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ABSTRACT

Aluminum nitride (AIN), a wide-band-gap semiconductor, is a key material for ultraviolet optoelectronics and emerging quantum technolo-
gies. However, its performance is significantly affected by intrinsic point defects that introduce deep and shallow levels within the bandgap.
Here, we combine a hybrid quantum mechanical/molecular mechanical embedded cluster approach with direct comparison to photolumines-
cence and cathodoluminescence measurements to investigate the optical transition properties of the four most stable intrinsic point defects
in AIN: aluminum vacancies, nitrogen vacancies, aluminum interstitials, and nitrogen interstitials. Calculated configuration-coordinate dia-
grams across all relevant charge states enable the assignment of experimentally observed optical bands to specific defect-related transitions.
Our results highlight N vacancies as the dominant contributors to optical signals under most growth conditions. Although we find that Al
vacancies are frequently associated with blue-to-UV optical transitions, their actual contribution remains uncertain due to the dependence
of their formation on donor-rich environments. N split-interstitials also play a significant role depending on concentrations and growth con-
ditions. This theoretical analysis, grounded firmly in suitable experimental compaisons, advances the understanding of defect-related optical
properties in AIN and offers guidance for the design of optoelectronic and quantum devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0287150
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I. INTRODUCTION

Aluminum nitride (AIN) is an advanced semiconductor
material widely recognized for its applications in optoelectronic
devices and quantum information systems, particularly in environ-
ments demanding high-power operation and robustness at high
temperatures. Its wide 6.2 eV bandgap makes the material an excel-
lent candidate for ultra-violet-spectrum (UV) light emitting diodes
(LEDs)” " and laser diodes.” High concentrations of various point
defects in AIN, which can create deep and shallow recombination

states within the bandgap, hinder optimal optical performance and
operational stability in these UV-LED devices.” Notably, with the
growing prominence of quantum technology, these deep defect cen-
ters in wide-band-gap semiconductors characterized by strongly
localized spin states are increasingly considered to be promising
hosts for quantum bits (qubits), enabling applications such as single-
photon emitters.”® The remarkable versatility of AIN underscores
the need for further investigation into its defect properties.

The challenge of identifying the origin of shallow and deep
states lies in the difficulty of determining whether they arise from
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a single defect species or a collective of multiple species. Opti-
cal characterization techniques, such as photoluminescence (PL)
and cathodoluminescence (CL), serve as valuable tools for prob-
ing the transition energies between energy bands and defect states.
These techniques also aid in assigning defect species to the states,
mostly by matching optical signals with defect charge transition lev-
els calculated using density functional theory (DFT) methods. This
approach assumes that any optical transition between the valence
band (VB)/conduction band (CB) and any defect states corresponds
to a change in the defect’s charge state, provided that the charge car-
riers are strongly localized at the defect centers. While this approach
provides a good approximation of transitions between two struc-
turally relaxed defect states, it does not fully capture the origin of
these transitions, particularly when phonon-coupled transitions are
involved, as optical transitions occur much faster than structural
relaxations. As summarized in Table I, a broad spectrum of optical
signals has so far been attributed to intrinsic aluminum and nitrogen
vacancies.

DFT-based methods for defect chemistry have been extensively
developed over the years, evolving into a powerful tool for calcu-
lating the structural and electronic properties of native defects and
impurities in semiconductor materials. These techniques have been
applied to defect analysis in AIN,'*”**" mainly using plane-wave
based approaches, in which an infinite periodic system is repre-
sented by a single unit cell image and simulated under specific
periodic boundary conditions. While these approaches offer many
advantages for modeling periodic crystalline material systems, lim-
itations such as finite-size effects*! and scaling challenges restrict
their suitability for higher-level DFT analyses of point defects in
very large systems. Furthermore, for charged defects, these meth-
ods often struggle to describe accurately long-range interactions and
polarization effects, leading to inaccuracies in describing the ion-
ization process. Such errors can only be approximately corrected
a posteriori.*” Early attempts to address these issues included the
use of an embedded quantum cluster method, enabling the mod-
eling of point defects in systems approaching the dilute limit.****
As a result, the jonization process of the charge-changing defect

TABLE I. Overview of assignments of optical emission and absorption bands to native
point defects in AN found in the literature.

