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Microscopic origin of n-type behavior in Si-doped AlN
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In contrast to a long held belief, it has been shown that n-type AlN can be achieved through Si-doping. This is
unexplainable from the current theoretical understanding, a situation that hinders further progress in AlN-based
ultraviolet (UV) technologies. From first-principles calculations, we find that n-type behavior arises under N-rich
growth conditions due to high Si solubility and to the formation of V Al-bound Si clusters. We show that metal-rich
growth may lead to weak n-type behavior due to oxygen impurities binding and deactivating cation vacancies.
We provide clues for designing production processes for n-type AlN as a base material for potential new UV
sources.
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I. INTRODUCTION

Due to its very wide band gap (∼6.2 eV),1 AlN has
significant potential applications in ultraviolet UV and deep-
UV sources and detectors through n-type doping.2 Achieving
efficient and controllable doping in AlN is a challenge, since
AlN is widely perceived as an insulator. Recent success
in n-type doping with silicon3–6 has led to an upsurge of
experimental activity in the field. Despite the experimental
results, the microscopic doping mechanism is not known. This
mechanism is a key factor that needs to be understood in order
to promote development of AlN-based devices. Recently some
publications7,8 have investigated fundamental properties of Si-
doping in AlN. The results indicate a shallow donor character
for this dopant, instead of the DX-states predicted before.9,10

Previous theoretical investigations of semiconductor AlN
addressed the stability of vacancies and impurities.11–14 These
studies pointed out that the formation energy of the SiAl donor
is not low enough to overcome the native V Al compensating
acceptor. Nevertheless, n-type conductivity has been exper-
imentally detected for Si-doped wurtzite-AlN,3–6 although
with remarkable differences which, in principle, depend
on the growth techniques. For example, growth by plasma
assisted molecular beam epitaxy (PAMBE) on 6H-SiC5,6

or sapphire15 under N-rich conditions shows high electron
density (∼8×1017) and low mobility (∼8 cm2 V−1 s−1).
Conversely, semi-insulating behavior has been found under
Al-rich conditions.15 For Si-doped AlN grown by metal-
organic chemical vapor deposition (MOCVD) on sapphire,3

lower electron densities ∼1017 and mobilities ∼2 cm2 V−1 s−1

have been achieved, while low electron density (∼1015) and
high mobility (125 cm2 V−1 s−1) were reported for Si-doped
AlN grown by metal-organic vapor phase epitaxy (MOVPE)
on Al2O3

16 or 4H-SiC substrates.4 All in all, the origin and
the relation to preparation conditions of n-type behavior (and
its associated n-type conductivity) in Si-doped AlN remains
unclear and a matter of debate. In this paper we perform
density functional theory17 total-energy calculations using
the local-density approximation,18 for both the wurtzite (wz)

and zincblende (zb) phases, in order to predict the species
responsible for the observed n-type behavior, and to rationalize
the dependence of this behavior on preparation conditions.

II. METHODOLOGY

We use first-principles norm-conserving pseudopotentials20

that were thoroughly tested in earlier work.19 We adopt
the supercell approach, using the 4a × 4b × 3c–192 atom
wz supercell for all our calculations. For the zb phase we
use a 216-atom supercell, being 3 × 3 × 3 the conventional
8-atom fcc cell. We study both the maximum-symmetry
configurations as well as broken-symmetry structures. The
whole supercells are fully relaxed to less than 3 meV/a.u.
forces on the atoms. We use a 50-Ry cutoff energy and a
Brillouin-zone sampling consisting of one special k point
(shifted from the � point).21 Extensive tests (plots of formation
energies of all relevant defects vs cutoff energy and supercell
size) show that we obtain well converged formation energies
within ±40 meV. The formation energy of a certain defect
X in charge state q is22 �Hf (Xq ; EF ) = Etot(Xq) − E

(bulk)
tot −

∑k
i=1 niμi + q(EF + Ec

V ), where Etot(Xq) is the total energy
of the defect supercell and E

(bulk)
tot is that of the ideal defect-free

supercell. The index i labels the atom species in the system, ni

is the number of atoms of type i added or removed to create the
defect, and μi is the corresponding chemical potential. EF is
the Fermi level referenced to the bulk valence band maximum
(VBM). The range for EF is taken to be the value of the
band gap (as per a GW calculation).23 Ec

V = EV + �V is the
VBM, EV , corrected by an energy shift that aligns the reference
potential in the supercell-with-defect calculation with that in
the pure-bulk calculation.24 For defect complexes, the binding
energy is defined (for the simple case of a two-constituent
complex X ≡ AB) as Eb(XqX ) = �Hf (AqA ) + �Hf (BqB ) −
�Hf (XqX ), where qX = qA + qB . All μi are calculated from
first principles within the same formalism.

