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Abstract: It is expected that two-dimensional (2D) metal nitrides (MNs), consisting of the elements of the 13th
group of the periodic table and nitrogen, namely aluminium nitride (AIN), gallium nitride (GaN), indium
nitride (InN) and thallium nitride (TIN) have enhanced physical and mechanical properties, due to a
honeycomb graphene-like atomic arrangement, characteristic to these compounds. The basis for the correct
design and improved performance of nanodevices and complex structures based on 2D MNs of the 13th group
is the understanding of the mechanical response of their components. In this context, a comparative study to
determine the elastic properties of metal nitride nanosheets was carried out making use of the nanoscale
continuum modelling (or molecular structural mechanics) method. The differences in the elastic properties
(surface Young’'s and shear moduli, and Poisson’s ratio) found for 2D 13th group MNs are attributed to the
bond length of the respective diatomic hexagonal lattice. The results obtained contribute to a benchmark in the
evaluation of mechanical properties of AIN, GaN, InN and TIN monolayers by analytical and numerical
approaches.

Keywords: 13th group element; metal nitrides; nanosheets; elastic moduli; modelling; numerical
simulation

1. Introduction

Two-dimensional (2D) metal nitrides (MNs) are attractive emergent materials with important
forthcoming applications in advanced electronics, light industry, energy storage and strain
engineering [1,2]. Compounds of elements from the 13th group of the periodic table, such as
aluminium (Al), gallium (Ga), indium (In) and thallium (T1), with nitrogen (NN) are representatives of
the MNss family, and their 2D allotropes exhibit planar hexagonal graphene-like lattice [3,4]. For this
reason, 2D aluminium nitride (AIN), gallium nitride (GaN), indium nitride (InN) and thallium nitride
(TIN) nanostructures, are envisioned to have superior physical and mechanical properties compared
to those of respective bulk counterparts [4,5]. Hexagonal aluminium nitride (h-AIN), gallium nitride
(h-GaN) and indium nitride (h-InN) are wide gap semiconductors and are capable of emitting light
in green, blue and UV diapasons [6]. This makes h-AIN, h-GaN and h-InN promising materials in
applications such as solid-state light-emitting devices (LED) and high-speed field-effect transistors
(FETs) [4,7,8]. On the other hand, hexagonal thallium nitride (h-TIN) has a small or rather negative
energy band gap [5,9]. The latter denotes a material with a very small overlap between the bottom of
the conduction band and the top of the valence band. Such materials are commonly known as
semimetals, which is the case of h-TIN. This points to h-TIN as a suitable candidate for infrared optical
devices [10]. Among 2D MNs, nanosheets (NSs) of aluminium nitride, gallium nitride and indium
nitride were already synthesized. The greatest success was achieved in the fabrication of AIN and
GaN nanosheets. Aluminium nitride nanosheets (AINNSs) growth methods include chemical vapor
deposition (CVD) [11], molecular beam epitaxy (MBE) [12], physical vapour transport (PVT) [13] and
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metal-organic chemical vapour deposition (MOCVD) [14]. The developments of the growth of
gallium aluminium nanosheets (GaNNSs), in addition to CVD [15] and MOCVD [16] techniques, owe
to electrochemical etching (ECE) [17], UV-assisted electroless chemical etching [18] and ammonolysis
of liquid metal derived oxides [19]. The latter was also used to produce indium nitride nanosheets
(INNNSs) [19]. The MBE [20] and MOCVD [21] techniques were also employed to synthesize INNNSs.
Thallium nitride nanosheets (TINNSs) have not yet been synthesized and 2D TIN is only in the focus
of computational investigations, so far [4,5,10].

Moreover, in the work of Singh et al. [22] computational synthesis of the hexagonal AIN, GaN
and InN monolayers was suggested, based on ab initio density functional theory (DFT) calculations.
The results are helpful to establish suitable synthesis conditions for 2D MNs, including identifying
the best substrates for their growth and stabilization.