Defect Absorption/Emission Energy (eV) Refs.
Val Absorption 2.1-2.9,2.9-3.3 9
Emission 2 10and 11
2.78,3.4 9
33 12-14
4.6 15
\%N; Absorption 2.7-3.5 16
34 17
4.7 18
5.0-5.8 19
Emission 3,32 20
5 15
5.87 21
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species benefits from an unambiguous reference, which is more
physically reasonable. However, those studies only examined two
types of point defect species in zinc-blende AIN using a small five-
atom AIN cluster for the DFT region. In the present work, we employ
a more advanced hybrid quantum mechanical molecular mechani-
cal (QM/MM) method* to investigate the four most stable intrinsic
point defect types, using a much larger quantum mechanical clus-
ter and a more robust interatomic potential model (more details in
Sec. II), providing an accurate treatment for polarisation of the host
material by defects. As a result, our QM/MM system provides more
accurate formation energies for charged point defects and the energy
levels of all defect states within the bandgap.

In our previous work using the QM/MM method, intrinsic
point defects in AIN were investigated using a defect transition
diagram,’® which is a commonly used diagram for comparing the
thermodynamic stability of different point defect types and analyz-
ing the charge transitions between various charge states of defect
species. Our simulations suggest that the aluminum vacancy (in
the Kroger-Vink notation: V;), nitrogen vacancy (Vy), aluminum
interstitial (Al;), and nitrogen interstitial (N;) are the four most sta-
ble intrinsic point defects in AIN.*® Other reported intrinsic defects,
such as antisite defects, are excluded from this study, as they are
predicted to have significantly lower concentrations and minimal
impact on the optical signals of the material. In this work, we study
the optical transition properties of these four intrinsic defect types
by systematically applying configuration-coordinate diagrams to all
the charge states. This allows us to use the predicted Fermi level
to screen all possible defect origins of the optical transitions under
different crystal growth conditions and to expand the analysis to a
wider range of defect species, such as interstitial defects. We iden-
tify N vacancies as the primary contributor to optical signals due
to their high stability and prevalence under most crystal growth
conditions. Al vacancy and N split-interstitial defects can also play
significant roles in the optical behavior of AIN, but the contribution
of Al vacancies remains uncertain, as they tend to form in high con-
centrations only in the presence of a substantial number of ionized
donor impurities. Our investigation offers a new strategy and novel
insights into the understanding of defect-induced optical properties
in semiconductor materials.

Il. METHODOLOGY

The simulations are carried out by applying our hybrid
QM/MM embedded cluster method in the ChemShell package (Tcl
version'”"® and Python version’’). The QM/MM system consists
of five concentric regions/layers: (1) the innermost QM region;
(2) a transition layer described by Gaussian-type pseudopotentials
to compensate for force mismatches between the QM and MM
regions and maintain a short-range embedding potential; (3) an
“active” MM layer where all atoms and electron shells are relaxed;
(4) a “frozen” MM layer, where atomic positions are fixed ; and
(5) an outermost layer of point charges added to reproduce the
Madelung potential of the infinite crystal surrounding the defect
center. DFT calculations are performed on an 86-atom cluster (~5 A
radius) using NWChem®" for the QM region. Both the hybrid-level
B97-2°! and BB1K®* exchange-correlation functionals are applied
in this study as it has been previously reported that the fraction
of the exact Hartree-Fock (HF) exchange significantly affects the
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energetics of defect formation and the positions of charge transi-
tion levels. Both have been fitted to large thermo-chemical datasets,
with the B97-2 functional including 21% exact exchange, while the
BBIK functional reproducing in addition selected reaction barriers
includes 42% exact exchange and is expected to describe strongly
localized states more accurately. The Def2-TZVP basis set™ is used
for both Al and N, with the outermost diffuse and high angular
momentum basis functions removed to reduce computational cost.
The MM simulations are performed using GULP.”*”” The two MM
regions contain ~10,000 atoms in total (~15 A radius). Details on
the technical aspects of our QM/MM method, such as the pseudopo-
tential functions and the interatomic potential model used for other
QM/MM regions, can be found in our previous studies."””" In that
previous work, the PBEO functional,”””® which incorporates 25%
exact exchange, was also employed. The resulting defect energies
were found to lie at intermediate positions between those computed
using B97-2 and BBIK, somewhat closer to those obtained with
B97-2. We do not use the defect energies obtained from PBEO in
this study, instead focusing on those calculated using the B97-2 and
BBIK functionals.

