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Abstract

This thesis work is dedicated to the study of the electronic and optical properties of exfoliated
black phosphorus and quantum dots synthesized from commercialized black phosphorus. For
that purpose, this work was divided into three main parts. The first one consists to investigate
the structural and optical properties of the commercialized black phosphorus used in our work.
The results obtained by electronic microscopy proved the high purity of the commercialized
Black phosphorus used. While the Electron Energy-loss Spectroscopy allowed a direct
measurement of the narrow bandgap ~0.3eV, as well as intraband electronic and excitonic
transitions.

After that first study, the focus was on the investigation of the effect of solvent properties in
the exfoliation/reaggregation of black phosphorus by molecular dynamics. This study showed
that for an efficient exfoliation/reaggregation planar molecules with a high interaction energy
with phosphorene are the most suitable for a smooth exfoliation as well as a better prevention
against reaggregation.

Finally, the quantum confinement effect in phosphorene and black phosphorus quantum dots
(BPQD) is extensively studied. Benzonitrile solvent is found to be the best candidate for
exfoliation of BP and for synthesis of BPQD, as well as preventing oxidation. Furthermore,
optical properties characterization showed a significant increase in the bandgap value of both
structures. Such an increase was supported by theoretical calculations using density functional
theory and a modified-effective mass approximation. Thus, revealing that the bandgap
variation exhibits a size dependence of (1/dn) rather than (1/d%), with n being confinement

dimensionality.

Keywords : Black phosphorus, Phosphorene, Quantum dots, Liquid Phase Exfoliation,

Quantum confinement, ab-initio calculations.



Résumé

Ce travail de these est dédie a I'étude des propriétés électroniques et optiques du phosphore
noir exfolié et des boites quantiques synthétiseés a partir du phosphore noir commercialisé. Pour
cela, ce travail a été divisé en trois parties. La premiere consiste a étudier les propriétés
structurales et optiques du phosphore noir commercialisé. Les résultats obtenus par
microscopie électronique montrent la pureté du phosphore noir commercialisé. Tandis que la
spectroscopie de perte d'énergie électronique a permis une mesure directe du gap ~ 0,3 eV,

ainsi que des transitions intrabande électroniques et excitoniques.

Aprés cette premiere étude, I'accent a été mis sur I'étude de I'effet des propriétés des solvants
dans I'exfoliation/réagrégation du phosphore noir par dynamique moléculaire. Cette étude a
montré que pour une exfoliation/réagrégation efficace, les molécules planes ayant une haute
énergie d'interaction avec le phosphorene sont les plus adaptées pour exfolier et protéger contre

la réagrégation.

Enfin, I'effet de confinement quantique dans les boites quantiques de phosphore et de
phosphore noir (BPQD) est étudié. Le Benzonitrile s'avere étre le meilleur solvant pour
I'exfoliation du BP et la synthese des BPQD, ainsi que pour la prévention de I'oxydation. De
plus, la caractérisation des propriétés optiques a montré une augmentation significative de la
valeur du gap des deux structures. Une étude par la théorie de la fonctionnelle de la densité et
une approximation de la masse effective modifiée a permis de révéler que variation de la bande
interdite présente une dépendance de taille de (1/d") plutdt que (1/d?), n étant la dimensionnalité

du confinement.

Mots-clés : Phosphore noir, Phosphorene, Boites quantiques, Exfoliation en phase liquide,
Confinement quantique, Calculs ab-initio.
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Résumé détaillé

Ce travail de these s’inscrit dans le cadre de I'Initiative R&D - Appel & projets autour des
phosphates APPHOS — financé par la fondation OCP dans le cadre du projet intitulé : Le

potentiel du phosphoréne pour le stockage et la conversion de I'énergie.

L'objectif de ce travail de theése est : d’étudier les propriétés structurales, électronique et optique
du phosphore noir sous forme massif et d’autre part, obtenir une bonne exfoliation et une bonne
stabilité en solution du phosphore noir exfolié (phosphorene) et des boites quantiques de
phosphore noir afin d’évaluer leurs propriétés €lectroniques et optiques. Dans ce but, nous
avons utilisé plusieurs méthodes expérimentales tels que la spectroscopie de perte d'énergie en
microscopie électronique a transmission, la spectroscopie UV-VIS, Raman et autres. En plus

de méthodes de calcul théorique comme la dynamique moléculaire et les calculs ab-initio.

Pour la premiére partie de notre travail de thése, une étude structurale, électronique et optique
détaillée de phosphore noir (BP) a été réalisée dans la région faible infrarouge en utilisant la
spectroscopie monochromatique de pertes d’énergie (EELS) couplé a un microscope
électronique en transmission (TEM). Les images par microscopie (TEM) ont montreé la bonne
cristallinité et la non-oxydation du phosphore noir. En utilisant le spectroscope de perte
d’¢énergie de ceeur, les pics caractéristiques P-Lo3 et P-L1 du phosphore noir ont été clairement
identifiées et attribuées a différentes transitions électroniques. Dans la zone EELS a faibles
pertes, le plasmon de volume a aussi été détecté avec une énergie concordant avec celle de nos
calculs théoriques. En plus de ces résultats et grace a la monochromation du faisceau d'électrons
et a I’aide d’un spectromeétre avec une résolution en énergie de 20 meV, nous avons pu obtenir
la valeur de la bande interdite du BP ayant une énergie de 0,33 + 0,02 ¢V et d’une transition
intrabande & 0,75 eV. En outre, deux autres excitations détectées se sont avérées étre de nature
excitoniques. Tous ces résultats démontrent I'utilité de la spectroscopie monochromatiques

EELS a mesurer les propriétés électroniques de semi-conducteurs a faible bande interdite.

Dans la seconde partie de notre travail, nous avons utilisé la dynamique moléculaire pour
élucider le r6le de nombreux paramétres qui contribuent au mécanisme
d'exfoliation/réagrégation du phosphore noir. Huit solvants ont été testés a cette fin. Un
paramétre de planarité a d'abord été désigné pour classer ces molécules. Notre modélisation du
processus d'exfoliation BP a montré qu'en termes de facilité d'exfoliation, les molécules

semblent nécessiter moins d'énergie que les non-planaires. De plus, nous avons remarque que



chaque phosphorene exfolié s'est avéré étre entouré d'une couche moléculaire dense, signe
d'une interaction significative entre la feuille de phosphorene et les molécules de solvant. En
calculant I'énergie d'interaction et la diffusion entre la surface de la couche de phosphorene
avec les molécules alentour, nous avons remarqué que les molécules planaires interagissent le
plus comparé a des molécules non-planaires. En effet, plus l'interaction du phosphorene avec
les molecules de surface etait forte, plus l'autodiffusion était élevée et plus le processus
d'exfoliation était facile. En ce qui concerne la réagrégation, le processus semble étre favorisé
par la formation d'une couche moléculaire confinée entre les feuillets de phosphorene en raison
de I'énergie de cohésion des molécules de solvant. En ce sens, les molécules non planes ne se
sont révélées défavorables ni pour une suspension stable de phosphorene ni pour un processus
d'exfoliation facile. Plus I'énergie d'interaction surface-molécules est faible, plus le processus
de réagrégation est prononce.

Pour la derniére partie de notre travail, nous avons démontré les performances du solvant
Benzonitrile (BN) pour synthétiser du phosphorene et des boites quantiques de phosphore noir
bien dispersés et bien protégés. A partir de la caractérisation vibrationnelle, nous avons constaté
que le solvant BN a tendance a protéger le phosphoréne et les boites quantique de I'oxydation,
car aucun pic d'oxygene autour n'a été détecté. La spectroscopie Raman a montré un
changement dans le mode des phonons B2g et A2g a la fois dans le phosphorene et pour les
boites quantiques. Ce décalage Raman confirme encore que des couches de phosphorene sont
bien dispersée dans la solution. A partir de la caractérisation optique, du phosphoréne et des
boites quantiques une bonne dispersion avec une grande cristallinité a été observé par la
microscopie en transmission et la diffraction électronique. La caractérisation optique par UV-
VIS a montré que la bande interdite expérimentale augmentait en fonction du confinement pour
le phosphoréne et pour les boites quantiques. En outre, des études théoriques approfondies, par
la DFT et I’approximation de la masse effective modifié ont été réalisé révélant que la variation

de la bande interdite présente une dépendance en fonction du régime de confinements.

Ces résultats obtenus démontrent le grand potentiel de nanomatériaux a base de phosphore noir
pour des applications optoélectroniques telles que les cellules solaires et les lasers grace a leur
structure atomique et leur flexibilité dans l'ingénierie de leurs propriétés optiques et

électroniques.
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The discovery of two-dimensional materials (2D) in materials science, has drew
worldwide attention and had a significant impact in a variety of sectors. In recent years, the
understanding of layered 2D materials has improved significantly. Many kinds of 2D materials
can be isolated from their bulk counterparts such as Graphene,! Stanene,?> Germanene,® MoS;*
and black phosphorus (BP).> While the chemical composition of these materials varies
depending on their atomic arrangement, they all have one thing in common: they are made up
of separate atomic-thick layers with weak van der Waals interlayer bonding. The study of this
family of materials is without doubt at the cutting edge of materials science, due to their unique
properties originated from quantum-confinement effects such as a tunable band gap, a high
Young's modulus, high strength, excellent carrier mobility, and high anisotropic properties
between their in-plane and out-of-plane structure.®"#%1° Owing to these outstanding
properties, 2D materials are nowadays promising candidates for a wide range of applications
in different fields including electronics, spintronics, energy conversion, optoelectronics,

medical, etc.11-12-13-14

BP is currently considered a pioneering material due to its broadband optical response,
from visible to mid-infrared, due the tunability of its band-gap energy ranging from 0.3 eV for
bulk state, ~0.8 eV for triple layers, ~1.3 eV for bilayer and 1.7 eV for a monolayer.™ . Besides,
BP also exhibits a mobility as high as 10000 cm2V/-1s% 16 a large on/off ratio (10°%)!” and unique
linear and nonlinear optical features. The anisotropic optical response,® saturable absorption
effect,’® and Kerr effect?® are some examples of the optical properties of BP. The nonlinear
saturable absorption coefficients of BP are superior to those of other 2D known materials like
graphene, MoS; and WS,. All these features suggest that it could be employed for a large
plethora of optical applications such as solar cells,?* bioimaging,?? and cancer therapy.? In fact,
it was found that BP could allow photodetection over a broad spectral region, thanks to its
tunable bandgap making it suitable as a photoacoustic imaging agent for bioimaging.?? In
addition, exfoliated BP nanosheets were reported to be effective photosensitizers for the
generation of singlet oxygen that can be applied in photodynamic cancer therapy.?* BP has also
shown a superior performance for gas sensing, which can be applied to detect environmental
hazardous gases as the adsorption of gas molecules was found to be stronger than other 2D
materials, which leads to an enhancement of the electric properties of BP and subsequently

enabling the construction of highly sensitive gas sensors.

For all the above-mentioned applications, it is of central importance to provide BP with high

purity and quality. It is then very critical to control its fabrication at a laboratory scale and
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beyond. Early in 1914, BP was first discovered by accident in an attempt to convert white
phosphorus into red phosphorus (both are phosphorus allotropes).? It was produced by
applying high hydrostatic pressure to white phosphorus. Under kerosene, white phosphorus
was inserted in a high-pressure cylinder. At room temperature, a high pressure of up to 0.6 GPa
was applied. After that, the cylinder was heated to 200°C and the pressure was increased to 1.2
GPa. Under these conditions, the shift from white phosphorus to BP took between 5-30
minutes. After cooling the cylinder and releasing the pressure, a little amount of BP was
discovered. Subsequently, many methods to synthesize BP followed. Among these methods,
RP was heated at 1000°C followed by slow cooling rate at 100°C per hour under a constant
pressure of 10 kbar, giving yield to high purity BP crystals.?® A few attempts were also made
to create BP single crystals with 5 mm in length and 10—100 pum in thickness using different
processes such as mercury catalysis or recrystallization of liquid Bismuth.2-?® However, those
procedures are quite harmful to nature and experimentally time consuming. The Chemical
Vapor Transport (CVT) approach has been identified as a possible method for manufacturing
BP crystals.?3° A short way transport reaction from red phosphorus with Sn/Snls as a
mineralization additive and Au as a catalyst can be used to grow BP. Along with BP crystals,
byproducts such as AuzSnP7, AuSn, AuzPs, and others are formed in this CVT process. By
using excess Sn and as a mineral additive, Kopf et al. attempted to optimize the reaction
conditions in such a way that the main product and unwanted phases are well separated from
each other, allowing for a more efficient and quick synthesis of BP.3! It is worth to mention
that Tiouitchi et al. has successfully synthesized high-quality and impurity-free BP by CVT by
using a cheap, abundant and non-toxic catalyst Cu (Copper).®2

As already said, BP is basically made of ordered and packed phosphorus atomic sheets.
When separated, these sheets are individually called Phosphorene layers. Producing these 2D
layered nanomaterials can be performed in a variety of ways. These techniques can be divided
into two categories: top-down and bottom-up approaches. Self-assembly or, more typically,
chemical vapor deposition (CVD) are examples of bottom-up techniques, while, mechanical
cleavage to liquid-based approaches are all examples of top-down techniques. Mechanical
cleavage is considered amongst the earliest methods to produces layered materials, while this
approach yields high-quality monolayers, it takes a long time and has a low throughput. In
contrast, Li-ion intercalations, which involves inserting Li ions into bulk crystals to split the
layers and produce individual layers in solution, is one example of a liquid-based approach.

Although this approach creates a significant number of monolayers, the nanosheets produced

20



contain a lot of defects. On the other hand, Liquid Phase Exfoliation (LPE) is a straightforward
process based on solubility characteristics; allow for the production of nanosheets in organic
solvents. Coleman et al. invented this process, which is utilized to make defect-free mono- and
few-layered nanosheets in solution.3* For LPE, BP is immersed in a suitable solvent; the latter
is chosen to match the nanomaterial’s surface energy. To counteract the van der Waals cohesive
force between the stacked sheets, an energy is given to the system in the form of sonication
between the layers of the bulk BP. Despite the fact that diverse variety of exfoliation media
were used, there is still a significant lack of understanding about how to design the optimal

solvent for an efficient exfoliation and stabilization of a given 2D nanomaterial.

Most recently, BP quantum dots (BPQDs), the new derivative of BP nanomaterials,
have gotten a lot of attention since their first preparation by solution-based method in 2015.%
Owing to the quantum confinement and edge effect, these zero-dimensional materials have
shown unique electronic and optical features as compared to standard 2D-BP nanosheets.®
However, preparation approaches suffer from long processing times and yields some structural
defects in the product, impeding their development and applications. Exfoliation in liquid
media was extensively used to produce BPQDs.*>%:37 First synthesized BPQD were obtained
by using both a bath and a probe sonicator, to provide additional energy to the exfoliated sheets;
thus, breaking them from the edges allowing formation of small size BPQD.*® Unusual
methods based on solvents were also used to obtain BPQD such as mixing with a kitchen
blender giving QD of consistent sizes of about ~5 nm.3?® Solvothermal assisted LPE was also
used, which consists of providing an additional energy to the exfoliated sheets after ultrasound
to exfoliated the thin sheets from the edges.”® These formed BPQDs were found to have
exceptional properties such as a high memory performance,** a high UV/VIS absorption
spectroscopy,*? interesting photothermal conversion and nonlinear optical properties.®” They
also have a high extinction coefficient of 14.8 Lg~tcm™ at 808 nm, a high conversion efficiency
of 28.4% and good photostability in the near-infrared.>” Due to their properties, BPQD were
used and suggested for a broad range of applications, especially, nonlinear optical absorbers,

sensors, cancer therapy, optoelectronic devices and others. 34445

Hence, by deeply understanding the exfoliation process of BP, a solution to produce exfoliated
BP and BPQD in a large-scale could be conceived, thus, leading to a better investigation and
understanding of their electronic and optical properties for potential applications. This is
exactly the purpose of the present thesis which is part of a project funded by OCP Foundation,
ID: MAT-MOU 01/2017.
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Our motivation was to combine theoretical and experimental methods to investigate the optical
and electronic properties of BP and BP nanomaterials (nanosheets and quantum dots) for
electronic and optical applications. However, due to the reduced size of the material under
study, nano-sheets and quantum dots, the need for adequate characterization tools is of
fundamental importance. In the present thesis, BP properties were deeply investigated by
transmission electron microscopy (TEM), a technique that allows a fast and direct probing of
the material's properties (structural, electronic, optical and chemical) at a nanometer scale,
especially when coupled to electron energy loss spectroscopy (EELS) and
cathodoluminescence. A reason why TEM-EELS was extensively used to reveal the intrinsic
properties of BP, particularly the electronic properties since bulk-BP exhibits a narrow bandgap
and excitonic transitions in the near infrared region. Highly resolved EELS was then needed
and the results of which were permanently confronted to those of ab-initio calculations. So, the

outline of the present thesis is as follows:

In Chapter I, a succinct overview of the state of the art of black phosphorus material's
synthesis, properties and applications was detailed, to emphasize the main goals of our

research.

In Chapter 11, theoretical and experimental methods were fully described, namely; the
Density of Functional Theory, Molecular dynamics, TEM, EELS, Raman, FTIR and UV/VIS
spectroscopy. Finally, the black phosphorus powder, solvents and exfoliation methods were

thoroughly described.

Chapter 111 is dedicated to an experimental study by electron energy loss spectroscopy
in a TEM was performed on black phosphorus flakes, and then confronted to ab-initio
calculation results to better describe and investigate their electronic and optical properties.
Contrary to other spectroscopic techniques, monochromated low-loss EELS allowed elucidate
the low bandgap of black phosphorus as well as excitonic features and intra-band transitions.
Additionally, DFT allowed assign each of these optical transitions. This study showed the
efficiency of a monochromated EELS coupled to a STEM to perform direct measurements on

materials with narrow band-gap such as black phosphorus.

In Chapter 1V, we focused on the theoretical study of the liquid phase exfoliation of
black phosphorus. This study, we performed a molecular dynamics simulation of the LPE of
BP in different solvents to survey each solvent molecule effect on the exfoliation and

reaggregation as well as to understand the mechanism of LPE. This study helped choose the
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most promising solvent for the exfoliation task, which is benzonitrile, to successfully prepare

quantum structures (phosphorene and BPQDs).

Finally, Chapter V describes the preparation of stable phosphorene suspensions and
synthesize black phosphorus quantum dots on the basis of the aforementioned results from
previous chapters. By using Benzonitrile solvent, which was found to be the best candidate for
liquid phase exfoliation from molecular dynamics, we managed to successfully synthesize our
2D and 0D BP nanomaterials. We then extensively studied the quantum confinement effect on
BP materials using theoretical and experimental approaches. Structural characterization via
high-resolution transmission electron microscopy imaging and electron diffraction patterns
allowed to investigate the structural characterization of our materials. While, Raman and
Fourier-transform infrared spectroscopy were used to observe the vibrational properties of BP,
phosphorene and BPQD. Furthermore, optical properties were investigated by UV-VIS
spectroscopy. All the experimental results were supported by theoretical calculations including
density functional theory and a modified-effective mass approximation, thus giving a
description of the bandgap and effective mass dependence as a function of the confinement

regime.
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Chapter 11.

Theoretical and experimental technigues
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I1.1. Theoretical methods

[1.1.1. Density functional Theory

Density functional theory (DFT) is a theoretical method extensively used in our thesis with
the main purpose of investigating structural, electronic and optical properties of black phosphorus,
exfoliated black phosphorus and quantum dots. The DFT method allowed us to understand the
physical properties of BP in details by comparing the results obtained in theory with those obtained
experimentally. However, to get results in accord with reality, several factors are to be considered,
such as the approximation used and the interactions taken into account. In the next section, a brief
description of the DFT method along with the approximations and approaches used in our

calculations are presented.

[1.1.1.1. Introduction

In 1924, Louis de Broglie*® hypothesized that for any particle of energy and given
momentum, it is possible to associate a wave frequency and a given wavelength, called a "wave
function™. This theory expresses the wave-particle duality of matter. Schrddinger then proposed a
time-dependent equation,*” with H the Hamiltonian operator, 1, (#t) the wave function
describing the system in a quantum state k at time t and at a point in space r. The temporal and

spatial evolution of this system is described by:
o . 0 S
Hyy (7, t) = th—1 (7, t) 1)

This equation is simplified, by considering the terms Ex which are the eigenvalues of A associated
with the eigenvectors ;.. These eigenvalues correspond to the energies of the different states, the

system’s equation becomes:

Hyy (7, ) = Ej (1) 2

The quantum study of the system aims to determine the wave functions by solving the equation.
However, the exact solution of this equation is impossible for systems with three particles and

more, which forces us to work with approximate solutions.

Density Functional Theory (DFT) is based on the description of the electron density (pr) which is
an observable (unlike the wave function). This theory, introduced in the 1960s by Kohn,
Hohenberg and Sham, is based on two theorems.*®
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- The first theorem states that the energy of a polyelectronic system is a unique functional of the
electron density in its ground state corresponding to a unique external potential Vex:.
p(@) = v @)
- The second theorem states that the total electronic energy E is a function of the electron density,
E = E[p(r)]. The ground state of the system p, is therefore characterized by a minimum
energy E[p,]. However, the exact expression of energy as a functional density is unknown, it

is therefore necessary to introduce approximations.

In 1965, Kohn and Sham*° proposed a framework based on an iterative procedure of self-consistent
type with the expression of the density established on monoelectronic wavefunctions ¢X°, called
Kohn-Sham orbitals. This approach describes a set of electrons without interactions but with an
electronic density similar to that of the studied system, which amounts to expressing the

eigenvalues equation as follows:
F¢i(r) =g (4)

With £/® monoelectronic operator of Kohn-Sham, & and ¢;, are the eigenvalues and

eigenfunctions, respectively.

As electrons are independent, their wavefunctions are orthogonal and the Hamiltonian is

symmetric. The total energy of the functional Kohn-Sham is given by:

Exslr] = [ VexeMp(r)dr + Tslpl + Exlp]l + Exclp] (5)

Where the first term corresponds to the potential energy between electrons and particles or external
fields, Tks[p] is the kinetic energy of N electrons without interaction and Ey[p] is the Hartree
energy. However, while this energy of Hartree must describe an electron-electron interaction, it
only takes into account the repulsion between two electrons. For a better description of this

interaction complex, the exchange-correlation term Ey.[p] is added.

If all the Kohn-Sham terms of functional are exactly known, however, this is not the case with the
exchange and correlation part. To get close to the exact energy of exchange and correlation, many
approximations were used. The quality of description of the electronic structure depends on the
choice of its approximation and its ability to describe a real system. The most common
approximations are the local density approximation (LDA) and the gradient approximation

generalized (GGA) as well as Hybrid functional approximation.
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11.1.1.2. Local density approximation

This approximation consists in considering the density as locally uniform. The exchange
correlation energy V,.£P4[p(r)] for each r position is assumed to be the same as for a uniform
electron gas having the same density. The exchange correlation energy is a function of €™ [p(r)],
which is the exchange-correlation energy per homogeneous gas particle electron density p(r).>°
This energy can be split into the sum of two contributions: The exchange energy ™ and the

correlation energy €™, such that:

Ve lp(m] = [ p(mexe™p(Mdr] = [(ex°"[p()] + e [p(M])dr  (6)

If the exchange part is known for a uniform gas, this is not the case for the correlation which is

parameterized from numerical solutions from databases data.

