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Chemical and substitutional doping, and anti-site
and vacancy formation in monolayer AlN and GaN†

Yelda Kadioglu,ab Fatih Ersan,ab Deniz Kecik,bc Olcay Üzengi Aktürk,de

Ethem Aktürk *e and Salim Ciraci*b

We investigated the effects of chemical/substitutional doping, hydrogenation, and anti-site and vacancy

defects on the atomic, optoelectronic and magnetic properties of AlN and GaN monolayers. Upon doping of

selected atoms, AlN and GaN monolayers can acquire magnetic properties, and their fundamental band gaps

are modified by the localized gap states. Spin-polarized gap states broaden into bands at patterned coverage

of adatoms, whereby half-metallic or magnetic semiconducting properties can be attained. Specific adatoms

adsorbed to Ga atoms break the nearest vertical Ga–N bonds in the GaN bilayer in the heackelite structure

and result in changes in the electronic and atomic structure. While adjacent and distant pairs of anion +

cation vacancies induce spin polarization with filled and empty gap states, anti-site defects remain

nonmagnetic; but both defects induce dramatic changes in the band gap. Fully hydrogenated monolayers are

stable only for specific buckled geometries, where one geometry can also lead to an indirect to direct band

gap transition. Also, optical activity shifts to the ultra-violet region upon hydrogenation of the monolayers.

While H2 and O2 molecules are readily physisorbed on the surfaces of the monolayers with weak van der

Waals attraction, they can be dissociated into constituent atoms at the vacancy site of the cation. Our study

performed within density functional theory shows that the electronic, magnetic and optical properties of AlN

and GaN monolayers can be tuned by doping and point defect formation in order to acquire diverse

functionalities.

1 Introduction

As various two-dimensional (2D) monolayer structures, like h-BN
and h-MoS2, have been exploited as a competitor of graphene,
the possibility that Si and group III–V compounds, such as GaAs,
GaN and AlN can form graphene-like structures was predicted
already in 2005 by ab initio calculations.1 Later, the stability of
monolayer honeycomb structures of group IV elements, Si, Ge,
SiC and several group III–V compounds including GaN and AlN

were demonstrated based on rigorous phonon calculations.2–4

Following the predictions of graphene-like GaN and AlN, which
will be denoted as h-GaN and h-AlN in this paper, theoretical
studies continued to unveil their diverse features.5–20 Attaining
outstanding optoelectronic properties of three-dimensional (3D),
group III–V compound nitride semiconductors in their 2D allotropes
for future applications in 2D electronics has been the major driving
force for the growing research interest in h-GaN and h-AlN.

Recently, h-GaN and h-AlN gained further importance owing
to the realization of ultrathin AlN and GaN in honeycomb
structures. Tsipas et al.21 demonstrated the epitaxial growth
of an ultrathin hexagonal form of AlN on single crystal Ag(111)
in 2013. More recently, few monolayer thick flat h-AlN was
formed on an Si(111) surface by molecular beam epitaxy with a
lattice constant of 3.08 Å.22 Also, 2D GaN has been synthesized
via graphene encapsulation.23 Theoretical and experimental
studies show that monolayer h-GaN and h-AlN are indirect,
wide band gap semiconductors. They readily form bilayers and
multilayers, even h-GaN/h-AlN heterostructures, whereby the
electronic and optical properties can be tuned by the number of
layers.16–20

Other efficient ways to modify the materials and hence to
attain diverse physical properties have been the chemisorption
of foreign atoms or molecules, substitution of host atoms by
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other atoms (referred also as doping) and creation of patterned
vacancies or divacancies in these 2D structures.24–28 The coverage
and geometry of the chemisorbed adatoms or molecules are
crucial parameters to control the physical properties. Vacancies
and divacancies have been shown to be active sites for dissociating
molecules like H2O and O2.29 Here, one expects that chemical
doping or substitution of foreign atoms and creation of vacancies
in low (dilute) concentrations can give rise to localized states in the
fundamental band gap and resonance states in the band continua.
Accordingly, the electronic structures of h-AlN and h-GaN are
modified due to acceptors and donors or simply impurity states
in the fundamental band gap, the energies of which vary depend-
ing on the type of foreign atom and type of vacancy. The localized
states are broadened and form impurity bands with increasing
coupling among impurities at higher concentrations. Additionally,
owing to the unpaired electrons local magnetic moments attribute
magnetic properties. Earlier, it has been shown that the band gap
is reduced when extended line defects are introduced into the
honeycomb structures of h-AlN and h-GaN monolayers.30 More
recently, theoretical studies have been published about magnetism
due to the adsorption of some non-metal atoms to h-GaN,31 the
adsorption of O and Pt atoms and their clusters on h-AlN,32 Mg
doping of h-AlN33 and h-GaN34 and Ga or N single vacancy charged
defects in h-GaN.35

In this work, we studied the chemisorption of several adatoms,
H, C, N, O, F, Al, Si, Ga, Ge, and As, and the physisorption of H2

and O2 molecules on h-AlN and h-GaN, the substitution of C, N,
O, Mg, Al, Si and Ni atoms into h-AlN and the substitution of C,
N, O, Al, Si, Cr, Zn, Ga, and Ge into h-GaN in the low concen-
tration limit. To this end, single adsorbed or substitutional
atoms are treated within the supercell geometry to mimic single,
isolated dopants. For each adatom the equilibrium binding
geometry is determined by optimizing the total energy corres-
ponding to different possible adsorption sites. This way, the
effect of several dopants on the atomic, electronic and magnetic
properties of both monolayers are unveiled. The stability of
specific adatom + substrate structures are tested by performing
ab initio molecular dynamics calculations. It is also shown that
adatoms modify the atomic structure of the h-GaN bilayer in the
heackelite structure by breaking the vertical bonds to lead to
changes in electronic structure. Hydrogen and fluorine atoms
are exceptions, which were treated in the low, and high concen-
tration limits for different coverage geometries revealing crucial
half-metallic and optical properties. Adjacent, as well as sepa-
rated cation and anion neutral vacancies coexisting in the same
supercell, and anti-site defects are also considered.

