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Layer engineering in optoelectronic and photonic
properties of single and few layer phosphorene
using first-principles calculations
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Developing devices for optoelectronic and photonic applications-based nanomaterials has been one of the
most critical challenges in the last decade. In this work, we use first-principles density functional theory
combined with non-equilibrium Green's function to highlight for the first time the sensitivity of
optoelectronic and photonic properties toward the exfoliation process. All the studied structures were
relaxed and their relevant phonon modes confirm the high structural stability. The obtained
phosphorene layers remained semiconducting with a direct band gap like the respective bulk structure
with 10 layers. We also examined the effects of the thickness on the electron—hole interaction by

calculating absorption energy combined with electron relaxation lifetimes. Additionally, we explore the
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Accepted 14th December 2023 optoelectronic properties, which can also be influenced by the exfoliation. Finally, we found that the

current—voltage (/-V) characteristic shows higher sensitivity toward the bulk structure than the other 2D
forms of phosphorene structures, meaning that the Schottky barrier at the interface of the bulk
phosphorene is much lower than mono, and few layer phosphorene.
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Introduction

Two-dimensional materials (2D) such as graphene, first
discovered in 2004,* transition metal dichalcogenides
(TMDs),>* hexagonal boron nitride (hBN),” and phosphorene,?
have attracted a great deal of attention and the physics behind
these kinds of materials became a new active research area in
condensed matter physics. Due to its unique properties, phos-
phorene shows high carrier mobility at room temperature,
which is more than 1000 cm® V ~' s7',° and a wide adjustment
in the band gap with the number of layers; it can vary from 2 eV
for monolayer phosphorene'®" to 0.36 eV for bulk black phos-
phorus,” accompanied by an anisotropic feature in structure
morphology and electronic properties, which is of great benefit
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to the designers of electronic and optoelectronic devices.” The
quantum confinement effect due to the reduced dimensionality
in 2D structures provides a new kind of surface confinement to
the electron gas, moreover the strong in-plane anisotropy in
excitons and trions formed in phosphorene layers displays
exceptional quasi-one-dimensional performance.'***

Therefore, the highly tunable electronic, optical, and trans-
port properties, as well as the high on/off ratio of phosphorene
make it essential for numerous experimental and theoretical
studies. All reported results aim to regulate the electronic
structure, optical response, and transport properties of phos-
phorene to be managed in nanoelectronic and optoelectronic
industries. The reported results conclude that, phosphorene
properties could be tuned by applying strain,'®" electric
field,'®" edge functionalization,” doping,”* and stacking
order.” Significant effort has been made to tune the phos-
phorene properties using van der Waals (Vdw) stacking layers
without the need of external perturbation such as temperature,
electric field or strain effect deserve further exploration for
developing new optoelectronic devices with high detection
capabilities ranging from ultraviolet to infrared.

In this work, we theoretically investigated the electronic band
structures, electron effective mass along different directions
(armchair and zigzag) to simulate the electronic properties in few-
layers phosphorene obtained from the exfoliation of bulk black
phosphorus structure with 10 layers. The structural properties-
based phonon modes of the studied structures were also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculated to ensure their stability. To understand the effect of the
layer thickness on the electron-hole interaction which is the
central of the optoelectronic and photonic properties, we perform
using DFT calculations the absorption energy and their corre-
sponding electron relaxation lifetimes with respect to the exciton
energy. We highlight the effect of the exfoliation on the applica-
tion of the 2D form of phosphorene structure in optoelectronic
and photonic devices by providing a clear understanding of the
dependence of I-V characteristics to the layer thickness.

Computational details

We conducted our calculations using density functional theory
(DFT) and electron-ion interactions, utilizing the projector
augmented wave (PAW) method implemented in the Siesta
code.”® To describe the exchange-corrective interaction, we
employed the Perde-Burke-Ernzerhof (PBE) parametrization of
the generalized gradient approximation (GGA).>* Additionally,
we employed the van der Waals density function vdW-optB86b*
optimization to enhance the description of the PBE approach,
in other hand and to overcome the underestimated value of the
band gap from the GGA calculation, HSE approach was
employed for the evaluation of the electronic properties. In our
calculations, electronic wavefunctions was projected onto
a space grid with an energy cutoff of 80 Ry. The started opti-
mized structure with 10 layers was simulated with the insertion
of a vacuum layer of about 15 A to avoid the interaction between
periodic images. All the exfoliated structures were obtained
from the started structure with 10 layers by removing layers one
by one and replacing its thickness with a vacuum layer until we
left with an isolated single layer structure. For optimal results
all the unit cell's geometrical optimization was conducted using
the same grid of &-points sampling of 12 x 16 x 5 as the started
bulk structure with 10 layers.

