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tudy of native defects and defect
migration in wurtzite AlN: an atomistic approach†

Lei Zhu, a C. Richard A. Catlow, *ac Qing Hou, ab Xingfan Zhang, a

John Buckeridged and Alexey A. Sokol *a

We derive an empirical, lattice energy consistent interatomic force field model for wurtzite AlN to predict

consistently a wide range of physical and defect properties. Using Mott–Littleton techniques, we calculate

formation energies of vacancies and interstitials, which show good agreement with previous ab initio

calculations at the edge of the band gap. A novel N3− interstitialcy configuration is proposed to be of lower

energy than the octahedral-channel-centred counterpart. With the assistance of the QM/MM method, our

potential can predict a VBM level (−7.35 eV) comparable to previous experimental measurements. We

further investigate the migration mechanisms and energy barriers of the main intrinsic defects. For the

vacancy migration, the axial migration barrier is found to be lower than the basal migration barrier, in

contrast to previous calculations. Two interstitialcy migration mechanisms for the interstitial defects are

proposed, the “knock-out” mechanism for Al interstitial and the “hand-over” mechanism for N interstitialcy

defects. The new force field model proposed here demonstrates that the empirical two-body interatomic

potential is still effective for the study of defect properties, electronic states, and other extended systems of

III/V semiconductors and further can be employed with QM/MM embedded techniques.
1. Introduction

Aluminium nitride (AlN), together with gallium nitride (GaN) and
indium nitride (InN) and in solid solution with various composi-
tions of group-III nitrides (AlGaN, etc.), is one of the key materials
for solid-state light sources. Having had the least attention among
the three nitrides, AlN has started to gain more interest owing to
its application in deep ultraviolet (wavelength shorter than 300
nm) light-emitting diodes (LEDs),1–3 due to its very wide band gap
(6.2 eV, equivalent of 200 nm). The state-of-the-art AlN-based deep-
UV lab LED was successfully made with the lowest possible
wavelength of 210 nm (5.9 eV),3 the potential of which has stim-
ulated great interest in the material. Some additional advantages,
such as good thermal conductivity (285 W m−1 K−1) and high
thermal stability,4–7 make AlN increasingly important for energy
and electrical devices.8 Recently, single photon emission was
observed in an AlN thin lm,9 showing AlN to be amongst themost
promising materials for applications in quantum technology.10

Defects plays a key role in the optical properties of AlN. Early
experimental work by Slack and McNelly showed that defects,
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which are mainly formed during crystal growth, show a strong
correlation with the optical properties of AlN.11 Since then, pho-
toluminescence (PL) peaks from red light to deep-UV region have
been assigned to various types of defects: Al vacancy andN vacancy
being the mostly commonly associated ones.12–21 Meanwhile,
computational studies on defects in AlN have been predominantly
based on the ab initio techniques, primarily density functional
theory (DFT).22–31 The source of the observed optical properties in
AlN has now become clearer owing to these computational
studies, as the accuracy of the calculations has improved, by the
usage of higher level of exchange–correlation energy functionals
from local density approximation (LDA) to hybrid functionals.

However, these ab initio techniques are not favourable for
large systems of thousands of atoms, due to their computational
expense and scaling performance. Although our future work will
explore the use of such methods, particularly employing
quantummechanical/molecular mechanical (QM/MM) methods,
less computationally demanding methods based on interatomic
potential models are essential to explore much larger systems
and a wider range of congurations. Though such classical
approach will not give information directly on electronic struc-
ture, given an accurate set of potential models, we can obtain
reliable defect energies and geometries as has been demon-
strated by a large number of studies of oxides.32–35 They allow us
to establish the overall nature of the defect structure of the
materials, with the subsequent (QM/MM) focusing on electronic
and spectroscopic properties of key defects using our newly
derived interatomic potential in the hybrid QM/MM approaches.
This journal is © The Royal Society of Chemistry 2023
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Moreover, a robust interatomic potential model is very benecial
in investigating disordered systems and the solid solutions.

Since the rst reported interatomic potential model for wurt-
zite AlN,36 there have been a number of evolutions of the models.
The earliest pair-wise Coulomb and Buckingham potential
implementations were based on the ionic model of AlN;36,37 such
models require only a small number of empirical parameters and
allow the prediction of defect energetics and the physical prop-
erties including lattice constants and dielectric constants.37 Later
studies shied focus to lattice dynamics, with more emphasis on
the covalent components of the bonding of the material, with
molecular mechanical rather than an ionic approach to the
development of the potential model. These models, including
bond order Tersoff potential models,38–43 three-body potential
models44,45 and other many-body models,46 have allowed accurate
modelling of the physical properties of the material. However, the
more complex interatomic potentials require more parameters;
moreover, their use is difficult in modelling defect and surface
properties of the material. More recently, a machine learning
interatomic potential model was developed for silicon, repro-
ducing wide range of DFT results including elastic properties,
surface energies, defect formation energies and defect migration
barriers.47 However, the data-driven model lacks proper descrip-
tion of long-range interactions and suffers from its intrinsic
feature of high dimensionality in exchange of transferability (the
so-called “curse of dimensionality”).47,48 A simple empirically
tted interaction potential model still proves to be effective in
investigating defect energetics, and transferable to a wide range of
structures and physical properties.

In this work, we propose a new pairwise and a 3-body inter-
atomic potential models for wurtzite AlN, from which we will
present a comprehensive study of intrinsic defect structure of the
material. The new interatomic potential can accurately predict
a wide range of physical properties including lattice constants,
elastic constants and dielectric constants. The interatomic poten-
tial models presented are designed to be lattice energy consistent
for reproducing the energies of electronic states accurately. The
Mott–Littleton method is implemented for the electron/hole ioni-
zation energy and intrinsic defects in wurtzite AlN, focusing on the
formation of vacancies and interstitials, which have been previ-
ously studied using DFT techniques. While maintaining high
calculation efficiency for systems of thousands of atoms, our force
eld is the rst AlN interatomic potential model that can be used
to calculate defect formation energies accurately. A novel cong-
uration of a highly charged nitrogen “interstitialcy” defect is found
to be more stable than the channel-centred counterpart. With
further investigation into the defectmigration, our results give new
insights into the vacancy migration barriers and the interstitialcy
migration mechanisms of Al and N interstitial defects. Our results
are of relevance to all III–V nitride systems and indeed to all the
wurtzite structured materials.

2. Methodology
2.1 Interatomic potential

The rst interatomic potentials for AlN were reported by Cor-
mack,36 using a shell model with formal charges. Later models
This journal is © The Royal Society of Chemistry 2023
include those of Chisholm37 which employed partial charges. In
both studies, only a Buckingham potential was used whereas in
our work, we employ a more complex multi-functional model,
giving a more accurate and smooth potential prole, which has
been successfully applied to oxides lately.33 The parameterisations
of the potential models in this work were completed using the
General Utility Lattice Program (GULP) code.49

The interatomic potential model in this work is based on the
Born model50 of the ionic solid, as both the wurtzite structure
adopted by AlN, and the dielectric properties of the material are
consistent with the use of the ionic model. To obtain a precise
and smooth prole of interatomic potentials across short-range
and long-range distances, we tted a combination of pairwise
long-range Coulomb, and short-range Buckingham, Lennard-
Jones, and polynomial potentials to experimental data
including lattice constants, elastic constants, dielectric
constants, piezoelectric constants and phonon frequencies.