A key to the accurate design and improved performing of innovative nanodevices and systems
based on two-dimensional MNs is understanding the mechanical behaviour of their constituents. To
the best of our knowledge, the mechanical response of the MN nanosheets has only been investigated
theoretically up to now. To this end, most research has resorted to ab initio DFT calculations and
molecular dynamics (MD), which are encompassed in atomistic approaches. The ab initio DFT
method, which is suitable for a small number of atoms and requires substantial computational
resources, was used in the works of Jafari et al. [23], Peng et al. [24], Kourra et al. [25] and Lv et al.
[26] to assess the elastic properties of AIN nanosheets. Tuoc et al. [27] and Fabris et al. [28] employed
the same approach to study the mechanical behaviour of GaN nanosheets, and Ahangari et al. [29]
used it for the same type of study of AINNSs and GaNNSs. Also, ab initio DFT calculations were
employed in two works by Peng at al. [30,31] to assess the elastic constants of InNNSs [30] and
TINNSs [31]. Regarding the evaluation of the elastic properties of AIN, GaN and InN nanosheets,
Luo et al. [32] and Faraji et al. [33] also used ab initio DFT calculations. Although the ab initio DFT
approach is established as more accurate method than MD, the latter is more cost-effective for large
atomic configurations. The MD method requires potential functions for modelling the interactions
between the 13th group and nitrogen atoms, the choice of which, to a large extent, influences the
results. Rouhi et al. [34] studied the mechanical response of the GaN nanosheets, carrying out MD
simulations with Tersoff-Brenner (TB) potential function. Singh et al. [35] determined the elastic
constants of AINNSs, GaNNSs and InNNSs, employing the TB potential to describe the interatomic
interactions in respective diatomic nanostructure. In a MD simulation study with Tersoff-like
potentials, Le [36] evaluated the tensile properties of aluminium nitride, gallium nitride and indium
nitride NSs. Sarma et al. [37] investigated the mechanical behaviour of GaN nanosheets using
Stillinger-Weber (SW) potential in their MD simulation study.

In addition to resource consuming atomistic approaches, the nanoscale continuum modelling
(NCM) method has been used for modelling the mechanical behaviour of 2D MNs. The NCM, also
called molecular structural mechanics (MSM) approach, has proven to be a fast and reliable method
for evaluating the mechanical properties of 1D and 2D nanostructures with graphene and graphene-
like lattices due to its simplicity and straightforward mathematical formulation in contrast to the
atomistic approaches (see, for example [38—41]). The NCM/MSM approach is based on the connection
between the molecular structure and solid mechanics in such a way that the bonds between 13th
group (Al Ga, In, Tl) and N atoms are represented as elastic elements, most often beams or springs.
Le [42] derived a closed-form solution within the NCM/MSM approach, to calculate the Young's
modulus of aluminium nitride NSs. Ben et al. [2] assessed the maximum stress and tensile strain of
AINNSs, GaNNSs and InNNSs using the respective closed-form expressions, within the scope of the
NCM/MSM method. Using the same approach, Giannopoulos et al. [43] modelled the interatomic
bonding between Ga and N atoms as spring elements to study the tensile behaviour of GaN
nanosheets. In two their works Sakharova et al. [44,45] in the framework of the NCM/MSM method,
interatomic bonds were represented as beam elements to evaluate the Young’s modulus of square
InNNSs [44], and Young's and shear moduli of AINNSs and GaNNSs, over a wide range of their
aspect ratios [45].
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Itis worth noting that there is a certain inconsistency in the elastic properties of 2D MNs reported
in the literature. Also, it can be concluded that research on the mechanical behaviour of 2D metal
nitrides is not systematized to date and focuses mainly on AINNSs and GaNNSs, while studies,
which include two other representatives of MNs, are less frequent (InNNNSs) or very rare (TINNSs).

The aim of the current work is to carry out a systematic comparative study on the evaluation of
the surface Young's and shear moduli, and Poisson’s ratio of aluminium nitride, gallium nitride,
indium nitride and thallium nitride nanosheets (AINNSs, GaNNSs, InNNSs and TINNSs). With this
purpose, a three-dimensional finite element (FE) model was built under the NCM/MSM approach. In
view of the lack of information on the value of nanosheet thickness for MNs, the surface elastic
moduli were selected for analysis in this study. It is expected that the present work will contribute to
the knowledge of the mechanical response of the two-dimensional metal nitrides and unlock new
perspectives of their applications in novel nanodevices.