Regarding the host and impurity atoms chemical po-
tentials, physical growth conditions impose certain bounds.
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Note that

μAl(AlN) + μN(AlN) = μAlN(bulk)

= μAl(bulk) + μN(bulk) + �Hf (AlN),

(1)

where �Hf (AlN) is the heat of formation of aluminum nitride,
and the notation μAl(AlN) indicates the chemical potentials of Al
atoms when residing in the bulk AlN material, while μAl(bulk)

indicates the chemical potentials of Al atoms when residing in
bulk aluminum. In the case of nitrogen, μN(bulk) ≡ μN2 must be
understood as the chemical potential of N atoms when in the
stable gaseous N2 phase. The quantities μAl(AlN) and μN(AlN)

are the variables, while μAl(bulk), μN(bulk), and μAlN(bulk), are
constants that can be calculated from first principles as total
energies. Next we note that

μAl(AlN) � μAl(bulk), (2)

i.e., the chemical potential of Al in AlN can not be greater than
the chemical potential in bulk Al, otherwise Al atoms would
form bulk Al droplets instead of incorporating to the growing
AlN crystal. Now, according to

μAl(AlN) + μN(AlN) = μAlN(bulk) ≡ const., (3)

the maximum allowed value of μAl(AlN) will correspond to
the minimum allowed value of μN(AlN), i.e.: when μAl(AlN) =
μmax

Al(AlN) = μAl(bulk), then μN(AlN) must be μmin
N(AlN) given by

μmin
N(AlN) = μAlN(bulk) − μAl(bulk) = μN(bulk) + �Hf (AlN),

where we have used Eq. (1).
Exactly the same argument shows that

μmin
Al(AlN) = μAlN(bulk) − μmax

N(AlN) = μAlN(bulk) − μN(bulk),

which, again by using Eq. (1), yields

μmin
Al(AlN) = μAl(bulk) + �Hf (AlN).

Therefore, the limits for the chemical potentials are as follows:
For aluminum, μAl(bulk) + �Hf (AlN) � μAl(AlN) � μAl(bulk).
The Al-poor (or N-rich) limit corresponds to μAl(AlN) =
μAl(bulk) + �Hf (AlN). The Al-rich (or N-poor) limit, where a
little bit more aluminum would lead to the formation of Al-bulk
droplets instead of an Al-enriching of the AlN material,
corresponds to μAl(AlN) = μAl(bulk). For nitrogen μN(bulk) +
�Hf (AlN) � μN(AlN) � μN(bulk). Now the N-poor (or Al-rich)
limit corresponds to the case μN(AlN) = μN(bulk) + �Hf (AlN),
while the N-rich (or Al-poor) limit (where N2 molecules are
about to form) corresponds to μN(AlN) = μN(bulk). In summary:

μAlN(bulk) − μN(bulk) � μAl(AlN) � μAl(bulk)

(Al-poor/N-rich limit) (N-poor/Al-rich limit) (4)

and

μAlN(bulk) − μAl(bulk) � μN(AlN) � μN(bulk)

(N-poor/Al-rich limit) (Al-poor/N-rich limit) . (5)

Note that the higher (the less negative) is the chemical
potential of any constituent, the more rich is the system in
that constituent. In order to establish the same kind of limits
for the impurities/dopants, we note that the impurities are not
constrained by an equation such as Eq. (3): there is no lower

limit for its chemical potential. What one can find is an upper
bound, which, in fact, is the limit that defines the solubility of
the defect.

In the case of oxygen in AlN, this limit is defined by the
formation of sapphire, Al2O3, through the limiting equation:

∀μAl(AlN) : 2μAl(AlN) + 3μmax
O(AlN) = μAl2O3(bulk). (6)

What Eq. (6) means is that, for a given value of μAl(AlN), the
maximum chemical potential that the oxygen atoms can attain
is that one that would make exactly as possible to have the O
atoms incorporated to the AlN host, as to have the O atoms
forming a secondary Al2O3 phase in the growth chamber.
Hence, the maximum value for the oxygen chemical potential
as an impurity in AlN, μmax

O(AlN), depends on the actual value of
the Al-chemical potential. For each value of μAl(AlN), we have

μmax
O(AlN) = 1

3μAl2O3(bulk) − 2
3μAl(AlN). (7)

Given that μAl2O3(bulk) is a constant, Eq. (7) represents a straight
line for μmax

O(AlN) as a function of μAl(AlN). Therefore, as we said,
we have a different value of μmax

O(AlN) for each allowed value
of μAl(AlN).