Generally, the LDA approach is suitable for electronic systems having relatively homogeneous
densities. This concept allows to achieve relatively good results by compensating for errors.
Indeed, this method tends to underestimate the exchange energy while it overestimates the
correlation energy, which makes it possible to achieve a fairly good value for the energy of

exchange and correlation.

11.1.1.3. Generalized gradient approximation
One way to improve the description of the inhomogeneous local electronic density, is to

take into account the gradient of the electron density Vp(r):

Vel lpm1 = [ flp(), Vp(m)ldr (7)

Unlike the LDA, the GGA®! is no longer just a local function of density but also depends on the
amplitude of its gradient. It's important to note that GGA methods are not non-local methods.
Moreover, there are several empirically parameterized versions of GGA, more or less well suited
depending on the systems studied, and the choice of method and parameters are made according
to the agreement with experience. Anyway, these methods offer real advantages through the
precision they achieve, on quantities that the LDA tended to describe less precisely. The GGA
leads in particular to a significant increase in the mesh parameters of certain materials containing
heavy elements (transition metals). In fact, in our results we found a clear underestimation of the
results obtained by the use of LDA and GGA approximation such as the bandgap energy. As such,
to remedy to this discrepancy, another family of functionals had to be considered, which are the
hybrid functionals.
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11.1.1.4. Hybrid functionals

New generation of functionals appeared since the 90s, called hybrid functionals.>? Becke
suggested the combination of a part of the exchange energy of the Hartree Fock type and the density
functional. The complete description of the electronic exchange and correlation is obtained by
combining an exchange functional and a correlation functional.>® The use of HF exchange part
associated with GGA functionalities provides results comparable to those of the generalized
gradient approximation. The conversion of a reference system "without interaction™ into an
interacting system is the origin of the adiabatic term connection. We can show that the exchange
correlation energy can be determined as:

Exe = [ (WD) Ve [Y(D)) dA ®)

Where A describes the extent of the electronic interaction, which is the strength of the electronic
coupling that varies between two borderline cases. When A = 0, the equation corresponds to the
value of the HF exchange energy of the system without any interaction between the electrons, but
calculated with the Kohn-Sham orbitals (this is often referred to as the "exact" exchange term). For
A =1, we have a real system in complete interaction. The entire exchange-correlation is described
by a DFT functional. Integration comes down to introducing part of the exact exchange into the
energy functional, in order to remedy to the defect of the GGA correction of the uniform gas model
electrons. The integration between the two boundary systems takes place at constant density and
electronic configuration, which is at the origin of the so-called hybrid functionals. Different kind
of hybrid functionals exist, from which we can cite B3LYP, BIPW91, PBE0, HSE06...%4-5%

In our thesis work we used the HSEO06. This functional allows to combine an exact exchange part

of Hartree Fock (a) and a well-defined exchange part (w), as shown by the following expression:

EJSE = abfFSR(w) + (1 — ) EFPESR (w) + ELPEMR (w) + EEBE (W) (9)
(¢ =0.25,w =0.2)

With « is the mixing parameter and w is an adjustable parameter controlling the short range of the

PBE,SR PBE,LR
and E.

interaction. E, are the short-range and long-range components of the PBE

exchange functional.
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11.1.1.5. Van der Waals interaction

Due to the 2-dimensional nature of BP which consists of layers separated by vdW
interactions, some long-distance interactions (d > 3 A) may be over or underestimated via the
previously cited approximations, as is the case for the weak van der Waals interactions (vdW), also

called dispersion forces. So, a term representing this Eg;, Scattering energy is added to the total

energy:
EDFT—disp = Exs_prr + Edisp (10)

Subsequently, Van der Waals functional (vdW-DF) was developed to include these interactions.>”-
5859 This van der Waals implementation is found to be successful for large systems calculations.
Currently, the vdW-DF implementation has negligible time difference with calculations using only
standard GGA calculations. In this thesis, the vdwW-optB88 method was used.®® This method
applies the optB88 exchange functional which was proven suitable to obtain accurate results such

as lattice parameters and energy of solids.

[1.1.2. Molecular Dynamics

The second computational method used in our thesis is Molecular Dynamics. The aim of
this method was to analyse the effect of different solvent molecules on the exfoliation and
reaggregation of BP. We used molecular dynamics as it is a simulation method dedicated to the
analysis of physical movement of atoms and molecules. These atoms and molecules are allowed
to interact with one another for a fixed period of time, hence allowing investigation of their
properties imparted by their interactions. One major point to be concerned about is the choice of a
suitable potential (Force Field) for the interactions in our system. In the following section, we will
describe the principle of molecular dynamics and the potential used to describe the system used in

this thesis.

11.1.2.1. Introduction

From the appearance of the first computers in the 1950s, molecular dynamics laid down its
first milestones. The first article reporting a simulation of molecular dynamics was written by Alder
and Wainwright in 1957.5! The aim of this article was to find the phase diagram of a system of
hard spheres, and in particular that of the phases of liquids and solids. The article by G. B. Gibson,

which appeared in 1960,%* is probably the first example of a molecular dynamics calculation with
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a continuous potential based on a finite difference time integration method. Annesur Rahman of
Argonne laboratory was one of the most famous pioneers in molecular dynamics. In his article in
1964,%2 he studied the properties of liquid argon using a Lennard-Jones potential on a system
containing 864 atoms. Loup Verlet found in 19675 the phase diagram of argon using the
Lennard-Jones potential and calculated correlation functions to test the theories of the liquid state.
The famous counting method known as Verlet's neighborhood list was introduced in his papers as
well as "Verlet's time integration algorithm". Phase transitions in the same system were

investigated by Hansen and Verlet a few years later.%®

In 1971, the molecular dynamics method never ceased to experience rapid developments,
both from the point of view of algorithmic developments and of applications to the most diverse
complex systems (molecular fluid, "giant" polyatomic systems, solids and interfaces ...). A wide
variety of molecular dynamics simulation studies have been carried out on water®-57-% and on

biological systems (charged proteins, membranes, etc.) in which ions appear.®°

11.1.2.2. Molecular Dynamics theory

Classical molecular dynamics corresponds to the integration of Newton’s equations of
motion to calculate the atomic positions from the forces acting on each atom. These forces are
defined by the force field; it is therefore crucial to have a force field adapted to the interactions
that exist in reality for the molecules under study.

azri _ av
at? - dar;

F,=mia; =my (11)

With F; is the force applied to atom i, m; is its mass, a; its acceleration, r; its vector position, t time
and V is the potential. We can therefore see how starting from a potential (Force field), we can
calculate the forces applied to an atom, therefore its acceleration a; and its position. The integration
step is the time interval used to digitally integrate these equations. In molecular dynamics, when
all atoms are represented explicitly, this integration step is equal to one tenth of the fastest
movement, to represent it correctly. The vibration of a carbon-hydrogen bond is the fastest
movement, and corresponds to approximately 10 fs (10.107%° s). The chosen integration step is

therefore 1 fs. A variant of Verlet's algorithm is used to update the positions as a function of time.®3

In any simulation, it is necessary to define a simulation cell which represents a portion of the
system in the study. Given the small number of simulated molecules, this cell is quite small: of the

order from 1 to 10 nm®. The surfaces therefore represent a significant percentage of the system.
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While in laboratory, surface effects are often negligible compared to the sample volume. To limit
these significant surface effects in simulation, periodic boundary conditions are used (Figure 1).
As soon as an atom leaves the simulation cell from one side, it goes back from the other way. The

surfaces are thus eliminated and the simulated system is pseudo-infinite.

__________________________________________

Figure 1. Periodic boundary conditions

11.1.2.3. Atomistic models

Atomistic methods use classical mechanics to describe matter at the level of the atom. Each
atom is represented by a rigid sphere having a mass and a charge. These spheres interact with each
other either through binding or non-binding terms. The function giving the energy of a molecule
(Eq. 12) is therefore written as a sum of these two terms. Binding terms include potential energy
terms describing the deformation chemical bonds (stretching, shearing, dihedral), while non-
binding interactions takes into consideration atoms that are separated by more than three bonds to

interact, to represent potential energy describing electrostatic interactions for example.

V= Vbonds + Vangles + Vdihedrals + Vnon—bonded interaction (12)

The different energy terms are schematized in figure 2 and described in the sub-sections

following.
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Figure 2. Interactions in molecular mechanics. (a) Vibration of the connections. (b) Change in angles. (c) Variation of dihedral
angles. (d) Non-covalent interactions between two diatomic molecules.

11.1.2.4. Force fields

All the equations used to describe the interactions between atoms, as well as the parameters
used in these equations form what is called a force field. The choice of forces fields in molecular
dynamics is a crucial step. Indeed, each force field is parameterized for specific classes of
molecules and validations of these potentials’ interactions are made by comparing different
properties measured experimentally or calculated theoretically. To choose a suitable force field
suited to the problem required, it is therefore necessary to learn about the type of molecules used
for parameterization as well as the properties used for validation. If these properties are determined
by molecular interactions playing an important role in the problem under study, then the field

corresponding forces can serve as a reasonable basis as an interaction potential for the simulations.

The OPLS-AA (Optimized Potential for Liquid Solutions - All Atom) force field” has been
developed using a set of pure organic liquids including for example alkanes, ketones, amides or
ethers. The parameters used are optimized to reproduce structural and thermodynamic data such
as liquid density and enthalpy of vaporization. These properties strongly depend on inter-molecular
interactions. Now it turns out that these interactions play a primary role in the behavior of
mesophases.”® In this phD thesis, the OPLS-AA force field is therefore used. The equations and

their parameters used in this force field are described below.

11.1.2.4.1. Bonds and angles
The bonds and angles between atoms are represented by a harmonic potential (Eq. 13). Such a

potential requires two parameters: a position of equilibrium or an angle of equilibrium (x,) and a
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force constant (k). The equilibrium value represents the minimum energy: any deviation from this
position of equilibrium results in an increase in potential energy. The force constant represents the
ease with which the bond or angle can be moved away from this position of balance.

Vbond/angle =k(x — xO)Z (13)

11.1.2.4.2. Dihedrals

A dihedral angle is an angle between two planes. In Figure 2, these are the planes formed by
the atoms 1-2-3 and 2-3-4. A variation of this angle is therefore equivalent to a rotation around the
bonds between atoms 2 and 3. Mathematically, such a rotation is represented by a sum of cosine
functions, as shown in Eq. 14, where ¢ is the dihedral angle and the coefficients k; are the

coefficients of torsion, revealing the relative importance of each cosine function.

Vainearar = k1[1 + cos(@)] + kz[1 — cos(2¢)] + k3[1 + cos(3¢)] (14)

11.1.2.4.3. Non-bonded interactions

The OPLS-AA force field has two types of non-bonded interactions: the van der Waals and
the Coulomb interaction.?® The van der Waals interaction allows interactions between all atoms,
whether they are charged or not, because it depends only on the distance between two atoms. It
represents a sum of the forces of Keesom, the forces of Debye and the forces of London. Its

expression is given by a Lennard-Jones potential (Eq. 15).

g

Voaw = 4€[(D*? = (D] (15)

The parameter ¢ determines the depth of the potential well and the parameter ¢ represents the

distance from which the potential changes from attractive to repulsive.
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Figure 3. Lennard-Jones potential and effect of € and o
Figure 3 is a representation graph of the Lennard-Jones potential and shows the influence of the

parameters € and . Unlike the van der Waals forces, the Coulomb interaction describes the forces

acting on charged species (atoms which carry a partial charge).

qi9j
Veoutomp = ke . (16)

where k. is the Coulomb's constant (ﬁ) , q; is the partial charge of atom i and ;; is the distance
0

which separates the two atoms i and j. Once the force field has been chosen, we determine the
approximations describing the interactions between atoms. From initial conditions (positions and
speeds of each atom), we can then generate the coordinates of the atoms as a function of time by
integrating the equations of Newton's motion: this is the principle of classical molecular dynamics.

Figure 4 below summarizes the molecular dynamics process.
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Figure 4. Schematic representation of a molecular dynamics program. p" (z) and 1" (z) represents the set of positions and moment
of particle of a system in time

[1.2. Characterization methods

[1.2.1. Transmission Electron Microscopy (TEM)

11.2.1.1. Introduction

Regarding the main experimental technique used in this work, we have devoted this part of
the chapter to describe the transmission electron microscopy technique and its main operating
modes. First of all, it should be mentioned that this technique coupled with other techniques such
as Energy-dispersive X-ray spectroscopy X (EDX) and electron energy loss spectroscopy (EELS)
was considerably used in our work as it provides a precise and local observation of the
crystallographic and chemical information in our samples on a nanometric or even atomic scale.
The following section describes the working principle of a transmission electron microscope and
the other techniques coupled to it, as well as the specificities of the microscopes used in our thesis

work.
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11.2.1.2. Working principle of the transmission electron microscope

Electron microscopy allows to obtain an image of the microstructure of materials with a
magnification and resolution much higher than the conventional optical microscope. Transmission
electron microscopy is one of two types of electronic microscopy and it is this technique that was
the mostly used in this thesis. This type of microscope generally uses an energy range varying from
100 to 400 keV. In order to accelerate the electrons to such a speed, a complex system is put in in
motion. Obviously, this technique is particularly expensive. These impressive costs are, however,
justified by the TEM's ability to provide a multitude of information about the study sample.

Prior to describing the electron path in a TEM, the occurring electron-matter interactions in the
microscope are described. In a transmission electron microscopy experiment, fast electrons,
typically of the order of 100 to 200 keV, or about half the speed of light, are sent on the sample of
interest. After interaction, the characteristics of the electrons will be modified, and a number of
particles and radiations will be produced. The signals thus obtained will provide access to
information on structural, electronic and optical properties, among others, of the material, and will
thus be used in TEM. The different interaction processes are summarized in the Figure 5 below.
The most useful particles are of course the electrons themselves. Thus, the majority (typically 80%)
of the electrons will not interact inelastically with the sample, and will either be directly
transmitted, either diffracted and / or elastically diffused. The contrasts obtained in conventional
imaging, high-resolution imaging, diffraction, all come from a different use of these electrons. The
remaining 20% energy is therefore lost through interaction with the sample by creating plasmons,
inter-band transitions and transitions from the valence to the conduction band. The study of this

lost energy is the basis of electronic energy loss spectroscopy (EELS), as will be further described.

The excitations described can be de-excited according to different modes, some of which are very
useful. This is the case with de-excitations from unoccupied levels to heart states, in the form of X
rays. The technique is used to perform quantitative chemical analyzes on nanoscale volumes, and
is known as the term Energy Dispersive X-Ray Spectroscopy. This is also the case for the de-
excitations of states of the conduction band to the valence band in the form of visible UV and
infrared photons. The associated technique, called cathodoluminescence, is also available in a
TEM. During de-excitation, secondary electrons can be emitted. In addition, incident electrons can
be backscattered. Although practically unused in TEM, these two types of electrons are the basis

of contrast formation of Scanning Electron Microscopy images.
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Figure 5. The different electron-matter interaction processes and their link with the different TEM techniques.

For the electron beam trajectory, Figure 6 illustrates the operation of a MET. An electron gun is
responsible of a beam generation. This beam then passes through a series of condenser lenses, the
role of which is to be able to adjust the size and angle of incidence of the beam. The latter then
reaches the sample. A first image is then produced by the objective lens. It should be noted that the
latter is the most important element, because its quality will depend on the resolution of the image.
In addition, the objective lens hardly enlarges (= x 10), this role being devolved to the projector
lenses. After passing through the objective lens, the intermediate lens will either form a second
image, if its object plane coincides with the image plane of the objective lens, either form an image
of the diffraction cliché, if its object plane coincides with the focal plane of the objective lens. We
thus see obvious advantages of transmission electron microscopy: by modifying the value of the
focal length of the intermediate lens (in practice, a simple button to press modifying the current in
the intermediate coils), we easily obtain the image or diffraction image of the same zone. Finally,
the projector lenses will enlarge the image or diffraction pattern and project it onto a detector,
which is a fluorescent screen, a photo plate or more commonly a scintillator coupled to a CCD

camera.
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Figure 6. A generalized cut-away diagram of the internal structure of a transmission electron microscope

[1.2.1.3. Observation modes of TEM
11.2.1.3.1. Imaging mode
a. Conventional imaging

The image is produced by selecting a wave through the aperture objective and orienting the
crystal so that there is only an intense diffracted wave in addition to the incident wave. The other
low intensity waves are neglected. If the transmitted wave is selected, (Figure 7a) the image formed
is said to be in a bright field where the dark parts correspond to areas of the sample that have
diffracted a significant part of the incident electrons. If the diffracted beam is selected (Figure 7b)
(the beam is moved to the zone axis by tilting the incident beam) we obtain a so-called dark field
image where only the regions of the sample having crystallographic planes in the diffraction
condition, are visible. The conventional imaging in a TEM was used to a great extent in observing

our BP sample as it allowed clear observation of the prepared samples.
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b. High-Resolution imaging

High resolution microscopy is a remarkable technique for 'seeing' directly atoms or groups
of atoms. It is based on the principle of interference between the transmitted beam and one or more
beams diffracted by the different reticular planes participating in the formation of the image (Figure
7¢). However, the microscope is not a perfect optical system and induces aberrations in the
formation of the image interference, in particular the spherical aberration Cs which is more
troublesome than the chromatic aberration Cc. In addition, a slight change in the focal length of
the lens shifts the object plane of this lens of a quantity Az called defocus at the exit face of the
object. The quality of the images can be improved by acting on this defocus. The best setting is the
one for which the transfer function of the microscope has the minimum of zeros with the first zero
as far as possible from the origin. This is a priori achievable for a so-called Scherzer sub-focusing

which is:
Azg, = —1.2 (1. C5)V/? (16)

However, with simple structures it is sometimes preferable to choose a suitable defocus which

visualizes the atomic columns in the form of white dots.

c. Diffraction mode
After interacting with the sample, the electrons in the primary beam are diffracted by the

atomic planes of the crystal according to Bragg's law:
2.d.sinf =n.A 17)

The diffracted rays parallel to each other exit the object at an angle 2.6g (6s: Bragg angle associated
with each of the reticular planes of the object) with respect to the optical axis and form a diffraction

pattern in the focal plane of the objective lens. Electronic diffraction operates in different modes.
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The most used mode in this work is the S.A.E.D (Selected Area Electronic Diffraction). This type
of diagram is obtained by introducing an area selection aperture in the plane of an intermediate
image (the foreground image of the objective lens) in order to select an area of the sample. The

essential relationship to the analysis of diffraction images is given by the formula:
dD=LA=K (18)

By measuring the distance D between the transmitted central spot and the diffracted spots and
knowing the constant K of the microscope for the length of camera L used, we can determine the
inter-reticular distances dnw Of the crystallographic structure of the sample. Electronic diffraction
on a TEM was also used in our work, to observe the crystallinity, orientation and also the thickness
(number of layers) of BP samples.

11.2.2. Energy-dispersive X-Ray Spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (also referred to as EDS, EDX, or EDXA) is an
effective technique for determining the elemental composition of a given sample. The ability of
high-energy electromagnetic radiation (X-rays) to eject 'heart' electrons (electrons in the inner
shell) from an atom is the main operating principle that enables EDX to work. This theory is known
as Moseley's Law, which establishes a direct relationship between the frequency of light emitted
and the atomic number of an atom. When these electrons are removed from the system, a hole is
left behind that a higher-energy electron will fill, thus releasing energy as it relaxes. Since the
energy emitted during this relaxation process is specific to each element on the periodic table,
bombarding a sample with electrons can be used to determine which elements are present and in
what proportions. An example of how EDX works is shown in figure 8 below. The letters K, L,
and M denote the n value of electrons in that shell (K electrons, nearest to the nucleus, have n=1
electrons), while a and S denote the transition size. The relaxation from M to L or L to K is thus
referred to as L or K, respectively. While the transition from M to K is referred to as a K transition.
In our work, the EDX spectroscopy was used for the detection of the oxidation of BP and the
exfoliated BP.
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Figure 8. Energy dispersive X-Ray Spectroscopy (EDX).

11.2.3. Electron Energy-Loss Spectroscopy (EELYS)

11.2.3.1. Experimental setup and theory

The EELS technique coupled to a monochromated scanning electron microscope is shown
to be a very suitable method for studying BP materials as it allows a fast and direct probe of our
material’s bandgap on an atomic scale. It not only allows the identification and quantification of
chemical elements presented in the sample but also to have information on the electronic structure,
chemical bonds and the local crystallographic environment of the interacting atom. It is based on
the principle of analyzing the energy losses of electrons diffused inelastically by the atoms in the
sample. The quantification of energy AE lost by the incident electron is equivalent to the energy
required for an electron extraction from a level N increased by its Kinetic energy, allows the
recognition of this level and therefore of the element. The fundamental principle of EELS
spectroscopy is that an electron beam transmits through a sample, losing energy by producing
excitations, and then the transmitted beam is dispersed by a magnetic prism to produce a spectrum
of the sample's energy loss events. Figure. 9 depicts a STEM schematic and the process that the
electron beam goes through before being collected in the EELS detector. The magnetic fields in
the various lenses and the aberration corrector after the gun only change the shape of the beam, but
not its energy. The spread of the energies of the electrons coming out of the gun limits the final

energy resolution of any EELS measurement.
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Figure 9. (a) Schematic of electron energy-loss spectroscopy (EELS) in a scanning transmission electron microscope (b)
Schematic of monochromation electron beam (occurring between the electron gun and the condenser lenses).”
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It is impossible to retrieve all of the electrons dispersed by the sample in EELS experiments. These
restrictions are primarily due to geometrical constraints. there are two important angles to consider

if one wants to understand which scattered electrons have been collected in the spectrometer.

e « is called the convergence semi-angle and is determined by the microscope’s settings,
especially the condenser lens and aperture. The o angles corresponding to the different
configuration of the TEM are be provided by the TEM manufacturer or measured using a
known diffraction pattern.

e The second important experimental parameter is the collection semi-angle g fixed by the

entrance diaphragm of the spectrometer (of diameter d) and the camera length L with a
geometric factor.

