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Abstract 

 
The success of Graphene has triggered the research interest in other stable, single 

and few-atom-thick layers of van der Waals materials, which can possess attractive and 

technologically useful properties. Other complex structures, such as boron nitride, 

MXenes and metal chalcogenides have been successfully synthesized as layered 

materials showing advanced properties. 

Here, after an introduction briefing novel 2D materials, we focus on 2D AlN and 

present a review covering theoretical considerations on the stability of an infinite 

hexagonal AlN (h-AlN) sheet, differences that occur in the electronic structure between 

bulk AlN and single layer and discuss possible methods of tuning their electronic and 

magnetic properties by manipulating the surface and strain using DFT (density 

functional theory) computations. We address potential applications of 2D-AlN with an 

emphasis on gas sensing for CO2, CO, H2, O2, NO and NO2 in the presence of NH3.  

Further, we discuss some growth strategies of AlN single layer and few layers on 

different substrates. 2D AlN layers and nanotubes with ultrawide bandgap (9.20-9.60 

eV) which shows a great potential to support innovative and front-end development of 

deep-ultraviolet optoelectronic devices are illustrated. 

mailto:mbeshkova@yahoo.com
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1. Introduction 

 

 Two-dimensional (2D) materials have been of a vast interest in the material science 

area because of their unique physico-chemical properties and rare physical phenomena 

that arise when charge and heat transport is confined to a plane [1]. 

The first experimentally demonstrated material of this class is graphene. Because of 

the unique lattice symmetry graphene shows high stability and exceptional physical 

properties [2-6] such as high electron mobility even at room temperature, ambipolar 

effect, Klein tunneling, and anomalous half-integer quantum Hall effect. With further 

development of graphene materials, e.g. functionalization, intercalation, etc, new effects 

and potential applications are discovered, which suggest that graphene has a plethora of 

unexplored performance. On another hand, graphene has some limitations for electronic 

device applications such as the zero-band-gap semi-metallic character which results in  

low on/off ratios in case of switching devices and low reproducibility in large-scale 

production [7].  

2D materials beyond graphene may bring new solutions of the identified problems. 

Different from gapless graphene, some two-dimensional layered materials  (2DLMs) are 

found to be insulators, for example h-BN [8-10], topological insulators e.g. Bi2S3, 

Bi2Te3 and Sb2Te3 [11-12] and semiconductors, namely transition-metal 

dichalcogenides (TMDs, e.g., MoS2 and WS2) [13-15]. 

2D hexagonal BN (h-BN) is the insulating isostructural form to graphene built up of 

alternating boron and nitrogen atoms and having band gap ~ 5.9 eV. As a monolayer it 

https://www.sciencedirect.com/topics/physics-and-astronomy/boron
https://www.sciencedirect.com/topics/physics-and-astronomy/nitrogen-atoms
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has been studied over a decade [16]. BN nanosheets can be obtained by exfoliation 

methods as well as CVD (chemical vapor deposition). Exfoliated BN has better 

structural quality than the one made by the chemical deposition technique. 

Atomically thin h-BN has the potential to be used in many applications such as 

different types of coatings, gate and substrate dielectrics for nano-electronic devices, high-

temperature resistive layers, and other advanced applications of 2D material systems. It 

has been shown that by using h-BN as an encapsulant the mobility of graphene can be 

enhanced and the charge neutrality point shifted to zero, see Fig. 1 [17,18].  

 

 

 

 

 

Fig. 1 (A) Optical image of graphene and h-BN flakes (scale bar 10 μm), (B) 

optical image of a hall bar measurements device for graphene electron mobility 

(scale bar 1 μm), (C) electron mobility as a function of gate voltage, with a 

histogram of mobility seen in inset, and (D) electron mobility enhancement in 

graphene on h-BN at various temperature as compared to graphene on SiO2. 

Panels (A–C) from Ref.  [17] copyright Elsevier used with permission. Panel (D) 

from Ref. [18] copyright AIP Publishing, used with permission.  
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BN nanotubes have been also investigated. They are kind of analogue to CNTs but 

possess partly polar bonding between B and N. They are believed to be promising for 

future high-performance composites, bio-, electromechanical, and medical devices. A 

comprehensive review of BN nanotubes and nanosheets can be found in Ref. [8]. 

Transition metal dichalcogenides (e.g. MoS2) [19] have semiconducting properties 

which can complement those of graphene and BN. 

Interesting materials are group 13 metal chalcogenides (GIIIAMCs) [20] that can be 

devided into the following two categories on the basis of their stoichiometric 

composition: one is MX (e.g, InS [21] InSe [22], InTe[23], GaS [24], GaSe [25] and 

GaTe [26] and the other is MaXb (e.g. In2S3 [27], In2Se3 [28],  In3Se4 [29-31] and In4Se3 

[32] and In2Te3 [33].  GIIIAMCs exhibit a variety of polymorphous structures.  

InSe is a semiconductor with a direct energy bandgap (Eg=1.26 eV) at room 

temperature and the band gap can be further widened by having quantum confinement 

at reduced sample thickness [21, 34-36]. Layered InSe of three polytypes (,  and ) 

can be made by changing the stacking sequence of primitive layers [22, 37]. 

The mobilities of mechanically exofoliated -InSe FETs (field-effect transistors) 

with PMMA (polymetyl metacrylat)/Al2O3 bilayer dielectric [38] are up to 1055 cm2V-1 

s-1 and the current on/off ratio is 1108.  

2D chalcogenides Cs-Ag-Bi-Q (Q=S, Se), where Cs ion can be exchanged with 

other cations, such as Ag+, Cd2+, Co2+, Pb2+, and Zn2+, form new phases with tunable 

band gaps between 0.66 and 1.20 eV [39]. 

Typically, 2D chalcogenides, along with graphene (conductor) and h-BN (insulator) 

can be arranged in multilayered van der Waals stacks having different applications- 

lasers, LEDs, sensors, etc. 
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Much attention has been given recently to the emerging class of 2D materials named 

Mxenes. These are 2D transition metal carbides and/or nitrides [40-42] that have 

attracted extensive theoretical and experimental research [43-45]. MXenes are obtained 

[40,46,47] from the atomically laminated parent Mn+1AXn (MAX) phases, where M is a 

transition metal, A is an A-group element, X is C and/or N, and n=1-3 [48,49]. MAX 

phases are particularly interesting with the nature of bonding, which is a mixture of 

metallic, covalent and ionic character [50]. Because of that they show a combination of 

metallic and ceramic properties, e.g., high hardness, high thermal decomposition 

temperature, and oxidation resistance in parallel with good electrical and thermal 

conductivity and good machinability [48]. 

During removing the A-element from the MAX phase for MXene preparation the 

new surfaces are terminated by species that are native to the etchant and represent a 

combination of –O, -OH, and –F [51-52]. MXenes are different from other 2D materials 

with their high conductivity, hydrophilicity, and chemical diversity. Due to the latter 

they are tunable in composition, e.g. Ti3C2Tx, Mo2CTx, V2CTx. Changing the surface 

terminations may further change the materials characteristics [53-55, 52]. Combining 

the above-mentioned properties gives benefits for e.g. energy storage in MXenes based 

electrodes [56]. Furthermore, it has been demonstrated [57] that in two-dimensional 

Mo1.33C MXene with divacancy ordering the specific capacitance can be increased 

remarkably. 

During the last years an emerging interest has been observed towards two-

dimensional aluminum nitride (2D AlN). Structure stability as well as the electronic 

properties of 2D AlN are becoming a “hot” research topic, which can expand the range 
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of possible applications of AlN and open new perspectives for miniaturization in 

engineering functional nano-devices and interconnects. 