The Fermi levels are determined using a self-consistent method
(code: SC-FERMI*’) under the condition of overall charge neu-
trality, balancing the concentrations of free charge carriers and all
defect species (charged and neutral). The equilibrium concentra-
tions of all free charge carriers were calculated by integrating the
electronic density of states (DOS) of AIN, obtained using VASP."’ **
However, as the B97-2 and BB1K functionals are not available in
plane-wave-based DFT codes at present, to our knowledge, the DOS
of AIN was computed using the PBEO functional. We obtained a
bandgap energy of 6.11 eV using PBEO, close to the experimental gap
value. Figure S1 in the supplementary material compares the Fermi
levels calculated using defect concentrations from B97-2, PBEO, and

ARTICLE pubs.aip.org/aip/apm

BBIK functionals, all referenced against the PBEO-based DOS. The
Fermi level obtained by PBEO lies at a similar position to that from
B97-2 and is lower than that from BB1K by less than 0.2 eV. For a
wide-gap material of 6.11 eV, we consider that these are only minor
differences between different functionals, so we use the Fermi level
obtained from PBEQ in subsequent discussions.

lll. RESULTS AND DISCUSSION

The charge transition levels obtained from the defect transition
diagrams provide the energy levels of the single-electron transi-
tions, considering only the predominant charged point defects while
neglecting all other charge states and defect types. Figure 1 sum-
marizes the charge transition levels (including all the meta-stable
states) based on our defect transition diagram reported previously.*®
Matching our predicted charge transition levels to previous exper-
imental assignments of optical signals remains challenging (see
Table I: the reported Vy signals at 2-4.6 eV and the Vy signals at
2.7-5.87 eV) due to the complexity of inequivalent defect sites and
their charge states. Furthermore, when considering all the intrinsic
defect types present in the material, our predicted self-consistent
Fermi level is ~3.11-3.70 eV above the valence band maximum
(VBM) under N-rich crystal growth conditions (4.67-5.19 eV for Al-
rich conditions, shown in Fig. S1)*° at 300-2800 K. The energy states
below this value can be occupied, and electronic transitions can
only occur between these states and the conduction band minimum
(CBM) or shallow states near the CBM. For instance, considering a
Fermi level of 3.66 eV under N-rich conditions at a growth tempera-
ture of 2800 K (a typical condition for bulk AIN crystal growth using
physical vapor transport techniques'”***), multiple defect states
remain between the VBM and the Fermi level (see Fig. 1), which still

B97-2 BB1K
gk (-2/-3) ETEN
1/-2) 21-3),
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FIG. 1. The charge state transition levels of native point defects in AIN (see the corresponding defect transition diagram from our previous study*®) calculated using B97-2
and BB1K DFT hybrid functionals for N-rich conditions. The charge states marked with asterisks (*) are the metastable states (which are structurally stable states from
simulations but not the thermodynamically stable ones at any Fermi level within the bandgap). Note that the self-consistent Fermi level, Erem, is calculated using the PBEO

functional at 2800 K (see more details in our previous study*©).
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makes it difficult to unambiguously assign specific defect species to
experimentally observed optical signals.

Defects in different charge states undergo distinct lattice
relaxations, whereas electronic transitions occur on much shorter
timescales. Therefore, a clearer picture of electron and hole cap-
ture via charged defects is properly described by a configuration-
coordinate diagram (Fig. 2), where free energy surfaces are plotted
against the interpolated configurations between the equilibrium
structures of two charge states. The process of optical absorption
and its required energy (Eap) is depicted as the excitation of an
electron from the ground state to the excited state, while optical
emission (and its photoluminescence (PL) energy, Epr) corresponds
to the capture of an electron from the excited state to the ground
state. The energy difference between the minima of the two curves
is the zero-phonon line (Ezpr). As illustrated in Fig. 2, since opti-

Excited State

Ground State
NS relaxation*/

Energy

\

EAB /
Ep,

\ /
\ / EzpL

2

’ -
- /relaxation
,

Configuration Coordinate (Q) i’

FIG. 2. A schematic representation of the configuration coordinate diagram.
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cal processes occur much faster than lattice relaxations, vertical lines
between the two states represent these transitions, giving rise to the
Stokes shifts between absorption and emission signals, which are
commonly observed in experiments. The configuration-coordinate
diagram is a common tool for identifying the defect origins of opti-
cal transitions in wide-gap materials.®” It has previously been used to
predict optical absorption/emission lines arising from Al vacancies,
N vacancies, and O impurities in AIN 4404

The optical transition energies between different charge states,
i.e., Eag and Epy, are obtained by performing single-point QM/MM
calculations by altering the net charge of the equilibrium structures.
Here, we use D(Q|Q + 1)e to denote an electron excitation transition
(defect-to-CBM transition), where a defect species (D) changes from
the ground state (charge Q) to the excited state (charge Q + 1) and
D(Q|Q - 1)k to represent a hole generating process (VBM-to-defect
transition). All corresponding energies, including the equilibrium
energies from structural relaxation (E, for relaxation in the ground
state and E,, for the relaxation in the excited state), are summarized
in Tables I1-V.