2. Materials and Methods

2.1. Modeling of the Elastic Behaviour of MN Nanosheets

The bonds between atoms of the diatomic MN lattices were modelled as equivalent beam
elements within the scope of the NCM/MSM approach. The resulting equivalent continuum structure
is characterised by the tensile, E,Ay, bending, Eply,, and torsional, Gy, rigidities of the beams,
which are linked to the molecular structure of the nanosheet, through bond stretching, k., bond
bending, kg, and torsional resistance, k., force field constants, as follows [46]:

EbAb= lkr, EbIb= Zke, Gb]b= lk,[, (1)

where, A= nd?/4 is the cross-section area, I,= nd*/64 is the moment of inertia, and J,= nd*/32 is
the polar moment of inertia of beam element, which has a circular cross-section and diameter d, and
lis the beam length, equal to the bond length of the diatomic metal nitride nanostructures, ay;y.

Equations (1) permit calculating the input parameters for the numerical simulation making use
of the k,, kg, and k, force field constants. For the metal nitrides under study, the bond stretching,
k;, and bond bending, kg, force constants values are scarce in the literature. Consequently, in the
current work, the bond stretching and bond bending force constants were assessed by the method
based on analytical expressions from the molecular mechanics (MM) for the surface Young's
modulus, Eg, and the Poisson's ratio, v. The E; and v, values can be obtained using DFT calculations
or experimentally. The k, and kg force field constants are related to E; and v through the
following expressions [47]:

43k kg )

B
kr 5 +9ke

kr”%/[-N _6k9
V=
krﬂlz\/[_N‘l‘l Ske

S

The bond stretching, k,, and bond bending, kg, force constants are assessed by solving the
system of equations (2), as follows:

3E,

V- ¥
_ Esa%/I—N
O oVB(1+3v) @)

The bond length, a1y, the surface Young's modulus, Eg, and the Poisson's ratio, v, required for
computing the bond stretching, k,, and bending, kg, force constants (Equations (3) and (4)) together
with their calculated values are shown in Table 1. The torsional resistance force constant, k,, was
obtained basing on DREIDING force field [48], which allow describing the torsional behaviour of the
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diatomic nanostructure based only on the hybridization of the atoms. The value of k. is also
presented in Table 1.

Table 1. Bond length, surface Young's modulus, Poisson's ratio, and k;, kg and k. force field
constants for AIN, GaN, InN and TIN nanosheets.

Es,

C?;?;O ay.n, nm [3] n[I;I]/nm v [3] k,nN/nm kg, nN-nm/rad? k., nN-nm/rad?
AIN 0.179 116 0.46 372 0.451 0.625
GaN 0.185 110 0.48 366 0.445
InN 0.206 67 0.59 283 0.296
TIN 0.2154* 34.5* 0.689* 192 0.151

* Values from Ye and Peng [4].

The knowledge of the values of k,, kg, and k. (Table 1) permits calculating the geometrical and
elastic properties of the beams (input values for the numerical simulation) by Equations (1), assuming
that ay.n =1, as shown in Table 2.

Table 2. Geometrical and elastic properties of the beams, together with their respective formulation,

as input parameters for numerical simulation.

diameter Young's shear

Compoun Formula Formula Formula Poisson’s
d ! tion modulus, tion modulus, tion ratio, v,
d, nm E», GPa Gb, GPa !
AIN 0.1392 4374 _ 3032 G = 0.46 [3]
GaN 01395 kg 4437 b 3113 ké’k z 0.48 [3]
InN  0.1294 k. 4432 47;1(6 4674 8; 1:2 0.59 [3]
TIN  0.1120 4200 8712 o 0.689 [4]

2.2. Finite Element Analysis and Elastic Properties of MN Nanosheets

Square single-layer AINNSs, GaNNSs, InNNSs and TINNSs nanosheets with dimensions ~
15x15 nm? were studied. This size of NS was chosen to ensure that the NSs mechanical response is
independent of their size, since the elastic properties of square nanosheets have been shown to be
nearly constant with increasing the NS side lengths, with an exception of the range of small NSs
[45,49]. The finite element (FE) meshes of the MN nanosheets were obtained in the form of the
Program Database files, using the Nanotube Modeler© software. The bond lengths for FE meshes of
AINNSs and GaNNSs, a,;.n=0.183 nm and ag,n= 0.195 nm, respectively, were assumed as defined
by the Nanotube Modeler© program. For INNNSs and TINNSs, the bond lengths ay, = 0.206 nm [3]
and ap.n= 0.2154 nm [4] were respectively adopted. The next step was to convert the Program
Database files to a format usable by ABAQUS® FE code, resorting to the in-house application
InterfaceNanosheets.NS [49]. Afterwards, the abovementioned code was used to perform finite element
analysis (FEA) of the elastic response of MN nanosheets under numerical tensile and in-plane shear
tests.