For silicon, calculations by Li and Brenner25 indicate
that the gas-phase growth atmosphere is undersaturated with
respect to nitrogen, making it more easy to form Si islands
than to grow Si3N4 species. In fact, in the PAMBE studies
where high n-type conductivity was achieved (under N-rich
conditions), there is evidence pointing to crystalline silicon
as the solubility-limiting phase (SLP), hence providing a high
chemical potential for Si in AlN. This is also in agreement
with its observed large solubility (homogeneous incorporation
in excess of 5 × 1021 cm−3).26 It is worth mentioning that a
previous theoretical study used crystalline silicon as the SLP
of SiAl,13 although neither the V Al nor the microscopic doping
mechanism were addressed.

Therefore the solubility limit of silicon in AlN is defined
by the formation of crystalline silicon through the limiting
equation:

∀μN(AlN) : 4μN(AlN) + 3μmax
Si(AlN) = μSi(bulk). (8)

Now, what Eq. (8) means is that the maximum value for the
silicon chemical potential as an impurity in AlN, μmax

Si(AlN),
depends on the actual value of the N-chemical potential. For
each value of μN(AlN), we have

μmax
Si(AlN) = 1

3μSi(bulk) − 4
3μN(AlN). (9)

Again, given that μSi is a constant, Eq. (9) represents a straight
line for μmax

Si(AlN) as a function of μN(AlN).
In summary, chemical potentials for Al and N have been

assumed to be limited by the formation of bulk Al and
N2 respectively, while silicon and oxygen solubilities were
assumed to be limited by formation of Si, and sapphire
Al2O3 respectively. All the chemical potentials were calculated
from first principles within the same formalism, and compare
well with both experimental values and other first-principles
calculations.

III. RESULTS AND DISCUSSION

We study the energetics, atomic geometry, and electronic
structure of nVAl, nVN (1 � n � 4), Ali , AlN, NAl, (N2)N,
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FIG. 1. (Color online) Formation energy of relevant defects as a function of the Fermi level position within the band gap. (a) N-rich
(showing results for both crystalline Si and Si3N4 as solubility limiting phases); (b) Al-rich (using Si3N4 as SLP). All defects are shown in
all stable charge states (changes of slope mark the thermodynamic transition levels).

(N2)Al, V Al:V N, nON (n = 1 and 6), mSiAl, and V Al:mSiAl with
1 � m � 6, 2V Al:6SiAl, SiAl:ON, Oi , (O2)N, V Al:nON (n = 1,
3, and 6), SiAl:nVN (1 � n � 4), ON:nVN (1 � n � 3), and
Ali :SiAl. Interstitials are considered in octahedral, tetrahedral,
split, and hexagonal geometries. We always find that the
octahedral site is the lowest-energy configuration. All defect
pairs are considered as nearest neighbor (nn) along the c axis,
or transverse to it. We always find the transverse geometry
around 0.4 eV lower in energy. For the V Al:3ON system, we
consider three possible geometries, the most favorable being
that where the three O atoms occupy the three equivalent
basal-plane N sites nn to the V Al. For the mSiAl clusters and the

VAl:mSiAl complexes (with 1 � m � 6), we consider a large
number of different geometries, the most favorable being those
where the SiAl atoms and the V Al lie in the same basal plane.

In Fig. 1 we present the formation energies of the relevant
defects in Si-doped wz-AlN, in all stable charge states, for
both N- and Al-rich conditions. A first inspection of the
results reveals that Si clustering is, in itself, not favorable
(see N-rich conditions below), with binding energies becoming
more and more negative upon adding Si atoms to the cluster
[note that Eb(XqX ) is defined such that binding corresponds to
positive energies]. However, clustering is strongly promoted
by charged cation vacancies that electrostatically stabilize the
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Si aggregates, allowing the formation of very strong Si-N and
N-N covalent bonds. For any n and for any charge state,
the �Hf of V Al:nSiAl is always much lower than that of
the corresponding nSiAl. There are stable, high-charge states
for the nSiAl complexes that do not exist for the V Al:nSiAl

systems: e.g., the 6+ charge state of the planar hexagonal
ringlike geometry of the 6SiAl complex, which is very stable
under strongly p-type conditions.