With:
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f= TR geometric factor

It is necessary to be sure that L is not too large in order to have g > 6, where 6, is a characteristic
angle of the studied threshold being worth: 8, = Epresnoia/2Eq- With Eo being the primary beam

energy.

o« Convergence semi-angle

Sample ——

S - Collection semi-angle 8

Spectrometer entrance aperture

Figure 10. Definition of « and g in a (S)TEM

11.2.3.2. EELS spectrum

An energy loss spectrum represents the variation in the intensity of the scattered electrons
as a function of the energy loss (Figure. 11). On this spectrum we can distinguish three different
regions which essentially reflect the response of the electrons of the solid to the perturbation

induced by the incident electrons:
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Figure 11. Example of an EELS spectrum

1. The region of zero losses or the Zero-Loss peak (ZLP): represented by a very intense peak
called elastic peak (Zero Loss) which contains all elastic and quasi-elastic events, i.e., this area
includes energy loss lower than the energy resolution of the microscope spectrometer such as
the excitation of phonons for example.

2. The region of low losses: it extends over a domain of about 50 eV from the elastic peak and
corresponds to the collective excitation of conduction and valence electrons, also known as
plasmons, and also contains inter- and intra-band transitions.

3. The region of high losses: It extends from 50 eV to several thousands of eV and corresponds
to the excitations of electrons from well-localized atomic orbitals towards Bloch states or

towards the continuum (ionization).

11.2.3.3. Main characteristics of the used microscopes

To carry out our study, three transmission electron microscopes were used as shown in
Figure 12. Two of these microscopes belongs to at the UATRS (Unité d’Appui Technique a la
Recherche Scientifiqgue) in CNRST (Centre Nationale pour la Recherche Scientifique et
Technique) — Rabat, Morocco. On one hand, the FEI-TECNAI G2 microscope was used for training
and for conventional imaging. On the other hand, the FEI Talos F200X S/TEM field emission
microscope was used for high-end imaging resolution, electronic diffraction, EDS analysis and

nano-analysis. The first microscope is said to be conventional with an LaB6 electron source,
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insofar its resolution is limited to 0.35 nm at 120 kV with the possibility of tilting the object on
two axes (very useful for crystallographic analyzes). The second microscope is a very high-
resolution analytical microscope as it is equipped with a Schottky-type field-emission cannon.
Compared to a classical LaB6 electron source type, the field emission gun guarantees a very high
brightness (104 times brighter), a high resolution (0.12 nm at 200 kV) with a very good coherence,
very low energy dispersion (0.4 to 1eV) and a cross-over diameter of 104 to 105 weaker (2 to 30
nm). The third microscope used in our study is a Nion Hermes-S200 (CHROMATEM). It belongs
to the Solid States Physics Laboratory-Université Paris-Saclay in Orsay, France. This high-end
microscope was mainly used for EELS measurements. The CHROMATEM machine is dedicated
to ultra-High-resolution spectroscopy. It features in particular HREELS (down to 5 meV @ 30
keV) with high current (typically 20 pA for 7 meV spectral resolution in a probe of 0.5 nm at 100
keV), the capability to perform cathodoluminescence and a stage entry allowing for liquid nitrogen
temperature and in-situ biasing and heating experiments. These characteristics give it remarkable

performances.

Figure 12 Transmission Electron Microscopes (a) Tecnai G2 Twin (UATRS-CNRST) (b) FEI Talos 200X S/TEM (UATRS-
CNRST) (c) Nion Hermes-S200 (LPS-CNRS) used in our work.

11.2.4. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared spectroscopy (FTIR) is an advanced method using infrared light
to obtain an infrared spectrum of absorption or emission of a solid, liquid or gas. Near infrared
light (13000-4000cm?), mid-infrared light (4000-400 cm™) and far-infrared light (4000-400 cm™)
are the three types of infrared light (400-10 cm™). Infrared light does not have enough energy to

cause electronic transitions in a material, but it can cause vibrational and rotational changes. A
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material's vibrational rotational motions can be classified as symmetric/asymmetric stretching,
scissoring (symmetric in-plane bending), rocking (asymmetric in-plane bending), wagging (out-
of-plane bending), and twisting (out of plane bending). The equation below can be used to express

the vibration frequency of a molecule excited by infrared light.

1 |k
_Znu

With V being the frequency in cm™, k represents the force constants in N.cm™, u is the reduced
mass of the molecule, respectively. An infrared spectrum is created by passing infrared light
through a sample and measuring the transmittance or absorbance at each frequency of light. FTIR
obtained peaks correspond to the vibrational frequencies of functional groups in the sample. The
vibrational properties of functional groups are one-of-a-kind. A schematic summarizing the

working principle of FTIR is shown in Fig. 13.
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Figure 13. Working principle of an FTIR spectroscope.

FTIR will be useful in analyzing the structure of black phosphorus and functional groups caused
by solvents contribution, the spectrometer used for black phosphorus’s sample characterization is

shown in the figure below.

46



Figure 14. PerkinElmer Spectrum version 10.4.3 spectrometer (UATRS-CNRST)

11.2.5. Raman Spectroscopy

Infrared absorption and Raman scattering are the two most common spectroscopies used to
study molecular vibrations. They're widely used to extract valuable information about a substance'’s
chemical structure by analyzing its spectral patterns. Raman and Krishnan were the first to observe
inelastic scattering experimentally in 1928. Raman scattering has been named after this

phenomenon, and Raman spectroscopy has been developed since then.

In Raman spectroscopy, a single frequency of radiation (typically 514 nm, 633 nm, or 785 nm) is
used, and the scattered radiation is detected. When vibrations cause changes in the polarizability
of the electron cloud around the molecule, intense Raman scattering occurs, and when vibrations
cause changes in the dipole moment of the molecule, intense infrared absorption occurs. As a
result, Raman and infrared spectroscopy are complementary and are often combined to provide a
better understanding of molecular structure. Hence its use to investigate Black phosphorus

materials vibrations.
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Figure 15. Working principle of Raman spectroscopy (b) DXR2 Smart Raman Spectrometer used for characterization (UATRS-
CNRST)

11.2.6. UltraViolet-Visible Spectroscopy (UV-VIS)

UV-Visible spectroscopy is a simple and fast method, which provides information on the
chemical nature, the physico-structural properties, and the optical characteristics of materials. It is
particularly well suited for the identification, study and of species in liquid solution and as solids.
Hence its use in tracking electronic properties in black phosphorus, exfoliated BP and BP quantum
dots.

The UV-Visible Spectroscopy principle is based on chemical compounds absorption of
ultraviolet or visible light, which results in the formation of different spectra. The interaction of
light and matter is the basis of spectroscopy. Excitation and de-excitation occur as matter absorbs
light, resulting in the formation of a spectrum. When matter absorbs ultraviolet light, the electrons
inside it become excited. This leads them to leap from a ground state (an energy state having a
little amount of energy connected with it) to an excited state (an energy state with a relatively large
amount of energy associated with it). It's worth noting that the difference between the energies of
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the electron’'s ground and excited states is always equal to the quantity of ultraviolet or visible

energy it absorbs.

As mentioned, when light of intensity lo passes through a solution, part of it is absorbed by the

solute. The intensity | of the transmitted light is therefore less than lo. We define the absorbance A

of the solution as: A = loglo(li)
0

The Absorbance A is a positive value, without a unit. Its value increases the lower the
intensity is transmitted. The Beer-Lambert relationship describes that, at a given wavelength 4, the
absorbance of a solution is proportional to the concentration of the species in the solution and to
the length of the optical path (distance over which light passes through the solution). Thus, for a

solution containing a single absorbent species: 4; = ¢;.c.1

A, is the absorbance of the solution for a wavelength A, &, (in mol™.L.cm™) is the molar
extinction coefficient of the absorbent species in a solution. ¢ (in mol. L) is the concentration of
the absorbent species and | (in cm) is the length of the optical path.

Optical path L

‘+—>

Incident light Emitted light

>

Intensity |,

>

Intensity |

Absorbing
solution

Figure 16. Schematic representation for the Beer-Lambert law

The figure below shows the instrumentation used for UV-VIS spectroscopy.
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Figure 17. UV-Vis LAMBDA 52 Perkin Elmer (UATRS-CNRST)

[1.3. Experimental procedure

For the realization of the suspensions there are three important parameters to control. The

first is the choice of the black phosphorus powder. A bad powder will create a bad sheet. The

second parameter is the choice of solvents, because they are the ones that will make it possible to

achieve a suspension. Finally, the last parameter is the energy input required to separate the sheets.

In order to experimentally prepare single BP sheets and BPQDs, Liquid Phase Exfoliation
(LPE) is very useful with the help a variety of organic solvents such as dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), N-cyclohexyl-2-pyrrolidone (CHP), Isopropanol alcohol
(IPA) and N-methyl pyrrolidone (NMP).”3/477® Dye to its easiness and controllable
production on a large scale, LPE and solvothermal-assisted LPE were respectively used to
prepare our phosphorene and BPQDs solutions. An initial BP solution was first prepared from
milled commercial BP powders (from Smart elements Co.) dispersed in one of the given
solvents used (from Honeywell, 99%, BN). The obtained dispersion was then subjected to
stirring until solution homogenization in a magnetic stirrer. Exfoliation of the initial BP
solution was afterwards obtained through bath ultrasonication in a Branson 8000 for about
1h30, before being subjected to centrifugation at 13000 rpm in a HERMLE Z32 for 15 min, in
order to only keep BP monolayers (phosphorene) in the upper part of the solution. These
sonication and centrifugation parameters were chosen based on trial test as will be shown

further.
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In the case of BPQDs, a solvothermal-assisted LPE method is needed to obtain poly-dispersed
QD suspensions.’""87® Preparation of the BPQDs solution was subjected to the same protocol
as for phosphorene, with the addition of a heat treatment at 150°C for 6 hours in an oven, after

ultrasonication and prior to centrifugation.

11.3.1. Black phosphorus powder

Black phosphorus powder (99.998% purity) was provided by Smart elements Company.
This commercialized black phosphorus was produced by gas phase transport in an argon filled
vacuum chamber. Prior to its use the black phosphorus was kept in a sealed and aluminum enrolled
flask under total vacuum, so that no oxidation would interfere. Figure 18 shows the black
phosphorus used in our research directly after opening the flask seal. We should also mention that
the time black phosphorus was used under ambient temperature was kept at a minimum, before

being added to the solvent in order to minimize the oxidation.

Ferrogasse4/| -
eMmail: info@sm
" —

Figure 18. Image of the commercialized Black Phosphorus powder used in our study
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11.3.2. Solvents

In the previous chapter we saw the specificities of the solvent’s requirements for exfoliation
of black phosphorus. The main condition being to have a solvent with a surface tension close to 21
mJ/m? (black phosphorus’s surface tension), In Table 1 below we summarized the values of the
solvents used in this thesis along with the images of the used solvents Figure 19 which were also
bought thanks to the APPHOS project from Honeywell and VWR.

Table 1. Solvent's used surface tensions and boiling temperature

Surface tension Boiling temperature
Solvents
(mJ/m?) (°C)
Benzonitrile (BN) 22.5 191
Dimethylformamide (DMF) 24.9 153
N-Vinylpyrrolidone (NVP) 19.8 148
N-Methyl-2-Pyrrolidone
23 202
(NMP)
1,3-Dimethyl-2-
o o 23 225
imidazolidinone (DMI)
Isopropyl Alcohol (IPA) 26.7 82.5
Dimethyl sulfoxide 26.4 189
N-Cyclohexyl-2-pyrrolidone
Y yeny 23.6 284
(CHP)

Table 1 shows the values of the surface tensions of the solvents as well as their boiling
temperatures. It is clear that from a logical point of view to exfoliate graphene under the best

conditions, all these solvents satisfy the surface tension being close to that of black phosphorus.
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Figure 19. All the solvents used in our study.

11.3.3. Sample preparation

11.3.3.1. Ultrasonication
In the previous chapter we saw that it was necessary to supply energy to the suspension to separate

the sheets.
There are several methods for this:
- Ultrasound (in a bath or with a tip) / Boiling

These are two techniques for obtaining black phosphorus sheets. The best known and most studied
is the ultrasound method. The advantage of ultrasound is that its power and frequency can influence
exfoliation. From the moment that there is an energy supply the majority of the sheets separate.
The downside is the size of the ultrasonic baths; they are small in size and therefore cannot process

a large amount of suspension. This problem could be solved by the use of ultrasonic tips. Still, in
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our thesis we used the baths sonication as shown in Figure 20. Boiling is one of the possible routes
for the production of phosphorene; it has a major advantage, because the exfoliation of the leaflets
is carried out gently and allows to obtain less defect. However, there are two problems: the use of
certain solvents, such as NMP, DMF or CHP, causes the boiling temperature to be higher which
adds an energy cost. In addition, this manufacturing method requires equipment and more
important manufacturing conditions than for ultrasound or mixer. Hence the use of ultrasound for
separating black phosphorus sheets.

Figure 20. Ultrasonication baths used in our thesis.

11.3.3.2. Centrifugation

The centrifugation separates constituents of different size and mass contained in a liquid, from
molecules to whole cells. All of the constituents in a sample are subjected to gravity, a force exerted
from top to bottom, and Archimedes' thrust, a force exerted from bottom to top. Apart from the
particular case in which these two forces are perfectly balanced, one could therefore expect that
over time all the constituents end up falling to the bottom of the container in which they are found
(sedimentation) or rise to the surface. By rotating the sample, a new force is produced, the
centrifugal force, which is an acceleration that exerts radially outward from the axis of rotation.
For a given constituent, by correctly choosing the speed of rotation, the acceleration obtained can
become preponderant in relation to molecular agitation, which leads to its sedimentation towards
the bottom.

The centrifugation was extensively used for all BP solutions preparation as it separates the thick
BP flakes from the thin ones. A high-speed centrifuge (13 000rpm) was employed as it allowed
better separation between the precipitate and the surnatant. The figure below shows the centrifuge
employed for that matter.
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Figure 21. High speed centrifuges used in our thesis.

11.3.3.3. Heat treatment

For BP-QD synthesis a heat treatment was applied on the obtained centrifuged solution after
surnatant recollection. The process of quantum dots synthesis by solvothermal method is as
follows. In fact, when the temperature of a mixture containing the solvent and black phosphorus is
elevated above the boiling point of the solvent under a solvothermal condition, black phosphorus
starts to be exfoliated from the edges of its exfoliated sheets by vapor pressure of the intercalated

solvent and is consequently converted to BP quantum dots.

Figure 22. Nabertherm oven used for heat-treatment.
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Chapter |11,
Optical properties of Black phosphorus
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[11.1. Introduction

Black phosphorus (BP), the most stable form among phosphorus allotropes, is an elemental
narrow-gap semiconductor with an anisotropic layered structure. Such a structural property has
created a great deal of research interest mainly focused on tuning the BP bandgap as a function of
sheets number (0.3 — 2eV),% on exploiting its high carrier mobility®!, and on exploring their
excitonic nature and anisotropic nonlinear optical properties.®?22 These investigations have given
rise to various applications based on BP, namely photo-detectors, gas sensors,® thermo-optical
modulators,®® ultrafast lasers®’ and solar cells.® Despite its various interesting properties and
applications, additional thorough research studies on BP electronic properties in the low infrared

region are still needed.

So far, experimental bandgap measurements of BP have been performed using techniques with a
limited spatial-resolution such as reflectance spectroscopy (0.35 eV),® angle-resolved
photoemission spectroscopy (=0.3 V), scanning tunneling spectroscopy (0.32 eV, 0.4 V)92
and infrared spectroscopy (0.3 eV).*® Therefore, these spectroscopic methods only allow indirect
probing and provide an averaged value of the bandgap over a macroscopic area. To provide
nanometric measurements, local low-loss electron energy-loss spectroscopy (EELS), in a
monochromated scanning transmission electron microscope, is proven to be a very suitable method
as it allows a fast and direct probe of the material's bandgap on a nanometer scale.®* Indeed, low-
loss EELS concerns low energy losses, where optical characteristics can be revealed and
explored.®>% For narrow bandgap materials, such as BP, the monochromation becomes an
important issue, as the background tail of the zero-loss peak (ZLP) in the low-loss spectrum can
extend in the visible range, which would lead to the concealment of the bandgap both in the visible
and infrared region.®” Monochromated low-loss EELS also improves many aspects of the spectrum
analysis, such as balancing the required total signal with the desired energy resolution, reducing

the background noise and increasing the excitation sensitivity.™

In the present chapter, monochromated low-loss EELS-STEM, confronted with ab-initio
calculations, is used to investigate the bandgap and excitons energies of black phosphorus flakes
in the near infrared region. A direct measurement of the BP narrow bandgap energy will be

performed along with excitonic transitions.
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[11.2. Black phosphorus

Phosphorus was discovered in 1669 by the alchemist Hennig Brand.*® It is part of the group
of pnictogens with 5 valence electrons and is classified as a nonmetal. Elemental phosphorus has
several allotropic forms including white phosphorus, red phosphorus and black phosphorus. White
(or yellow) phosphorus is formed from P4 molecules with a tetrahedral arrangement. Each atom of
the molecule is linked to the other three by simple P-P covalent bonds and the molecules are linked
together by van der Waals forces in three possible arrangements (, or). It is the least stable allotrope,
igniting at 30°C. Red phosphorus is an amorphous structure which is formed by heating white
phosphorus above 250°C. It is used in the match scraper. The red phosphorus in the scraper reacts
with the potassium chloride in the match head and ignites it. Black phosphorus is the most stable
allotrope showing no pyrophoric characteristics unlike white and red phosphorus. It was
discovered by Bridgman in 1914% by applying hydrostatic pressure of 1.2 GPa at 200 °C on white
or red phosphorus. In 1935, its lamellar structure of orthorhombic symmetry and its space group
Cmca were determined by the powder diffraction technique.’® The dimensions were refined in
1965 by powder diffraction to arrive at accepted public values.?! Its band structure, calculated in
1981 with the tight binding model, is that of a direct narrow gap semiconductor at 0.33 eV (3.5
um).%2 Recent advances have predicted blue phosphorus, which is an allotrope similar to black
phosphorus, but with a wider and indirect gap. Although blue phosphorus exhibits interesting
characteristics, it still remains at the theoretical stage with only growth by molecular beam epitaxy
(MBE) has been reported by Zhang et al.1%®

[11.2.1. Properties of Black phosphorus

[11.2.1.1. Structural properties

Bulk BP is made up of stacked hexagonal honeycombs, similar to graphite, and a single
layer of BP can also be created through mechanical exfoliation. The BP structure is orthorhombic
with space group Cmca under normal conditions. A phase transition was discovered under high
pressure, transforming from an orthorhombic to a rhombohedral structure at ~5 GPa, then to a
basic cubic structure at ~10 GPa.!% The atomic structure of BP is seen in Fig. 23 Because
phosphorus has only three valence electrons, each atom is connected to three neighboring atoms,
forming a honeycomb puckered network through sp® hybridization between phosphorus atoms. As
shown in Fig. 23, the monolayer or few-layer BP is dubbed phosphorene, similar to graphene.

Weak van der Waals forces hold the individual layers of phosphorus atoms together, and van der
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Waals interactions are strong in the crystallographic y direction.'® The single-layer is shown to be
made up of two atomic layers, with the bond distance between the nearest atoms d being 2.224 A
and the length of the link between the top and bottom atoms d being 2.244.?° The covalent bonds
produced from phosphorus 3p orbitals are attributed to the near values of d; and d2. Additionally,
computational research projected various additional phosphorene polymorphs with buckling
honeycomb structure or non-honeycomb structure, enriching the phosphorene family with varied
members.1%®197 In the BP structure, the x and y directions correspond to the armchair (AM) and
zigzag (ZZ) directions, respectively, and it should be observed that the in-plane anisotropy arising
from these two directions is quite distinctive. Other 2D materials, for example, do not have a large

degree of effective mass anisotropy.1%
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Figure 23. Atomic structure of multi-layer black phosphorus and (b) monolayer phosphorene.

[11.2.1.2. Optoelectronic properties

Bulk BP is a semiconductor with a direct band gap of 0.3 eV, as determined by first
principles calculations (GoWo)80 and angle-resolved photoemission spectroscopy (ARPES).09:93
The band gap gradually increases due to quantum confinement as the thickness decreases, reaching
2 eV for monolayer phosphorene, according to the formula A/N®"+B (N is the layer number),
which decays much slower than the conventional 1/N? scaling expected by the normal quantum
confinement effect. Unlike transition metal dichalcogenides (TMDCs), where the band topology
changes with thickness, all few-layer phosphorene samples are direct semiconductors with the

conduction band minimum at the T point.*° For its prospective photonics and optoelectronics
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applications, phosphorene's thickness independent band topology is critical. The gap value (0.3-2
eV) is typically smaller than that of TMDC compounds (1.1-2.5 eV), but larger than that of semi-
metallic graphene, allowing phosphorene to have a moderate on/off ratio (10%-10°) while
maintaining a sufficient carrier mobility (around 1000 cm?/V. S) suitable for many applications.*
Photoluminescence measurements carried out in the infrared made it possible to check the BP
optical band gap value.®® These measurements are based on the phenomenon of photoconductivity.
So, to participate in current generation, an electron requires an energy equal to that of the bond
with a hole plus that of the prohibited band optics. This distinction is important for materials with
a large binding energy (> 0.5 eV). In BP, it is less than 0.5 eV. It has little influence but allows to
explain the difference often observed between the electronic bandgap calculated and the observed
optical bandgap.

The layer-dependent direct band gap of black phosphorus is its most appealing attribute.
The band gap for BP monolayer is ~2.0 eV, ~1.3 eV for double layers, and ~0.8 eV for triple layers,
while the band gap for bulk BP is 0.3 eV. The unique band structure and puckered honeycomb
lattice of BP will result in thickness and polarization dependent linear optical responses. The linear
absorption and reflection spectra for few layers black phosphorus shows a dependent bandgap as
a function of the thickness as found by Qiao et al.}'! The cut-off light energy decreases as you
progress from monolayer to bulk, indicating that the bandgap is inversely proportional to the
thickness of black phosphorus. This tunable bandgap property in BP is a key element in fabricating
broadband optical systems ranging from ultraviolet to mid-infrared. Additionally, as discussed
above, BP exhibits an anisotropic structure, hence an anisotropy-dependent properties. In fact, it
was found that the absorption of BP from monolayer to bulk is strongly anisotropic.'? Absorption
in the armchair direction is stronger than in the zigzag direction. This anisotropic optical response

of BP might benefit polarization dependent applications.

[11.3. Experimental and theoretical details:

111.3.1. Experimental details:

[11.3.1.1. Preparation of TEM samples
BP powders were prepared from amorphous red phosphorus by chemical vapor transport
as previously reported.**®* The BP powder was then encapsulated and protected from air and from

light. Few milligrams were ground in a mortar and dispersed in ethanol for 1-hour sonication using

60



a 300 W bath sonicator. 10 pL of the BP dispersion was drop-cast onto a 300-mesh copper TEM
grid coated with holey carbon and put immediately in the TEM after ethanol evaporation.

