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ABSTRACT: Aluminum nitride (AlN) with a combination of
very high thermal conductivity and excellent electrical
insulation properties exhibits wide applications. However, it
is quite sensitive to a moist environment and hydrolyzes
slowly in water. In this work, density functional theory was
adopted to examine the atomistic reaction mechanism on the
wurtzite AlN(0001) surface. The results indicate that water
molecules are preferentially adsorbed at the top site of the
AlN(0001) surface. The decomposition of adsorbed H2O into
OH and H on the AlN(0001) surface occurs spontaneously
without any energy barrier. However, a further dissociation reaction of OH into O and H has an energy barrier of 22.046 kcal/
mol. The dissociation of H2O is strongly dependent on the H2O coverage when more water molecules are adsorbed. Ammonia
(NH3) is determined as the dominant gas product at 4/9 monolayer H2O coverage, which will induce N vacancy (VN)
formation in AlN ceramic. The VN will be occupied by O2− after geometry optimization and plays an acceleration role in the
degradation of AlN by water. H2O adsorption and the formation of NH3 occur alternately with the H2O coverage increasing. An
OH−Al−O layer is formed as a precursor of AlOOH after the first AlN bilayer is fully degraded. This work can guide the
manufacture and application of AlN from the theoretical viewpoint.

1. INTRODUCTION

Aluminum nitride (AlN) has attracted significant attention
because of its low thermal expansion coefficient ((4.03−6.0) ×
10−6 K−1) near to that of silicon, a wide band gap (6.2 eV),
excellent thermal conductivity (3.2 W/(cm K)), high chemical
stability, high electrical resistivity (>4 × 108 Ω cm), and good
mechanical properties at high temperatures.1−3 Therefore, it is
widely applied as structural ceramics,4,5 sintering additives,6,7

semiconductor devices,8 optoelectronic and field emission
devices,9 and so on. However, the propensity for AlN to
hydrolyze and generate ammonia precludes the use of water
during the manufacturing process of AlN substrates, which
increases the cost and complexity of the process.10 Besides,
AlN must be processed under strict conditions to avoid
oxidation via hydrolysis because oxygen impurities in AlN have
been identified as the primary cause of reducing its remarkable
properties.11,12

To understand the reaction mechanisms between water and
AlN, a few experimental studies have been carried out.13−17 Li
et al.14 investigated the mechanism and kinetics of AlN powder
degradation in moist air at room temperature. They proposed
three reaction stages during the degradation. The first stage
was an induction period, during which the surface aluminum
oxide or oxyhydroxide layer was formed slowly. In the second
stage, fast hydrolysis occurred that was correlated to the

chemical reaction rate dealing with the unreacted-core model.
Finally, gradual closure of pores in the structure of Al(OH)3
around AlN was observed. In this stage, the hydrolysis rate was
also lower and mainly controlled by mass transfer through
Al(OH)3 around the unreacted AlN ceramic. Kocjan et al.13

found that the starting temperature and the ageing time for
hydrolysis of AlN powders had an impact on the reaction
products and their morphologies. At room temperature, the
main crystalline reaction product was bayerite (Al(OH)3)
regardless of the ageing time in the mother liquor. However, at
higher temperatures, the hydrolysates varied with the temper-
ature and ageing time. Boehmite (AlOOH) was detected as the
initial hydrolysis product. With ageing time increasing, both
AlOOH and Al(OH)3 appeared. With aging time prolonging
up to 24 h, Al(OH)3 was detected as the predominate phase in
the 40−70 °C temperature range. AlOOH became the
predominated product with the temperature further increasing
up to 80−90 °C. Besides above work, some theoretical
studies18,19 have been reported to explore the effect of water
adsorption on the AlN nanocones and nanotubes. Bartel et
al.10 investigated the reaction mechanisms of the initial stages
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of AlN hydrolysis using density functional theory (DFT). The
process involves water adsorption, hydroxyl-mediated proton
diffusion to form NH3, and NH3 desorption. It was found that
hydroxyl-mediated proton diffusion is the predominant
mechanism in AlN hydrolysis.
In this work, the reaction behavior between AlN and water is

fundamentally investigated at the atomistic level using DFT,
aiming to provide an insight into the understanding of
hydrolysis of AlN. Since (0001) and (0001̅) polar are the
most common surfaces of wurtzite AlN and the (0001) surface
owns the lowest density of surface energy,20−23 the H2O
molecule on the AlN(0001) clean surface with lower
adsorption energy is concerned in this work.

