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Abstract

In this work we present a new broadband mid-Infrared (mid-IR) InGaZnO
(IGZO)  thin-film phototransistor (TF  PT) based on  both Black
Phosphorus (BP) capping layer incorporating gold (Au) intermediate ultrathin-
film. The electronic and optical properties of bulk BP are carried out
using density functional theory (DFT) computations, including Perdew-Burke-
Ernzerhof Generalized Gradient Approximation (PBE-GGA) and the screened
hybrid (YS-PBEO) functionals with van der Waals correction. It is found that
BP exhibits interesting performances for mid-IR optoelectronic applications,
at room temperature. To enhance the absorption of the BP material for
broadband mid-IR spectrum, a new strategy is proposed by optimizing the
sensitive layer using finite-difference time-domain (FDTD) modeling
and particle swarm optimization (PSO) approaches. The photoresponse
properties of the optimized broadband mid-IR 1IGZO TF PT with BP/Au/BP
capping layer are carefully analyzed. It is found that the proposed device
shows high photodetection performances with a high current ratio exceeding
180 dB over a wide voltage window. Besides, it is revealed that the introduced
ultrathin Au layer within BP enhances the absorbance capability over the mid-
IR spectrum, which significantly improves the performance of the broadband
mid-IR sensor. Therefore, the proposed approach based on combining DFT
analysis with FDTD simulation supported by PSO optimization opens up a

new strategy for the development of high-performance optoelectronic devices.
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In second part, a new high-performance broadband Infrared Optically
Controlled Graphene Field-Effect Transistor (IR-OC-GFET) using
strained black phosphorus sensing gate is proposed and investigated. The
impact of the hydrostatic pressure on the optoelectronic properties of bulk
Black Phosphorus (BP) is studied using density functional theory (DFT)
calculations, including Perdew-Burke-Ernzerhof Generalized Gradient
Approximation (PBE-GGA) and the screened hybrid (YS-PBEOQ) function
with van der Waals correction. It is revealed that the electronic and the optical
properties of BP were substantially affected by the pressure effects, where the
band gap energy decreases with increasing the hydrostatic pressure.
The phototransistor drain current is calculated by self-consistently solving the
Schrodinger/Poisson  equations based on  Non-Equilibrium Green's
function (NVEGF) approach. The impact of strained BP sensing gate material
on the device sensing properties is investigated. It is found that the proposed
device with strained sensing gate provides enhanced optical performances
over the middle infrared (Mid-IR) spectral band, making it a new potential

alternative photoreceiver for chip-level optical communications.

Keywords: 2D; Black phosphorus, Phosphorene, Graphene; DFT, Van der
Waals correction; DFTD3, PSO, FDTD; phototransistor; Optical properties;

Electronic properties; InGaZnO.



Résumé

Dans ce travail, nous présentons un nouveau phototransistor infrarouge a
large bande InGaZnO (IGZO), et a couche mince (TF PT), bas¢ sur une
couche de Revétement en phosphore noir (BP) incorporant un film ultra-mince
intermédiaire en or (Au). Les propriétés ¢lectroniques et optiques de
Phosphorene sont obtenues en utilisant la théorie de la fonctionnelle de la
densité (DFT), y compris l'approximation généralisée du gradient de Perdew-
Burke-Ernzerhof (PBE-GGA) et les fonctionnelles hybrides criblées (YS-
PBEO) avec la correction de van der Waals. On constate que le Phosphorene
présente  des performances intéressantes pour les  applications
optoélectroniques dans la plage IR moyen, a la température ambiante. Pour
améliorer l'absorption du matériau Phosphorene dans la plage infrarouge
moyen a large bande, une nouvelle stratégie est proposée en optimisant la
couche sensible a l'aide de la méthode de modélisation dans le domaine
temporel a différence finie (FDTD) et l'optimisation par essaims particulaires
(PSO). Les propriétés de photoréponse de 1'lGZO TF PT IR-moyen a large
bande optimisé avec une couche de Revétement BP/Au/BP sont analysées. On
constate que le dispositif proposé présente des performances de
photodétection €levées avec un rapport de courant élevé dépassant 180 dB. En

outre, il est révélé que la couche Au ultra-mince introduite dans le Phosphore
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noir améliore la capacité d'absorption dans le domaine IR moyen, ce qui
améliore considérablement les performances du capteur infrarouge a large
bande. Par conséquent, l'approche proposée basée sur la combinaison de
I'analyse DFT avec la simulation FDTD soutenue par l'optimisation PSO
ouvre des nouvelles perspectives pour le développement de dispositifs
optoélectroniques a hautes performances.

En deuxiéme partie; un nouveau transistor a effet de champ a base de
graphéne contrélé optiquement par l'infrarouge (IR-OC-GFET) a large bande
et a haute performance, utilisant une grille de détection forcée a base de
phosphore noir, est proposé et ¢tudié. L'impact de la pression hydrostatique
sur les propriétés optoélectroniques du phosphorene est étudi¢ a 'aide de la
théorie de la fonctionnelle de la densité (DFT), comprenant 1'approximation de
gradient généralisée de Perdew-Burke-Ernzerhof (PBE-GGA) et la fonction
hybride projetée (YS-PBEOQ) avec la correction de van der Waals. A travers ce
travail, 1l s'avére que les propriétés €lectroniques et optiques du phosphorene
ont été considérablement affectées par les effets de la pression, I'énergie de la
bande interdite dimine avec l'augmentation de la pression hydrostatique. Le
courant de drain du phototransistor est calculé de maniére autoconsistante en
résolvant les équations de Schrodinger/Poisson basées sur l'approche de la
fonction non-équilibre de Green's (NEGF). L'impact du matériau de la grille
de détection forcée a base de phosphorene sur les propriétés de détection du
dispositif est étudié. Il s'aveére que le dispositif proposé avec une grille de
détection forcée offre des performances optiques améliorées par rapport a
celle a bande spectrale de l'infrarouge moyen (Mid-IR), ce qui donne un
nouveau photorécepteur a utiliser sur puce électronique pour le domaine des

commincations optiques.
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Introduction

1. Introduction

Over the past ten years, two-dimensional (2D) and quasi-2D materials has received
a huge interest, started when graphene and graphene oxide were more widely
recognized in science. In this context, there has been a lot of scientific interest in 2D
materials, technology relating to semiconductors has advanced significantly [1, 2, 3].
The intriguing and incredibly uncommon physical, chemical, and material features of
graphene which is a single sheet of graphite, sparked this interest. The anisotropy and
atomic thickness of the graphene sheet are the main sources of many of these features.
Graphene has been emerged for the design of various high-performance nanoelectronic
and optoelectronic devices, showing a great potential for outperforming the
conventional ones. These interesting properties paved the way for the discovery of
several mono-layer materials such as silicene, germanene, phosphorene,...etc [4, 5, 6,
7]. Particularly, phosphorene was recently rediscovered from the perspective of a 2D
layered material, 100 years after its first successful synthesis in the bulk form in 19148,
9]. Lately, Black phosphorus (BP) is another elemental layered substance that has
reemerged. Like graphite, BP is a layered material with a single element that is readily
exfoliated to few layer or single structures [10, 11]. There are multiple polytypes of
phosphorus that can be divided into three allotropes: white, red, and black. Van der
Waals interactions link covalent structural motifs throughout a range of molecular
forms, including low-dimensional molecules (0D, white phosphorus), polymer
structures (1D, phosphorus nanorods), layered (2D, BP), and tubular structures (2D and
3D, crystalline forms of red phosphorus) [12, 13]. Accordingly, layered BP is the least
poisonous and reactive form of phosphorus and is stable thermodynamically at ambient
temperature [14, 15, 16]. Despite the complex fabrication process of BP, it shows a high
carrier mobility of 1000 cm” V' s™' at ambient temperature, a band gap of 0.3 eV (in
bulk form), and a highly anisotropic layered structure that allows compound
intercalation [17, 18, 19]. A single sheet of BP, or phosphorene, is made up of parallel
puckered double layers with three covalent bonds between each phosphorus atom and
no double bonds in the structure. This is in contrast to graphene, which is made up of
individual carbon atoms bonded to their three neighbors in a form resembling a
honeycomb. Much like graphite, multi-layer phosphorene sheets are pinned vertically

and kept together by weak van der Waals interactions between layers.



Introduction

Because of its fascinating electrical and optical characteristics, including an
extremely narrow band gap, tunable mid-IR photoresponse, and high charge carrier
mobility, black phosphorus (BP) has recently piqued the interest of researchers working
on a wide range of optoelectronic applications [20]. Due to these benefits, the BP
material could be a viable substitute for optical sensing in broadband IR optoelectronic
and IR optical interconnection applications, bridging the gap between the near and far
infrared sensing bands. Furthermore, the BP thin-film surface lack of dangling bonds
helps to prevent lattice mismatch problems, which makes it dependable and compatible
with CMOS processing technologies [21]. In this context, various IR photosensors
based on BP building block have been proposed and investigated, showing a great
promise in achieving good photoresponse characteristics [22]. However, their high
noise effects and limited sensitive band constitute their major challenges, for the
emerging IR optoelectronic systems. Despite the exciting optical and electrical
characteristics that the BP demonstrated, more work needs to be done on BP-based
photosensors in order to enhance their functionality and enlarge their wavelength range
of detection (far and middle IR). Stated differently, BP-based optoelectronic research is
still in its early stages and requires improvements to the BP thin-film total absorbance
over the infrared spectral region, which is currently relatively low. Thus, in order to
improve the optical performances of BP thin-film for broadband infrared photodetection
applications, new strategies and design methodologies are still required for the potential

improvement of the emerging IR sensors.

2. Dissertation outline

This thesis describes two IR sensors based on monolithic photonic platforms to
solve the above mention trade-offs. The primary component used to develop new
phototransistors and optoelectronic device models is black phosphorus. To do so,
Density functional theory (DFT) methods are used to determine the electrical and
optical characteristics of BP. The electronic structure of molecules, atoms, and solids
can be successfully calculated using DFT. The quantitative comprehension of material
properties from the foundational principles of quantum mechanics is its aim. In this
dissertation, we firstly using accurate DFT computation within PBE-GGA and screened
hybrid YS-PBEO functional while accounting for van der Waals correction, to
investigate electrical and optical characteristics of bulk BP. The first contribution relies

on proposing a novel broadband Infrared IGZO thin-film phototransistor (TF PT). The
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second contribution of the thesis consists of using strained BP IR-sensitive material
with graphene channel to develop a novel highly sensitive broadband Mid-IR
phototransistor device.

This dissertation is organized into four chapters that provide an overview of the
research that was done. In first chapter, we will briefly discuss applications of 2D black
phosphorus material and their recent progress. To beginning, with defining black
phosphorus, and we will provide an overview of their potential applications. Next, we
discuss their recent progress, their advantages and disadvantages, and future challenges
also are presented. This chapter can be viewed as a foundational piece for subsequent
chapters.

The second chapter aims to provide an overview of DFT by outlining the
theoretical underpinnings, popular approximations, current advancements, challenges
addressed, and potential future directions. Quantum-mechanical (QM) techniques like
DFT are utilized in physics and chemistry to determine the electronic structure of
atoms, solids, and molecules. Its goal is the quantitative understanding of material
properties from the fundamental laws of quantum mechanics. DFT is a low-cost, quick
QM theory that is used to precisely calculate a number of solids physical properties. The
Hohenberg-Kohn and Kohn-Sham theorems, which form the basis of density-functional
theory, are expanded from their original formulation to include a wide range of physical
circumstance.

In chapter three, the electronic and optical properties of bulk BP are investigated
using accurate DFT computation within PBE-GGA and screened hybrid YS-PBEO
functional taking into consideration van der Waals correction. Moreover, a new
broadband Infrared IGZO TF PT based on optimized BP/Au/BP sensitive film is
proposed and analyzed by developing DFT-FDTD numerical models combined with a
PSO-based optimization technique. Using this new systematic investigation, the
proposed approach offers exciting opportunities for designing high-performance mid-IR
broadband optoelectronic devices.

The main objective of the last chapter is to exploit the high-performance properties
of graphene and strained BP materials in order to develop an efficient broadband Mid-
IR phototransistor. The drain current is calculated by solving the Schrodinger equation
using non-equilibrium Green's function (NEGF) formalism self-consistently coupled

with 2D-Poisson equation. The role of strained BP sensing gate in enhancing the
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broadband IR OC-GFET performance is demonstrated. Therefore, combining strained
BP sensing gate with graphene-channel material offers exciting opportunities for

designing high-performance mid-IR broadband optoelectronic devices.
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Phosphorene Applications:
Recent Progress

Abstract: This chapter provides a summary of the core ideas related to BP and
phosphorene. At the beginning, we define its structures and synthesises methods, and
we give a detailed description of their advantages and properties. Then we elucidate
and describe their applications. A literature review very detailed on the recent progress
and future challenges is at last presented.
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I.1. Chapter overview

In the current era of nanotechnology the discovery of graphene has paved the way
for the investigation and creation of numerous innovative two-dimensional materials.
The distinct physical and chemical characteristics of two-dimensional materials have
facilitated research and elevated them above commercial 2D materials utilized in many
applications. It is anticipated that extensive study into 2D materials will produce new
materials with improved qualities that will be advantageous to both business and society
at large. Graphene is regarded as the fundamental material for the development of two-
dimensional materials, such as hexagonal boron nitride (h-BN), transition metal
dichalcogenides (TMDs, such as MoS,), and black phosphorous or phosphorene [1].
One century after its first successful synthesis in the bulk form in 1914, phosphorene
was recently rediscovered from the perspective of a 2D layered material. 2D materials
have been triggering intensive research interest. Much progress has been made in
semiconductor technology. In this chapter, we will briefly discuss applications of 2D
black phosphorus material and their recent progress. To beginning, with defining black
phosphorus and phosphorene, and we will give a global description of their
applications. Then we will describe their recent progress. Their advantages and
disadvantages and future challenges are also presented. This chapter can be considered

as an introductory platform for further chapters.

I.2. Allotropes of phosphorus

Elemental phosphorus can exist in a large number of allotropes, the most common of
which are white and red solids. Solid violet and black allotropes are also recognized. The

gaseous phosphorus exists as diphosphorus and atomic phosphorus.