2 Method

First principles calculations were performed using the VASP
package36,37 on the basis of density functional theory (DFT) within
the generalized gradient approximation (GGA). D2-Grimme correc-
tion (DFT-D2)38 was used to take van der Waals (vdW) interactions
into account. The Perdew–Burke–Ernzerhof (PBE) functionals
were used for the exchange–correlation potential,39 where the

PAW (Projector Augmented-Wave) potentials were adopted.40,41

A cutoff energy of 550 eV for the plane wave basis set and
Monkhorst–Pack42 mesh of 3 � 3 � 1 for the Brillouin zone
integration were employed. Calculations were performed using
periodically repeating supercells with a 20 Å vacuum spacing
between adjacent monolayers. A (5 � 5) supercell is found to be
suitable to attain negligible couplings between the nearest
impurity or defect sites in monolayers. The atomic configura-
tions were optimized by fully relaxing the atomic structures,
until the Hellmann–Feynman forces acting on each atom are
reduced to less than 0.02 eV Å�1. The convergence of the total
energy is achieved until the energy difference between successive
iteration steps is less than 10�5 eV.

Four possible adsorption sites were considered in the calcu-
lations: hollow site (H), above the center of the hexagon; bridge
site (B), on the midpoint of the cation–anion bonds; top sites
(TAl or TGa), on the top of Al or Ga atoms; and top sites (TN), on
the top of N atoms. The binding energy (Eb) of the adatom (A)
is calculated from the expression Eb = ET[h-Al/GaN] + ET[A] �
ET[A + h-Al/GaN], in terms of the total energies (per supercell) of
pristine monolayer h-AlN or h-GaN, of the free adatom and of the
adatom adsorbed monolayer, respectively. This value includes
the energy of the bond between the adatom and monolayers, as
well as the deformation induced in the monolayer. Eb 4 0
indicates bonding structure. In the case of the physisorption of
a molecule, the physisorption energy Ep is positive, but small
and is constituted of predominantly vdW interactions. The
formation energy per cell of a cation–anion vacancy is calculated
as EV = ET[VAl/Ga + VN + h-Al/GaN] � ET[h-Al/GaN] + mAl/Ga + mN, in
terms of the total energies of the monolayer including one cation
and one anion vacancy, of the bare monolayer and the chemical
potentials (m) of the cation and anion, respectively. Here, m is the
atomic chemical potential of each constituent corresponding to its
global minimum and is equal to the total energy of the constituent
per atom. The formation energy for substitution is calculated using
the expression, Es = ET[X + h-Al/GaN]� ET[h-Al/GaN] + m[Al/Ga/N]� m[X],
in terms of the total energy of a monolayer with one host atom
substituted by an X atom, of the bare monolayer and the
chemical potential of the substituted atoms (Ga/Al or N) and
substituting X atom, respectively. Here EV 4 0 and Es 4 0
indicate that the formation of vacancies and substitutional
defects requires energy.

Since the fundamental band gaps are underestimated by
DFT (PBE), we also performed calculations using the HSE06
hybrid functional,43,44 constructed by mixing 25% of the Fock
exchange with 75% of the PBE exchange and 100% of the PBE
correlation energy and the range parameter is set to 0.2. This
way, we aimed to predict fundamental band gaps closer to
experimental values. We carried out HSE calculations for pristine
and hydrogen covered h-AlN and h-GaN, for which HSE calcula-
tions are affordable, since they comprise small numbers of
atoms in their unit cell. Having deduced unaltered differences
between HSE and PBE band gaps, we were able to interpret the
results and tendencies obtained for doped and defected h-AlN
and h-GaN comprising B50 atoms, for which HSE calculations
are not affordable.
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To test the stability of specific adatom + monolayer structures,
we carried out finite ab initio molecular dynamics (MD) calcula-
tions at 0 K and 500 K for 2 ps. A Nosé thermostat was used and
the kinetic energies were normalized at every 50 steps.

3 Bare h-AlN and h-GaN monolayers

In order to reveal the effects of doping and defects on the
electronic properties we first calculate the optimized structure,
energetics and electronic structure of h-AlN and h-GaN mono-
layers. The monolayers have a planar honeycomb structure; the
cohesion of them is maintained mainly by ionic + covalent
mixed bonding between nearest sp2-orbitals between the anion
and cation, while the planarity is assured by p-bonding between
vertical pz-orbitals. Hence, both h-AlN and h-GaN monolayers
are favored with sizeable cohesive energy Ec = 10.56 eV and
Ec = 8.29 eV per anion and cation pair with optimized hexagonal
lattice constants a = 3.12 Å and a = 3.24 Å, respectively. Their
formation energies can be retrieved by subtracting the cohesive
energy of 3D AlN and GaN in wurtzite structures (both are
global minima) from the cohesive energy of h-AlN and h-GaN,
which are found to be, Ef = �1.02 eV and Ef = �0.71 eV,
respectively.20 Negative values for the formation energies indicate
that the monolayers correspond to local minima. That these
monolayers are dynamically and thermally stable was demon-
strated by phonon calculations at T = 0 K and finite temperature
ab initio molecular dynamics calculations.20 Both h-AlN and
h-GaN are indirect wide band gap, non-magnetic semiconductors;
the fundamental band gaps calculated by PBE are 2.92 eV and
2.00 eV respectively. It should be noted that small differences
between the present and previous values20 originate from different
pseudopotentials used in different calculations.4 We also calcu-
lated the fundamental band gaps of pristine h-AlN and h-GaN with

HSE correction over the PBE results as 4.13 eV and 3.31 eV,
respectively. Notably, the difference between the HSE and PBE
band gaps is found to be in the range of B1.2–1.3 eV. In Fig. 1(a)
we present calculated total and atom projected densities of states
of bare monolayers for the sake of comparison with those of the
defected monolayers.