To simulate the elastic behaviour of NSs along the x-direction, an axial tensile load, F,, is applied
to the edge nodes of the NS right side, leaving the opposite side fixed (Figure 1a). The Young's
modulus along the x-axis, E,, is determined as [40]:

FX LX
E, = ,
x uLyt, ()

where u, is the NS axial displacement (elongation in the x-direction) taken from FEA; L, and L,
are the NS side lengths (see, Figure 1a); t,, is the nanosheet thickness.

In turn, based on the results of the tensile test used to assess E,, the Poisson’s ratio, Vyys 18
evaluated as follows [40]:
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VTR ©)

where u, is transversal displacement, measured in the FEA, at x=L, /2.

y
Similarly, to simulate tension along the y-direction, an axial force, Fy, is applied to the nodes of
the NS upper side, leaving the lower side fixed (Figure 1b). The Young’s modulus along the y-axis,

E,, is determined as follows [40]:

F,L

vy
- ) 7
¥ PN @)
where vy is the NS axial displacement in the y-direction, taken from FEA.

The two tensile loading conditions of the MN nanosheets, as shown in Figures 1la and 1b,
represent zigzag and armchair configurations, respectively.

To simulate the in-plain shear test, the shear load, P,, is applied to the NS upper side, leaving
the edge nodes of the NS bottom side fixed (Figure 1c). Consequently, the NS shear modulus, G,y, is
calculated as follows [40]:

SX
xy L) 8

where s, is the displacement along x-axis, taken from the FEA and measured in the nanosheet central
part; L, and L, are the NS side lengths (see, Figure 1a); t, is the NS thickness.

Figure 1. Schematic representation of the loading and boundary conditions for TINNS: (a) tensile
loading in the x- direction (zigzag configuration); (b) tensile loading in the y-direction (armchair
configuration); (c) in-plane shear loading in the x-direction.
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In the current study, assuming the lack of knowledge of the value of t, for the MNs, the surface
Young's and shear moduli, Es,, E;, and G,y (the product of the respective elastic modulus by the
NS thickness) were calculated instead of E,, E, and G,,. To this end, Equations (6) - (8) are

transformed as follows:

F, Ly
Eo=E t,= oL 9)
y
F,L
— _ Yy
Eg, =Et, = E, (10)
Gexy = Gyytn = P
sxy — Mxy'n YXyLX . (11)

3. Results and Discussion

3.1. SurfaceYoung’s Moduli and Poisson’s Ratio of MN Nanosheets

The surface Young’s moduli of metal nitride NSs in the x-direction (zigzag configuration), E,,
and in the y-direction (armchair configuration), E,,, were calculated by Equations (9) and (10),
respectively, using the tensile simulation results. The values of E, and Eg, asa function of the bond
length, ay;.n, are shown in Figures 2a and 2b, respectively, for AIN, GaN, InN and TIN nanosheets.
The surface Young’s moduli, Eg,, of 2D MNs decreases with increasing of the ay.y value. The
smaller the interatomic bond length, the higher the E,,, value. Thus, the highest surface Young’s
modulus is observed for NSs of AIN. The average E,,, values for GaNNSs, INNNSs and TINNSs are
approximately 90%, 65% and 36%, respectively, of that calculated for AINNSs (see, Figure 3a). In
order to understand how best to use metal nitride monolayers in the construction of novel
nanodevices, the surface Young’'s moduli, Egy, of AINNSs, GaNNSs, InNNSs and TINNSs,
normalized by those for boron nitride nanosheets (BNNSs) are plotted in Figure 3b. Boron (B) is a
non-metal, which belongs to the 13th group of the periodic table as metals Al, Ga, In and T, and
hexagonal boron nitride (h-BN) is an insulator with remarkable mechanical properties, similar to
graphene [50,51]. The surface Young's moduli of BNNSs for the zigzag and armchair configurations,
calculated from the Young’'s modulus results of Sakharova et al. [49], E,, =0.334 TPa-nm and E,, =
0.324 TPa-nm, respectively, were considered for comparison purpose.