I.3. Black phosphorus

Atroom temperature and pressure, black phosphorusis the thermodynamically
stable form of phosphorus, with a heat of figuration of —39.3 kJ/mol (relative to white
phosphorus which is defined as the standard state) [2]. It was first synthesized via
heating white phosphorus under high pressures (12,000 atmospheres) in 1914. As a 2D
material, in semblance, properties, and structure, black phosphorus is very much
like graphite with both being black and flaky, a conductor of electricity, and having

puckered sheets of related atoms. Black phosphorus has an orthorhombic pleated
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honeycomb structure and is the lower reactive allotrope, a result of its lattice of
interlinked six-membered rings where each atom is bonded to three other atoms. In this
structure, each phosphorus atom has five outer shell electrons. Black phosphorus can
also take a cubic crystal lattice structure. In 1914, the Nobel prize winner Percy
Williams Bridgman made the first high-pressure synthesis of black phosphorus crystals.
Metal salts stimulate the synthesis of black phosphorus [2].

Figure 1.1: Black phosphorus crystals in a closed ampoule.

W e @b

Figure 1.2: a black phosphorus unit cell (orthorhombic) with Cmca space group.

1.4. Phosphorene

In general, the preparation of 2D materials can be classified into two
approaches, namely top-down methods and bottom-up methods. The most two common

top-down methods are mechanical exfoliation and liquid exfoliation, and have been
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widely used to prepare 2D materials including phosphorene. Chemical vapor deposition
(CVD) is the most common bottom up method and has been successfully adopted to
obtain various 2D materials, including graphene , MoSe;, ReS,, etc. Regrettably, CVD
fabrication is almost totally truant at present for phosphorene, due to the low chemical
stability of phosphorene. This prevents the growth of large-area and uniform

phosphorene and its workable applications.
» Mechanical exfoliation

Also known as “the scotch-tape method”, mechanical exfoliation is managed
with a scotch tape to peel nanoflakes of bulk crystals. A wide range of 2D
nanosheets has made by using this method.The scotch-tape method is simple
and cheap, and prepares crystal samples with very high quality, mechanical
exfoliation procured flakes to study the fundamental properties and possible
applications of 2D materials. IN 1914, by using Scotch-tape method,
phosphorene was made from bulk BP [3].

In spite of the high purity and neatness of phosphorene prepared by
mechanical cleavage, this method have some defects. Espicially in time-
consuming and labor intensive . Besides, it is intrinsically unscalable and lack
of systematic control of shape, size and thickness, as has limited its use to lab
scale fundamental studies. A further disadvantage is the residual organic

contamination resulted from the adhesive tapes.

What’s more, the mechanically exfoliated phosphorene experienced

significant irreversible disintegration when exposed to ambient conditions.

Considering these issues, Gomez et al [3]. sophisticated a modified
mechanical exfoliation method by using an intermediate viscoelastic and
acquired higher production yield than conventional mechanical exfoliation
with smaller contamination. Lu et al [3]. successfully isolated mono-layer
phosphorene (Fig.I.3a) through a novel approach by mechanical exfoliation
combined with a subsequent Ar+ plasma thinning process. The BP
nanosheets granted by this technique are not only controllable and
homogeneous (Fig.I.3b) but also highly crystalline. The plasma-assisted

thickness control of BP flakes was also proved by Jia et al. and Lee et al [3].

10
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» Liquid phase exfoliation

Liquid phase exfoliation (LPE) is an operation where layered materials are
exfoliated from bulk crystal and colloidal scuttles are created in the solution.
A large-scale production of 2D nanomaterials in solution are provided by

This approach with a low cost, simple and efficient method [3].

Fig. 1.3. coupled mechanical exfoliation and subsequent thinning of the Ar+
plasma. (A) An optical picture of mechanically exfoliated multilayered pure
phosphorene. (b) After Ar + plasma thinning of (A): (scale bar: 500 nm) [8, 9].

In the preparing operation, BP bulk was exfoliated using bath sonication for
24 h in N-methyl-2-pyrrolidone (NMP), followed by high-speed
centrifugation to get the steady scuttles of phosphorene. This work was
pursued by a wave of studies on the preparation of phosphorene via LPE with
various experimental parameters. Based on thermodynamic theories, the
liquid phase exfoliation should be better with lower variation of surface
energies between 2D materials and solvents [3]. Organic solvents are the
most famous and common media for liquid exfoliation. For the production of

phosphorene, Different types of organic solvents have been used.

In order to get the best solvent for liquid exfoliation, Kang et al. exfoliated
BP in acetone, chloroform, hexane, ethanol, IPA, DMF and NMP. They
proved that the concentration of BP scuttles increased with boiling point and
surface tension of solvents (Fig.[.4) and NMP was the optimal solvent for

producing steady BP suspensions with the highest concentration [3].

11
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In Different study, Woomer et al [4]. inspected 18 solvents and found that
benzonitrile was the best for its ability to yield the highest BP suspensions

concentration. To some extent, the diverse.

In order to understand the interaction between solvents and BP at the

microscopic

scale, Sresht et al [3, 4]. modeled the LPE of BP through molecular
dynamics (MD) simulations. It was concluded that an overall design of LPE
experiments was based not only on the energetics but also on the organizing

and the geometry of solvent molecules at the phosphorene-solvent interface.
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Fig. 1.4. Exfoliation in liquid phase using various organic solvents. (A) The
concentration of BP for several solvents with varied boiling points after and
before 5000 rpm centrifugation. (b) After 5000 rpm centrifugation, BP plot of

concentration for various solvents with varied surface tensions [8, 4].

I.5.black Phosphorus Properties

I.5.1. Structural Properties

The orthorhombic crystalline structure of BP is made up of parallel double
layers that are wrinkled [12]. Each double layer's two halves are made up of a parallel
zigzag chain of phosphorus atoms that are linked together. The structure's five
phosphorus atoms each have five valence electrons in their 3p orbitals, which are filled
by forming covalent bonds and give rise to sp3 hybridization. The top and bottom

halves of the double layer are held together by three covalent bonds, two of which are in

12
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the same plane and one of which is connected to an atom of phosphorus above or below
[12]. The quadrangular pyramid shape of P6 rings in the chair form results from each
phosphorus atom having a single electron pair left over as a result (Fig. L. 5). The zig-
zag chain's direct link between two phosphorus atoms is 2.224 A, which is roughly
equal to the distance between the two chains in the upper and lower parts of the double
layer (2.244 A ). With an average angle of 102°, the lowest P-P distance between two
double layers is 3.314 A [12]. Lattice constants and angles may vary with the number
of layers, according to recent studies. The bulk BP multilayer or the phosphorene few
layer structure is created by weak van der Waals forces stacking individual wrinkled

layers together. [12]

Orthorhombic
black P

High pressure P
(structure of
trigonal grey As)

P nanorods

[P8]P4(4)[

[P10]P2[

[P12(4)]P2[ .

Fig. I.5. Fragments of multilayer and tubular allotropes of phosphorus with
distinctive structural properties [12].

L.5.2. Chemical properties

The amount of ambient BP stabilization is relatively little. Long-term exposure to
ambient conditions causes BP to degrade, with its surface oxidizing to form PxOy and
then reacting to form phosphoric acid [12]. In a typical laboratory environment, within

a few hours, the breakdown of a few layer BP can be seen. Martel et al. recently

13
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clarified the mechanism, demonstrating that this degradation is thickness dependent and
progresses with fewer layers due to the quantum confinement effect. If exposed to
ambient light and air, BP becomes uniformly covered in tiny droplets of phosphoric
acid measuring ~100 um in size [12]. The basal plane of these nucleation sites grows
more than the edge. These droplets eventually agglomerate after several days. It's
interesting to see that the degradation declines significantly in the absence of light. It
was demonstrated that the deterioration is photo-induced and occurs when oxygen and
water vapor are present while being exposed to light [12]. There have also been reports
of thermal degradation of exfoliated BP occurring continuously at ~400°C in vacuum
until only a thin, amorphous red P like skeleton is left [12].

The oxidation is layered; BP is consequently thickness dependent [12], due to the
fact that fewer layers cause the band gap to move to higher energies and cause the BP
band  edge and  oxygen acceptors  to overlap more strongly.
According to oxygen concentration and light intensity, the rate of BP oxidation rises lin
early [12].

Nevertheless, the investigation's first 2D substance to noticeably degrade when
exposed to ambient air is BP. The main issue, which previously was the deterioration
brought on by air and water in the BP case, has now been replaced by worries about
metallic and oxidation debris during the production of carbon nanomaterials [12]. There
was a propensity to refer to multilayer BP as '"stable" or "passivated" BP when
addressing its production and use as soon as its stability was questioned [12, 6].

1.5.3. Physical properties

BP is semiconductive and exhibits strong intrinsic in-plane anisotropic physical
properties, including layer-dependent photoluminescence and a direct bandgap(0.3 to
2.3 eV) , as a result of its distinctive puckered structure and van der Waals, with a
relatively limited carrier mobility ambient temperature (~1000 cm® V™' s, It has found
applications in FET batteries. Innovative (opto)electronic devices should have
anisotropic properties, and this material's significant in-plane anisotropy can help make
these devices possible [12].

BP belongs to the group of substances called topological insulators [12].
As a result, both diamagnetic and paramagnetic behavior can be seen depending on the

direction in the magnetic field, making the magnetic characteristics highly anisotropic.

14
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[12].Compared to other 2D layered materials, BP has a direction-

dependent Young's modulus 2, which is one order of magnitude smaller.

According to theoretical research, monolayer BP in-plane stresses could significantly
change its electronic band structure, the carrier's mobility changes dramatically and
anisotropically in zigzag and armchair directions [12]. Recently, it was demonstrated
that monolayer BP is auxetic3 when a uniaxial force is applied in a zigzag direction
[12]. According to recent reports, Young's modulus of few-layer BP is ~58 and ~27 GPa
in armchair and zigzag directions respectively, with extremely anisotropic transport
behaviour in BP and derived the conductance anisotropy of 63.7% [12, 7].

Overall, BP's unique big magnitude in-plane anisotropic 4 physical properties are
what set it apart from other 2D layered materials (electrical, magnetic, thermal,
vibrational, mechanical and spectroscopic). Recent reviews of the BP anisotropic
characteristics have been conducted, and in-depth discussions of the topic can be read

elsewhere [12, 8].
1.6. Phosphorene Applications
1.6.1. Batteries :

One of the most popular power sources for a wide range of portable electronic
gadgets is lithium-ion batteries (LIB). Currently, commercial materials with low
theoretical capacities, including graphite, are employed as anodes for commercial LIB
[12,9].

As trustworthy alternatives, new materials with greater capacity are being
energetically sought after. Because of their excellent gravimetric, low polarization, and
volumetric capabilities, transition metal phosphides were one of them and were thought
to make viable anode materials. However, due to the usage of heavy transition metals,
the anodes' energy densities were poor. For LIB, using BP directly as an anode material
is being studied as an alternative to increase energy density [12].

Theoretical specific capacity of BP as a material for negative electrodes, with the
majority of its capacity at the discharge potential range.

The BP particles electrodes' hexagonal copper phosphide (CusP), which the
scientists assigned the reversible LIB capacity to, was identified through structural

investigations. Recent theoretical research based on calculations utilizing the density

15



Chapter1| Black phosphurus Applications: Recent Progress

functional theory (DFT) confirms that BP is anticipated to offer numerous applications
in high-performance LIB [12, 10], Na-ion batteries (SIB). and Mg-ion batteries (MIB).
1.6.2. Field Effect Transistors

The distinctive anisotropy of charge transport results in significant performance
enhancements in BP as compared to other 2D semiconductors. It was reported that the
first p-type FET used a few layers of BP and SiO; as the gate insulator by Li et al. the
drain current modulation dropped monotonically as sample thickness grew, while The
mobility peaks at ~10 nm and decreases somewhat above this. At ambient temperature,
the BP FET displayed ambipolar behavior with drain current modulation up to ~105 and
field effect mobility up to 984 cm? V' s [12].

metallic elements are injected into BP layers using electron doping. also
demonstrated to be a viable route to high performance and more reliable BP FET. Cu
adatoms function as an electron donor and n-dope the BP layers, according to first

principles investigations, without impairing the layers' structural integrity [12, 11].
1.6.3. Applications of phosphorene for sensing

1.6.3.1 Gas sensing

Due to their extremely high surface activities and enormous surface-to-volume
ratios, 2D nanomaterials have recently demonstrated a great deal of promise as
candidates for room-temperature sensing layers [12, 12]. BP may be used to detect
various gas molecules and is sensitive to the atmosphere around it.

By first principle calculations, Kou et al. first assumed that BP would perform
better as a gas sensor than its 2D competitors. They examined the monolayer BP's
structural, electrical, and transport characteristics when CO, CO,, NH;, NO, and NO,
were adsorbed on it. It was discovered that phosphorene was more vulnerable to gas
molecules made of nitrogen, such as NO and NO, [12]. They explained the
phenomenon by the charge transfer and alteration of the electronic band structure
brought on by the adsorption of gas molecules. According to transport simulations, NH3
absorption decreased the current while NO absorption had the opposite effect. Inspired
by the theoretical study, Abbas et al produced the first BP gas sensor [12]. In their
study, a FET-based sensor (Fig.l.6a) was made with BP flakes that were exfoliated
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mechanically. The degradation caused by exposure to gas molecules was decreased by

using comparatively thick BP flake while taking the sensor stability into account.

WAL rrpyp30 TiAu
Source Drain

¥ ava%
300 nm SiO,

Fig. 1.6 gas-sensing devices configurations's. (a) (FET) [12, 13], (b) Chemiresistor
[12,14].

1.6.3.2 Humidity sensing

Graphene, MoS2, h-BN, and other 2D materials are less unstable than BP in the
presence of water and air [12, 15]. Applications for BP are hampered by its low ambient
stability under atmospheric conditions. It's intriguing, though, that some researchers
used BP's hydrophilicity to create humidity sensors.

Yasaei et al. BP flakes were used to construct the first BP humidity sensor. The
LPE method was used to create the BP films for the investigation. Gallium-Indium
Eutectic was used to cut the prepared BP films into the necessary forms with two
electrical contacts [12].

Yao et al [16]. revealed a novel humidity sensor made of stacked BP nanosheets in
a quartz crystal microbalance (QCM). According to Sauerbrey's connection, QCM is a
mass sensing platform that can identify changes in mass at the subnanogram level [12,
16]. A QCM may convert the adsorbed molecular mass to a frequency-dependent signal
based on the connection. To created the QCM humidity sensors, Yao et al. deposited BP
nanosheets made using the LPE process on the electrodes of the QCMs. By adjusting
the relative humidity level and seeing how the resonance frequency changed, the
humidity sensing properties were quantified [12]. It was discovered that as humidity
increased, the resonance frequency decreased. The recovery and response times were

quick to be 14 s and 10 s, respectively. At a high humidity level of 97.3%, the resonance
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frequencies of QCM humidity sensors were measured every 4 days for 4 weeks and
showed sustained stability [12].
1.6.3.3 Photodetection

Obtaining high responsivity together with ultrafast response encompassing wide
spans of electromagnetic spectrum detection is the primary problem for photodetectors
based on 2D nanomaterials [12].

