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ABSTRACT: The substrate-induced effects on the polarizability () and first Periodic Monolayer Monalayer Mlanofiake
dipole hyperpolarizability (/) of group-IV (i.e., graphene, silicene, germanene, Frosssaten 0
stanene) and group-V (i.e, phosphorene, arsenene, antimonene, and

bismuthene) elemental monolayer nanoflakes are investigated. Density func-

tional theory calculations show that these monolayers are bound with varying y <
degrees of interaction strength with the Ag(111) substrate surface. Calculated N
dipole moment and /3 values are zero for the centrosymmetric configurations of
the pristine elemental monolayers. On the other hand, substrate-induced
changes in the electronic densities at the interface lead to substantially enhanced
values of f, making these materials attractive for applications in the next-
generation photonic technologies at the nanoscale.
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1. INTRODUCTION uration. However, when deposited on a hetero-substrate, the
centrosymmetry is lifted. Substrate-supported 2D monolayers
also exhibit changes in electronic density due to interaction
with the former. Both these effects are expected to lead to
measurable dipole moment and NLO susceptibilities. To
examine this hypothesis and understand the evolution of NLO
properties of elemental 2D materials, we have calculated the
polarizability («) and first-hyperpolarizability (f) of the
Ag(111) substrate-supported graphene silicene,"' ™" germa-
nene,'® stanene,'” phosphorene,'” arsenene,'” antimonene’
and bismuthine.”’ All considered 2D monolayers, except
graphene and bismuthine, have been grown epitaxially on
Ag(111) substrate, which offers a good lattice (hexagonal) for
the growth of honeycomb-like monolayers.''~**

Materials exhibiting nonlinear optical (NLO) properties have
important applications in a wide range of emerging
technologies in photonics, including on-chip nanophotonics,
nonlinear plasmonics, and quantum nanophotonics.”” Among
the current NLO materials, silica fibers, LINbO;, and f-BaBiO4
are widely used due to their high efficiency and enhanced
environmental stability. However, these materials present
challenges in processing, fabrication, and integration with
other materials.® Due to this, there is an intense interest in
developing materials with enhanced NLO response and ease in
fabrication and integration with other materials. This has
attracted a great deal of interest in two-dimensional (2D)
nanomaterials, which in addition to exhibiting ultrafast NLO
response, also possess other electronic, geometrical, and 2. COMPUTATIONAL METHOD

chemical properties that are highly desirable for future ) ) .
photonics and optoelectronics technologies.*™” Computations were performed in a two-step approach: (i)

The phase-matching condition is another advantage of 2D first-principles density functional theory (DFT) calculations
materials for solid-state photonics applications. In_general, were performed on the pristine monolayers and their substrate-
nonlinear effects in crystals and bulk phases occur when the supported configurations to obtain electror.nc and .geometrlcal
phase-matching condition (i.e., the photon’s momentum and structures an.d suPstrate—ZD monola).rer Interaction energy;
energy are simultaneously conserved before and after the (ii) the semiempirical quantum-chemical coupled perturbed

: . . o . Hartree—Fock method as implemented in the semiempirical
nonlinear process) is satisfied. This, in turn, requires a careful PM7 model ( CPHF-PM7)25‘26 calculations were performed to
design of the incident light path and the crystal’s orientation to P

optimize the crystal’s nonlinear responses. In the case of 2D
material, a medium with a reduced thickness that is Received: January 13, 2023 Q
comparable to the sub-wavelength range and shorter than Accepted:  January 30, 2023 2
the coherence length, the phase-matching condition can be Published: February 28, 2023
easily achieved relative to their bulk counterparts.*™"

Free-standing elemental 2D materials have zero dipole and
first-order NLO response due to centrosymmetric config-
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obtain dipole moment, and (hyper)polarizabilities at the DFT-
optimized equilibrium geometries. The use of the semi-
empirical method for NLO property calculations in this work
was dictated by the computational complexities of the system
considered. To assess the accuracy of the CPHF-PM7 results,
the results were benchmarked by comparing them with the
CPHEF-DFT results for the pristine nanoflakes.””