Regarding the short-range potentials, for the interaction
between the cation and anion, here, we employ the Buckingham
potential with respect to internuclear distance r:

VBuckingham ¼ A e�r=r � C

r6
;

where A, r and C are potential parameters. Separate Bucking-
ham potentials are applied to the 1st and the 2nd atomic
neighbouring shells, so that the tting can be controlled sepa-
rately. The polynomials are applied to interpolate between
different Buckingham potentials and extrapolate to zero aer
the 2nd neighbouring shell:

Vpolynomial ¼
X5

n¼0

Cnr
n;

where n is the index of summation and Cn are polynomial
coefficients.

A repulsive r−12 potential (implemented as a Lennard-Jones
type without the attractive term) is applied covering the whole
interatomic short range between cation and anion, to prevent
atoms from accessing unphysically short separations:

VLennard-Jones ¼ C12

r12
;

with C12 also used as a parameter. Between anions, we employ the
4-range Buckingham (“Buckingham-4”) potential of separated
Born-Meyer (for 1st neighbouring anions between rmin and rcut1)
and dispersion (for 2nd neighbouring anions between rcut3 and
rmax) terms,

VBuckingham-4 ¼

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

A e�r=r; rmin\r\rcut1

X5

n¼0

anr
n; rcut1\r\rcut2

X3

n¼0

bnr
n; rcut2\r\rcut3

�C

r6
; rcut3\r\rmax

;

J. Mater. Chem. A, 2023, 11, 15482–15498 | 15483

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta09503c


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
9/

20
26

 9
:4

2:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where concept of separately treating the 1st and the 2nd
neighbouring anions adopted here is achieved in a condense
form. A, r, C12, and the polynomial an, bn, Cn constants are all
variable parameters that are adjusted during the tting process.
The chosen values for these parameters is discussed below.

In this model, we rst apply the pair potential approxima-
tion, which is commonly used for ionic solids. In addition,
polarisation of the nitride ions is included via the shell
model,51 which provides a simple mechanical model of
polarizability in which the ion is divided into a core linked by
an harmonic spring to a shell, and which has proved effective
in modelling dielectric properties of ionic materials. In the
harmonic approximation, the polarizability of an ion in vacuo
is given by:

a ¼ Y 2

k

where Y is the charge of the shell and k is the spring constant.
The energy from such spring interaction can be obtained using
a harmonic square term which is complemented here by an
anharmonic quartic potential that in turn will reduce the
polarisability and dampen the shell displacement in the
external eld:

Vspring-2 ¼ 1

2
k2r

2 and Vspring-4 ¼ 1

4
k4r

4:

As noted, in our model, the aluminium ion is treated as
unpolarizable, i.e., core only (charge +3), whereas the nitride ion
is polarisable with both a core (charge +1.4) and a shell (charge
(Y) −4.4). Two main short-range interactions are considered,
i.e., “Al-core–N-shell” and “N-shell–N-shell”. Between “N core”
and “N shell”, the interactions are controlled solely by harmonic
spring (including square and quartic terms).

For many ionic materials, the Buckingham potential still
proves to be an effective model. The parameters of the
potential for “Al-core–N-shell” interaction are all tted
empirically against experimental properties. As the Al ion is
considered here to have a negligible polarizability, the
dispersion term of “Al-core–N-shell” interaction is omitted (C
= 0). Parameters of the repulsive “N-shell–N-shell” interac-
tion, A and r in the Buckingham potential, are transferred
from a widely used “O-shell–O-shell” potential,52 which
successfully predicts defect properties and defect diffusion
energies for a range of oxide materials.53 The transferability of
the potential can be justied by the isoelectronic Ne10 struc-
ture of nitride and oxide ions and the minor role of this
potential in our simulations. In particular, this potential
affects the calculated defect properties only slightly and
serves mostly in preventing unphysical congurations with
short anion–anion separation distances. For the attractive
dispersion parameter C in the “N-shell–N-shell” Buckingham
potential, we applied the theory rst introduced in the work
by Pyper54 and made our approximation previously applied for
GaN.55 According to the Slater–Kirkwood formula,56 the
dispersion parameter for anion–anion interaction can be
determined from the frozen in-crystal polarizability, which is
15484 | J. Mater. Chem. A, 2023, 11, 15482–15498
calculated by taking the spring constants tted to reproduce
the high-frequency dielectric constants.

The coefficients of the polynomial functions are calculated to
connect all the regions in the Buckingham potentials, under the
condition that the 1st and 2nd derivatives at both end points
must be matched. The parameters of zero-degree polynomial
functions control the vertical offsets of the Buckingham
potential, which is adjusted according to the lattice energy.
These zero-gradient offsets do not affect the physical properties
but can tune the lattice energy, a key term for obtaining our
electron affinities and in turn calculating the defect formation
energies. The cut-off distances of the short-range potentials are
10 Å, which extends potentials beyond nearest and next-nearest
neighbours where the interactions are still signicant but
allows for a smooth and rapid transition to zero thus reducing
the computational costs. The tted parameters are reported in
Table 1.

The resulting structural parameters, physical properties and
lattice energy are obtained using the GULP code and shown in
Table 2: the lattice constants and dielectric constants agree well
with experimental and other ab initio computational results,
although there are signicant discrepancies in the off-diagonal
elastic constants. We note that other work had reported better
reproduction of the off-diagonal elastic constants by employing
three-body, bond-order, or other many-body types of inter-
atomic potential models.38–46 All these models, however, employ
partial ionic charges, which can be problematic in defect
calculations. We also note that although the previous two-body
interatomic potential model presented a slightly better tting of
elastic constants, the lattice energy was particularly low,37 as
a result of the choice of partial charge leading to a much lower
Madelung potential. A reliable lattice energy value is crucial in
our calculation of defect energy as presented in the following
sections.

To demonstrate that the 3-body interatomic potential
improves substantially the prediction of elastic constants while
still using formal charges, we t another set of parameters by
adding a 3-body potential to the same 2-body ones. Here the 3-
body interatomic potential takes the form of:

V3-body ¼ K e�r
3Bðr12�R3B

0 Þ e�r3Bðr13�R3B
0 Þ;

where K and r3B are the parameters tted empirically, R3B
0 is the

average Al–N bond length of perfect lattice, and r12 and r13 are
the interatomic distances between Al and different
neighbouring N atoms. Here we assume that the “Al core”
interacts equally with the two neighbouring “N shells” in both
axial and basal directions, so the two values of r are xed to be
the same. On introducing these additional terms in the poten-
tial, the parameters of our 2-body interatomic potential for “Al
core” and “N shell” interaction must be retted. The 2-body
Buckingham potential of “N shell” and “N shell” remains
unchanged. Table 3 presents all the parameters of the potential,
and Table 2 shows the prediction of the properties using the
new 3-body potential model. Now all the properties agree well
with experimental and ab initio results, except for one of the
piezoelectric constants. However, as we will discuss in the
This journal is © The Royal Society of Chemistry 2023
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Table 1 The 2-body short-range interatomic potential parameters of wurtzite AlN

Species Potential functions Parameters rmin − rmax (Å)

