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Abstract

:

Two-dimensional (2D) nanostructures of aluminum nitride (AlN) and gallium nitride (GaN), called nanosheets, have a graphene-like atomic arrangement and represent novel materials with important upcoming applications in the fields of flexible electronics, optoelectronics, and strain engineering, among others. Knowledge of their mechanical behavior is key to the correct design and enhanced functioning of advanced 2D devices and systems based on aluminum nitride and gallium nitride nanosheets. With this background, the surface Young’s and shear moduli of AlN and GaN nanosheets over a wide range of aspect ratios were assessed using the nanoscale continuum model (NCM), also known as the molecular structural mechanics (MSM) approach. The NCM/MSM approach uses elastic beam elements to represent interatomic bonds and allows the elastic moduli of nanosheets to be evaluated in a simple way. The surface Young’s and shear moduli calculated in the current study contribute to building a reference for the evaluation of the elastic moduli of AlN and GaN nanosheets using the theoretical method. The results show that an analytical methodology can be used to assess the Young’s and shear moduli of aluminum nitride and gallium nitride nanosheets without the need for numerical simulation. An exploratory study was performed to adjust the input parameters of the numerical simulation, which led to good agreement with the results of elastic moduli available in the literature. The limitations of this method are also discussed.
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1. Introduction


Aluminum nitride (AlN) and gallium nitride (GaN) are emerging semiconductors with a wide bandgap and possessing remarkable physical and chemical properties that place them at the forefront of diverse fields. Among these, it is worth mentioning the development of electronics, optoelectronics, electrophotonics, energy storage devices, sensors, detectors, and nanoelectromechanical systems (NEMS) [1,2]. Both AlN and GaN compounds exist in the form of two-dimensional (2D) allotropes, also called nanosheets (NSs), with a hexagonal graphene-like lattice. Such single-layer structures consist of alternating Al (Ga) and N atoms, making up a honeycomb arrangement, as shown in Figure 1. The dynamic stability and honeycomb structure with planar geometry of AlN and GaN monolayers were, for the first time, predicted by Şahin et al. [3], who used a first-principles plane-wave approach within the framework of density functional theory (DFT) calculations for strain energy and electronic structure. To this end, Zhuang et al. [4] employed DFT calculations using the projector-augmented wave (PAW) method as implemented in the Vienna ab initio simulation package (VASP).



The diatomic AlN and GaN nanostructures, presented in Figure 1, are characterized by an interatomic bond length,     a    Al ( Ga ) – N     , whose values as reported in the literature are shown in Table 1. It is evident that there is no consensus among the research community concerning the bond length values for aluminum nitride and gallium nitride nanostructures with a graphene-like lattice.



Two-dimensional aluminum nitride and gallium nitride nanostructures exhibit enhanced properties, including mechanical properties, when compared with bulk AlN and GaN materials. Considering that nanosheets are easy to bend, they can be considered suitable candidates for flexible electronic and photoelectric nanodevices [2]. Moreover, their high porosity and mechanical stability, combined with their light weight, mean 2D AlN and GaN mono- and multilayers are promising alternatives for lithium-ion battery electrodes [2].



To facilitate understanding, the envisioned applications of aluminum nitride and gallium nitride NSs are summarized in Table 2.



The possibility of modifying the electronic (namely, band structure and direct–indirect band gap transition) [17,36,37,38,39], thermoelectric [36], and optical (such as optical spectrum shifts) [38] properties by introducing different types of deformations into 2D AlN and GaN nanostructures points to a promising future for these materials in the field of strain engineering. In addition, it has been shown that joining aluminum nitride and gallium nitride nanosheets leads to a significant increase in the thermal conductivity of the resulting heterostructures [40]. The thermal conductivity values found for these heterostructures were between those for the AlN and GaN monolayers, which contradicts the common belief that alloying results in a decrease in thermal conductivity [40].



Facing the upcoming technological demands for AlN and GaN nanosheets, substantial research efforts have been devoted to developing techniques for their synthesis and manufacturing. The preparation methods for aluminum nitride nanosheets (AlNNSs) so far comprise chemical vapor deposition (CVD), molecular beam epitaxy (MBE), physical vapor transport (PVT), and metal–organic chemical vapor deposition (MOCVD). For the first time, Zhang et al. [41] synthesized single-crystalline AlN nanosheets on Si substrates using the CVD technique. Later, Tsipas et al. [42] reported successful growth of 2D AlN with a graphene-like hexagonal lattice, resorting to plasma-assisted MBE using single-crystal Ag as a substrate. Mansurov et al. [43] grew an h-AlN layer on a Si substrate using ammonia MBE. Borisenko et al. [44] employed the plasma-assisted MBE method using graphene/silicon dioxide/silicon as a substrate to produce an AlN nanolayer. Yang et al. [45] proposed the PVT method and utilized it to produce 2D AlN with a hexagonal crystal structure in large quantities. Regarding the MOCVD technique, Wang et al. [46] first employed it to grow 2D AlN layers with a wurtzite-type structure sandwiched between graphene and Si substrates. Chen et al. [12] grew AlN nanolayers on graphene/sapphire substrates by MOCVD using trimethylaluminum (TMAl) as a precursor. Chang et al. [47] deposited 2D AlN layers on a nanopatterned sapphire substrate using MOCVD with ammonia and TMAl as precursors. The procedures used in the works of Chen et al. [12] and Chang et al. [47] make it possible to obtain high-quality AlN nanosheets that can be used to manufacture DUV-LEDs. Kakanakova-Georgieva et al. [48] grew nanometer-thick AlN on epitaxial graphene by resorting to MOCVD and using their own previous ab initio molecular dynamics (AIMD) simulations to guide the synthesis process.



Advances in the preparation of gallium aluminum nanosheets (GaNNSs) are connected with the use of electrochemical etching (ECE), UV-assisted electroless chemical etching, nitrification reactions, and graphene-assisted growth. Xiong et al. [49] prepared 2D single-crystalline GaN nanolayers using the ECE method. Recently, Zhang et al. [50] performed ECE with amino acids to obtain 2D h-GaN nanostructures. ElAfandy et al. [51] used UV-assisted chemical etching with electrolytes based on hydrofluoric acid instead of ECE to prepare 2D single-crystalline GaN nanolayers that were dislocation- and tension-free. Liu et al. [52] used a template method for the synthesis of GaN nanosheets with a hexagonal wurtzite crystal structure. The 2D γ-Ga2O3 layer, prepared by hydrothermal reaction, was used as a template for transformation into a 2D GaN nanosheet via nitridation. Recently, Zhao et al. [53] optimized the template method of Liu et al. [52] to develop a low-cost process to synthesize high-quality GaNNSs. Chen et al. [22] used CVD combined with a surface-confined nitrification reaction to grow 2D single-crystalline GaN nanosheets. Concerning graphene-assisted growth of GaNNSs, Baluchi et al. [54] synthesized, for the first time, 2D layers of GaN using epitaxial graphene by a migration-enhanced encapsulated growth (MEEG) technique. Wang et al. [55] grew 2D GaN nanosheets with a wurtzite lattice structure on a graphene/Si substrate via plasma-assisted MOCVD. Sun et al. [24] prepared 2D GaN nanosheets employing graphene oxide sheets as templates, finishing the process with a nitrification reaction. Sfuncia et al. [56], using the results of AIMD simulations to guide the MOCVD process, grew a hexagonal GaN monolayer in confinement at the graphene/SiC interface. GaNNSs synthesized by ECE techniques [49,50] are suitable components for FETs, and those obtained using graphene-assisted methods [24,54,55] are considered anode materials for Li-ion batteries and constituents of LEDs.



Moreover, ultrathin crystalline AlN/GaN nanomembranes were prepared by Mei et al. [57] on Si substrate using metal–organic vapor phase epitaxy (MOVPE). These nanomembranes are potential candidates for molecular separation and artificial blood capillaries. Deen et al. [58] grew AlN/GaN heterostructures on lattice-matched free-standing GaN substrates by RF-plasma-assisted MBE, suggesting their application as high electron mobility transistors.



To overcome the difficulties of experimental techniques for preparing 2D AlN and GaN layers, special research attention has been paid to their computational synthesis. Therefore, with the help of DFT calculations, Singh et al. [59], using the projector-augmented wave method as implemented in the PAW code VASP, determined appropriate synthesis conditions for 2D h-AlN and h-GaN and specified the most suitable substrates for their growth. Singh and Hennig [60] used the same computational approach to identify refractory materials suitable as substrates for single-layer h-GaN synthesis.



The mechanical response of AlNNSs and GaNNSs is an important issue because knowledge of it is crucial for understanding the appropriate use of these materials in flexible electronics and optoelectronics, energy storage, NEMS, and strain engineering applications. Investigations devoted to the evaluation of the mechanical properties of AlN and GaN nanosheets have been only theoretical (analytical and numerical) to date, and most of the studies used atomistic approaches comprising ab initio DFT and molecular dynamics (MD) calculations. The ab initio method requires only fundamental physical constants as input, making it appropriate for a small number of atoms as it consumes large amounts of computational resources. Jafaria et al. [61], Peng et al. [62], Kourra et al. [63], and Lv et al. [64] employed ab initio DFT calculations to evaluate the elastic properties of ANNSs. Tuoc et al. [65] and Fabris et al. [66] used the same method to study the elastic behavior of GaNNSs. Regarding the evaluation of the elastic properties of aluminum nitride and gallium nitride NSs, Ahangari et al. [6], Luo et al. [67], Faraji et al. [68], and Ye and Peng [69] also used ab initio DFT calculations. In general, ab initio DFT methods provide more accurate results than MD, which is more efficient when large atomic arrangements are considered and whose outcomes are, to a great extent, influenced by the potential functions chosen for describing the interactions between Al (Ga) and N atoms of the diatomic nanostructure. Rouhi et al. [70] performed MD simulations with the Tersoff–Brenner (TB) potential function to study the mechanical properties of GaNNSs. Singh et al. [71] used the TB potential to model the interactions between Al and N atoms in their molecular statics (MS) simulation study on determining the elastic constants of AlNNSs. Le [8] investigated the tensile properties of AlN and GaN nanosheets employing MD simulation with Tersoff potentials. Sarma et al. [72] studied the mechanical behavior of GaNNSs using MD simulations with the Stillinger–Weber (SW) potential.



The atomistic approaches, being computationally time-consuming, have been progressively substituted by the nanoscale continuum modeling (NCM) approach, which has already been successfully used to model the mechanical behavior of 2D nanostructures with a graphene-like lattice (see, for example, [73,74,75]). The NCM approach, also called molecular structural mechanics (MSM), uses the connection between the molecular structure of the NS and solid mechanics such that the bonds between Al (Ga) and N atoms are modeled as elastic elements, most commonly beams or springs. Despite the simpler mathematical formulation compared to the atomistic approaches, as well as the simplicity and speed of implementation, the NCM/MSM method has not been widely employed to study the mechanical behavior of aluminum nitride and gallium nitride NSs. Under the NCM/MSM approach, Le [76] derived a closed-form expression to assess the Young’s modulus of AlNNSs. Using the same modeling method, Ben et al. [2] calculated the maximum stress and strain in tension of AlNNSs and GaNNSs, resorting to the respective closed-form solutions. Giannopoulos et al. [77] represented interatomic bonds in GaNNSs as spring elements within the NCM/MSM approach and studied the tensile behavior of NSs. It is worth noting that existing analytical and numerical studies generally focus on square nanosheets of either AlN or GaN and less frequently on both compounds simultaneously, thus lacking systematic investigation. To our knowledge, only Giannopoulos et al. [77] and Rouhi et al. [70] studied the effect of nanosheet size and aspect ratio, respectively, on the tensile behavior of GaNNSs. Moreover, a certain discrepancy is observed in the elastic properties of NSs reported to date.



In view of the promising applications envisaged for 2D AlN and GaN structures, it is crucial to develop a straightforward methodology that allows the reliable characterization of their elastic properties. In this context, the goal of the present study was to evaluate the Young’s and shear moduli of single-layer aluminum nitride and gallium nitride nanosheets, varying their aspect ratio to cover a large number of NS sizes and shapes (from square to rectangular). For this purpose, the Al–N and Ga–N interatomic bonds were simulated as equivalent beams within the NCM/MSM approach, and three-dimensional (3D) finite element (FE) models of AlNNSs and GaNNSs were built. The mechanical behavior of AlNNSs and GaNNSs in a wide range of aspect ratios was investigated under loading conditions applied in numerical in-plane tensile and shear tests. As a result, for the first time, an analytical methodology was established that allows the calculation of AlNNS and GaNNS elastic moduli without the need for numerical simulation. In this way, the present work is a systematic study, the results of which contribute to the design and manufacture of flexible electronic and optoelectronic nanodevices and are useful for upcoming developments in strain engineering.