The periodic DFT calculations were performed emgloying
the Vienna Ab initio Simulation Package (VASP).  The
electron exchange and correlation functional forms were
treated within the framework of generalized gradient
approximation using the Perdew—Burke—Ernzerhof (PBE)
functional form. The projector augmented wave method was
used to describe electron—ion interaction,” and contributions
from the van der Waals (vdW) interactions were incorporated
using the D2 term of Grimme.”’ A plane-wave basis set with a
kinetic energy cutoff of 520 eV together with (S X $ X 1) k-
point mesh was used. A vacuum of about 15 A along the z-
direction in the periodic supercell was also used perpendicular
to the plane of the monolayer. The structures were fully
relaxed with residual forces smaller than 0.01 €V/A on each
atom. The energy convergence value between two consecutive
steps was 1075 eV. A three-layer periodic slab model was used
to represent the Ag(111) substrate in the substrate-supported
periodic calculations.”"*

The PM7 calculations based on the time-dependent coupled
perturbed Hartree—Fock method”™ were performed using the
Gaussian 16 program package34 with the convergence criteria
for the RMS density matrix, and changes in total energy were
set at 107% and 107¢ eV, respectively. A finite cluster model
consisting of fragments of the periodic configurations (referred
to as monolayer nanoflakes) was used to calculate NLO
properties.

Briefly, the linear polarizability is calculated as

1
(a) = g( A+, + a,,) )
while the first-order dipole hyperpolarizability () is calculated
as

p=B+p +5)"

which corresponds to the static # (0; 0, 0) effect.

Previously, f values obtained by the PM7 model were
benchmarked for molecules, such as benzene and CO,, and
also for the organic molecules, including the three fluorenyl
derivatives, namely, 7-nitro-9H-fluoren-2-ylamine, 1-(7-nitro-
9H-fluoren-2-yl)-pyrrolidine, and [2-(7-nitro-9H-fluoren-2-yl)-
vinyl]-1-1'-dipyrrolidine. It was concluded that the PM7 model
gives accurate results comparable to DFT for small organic
molecules, while the accuracy depends on the symmetry of
large organic molecules.”>*® We note that the parameter-
izations and approximations of semiempirical methods limit its
accuracy. Nevertheless, at the same time, they increase their
computational efficiency several times compared to the first-
principles DFT methods. Therefore, semiempirical methods
have constantly been employed to model the linear and
nonlinear optical properties of molecular and low-dimensional
materials.”*® We performed additional DFT calculations on
pristine monolayer nanoflakes to benchmark the PM7 results.
Overall, both the linear and NLO responses of the pristine
nanoflakes were calculated using the DFT (PBE + D2/
LANL2DZ) and PM?7 levels of theory. On the other hand, we

)
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have only used the PM7 level of theory to calculate the linear
and NLO responses of the substrate-supported monolayer
nanoflakes.

3. RESULTS AND DISCUSSION

3.1. Structure and Stability. In the following, we present
the periodic DFT results on the structural properties of the
pristine and substrate-supported monolayers and the inter-
action energy between monolayer and substrate, Ag(111).

3.1.1. Pristine Monolayers. Figure 1 shows the graphene-
like honeycomb structures of the elemental monolayers of
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Figure 1. Top and side views of a monolayer and Ag(111) substrate.
Red lines represent the primitive rhombus unit cell of the substrate.

group IV (graphene, silicene, germanene, stanene) and group
V (phosphorene, arsenene, antimonene, and bismuthine) of
the periodic table. The calculated structural properties listed in
Table S1 (Supporting Information) are in excellent agreement
with previously reported DFT studies.”’~* Note that the D2
correction term decreases the lattice constant calculated using
DFT."