Optical properties are calculated using the momentum
matrix elements between occupied and unoccupied wave
functions within the dipole approximation by the equation:**

1/(32

efw) = 2whm2 w?

g
n,n

where ¢,(w), hw, p, (|kn>), and flkn) are the imaginary part of the
dielectric function, the energy of the incident photon, the
momentum operator (r(%/i)(d/dx), a crystal wave function, and
Fermi function, respectively. The optical absorption coefficient
I(w) can be evaluated using the following formula:

1/2
I(w) = \/Ew{ e1(w)’ + e (W) — ¢ (a))z}
where the real part ¢;(w) of the dielectric function can be obtained

from imaginary part according to Kramers-Kronig relationship
(e(w) = &3(w) + &(w)) and it determines the dispersion effects.
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To evaluate the electron relaxation time (t) within Boltzmann
theory,””® self-consistent single equivalent band model was
adopted using BoltztraP package from the calculated electrical
conductivity (¢).**° Given the temperature and carrier concen-
tration, an adequate relaxation period can be used to estimate the
true value of ¢. The effective mass at the valence band maximum
and the conduction band minimum is denoted here by m*.

Oup = %;aw(hk) %

amﬁ(iak) = eZTi,kVtz(i»k)VB(iak)

walasn) = & [0 [ _ W] i "

Sop(T 1) = WIB(TM) Jaaﬁ(g)(s — ) [ - W} de
(2)
Ka = % J(f —u)a(e) a‘/;(;) de (3)

In the approach of the self-consistent single parabolic band
model,** we first determined the Fermi energy in the Fermi
integral self consistently from eqn (3) for the given T, g and n
concentration.

[y}

T) =
w(T) 20

Fio(T) (4)

3
The density of states effective mass is mq = Ny2m*, where m*
is the effective mass at the band valley and the degeneracy of the

ek e (1= (k) (v~ B =)

band valley is given by Ny, which is related to the symmetry of
the k-point in the Brillouin zone. The Fermi integral is given by:

R - | B (5)

o l+exp(E—n)
here n = E¢/KgT, where E; is the Fermi energy. The electron
relaxation time is calculated using the eqn (6).
1
L nmhpi Ry
3Edz(m"‘KBT)3/2 Fia(n)

(6)
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Fig. 1 Crystalline structure of single and few layers phosphorene.

In the above equation, p refers to the mass density, and the
longitudinal sound velocity is given by »,. In our calculations,
the longitudinal sound velocities in the a and ¢ directions were
computed as (C;1/p)1/2 and (Cj3/p)1/2, respectively.

To compute the work function, we used the Fermi level ob-
tained from the ground-state DFT calculation using vdW and
HSE approximations, and the vacuum potential obtained from
the electrostatic potential in the normal direction to the exfo-
liated phosphorene surfaces.*

W= EVac - EF

The current through the device is derived according to the
33,34

Landauer-Buttiker formula.
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Fig. 2 Electronic band structure dependence to phosphorene thick-
ness. The Fermi level is shifted to O eV.
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2e [t
1) =5 | TEVIAE - A
where & and e are the Planck constant and the electron charge,
respectively, fi(E) and f,(E) are Fermi Dirac function of the left
and right electrodes and 7T(E,V) is the transmission coefficients
of electrons through the device.

Results and discussion
Electronic properties

The crystalline structure of single and multilayer phosphorene is
orthorhombic with a Cmca space group (N° 64) with lattice
parameters a = 4.5257 A and b = 3.2823 A which are in good

7 = vdw
141 *_HSE

0 1 2 3 4 5 6 7 8 9 10 1
Number of layers

Fig. 3 Band gap tuning in single and few layers phosphorene.
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Fig. 4 Layer engineering of holes and electrons effective mass in
single and few layers phosphorene.
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Fig.5 Electrostatic potential depending on layer number in single and
few layers phosphorene.

agreement with other reported data.® Monolayer phosphorene
contains two atomic layers bonded together by the SP* hybrid-
ization of phosphorus atoms which caused the puckered

5.2

Q, —Q—vdW
\ —@—HSE

A5.0 b
>
248
£
‘= 4.61
()

=
= 4.4

3.8 —
0 1 2

3 4 5 6 7
Number of layers

8 9 10
Fig.6 Layer number dependent work function of single and few layers

phosphorene.
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Fig. 7 Phonon dispersion variation for exfoliated phosphorene layers
from bulk phosphorene structure with 10 layers along Y-G-X-S
direction.