2. Materials and Methods


2.1. Modeling and Numerical Simulation of the Elastic Behavior of AlN and GaN Nanosheets


2.1.1. Geometrical Characteristics of AlNNSs and GaNNSs


Single-layer AlNNSs and GaNNSs with different aspect ratios, as shown in Table 3, were studied. By changing the aspect ratio of the nanosheets so that their size varied in the range from ≈3 × 3 nm2 to ≈15 × 15 nm2, it was possible to obtain 5 square NSs and 20 rectangular NSs of diverse configurations for each compound. The geometrical properties of AlN and GaN nanosheets were systematized such that, in each group, the vertical lateral length,     L   y    , would always be the same and the horizontal lateral length,     L   x    , was variable.



The finite element (FE) meshes of AlNNSs and GaNNSs were taken as the program database files with the Nanotube Modeler® software (version 1.8.0, ©JCrystalSoft, http://www.jcrystal.com, 4 January 2024). Afterwards, these program database files were converted to a format usable in commercial codes for finite element analysis (FEA) using the in-house application InterfaceNanosheets.NS [73].



Examples of FE meshes for AlN nanosheets with a fixed NS vertical lateral length,     L   y    , of 9.70 nm and variable NS horizontal lateral length,     L   x    , in the range of 3.17 to 15.83 nm and for GaNNSs with     L   y     of 3.32 nm and     L   x     ranging from 3.38 to 15.17 nm are shown in Figure 2 and Figure 3, respectively.



It is possible to separate the geometrical configuration of the nanosheets in relation to their aspect ratio,     L   x    /    L   y    . AlNNSs and GaNNSs with     L   x    /    L   y     < 1 are rectangular, with the vertical NS side greater than the horizontal (Figure 2a,b). When     L   x    /    L   y     > 1, AlNNSs and GaNNSs are rectangular, with the horizontal side greater than the vertical (Figure 2d,e and Figure 3b–d). Finally, in square nanosheets,     L   x    /    L   y     = 1 (see Figure 2c and Figure 3a).




2.1.2. Molecular Mechanics of AlNNSs and GaNNSs and Equivalent Continuum Properties of Al–N and Ga–N Bonds


In the current study, the NCM/MSM method was employed to evaluate the elastic moduli of AlNNSs and GaNNSs. This modeling approach is based on the linkage between the molecular structure of the hexagonal diatomic lattice and the equivalent continuum structure. Such a connection is accomplished by replacing the Al (Ga)–N bonds with equivalent beam elements such that the resulting continuum structure of the NSs consists of elastic beams.



Potential energies of the interatomic bonded interactions of the molecular structure related to bond stretching (Ur), bond bending (Uθ), and bond torsion (Uτ) are given by the following expressions [78]:


    U   r   =   1   2     k   r        Δ r      2   ,  



(1)






    U   θ   =   1   2     k   θ        Δ θ      2   ,  



(2)






    U   τ   =   1   2     k   τ        Δ ϕ      2   .  



(3)




Here,     k   r    ,     k   θ    , and     k   τ     are the bond stretching, bond bending, and torsional resistance force constants, respectively;    Δ r   ,    Δ θ   , and    Δ ϕ    are the bond stretching increment, the bending bond angle variation, and the twist bond angle variation, respectively.



Regarding the equivalent continuum structure, the elastic strain energies associated with the axial (UA), bending (UB), and torsional (UT) strains of the constituting equivalent beams are expressed as follows:


    U   A    =    1   2       E   b     A   b     l       Δ l     2   ,  



(4)






    U   B    =    1   2       E   b     I   b     l        2 ω      2   ,  



(5)






    U   T   =   1   2       G   b     J   b     l        Δ ϑ      2   .  



(6)




Here,     E   b     A   b    ,     E   b     I   b    , and     G   b     J   b     are the tensile, bending, and torsional rigidities of the beam with length l, respectively; Δl is the axial displacement of the beam in tension;   ω   is the rotational angle of the beam ends during bending; and Δ  ϑ   is the relative rotation between the beam ends in torsion.



The relationships between the beam     E   b     A   b    ,     E   b     I   b    , and     G   b     J   b     rigidities and the     k   r    ,     k   θ    , and     k   τ     force constants are obtained by equating     U   r   =   U   A    ,     U   θ   =   U   B    , and     U   τ   =   U   T     using expressions (1)–(3) and (4)–(6), respectively [79]:


     E   b     A   b   = l   k   r     ,     E   b     I   b   = l   k   θ     ,     G   b     J   b   = l   k   τ    .  



(7)




Here,     A   b   =   π   d   2    /  4     is the cross-sectional area,     I   b   =   π   d   4    /  64     is the moment of inertia, and     J   b   =   π   d   4    /  32     is the polar moment of inertia of a beam with a circular cross-section and diameter d.



Equation (7) is the basis for the analysis of the mechanical response of AlNNSs and GaNNSs being used to calculate the input parameters for the numerical simulation, knowing the values of the force constants     k   r    ,     k   θ    , and     k   τ    .



In the present work, the method based on DFT calculations in combination with analytical relationships for the surface Young’s modulus,     E   s    , and the Poisson’s ratio,   ν  , originating from molecular mechanics (MM) was used to assess     k   r     and     k   θ     force field constants. To this end, the following expressions were used [73]:


    k   r   =   9   E   s      3    1 − ν     ,  



(8)






    k   θ   =     E   s     a    Al ( Ga ) – N    2     2  3     1 + 3  ν     ,  



(9)




where     a    Al ( Ga ) – N      is the length of the Al–N (Ga–N) bond, which is equal to the beam length, l, in the present model. The values of     E   s     and   ν   used in Equations (8) and (9) were taken from the results of the DFT calculations by Şahin et al. [3], as shown in Table 4, together with the bond lengths,     a    Al ( Ga ) – N     .



The torsion resistance constant,     k   τ    , was obtained using the DREIDING force field [80], where the torsional properties of the diatomic nanostructure are evaluated by uniquely taking into account the hybridization of the atoms. The values of     k   r    ,     k   θ    , and     k   τ     used are also shown in Table 4.



The values of the force field constants and the bond lengths, given in Table 4, allowed the calculation of the geometrical and elastic properties of the beams (input values for the numerical simulation) shown in Table 5, together with their respective formulations.




2.1.3. FEA and Calculation of Young’s and Shear Moduli of AlN and GaN Nanosheets


The mechanical behavior of AlNNSs and GaNNSs was investigated under numerical tensile and in-plane shear tests using the ABAQUS® FE code (Abaqus 2020, Dassault Systèmes®, Vélizy-Villacoublay, France). Figure 4 shows the three studied loading cases with the respective boundary conditions for a square AlN nanosheet as an example.



In the first loading case, shown in Figure 4a, the nodes on the left side of the nanosheet were fixed, and an axial tensile force,     F   x    , was applied to the opposite side. In the second case, represented in Figure 4b, the bottom edge nodes were fixed, while an axial force,     F   y    , was applied to the nodes of the NS upper side. The abovementioned loading conditions meant that two tensile configurations of AlNNSs and GaNNSs, zigzag and armchair, respectively, were considered. In the third loading case (Figure 4c), the boundary conditions were the same as in the second case, and a shear force,     P   x    , was applied to the upper side nodes.



To calculate the Young’s modulus along the x-axis,     E   x    , the NS axial displacement,     u   x    , (corresponding to elongation in the x-direction) under the axial tensile load,     F   x    , was taken from FEA (see Figure 4a). Consequently,     E   x     was evaluated as follows [74]:


    E   x    =      F   x     L   x       u   x     L   y     t   n     ,  



(10)




where     L   x     and     L   y     are the NS side lengths (see Figure 2 and Figure 3), and     t   n     is the nanosheet thickness.



The axial displacement of the nanosheet in the y-direction,     v   y    , under the applied load     F   y    , was taken from the FEA (Figure 4b). The Young’s modulus along the y-axis,     E   y    , is given by the following expression [74]:


    E   y    =      F   y     L   y       v   y     L   x     t   n     .  



(11)







To calculate the shear strain,     γ   xy    , the NS displacement in the x-direction,     r   x    , under the in-plane shear load     P   x    , was taken from the FEA (Figure 4c). Therefore, the NS shear modulus,     G   xy    , can be evaluated as follows [74]:


    G   xy    =      P   x       γ   xy     L   x     t   n      ,      γ   xy    =  t a n     r   x       L   y     .  



(12)




The displacement     r   x     was measured in the central part of the NS to avoid influence at the nodes, where boundary and loading conditions were applied.



Given the lack of knowledge of the     t   n     value for AlNNSs and GaNNSs, the alternative to     E   x    ,     E   y    , and     G   xy     is to calculate the surface Young’s and shear moduli,     E   s x    ,     E   sy    , and     G   sxy     (the product of the respective elastic modulus by the nanosheet thickness). For this, Equations (10)–(12) are written as follows:


      E   s x   = E   x     t   n   =     F   x     L   x         u   x   L   y     ,  



(13)






    E   sy   =   E   y     t   n    =      F   y     L   y       v   y     L   x     ,  



(14)






    G   sxy    =    G   xy     t   n    =      P   x       γ   xy     L   x     .  



(15)










3. Results and Discussion


3.1. Parametric Study on Surface Elastic Moduli of AlN and GaN Nanosheets


3.1.1. Size Effect on Surface Young’s and Shear Moduli of Square AlNNSs and GaNNSs


Figure 5a shows the surface Young’s moduli for the zigzag configuration (along the x-direction),     E   sx    , and armchair configuration (along the y-direction),     E   sy    , calculated by Equations (13) and (14), respectively, from the tensile simulations of AlN and GaN square nanosheets of five different sizes (see Table 3). For AlN and GaN compounds, the surface Young’s modulus along the x-direction,     E   sx    , was almost constant for all sizes of NSs studied, except for the nanosheet with the smallest side length,     L   x     ≈     L   y     ≈ 3 nm, for which the value of     E   sx     increased. The surface Young’s modulus along the y-direction,     E   sy    , increased slightly from the NS of the smallest size (≈3 × 3 nm2) to that of the largest size studied (with a side length     L   x     ≈     L   y     ≈ 15 nm) by 4.6% and 5.2% for AlN and GaN nanosheets, respectively. The average values of the surface Young’s moduli,     E   sx     and     E   sy    , of both nanosheets are represented in Figure 5a by dashed lines. These average values were, on the one hand,     E   sx     = 0.160 and 0.144 TPa·nm and, on the other hand,     E   sy     = 0.154 and 0.138 TPa·nm for AlNNSs and GaNNSs, respectively. Thus, for square AlNNSs, the     E    sx , y      average values were about 10.5% higher than those of GaNNSs. The lower values of     E    sx , y      moduli calculated for GaNNSs can probably be justified by the longer length of the Ga–N bond,     a    Ga – N      = 0.185 nm, when compared with the length of the Al–N bond, which was     a    Al – N      = 0.179 nm.



As can be seen in Figure 5b, the surface Young’s modulus of both AlNNSs and GaNNSs was greater in the zigzag direction than in the armchair direction,     E   sx     >     E   sy    , which suggests that the square aluminum nitride and gallium nitride NSs are not transversely isotropic. In this way, the ratio between the surface Young’s moduli for the zigzag and armchair configurations,     E   sx   /   E   sy    , can quantify the anisotropic behavior of NSs. The     E   sx   /   E   sy     ratio decreased from nearly 1.093 to 1.019 when the NS size increased, irrespective of whether the compound was AlN or GaN (see Figure 5b). The average values of the ratio were     E   sx   /   E   sy     ≈ 1.038 and 1.043 for AlNNSs and GaNNSs, respectively. A mild anisotropy with     E   sx   /   E   sy     = 1.031 was previously reported by Sakharova et al. [73] for boron nitride nanosheets (BNNSs), which are representatives of the 13th group, i.e., nitride nanostructures as well as AlNNSs and GaNNSs. In that study, the anisotropic behavior of NSs was explained by the different stresses needed for stretching the hexagonal lattice in the zigzag and armchair directions when the respective axial force was applied due to the atom’s arrangement. With regard to the     E   sx   /   E   sy     ratio, it can be concluded that its value increases with an increase in the bond length. Indeed, the converged average value of the     E   sx   /   E   sy     ratio increased from 1.019 (BN) [73] to 1.026 (AlN) and then to 1.031 (GaN) with an increase in the value of     a    B – N      = 0.145 nm <     a    Al – N      = 0.179 nm <     a    Ga – N      = 0.185 nm [3].