2. COMPUTATIONAL DETAILS
First principles calculations are performed using the plane-
wave pseudopotential implementation of DFT as written in the
CASTEP code.24 The exchange−correlation function is
approximated by the generalized gradient approximation and
the Perdew−Burke−Ernzerhof (GGA-PBE)25 that is essential
to achieve a good description of hydrogen bonds.26,27 The
Tkatchenko and Scheffler28 (TS) corrections to the PBE are
adopted to correct DFT for missing van der Waals interactions
and the interaction between the H2O molecules. The ionic
cores are described by ultrasoft pseudopotentials29 to improve
transferability and reduce the number of plane waves required
in the expansion of the Kohn−Sham orbitals.
The AlN(0001) surface is modeled by a slab geometry

including a 15 Å vacuum region and periodically repeated in
the direction perpendicular to the surface. The slab supercell
consists of 3 × 3 AlN unit cells with six AlN bilayers (Figure
1). Among these layers, the bottom four AlN layers are fixed at

the ideal position to simulate a bulk environment. The other
atoms in the first two AlN bilayers of the slab are relaxed until
the residual force is smaller than 0.03 eV/Å after implementing
structural optimization. To avoid the artificial charge transfer
and decouple the two surfaces of the slab, the pseudohy-
drogens with fractional charges are deposited on the N/Al-
terminated bottom side of the slab (the N−H bond distances
have been optimized).30 The Brillouin zone integral is
evaluated according to the Monkhorst−Pack k-point sampling
scheme31 with the tetrahedron method and Blöchl correc-
tion.32 A 3 × 3 × 1 k-point mesh through the convergence test
is adopted in all of the calculations to ensure sufficient
accuracy of the interfacial energies. The cutoff energy of 400
eV is chosen through the convergence test, which is enough for
the energy calculation to get convergence including AlN clean
surface structures and molecule adsorption structures (Figure

S1). At this cutoff energy and k-point density, the short lattice
constant obtained for the wurtzite AlN is a = 3.110 Å and the
c/a ratio is 1.60. This is in good agreement with the
experimental data, i.e., a = 3.111 Å and c/a ratio 1.60.33

3. RESULTS AND DISCUSSION
3.1. H2O Adsorption and Dissociation on the Clean

AlN(0001) Surface. H2O is adsorbed on the upper surface of
the AlN slab. All adsorption energies are extracted from a fully
relaxed structure. The adsorption energy for H2O on the
AlN(0001) surface, Ei

ads, is defined as follows

E E Ei i i
ads

1
total

H O
total

2
μ= + −− (1)

where i is the number of water molecules and Ei
total and Ei−1

total

are the total energies of the optimized structures with i and i −
1 water molecules, respectively. μH2O is the chemical potential
calculated from the total energy of a single H2O molecule.
According to eq 1, the more positive the adsorption energy
values, the stronger the interactions between H2O and the AlN
surface and thus the more stable the adsorption structure.
Considering H2O adsorption, there are four different

adsorption orientations at the four sites (top, bridge, face-
centered cubic (fcc), and hexagonal close-packed (hcp),
marked in Figure 2a). If the four different adsorption

orientations in the initial structures are represented as H-
parallel, H-up, H-down, H-down-up, and H-parallel, respec-
tively, as shown in Figure 2b, there are 16 different initial
adsorption configurations of H2O on the AlN surface (Figure
S2a). The optimized structures are shown in Figure S2b. The
average bond lengths (d), the angles between some atoms and
planes (∠), and the adsorption energies (Eads) are summarized
in Table 1. Based on the calculation results, two distinct
adsorption features of H2O on the AlN(0001) surface can
exist, corresponding to molecular adsorption and H−OH
dissociative adsorption. For these molecular adsorption
structures, they can be divided into two categories on the
basis of the orientation of the H−O−H angle. As for these H−
OH dissociative adsorption structures, they can also be divided
into two categories according to the adsorption site of OH
species. According to the key structural parameters and
adsorption energies, four stable adsorption configurations

Figure 1. Configuration of the AlN(0001) slab model and its top
view.