 In AlN nanostructures such as nanosheets (NSs), the bonds between the nearest Al 

and N atoms are formed from the bonding combination of Al-pz and N-pz orbitals. Due 

to the electronegative difference between Al and N atoms, electrons are transferred from 

Al to N. This results in partially ionic bonding and makes a difference from the purely 

covalent bonds in graphene [2-6, 58]. Therefore, the charge transfer from Al to N 

dominates several properties of 2D AlN including opening of a band gap. 

While Al and N atoms are four-coordinated in bulk AlN, in AlN sheets they are 

three-fold-coordinated with dangling bonds, which can serve as active sites for gas 

adsorption [59,60]. Furthermore, in contrast to the nonpolar bonds in graphene, owing 

to the charge transfer from Al to N, the Al-N bonds in 2D AlN have a dipole moment, 

which also plays an important role in the adsorption of gas molecules. Such features 

may be beneficial for sensor applications. 

Synthesis of 2D materials with dedicated properties is a case specific task and 

differs considerably from material to material.

Deposition of materials from their vapor is an attractive versatile synthesis strategy. 

However, the development of a controlled synthesis method of 2D materials such as 2D 

AlN by vapour deposition requires better understanding of the fundamentals involved.  

Vapour deposition has been extensively used for the growth of thin films and 

nanostructures, such as AlN nanowires [61].  Knowledge obtained from these materials 

may not be directly applied to 2D AlN materials, but the growth experience can be 

further used to elaborate new recipes. The key to the synthesis of substrate supported 
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2D AlN single layers is to realise monolayer (ML) van der Waals epitaxy in which the 

associated forces have much smaller energies (40-70 meV), than covalent binding 

energies of 200-6000 meV [1].  

This review presents considerations related to the stability of an infinite hexagonal 

2D AlN (h-AlN) sheet within the framework of DFT (density functional theory) as well 

as novel optical and magnetic properties of 2D AlN nanosheets with tuneable band 

structure. Potential applications in spintronics, gas sensing and gas storage are 

addressed. Experimental approaches towards growth of substrate supported 2D AlN 

nanosheets and their physical characterization are discussed. 

 
 
2. Basic properties of 2D AlN 

 

2.1 Structural issues 
 

De Almeida Junior et al. [62] carried out theoretical calculations on the stability of an 

infinite hexagonal AlN (h-AlN) sheet and its structural and electronic properties within 

the framework of density functional theory [63-65]. For perfect h-AlN they predict an 

Al-N bond length of 1.82 Å (Fig.2) which agrees with works by others [66], and an 

indirect band gap of 2.81 eV. 

For evaluating the stability of an AlN model system, de Almeida Junior et al  used 

the cohesive energy per atom Ecoh/at defined as follows: 

 

)/(]([/ AlNAlAlNNtotatcoh nnEnEnEE                                                                      (1) 

where totE  is the total energy of the model system, Nn and Aln are the number of N and 

Al atoms per unit cell, and NE and AlE are the energies of the N and Al species, 
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respectively. The determined value for atcohE /  of an infinite h-AlN sheet is 5.03 eV 

which is only by 6% lower than that of the bulk (wurtzite) AlN. This result obtained in 

Ref. [62] can be considered as indicative of the energetical impetus towards structural 

stability and eventual synthesis of   2D h-AlN sheets. 

 

 

 

 

 

 

 

 

 

 

The formation energies of the typical point defects in Al-rich and N-rich sublattices 

are listed in Table 1, [62].  

 

 

 

 

 

 

 

 

Defect N-rich Al-rich 
VAl 7.79 9.45 
VN 4.44 2.78 
NAl 6.43 9.74 
AlN 10.04 6.73 
CAl 3.41 5.07 
CN 4.15 2.49 
SiAl 0.72 2.38 
SiN 4.79 3.13 

Fig. 2. Portion of the unit cell of a perfect h-AlN sheet from Ref. [62] copyright 

Springer Nature, used with permission. 

Table 1. Formation energy (eV) for different defects incorporated in an infinite  

2D h-AlN sheet from Ref. [62] copyright Springer Nature, used with permission. 
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From Table 1 it is reasonable to conclude that the substitutional impurity defects, 

especially Si, are the most energetically favourable because they demand the least 

formation energy. Concomitantly, anti-site defects are less probable due to the high 

energy need for their creation.  

 
2.2 Optical properties 

 

Valedbagi et al. [67] calculated the electronic structure and optical properties of AlN 

nanosheets by density functional theory in the generalised gradient approximation [68-

70].  Table 2 presents the energy gap of AlN bulk (wurtzite structure) and nanosheet. 

The results are consistent with previous works [62, 71,72, 84]. 

 

 

 

 

 

 

It is seen that changes of dimensionality from 3D to 2D leads to almost two-fold 

narrowing of the energy bandgap of AlN. 

Optical characteristics such as dielectric function, extinction index, reflectivity, 

absorption coefficient, and optical conductivity of AlN nanosheets are modelled for 

both parallel and perpendicular electric field polarizations. Dielectric function is a 

complex measure that labels the linear response of the system to an electromagnetic 

radiation.  

Structure This work Other works 
bulk 5.02 5.03 [21],    4.75 [22] 
nanosheet 2.93 2.81 [12],    2.93 [37]  

Table 2. Calculated energy gap (eV) for AlN bulk (wurtzite structure) and nanosheet 

from Ref. [67] copyright Elsevier, used with permission. 
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In Table 3 the dielectric constants (ω) and refractive index n(ω) of AlN bulk 

(wurtzite structure) and of AlN nanosheet are compared. The results are consistent with 

a previous work [73]. 

 

 

 

 

 

 

 

  

 The absorption coefficient for AlN nanosheets is shown in Fig. 3. In (E || x) 

geometry, the first absorption peak occurs at an energy of 6.08 eV, and the highest 

absorption peak is at energies of 10.5-11.4 eV. In (E || z) geometry, the first absorption 

peak occurs at an energy of 6.5 eV and the highest absorption peak is at an energy of 

10.25 eV. 

The real part of the optical conductivity for AlN nanosheet is shown in Fig.3. 

Optical conductivity in (E || x) and (E || z) starts with a gap of about 5 eV and 4.0 eV, 

respectively, which confirms that the AlN nanosheet has semiconductor properties (see 

Fig.4). 

 

 

 

 

Structure This work Ref. [23] 
Bulk x=4, nx=2.09 x=4.3, nx=2.09 
 z=4.2, nz=2.1 z=4.5, nz=2.15 
   
Nanosheet x=1.8, nx=1.35 - 
 z=1.6, nz=1.25 - 

Table 3. Dielectric constants (ω) and refractive index n(ω) of AlN wurtzite 

structure (bulk) and AlN nanosheet, respectively from Ref. [67] copyright Elsevier, 

used with permission. 
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2.3 Effect of strain on the electronic properties of 2D AlN 

Strain in nanomaterials can affect to a large extent their electronic properties and 

energy band structure.  

Liu et al [74] studied by DFT the electronic structure of AlN nanosheets at various 

strain conditions [75-77]. It was shown that in monolayer AlN the band gap changes 

from indirect to direct upon applying shear strain.  

 The AlN nanosheet is presented as a planar honeycomb lattice with 2 different 

symmetries - hexagonal and rectangular (Fig.5).  Then tensile and compressive axial 

strains were applied by simulation and the effect of different strains on the energy band 

gap was computed.  

In Fig.6  changes of the energy band gap of AlN nanosheets under different types of  

Fig. 3. The absorption coefficient of 

AlN nanosheet for the electric field 

parallel and perpendicular to the AlN 

layer from Ref. [67] copyright 

Elsevier, used with permission. 