Figure 6 shows the surface shear modulus,     G   sxy    , for the square AlNNSs and GaNNSs, calculated by Equation (15), from the shear test simulations. The     G   sxy     values were nearly constant for all square AlN and GaN nanosheets studied, although the shear modulus values obtained for GaNNSs showed greater scattering.



The average surface shear modulus of AlNNSs,     G   sxy     = 0.029 TPa·nm, was about 12% higher than that of GaNNSs, which was     G   sxy     = 0.026 TPa·nm.



As was established previously, among 2D materials in the 13th group (nitride compounds), BN nanosheets exhibited superior mechanical properties, close to those of graphene [73,81]. The surface Young’s and shear moduli of the BNNSs,     E   sx     = 0.334 TPa·nm,     E   sy     = 0.324 TPa·nm, and     G   sxy     = 0.065 TPa·nm [71], were nearly 2 and 2.5 times greater than the     E    sx , y      and     G   sxy     values calculated for AlNNSs and GaNNSs, respectively. This should be taken into account in the assembly of heterostructures involving 2D nitrides and in the design of nanodevices, where the mechanical strength of the components is important.




3.1.2. Influence of the Aspect Ratio on the Surface Elastic Moduli of AlNNSs and GaNNSs


Next, the influence of the aspect ratio on the surface elastic moduli of aluminum nitride and gallium nitride NSs was analyzed. To this end, the approach used was similar to that proposed by Georgantzinos et al. [75] for the study of the elastic behavior of BNNSs.



To understand the effect of the aspect ratio on AlNNS and GaNNS surface Young’s moduli, the evolutions of the Young’s moduli along the x-direction,     E   sx    , and along the y-direction,     E   sy    , were plotted as a function of the NS horizontal side length,     L   x    , as shown in Figure 7. Five sets of nanosheets, each with the same NS vertical lateral length,     L   y    , as presented in Table 3, were considered for AlNNSs and GaNNSs.



The trend in the evolution of the surface Young’s modulus in the zigzag direction, which can be observed in Figure 7a,b, showed that     E   sx     increased with increasing NS side length,     L   x    . For ANNSs and GaNNSs with the aspect ratio     L   x    /    L   y     < 1, the increasing rate was considerable until     E   sx     attained the value for the square NS configuration (    L   x    /    L   y     = 1). Afterwards, with further increase in     L   x    , the growth of the surface Young’s modulus slowed down. This last domain of the     E   sx     evolution corresponded to nanosheets with     L   x    /    L   y     > 1, which were larger in width than in height. With regard to     E   sx     values, the greater the vertical side length,     L   y    , the lower the surface Young’s modulus along the x-direction. To facilitate understanding, the     E   sx     results from Figure 7a,b are summarized in Table A1 (Appendix A).



The evolutions of the surface Young’s modulus in the armchair direction,     E   sy    , as a function of the NS side length,     L   x    , shown in Figure 7c,d for AlNNSs and GaNNSs, respectively, can also be analyzed in terms of the NS aspect ratio,     L   x    /    L   y    , as for the case of the     E   sx     modulus. For     L   x    /    L   y     < 1 (the case of NSs shown in Figure 2a,b),     E   sy     slightly increased with increasing     L   x     length until the aspect ratio was     L   x    /    L   y     = 1 (square NSs). Then, when     L   x     further increased, which corresponded to nanosheets with     L   x    /    L   y     > 1, the     E   sy     modulus started to decrease. The more significant the decreasing rate, the smaller the value of     L   y     (see Figure 7c,d). Also, lower     E   sy     values of AlNNSs and GaNNSs were observed when the vertical side length,     L   y    , decreased. The     E   sy     results from Figure 7c,d, are shown in Table A2 (Appendix A).



To complete the analysis of the effect of the NS aspect ratio on the     E   sx     and     E   sy     moduli, these were plotted in Figure 8 as a function of the vertical NS side length,     L   y    . Similar to Figure 7, Figure 8 shows the     E    sx , y      results for the five groups of NSs, each with the same horizontal side length,     L   x    , for AlNNSs and GaNNSs. The Young’s modulus in the x-direction (zigzag),     E   sx    , decreased as the vertical side length,     L   y    , increased. This decrease became less significant as the length of the horizontal NS side,     L   x    , increased (Figure 8a,b). The Young’s modulus in the y-direction (armchair),     E   sy    , increased with increasing vertical side length,     L   y    , and then tended to reach a stable value with further increase in     L   y    . This trend was more pronounced for AlNNSs and GaNNSs with a smaller horizontal side,     L   x    , and an aspect ratio     L   x    /    L   y     > 1 (see Figure 8c,d).



Figure 9 shows the evolutions of the ratio between the surface Young’s moduli for the zigzag and armchair configurations of AlNNSs and GaNNSs,     E   sx   /   E   sy    , as a function of the horizontal,     L   x    , and vertical,     L   y    , side lengths of the NS. The     E   sx   /   E   sy     ratio increased with increasing     L   x     (Figure 9a,b). For NSs with the relationship between side lengths     L   x    /    L   y     < 1, the value of the ratio between the surface Young’s moduli was less than or close to 1 (    E   sx   /   E   sy     = 1 corresponds to the case of NS isotropy). Also, it can be observed in Figure 9a,b that the bigger the vertical NS side,     L   y    , the lower the     E   sx   /   E   sy     ratio. The evolutions of the     E   sx   /   E   sy     ratio as a function of the vertical NS length,     L   y    , had the opposite trend, with     E   sx   /   E   sy     decreasing when the length     L   y     increased and     E   sx   /   E   sy       ≲   1 for nanosheets with the largest horizontal side length,     L   x     (see Figure 9c,d). The     E   sx   /   E   sy     results from Figure 9 are summarized in Table A3 (Appendix A).



The evolutions of the surface shear modulus,     G   sxy    , of AlNNSs and GaNNSs with the horizontal,     L   x    , and vertical,     L   y    , side lengths are analyzed in Figure 10a,b and Figure 10c,d, respectively.



The surface shear modulus,     G   sxy    , of AlNNSs and GaNNSs increased with increasing     L   x     side length and, consequently, the NS aspect ratio,     L   x    /    L   y    . The     G   sxy     values were lower for NSs with bigger     L   y     length. For the     G   sxy     evolutions as a function of the vertical side length,     L   y    , the inverse trend was observed, i.e.,     G   sxy     decreased with increasing     L   y    . For     L   x , y     ≈ 12 and 15 nm, the evolutions of the surface shear modulus followed an almost linear trend. The results shown in Figure 10 are summarized in Table A4 (Appendix A).





3.2. Development of an Analytical Approach for Determining the Surface Elastic Moduli of AlNNSs and GaNNSs


The surface Young’s and shear moduli evolutions discussed in Section 3.1.2, namely, the influence of the aspect ratio on the surface elastic moduli of AlNNSs and GaNNSs, is represented in the form of 3D graphs in Figure 11, where each elastic modulus,     E   sx    ,     E   sy    , and     G   sxy    , is plotted as a function of both NS side lengths,     L   x     and     L   y    .



Each of the surfaces obtained in Figure 11 can be well fitted by a third-order polynomial function as follows:


    E    sx , y        G   sxy     =   P   00   +   P   10     L   y   +   P   01     L   x   +   P   20     L   y   2   +   P   11     L   y     L   x   +   P   02     L   x   2   +   P   30     L   y   3   +   P   21     L   y   2     L   x   +   P   12     L   y     L   x   2   +   P   03     L   x   3    



(16)




where     P   00    ,     P   10    ,     P   01    ,     P   20    ,     P   11    ,     P   02    ,     P   30    ,     P   21    ,     P   12    , and     P   03     are empirically obtained fitting coefficients that, together with the R-square values, are shown in Table A5 and Table A6 (Appendix B) for AlNNSs and GaNNSs, respectively.



Knowing the size of the nanosheet and the values of the coefficients in Equation (16), it is possible to calculate the surface Young’s,     E   sx     and     E   sy    , and shear,     G   sxy    , moduli of AlNNSs and GaNNSs for sizes in the range of ≈ 3 × 3 to 15 × 15 nm2 without resorting to numerical simulation. To validate the analytical expressions proposed, two sets of AlN and GaN nanosheets, one for each compound, whose geometrical properties are shown in Table 6, were used.



Table 7 summarizes the average differences between the values of the     E   sx    ,     E   sy    , and     G   sxy     moduli calculated with the aid of the respective parameters in Equation (16) (see Table A5 and Table A6 (Appendix B)) for AlNNSs and GaNNSs and the corresponding values acquired in the numerical simulation.



It can be concluded that the analytical expressions based on the respective fitting coefficients in Equation (16) allowed a precise assessment of the surface elastic moduli,     E    sx , y      and     G   sxy    , of AlN and GaN nanosheets. For GaNNSs, the analytical results were less accurate for the nanosheets situated at the edge limit of the surfaces, as depicted in Figure 11b,d,f.



To the best of our knowledge, an accurate methodology for determining the elastic moduli of AlNNSs and GaNNSs without the need for numerical simulation is proposed here for the first time. Georgantzinos et al. [75] derived analytical expressions for evaluation of the elastic constants of BNNSs based on a fitting procedure different from that suggested in the current study.




3.3. Validation of the Current Results of Surface Elastic Moduli for AlNNSs and GaNNSs


3.3.1. Comparison with Literature Results


Firstly, the current surface Young’s moduli,     E   sx     and     E   sy    , of GaNNSs as a function of the nanosheet size (case of the square NSs,     L   x   =   L   y    ) and aspect ratio,     L   x    /    L   y    , were compared with those available in the literature, as shown in Figure 12a,b. The analysis of these evolutions was carried out for nanosheets of comparable sizes and aspect ratios. As shown in Figure 12b, a set of GaNNSs with the same horizontal side length,     L   x     ≈ 6 nm, was chosen; this value is similar to that used by Rouhi et al. [70],     L   x     ≈ 5 nm.



In the present study, the evolution of the surface Young’s modulus for the zigzag configuration,     E   sx    , with changing NS size was slightly higher for small nanosheets and then became stable with increasing NS size (Figure 12a), as in the case of Giannopoulos et al. [77], despite the differences in values. For the armchair configuration, the results pointed to a gradual increase in     E   sy     value when the NS size increased, contrary to Giannopoulos et al. [77]; also, in this case, the values were visibly different. With regard to the influence of the aspect ratio, Rouhi et al. [70] reported an increase in     E   sx     and     E   sy     moduli with increasing NS aspect ratio,     L   x    /    L   y    . These evolutions differ from the current ones, where the values of     E   sx     and     E   sy     demonstrated a nonsignificant increase and decrease, respectively, when     L   x    /    L   y     increased (Figure 12b). Here too, the values were visibly different.



Table 8 summarizes the present results of the elastic moduli of square AlNNSs and GaNNSs and those available in the literature. Whenever possible, the NS size is specified in this table. The current Young’s and shear moduli calculated for AlN and GaN nanosheets of     L   x     ×     L   y     ≈ 12 × 12 nm2, whose size is within the range of most NSs in Table 8, were chosen for comparison purposes. It is worth noting that solely theoretical (analytical and numerical) elastic moduli results are available in the literature.



To facilitate a comparison of the current results and those available in the literature, presented in Table 8, the surface Young’s moduli,     E   sx     and     E   sy    , and their ratio,     E   sx   /   E   sy    , are plotted in Figure 13.



As can be seen in Figure 13a and Table 8, the     E   sx     and     E   sy     moduli obtained for AlNNSs in the MD simulation study with Tersoff potential of Le [8] were in very good agreement with those evaluated by Jafaria et al. [61], who used ab initio calculations performed with the Quantum ESPRESSO (QE) package. The current     E   sx     and     E   sy     values were about 15% higher than those by Le [8] and Jafaria et al. [61], which in turn were nearly 5% higher than the     E   sx     and     E   sy     values calculated by Singh et al. [71], who used MS simulations employing TB potential function to describe the interactions between Al and N atoms. The lowest surface Young’s moduli in the zigzag and armchair directions were reported by Luo et al. [67], who used the Vienna ab initio simulation package (VASP) for ab initio DFT calculations. Although the studies of Jafaria et al. [61] and Luo et al. [67] implemented the Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional and the projector-augmented wave (PAW) potentials for self-consistent total energy calculation and geometry optimization, the     E    sx , y      values evaluated by Jafaria et al. [61] were nearly 20% higher than those by Luo et al. [67] due to the difference in the simulation package used.