We first discuss the optical properties of the nitrogen vacancy
Vi, as it is the most stable defect type and a dominant donor
species in AIN."*”° Using the B97-2 functional, we found a broad
range of absorption energies (0.55-5.43 eV) associated with elec-
tron excitation from the Vi states to the CBM and from VBM to
the defect states (Table II). When using BBIK optimized structures
and energies, the defect states shift slightly closer to CBM, yielding
absorption energies of 0.08-5.02 eV. In the literature, Vx was first
assigned to an absorption band at 370 nm (~3.4 eV) as an F-centre
defect.'” Later, two absorption bands in the ranges of 5.0-5.8 eV
and 2.7-3.5 eV were attributed to this defect,'®"” and it was pro-
posed that the defect is responsible for the yellow-to-red coloration
of as-grown AIN crystal samples.”® More recently, a study reported
a 4.7 eV absorption signal by Vx.'® From our calculations, while
the bands at 3.4 eV and 2.7-3.5 eV do not correspond to any of
our predicted transitions for Vy, the 5.0-5.8 eV band can be asso-
ciated with the Vn(+2|+ 3)e transition, and the 4.7 eV band is
likely to be associated with the Vi (+1| +2)e or the Vi (+3|+2)h
transition.

TABLE II. Summary of ionization energies of nitrogen vacancy defect (V) for the full range of charge states using the B97-2
and BB1K functionals. The energy terms are defined in the main text, and all values are in eV.

B97-2

BBIK

Defect states EpL Eap ZPL E.q

Erelx Epp Exp ZPL Eral Erelx

Vn(+2|+3)e 188 543 371 183
Vn(+1|+2)e 214 472 340 127

Vn(0]+1)e -077 125 020 097
Vn(-10)e  -094 092 -002 092
Vn(-2/-1)e -1.82 055 -068 1.14

1.71 1.48 5.02 3.31 1.83 1.70
1.32 1.86 4.43 3.12 1.26 131
1.05 -1.25 0.73 -0.31 094 1.04
094 -1.39 041 -0.50 0.89 0.92
1.23 -2.37 0.08 -1.21 1.16  1.29

Va(+3|+2)h 077 432 249 172
Vn(+2|+1)h 148 407 280 132
Va(+1[0)k 495 697 600  1.05
Vn(0|-1)h 528 714 622 094
Vn(-1]-2)h 565 802 688 123

1.83 1.19 4.72 2.89 1.70  1.83
1.27 1.77 4.34 3.08 1.31 1.26
0.97 5.47 7.45 6.51 1.04 094
0.92 5.79 7.59 6.70 092 0.89
1.14 6.12 8.57 7.41 1.29 1.16
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TABLE Ill. Summary of ionization energies of aluminum vacancy defect (V) for the full range of charge states using the
B97-2 and BB1K functionals. The energy terms are defined in the main text, and all values are in eV.

B97-2

BBIK

Defect states EpL Eap ZPL Eq

Eas EpL Exp ZPL  En  Ers

Va(+2|+3)e 395 695 565 170
Va(+1]+2)e 406 622 541 136
Var(0] + 1)e 3.06 509 361 054
Va(-1/0)e 245 349 296 0.2
Va(=2|-1)e 167 343 256 089
Va(-3|-2)e 059 360 220 160

1.30 315 692 524  2.09 1.68
0.80 3.71 6.21 4.96 1.25 1.25
1.49 2.31 438 3.09 0.78 1.28
0.53 167 337 243 075 095
0.87 0.86 3.14 1.97 1.11 1.17
1.41 0.00  3.29 1.71 1.71 1.58

Va(+3|+2)h -075 226 055 130
Va(+2|+1)h -002 214 079 0.80
Va(+1]0)h 111 314 260 149
Va(0] =1k 271 375 324 053
Va(-1-2)h 277 453 364 087
Val(=2|-3)h 260 561 400 141

.70 -0.72  3.05 0.97 1.68  2.09
1.36  -0.01 2.49 1.24 1.25 1.25
0.54 1.72 383 311 1.28 0.78
0.52 2.83 491 378 095 0.75
0.89 306 534 423 1.17 1.11
1.61 291 6.20  4.49 1.58 1.71

TABLE IV. Summary of ionization energies of aluminum interstitial defect (Al;) for the full range of charge states using the
B97-2 and BB1K functionals. The energy terms are defined in the main text, and all values are in eV.