4 Doping of h-AlN and h-GaN
monolayers

This section discusses the selected chemisorption of adatoms
to h-AlN and h-GaN monolayers, as well as the substitution of
host monolayer atoms by foreign atoms X in the low (dilute)
concentration limit, where the coupling between the nearest
dopants is negligible. In this limit, we aim to mimic a single
dopant on (in) the pristine monolayer. This situation is approxi-
mately realized by having a dopant in each (5 � 5) supercell of
the monolayer, which is repeated periodically. The physisorp-
tion of H2 and O2 molecules is considered using also the same
supercell. Our model of chemical doping and possible adsorp-
tion sites on a representative (5 � 5) supercell is described in
Fig. 1(b). These adatoms and substituting atoms are selected by
examining earlier works investigating the doping of bulk AlN
and GaN. For the monolayer structures, group V and group III
elements as well as group IV elements, are found to be interesting
from the point of view of structural stability and localized
impurity states.

4.1 Chemical doping

In order to investigate the effects of chemical doping of selected
atoms, we first carried out optimization calculations on four
possible adsorption sites in Fig. 1(b) and determined energetically

Fig. 1 (a) Total and atom projected densities of states (DOS) of bare h-AlN and h-GaN. Fundamental PBE band gaps are shaded. The zero of band energy
is set to the Fermi level. (b) Top and side views of the atomic configuration of the (5 � 5) supercell of h-AlN or h-GaN monolayers used to treat the
doping. Four possible adsorption sites of adatoms and optimized lattice constants of the supercells are shown.
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the most favorable site for each atom or molecule. Then we
calculated the electronic and magnetic structures with adatom
induced localized states. In Fig. 2(a), the equilibrium structures of
adatoms (H, C, N, O, F, Al, Si, Ga, Ge and As) adsorbed on h-AlN
and h-GaN are presented. In Tables 1 and 2, the values calculated
for binding energy, magnetic moment and adsorption geometry
are given. All adatoms considered in this study form chemical
bonds with h-AlN or h-GaN, whereby minute or sizeable deforma-
tions at the close proximity of the adatom are induced.

On the h-AlN substrate, the binding energies range from
1.08 eV to 3.95 eV. The top of the host N atom is the equilibrium
site for all adatoms treated in this study, except F that is bound

at the top site of the host Al atom. Adsorbed N and O adatoms
are bound at the top site of host N atom by pushing the host
down and eventually form an asymmetric dumbbell-like struc-
ture. Except for adsorbed O, the rest of the adatoms induce
permanent magnetic moments. Overall the features of chemi-
sorbed adatoms adsorbed on h-GaN display similarities to
those of h-AlN. On the h-GaN substrate, the top site of the host
N atom is also the equilibrium site of the adatoms H, C, N, O,
Al, Si, Ga, Ge and As. The equilibrium site of the adatom F is the
top of the host Ga. These adatoms form strong chemical bonds
with binding energies ranging from 1.19 eV to 3.88 eV. The
oxygen adatom at the top of the host N atom pushes it down-
wards and forms an asymmetric dumbbell-like structure. The
adsorbed C atom also pushes the host N atom downwards, but
it remains in-plane with h-GaN. For both substrates all adatoms
are adsorbed at (or near) the top site of the host N atom; F being
an exception, it is bound to the top site of host metal atoms
Al or Ga.

The contribution of vdW interaction to the binding is
revealed by calculating the binding energy Eb with and without
including vdW interaction. The vdW contribution to the Eb

ranges between 50 meV and 240 meV per supercell for h-AlN,
and 50 meV and 780 meV per supercell for the h-GaN supercell
as seen in Tables 1 and 2.

Among all the binding structures described in Fig. 2(a), the
asymmetric dumbbell-like structures formed after the chemical
doping of h-AlN and h-GaN by O and N adatoms may be prone
to instability. The stability of these structures against thermal
excitations was tested by performing ab initio MD calculations
at 500K. Snapshots of the atomic configuration in Fig. 3 con-
firm the stability of these equilibrium adsorption geometries at
least at 300–400 K. It should be noted that the dumbell-like
structures were found to be essential in the multilayer for-
mation of silicene and germanene (silicite and germanite).45,46

The effect of the chemical doping on the electronic structure
of bare monolayers at the dilute concentration limit is analyzed
in Fig. 4(a) in terms of the total and adatom projected densities
of states. The positions of the localized and resonance states
relative to the band gap of the bare monolayer are determined

Fig. 2 (a) Top and side views of the optimized atomic configurations of
h-AlN and h-GaN monolayers with one adatom adsorbed to each (5 � 5)
supercell. Host Al, Ga, and N atoms, and foreign adatoms are shown by
large orange, large gray, small green and red balls, respectively. (b) Top
view of the optimized atomic configuration of h-AlN and h-GaN with one
host atom in each (5 � 5) supercell substituted by selected foreign atoms.
Each panel shows only part of the supercell.

Table 1 Calculated values for an adatom adsorbed to an h-AlN mono-
layer: Binding energy, Eb (per supercell or per adatom) with/without vdW
correction; the height of the adatom from the h-AlN monolayer, h; the
minimum distance between the adatom and host atom of h-AlN, d; and
the magnitude of local magnetic moment m (per supercell)

Adatom (A) Site Eb (eV) h (Å) d (Å) m (mB)