[11.3.1.2. TEM setup for imaging and EELS

Bright-field TEM and high-resolution TEM were performed using a FEI Talos F200X S/TEM,
operated at 200 kV accelerating voltage and a point-to-point resolution of 1.2 A. Core-loss EELS
experiments were performed on a probe corrected JEOL ARM200F operated at 200 kV
accelerating voltage using a convergence semi-angle of 28 mrad and a collection semi-angle of
111 mrad. Low-loss EELS experiments, on the other hand, were carried out on a Nion Hermes
200-S aberration-corrected high energy-resolution monochromated EELS-STEM, operated at 100
kV accelerating voltage. Two different EELS settings were used. For plasmon analyses, spectra
were recorded using convergence and collection semi-angles of 25 mrad, and an energy resolution
as given by the FWHM of the zero-loss peak (ZLP) of about 240 meV. While for the bandgap
measurement, the convergence and the collection semi-angles were set at 10 mrad, and an energy-

resolution of about 20 meV.

111.3.1.3. Kramers-Kronig analysis

BP dielectric function was extracted from the low-loss spectrum using the Kramer-Kronig
analysis method implemented in digital micrograph (Gatan, inc., USA). To avoid errors during
transformation, all spectra were recorded up to 70 eV (where intensity is almost approaching zero).
Both the plural scattering and ZLP contributions were removed using the Fourier-Log method,
giving rise to an inelastic single scattered distribution (SSD). The single scattered intensity is

closely related to the energy-loss function Im[_l/s(E)] via the relation:*® S(E) =

BZ

Klm[%)] In[1 +e_2]’ where S(E) is the single scattering distribution, K is a proportionality
E

constant and B and Be are the effective collection and characteristic scattering angles respectively.

Hence, the energy-loss function can be extracted from the SSD. Since the dielectric function is

causal, the real part Re[l/a(E)] can be derived from the aforementioned Im[_l/s(E)] using the
Kramers-Kronig  transformation as shown in the equation: Re [1/5(E)] =1-

%Pfom Im[_l/s(E)] % , Where P indicates the Cauchy principal of the integral. Once
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Re [1/ a(E)] was retrieved, the real and imaginary parts of the dielectric function can be calculated

Re[l/s(E)]+i {Im[_l/s(E)}]

via: e(E) = &,(E) + i, (E) = 5 5.
' i {Re[ /() +H{m [V i)}

111.3.2. Computational details:

First-principles calculations were performed within the framework of density functional theory
(DFT), implemented in the full-potential Wien2k code.!'* The Perdew—Burke—Ernzerhof (PBE-
GGA) functional'® was applied to take into account electron—ion interactions, in addition to the
screened hybrid YS-PBEO functional,''® which is very similar to the hybrid functional Heyd-
Scuseria-Ernzerhof approach (HSE)! known to yield results in good agreement with experimental
gaps. The used hybrid functional includes a fraction of the screened short-range Hartree-Fock
exchange term, which takes into consideration electron-electron (e-e) interaction, resulting in an
accurate prediction of bandgaps in several semi-conductors. Effects of van der Waals (vdW)
interactions were taken into account in the form of optimized B88 correction (also known as
optB88-vdW).1!8 Prior to electronic properties calculations, the atomic positions and the lattice
parameters were fully optimized to obtain the relaxed configuration. Atomic relaxation was
performed with an energy convergence of 107° Ry and a force convergence of 10~* Ry per Bohr.
In order to achieve energy and charge convergence, the RMT*Kmax value was set to 7 (RMT refers
to the small atomic radius in the unit cell, while Kmax is the size of the largest vector in the plane-
wave expansion), which is more than enough to achieve convergence. The wave function was
iteratively updated until self-consistency was reached. A mesh of 12x12x12 K-points was applied,

and the tetrahedral method was used for Brillouin-zone integration.'*®

[11.4. Results and discussion:

[11.4.1. Structural properties of bulk black phosphorus:

To better elucidate the structural properties of bulk black phosphorus, transmission electron
microscopy, scanning electron microscopy and electronic diffraction were intensively used. As
could be seen from Fig. 24 and Fig. 25, all the TEM images show a layered structure, with weak
oxidation at the surface as could be seen from the EDX and STEM/Mapping image. The two peaks
ataround 0.15eV and 0.9eV are related to the carbon, which is coming from the carbon film TEM

grid.
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Figure 24. TEM images of bulk BP powder.
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Figure 25. HAADF and mapping images of a bulk black phosphorus fake along with its EDX.

Fig. 26a shows a typical TEM image of the BP powder, mainly constituted of multi-sheet flakes
of about 1.5 um in size. To elucidate the single-crystalline character of such BP flakes, a selected-
area electron diffraction (SAED) pattern is shown in Fig. 26b. The SAED reveals a pattern along

the [001] zone axis of the known BP orthorhombic crystalline structure (space group Cmca), where
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BP flakes are considered perpendicularly oriented with respect to such an axis. Indexing of the
SAED pattern showed indeed the presence of diffraction spots corresponding to the expected (200)
and (020) planes of the BP unit cell. High-resolution TEM imaging of our BP flakes is presented
in Fig. 1c. The as-measured fringe distances confirm the known BP lattice parameters a = 3.31 A
and b = 4.32 A. These measured in-plane parameters are in good agreement with previously

reported X-ray powder diffraction measurements of the BP orthorhombic structure, 120101

Figure 26. (a) Transmission electron microscopy (TEM) image of a black phosphorous flake. (b) SAED pattern from the flake of
Fig. 1(a) showing an orientation along the [001] direction and confirming its single-crystalline character. (c) HRTEM image of the
squared area.

111.4.2. Electronic and optical properties of bulk black phosphorus
111.4.2.1. Core-loss EELS of bulk BP

To describe the electronic structure of the above-characterized BP flakes, core-loss EELS was
first performed. Such an analysis has the advantage to provide an idea on the purity of our BP.
First, measurements recorded from a BP flake do not reveal any oxygen peak at 530 eV as could
be seen from the red spectrum in Fig. 27. A BP flake on a TEM grid was left under ambient air

and temperature to oxidize it to observe the oxygen peak contribution.
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Figure 27. Core-loss spectra of a non-oxidized and an oxidized BP.

Fig. 28 shows a core-loss EELS, which can be compared with the electronic local density of
states, as it represents the direct electronic transitions from core-levels to empty states above the
Fermi level.*?! Such a core-loss edge is characterized by a main sharp edge with two components
located at 130 and 131 eV, respectively, which are characteristic of the known P-L>3 lines. The
splitting of the pre-edge components corresponds to the intense spin-orbit pair arising from the
single particle transition P(2p) — le* of the P4 molecule, a result that is in agreement with reported

XANES measurements.1?

Comparison with DFT calculated density of states (DOS) of projected s- and d- orbitals shows

%2_,3s and 2p*2—3d electronic transitions,

that the observed L.z-lines are mainly due to 2p
respectively. Furthermore, the two additional contributions, showing up at 136.5 eV and 140.75
eV, are due to the excitation from 2p core levels to the admixture of 3s and 3d conduction states,'?3
while the broad peak at ~157 eV corresponds to transitions from 2p core levels to d-state levels.1?*
At 187 eV, the P-L: line is characteristic of 2s core level electronic transition to 3s and 3d

hybridized levels.!?1%
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Figure 28. Core-loss EELS compared to DOS as predicted by DFT. See text for a full description.

111.4.2.2. BP volume plasmon
In order to assess the optical bandgap of the BP flakes, monochromated low-loss EELS was

used. Spectral images were first acquired in STEM mode to extract EELS spectra.

Fig. 29a shows a High-Angle Annular Dark-Field (HAADF) image of a typical BP flake used for
low-loss EELS measurement. For the sake of comparison, three different locations (white squares
in Fig. 3a) having different apparent thicknesses were characterized. On one hand, the BP volume
plasmon energy is seen to occur at Ep, = 19.6 £ 0.1eV. Comparison with a DFT calculated loss
function (Fig. 29b) shows an E, = 19.60 eV, a value that is in very good agreement with the
experiment. Our calculated and experimental values are also in good agreement with reported
values.'?”128 On the other hand, the thickness effect can straightforwardly be observed from the
signal intensity in the non-deconvoluted low-loss EELS spectra (Fig. 29b), where no apparent
energy-shift in the recorded volume plasmon peaks is noted, which is a clear indication that we are

not dealing with a thickness dependence.
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111.4.2.3. Thickness assessment

To better elucidate such a point, the thickness of the three areas was estimated from the EELS
log-ratio method'?® via the following equation: t = )Lln(lf/lo), where t corresponds to the

thickness of the characterized area, A to the BP inelastic mean free path (IMFP), It to the total
intensity of the EELS spectrum and I to the intensity of the ZLP. The IMFP for BP was predicted

130-131 5 _ 106 F (Eo/Em)
In (2BE¢/Em)

(100 keV in our case), Em the mean energy loss in eV (Ep, ~ 7.6 Z°3%; Z : atomic number), B the

using the parameterized formula. , with Eo being the incident energy in keV

1+E(/1022

collection semi-angle in mrad, and F the relativistic factor (F = ————
(1+Eq/511)

). The thickness was

also estimated by the Kramers-Kronig method, which requires the refractive index of the BP for

normalization.13?

For the two methods used, we found very close values (+ 2 nm). From the above, the calculated
thicknesses corresponding to the three areas are ~30 nm, ~51 nm and ~90 nm, which are
respectively equivalent to ~55 ML, ~93 ML and ~150 ML (ML: BP monolayer). This high number
of MLs corresponds therefore to bulk BP, a reason why no size effect or energy-shift was noticed

in the volume plasmon energy.
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Figure 29. (a) HAADF image of a BP flake. The numbered squares indicate regions with different thickness (b) Low-Loss EEL
spectra from the BP flake with a strong plasmon peak at 19.60 eV, along with the calculated DFT energy-loss spectrum.

111.4.2.4 Low-loss EELS

a. Bandgap and excitons from EELS

Due to the narrow bandgap of BP, Eq = 0.35 eV,*** monochromated low-loss EELS analyses
in the low infrared (< 1eV) region were required as the background tail of the ZLP can extend in

the visible range, which would lead to concealment of the bandgap. Fig. 31a depicts raw low-loss
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EELS spectra showing a characteristic absorption peak due to the BP bandgap energy along with
the spectral image, from which low-loss spectra were extracted. Analyses were then performed on
areas 1 (thin) and 2 (thick). For a better assessment, zero-loss and plural scattering contributions
were removed using the Fourier-log method and a corresponding Lorentz fit (multiple peak fit)
was applied, giving rise to the deconvoluted low-loss EELS spectra shown in Fig. 30b. Close
inspection, within £0.02 eV errors, reveals two major electronic transitions, noted as Eo and Ex,
respectively at ~0.33 and 0.75 eV. Besides these transitions, additional features are also observed
at 0.42 eV and 0.55 eV, denoted as A and B, respectively.

d | Area 1 (thin)
— Area 2 (thick)
El
9
Fy
B ZLP
c
[
=
=
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Energy loss (eV)
b —Areal Fl
—Area 2 :
)

Intensity (a.u)

e - - - -

T T T T T

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

T

Energy loss (eV)

Figure 30. (a) BP bandgap absorption edges (marked by an arrow) clearly visible in the near infrared spectral region of the low-
loss spectra. (b) Bandgap edge after ZLP removal. Red and dark lines are smoothed curves. Green dashed lines are bandgap
sloops
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b. Bandgap and excitons from EELS

To assign these transitions, DFT band-structure calculations were performed using the
GGA+YS-PBEO hybrid functional,3* as presented in Fig. 31. It can clearly be observed from the
calculated band structure that BP has a direct bandgap along the high symmetry point Z. According
to our DFT calculation, Eo corresponds to the transition between the highest valence band Z5 (3py
orbital) and the lowest conduction band Z, (3s orbital) having an energy gap of about Eo = 0.33
eV, which is in very good agreement with our experiment and reported calculated bandgaps.*®
Such a finding clearly demonstrates the powerfulness of our local and direct measurement of a
narrow bandgap as that of a single BP flake. It is worth mentioning that both areas (thin and thick)
are giving rise to the same bandgap energy value, which is consistent with our above bulk-plasmon
energy statement. On the other hand, E1 seems to correspond to an intraband transition along the
highest valence band Z3 (3py orbital) and the lowest conduction band Z; (3s orbital) as indicated

in the calculated band-structure of Fig. 31.

1.5
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Figure 31. Calculated band structure of BP along high symmetry points indicating Eo and E; electronic transitions.

Regarding the low-energy mode (A) that resides slightly above the bandgap edge, we believe
it is excitonic in nature.’*® As a consequence, the as-extracted exciton binding energy (difference
between electronic and optical bandgap) results in an energy value of around 70 meV. This value

is consistent with the linear scaling law that predicts that the exciton binding energy is
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approximately a quarter of the quasi-particle bandgap.®*” Interestingly, the intensity of the energy-
loss peak increases when the thickness decreases in spite of the reduced amount of material. Such
a finding is indeed consistent with reported photoluminescence data that strongly argue in favor of
layer-dependent excitonic absorption,**® due to the enhanced screening effect in thick areas.*® In
addition, the second mode resonance (B) is very similar to that observed around 0.6 eV along the
I'x (armchair) direction, which gradually shifts to lower energy and loses strength when changing
the polarization direction from the I'x to the I'v (zigzag) direction.’®® Table 2 shows the bandgap

of black phosphorus as deduced from other experimental methods as well as ours.

Table 2. Comparison of measured bandgap energies of black phosphorus

Method used Bandgap (eV) Reference

Reflectance Spectroscopy 0.35 [89]

Angle resolved

photoemission Spectroscopy ~03 [90]
Scanning tunneling
Spectroscopy 0.32 [91] - [92]
Infrared Spectroscopy 0.3 [93]
Monochromated Low-loss 0.33 (+0.02) This work

EELS

111.4.3. Optical transitions

To investigate the optical transitions of our black phosphorus material, the dipole selection
rule was applied. The optical response of BP is essentially a single-particle property. This single-
particle (non-interacting) optical absorption spectrum is calculated in the dipole-transition

approximation as:'4°

1 oy =y 2
a(@) == [(vk|d|ck)[ 8w — i + )
UCE
Where d is the dipole operator, § is a function that sums the number of transitions with the required

energy ®. The dipole matrix in the above-mentioned equation may be written as (vk|d|ck) =

(vk|é.7|ck), where & is the direction of polarization of the incident light. This leads to the well-
known dipole selection rules, which state whether a transition is allowed or forbidden based on the

symmetry of the valence and conduction wave functions. The dipole selection rules have two parts;
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since the 7 operator has an odd parity; the matrix element will be zero unless the two wavefunctions
involved have opposite parity in the direction of e, and the same parity in the other direction.
Secondly, for the atomic orbitals, the angular momentum number | must differ by one +1. The
resulting allowed transitions between atomic orbitals for polarization along each direction is shown
in Table 3 below, with y being for light polarized along zigzag and x for light polarized along the
armchair direction of BP.

Table 3. Selection rules for optical transitions black phosphorus

S dax dzy dz dxz-y2 dxy
Px X X X y
Py y y y X
Pz X y

After assessing the selection rules for optical transitions, a full analysis of the Bandstructure and
density of states transitions was performed along the Z and /" points as shown in Fig. 32 and 33.
The band-structure was used to acknowledge all the transitions along theses points, while the
density of states was used to calculate the contribution percentage of each sub-orbitals responsible
for the transition. The reason for choosing only the Z and 7" points is due to the fact that the
transition energies found afterward from the EELS-KKA analysis were found to be related to these
two orientations.

The transition energy, along with the assigned point symmetry, orbitals and contribution
percentage are summarized in Table. 4.
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Figure 32. Optical transitions along the I k-point
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Table 4. All possible optical transitions along the Z and I points

DFT Assignatio
Transitio Assignation
energ n point Percentage
n number orbitals
y symmetry
46% s, 3.72% dz?, 15.98% dx?y?, 8.46% dxy, 4.74% dyz,
31 0.347 "> Iy 3py - 3s
20.76% dxz
48.91% s, 4.05% dz?, 10% dx?y?, 8.21% dxy, 6.09% dyz,
32 0738 | 2'>7r 3py > 3s
22.71% dxz
46% s, 3.72% dz?, 15.98% dx?y?, 8.46% dxy, 4.74% dyz,
25 1.877 25> I 3py - 3s
20.76% dxz
48.71%s, 4.16% dz?, 10.13% dx?y?, 8.36% dxy, 6.13%
37 2.109 Rt ->rs 3pz = 3s
dyz, 22.48% dxz
48.91% s, 4.05% dz?, 10% dx?y?, 8.21% dxy, 6.09% dyz,
26 2268 | 24> 7y 3py > 3s
22.71% dxz
36.52% s, 10.74% dz?, 9.26% dx?y?, 11.90% dxy, 13.93%
33 2.292 "> 73 3py - 3s
dyz, 17.63% dxz
43.05% s, 10.85 dz?, 11.76% dx?y?, 11.08% dxyz, 5.89%
38 2.471 Rt->ry 3pz = 3s
dyz, 17.35 dxz
46% s, 3.72% dz?, 15.98% dx?y?, 8.46% dxy, 4.74% dyz,
19 2528 | >z 3py > 3s
20.76% dxz
R 29.72% s, 18.93% dz?, 7.44% dx?y?, 9.8% dxy, 12.81%
34 2.87 "> 7y 3py - 3s+3dz
dyz, 21.27% dxz
48.91% s, 4.05% dz?, 10% dx?y?, 8.21% dxy, 6.09% dyz,
20 2.938 Lt > 7y 3py - 3s
22.71% dxz
s 43.86% s, 19.09% dz2, 7.63% dx?y?, 9.26% dxy, 7.60%
39 3.234 Mt —>rs 3pz - 3s +3dz
dyz, 12.54 dxz
48.71%s, 4.16% dz?, 10.13% dx?y?, 8.36% dxy, 6.13%
43 3.311 M* > Ty 3py - 3s
dyz, 22.48% dxz
48.71%s, 4.16% dz?, 10.13% dx?y?, 8.36% dxy, 6.13%
49 3.596 M*->rq 3px = 3s
dyz, 22.48% dxz
43.05% s, 10.85 dz?, 11.76% dx?y?, 11.08% dxyz, 5.89%
44 3673 | [>Ty 3py = 3s
dyz, 17.35 dxz
36.52% s, 10.74% dz?, 9.26% dx?y?, 11.90% dxy, 13.93%
27 3822 | 4> 7y 3py > 3s
dyz, 17.63% dxz
43.05% s, 10.85 dz?, 11.76% dx?y?, 11.08% dxyz, 5.89%
50 3.958 M*->ry 3px = 3s

dyz, 17.35 dxz
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28.22% s, 13.68% dz?, 9.40% dx?y?, 11.09% dxy, 14.81%

40 4.364 PPN 3pz - 3dxy
dyz, 22.77% dxz

. . R 29.72% s, 18.93% dz2, 7.44% dx?y?, 9.8% dxy, 12.81%
28 4.4 YIRS W4 3py = 3s+3dz dyz, 21.27% dxz
a5 4.443 S Spy > 35 + 3d72 43.86% s, 19.09% dz?, 7.63% dx?y?, 9.26% dxy, 7.60%

dyz, 12.54 dxz

. ) 36.52% s, 10.74% dz?, 9.26% dx?y?, 11.90% dxy, 13.93%
21 4.492 VAN V4 3py = 3s dyz, 17.63% dxz

) ) 46% s, 3.72% dz?, 15.98% dxy?, 8.46% dxy, 4.74% dyz,
13 4.5 2y > 4 3px > 3s 20.76% de
51 4728 . 3px > 3 + 3d22 43.86% s, 19.09% dz?, 7.63% dx?y?, 9.26% dxy, 7.60%

dyz, 12.54 dxz

) ) 48.71%s, 4.16% dz?, 10.13% dx?y?, 8.36% dxy, 6.13%
55 4.795 =>4 3px +3py =2 3s dyz, 22.48% dxz

) ) 48.91% s, 4.05% dz?, 10% dx?y?, 8.21% dxy, 6.09% dyz,
14 491 21> 1> 3px = 3s 22 71% dxz
- 507 25 7 3py > 35+3dz2 29.72% s, 18.93% dz?, 7.44% dx?y?, 9.8% dxy, 12.81%

dyz, 21.27% dxz

) ) 43.05% s, 10.85 dz?, 11.76% dx?y?, 11.08% dxyz, 5.89%
56 5.157 —>Tn 3px +3py - 3s dyz, 17.35 ez

o 48.71%s, 4.16% dz?, 10.13% dx2y?, 8.36% dxy, 6.13%
61 5.392 M —>Ta 3py = 3s dyz, 22.48% dxz

. . 28.22% s, 13.68% dz?, 9.40% dx?y?, 11.09% dxy, 14.81%
46 5.566 "> 3py - 3dxy dyz, 22.77% dxz

) ) 48.71%s, 4.16% dz?, 10.13% dx?y?, 8.36% dxy, 6.13%
67 5.689 A P 3px +3py =2 3s dyz, 22.48% dxz

) ) 46% s, 3.72% dz?, 15.98% dx?y?, 8.46% dxy, 4.74% dyz,
7 5.72 73> 74 3py > 3s 20.76% dr

. . 10.59% s, 15.46% dz?, 15.21% dx?y?, 21.4% dxy, 19.69%
35 5.73 2" > 13 3py - 3dxy dyz, 17.62% dxz

) ) 43.05% s, 10.85dz?, 11.76% dx?y?, 11.08% dxyz, 5.89%
62 5754 | >0 3py > 3s dy2, 17.35 62

. . 28.22% s, 13.68% dz?, 9.40% dx?y?, 11.09% dxy, 14.81%
52 5.851 M*->n 3px - 3dxy dyz, 22.77% dxz
- co27 | rrosrs 3px+3py >3s+ | 43.86%s, 19.09% dz2, 7.63% dx2y?, 9.26% dxy, 7.60%

. 3 3

3dz?

dyz, 12.54 dxz
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46% s, 3.72% dz?, 15.98% dx?y?, 8.46% dxy, 4.74% dyz,