Al core–N shell Buckingham A = 1400.00 eV 0.0–2.2
r = 0.3350 Å
C = 0 eV Å6

Polynomial C0 = 0.213 eV 0.0–2.2
Polynomial C0 = 1501.16 eV 2.2–2.8

C1 = −2915.25 eV Å−1

C2 = 2281.18 eV Å−2

C3 = −895.66 eV Å−3

C4 = 176.029 eV Å−4

C5 = −13.83 eV Å−5

Buckingham A = 640.00 eV 2.8–3.3
r = 0.382 Å
C = 0 eV Å6

Polynomial C0 = −0.07 eV 2.8–3.3
Polynomial C0 = 136 385.05 eV 3.3–3.5

C1 = −201312.93 eV Å−1

C2 = 118 829.78 eV Å−2

C3 = −35061.77 eV Å−3

C4 = 5171.23 eV Å−4

C5 = −305.00 eV Å−5

Lennard-Jones C12 = 10.42 eV Å−12 0.0–10.0
N shell–N shell Buckingham-4 A = 22 764.3 eV 0.0–10.0 (rcut1 = 2.0, rcut2 = 2.5, rcut3 = 5.0)

r = 0.1490 Å
C = 74.00 eV Å6

N core–N shell Spring k2 63.00 eV Å−2

Spring k4 250 000.00 eV Å−4
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following section, the adopted 3-body model raises problems
for defect calculations without some additional compensating
terms in the force eld. Such a compensation can in turn reduce
Table 2 Calculated and experimental properties of wurtzite AlN obtaine

Property

Present

Experimental2-body 3-body

Lattice constant, a (Å) 3.11 3.10 3.11a

Lattice constant, c (Å) 4.98 4.98 4.98a

Special position, u (Å) 0.380 0.379 0.382b

Elastic constants
C11 (GPa) 517.0 364.6 345c, 411 � 10d

C12 (GPa) 275.3 117.0 125c, 99 � 4d

C13 (GPa) 261.3 103.5 120c, 99 � 4d

C33 (GPa) 567.4 462.2 395c, 389 � 10d

C44 (GPa) 137.9 137.3 118c, 125 � 5d, 12
C66 (GPa) 120.9 123.8
Bulk modulus, B0 (GPa) 354.9 202.8 201c, 210d

Dielectric constants
3011 10.50 9.77 8.8a, 9.14f, 8.5g, 8
3033 11.84 10.50 9.5h

3N11 4.62 4.60 4.7a, 4.84f, 4.6g

3N33 4.74 4.70

Piezoelectric constants
e33 (C m−2) 3.92 1.35 1.55h

e31 (C m−2) −2.45 −4.63 −0.58h

Lattice energy (eV) −91.93 −90.19

a Ref. 37. b Ref. 57. c Ref. 58. d Ref. 59. e Ref. 60. f Ref. 61. g Ref. 62. h Ref.
p Ref. 66. q Ref. 67.

This journal is © The Royal Society of Chemistry 2023
the accuracy of the predicted physical properties. Therefore, for
our defect study, the 2-body interatomic potential is primarily
applied.
d using the two-body and three-body potentials

Other IP DFT

3.11a 3.11o

5.00i, 4.97a, 4.98j, 5.07k, 5.04m 4.97o

0.380j, 0.375k 0.382o

417a, 293j, 392k, 435l, 463m 464n, 398n, 396n

178a, 161j, 137k, 148l, 92m 149n, 140n, 137n

152a, 151j, 101k, 108l, 104m 116n, 127n, 108n

432a, 303j, 428k, 356l, 437m 409n, 382n, 373n

2 � 1e 125a, 96j, 114k, 81l, 194m 128n, 96n, 116n

120a, 129j, 128k, 144l

248a, 202j, 210k, 211l, 218m 228n, 218n, 207n

.0h 8.07a

11.22a

4.46a

4.85a

1.80p, 1.50p, 1.50q

−0.64p, −0.53p, −0.60q

−98.209i, −43.50a

63. i Ref. 36. j Ref. 45. k Ref. 42. l Ref. 44. m Ref. 46. n Ref. 64. o Ref. 65.

J. Mater. Chem. A, 2023, 11, 15482–15498 | 15485
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Fig. 1 The schematic representation of the Mott–Littleton approach.
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2.2 Mott–Littleton and QM/MM calculations

Our potential is implemented inMott–Littleton68 calculations of
defect energies. The method which is discussed in detail in ref.
49 divides the lattice around the central defect into 3 regions
(Fig. 1). In the inner region (region I), displacements of the
atoms are calculated by explicit energy minimisation. Secondly,
the displacement of atoms in the middle region (region IIa) is
calculated within the harmonic approximation for interactions
with respect to the central defect, with explicit calculation of the
interaction energy with region I. Response by the ions of the
outer region (IIb) to the Coulomb eld of the central defect is
treated using a dielectric continuum model but the lattice
summation performed explicitly. In this work, the radii of
region I and region IIa are 21 Å (around 3600 atoms) and 36 Å
(around 15 000 atoms), respectively; with these values all defect
energies have converged to within 0.1 eV or better with respect
to subsequent expansion. All the calculations were again
undertaken using the GULP code.69

In this study, we also make use of calculated ionisation
energies obtained using the hybrid QM/MM embedded cluster
method as implemented in the ChemShell soware.70,71 The
QM/MM method employed here contains three levels of theory.
In the central cluster region where the electron ionization
occurs, the DFT method is applied with the hybrid functional
PBE072,73 and Def2-TZVP74 basis sets. The QM cluster region is
surrounded by a large MM environment controlled by the same
2-body interatomic potential. Between the QM and MM region,
Table 3 The 2-body and 3-body short-range interatomic potential para

Species Potential functions Param

Al core–N shell Buckingham A = 1
r = 0
C = 0

Polynomial C0 =

Polynomial C0 =

C1 =

C2 =
C3 =

C4 =

C5 =

Buckingham A = 2
r = 0
C = 0

Polynomial C0 =
Polynomial C0 =

C1 =

C2 =

C3 =
C4 =

C5 =

Lennard-Jones C12 =

N shell–N shell Buckingham-4 A = 2
r = 0
C = 7

Al core–N shell 1–N shell 2 3-Body exponentials K = −
r3B =
R0

3B =

N core–N shell Spring k2 63.00
Spring k4 250 00

15486 | J. Mater. Chem. A, 2023, 11, 15482–15498
there is a transition layer balancing the different forces from
both sides by the tted electron localising pseudopotentials
(PP).75 Compared to the DFT method using the periodic
boundary condition, the QM/MM method can calculate the
ionization potential as it has unambiguous denition of the
meters of wurtzite AlN

eters rmin − rmax (Å)

776.79 eV 0.0–2.2
.3270 Å
eV Å6

0.35 eV 0.0–2.2
2032.03 eV 2.2–2.8
−3965.36 eV Å−1

3110.78 eV Å−2

−1222.38 eV Å−3

240.12 eV Å−4

−18.84 eV Å−5

222.25 eV 2.8–3.3
.3277 Å
eV Å6

−0.07 eV 2.8–3.3
−16719.30 eV 3.3–3.5
24 150.45 eV Å−1

−13939.89 eV Å−2

4019.23 eV Å−3

−578.88 eV Å−4

33.32 eV Å−5

10.42 eV Å12 0.0–10.0
2 764.3 eV 0.0–10.0 (rcut1 = 2.0, rcut2 = 2.5, rcut3 = 5.0)
.1490 Å
4.00 eV Å6