With regard to GaNNSs, the current     E   sx     modulus remains the highest compared to those reported in the literature (see Figure 13b and Table 8). The     E   sy     value reported by Sarma et al. [72] was nearly 8% higher than that calculated in the present study. Singh et al. [71] and Luo et al. [67] obtained similar surface Young’s moduli values, contrary to what was observed for AlNNSs.     E   sx     and     E   sy     values by Luo et al. [67] and Singh et al. [71] were ≈ 20% higher than the respective moduli calculated by Giannopoulos et al. [77], who used spring elements to model the Ga–N bond under the NCM/MSM approach, and Rouhi et al. [70], who employed TB potential in their MD simulation study, with the exception of the     E   sy     value found in this last work. The lowest     E   sx     and     E   sy     values were reported by Le [8], despite his method providing satisfactory results for AlNNSs. The difference between the current surface Young’s moduli for the zigzag and armchair configurations and those evaluated by Giannopoulos et al. [77] can possibly be explained by the fact that they used a different elastic element, i.e., spring, to describe the Ga–N bond.



Most of the results shown in Figure 13c indicate that AlN and GaN nanosheets are transversely anisotropic, as shown by the ratio between the surface Young’s moduli,     E   sx   /   E   sy    . However, except for the findings by Rouhi et al. [70], who suggested strong anisotropy for GaNNSs, characterized by     E   sx   /   E   sy     = 1.286, the values of     E   sx   /   E   sy     presented in Figure 13c indicate a slight anisotropy of AlNNSs and GaNNSs. The values of     E   sx   /   E   sy     were in the range of 1.019 (present study) to 1.050 (Jafaria et al. [61]) for AlNNSs and in the range of 1.013 (Giannopoulos et al. [77]) to 1.032 (Singh et al. [71]) for GaNNSs. Moreover, Le [8] reported     E   sx   /   E   sy     ≈ 1 for AlNNSs, and Luo et al. [67] reported the same value for both AlNNSs and GaNNSs, which indicates isotropic behavior of the nanosheets. The current     E   sx   /   E   sy     ratios for aluminum nitride and gallium nitride NSs were in a good concordance with those reported in the literature, indicating a mild NS anisotropy.



Figure 14a,b compares the current average results of the surface Young’s modulus (    E   sNS   =       E   sx   +   E   sy      /  2    ) for AlNNSs and GaNNSs (considering the cases of NSs in Table 8), respectively, with those from the literature. For AlNNSs, the     E   sNS     value evaluated in the present work was ≈ 11% higher than that calculated by Le [76] using the analytical expression derived from the NCM/MSM approach (Figure 14a). In turn,     E   sNS     reported by Le [76] showed a good agreement (difference of about 4%) with the surface Young’s modulus obtained by Peng et al. [62], who performed their ab initio DFT calculations with the VASP code. These results were similar to     E   sNS     evaluated by Kourra et al. [63] and Lv et al. [64], who used the VASP and QE codes, respectively.



Faraji et al. [68] carried out their calculations with the VASP and obtained an     E   sNS     modulus of AlNNSs that was nearly 5% lower than those by Kourra et al. [63] and Lv et al. [64]. The lowest     E   sNS     value, as reported by Ahangari et al. [6], was evaluated using the Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA) code. In the works of Ahangari et al. [6], Peng et al. [62], Kourra et al. [63], Lv et al. [64], and Faraji et al. [68], the generalized gradient approximation (GGA) parameterized by the PBE functional was employed to describe the exchange–correlation energy, as implemented in the respective code. It is worth noting that a calculation approach similar to that in the aforementioned studies did not lead to comparable surface Young’s modulus results for AlNNSs (see Figure 14a).



As shown in Figure 14b for GaNNSs (in contrast to the case of AlNNSs), the highest surface Young’s modulus was reported by Ahangari et al. [6], whose     E   sNS     value was in very good agreement (difference of ≈ 2%) with that calculated by Fabris et al. [66]. These authors performed their ab initio DFT simulations using the CRYSTAL17 package combined with the Becke’s three-parameter Lee–Yang–Parr (B3LYP) functional to approximate the exchange–correlation energy. The     E   sNS     value reported by Fabris et al. [66] was about 14% higher than that evaluated in the present study. Tuoc et al. [65] and Ye and Peng [69] calculated similar values of     E   sNS    , which were ≈ 29% lower than the current one. Tuoc et al. [65] used GCA-PBE parametrization within the VASP to this end, and Ye and Peng [69] employed ab initio DFT calculations via the five-order nonlinear elasticity (FONE) method. Finally, Faraji et al. [68] reported the     E   sNS     value to be ≈ 9% lower than those by Tuoc et al. [65] and Ye and Peng [69].



As is evident from Table 8, available surface shear modulus results are scarce to date for AlN and GaN nanosheets. Figure 15 compares the current surface shear modulus,     G   sxy    , for AlNNSs and GaNNSs with those reported in the literature. The discrepancy in the     G   sxy     values was obvious. The shear moduli of AlNNSs and GaNNSs in the current study were significantly lower than those obtained by Luo et al. [67] and Jafaria et al. [61]. A recent study [61] reported     G   sxy     for aluminum nitride NSs that exceeded the value reported in the present work by 200%.



It can be concluded from Table 8, Figure 13a,b, Figure 14 and Figure 15 that a considerable scattering of values of the surface Young’s and shear moduli was observed for AlNNSs and GaNNSs. Therefore, more theoretical results than those available so far are required to build a reliable benchmark for ascertaining the elastic moduli of aluminum nitride and gallium nitride NSs.




3.3.2. Adjustment of Input Parameters for Numerical Simulation


To obtain the surface Young’s moduli of AlNNSs and GaNNSs that show better agreement with those from the literature, a study was carried out on the influence of numerical simulation input parameters on the     E   sx     and     E   sy     Young’s moduli. The adjustment of the input parameters was performed by modifying the ratio between the bond stretching and bond bending force constants,     k   r    /    k   θ    . In fact, the     k   r    /    k   θ     ratio was used in the calculation of the geometrical and elastic properties of the beam elements (see Table 5). For this purpose, the     k   θ     force constant remained the same and equal to that in Table 4. The     k   r     force constant for each new simulation was calculated by     k   r    ( n )     =       k    r    ( n − 1 )     − 0.1 ·    k   r    ( 0 )     , where     k   r    ( 0 )      is the bond stretching constant from Table 4. AlNNSs and GaNNSs with the size 6.33 × 6.41 nm2 and 6.08 × 6.24 nm2, respectively, were chosen for numerical simulation. Figure 16a,b shows the surface Young’s moduli of AlNNSs and GaNNSs along the zigzag and armchair directions,     E   sx     and     E   sy     (Figure 16a), and their ratio,     E   sx   /   E   sy     (Figure 16b), as a function of the     k   r    /    k   θ     ratio.



For AlNNSs and GaNNSs, the     E   sx     and     E   sy     moduli decreased with decreasing     k   r    /    k   θ     ratio, corresponding to the input parameters shown in Table 5 (see Figure 16a). A similar trend with a decrease in     k   r    /    k   θ     was observed for the evolutions of the     E   sx   /   E   sy     ratio (Figure 16b). The ranges of the     k   r    /    k   θ     ratio, for which the     E   sx     and     E   sy     values were closer to those in Table 8 and Figure 13a and Figure 14, are shown in Figure 16a for AlNNSs and GaNNSs. To simplify understanding, the     k   r     and     k   θ     force constants and the resulting numerical simulation input parameters, which led to the     E   sx     and     E   sy     values showing a good agreement with the literature results, are summarized in Table 9. The references reporting surface Young’s modulus that had good agreement with the current study are also presented in Table 9. The torsion resistance constant,     k   τ    , was maintained the same as in Table 4. The diameter, d, Young’s modulus,     E   b    , and shear modulus,     G   b    , of the beam element were calculated by the expressions presented in Table 5. The Poisson’s ratio of the beam element,     ν   b    , was assessed as follows [82]:


    ν   b   =     k   r     l   2    − 6    k   θ       k   r     l   2   + 18   k   θ     ,  



(17)




where l is the beam length, which is equal to the Al(Ga)–N bond length.



As can be seen from Table 9, it is possible to decrease the surface Young’s modulus of AlNNSs and GaNNSs by decreasing the bond stretching force constant,     k   r    , which is required for calculating the input parameters of the numerical simulation. Although the proposed adjustment process brings the current     E   sx     and     E   sy     values closer to those reported in the literature, it also affects the outcomes regarding the NS anisotropy. The difference between the surface Young’s moduli for the zigzag and armchair configurations becomes more attenuated, and the     E   sx   /   E   sy     ratio subsequently decreases with decreasing     k   r     (see Figure 16b). Therefore, the effect on the nanosheet anisotropy should be taken into account when adapting the input parameters to change the resulting values of     E   sx     and     E   sy    . Moreover, the use of a lower bond stretching force constant to calculate the numerical simulation input parameters results in thicker beam elements with lower elastic properties when compared with those of the initial model (see Table 9). This can affect the overall mechanical response of AlNNSs and GaNNSs and their subsequent analysis. Nevertheless, a detailed investigation of procedures for precisely tuning input parameters for numerical simulation is required and is planned for future work.






4. Conclusions


The surface elastic moduli of aluminum nitride and gallium nitride nanosheets with a large range of sizes and forms (from square to rectangular) were evaluated using numerical simulation based on the NCM/MSM approach. The present work is a systematic study and provides a robust finite element model of AlNNSs and GaNNSs having a wide range of aspect ratios, which allows an expeditious determination of their surface Young’s and shear moduli.



The evolutions of the current surface Young’s modulus,     E   sx     and     E   sy    , and shear modulus,     G   sxy    , of AlNNSs and GaNNSs with the nanosheet aspect ratio,     L   x    /    L   y    , was analyzed in terms of the NS forms. These evolutions ranged from NSs whose height was greater than their width (    L   x    /    L   y     < 1) passing through square nanosheets (    L   x    /    L   y     = 1) to NSs whose horizontal side was larger than the vertical (    L   x    /    L   y     > 1).



The current results of the elastic moduli point to a slight anisotropy in AlNNSs and GaNNSs. The surface Young’s modulus in the zigzag direction,     E   sx    , was greater than that in the armchair direction,     E   sy    . For both AlNNSs and GaNNSs, the anisotropy ratio,     E   sx   /   E   sy    , was sensitive to the relationship between the NS side length sizes,     L   x    /    L   y    . For the square nanosheets, the value of     E   sx   /   E   sy     was in good agreement with those reported in the literature.



Based on the current results, an analytical method was established and validated that allows accurate assessment of the surface Young’s and shear moduli of AlNNSs and GaNNSs without resorting to numerical simulation. To the best of our knowledge, such a methodology has not been previously proposed for aluminum nitride and gallium nitride nanosheets.



The results obtained substantially contribute to a benchmark for evaluating the elastic moduli of aluminum nitride and gallium nitride nanosheets by theoretical methods. This is an important outcome given that the development of this benchmark is still at an early stage.



An exploratory study on adjusting the input parameters for numerical simulation was performed, and its possible limitations were pointed out.
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Table A1. Surface Young’s modulus for the zigzag configuration,     E   sx    , for AlNNSs and GaNNSs in Table 3.






Table A1. Surface Young’s modulus for the zigzag configuration,     E   sx    , for AlNNSs and GaNNSs in Table 3.





	
AlN

	
     L   y     , nm

	
GaN

	
     L   y     , nm






	
     L   x     , nm

	
3.11

	
6.41

	
9.70

	
12.99

	
15.19

	
     L   x     , nm

	
3.32

	
6.24

	
9.17

	
12.09

	
15.02




	
3.17

	
0.163

	
0.151

	
0.146

	
0.144

	
0.144

	
3.38

	
0.147

	
0.137

	
0.132

	
0.130

	
0.129




	
6.33

	
0.165

	
0.159

	
0.155

	
0.151

	
0.149

	
6.08

	
0.149

	
0.144

	
0.140

	
0.136

	
0.133




	
9.50

	
0.166

	
0.161

	
0.159

	
0.156

	
0.154

	
9.11

	
0.150

	
0.146

	
0.144

	
0.141

	
0.139




	
12.66

	
0.167

	
0.162

	
0.160

	
0.159

	
0.158

	
12.14

	
0.150

	
0.146

	
0.145

	
0.144

	
0.142




	
15.83

	
0.167

	
0.162

	
0.160

	
0.160

	
0.159

	
15.17

	
0.151

	
0.147

	
0.145

	
0.144

	
0.144











 





Table A2. Surface Young’s modulus for the armchair configuration,     E   sy    , for AlNNSs and GaNNSs in Table 3.






Table A2. Surface Young’s modulus for the armchair configuration,     E   sy    , for AlNNSs and GaNNSs in Table 3.