Figure 2. (a) Initial adsorption sites on the AlN(0001) surface. (b)
Four different adsorption orientations: H-parallel, the H2O molecule
plane is parallel to the AlN surface; H-down, he H2O molecule plane
is normal to the AlN surface with two hydrogen atoms sitting at the
same height and two hydrogen atoms below the oxygen atom; H-up,
the H2O molecule plane is normal to the AlN surface with two
hydrogen atoms sitting at the same height and above the oxygen
atom; and H-down-up, the H2O molecule plane is normal to the AlN
surface with only one O−H bond pointing to the AlN surface.
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corresponding to the above four kinds of adsorption features
are selected and shown in Figure 3.
The two stable molecule adsorption structures for H2O on

the AlN(0001) surface are shown in Figure 3(1),(2), which
have the near adsorption energies (1.3520 and 1.3047 eV) and
similar adsorption structural parameters. In both structures,
H2O prefers to adsorb at the top site with the parallel mode.
The angles between the H2O molecule plane and the
AlN(0001) surface are 111.16 and 109.96°, respectively. The
adsorbed H2O molecules are still in C2v symmetry with the O−
H distance of 1.01 Å and the H−O−H angle of 109.74°, as
shown in Table 1. The only difference between the structures
of Figure 3(1),(2) is the orientation of the H−O−H angle.
The H−O−H angle in Figure 3(1) is toward the fcc site,
whereas it is toward the hcp site in Figure 3(2). The H2O
molecule can be dissociated into adsorbed OH and H species
on the AlN(0001) surface, as shown in Figure 3(3),(4). As
shown in Figure 3(3), the OH and H species prefer to adsorb
at the top sites with a 3.2399 eV adsorption energy. The bond
lengths of formed Al−H and Al−O bonds are 1.60 and 1.73 Å,
respectively. Besides this, the H atom can be adsorbed at the
top site, whereas the OH species prefer to locate at the bridge
site, bonding with two surface Al atoms through an O atom
with a 1.96 Å bond length as shown in Figure 3(4). The
adsorption energy is 3.502 eV, more positive than that of
Figure 3(3), revealing that it is a more stable structure of H−
OH dissociative adsorption. Considering that H2O adsorbs
dissociatively on the AlN(0001) surface, the energy barriers for
H2O molecule dissociation are computed. The dissociation
pathways and optimized structures for H2O on the AlN(0001)

surface are summarized in Figure 4. It indicates that the
decomposition of adsorbed H2O into OH and H on the

AlN(0001) surface occurs spontaneously without any energy
barrier. However, for a further dissociation reaction of OH into
O and H, it has an energy barrier of 22.046 kcal/mol with a
reaction heat close to −41.68 kcal/mol. The low activation
energy and high release exothermicity indicate that the further
dissociation reaction can proceed at room temperature.
Therefore, the adsorption energies for molecular adsorption
(H2O), partially dissociative adsorption (H2O → OH + H),
and completely dissociative adsorption (H2O → O + 2H) with
different initial adsorption configurations are calculated. The

Table 1. Key Structural Parameters and Adsorption Energies for Sixteen Stable Structures of H2O on the AlN(0001) Surface

dAl−O (Å) dAl−H (Å) dO−H (Å) ∠Al−O−H (deg) ∠H−O−H (deg) Eads (eV)

top H-parallel 1.92 1.01 110.50 109.74 1.3196
top H-down 1.91 1.01 109.96 110.56 1.3047
top H-up 1.91 1.02 110.15 110.88 1.3392
top H-down-up 1.91 1.00 114.12 111.67 1.2897
fcc H-parallel 1.91 1.01 110.7 109.28 1.3177
fcc H-down 1.91 1.01 112.56 109.59 1.3294
fcc H-up 1.96 1.61 0.98 3.3184
fcc H-down-up 1.91 1.02 114.38 110.14 1.287
hcp H-parallel 1.73 1.6 0.97 126.6 3.1923
hcp H-down 1.79 1.13 115.83 110.67 1.2892
hcp H-up 1.96 1.61 0.98 131.7 3.502
hcp H-down-up 1.73 1.6 0.97 126.24 3.2399
bridge H-parallel 2.05 1.64 0.91 119.72 3.2327
bridge H-down 1.92 1.01 110.5 110.09 1.3275
bridge H-up 2.08 1.61 0.98 3.459
bridge H-down-up 1.92 1.01 110.16 109.38 1.352

Figure 3. Four stable initial adsorption configurations of H2O on the AlN(0001) surface. (1) Bridge site with H-down-up orientation; (2) top site
with H-down orientation; (3) hcp site with H-down-up orientation; and (4) hcp site with H-up orientation.