0.1442 eV 0.0–12.00 (for both bonds)
4.73 Å−1

1.89 Å
eV Å−2

0.00 eV Å−4

This journal is © The Royal Society of Chemistry 2023
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vacuum level. This theory is explained in more detail in other
work.70,71,76,77 Further detail of the settings for QM/MM calcula-
tions can be found in the ESI.†
3. Results

In this section, we apply our interatomic potential model and
the Mott–Littleton method to calculate defect energies and the
energies of electron and hole formation. We rst compare the
defect energies calculated by the 2-body and the 3-body models.
We then obtain estimates of electron and hole formation
energies, which facilitate the calculation of formation energies
for both vacancy and interstitial species. Lastly, we model defect
migration processes.
Fig. 2 Tetrahedral (TE) and octahedral (OC) sites for interstitial defect
in wurtzite AlN. The z axis is oriented along the c crystallographic
direction.
3.1 Defect energies from Mott–Littleton calculations

The intrinsic point defect energies of AlN are presented in Table
4. As we use the Mott–Littleton approach, all point defect
energies are calculated with their formal charges. We note that
the energies are given with respect to the perfect lattice and ions
at innity. For both defect species and charge carriers we use
the Kröger–Vink notation.

There are two distinct high-symmetry sites, or voids, for
interstitials in the wurtzite structure adopted by AlN: the tetra-
hedral (TE) and octahedral (OC) sites (Fig. 2). An interstitial at
the TE site has four cations and four anions as the nearest
neighbours, while that at the OC site has six nearest neighbours
(three cations and three anions). We may also consider the OC
interstitial sites from the perspective of the z-axis, where the
interstitial at the OC site is situated at the centre of the
“channel”. Previous calculation found the Al interstitial at the
OC site is more stable than at the TE site in AlN,26 with analo-
gous results found for GaN.28,78 In our work, when the Al3+

interstitial is initially located at a TE site it moves during the
relaxation towards the OC site. Hence, only the results for this
conguration of Al3+ interstitial defect are presented here.

For the N3+ interstitial, two distinct stable congurations are
found: the octahedral-central (OC-central) conguration and
the “interstitialcy” conguration. Our calculations show the
defect energy of OC-central type N interstitial is close to its
cation counterpart with less than 1% difference in energy (Table
4). Such a conguration is consistent with the previous ab initio
simulations of GaN79,80 and InN81 – the only reports obtaining
Table 4 Intrinsic defect energies in eV of wurtzite AlN obtained using
the method of interatomic potentials

Defect type

Present work

Previous work362-body 3-body

V
00 0
Al

53.54 53.12 63.00
V ���

N 53.64 53.40 52.11
Al���i −34.06 −32.18 −40.69
N

00 0
int-cy

−34.19 N/A −12.56

N
00 0
i-oct

−33.95 −32.37 −12.56

This journal is © The Royal Society of Chemistry 2023
the stable OC-central N interstitial in charge state−3 in wurtzite
structured nitride systems.

The N3− defect is found to have another stable “inter-
stitialcy” conguration in the system. The new conguration is
obtained by rst relaxing the OC-central conguration defect,
and then adjusting the positions of the defect and its
surrounding neighbouring N3− ions. Aer complete relaxation,
the introduced N3− ion (N1 in Fig. 3(a)) is displaced from the
ideal OC site (by 0.34 Å) in the lattice basal plane towards one of
the three nearest neighbouring N3− ions. The on-site N3− ion
(N2 in Fig. 3(a)) is then nudged from its original position (by
0.62 Å) towards the axial direction along the line interconnect-
ing the defect and the on-site ion (Fig. 3(b) and (c)). The two N
ions comprise a special “interstitialcy” or split-interstitial
conguration, in which two N ions straddle the same N lattice
site at the distance of 2.40 Å, forming an interstitial-vacancy-
interstitial defect complex structure. We calculated the defect
energy of such conguration to be 0.24 eV lower than the OC-
central type (Table 4), suggesting that the OC-central N inter-
stitial is a local energy minimum conguration in the system.

The latter type of N interstitial defect has been widely over-
looked by other studies of III–V nitride system. The term “split-
interstitial”was used in another conguration reported inmany
previous ab initio studies,26,31,65,82 where their N split-interstitial
defects have a form of N2 molecule positioned at the N vacancy
site. The bonding in those N–N structure shows a strong cova-
lency nature, which were found to be stable in the charge state
from +3 to −1 due to the electronic occupancy at their anti-
bonding-pp-like orbitals.82 We note that our novel ionic N3−

interstitialcy defect is a separate conguration from those
covalent split-interstitial discussed previously. In the case of
our N interstitialcy defect in charge state −3, the two N3− ions
are rearranged at the lowest energy conguration as a result of
the Madelung potential (electrostatic interactions) and the
short-range interatomic potential, which is purely an ionic
response. The defect structure of anion interstitial in formal
charge is not new in other material system (see examples in
alkali halides83 and oxides84). In particular, our N3− interstitialcy
J. Mater. Chem. A, 2023, 11, 15482–15498 | 15487
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Fig. 3 (a) The N3− interstitialcy defect after relaxation (N1 is the introduced interstitial defect, N2 is the host atom) and the comparison to the
local configuration of N3− OC-central interstitial (in transparent) along the (b) x-axis and (c) z-axis.
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defect shows the closest resemblance to the O2− interstitial
defect in UO2,52 where the O2− interstitial distorted from body-
centre position by 0.2 Å and 0.27 eV lower in energy compared to
the symmetric counterpart.

Similar electrostatically-driven reconstruction of interstitial
point defect has recently been discussed in another report.85

The authors stated and proved that high-symmetry relaxation
methodology adopted by many computational defect studies
could easily lead to metastable state (local minima) rather than
the global minimum,86 which can be found using their novel
symmetry-breaking technique with standard DFT calculations.
They found the defect energy of Te2− split-interstitial is 0.2 eV
lower than the higher symmetric tetrahedral Te2− interstitial in
CdTe, which is consistent with our lower symmetric N3− inter-
stitialcy defect conguration. Different congurations of inter-
stitialcy defects, including OC–OC, TE–TE, and OC–TE types,
have also been explored in our system, but all of them are
unstable in our simulations. Our N3− interstitialcy congura-
tion has also been conrmed by the QM/MM calculation, which
will be presented in full detail in our subsequent paper.

The same defect calculation proves to be problematic for our
3-body potential model. We found that the Mott–Littleton
defect calculation cannot converge for all four intrinsic defects
without an additional correction in the force eld. The pre-
exponential parameter K is tted empirically to be negative
(Table 3), which indicates the 3-body potential acts as an
attractive force. As a defect is introduced, the cluster is likely to
contract due to the additional attractive force, which leads to
abnormally high potential gradients at energy minimum posi-
tion. As a result, a repulsive term must be added in the force
eld to counteract the force for convergence (see ESI† for more
detail). However, the compensation term results in the physical
properties deteriorating. Therefore, the 2-body potential is
chosen to be more effective for the defect calculation, as the
defect energies are close to the ones from our 3-body potential
(Table 4). All subsequent calculations use solely the 2-body
potential.
15488 | J. Mater. Chem. A, 2023, 11, 15482–15498
3.2 Electron and hole formation

Computational models based on interatomic potentials cannot
provide accurate estimates of electronic energies, but a useful
estimate of hole and electron energies is still possible. We
assume that the conduction band minimum (CBM) can be
represented by an electron localising on a cation (Al) and the
valence band maximum (VBM) by a hole on an anion (N), i.e.,
the electron state is thus approximated as a localised Al2+ state,
and the hole state as a localised N2− state. (Material's electron
affinity and ionisation potential determine the absolute posi-
tion of CBM and VBM below vacuum level set at zero.) By using
our interatomic potential model and Mott–Littleton method in
GULP, defect energies of Al2+ and N2− are calculated. To model
optical excitations, only shells are relaxed during these calcu-
lations, i.e., there is no relaxation of the cores. In addition, we
must include appropriate intra-atomic terms. Here, we make
another simplication that such intra-atomic energies are equal
to their respective ionisation energies as free ions. The third
ionisation potential of Al is available from experiment. The
third electron affinity of N is not a measurable quantity but has
been calculated using the QM/MM techniques.70 All the energy
terms are collected in Table 5.