	
AlN

	
     L   y     , nm

	
GaN

	
     L   y     , nm






	
     L   x     , nm

	
3.11

	
6.41

	
9.70

	
12.99

	
15.19

	
     L   x     , nm

	
3.32

	
6.24

	
9.17

	
12.09

	
15.02




	
3.17

	
0.149

	
0.152

	
0.153

	
0.154

	
0.154

	
3.38

	
0.134

	
0.137

	
0.138

	
0.138

	
0.138




	
6.33

	
0.144

	
0.153

	
0.155

	
0.155

	
0.156

	
6.08

	
0.130

	
0.138

	
0.139

	
0.140

	
0.140




	
9.50

	
0.141

	
0.151

	
0.155

	
0.156

	
0.156

	
9.11

	
0.126

	
0.136

	
0.139

	
0.140

	
0.141




	
12.66

	
0.139

	
0.148

	
0.154

	
0.156

	
0.156

	
12.14

	
0.124

	
0.133

	
0.138

	
0.140

	
0.141




	
15.83

	
0.138

	
0.146

	
0.152

	
0.155

	
0.156

	
15.17

	
0.123

	
0.130

	
0.136

	
0.139

	
0.141











 





Table A3. Ratio between the surface Young’s moduli for zigzag and armchair configurations,     E   sy    , for AlNNSs and GaNNSs in Table 3.






Table A3. Ratio between the surface Young’s moduli for zigzag and armchair configurations,     E   sy    , for AlNNSs and GaNNSs in Table 3.





	
AlN

	
     L   y     , nm

	
GaN

	
     L   y     , nm






	
     L   x     , nm

	
3.11

	
6.41

	
9.70

	
12.99

	
15.19

	
     L   x     , nm

	
3.32

	
6.24

	
9.17

	
12.09

	
15.02




	
3.17

	
1.090

	
0.994

	
0.956

	
0.940

	
0.934

	
3.38

	
1.095

	
1.005

	
0.961

	
0.941

	
0.930




	
6.33

	
1.146

	
1.039

	
1.002

	
0.973

	
0.959

	
6.08

	
1.147

	
1.049

	
1.008

	
0.976

	
0.955




	
9.50

	
1.183

	
1.067

	
1.026

	
1.003

	
0.991

	
9.11

	
1.188

	
1.074

	
1.032

	
1.007

	
0.986




	
12.66

	
1.198

	
1.091

	
1.042

	
1.019

	
1.008

	
12.14

	
1.209

	
1.101

	
1.049

	
1.024

	
1.007




	
15.83

	
1.205

	
1.111

	
1.058

	
1.030

	
1.019

	
15.17

	
1.219

	
1.123

	
1.067

	
1.036

	
1.019











 





Table A4. Surface shear modulus,     G   sxy    , for AlNNSs and GaNNSs in Table 3.






Table A4. Surface shear modulus,     G   sxy    , for AlNNSs and GaNNSs in Table 3.





	
AlN

	
     L   y     , nm

	
GaN

	
     L   y     , nm






	
     L   x     , nm

	
3.11

	
6.41

	
9.70

	
12.99

	
15.19

	
     L   x     , nm

	
3.32

	
6.24

	
9.17

	
12.09

	
15.02




	
3.17

	
0.029

	
0.011

	
0.006

	
0.003

	
0.002

	
3.38

	
0.026

	
0.012

	
0.006

	
0.004

	
0.003




	
6.33

	
0.046

	
0.029

	
0.018

	
0.012

	
0.009

	
6.08

	
0.039

	
0.025

	
0.016

	
0.011

	
0.008




	
9.50

	
0.052

	
0.040

	
0.029

	
0.021

	
0.017

	
9.11

	
0.044

	
0.035

	
0.026

	
0.019

	
0.015




	
12.66

	
0.056

	
0.046

	
0.037

	
0.029

	
0.025

	
12.14

	
0.047

	
0.040

	
0.033

	
0.027

	
0.021




	
15.83

	
0.059

	
0.049

	
0.042

	
0.035

	
0.031

	
15.17

	
0.050

	
0.043

	
0.038

	
0.032

	
0.027
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Table A5. Fitting parameters of Equation (16) to determine the surface elastic moduli of AlN nanosheets.






Table A5. Fitting parameters of Equation (16) to determine the surface elastic moduli of AlN nanosheets.





	Parameter
	     E   sx     , TPa·nm
	     E   sy     , TPa·nm
	     G   sxy     , TPa·nm





	     P   00     
	0.171226860171277
	0.144651640333808
	0.026970084065154



	     P   10     
	−0.006360347217088
	0.002967422265006
	−0.007902381722436



	     P   01     
	0.002279765484141
	−0.001843434579208
	0.009085303791427



	     P   20     
	0.000363968852232
	−0.000293419339182
	0.000426608771576



	     P   11     
	0.000229759364727
	0.000292133965245
	−0.000092489299104



	     P   02     
	−0.000209500336416
	0.000012728748904
	−0.000545715913699



	     P   30     
	−0.00000746339864
	0.000007833660811
	−0.000003678537337



	     P   21     
	−0.000007518745212
	−0.000005131252802
	−0.000017320436461



	     P   12     
	−0.000000604912003
	−0.000005767443066
	0.000022679820597



	     P   03     
	0.000004471395921
	0.000000523690948
	0.00000856130266



	R2
	0.9900
	0.9818
	0.9968










 





Table A6. Fitting parameters of Equation (16) to determine the surface elastic moduli of GaN nanosheets.






Table A6. Fitting parameters of Equation (16) to determine the surface elastic moduli of GaN nanosheets.





	Parameter
	     E   sx     , TPa·nm
	     E   sy     , TPa·nm
	     G   sxy     , TPa·nm





	     P   00     
	0.155842264053617
	0.126851645283434
	0.031381726719575



	     P   10     
	−0.006331424238629
	0.003752888683127
	−0.008841303632553



	     P   01     
	0.002195242203642
	−0.001460259028607
	0.006296030975982



	     P   20     
	0.000368839364287
	−0.000407373789112
	0.000575024580332



	     P   11     
	0.000259013009783
	0.000322511258052
	0.000006526629769



	     P   02     
	−0.000214522770561
	−0.000048349919454
	−0.000285511583613



	     P   30     
	−0.000008401279696
	0.000012092804498
	−0.000009642448834



	     P   21     
	−0.000007343339536
	−0.000005998213089
	−0.00001933757749



	     P   12     
	−0.000001894734595
	−0.000006015715182
	0.000019453550129



	     P   03     
	0.0000047883614
	0.000002658775622
	−0.000000144991164



	R2
	0.9873
	0.9822
	0.9969










References


	



Wang, Z.; Wang, G.; Liu, X.; Wang, S.; Wang, T.; Zhang, S.; Yu, J.; Zhao, G.; Zhang, L. Two-dimensional wide band-gap nitride semiconductor GaN and AlN materials: Properties, fabrication and applications. J. Mater. Chem. C 2021, 9, 17201–17232. [Google Scholar] [CrossRef]

	



Ben, J.; Liu, X.; Wang, C.; Zhang, Y.; Shi, Z.; Jia, Y.; Zhang, S.; Zhang, H.; Yu, W.; Li, D.; et al. 2D III-Nitride Materials: Properties, Growth, and Applications. Adv. Mater. 2021, 33, 2006761. [Google Scholar] [CrossRef]

	



Şahin, H.; Cahangirov, S.; Topsakal, M.; Bekaroglu, E.; Akturk, E.; Senger, R.T.; Ciraci, S. Monolayer honeycomb structures of group-IV elements and III–V binary compounds: First-principles calculations. Phys. Rev. B 2009, 80, 155453. [Google Scholar] [CrossRef]

	



Zhuang, H.L.; Singh, A.K.; Hennig, R.G. Computational discovery of single-layer III–V materials. Phys. Rev. B 2013, 87, 165415. [Google Scholar] [CrossRef]

	



Kochaev, A. Elastic properties of noncarbon nanotubes as compared to carbon nanotubes. Phys. Rev. B 2017, 96, 155428. [Google Scholar] [CrossRef]

	



Ahangari, M.G.; Fereidoon, A.; Mashhadzadeh, A.H. Interlayer interaction and mechanical properties in multi-layer graphene, Boron-Nitride, Aluminum-Nitride and Gallium-Nitride graphene-like structure: A quantum-mechanical DFT study. Superlattices Microstruct. 2017, 112, 30–45. [Google Scholar] [CrossRef]

	



Kang, J.W.; Hwang, H.J. Atomistic study of III-nitride nanotubes. Comput. Mater. Sci. 2004, 31, 237–246. [Google Scholar] [CrossRef]

	



Le, M.-Q. Atomistic Study on the Tensile Properties of Hexagonal AlN, BN, GaN, InN and SiC Sheets. J. Comput. Theor. Nanosci. 2014, 11, 1458–1464. [Google Scholar] [CrossRef]

	



Huber, K.P.; Hertzberg, G. Molecular Spectra and Molecular Siructure: IV. Constants of Diatomic Molecules, 1st ed.; Van Nostrand Reinhold Company: New York, NY, USA, 1979. [Google Scholar]

	



Zhou, Z.; Zhao, J.; Chen, Y.; Schleyer, P.v.R.; Chen, Z. Energetics and electronic structures of AlN nanotubes/wires and their potential application as ammonia sensors. Nanotechnology 2007, 18, 424023. [Google Scholar] [CrossRef]

	



Lee, S.M.; Lee, Y.H.; Hwang, Y.G.; Elsner, J.; Porezag, D.; Frauenheim, T. Stability and electronic structure of GaN nanotubes from density-functional calculations. Phys. Rev. B 1999, 60, 7788–7791. [Google Scholar] [CrossRef]

	



Chen, Z.L.; Liu, Z.Q.; Wei, T.B.; Yang, S.Y.; Dou, Z.P.; Wang, Y.Y.; Ci, H.N.; Chang, H.L.; Qi, Y.; Yan, J.C.; et al. Improved Epitaxy of AlN Film for Deep-Ultraviolet Light-Emitting Diodes Enabled by Graphene. Adv. Mater. 2019, 31, e1807345. [Google Scholar] [CrossRef] [PubMed]

	



Wu, K.; Huang, S.; Wang, W.; Li, G. Recent progress in III-nitride nanosheets: Properties, materials and applications. Semicond. Sci. Technol. 2021, 36, 123002. [Google Scholar] [CrossRef]

	



Moradi, M.; Naderi, N. First principle study of hydrogen storage on the graphene-like aluminum nitride nanosheet. Struct. Chem. 2014, 25, 1289–1296. [Google Scholar] [CrossRef]

	



Singh, A.; Bae, H.; Hussain, T.; Watanabe, H.; Lee, H. Efficient Sensing Properties of Aluminum Nitride Nanosheets toward Toxic Pollutants under Gated Electric Field. ACS Appl. Electron. Mater. 2020, 2, 1645–1652. [Google Scholar] [CrossRef]

	



He, S.; Li, L.; Qiao, Y.; Liu, X.; He, S.; Li, Q.; Guo, D. Analysis of AlN monolayer as a prospective cathode for aluminum-ion batteries. Nanotechnology 2023, 34, 435702. [Google Scholar] [CrossRef]

	



Beshkova, M.; Yakimova, R. Properties and potential applications of two-dimensional AlN. Vacuum 2020, 176, 109231. [Google Scholar] [CrossRef]

	



Feng, C.; Qin, H.; Yang, D.; Zhang, G. First-Principles Investigation of the Adsorption Behaviors of CH2O on BN, AlN, GaN, InN, BP, and P Monolayers. Materials 2019, 12, 676. [Google Scholar] [CrossRef]

	



Chen, G.-X.; Li, H.-F.; Wang, D.-D.; Li, S.-Q.; Fan, X.-B.; Zhang, J.-M. Adsorption of toxic gas molecules on pristine and transition metal doped hexagonal GaN monolayer: A first-principles study. Vacuum 2019, 165, 35–45. [Google Scholar] [CrossRef]

	



Wang, W.; Jiang, H.; Li, L.; Li, G. Two-dimensional group-III nitrides and devices: A critical review. Rep. Prog. Phys. 2021, 84, 086501. [Google Scholar] [CrossRef]

	



Yong, Y.L.; Su, X.Y.; Cui, H.L.; Zhou, Q.X.; Kuang, Y.M.; Li, X.H. Two-Dimensional Tetragonal GaN as Potential Molecule Sensors for NO and NO2 Detection: A First-Principle Study. ACS Omega 2017, 2, 8888–8895. [Google Scholar] [CrossRef]

	



Chen, Y.X.; Liu, K.L.; Liu, J.X.; Lv, T.R.; Wei, B.; Zhang, T.; Zeng, M.Q.; Wang, Z.C.; Fu, L. Growth of 2D GaN Single Crystals on Liquid Metals. J. Am. Chem. Soc. 2018, 140, 16392–16395. [Google Scholar] [CrossRef]