Fig. 4. The real part of optical 

conductivity of AlN nanosheet for the 

electric field parallel and 

perpendicular to the AlN layer from 

Ref. [67] copyright Elsevier, used 

with permission. 
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Fig. 5. Ball and stick models for atomic structure of AlN nanosheets in two different 

supercells: a) rectangular symmetry (x axis: zig-zag direction, y axis: arm-chair 

direction); b) hexagonal symmetry (both x and y axes: zig-zag direction): [blue balls: 

Al atom, yellow balls: N atom] from Ref. [74] copyright Elsevier, used with 

permission. 

strain are illustrated.  With increasing strain an indirect to direct band gap transition is 

observed, especially in case of large shear and uniaxial strains along the zig-zag 

direction. The susceptibility of the 2D AlN nanosheets to large strain can be explained 

by quantum confinement effects which do not take place in the three-dimensional bulk 

phase [75]. 

 

 

 

 

 

 

 

The dynamical stability of AlN nanosheets is illustrated by the results summarized 

in Table 4 [74]. In both supercells, the hexagonal and rectangular ones, AlN nanosheets 

are stable within a certain range of biaxial and tensile strain, while in case of shear 

strain the dynamical stability depends on the strain direction. 
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In the case of three dimensional heterostructures, lattice mismatch could 

generate topological defects, like linear dislocations [76, 77]. Camacho-Mojica et al 

[78] focused on the study of extended line defect (ELD) formed by 8-4 membered rings, 

Fig.7, into the honeycomb monolayer of AlN using first-principles density functional 

theory calculations [79,80].  

 

Fig. 6. Band gap versus strain for AlN nanosheet in (a) the rectangular supercell 

and  

(b) the hexagonal supersell. Filled and unfilled symbols represent the indirect and 

direct band gaps, respectively from Ref. [74] copyright Elsevier, used with 

permission. 
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Fig. 7. Relaxed infinite two-dimensional AlN sheet formed by alternated honeycomb 

strips joined by an extended line defects (8-4 defects) from Ref. [78] copyright 

Elsevier, used with permission. 

 

 

 

 

 

 

This ELD separates two honeycomb regions representing a grain boundary in a two-

dimensional system. 

 

 

 

 

 

 

Strain direction Strain mode Dynamical stability 
 Range:  

2.5-10% 
Rec. Hex. 

x-Axis  Compressive Unstable Unstable 
  Tensile      Stable   Stable 
    

y-Axis Compressive Unstable Unstable 
   Tensile      Stable   Stable 
    

xy-Axis Compressive Unstable Unstable 
   Tensile      Stable   Stable 
    

x-Axis (comp)., y-axis (tens.)    Shear Unstable Stable 
x-Axis(tens)., y-axis (comp.)    Shear Unstable Stable 

Table 4. Dynamical stability of rectangular (rec.) and hexagonal (hex.) AlN 

nanosheets under different kinds of strains (comp. = compressive strain, tens. = tensile 

strain) from Ref. [74] copyright Elsevier, used with permission. 
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The extended line defects in AlN sheet structure showed to be stable, keeping the 

planarity, the calculated formation energy is -0.765 eV. 

Electronic density of states calculations demonstrated that the band gap is reduced 

with 8 % compared with pristine AlN monolayer when ELD is introduced into the 

honeycomb structures. In addition, the electronic density of states exhibits in-gap states 

in the valence band. 

In depth studies related to ELDs suggest that these types of defects could have 

applications in photonic acting as a waveguide, where the grain boundaries act as a 

reflector at some energy. 

 

2.4 Tuning electronic and magnetic properties 

 

Following the findings in surface modifications of graphene, chemical 

functionalization is expected to alter the electronic and magnetic properties of other 2D 

materials, e.g. AlN nanosheets (NSs). It is expected that interfacing  AlN nanosheets 

with hydrogen will bring technological benefits.  Hydrogenation of AlN nanosheets 

with the aim to give insights in the electronic and magnetic properties has been studied 

based on first-principles calculations [81, 82] by Zhang et al [83].  

The authors investigated two model systems: fully hydrogenated and semi- 

hydrogenated AlN NSs. First, they optimise a plain structure with a number of the 

single bilayers (Al-N) less than five. As illustrated by Fig. 8 for the initial 2-bilayer 

wurtzite structure transforms to graphitic structure after optimisation. It was also shown 

that the band gap decreases in the layered AlN nanosheets. 
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It seems that the adsorbed hydrogen, in particular of full coverage, can cause the 

AlN structure to transform  from planar AlN NSs to initial wurtzite configuration. Fig.9 

shows the geometric and electronic properties of fully hydrogenated NSs with a 

thickness of one and two bilayers. Al and N atoms are sp3 hybridized with the bonded H 

atoms in the polar surface (0001).  

At a small number of AlN bilayers the bandgap increases but when n>4 the fully 

hydrogenated n-AlN-2H turns into a ferromagnetic metal [83].  

Zhang et al [83] have reported that in case of semi-hydrogenated AlN nanosheets on 

the Al sites the material is magnetic semiconductor only for even number of bilayers. 

For odd number of bilayers, half-metallic properties are obsereved. It is hypothesized 

that this behavior is possibly due to a quantum confinement caused by the Al-H bond 

length shrinkage. Having in mind such properties one can think about using them in 

spintronic devices. 

As to the semi-hydrogenation on the N sites, the effects observed on the AlN 

nanosheet properties are much weaker and do not represent a practical interest. 

 

Fig. 8. Geometry of AlN NSs with two single bilayers a) initial wurtzite structure and  b) 

graphitic structure after optimizarion with n<5 [lilac balls: Al atom, yellow balls: N 

atom] from Ref. [83] copyright John Wiley and Sons, used with permission. 
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 The stability of hydrogenated AlN NSs has been studied [83]  via computations of 

the formation energies for both fully hydrogenated and semi-hydrogenated systems. The 

formation energy is given by 

  

Ef= E(H:AlN) - E(AlN) - nHH                                                                                     (2)   

 

where E(H:AlN) and  E(AlN) are the total energies of the supercell with and without 

hydrogen, respectively.  is the half of the binding energy of H2, and n is the 

difference of the concentrations of hydrogen atoms in fully hydrogenated and semi-

hydrogenated systems. Following this definition, it becomes obvious that the nano 

Fig. 9. Optimized geometry and band structure and DOS for fully hydrogenated  

a) 1-AlN-2H and b) 2-AlN-2H [lilac balls: Al atom, yellow balls: N atom, blue 

balls: H atom] from Ref. [83] copyright John Wiley and Sons, used with 

permission. 
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system with the smaller formation energy is more advantageous and should be preferred 

in experiments (Table 5). From the analysis made of the formation energies it follows 

that thicker nanosheets are more stable and can be easier realised. 

Further, Zhang and Wang [84] carried out first principle calculations to investigate 

the electronic structures and magnetic behaviour of two-dimensional AlN nanosheets 

being functionalised  with fluorine (F) and hydrogen.  Based on the experience of 

graphene decorated with F, the authors computed the energy band structure and 

magnetic properties of AlN nanosheets  when F decorated Al atoms in AlN nanosheets 

(F-AlN) due to the weak bonding between F and N atoms [85]. It was observed   that 

the ferromagnetic (FM) state is half-metallic, which indicates that semi-fluorination 

might not be an efficient way to tune the magnetic properties of AlN NSs. 

As concerns decoration with hydrogen, using mean field theory [86], the Curie 

temperature was predicted to be above room temperature, which is of importance for 

implementations in spintronics. 

 

 

 

 

 

The authors of [84] further investigated the effect of co-decoration of AlN NSs with 

hydrogen and fluorine on both sides of the nanosheet. They computed the relative 

 
Configurations  

Formation energies (eV) 
1 2 3 4 5 6 

n-AlN-2H 
nH-AlN 
AlN-nH 

5.47 2.75 1.83 1.28 0.81 0.65 
3.75 1.69 1.02 0.72 0.55 0.42 
3.94 1.36 0.83 0.59 0.45 0.38 

 

Table 5. The calculated formation energy (in eV) of hydrogen adsorbed on Al or 

N sites in fully hydrogenated and semihydrogenated AlN NSs from Ref. [83] 

copyright John Wiley and Sons, used with permission. 
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stability energy for two arrangements: F-AlN-H and H-AlN-F, and found that the F-

AlN-H structure is energetically more favourable and hence more stable.  Moreover, it 

was shown [84] that this system is an indirect bandgap semiconductor having a band 

gap about 3.5 eV which suggests that the functionalization of AlN freestanding 

nanosheet by F and H as discussed above is a way to get almost a threefold increase of 

the bandgap of the pristine nanosheet. 