Figure 1 shows furthermore that oxygen is a negative-
U defect, undergoing a shallow-to-deep DX-like structural
transition. This agrees with previous calculations7,8,11 and
with recent experimental results from electron paramagnetic
resonance and electron-nuclear double resonance.27 Other
defects also exhibit negative-U behavior: unstable charge
states and thermodynamic transition levels involving transfer
of more than one electron. For example, V Al changes from the
neutral charge state to the 3- state (with the 1- and 2- states
being unstable), while V N behaves as an amphoteric defect
changing from donor to acceptor without a stable neutral state.
This kind of charge-dependent stability is characteristic of
negative-U defects. We find that SiAl causes only small lattice
distortions, without any DX-like transition.

Focusing on the V Al:4SiAl and V Al:3ON complexes, we
have analyzed in detail their atomic and electronic structures
(see Figs. 2 and 3). For the former, the lowest energy structure
is always the one that minimizes the perturbation of the pz-like
lone pair of the V Al c-axis nn N-atom. The system encourages
planar geometries where the nitrogen lone pair remains almost
unaffected, and becomes the highest fully occupied gap state.
The three singlet gap states are occupied for the VAl:4SiAl

cluster, the upper level being again the pz-like nitrogen lone
pair lying right below the cation vacancy. Figure 3 shows a
sketch of the gap state levels. We shall now discuss, in the light
of our results, the experimentally observed n-type conductivity
and its dependence on growth conditions.

A. N-rich conditions

The most likely Si-accommodating defect is a VAl:4SiAl

complex. Experiments reporting growth under N-rich condi-
tions correspond to MBE techniques5,6,15 and report that the
solubility limit is defined by crystalline-Si formation.15,26,28

Our results predict that Si-doped AlN, grown under N-rich
conditions, shows n-type doping: the VAl:4SiAl complex is
a favorable shallow donor with high solubility (due to low
formation energy); hence, a high electron density is expected,
directly correlated with this high solubility. The large size
of the cluster is consistent with the observed low mobility,
which we predict to be anisotropic due to the planar nature
of the complex. We note that experiments on Si-doped AlN
grown by MOCVD,3 result in a similar electron density and
mobility as those by MBE. Although it is commonly assumed
that gas phase techniques such as MOCVD or MOVPE work
on Al-rich conditions (due to the large binding energy of the
N2 molecule), recent theoretical calculations25 show that this
may not be the case: N2 is actually proven to be undersaturated
with respect to the crystal. For such a case, the N-containing
growth precursors are AlnN species, making it possible to
attain N-rich conditions for MOCVD growth. Our calculations

FIG. 2. (Color online) (a) Relaxed geometry and D1 (blue) and S1
(red) defect electronic states for the VAl:3ON complex; green, yellow,
and gray spheres denote O, N, and Al atoms, respectively. (b) Relaxed
geometry and S1-S3 gap states for the VAl:4SiAl cluster; here, green
spheres denote Si atoms. (c) Total charge density of the VAl:4SiAl

cluster in a (101̄0)-plane containing two Si atoms, represented as big
black dots. Superimposed to it we show the CB-edge state (s-like
N-centered charge densities), and the S0 singlet (shown as thick red
lines close to the Si atoms). Energy level notation is in Fig. 3.

show that n-type conductivity exhibited by MOCVD-grown
samples (e.g., Ref. 3) is consistent with N-rich growth.

The lowest-energy O-accommodating defect, for EF in
the upper part of the gap, is the (V Al:ON)2− pair. The pair
binding energy in the 2- charge state is 2.5 eV. However, in the
n-type limit, oxygen may also enter as octahedral interstitial
(see the Oi formation energies in Fig. 1), in agreement with
electron energy loss spectroscopy.29 Oxygen, therefore, acts as
a quite stable electron acceptor under n-type N-rich conditions,
according to the low formation energies of both the interstitial
and the (V Al:ON)2− pair in the n-type limit (right side of the
figures, Fermi level closest to the conduction band) in part (a)
of Fig. 1. Acting as an acceptor, oxygen enhances electron-
killing effects and its presence is harmful for achieving
n-type material. Note that, under these conditions, the isolated
substitutional ON is much higher in energy. This scenario is
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FIG. 3. (Color online) Scheme of Kohn-Sham eigenvalues.

very similar for both the wz and the zb phases, although in the
zb phase, ON does not undergo a DX transition nor lead to an
improved dopability of the cubic structure, since isolated ON

is not the main relevant defect for n-type material.
In summary, Si becomes an efficient n-type dopant by

clustering around cation vacancies. The formation energy of
one particular (V Al:4SiAl)1+ defect complex is much lower
than that of the isolated Si1+

Al , which provides a Si-based
donor able to overcome the V Al acceptor. Clustering is
shown to occur only under N-rich growth conditions, and
to be depend on the solubility limiting phase, revealing
a significant stimulation for those growth techniques and
conditions pointing towards the SLP being the formation of a
crystalline Si phase.