B97-2

BBIK

Defect states EpL Eap ZPL E.q

Eas EpL Eap ZPL  En Epes

ALi(+2] +3)e 312 078 233 244 -0.10 2.54
Ali(+1]+2)e -033 273 119 152 154 -113 222 056 168 166
AL(0]+1)e 144 061 —044 100 105 -200 006 -099 101 105
Ali(+3]+2)h  3.08 542 2.33 3.76 630 254

AlLi(+2]+1)h 347 653 501 154 152 398 733 565 166 168
AlLi(+1]0)h 559 764 664 105 100 614 820 719 105 101

We identified two plausible emission processes in the
infrared-to-visible spectrum from the CBM to V}. states: 1.88 and
2.14 eV using B97-2 and 1.48 and 1.86 eV from BB1K (Table II);
as in several other cases, the excited states relax into stable configu-
rations, resulting in free energy barriers to further electron capture,
represented by negative PL energies. Additionally, we found a broad
range of emission energies (0.77-6.12 eV) associated with electron
recombination from the Vy states to the VBM. Two deep-ultraviolet
(DUV) bands at 5 and 5.82 eV have been previously reported' ™'
and attributed to Vx. A more recent study’’ has assigned the
415 nm (~3.0 eV) and 390 nm (~3.2 eV) blue-to-UV lumines-
cence to the F-center V. Comparing them to our results, the 5 and
5.82 eV bands can be associated with the Vn(+1|0)h, Vn(0] - 1)A,
and Vn(-1| - 2)h transitions, but we could not assign any of our
emission energies to the 3 and 3.2 eV signals.

Aluminum vacancies (V) are predicted to have the high-
est concentration in the presence of extra ionized donors in the
material,’® making them another probable source of defect-induced
optical transitions. Sedhain et al. reported that Vi (=2| - 3)h was
responsible for the absorption at 2.1-2.9 eV and the emission at
2.78 eV.’ Later, first-principles calculations using plane-wave-based

basis functions and the HSE06 functional confirmed the value of
this emission.** While our calculations predict no such absorption
band associated with this transition, the reported emission band
aligns well with our prediction at 2.60 and 2.91 eV using B97-2 and
BBIK functionals for the V4 (=2| — 3)h transition. Additionally, we
found that Vs (=1| - 2)k can also contribute to this emission sig-
nal (our prediction: 2.77 and 3.06 eV). However, we found that
the absorption energies from the Vi (+3|+2)h and Vo (+2| + 1)k
transitions agree with the reported absorption bands. In the same
study, Vai(=3|-2)e was assigned to the 2.9-3.3 eV absorption
to the CBM,” which is close to our prediction range of 3.29 and
3.60 eV using B97-2 and BBIK. However, we also consider that
the Va1(=2| - 1)e transition, predicted at 3.14 and 3.43 eV, could
contribute to this signal. Other optical transitions associated with
Vai-related signals have also been reported. The Vi (—1| — 2)A tran-
sition was proposed as the origin of the 2 eV emission line."
However, our calculations predict a PL energy of 2.77 or 3.06 eV for
this transition, ~0.7-1 eV higher than their observation. Neverthe-
less, the V1 (—1| — 2)h and the V(0| + 1)e transitions might be the
source of the 3.3 eV emission signal reported by several studies.'”""
The closest PL energy we predict is from the V5 (+1[0)h transition
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TABLE V. Summary of ionization energies of nitrogen split-interstitial defect (N;_gyit) for the full range of charge states using
the B97-2 and BB1K functionals. The energy terms are defined in the main text, and all values are in eV.