H TN 1.08/1.03 1.64 1.05 1.00
C TN 3.44/3.33 1.10 1.45 2.00
N TN 2.59/2.49 0.90 1.58 1.00
O TN 3.95/3.88 0.98 1.68 0
F TAl 3.51/3.41 2.26 1.71 1.00
Al BTN 1.31/1.13 2.41 2.10 1.00
Si BTN 2.03/1.89 2.11 1.97 2.00
Ga BTN 1.12/0.88 2.37 2.38 1.00
Ge BTN 1.66/1.46 2.26 2.19 2.00
As BTN 1.26/1.05 2.10 2.10 1.00
H2 B 0.05/— 2.43 2.70 0
O2 TAl 0.08/— 2.91 3.08 2.00
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from the density of states projected to a cation–anion bond of
the monolayer, which is farthest to the adatom in the supercell.
The fundamental band gap of the bare monolayer determined
therefrom is shaded. In Fig. 4(b) all localized states derived
from the chemical doping of adatoms are displayed in the
fundamental band gap of pristine monolayers. The Ga adatom
constitutes shallow states close to the valence band edge of

h-GaN; however, it does not have any impurity state in the band
gap of h-AlN. In contrast, the Ge adatom does not form
localized states in the band gap of h-GaN, while it has shallow
donor states near the conduction band edge of h-AlN. The
hydrogen adatom introduces donor states for both h-AlN and
h-GaN. The fundamental band gap of the monolayers becomes
free of the localized states upon the adsorption of an O adatom.
Other details related with the chemical doping of the mono-
layers can be retrieved from Fig. 4.

Another effect of chemical doping is the local magnetization
induced in h-AlN and h-GaN monolayers. The adatom induced
magnetic state and resulting net magnetic moments per super-
cell are determined by the optimization of the atomic and
magnetic structures, and confirmed by the total density of
states using fine mesh. In general, while adatoms from group
III and V of the Periodic Table induced 1.0 mB per cell magnetic
moment, adatoms from group IV induced 2.0 mB per cell
magnetic moment after adsorption. The fluorine (F) adatom
of group VII adsorbed on the top of the metal atoms induces
also 1.0 mB per cell local magnetic moment. The pristine h-AlN
monolayer is nonmagnetic, but acquires magnetization upon
the adsorption of all adatoms except O atoms. The spin-
degeneracy is broken; Al, C, F, N and Si adatoms adsorbed on
the h-AlN monolayer give rise to localized states of one spin-
direction overlapping with the Fermi level, and localized states
of the other spin-direction above and below the Fermi level. For
h-GaN, Al, C, F, N, Si and As display a similar behavior.

When the coupling between these localized states becomes
significant at high adatom coverage, the localized states start
to form bands in the gap. Then, the above behavior may lead
to half-metallicity, where the band of one spin-direction is
metallic, while that of the opposite spin-direction becomes
a semiconductor. This way a half-metal can transport only
electrons of one spin-direction. Half-metallic behavior depends
on the coverage geometry of specific adatoms. Here we consider
only specific adatoms and explored whether they can lead to
half-metallicity when they covered a single side of the h-AlN
and h-GaN monolayers to form a (2 � 2) mesh. This is a high
concentration, even ordered decoration of adatoms like a
compound. We found that the F adatom adsorbed on h-AlN
and h-GaN monolayers to form a periodic (2 � 2) mesh attained
a half-metallic band structure. While spin-up bands constitute
an indirect band gap semiconductor, two spin-down bands,
which are degenerate at the center of the Brillouin zone, are
half-filled and hence become metallic as shown in Fig. 5.
Accordingly the net magnetic moment per cell is 1.0 mB.
Notably, integer values of m are characteristic of half-metals.

In addition to the F adatom, we also considered Al, C, N and
Si adsorbed to h-AlN and C, N, Si and As adsorbed to h-GaN
forming periodic (2 � 2) meshes on both monolayers. The band
structures of these systems presented in ESI,† Fig. S1 suggest
that Al, C, N and Si adsorbed on h-AlN forming a periodic
(2 � 2) mesh are semiconductors for both spin-directions.
A similar situation is also found for C, N, Si and As adatoms
adsorbed on h-GaN. However, some of these magnetic semi-
conductors have a narrow band gap for one spin-direction and

Table 2 Calculated values for an adatom adsorbed to an h-GaN mono-
layer: Binding energy, Eb (per supercell or per adatom) with/without vdW
correction; the height of the adatom from the h-GaN monolayer, h; the
minimum distance between the adatom and host atom of h-GaN, d; and
the magnitude of local magnetic moment m (per supercell)

Adatom (A) Site Eb (eV) h (Å) d (Å) m (mB)

H TN 1.72/1.67 1.57 1.04 0
C TN 3.88/3.79 �0.53 1.33 2.00
N BTN 1.84/1.75 1.16 1.54 1.00
O TN 3.05/2.99 1.06 1.69 0
F TGa 2.91/2.13 2.44 1.86 1.00
Al BTN 1.55/1.37 2.57 1.98 1.00
Si TN 1.96/1.81 2.14 1.95 2.00
Ga BTN 1.26/1.01 2.63 2.26 1.00
Ge TN 1.60/1.41 2.23 2.21 2.00
As TN 1.19/0.99 2.28 2.09 1.00
H2 TN 0.06/— 2.36 2.61 0
O2 TGa 0.07/— 3.02 3.22 2.00

Fig. 3 (a) Snapshots of the atomic configuration of the O adatom
adsorbed to each (5 � 5) supercell of h-AlN taken at 0 K and 500 K in
ab initio molecular dynamics calculations; (b) the same for the h-GaN
substrate.

PCCP Paper

Pu
bl

is
he

d 
on

 1
4 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 B
ilk

en
t U

ni
ve

rs
ity

 o
n 

2/
25

/2
01

9 
10

:1
7:

55
 A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8cp02188k


16082 | Phys. Chem. Chem. Phys., 2018, 20, 16077--16091 This journal is© the Owner Societies 2018

Fig. 4 (a) Total densities of states calculated for adatoms adsorbed to each (5 � 5) supercell of h-AlN and h-GaN at the equilibrium site are shown by
thin black lines. Densities of states projected to adatoms show localized and resonating states originating from adatoms. Densities of states projected to a
cation–anion pair farthest from the adatoms represent the density of states of the pristine monolayer; its fundamental band gap is shaded. Spin directions
are marked by arrows. (b) Energy levels of localized states of the chemical and substitutional doped h-AlN and h-GaN monolayers in the fundamental
band gaps are shaded light green. The spin directions of the localized states are indicated by arrows. Zero of energy is taken at the Fermi level indicated by
dashed lines.
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can easily be photoexcited and change into metals with low
carrier concentration in the conduction band. Those having a
very narrow band gap can also acquire a significant number of
carriers at room temperature. Eventually, when excited, these
magnetic semiconductors can operate as half-metals. It should be
noted that these half-metals can be important only if their Curie
temperatures are high enough to allow spintronics applications.