1 5.962 28 > Iy 3px = 3s
20.76% dxz
43.05% s, 10.85 dz?, 11.76% dx?y?, 11.08% dxyz, 5.89%
68 6.051 Fa—>T2 3px +3py - 3s
dyz, 17.35 dxz
48.91% s, 4.05% dz?, 10% dx?y?, 8.21% dxy, 6.09% dyz,
8 613 | Z5r>Zr 3py > 3s
22.71% dxz
48.91% s, 4.05% dz?, 10% dx?y?, 8.21% dxy, 6.09% dyz,
2 6.372 2o > Iy 3px = 3s
22.71% dxz
36.52% s, 10.74% dz?, 9.26% dx?y?, 11.90% dxy, 13.93%
15 6.464 21 > 73 3px = 3s
dyz, 17.63% dxz
43.86% s, 19.09% dz2, 7.63% dx?y?, 9.26% dxy, 7.60%
63 6.524 M —>rs 3py > 3s + 3dz?
dyz, 12.54 dxz
3pz - 3dxy + 12.88% s, 15.49% dz2, 15.81% dx?y?, 19.48% dxy,
41 6.68 Mt —>rs*
3dyz 16.89% dyz, 19.41% dxz
3px+3py > 3s+ 43.86% s, 19.09% dz?, 7.63% dx?y?, 9.26% dxy, 7.60%
69 6.821 P Y
3dz? dyz, 12.54 dxz
9.14% s, 17.61% dz?, 22.11% dx?y?, 20.18% dxy, 18.29%
36 6.89 | Z'>7r* 3py = 3dx?y?
dyz, 12.65% dxz
29.72% s, 18.93% dz?, 7.44% dx?y?, 9.8% dxy, 12.81%
16 7.042 7> 7 3px - 3s+3dz?
dyz, 21.27% dxz
3px + 3py > 28.22% s, 13.68% dz?, 9.40% dx?y?, 11.09% dxy, 14.81%
58 7.05 M=’
3dxy dyz, 22.77% dxz
10.59% s, 15.46% dz?, 15.21% dx?y?, 21.4% dxy, 19.69%
29 726 | > 73" 3py > 3dxy
dyz, 17.62% dxz
28.22% s, 13.68% dz2, 9.40% dx?y?, 11.09% dxy, 14.81%
64 7647 | Tr>To 3py > 3dxy
dyz, 22.77% dxz
36.52% s, 10.74% dz?, 9.26% dx?y?, 11.90% dxy, 13.93%
9 7.684 23> 73 3py - 3s
dyz, 17.63% dxz
3pz > 3dxy + 9.50% s, 19.65% dz?, 21.39% dx?y?, 24.35% dxy, 15.15%
42 7.684 rt->rdt
3dx2y2 dyz, 9.94% dxz
3py > 3dxy + 12.88% s, 15.49% dz?, 15.81% dx?y?, 19.48% dxy,
47 7.882 M =>rs*
3dyz 16.89% dyz, 19.41% dxz
36.52% s, 10.74% dz?, 9.26% dx?y?, 11.90% dxy, 13.93%
3 7.926 2y > 73 3px = 3s
dyz, 17.63% dxz
10.59% s, 15.46% dz?, 15.21% dx?y?, 21.4% dxy, 19.69%
23 793 | 7*>7s* 3py - 3dxy

dyz, 17.62% dxz
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3px + 3py > 28.22% s, 13.68% dz?, 9.40% dx?y?, 11.09% dxy, 14.81%
70 7.944 ra >t
3dxy dyz, 22.77% dxz
3px = 3dxy + 12.88% s, 15.49% dz?, 15.81% dx?y?, 19.48% dxy,
53 8.167 M*=>rs*
3dyz 16.89% dyz, 19.41% dxz
29.72% s, 18.93% dz?, 7.44% dx?y?, 9.8% dxy, 12.81%
10 8.262 73> 75" 3py = 3s+3dz?
dyz, 21.27% dxz
9.14% s, 17.61% dz?, 22.11% dx?y?, 20.18% dxy, 18.29%
30 842 | >t 3py = 3dx?y?
dyz, 12.65% dxz
29.72% s, 18.93% dz?, 7.44% dx?y?, 9.8% dxy, 12.81%
4 8.504 25> 73t 3px > 3s+3dz?
dyz, 21.27% dxz
3py > 3dxy+ | 9.50%s, 19.65% dz2, 21.39% dx?y?, 24.35% dxy, 15.15%
48 8.798 M >t
3dx2y2 dyz, 9.94% dxz
3px = 3dxy + 9.50% s, 19.65% dz?, 21.39% dx?y?, 24.35% dxy, 15.15%
54 9.083 r*—>r*
3dx2y2 dyz, 9.94% dxz
9.14%s, 17.61% dz?, 22.11% dx?y?, 20.18% dxy, 18.29%
24 9.09 21t > 70t 3py - 3dx%y?
dyz, 12.65% dxz
3px +3py > 12.88% s, 15.49% dz?, 15.81% dx2y2, 19.48% dxy,
59 9.366 M= rs*
3dxy + 3dyz 16.89% dyz, 19.41% dxz
10.59% s, 15.46% dz?, 15.21% dx?y?, 21.4% dxy, 19.69%
17 9.902 27 > 725" 3px = 3dxy
dyz, 17.62% dxz
3py = 3dxy + 12.88% s, 15.49% dz?, 15.81% dx?y?, 19.48% dxy,
65 9.963 M- rs*
3dyz 16.89% dyz, 19.41% dxz
3px + 3py > 12.88% s, 15.49% dz?, 15.81% dx?y?, 19.48% dxy,
71 10.26 Fa—>rs*
3dxy + 3dyz 16.89% dyz, 19.41% dxz
10.28 3px +3py > 9.50% s, 19.65% dz?, 21.39% dx2y?, 24.35% dxy, 15.15%
60 M= r*
2 3dxy + 3dx2y2 dyz, 9.94% dxz
10.87 3py > 3dxy+ | 9.50%s, 19.65% dz?, 21.39% dx2y2, 24.35% dxy, 15.15%
66 M ->nt
9 3dx2y2 dyz, 9.94% dxz
11.06 9.14% s, 17.61% dz?, 22.11% dx?y?, 20.18% dxy, 18.29%
18 Zr > 71" 3px > 3dx%y?
2 dyz, 12.65% dxz
11.12 10.59% s, 15.46% dz?, 15.21% dx?y?, 21.4% dxy, 19.69%
11 73 > 725" 3py - 3dxy
2 dyz, 17.62% dxz
11.17 3px + 3py > 9.50% s, 19.65% dz?, 21.39% dx?y?, 24.35% dxy, 15.15%
72 M=
6 3dxy + 3dx2y2 dyz, 9.94% dxz
11.36 10.59% s, 15.46% dz?, 15.21% dx?y?, 21.4% dxy, 19.69%
5 2y > 75" 3px - 3dxy
4 dyz, 17.62% dxz
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12.28 9.14% s, 17.61% dz?, 22.11% dx?y?, 20.18% dxy, 18.29%
12 73> 71" 3py > 3dx%y?
2 dyz, 12.65% dxz
12.52 9.14% s, 17.61% dz2, 22.11% dx?y?, 20.18% dxy, 18.29%
6 2y > 71" 3px > 3dx%y?
4 dyz, 12.65% dxz

In addition to the bandgap edge, clearly visible at 0.322 eV, a series of additional absorption peaks,

or inter-band (1B) transitions, in the lower eV range of the loss function are also observed proving

that our measured EEL spectrum contains the complete characteristic of the complex dielectric

function €. To describe such a dielectric function, a Kramers—Kronig Analysis (KKA) was first

applied to extract the imaginary part (g2) which would better illustrate the 1B transitions. At this

stage, it is interesting to underline that our low-loss EELS spectra were recorded with the BP ¢-

axis oriented normal to the transferred momentum q (q L ¢ ), which means that our measurements

were not sensitive to contributions from the ¢ component. The as-extracted imaginary part (g2)

from KKA is presented in Fig. 34, and compared to the armchair (y) and zigzag (x) components of

the DFT calculated .

Armchair (y)

— £, KKA
—— 8, :a//xfzigzag

\‘ ........ &, a Iy — aémchair
! 14
|
|

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8

Energy (eV)

Figure 34. Imaginary part of the dielectric function €2 extracted from VEELS spectrum with the help of KK analysis, and compared

to x- and y-components of DFT calculated €2
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Strong similarities between experimental and calculated spectra are observed, especially

along the armchair direction (y) where almost all the features are identified. This suggests that our
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measured low-loss EELS spectrum was most probably recorded with g being close to the b-axis.

The dominant features, or critical points, found in our KKA-¢; spectrum (for g L ¢) are labeled

Figure 35. Density of states of black phosphorus and (c) its corresponding electronic band structure. The arrows in (a)
indicate the interband transitions assigned in the band structure at Z and I symmetry points.

from Eo to E14, and were assigned to specific IB transitions at high symmetry points in the Brillouin
zone (BZ) since the low-loss EEL region of the spectrum is described in terms of the energy-loss
function.'** To assign these critical points, DFT DOS and band structure were calculated and
respectively presented in Fig. 35. For the sake of clarity, only orbitals responsible for allowed IB
transitions were presented (optical selection rules were applied). From Fig. 35, it can be seen that
the valence bands are mainly comprised of 3pxand 3py sub-orbitals, while 3p, was removed as the
transferred momentum q is perpendicular to z. While the conduction bands are mainly comprised
of an admixture of 3s and 3d orbitals. In this figure case, only 3s and 3d- orbitals were presented,
where 3dy+y2 and 3dxy sub-orbitals were neglected due to their low contribution into the DOS, even

though they are allowed by optical selection rules. Again, 3dx, and 3dy; sub-orbitals were removed
asq.lc.

In Table 5 are summarized suggested IB transitions (point symmetry and orbitals) as
deduced from our KKA-g; and DFT calculations, where all transitions were assigned along Z and
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I" high-symmetry points, in agreement with previous reports. #2192t is worth mentioning that most
of the transitions are originating from 3py sub-orbitals, which is consistent with KKA-g; recorded
close to the armchair direction (y). From Fig. 35, we also notice that IB transitions below 4 eV in
energy are predominantly towards 3s conduction band states, while those having higher energies
are towards the admixture of 3d2+3s, with a high contribution to 3d-.. These transitions energies
are in good agreement with results obtained from Hard X-Ray Photoelectron Spectra
(HAXPES).1* Al these results clearly demonstrate the powerfulness of monochromated VEELS

in describing the dielectric function of narrow-bandgap semiconductors.

Table 5. Comparison of critical points energies as obtained from the imaginary part of the dielectric function with energies from
DFT calculations

ceLsenergy () | DFTenergy (eV) | | = BEREC R | e naton
Eo 0.32 0.35 2" > 74 3py — 3s
E1 0.74 0.74 Zy" > 7y 3py — 3s
E2 1.87 1.88 25— 74 3py — 3s
Es 2.25 2.29 Zy"— 73 3py — 3s
Es 2.84 2.87 7 — 75" 3py — 3s + 3d22
Es 3.08 2.94 21t 7y 3py — 3s
Es 3.32 3.31 st —>Tg 3py — 3s
E; 3.71 3.67 T 3py — 3s
Es 4.14 4.44 T4 — T3 3py — 3s + 3d22
Eg 4.49 VANESY /Y 3py — 3s

4,53

E1o 4.73 T —Ty 3px — 3s +3dZ
Ex 5.12 5.07 7t — 75" 3py — 3s + 3d22
Ex 6.23 6.13 75— 7 3py — 3s
Eis 6.62 6.52 I — Ty 3py — 3s + 3dz2
E1s 7.49 7.68 75— Zy 3py — 3s
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[11.5. Conclusion

In conclusion, a detailed structural and electronic study of BP flakes has been carried out
in the low infrared region using monochromated EELS. These BP flakes were perpendicular to the
analysis axis in core- and low-loss EELS modes. Using core-loss EELS, the characteristic P-L2;3
and P-L; lines of BP were clearly identified and respectively assigned to 2p%?—3s, 2p'?—3d and
2s—3(s+d) electronic transitions. In the low-loss EELS zone, the volume plasmon was detected at
an energy Ep=19.6 + 0.1 eV, while in the low infrared monochromated EELS was very crucial
allowing a fast and direct "lecture™ of electronic transitions close to the gap area. With the help of
DFT band structure calculations, two transitions were respectively assigned along the high
symmetry point Z, as the bandgap with an energy of 0.33 +£ 0.02 eV and an intraband transition at
0.75 eV. Two more excitations were found to be excitonic in nature as confirmed by the increase
of the energy-loss peak intensity with decreasing thickness due to the enhanced screening effect in
thick areas. A full description of the imaginary part (g2) of the dielectric function was achieved and
the dominant critical points assigned to specific IB transitions (3p—3s and 3p— 3dz) along Z and
I high-symmetry points of the Brillouin zone. We finally note that the optical quality of the studied
BP flakes may pave the way for optoelectronic and photonic applications. All these findings
demonstrate the usefulness of monochromated low-loss EELS in measuring electronic properties

of narrow-bandgap semiconductors.
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Chapter 1V.

Theoretical studies on Exfoliation and re-
aggregation mechanisms of black
phosphorus

83



IV.1. Introduction

Two-dimensional (2D) materials are consisting of monoatomic sheets with weak van der Waals
(vdW) interactions. Phosphorene, the two-dimensional variant of the layered black phosphorus

(BP) allotrope, is one of the last born in the family4414>-14¢ with promising applications in fields

146 147 148

such as electronics,**® optics,**’ catalysis*® and biosensors.}*® Taking advantage of its sheet-like
structure, exfoliation of BP is mainly inspired from methods used to exfoliate graphene from
graphite,’%1! such as micromechanical cleavage,146 plasma assisted thinning treatment>? and
Liquid Phase Exfoliation (LPE).1>*1%* Among these methods, LPE has shown promising results,
due to its ability to produce nanosheets in large quantities, its ease of use, as well as the efficiency
in preparing stable solutions of phosphorene suspensions, 2541

In fact, the efficiency of the LPE method is mainly dependent on the solvent physical properties.
Even after a successful exfoliation, re-aggregation events remain nevertheless a major obstacle for
preparing a limpid and stable suspension of single phosphorene sheets.'®® Many parameters are a
fortiori involved in the exfoliation/re-aggregation mechanism where the solvent intrinsic properties
play a crucial role during exfoliation and re-aggregation phenomena. Among these parameters, one
can cite the Hildebrand solubility parameter (related to the cohesive energy of the solvent), 157158159
in addition to the size/planarity®® and polarity*>*'®* of the solvent's molecule. On this basis, many
attempts were carried out to exfoliate BP into phosphorene monoatomic sheets using a variety of
solvents. For instance, exfoliation of BP in N-Cyclohexyl-2-pyrrolidone (CHP) resulted in BP
flakes of about 10 sheets in thickness.'®3162 Although less stable than that obtained from CHP, N-
methyl pyrrolidone (NMP) also provided a BP flakes solution with a thickness around 6 to 10 nm
(10 to 16 sheets).’ lIsopropanol (IPA), however, has shown a high efficiency during BP
exfoliation,®® but gave a non-stable suspension as compared to those obtained from CHP and
NMP. In the case of Dimethyl-based solvents (Dimethyl sulfoxide, DMSO, and Dimethyl
formamide, DMF), exfoliation always resulted in BP flakes with a slight advantage for DMF in
terms of flakes thickness (5 nm for DMF versus 15 nm for DMSO).>® So far, solvents giving the
highest suspension stability (several weeks) as compared to the above mentioned solvents are
Benzonitrile (BZ), 1,3-dimethyl-2-imidazolidinone (DMI) and 1-vinyl-2-pyrrolidinone (NVP).158
From the above, one can notice that a good solvent for BP exfoliation does not necessarily
guarantee the suspension stability. Many questions may then arise not only regarding the driving
force for a re-aggregation phenomenon, that directly affects the suspension stability, but also on
the parameters that truly controls the exfoliation process.

Selection of the adequate solvent for the purpose of exfoliation is usually performed on one
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main criterion; that is the solubility parameter of the solvent as compared to that of
phosphorene.1®41% This solubility issue is controlled by the interaction between the phosphorene
and the solvent molecules where surface tension and Hildebrand solubility parameters are a priori
governing the exfoliation/re-aggregation mechanism. In fact, the exfoliation and/or the re-
aggregation phenomena should also be influenced by the ability of the molecule to diffuse into BP
during the LPE process. Indeed, the motion of solvent molecules is a crucial step towards
molecules intercalation, as this movement is related to the amount of energy responsible of the
peeling process. Consequently, the self-diffusion properties combined with the Hildebrand
solubility parameter are expected to collectively contribute to the exfoliation/re-aggregation
mechanism where the weight of each is yet not clearly understood. In the present chapter, classical
molecular dynamics (MD) simulations will be extensively used to gain better insights into such a
collective contribution, since it has already been successfully applied for studying the liquid phase
exfoliation and for the generation of other two-dimensional nanosheets, such as hexagonal Boron
nitride (h-BN),'®* graphite!®® and C,N.%" Indeed, MD simulation is the technique of choice to
explore force attractions between molecules which are dominated by interatomic potentials and
molecular force fields. The influence of the solvent molecule’s self-diffusion, morphology and size

on the BP exfoliation/re-aggregation mechanism is deeply studied and presented in the following.

IV.2. Exfoliation of Black phosphorus

BP nanosheets were often made from bulk BP using a mechanical or solvent-assisted
exfoliation process, whereas bulk BP was mostly made via a phase-transformation reaction using
white or red phosphorus as the P source. Bulk BP crystals were initially produced in 1914 using
white phosphorus as the phosphorus source at high hydrostatic pressure (0.6-1.2 GPa) at a
temperature below the phase transformation run. Until recently, bulk BP could be made from red
phosphorus at low pressure using a modified chemical vapor transport process, which involved the
interaction of red phosphorus, Sn, Au, and Snls. The modified chemical vapor transport method
using red phosphorus as a precursor is currently the most common method for producing bulk BP
as was described in the previous section. Meanwhile, various unique methods for transferring bulk
BP crystal to BP nanosheets have been devised, including mechanical exfoliation,'®® liquid

exfoliation,'62 electrochemical expansion,®® and solvothermal technique.t™
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IV.2.1. Micromechanical cleavage

It is well known that graphene may be obtained from mechanical cleaving of bulk graphite
using a sticky-tape method,*’* and same method can also be used to make single-layer BP. Ye et
al. demonstrated in 2014 that Scotch-tape-based microcleavage of commercially available
multilayer bulk BP crystals can produce atomically thin monolayer and few-layer BP
nanosheets.146 The thickness of the exfoliated BP nanosheets has size less than 1 um, which is
close to the theoretical value of 0.6 nm, indicating the presence of monolayer BP. Despite the fact
that sticky-tape mechanical exfoliation of bulk BP crystals can produce high-quality monolayer
BP, the yield is still poor and the surface has a sticky adhesive. Jin and colleagues also proposed
an experimental approach for fabricating monolayer BP that combined mechanical cleavage and
plasma thinning.152 Few-layer BP nanosheets were first produced on a Si substrate, and
subsequently the layer number of the BP nanosheets was reduced using an Ar* plasma thinning
technique. To date, sticky-tape-prepared few-layer BP has mostly been used in the domains of field
effect transistors and photodetectors. Recently, a ball-milled mechanical exfoliation approach was
used to prepare few-layer BP nanosheets in an Ar environment using LiOH as an additive.*’
Notably, during the high-energy ball milling process, BP is very reactive and unstable, and in the
absence of LiOH, it can be converted to red phosphorus. The BP sample is significantly smaller
(300-500 nm) and the thickness is decreased to tens of nanometers after ball-milling. Although a
huge quantity of BP nanosheets may be created quickly using the mechanical exfoliation approach,
one disadvantage is that the exfoliated BP will permanently breakdown and oxidize when exposed
to the environment. This preparation process faces a significant problem in developing an effective
technique to prevent BP oxidation. Fig. 36 below shows an example of a mechanical exfoliation

of black phosphorus using PDMS stamps.

P (Black Phosphorus) 2y
Vs 2 P (Black Phosphorus)

—4
\ / Qo@sm
sio,
(1) (2) (3)

Figure 36. Three step exfoliation procedure of BP via mechanical exfoliation. (1) Exfoliation done on the flat PDMS-1. (2) The
flakes were reported on semi-spherical PDMS-2 stamp. (3) the stamp was rolled on the substrate (SiO; on Si) with an estimated
speed of 0.1 cm/s.173
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IV.2.2. Liquid Phase Exfoliation

Liquid-phase exfoliation refers to breaking a layered crystal into 2D materials by
suspending the crystal in a “solvent” and blasting the crystal with ultrasonic energy. The general
process for preparing ultrathin BP flakes by liquid-phase exfoliation involves three steps: (i)
dispersion of the starting material in a liquid medium, (ii) exfoliation via sonication and (iii)
centrifugation. When ultrasonic waves (usually 20-50 kHz) pass through a liquid, they create
alternating high- and low-pressure cycles. Small cavities form in low-pressure areas, which later
collapse under compression, resulting in the localized development of high temperatures and
pressures,'’* a phenomenon known as cavitation. Ultrasonication of liquids can be done with either
a bath or a probe; both experimental setups have been successful in exfoliating BP. The position
of the sample in the bath can have a substantial impact on the sonication intensity, limiting
reproducibility.1”>17® Because ultrasonic probes are immediately submerged in the solution to be
sonicated, the power delivered is often higher than that of an ultrasonic bath, resulting in shorter
sonication durations. In summary, during the sonication process, shear forces and cavitation can
be induced due to the propagation of high amplitude sonication waves acting on the surface of bulk
materials, and hence shears the crystal apart.X’"18 As a result, utilizing ultrasonication to exfoliate
multilayer materials is an effective and scalable process. To stabilize the as-prepared 2D flakes,
the interfacial tension between the materials being exfoliated and the liquid medium should be
decreased, recognizing the existence of favorable contacts. Afterwards, the sonicated solution is
subjected to ultracentrifugation to separate thick BP layers from thin BP layers. The schematic

below shows the process of liquid phase exfoliation used in our work to exfoliate BP.

(1) () (3) (4) (5)
Black Black Dispersion Q Ultracentrifugation
Phosphorus Phosphorus in solvents Ultrasonication

powder
23
e . LR
P
T m@.
" » L g

Figure 37. (1) Black phosphorus crystal (2) Crushed Black phosphorus (3) Dispersion containing black phosphorus powder (4)
Ultrasonication of the solution (5) Ultracentrifugation

l

As a result, how to choose a mild liquid system for dispersion of the target materials is a critical
component in the methodology's efficacy. Before we arrive at an efficient and scalable sonication
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system, numerous aspects such as sonication time and surface tension should be addressed. More

details into the matter are discussed in the next section (Solubility theory).

Brent et al.»>> were the first to generate liquid-exfoliated BP flakes in NMP solution, where BP
flakes with more than two layers can be generated using a one-step ultrasonication technique. Since
then, BP flakes have been made in a variety of solvents, including hexane, IPA, methanol, ethanol,
acetone, THF, chloroform, NMF, DCB, CHP, NVP, DMSO, formamide, and
water,162:179.180,181,182.183 pro_casting BP solution onto a transmission electron microscopy (TEM)
copper grid can be used to determine the thickness of liquid-exfoliated BP flakes down to 0.52
nm.'8 Formamide has been reported to have the greatest known BP exfoliation yield in solvents,
reaching 38% efficiency, and the concentration of BP flakes in each solvent can be ranked in the
following descending order: Formamide > DMSO > DMF-NMP-IPA > ethanol-methanol >

acetone-THF-DI water.