While TMDs are constrained by their slow reaction times and huge bandgaps,
graphene suffers from weak responsivity and the absence of a natural bandgap [12].
Graphene is a strong choice to increase the detection range with high responsiveness
due to the tunable direct bandgaps between it and the TMDs of BP. Additionally, its
distinct in-plane anisotropic characteristics can be applied to photodetectors.

Bolometric effect, photovoltaic, photo-thermoelectric, and photoconductive are
some of the ways by which photocurrent is generated. In our knowledge, Buscema et al.
first looked into how well photodetectors based on FETs built of ultrathin (3—8 nm
thick) BP performed in the visible range up to 940 nm. The BP transistors had a
response up to 4.8 mA/W with a rise time of approximately 1 ms; upon 640 nm laser
illumination. With a f3dB of 6.2 kHz, the rising time demonstrated quick and
broadband detection. Additionally, they noted that as excitation increased, the
responsiveness and f3qg decreased, which they attributed, respectively, to a decrease in
the number of photogenerated carriers available for extraction and an increase in the
rate of recombination processes between photogenerated charge carriers. Regarding the
detection range, BP also demonstrated a substantial reaction to ultraviolet (UV), mid-
infrared (MIR) and terahertz (THz) spectral regimes [12].

Xiang et al [17]. reported efficient in situ surface functionalization using Cs,COs
and MoOj; overlayers for electron and hole doping on few-layer BP FET devices [12].
Upon the illumination of a 405 nm laser source, the responsivity of Cs,COs variation
enhanced the responsivity from 0.58 to 1.88 AW ', whereas MoOjs-decorated BP
photodetector boosted from 0.6 to 2.56 AW !, The Cs,CO; and MoO; decoration
enhanced the corresponding EQE from 178% to 576% and from 183% to 784%,
respectively. Xiang et al. built a FET photodetector using BP that has been se-doped.
With the illumination of a 635 nm laser source, the responsivity of the main BP
photodetector was 0.765 AW ' [12]. For the Se-doped photodetector, the responsivity
was dramatically improved to be 0.765 AW '. Furthermore, the EQE of the
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photodetector was enhanced from 149% to 2993%. Liu et al. stated that the electrical
tuning of the BP bandgap was made possible by the large Stark effect in a few-layer BP
device. The discovery of a large Stark effect controlled by an electrical gate in BP lays
the possibility for the development of photodetector systems that can function across a
broad electromagnetic spectrum [12]. Few layer BP films have a significant flaw in that
they degrade quickly in ambient air. Na et al [18]. demonstrated a well applied Al,O3
passivation to produce an air-stable BP photodetector. During six months of operation
in ambient air and even after chemical treatment, the BP photodetector displayed
respectable near-infrared performance with no evidence of degradation [12].

1.6.3.4 Biosensing

BP has proven to be suitable for biosensing applications [12, 19]. According to
reports, BP possesses a significant amount of innate electrochemical activity, and is
employable in biosensing schemes. A few-layer BP-based non-enzymatic hydrogen
peroxide (H,O;) electrochemical sensor was reported [12, 19]. The BP electrode was
made by casting BP nanosheet solutions over a glass carbon electrode that had already
been treated. The detection limit of the H,O, sensor was exceptional, measuring 1 x
1077,

Mayorga-Martinez et al. found that compared to black phosphorus macroparticles,
it was discovered that BP nano-particles (NPs) had an improved catalytic effect on the
hydrogen evolution reaction (HER). So, in a competitive immunoassay for rabbit
immunoglobulin G (IgG) detection using HER, they chose to use BP NPs as
electrocatalytic tags. The detection system's low detection limit for rabbit IgG was 0.98
ng/mL, with a linear range from 2 to 100 ng/mL [12, 19].

In addition to BP's inherent electrochemical activity, BP NPs' fluorescence can be
used for biosensing. BP NPs were used as a novel nanomaterial in fluorescence-based
nucleic acid detection, it was reported by Yew et al. The affinities of tagged single-
stranded (ss-DNA) and double-stranded (ds-DNA) DNA oligonucleotides for
spontaneous self-assembly with BP NPs were used as the basis for this detection
approach.

The FET biosensor could identify human IgG with a reaction time of seconds and a
low detection limit of 10 ng/ml. Additionally, it was discovered that the sensor showed
a high selectivity for human IgG. Due to its ease of use, practicality, low cost, and

quick/direct reading with the naked eye, colorimetric detection for biomolecules has

19



Chapter1| Black phosphurus Applications: Recent Progress

received a lot of interest [12, 19]. In order to increase catalytic activity and create
colorimetric biosensors for detecting carcinoembryonic antigen (CEA), the instability or
stability-related restriction of BP was employed [19]. In the work, 4-nitrophenol (4-NP)
reduction was successfully catalyzed by Au Nps adorned few-layer BP.

1.6.3.5 Ion sensing

Detecting trace heavy metal ions is crucial since they may cause human cancer.
Examples of these ions are Hg2+, Pb2+, Cd2+, and AsO2. Energy dispersive X-ray
fluorescence (EDXRF) is one of the most accurate techniques for identifying heavy
metal ions [12, 20], The difficulties of laboratory-based techniques can be overcome by
atomic chemical sensors based on BP FETs, enabling quick label-free detection with a
straightforward procedure and low cost. An air-stable ion sensor based on BP FET
encased with ionophore was disclosed by Li et al [20]. The ionophore film can both
selectively permit specific types of molecules to pass through it and eliminate harmful
elements from the surrounding environment. The BP sensors were able to recognize
Pb*", Cd*", AsO* and Hg’" down to 1, 3, 10, and 1 ppb, respectively, within the
permitted range of the World Health Organization's (WHO) drinking water quality
recommendation. They have recently revealed the development of another Hg*" sensor
based on BP FET [12, 20]. like the BP gas sensor created by Lee et al, The suspended
few-layer BP channel served as the basis for the FET Hg>" sensors. The suspended
structure's heightened sensitivity and extraordinary detection limit are the result of its
optimal gating effect, increased sensing area, and reduced low frequency noise. The BP

sensor could detect Hg*" down to 0.01 ppb with response rate of only 3 s.

I.7. Major challenges and future trend

Compared to graphene and TMDs, BP has garnered a lot of interest as a prospective
option in a variety of sensing domains because of its puckered lattice structure, direct
band gap, and distinctive electrical characteristics. However, the utilization of BP for
wide-scale applications is now hampered by the difficulty of synthesizing it with the
availability of large area flakes. Controlling the size and quantity of layers in BP
samples while obtaining a high manufacturing yield of BP flakes is extremely difficult.
If the layer number of BP can be carefully managed, its bandgap can be adjusted for a

particular wavelength with the best response and dark current. Although BP production
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using the mineralizer-assisted gas-phase transformation approach offers an effective
option for the creation of big, high-quality crystals, there is still a great need for
adaptable methods for high-throughput and scalable synthesis [12].

Another difficulty is that, like other 2D materials, defects in the production of
phosphorene are unavoidable [12, 21]. There are numerous types of flaws in BP,
including point defect, oxygen defect, grain boundary (GB) defect, and so forth. When
compared to faults in other 2D materials, phosphorene defects have distinctive
characteristics. In addition, phosphorene is more easily susceptible to faults than
silicone and graphene, and its electrical characteristics are less responsive to defects [12,
21]. Due to the hanging connections they cause, flaws can enhance sensing
performance, although further research is still needed.

The third difficulty is that the BP is easily damaged under ambient conditions,
which is typically viewed as a bad quality and restricts the practical applications of BP.
H,0, O,, and light were shown to have synergistic effects on the breakdown of BP by
Zhou et al. in [21]. The majority of earlier experiments on BP sensing were conducted
in unique, customized environments without a mixing of H,O and O,, therefore the BP
sensor didn't show any evident signs of degradation [12]. According to Li et al. they
demonstrated the first air-stable blood pressure sensor enclosed in an ionophore film
that could both filter out undesirable elements from the surrounding environment and
enable specific types of ions to pass through it. The protective layer with
permselectivity is the best method for improving the air stability of the BP sensor
without interfering with the interaction between the BP surface and the molecules being
detected. However, it is quite difficult to locate a suitable film that has good
permselectivity for the protective layer [12].

BP-based materials can be used in bio, ion, and gas sensing to identify minute
quantities of a variety of analytes, such as gas molecules, hydrogen peroxide, DNA,
immunomolecules, heavy metal ions, etc. through a number of methods: electrical,
electrochemical, fluorescence, and colorimetric transduction, among other methods [12,

21].

21



Chapter1| Black phosphurus Applications: Recent Progress

I.8. Conclusion

In conclusion, this chapter presents an overview of the state-of-the-art research in
black phosphorus and phosphorene including the crystal structure, chemical and
physical properties, synthesis methods, advances and various applications... Some of the
remarkable properties, advances and applications of black phosphorus and phosphorene,
are highlighted in this chapter. Despite the significant properties and advances, research
in this area is still in the very early stage compared to graphene and other well-explored
2D materials. This chapter also summarized recent progress in phosphorene and its
future directions. The unusual structure of BP and phosphorene sets its aside from

graphene and other widely studied 2D semiconductors.
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Density functional theory

Abstract: Density functional theory (DFT) has developed over the past few decades
from a rising star to one of the main actors in computational quantum chemistry. This
theme issue aims to provide an overview of a few DFT-related topics.
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II.1 Introduction

Density functional theory (DFT) is a quantum-mechanical (QM) method utilised in
chemistry and physics to calculate the electronic structure of atoms, molecules and
solids. It has been very popular in computational solid-state physics since the 1970s [1].
Its goal is the quantitative understanding of material properties from the fundamental
laws of quantum mechanics. (DFT) is a low-cost, time-saving quantum mechanical
(QM) theory, used to compute many physical characteristics of solids with high
precision [2]. The foundations of density-functional theory are the Hohenberg—Kohn
and Kohn—Sham theorems which can easily be extended from its original formulation to
cover a wide variety of physical situations [3]. The history to DFT’s success is the quest
for the exchange-correlation functional, which utilizes density to represent advanced
many-body phenomena inside one element formalism. If a precise exchange-correlation
functional is applied, it may correctly describe the quantum nature of matter. The
estimated character of the exchange-correlation functional is the basis for DFT
implementation success or failure [2]. This chapter is aimed to present an overview of
DFT by describing the theoretical foundations, widely used approximations, current

advances, and issues addressed, as well as future horizons.

I1.2 What is Density Functional Theory (DFT)?

Density functional theory (DFT) is a quantum-mechanical atomic simulation
method to count a large diversity of properties of nearly any type of atomic system:
molecules, crystals, surfaces, and even electronic devices when combined with non-
equilibrium Green's functions (NEGF) [2].

DFT belongs to the family of first principles (ab initio) methods, so called because
they can portend material properties for unbeknown systems without any experimental
input. Within these, DFT has earned popularity because of the relatively low arithmetic
effort required [2].

The DFT approach is largely utilised in organic and inorganic chemistry, materials
sciences like metallurgy or ceramics, and for electronic materials, to just name a few

areas [2].
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I1.3 A very brief historical background

The ground-breaking developments of quantum mechanics in the early 20th century
lastly provided the answer to many superb questions about the nature and properties of
the atom. Applying these principles to more complex systems such as molecules and
solid-state materials demonstrated harder, but; even in classical physics there is no
general solution to a three-body problem (such as the combined orbital movement of the
sun, the moon, and the Earth), and to depict just a water molecule we have to transact
with ten electrons and three atomic nuclei [2].

The success and applicability of DFT lies in some very bright recognition in the
mid-1960s by Walter Kohn, Pierre Hohenberg, and Lu Jeu Sham. By not focusing on
the individual electrons but instead using the electron density as the main variable to
solve for, and moreover reformulating the many-body problem as an equal single-
particle problem, density functional theory was born [2].

Through the next decades many contributors turned the method into a practical tool,
and through the utilisation of powerful numerical computers, DFT became a necessary
tool for materials science, chemistry, and many other fields. Relatively explicit plugins
of the spin degree of freedom have enabled the description of magnetic systems, and on

top of that, relativistic effects and even superconductivity can be processed [2].

I1.4. What problems does DFT solve?

Atomic modeling in general, and DFT calculations particularly, supply
considerable value to researchers and scientists working with chemicals, electronic

materials, etc..., in two distinct parts: [2, 3]

» As it can treat basically any element in the periodic table in any kind of atomic
arrangement, without the need for experimental input parameters, DFT has
sturdy predictive strength, even for completely novel molecules or materials. In
this way, atomic simulations can minimize evolution time and cost by down-
picking of promising material candidates before to going into the lab and dealing
with costly and perhaps dangerous chemicals with unknown properties and
attitude. Via high-performance computer (HPC) clusters, one person can screen
hundreds or even thousands of materials at the same time, immensely exceeding

the number of simultaneous experiments that a human can carry out [2].
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» Second, DFT calculations are used to better understand how materials and
devices act and function under various conditions. A drilled DFT user can
compare measurement data to simulation output to make educated guesses
regarding the physical cause of some phenomena that are observed in the
material or device but are difficult to depict using straightforward models. In
order to fully utilize the effects and material in question, as well as to go even
farther in order to, for instance, minimize device dimensions or improve material
options or method terms, such vision is essential [2].

DFT is therefore an essential tool for technology pathfinding, to discover novel

materials and strange physical phenomens, due to its predictive capabilities and atomic
quantum-mechanical quality, before a top-tier attempt device is made, or also before a

new material has undergone full experimental characterization [2]

I1.5 Fundamentals of DFT

Density functional theory [3] can be used to numerically solve the Kohn-Sham
equation, a single particle independent Schrodinger equation, which can be used to
simplify the Schrodinger Equation [4] for a multiple body system. This computational
procedure generates the solid's physical properties, although this hypothesis is based on
electron density rather than wave functions, for which the scientist Walter Kohn won
the 1998 Nobel Prize in Physics [3, 5]. Thomas and Fermi asserted total density is the
key parameter in many body issues in 1927, despite the absence of exchange-correlation
effects at the time [3, 6, 7]. The foundation for DFT was created in 1964 by the
theorems of Hohenberg, Kohn, and Sham, which claimed that the functional of a many-
body problem's (non-degenerated) ground state electron charge density could
completely characterize all properties in the absence of a magnetic field [3, 8].