	



Zhang, X.M.; Jin, L.; Dai, X.F.; Chen, G.F.; Liu, G.D. Two-Dimensional GaN: An Excellent Electrode Material Providing Fast Ion Diffusion and High Storage Capacity for Li-Ion and Na-Ion Batteries. ACS Appl. Mater. Interfaces 2018, 10, 38978–38984. [Google Scholar] [CrossRef]

	



Sun, C.; Yang, M.; Wang, T.; Shao, Y.; Wu, Y.; Hao, X. Graphene-Oxide-Assisted Synthesis of GaN Nanosheets as a New Anode Material for Lithium-Ion Battery. ACS Appl. Mater. Interfaces 2017, 9, 26631–26636. [Google Scholar] [CrossRef]

	



Sengupta, A. Lithium and sodium adsorption properties of two-dimensional aluminum nitride. Appl. Surf. Sci. 2018, 451, 141–147. [Google Scholar] [CrossRef]

	



Li, L.S.; Martirez, J.M.P.; Carter, E.A. Prediction of highly selective electrocatalytic nitrogen reduction at low overpotential on a Mo-doped g-GaN monolayer. ACS Catal. 2020, 10, 12841–12857. [Google Scholar] [CrossRef]

	



Khan, A.A.; Ahmad, R.; Ahmad, I. Silicon carbide and III-Nitrides nanosheets: Promising anodes for Mg-ion batteries. Mater. Chem. Phys. 2021, 257, 123785. [Google Scholar] [CrossRef]

	



Ahmed, T.; Rahman, A.; Islam, R.; Piya, A.A.; Shamim, S.U.D. Unravelling the adsorption performance of BN, AlN, GaN and InN 2D nanosheets towards the ciclopirox, 5-fluorouracil and nitrosourea for anticancer drug delivery motive: A DFT-D with QTAIM, PCM and COSMO investigations. Comput. Theor. Chem. 2022, 1214, 113797. [Google Scholar] [CrossRef]

	



Cheng, C.-H.; Huang, T.-W.; Wu, C.-L.; Chen, M.K.; Chu, C.H.; Wu, Y.-R.; Shih, M.-H.; Lee, C.-K.; Kuo, H.-C.; Tsai, D.P.; et al. Transferring the bendable substrateless GaN LED grown on a thin C-rich SiC buffer layer to flexible dielectric and metallic plates. J. Mater. Chem. C 2017, 5, 607–617. [Google Scholar] [CrossRef]

	



Rong, X.; Wang, X.Q.; Ivanov, S.V.; Jiang, X.H.; Chen, G.; Wang, P.; Wang, W.Y.; He, C.G.; Wang, T.; Schulz, T.; et al. High-output-power ultraviolet light source from quasi-2D GaN quantum structure. Adv. Mater. 2016, 28, 7978–7983. [Google Scholar] [CrossRef] [PubMed]

	



Kang, J.-H.; Jeong, D.K.; Ryu, S.-W. Transparent, Flexible Piezoelectric Nanogenerator Based on GaN Membrane Using Electrochemical Lift-Off. ACS Appl. Mater. Interfaces 2017, 9, 10637–10642. [Google Scholar] [CrossRef] [PubMed]

	



Su, H.; Wang, J.; Huang, C.; Kan, E. High-Temperature p-Orbital Half-Metallicity and Out-of-Plane Piezoelectricity in a GaN Monolayer Induced by Superhalogens. J. Phys. Chem. C 2021, 125, 10027–10033. [Google Scholar] [CrossRef]

	



Journot, T.; Bouchiat, V.; Gayral, B.; Dijon, J.; Hyot, B. Self-Assembled UV Photodetector Made by Direct Epitaxial GaN Growth on Graphene. ACS Appl. Mater. Interfaces 2018, 10, 18857–18862. [Google Scholar] [CrossRef]

	



Li, J.; Xi, X.; Lin, S.; Ma, Z.H.; Li, X.D.; Zhao, L.X. Ultrahigh Sensitivity Graphene/Nanoporous GaN Ultraviolet Photodetectors. ACS Appl. Mater. Interfaces 2020, 12, 11965–11971. [Google Scholar] [CrossRef] [PubMed]

	



Jain, S.K.; Syed, N.; Balendhran, S.; Abbas, S.A.T.; Ako, R.T.; Low, M.X.; Lobo, C.; Zavabeti, A.; Murdoch, B.J.; Gupta, G.; et al. Atomically Thin Gallium Nitride for High-Performance Photodetection. Adv. Opt. Mater. 2023, 11, 2300438. [Google Scholar] [CrossRef]

	



Huang, Z.; Lü, T.-Y.; Wang, H.-Q.; Yang, S.-W.; Zheng, J.-C. Electronic and thermoelectric properties of the group-III nitrides (BN, AlN and GaN) atomic sheets under biaxial strains. Comput. Mater. Sci. 2017, 130, 232–241. [Google Scholar] [CrossRef]

	



Liu, P.; De Sarkar, A.; Ahuja, R. Shear strain induced indirect to direct transition in band gap in AlN monolayer nanosheet. Comput. Mater. Sci. 2014, 86, 206–210. [Google Scholar] [CrossRef]

	



Behzad, S. Effects of strain and thickness on the electronic and optical behaviors of two-dimensional hexagonal gallium nitride. Superlattices Microstruct. 2017, 106, 102–110. [Google Scholar] [CrossRef]

	



Sharma, V.; Srivastava, S. Tunable band gap of n-type GaN nanosheet: Effect of electric field and site of doping. AIP Conf. Proc. 2019, 2142, 110030. [Google Scholar]

	



Wang, H.; Wei, D.; Duan, J.; Qin, Z.; Qin, G.; Yao, Y.; Hu, M. The exceptionally high thermal conductivity after ‘alloying’ two-dimensional gallium nitride (GaN) and aluminum nitride (AlN). Nanotechnology 2021, 32, 135401. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Liu, Z.; Hark, S. Synthesis and optical characterization of single-crystalline AlN nanosheets. Solid State Commun. 2007, 143, 317–320. [Google Scholar] [CrossRef]

	



Tsipas, P.; Kassavetis, S.; Tsoutsou, D.; Xenogiannopoulou, E.; Golias, E.; Giamini, S.A.; Grazianetti, C.; Chiappe, D.; Molle, A.; Fanciulli, M.; et al. Evidence for graphite-like hexagonal AlN nanosheets epitaxially grown on single crystal Ag(111). Appl. Phys. Lett. 2013, 103, 251605. [Google Scholar] [CrossRef]

	



Mansurov, V.; Malin, T.; Galitsyn, Y.; Zhuravlev, K. Graphene-like AlN layer formation on (111)Si surface by ammonia molecular beam epitaxy. J. Cryst. Growth 2015, 428, 93–97. [Google Scholar] [CrossRef]

	



Borisenko, D.P.; Gusev, A.S.; Kargin, N.I.; Komissarov, I.V.; Kovalchuk, N.G.; Labunov, V.A. Plasma assisted-MBE of GaN and AlN on graphene buffer layers. Jpn. J. Appl. Phys. 2019, 58, SC1046. [Google Scholar] [CrossRef]

	



Yang, F.; Jin, L.; Sun, L.; Ren, X.; Duan, X.; Cheng, H.; Xu, Y.; Zhang, X.; Lai, Z.; Chen, W.; et al. Free-Standing 2D Hexagonal Aluminum Nitride Dielectric Crystals for High-Performance Organic Field-Effect Transistors. Adv. Mater. 2018, 30, e1801891. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.L.; Zheng, Y.L.; Li, X.C.; Li, Y.; Zhao, H.; Huang, L.G.; Yang, Z.C.; Zhang, X.N.; Li, G.Q. 2D AlN Layers Sandwiched Between Graphene and Si Substrates. Adv. Mater. 2019, 31, e1803448. [Google Scholar] [CrossRef] [PubMed]

	



Chang, H.H.; Chen, Z.; Li, W.; Yan, J.; Hou, R.; Yang, S.; Liu, Z.; Yuan, G.; Wang, J.; Li, J.; et al. Graphene-assisted quasi-van der Waals epitaxy of AlN film for ultraviolet light emitting diodes on nano-patterned sapphire substrate. Appl. Phys. Lett. 2019, 114, 091107. [Google Scholar] [CrossRef]

	



Kakanakova-Georgieva, A.; Ivanov, I.G.; Suwannaharn, N.; Hsu, C.-W.; Cora, I.; Pécz, B.; Giannazzo, F.; Sangiovanni, D.G.; Gueorguiev, G.K. MOCVD of AlN on epitaxial graphene at extreme temperatures. CrystEngComm 2021, 23, 385–390. [Google Scholar] [CrossRef]

	



Xiong, K.L.; Park, S.H.; Song, J.; Yuan, G.; Chen, D.T.; Leung, B.; Han, J. Single Crystal Gallium Nitride Nanomembrane Photoconductor and Field Effect Transistor. Adv. Funct. Mater. 2014, 24, 6503–6508. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhang, S.; Zhang, L.; Liu, Z.; Zhang, H.; Chen, J.; Zhou, Q.; Nie, L.; Dong, Z.; Pan, G. Honeycomb-like gallium nitride prepared via dual-ion synergistic etching mechanism using amino acid as etchant. Chem. Phys. Lett. 2021, 773, 138588. [Google Scholar] [CrossRef]

	



ElAfandy, R.T.; Majid, M.A.; Ng, T.K.; Zhao, L.; Cha, D.; Ooi, B.S. Exfoliation of threading dislocation-free, single-crystalline, ultrathin gallium nitride nanomembranes. Adv. Funct. Mater. 2014, 24, 2305–2311. [Google Scholar] [CrossRef]

	



Liu, B.D.; Yang, W.J.; Li, J.; Zhang, X.L.; Niu, P.J.; Jiang, X. Template Approach to Crystalline GaN Nanosheets. Nano Lett. 2017, 17, 3195–3201. [Google Scholar] [CrossRef]

	



Zhao, H.; Li, E.; Cui, Z.; Liu, C.; Shen, Y.; Shen, P.; Ma, D. Two-dimensional GaN nanosheets realized via hydrothermal reaction and ammoniation two-step method. Vacuum 2022, 203, 111329. [Google Scholar] [CrossRef]

	



Al Balushi, Z.Y.; Wang, K.; Ghosh, R.K.; Vilá, R.A.; Eichfeld, S.M.; Caldwell, J.D.; Qin, X.; Lin, Y.-C.; DeSario, P.A.; Stone, G.; et al. Two-dimensional gallium nitride realized via graphene encapsulation. Nat. Mater. 2016, 15, 1166–1171. [Google Scholar] [CrossRef]

	



Wang, W.L.; Li, Y.; Zheng, Y.L.; Li, X.C.; Huang, L.G.; Li, G.Q. Lattice structure and bandgap control of 2D GaN grown on graphene/Si heterostructure. Small 2019, 15, 1802995. [Google Scholar] [CrossRef] [PubMed]

	



Sfuncia, G.; Nicotra, G.; Giannazzo, F.; Pécz, B.; Gueorguiev, G.K.; Kakanakova-Georgieva, A. 2D graphitic-like gallium nitride and other structural selectivity in confinement at the graphene/SiC interface. CrystEngComm 2023, 25, 5810–5817. [Google Scholar] [CrossRef]

	



Mei, Y.F.; Thurmer, D.J.; Deneke, C.; Kiravittaya, S.; Chen, Y.-F.; Dadgar, A.; Bertram, F.; Bastek, B.; Krost, A.; Christen, J.; et al. Fabrication, Self-Assembly, and Properties of Ultrathin AlN/GaN Porous Crystalline Nanomembranes: Tubes, Spirals, and Curved Sheets. ACS Nano 2009, 3, 1663–1668. [Google Scholar] [CrossRef] [PubMed]

	



Deen, D.A.; Storm, D.F.; Meyer, D.J.; Bass, R.; Binari, S.C.; Gougousi, T.; Evans, K.R. Impact of barrier thickness on transistor performance in AlN/GaN high electron mobility transistors grown on free-standing GaN substrates. Appl. Phys. Lett. 2014, 105, 093503. [Google Scholar] [CrossRef]

	



Singh, A.K.; Zhuang, H.L.; Hennig, R.G. Ab initio synthesis of single-layer III–V materials. Phys. Rev. B 2014, 89, 245431. [Google Scholar] [CrossRef]

	



Singh, A.K.; Hennig, R.G. Computational synthesis of single-layer GaN on refractory materials. Appl. Phys. Lett. 2014, 105, 051604. [Google Scholar] [CrossRef]

	