B97-2

BBIK

Defect states EpL Exg ZPL  E.q

Erelx EpL Eap ZPL  Eiq  Erax

Nigit(+2|+3)e  1.88 623 437 249
Nigue(+1/+2)e 201 537 396 196
Nigie(0]+1)e  -158 392 252 410
Nigplit(~1]0)e 069 280 199 130

1.85 124 6.03 384 260 219
1.40 1.30 517 341 211 1.76
141 -235 346 193 428 1.53
0.82 0.14 231 153 139 0.78

Nigut(+3|+2)h -0.03 432 183 185
Nigue(+2|+ 1)k 083 420 224 140
Niqplit (+1]0) 7 228 779 369 141
Nigu(0] - 1)k 340 552 421 082

2.49 0.17 497 236 219 2.60
1.96 1.03 490 279 176 2.11
4.10 274 855 427 153 4.28
1.30 389 6.06 467 078 1.39

at 1.11 and 1.72 eV. However, since the concentration of positively
charged Vy; is likely low in the material with high concentrations of
ionized donors, the optical signal from this transition may be very
weak.

One of the biggest challenges in assigning specific optical bands
to V) in previous experimental studies is the presence of oxygen
contamination in the samples. V) are often associated with oxygen
substitutional defects (On), forming defect complexes. The higher
the oxygen concentration, the more Vy; are likely to form in AIN.
For instance, in the study of Sedhain ef al.,” the oxygen concentra-
tion in the sample was measured to be ~2 x 10'® cm ™, comparable
to our calculated concentrations of intrinsic defects.”® Our previ-
ous defect concentration calculations also indicate that V5 becomes
more prevalent than Vy only when additional ionized donors are
present in the material,’® which suggests that oxygen may play a cru-
cial role in increasing the formation of V4 in AIN. A more detailed
QM/MM investigation into the effects of oxygen impurities will be
explored in future studies.

We also calculated the optical transition energies for aluminum
interstitial (Al;) and nitrogen interstitial (N;) defects, as these defects
can reach high concentrations under specific chemical conditions,
yet their optical properties remain largely unexplored. Most previ-
ous studies have overlooked interstitial-induced optical transitions,
as early DFT studies using lower-level functionals suggested high
formation energies for intrinsic interstitial defects. However, more
recent simulations using hybrid-GGA-level functionals with spin
polarization have shown that the formation energies of intrinsic
interstitial point defects and interstitial-complex defects can be com-
parable to those of intrinsic vacancies.*® From our previous calcula-
tions, positively charged Al; was predicted to have a concentration
comparable to Vx under N-rich conditions when high concen-
trations of ionized acceptors are precent.”® For Nj, the nitrogen
split-interstitial (Nj_pl;1) configuration can form in concentrations
comparable to Vy under N-rich conditions. (We will not expand on
the other configuration, the octahedral-centric nitrogen interstitial,
which is predicted to have high formation energies across all charge
states, resulting in low concentrations.)*®

Our calculations reveal several absorption bands associated
with Ali-to-CBM transitions, which are Ali(+2| + 3)e (at 2.44 and
3.12 eV) and Ali(+1]| +2)e (at 2.22 and 2.73 eV) (see Table III).

Notably, two previously reported experimental optical absorption
signals at 2.7-3.5 eV and 2.1-2.9 eV, which were originally assigned
to Vv and Vy, respectively, can also be assigned to these transitions
of Al;. However, the emissions from both transitions are unlikely
to be significant due to high free energy barriers (represented by
the negative energies in Table IV). Additionally, we identified some
possible defect-to-VBM emission bands at 3.08-3.98 eV, aligning
with several experimentally observed bands previously attributed to
Var (see the discussion above on Vyy). For Nj_gji (summarized in
Table V), we found a wide range of visible-to-DUV absorption bands
at 2.31-6.03 eV for defect-to-CBM transitions and DUV absorp-
tion bands at 4.20-8.55 eV for VBM-to-defect transitions. Predicted
emission bands include 0.14-2.01 eV for CBM-to-defect transitions
and 0.17-3.89 eV for defect-to-VBM transitions.