H2 and O2 molecules are also physisorbed on h-AlN and
h-GaN monolayers through vdW interaction. The binding
energies are weak and range from 60 meV to 80 meV, and their
distance to the monolayer is large. Earlier, H2 was found to be
physisorbed to h-GaN with an energy of 150 meV, but O2 was
unbound.47 Because of the weak vdW interaction between O2

and h-AlN and h-GaN substrates the magnetic moment of the
free O2 is maintained after the physisorption. In forthcoming
sections we show that these molecules can engage in strong
interaction at the vacancy site leading to dissociation.

Apart from important modifications of chemical doping in
the atomic and electronic structure of h-GaN, another effect of
specific adatoms on the bilayer of h-GaN is worth noting. Two
h-GaN monolayers form normally planar bilayers, where host
Ga atoms of one monolayer are located over host N atoms of the
other monolayer and vice versa having a distance larger than
the normal Ga–N bond distance. This way, the bilayer is held
through vdW attraction. However, the planar bilayer can form a
heackelite structure with the gain of a minute energy, whereby
some vertical Ga–N pairs form weak covalent bonds, while the

others go away further from each other12,20 as described in Fig. 6(a).
This structural transition from planar bilayer to heackelite bilayer
results in the change of the fundamental band gap from indirect to
direct. The adsorption of F and N atoms on the heackelite structure
causes the vertical Ga–N bond to break as shown in Fig. 6(b and c).
This particular structural change results in changes in the
electronic structure. Bond breaking occurs due to the charge
transfer from the vertical Ga–N bond to the adatom.

4.2 Substitutional doping

In the past the substitutional doping of 3D AlN and GaN
wurtzite crystals by foreign atoms (Mg, Ni,Si, Ge, Cr) was
investigated extensively. In view of the earlier research on the

Fig. 5 Energy bands of F adsorbed to each (2 � 2) supercell of mono-
layers having significant coupling with nearest host atoms. (a) AlN + F.
(b) GaN + F. Zero of energy is taken at the Fermi Level. Spin-polarized
energy bands display half-metallic properties.

Fig. 6 (a) Bilayer of GaN in heackelite structure with specific vertical
Ga–N bonds; (b) opening of vertical Ga–N bonds upon adsorption of an
F adatom; (c) the same for an N adatom.

Table 3 Calculated values for the host atoms of the h-AlN monolayer
substituted by selected foreign atoms. Formation energy of substitution Es

(per supercell); the average distance between the substituting atom and
nearest host atoms of h-AlN, d; the magnitude of local magnetic moment
m (per supercell); optimized lattice constant of the (5 � 5) supercell, a

Atom (A) Site Es (eV) d (Å) m (mB) a (Å)

C N 4.62 1.90 1.00 15.68
N Al 7.68 1.44 0 15.47
O N �1.06 1.84 0 15.63
Mg Al 3.32 1.95 1.00 15.69
Al N 8.54 2.32 0 15.85
Si Al 1.58 1.70 0 15.60
Ni Al 5.33 1.83 3.00 15.63
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substitutional doping of 3D AlN and GaN, here we consider
specific foreign atoms to substitute cation and anion atoms of
h-AlN and h-GaN. For the h-AlN monolayer, the host N atom is
substituted by C, O and Al foreign atoms; the Al host atom is

substituted by N, Mg, Si and Ni foreign atoms. For the h-GaN
monolayer, the host N atom is substituted by C, O and Ga
foreign atoms; the host Ga atom is substituted by N, Al, Si, Cr,
Zn and Ge foreign atoms. Relevant values, like the formation
energy of substitution Es, magnetic moment and optimized bond
lengths and lattice constant are presented in Tables 3 and 4.
Calculations were performed by using a (5 � 5) supercell. The
optimized atomic configurations of substitutional doping of
h-AlN and h-GaN are shown in Fig. 2(b).

Al (N) substituting N (Al) in h-AlN and Ga (N) substituting
N (Ga) in h-GaN causes local reconstructions due to size
differences between atoms. Substituting foreign atoms C, Mg,
and Ni in h-AlN, and C, N, Cr, and Zn in h-GaN induces a
magnetic moment. In particular, transition metal atoms Ni and
Cr induce high magnetic moments when they substitute
cations in h-AlN and h-GaN, respectively. Specific foreign
atoms, such as O in h-AlN and O, Al and Si in h-GaN, lead to
negative formation energy of substitution, Es, indicating the fact
that related substitution processes are exothermic. On the contrary,

Table 4 Calculated values for the host atoms of the h-GaN monolayer
substituted by selected foreign atoms. Formation energy of substitution, Es

(per supercell); the average distance between the substituting atom and
nearest host atoms of h-GaN, d; the magnitude of local magnetic moment
m (per supercell); optimized lattice constant of the (5 � 5) supercell, a

Atom (A) Site Es (eV) d (Å) m (mB) a (Å)

C N 3.33 1.93 1.00 16.26
N Ga 5.91 1.43 1.56 16.11
O N �1.29 1.94 0 16.27
Al Ga �1.74 1.81 0 16.24
Si Ga �0.59 1.70 0 16.24
Cr Ga 1.31 1.86 3.00 16.24
Zn Ga 2.30 1.90 1.00 16.27
Ga N 4.37 2.26 0 16.43
Ge Ga 1.41 1.83 0 16.26

Fig. 7 Total density of states (TDOS) calculated for a foreign atom substituting one host atom in each (5 � 5) supercell of h-AlN and h-GaN as indicated
by arrows. Density of states projected to the substituting foreign atom adatom shows localized and resonating states. Density of states projected to a
cation–anion pair farthest from the adatom corresponds to the pristine monolayer; its fundamental band gap is shaded. Zero of energy is set at the
Fermi level.
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cases with Es 4 0 correspond to an endothermic reaction.
Expectantly, the highest Es values are attained for Al substitution
of the host N atom in h-AlN and Ga substitution of the host
N atom in the h-GaN monolayer.