Although bare AlN nanosheets are a 2D isotropic system, after co-functionalization 

with F and H atoms on the Al and N side, of the nanosheets, they demonstrate 

anisotropic semiconducting behaviour which is explained by  charge redistribution in 

different atoms [84]. 

 Creating anisotropy [87] in nanostructures may open a route for novel applications 

in molecular recognition, sensors, solar cells, etc.  It is expected that co-functionalized 

anisotropic F-Al-H nanosheets may have a potential in these fields. 

 

2.5 Adsorption properties  

 

 

Adsorption of species (atoms, molecules or clusters) on surfaces is a fundamental 

process which has a tremendous importance for sensing, catalysis, surface physics, etc. 

Among the numerous publications related to adsorption of various species on 2D 

nanosheets we mention here the interaction of graphene with substituted derivatives of 

benzene [88], which is relevant to new sensor designs. This theoretical study provides 

deep insight into the adsorption energetics on 2D materials. 

According to the investigation performed by Wang et al [89] AlN monolayers 

(MLs) were suitable for detecting H2, CO, CO2, NO, and O2 via charge transfer 
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mechanism. In this work DFT calculations were conducted with the aim to reveal the 

adsorption ability of the above listed molecules on AlN MLs. 

Potentially, the adsorbed molecules can choose among four possible adsorption sites 

on AlN MLs, These are: the hollow site located in the centre of the AlN hexagon (H), 

the bridge connecting Al and N atoms in the honeycomb (B), the top of the Al atoms 

(T1) and the top of the N atoms (T2), Fig.10. For calculations, the gas molecule is 

positioned with its centre of mass precisely situated at these sites. 

In order to evaluate/compare the adsorption ability it is necessary to know the 

adsorption energy of the studied molecules on AlN MLs. According to [89] the 

adsorption energy can be determined by the following relation  

 AlNgasAlNgasa EEEE /                                                                                                                                           (3) 

where gasE , AlNE and AlNgasE / are the energies of the isolated gas molecule, AlN sheet 

and the gas molecule/AlN system, respectively. It is obvious that, the larger Ea the 

stronger the interaction between the gas molecule and the AlN sheet.  

 

 

 

 

 

 

 

 

 

 

Fig. 10. The optimized atomic structures of monolayer AlN and possible 

adsorption sites [grey balls: Al, blue balls: N atoms] from Ref. [89] 

copyright Elsevier, used with permission. 
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Table 6 displays the adsorption energy, the charge transfer related to the adsorption 

of gas molecules on the AlN nanosheet, and the distance between the AlN sheet and the 

nearest atom of the gas molecule.   

 

 

 

 

 

 The distance between the molecule to be adsorbed and the AlN sheet plays a crucial 

role in the adsorption probability. It is seen from the Table that the distance of N2 and 

CH4 to the AlN sheet is  is larger than 3 Å which is the molecule bond length. Therefore 

the N2 and CH4 molecules cannot be chemically adsorbed on the AlN sheet. In addition 

to that these molecules show negative adsorption energies which indicates their weak 

adsorption capability. Worth noting is that the adsorption of molecules or in other words 

the surface functionalization of AlN MLs can change the ban gap of 2D AlN (Table 6).  

From the Table it is also seen that the CO2 molecule can be firmly adsorbed on the 

AlN sheet with  adsorption energy of 0.91 eV, while the adsorption energies of the other 

gas molecules such as CO, H2, N2, CH4, O2 and NO are less than 0.5 eV. It has been 

identified that the adsorption energy should be greater than 0.5 eV for an effective 

 CO2 H2 CO O2 NO N2 CH4 
d(Å) 1.436 2.688 2.222 2.482 2.141 3.279 3.212 
Ea(eV)(GGA+vdW) 0.91 0.07 0.14 0.19 0.45 -0.08 -0.03 
Ea(eV)(GGA) 0.68 0.02 0.03 0.10 0.29 -0.16 -0.17 
Bader charge (e) 0.66 -0.20 0.15 0.17 0.30   
Band gap (eV) 2.95 0 2.65 0.54 1.04   

Table 6. The distance between the AlN sheet and the nearest atom of the gas 

molecule, the adsorption energy, the charge transfer from AlN sheet to various gas 

molecules and the band gap of different systems from Ref. [89] copyright Elsevier, 

used with permission. 
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capture of a gas molecule on a solid surface [90, 91]. Therefore, the catch of CO2 on the 

AlN sheet is particularly favoured over other gas molecules.  

The authors of [89] noted that in their calculations using only GGA (Generalized 

Gradient Approximation) the adsorption energy is underestimated by about 0.05-0.23 

eV as compared with GGA+vdW (van der Waals). This suggests that vdW interaction 

has a contribution to the adsorption of gas molecules on AlN sheets. 

 The charge density difference for the gas molecules and the AlN NSs, (Fig. 11) has 

an important implication in understanding the adsorption phenomena in such material 

systems.  These charge densities can be obtained through the equation 

 

 =(gas/AlN)-[(gas) + (AlN)]                                                                              (4) 

 
where (gas/AlN) and (AlN) refer to the total electron densities of the relaxed AlN 

sheet with and without gas molecule, respectively, and (gas) is the total electron 

density of different gas molecules.  In Fig. 11 the charge accumulation (red) and the 

charge depletion (blue) is shown. It is important to mention that in pristine AlN NSs, 

due to a charge transfer from Al atom to N atom, polarization of the bonds takes place. 

The Al-N bond is polarized with negative charges on N atoms and positive charges on 

the Al atoms, Fig.11a. Consequently, the AlN nanosheet can adsorb gas molecules via  

electrostatic and polarization interaction [92, 93]. 

It is reasonable to assume that with increasing the charge transfer the adsorption 

energy increases. According to Bader charge analysis [94] the gas molecules can accept 

or donate electrons.  For example, H2 adsorption causes n-type doping of the AlN NSs 

while molecules like CO2, CO, O2 and NO are acceptors, i.e. they make the AlN p-type 

due to electron charge transfer to the gas molecule. The resulting changes of the AlN 
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nanosheet conductivity can be measured electrically in a specially designed channel on 

AlN and changes due to different molecule adsorption can be detected. This is the 

general principle of the resistance sensor operation.   

 

 

 

 

 

 

  

Table 6 shows the band gaps of different gas molecule/AlN systems.  The band 

structures are not significantly changed when CO or CO2 are adsorbed on the AlN sheet. 

Interestingly, hydrogen adsorption on AlN monolayer has the most pronounced effect, 

bringing AlN to a metallic state.  

 Knowledge of adsorption of toxic species aiming at tracking and reducing 

pollutants in the environment is of excessive need [95].  It is critical to find materials 

systems that are suitable for fabricating highly sensitive and selective gas sensors of 

Fig. 11.  a) Demonstration of the electrons of CO2/AlN and the charge density 

difference of AlN. Charge density difference plots for b) CO2/AlN, c) H2/AlN, d) 

CO/AlN, e) O2/AlN, f) NO/AlN. The red and blue iso-surface with an isovalue of 

0.001e/Å3 corresponds to charge accumulation and depletion respectively from Ref. 

[89] copyright Elsevier, used with permission. 
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toxic gases and hidden hazardous substances. Obviously 2D materials represented by 

AlN nanosheets have a great potential for that.  