I1.5.1 The Hohenberg - Kohn (HK) theorems

In 1964, Hohenberg and Kohn [3, 9] presented two seemingly straightforward
theorems that allowed DFT to be used. They said in one of their theorems that the
electron density that minimizes the functional field's overall energy corresponds to the
genuine ground state density of an electron. Consider the situation where pr represents
the density of the system's ground state and p'(r) represents any other state of a many-

body system. In this case, the functional for total energy is given as; Ep>Ep. As well,

28



Chapter II Density functional theory

suppose that F[p(r)] is a general functional that is valid for fixed electrons at all external

potentials. Mathematically This could be expressed as; [3]

Flp()]=T[p(r)]+U[p(r)] (IL1)
Also,

E[p()]=I[v(t)p(r)1dr+F[p(r)] (11.2)

The associated density p(r) must essentially be a ground state density for it to be

lowest energy functional [3].

E[y 1=y, Vy )y, T+U)y’ (I1.3)

Supposing v is ground state function corresponding to p(r) for external potential v

(1), higher energy will be corresponding to p'(r), according to the variational principle.

E[y =l [v(n)p' (0)]dr+F[p'(n)]>Ely]= [V(D)p(r)]dr + Flp(r)] (IL.4)

Therefore, one may simply calculate the ground state density as well as energy in
an established external potential supplied the density functional is adequately defined
[3]. Additionally, it shows that p(r) reduce the energy functional E[p(r)].

I1.5.2 The Kohn-Sham (KH) equations

Hohenberg-Kohn's theorems are precise but not very useful for actual calculations
[10]. The Kohn-Sham equation [11] transformed DFT into a practical tool. They
transformed the challenging problem of electrons interacting collectively in an external
effective potential (V) into electrons that are not interacting in Ve and the total

energy for an interacting electron ground state in a fixed potential, v(r) is; [3]

E[p(n)]=VIp]+U[p]+GIp] (IL.5)

Where comprehensive density functional G[p] grasps exchange-correlation, and is

written as;
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Glp(r)]=TsptExcp (1.6)

E[p(m)]=Ts[p]+V[p]+U[p]+Ex[p] (IL7)

Ts[p] stands for the kinetic energy in a many-body system with non-interacting
electrons, while V[p] represents the external potential created by the core's positive
charge, U[p] represents the coulomb potential, and Ex[p] stands for the energy

produced by exchange-correlation effects [3].

Tp(r)=-0*2mY i (1) V(1) d =T i¥(p)] (IL8)

And
U[p]=[q2/2f p(r)p(r')/r-r'|drdr’ (I1.9)
Vipl=(®)p(r)dr (1L.10)

The exchange correlation energy Ey.[p] for a many-body system created by p(r) is

presented by;

Exe[pI=[p(r)excp(r)]dr (IL11)
And

Exc[p]=Ex[p]exchange+Ec[p]correlation (H 1 2)

The Ey term refers to the energy loss caused by antisymmetrization and can be

shown as a single particle orbital as;

E=l[p(exp(r)]dr (IL13)

And
E=l[p(r)ecp(r)]dr (IL.14)

And
e[ @ip(M]=-a /YT @)@ (D[ @+ () @i (') i) /r-1'] (IL15)
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Whereas the sole term in the summation is the energy of a molecule 'j' at site 't' in
comparison to a molecule 'k' at 't". The interacting particles, such as electrons that are
anti-parallel and lower their energy by equally distributing their moments, mutually
avoid one another, further reducing the energy of the system. KohnSham mapping of

interacting and non-interacting system is presented in Figure II. 1 [3].

8c=zj<kq2/r-r’=q2/2f d’rf [p(0)p(1")-p(r)d(r-1")/r-1"] d’r' (IL.16)

Q“@@QO 5 o050

Interacting System Non-Interacting
|..

Figure I1.1. Kohn-Sham mapping of non-interacting and interacting system. [3]

The energy of ground state may be acquired by differentiating Eq. (IIL.5) with
respect to p(1)

0=3E[p]/dp(r)=3Ts[p]/6p(r)+3U[p]/dp(r)+3V[pl/dp(r)+dEx[p]/dp(r)=3Ts[p]/5p(r)+
V() +V (1) +Exc(r) (I1.17)

By utilising density ps(r), the lower state for a non-interacting many-body system

is;

0=0E;[p]/8py(r)=0T;[p]/dps(r)+3V[p]/dps(r)+6V[pl/dps(r)=0Ts[p]/dps(r)+vy(r)
(IL.18)

Equating Egs. (II.17) and (IL.18), the potential V can be acquired as;
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V=V () VOV (T (IL.19)

The equation for a one-particle system that is non-interacting in potential v(r) can be

derived from the equation of interacting electrons of the system in the subsistence of

v(r) [3].
[(-h*/2m)V2+vy(r)]ox(r)=Ex@k(r) (11.20)

The p(r) of an authentic system is reproduced by orbitals, where fi is the kth orbital

occupation, and can be written as; [3]

p()=ps()=2 ()]’ (I.21)
I1.5.3 Exchange-correlation potential

The KS scheme's results showed that the energy functional's limiting energy may
be used to determine the least energy state, and this can be done by finding an agreeable
solution to a set of single-particle equations. In the KS scheme, There is only one major
issue is that Ey. (exchange-correlation energy) cannot be precisely found. If E,. is
precisely determined, it is a accurate solution for a many-body problem. There isn't an
exact solution available right now, therefore approximations are utilised to valuate Ey

with LDA and GGA being the most usually used approximations [3].

I1.6 Commonly used exchange-correlation approximations

The exchange contribution was first described by Bloch (1929), and it has gained
popularity cause of quantum Monte-Carlo simulations of uniform gases [3, 12]. The
Local Density Approximation (LDA) [3, 13], suggested by Kohn and Sham, confirms
that the exchange-correlation functional in any location in the space merely depends on
that location’s spin density. The Generalized Gradient Approximation (GGA) [3, 14,
15] is an expansion to the LDA component that contains terms that rely on density
derivatives. Perdew was the first to submit an application of real-space cutoffs to
produce GGAs, which resulted in the creation of the PW86 functional model [3, 14].
The PWO91 functional [3, 16] was the zenith of this extensive development, and It

generates beneficial accuracy for binding energies, as demonstrated in 1993 of around
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6—10 kcal/mol [3, 17]. PBE [3, 18] is the most requently employed GGA to examine
materials today. A hybrid GGA [3, 19] is one that joins an ordinary GGA plus a
HartreeFock component, in which the kinetic energy density is additionally used to
determine the 6 Density Functional Theory - new perspectives, recent advances and
applications GGA component. The Density Functional (DF) includes a portion of GGA,
LDA, Hartree-Fock exchange or hybrids, and/or a meta-GGA, frequently known as the
exchange-andcorrelation (XC) functional (meta-GGA or meta-hybrid) [3]. A
comparison of simplicity versus accuracy of existing approximations in DFT is shown
in Figure II. 2. The functionals actually used in DFT simulations shape a natural
hierarchy, and no systematic process to the accurate functional can be asserted [3]. The
functional form that is now accessible is obviously improving, leading to a significantly
more precise exemplification of ground state features. The most significant recent
developments are those that in some way take into account the non-local part of the

exchange potential. Table 1.1, summarizes the present hierarchy [3].

‘ Chemical Accuracy |

unoccupied {yj} Random Phase A

5 Approximation (RPA)

v A
M EXX Range Separated p
P (occupied {wj}) Hybrids (RPA) p=
'l- u
c T or Vip(r) | Meta-GGA's | :

i
T Generalized Gradient (Y:
Y Vplr) Approximation (CCA)

Local Density
'" p(r) Approximation (LDA) |

| Hartee Development |

Figure I1.2. A comparison of accuracy of current approximations vesus simplicity

in DFT [3 , 20].
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LDA
(Xonly, Xalpha, VWN)

GGA

(BP86, PW21, PBE, mPW, RPBE, mPBE, PBEsal, revPBE,
HTBS, OLYP, BLYP, OFBE, BEE, XLYP, SSB-D)

Meta-GGA

Exchange-Correlation (MO6-L, TPSS,revTPSS, SSB-D, MVS, MS0, MS1, M52,
Functionals | SCAN, TASKxc)
i X
Hybrids

(KMLYP, B3LYP, X3LYP, B3LYP', O3LYP, BHandH,
B1PW91, BHandHLYP, mPW1K, mPW1PW, PBEO, S12H
OFBED)

\ J

Meta-Hybrids
(MOB-2X, M08, TPSSH, MOB-HF)

Table II.1. Commonly used Exchange functionals [3].

I1.7 Weak interactions(Recent developments)

Strong progress has been achieved in solving the problems brought on by weak van
der Waals (vdW) interactions over the past two decades [3]. Traditional functionals are
effective manipulators of covalent, ionic, and metallic interactions cause of their semi-
local nature, however, they fall short in terms of weaker, longer bonds, and cannot
present weak binding that falls off as a function of R6 (R is the separation between two
atoms) [3, 21]. The conventional functionals must be modified in order to take these
effects into account, and there are three approaches to do this [3]. A series of
approximations have been made by Langreth, Lundqvist, and collaborators [3, 22]
While these approximations are produced non-empirically, they particularly start with
contributions of correlation energy for the growth of explicit non-local functionals of
electron density. These functionals have been created by assuming systems that contain

a gap and may be beneficial for any materials, ranging from solids to molecules [3, 23].

I1.8. Computational details

To investigate the developments of crystal structures, electronic structures, and
physical properties, we first attain the stable crystal structures of black phosphorus
within the framework of density functional theory (DFT) utilising the projector
augmented wave (PAW) method [24]. These structures are optimized by employing the
DFT-D3 method, so as to take into consideration the interlayer van der Waals force in

bulk black phosphorus [25, 26].
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I1.9. Conclusion

Density Functional Theory is a commonly and powerful used quantum mechanical
tool for investigating several aspects of matter. Such computations' accuracy is
dependent on the creation of approximations for the exchange-correlation energy
functional. There are ongoing efforts to design and improve density functionals because
there are still problems to be overcome, it is a quantum fantasy to get all of the qualities
right at a reasonable computing cost. High-parameterized functions that are adapted to
the characteristics of molecular systems typically perform slightly better than functions
that are lightly parameterized for molecules, but they typically perform rather badly in

simulations on periodic materials.
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A novel broadband mid infrared

phototransistor using BP capping
layer

Abstract: We present a new broadband mid-Infrared (mid-IR) InGaZnO (IGZO) thin-
film phototransistor (TF PT) based on both Black Phosphorus (BP) capping layer
incorporating gold (Au) intermediate ultrathin-film. It is found that the proposed device
shows high photodetection performances with a high current ratio exceeding 180 dB
over a wide voltage window. Besides, it is revealed that the introduced ultrathin Au
layer within BP enhances the absorbance capability over the mid-IR spectrum, which
significantly improves the performance of the broadband mid-IR sensor.
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II1.1 Introduction

Nowadays, phototransistors (PTs) are becoming the key technology in various
emerging optoelectronic systems including environmental monitoring, Optical Wireless
Communication Systems (OWCS), chemical detection and
analysis, spectroscopy applications, flame detection and imaging [1, 2, 3, 4, 5]. This is
mainly due to their ability to simultaneously providing optical-to-electrical signal
conversion and amplification [3, 4, 5, 6]. Rapid progress has been made in developing
PT devices using different silicon and organic platforms to achieve high
photoresponsivity values over different spectral ranges [2, 3, 4, 5, 6]. However, these
types of platforms required thick materials and very expensive elaboration techniques.
As an alternative technology, InGaZnO (IGZO) thin film-PT structure has attracted a lot
of interest in developing high-performance and low-cost optoelectronic devices due to
their various advantages such as good chemical stability, low fabrication cost, excellent
transistor properties, low-temperature processing, flexibility, low noise effects and good
reliability [6, 7, 8, 9, 10]. Nevertheless, the main constraints limiting the use of IGZO-
TFT in developing optoelectronic devices are the low generated photocurrent and
spectrally limited responsivity, making it challenging for advanced optoelectronic

applications. (see Table III. 1)

Table II1.1. Overall performance comparison between the optimized IGZO mid-IR TF PT
designs and several reported phototransistor designs based on III-V and II-VI compounds,
Graphene, BP-based heterostructures.

Mid-IR sensor designs | Sensing Ton/lorr Responsivity | Detectivity | Signal to | Ref.
wavelength | ratio (dB) | (A/W) (Jones) noise
(um) ratio
GeSn IR photodiode 2 49 0.033 - 7.3x10° [ [139]
InAs/InAsSb superlattice | 4.5 146 1.42 7x10™ 1.4x 10* | [140]
InAs/AlSb/ 3.6 - 1.9x10° 1.1 x10% |- [141]
GaSb superlattice PT
nanostructured PbSe- 3 36 90 2x10" 42x10° | [142]
based PT
Graphene/Si 2.75 13.5 0.13 - 2x 10° [143]
heterostructure
Graphene-Bi,Se; 3.5 8.32 1.97 1.5x10" 483 [146]
Heterostructure
Photoconductor based 3.6 - 11.2 6x10" - [147]
on BP-Arsenic alloy
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BP with interdigitated 2.5 12 0.047 - 1.8x10° | [148]
electrodes

BP/ SiO,/Si 2 - 8.5 1.7 x10° - [149]
heterostructure PT

BP/MoS, heterostructure | 3.6 53.5 0.9 1.2x10" 1.3x 10* | [150]
photodiode

Au plasmons/Ge grating | 1.55 12 0.38 - 398 [151]
photodetector (PD)

Metal grating 2.1 34 16.5 - 5% 10° [152]
plasmons/Graphene PD

IGZO TF PT with BP 3.2 128 123 2.6x10" [ 1.6x10° | Our
capping layer work
IGZO TF PT with 3.2 166 388 6.9x10" [ 2.2x10° | Our
Optimized BP/Au/BP work
sensitive film

Recently, broadband phototransistors have demonstrated superior performance for
large light spectral optoelectronic-related applications, leading them to be considered
more effective in different engineering fields, such as multispectral imaging,
telecommunications, spectroscopy applications, environmental monitoring, biomedical
sensing and chemical engineering [11, 12, 13]. Therefore, the development of new
designs and techniques to improve the device photo-responsivity at broadband
wavelength ranges is required. In this framework, stacking additional films on the IGZO
channel using adequate materials to form a p-n structure can improve the photo-sensing
spectrum and photoresponsivity as compared to that provided by the conventional
phototransistors [13, 14, 15, 16, 17, 18]. Furthermore, various advanced materials such
as MoS,, graphene, 2D monolayers and Ge quantum dots were used to achieve high IR
photocurrents [18, 19, 20]. However, the latter materials show degraded mid-IR
photodetection characteristics. Basically, III-V and II-VI compounds, graphene-
based heterostructures provide highly-detective sensors over the mid-IR spectrum range
[21, 22, 23, 24, 25]. Despite this advantage, expensive growth methods, thermal
reliability and dark noise effects constitutes the main limitations preventing the
deployment of this mid-IR sensor technology for several practical applications [26,27].
Aiming at addressing these issues, researchers have turned out towards the exploration
of alternative low-cost and effective mid-IR sensitive materials and technologies with
low-processing complexity to be applied for the design of novel sensor architectures
[26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. Following this direction, black phosphorus (BP)
has recently attracted research interest in widespread optoelectronic applications due to
its unique electronic and optical properties such as direct narrow band gap, tunable mid-
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IR photoresponse, and high charge carrier mobility [27]. Moreover, inserting an ultra-
thin metallic layer (Au, Ag, Al,..) in the BP sensitive material can promote improved
light management properties, thus leading potentially to achieve enhanced and extended
mid-IR photoresponse. Intuitively, merging IGZO TFT technology with BP/Au/BP
multilayered sensitive film can offer a great promise for designing high-performance,
low dark noise and cost-effective mid-IR phototransistors. To the best of our
knowledge, no design and elaboration approaches based on combining optimized BP
sensitive layer with intermediate gold (Au) ultra-thin film and DFT-FDTD modeling
were performed to develop high-performance broadband mid-IR IGZO thin-film
phototransistors. Besides, only the visible optical properties have been carried out for
bulk BP so far. In this work, the electronic and optical properties of bulk BP are
investigated using accurate DFT computation within PBE-GGA and screened hybrid
YS-PBE, functional taking into consideration van der Waals correction. Moreover, a
new broadband Infrared IGZO TF PT based on optimized BP/Au/BP sensitive film is
proposed and analyzed by developing DFT-FDTD numerical models combined with a
PSO-based optimization technique. Using this new systematic investigation, the
proposed approach offers exciting opportunities for designing high-performance mid-IR

broadband optoelectronic devices.