Figure 4. Dissociation pathways and optimized structures of H2O on
the AlN(0001) surface. Eb and Eh are the energy barrier and the
reaction heat of the further dissociation reaction of OH into O and H,
respectively.
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most stable structures of three different initial adsorption
configurations are shown in Figure S3. It has been found that
the completely dissociative adsorption (H2O→ O + 2H) owns
the lowest adsorption energy. In this structure, the H atoms are
located at the top site and the O atom at the fcc site bonding
with surface Al atoms.
Since the number of the top sites at the 3 × 3 AlN surface

structure is nine, the H2O coverage can be expressed as 1/9, 2/
9,..., 8/9, 1 monolayer (ML). The H2O adsorption energy and
structures on the AlN(0001) surface as a function of H2O
coverage are revealed in Figure 5. Concerning the H2O
coverage at 1/9 and 2/9 ML, the completely dissociative
adsorption of the water molecule has the highest adsorption
energy (Figure 5a), which indicates that at these two H2O
coverages the completely dissociative adsorption structures
(Figure 5b(1),(2)) are the most stable structures. However, for
the H2O coverage at 3/9 and 4/9 ML, molecular adsorption
owns the highest adsorption energy (Figure 5a). It may be
attributed to the increasing interaction force among the
adsorbed OH, O, and H species with the increase of H2O
coverage. Thus, the water molecular adsorption structure
(Figure 5b(3),(4)) will be considered as the most stable.
Considering H can easily interact with adjacent OH to form
H2O after geometry optimization at the higher H2O coverage,
the adsorption of the water molecule tends to be completely
dissociative adsorption at low H2O coverage (≤2/9 ML) and
then transforms into molecular adsorption at high H2O
coverage (>2/9 ML). Therefore, the dissociative adsorption
is no longer taken into consideration in the following
calculations.
3.2. Gaseous Product Formation. To confirm the

gaseous products, the formation energies of possible gaseous
products, e.g., NO2, NO, N2, H2, or NH3

15,23,34,35 at different
H2O coverages were calculated on the basis of the following
equation

E E Eform surface
total

surface gas
total

gasμ= − −‐ (2)

where Eform represents the formation energy of gas (NO2, NO,
N2, H2, or NH3) and Esurface

total and Esurface‑gas
total are the total energies

of the H2O-adsorbed AlN(0001) surfaces before and after gas
emission of NO2, NO, N2, H2, or NH3, respectively. μgas is the
chemical potential of the gas product. In this work, we just
assume that the gas products are desorbed and separated from
the AlN surface. Therefore, the calculation focuses on the
initial and final states of the AlN surface. The intermediate

states of gas absorption on the AlN surface are not taken into
consideration.
As demonstrated in Figure 6, the formation energies for

NO2, NO, and N2 are always negative, indicating that the

structures with nitrogen oxides or nitrogen gas are
thermodynamically unstable. As for the formation of H2,
although the formation energy turns positive at 4/9 ML
coverage, the value is very small (0.1021 eV). In addition,
assuming H2 would be produced, the valence state of H should
change from +1 to 0. From the viewpoint of electronegativity,
the electron is obtained relatively easier from N3− than O2−.36

If electrons transfer from N3− to H+, NO, NO2, or N2 would be
formed along with the simultaneous formation of H2, which is
inconsistent with above calculations. Thus, the further
dehydrogenation of the adsorbed water molecule to form H2
is impossible but may occur at relatively high temperatures.37

Besides H2, the formation energy of NH3 became positive with
increasing H2O coverage, i.e., 1.4127 eV at 4/9 ML H2O
coverage, indicating that NH3 will be the dominant gas
product. From the structural analysis (shown in Figure S4),
one of N3− on the AlN(0001) surface would be removed with
the formation of NH3 to form N vacancies (VN) in these
structures. Owing to the existence of VN, the energies of the
AlN surface structures become higher, which leads to the
formation energies of gas products turn negative. Therefore,
the surface structures with VN existence are unstable. To

Figure 5. (a) Relationship between adsorption energy and H2O coverage. (b) Most stable structures at different H2O coverages.