The calculated VBM is 0.85 eV higher than that based on the
experimental ionization potential on the AlN surface of 8.2 eV.88

We obtain a higher band gap energy (10.60 eV) than reported
experimentally (6.23 eV at low temperatures87). The calculated
large positive value for the CBM is clearly inaccurate, which can
be attributed to our assumption of a localised Al2+ state repre-
senting a CBM state. The experimental value of the electron
affinity of AlN is uncertain with estimates, ranging from 0.25–
1.9 eV,88–90 but our calculated CBM value is far from these
values. As our approach appears to be more reliable for esti-
mating a hole state, we can estimate the revised CBM value by
adding the experimental band gap energy at low temperatures
to our VBM value. The revised CBM now falls within the range of
experimental values.
This journal is © The Royal Society of Chemistry 2023
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Table 5 Electron and hole formation energy in wurtzite AlN

Present (eV)

Al2+ 33.14
N2− 34.80
Al2+ / Al3+ + e′ −29.89
N2− + e′ / N3− 27.45
Calculated CBM (localising e′) 3.25
Calculated VBM (localising _h) (−Eh) −7.35
Calculated band gap 10.60
Experimental low temperature band gap87 6.23
Revised CBM (−Ee) −1.12
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3.3 Defect reaction energies

The reaction forming an Al vacancy ðV 00 0
AlÞ in the AlN lattice is

represented by the following equations depending on the Al
and N chemical potentials:

N-rich/Al-poor:

Al�Al þ
1

2
N2ðgÞ/V

00 0
Al þAlNðsÞ þ 3h�;

N-poor/Al-rich:

Al�Al/V
00 0
Al þAlðsÞ þ 3h�:

The “N-rich/Al-poor” or “N-poor/Al-rich” conditions indicate
the respective reactions occurring in the case of either “N2(g)

excess/Al(s) deciency” or “N2(g) deciency/Al(s) excess”.
Considering thermodynamic equilibrium in the Al–N binary
systems, the formation of solid AlN imposes a bound on their
respective chemical potentials:

AlðsÞ þ 1

2
N2ðgÞ/AlNðsÞ

whose energy is DHAlN(s)with the experimental value of
−3.296 eV.91

The neutral aluminium vacancy created will initially accept
three electrons resulting in forming three holes in the system.
The energy of forming electrons and holes in the following
analysis is determined by the electron chemical potential, or
Fermi level, EF, whose values in the material would typically lie
in the band gap, between VBM and CBM, −Eh # EF # −Ee (see
Table 5), although the heavily doped system can also fall outside
this range.

Using the Born–Haber cycles for these reactions, we obtain:
Al-poor (N-rich):

EVAl ;Al-poor ¼ E
h
V

00 0
Al

i
� I1�3

Al � DHSubðAlÞ þ DHAlNðsÞ � 3EF;

Al-rich (N-poor):

EVAl ;Al-rich ¼ E
h
V

00 0
Al

i
� I1�3

Al � DHSubðAlÞ � 3EF;

where E½V 00 0
Al� is the defect energy of Al vacancy in Table 4,

DHSub(Al) heat of sublimation of Al solid (3.43 eV (ref. 91)) and
I1−3
Al the ionisation energy of Al atom to Al3+ ion. The
This journal is © The Royal Society of Chemistry 2023
experimental ionisation energies of Al can be extracted from the
database (53.26 eV (ref. 91) for the sum of the 3 valence shell
electrons).

Applying the same approach to the N vacancy, Al interstitial,
and N interstitial, the following defect reactions can be
formulated:

N vacancy ðV ���
N Þ:

(N-rich/Al-poor):

N�
N/V ���

N þ 1

2
N2ðgÞ þ 3e

0
;

(N-poor/Al-rich):

N�
N þAlðsÞ/V ���

N þAlNðsÞ þ 3e
0
;

Al interstitial ðAl���i Þ:
(N-rich/Al-poor):

Al�Al þAlNðsÞ/Al���i þ 1

2
N2ðgÞ þ 3e

0
;

(N-poor/Al-rich):

Al�Al þAlðsÞ/Al���i þ 3e
0
;

N interstialcy ðN00 0
int-cyÞ:

(N-rich/Al-poor):

N�
N þ 1

2
N2ðgÞ/N

00 0
int-cy þ 3h�;

(N-poor/Al-rich):

N�
N þAlNðsÞ/N

00 0
int-cy þAlðsÞ þ 3h�:

And the respective formation energies are as following:

EVN ;N-rich ¼ E
�
V ���

N

�� A1�3
N � 1

2
DN2

þ 3EF;

EVN;N-poor ¼ E
�
V ���

N

�þ DHAlNðsÞ � A1�3
N � 1

2
DN2

þ 3EF;

EAli ;N-rich ¼ E
�
Al���i

�þ DHSubðAlÞ þ I1�3
Al � DHAlNðsÞ þ 3EF;

EAli ;N-poor ¼ E
�
Al���i

�þ DHSubðAlÞ þ I1�3
Al þ 3EF;

ENint-cy ;N-rich ¼ E
h
N

00 0
int-cy

i
þ A1�3

N þ 1

2
DN2

� 3EF;

ENint-cy ;N-poor ¼ E
h
N

00 0
int-cy

i
þ A1�3

N þ 1

2
DN2

� DHAlNðsÞ � 3EF:
J. Mater. Chem. A, 2023, 11, 15482–15498 | 15489
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where A1−3
N is the sum of the three electron affinities of N atom.