II1.2 Computational details

In this section, we present versatile computation frameworks for the design of new
high-performance IGZO mid-IR TF PT based on BP capping layer and Au intermediate
layer. The first objective relies on carrying out DFT calculations to predict the
electronic and optical properties of buck BP material. In the second step, this section
presents the adopted FDTD-based optical modeling and transport mechanism used to
analyze the performance of the proposed IGZO mid-IR TF PT based on BP/Au/BP
multilayered capping layer.

Fig.III. 1 shows the cross-sectional view of the proposed IGZO-capped BP/Au/BP
mid-IR TF PT. The choice of the IGZO TFT platform is made taking into account its
cost-effectiveness property as well as its ability for offering low dark noise effects. The
device relies on introducing Au middle layer sandwiched between two black

phosphorus thin-layers, forming an infrared sensing thin-film. The IGZO is capped with
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BP/Au/BP thin film, which is separated from drain and source contacts, as it is
described in Fig.IIlL. 1, to avoid the current flow over the BP layer [38]. From the latter
figure, tgp; and tgp, are respectively the thickness values of the top and bottom BP films,
tay refers to the gold interlayer thickness, L refers to the channel length, tjgzo is the
thickness of the IGZO channel and tox represents the thickness of the
Si0,; gate dielectric.

Mid-IR-light

Fig. I11.1. Cross-sectional view of the analyzed IGZO TF PT based on BP/Au/BP multilayer capping film.

In order to accurately analyze the device mid-IR sensing performances, the optical
and electronic properties of the introduced black phosphorus should be determined. For
this purpose, DFT calculations were carried out using the Perdew-Burke-
Ernzerhof Generalized Gradient Approximation (PBE-GGA) combined with the
screened hybrid (YS-PBE) functional to treat the exchange-correlation potential of
interacting electrons [36,37]. The latter hybrid functional is regarded similar to the so-
called Heyd-Scuseria-Ernzerh (HSEO06) one, allowing the efficient prediction
of semiconducting materials electronic properties due to its ability for taking into
account electrons interaction [38]. As the BP layers basically are adhered with weak van
der Waals forces, the Grimme's general dispersion correction termed DFT-D3 is utilized
[39]. The simulation is implemented in the full-potential Wien2k code [40] with the
projector augmented wave (PAW) pseudo-potentials. The initial BP orthorhombic

structure for the DFT computation is shaped according to the experimental lattice

—

constants in d, b , and ¢, which are respectively given as 4.376 A, 3.314 A, and 10.478
A, and the associated unit cell volume is 151.77 A’ [41]. The kinetic energy cutoff for
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the plane-wave basis was fixed at 500 eV. To obtain the theoretical equilibrium crystal
structure, the BP atomic structure was fully optimized with less than 0.1 eV/A of force
and 107 eV/atom of energy difference. The Brillouin zoneis sampled using a
12 x 12 x 12 k-point mesh for the band structure computation. Next, the bulk BP
material electronic and optical properties are examined by extracting the band structure,
band gap value, dielectric response function and the refractive indices. Therefore, the
obtained electronic and optical parameters will be used for the numerical modeling of
the investigated IGZO IR TF PT based on BP/Au/BP sensitive layer.

After estimating the electronic and optical parameters, the device is then modeled
by using ATLAS 2-D and Luminous modules available in SILVACO software [42]. In
this context, Finite-difference time-domain (FDTD) is used to model the photo-
generation mechanism in the investigated structure by estimating the absorbance and
reflectance optical parameters of the BP/Au/BP capping layer. The details regarding
the FDTD method can be found in [43,44]. The optical factors are calculated using the

following equations :

1= /.2 "
A(,1)— JV5|E);(1’X WE (&, (/”L)dV

- (IIL1)
JS%Re {E,(7)x " (7 )las

J.portl (Eci _Eli)Ell-*dAi _ reﬂeCtedPOWer
J.portl (EliEli*)dA| I”lCidentpower

R(A)= (IIL.2)

where, A denotes the absorbance, A is the wavelength, gy is the permittivity of the
vacuum, &;” denotes the wavelength-dependent complex dielectric function, which is
taken from the obtained DFT results. Besides, E, denotes the electric field in the vertical
direction, H'refers to the complex magnetic field conjugate, « is the angular
frequency. The reflectance coefficient (R) is defined as the ratio between reflected and
incident powers as it is described in Eq IV.2, where E,; is the electric field intensity at
the port, which relies on the excitation added to the reflected field, E;; represents the

electric field pattern of the top port.
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Thereafter, the device transport mechanism in the IGZO channel is modeled by
using the drift-diffusion model with finite-element numerical technique available in the
ATLAS-2D module [42], which enables self-consistently solving the Poisson and

continuity equations represented by the following formulation

div(sVy)=-p (1IL.3)
p=4q(p—n+n—p,~p,+N,) (IIL4)
|

—div(j,)-R,+G,=0 (IIL.5)
q

| R

-—div(j,)-R,+G,=0 (I11.6)
q

where p is the net charge density, ¢ is the absolute permittivity, q represents the electron

charge, y is the electrostatic potential, Ny is the channel doping concentration, n; and p;

refers to charged states of conduction and valence band tails (CBT, VBT), pq is the
shallow donor-like density approximated by using the model given in Ref [45]. The
electron and hole current densities are represented by J, and J, respectively, while the
associated generation and recombination rates are denoted respectively by Gy, G, Rs
and R,

Importantly, the energy distribution of defect states in the band gap should be
accounted due to the amorphous nature of the IGZO material [42, 45,46, 47].
Moreover, tunneling models and Electric Field-Dependent Mobility are incorporated in
the developed numerical model.

Aiming at assessing the accuracy of the developed numerical modeling
methodology for the effective analysis of newly emerging IGZO TF PT based on
capping the channel with appropriate sensitive film, the developed models should be
validated by comparing the numerical results with the experimental ones. To the best of
our knowledge, no experimental investigations reporting mid-IR IGZO TF PTs based
on BP sensitive film. Therefore, the modeling process is applied the device based on

Selenium (Se) capping layer and the material optical and electrical parameters are taken
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from Ref. [48]. Fig.Ill. 2 shows lg-V, characteristics obtained from our developed
model and that of the experimental data reported in Ref. [15]. It is demonstrated from
this figure the capability of the developed model for correctly reproducing the
experimental data, thus confirming the effectiveness of the presented numerical
modeling methods. Despite this agreement, a slight difference between the numerical
and experimental data is observed for gate voltages around -5V as it is shown in Fig.III.
2. This discrepancy can be attributed to the inability of the developed numerical model
to take several effects related to the experimental conditions during the device
elaboration, which can affect the diffusion current of the IGZO TFT in the off-state.
These effects are mainly related to the deposition of the gate oxide and its uniformity,
the surface recombination states in IGZO as well as defects induced by dislocation
between the Selenium capping layer and IGZO channel. The mentioned experimental-
related effects can generate parasite oxide capacitances, which influence the off-state
current of the IGZO TFT device. Besides, the observed jitter for numerical data under
darkness is correlated with the complexity of diffusion mechanism and charge transport
properties, where it is extremely difficult to solve Poisson's and continuity equations
when an amorphous IGZO channel is considered. This behavior is found consistent with

several numerical investigations of IGZO TFTs [45,47].

=12 ' ' ' ' ]
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1E-5 r

1E-6 ,— ]
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Fig. I11.2. L.-V,. curves of IGZO TF PTs under dark and illumination conditions obtained from the
developed model and the experimental results [15] with A = 820 nm, Vi = 10 V, L = 150 um, W = 1000 um and

ticzo = 20 nm.
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II1.3 Results and discussion

In this section, we start by discussing the relevance of the results investigating
electronic and optical properties of bulk black phosphorus using DFT calculation. Key
parameters  involving the band gap value, dielectric function and the
associated refractive indices over the mid-infrared range, crucial for the evaluation of
BP sensing characteristics, are extracted and analyzed by combining YS-PBE,
exchange-correlation hybrid functional with DFT-D3 van der Waals correction (YS-
PBE(+DFTD?3). Subsequently, the obtained electronic and optical properties of BP are
implemented in FDTD modeling framework to estimate the IR absorbance parameter,
which will be applied to investigate the optoelectronic properties of the proposed IGZO
IR TF PT based on BP/Au/BP multilayered capping film. The last step is dedicated to
the optimization of the device structure using an effective metaheuristic technique based

on Particle Swarm Optimization (PSO) iterative scheme.

I11.3.1 DFT results

First-principles computations are carried out using combined PBE-GGA and YS-
PBE, functionals with van der Waals (vdW) correction to achieve a good agreement
with the experimental electronic properties of bulk BP. In this context, the atomic
structure of BP in the orthorhombic phase with space group Cmca (No. 64) is described
in Fig.IIl. 3 (a). Principally, atoms are coupled by strong covalent bonds along the
orbitals shaped by sp3 hybridization, creating an orthorhombic lattice with
puckered honeycomb structure. Besides, the (a and b) lattice constants are respectively
directed to the zigzag and armchair directions (x and y-axis), while ¢ is considered
along the z-axis in the interlayer direction. The fully relaxed atomic structure is found
highly reliable. The obtained (a, b) lattice constants after relaxation are close to the
experimental ones, while c is only 0.15% larger than the measured one (c = 10.493 A).
This slight discrepancy is attributed to the use of PBE-GGA approximation with the
DFT-D3 van der Waals correction, which can slightly enlarge the c lattice parameter
[48].

The band structure is an essential electronic property that should be analyzed for
the design of materials appropriate for novel optoelectronic systems. It shows the

correlation between electron wave and energy vectors. Accordingly, the electronic band
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structure and Density of States (DOS) of bulk BP within PBE-GGA and YS-PBE,
approaches including DFT-D3 van der Waals correction are calculated and depicted
in Fig.ITl. 3 (c) and (d), respectively. The accompanying first Brillouin zone (BZ) is
displayed in Fig.III. 3 (b). It can be seen that the conduction band minimum (CBM) and
valence band maximum (VBM) are located at the high symmetry Z point, thus
indicating the direct band gap nature of bulk BP with the value of 0.34 eV. Moreover,
the semiconducting nature of bulk black phosphorus can be further be verified from the
total DOS plot (Fig.IIl. 3 (d)), where the band gap is kept around the Fermi level. In
addition, Fig.IIl. 3 (d) indicates the absence of extended states in the energy levels in the
band gap. The calculated gap energy of BP is found in good agreement with the
experimental one and consistent with previous first-principles investigations based on
different functionals [49, 50, 51]. Therefore, the use of combined PBE-GGA + YS-
PBE, approximations with DFT-D3 vdW correction can properly fit the electronic
characteristics of the bulk BP.
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Fig. I11.3. (a) Orthorhombic crystal structure of bulk BP. (b) Brillouin zone path of BP primitive
cell. (¢) Electronic band structure for bulk BP computed with using combined PBE-GGA and YS-PBEo
functionals with DFTD-3 van der Waals correction. (d) Density of states (DOS) of bulk BP.

The investigation of light-matter interaction is important for the study of optical
sensor devices. Principally, semiconductors for IR sensing should exhibit high
absorption and low reflection characteristics. To assess the appropriateness of bulk BP
as a sensitive film for phototransistor devices, we study the main optical properties
using PBE-GGA and YS-PBE, approaches. The real (¢1) and imaginary (g;) parts of the
dielectric function are plotted as a function of photon energy in Fig.IIl. 4 (a). It is
revealed from this figure that the €l of bulk BP increases with the photon energy
increase to reach its maximum value at 4.9 eV. Besides, the static dielectric constant at
zero frequency limit is 11.4. These high values are attributed to the small gap energy,
where it is known that lower band gap materials yield larger dielectric values. Further,
negative values for the real part of the dielectric function are observed for photon

energy values superior to 6.2 eV, which can be explained by the metallic character of
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intervals of the electromagnetic spectrum. On the other hand, it is observed from Fig.III.
4 (a) that the imaginary part exhibits rising followed by lowering tendencies with slight
variations within the energy range of [4eV—6eV]. The highest peak of the imaginary
part of the dielectric response function achieves 13.6.