According to Beer-Lambert law A/l = aC, where A is the absorbance intensity, | is the cell length,
a is the extinction coefficient, and C is the concentration, (A scales linearly with C for minor
dispersions in ethanol). The concentration of BP in solvents may be estimated by extracting
information from UV-vis—NIR absorption spectra. When comparing the surface tension of
different solvents with the concentration of BP, it was found that the BP exfoliation yield increases
monotonically with the increase in surface tension, which is comparable to the situation in

graphene and TMD exfoliation.18>18¢

Conventional organic solvents, on the other hand, are hazardous to the environment, and it's
difficult to entirely separate the synthesized chemicals from the solvents. As a result, green ionic
liquids were developed as organic solvent alternatives.'8"188.189 Exfoliated BP in water or water-
dispersed solvents are more sensitive to ambient Oz and H20 than anhydrous organic solvents or
ionic liquids; deoxygenated water must be used in conjunction with ultrapure inert-gas-evacuated
vacuum-based chambers to prevent BP deterioration. Furthermore, surfactant-mediated liquid-
phase exfoliation can successfully prevent the flakes from oxidizing, resulting in monolayer
BPNSs that are stable for several weeks.'8 The success of an exfoliation treatment is determined
by a variety of other elements, many of which are application-specific. The thickness, lateral
dimensions, size dispersity, crystal quality, and stability of the nanosheets produced must all be
taken into account, as well as the solvent's compatibility with the intended production processes

and applications. Furthermore, the solvent's cost and toxicity are crucial considerations to consider.
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Using techniques like AFM and XPS, it has been discovered that LPE of BP is significantly more
stable than mechanically exfoliated material. Exfoliation solvents and ligands are expected to play
a role in preserving exfoliated flakes. The fact that LPE flakes are coated in a layer of organic
molecules is not entirely advantageous, because current must pass across flake boundaries, which
is hampered by insulating organic; ligands, for example, in situations requiring high electron
mobility, LPE material is likely to perform worse than mechanically exfoliated material. However,
LPE flakes appear to be well suited for a variety of additional applications, including sensors and

polymer composites.

IV.2.3. Solvothermal assisted Liquid phase exfoliation

Exfoliation procedures such as mechanical and liquid exfoliation, as discussed above, are
now the most extensively utilized “top-down” ways for the preparation of few-layer BP
nanosheets.}701%: 191 |n fact, the fabrication of BP nanosheets is complex since it requires a two-
step synthesis procedure in which bulk BP crystals are generated first, followed by exfoliation of
bulk BP to BP nanosheets. Furthermore, by exfoliation procedures, scalable manufacture of few-
layer BP nanosheets with acceptable durability remains a difficulty, limiting the widespread
research and applications of few-layer BP nanosheets. Furthermore, by exfoliation procedures,
scalable manufacture of few-layer BP nanosheets with acceptable durability remains a difficulty,
limiting the widespread research and applications of few-layer BP nanosheets. Tian and colleagues
recently reported the wet-chemical preparation of few-layer BP nanosheets in gray-scale quantities
using a “bottom-up” solvothermal synthesis approach at 140 °C, achieving the direct
transformation of white phosphorus to BP nanosheets via a one-step synthesis process under mild
conditions.’® The solvent component as well as the reaction temperature are important parameters
in determining the thickness of BP nanosheets. The as-prepared BP nanosheets had a typical 2D
structure with a size of 800-1000 nm, which is advantageous for photocatalysis, electrocatalysis,
and photoelectronic devices. Furthermore, the findings revealed that partial oxidation of the surface
of BP nanosheets improves their stability, while the mechanism for this improvement is still
unknown. This method allows for the creation of few-layer BP nanosheets in a simple, scalable,
and low-cost manner, which is particularly useful for the study and practical application of BP
nanosheets. In addition to that, the solvothermal assisted LPE was also found to be efficient to
prepare QD of BP with a uniform size distribution and exhibiting excellent biocompatibility and

conversion of NIR light into heat, hence its suitability for cancer treatment applications.*®> The
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solvothermal LPE used to synthesize BPQD is described by the schematic below (Further details
are given in Chapter V).

— — o— — 7— — W— —
B.ath. Heat Centrifugation
sonication treatment
BP suspension - 1h30min —_— 150°C for 6 hours —_— 13000rpm for 15 min
(R
73 o 4 e g %55 5 Y e
Y e g R 3 Wy M o )
W
13837 BP block 4 BP nanosheets %%  BP Quantum dots
Wi

Figure 38. Schematic of the synthesis process to prepare. A batch sonication is initially performed to separate the BP flakes into
nanosheets, followed by a heat treatment used to break the sheets borders, thus giving BPQD’s. Finally, centrifugation is used to
separate the BP flakes into nanosheets, followed by a heat treatment used to break the sheets borders, thus giving BPQD'’s.
Finally, centrifugation is used to separate BP nanosheets from BPQD.

IV.2.4. Solubility theory

For a better understanding of the solvent parameters used in liquid phase exfoliation and
solvothermal exfoliation, a theoretical study of the solvent’s parameters is to be considered. A
solid, liquid, or gas has a property called solubility. There has been a lot of study done on polymer
solubility theory, particularly on the development of solubility parameters. Solubility parameters
are based on a thermodynamic model that uses vaporization energy to account for molecular
interactions. To capture the chemistry of mixing using a solubility parameter, Hildebrand and
Hansen created two theories, %1% the first of which was developed by Hildebrand and the second
by Hansen. From solubility screening to chemical resistance, solubility parameters are employed
in a variety of applications. Solubility criteria have previously been used to examine the solubility
of nanomaterials in various solvents, and not all solvents, for example, can produce a stable
dispersion.t®1% The surface energies of the nanomaterial and the solvent must be properly
matched. A mismatch of parameters might cause rapid aggregation and, eventually, sedimentation
of the nanomaterial. As a result, it's critical to comprehend the chemical interaction between the
solvent and the nanosheets. In terms of solubility parameters and surface energies, the following

subsections examine the interaction between solvents and nanosheets.*®’
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a. Solution thermodynamics

Mechanical exfoliation is a well-known method for generating nanosheets, although it is a
time-consuming and labor-intensive procedure. Nanomaterials are used in applications such as
mechanical reinforcement and batteries, and this necessitates a technology that can manufacture
huge amounts of material. Liquid-based production technologies appear to be the most promising
for meeting these stringent requirements. Liquid phase exfoliation (LPE) is a sonication-based
solution-based technique for exfoliating multilayer materials. Organic solvents are commonly used
for sonication. Solubility theory is examined in order to create a stable dispersion of nanosheets in
a solvent. Solution thermodynamics governs the change in entropy (AS,,;,) and enthalpy (AH,,;y)
of a system when two or more chemical substances are mixed. The fundamental principle of Gibbs

free energy, as shown below, can be used to characterize this interaction:®
AGrix = AHpix — TAS iy (19)

Enthalpy (AH,,;,), temperature (T), and entropy (AS,,,;,) all affect the Gibbs free energy of mixing
(AG,,i,)- The Gibbs free energy must be negative in order to achieve a viable dispersion, i.e.,
dissolution. Large (positive) amounts of entropy are advantageous in an ideal situation for ensuring
stability. However, because two-dimensional nanosheets like graphene and phosphorene are large
and rigid, their entropy is low.1> As a result, minimizing AH,,;, is favorable for producing a
feasible dispersion. It is not sufficient to consider solely the interaction between the solute and the
solvent when studying the thermodynamics of mixing; the solute-solute and solvent-solvent

interactions are equally relevant.

“Like dissolves like” is a frequent rule of thumb in chemical solubility. There is a chemical contact
between atoms and molecules in a liquid or solid. The bonds between nearest neighbors must be
disrupted to obtain solubility of a solid in a liquid. Energy must be provided in order to accomplish
this. The vaporization energy is the entire amount of energy required to fully separate these
molecules. The van der Waals energy that holds the molecules together is represented by this
energy. The vaporization energy is used to calculate solubility parameters, which are related to the
solvent's cohesive energy. By extension, the cohesive energy represents the van der Waals energy
between molecules in a solvent. In order to adequately describe the system, Hildebrand proposed

a solubility parameter. This parameter is defined as the square root of the cohesive energy density

and is represented by the symbol § = /E/V (where E is the energy and V is the solvent molar
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volume). The Hildebrand-Scratchard equation can be calculated for small compounds using these

solubility constants as follows:

iz ~ (1 — $). (84 — 85)% (20)

~~
Vinix

The enthalpy of mixing (AH,,;,) is calculated using Hildebrand solubility parameters (a, b for the
solvent and solute, respectively) and the solvent volume fraction. Although this is an approximate
statement due to the approximations used in its derivation, it does not negate the equation's
underlying power. The expression clearly demonstrates that matching the solubility parameters, a

and b, reduces the mixing enthalpy.

We get an expression that accounts for intermolecular pairwise interactions by relating the Flory-

Huggins parameter to AH,,,;,.1%°

AHmix — X¢(1_¢)kT (21)

Vinix Vo

Where, Vo is the solvent molecular volume and ¢ is the solvent volume fraction. The Flory-Huggins
parameter was designed for polymer systems, but it may be used to govern the dispersion of our
nanomaterial as well. A high value suggests a repulsive solute-solvent interaction and, as a result,
a high positive enthalpy of mixing, which might delay the solution process if it is large enough. A
negative also signifies an attractive interaction, which results in a negative enthalpy of mixing,
which ensures disintegration. The Flory-Huggins parameter (x) has been used to account for
intermolecular pairwise interactions. It's possible to express it in terms of the system's cohesive
energy interactions. The Flory-Huggins parameter can be expressed as follows for non-polar

solvents:
x~2(8,—6) (22)

When using polar solvents, a correction term is required; however, it is obvious that matching the
solvent and nanosheet solubility characteristics reduces the mixing enthalpy. These

nanosheet/solvent interactions can be better understood using Flory-Huggins theory.

The interaction of a particle in a solvent may be accurately described using this thermodynamic
solubility theory. As previously demonstrated, careful matching of solubility parameters can be
employed to generate a stable dispersion devoid of aggregation effects. This theory's application
to CNT or 2D nanosheets has been entirely empirical.
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An equation that appropriately reflect the enthalpy of mixing for 2D nanosheet was developed in
this group's previous work.1%91641% The aforementioned theory, which accounts for pairwise
interactions as well as the surface energy parameters for solutes and solvents, is included in this
derivation. The energy necessary to separate all of the nanomaterial layers and solvent molecules
was calculated. This formula yields an expression that describes the energy cost of mixing per unit
volume. The aforementioned theory, which accounts for pairwise interactions as well as the surface
energy parameters for solutes and solvents, is included in this derivation. The energy necessary to
separate all of the nanomaterial layers and solvent molecules was calculated. This formula yields

an equation that describes the energy cost of mixing per unit volume.**
Aﬁmix 2

= . (Onanosheet — asolvent)2 (23)

Vinix Tflake

Triake is the thickness of a nanosheet, 4, = /E&,, is the square root of the surface energy related
to phase “a,” and ¢ = V,gnosneet/Vmirx 1S the volume fraction of nanosheets. As a result of
equation (13), solvents with a surface energy similar to that of a nanomaterial have a high

likelihood of solubility.

b. Solvent solubility parameters

The interactions between solvent molecules and solutes (nanosheets) can be described using
Hildebrand solubility parameters above. However, Charles Hansen identified some short comings with
the approach, only dispersive forces are considered. There are several types of interactions between
solvent molecules and nanosheets. The most important interactions can be described using the
dispersive force (non-polar, Ep), polar cohesive energy (Ep) and hydrogen bonding (Ex). The sum of

these interactions represents the total cohesive energy (E),

E =ED+EP+EH (24)

Cohesive energies of larger molecules are higher; hence they must be scaled by volume (V). A Hansen

solubility parameter (HSP) is defined as the square root of the corresponding cohesion energy divided

by the molecular volume (6 = +/E/V).2" The sum of the squares of each separate Hansen solubility

parameter is the Hildebrand solubility parameter.
52 =624 6%+ 62 (25)

The Flory-Huggins parameters can be expressed as:
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X = Z_; [(6p,a = 6p,8)* + (8pa — 8p)* + (B a — up)°] (26)
HSPs are well-known for a variety of solvents and are crucial when determining solubility. It is
obvious that matching this solvent and nanosheet properties selectively will reduce
(6, — 8,)7. The greater the possibility of solubility, the closer a solvent and nanosheet are in terms
of their dispersive, polar, and hydrogen bonding energies. The application of solubility parameters
is appealing; unfortunately, it is not always successful. Complete solubility is attained when the
energies of two substances are perfectly matched. Nonetheless, this method gives a reliable model
for predicting nanomaterial solubility in various solvents; as such it will be used to evaluate a series

of solvents used to exfoliate black phosphorus.
IVV.3. Simulation details

IV.3.1. Molecular dynamics simulation:

In the present thesis, all calculations were performed using LAMMPS molecular
dynamics®® and COLVARS packages.?°* Our models constructed using PACKMOL code?® and
visualized with OVITO,?% consist of BP layers impregnated in a box filled with a given solvent.
For the force field representing the inter-atomic interactions, we manually included the solvent's
interatomic potential using the OPLS-AA force field,?% while for the phosphorene’s potential we
used a Lennard-Jones (L-J) force field.1% The advantage of the (L-J) potential is the built in (1/r)
long range interaction necessary to represent the BP inter-layers interactions.

For the exfoliation process, BP (a stack of four phosphorene sheets) was first placed in a
solvent molecules box. In this simulation, we “peeled oft” the first top layer of BP. The potential
of mean force (PMF) of exfoliation (related to the amount of reversible work required to
exfoliate)?%>1%0 was calculated using the umbrella sampling and the weighed histogram analysis
method (WHAM)?% with a convergence tolerance of 10~ kcal/mol. The coordinates related to the
inter-sheet separation were sampled between 4A and 16A with steps of 0.25A. At each step the
system was allowed to relax in the NPT ensemble for 100ps for a total of 5 ns, this allowed good
sampling of the histogram at each step. The cut-off used for both L-J and Coulomb potential was
12nm with a timestep of 2fs. Coulombic interactions were handled by the PPPM method (particle-
particle particle-mesh) with a 10 Kcal/mole tolerance.?” Hydrogen bonds were constrained by
SHAKE algorithm also implemented in LAMMPS. These configurations were first equilibrated at
constant temperature of 300K in the canonical ensemble NVT (N: constant number of atoms, V:
volume and T: temperature) with a relaxation time of 1ps for a total simulation time of 1 ns.

Followed by a total of 4 ns in the NPT (P: pressure) ensemble for each simulation. Temperature of
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300 K and pressure of 1 bar was maintained constant with a Nose-Hoover thermostat with 2 ps

time constant and a barostat with 5 ps time constant.

For the molecular behavior at the interface with phosphorene, one phosphorene sheet was
first impregnated in a simulation box filled with molecules of a given solvent. The time step used
during this simulation is 2 fs and the cut-off energy used was 12 nm. The calculation was run for

5ns in the canonical NVT ensemble.

For the re-aggregation process calculations, we simulated a two parallel phosphorene sheets
box, surrounded by solvent molecules. During this simulation the two phosphorene sheets were

attracted toward each other in similar conditions as those used for the above exfoliation process.

IV.3.2. OPLS-AA Potential parameters for molecules:
In this section, we will summarize the potential parameters (L-J parameters, charges, bonds
and angles parameters) extracted and calculated from the OPLS-AA data file, which were used

afterwards for all the upcoming results.

1V.3.2.1. Benzonitrile

H9

48 H10

o) )
Hi2 \ 4 ~

H11

Lennard-Jones parameters and partial charges for BN.

Atom q(e) c (A) ¢ (kCal/mol)
(0] -0.115 3.55 0.070
C1 -0.115 3.55 0.070
Cc2 -0.115 3.55 0.070
C3 0.135 3.55 0.070
C4 -0.115 3.55 0.070
C5 -0.115 3.55 0.070
C6 0.395 3.65 0.150
N7 -0.430 3.20 0.170
H8 0.115 2.42 0.030
H9 0.115 2.42 0.030
H10 0.115 2.42 0.030
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H11 0.115 2.42 0.030
H12 0.115 2.42 0.030
Bond Stretching Parameters for BN.
Atom K (kCal/mol. A?)  req (A)
Cco C1 469.0 1.4000
Cco C5 469.0 1.4000
CoO HS8 367.0 1.0800
Ci1 cC2 469.0 1.4000
Cl H9 367.0 1.0800
c2 C3 469.0 1.4000
C2 H10 367.0 1.0800
C3 C4 469.0 1.4000
C3 C6 400.0 1.4510
C4 Ch 469.0 1.4000
C4 Hi1 367.0 1.0800
C5 Hi2 367.0 1.0800
C6 N7 650.0 1.1570
Angle Bending Parameters for BN.

Atom Ky (kCal/mol.rad-?) Ocq
CO0 C1 C2 63.00 120.00
CoO C1 H9 35.00 120.00
CoO C5 C4 63.00 120.00
CoO C5 H1 35.00 120.00
Cl CO C5 63.00 120.00
Cl CO H8 35.00 120.00
Cl C2 C3 63.00 120.00
Cl CoO H1 35.00 120.00
C2 C3 C4 63.00 120.00
C2 C3 C6 70.00 120.00
C3 C2 H1 35.00 120.00
C3 C4 C5 63.00 120.00
C3 C4 H1 35.00 120.00
C3 C6 N7 150.00 180.00
C4 C3 C6 70.00 120.00
C4 C5 H1 35.00 120.00
C5 CO H8 35.00 120.00
C5 C4 H1 35.00 120.00
C2 C3 H1 37.50 110.70
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IV.3.2.2. Dimethyl Formamide (DMF)

Lennard-Jones parameters and partial charges for DMF.

M1
(/

-

o

O

Yt

»—éo

Atom g (e) 6 (A) ¢ (kCal/mol)
Cc1 011 350 0.0660
C2 0.50 3.75 0.1049
H1 006 250 0.0300
H2 0.00 2.42 0.0150
N -0.14 3.25 0.1700
O -0.50 2.96 0.2100
Bond Stretching Parameters for DMF.
Atom K: (kCal/mol. A feq (A)
CO0 C5 H12 35.00 120.00
Cl CO0 Cb 63.00 120.00
Cl1 CO H8 35.00 120.00
Cl C2 C3 63.00 120.00
Cl1 CO H1o 35.00 120.00
C2 C3 C4 63.00 120.00
C2 C3 C6 70.00 120.00
C3 C2 H10 35.00 120.00
C3 C4 C5 63.00 120.00
C3 C4 H11 35.00 120.00
C3 C6 N7 150.00 180.00
C4 C3 C6 70.00 120.00
C4 C5 H12 35.00 120.00
C5 CO H8 35.00 120.00
C5 C4 H11 35.00 120.00
C2 C3 H12 37.50 110.70
Angle Bending Parameters for DMF.
Atom Ko (kCal/mol.rad-?) 0cq
Cl N C1 50.00 118.00
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Cl N C2 50.00 121.90
H1 C1 H1 33.00 107.80
H1 C1 N 35.00 109.50
H2 C2 N 40.00 114.00
H2 C2 O 35.00 123.00
N C2 O 80.00 122.90
IV.3.2.3. 1-Vinyl-2-pyrrolidinone (NVP)
H9
Y4 i
H8 - _‘@@)
W\ @ ) H12
K13
(@1 D
) H1e
Hi0™
(@J_ \,m@
d H1S
Lennard-Jones parameters and partial charges for NVP.
Atom q(e) c (A) ¢ (kCal/mol)
Co -0.060 3.50 0.066
C1 -0.050 3.50 0.066
N2 -0.140 3.50 0.066
C3 -0.050 3.50 0.066
C4 -0.120 3.50 0.066
C5 -0.120 3.50 0.066
C6 0.500 3.75 0.105
o7 -0.500 2.96 0.210
H8 0.060 2.50 0.030
H9 0.060 2.50 0.030
H10 0.060 2.50 0.030
H11 0.060 2.50 0.030
H12 0.060 2.50 0.030
H13 0.060 2.50 0.030
H14 0.060 2.50 0.030
H15 0.060 2.50 0.030
H16 0.060 2.50 0.030
Bond Stretching Parameters for NVP.
Atom Kr (kCal/mol. A2)  req (A)
Co C1 549.0 1.3400
CO H8 340.0 1.0800
CO H9 340.0 1.0800
Cl1 H10 340.0 1.0800
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Cl N2 448.0 1.3650
C3 C4 268.0 1.5290
C3 H11 340.0 1.0900
C3 H12 340.0 1.0900
C4 H13 340.0 1.0900
C4 H14 340.0 1.0900
C5 C6 317.0 1.5220
C5 H15 340.0 1.0900
C5 H16 340.0 1.0900
C6 N2 418.0 1.3880
Cé 07 570.0 1.2290
Angle Bending Parameters for NVP.
Atom Ko (kCal/mol.rad?)  0gq
CO0 C1 H10 35.00 120.00
CO0 C1 N2 70.00 121.00
Cl CO H8 35.00 120.00
Cl CO0 H9 35.00 120.00
Cl N2 C3 63.00 112.40
Cl N2 C6 70.00 121.60
C3 C4 C5 58.35 112.70
C3 C4 H13 37.50 110.70
C3 C4 Hl4 37.50 110.70
C3 N2 C6 63.00 112.40
C4 C3 H11 37.50 110.70
C4 C3 H12 37.50 110.70
C4 C3 N2 51.65 110.58
C4 C5 C6 63.00 111.10
C4 C5 H15 37.50 110.70
C4 C5 H16 37.50 110.70
C5 C4 H13 37.50 110.70
C5 C4 H14 37.50 110.70
C5 C6 N2 69.90 118.18
C5 C6 O7 80.00 120.40
C6 C5 H15 35.00 109.50
C6 C5 H16 35.00 109.50
H8 CO H9 35.00 117.00
H10 C3 H12 35.00 119.10
H11C3 H14 33.00 107.80
H11C3 N2 35.00 109.50
H12 C3 N2 35.00 109.50
H13C4 H14 33.00 107.80
H15C5 H16 33.00 108.80
N2 C6 O7 80.00 120.60
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IV.3.2.4. N-Methyl-pyrrolidinone (NMP)

@

?

W

-6
©

Lennard-Jones parameters and partial charges for NMP.

Atom  q(e) o (A) & (kCal/mol)

C1 -0.05 3.50 0.066

C2 -0.12 3.50 0.066

C3 -0.12 3.50 0.066

C4 0.5 3.75 0.105

N -0.14 3.25 0.170

C5 -0.11 3.50 0.066

O -0.5 2.96 0.210

H 0.06 2.50 0.030

Bond Stretching Parameters for NMP.

Atom K (kCal/mol. A2 req (A)
C1 C2 268.0 1.5290
C2 C3 268.0 1.5290
C1 N 337.0 1.4490
N C5 337.0 1.4490
C H 340.0 1.0900
C3 C4 317.0 1.5220
C4 N 490.0 1.3350
C4 0] 570.0 1.2290

Angle Bending Parameters for NMP.

Atom Ky (kCal/mol.rad-?) Ocq
C2 C1 N 80.00 109.70
N C1 H 35.00 109.50
HClL H 33.00 107.80
Cl1 C2 C3 58.35 112.70
C2 C3 C4 63.00 111.10
C4 C3 H 35.00 109.50
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C4 C3 H 35.00 109.50

C3 C4 N 70.00 116.60
C3 C4 O 80.00 120.40
N C4 0O 80.00 122.90
C4 N C5 50.00 121.90
C2 C3 H 37.50 110.70

IV.3.2.5. 1,3-dimethyl-2-imidazolidinone (DMI)

Hi7 i [H'
@ c-@
! @

H

Hi14 {Ecss/ ! .
iy ) WL
O HA2
Hi3
Lennard-Jones parameters and partial charges for DMI.