1607

140

120].
0 \
£100{1

Qo e
£ 80 °‘=.,\"a.b
£ 604 °"\§?\th

40 = g A _ - a0 - 5 iy
8 e e e

o o o

o o
S 2 28

o o e e o o o o
8 28 8 8 8 &8 g g g
8 ¥ 8 ¥ 3

400 =

Temperature (K
Fig. 8 Phonon lifetime vs. temperature for single and few layers
phosphorene.

honeycomb structure,* the distance between two nearest atoms is
2.224 A and the distance between top and bottom atoms is 2.244
A. multilayer phosphorene are vertically stacked together with
respect to one another by weak interlayer interaction named vdW
forces (Fig. 1).*” The obtained electronic band structures (Fig. 2)
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Fig. 9 Optical absorption for phosphorene nanosheets.
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show semiconductor nature with a direct band gap for exfoliated
phosphorene and bulk phosphorene with 10L layers, where the
calculated gap value for 1L (9L) is 1.57 eV (0.45 eV) and 0.80 eV
(0.18 eV) with HSE and vdW, respectively (Fig. 3). The change in
band gap is due to a loss of interlayer hybridization in exfoliated
layer systems. Increasing the layer thickness leads to a down-shift
of conduction band minimum (CBM) caused by the loss of
interlayer hybridization between the stacked layers, giving a large
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anisotropic behavior of electronic structures with layer number.
This anisotropic character of phosphorene results in highly
anisotropic effective masses of electrons and holes (Fig. 4) in the
respective directions (armchair or zigzag). The armchair direction
(YY) presents the lower effective mass in contrast to the zigzag
direction (XX). This, due to the difference in band dispersion
along the YY and the XX direction. Furthermore, this effective
mass anisotropy depends on the charge carrier. The holes in the
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Fig. 10 Schematic view of two-terminal left and right electrode regions (blue shade region) in contact with the central scattering region along

the zigzag or armchair directions.
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XX direction present the highest effective mass whereas along the
YY direction electrons are higher.

Work function

To ensure the feasibility of exfoliated phosphorene layers in
optoelectronic and photonic applications, we analyze the work
function as the energy needed for an electron emission to
further understand the interaction between an emitted photon
and excited electron in the studied surfaces. Numerous factors
are used to control the work function, such as doping, strain,
heterojunction, and layer number plays a key role in controlling
the work function of phosphorene.

We observe from Fig. 6 a sharp increase of the work function
by decreasing the thickness of bulk phosphorene structure from
4.44 eV in 9L to 5.08 eV in 1L, and 3.96 eV in 9L to 4.57 eV in 1L
for HSE and vdW, respectively. This remarkable changes in the
work function with the thickness can be explained by the high
confinement effect of electrons generated when the exfoliated
layers are in 2D form, we suggest that when increasing the
number of layers in phosphorene structure, the atoms in one
layer become more closer to atoms in the second layer as
a consequence of the decrease in the distance between layers
due to the increase in the vdW interaction between layers. This
leads to a higher vacuum potential energy which result to an
increase in the electrostatic potential (Fig. 5).

Phonon and transport properties

We evaluate the structural stability of the exfoliated phosphorene
structures by calculating phonon dispersion along the high
symmetry direction (Y-G-X-S). This, characterize the dynamic
stability of the structures by evaluating the normal modes of the
quantum vibrations, the criteria behind considering the crystal
structure as stable require having only real frequencies in the
phonon dispersion. The calculated phonon dispersion is pre-
sented in Fig. 7. In addition to temperature, or doping for tuning
the phonon modes, our results show the possibility of engi-
neering the phonon dispersion modes using vertical peeling of
phosphorene layers. This is due to the changes in the chemical
potential of the phosphorene 1L when adding other layers
explained in the electronic properties from the calculated band
structure. An insight into the phonon scattering mechanism in
phosphorene is detailed to describe the effect of the exfoliated
layers to adjust the phonon lifetime including temperature from
0 to 800 K. from our calculated phonon lifetime, it is seen that for
all the exfoliated phosphorene structures, the phonon lifetime is
shorter specially in monolayer phosphorene, this is due to the
strong phonon scattering when reducing dimension. Increasing
temperature is another factor that adjust the phonon lifetime, it
is observed from Fig. 8 an increase in temperature is associated to
a decrease in phonon lifetime. This is the result of an increase in
the phonon interaction by the phonon thermal occupancy.