The BP complex refractive index N (@ )=n (w )+ik (@) is extracted, where n (@)
represents the refraction index and k (@) is the extinction coefficient. The latter are
respectively displayed in Fig.II. 4 (b). It can be seen from this figure that high
refractive index values around 4.1 are observed for mid-IR wavelengths. Fig.IIl. 4 (b)
demonstrates that the extinction coefficient exhibits a pronounced step at an
approximate wavelength value of A = 2.7 um, thus indicating the broadband absorption
of BP over the mid-IR spectral range. This is mainly attributed to the low band gap
energy of bulk BP material. Therefore, such electronic and optical properties of bulk
black phosphorus make it highly attractive for IR optoelectronic applications. These
outstanding characteristics inspire new insights for the design of novel high-

performance IR sensors, which constitutes the main objective of the next sub-section.
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Fig. II1.4. (a) Real and Imaginary parts of the dielectric function (b) Refractive index and extinction
coefficient of bulk BP using DFT calculations based on PBE-GGA and YS-PBEo functionals with DFT-D3
van der Waals correction.

I11.3.2 Broadband mid-IR BP IGZO phototransistor design

To analyze the performance of the proposed BP phototransistor design, the obtained
electronic and optical parameters as it is outlined in the last sub-section are introduced
in the numerical model procedure presented in the computation details. The IGZO
channel of the TF PT is capped with a BP layer, acting as a mid-IR absorbing film. The

associated I~V are calculated under dark and IR (2 pm) light-exposure conditions and
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depicted in Fig.IIl. 5 with V43 =10V, t,x = 80 nm, tgp = 180 nm and t;gzo = 20 nm. The
latter figure shows that by capping the IGZO channel with BP sensitive layer, the device
demonstrates a good infrared photoresponse. This is because of the ability of BP for
absorbing mid-IR light matching well with its band-gap energy (0.34 eV) and creating
e/h pairs, which will be driven to the back IGZO channel. These photo-excited carriers
form a back channel current path and thereby induce a threshold voltage shift to
negative values. This effect gives rise to an important photocurrent at low gate bias,
when an applied drain-to-source voltage is considered. Besides, the proposed mid-IR
phototransistor exhibits an ultralow OFF current, which is due to the use of the IGZO

TFT platform known to offer a very low leakage current.
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Fig. I11.5. Ids-Vgs transfer characteristics of IGZO mid-IR TF PTs based on BP thin-film capping layer
with tBP = 180 nm, tox = 80 nm and tIGZO = 20 nm, Vds =10 V, L = 100 um, W = 1000 pm and
Pi =1 mW/mma2.

Although the good mid-IR photoresponse characteristics associated with the IGZO
TF PT based on BP capping layer, the device photodetection capability is still far from
that expected for several emerging applications. Further improvements should be
achieved for the development of high-performance sensors. Basically, mid-IR sensors
commonly suffer from the low responsivity, which is attributed in a large extent to
certain imperfections related to the trade-off between absorbance and anti-reflection
capabilities of sensitive layers within this specific spectral band. Aiming at boosting up
the device performance, Au intermediate ultra-thin film is introduced in the BP sensitive

layer, which is expected to further enhance the device IR photoresponse. In addition, the
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position of the Au ultrathin film within BP thin-film plays a crucial role in modulating
the optical behavior of the sensitive capping layer, which can in turn influence the
phototransistor mid-IR photodetection properties. Accordingly, the geometry of the
introduced BP/Au/BP multilayer is optimized using the PSO-based metaheuristic
technique, where the objective function should satisfy the high absorbance capability of
the structure over the mid-IR spectral range. The exploited PSO optimization approach,
proposed by Eberhart and Kennedy [52], is naturally inspired and is a subfamily of
evolutionary, population-based algorithms for which the basic idea is to mimic the
concept of bird flocking social behavior. It enables achieving the global solution of
complex optimization problems within a low computation time using an iterative
process of generations. PSO has been exploited in a variety of disciplines to optimize a
set of parameters of multi-dimensional and nonlinear functions, specifically showing a
great promise for solving complex microelectronic and optoelectronic optimization
problems [52, 53, 54]. This is thanks to its fascinating benefits like versatility,
effectiveness, and simple implementation. In fact, PSO executes searching by moving

the particles around the defined search space with respect to the introduced fitness

k
function. The swarm is composed of particles for which their position (X" ) and

k
velocity ( Vi ) are iteratively updated using the following formulas

K+l k kopk vk kepk _ y*k
VIt =wl + e (Bf = X))+ o, (P = X}) (111.7-a)

k+l _ vk k+1 .
X=X+ with i=1..m (I11.7-b)

where w is the inertia weight, m refers to the swarm size, ¢ andc, denote the

cognitive and social acceleration factors; /1 and "2 are random numbers, particle best

k k
position and best position of the particles group are respectively denoted by " # and Fy .

It is important to note that more details concerning the introduced PSO-based
metaheuristic technique can be found in [54]. Therefore, the objective function related
to the enhancement of BP/Au/BP mid-IR absorbance is considered, which can be
represented by the following formula

1
FX)=——
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where X is the design variables vector given by: X= ( tzp;, tgps, tay), A (A=3.2 pm)
represents the absorbance of BP/Au/BP multilayered mid-IR sensitive layer, which is
calculated using the FDTD-based methodology outlined in section. III.2. Prior to the
optimization procedure, the applied gate and drain voltages are fixed at -1V and 10 V,
respectively. Besides, in order to be very close to the technology node of IGZO TFTs
[15], the device structure is considered with 80 nm of oxide thickness, 20 nm of IGZO
thin-film thickness, channel length and width of 100 um and1000 pm, respectively.
Each design parameter of the defined X vector is confined in a given
range x € [x

X withx e X .

imin > Ximax )

Fig.III. 6 depicts the evolution of the fitness function against the generation number
of the PSO procedure. Clearly, the objective function (Eq. (8)) is minimized thereby the
mid-IR absorbance of BP/Au/BP multilayered structure is maximized. It can be also
observed that an excellent stabilization is achieved around 340 generations.
Accordingly, the optimized design parameter vector is given by X= (147 nm, 43 nm,
16 nm), which correlates with the maximum absorbance value over the mid-IR range.
The I4s-Vgs transfer curves of the optimized IGZO mid-IR TF PT based on BP/Au/BP
multilayered capping layer under dark and light exposure conditions are shown
in Fig.Il. 7 (a). This figure demonstrates the superior photocurrent and a very large
threshold voltage shift to negative values of the optimized device. This outstanding
photoresponse in a wide operating voltage window is attributed to the use of Au noble
metal and the optimization approach, which promoted exciting opportunities to achieve
efficient optical coupling between mid-IR light and plasmons. Moreover, the use of
multilayer structure promotes enhanced light management leading to improve the
structure light-scattering effects. These effects have together contributed to the
enhancement of BP capping film absorbance behavior over the mid-IR range. To
confirm this hypothesis, Fig.IIl. 7 (b) shows the mid-IR absorbance spectra of BP
(tgp = 180 nm), BP (tgp; = 90 nm)/Au (tay, = 10 nm)/BP (tgp, = 90 nm), the optimized
BP (tgp1 = 147 nm)/Au (tay = 16 nm)/BP (tgpz =43 nm), and 180 nm
thick Germanium thin-films as the commonly used material for IR sensing applications.

The BP-based sensitive layers exhibit higher absorption capabilities of mid-IR light,

which is beyond the limit of Germanium. This is ascribed to the suitably matched band-
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gap energy of BP (0.34 ¢V) for mid-IR photodetection as compared to that of the
Germanium material (0.67 eV). It can be also noticed from Fig.III. 7 (b) that the use of
multilayer structure with Au intermediate ultrathin film boosts the BP absorbance
behavior. More importantly, the optimized structure demonstrates broadband and strong
mid-IR absorbance (Amax = 92%) as compared to other structures. This benefit opens up
a new pathway for extending the operation of the investigated BP-based mid-IR sensor
into a longer wavelength range, thus significantly enhancing its functionalities. These
outstanding results can be explained by the role of the adopted optimization strategy for
the identification of the best BP/Au/BP geometry, which promotes improved light-
scattering effects. Fig.IIl. 7 (c¢) illustrates the electric field distribution in the optimized
structure and the conventional BP film at the wavelength value of 3.2 um. These electric
field profiles can consolidate the aforementioned explanations, where the optimized
BP/Au/BP structure shows highly confined electric field with densities within the
investigated sensitive layer, as compared to that of the BP film. This indicates the
enhanced light trapping capability of the optimized BP/Au/BP multilayered capping
film as compared to the conventional 180 nm thick BP layer.

For the completeness of this work, the device Figure of Merits (FoMs) parameters
including Responsivity, Detectivity, signal to noise ratio and Ion/lopr ratio are
calculated for the optimized IGZO mid-IR TF PT based on BP/Au/BP multilayer
capping film and compared with mid-IR sensors reported in the literature
[22, 23,24, 25,26, 29,30, 31, 32,33,34,35]. The optimized device greatly
outperforms the developed mid-IR photosensors in terms of FoMs parameters, yielding
a giant responsivity of 388 A/W and over than 2 % 106 of dark noise ratio. This proves
its high photodetection capabilities and low power consumption property. In addition,
the optimized device demonstrates enhanced photoresponse characteristics as compared
to photodetectors based on plasmonic and combined 2-D material with metal grating
structures [34, 35]. This is attributed to the optimization technique and the use of IGZO

TFT platform, leading to achieve enhanced photoresponse characteristics.
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Fig. I11.6. Fitness functions against generation number of PSO computation.

The optimized design structure can be fabricated following several fabrication
steps. In this context, the IGZO thin-film can be deposited on SiO,/Si substrate using
Radio Frequency (RF) Sputtering method, where the targets composition can be taken
with  In;03:Ga,03:ZnO = 1:1:1 mol% [9,10,15]. Thereafter, the source and
drain electrodes can be realized by thermal evaporation technique
and photolithography using an appropriate shadow mask. Then, the BP top and bottom
films with optimized thickness values can be deposited by short-distance transport
(SDT) method using a uniform temperature [55]. On the other hand, the intermediate
gold thin-film can be grown by thermal evaporation technique. Some challenges for the
fabrication of the optimized device can be encountered, which are mainly related to the
uniformity and thickness accuracy of the introduced gold metallic layers and BP top and
bottom films. Therefore, the experimental fabrication of the optimized IGZO mid-IR TF
PT based on BP/Au/BP multilayered structure is considered as a perspective of this
work, where the use of appropriate experimental facilities and characterization
techniques to elaborate this kind of IR phototransistor is crucial.

Considering these significant benefits, the proposed systematic investigation
framework based on the strategic combination between DFT formalism, FDTD optical
modeling and PSO metaheuristic technique is believed to offer new insights for
designing alternative high-responsivity, cost-effective and low dark noise mid-IR

phototransistors suitable for the emerging optoelectronic applications.
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Fig. I1L.7. (a) Li-V,, transfer curves of the IGZO mid-IR TF PTs based on optimized BP/Au/BP sensitive
film with ts = 147 nm, ter. = 43 nm, ta, = 16 nm, Vo, = 10 V, L = 100 um, W = 1000 pum, t.x = 80 nm and
ticzo = 20 nm. (b) Mid-IR absorbance spectra of BP thin-film, 180 nm thick Germanium layer, Optimized
BP/Au/BP multilayered structure. (¢) Electric field distribution within 180 nm thick BP and the optimized
BP/Au/BP tri-layer.

I11.4. Conclusion

In this chapter, a novel broadband mid-IR IGZO TF PT based on both Black
Phosphorus capping layer incorporating intermediate gold ultrathin-film is proposed.
The optical and electronic properties of the Black Phosphorus are carried out using DFT
computations that include PBE-GGA and YS-PBEO functionals with DFT-D3 van der
Waals correction. The absorbance of the BP sensing layer including intermediate gold
ultra-thin film is performed using FDTD-based numerical modeling frameworks. To
boost up the absorbance performance of the BP/Au/BP sensing layer, we combined
FDTD modeling and PSO optimization technique which permits achieving near-perfect
broadband mid-IR absorbance beahvior. It is found that the optimized BP/Au/BP
capping film can extend the device photoresponse within the mid-IR spectral range,

offering a high ION/IOFF current ratio of 166 dB, high responsivity exceeding 380
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A/W and superior detectivity of 6.9 x 1014 Jones over a wide operating voltage
window. Considering these significant performances, the proposed approach is expected
to provide a valuable guideline the development of highly sensitive

broadband photosensors.
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Broadband Mid-IR graphene-
phototransistor using strained black
phosphorus sensing gate

Abstract: In this work, a new high-performance broadband Infrared Optically
Controlled Graphene Field-Effect Transistor (IR-OC-GFET) using strained black
phosphorus sensing gate is proposed and investigated. It is found that the proposed
device with strained sensing gate provides enhanced optical performances over the
middle infrared (Mid-IR) spectral band, making it a new potential alternative
photoreceiver for chip-level optical communications.
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IV.1 Introduction

During the last few years, middle infrared (Mid-IR) phototransistors (PTs) play an
important role in various emerging engineering systems including biosensing,
optical wireless communication devices, thermal imaging, chemical detection and
analysis, astronomy, spectroscopy applications, and security systems [1, 2, 3,4]. In
order to achieve high photoresponsivity performance over different spectral ranges,
Numerous PT designs and models were developed using different approaches and
technology platforms such as CMOS, organic transistors, tunneling-FET, multi-gate and
thin-film transistors (TFT) [4, 5,6, 7, 8,9, 10, 11, 12, 13]. As an alternative technology,
optically controlled field effect transistors (OCFETs) have gained extensive attention in
developing high performance phototransistors due to their various advantages such as
CMOS technology compatibility, high-sensitivity and excellent gate controllability [14].
However, the main limitations restricting the use of OCFET designs in
developing optoelectronic devices are the low and spectrally limited photoresponsivity
and the inherently limited drain photocurrent. These shortcomings make the
conventional silicon-channel-based phototransistors challenging for advanced
optoelectronic applications. Therefore, the development of new OCFET structures by
including new channel and sensing gate materials to improve the device
photoresponsivity at broadband Mid-IR wavelengths is required. In this framework, the
rise of graphene two-dimensional (2D) material has attracted great interest for
developing high-performance optoelectronic devices [15, 16, 17, 18, 19]. This is mainly
due to the exceptional structural and optoelectronic properties provided by the graphene
such as excellent electrical conductivity, flexibility, high-transparency and ultra-
high carrier mobility [15,16]. Despite these properties, several optoelectronic limitations
like low absorption capability and relatively narrow band photoresponsivity remain to
be addressed for further improvement of the graphene-based photodetector
performances [20,21]. In this context, it is therefore essential to develop new
approaches to fully use the electronic properties of graphene in order to enhance the
derived photocurrent, while ensuring an improved gate photosensitivity. Therefore, a
better understanding of sensor photodetection and electron transport mechanisms can
provide new insights to develop high-performance broadband IR-phototransistor using

single photosensitive bulk material.
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Recently, black phosphorus (BP) material has attracted a great research interest in
widespread optoelectronic applications due to its suitable electronic and optical
properties such as direct and tunable band gap from near to far infrared region, and high
charge carrier mobility [22, 23, 24, 25, 26]. These advantages make the BP material a
potential alternative for bridging the gap of the optical sensing between near and far
infrared spectral ranges for broadband IR optoelectronic applications [26]. Moreover,
the absence of dangling bonds in the BP thin-film surface allows avoiding lattice
mismatch issues, making it reliable and compatible with CMOS processing technologies
[27]. In spite of interesting optical and electrical properties exhibited by the BP, further
efforts should be devoted to BP-based photosensors to improve their performances and
extend the sensing capability to higher wavelengths (middle and far IR). In other words,
the total absorbance of BP thin-film over the Infrared spectral range is still relatively
low and requires further enhancements, which is regarded as ongoing quests in current
research in the field of optoelectronics. Consequently, new approaches should be
developed to enhance the optical performances of BP thin-film for broadband infrared
photodetection applications. Intuitively, the introduction of hydrostatic pressure on BP
thin-film material can induce significant improvements in terms of structural, electrical
and optical properties [27]. Following this direction, the main objective of this work is
to exploit the high-performance properties of graphene and strained BP materials in
order to develop an efficient broadband Mid-IR phototransistor [54]. The drain current
is calculated by solving the Schrodinger equation using non-equilibrium Green's
function (NEGF) formalism self-consistently coupled with 2D-Poisson equation. The
role of strained BP sensing gate in enhancing the broadband IR OC-GFET performance
is demonstrated. Therefore, combining strained BP sensing gate with graphene-channel
material offers exciting opportunities for designing high-performance mid-IR

broadband optoelectronic devices.

