements in AIN are
important.

In this work, theoretical studies are performed to under-
stand the configurations of native defects and substitutional
Be, Mg, and Ca impurities in wurtzite AIN. By comparing
the formation energies and transition levels of Be-, Mg-, and
Ca-related defects, the p-type doping efficiency of these dop-
ants is examined. The organization of this paper is as fol-
lows. In Sec. II, the computational methods are introduced.
Section III gives some discussion and results. Section IV
summarizes the paper and contains some suggestions for fu-
ture experimental work.

II. METHODS

The calculations are performed using the FPLAPW
method implemented in WIEN2K package.!® The generalized
gradient approximation of Perdew-Burke-Ernzerhof 96 (Ref.
14) is employed for the exchange-correlation potential. Cal-
culations were done with Ry1K,,.x=9 (where Ry is the av-
erage radius of the muffin-tin spheres and K, is the maxi-
mum modulus for the reciprocal lattice vector). The iteration
process was repeated until the calculated total energy differ-
ence between succeeding iterations is less than 0.1 mRy and
the force on each atom is less than 1.0 mRy/a.u. To simulate
isolated defects, a 72-atom AIN supercell consisting of
3 X3 X2 primitive wurtzite cells is used as it was found to be
adequate in earlier work on similar systems.'> The
4 X4 X3 k-point mesh produces converged results. The lat-
tice parameters of supercell are fixed and are described by
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the theoretical value of pure AIN. The theoretical band gap
derived from the band structure is ~4.1 eV and about 2.0 eV
below the experimental gap. To find a realistic description of
both defect levels and band edges, we obtain them both from
electron addition and removal calculations. The theoretical
band gap evaluated from E[R(-)]+E*[R(+)]-2E°[R(0)]
(Ref. 16) is 5.98 eV, in acceptable agreement with the ex-
perimental value of 6.12 eV.!”

At equilibrium and in the dilute limit, the concentration of
a defect in a crystal depends upon its formation energy E'.
Following Van de Walle and Neugebauer,'® the formation
energy of a defect or impurity X (X=Be, Mg, and Ca in
present work) in charge state ¢ is calculated from

E/(X%) = E,, [ X7] - E,, [ AIN, bulk]

where E, [X9] is the total energy of the defect-containing
AIN supercell and E,,[ AIN,bulk] is the total energy of the
equivalent supercell of AIN containing no defects. Here, n;
indicates the number of atoms that have been added to
(n;>0) or removed from (r;<0) the supercell and u; are the
corresponding chemical potentials of these species. Ef is the
Fermi level, referenced to the valence-band maximum Ey in
the bulk. A correction term AV is used to align the reference
potential in our defect supercell with that in the bulk.

The chemical potentials w depend on growth process.
To determine the bound of u,; and wy, we compute
the enthalpy of formation of AIN and X3N, assuming
the formation from metallic Al, X, and gaseous N,
(AH{AIN]=-2.06 eV, AH{X3N,]=-5.0, -3.36, and
—-2.63 eV for X=Be, Mg, and Ca, respectively). Chemical
potentials are calculated using the following relationships:

19

Bart UN= MAIN = Baifbuk] + 4NN, + AHJAIN], - (2)

Spux+2pun= Mx,N, = 3 pxbulk] + ZMN[Nz] +AH{X3N,].
3)

By combining Egs. (2) and (3), the chemical potential of Al
and impurity X are therefore

AL = MAI[bulk]> 4)
1 2
Mx = Mx[bulk] + EAHJ‘[X3N2] - EAHJ‘[AIN], (5)
for Al-rich limit, and
Mar= Haippui] + AHAIN], (6)
1
Mx = Mxlouk] + gAH AX5N,], (7)

for N-rich limit.

III. RESULTS AND DISCUSSION

A. Native defects

In order to find the possibility of compensation, we per-
form a comprehensive study on the native point defects in
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FIG. 1. Defect formation energies for native point defects in
wurtzite AIN as a function of the Fermi level (Er) under aluminum-
rich (left panel) and nitrogen-rich (right panel) conditions. Ef is
defined to be zero at the valence-band edge.

AIN. Figure 1 shows the formation energies of native defects
in w-AIN as a function of the Fermi level under the two
extreme conditions: the Al-rich limit and the N-rich limit.
Here, E spans the theoretical band gap (5.98 eV).