Jafari, H.; Ravan, B.A.; Faghihnasiri, M. Mechanical and electronic properties of single-layer TiN and AlN under strain. Solid State Commun. 2018, 282, 21–27. [Google Scholar] [CrossRef]

	



Peng, Q.; Chen, X.-J.; Liu, S.; De, S. Mechanical stabilities and properties of graphene-like aluminum nitride predicted from first-principles calculations. RSC Adv. 2013, 3, 7083–7092. [Google Scholar] [CrossRef]

	



Kourra, M.H.; Sadki, K.; Drissi, L.B.; Bousmina, M. Mechanical response, thermal conductivity and phononic properties of group III–V 2D hexagonal compounds. Mater. Chem. Phys. 2021, 267, 124685. [Google Scholar] [CrossRef]

	



Lv, S.-J.; Yin, G.-X.; Cui, H.-L.; Wang, H.-Y. Electronic, vibrational, elastic, and piezoelectric properties of H-, F-Functionalized AlN sheets. Phys. Status Solidi B 2021, 258, 2100216. [Google Scholar] [CrossRef]

	



Tuoc, V.N.; Lien, L.T.H.; Huan, T.D.; Trung, N.N. Structural, Electronic and Mechanical Properties of Few-Layer GaN Nanosheet: A First-Principle Study. Mater. Trans. 2020, 61, 1438–1444. [Google Scholar] [CrossRef]

	



Fabris, G.S.L.; Paskocimas, C.A.; Sambrano, J.R.; Paupitz, R. One- and two-dimensional structures based on gallium nitride. J. Solid State Chem. 2021, 303, 122513. [Google Scholar] [CrossRef]

	



Luo, Z.J.; Yang, Y.F.; Yang, X.Z.; Lv, B.; Liu, X. The mechanical properties and strain effect on the electronic properties of III-nitride monolayers: Ab-initio study. Mater. Res. Express 2019, 6, 115915. [Google Scholar] [CrossRef]

	



Faraji, M.; Bafekry, A.; Fadlallah, M.M.; Jappor, H.R.; Nguyen, C.V.; Ghergherehchi, M. Two-dimensional XY monolayers (X = Al, Ga, In; Y = N, P, As) with a double layer hexagonal structure: A first-principles perspective. Appl. Surf. Sci. 2022, 590, 152998. [Google Scholar] [CrossRef]

	



Ye, C.; Peng, Q. Mechanical Stabilities and Properties of Graphene-like 2D III-Nitrides: A Review. Crystals 2023, 13, 12. [Google Scholar] [CrossRef]

	



Rouhi, S.; Pourmirzaagha, H.; Bidgoli, M.O. Molecular dynamics simulations of gallium nitride nanosheets under uniaxial and biaxial tensile loads. Int. J. Mod. Phys. B 2018, 32, 1850051. [Google Scholar] [CrossRef]

	



Singh, S.; Raj, B.M.R.; Mali, K.D.; Watts, G. Elastic Properties and Nonlinear Elasticity of the Noncarbon Hexagonal Lattice Nanomaterials Based on the Multiscale Modeling. J. Eng. Mater. Technol. 2021, 143, 021006. [Google Scholar] [CrossRef]

	



Sarma, J.V.N.; Chowdhury, R.; Jayaganthan, R. Mechanical behavior of gallium nitride nanosheets using molecular dynamics. Comput. Mater. Sci. 2013, 75, 29–34. [Google Scholar] [CrossRef]

	



Sakharova, N.A.; Pereira, A.F.G.; Antunes, J.M. A Study of the Mechanical Behaviour of Boron Nitride Nanosheets Using Numerical Simulation. Nanomaterials 2023, 13, 2759. [Google Scholar] [CrossRef] [PubMed]

	



Tapia, A.; Cab, C.; Hernández-Pérez, A.; Villanueva, C.; Peñuñuri, F.; Avilés, F. The bond force constants and elastic properties of boron nitride nanosheets and nanoribbons using a hierarchical modeling approach. Phys. E Low-Dimens. Syst. Nanostruct. 2017, 89, 183–193. [Google Scholar] [CrossRef]

	



Georgantzinos, S.K.; Kariotis, K.; Giannopoulos, G.I.; Anifantis, N.K. Mechanical properties of hexagonal boron nitride monolayers: Finite element and analytical predictions. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2020, 234, 4126–4135. [Google Scholar] [CrossRef]

	



Le, M.-Q. Prediction of Young’s modulus of hexagonal monolayer sheets based on molecular mechanics. Int. J. Mech. Mater. Des. 2015, 11, 15–24. [Google Scholar] [CrossRef]

	



Giannopoulos, G.I.; Georgantzinos, S.K. Tensile behavior of gallium nitride monolayer via nonlinear molecular mechanics. Eur. J. Mech.-A/Solids 2017, 65, 223–232. [Google Scholar] [CrossRef]

	



Rappe, A.K.; Casewit, C.J.; Colwell, K.S.; Goddard, W.A.; Skiff, W.M. UFF, a full periodic table force field for molecular mechanics and molecular dynamics simulations. J. Am. Chem. Soc. 1992, 114, 10024–10035. [Google Scholar] [CrossRef]

	



Li, C.; Chou, T.-W. A structural mechanics approach for the analysis of carbon nanotubes. Int. J. Solids Struct. 2003, 40, 2487–2499. [Google Scholar] [CrossRef]

	



Mayo, S.L.; Olafson, B.D.; Goddard, W.A. DREIDING: A generic force field for molecular simulations. J. Phys. Chem. 1990, 94, 8897–8909. [Google Scholar] [CrossRef]

	



Antunes, J.M.; Pereira, A.F.G.; Sakharova, N.A. Overview on the Evaluation of the Elastic Properties of Non-Carbon Nanotubes by Theoretical Approaches. Materials 2022, 15, 3325. [Google Scholar] [CrossRef]

	



Genoese, A.; Genoese, A.; Rizzi, N.L.; Salerno, G. Force constants of BN, SiC, AlN and GaN sheets through discrete homogenization. Meccanica 2018, 53, 593–611. [Google Scholar] [CrossRef]








[image: Materials 17 00799 g001] 





Figure 1. Hexagonal nanosheets: (a) aluminum nitride (h-AlN) and (b) gallium nitride (h-GaN). The N atoms are depicted in green, the Al atoms are in yellow, and the Ga atoms are in purple. 
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Figure 2. FE meshes of AlNNSs with     L   y     = 9.70 nm and     L   x   /   L   y     equal to (a) 0.3, (b) 0.7, (c) 1, (d) 1.3, and (e) 1.6. 
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Figure 3. FE meshes of GaNNSs with     L   y     = 3.32 nm and     L   x   /   L   y     equal to (a) 1, (b) 1.8, (c) 2.7, (d) 3.7, and (e) 4.6. 
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Figure 4. Schematic representation of the loading and boundary conditions for AlNNSs of 3.17 × 3.11 nm2 (see Table 3): (a) tensile loading in the horizontal (zigzag) direction, (b) tensile loading in the vertical (armchair) direction, (c) in-plane shear loading in the horizontal direction. 
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Figure 5. (a) Surface Young’s moduli,     E   sx     (zigzag) and     E   sy     (armchair) of square AlNNSs and GaNNSs (Table 3); the dashed lines represent the average values of     E   sx     and     E   sy    . (b) Evolutions of the ratio between the surface Young’s moduli in the zigzag and armchair directions,     E   sx   /   E   sy    , for the same NSs as in (a); the dashed line corresponds to     E   sx   /   E   sy     = 1 (isotropy). 






Figure 5. (a) Surface Young’s moduli,     E   sx     (zigzag) and     E   sy     (armchair) of square AlNNSs and GaNNSs (Table 3); the dashed lines represent the average values of     E   sx     and     E   sy    . (b) Evolutions of the ratio between the surface Young’s moduli in the zigzag and armchair directions,     E   sx   /   E   sy    , for the same NSs as in (a); the dashed line corresponds to     E   sx   /   E   sy     = 1 (isotropy).



[image: Materials 17 00799 g005]







[image: Materials 17 00799 g006] 





Figure 6. Surface shear modulus,     G   sxy    , of the square AlNNSs and GaNNSs. The dashed lines represent the average values of     G   sxy    . 
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Figure 7. Evolutions of the surface Young’s modulus for the zigzag configuration,     E   sx    , for (a) AlNNSs and (b) GaNNSs and also for the armchair configuration,     E   sy    , for (c) AlNNSs and (d) GaNNSs as a function of the NS side length,     L   x    . 
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Figure 8. Evolutions of the surface Young’s modulus for the zigzag configuration,     E   sx    , for (a) AlNNSs and (b) GaNNSs and also for the armchair configuration,     E   sy    , for (c) AlNNSs and (d) GaNNSs as a function of the NS side length,     L   y    . 
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Figure 9. Evolutions of the     E   sx   /   E   sy     ratio as a function of (a,b) the horizontal side length,     L   x    , and (c,d) the vertical side length,     L   y    , for (a,c) AlN and (b,d) GaN nanosheets. The horizontal dashed lines correspond to     E   sx   /   E   sy     = 1 (nanosheet isotropy). 
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Figure 10. Evolutions of the surface shear modulus,     G   sxy    , as a function of (a,b) the horizontal side length,     L   x    , and (c,d) the vertical side length,     L   y    , for (a,c) AlN and (b,d) GaN nanosheets. 
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Figure 11. Evolutions of (a,b) the surface Young’s modulus (zigzag),     E   sx    , (c,d) the surface Young’s modulus (armchair),     E   sy    , and (e,f) the surface shear modulus,     G   sxy    , as a function the horizontal,     L   x    , and vertical,     L   y    , side lengths for (a,c,e) AlN and (b,d,f) GaN nanosheets. 
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Figure 12. Evolutions of the surface Young’s moduli,     E   sx     and     E   sy    , of GaN nanosheets as a function of the (a) size of square NSs (current and Giannopoulos et al. [77] results) and (b) aspect ratio of NSs (current and Rouhi et al. [70] results). 
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Figure 13. Surface Young’s moduli,     E   sx     and     E   sy    , for (a) AlNNSs and (b) GaNNSs and (c)     E   sx   /   E   sy     ratio for AlNNSs and GaNNSs obtained in the current study and reported by other authors [8,61,67,70,71,72,77] (see Table 8). 
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Figure 14. Comparison of the current surface Young’s modulus,     E   sNS    , for (a) AlNNSs and (b) GaNNSs with those from [6,62,63,64,65,66,68,69]. 
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Figure 15. Comparison of the current surface shear modulus,     G   sxy    , for AlNNSs and GaNNSs with those from [61,67]. 
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Figure 16. Evolutions of (a) the surface Young’s moduli,     E   sx     and     E   sy    , and (b) their ratio,     E   sx   /   E   sy    , as a function of the ratio between the bond stretching and bond bending force constants,     k   r    /    k   θ    , for AlNNSs and GaNNSs. The ranges of     k   r    /    k   θ     for which     E   sx     and     E   sy     are in better concordance with those from Table 8, are delimited by black arrows and green (AlN) and orange (GaN) dashed lines (a). 
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Table 1. Values of the bond length of AlN and GaN nanostructures reported in the literature.






Table 1. Values of the bond length of AlN and GaN nanostructures reported in the literature.