Rastegar et al [96] have utilised density functional theory to study the adsorption of 

NH3 and NO2 molecules on AlN nanosheets with the aim to reveal the prospective of 

gas sensor  applications. This is an useful investigation from a practical point of view 

because it provides information relevant to the selectivity of AlN nanosheets based 

sensors in case these two molecules are present simultaneously in the environment. To 

distinguish between the adsorption behaviour of the two molecules, adsorption energies 

(Eads), density of states (DOSs), and net electron transfers are calculated. 

The adsorption energy of the adsorbates on the AlN sheet is defined as   

Eads = Ecomplex - EM - EAlN + EBSSE                                                                                                                            (5) 
 

 
where Ecomplex, EM and EAlN are the energies of the AlN sheet with adsorbed molecules, 

isolated NH3 (or NO2) and the pristine AlN, respectively. EBSSE is a correction used in 

[96] but not discussed here due to its negligibility.  

  The sensitivity of AlN towards NH3 and NO2 was probed by positioning the 

molecules at different adsorption sites with different orientations. 

 Table 7. summarises equilibrium geometries, stabilities, and electronic properties of 

NH3 and NO2 adsorptions on the surface of an AlN sheet. 

The NH3/AlN sheet complex has one stable configuration for which the calculated 

Eads value suggests a strong interaction between the molecule and the AlN sheet. In the 

case of NO2, two stable configurations were obtained with considerable Eads values. 

Due to its molecular structure, NH3 is expected to donate electrons to the AlN sheet. 

Oppositely, NO2 acts as a strong electron acceptor.Therefore, the adsorption of the two 

molecules has different effects on the properties of the AlN nanosheets. 
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* A negative number means charge transfer from AlN to the molecules. 
 
 

It is reasonable to assume that the charge transfer between the AlN sheet and NH3 or 

NO2 may cause the electronic levels of the AlN sheet to relocate and even change the 

bandgap.  

 From the classical relationship of the electrical conductivity, , with the band gap 

width, Eg,   of semiconductors   [97]: 

        exp 






 
kT

Eg

2
                                                                                                      (6)  

at a given temperature, a smaller Eg leads to a larger electric conductivity (σ is electric 

conductivity and k is the Boltzmann’s constant). As a result, it is expected that 

adsorption of NO2 on the surface of AlN sheet may lead to a strong enhancement of the 

electronic conductance of the sheet which is favourable for sensing applications. Hence, 

the AlN sheet may selectively detect NO2 molecules in the presence of NH3 molecules. 

Systems Eads D(Å) Qa(e) EHOMO ELUMO Eg % Eg 
AlN sheet - - - -6.22 -1.54 4.68 - 
A -91.84 2.09 0.22 -5.90 -1.24 4.66 0.4 
B 
C 

-95.02 1.99 -0.42 -6.22 -4.72 1.50 67.9 
-43.61 1.94 -0.38 -6.28 -4.69 1.59 66.0 

Table 7. Calculated adsorption energy (Eads, kJ/mol), the nearest distance between the 

molecule and the AlN surface (D), charge transfer from the AlN sheet to the molecules 

(Q), HOMO (highest occupied molecular orbital) energies (EHOMO), LUMO (lowest 

unoccupied molecular orbital)  energies (ELUMO), energy of Fermi level (EFL), 

HOMO/LUMO energy gap (Eg) in eV, and changes in Eg(Eg) of systems due to 

molecule adsorption from Ref. [96] copyright Elsevier, used with permission. 
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  Another substance of interest to be detected in order to prevent harmful impact on 

human beings is carbon monoxide (CO), which is a colourless and odourless toxic gas 

and is easy to leak in the environment. Many low dimensional structures, like carbon 

nanotubes [98, 99], nanotubes of BN and AlN [100] as well as modified graphene [101-

103] have been proposed for CO detection.  Recently, Ouyang et al [104] have 

investigated  the adsorption of CO molecules on untreated and modified  hexagonal  (h-

AlN ) nanosheets by using first principle calculation. The modification of the nanosheet 

structure was made by C doping, along with introducing N-vacancies, after which the 

adsorption behaviour was revealed [105]. 

To determine the adsorption energy, Ead, of CO on AlN NSs, the following simple 

equation is used:  

 

Ead=EAlN+CO –EAlN -ECO                                                                                                 (7) 
 
 
where EAlN+CO is the total energy of the system CO on different AlN nanosheets,  ECO 

and EAlN are the total energy of non-attached CO molecule and AlN NSs, respectively. 

To optimise the CO molecule configuration in terms of stability upon the CO molecule 

adsorption on pristine AlN nanosheets, eight possible configurations were explored 

[105]. The optimization is made considering the location of the C atom of CO with 

respect to the unperturbed AlN NSs and the position of the C-O bond towards the sheet 

surface.  

Table 8 shows the computed adsorption energies and geometry parameters for all 

selected structures, which are listed under a-g.  
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 The nearest distance between CO and the h-AlN nanosheet for all eight 

configurations is indicative of medium adsorption energies. It was found that only case 

(b) exhibits somewhat different parameters among all configurations- the adsorption 

energy of CO is the largest one amounting -3.847 eV and the corresponding binding 

distance is 2.240 Å. In this geometry the C atom is situated above the Al atom and the 

C-O bond is vertical to the AlN sheet. 

Further calculations [104] show that the energy band gap changes from 2.943 eV to 

2.593 eV, which designates that the pristine h-AlN nanosheet is not very sensitive to 

CO gas adsorption. 

Hence, it would be of interest to estimate the capability of structurally modified h-

AlN NSs for adsorbing CO molecules. First, one N atom of pristine AlN was substituted 

by a C atom which is equivalent of C-doped h-AlN nanosheet. 

The CO adsorption energy of this C-doped system was found to be almost one and a 

half times larger than the value of pristine h-AlN. Also, the band gap of the system 

changes from 3.048 eV to 0.490 eV after CO adsorption. Such large decrease of the 

Configuration Ead (eV) d(Å) C-O (Å) 
a -3.509 3.327 1.140 
b -3.847 2.240 1.148 
c -3.520 3.135 1.145 
d -3.537 2.518 1.144 
e -3.726 2.582 1.149 
f -3.620 2.949 1.147 
g -3.525 3.191 1.142 
h -3.587 3.202 1.143 

Table 8. The adsorption energy (Ead), binding distance (d) and C-O bond length 

for the different configurations of CO molecule adsorption on pristine h-AlN 

nanosheet from Ref. [104] copyright Elsevier, used with permission. 
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band gap will result in a significant increase of the electrical conductance which is 

beneficial for the signal augmentation in gas sensing. To understand the impact of 

vacancy defects in AlN NSs on CO adsorption, both N-vacancy and Al-vacancy are 

simulated. The formation of N vacancy was revealed to be less energy consuming than 

the Al vacancy and thus more probable to occur. Interestingly, the adsorption of CO on 

AlN nanosheets containing N vacancies causes the band gap of the system to increase 

almost twice as compared to non-defective AlN NSs. This indicates possible 

implementation of such material for CO gas sensors.  

 
3. Synthesis of two-dimensional AlN  

 
Van der Waals epitaxy of crystalline 2D materials on crystalline substrates is 

defined by strong bonding at the reactive edges of the single-crystal domains of the 

material and weak interlayer forces between the sheets.  

The key issue is that 2D graphitic materials could couple weakly between each other 

through Van der Waals forces maintaining the integrity of each layer and preserving 

their good physical properties near to ideal, normally obtained in their free-standing 

form. However synthetic growth of such materials is a challenge because of structure 

stability problems. 

Naturally, AlN grows in the wurtzite crystal structure with 4-fold atomic 

coordination and a sp3-like bonding resulting in an in-plane constant of 3.11 Å [106]. 