02 0.2

0.159 0.156

T g

g 2

o 01 @ 0.1

By =9

=) =

% >
[=a] 58]
0 0
0179 0.185 0.206 02154 0.170 0.185 0.206 02154
Ay (M) Ay (m)
(a) (b)

Figure 2. Surface Young's modulus, as a function of the bond length, ayyy, of the diatomic NS
structure, for (a) the zigzag configuration, Eg,, and (b) the armchair configuration, Esy, of MN

nanosheets.
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Figure 3. Comparison of the surface Young’'s moduli, Es,y, of (a) GaNNSs, INNNSs and TINNSs with
those of AINNSs; (b) metal nitride NSs with those of BNNSs [49].

As shown in Figure 3b, the E,,, values of AINNSs, GaNNSs, INNNSs and TINNSs are about
48%, 43%, 31% and 17%, respectively, of the BNNSs surface Young's moduli. Even the most
mechanically resistant of the MNs group, the aluminium nitride NSs, have the E,, values, which
are almost twice lower than those of boron nitride NSs. This must be taken into consideration when
developing novel applications, involving MN monolayers. To take better advantage of the electronic,
optical and thermal properties of 2D metal nitrides without compromising robustness and operation
of nanodevices and systems, the MN nanosheets, especially those with weaker tensile properties such
as InNNNSs and TINNSs, should be combined with, for example, BNNSs or graphene. It is worth
noting that the surface Young's moduli of 2D nanostructures formed by 13th group-nitride
compounds are close to those of their 1D counterparts, i.e. nanotubes (NT) [52]. Thus, both 1D and
2D allotropes can be exploited in design and manufacturing of innovative nanodevices, without
losing their strength and durability.

It can be observed that the surface Young's modulus of the MN nanosheets is to some extent
higher for the zigzag configuration than for the armchair configuration, E > E,y, which indicates
an anisotropy of AINNSs, GaNNSs, InNNSs and TINNSs. In a previous study by the authors [49],
such anisotropic behaviour was reported for the case of BNNSs and was explicated by dissimilar
stresses necessary for elongation of the hexagonal lattice along the x- and y-directions; this is because
the atomic arrangement for zigzag configuration differs from that of the armchair configuration, with
respect to the applied axial load. The anisotropic NSs behaviour can be quantified by the ratio
between the surface Young’s moduli in zigzag and armchair directions, Eg,/E,,. The evolution of the

E,./Eqy ratio for 2D MN nanostructures with their bond length, ay;.\, is shown in Figure 4.

1.021 1.029 1.032 1.042
1
Ay
&2
%
o’ 05 |
0
0.179 0.185 0.206 0.2154
Ay (nm)

Figure 4. Ratio between the surface Young’s moduli in the zigzag and armchair directions, Eg/Egy,
as a function of the bond length, ay.y, for MN nanosheets.

The E/E,, ratio increases from 1.021 (AINNSs) to 1.042 (TINNSs) with increasing bond length,

aaN = 0.179 nm < ag,n = 0.185 nm < ap, = 0.206 nm < apy = 0.215 nm. It can be concluded that
the metal nitride nanosheets exhibit a mild anisotropy regardless of the compound that forms the 2D
MN nanostructure.
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For comparison purposes, the current surface Young’s moduli, E;, and E,, and their ratio,

Sy’
E,./Esy, together with the respective results from the literature are plotted in Figure 5, for AIN, GaN
and InN nanosheets. A reasonable concordance (difference ~ 14%) is observed when the E,,, values,
calculated in the present study for AINNSs and InNNNSs, are compared with those reported by Le
[36], who used the analytical expression obtained within the NCM/MSM method. The surface
Young's moduli evaluated by Singh et al. [35] for GaNNSs and InNNSs are in a very good agreement
with the respective E,, values, assessed by Luo et al. [32] (see, Figures 5b,c). To this end, Singh et
al. [35] employed MD simulations with TB potential function to describe the interactions between Ga
(In) and N atoms, while Luo et al. [32] used the ab initio DFT calculations.