Optical properties

We calculate the optical absorption as a facile parameter in the
optical properties and can be simple to carry out in experiments
for phosphorene depended on layer thickness to explain the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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variation tendency of optical properties of phosphorene nano-
sheets obtained by exfoliation from the bulk structure and to
provide a direct information to use for photovoltaic, photonic,
and optoelectronic applications. As can be seen from Fig. 9 the
aspect of the layer tunability of the optical absorption is phos-
phorene nanosheets is clearly observed. The absolute absorp-
tion intensity increased with a significant shift in wavelength
when the layer thickness increase, this is essentially due to the
strong interlayer couplings between layers provided by the
strong exciton absorption and the decrease in the band gap
energy value when reducing dimensionality. The continuum
absorption observed in exfoliated 1L phosphorene which
exhibits step-like features provide a typical character of 2D
materials which is totally different from other dimensionalities
and can be disappeared when increasing layer thickness.

To develop the application performance for optoelectronics
and photonics, non-equilibrium Green's function (NEGF)
method was used to simulate the current-voltage dependent
layer numbers. To perform the device, the system was divided
into three different regions as presented in Fig. 10. The central
channel region, the left electrode, and the right electrode, where
a separate fully periodic calculation was the basis of the self-
consistent Kohn-Sham potentials and the Hamiltonian of the
electrodes. The system was treated as an open circuit, the
reason where the Green's function was only solved in the central
channel region.

As we know from the calculated band structures, phos-
phorene nanosheets is a p-type material. The reason to increase
the contact resistance between the interfaces and to ensure the
P-N junction, Ni-doped phosphorene was used in left and right
electrodes, and it was confirmed using electronic band struc-
ture the transition from semi-conductor to conductor for Ni-
doped phosphorene (Fig. 11). Furthermore, the current-
voltage characteristic of phosphorene nanosheets systems as
shown in Fig. 12 start to increase with increasing the applied
voltages because of the semi-conducting behavior of 1, 3, 5, and
10 layers phosphorene. Apparently, it is observed that bulk

Energy (eV)

K-Points

Fig. 11 Electronic band structures of undoped one-layer phosphor-
ene (black contribution) and Ni doped monolayer phosphorene (red
contribution). The Fermi level is shifted to 0 eV.
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Fig. 12 Current—voltage (/-V) characteristic of exfoliated 1, 3, 5 layers
phosphorene from the bulk phosphorene structure with 10 layers
under bias voltages from —2 V to +2 V.

phosphorene is more current sensitive than exfoliated phos-
phorene nanosheets. This can be attributed to the existence of
a lower Schottky barrier at the interface of the bulk phosphor-
ene with 10 layers as compared to that of phosphorene 1, 3 and
5 layers. This changes in the current sensitivity with the layer
thickness opens the possible adjustment of I-V properties to be
investigated in optoelectronic and photonic devices.

Conclusion

In this work, first principles method combined with non-
equilibrium Green's function were been employed to investi-
gate the possibility for tuning the optoelectronic and photonic
properties with layer numbers in phosphorene. Anisotropic
behavior was observed in the electronic and transport proper-
ties with a high dependence to the layer thickness for the band
gap energy, carrier mobility, electrostatic potential, and -V
characteristic. The presence of positive frequency in the phonon
spectrum gives the ground state dynamical stability of phos-
phorene dependent layer thickness. The computed optical
properties reveal that the absorption spectrum show a decrease
in intensity with a significant blue shift in wavelength when the
exfoliated layer number decrease with a continuum absorption
in 1L phosphorene characteristic of a single phosphorene sheet.
More importantly, the I-V curve show the presence of a lower
Schottky barrier at the interface of the bulk phosphorene as
compared to that phosphorene nanosheets which result in
a monotonical decrease in intensity when decreasing thickness.
This sensitivity toward the layer thickness opens up the possi-
bility for the engineering properties in phosphorene nanosheets
to be investigated in optoelectronic and photonic devices.
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