However, it has been predicted that AlN can adopt a graphite-like hexagonal crystal 

structure of up to about 22 monolayers thick [107, 108] or even thicker of up to 48 

monolayers if a 5% tensile strain is applied [109]. The atoms are 3-fold coordinated 

with sp2 bonding and a slightly larger in-plane lattice constant of 3.12-3.16 Å [62, 83, 

110].  
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Tsipas et al [111] report on the epitaxial growth of AlN NSs by plasma assisted 

MBE (molecular beam epitaxy) on single crystal Ag (111) substrates. The synthesis of 

AlN MLs was made from two independent sources: by evaporating Al metal from a 

conventional effusion cell and exposing to reactive atomic nitrogen beam. The 

deposition temperature was varied from 136 to 650 C, and the AlN thickness from sub-

ML to 20 ML was applied to achieve the desired structure. The optimal substrate 

temperature was found to be 650 C while Al deposition rate was 0.22 Å/s and the 

nitrogen pressure was 3x10-5 Torr. An issue of this growth was the incorporation of 

oxygen on the AlN nanosheet which was mentioned by the authors.   

Reflection high-energy electron diffraction (RHEED) measurements were 

performed to obtain information about the crystal arrangement of the deposit. The 

RHEED pattern along the [1-10] direction of Ag(111)  before and after AlN growth,  

Fig. 12a, shows a good correspondence between the two hexagonal unit cells. This 

suggests epitaxial growth of the AlN NSs. Further, the authors of Ref. [111] compered 

the RHEED patterns, Fig.12b,   of 4ML-AlN/Ag(111) and bulk 200 nm-AlN/Si(111) 

along the [11-2] direction of silver, respectively and derived the lattice constants of the 

two AlN materials from the spacing between streaks.(intensity pattern in Fig. 12c). It 

was found that there is a small difference between the two values, the one for the 

monolayered AlN being a bit larger (~3.1 Å vs.~3.13 Å).  This discrepancy is indicative 

of crystallization in 2D graphitic structure instead of bulk-like wurtzite structure.      



 30 

 

 

 

 

 

 

 

 

Ultraviolet photoelectron spectroscopy, UPS (HeI), indicated a reduced bandgap as 

expected for graphite-like hexagonal AlN, Fig.13.  

 

 

 

 

 

 

 

 

Fig. 12. a) RHEED patterns of bare Ag(111) and AlN/Ag(111) structures along [1-10] 

azimuth of silver. The overall streaky pattern shows that AlN grows epitaxially on the 

Ag(111) substrate. b) RHEED and c) intensity structures along [11-2] azimuth of silver. 

For illustrations purpose, in Figs. 12 (b) and 12 (c) are shifted in order for the left first 

order streaks to be aligned. A slightly larger lattice constant is determined for the ultrathin 

layer which is characteristic of its graphitic structure from Ref. [111] copyright AIP 

Publishing, used with permission. 

Fig. 13. Valence band (VB) spectra of the 

AlN(bulk)/Si(111) and AlN(12ML/Ag(111) 

samples. The smaller VMB (valence band 

maximum) of the 12 ML-AlN/Ag comparing 

to the bulk w-AlN/Si could be an indication of 

the smaller energy bandgap, which is expected 

for a graphite-like hexagonal AlN phase from. 

Ref. [111] copyright AIP Publishing, used with 

permission. 
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Indeed, the energy differences between the valence band maxima (VBM) and the 

Fermi level were analyzed for the two materials and it was found that while the 

reference sample on Si showed a value close to the one reported in the literature, the 12 

ML AlN/Ag sample gave a value of about 2.70 eV which is smaller than the reported  

one for the Ag/wurtzite AlN bulk system [112]. 

The spectra in Fig.13 confirm the above assertions that the monolayered 

AlN/Ag(111) assumes a hexagonal graphitic lattice and exhibits a distinct  valence band 

structure as compared to the bulk wurtzite structure. 

The combination of other graphene-like materials, e.g. Si (silicene) or Ge 

(germanene)-which are gapless semiconductors with linear energy dispersion near the K 

points –with graphene-like dielectric materials (AlN, BN, BeO, ZnO) could lead to a 

foremost technological advance [111, 113]. Moreover, it is theoretically foreseen that 

silicene is stable when encapsulated between two graphene-like AlN (hereafter denoted 

as g-AlN) layers. 

Mansurov et al [114] investigated the formation of graphene-like (g-AlN) on the 

 (111) Si surface in ammonia molecular beam epitaxy (MBE) by the RHEED technique.  

A flat ultrathin layer (5-6 monolayers) of AlN was prepared using the following two 

stage procedure. Initially, the clean (11) Si surface was exposed to an ammonia flux 

(10 sccm) at a substrate temperature of 1050C, and in the second stage the AlN layer 

was formed by deposition of Al, the ammonia flux being switched off and the 

background ammonia pressure of 1.33 10-7 – 10-8 mbar being attained. The 

transformation of the surface structure from (1  1) to highly ordered (8  8) structure 
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was observed by RHEED during the ammonia treatment of the Si surface for about 5 s, 

Fig. 14a. The ammonia flux was switched off at the instant when the best (8  8) 

RHEED pattern with sharp and bright eightfold fractional spots was reached, this 

corresponding to the maximum of the curve in Fig. 14 b (marked as “highly ordered 8  

8”).  

 

 

 

 

 

RHEED diffraction pattern evolution during the deposition of Al was studied. Under 

the Al flux the intensity of the (8  8) fractional spots decreases, while the intensity of 

the g-AlN fundamental lines increases. The kinetics of the normalized intensity of the 

(01) AlN streak measured at different substrate temperatures is displayed in Fig. 15a. 

Visibly the streak intensities saturated during 30-60 s. Mansurov et al [114] assume that 

this saturation is due to the depletion of the surface in respect to the chemisorbed 

Fig. 14. (a) RHEED pattern of the (111) Si surface with the highly ordered SiN 

(8  8) structure (b) the intensity of the (03/8) fractional spot as a function of 

nitridation time from Ref. [114] copyright Elsevier, used with permission.  
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NH chem

2  which is consumed in the chemical reaction with aluminum resulting in the 

formation of g-AlN 

 

Al+ NH chem

2 g-AlN + H2                                                                                                                 (8) 

 

Also, the figure clearly indicates that the increase of the substrate temperature 

causes a decrease of AlN development rate. The maximum value of the AlN formation 

rate (VAlN) vs. temperature is plotted in Fig. 15 b.  

 

 

 

 

 

  

Mansurov et al presume that the slope of the dependence of 2.1 eV relates to the energy 

of desorption of Al atoms (Edes) from the surface and with the decrease of the surface 

concentration of the NH chem

2  species. 

Fig. 15. (a) The evolution of the AlN (01) streak intensity at different temperature;  

(b) Arrhenius plot of the AlN formation rate from Ref. [114] copyright Elsevier, 

used with permission. 
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The g-AlN lattice constant increases from 3.08 Å to 3.09 Å under the Al flux owing 

to the interaction of g-AlN with an Al adsorbed layer but remains unchanged with the 

flux of ammonia. 

When III-nitride semiconductors are thinned to only a few atomic layers regarded as 

2D materials, it would lead to an ultrawide bandgap (Eg) due to the quantum 

confinement effect [115, 116], which can be used in next-generation optoelectronic 

devices [117, 118]. 

Wang et al [119] have successfully pioneered epitaxial growth of 2D AlN layers 

sandwiched between three-layer graphene and Si substrate by metal organic chemical 

vapor deposition (MOCVD). 

 In Fig. 16 schematics of the formation mechanism of 2D AlN layers is presented. 

AlN is sandwiched between graphene and Si substrate (a). A three-layer graphene was 

transferred to Si(111) surfaces (b), on which binding with van der Waals forces is 

expected [120]. Then, the dangling bonds of the Si(111) surfaces were passivated by 

hydrogen and also the structure of graphene was probably disrupted (c), this producing 

surface defects corresponding to wrinkles. Later, trimethylaluminum and ammonia 

decomposition yielded Al and N atoms which were used as precursors on the graphene 

surface (d) and reached the interlayer via the pathway (e). Finally, active Al and N 

atoms reacted in the interlayer and synthesized into 2D AlN. 