015 | AIN M current 015k GaN D current
éx 01 L BLe é o1 L 1 Singh et al.
;:;-005 M Singh et al. }0 . M Luo et al.
' E, E, ' Ey E,
(a) (b)
01 '// ; InN E current 1
’E %% %7 W current
é %% %/ 3 ks - N m Singh etal.
‘[:; 0.05 Z%//Z Zéy Z [ Singh et al. E 03 §§ Le
= . %/ ) %é Z Luo et al. , §§
Eq E,, AIN
(c) (d)

Figure 5. Comparison of the current surface Young’s moduli, Egy, of (a) AINNSs, (b) GaNNSs, (c)
InNNSs; and (d) Eg/Esy ratio for the MNs from figures (a,b,c) with those available in the literature

[32,35,36].

Regarding the ratio between the surface Young’s moduli in the zigzag and armchair directions,
Le [36] for AINNSs and Luo et al. [32] for AINNSs and GaNNSs found that Eg,/Es, ~ 1, which
suggests an isotropic behaviour of these MN nanosheets (see, Figure 5d). On the other hand, Le [36]
reported the anisotropic behaviour for GaNNSs and InNNSs, and Luo et al. [32] for INNNSs. In the
latter case, the ratio E/Es, <1 occurs. According to Singh et al. [35], the AINNSs, GaNNSs and
InNNSs under study are transversely anisotropic. For all metal nitride NSs from Figure 5d, which
demonstrate anisotropic behaviour, except for the InNNNSs studied by Luo et al. [35], the surface
Young’s modulus in the zigzag direction is slightly higher than in the armchair direction, E, > E,,
ie. Eq/Eg, >1. The current E,,/E, ratios for aluminium nitride, gallium nitride and indium nitride
NSs are in a good agreement (the biggest difference of 0.87%) with those reported in the literature,
meaning a mild nanosheet anisotropy in the transversal direction.

Figure 6 compares the current average values of the surface Young’'s modulus, calculated by
Eqns = (Esx+E5y) /2, for INNNSs and TINNSs with those reported by Peng et al. [30,31]. The choice of
InN and TIN nanosheets was due to the fact that the comprehensive comparison of the Egs moduli
for AINNSs and GaNNSs with the results available in the literature has been performed by the
authors in previous work [45].
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Figure 6. Comparison of the current surface Young’s modulus, Eg\s, for INNNSs and TINNSs with
those from the studies of Faraji et al. [33] and Peng et al. (2012, 2017) [30,31].

Currently used NCM/MSM approach leads to higher E,\s values for INNNSs and TINNSs
when compared with the respective results from the works [30,31,33]. Faraji et al. [33] and Peng et al.
[30] assessed the surface Young’'s modulus of INNNSs resorting to Vienna ab initio simulation
package (VASP) for the ab initio DFT calculations. Both studies implemented the generalized
gradient approximation (GGA) parameterized by the Perdew— Burke— Ernzerhof (PBE) functional to
describe the exchange-correlation energy. Although the calculation approach is similar, it leads to
different surface Young’s modulus results for INNNSs. Figures 5a-c and 6 shows a noticeable
scattering of the surface Young's modulus values of MN nanosheets, as well a lack of the results,
especially for thallium nitride NSs.

The metal nitrides NSs Poisson’s ratio, v,y, calculated by Equation (6), is shown in Figure 7a as
a function of the diatomic structure bond length, ay.n. The value of v,, of metal nitride NSs
increases nearly twofold, from 0.12 (AINNSs) to 0.25 (TINNSs), with increasing of ay.yn. The
Poisson’s ratio for AINNSs, GaNNSs and InNNSs consists about 48%, 57% and 73%, respectively, of
V,y obtained for TINNSs, as shown in Figure 7b.

100
03
025 X
S 75t
02 0.18 *Z
g
B 0.12 50 -
> Z
01 Z
g
AIN o
0 <
0.179 0.185 0.206 0.2154 >§, 0
e (nm) GaN InN
(a) (b)

Figure 7. (a) Evolution of the Poisson’s ratio, Viyr of MN nanosheets, as a function of the bond length,
ap.n; (b) Comparison of the v, values for AINNSs, GaNNSs and InNNSs with that of TINNSs.