Figure 6. Formation energies of gas products (NO2, NO, N2, H2, and
NH3) at 1/9, 2/9, 3/9, and 4/9 ML H2O coverages.
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reduce the total energy of the surface, the VN sites will be
occupied by O2− spontaneously after geometry optimization at
4/9 ML H2O coverage. As a result, the formation energy of
NH3 turns to positive. Figure 7 shows the structure with an

O2− atom migrating to the VN site after the removal of NH3. It
can be seen that with the occupation of O2− at the VN site NH3
emission occurs and the structure becomes stable. This is also
in good agreement with the results reported in the
literature.15,38

3.3. Electronic Structure Variation during AlN(0001)
Surface Hydrolysis. The change in material properties always
originates from electronic structure variation. To better
understand the innermost physics of O2− migration, densities
of states for some surface structures were calculated (Figure 8).
The results indicate that the peak in the dashed red rectangle
located at 2.66 eV (Figure 8a) is mainly attributed to Al 3s and
3p state electrons around the VN site (Figure 8b). The Al
atoms around this VN site generate more dangling bonds
because of the presence of VN and the breaking of Al−N
bonds. These dangling bonds of Al atoms cause the formation
of surface states near the conduction band minimum according

to Miao’s report.39 When N3− is removed in the form of NH3,
the valence state of N is kept as −3. Thus, the share electron
pairs in the Al−N bond split from Al3+ by NH3, causing three
new unoccupied molecular orbitals (UMOs) of Al to form the
Al surface states (Figure 8a). It is widely accepted that surface
states play an important role in the charge transfer and surface
reconstruction.40 With the existence of surface states, there is
an electric field on the surface that may affect some surface
properties.41 Electrons, especially the lone-pair electrons
around these UMOs, trend to transfer and being occupied
by the driving of electronic field, leading to the charge transfer
and electron density redistribution. Besides the movement of
electrons, some atoms or ions can also migrate to a more stable
site, leading to surface reconstruction. Among the atoms or
ions around UMOs, O2− with p lone-pair electrons has a top
priority to move to the place where the p lone-pair electrons
can occupy the UMOs. The VN site is exactly the perfect place
for O2− via consuming the O p lone-pair electrons and
passivating the dangling bond states of Al. The UMOs are
occupied to form occupied molecular orbitals and thus is
shifted down to valence band minimum. Hence, Al surface
states disappear after passivation (Figure 8a,c). The O 2p and
Al 3s, 3p orbits in the green dashed rectangle (Figure 8d)
exhibit apparent resonance, showing the strong hybridization
between them and the formation of Al−O bonds. The energy
of the AlN surface decreases with the formation of Al−O
bonds.
To further understand the charge transfer and redistribution

of charge density during the migration of O2− to the VN site,
the difference charge density map was calculated. Figure 9
shows the difference electron density of the stable structures
with the VN site and with VN occupied by O2−, respectively.
The isosurface of difference charge density is plotted at a value
of about 0.1 e/Å3. The blue and yellow isosurfaces represent

Figure 7.Most stable structure with an O2− atom migrating to the VN
site labeled by a dashed blue circle after NH3 removal.

Figure 8. (a) Total and partial density of states for the AlN surface with N vacancy. (b) Partial density of states for the four Al atoms around the VN
site. (c) Total and partial density of states for the AlN surface with the VN occupied by O2−. (d) Partial density of states for the four Al atoms
around the VN site and the O2− occupied in the VN site.
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the charge accumulation and depletion regions, respectively.
To distinguish different Al atoms, the four Al atoms around the
VN are named as Al(1), Al(2), Al(3), and Al(4), labeled in
Figure 9a. It can be seen that there is a large charge
redistribution around the VN site by comparing Figure 9a,b.
For the surface structure with the VN site occupied by O2−,
there is a large region of charge accumulation around the VN
site. In addition, a distinct region of electron depletion around
the Al atoms that are close to the VN site can be observed. This
indicates the strong hybridization of O and Al atomic orbitals,
which is attributed to the formation of Al−O bonds.42 For the
O2− connecting with Al(3) in Figure 9a, it migrates to the
bridge site. The charge redistribution around it indicates that
this O2− forms another Al−O bond with Al(2), which makes
the structure more stable.
The Mulliken charges of some atoms around the VN site are