The analysis of the total and projected densities of states
related with the substitutional doping is summarized in Fig. 7.
The h-AlN monolayer remains nonmagnetic, when Al (N) host
atoms are substituted by N (Al) atoms. If a N foreign atom
substitutes an Al host, the band gap becomes free of localized
states. In the reverse situation, the Fermi level is pinned by
localized states at the midgap. Similarly, h-GaN, which is
substitutionally doped by foreign Ga atom is nonmagnetic
and has a Fermi level pinned by the localized states near the
midgap. On the contrary, host Ga substituted by N in h-GaN
gives rise to a magnetic moment and has localized states below
the edge of the conduction band. When the N host atom is
substituted by O in h-AlN and h-GaN, donor states can occur
near the edge of the conduction band. Upon substitutional
doping of the host Al or Ga atom by a foreign Si atom, both h-AlN
and h-GaN remain nonmagnetic and have donor states below

the edge of their conduction band. When the host N atom of
h-GaN is substituted by C, h-GaN attains magnetization and has
an empty localized state at the midgap. In a specific and regular
concentration of these atoms the doped monolayer may gain
half-metallic behavior because of coupling of dopants at high
concentration. Briefly, when doped substitutionally, h-AlN and
h-GaN semiconductors can attain magnetic properties and have
filled or empty localized states in the fundamental band gap.

5 Vacancy and anti-site defects

Here we consider two types of vacancy defects in h-AlN and
h-GaN monolayers: (i) a divacancy (nearest two vacancies) is
created by removing the nearest cation (metal) and anion. This
defect is denoted by VN. (ii) Two vacancies are created by removing
the farthest cation and anion in the supercell, which is specified
by VF. Another defect is an anti-site, where one cation exchanges
its position with the nearest anion. All these defects in a polar
semiconductor give rise to local deformations as shown in Fig. 8.

Fig. 8 Nearest cation–anion vacancy, i.e. divacancy VN; separated cation and anion vacancy VF and anti-site defects where the nearest cation and anion
are exchanged in each (5 � 5) supercell of h-AlN and h-GaN. Left panels: total density of states and density of states projected to the anion/cation which
are adjacent to the vacant site. Band gap of bare monolayer is shaded. Zero of energy is set at the Fermi level. Right panels: top and side views of
optimized atomic configuration with isosurfaces of the total charge density in a (5 � 5) supercell. Removed atoms are indicated by (x). Magnetic moments
(per supercell) are also given.
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Owing to the removed cation and anion in vacancy defects,
each supercell attains a permanent magnetic moment of
m = 2.0 mB in both h-AlN and h-GaN. However, an anti-site is non-
magnetic like a pristine monolayer. The formation energy of a
vacancy defect or anti-site is found to be positive, namely that
energy is required to form the defect. The formation energies of
VN, VF and anti-site are 10.18 eV, 13.32 eV and 10.12 eV,
respectively for h-AlN. The calculated formation energies of

these defects in h-GaN are 6.46 eV, 9.48 eV and 6.13 eV,
respectively. These values are comparable with a recent study
performed within LDA.48 Notably, EVN o EVF due to less bonds
being broken to create a VN in pristine monolayers. Like other
defects, analysis of total and projected densities of states reveals
filled and empty states localized in the fundamental band gap of
h-AlN and h-GaN as described in Fig. 8. The electronic structure of
VF has the potential of forming half-metallic behavior for a specific

Fig. 9 Left panels: Optimized atomic configurations and corresponding phonon dispersions of single-sided (S-H) and double-sided (DS-H) hydro-
genated h-AlN and h-GaN. Right panels: Energy band structures. The fundamental band gaps are shaded. The bands of bare monolayers are shown by
light lines.
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mesh and coverage of VF defects. Briefly, these three types of
defects can lead to modifications in the band gap and hence
attributes diverse functionalities to h-AlN and h-GaN.

6 Hydrogenation of monolayers

Full hydrogen coverage of h-AlN and h-GaN monolayers is of
particular interest, since the physical and chemical properties
of the bare material can be modified to a great extent. Owing to
the regularities of the atomic structure, electronic band

properties in k-space can be regained. Monolayers can retain
their stability for specific hydrogenation geometries. Also the
hydrogenation-dehydrogenation processes by themselves can
be reversible and realized for many cycles. Thus, original and
bare material properties can be regained by dehydrogenation
following an annealing process. In the past, several 2D monolayer
structures were seen to exhibit important changes in their electro-
nic and magnetic properties upon hydrogenation. For instance, the
planar structure of graphene becomes buckled and undergoes a
metal–insulator transition.49 In contrast, buckled phosphorene and
arsenene turn to 2D planar upon full hydrogenation and they attain
a Dirac cone at the K symmetry point.50 This situation occurs also
in fully hydrogenated antimonene and bismuthene.51

In the present case, the following five possible configura-
tions of hydrogen coverage can occur on h-AlN and h-GaN: only
N atoms are hydrogenated, which is specified as (N–H); only
cation or metal atoms are hydrogenated (Al/Ga–H); both cation
and anion atoms at the same side of the monolayer are
hydrogenated (single-sided, S-H); cations and anions are hydro-
genated at opposite sides (double-sided, DS-H); two H atoms
are adsorbed to each cation and anion from either side (F–H).
All these configurations are examined by structure optimization
and performing phonon calculations to test their dynamical
stability. Among the five configurations, only the S-H and DS-H
configurations are found to be stable; the other three were
found to be unstable, since they had imaginary frequencies for
specific phonon modes.