Figure 8 compares the current Poisson’s ratio results with those from the literature for MN
nanosheets. The values of v,, calculated in the present study for AINNSs, GaNNSs, InNNSs and
TINNSs are considerably lower than those evaluated by Luo et al. [32], Singh et al. [35], Faraji et al.
[33] and Peng et al. [30,31].


https://doi.org/10.20944/preprints202410.0624.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2024 d0i:10.20944/preprints202410.0624.v1

10

InN
06 r m current 06 | B current
o M Faraji et al. 2 B Peng et al., 2017
> >
0.3 f M Luo et al. 03 } TIN
i I— B current
M Singh etal.
W Peng et al., 2012
0 — 0
AIN GaN InN InN TIN

(a) (b)
Figure 8. Comparison of the Poisson’s ratio, Viys of (a) AINNSs, GaNNSs and InNNSs, (b) INNNSs
and TINNSs with respective values from the literature [30-33,35].

A good agreement is observed between the v,, values assessed by Luo et al. [32] and Singh et
al. [35], with differences of = 2.9%, 2.2% and 3.7% for AINNSs, GaNNSs and InNNSs, respectively. In
both studies the atomistic approach was used, although Luo et al. [32] has calculated the Poisson’s
ratio employing the VASP within ab initio DFT method and GGA-PBE for the exchange—correlation
energy, and Singh et al. [35] used MD simulations with TB potential to this end. It is worth noting
that Faraji et al. [33], who used the same calculation methodology as Luo et al. [32], obtained the
values of v,, being ~ 58%, 58% and 54%, of those by Luo et al. [32], for the corresponding AIN, GaN
and InN nanosheets.

Despite the values of the Poisson’s ratio reported by Luo et al. [32], Singh et al. [35] and Faraji et
al. [33] for AIN, GaN and InN nanosheets are different from those currently computed, the evolution
trends of v,, with the bond length, ay.x, are comparable. As seen in Figure 8a, the values of v,, for
AINNSs, GaNNSs and InNNSs obtained by Luo et al. [32], Singh et al. [35] and Faraji et al. [33],
increase when ay;y increases, although the Poisson’s ratios for AINNSs and GaNNSs are similar.
This can be explained by close values of the bond length, a,n and ag,n, used in these studies
[32,33,35].

It can be concluded from Figure 8 that, for metal nitride NSs, there is a scarcity and spread of
the Poisson’s ratio values. Considerably more v, results are necessary to build a reliable benchmark

for ascertaining this elastic property by theoretical methods.

3.2. Surface Shear Modulus of MN Nanosheets

The evolution of the surface shear modulus, Gaxy,s for AINNSs, GaNNSs, INNNSs and TINNSs,
calculated with aid of Equation (11), as a function of the respective bond length, ay,.y, is shown in
Figure 9. G, decreases from 0.029 TPa-nm (AINNSs) to 0.012 TPa-nm (TINNSs), when the value of

ayN increases.
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Figure 9. Evolution of the surface shear modulus, Gsxy, of the MN nanosheets as a function of the

respective bond length, ay.n-
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Figure 10a facilitates the comparison of the surface shear modulus results for the metal nitrides
NSs under study, Gsxy, of GaNNSs, INNNSs and TINNSs, by normalizing by that of AINNSs, which
has the biggest G, value among the MNs group. The surface shear modulus of GaN, InN and TIN
nanosheets is about 96%, 67% and 40%, respectively, of GSXy of aluminium nitride NSs. As can be

noticed from the results shown in Figure 10a, the surface shear moduli of AINNSs and GaNNSs have
close values.

50
o X
& 100 S w}
(=] bl
il *
* z
.E 75 = 30 |
QO 50 Q 20t
2 g
=
g 10 |
S 25 g
o 1
Y O
U%” . 0

0.179 0.185 0.206 02154
GaN InN TIN Ay (nm,
(a) (b)

Figure 10. Comparison of the surface shear modulus, Gsxy, of (a) GaNNSs, INNNSs and TINNSs with
that of AINNSs; (b) the metal nitride NSs with that of the BNNSs [49].