The experimental electron affinity energies of nitrogen atom are
not readily available and would, in fact, depend on the stabil-
ising environment of the triply negatively charged species, but
we can estimate the sum of three electron affinities via the
Born–Haber cycle, for AlN formation, using our calculated 2-
body lattice energy in Table 2. Our resulting estimate of the sum
of the energies of the three electron affinities of N atom is
27.04 eV. The experimental value of the dissociation energy of
N2, DN2

, used for these calculations is 9.79 eV.91

Table 6 summarises our calculated formation energies. For
vacancy defects, formation energy V ���

N is higher in N-rich
condition, while the formation energy of V

00 0
Al is higher in Al-

rich condition, which is as expected and agrees with other
studies using rst-principles methods.23,27,30,65,92,93 The compar-
ison with earlier electronic structure calculations is not
straightforward as the latter are typically reported as a function
of the position of the Fermi level and only in a graphical form,
so, in Table 6, we compare reported calculated formation
energies for Fermi levels at the band edges. The energies for
the N vacancy and Al vacancy in either environment condition
agree well with previous DFT calculations at the same Fermi
level positions. It was predicted in the previous ab initio calcu-
lations that the V ���

N is the most stable defect close to the
VBM,26,30,65 which indicates its strong correlation to donor
species in AlN. For interstitial defects, the formation energy of
Al���i in Al-rich condition is, however, not as close to previous
Table 6 Formation energies of intrinsic defects in wurtzite AlN (in
units of eV) including N vacancy ðV ���

N Þ, Al vacancy ðV 00 0
AlÞ, N interstitialcy

ðN00 0
int-cyÞ, and Al interstitial ðAl���i Þ. (The calculation results from other

studies are obtained approximately from their defect transition energy
figures (“Fig. 1” in ref. A;65 “Fig. 2” in ref. B;30 “Fig. 2” in ref. C;23 “Fig. 1” in
ref D94)

GULP (Present)

Previous DFT calculations

Ref. A65 Ref. B30 Ref. C23 Ref. D94a

V
00 0
AlðEF ¼ �EhÞ

Al-poor/N-rich −3.07 −2.79 −3.33 −3.31 −7.06
Al-rich/N-poor 0.22 0.45 0.15 0.02 −5.00

V ���
N ðEF ¼ �EhÞ

Al-poor/N-rich −0.36 0.14 0.25 0.24 −2.36
Al-rich/N-poor −3.66 −3.10 −2.93 −3.06 −4.42

Al���i ðEF ¼ �EhÞ
Al-poor/N-rich 4.61 0.36 3.13
Al-rich/N-poor 1.32 −2.88 1.07

N
00 0
int-cyðEF ¼ �EeÞ

Al-poor/N-rich 1.12
Al-rich/N-poor 4.42

N
00 0
i-octðEF ¼ �EeÞ

Al-poor/N-rich 1.36
Al-rich/N-poor 4.66

a The defect formation energies of Al interstitial in “Fig. 1” in ref. D94

appear in the opposite chemical condition. Here we transpose the two
values to their opposite conditions.

15490 | J. Mater. Chem. A, 2023, 11, 15482–15498
DFT results. The greater value in N-rich condition can be
attributed to a lower enthalpy of AlN formation used in the
other work.94 Further, there is no available data for N

00 0
int-cy in the

literature, as the formally charged N interstitial defect is re-
ported to be not as stable as lower charged states of the N
interstitial at the CBM.

The results demonstrate our interatomic potential model
can obtain accurate defect formation energies, which reproduce
well those are calculated using rst-principles methods. Note
our model requires a much lighter computational load (more
detail about the benchmarking is presented in ESI†).
3.4 Formation of Frenkel and Schottky defect pairs

From the energies reported in (Table 4) we can calculate ener-
gies of the Schottky and Frenkel pairs listed below:

Schottky defect:

AlAl þNN%V
00 0
Al þ V/

N

Anti-Schottky defect:

AlAl þNN%Al/i þN
00 0
i

Anion Frenkel defect:

NN%V/
N þN

00 0
i

Cation Frenkel defect:

AlAl%V
00 0
Al þAl/i

All the energies are summarised in Table 7.
For AlN, Schottky disorder has the lowest energy, suggesting

that Al and N vacancies will be the dominant disorder type in
the material. Cormack36 and Chisholm37 arrived at the same
conclusion using interatomic potential methods, but they did
not report results for the “Anti-Schottky” energy. The consid-
erably higher Schottky defect energy here compared with that
reported by Chisholm et al. reects the choice of interatomic
potential, especially the differences in ionic charges. The higher
anti-Schottky and N Frenkel defect energies reported by Cor-
mack can be attributed to the different N interstitial structure,
as discussed above.
Table 7 Frenkel and Schottky defect formation energies calculated
here and compared with results from previous studies using inter-
atomic potential methods

Defect type

Present Previous calculations

2-body 3-body Cormack36 Chisholm, et al.37

Schottky 7.63 8.16 8.45 5.17
Anti-Schottky 11.84 12.83 22.48
Al Frenkel 9.74 10.47 11.15 6.62
N Frenkel 9.73 10.52 19.77 7.40

This journal is © The Royal Society of Chemistry 2023
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So far, by accurately predicting the physical properties, the
electron/hole states, the defect energetics/structures, and the
defect formation, we have tested the robustness of our inter-
atomic potential model. The potential model can provide
a reliable embedded environment for our QM/MM system,
where a full scope of AlN point defect investigation will be
carried out. We should note that our interatomic potential
model has not been designed to simulate point defects in
other charge states or other covalent defects, which may be
a drawback for particular applications, and caution should be
applied when modelling, e.g., N diffusion using molecular
dynamics.
3.5 Point defect migration

The motion of native defects and surrounding ions controls
atomic transport and is fundamental to the understanding of
material growth and degradation. However, there is very little
information on such processes in AlN, despite extensive interest
in III-V nitride semiconductor materials over the last few
decades. Experimental studies have been limited to oxygen95 or
dopant diffusion,96,97 with none on intrinsic self-diffusion. Aer
Limpijumnong & Van de Walle's comprehensive theoretical
study on intrinsic defect migration in GaN using DFT, several
other studies followed.31,98–102 But there has not been a detailed
computational investigation on intrinsic defect migration in
AlN, only some comparisons with GaN.31,101 Here we will present
our computational results of a systematic study of defect
Fig. 4 Axial and basal directions of vacancy migration in wurtzite AlN
(note that these arrows are not actual paths, merely an illustration of
migration directions).

Table 8 Activation energies (eV) of vacancy migrations in AlN compare

This work

Other calculations

AlN101

Direction Basal Axial Axial only
Cation vacancy 2.62 1.67 2.33, 2.53

Anion vacancy 2.92 2.20

This journal is © The Royal Society of Chemistry 2023
migration in AlN and compare with currently available data
from studies on GaN and InN.

Our approach is to perform a comprehensive search of the
energy landscape for the migrating species. Along each path,
10–20 points with equal distance are marked and rational
function optimization calculations are conducted at each point
until a suitable transition state is identied. The transition
states are further conrmed by identifying a single imaginary
vibrational mode frequency related to the defect. A nal check
involves a steepest descent optimisation with a small step size
from each transitional state in both directions (to initial and
nal states). Hence, we dene a valid migration path as that
involving a continuous route which can be successfully con-
nected by steepest descent minimisation via one or multiple
transitional states. We note the need for the Mott–Littleton
defect cluster centre, to avoid bias, to be at the mid-point of the
path so that the activation energies are accurate and reliable.

3.5.1. Vacancy migration. The migration of a vacancy
involves a neighbouring ion moving into the vacancy. We
investigate the migration of V

00 0
Al and V ���

N in the wurtzite AlN
lattice in the axial direction (out-of-plane) and basal direction
(in-plane, perpendicular to c axis, Fig. 4). In Table 8 we present
our calculated activation energies and other currently available
data from the literature on AlN, GaN, and InN for comparison.