In Fig. 9, we present stable configurations together with
their calculated phonons and electronic energy bands. Upon
hydrogenation the planar geometry of h-AlN and h-GaN
becomes buckled, since planar sp2 hybrid orbitals change to
tetrahedrally coordinated sp3-like orbitals. The buckling height
increases from B0.3 Å to B0.7 Å by going from S-H to DS-H,
since the anion–H bond is stronger than the cation–H bond. In
addition, the lattice constants of h-AlN and h-GaN differ in S-H
and DS-H hydrogenation. As for the electronic structure, the
band gaps of h-AlN and h-GaN increase upon hydrogenation. In
Table 5 the values, such as structural parameters, cohesive
energy and band gap calculated for S-H and DS-H hydrogenated
monolayers are tabulated. In the same table, the fundamental
band gaps calculated by HSE corrections over the PBE results
are also given. Interestingly, differences between HSE and PBE
band gaps of h-AlN and h-GaN covered by hydrogen in different
decorations keep the values in the range of B1.2–1.3 eV the

Table 5 Values calculated by using PBE for single-sided (S-H) and double-sided (DS-H) hydrogenation of h-AlN and h-GaN monolayers: lattice constant
a; buckling height D; bond distance between metal (M or cation) atoms and nitrogen dM–N; bond distance between metal (M) atoms and hydrogen dM–H;
bond distance between nitrogen and hydrogen dN–H; average binding energy of free H atom Eb; band gap Eg (i: indirect, d: direct gap). HSE corrected
band gaps are shown in parentheses

System a (Å) D (Å) dM–N (Å) dM–H (Å) dN–H (Å) Ec (eV per atom) Eg (eV)

2* h-AlN
S-H 3.30 0.29 1.93 1.61 1.06 7.20 4.21 (i) (HSE 5.42)
DS-H 3.14 0.68 1.94 1.57 1.03 7.82 3.07 (i) (HSE 4.23)
2* h-GaN
S-H 3.45 0.29 2.01 1.61 1.04 6.32 3.44 (i) (HSE 4.73)
DS-H 3.24 0.72 2.01 1.56 1.03 6.86 3.19 (d) (HSE 4.44)

Fig. 10 (a) Imaginary dielectric function [e2(o)] of bare, single-side (S-H)
and double-side (DS-H) hydrogenated monolayer h-AlN; (b) e2(o) of bare,
S-H and DS-H hydrogenated monolayer h-GaN.
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same as for pristine h-AlN and h-GaN as seen in Section 3. This
situation justifies the trend known as ‘‘scissor operation’’ that
the difference between the HSE band gap (predicting a value
relatively closer to the experimental value) and PBE band gap of
defected systems comprising 50 atoms will be in the range of
B1.2–1.3 eV. In ESI,† Fig. S2 the configuration of hydrogena-
tion, which lead to dynamical instability and related phonon
calculations are presented.

6.1 Optical Properties of hydrogenated monolayers

In order to compute the effects of hydrogenation on the optical
properties, Random Phase Approximation (RPA)52,53 is employed
on top of the PBE approach, using a sufficient total number of
(valence and conduction) bands of 96. The linear optical response
is calculated in terms of the isotropic complex dielectric function,
composed of the real and imaginary parts, which can be derived
from one another via Kramer–Kronigs relations. Monkhorst–Pack
k-point sampling adopted for the PBE-RPA calculations was
127 � 127 in the 2D unitcell. Two different cases, namely S-H
and DS-H were considered. The calculated, imaginary dielectric
functions [e2(o)] are shown in Fig. 10. Functionalizing monolayer
h-AlN and h-GaN by full H coverage was observed to affect the
in-plane optical response to a significant extent. As explained in

detail in ref. 18, 54 and 55, critical features in the optical spectra of
pristine monolayer h-AlN and h-GaN are especially the absorption
onsets slightly above 3 eV and around 2 eV, as well as the main
optical absorption peaks appearing near 5.8 eV and 5.2 eV,
respectively. The absorption band edge of h-AlN was blue-shifted
to 3.8 eV for the DS-H case. On the other hand, the onset is further
shifted above 4.6 eV for the S-H case. Moreover, the absorption
peaks are scattered to multiple ones once h-AlN is hydrogenated,
where the first main luminescence peaks appeared at 5.7 eV and
5.2 eV, for the DS-H and S-H cases, respectively. Similarly, the band
edge of bare h-GaN is blue-shifted to nearly 3.1 eV and 3.9 eV for
DS-H and S-H absorbed h-GaN, respectively. Also, the main lumi-
nescence peak of bare GaN is degraded by amplitude, and blue-
shifted to around 6.4 eV once functionalized by H-coverage. Even
though the positions of the onsets and luminescence peaks are
not as exact as possible due to the gap underestimation of the PBE
method, the results are still sufficient for a quantitative evaluation.
Nevertheless, HSE corrections made over the PBE bands of pristine
and hydrogenated h-AlN and h-GaN suggest that all adsorption
edges of the curves in Fig. 10 should be blue-shifted by 1.2–1.3 eV.

In summary, the principal effect of hydrogenation of
layered h-AlN and h-GaN structures has been to further shift
the optical activity towards higher energies, allowing for optical

Fig. 11 (a) Top and side view of the atomic configurations after the spontaneous dissociations of a H2 molecule at the cation vacancy site of h-AlN into
constituent H atoms. The anion pair of the vacancy is indicated by ‘‘x’’. The calculated dissociation energy Ed, is also given. Hydrogen atoms are indicated
by small red balls. (b) The same for the dissociation of O2 molecules at the cation vacancy site of h-AlN. Oxygen atoms are indicated by large blue balls.
(c) The same for the dissociation of H2 at the cation vacancy site of h-GaN. (d) The same for the dissociation of O2 at the cation site of h-GaN.
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modulation by hydrogenation in the ultra-violet (UV) regime,
indicating potential use in optoelectronic devices operating in
the UV zone.