Similar to the case of the surface Young's modulus of MN nanosheets (see, Figure 3b), their
surface shear modulus was compared with that of boron nitride NSs, as shown in Figure 10b. Gq,,
calculated for AINNSs, GaNNSs, InNNSs and TINNSs are = 45%, 43%, 30% and 18%, respectively, of
the BNNSs surface shear modulus. To better understand the current results of the surface shear
modulus, Gy, values for metal nitride NSs are plotted together with the surface shear modulus of
the respective NTs, Ggnrs, in Figure 11. The values of Ggnrs were taken from previous work by the
authors [52] and, similar to the current study, were obtained resorting to the numerical simulation
within the NCM/MSM approach. To complete the comparison, the Gg,, and Ger,s values of boron
nitride NSs [49] and NTs [39] are also plotted in Figure 11.
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Figure 11. Comparison of the surface shear modulus, Gg,y, of the 13th group - nitride NSs with the
shear modulus, Genrs, of the homologous NTs [52]. Gy, and Genrs for BN nanosheets and
nanotubes are from [39,49], respectively.

Contrasting the surface Young’s moduli of NTs and NSs of the 13th group — nitride compounds
(see, 3.1. SurfaceYoung's moduli and Poisson’s ratio of MIN nanosheets), the nanotubes surface shear
modulus is 2.5, 2.2, 2.0, 1.9, 1.6 times bigger than Gy of boron nitride, aluminium nitride, gallium
nitride, indium nitride and thallium nitride nanosheets, respectively. It can be concluded that NSs
(2D nanostructures) based on the nitride compounds have inferior shear properties when compared
to their 1D (NTs) counterparts. This should be taken into account in design of nanodevices and
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systems, where higher mechanical resistance of the constituents to the applied shear stress is
required.

As far as we know, results on the surface shear modulus for MN nanosheets are scarce or even
non-existent (the case of TINNSs) in the literature. Figure 12 compares the current values of the
surface shear modulus for AINNSs, GaNNSs and InNNSs with those from the works by Luo et al.
[32] and Singh et al. [35].
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Figure 12. Comparison of the current surface shear modulus, Gexy, of AINNSs, GaNNSs and
InNNSs.
The G,y value calculated in the present study for InNNSs shows a very good concordance

when compared to those reported by Singh et al. [35] and Luo et al. [32], with the respective
differences of about 0.9% and 5.6%. For AINNSs and GaNNSs, the current value of G, is
considerably lower (in a range of 30% to 49%) than those assessed by Singh et al. [35] and Luo et al.
[32]. In these studies, the differences between the surface shear moduli are 10.0%, 4.8% and 6.1% for
AIN, GaN and InN nanosheets, respectively. The decreasing trend in the evolution of the surface
shear modulus with increasing bond length is observed in the current work, similar to the results
reported by Singh et al. [35] and Luo et al. [32] (see Figure 12). In short, the scarcity of G,, valuesin
the literature to date does not allow pertinent conclusions to be drawn with regard to the mechanical
response of the metal nitride NSs under shear loading. Furthermore, more shear modulus results are
required to establish a reference for evaluating the shear elastic properties of MN nanosheets by
theoretical approaches. The present study attempts to fill this gap.

4. Conclusions

In the current work, the elastic properties (surface Young’s and shear moduli, and the Poisson’s
ratio) of 2D metal nitrides with graphene-like lattice (AINNSs, GaNNSs, INNNSs and TINNSs) were
evaluated, basing on the NCM/MSM method. To the best of our knowledge, this systematic
comparative study, which comprises all metals of the 13th group of the periodic table, was performed
for the first time. The main conclusions are given below.

The surface Young’s and shear moduli, and the Poisson’s ratio of AIN, GaN, InN and TIN
nanosheets are sensitive to the bond length of the honeycomb diatomic arrangement. The surface
Young's and shear moduli decrease, while the Poisson’s ratio increases, with increasing interatomic
bond length.

The surface Young’s modulus of AINNSs, GaNNSs, INNNSs and TINNSs is, at least, half of that
obtained for boron nitride or graphene nanosheets. This result should be taken into account during
the design of prospective complex systems and nanodevices, where 2D metal nitride nanostructures
are considered as potential constituents.

It was shown that the surface shear modulus of the 2D nitride nanostructures (NSs) is about two
times lower than that observed for their 1D counterparts (NTs), indicating weaker mechanical
properties of the nitride nanosheets under in-plane shear loading.

The results achieved represent a substantial input to the knowledge and determination of the
elastic properties of metal nitride nanosheets by analytical and numerical approaches.
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