3.1.2. Substrate-Supported Monolayers. For the periodic
DFT calculations, the Ag(111) substrate was simulated in a
slab model consisting of three layers with the \/ 3 X \/ 3R 30°
primitive unit cell, as displayed in Figure 1. The calculated
lattice constant of Ag(111) is 4.24 A, and the Ag—Ag distance
is 2.99 A. Figure 2 displays the substrate-supported monolayer
configurations, which were constructed to keep lattice
mismatch between monolayer and substrate at the minimum.
For example, a honeycomb structure with the planar
configuration for graphene and antimonene was considered,
while the zigzag-buckled configurations were considered for
the rest of the elemental monolayers. The considered periodic
cell (x/y) configurations were (4 X 4/2\/3 X \/3 R 30°) for
C/Ag(111), (4 X 4/31/3 x /3 R 30°) for Si/Ag(111), (4 X
4/3\/3 X\/3 R 30°) for Ge/Ag(111), (2 X 2/3 X 3) for Sn/
Ag(111), (3 X 3/24/3 x /3 R 30°) for P/Ag(111), (3 X 3/
2\}3 X /3 R 30°) for As/Ag(111), (1 x 1/14/3 x /3 R 30°)
forllez/A‘Ag(lll), and (3 X 3/4 X 4) for Bi/Ag(111) (Table
).~

Table 1 lists the details of the equilibrium configurations of
the substrate-supported monolayers obtained at the PBE + D2
level of theory. We note that our choice of periodic supercell
construction has introduced a lattice mismatch of 1-5%
between the monolayers and the substrate, as listed in Table 1.
The two planar monolayers, graphene and antimonene, exhibit
quite a large lattice mismatch of 4.8 and 4.1%, respectively.
The lattice-mismatch-induced strain is tensile except for
germanene and arsenene, which experience a compressive
strain in the substrate-supported configurations. Note that the
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Figure 2. Top and side views of the equilibrium configurations of the Ag(111) substrate-supported monolayers. The interlayer distance is displayed
by d. C, Si, Ge, Sn, P, As, Sb, and Bi represent graphene, silicene, germanene, stanene, phosphorene, arsenene, antimonene, and bismuthene,

respectively.

Table 1. Equilibrium Configurations of the Ag(111) Substrate-Supported Monolayers Obtained at the PBE + D2 Level of
Theory: Lattice Mismatch (%), Interlayer Distance (A), and Interlayer Binding Energy (eV/atom)

Ag(111) substrate-supported monolayers

periodic configurations
(monolayer/substrate)

(4 X 4/24/3 x /3 R 30°)
(4 % 4/31/3 x /3 R 30°)
(4 X 4/31/3 x /3 R 30°)

graphene (planar)
silicene (buckled)

group IV

germanene
(buckled)
stanene (buckled) (2x2/3%x3)
group V. phosphorene (3 x 3/2\/3 X \/3 R 30°)
(buckled)

(3 % 3/24/3 x /3 R 30°)

arsenene (buckled)

antimonene (1x 1/1\/3 X \/3 R 30°)
(planar)

bismuthene (3x3/4x%x4)
(buckled)

lattice mismatch interlayer interlayer interaction energy
(monolayer/substrate) (%) distance (A) (eV/atom)
4.8 3.1 —0.05
1.1 22 —0.19
3.2 22 —0.20
2.7 2.3 —0.23
5.0 24 —0.11
4.7 2.5 —0.11
4.1 2.7 —0.21
4.4 2.7 —0.17

previously reported DFT calculations find a lattice mismatch of
0.997% for silicene,”* 3.7% for germanene,23 and 4.38% for
stanene.” In group V, the lattice mismatch was reported to be
6.4% for phosphorene'® and 4.7% for aresenene.'” For
antimonene, our calculated value is different from the
previously reported value® due to the use of the van der
Waals functional D2 term in our calculations. Moreover, the
substrate-supported monolayers are predicted to be stable with
the binding energy of —9.0, —4.71, —3.96, and —3.28 eV/atom
for graphene, silicene, germanene, and stanine, respectively.
Likewise, the binding energy for the substrate-supported group
V monolayers is calculated to be —5.21, —4.6, —1.43, and —3.8
eV/atom for phosphorene, arsenene, antimonene, and
bismuthene, respectively. It is worth noting that a planar
configuration of antimonene was reported to be formed on
Ag(111), though a buckled configuration was predicted for the
pristine antimonene.