Moreover, Vy behave as donors that can donate one, two,
or three electrons, but only the V" and Vy** charge states
are stable. The VN2+ state is unstable, thus presenting a
negative-U effect. The similar behavior of Vi has been found
in GaN.?’ The VN3+ has very low formation energy under
p-type conditions (Ej close to the top of the valence band).
Taking no account of ionization level, nitrogen vacancies,
therefore, are likely to play an important role in compensat-
ing acceptors in p-type AIN. Under n-type conditions
(Ep close to the bottom of the conduction band), however,
the formation energy of Vy is actually quite high. In
thermodynamic equilibrium, the concentration of nitrogen
vacancies should therefore be quite low. On the other hand,
Vn act as deep donors and the transition level locates at
e(1+/0)=1.75 eV blow the conduction-band minimum. This
conclusion is different from what was reported about Vy in
zinc blend e AIN in Van de Walles” work,>' where Vy act as
a shallow donor. Because of deep transition energy and high
formation energy under n-type conditions, Vyy should not be
responsible for the observed n-type conductivity in as-grown
AIN. It is more possible that unintentional impurities lead to
n-type conductivity other than native defects do. It has been
reported that unintentional impurities such as oxygen and
silicon are the cause of the observed unintentional n-type
doping in GaN.??> As shown in Fig. 1, the formation energies
of Vy can be changed significantly depending on growth
conditions (Al rich or N rich).

Our calculations reveal that V,; are the lowest-energy de-
fects in n-type AIN, where they behave as triple acceptors.
These defects are likely to act as compensating centers for
shallow donors. The calculated transition energy e(0/-) for
Vi is 0.95 eV above the valence-band maximum (VBM).
Additionally, for p-type AIN, our results show that AIN3+ has
a low formation energy in Al rich, but in N rich, it is very
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TABLE I. Atomic radius R, of X and Al, Pauling electronega-
tivity x of X, percentage change of bond lengths with respect to
bulk AIN, lattice relaxation energy E,,;, optimal formation energy
(N-rich conditions) for different charge states ¢, and ionization lev-
els €(0/—1) for substitutional Be, Mg, and Ca at Al site in AIN.

R, X-N(I) Xx-N(I) E, F €
AN:X A x ¢ (% (%) (V) (eV) (eV)

X=Be 1.05* 15> 0 -4.1 -0.0 0.18 239 048
-1 26 -39 028 -3.08

X=Mg 150 12> 0 6.8 84 068 256 0.58
-1 65 78 078 -2.82

X=Ca 1.81* 10> 0 135 120 344 373 095
-1 149 174 373 -127

X=Al 1.25°

4See Ref. 23.

bSee Ref. 25.

high, which indicate that AlN3+ concentration is affected by
growth conditions of AIN strongly. The other native defects,
such as Al; and N,,, possess high formation energies both in
Al rich and N rich, so they cannot be the dominant defects in
w-AIN.

B. p-type doping

In this section, we study the doping behavior of Be, Mg,
and Ca impurities in AIN. The main information about the
geometry and stability of substitutional impurities is given in
Table I.

1. Mg dopant in AIN

In wurtzite AIN, a substitutional impurity has four nearest
neighbors. One of them located along the ¢ axis relative to
the impurity (forming X-N(I) bond) is nonequivalent by
symmetry to the three remaining neighbors (forming X-N(II)
bonds). For substitutional Mg, we find that Mg atom is lo-
cated very close to the lattice site of the Al atom that it
replaces. Lattice relaxation increases the length of Mg-N
bonds and releases elastic energies for both neutrally and
negatively charged states (listed in Table I). This outward
relaxation can be attribute to that of the atomic radius of a
substitutional impurity (Mg) which is larger than that of re-
placed host atom (Al).!> Large relaxation of the surrounding
host atoms will raise the formation energy. Very similar re-
sults are obtained for substitutional Mg in zinc blend e
AIN.?! Magnesium on the Al site induces the acceptor level
€(0/1-)=0.58 eV above the VBM, which is close to the
experimental value of 0.51 eV.? The large acceptor level of
Mg, may has relation to the electronegativity of Mg atom
(for detailed analysis, see below Be dopant in AIN). As can
be seen in Fig. 2, Mgy, has a high formation energy. This
high formation energy stems from the strict solubility limit
imposed by the formation of Mg;N,. The formation energy
of Mg, is affected by the growth conditions: by moving
from Al-rich to N-rich conditions, the formation energy of
Mg, decreases by 3|AH [AIN]|.
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FIG. 2. Formation energy as a function of Fermi level for Mg,
Be and Ca in AIN under aluminum-rich (left panel) and nitrogen-
rich (right panel) conditions.

In contrast to the Mg,,, Mgy induces a deep donor level.
For Al rich, our calculations indicate that incorporation of
Mg on nitrogen site is energetically favorable in p-type con-
ditions, which can result in self-compensation effect, but this
is not true under N-rich conditions. Therefore, N-rich growth
conditions can restrict Mgy concentration in AIN. Mg on
interstitial site behaves as donor, but both in Al- and N-rich
conditions, Mg; is unfavorable due to the large atom size of
Mg.