IV.2 Modeling frameworks

In this section, versatile modeling frameworks for the design and modeling of new
high-performance graphene-nanoribbon infrared phototransistor (GNR IR PT) based on
strained BP photosensitive gate are presented. The first objective is linked to carrying
out first-principles calculations using DFT method to predict the electronic and optical

properties of bulk BP material with and without pressure effects. In the second step, this
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section presents the FDTD-based optical modeling used to estimate the IR absorbance
behavior of the proposed BP under strain effects. The last step is dedicated to the IR—
OC—GFET numerical modeling based on solving the Schrodinger/Poisson equations

self-consistently using NEGF formalism.

IV.2.1 DFT computations

In order to analyze the role of strain effects on the IR photodetection properties of
BP thin-film, we investigate its electronic and optical characteristics with and without
pressure effects. To do so, full-potential Wien2k code with the projector augmented
wave (PAW) pseudo-potentials is used [26]. The exchange-correlation potential of
interacting electrons in BP under pressure conditions is studied by performing DFT
calculations for which the Perdew-Burke-Ernzerhof Generalized Gradient
Approximation (PBE-GGA) and the screened hybrid (YS-PBEO) functional, similar to
the so-called Heyd-Scuseria-Ernzerh (HSEO06), are considered [27, 28, 29]. The latter
functional is considered efficient, been able to take into account electrons interaction,
thus providing a correct prediction of the electronic characteristics associated with
dissimilar semiconducting materials [30]. Importantly, the Grimme's general dispersion
correction termed DFT-D3 is utilized to consider van der Waals forces induced between

BP monolayers [31]. The initial BP structure for the DFT computation is shaped

—

according to the experimental lattice constants in ¢, b , and ¢ , which are respectively
given as 4.376 A, 3.314 A, and 10.478 A, and the associated unit cell volume is 151.77
A® [32]. In this context, the atomic structure of BP in the orthorhombic phase with space
group Cmca (No. 64) is described in Fig.IV. 1 (a). Atoms are adhered by strong
covalent bonds along the orbitals shaped by sp3 hybridization, creating an orthorhombic
lattice with puckered honeycomb structure. The kinetic energy cutoff was 500 eV for all
simulations. To attain the theoretical equilibrium crystal structure, the BP atomic
structure was fully optimized with less than 0.1 eV/A of force and 10—5 eV/atom of
energy difference. A k-point mesh of 12 x 12 x 12 for the band structure calculation is
adopted. Thereafter, the band structure, band gap value, dielectric response function and
the refractive indices are extracted. The complex refractive index N (@ )=n (@? )+ik (@)
of BP with and without strain effects is then estimated from the associated dielectric

function. To this extent, n(?) denotes the refraction index and k(%) represents the
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extinction coefficient. The latter parameters are calculated by using the following

equations [33]

ng ve(o) —alo)]
NG

©) [\/51 +&,(0) +¢(o )}1/2
e 2

where ¢, and ¢, are respectively the real and imaginary parts of the associated

(IV.1)

(IV.2)

dielectric function.
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Fig. IV.1. (a) Orthorhombic crystal structure of bulk BP material. (b) Cross-sectional view of the analyzed GNR IR
PT based on strained BP sensitive film.
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1V.2.2 FDTD-based optical modeling of BP thin-films

The estimated optical constants of BP thin-film with and without strain effects are
used to extract the absorbance (A), reflectance (R) and transmittance (T). For this
purpose, the ATLAS 2-D and Luminous modules available in SILVACO software are
used [34]. The latter utilizes 2-dimensional Finite-difference time-domain (2-D FDTD)
to model the photogeneration mechanism BP thin-film with and without strain effects.
The details of the adopted optical modeling approach can be found in [35,36].

Therefore, the optical parameters namely A and R are calculated as follows

jV;\Ey(ffwgog;(z)dV

AlA)= ; (IV.3)
S2Re{Ey(f)xH*(F)}dS
R (/1) _ Lom (Eci —-E, )Eli d4, B reflected power V)

J or (EnEu* )dAl ~ Incident power

where, A is the wavelength, g is the permittivity of the vacuum, &" denotes the
wavelength dependent complex dielectric function, which is taken from the obtained
first-principles computation (Section IV.2.1) associated with bulk BP and the material
under pressure. Further, E, is the electric field in the vertical direction, A refers to the
complex magnetic field conjugate, @ represents the angular frequency, E.is the
electric field intensity at the top surface of the material and E;; represents the electric

field pattern of the top port.
IV.2.3 Modeling of BP-based GNR IR PT

The device structure based on combining GNR FET with strained BP IR sensitive
thin-film is depicted in Fig.IV. 1 (b). The device is designed based on TFTs structure
with photogating effect, involving three electrodes: gate, source and drain. The channel
is suggested with 1.35nm width and 12 atoms armchair-edge mono-layer
graphene nanoribbon 2D-material, exhibiting 0.6 eV of band-gap [37]. A GNR channel
length (L) with tens of nanometers is assumed, underlining the presence of quantum
effects. Besides, SiO; oxide material with 7, thickness is introduced as dielectric gate.
The phototransistor operates by producing photogenerated carriers in the BP film during

IR light illumination. Particularly, the amount of drain current flowing over the GNR
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channel is controlled by the magnitude of the optically controlled voltage induced in the
BP sensitive layer with dgp of film thickness. To assess the device photoresponse
properties, the phototransistor is exposed to IR-light with an optical power P; at normal-
incidence with a wavelength range of 4 =[1.5 um—10um]. The details concerning the
numerical modeling of GNR transistor by solving the Schrédinger/Poisson equations
self-consistently based on non-equilibrium Green's function (VEGF) formalism can be
found in [37,38]. In this framework, the main modeling steps are provided below.

The GNR-FET device simulation is developed based on the quantum
transport numerical modeling using rigorous quantum mechanics NEGF method. The
latter is considered as a highly reputed powerful tool to model nanoscale graphene
based transistors with high accuracy [39,40]. Accordingly, Schrédinger equation is
solved via NEGF in mode space for which the ballistic transport is considered and the
charge density in GNR channel is estimated [39]. Thus, based on the Hamiltonian
matrix (H) of the GNR channel [37], the retarded Green's function can expressed as
follows [40].

G(E)=[EI-H-%,-%,]" (IV.5)

where E represents the energy, /is the identity matrix, X, and X, are the self-

energy matrices at the source and drain sides, respectively, [41,42].
The level broadening quantities I'S and I'D are estimated by means of the following

formula [[33], [34], [35], [36]].
I = z‘(Z s —Z*s) (IV.6-a)

I, = i(ZD —Z*o) (IV.6-b)

The local density of states resulted from the source and drain injection are

calculated by using the following equations

Dy(E)=G I G" (IV.7-a)

D,(E)=G T, G" (IV.7-b)
Based on the above-mentioned formulas, the charge density in any position of

the GNR channel can be calculated using the model presented in previous works [37].
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D, (E )f (sgn[E —E, ](E —Eps )) }

Ne:f:dE sgn[E—EN]X{+DD(E)f(sgn[E_EN](E—EFD))

(IV.8)

where Ey is the partial Fermi level in armchair GNR and f'is the Fermi function of
the Fermi level (EFS).
In order to calculate the on-site electrostatic potential Ui, Finite Difference

Method (FDM) is then used to solve 2D Poisson equation given by

ViU = _?qp (IV.9)

where U represents the electrostatic potential, € is SiO2 dielectric constant, q denotes
the electron charge and p is the net charge density distribution. To solve 2D Poisson
equation, Neumann boundary condition is applied at the source and drain extremities,
whereas at GNR/SiO2/BP contact, the Dirichlet boundary condition is exploited.
Importantly, exposing the device to IR-lights can induce electron-hole pairs within the
strained BP thin-film. The photo-excited carriers will be derived to the SiO2/BP
interface by the applied gate voltage (Vgs), which can in turn alter the electrostatic
behavior of the GNR channel. Therefore, the applied gate voltage is modified due to the
generation of the photogating effects, leading to induce an effective gate voltage that

can be expressed as follows

Vy =V +V,(P) (IV.10-2)
I,
V,=VIn 7 (IV.10-b)

where V,;, represents the optically induced voltage [7,38], V refers to the gate voltage

and P; is the incident IR light power, V, is the thermal voltage, Is refers to the saturation
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current and Iph is the photo-induced current density generated in the strained BP thin-

film, which can be calculated by
1, :q¢(1—R)eXp(—a dBP) (IV.11)
where R is the reflection coefficient, & represents the absorption coefficient of BP

material with and without strain effects, which is calculated using combined FDTD-

DFT calculations presented in sections (IV.2.1) and (V.2.2), ¢ is the incident photons

1.24eV.
number expressed by ¢ = %, with E; = M.

Therefore, the channel current is determined by means of the Landauer-Biittiker

formula [37].

1= [dETB|fE-E)- (E-E,,)] (IV.12-2)

T(E)=T (G T, G*) (IV.12-b)
where T(E) is the transmission coefficient.

IV.3 Results and discussion

To investigate the electronic properties of bulk BP with and without strain
effects, DFT calculations are performed based PBE-GGA and YS-PBEO functionals
with van der Waals (vdW) correction. In this context, the band structure is an important
electronic characteristic, which can give essential information concerning the
correlation between electron wave and energy vectors. This can offer the opportunity to
assess the ability of BP material with and without strain effects as a building block for
the design of novel optoelectronic devices. Fig.IV. 2 (a) and (b) shows respectively
the electronic band structures associated with the unstrained BP thin-film and strained
under pressure value of 1.2 GPa. Obviously, this figure shows that the conduction
band minimum (CBM) and valence band maximum (VBM) are located at the high
symmetry Z point for both material structures with and without pressure effects,

indicating the direct transition nature of the band-gap. This figure demonstrates that the
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introduction of strain effects can reduce the band-gap from 0.34 eV for the unstrained
structure to 0.15 eV for the BP material under pressure effects (P.=1.2 GPa). The
calculated band-gap energy value of BP thin-film using combined PBE-GGA and YS-
PBE, functionals with van der Waals (vdW) correction (DFTD-3) is found in close
agreement with the experimental results and other DFT studies employing various
computation methodologies [22, 23, 24]. This proves the accurateness of the adopted
computation methodology. The band-gap reduction under strain effects can be
explained by the gradual overlap of p, orbitals along the c¢ axis when the hydrostatic
pressure increases. It is worth mentioning that further increasing the hydrostatic
pressure (not shown) leads to achieve closed band-gap structure (E, =0 eV), where
CBM and VBM touch at the Z point of the first Brillouin zone. This indicates the
transition from semiconductor to semimetal phase when higher pressure is considered.
This phenomenon is consistent with that observed in the recent experimental
investigation reported in Ref. [25]. On the other hand, the total density of states (DOS)
of BP thin-film with and without strain effects is shown in Fig.IV. 2 (c). It can be seen
from the latter figure that both material structures show a semiconducting nature.
Moreover, the band gap is kept around the Fermi level for both strained and unstrained
BP thin-films. Besides, it can be noticed from this figure that BP thin-film is free from
extended states in the energy levels within the band gap, thus indicating the improved

crystalline structure even when hydrostatic pressure is introduced.
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Fig. IV.2. Electronic band structure of (a) unstrained BP and (b) strained BP thin-films computed using
combined PBE-GGA and YS-PBEo functionals with DFT-D3 van der Waals correction and a pressure
value of P, = 1.2 GPa. (¢) Density of states (DOS) of both BP materials with and without strain effects.
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As a matter of fact, the analysis of the interaction between light and the material
constitute an essential issue for the design of high-performance photodetection devices.
To evaluate the effect of the hydrostatic pressure on the optical properties of BP thin-
film, we analyze the key optical characteristics using PBE-GGA and YS-PBE,
approaches. Accordingly, Fig.IV. 3 (a) and (b) respectively illustrate the real (¢;) and
imaginary (&) parts of the dielectric function associated with BP thin-film with and
without pressure effects. Obviously, this figure shows that strain effects can cause
significant changes in the dielectric function of BP material. In this context, it can be
observed that the strained bulk BP shows higher values of & as compared to the
unstrained structure. Moreover, the maximum value of ¢, associated with strained BP
film is achieved for photon energy values around 4.3 eV, while the highest &, value is
reached at the specific photon energy of 4.9 eV. In addition, the static dielectric
constants at zero frequency limit for both BP thin-films with and without hydrostatic
pressure effects are respectively, 11.4 and 22.8. The latter values correlate well with the
obtained band-gap values, where it is well-known that materials with lower band gap
energy provide superior dielectric values. Furthermore, it can be observed
from Fig.IV. 3 that the values of the dielectric function real part associated with strained
and unstrained BP films are negative for photon energy values higher than 4.2 eV and 6
eV, respectively. This is mainly due to the metallic character of intervals of
the electromagnetic spectrum. After calculating the dielectric function of both bulk BP
structures with and without pressure effects, the associated absorbance spectra are
extracted using 2D-FDTD method and shown in Fig.IV. 4. It is clearly shown from this
figure that the strained BP film exhibits improved maximum absorbance (A = 60%) as
compared to that of unstrained bulk black phosphorus (A =38%). Moreover, by
introducing pressure effects, the IR absorbance can be extended to higher wavelength
values. This optical behavior is attributed to the band-gap decrease when the hydrostatic

pressure is introduced as it is highlighted in the performed DFT calculations.
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Fig. IV.3. (a) Real and (a) Imaginary parts of the dielectric function associated with BP with and without hydrostatic
pressure effects obtained using DFT calculations based on PBE-GGA and YS-PBEO functionals with DFT-D3 van

der Waals correction and P, = 1.2 GPa.
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Fig. IV.4. Absorbance spectra of bulk BP thin-film with and without strain effects.