Based on the results presented above, we now provide a more
global overview of defect-induced optical transitions in AIN. In an
undoped system with only intrinsic point defects, the intrinsic Fermi
level of AIN is predicted to lie between 3.11 and 3.70 eV under N-
rich conditions and 4.67-5.19 eV under Al-rich conditions above
the VBM.*® This implies that defect states positioned between the
VBM and the Fermi levels are fully occupied at low to moderate tem-
peratures. As a result, only transitions either from occupied states
below the Fermi level to the CBM or from the VBM to the unoccu-
pied in-gap states above the Fermi level, with bands above 2.50 eV
(N-rich) or above 1.01 eV (Al-rich) and below 6.11 eV (the bandgap
value), can occur as one-particle pocesses. The most dominant defect
species are Vn and Nj_gic under N-rich conditions and Vy under
Al-rich conditions.*® Under N-rich conditions, multiple transitions
between the charge states of Viy and N i exhibit suitable absorp-
tion bands above 2.50 eV, as calculated using both B97-2 and BB1K
functionals. Several emission transitions above 2.50 eV can also be
assigned to Vi and Nj.gji.. Under Al-rich conditions, more transi-
tions of Vy are identified, exhibiting both absorption and emission
bands above 1.01 eV.

Next, we examine the conditions when a large number of
ionized donors or acceptors are present in the material. When
high concentrations of ionized donors are introduced, the Fermi
level is predicted to shift to 5.00-5.76 eV under N-rich conditions
and 6.12-6.41 eV under Al-rich conditions above the VBM."® In
this case, the majority of in-gap states can contribute to optical
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transitions, with possible transition bands appearing above 1.07 eV
(N-rich) or above 0 eV (Al-rich) and below 6.11 eV. Under N-
rich conditions, Vy; is the most dominant compensation defect.*®
Our calculations indicate that apart from Va(+2|+3)e and
Vai(+1] + 2)e transitions, which are above 6.20 eV, all other absorp-
tion transitions of V) are allowed to occur. For emissions, excluding
the Vai(=3| = 2)e, Vai(+3|+ 2)h, and V(42| + 1)e transitions, all
other transitions are allowed. Under Al-rich conditions, as the Fermi
level shifts very close to the CBM, the 0-0.59 eV emission transition
of Va(=3| = 2)e is now allowed.

When high concentrations of ionized acceptors are introduced,
the Fermi level is predicted to shift to 1.74-2.36 eV under N-rich
conditions and 3.14-4.62 eV under Al-rich conditions, relative to
the VBM.*® Consequently, optical transitions can occur with bands
above 3.84 eV (N-rich) or above 1.58 eV (Al-rich) and below 6.11 eV.
Under N-rich conditions, the predominant compensating defect is
VN, with increasing concentrations of Al; and Nj._gj;; at elevated tem-
peratures.*® Multiple transitions between Vy charge states exhibit
suitable absorption and emission bands, while additional transi-
tions associated with Nj i also contribute to optical activity. No
transition attributed to Al; can be found in the energy range of
3.84-6.20 eV. Under Al-rich conditions, the concentrations of Al;
and Nj.gpic decrease significantly, and Vx remains to be the most
dominant compensating defect species.’® Optical transitions are
now primarily from V.

Finally, we revisit the optical bands that could not be initially
assigned to our predictions. The 2, 3, 3.2, and 4.6 eV emission peaks
have been previously observed in the AIN epitaxial layer'"'"” and in
AIN nano-powder.”’ These signals may now be attributed to Vx,
Ni_split» or V41, depending on the specific growth conditions. For the
2 eV emission observed in samples grown under N-rich conditions
with low impurity concentrations,'' several transitions predicted
for the undoped scenario using the B97-2 functional are consis-
tent with this observation (assuming a +10% prediction uncer-
tainty). These include CBM-to-defect transitions of Vx(+2| + 3)e at
1.88 eV, Vn(+1] +2)e at 2.14 eV, Ni.gjit(+2| + 3)e at 1.88 eV, and

pubs.aip.org/aip/apm

Nigplit(+1] + 2)e at 2.01 eV. Similarly, for the 4.6 eV signals also
observed in N-rich grown epitaxial films,"> the Vx(+1|0)h transi-
tion at 4.95 eV (B97-2) is a likely contributing source. We note that
our BBIK calculations for these transitions predict emission ener-
gies ~0.5 eV lower than the B97-2 functional. However, we may
conclude that the source of the observed 2 eV peak is an N defect
in AIN.

For the 3 and 3.2 eV emissions, which were observed in
nanoparticle samples with significant levels of oxygen,”’ they may
now be attributed to Vy; due to the increasing presence under con-
ditions with high levels of ionized donors. A wide range of possible
transitions involving Vy are identified: Va(+2|+3)e at 3.15 eV
(BBIK), Vai(0] + 1)e at 3.06 eV (B97-2), Vai(0] - 1)k at 2.71 eV
(B97-2) and 2.83 eV (BB1K), Vi (~1| - 2)h at 2.77 eV (B97-2) and
3.06 eV (BB1K), and Vi (—2| — 3)h at 2.91 eV (BB1K). These results
suggest that Vy, for most of its charge states, likely plays a sub-
stantial role in the blue-to-UV spectral range, which is critical for
AIN-based blue-light and UV LED applications.