The removal of graphene was achieved after 30 min ultrasonic cleaning in deionized 

water. 
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The Eg of 2D AlN layers was theoretically predicted to be  9.63 eV by DFT and 

was experimentally determined to be 9.20-9.60 eV and 9.26 eV by ultraviolet 

photoelectron spectrometer (UPS) and UV-vis spectroscopic ellipsometer, respectively. 

These findings are innovative and may result in front-end developments of 

optoelectronics devices. 

Nanotubes (NTs) as an important ramification of 2D materials [121-122] provide an 

alternative pathway to exploring the intrinsic properties of ultrathin nitride layers.  

By combining epitaxy with selective thermal evaporation, Wang et al [123] 

designed a new roadmap to fabricate AlN NTs.  

Fig.17 illustrates the preparation scheme of AlN NTs (panel a) and the 

corresponding atomic structures (panel b); i) first GaN nanowires (NWs) are grown; ii)  

Fig. 16. Schematic structure for the formation of 2D AlN layers sandwiched between 

graphene and Si substrate from Ref. [119] copyright John Wiley and Sons, used with 

permission. 
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core-shell GaN/AlN NWs are prepared, iii) the GaN core from the bottom is open end is 

evaporated; and iv) AlN NTs are formed.  

 

 

 

 

 

 

 

 

 The bond energies of GaN (2.20 eV) and AlN (2.88 eV) are different and the 

corresponding decomposition temperatures for GaN and AlN are 850 and 1040C, 

respectively at pressure <10-6 mbar [124-126]. Therefore, a thermal evaporating 

temperature (TE), being higher than the decomposition temperature of GaN but lower 

than that of AlN in stage iii, i.e., 850C< TE<1040C, can completely remove the GaN 

core following the principle of thermodynamics. The precisely controlled epitaxy of 

GaN/AlN core/shell NWs and the complete evaporating of GaN core (due to the 

Fig. 17 a) Schematic and b) atomic models of AlN NT fabrication process, which 

can be devided into four stages: i) epitaxy of GaN NWs, ii) deposition of AlN to 

form GaN/AlN core/shell structure, iii) selective thermal evaporation of dispersed 

NWs, and iv) formation of hexagonal AlN NTs with an open end. All the cross-

section views in (b) are aquired along the red arrow lines located at representative 

positions from Ref. [123] copyright John Wiley and Sons, used with permission. 
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relatively low diffusion coefficient of Ga/Al atoms at the annealing temperature 

1000C) allow exploring the evolution behavior of the bandgap as a function of the wall 

thickness. 

According to the TEM (transmission electron microscopy) images the radial growth 

rate should be around 0.067ML/s. 

Three representative NTs with AlN wall thickness about 8, 4 and 2 ML, 

respectively) were prepared and characterized, regarding band gap changes, by XPS (x-

ray photoelectron spectroscopy) and EELS (electron energy loss spectroscopy). 

XPS scan of the N 1s core –level photoelectric peak is presented in Fig. 18a and 

EELS spectra taken from NTs with different wall thickness, 2, 4 and 8 ML respectively, 

are shown in Fig. 18b. 

From the above date, the bandgap energy of the AlN film is determined as Eg=Eloss - 

EN1s=6.5  0.2eV, which is comparable to the reported bandgap energy of AlN (6.2 eV) 

[124]. The bandgap energies of the AlN NTs with wall thickness of 8, 4 and 2 ML are 

determined to be 7.9, 8.4 and 9.2 eV, respectively. The measurement locations of EELS 

are indicated in the inset of the figure. These results are in good agreement with the 

values derived from the XPS measurements. 

The observation of bandgap widening in nitride thin-layered structures offers 

important material parameters for both fundamental physics study as well as future 2D 

optoelectronic devices. 
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Fig.18 a) High-resolution XPS spectra of the N 1s core-level photoelectric peak of 

the AlN template and NTs. b) STEM-EELS spectra collected with primary 

electron beam of 80 keV for individual AlN NT with different wall thickness 

shown in the top inset: i) 8 ML, ii) 4 ML, and iii) 2 ML. The EELS was performed 

along the red dashed line, i.e. perpendicular to the tube axis. The inclined 

(horizontal) red lines in (a) and (b) are linear fritting ones (background level) of 

the energy loss spectra from Ref. [123] copyright John Wiley and Sons, used with 

permission. 
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Zhang et al [127] present synthesis of AlN nanosheets on Au coated Si (001) 

substrates by vapor-phase transport method, using Al powder and ammonia as source 

materials. 

The substrate was placed above the source and with its Au-coated side facing it, 

which is a pure AlN powder accommodated in quartz crucible. The Au thin film is 

made by sputtering to a thickness of about 2 nm.  

The process temperature was continuously increased to 1150C and held there for 

120 min. At these conditions, Al vapor reacts with NH3 to form AlN according to the 

following reaction: 2Al (s) + 2NH3 (g)2AlN(s) + 3H2(g). At high temperature AlN is 

deposited on the Si substrate coated with the catalytic Au film as nanoclusters. With 

growth velocity 
0011

V along the 1100 direction slightly faster than that of 0001V , and 

both much faster than 
0211

V , the nuclei grow into rectangular nanosheets bounded by 

{11 2 0} surfaces as estimated by TEM studies. 

 It can be assumed that the formed nanosheets act as a template, providing favorable 

nucleation sites for the growth of the next sheet. Such a process repeatedly happens, 

ultimately leading to piling up of the nanosheets that develop into a stack morphology 

[128]. Au is a key factor during the formation of AlN nanosheets, although the detailed 

mechanism is not clear and needs further studies. 

Metal organic chemical vapor deposition of AlN on graphene is a new growth 

concept of 2D materials growth, including AlN. Graphene can serve as a growth 

template which is dangling bonds free and presumes facilitation of Van der Waals 

epitaxy of the deposited material. The fabricated heterostructures offer new 



 40 

opportunities for the development of flexible optoelectronic devices and for the 

advancement of conceptually new 2D AlN based devices. 

MOCVD of AlN is a complex process because the precursors typically used, i.e. 

trimethylaluminum, (CH3)3Al and ammonia, NH3 produce aggressive mixtures, called  

adducts, which may cause unwanted reactions [129]. 

When it comes to theoretical considerations, density functional ab initio molecular 

dynamics (AIMD) has been used despite its limitations discussed in Ref. [130]. This 

simulation tool is rather useful in case of studying different chemical reactions and their 

directions. 

AIMD simulations were carried out by Sangiovanni et al [131] for the precursor 

system ammonia and trimethylaluminum for the case of AlN growth on graphene. 

Growth of Nitrides on graphene is not an original idea but the simulation of the 

chemistry related to AlN formation gives some useful information about the nature of 

the chemical reaction paths.   

Using density-functional perturbation theory [75, 81,] Zhuang et al [132] identified 

three different 2D structures that are dynamically stable in III-V materials: a planar 

honeycomb hexagonal structure, a buckled hexagonal structure, and a surprising low-

energy tetragonal structure. Except for AlN, GaN, and InN that have lower energies in 

the hexagonal structure than the tetragonal one.  The nitrides and AlP prefer planar 

structures, while all other III-V materials exhibit buckled structures. 

High quality graphene has been grown on metal substrates [88, 89]. The metal 

surfaces efficiently catalyze the chemical vapor deposition process and stabilize 

graphene. Similarly, to synthesize 2D III-V materials, predicted by Zhuang et al. [132], 

suitable substrates are required that reduce the formation energies and stabilize the 
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structure. Since most of the 2D tetragonal III-V materials have already quite low 

formation energies, the authors of [132] searched the Inorganic Crystal Structure 

Database [135] for suitable lattice matched substrate materials and calculated the 

adsorption energies. 