The photoresponse properties of IR-OC-GFETs are reflected by its
photoconductive behavior. To elucidate and examine the influence of strain effects on
the device photoconductivity, Fig.IV. 5 (a) shows the drain current versus the
applied optical power at different wavelength values within the IR spectral range (A =
3.2 um and 8 pm) for both investigated devices based on unstrained and strained BP
material with Vg =0.1 V and V4,=0.2 V. It can be observed from this figure that by
increasing the IR optical power, the drain current increases for both devices. This is
mainly attributed to the so-called photogating effect, where an optical voltage is
generated across the BP thin sensitive film due to the photo-induced e/h pairs. The latter
can be increased when the magnitude of the optical power is increased, leading to
achieve the accumulation mode of the GNR-FET based transistor. This effect gives rise
to an important drain-to-source current. On the other hand, Fig.IV. 5 (a) shows that the
proposed IR-OC—GFET based on strained BP exhibits higher derived current capability
under IR light irradiation (12 pA). The latter value is more than three orders of
magnitude higher than that of the conventional GNR IR PT with unstrained BP under
similar applied voltage conditions. This enhancement can be explained by the
high absorption coefficient associated with strained BP material. Moreover, the
phototransistor based on BP film under pressure provides a suitable photoresponse at
extremely low optical powers. In other words, the proposed IR-OC—GFET requires less
power to achieve a favorable photocurrent, thus underlining considerable reduction of
the power consumption of the device. Fig.IV. 5 (b) illustrates the I4-Vys transfer

characteristics in darkness and upon light exposure at dissimilar optical power densities
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of the analyzed IR-OC—GFET based on strained BP photo-gate with A=3.2 um, L =
20nm, dgp =1 pm, Vg =0.1V, Vgs=0.1 V and P, = 1.2 GPa. This figure demonstrates
the appropriate optical modulation of the channel conductivity by increasing the IR
optical power intensity, where a high current under IR irradiation is reached. Basically,
unlike photodiodes which have a vertical structure, the transport in the investigated IR
GNR PT is carried out laterally, thus indicating the role of the channel carrier
mobility in determining the derived current capability. In our case, the channel is
suggested with GNR material, exhibiting very high carrier mobility. This can also
explain the high drain current when the phototransistor is switched on, thus proving the
merit of GNR as compared to the conventional materials. Furthermore, Fig.IV. 5 (b)
shows that the proposed device offers excellent switching characteristics. This benefit is
correlated with the enhanced optical control of GNR channel electrostatic behavior
when strained BP film with appropriate optical characteristics is considered. To
consolidate this explanation, Fig.IV. 6 (a) and (b) depict the local density of states in the
GNR channel under dark and light-exposure conditions of the proposed IR-OC-GFET
design based on strained BP sensitive film with A =3.2 um, L =20 nm, V4= 0.1 V and
P. = 1.2 GPa. Obviously, the band banding in the channel is modulated by illuminating
the device, allowing an easy flow of current in the GNR channel when an applied drain
voltage is considered. This phenomenon is explained by photogating effects, allowing
the optical generation of voltage over the strained BP gate. This optical voltage acts as a
gate bias and can modulate the channel electrostatic behavior by increasing the local

density of states in the GNR channel.
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Fig. IV.5. (a) I-P, characteristics of the proposed IR-OC—GFET based on BP sensitive gate with and without
pressure effects illuminated at 3.2 pym and 8 pm. (b) 1~V transfer characteristics of GNR IR PT based on strained
BP thin-film with various optical powers, dy, = 1 pm, t,, =4 nm, V,,=0.1 V, L =20 nm and P, = 1.2 GPa.
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Fig. IV.6. Local density of states in GNR channel of the GNR IR PT based on strained BP photo-gate (a) in
dark, (b) illuminated by IR-light at 8 um with P. = 1.2 GPa, t..= 4 nm, Vi, = 0.1 Vand Vi, = 0.2 V.

To assess the device photoresponse performances over the IR range, the
responsivity spectra of the investigated IR-OC—-GFET structures based BP sensitive
film with and without hydrostatic pressure are extracted and compared in Fig.IV. 7. It is
clearly shown from the latter figure that the proposed phototransistor design with
strained BP film exhibits superior responsivity values as compared to that of the device
with unstrained BP sensitive layer. In addition, IR-OC—GFET based on unstrained BP
film provides favorable responsivity over Mid-IR region; however, the device still
exhibits a narrow limit in IR spectral band as it is shown in Fig.IV. 7. On the other

hand, the proposed device opens up the route for achieving an extended optical sensing
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band, where a high responsivity value exceeding 30 A/W is achieved over a wide
spectral range of [A =2 um, A = 8.5 um]. This proves the effectiveness of using strained
BP sensitive layer for the design of broadband highly responsive IR phototransistors.
The device Figure of Merits (FoMs) parameters including Responsivity, Detectivity,
ION/IOFF ratio and sensitivity are computed for the investigated IR-OC—GFET designs
based on BP sensitive layer with and without strain effects. The phototransistor FoM
parameters are summarized in Table IV.1 and compared to recently developed
IR photosensors in the literatures [43, 44, 45, 46, 47, 48, 49, 50] in order to show the
strength of the proposed structure based on combined GNR channel and strained BP
photo-gate paradigm. It is demonstrated from this table that the proposed
phototransistor not only outperforms the conventional IR PTs in terms of device FoMs
but also paves the way to achieve highly responsive sensors over a large IR spectral
band. Considering these significant benefits, the proposed systematic investigation
framework based on the strategic combination between first-principles calculations,
FDTD optical modeling and NEGF formalism is believed to offer new insights for
designing alternative high-detectivity and low power consumption IR phototransistors

suitable for the emerging optoelectronic applications.
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Fig. IV.7. Responsivity spectra of the investigated GNR IR PT based on BP thin-film with and without strain effects.
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Table IV.1. FoMs comparison between the studied IR-OC-GFET designs based on

strained BP photosensitive gate and numerous reported IR photosensors structures based
on [II-V and II-VI compounds, Graphene, BP-based heterostructures.

IR SENSOR DESIGNS SENSING TIon/lorr RESPONSIVIT| DETECTIVI| SENSITIVI | REF.
WAVELENGT RATIO Y (A/W) TY (JONES) TY
H (uM) (DB)
INAS/INASSB 4.5 146 1.42 7x10" 1.4x10° | [215]
SUPERLATTICE
AL0.3GA0.7AS/GAAS 6.6 - 0.8 1.8x10" - [216]
HETEROINTERFACE
GRAPHENE/BLACK-ASP [6-12] - 5.8 7x10" - [217]
HETEROSTRUCTURE
GRAPHENE-BL,SE; 3.5 8.32 1.97 1.5x10" 483 [218]
HETEROSTRUCTURE
PHOTOCONDUCTOR [3.6-6] - 11.2 6x10" - [219]
BASED ON BP-ARSENIC
ALLOY
BP WITH 2.5 12 0.047 - 1.8x10° | [220]
INTERDIGITATED
ELECTRODES
BP/S10,/SI 2 - 8.5 1.7 x10° - [221]
HETEROSTRUCTURE PT
BP/MoOS, 3.6 53.5 0.9 1.2x10™ 1.3x10° | [222]
HETEROSTRUCTURE
PHOTODIODE
GNR IR PT wWITH 3.2 57.2 15.2 7.2x10" 7x10* OUR
UNSTRAINED BP FILM WORK
GNR IR PT WITH [2.2- 8] 77.8 31 1.47x10° | 7.8x10° | Our
STRAINED BP SENSITIVE WORK
FILM

Finally, it seems important to provide a concept fabrication step of the proposed

device. According to previously published works concerning the elaboration of GNR

FET transistors [223,224], the introduced GNR channel can be fabricated by using E-

beam lithography technique, where mechanically exfoliated graphene flakes from bulk

graphite crystallites can be transferred to a SiO-coated Silicon substrate. On the other

hand, the proposed sensitive gate based on BP thin-film can be deposited on the

oxide/GNR structure by using Bridgman-anvil type apparatus, where powdered red

phosphorus with a pressure of 9 GPa and a temperature of 673 K can be used to form

BP film [51]. Subsequently, pressure effects can be introduced to realize strained BP

thin-film with appropriate electronic and optical properties for IR sensing applications

[52, 53].
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IV.4 Conclusion

In this chapter, a systematic investigation framework based on the strategic
combination between DFT computations, FDTD optical modeling and NEGF formalism
is proposed to design new high-performance broadband Mid-IR-phototransistor based
on strained BP sensitive gate. The impact of pressure on the electronic and optical
characteristics of BP thin-film is investigated by carrying out an effective DFT
calculation. The latter involves PBE-GGA and YS-PBEO functional with DFTD3 van
der Waals correction. It is found that the pressure could induce significant changes
concerning the optical properties of bulk PB, where lower refractive index and band-gap
energy values are achieved for the strained structure. In addition, IR-OC—GFET based
on strained BP sensitive gate is modeled by self-consistently solving the
Schrodinger/Poisson equations based on NEGF approach. In this context, the proposed
device showcases outstanding Mid-IR photodetection properties over a broadened IR
spectral range, where it yields high responsivity of 31 A/W and superior ON-to-OFF
current ratio of 77 dB. Therefore, the presented systematic investigation suggests that
IR phototransistors can be significantly improved by coupling graphene channel with
strained BP sensitive film, opening up new perspectives for the design of alternative

broadband IR photosensors for optoelectronic applications.
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Conclusion and Outlooks

1. Conclusion

The various threads of this thesis are all focused on the design, modeling, and
optimization of new BP-based optoelectronic devices. Moreover, this thesis has
explored various aspects for enhancing BP-based phototransistors. This is motivated
primarily by the sense that enhancing the IR photoresponse, reducing the power
consumption and enlarging the spectral band of the IR sensor is highly valuable for
developing high-performance optoelectronic systems. This dissertation develops several
design methodologies and optimization frameworks to address the challenges associated
with the emerging IR sensors. The thesis is composed of four subsequent sections

First, we presented an summary of the state-of-the-art research in phosphorene
taking into account the crystal structure, physical and chemical properties, synthesis
methods, advances and several applications... Several of the outstanding properties,
advances and applications of phosphorene, are emphasized. This chapter also
summarized recent progress in phosphorene and its future directions. The peculiar
structure of BP and phosphorene sets its apart from graphene and other largely studied
2D semiconductors.

Thereafter, we described the Density Functional Theory (DFT) which is a powerful
method and often used quantum mechanical instrument for examining different features
of matter. Designing and evolving more effective density functionals is a constant
process since there are still problems to be solved, and it is a quantum fantasy to get all
the qualities right at an affordable computational cost.

Afterward, a novel broadband mid-IR IGZO TF PT based on both Black
Phosphorus capping layer incorporating intermediate gold ultrathin-film is proposed.
The optical and electronic properties of the Black Phosphorus are carried out using DFT
computations that include PBE-GGA and YS-PBEO functionals with DFT-D3 van der
Waals correction. The absorbance of the BP sensing layer including intermediate gold
ultra-thin film is performed using FDTD-based numerical modeling frameworks. To
boost up the absorbance performance of the BP/Au/BP sensing layer, we combined
FDTD modeling and PSO optimization technique which permits achieving near-perfect
broadband mid-IR absorbance behavior. It is found that the optimized BP/Au/BP

capping film can extend the device photoresponse within the mid-IR spectral range,
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offering a high current ratio, high responsivity and superior detectivity of over a wide
operating voltage window. Considering these significant performances, the proposed
approach is expected to provide a valuable guideline for the development of highly
sensitive broadband photosensors.

Finally, a systematic investigation framework based on the strategic combination
between DFT computations, FDTD optical modeling and NEGF formalism is proposed
to design new high-performance broadband Mid-IR-phototransistor based on strained
BP sensitive gate. The impact of pressure on the electronic and optical characteristics of
BP thin-film is investigated by carrying out an effective DFT calculation. The latter
involves PBE-GGA and YS-PBEO functional with DFTD3 van der Waals correction. It
is found that the pressure could induce significant changes concerning the optical
properties of bulk PB, where lower refractive index and band-gap energy values are
achieved for the strained structure. In addition, IR-OC—GFET based on strained BP
sensitive gate is modeled by self-consistently solving the Schrédinger/Poisson equations
based on NEGF approach. In this context, the proposed device showcases outstanding
Mid-IR photodetection properties over a broadened IR spectral range, where it yields
high responsivity and superior ON-to-OFF current ratio. Therefore, the presented
systematic investigation suggests that IR phototransistors can be significantly improved
by coupling graphene channel with strained BP sensitive film, opening up new
perspectives for the design of alternative broadband IR photosensors for optoelectronic
applications.

We believe that the dissertation represents a significant contribution to the field of
IR optoelectronic systems. In light of these noteworthy results, it is anticipated that the
suggested methodology will offer a useful framework for the advancement of extremely

sensitive broadband photosensors.

2. Outlooks

The versatility of the dissertation work can contribute considerably to basic
understanding of various novel IR sensors. The obtained results regarding the
development of alternative BP-based IR phototransistors could be useful for researchers
to develop new pathways for further enhancing the device performance. In this
framework, the development of more advanced IR-sensors seems to be interesting

which would take into account other aspects such as the time response, IR
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Conclusion and Outlooks

photoresponse, the manufacturing cost and further reduce concerning the power budget.
Thus, the present work can be extended by considering the following topics, which
highlight the possible future directions for further development of high-performance
optoelectronic devices.

First, the elaboration and characterization of the optimized IGZO TF PT based on
BP/Au/BP capping film. Moreover, the exploration of new possibilities to incorporate
plasmonic nanoparticles using various metals for further extending the IR spectral
photoresponse. Besides, exploring the possibility of using few layers of BP material as a
sensitive film seems interesting. This can potentially modulate the device detection
properties. Second, the use of DFT computation to explore new IR sensitive materials,
offering improved electronic, optical and electrical properties for broadband IR

detection applications.
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