Finally, two absorption signals observed at 2.7-3.5 and 3.4 eV
in single-crystal AIN, previously attributed to Vx, may now be reas-
signed based on our analysis. The former, observed in samples with
high concentrations of oxygen, is more likely attributed to V. The
latter, observed in samples with high concentrations of carbon, may
be assigned to Ni_git (0] + 1)e at 3.46 eV (BB1K) and Ni_gii(—1[0)e
at2.80 eV (B97-2) as no corresponding Vy transition matches within
the energy range. These discrepancies, including the ones from our
emission assignments, imply the dependence of predicted transition
energies on the choice of DFT functionals. Consequently, the assign-
ment of calculated transitions to experimentally observed optical
signals is rather complex and uncertain. Therefore, we caveat these
assignments with regard to the choice of functional, although note
that the Nj_qp; defect is predicted to be the source of these peaks,
regardless of the functional in our study. Further refinement may be
achieved by incorporating non-radiative recombination processes,
which account for structural relaxations during electron and hole
capture.

TABLE V1. Summary of our predicted assignments to experimentally observed optical signals in AIN. (Corresponding
references are provided in Table | and discussed in the main text.)

Energy (eV) Predicted origin
Absorption 2.1-2.9 Val(+2| + 1)k, Vo (+3] +2)h
2.9-33 Vai(=2| - e, Vai(-3|-2)e
2.7-3.5 Vi (charge transitions in the main text)
3.4 Ni,spht(71|0)e, Nifsplit(0| + l)e,
4.7 Vn(+1] +2)e, Vn(+3]| +2)h
5.0-5.8 Vn(+2| +3)e
Emission 2 VN(+1] +2)e, V(+2| + 3)e, Nigplit (+1] + 2) e, Nigpiie (+2] + 3 )e
2.78 Var(=2| = 3)h, Var(= 1] - 2)h
3,3.2 Va1 (charge transitions in the main text)
33 Var(=1] = 2)h, Var(0] + 1)e
3.4 Var(=2| = 3)h, Va(=1| - 2)h
46 Va(+1/0)h
5 VN(—1|—2)h, VN(O‘—I)I’[, VN(+1|0)I’I
5.87 Vn(=1] = 2)h, V(0] = 1)h, Vn(+1]0)h
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IV. SUMMARY AND CONCLUSIONS

In summary, using the QM/MM embedded cluster method,
we have investigated the optical properties of intrinsic vacancy
and interstitial defects in AIN in an environment approaching the
dilute limit. These advanced DFT methods provide more accu-
rate formation energies of charged point defects and more precise
energy levels of the defect states in the bandgap due to more pre-
cise treatment of long-range electrostatic interactions and ionization
processes. By calculating the optical transition energies for vacan-
cies and interstitials across the full range of charge states, we have
reviewed all the previously observed optical bands and assigned
them to our predicted transitions of defect species, which is summa-
rized in Table VI. In contrast to previous studies, which considered
only contributions from vacancy defects, our calculations suggest
that interstitial defects can also play a significant role in the opti-
cal properties of AIN. Furthermore, depending on the chemical
conditions of AIN crystal growth and the positions of the Fermi
level, the dominant defect species and their contributions to optical
properties can vary. We suggest that the nitrogen vacancies, which
have the highest concentration under most of the chemical con-
ditions, contribute most significantly to optical transitions in the
material. For aluminum vacancies, while we found several optical
signals could be associated with them, their contribution tends to
emerge when a large number of ionized donors is present in the
material. It is very likely that oxygen impurities enhance the presence
of aluminum vacancies, resulting in stronger blue-to-UV optical
transitions. Nitrogen split-interstitial defects play a secondary role,
depending on their concentrations in the material. This study pro-
vides new insights into defect-induced optical transitions in both
intrinsic and impurity-containing AIN, which can be beneficial for
optoelectronic applications and quantum technologies.

SUPPLEMENTARY MATERIAL

The supplementary material provides an additional figure
that supports the findings of this study. Figure S1 compares the
self-consistent Fermi level predicted from the defect formation
energies calculated by different DFT functionals (B97-2, PBEO,
and BBIK).
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