summarized in Table 2 that can analyze the charge transfer

quantitively.43 Before the O2− migrates to the VN site, it was
only bonded with the Al(4) atom and the H atom. Due to a
low electronegativity of Al atom, the charge of Al(4) atom is
positive. Al(1), Al(2), and Al(3) generate dangling bonds with
the existence of the VN site. After the VN site is occupied by
O2−, the O2− bonds with another three Al atoms and causes
the positive charge of Al(4) to decrease. This change is the
same as with the electron density transformation around Al(4)
atom (Figure 9). With the VN site being occupied by O2−, the
positive charge of Al(1), Al(2), and Al(3) atoms increases,
which agrees with the charge depletion around the three Al
atoms by comparing Figure 9a,b. This result verifies that
electrons transfer from Al atoms to the O atom during the
migration process. This can be attributed to the formation of
Al−O bonds and the high electronegativity of the O atom.
From the above calculation, it can be concluded that VN plays
an acceleration role in the degradation of AlN by water. O2− of

H2O prefers to occupy the VN site via consuming the O p lone-
pair electrons and UMOs of Al.

3.4. Stepwise Reactions. Numerous adsorption structures
at different sites with the increase of water molecule coverage
are further computed step by step to investigate the adsorption
and reaction processes of H2O on the AlN(0001) surface. In
each step, two possible circumstances are concerned, one is the
adsorption of H2O (the sign of “+H2O”) and another is the
removal of NH3 (the sign of “−NH3”). The reaction energy of
step i is defined as

E E Ei i i
H O

1
total

H O
total2

2
μ= + −− (3)

or

E E Ei i i
NH

1
total total

NH
3

3
μ= − −− (4)

where Ei
total and Ei−1

total are the total energies of the optimized
structures in steps i and i − 1, respectively. μH2O and μNH3

are
the chemical potentials of a H2O and a NH3 molecule,
respectively. Equations 3 and 4 are employed to calculate the
reaction of H2O adsorption and NH3 removal, respectively.
Figure 10 demonstrates the free energy evolution and
configurations of products for each step after calculating all
of the possible reactions in each step. The free energy and its
difference between steps i and i − 1 are adopted to exhibit the
free energy evolution and the dominated reaction path, which
is plotted in Figure 10a. The green ball stands for the initial
free energy of the AlN(0001) surface. The red line means the
most possible reaction progress and the red ball is
corresponding to the structure in Figure 10b for each step.
There are many dangling bonds on the Al/N-terminated
(0001) surface, and each Al dangling bond contributes 3/4
electrons. Therefore, in the first two steps, H2O tends to be
adsorbed in the form of O and H species on the AlN(0001)
surface (Figure 10b(1),(2)) to passivate the dangling bonds
states. In steps 3 and 4, the molecular adsorption of H2O takes
place (Figure 10b(3),(4)). In step 5, when H2O coverage is 4/
9 ML, one N atom will be removed while bonding with three
H atoms to form a NH3 molecule. An O2− will occupy the VN
site spontaneously to decrease the AlN surface energy (Figure
10b(5)). In steps 6 and 7, the adsorption of H2O is preferential
than NH3 removal reaction (Figure 10b(6),(7)). In step 8, the
second NH3 molecule formed when the H2O coverage is 6/9
ML (Figure 10b(8)). Similarly, in the following steps (Figure
10b(9)−(12)), it is going to absorb two H2O molecules and
then generate an NH3 molecule. From the above result, the
adsorption sites for H2O absorbed on the AlN(0001) surface
are limited. With the H2O coverage increasing, it becomes
difficult to adsorb more H2O molecules. However, with the
spontaneous generation of NH3 gas and the migration of O2−,

Figure 9. Difference charge density of the stable structures with the VN site and with VN occupied by O2−. (Isosurfaces of the difference charge
density with blue and yellow isosurfaces indicating charge accumulation and charge depletion regions, respectively).