9616

The interaction strength between the substrate and
monolayer in the substrate-supported configuration is calcu-
lated in terms of the interaction energy (E; which is
defined as follows

nteraction))

interaction —

E

E (substrate-supported monolayer) — E (substrate) E(monolayer)
N

(©)

where Esubstrate-supported monolayers Esubstratel and Emonolayer are the
total energy of the substrate-supported monolayer, Ag(111)

substrate, and the strained monolayer, respectively, and N is
the total number of atoms in the substrate-supported
configuration.

The calculated results predict Ejion tO be negative
(Figure 3 and Table 1), suggesting the stability of the
substrate-supported monolayer configurations for all cases.
The values vary from —0.05 to —0.23 eV, with graphene the
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i P/Ag(111), As/Ag(111), Sb/Ag(111), and Bi/Ag(111) nano-
_-0.05 flake configurations consisted of 32/36, 32/81, 32/81, 14/57,
§ 18/36, 18/36, 2/9, and 18/48 atoms, respectively.
; -0.10 A comparison of a(0) values calculated at the PM7 and
< DEFT levels of theory for the pristine nanoflakes is displayed in
g -0.18 Figure 5. We find that the PM7 results follow a similar trend in
w
-0.20 102+
- <> (0)
0.25
C Si Ge Sn P As Sb Bi ~ % PEESDZ/LANLZDE
5 10"} © Semiempirical PM7
Figure 3. Calculated interaction energy between a monolayer and the aQ ¢ @
Ag(111) substrate at the DFT level of theory. C, Si, Ge, Sn, P, As, Sb, > : Yo
and Bi represent graphene, silicene, germanene, stanene, phosphor- . * :
ene, arsenene, antimonene, and bismuthene, respectively. \; 10°} :
* -
lowest and stanene the highest. These results agree with tl}:
- 0

previously reported results, e.g.,, Ag(111) supported stanene.

3.2. (Static) Polarizability (a) and First-Order Hyper-
polarizability (f). Next, the PM7 calculations are performed
to calculate static values of @ and f of the pristine and their
substrate-supported configurations in a finite cluster model in
which monolayers were simulated by the corresponding
nanoflakes. Note that the nanoflake configurations retain the
structural properties obtained from the periodic DFT
calculations. The edge atoms of nanoflakes are hydrogen-
passivated, and a three-layer slab simulated the substrate. A (4
X 4) supercell of group-IV (or a (3 X 3) supercell of group-V)
configuration was cut in such a way that the underlying
substrate covers the nanoflake (Figure 4). Such a choice of
construction of a nanoflake from its periodic configuration
ensures its centrosymmetric nature yielding zero dipole
moment and S values for the monolayers. Overall, the
thickness of the substrate-supported configurations is about

//H-passivation

Silicene nanoflake on Ag(111)

(b)

Figure 4. Schematic diagram showing the construction of nanoflakes
from the equilibrium configurations of (a) periodic silicene monolayer
and the corresponding nanoflake and (b) its substrate-supported
configuration. Color code: Blue—Si, light blue—H, and gray—Ag.

C Si Ge Sn P As Sb Bi
Pristine Nanoflakes
Figure S. Comparison of DFT and PM7 calculated values a of

pristine nanoflakes. f is zero due to the pristine centrosymmetric
configurations of the monolayers.

static o values predicted by DFT, thereby suggesting the
reliability of the PM7 results for further NLO calculations.
Note that the dipole moment is zero for the pristine nanoflakes
at both PM7 and DFT levels of theory, as expected.