2. Be dopant in AIN

For a substitutional Be,; acceptor, the Be-N bonds show
inward relaxation for both neutrally and negatively charged
states for Al atom that has larger atomic radius than that of
Be. A similar inward relaxation for this complex is also re-
ported in GaN,'” but percentage change of Be-N bond length
is larger than that of Be impurity in AIN due to even larger
atomic radius (1.30 A) (Ref. 24) of Ga atom. The relaxation
energy E,,; of Bey; is lower than that of Mgy, both in neu-
trally and negatively charged states, showing that Be re-
places Al in AIN with less perturbation of the lattice. Our
formation energy calculations reveal that Be occupying Al
site creates a single acceptor state above the VBM of AIN.
The calculated transition energy of Be,, is 0.48 eV which is
shallower than that of Mgy, by ~0.1eV. By using effective-
mass theory, Mireles and Ulloa estimated this value to be
0.22-0.45 eV,? but their computation is semiempirical and
results are affected by computational parameters strongly. In
GaN, Latham et al. had reported that the acceptor level of
Mg, was about 0.09 eV higher than that of Beg,,'* which is
in good agreement with our result. Different transition ener-
gies between Be,; and Mgy, can be understood as follows:
The acceptor level of Mg, and Be,; consists mostly of p
orbital. Comparing with Mg, Be atom has lower p orbital
energy for it is more electronegative;?° thus, electron can be
excited from the VBM to acceptor level with less energy. As
can be seen from Fig. 2, the formation energy of Be, is
about 0.2 eV lower than that of Mg,,. So the concentration
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of substitutional Be in AIN is expected to be higher than that
of Mg. Similarly to substitutional Mg, the formation energy
of Bey,, is affected by growth conditions.

It is reported that Beg, acceptor is strongly compensated
by interstitial defects,!® so we pay more attention to Be; for
Be in AIN. According to total energy computation, we find
that the lowest-energy structure is that Be atom lies in the
center of the hexagonal channel as viewed along the ¢ axis.
Be; behaves as donor and can occur in 1+ and 2+ charge
states, while only 2+ charge state is stable for Be; in GaN.!”
This difference is due to the fact that AIN has larger band
gap than GaN does. For N-rich conditions, Bei2+ has a low
formation energy in p-type AIN, E/<0 eV for E. at the
VBM. So holes may be compensated by interstitial defects
Be;, which is consistent with Be; in GaN. However, under
N-rich conditions, Be; is energetically unfavorable due to a
positive formation energy (E;=1.30 eV for E;=0); it is pos-
sible to select N-rich growth conditions to restrict the com-
pensation by Be; in p-type AIN.

Since Bey defect has a high formation energy both in Al-
and N-rich conditions, and is thus unlikely to occur in sig-
nificant concentration, we do not discuss it in detail here.

3. Ca dopant in AIN

Finally, the behaviors of Ca in AIN are discussed. Cal-
cium has the largest atomic radius and is the least electrone-
gative among the three dopants, so it is expected that calcium
on a substitutional Al site will produce the most significant
outward relaxation with large relaxation energy, highest for-
mation energy, and deepest acceptor level. Our calculations
confirm these predictions perfectly. The surrounding N atoms
undergo a significant outward relaxation, increasing the
Ca-N distance to 2.16 A. This distance is very close to the
Ca-N distance in the compound Ca;N,.” Similar to Be and
Mg, Ca,; behaves as a single acceptor, but the transition
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level between 0 and —1 charge states occurs around 0.95 eV
above the VBM, becoming a deep acceptor. The formation
energy of Cay, is higher than that of both Be,; and Mgy, So
the doping efficiency of Ca is lowest comparing with Be and
Mg.

IV. CONCLUSIONS

DFT generalized gradient approximation is used to study
the native and group-IIA elements related defects in wurtzite
AIN. Both Vy and Be; act as donor with a low formation
energy, making them a likely compensating center in the case
of acceptor doping. However, Vi do not account for the
observed n-type conductivity of as-grown AIN for its high
ionization levels and high formation energy in n-type AIN.
Under Al-rich growth conditions, Mgy and Be; will compen-
sate hole severely, whereas this problem can be improved by
N-rich growth conditions. Our calculations revealed that
atomic size and electronegativity of group-IIA impurity are
important factors for p-type doping efficiency: an impurity
with similar atomic radius as Al atom can achieve a higher
concentration; an impurity with more electronegative prop-
erties can produce a lower ionization level. Among the three
elements, Be may be the best candidate for producing p-type
AIN. In order to achieve high doping efficiency, restricting
the concentration of Vy and Be; is essential and N-rich
growth conditions are expected.
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