Atom q(e) c (A) ¢ (kCal/mol)
Cco -0.110 3.50 0.066
N1 -0.140 3.25 0.170
C2 -0.050 3.50 0.066
C3 -0.050 3.50 0.066
N4 -0.140 3.25 0.170
C5 0.500 3.75 0.105
06 -0.500 2.96 0.210
c7 -0.110 3.50 0.066
H8 0.060 2.50 0.030
H9 0.060 2.50 0.030
H10 0.060 2.50 0.030
H11 0.060 2.50 0.030
H12 0.060 2.50 0.030
H13 0.060 2.50 0.030
H14 0.060 2.50 0.030
H15 0.060 2.50 0.030
H16 0.060 2.50 0.030
H17 0.060 2.50 0.030

Bond Stretching Parameters for DMI.
Atom Kr (kCal/mol. A2)  req (A)
Cco H8 340.0 1.0900
Cco H9 340.0 1.0900
Cco H10 340.0 1.0900
CO N1 337.0 1.4490
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Cc2 C3 268.0 1.5290
C2 Hu 340.0 1.0900
C2 H12 340.0 1.0900
C2 N1 337.0 1.4490
C3 Hi3 340.0 1.0900
C3 Hi4 340.0 1.0900
C3 N4 337.0 1.4490
C5 N1 490.0 1.3350
C5 N4 490.0 1.3350
C5 06 570.0 1.2290
C7 Hi5 340.0 1.0900
C7 Hie 340.0 1.0900
Cc7 H17 340.0 1.0900
c7 N4 337.0 1.4490
Angle Bending Parameters for DMI.
Atom Ko (kCal/mol.rad-?) Oeq
CO N1 cC1 50.00 118.00
C0O N1 C5 50.00 121.90
C2 C3 H13 37.50 110.70
C2 C3 Hi4 37.50 110.70
C2 C3 N4 80.00 109.70
C2 N1 C5 50.00 121.90
C3 C2 H11 37.50 110.70
C3 C2 H12 37.50 110.70
C3 C2 N1 80.00 109.70
C3 N4 C5 50.00 121.90
C3 N4 C7v 50.00 118.00
C5 N4 C7 50.00 121.90
H8 CO H9 33.00 107.80
H8 CO H10 33.00 107.80
H8 CO N1 35.00 109.50
H9 CO H10 33.00 107.80
H9 CO N1 35.00 109.50
H10 CO N1 35.00 109.50
H11 C2 H12 33.00 107.80
H1l1 C2 N1 35.00 109.50
H12 C2 N1 35.00 109.50
H13 C3 Hi14 33.00 107.80
H13 C3 N4 35.00 109.50
H14 C3 N4 35.00 109.50
H15 C7 H16 33.00 107.80
H15 C7 H17 33.00 107.80
H15 C4 N4 35.00 109.50
H16 C7 H17 33.00 107.80
H16 C7 N4 35.00 109.50
H17 C7 N4 35.00 109.50
N1 C5 N4 70.00 114.20
N1 C5 06 80.00 122.90
N4 C5 06 80.00 122.90
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IV.3.2.6. Isopropanol (IPA)

Lennard-Jones parameters and partial charges for IPA.

Atom q (e) 6 (A) g (kCal/mol)

C1 -0.180 3.50 0.066
Cc2 -0.205 3.50 0.066
H1 0.060 2.50 0.030
H2 0.418 0.00 0.000
) -0.683 3.12 0.170

Bond Stretching Parameters for IPA.

Atom Kr (kCal/mol. A2)  req (A)
Ci1 cC2 268.0 1.5290
C1 H1 340.0 1.0900
C2 H1 340.0 1.0900
c2 O 320.0 1.4100
H2 O 553.0 0.9450

Angle Bending Parameters for IPA.

Atom Ky (kCal/mol.rad?) Ocq
Cl1 C2 C1 58.35 112.70
Cl C2 H1 37.50 110.70
Ci1 Cc20 50.00 109.50
C2 Cl1 H1 37.00 110.70
C2 O H2 55.00 108.50
H1 C1 HI 33.00 107.80
Ci1 C20O 35.00 109.50
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IV.3.2.7. Dimethyl sulfoxide (DMSO)

Lennard-Jones parameters and partial charges for DMSO.

Atom o (A) g (kCal/mol)
S 3.4 0.23
0 2.8 0.07
CHs 3.8 0.29

Bond stretching and angle-bending parameters for DMSO

Atom number: K, (kcal/mol. A2) g (A)
S O 600.0 1.5290
S CHs 399.1 1.800

Atom number.  Kg (kCal/mol.rad?) 6 (A)

S O 200.7 97.4
S CHs 95.3 106.75
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IV.3.2.8. N-Cyclohexyl-2-Pyrrolidone (CHP)

Lennard-Jones parameters and partial charges for CHP.

Atom q(e) c (A) ¢ (kCal/mol)
Co -0.12 3.50 0.066
C1 -0.12 3.50 0.066
C2 -0.12 3.50 0.066
C3 0.01 3.50 0.066
C4 -0.12 3.50 0.066
C5 -0.12 3.50 0.066
N6 -0.14 3.25 0.170
Cc7 -0.05 3.50 0.066
C8 -0.12 3.50 0.066
(04°] -0.12 3.50 0.066
C10 0.50 3.55 0.070
(0] -0.50 2.96 0.210
H 0.06 2.50 0.030

Bond Stretching Parameters
Atom Kr (kCal/mol. A2 req (A)
Co C1 268.0 1.5290
Co C5 268.0 1.5290
Co H 340.0 1.0900
C1 C2 268.0 1.5290
C1 H 340.0 1.0900
Cc2 C3 268.0 1.5290
C2 H 340.0 1.0900
C3 C4 268.0 1.5290
C3 H 340.0 1.0900
C3 N6 337.0 1.4490
C4 C5 268.0 1.5290
C4 H 340.0 1.0900
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C5 H 340.0 1.0900
Ccr C8 268.0 1.5290
Cc7 H 340.0 1.0900
Cc7 N6 337.0 1.4490
c8 (9 268.0 1.5290
c8 H 340.0 1.0900
C9 Ci10 317.0 1.5520
C9 H 340.0 1.0900
C10 N6 490.0 1.3350
Ci0 O 570.0 1.2290
Angle Bending Parameters for CHP.

Atom Ky (kCal/mol.rad-?) 0cq
Co0 C1 C2 58.350 112.70
Co Ci1 H 37.500 110.70
C0 C5 C4 58.350 112.70
Co C5 H 37.500 110.70
Cl CO C5 58.350 112.70
Cl1 CcoH 37.500 110.70
Cl C2 C3 58.350 112.70
Cl1 C2H 37.500 110.70
C2 CLH 37.500 110.70
C2 C3 C4 58.350 112.70
C2 C3 H 37.500 110.70
C2 C3 N6 80.000 109.70
C3 C2 H 37.500 110.70
C3 C4 C5 58.350 112.70
C3 C4 H 37.500 110.70
C3 N6 C7 50.000 118.00
C3 N6 C10 50.000 121.90
C4 C3 H 37.500 110.70
C4 C3 N6 80.000 109.70
C4 C5 H 37.500 110.70
C5 COH 37.500 110.70
C5 C4 H 37.500 110.70
C7 C8 N9 58.350 112.70
C7 C8 H 37.500 110.70
C7 N6 C10 50.000 121.90
Cc8 C7 H 37.500 110.70
C8 C9 C10 63.000 111.10
C8 C9 H 37.500 110.70
C9 C8 H 37.500 110.70
C9 C10NG6 70.000 116.60
C9 C100 80.000 120.40
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IVV.3.3. Lennard-Jones potential for black phosphorus:
For Black phosphorus and phosphorene, a simple Lennard-Jones potential was used, as it
was found to well agree with experimental lattice dimensions as well as experimental elastic

constants.'® The parameters used for BP potential are shown in the table below.

Parameter Value
q 0.0
o (A) 3.33
¢ (kCal/mol) 0.50
K (kCal/mol. A2 411.09
feq (A) 2.225
Ky (kCal/mol.rad-?) 112.52
Beq 96.4

Furthermore, a combining rule was used in order to calculate the potential parameter between
solvent atoms and between solvent atoms and the phosphorus. These interactions were calculated
a'ii+0-jj

by employing the geometric averaging rule: &;; = ,/¢;;¢; and o;; = —

IV.4. Results and discussion:

IVV.4.1. Solvent intrinsic process:

In the present study, MD simulations are focused on understanding the parameters that
govern the BP exfoliation/re-aggregation mechanism. For such a purpose, eight solvents were
used, the intrinsic physical properties, namely: Hildebrand solubility parameter, polarity and
morphology, of which are presented in Table 6. The choice of these different solvents was
primarily based on the closeness of their Hildebrand solubility parameter to that of BP (~21
MPal?). 158 As noticed, all solvents are polar aprotic (lack O-H or N-H bond to avoid participation
in hydrogen bonding) except for IPA which is polar protic (the latter was selected to check the role
of hydrogen bonding during the LPE process as it was recently stated that degradation of BP is

enhanced in polar protic solvents).?%
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Table 6. Intrinsic properties of molecules. Color scheme: yellow, carbon; red, oxygen; Blue, nitrogen; cyan, hydrogen, Green,

sulfur.
Hildebran .
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In order to classify these solvents, a planarity parameter denoted as ‘6’ was first measured
considering the thickness of the molecule when crashed between two flat surfaces. Fig. 39 gives
an overview of such a 6 parameter resulting in a classification from a zero-value corresponding to
BZ (a fully planar molecule) to a value of 2.14 A corresponding to the CHP molecule where the &
parameter has significantly increased because of the presence of two perpendicular aromatic cycles
in its structure. This classification will be very useful to better understand our MD simulations of
the BP exfoliation/re-aggregation mechanism that are divided in two parts. Modelling of BP

exfoliation process is treated first, followed by that of re-aggregation.
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Figure 39. The “6” parameter measured for all molecules showing a departure from a full planarity (6=0) corresponding to the BZ
molecule. The dashed line at 0.5 A separates planar from non-planar molecules.

IV.4.2. Exfoliation process:
IV.4.2.1. Potential of Mean Force (PMF)

Modelling of BP exfoliation process was carried out by simulating a stack of four layers of
BP with dimensions of about 3.3 nm x 4.2 nm in the xy plane, inside a box with dimensions of 6
nm x 6 nm x 6 nm, while immersed in solvents. The number of a solvent molecules used in this
simulation is 1500 for BZ, 1356 for NVP, 1500 for NMP, 1300 for DMI, 1860 for DMF, 2050 for
DMSO, 800 for CHP and 1850 for IPA. After equilibrium, the distances between adjacent replicas

of phosphorene layers along ‘x” and ‘y’ are about 3.4 nm of solvent space, and about 4.8 nm along
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‘z’. To simulate the exfoliation process, a perpendicular harmonic biasing potential of 100
Kcal/mol (this parameter was converged as lower forces resulted in no-exfoliation) was applied
along the ‘z’ direction on one edge of the BP top-layer (phosphorene sheet), as illustrated in Fig.
40a. The vertical distance along the peeling between two phosphorene sheets was denoted ‘d’. All
the other sheets edges were kept fixed to their positions by a harmonic potential to avoid any
sliding. The potential of mean force (PMF) calculated from this simulation was generated to
compare the phosphorene exfoliation energetics of different solvent molecules at different
separations. To elucidate in more details the exfoliation process, we present in Fig. 40b the PMF
for all molecules. Low PMF values means less energy is required to exfoliate. As can be noticed,
we have two distinct regions separated by an inflection point at d~7.8A. In the first region, only
very small differences are observed between the curves, meaning that there is not enough room
between two phosphorene layers to allow molecules infiltration. We can see that those solvents
having the smaller 5 planarity parameter are the first to intercalate, namely BZ and DMF followed
by NVP, DMI and NMP presenting larger 5 parameter. At interlayer openings above ~7.8A, a
difference in the PMF curve is discerned, in addition to a series of inflection points namely at ~9A
and ~12A. These points represent opening values at which more molecules are able to gradually
intercalate, as the top layer is constantly peeled-off away from the BP stack. In terms of exfoliation
ease, planar molecules (6 < 0.5 A) seem to require less energy than non-planar ones (5 > 0.5 A)
which is fully consistent with experimental reports where BZ was found to give the highest yield
in BP flakes concentration as compared to other solvents.*>® Same remark is noted with DMF
which was found to be a better exfoliating agent than NMP prior to centrifugation.155 For non-
planar molecules, despite the fact that IPA and DMSO have a smaller size than that of DMF, we
can now state that their non-planarity is responsible for their low performance (low exfoliation
yield). In addition, IPA's polar protic character is at the origin of its high PMF value as the vdW
interactions between the molecules and the phosphorene are weaker as compared to intra-
molecular hydrogen bonding. In this context, it was indeed reported that the polar protic methanol
solvent, yielded the lowest concentration of exfoliated flakes in arsenene.?’® The CHP molecule is
found to be the least favorable, as it requires the highest energy to exfoliate due to its very high &
parameter requiring a high interlayer opening to intercalate. Our findings clearly show that the &
parameter and the PMF value have the same trend, which proves that the 6 parameter is a key
parameter for an efficient exfoliation. Our findings are very consistent with experimental results
where BZ, NVP and DMI were found to provide the highest concentrations of phosphorene sheets
followed by DMF.1%8
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Figure 40. (a) Snapshot of the exfoliation simulation (b) PMF curve evolution for each solvent as a function of the sheet-opening
'd".

IV.4.2.2. Solvent density profile

After a successful exfoliation, the exfoliated phosphorene sheet becomes surrounded by a
dense molecular layer as presented in Fig. 41a, the density profile of which is presented in Fig.
41b. The latter shows an oscillating density where the height of each peak corresponds to a
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maximum molecule’s density at a precise distance from the phosphorene sheet, while its width is
associated with the molecule’s rotational freedom. Two main peaks (around SA and 9A
respectively) can be observed close to the two sides of the phosphorene sheet. Far from the
molecules/phosphorene interface, the density profile shows small fluctuations which indicates that
the previously noticed order is vanished and the molecules are acting as in the bulk phase. The
formation of these dense molecular layers is therefore an indication of a significant interaction
between the phosphorene sheet and the solvent molecules. The molecular ordering at the interface
is found to always be preceded by an adsorption on the BP surface in a favorable geometry.?1°
Again, the as-measured distance A between these surface-molecules and phosphorene increases
with increasing 9, as shown in Fig. 41c. The higher is the 6 parameter the higher A becomes. In
terms of interaction energy between these surface-molecules and phosphorene, Fig. 41c shows an
opposite trend as compared to the one observed in the case of A, which means that it is also opposite
to that of 8. The smaller is the & parameter, the stronger the surface-molecules interaction energy

is.
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Figure 41. (a) Phosphorene sheet obtained after exfoliation (b) Density profile of molecules along the z-axis (normal to the
phosphorene plane) (c) Interaction energy between surfaces molecules and a single phosphorene sheet (blue squares) and their
respective di
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1V.4.2.3. Mean square displacement of solvents

To get a full picture of the exfoliation process, it is necessary to account for the role of the
self-diffusion coefficient of all intercalated molecules. In our study, the self-diffusion coefficient
was extracted from the mean square displacement (MSD) in order to describe the dynamics of the

solvent. The diffusion coefficient was calculated from Einstein equation at long time interval,

which is expressed as follows: D = %tlim %(MSD(t)). Calculation of MSD was given 4 ns to reach

equilibrium, before the calculation of self-diffusion coefficient was carried out as shown in Fig.
42,

The study of dynamic properties is of interest to provide significant information about the atomic
diffusion and to understand the detailed atomistic mechanism of diffusion transport. The self-
diffusion coefficient makes it possible to quantify the dynamics of the species within the system.
There are two methods for calculating the self-diffusion coefficient, namely Einstein, who uses the
mean square displacement, and that of Green-Kubo, which uses the autocorrelation of velocities.

During this study we used Einstein's approach. The average square displacement is defined as:

MSD(t) =< %z [r:(£) — 7;(0)]2

With < > indicating an ensemble average over all molecules in the simulation, r;(t) the position of
the particle at an instant ‘t” and [r;(t) — r;(0)]? the distance vector traveled by a given particle
over a time interval. The self-diffusion coefficient (D) was calculated based on the Einstein
equation at long time interval, which is expressed as.

D—ll dMSDt
= o lim — (MSD(t))

With ‘D’ being the diffusion coefficient, ‘d’ the dimensionality of the diffusion coefficient (d=1,2
or 3), and ‘t’ the simulation time. The self-diffusion coefficient is obtained by the slope of the

linear least square fit of mean square displacement versus time plots.

Fig. 42 shows the MSD of all the molecules versus time. Same trend was observed for the self-

diffusion coefficient.
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Figure 42. Mean square displacement of molecules between two phosphorene sheets.

IV.4.2.4. Self-diffusion of solvent molecules

Self-diffusion coefficient calculation, shown in Fig. 43, indicates an overall decreasing
behavior with increasing &. The lower is the 5 parameter, the higher the self-diffusion is. Therefore,
it is interesting to note such a collective action between self-diffusion and progressive detachment
of the phosphorene sheet. In the case of BZ for instance, where 6 = 0, the molecule diffuses easily
and an immediate strong interaction occurs. The latter weakens the interaction between the
phosphorene sheets in BP catalyzing therefore the sheet detachment thanks to a low energy
contribution (low PMF, Fig. 40c). This partial detachment will allow neighboring molecules to
self-diffuse further until the sheet is completely exfoliated. Experimentally speaking, the extra
energy needed to fully exfoliate the sheet (equivalent to PMF) would be provided by the ultrasonic
action. Therefore, the planar is the solvent molecule, the stronger the interaction of phosphorene

with surface molecules is, the higher the self-diffusion is, and the easier the exfoliation process is.
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Figure 43. Self-diffusion coefficient of molecules between two phosphorene sheets.

IV.4.3. Re-aggregation process:

IV.4.3.1. Solvent molecules / Phosphorene distances

Let's now focus on the re-aggregation mechanism. Two phosphorene sheets with the same
dimensions as those used for the exfoliation process, parallel to each other and separated by about
15A, solvated in a box of 6 nm x 6 nm x 6 nm, are considered. The number of molecules used in
the re-aggregation process is: 1900 for BZ, 1650 for NVP, 1700 for NMP, 1650 for DMI, 2050 for
DMF, 2000 for DMSO, 1000 for CHP and 2000 for IPA. After a duration of 5 ns, a final aggregated
pack is obtained as shown in Fig. 44a. Two molecular layers seem to surround again the aggregated
pack at a distance A; from the phosphorne outer face (similar to those observed in Fig. 40), in
addition to a confined/frozen layer between the two phosphorene sheets at a distance A, from the
phsophorene inner face. This confined molecular layer stays unchanged even after very long

calculation runs. Both Ay and A values are shown to increase with increasing ¢ (Fig. 44b).
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Figure 44. (a) Snapshot of the confined layer for BZ with (b) distances between phosphorene with surface molecules A;, and
phosphorene with confined molecules A,

IV.4.3.2. Solvent molecules / Phosphorene Interaction Energy

Calculation of the interaction energy of such a confined molecular layer was performed for
all molecules, along with the surface-molecules layer observed in the aggregated case (Fig. 46c¢).
As compared to the surfaces-molecules interaction energy with phosphorene, those of the confined
layer with phosphorene look generally higher for all solvents while that of two isolated
phosphorene sheets is situated just between them. It is worth noting that planar molecules (6 <
0.5A) behave differently with respect to non-planar molecules (8 > 0.5A). For both molecular
layers (surface and confined), the interaction energy decreases with increasing & in the case of

planar molecules, while it increases with increasing & in the case of non-planar molecules.
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Figure 45. Interaction energy between the confined molecular layer with phosphorene (blue squares), along with that of the
surface-molecules layer with phosphorene (red squares). Horizontal dashed line indicates the interaction energy between two
isolated phosphorene sheets (-586 Kcal/mol)

IV.4.3.3. Re-aggregation ratio

To better illustrate the role of these interaction energies, we calculated the ratio between
the energy interaction of the confined layer and that of the surface-molecules layer, denoted as the
R factor, in such a way that the higher is the R factor, the favorable re-aggregation process is. From
Fig. 46, this R is clearly higher for non-planar molecules (& > 0.5A) with respect the one for planar
ones suggesting that non-planar molecules readily don't favor neither a stable suspension nor an
easy exfoliation (due to their high PMF values). This is very consistent with experiments in which
CHP, for example, was found to give chunk of bulk BP without any change of color for 15 hours,
sign of no exfoliation.*>® From our findings, a plausible scenario for the re-aggregation mechanism
would be a first rapprochement between two phosphorene sheets (surrounded by their respective
molecular layers). At a critical distance (A1+Az), where the solvent molecules cohesion energy
(governed by the Hildebrand solubility parameter) becomes weaker with respect to the adhesion
energy between phosphorene and molecules, a confined layer is favored then trapped between the
two phosphorene sheets forming a stabilized system. Indeed, the calculated total energy of such a
system (55623 Kcal/mole) is very close to that of an isolated phosphorene double-sheet (55616

Kcal/mole). This critical distance should be affected by the steric repulsive interactions arising
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from atoms in each solvent-molecule due to the non-polar nature of phosphorene,?!1:212:213.214,156
Additional sheets can consequently join this nucleus package to form thicker packs. Apparently, it
is the systematic formation of this surface-molecular layer which is at the origin of the exfoliation
and the re-aggregation processes. In terms of suspension stability, the higher is the surface-
molecules interaction energy, the less pronounced the re-aggregation process would be. The
collective action between self-diffusion and sheets rapprochement also occurs during the re-
aggregation process. The lower is the self-diffusion coefficient, the easy the re-aggregation process

is.
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IV.5. Conclusion

In the present study, molecular dynamics simulations were extensively used to elucidate
the role of many parameters that contribute to the BP exfoliation/re-aggregation mechanism. Eight
solvents were tested for such a purpose. A planarity parameter 6 was first designated to classify
these molecules from 0 A (corresponding to BZ) to a value of 2.14 A (corresponding to CHP). Our
modelling of BP exfoliation process showed that, in terms of exfoliation ease, planar molecules (&

< 0.5 A) seem to require less energy than non-planar ones (5 > 0.5 A) where the & parameter
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followed the same trend than that of the energy required to exfoliate. Each exfoliated phosphorene
was shown to be surrounded by a dense molecular layer, a sign of a significant interaction between
the phosphorene sheet and the solvent molecules. The smaller was the & parameter, the stronger
the surface-molecules interaction energy was. In addition, a collective action between self-
diffusion and progressive detachment of the phosphorene sheet was observed. Indeed, the planar
was the solvent molecule, the stronger the interaction of phosphorene with surface molecules was,
the higher the self-diffusion was, and the easier the exfoliation process was. With regards to re-
aggregation, the process seemed to be favored by the formation of a confined molecular layer
between the phosphorene sheets as the results of the solvent molecules cohesion energy. In this
sense, non-planar molecules were shown unfavorable neither for a stable phosphorene suspension
nor for an easy exfoliation process. The lower is the surface-molecules interaction energy, the more

pronounced the re-aggregation process is.
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Chapter V.