 Five combinations of (100) surfaces of metal substrates, specifically Cu, Pt and Pd, 

and 2D tetragonal III-V materials were found to have lattice mismatches less than 1 %. 

The authors [132] computed the adsorption energies for these materials. The 2D 

materials are strained suitably to match the lattices of the substrates.  

Fig.19 illustrates the adsorption energies of the 2D tetragonal materials on these 

lattice-matched metal substrates. The III-V materials are chemisorbed on the metal 

surfaces, unlike graphene which is weakly physisorbed on transition metal substrates  

[136-138].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19. Adsorption energy of 2D tetragonal III-V materials on (100) surfaces on 

common metal substrates, Cu, Pd and Pt with lattice mismatches less than 1 %. The 

filled and empty squares denote adsorption energies with and without the inclusions 

of van der Waals interactions, respectively. The substrates significantly enhance the 

stability of the 2D materials from Ref. [132] copyright American Physical Society, 

used with permission. 
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This is due to the polar nature of the III-V materials. The substrates significantly 

reduce the formation energies of the 2D materials.  

Van der Waals interactions between the tetragonal 2D materials [139] further 

increase the adsorption energy, effectively reducing the energy of 2D tetragonal 

materials below that of the 3D bulk phase. 

These results demonstrate that the discussed hypothetical tetragonal 2D AlN 

materials could be synthesized on lattice-matched substrates.  

Further, related to electronic device applications, 2D AlN is a perspective material 

to be used as dielectric, for example, as gate dielectric in transistors. The AlN crystals 

exhibit many desirable dielectric properties, including high-k, low current leakage, and 

high breakdown voltage. Moreover, due to the atomic flatness of the AlN crystals (root 

mean square roughness, rms ≈0.19 nm calculated from atomic force microscopy, AFM) 

and its weak van der Waals interaction with molecules, the ultrathin 2,6-

diphenylanthracene DPA crystals (thickness of 7.5 nm estimated from line profile of 

AFM image, which is corresponding to 4-5 molecular layers) were successfully 

deposited onto the AlN crystal via van der Waals epitaxy by Yang at al [140].  

A principle problem in such applications is the existence of defects and traps at the 

semiconductor/dielectric interface and a relatively high surface roughness of the 

dielectric layer, which play an adverse role in the efficient charge transport. The most 

commonly used morphologies of crystalline AlN are 1D nanostructures and 3D bulk 

phases while 2D AlN single crystals as gate dielectric are in their infancy. The 

development of such material still suffers from nonideal 2D morphology, not 

sufficiently thin and laterally continuous dielectric [61, 141-149]. 
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Morphology evolution of crystals during growth is governed by the thermodynamis 

of the growth system/process. Temperature and supersaturation of the AlN vapor are the 

main parameters that can be controlled by the grower and have the major effect on the 

2D AlN crystal morphology [150]. 

Yang at al [140] synthesized high-quality c-axis oriented hexagonal AlN dielectric 

crystal with a typical 2D morphology and thickness (200-400 nm) by physical vapor 

transport method. This method provides independent control of the substrate 

temperature and source temperature, which allows the preparation of AlN crystals under 

high temperature (source temperature 2100C and substrate temperature 100-150C 

lower) and high supersaturation conditions. 

Combining 2D AlN dielectric with DPA molecular crystals in a field effect 

transistor may establish a perfect all-crystalline platform with minimized defects and 

charge traps at the interface. This will result in improved transistor performance.   

These results are among the best performance of Organic FETS based on the 

employment of high-k dielectric layers [151-154]. 

 

 

 

4. Summary and outlook 

 

In this review we have presented recent progress and trends in understanding 

properties, synthesis and some applications of 2D AlN nanosheets/layers. Due to the 

lack of knowledges and experience about 2D AlN synthesis, structure stability and 

physical properties the review covers the most important and relevant theoretical 

predictions along with recent results on 2D AlN synthesis. 

It has been demonstrated using DFT calculations that a perfect h-AlN sheet is only 

6% less stable than wz-AlN and has an indirect energy gap of 2.81 eV. 
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DFT analysis indicates that optical conductivity of AlN nanosheets in both parallel 

and perpendicular electric field starts with a gap which confirms that the AlN 

nanosheets has semiconductor properties.  

Strain is known to be very effective in manipulating the band structure of AlN 

nanosheets. The DFT studies show that the strain can manipulate not only the value of 

band gap but can also induce an indirect and direct transition in the band gap. 

Extended line defects (ELDs) into the honeycomb monolayer of AlN studied by 

first-principle density functional theory could have applications in photonic acting as a 

waveguide.  

Chemical functionalization is an active way to control the electronic and magnetic 

properties of AlN sheets, and interaction of hydrogen with AlN is of great technological 

interest. Fully hydrogenated AlN NS with a single bilayer is an indirect band gap 

semiconductor of 0.33 eV, whereas those with thicker bilayers (n>4) become a 

ferromagnetic (FM) metal. This suggests an efficient route to tune the electronic and 

magnetic properties and to realize potential applications in the fields of electronics and 

spintronics. 

Notably, bare AlN nanosheet is a 2D isotropic system.  When AlN nanosheets are 

co-decorated with H and F on each side, they show anisotropic semiconducting 

character, which is helpful to take advantage of the asymmetric charge distribution to 

promote self-assembly under an applied electric field. 

Due to the charge transfer between gas molecules and an AlN sheet, the AlN sheet 

can be used as a gas sensor for CO2, CO, H2, O2 and NO. Moreover, the AlN sheet can 

have a potential application as a sorbent material for CO2 separation and capture from 

gas mixture. 
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Density functional theory calculations revealed that the electrical conductivity of 

AlN nanosheets may be increased upon NO2 adsorption, being insensitive toward NH3 

adsorption. Thus, the AlN sheet may selectively detect NO2 molecules in the presence 

of NH3 molecules. 

Using DFT calculations it is suggested that the C-doped or N-vacancy defected h-

AlN nanosheets can be a promising candidate for adsorption or detection of toxic CO 

gas. 

We refer to experimental evidence for the growth of thin hexagonal AlN (sub-

monolayer to 12 monolayers) nanosheets by plasma assisted molecular beam epitaxy on 

Ag(111) substrates. AlN adopts a graphite-like hexagonal lattice with larger lattice 

constant compared to bulk wurtzite AlN. This claim is further supported by ultraviolet 

photoelectron spectroscopy indicating a reduced bandgap as expected for graphite-like 

hexagonal AlN. 

Graphene-like AlN layers with lateral lattice constant of 3.08 Å were formed on 

highly ordered (88) silicon nitride surface prepared on atomically flat (111) Si 

substrate by ammonia molecular beam epitaxy (MBE). 

Epitaxial growth of single crystal 2D AlN layers sandwiched between graphene and 

Si substrate have been realized for the first time by metal organic vapor deposition. 

Moreover, the bandgap of as-grown 2D AlN layers is theoretically predicted to be  

9.63 eV and is experimentally determined to be 9.20-9.60 eV which shows a great 

promise in application of deep-ultraviolet optoelectronic devices. 

Also, 2D AlN can be obtained by chemical vapour deposition method only when the 

Si substrates were coated with Au.  
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Density-functional ab initio molecular dynamics (AIMD) simulations have been 

employed for achieving understanding at atomistic level of the rich chemistry of 

reactions occurring during MOCVD of AlN on graphene. 

Finally, it is found that metal substrates stabilize as-yet hypothetical tetragonal 2D-

AlN. 

In the published results reviewed here, all theoretical and experimental works reveal 

that two-dimensional AlN nanosheets are challenging nanomaterials with a great 

application potential. Moreover depending on the crystal structure the nano dimensional 

AlN can have a large range bandgap, respectively properties that are of a significant 

interest for different electronic and optoelectronic devices. 
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