Our results show an energy barrier of 1.67 eV with Al
migrating in the axial direction and 2.62 eV in the basal direction
(Table 4). The initial ground state positions, transition state
positions and the interatomic distances are presented in Fig. 5.
Previous calculations of the vacancy defect migration present
conicting conclusions. Our higher basal barrier of Al vacancy
migration matches the results from the work of Aleksandrov
et al.,101 where by using a rst-principles method the barrier for
the Al vacancy migration was found to be higher than that for the
Ga vacancy migration in GaN. However, Warnick et al.99 found
a lower barrier (1.6 eV) for Al vacancy migration in AlGaN alloy
than in pure GaN, which agrees with our lower barrier results.
We found a similar mechanism for N vacancy migration. Our
calculated N vacancy migration barrier is 2.92 eV and 2.20 eV in
the basal and axial directions respectively. Even though there are
no available data for AlN with which to compare, our results are
higher than the calculated activation energies in GaN, which
agrees with the reported higher barrier trend of N vacancy in the
AlGaN alloy99 and the previous DFT calculation results.31

Compared with the ionic radii of Al3+ and Ga3+ ions, that of the
N3− ion is much bigger (by a factor of three compared with Al3+

and of two for Ga3+), so it should be expected that the migration
d to the literature data

GaN InN103

Unclear Basal Axial
1.9, 2.0, 2.01, 2.24, 2.1, 2.28 (ref. 78, 98,
101 and 103)

2.12 2.27

2.0, 2.6, 2.7, 2.47 (ref. 78, 99, 100 and 103) 1.80 2.34
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Fig. 5 The lattice geometry of Al vacancy migration: basal migration in (a) & (b); axial migration in (c) & (d).
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will be more hindered in AlN, with higher migration barriers.
Previous studies of vacancy self-diffusion in similar materials
were reported to be isotropic.78,99,100 A more recent DFT defect
calculation in InN shows an anisotropic migration behaviour,
but the trend is inverse to ours with higher barrier in the axial
direction.103 To our knowledge, no experimental data are avail-
able for direct comparison to date.
Fig. 6 Atomic visualisation of horizontal Al Interstitial defect (green) mig

15492 | J. Mater. Chem. A, 2023, 11, 15482–15498
3.5.2. Interstitial migration. We rst discuss Al interstitial
migration, and then that of the N interstitial; different
approaches are needed for the two species, as explained below.

As stated in Section 3.3, Al interstitials are stable at the OC
site. Therefore, the migration path between two nearest neigh-
bour OC sites can either be along the hexagonal channel (along
the c-axis) or horizontally passing the TE site. Here we apply the
ration: (a) initial ground state; (b) transitional state (saddle point).

This journal is © The Royal Society of Chemistry 2023
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Table 9 Activation energies (eV) of interstitial point defect migration in
AlN compared to literature data for GaN

This work GaN78,100

Cation interstitial c-axis channel path 1.42 3.00
Interstitialcy mechanism 0.93 0.90, 0.7

Anion interstitial c-axis channel path 2.04
Interstitialcy mechanism 1.32 1.4
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same methodology as for the vacancies where the steepest
descent search follows valid saddle point identication. The
latter motion involves an “interstitialcy” migration mechanism
in which the migrating Al interstitial knocks off and replaces
a host Al ion, with the “knocked-out” Al ion becoming a new
interstitial defect moving towards its closest neighbouring OC
site (Fig. 6). This horizontal migration is energetically more
favourable than the vertical migration through the hexagonal
channel (Table 9). Our activation energy is very close to that of
Ga interstitial migration in GaN, which again supports our
reasoning in Section 3.5.1.

We nd that migration of the N interstitial occurs via a more
complex mechanism. The N interstitial is easily pulled or
dragged by other on-site N ions resulting in the distortion
around the defect. Like the investigation of the Al interstitial
migration, we assume that there could also be parallel and
perpendicular motion for N interstitial migration with respect
the c axis, so saddle point and initial/nal stable states searches
are also undertaken here for both. A more detailed account of
the procedure is given below.

For the migration through the hexagonal channel, at the
saddle point three nearest neighbouring N ions are pushed
away by the defect with different bond lengths—all three are
shorter than the stable interstitialcy defect (Fig. 7). This inter-
action between three N ions makes it more difficult for the
defect to return to the initial/nal stable conguration,
inducing a higher migration barrier.

For the other migration mechanism, we found a path in
a single conventional unit cell with a much lower barrier. Here
we applied an iterative approach to nd the transition state. At
rst, we located two close stable interstitialcy defect congu-
rations at neighbouring lattice layers. These two congurations
Fig. 7 Atomic visualisation of the transition state of N Interstitial defect m
axis (right).

This journal is © The Royal Society of Chemistry 2023
are rotationally symmetric around the 3-fold wurtzite c axis
running through a hexagonal channel, so they are likely to be
the initial and nal states of the path. Initially, the interstitial N
defect (N1 in Fig. 8) was moved along the straight line from N2
to N3. N1 was kept xed on the path, as we relaxed only the
surrounding ions to give us potential energy surface with
respect to N1. Aerwards, we conducted Rational Functional
Optimisation (RFO) transition state searches on each resulting
conguration until a transition state (proved by the identica-
tion of a single imaginary vibrational mode frequency) was
found, resulting in a new possible migration path of two
straight lines connecting three points (N1 to N2 and N1 to N3).
Subsequently, we again moved the defect along this new path
and repeated the same process iteratively until the highest
saddle point was found. Finally, as with all other types of
migration, a steepest descent optimisation was conducted to
verify the path.

The resultant migration motion is illustrated in Fig. 8 and is
close to previous reports on GaN.78 The path has two rotationally
symmetric interstitialcy defects as its initial and nal stable
congurations. At the saddle point, another nearest
neighbouring N ion (N3) is pushed away from its original
position while the initial interstitialcy conguration is main-
tained with a stretched bond. As the defect approaches its nal
position forming a new stable pair, the “le-over” N (N2) ion
slowly moves back to the closest lattice site. This “hand-over”
motion between three N ions is signicantly different from the
“knock-on” mechanism of the Al interstitial, where the former
involves three N ions and the latter one only involves two Al
ions.

The migration barriers/activation energies for both mecha-
nisms are presented in Table 9. Our result shows the inter-
stitialcy migration mechanism is energetically more favourable
than the hexagonal channel migration. This barrier is also
comparable to the result of the same migration mechanism in
GaN, which supports the earlier reasoning related to the N ion
size.

A comprehensive atomistical investigation of point defect
migration suggests that the energy barriers andmigration paths
of self-diffusion behaviour in AlN are overall close to their
counterparts in GaN. The migration barrier of the Al vacancy is
igration through hexagonal channel: see from x-axis (left); see from z-
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Fig. 8 Atomic visualisation of the “hand-over” mechanism of N Interstitial defect migration (looking from x-axis): (a) initial state; (b) transitional
state (saddle point); (c) final state.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
9/

20
26

 9
:4

2:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1.67 eV, at least 0.23 eV lower than the calculated Ga vacancy
migration barrier in GaN. Contrary to previous calculations, the
vacancy migration is not found to be isotropic in our analysis.
Different heights of migration barriers are assigned to the axial
and the basal directions. For the interstitial defect migration,
the energy barrier of c-channel Al interstitial migration is
1.42 eV, which is 1.58 eV lower than that for the GaN counter-
part. Different “interstitialcy” migration mechanisms are seen
in cation and anion interstitial migration. For the Al interstitial:
the on-site Al atom can be “knocked-out” and replaced by the
approaching interstitial defect. And for the N interstitial, to
maintain the stable interstitialcy conguration, the interstitial
rst bonded with one on-site N atom is handed over to the other
closest on-site N atom. The study of point defect migration here
provides further conrmation of the integrity of our new
interatomic potential model.
4. Summary and conclusions