Table 2. Mulliken Charge of Some Atoms around the VN
Site

atom s pp total charge (e) note

Al(1) 0.80 1.32 2.12 0.88 with N vacancy
0.57 0.96 1.53 1.47 with VN occupied by O2−

Al(2) 0.78 1.01 1.79 1.21 with N vacancy
0.59 0.82 1.41 1.59 with VN occupied by O2−

Al(3) 0.64 0.96 1.59 1.41 with N vacancy
0.58 0.78 1.36 1.64 with VN occupied by O2−

Al(4) 0.60 0.98 1.58 1.42 with N vacancy
0.73 1.04 1.77 1.23 with VN occupied by O2−

O 1.84 5.27 7.1 2 −1.12 with N vacancy
1.86 5.23 7.09 −1.09 with VN occupied by O2−
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the adsorption sites are released leading to more H2O
molecules absorption and further reaction with the AlN
surface. Thus, the AlN surface will be continuously consumed
by water.
Based on above DFT calculations, the final structure of AlN

exposed to water is also investigated. The structures (Figure
10b) show that the hydroxy groups tend to occupy the fcc sites
and the N atoms are replaced by O atoms. In an analogous
way, an ideal model of the final structure with all N atoms
replaced by O atoms at the first AlN bilayer is proposed. Its top
and side views shown in Figure 11 indicate that each hydroxy

group bonds with three aluminum atoms. At the same time,
each aluminum atom bonds with three hydroxy groups. The
first bilayer can be regarded as a kind of aluminum
monohydroxide in molecule composition, and the structure
is similar to a precursor of AlOOH. With the coverage of water
molecules increasing, the interatomic action force will become
stronger and the lattice of this first bilayer structure will be
destroyed. The AlOOH can evolve into other aluminum
hydroxides, such as bayerite, nordstrandite, and gibbsite, by
reacting with H2O.

13,38

4. CONCLUSIONS
In summary, adsorption of multiple water molecules and their
reaction on the AlN(0001) surface have been investigated
based on DFT calculations. The calculation results from many
different adsorption configurations of H2O on the AlN surface
reveal that H2O can be adsorbed on the clean AlN(0001)
surface by both molecular adsorption and dissociative
adsorption styles depending on the H2O coverage. The
decomposition of adsorbed H2O into OH and H on the
AlN(0001) surface occurs spontaneously without any energy
barrier, but a further dissociation reaction of OH into O and H
has an energy barrier of 22.046 kcal/mol. Water molecules
tend to be completely dissociated and adsorbed in the form of
O and H species at a low H2O coverage (≤2/9 ML) on the
AlN(0001) surface, whereas they prefer to be molecular
adsorption structures at a high H2O coverage (>2/9 ML). NH3
is verified to be the dominant gas product and will be
generated when the H2O coverage is above 4/9 ML. When a N
atom from the first bilayer is removed, the N atom will be
bonded with three H atoms to form an NH3 molecule. After
NH3 emission, a VN will be formed and O2− of H2O prefers to
occupy the VN site via consuming the O p lone-pair electrons
and unoccupied molecular orbital of Al. VN can accelerate the
degradation of AlN by water. The stepwise processes of
adsorption of more water molecules and their reaction on the
AlN(0001) surface reveal that H2O adsorption and NH3
emission occur alternately until all N3− of the first AlN bilayer
are replaced. When the first bilayer of AlN is fully degraded, all
N3− are replaced by O2− and each hydroxy group is located at
the fcc site bonding with three Al atoms. An OH−Al−O layer,
a precursor of AlOOH, is formed. With the H2O coverage
increasing, the structure of AlOOH will be destroyed to form
other aluminum hydroxides by reacting with H2O.
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Convergence test of a stable molecule adsorption
structure (Figure S1), 16 different initial adsorption

Figure 10. (a) Reaction processes and the energy evolution of each
step (the green ball means the initial energy of the AlN(0001) surface
that is normalized to zero). The red line means the most possible
reaction progress. (b) Optimized structures of the stepwise processes.
The sign +H2O means a H2O molecule adsorbed in this reaction step,
and the sign −NH3 means removing a N atom in the form of NH3
gas, with the VN site occupied by O2−.

Figure 11. Top (a) and side (b) views of the ideal final structure model with all N atoms replaced at the first AlN bilayer.
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configurations of H2O on the AlN surface and the
optimized structures at different sites with different
adsorption orientations (Figure S2), three most stable
initial structures of H2O on the AlN(0001) surface
(Figure S3), and optimized structures with different gas
products removed at different H2O coverages (Figure
S4) (PDF)
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