7 Dissociation of H2 and O2

Various orientations and geometries of H2 and O2 molecules
approaching the cation vacancy site of the monolayers are
examined. A H2 molecule can be dissociated with a dissociation
energy, Ed of 5.83 eV at the Al vacancy site, when it is initially
placed parallel to the h-AlN monolayer as shown in Fig. 11(a).
Otherwise the H2 molecule weakly attaches to h-AlN over Al or
N with about 0.10 eV binding energy as summarized in ESI,†
Fig. S3. The O2 molecule also can dissociate both at the Al
vacancy site when it is initially placed parallel to the monolayer
near the top site of N. After dissociation one O atom becomes
bound to one N atom surrounding the vacancy, and the other
O atom is attached to Al atom as shown in Fig. 11(b). The
calculated dissociation energy is 1.59 eV, which is smaller than
the binding energy of O2 due to the formation of Al/Ga–O and
N–O bonds. Different initial positions of the oxygen molecule
relative to the vacancy site, which led to one case of dissociation
with relatively smaller energy of dissociation and various cases
of physisorption, are summarized in ESI,† Fig. S4.

Interaction of H2 and O2 molecules with the h-GaN monolayer
leading to either dissociation or physisorption is investigated in a
similar manner. H2 can dissociate when it approaches the Ga
vacancy site in a vertical or lateral orientation relative to the
monolayer. Upon dissociation, constituent H atoms are bound to
different N atoms surrounding the vacancy with Ed = 5.69 eV. Other
geometries of approach leading to dissociation or physisorption are
presented in ESI,† Fig. S5. When the O2 molecule is initially placed
parallel to the h-GaN monolayer between two surrounding
N atoms, it dissociates with Ed = 1.20 eV; one of the constituent
O atoms is bound to Ga, the other one to the surrounding N atom.
Other configurations leading to the bouncing of O2 from the
monolayer or its physisorption are presented in ESI,† Fig. S6.

8 Conclusions

h-AlN and h-GaN monolayers are known to be indirect, wide
band gap semiconductors with planar geometry. These mono-
layer materials can acquire diverse electronic, magnetic and
optical properties upon chemical and substitutional doping,
and formation of anti-site and vacancy defects. Selected ada-
toms (H, C, N, O, F, Al, Si, Ga, Ge and As) readily form chemical
bonds with these bare monolayers. The process of binding
is exothermic with a positive binding energy ranging between
1.0 eV and 4.0 eV. The contribution of the van der Waals
interaction in these bonds is generally minute. As a result of
chemical binding, local reconstructions can be induced or
asymmetric dumbbell-like structures can be constructed at the
close proximity of the defect. The stability of the dumbbell-like
constructions are confirmed by finite temperature, ab initio
molecular dynamics calculations. The chemical doping of the
GaN bilayer in the heackelite structure by specific adatoms

breaks the vertical bonds and hence transforms it to a planar
bilayer. The substitutional doping of atoms (C, N, O, Mg, Al, Si,
Ge, Cr, Ni and Zn) is generally endothermic, except for the O
atom in h-AlN and O, Al and Si atoms in h-GaN.

Since the coupling with nearest dopants or defects is negligible
in the low (dilute) concentration limit, filled and/or empty localized,
spin-polarized or spin-degenerate states can be induced in the
band gap of the pristine monolayers. The resulting donor or
acceptor states can modify the electronic and optical properties.
In addition, the monolayers can attain integer numbers of local
magnetic moment through broken spin-degeneracy. At a high
concentration of dopant and defects, induced localized states
broaden into spin-bands in the fundamental band gap. In parti-
cular, the bands originating from spin-polarized, localized states
can attribute half-metallicity, when their coupling is significant. For
example, fluorine adatoms adsorbed on h-AlN and h-GaN to form a
periodic (2� 2) mesh change these wide band gap semiconductors
into half-metals. While spin-up bands form a semiconductor with
band gaps wider than that of the pristine monolayers, spin-down
bands are metallic. On the other hand, the pristine monolayers can
change into either magnetic metals or magnetic narrow band gap
semiconductors, when decorated by specific adatoms.

In addition to the doping, the formation of anti-sites and
pairs of nearest and distant cation–anion vacancies can also
lead to critical changes in the electronic structure by inducing
localized gap states. While a cation–anion vacancy induces a
permanent local magnetic moment of 2.0 mB, an anti-site defect
is nonmagnetic.

At the full coverage of H atoms, planar monolayers acquire
buckling and remain stable only for specific geometries of
coverage. For stable structures, the band gaps are generally
widened with modified optical properties, but for a specific
hydrogenation geometry the band gap changes from an indirect
to direct one.

Interestingly, even if the binding of H2 and O2 molecules to
the surface of bare monolayers is usually weak, these molecules
can be dissociated spontaneously at the vacancy site; sub-
sequently chemically active, unsaturated sp2 hybrid orbitals
form strong bonds with constituent H and O atoms.

It should be noted that several earlier studies using the same
theoretical method were demonstrated to be successful in pre-
dicting diverse properties, and several predictions in this work are
relevant. Even though the underestimation of the band gap by
DFT may make our results related to the electronic energy
structure questionable, the trend that the difference between
the real band gap and PBE band gap remains unchanged is
crucial to interpret the results obtained within PBE. In particular,
the position of the Fermi level relative to the conduction band
edge of the pristine monolayer can be deduced from this trend.

In summary, our study demonstrates that monolayers of
h-AlN and h-GaN in a honeycomb structure can acquire diverse
changes and functionalities through doping, patterned adatom
coverage and anti-site and vacancy defects, which can be
exploited in 2D optoelectronics. We believe that the findings
of this study will provide insight for the development of novel
2D materials.
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