B. Al-rich conditions

AlN samples grown under Al-rich conditions are mostly
semi-insulating.15,30 This is understandable in view of the
results in Fig. 1. In particular, Fig. 1(b) shows that formation
of the V Al:4SiAl complex is inhibited, leaving no efficient way
for achieving n-type doping.

Perplexingly, however, under Al-rich conditions, low elec-
tron densities (i.e., small n-type conductivity in the MOVPE
results of Refs. 4 and 16) and a conductivity enhancement
with increasing O content (in the MOCVD-grown samples
of Ref. 31) have been reported. In order to understand the
rationale behind these seemingly contradictory results, we will
analyze the Si- and O-accommodating defects in more detail,
and their relationship with an insulating or n-type behavior.

We first note that the two main Si-accommodating defects
(under Al-rich conditions) are the vacancy-substitutional
complex and the isolated substitutional (see the SiAl:ON and the
SiAl lines in Fig. 1). Of these two Si-accommodating options,
the vacancy-substitutional complex is a negative-U defect
that exists in a stable, donor-like, (SiAl:ON)2+ configuration

but becomes unstable upon capturing one electron, relaxing
(through a DX-like structural transition) to a deep, neutral,
low-symmetry, strongly lattice-coupled state. This occurs
both in the zb and the wz phases. When the Fermi level
is above mid-gap (i.e., for moderate n-type conditions) the
isolated substitutional, SiAl, is the only favorable donor,
although it is incapable (in view of its higher formation
energy) of overcoming the abundance of electron-killing cation
vacancies.

However, the key result here is that when the Fermi
level is above mid-gap (i.e., for moderate n-type con-
ditions), the O-accommodating defect is the neutralizing
VAl:3ON complex, with a large binding energy of 6.3 eV (or
2.1 eV/O-atom). This O-accommodating defect deactivates
the electron-acceptor isolated cation vacancies by incorporat-
ing them to the complex. The VAl:3ON complex plays a getter-
ing role for the cation vacancies. This is similar to the recently
studied role of donor-impurity complexes in As- or Sb-doped
silicon:32,33 VSi:3AsSi complexes are found to deactivate As in
Si. Therefore, under Al-rich conditions, moderately n-type
material can indeed be achieved by incorporating oxygen
and forming the VAl:3ON complex, hence explaining the
unexpected increase of conductivity with oxygen content
reported in Ref. 31. Within a narrow range above mid-gap,
SiAl becomes an active Si-related donor, not compensated
by the VAl, which has been gettered and deactivated by the
prevalent oxygen-accommodating complex. This situation is
possibly responsible for the weakly n-type samples, with low
free-carrier densities,4,16 but with potentially good transport
properties due to the pointlike nature of the doping defect.
Therefore, it is understandable that metal rich growth leads
to semi-insulating or weakly n-type behavior, depending on
the growth technique: The key is the oxygen accommodating
defect, which our calculations indicate that could be the neutral
V Al:3ON complex, which deactivates the native compensating
V Al defect.
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IV. CONCLUSIONS

In conclusion, we have studied the mechanism of n-
type doping in Si-doped AlN, its dependence on growth
conditions, and the controversial role of oxygen. We found
that efficient doping results from the formation of covalent
Si clusters, electrostatically stabilized by cation vacancies.
This mechanism is active under N-rich conditions. Oxygen
contamination is undesirable in this case because it leads
to compensating defects. We have also found that weak
n-type behavior may be possible under Al-rich conditions,
but in this case, conversely, due to an oxygen-accommodating
defect that deactivates the compensating VAl. Thus, oxygen
contamination may be desirable in this latter case. The present
results help to rationalize the efficient and controllable Si

doping, as well as the reported differences in achieved carrier
densities and mobilities, unraveling the origin of the conflicting
experimental reports on the role of oxygen and silicone. This
proposed microscopic understanding opens a range of feasible
options for potentially efficient UV technologies based on
n-doped Si:AlN.
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