We have presented an interatomic potential model for AlN,
which we have used to calculate both lattice and defect prop-
erties. Physical properties, including lattice constants, and
dielectric constants can be reproduced and agree well with
experimental data and other theoretical results; the results for
the elastic constants and bulk moduli show poorer agreement.
We improve the elastic properties by utilizing an additional 3-
body interatomic potential, but it performs poorly for the defect
calculation without the additional correction, which in turn
worsens our physical property prediction. The classical Mott–
Littleton method has been employed to investigate formation
energies of formally charged native vacancy defects, interstitial
defects, and Frenkel and Schottky defect pairs. We gain gener-
ally good agreement with previous classical and electronic
structure calculations, although in some cases there are
signicant differences. We propose a new ground state N3−

interstitialcy conguration, in which an on-site N atom is
nudged away from its original position as a response to the
Madelung potential and the short-range force from the N3−

defect. A comprehensive investigation of point defect migration
suggests that the energy barriers of self-diffusion in AlN are very
15494 | J. Mater. Chem. A, 2023, 11, 15482–15498
close to the counterparts in GaN. We found lower migration
barriers for vacancy migration in the axial direction than in
basal direction. This result contrasts with previous DFT calcu-
lations. We propose two interstitialcy migration mechanisms
for the interstitial defects: the “knock-out” mechanism for Al
interstitial and the “hand-over” mechanism for N interstitialcy
defects, both of which are more favourable than c-axis channel
migration. The detailed mechanisms of defect migration
uncovered in this work would play a signicant role across the
whole class of wurtzite structured material. Furthermore, with
the assistance of the QM/MM method, the model can predict
the VBM (−7.35 eV) accurately compared with experimental
data, which shows the approach here still has use for electronic
structure calculations. Future work will employ the hybrid QM/
MM method to investigate other problems including defect
formation energy with different electronic charge states and
their donor/acceptor behaviour.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We acknowledge the use of the computer system (Faraday/
Xenon) at Chemistry Department, UCL, the UCL Kathleen High
Performance Computing Facility (Kathleen@UCL), and associ-
ated support services, in the completion of this work. We are
grateful for the generous help to Julian Gale. For the QM/MM
calculation, we acknowledge the use of ARCHER (http://
www.archer.ac.uk) and ARCHER2 (http://www.archer2.ac.uk)
UK National Supercomputing Service, via our membership of
the UK's HEC Materials Chemistry Consortium, which is
funded by EPSRC (EP/L000202, EP/R029431, EP/T022213, EP/
X035859). For the VASP benchmarking calculations, we
acknowledge the use of MMM Hub Thomas via our
membership of the UK's HEC Materials Chemistry
Consortium, which is funded by EPSRC (EP/L000202), this
work used the UK Materials and Molecular Modelling Hub for
computational resources, MMM Hub, which is partially
This journal is © The Royal Society of Chemistry 2023

http://www.archer.ac.uk
http://www.archer.ac.uk
http://www.archer2.ac.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta09503c


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
9/

20
26

 9
:4

2:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
funded by EPSRC (EP/P020194 and EP/T022213). The co-author
Qing Hou acknowledges funding from Shanghai Pujiang
Program (grant 22PJ1411300).

References

1 T. Takano, T. Mino, J. Sakai, N. Noguchi, K. Tsubaki and
H. Hirayama, Deep-ultraviolet light-emitting diodes with
external quantum efficiency higher than 20% at 275 nm
achieved by improving light-extraction efficiency, Appl.
Phys. Express, 2017, 10, 31002.

2 M. Kneissl, T. Y. Seong, J. Han and H. Amano, The
emergence and prospects of deep-ultraviolet light-emitting
diode technologies, Nat. Photonics, 2019, 13, 233–244.

3 Y. Taniyasu, M. Kasu and T. Makimoto, An aluminium
nitride light-emitting diode with a wavelength of 210
nanometres, Nature, 2006, 441, 325–328.

4 G. A. Slack, Nonmetallic crystals with high thermal
conductivity, J. Phys. Chem. Solids, 1973, 34, 321–335.

5 G. A. Slack and S. F. Bartram, Thermal expansion of some
diamondlike crystals, J. Appl. Phys., 1975, 46, 89–98.

6 D. Gerlich, S. L. Dole and G. A. Slack, Elastic properties of
aluminum nitride, J. Phys. Chem. Solids, 1986, 47, 437–441.

7 G. A. Slack, R. A. Tanzilli, R. O. Pohl and J. W. Vandersande,
The intrinsic thermal conductivity of AIN, J. Phys. Chem.
Solids, 1987, 48, 641–647.

8 R. Hahn, V. Glaw, A. Ginolas, M. Töpfer, K. Wittke and
H. Reichl, High performance liquid cooled aluminium
nitride heat sinks, Microelectron. Int., 1999, 16, 21–26.

9 Y. Xue, H. Wang, N. Xie, Q. Yang, F. Xu, B. Shen, J. Shi,
D. Jiang, X. Dou, T. Yu and B. Sun, Single-Photon
Emission from Point Defects in Aluminum Nitride Films,
J. Phys. Chem. Lett., 2020, 11, 2689–2694.

10 J. R. Weber, W. F. Koehl, J. B. Varley, A. Janotti,
B. B. Buckley, C. G. de Walle and D. D. Awschalom,
Quantum computing with defects, Proc. Natl. Acad. Sci.
U.S.A., 2010, 107, 8513–8518.

11 G. A. Slack and T. F. McNelly, Growth of high purity AlN
crystals, J. Cryst. Growth, 1976, 34, 263–279.

12 M. Lamprecht, V. N. Jmerik, R. Collazo, Z. Sitar, S. v Ivanov
and K. Thonke, Model for the deep defect-related emission
bands between 1.4 and 2.4 eV in AlN, Phys. Status Solidi B,
2017, 254, 1600714.

13 G. Liu, C. Yan, G. Zhou, J. Wen, Z. Qin, Q. Zhou, B. Li,
R. Zheng, H. Wu and Z. Sun, Broadband White-Light
Emission from Alumina Nitride Bulk Single Crystals, ACS
Photonics, 2018, 5, 4009–4013.

14 I. A. Aleksandrov, V. G. Mansurov, V. F. Plyusnin and
K. S. Zhuravlev, Time-resolved photoluminescence
characterization of 2 eV band in AlN, Phys. Status Solidi C,
2015, 12, 353–356.

15 A. Sedhain, L. Du, J. H. Edgar, J. Y. Lin and H. X. Jiang, The
origin of 2.78 eV emission and yellow coloration in bulk AlN
substrates, Appl. Phys. Lett., 2009, 95, 262104.

16 S. Tojo, R. Yamamoto, R. Tanaka, Q. T. Thieu, R. Togashi,
T. Nagashima, T. Kinoshita, R. Dalmau, R. Schlesser,
H. Murakami, R. Collazo, A. Koukitu, B. Monemar,
This journal is © The Royal Society of Chemistry 2023
Z. Sitar and Y. Kumagai, Inuence of high-temperature
processing on the surface properties of bulk AlN
substrates, J. Cryst. Growth, 2016, 446, 33–38.

17 S. M. Evans, N. C. Giles, L. E. Halliburton, G. A. Slack,
S. B. Schujman and L. J. Schowalter, Electron
paramagnetic resonance of a donor in aluminum nitride
crystals, Appl. Phys. Lett., 2006, 88, 62112.
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