It is well known that @ is a linear property of the material,
defined as the tendency of the material to acquire an electric
dipole moment in proportion to an applied electric field. Here,
we look into the average polarizability ((«)) calculated as the
average of the diagonal components of the polarizability tensor
given in eq 1. As the volume occupied by the electrons
increases, the polarizability should generally increase, as seen in
our case. This is because the electrons in a larger atom are
loosely bound to those in a smaller atom. So, the polarizability
increases down the group in the periodic table; hence, (a)
follows the trend: graphene < silicene < germanene < stanene
for group-IV and phosphorene < arsenene < antimonene <
bismuthene for group-V configurations (Figure 5 and Tables
S2 and S3). We further note that (a) may also show size
dependency as the density of states increases with the number
of atoms constituting a nanoflake.***”

For the substrate-supported configurations, a(0) values are
displayed in Figure 6, which are predicted to be slightly higher
for the group-IV elemental monolayers (Table S4). Interest-
ingly, the substrate-induced effects on a(0) do not follow the
expected trend for the group-V nanoflakes, which may be due
to the nature of chemical bonding at the interface, e.g., @(0)-Sb
> a(0)-Bi. This could be attributed to the planar instead of
buckled structure for antimonene interacting with the Ag(111)
nanoflake.

Next, static # is determined for the substrate-supported
configurations using eq 2. In the present case, the planar or
buckled structure possesses centrosymmetry yielding zero
dipole moments and $(0) values. By definition, a centrosym-
metric structure is one in which there exists an atom at —x,—
»—z coordinates corresponding to every atom at x,y,z
coordinates.

The calculated PM7 values of S(0) of the substrate-
supported configurations are displayed in Figure 6. Here, we

https://doi.org/10.1021/acsomega.3c00232
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Figure 6. (a) Calculated a(0) and (b) S(0) values of the substrate-supported nanoflakes. C, Si, Ge, Sn, P, As, Sb, and Bi represent graphene,
silicene, germanene, stanene, phosphorene, arsenene, antimonene, and bismuthene, respectively.

find that the group IV elemental monolayers have higher 5(0)
values relative to the group V elemental monolayers. For group
IV, the predicted order is # (germanene) > f§ (silicene) > f§
(stanene) > f (graphene). On the other hand, the predicted
order of the static values for the group-V configuration is f
(phosphorene) > B (antimonene) > S (bismuthene) >
(arsenene). The predicted trend in the static first hyper-
polarizabilities does not directly follow the degree of the
interaction strength determined by s (Ag)—p, (monolayer)
states at the interface. Stanene (group IV) and antimonene
(group V) are predicted to have a higher interaction strength
with the substrate (Figure 3) but exhibit somewhat smaller
values (Figure 6b).

4. SUMMARY

The stability, equilibrium configuration, linear polarizability, a,
and the first-hyperpolarizability, , of the Ag(111)-supported
monolayers (i.e., group IV (graphene, silicene, germanene, and
stanene) and group V (phosphorene, antimonene, arsenene,
and bismuthine)) were calculated. The periodic DFT
calculations predict that all 2D monolayers considered in this
study will be stable with varying degrees of interaction strength
on the Ag(111) substrate surface. The monolayers interact
with the Ag(111) substrate via s (Ag)—p, (monolayer) states,
and the degree of interaction depends on the nature of the p,
(monolayer) states. Calculations based using the CPHF
method in the framework of the semiempirical PM7 method
predict pronounced substrate-induced effects on the linear and
nonlinear polarizabilities of the monolayers. The pristine
monolayers possess zero dipole moment and even order NLO
susceptibilities. Substrate-induced changes in the electronic
density at the interface lead to significantly higher B values,
which are several orders of magnitude higher than an organic
molecule, such as pura—nitroaniline.25 This makes the
substrate-supported elemental monolayers attractive candi-
dates for next-generation photonics and integrated quantum
technologies.
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