	Compound
	AlN
	GaN





	    a    Al ( Ga ) – N     , nm
	0.177 [5]

0.179 [3]

0.183 [6]

0.185 [7]

0.186 [8]

0.193 [9]

0.195 [10]
	0.175 [6,11]

0.184 [5]

0.185 [3]

0.186 [7]

0.193 [8]

0.194 [9]










 





Table 2. Summarization of applications of 2D AlN and GaN nanostructures.
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	Compound
	Applications





	AlN
	Deep ultraviolet light-emitting diode (DUV-LED) [12,13]; hydrogen storage [14]; toxic pollutants sensors [15]; cathode material for Al-ion batteries [16]



	AlN, GaN
	Toxic gas detectors [2,17,18,19,20,21]; field effect transistors (FETs) [1,22]; anode materials for Li- and Na-ion batteries [1,23,24,25,26] and Mg-ion batteries [27]; nanocarriers for drug delivery [28]



	GaN
	Light-emitting diodes (LEDs) [1,20,29,30]; piezoelectric devices [31,32]; photodetectors [33,34,35]










 





Table 3. Geometry of the studied single-layer AlNNSs and GaNNSs.
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Compound

	
Lx, nm

	
Ly, nm

	
Aspect Ratio,      L   x      : L    y     

	
Number of Elements

	
Number of Nodes






	
AlN

	
3.17

	
3.11

	
1.0 *

	
252

	
356




	
6.33

	
3.11

	
2.0

	
492

	
706




	
9.50

	
3.11

	
3.0

	
732

	
1056




	
12.66

	
3.11

	
4.0

	
972

	
1406




	
15.83

	
3.11

	
5.0

	
1212

	
1756




	
3.17

	
6.41

	
0.5

	
504

	
722




	
6.33

	
6.41

	
1.0 *

	
984

	
1432




	
9.50

	
6.41

	
1.5

	
1464

	
2142




	
12.66

	
6.41

	
2.0

	
1944

	
2852




	
15.83

	
6.41

	
2.5

	
2424

	
3562




	
3.17

	
9.70

	
0.3

	
756

	
1088




	
6.33

	
9.70

	
0.7

	
1476

	
2158




	
9.50

	
9.70

	
1.0 *

	
2196

	
3228




	
12.66

	
9.70

	
1.3

	
2916

	
4298




	
15.83

	
9.70

	
1.6

	
3636

	
5368




	
3.17

	
12.99

	
0.2

	
1008

	
1454




	
6.33

	
12.99

	
0.5

	
1968

	
2884




	
9.50

	
12.99

	
0.7

	
2928

	
4314




	
12.66

	
12.99

	
1.0 *

	
3888

	
5744




	
15.83

	
12.99

	
1.2

	
4848

	
7174




	
3.17

	
15.19

	
0.2

	
1176

	
1698




	
6.33

	
15.19

	
0.4

	
2296

	
3368




	
9.50

	
15.19

	
0.6

	
3416

	
5038




	
12.66

	
15.19

	
0.8

	
4536

	
6708




	
15.83

	
15.19

	
1.0 *

	
5656

	
8378




	
GaN

	
3.38

	
3.32

	
1.0 *

	
252

	
356




	
6.08

	
3.32

	
1.8

	
444

	
636




	
9.11

	
3.32

	
2.7

	
660

	
951




	
12.14

	
3.32

	
3.7

	
876

	
1266




	
15.17

	
3.32

	
4.6

	
1092

	
1581




	
3.38

	
6.24

	
0.5

	
462

	
661




	
6.08

	
6.24

	
1.0 *

	
814

	
1181




	
9.11

	
6.24

	
1.5

	
1210

	
1766




	
12.14

	
6.24

	
1.9

	
1606

	
2351




	
15.17

	
6.24

	
2.4

	
2002

	
2936




	
3.38

	
9.17

	
0.4

	
672

	
966




	
6.08

	
9.17

	
0.7

	
1184

	
1726




	
9.11

	
9.17

	
1.0 *

	
1760

	
2581




	
12.14

	
9.17

	
1.3

	
2336

	
3436




	
15.17

	
9.17

	
1.7

	
2912

	
4291




	
3.38

	
12.09

	
0.3

	
882

	
1271




	
6.08

	
12.09

	
0.5

	
1554

	
2271




	
9.11

	
12.09

	
0.8

	
2310

	
3396




	
12.14

	
12.09

	
1.0 *

	
3066

	
4521




	
15.17

	
12.09

	
1.3

	
3822

	
5646




	
3.38

	
15.02

	
0.2

	
1092

	
1576




	
6.08

	
15.02

	
0.4

	
1924

	
2816




	
9.11

	
15.02

	
0.6

	
2860

	
4211




	
12.14

	
15.02

	
0.8

	
3796

	
5606




	
15.17

	
15.02

	
1.0 *

	
4732

	
7001








* Square nanosheets (the aspect ratio     L   x      : L    y     ≈ 1.0) marked in underline and italics.













 





Table 4. Bond length, surface Young’s modulus, and Poisson’s ratio and the     k   r    ,     k   θ    , and     k   τ     force field constants for AlNNSs and GaNNSs.






Table 4. Bond length, surface Young’s modulus, and Poisson’s ratio and the     k   r    ,     k   θ    , and     k   τ     force field constants for AlNNSs and GaNNSs.





	
Compound

	
   *     a    Al ( Ga ) – N      , nm

	
* Es, nN/nm

	
    *   ν    

	
     k   r     , nN/nm

	
     k   θ     , nN·nm/rad2

	
     k   τ     , nN·nm/rad2






	
AlN

	
0.179

	
116

	
0.46

	
372

	
0.451

	
0.625




	
GaN

	
0.185

	
110

	
0.48

	
366

	
0.445








* Values from Şahin et al. [3].













 





Table 5. Geometrical and elastic properties of the beams used as input parameters in FE simulations.
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Compound

	
Diameter,

d, nm

	
Formulation

	
Young’s Modulus,

Eb, GPa

	
Formulation

	
Shear Modulus,

Gb, GPa

	
Formulation

	
Poisson’s Ratio,      ν    b       [3]






	
AlN

	
0.1392

	
    d = 4        k   θ       k   r         

	
4374

	
     E   b    =       k   r   2   l    4 π    k   θ        

	
3032

	
     G   b    =         k   r   2   k   τ   l   8 π   k   θ   2        

	
0.46




	
GaN

	
0.1395

	
4437

	
3113

	
0.48











 





Table 6. Geometry of AlNNSs and GaNNSs chosen for validation purposes.
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Compound

	
Lx, nm

	
Ly, nm

	
Aspect Ratio,      L   x      : L    y     

	
Number of Elements

	
Number of Nodes






	
AlN

	
2.54

	
5.31

	
0.5

	
340

	
482




	
5.07

	
5.31

	
1.0

	
660

	
954




	
7.60

	
5.31

	
1.4

	
980

	
1426




	
10.13

	
5.31

	
1.9

	
1300

	
1898




	
15.83

	
5.31

	
3.0

	
2020

	
2960




	
GaN

	
2.70

	
8.58

	
0.3

	
510

	
727




	
4.05

	
8.58

	
0.5

	
750

	
1083




	
8.09

	
8.58

	
0.9

	
1470

	
2151




	
12.14

	
8.58

	
1.4

	
2190

	
3219




	
15.17

	
8.58

	
1.8

	
2912

	
4291











 





Table 7. Average differences between the     E   sx    ,     E   sy    , and     G   sxy     values evaluated by the analytical expressions based on Equation (16) and those based on the data obtained from the FEA.
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Compound

	
Lx, nm

	
Ly, nm

	
Average Difference, %




	
     E   sx     , TPa·nm

	
     E   sy     , TPa·nm

	
     G   sxy     , TPa·nm






	
AlN

	
2.54

	
5.31

	
1.59

	
0.65

	
0.16




	
5.07

	
0.96

	
1.00

	
0.27




	
7.60

	
0.28

	
0.93

	
4.21




	
10.13

	
0.28

	
0.07

	
2.17




	
15.83

	
0.14

	
0.49

	
1.41




	

	
* 0.65

	
* 0.63

	
* 1.65




	
GaN

	
2.70

	
8.58

	
2.56

	
8.03

	
15.64




	
4.05

	
3.37

	
5.57

	
1.91




	
8.09

	
0.39

	
0.91

	
2.51




	
12.14

	
3.29

	
2.06

	
0.76




	
15.17

	
4.72

	
4.52

	
10.03




	

	
* 2.86

	
* 4.21

	
* 6.17








* Mean value of the average differences marked in italic.













 





Table 8. Comparison of the current Young’s and shear moduli results for AlNNSs and GaNNSs with those reported in the literature.
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Reference

	
Method

	
Compound

	
     E   sx     , TPa·nm

	
     E   sy     , TPa·nm

	
      E   x          /   E   y      

	
     G   sxy     , TPa·nm

	
Size, nm2






	
Peng et al. [62]

	
ab initio DFT

	
AlN

	
0.136

	
–

	
–

	
–




	
Ahangari et al. [6]

	
AlN

	
0.084 1

	
–

	
–

	
1.430 × 1.268




	
GaN

	
0.165 1

	
1.372 × 1.217




	
Jafaria et al. [61]

	
AlN

	
0.138

	
0.131

	
1.050

	
0.094

	
–




	
Luo et al. [67]

	
AlN

	
0.113

	
0.112

	
1.006

	
0.039

	
–




	
GaN

	
0.107

	
0.106

	
1.007

	
0.038




	
Tuoc et al. [65]

	
GaN

	
0.111 2

	
–

	
–

	
–




	
Kuorra et al. [63]

	
AlN

	
0.110

	
–

	
–

	




	
Lv et al. [64]

	
AlN

	
0.114

	
–

	
–

	
–




	
Fabris et al. [66]

	
GaN

	
0.161

	
–

	
–

	
–




	
Faraji et al. [68]

	
AlN

	
0.107 1

	
–

	
–

	
–




	
GaN

	
0.100 1




	
Ye and Peng [69]

	
AlN

	
0.136

	
–

	
–

	
–




	
GaN

	
0.109




	
Le [8]

	
MD: Tersoff potential

	
AlN

	
0.1381

	
0.1379

	
1.001

	

	
13.38 × 13.21




	
GaN

	
0.085

	
0.083

	
1.022

	
13.85 × 13.68




	
Rouhi et al. [70]

	
MD: TB potential

	
GaN

	
0.090

	
0.070

	
1.286

	
–

	
5.371 × 5.132




	
Singh et al. [71]

	
MS: TB potential

	
AlN

	
0.130

	
0.126

	
1.030

	
–

	
9.948 × 11.69




	
GaN

	
0.109

	
0.106

	
1.032

	
10.39 × 12.22




	
Sarma et al. [72]

	
MD: SW potential

	
GaN

	
–

	
0.154 3

	
–

	
–

	
8.500 × 8.500




	
Le [76]

	
NCM/MSM: analytical solution

	
AlN

	
0.142

	
–

	
–

	
–




	
Giannopoulos et al. [77]

	
NCM/MSM: FE model, springs

	
GaN

	
0.0909 1

	
0.0898 1

	
1.013

	
–

	
10.00 × 10.00




	
Current study

	
NCM/MSM: FE model, beams

	
AlN

	
0.159

	
0.156

	
1.019

	
0.029

	
12.66 × 12.99




	
GaN

	
0.144

	
0.140

	
1.024

	
0.027

	
12.14 × 12.09








1 Calculated from the Young’s modulus,     E   NS    , using the equality     E   sNS    =       E    NS      · t    n     for AlNNS thicknesses of     t   n     = 0.230 [6] and 0.213 [68] nm and for GaNNS thicknesses of     t   n     = 0.226 [6], 0.229 [68], and 0.374 [77] nm. 2 Calculated from the second-order elastic constants,     C   11     and     C   12    , by     E   sNS    =        C   11   2   −   C   12   2      /    C   11      . 3 Calculated from the Young’s modulus,     E   y    , using the equality     E   sy    =    E   y      · t    n     for     t   n     = 0.374 nm [72].













 





Table 9. Effect of input parameters on the surface Young’s modulus results of AlNNSs and GaNNSs and comparison with those reported by other authors.






Table 9. Effect of input parameters on the surface Young’s modulus results of AlNNSs and GaNNSs and comparison with those reported by other authors.





	
Compound

	
Force Constants

	
Input Parameters

	
Results

	
Reference




	
     k   r     , nN/nm

	
     k   θ     , nN·nm/rad2

	
d

	
     E   b     , GPa

	
     G   b     , GPa

	
      ν    b       

	
     E   sx     , TPa·nm

	
     E   sy     , TPa·nm






	
AlN

	
298

	
0.451

	
0.1557

	
2799

	
1941

	
0.39

	
0.135

	
1.037

	
Le [8]; Jafaria et al. [61]; Peng et al. [62]




	
260

	
0.1664

	
2143

	
1486

	
0.34

	
0.129

	
0.124

	
Singh et al. [71]




	
223

	
0.1798

	
1575

	
1092

	
0.29

	
0.116

	
0.113

	
* Kourra et al. [63]; Lv et al. [64]; Luo et al. [67]; * Faraji et al. [68]




	
186

	
0.1969

	
1094

	
758

	
0.23

	
0.103

	
0.100

	
* Kourra et al. [63]; * Faraji et al. [68]




	
149

	
0.2201

	
700

	
485

	
0.16

	
0.087

	
0.085

	
Ahangari et al. [6]




	
GaN

	
256

	
0.445

	
0.1667

	
2174

	
1525

	
0.36

	
0.117

	
0.113

	
Tuoc et al. [65]




	
220

	
0.1800

	
1597

	
1121

	
0.31

	
0.106

	
0.103

	
Luo et al. [67]; Faraji et al. [68]; Ye and Peng [69]; Singh et al. [71]




	
183

	
0.1972

	
1109

	
778

	
0.25

	
0.094

	
0.091

	
Rouhi et al. [70]; Giannopoulos et al. [77]




	
147

	
0.2205

	
710

	
498

	
0.18

	
0.081

	
0.079

	
Le [8]








* The surface Young’s modulus values are in satisfactory agreement with the current ones shown in both lines.
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