Experimental and modelling studies of
Structural and optical properties of
exfoliated black phosphorus and black
phosphorus guantum dots
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V.l. Introduction

Generally, size dependent bandgap energy is the most distinguishable feature of
guantum confinement in semiconducting nanostructures.?*® In fact, size-dependent quantum
confinement effects occurs when the radius of a semiconductor sphere is smaller than the bulk-
exciton Bohr radius in a nanocrystal,?*® where the confinement strength weakens to the
expected extent by the loss of one confinement dimension.?!” This behavior has long been the
topic of several atomistic approaches aiming to describe the electronic properties of quantum
structures such as two dimensional (2D), one dimensional (1D) and zero dimensional (0D)
nanostructures. The most popular ones are those based on the effective mass approximation
(EMA)#® and quantum transfer matrix methods.?*® Deterministic approaches such as
pseudopotential methods,??° density functional theory (DFT)?! and DFT-derived EMA?%2
provide accurate predictions of the electronic properties; however, these techniques require
hardware and time-consuming methods a reason why it always was computationally economic
to handle the quantum confinement issue using the EMA approach,?23224225.226

It was usually admitted that the quantum confinement signature is the increase of the
effective bandgap energy (above the bulk value) in a linear way as a function of the inverse
square (1/d ?) of the nanostructure diameter d.215?" In fact, such a proportionality matter has
been shown to depend also on the composition and geometric dimensionality of the
confinement as 1/d™ with the power parameter "n" is less than 2.2 Indeed, the bandgap
energy of InP quantum dots was found to be proportional to (1/d**), while that of CdSe
quantum wires was proportional to 1/d*36.228229 |n the case of black phosphorous (BP), where
the bandgap energy is well known to strongly depends on the phosphorous sheets number,23°
BP nanoribbons bandgap energy was found to scale as a function of 1/d for the zigzag
orientation and 1/d? for the armchair orientation in BP crystal (d being the thickness of the
nanoribbon)?%! depending on the crystal orientation.?3! However, no investigation has up-to-
date been performed on the dependency of the power parameter "n" in the case of phosphorene
(one phosphorus sheet) and OD, or quantum dots, BP (BPQDs). Due to their bandgap
tunability,° high mobility of charge carriers?®? and anisotropic optical properties,?® a huge
interest is nowadays arising on these quantum structures in electronic and optoelectronic
applications.?34235236237 Eor all the above, it is of central importance to investigate the above-
mentioned power parameter "n" dependence in the case of phosphorene and BPQDs since its

precise determination is crucial for bandgap energy predictions.
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In the present study, a detailed structural and spectroscopic investigation is first performed
on the as-prepared phosphorene and BPQDs nanostructures, then confronted to DFT and
modified-EMA calculations to shed light on the appropriate model describing their electronic

and optical properties dependence on the confinement.

V.2. Black phosphorus quantum dots

In this section, a brief review of the synthesis and unique properties of black phosphorus
quantum dots is presented. Numerous researchers have already demonstrated that exfoliating
graphene samples into quantum dots can be done successfully, allowing black phosphorus
researchers to adapt their methodologies. Liquid exfoliation with ultrasonication is the most
popular method for exfoliating black phosphorus into QD. This process entails grinding bulk black
phosphorus, mixing it with a solvent, and then sonicating it with a variety of sonicators. Depending
on the sonication strength and time, this process creates nanoparticles and/or nanoflakes. A review
of currently available liquid exfoliation procedures for BP was published. Still many other methods
could be used to obtain black phosphorus quantum dots.?3

Chu and colleagues demonstrated that they required to use both a bath and a probe sonicator
to get the tiniest, most consistently formed black phosphorous quantum dots. Drop casting the
resulting suspension of black phosphorus material and photographing the samples using TEM and
AFM allowed them to reach this conclusion.?3® While the majority of research on BPQDs employs
sonication techniques such as those mentioned above, others have proposed using different devices
to create enough force to exfoliate BP. Zhu and colleagues synthesized BPQDs with an average
size of 5 nm in 0.66 hours using a kitchen mixer.?*° These researchers propose a mechanism for
BPQD creation using this method that involves exfoliation into sheets followed by disintegration
into QDs, which is backed up by TEM pictures of intermediate samples collected during the
blending process. Grinding with a ball mill, on the other hand, produced a BP powder that was
made up of large, thin flakes.?** However, it was discovered that ball-milling had to be done with
a LiOH additive, or the BP would create unstable intermediates that would oxidize instantly when
exposed to air. Another easy to process method used, is the solvothermal-assisted LPE which
consists of providing heat energy after ultrasonication to exfoliate the BP sheets from the edges.
This method gave rise to BPQD’s with an average size of 2.1+0.9 nm and an excellent nonlinear

optical response.?#?
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BPQDs have a number of critical qualities that imply they could be useful in a variety of fields and
applications. These characteristics are linked to the microstructures of BPQDs giving it unique
properties imparted by the quantum confinement effect. These features are discussed, as well as
their possible mechanisms. The distinctive qualities of BPQDs, such as their energy spectrum and
states, as well as their optical and electrical properties, are of interest in a wide range of study
domains. The physicochemical properties of BPQDs from theoretical models are highlighted in
this section, along with their empirically observed properties. The BPQDs exhibit a good UV/VIS
absorption spectroscopy and excellent memory performance, in addition to having a nonvolatile
rewritable memory effect, photoexcitation for cell death with near-infrared light, and cell tracking
capability.??® They also show great near-infrared photothermal performance with a large extinction
coefficient of 14.8 Lg'cm? at 808 nm, high conversion efficiency (28.4%) and good
photostability.?®® Niu et al. used time-dependent density functional theory simulations to
investigate the size-dependent electrical, optical absorption, and emission properties of BPQDs.?*3
In accordance with quantum confinement phenomena, the electronic and absorption gaps are
inversely proportional to the sizes of the BPQDs. Because of structural distortion caused by
excited-state relaxation, the emission gap shifts blue with increasing size. In small BPQDs, the
unusual size dependence of emission gaps can result in a high Stokes shift; nevertheless, the Stokes
shift eventually decays to virtually zero, implying that large BPQDs are good optical materials.
Scientists have explored the electrical characteristics of BPQDs in experiments in addition to
theoretical models. By varying the size and thickness of BPQDs, the band energy levels and
structures can be modified. BPQDs, for example, might be a great addition to organic photovoltaic
devices (OPVs).?%> Because of the 2D structure, strong broadband light absorption, and dispersion
of the BPQDs, the light absorption of BPQD-based OPVs is improved.

V.3. Quantum Confinement theory

The quantum confinement effect and reduced screening effect caused by thickness
reduction typically present themselves in 2D and 0D materials characteristics that are distinct from
their bulk counterparts. For that matter, to better understand the properties of black phosphorus,

the quantum confinement effect has to be discussed.

It is possible, in a crystal, to spatially quantify the motion of an electron or a hole with E

(relative to the bottom of the conduction band or the top of the valence) by restricting its
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displacement in at least one of the three directions of space over a distance less than their DeBroglie

wavelength defined by the relation

(27)

The spatial extension of the confinement potential must be such that the confinement energies E
are greater than thermal energy ksT at temperature T so as not to obscure the quantification i.e., it
is necessary that:

_ h h
V2m*E  \2m*kT

A

= Atn (28)

Where Awn is called the thermal wavelength of DeBroglie. Thus, the quantum effects appear for
thicknesses less than this characteristic length which is typically on the order of a few tens of
nanometers. The electronic properties of structures with confined charges change considerably.
Thus, one can confine a charge in one direction of space to form a 2D quantum well, in two
directions of space to form a 1D quantum wire or even in the three directions of space to form a
0D quantum dot. One of the consequences of electronic confinement is the discretization of the
electronic structure of these materials and the change in the electron density profile. Figure 47
illustrates, by a comparative approach, the density of states and the discretization of the energy
levels according to the dimension of the nanomaterial. We also cannot pass without talking about
the overspeed effect noticed with the confinement. Indeed, in a nanomaterial the variation of the

position Ax of the charge carrier tends towards zero, which results in a trend towards a very large
value of its impulse Ap (AxAp < g) and consequently by an overspeed of the charge carrier. The

linear and non-linear optical properties of nanomaterials are strongly modified as compared to
those of the solid semiconductor having the same chemical composition. The study of these new
properties constitutes a vast area of basic and applied research.
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Figure 47. schematic illustration of broken symmetry and functional form of the density of states in a 1D, 2D and 3D confined
materials.?**

V.3.1. Quantum size effect

In the bulk state, an undoped semiconductor exhibits a full valence band and an empty
conduction band, separated by a forbidden band, (the bandgap), of a width E4. By luminous
excitation at a frequency vex with photons of energy E,, = hv,, > Eg4, an electron of the valence
band can pass through the conduction band and thus a hole is created in the conduction band.
Fluorescence corresponds to the radiative recombination of this electron-hole pair by emission of

a fluorescent energy photon hvy,,,, = E4, the excess energy hv,, — hvgy,, being evacuated under

form of heat in phonons. Fluorescence is more likely as the temperature is weak and that the
semiconductor contains few structural defects. Under the effect of 0D quantum confinement and
with a finite number of atoms, the energy bands of a nanocrystals split into discrete levels, the

difference of which increases as the dimension of the nanomaterial decreases.

Because the physical features of semiconductor confined materials, such as the bandgap, are
dependent on their size due to charge carrier quantum confinement, having a way to quantify this
magnitude is critical. Transmission electron microscopy (TEM) is one of the available technologies
for determining the size of nanoparticles. It enables precise measurements of the shape and size of
objects on the nanometer scale. Despite its high precision, this methodology is far from ideal for
fast measurements in several sets of samples collected on a regular basis. Alternative methods for

estimating the size of nanoparticles have been developed based on data obtained from optical
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absorption studies. These techniques are dependent on determining the absorption band's edge,

which is determined by the nanocrystal's size.

V.3.2. Theoretical approaches to the quantum size effect

V.3.2.1. Effective mass approximation (Brus model)

In the case where the diameter of the crystallites is smaller than the Bohr radius of the exciton
of the massive crystal, confinement is very important and the energy levels are widely spaced and
the gap becomes very large. The simple formalism of the effective mass approximation (EMA)
essentially provides a first qualitative information. Indeed, a clear shift towards the high energies
of the absorption threshold optics has been observed.?*>246247 Tg explain this phenomenon, Brus
proposed a model in the framework of the effective mass approximation where the bands are
assumed to be parabolic.??” The expression of the gap as a function of the size is given by the

relation:

h? 1 1 0.992 2e*

( ) 1
2D?2 mz m;; 2(47T€0)2h2(m—2—m*h)

E,(D) = Ejpyix +

With E; (D) being the quantum confined crystal, E ,,,;, being the bulk crystal, h the Planck
constant, D the particle size (radius or thickness), mj; and m;, are the effective mass of electrons

and holes and ¢, being the vacuum permittivity.
Hence, the bandgap variation, denoted as AE, becomes:

hZ 1 1 0.992 2e*
AEg (D) ~ 2p? ) 2(4n£0)2h2(%—

*
2D2 “my  my

=) (30)

mp

This equation shows the increase in the gap with the decrease in crystallite size. The first term of
the equation of AE;(D) represents the Kinetic energy, the second term is due to the Coulomb
interaction between the electron and the hole and the third term represents the effects of spatial
correlation. The latter is very small in absolute value and it is often negligible except for
semiconductors of low relative permittivity &,.. In order to test the applicability of Brus's model,
Pejova and Grozdanov,*® performed an experimental study on ZnSe nanocrystals. The Brus model
overestimates the shift in gap for all sizes of ZnSe nanocrystals. For example, for a nanocrystal of
1.4 nm, the shift measured experimentally is 0.52 eV, while with the Brus model gives a value of

1.22 eV. The possible reasons for the inadequacy of the Brus model are:
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- The effective mass model ceases to be applicable for very small sizes. Indeed, at as the size
decreases, the movements of electrons and holes are not similar to those occurring in solid
semiconductor and, therefore, one cannot think of the energy bands as parabolas.

- The second factor concerns the dependence of the Coulomb interaction on the size, which is
not well described because of the use of dielectric constants whose values are equal to those of
the solid semiconductor. Indeed, we find in the literature of low dielectric constants for
crystallites.

- Considering an infinite potential outside of a spherical crystallite contributes to the
insufficiency of this model. Indeed, within the framework of this approximation, the electron

and the hole do not/cannot penetrate the nanocrystal through its surface.

V.3.2.2. Hyperbolic band model

We saw in the previous paragraph that because of the approximation of the effective mass
which suggests parabolic bands, the theoretical model of Brus does not fully reflect the results of
the experiment (Figure 48). If the bands are hyperbolic, the gap of a nanocrystal is given by

relation:

h2E, 1 1
E,(D) = \/Eg,bulkz + ng (=+=) (31)

me  mp

In the case of ZnSe nanocrystals, a comparison between the experimental results and those
predicted by the hyperbolic band model, allows to conclude that the reason for the inadequacy of

the Brus model do not lie solely in the disregard of the parabolic bands.?*®

Brus model

Hyperbolic band model (HBM)

HBM + Coulomb

R f nm

Figure 48. Plot of Eg(R) vs. R according to the Brus model and the hyperbolic band model with the experimental data onnSe248
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V.3.2.3. Nosaka approach
Brus assumes an infinite potential outside the quantum point, if this is the case, the charge carriers
cannot cross the surface of the nanocrystal. To remedy this, Nosaka assumed a very great potential

but which is not infinite.?*° The excitation energies are therefore given by:
Eg (D) = Eg + EK,e (D) + EK,h(D) + EK,e—h(D) (32)
Where:

Ex .(D) and Ey (D) represents the kinetic energies of electrons and holes respectively. Those

energies can be calculated by:

Ek.en) b
———==aqa
Eo T

(33)
)1/29+C]2

[(Eomucny/mo) 55

The constants a, b and ¢ depend on the effective masses of the charged particles; and Eo is the

energy finite potential (Eo is equal to infinity in the Brus model)

1.786e2
27T€0$rD

Ek,e—h(D) = - (34)

Ey . represents the Coulomb interaction energy between electrons and holes. In conclusion, the
two models give similar results for nanocrystals of size greater than 3 nm. However, for smaller

sizes, Nosaka's approach gives results in better accordance with those of experience.

From these aforementioned models, we used in our study a modified-effective mass approximation
model along with DFT to describe the electronic and optical properties of exfoliated BP and
BPQD’s. The use of the EMA is related to its ease and its good accordance with experiment results

for other 2D materials.

V.4. Experimental and theoretical methods

V.4.1. Preparation of the suspensions

In order to experimentally prepare single BP sheets and BPQDs, Liquid Phase
Exfoliation® (LPE) is very useful with the help a variety of organic solvents such as
dimethylformamide (DMF), dimethyl sulfoxide (DMSQO), N-cyclohexyl-2-pyrrolidone (CHP),
Isopropanol alcohol (IPA) and N-methyl pyrrolidone (NMP).251:252253.254 | the case of BPQDs,
a solvothermal-assisted LPE method®® is needed to obtain poly-dispersed QD
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suspensions.?®%257.240 The choice of the right solvent remains, however, a key issue to obtain
stable suspensions. In the case of phosphorene preparation, we showed?® very recently that
benzonitrile (BN) exhibited a very high performance for exfoliating and for stabilizing BP
suspensions, thanks to its surface tension (22.5 MPa'/?), which is very close to that of BP (~
21 Mpa*?), its planar morphology and its high molecular diffusion. Due to all these features,
BN gave rise to the highest concentrations of phosphorene (0.11 mg/mL) as compared to other
solvents.?** The image below (Fig. 49) shows the prepared solutions.

l' Bulk BP Phosphorene BPQD

g

Figure 49. Photograph of as-prepared bulk BP, Phosphorene and BPQD after centrifugation

Due to its easiness and controllable production on a large scale, LPE and solvothermal-
assisted LPE were respectively used to prepare our phosphorene and BPQDs solutions. An
initial BP solution was first prepared from 1 mg of commercial BP powders (from Smart
elements Co.) dispersed in 5 mL of BN solvent (from Honeywell, 99%, BN). The obtained
dispersion was then subjected to stirring until solution homogenization. The dispersed BP
particles in this first solution are large enough to be assumed as bulk-BP in the following.
Exfoliation of the initial BP solution was afterwards obtained through bath ultrasonication in
a Branson 8000 for about 1h30, before being subjected to centrifugation at 13000 rpm in a
HERMLE Z32 for 15 min, in order to only keep BP monolayers (phosphorene) in the upper
part of the solution. These sonication and centrifugation parameters were chosen based on trial
test as shown in the TEM image of fig. 50 as shown below for phosphorene and BPQD.

Fig. 50 shows that 1 hour sonication yields exfoliated flakes however not to the
phosphorene order and with large diameter, while for the quantum dots, very different sizes
along with several aggregation were obtained. Increasing the sonication time to 1h30 showed
thinner BP flakes with smaller sizes, and BPQD’s solution showed great dispersion of quantum

dots with small sizes and no reaggregations. Finally, 2 hours sonication showed a degradation
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of the flakes with an increase in the oxidation (60.97% of phosphorus / 39.03% of oxygen) as

could be seen from the STEM mapping in Fig. 51.

Phosphorene BP-QD

1 H ultrasonication

1 H 30 ultrasonication

2 H ultrasonication

Figure 50. Ultrasonication parameters used for phosphorene and BPQD liquid phase exfoliation
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L1100 nm L1100 nm

Figure 51. STEM- mapping image of a BP flake after 2 hours sonication and 13k rpm centrifugation.

For QD suspensions, the carbon grid was found to contain agglomerated QD with areas
almost devoid of QDs. Hence, the use of 1h30 ultrasonication time. For the centrifugation, we
used 13000 rpm (round per minute) to yield the thinnest flakes corresponding to phosphorene.
The obtained supernatant is then collected for detailed characterization. Preparation of the
BPQDs solution was subjected to the same protocol as for phosphorene, with the addition of a

heat treatment at 150°C for 6 hours in an oven, after ultrasonication and prior to centrifugation.

It is worth to mention that other solvents were also tested experimentally such as IPA, NMP,

CHP and DM as shown in the figure below (The optimized ultrasonication and centrifugation
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were used to obtain these TEM images). However, BN proved to give better exfoliation

efficiency flakes as compared to TEM images with BN.

&

1] 4010 (i : —e@am

L— 1 900 mm L—1 9 vm

Figure 52. TEM images of BP exfoliated with difference solvents under 1h30 US and 15min centrifugation

V.4.2. Characterization methods

Fourier-transform infrared spectroscopy (FTIR) was used to characterize and identify
functional groups of the all dispersions by means of a NICOLET iS50 spectrometer. Raman
analysis is performed in a DXR2 Smart Raman by using a 442 nm excitation laser. Bright-field
TEM, high-resolution TEM (HRTEM) and electron diffraction experiments were performed
using an FEI Talos F200X S/TEM, operated at 200 kV accelerating voltage and with a point-
to-point resolution of 1.2 A. TEM characterization was carried-out using 10uL of the
supernatant solution that was drop-cast onto a standard copper-grid. Optical properties were
explored using a Perkin EImer Lambda 900 spectrophotometer in the UV/VIS range.
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V.4.3. Computational details

Density functional theory (DFT) was performed using Quantum espresso code.?®® A
projector augmented wave (PAW) pseudopotential was employed. The ground state
wavefunctions and eigenvalues were calculated using the generalized gradient approximation
(GGA-PBE)?*® along the hybrid Heyd-Scuseria-Ernzerhof (HSE06)?! method on a
Monkhorst-Pack?%? k-points grid of 9 x 6 x 1. For this calculation a plane wave cutoff of 80 Ry
was used. Long range van der waals interactions were considered. Additionally, a 15 A vacuum
was added in the direction normal to the sheets to avoid interactions between periodic images.
Prior to electronic properties calculations, an atomic relaxation was performed with an energy

convergence of 10° Ry and a force convergence of 10* Ry per Bohr.

V.5. Results and Discussion

V.5.1. Vibrational Properties
V.5.1.1. Infrared spectroscopy

The as-prepared phosphorene and BPQDs are shown in Fig. 53a. A clear change in the
solution coloration is observed. First step was to examine the molecular binding in the three
solutions along with the respective oxidation state. Results from FT-IR spectroscopy, presented
in Fig. 53b, show absorption peaks similar to those of the BN solvent. The peaks observed
below 1000 cm™ correspond to unsaturated carbon C = C or aromatic ring C — H wagging
vibrations, indicative of a benzene ring in the sample (relative to the benzene ring in BN).
Small peaks can be observed between 1000 and 1400 cm™* which correspond to the fingerprint
region of BN solvent. The absorption bands at 1440, 1490 and 1597 cm™ are due to the
aromatic C = C stretching vibrations. At 2200 cm, a strong stretching vibration related to the
triple bond C = C is noticed. Additionally, a broad peak associated to C — H stretch is seen at
around 3000 cm™. These observed peaks, correspond solely to the BN solvent. Fig. 53¢ shows
the FT-IR after solvent contribution subtraction. No absorption peaks are observed above 800
cm?, especially P—O and P=0 stretching vibrations at 1000, 1100 and 1600 cm™.26 Thus,
suggesting the absence of oxygen in our sample, hence the non-oxidation of BP. Additionally,
two small contributions are appearing at 687 and 750 cm™ which corresponds to the P-N
vibrations which are arising from the bonding between the P atoms of BP and the nitrogen of
Benzonitrile. This result is in accordance with our previous work, stating that a protective
solvation shell is formed around the phosphorene sheet as a result of the solvent molecules

cohesion energy.?%®

134



This solvation shell creates a barrier layer against oxidation; thus, preventing degradation

of BP. Similar results regarding the solvation shell creation were observed with CHP

solvent.?2
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Figure 53. (a) IR spectrums of the as-prepared samples before solvent subtraction and (b) after solvent subtraction.

V.5.1.2. Raman spectroscopy
Further vibrational characterization using Raman spectroscopy was employed. The Raman
spectra of bulk BP, phosphorene and BPQDs are depicted in Fig. 54. Three significant peaks can be

observed denoted as Ay, B,, and A5. Phonon mode A} is an out-of-plane mode, while B,; and Aj
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are in-plane modes as shown. For bulk BP, these modes are located at 365 cm™, 439 cm™ and 465 cm
! for A}, B, and A7, respectively. These values are in great agreement with reported experimental
values.?®42%>2% For the 2D-BP, a shift can be noticed for B,; and A2 modes. However, no apparent
shift is seen for A; mode, which is likely due to the long-range Coulombic interlayer interactions,
similar to that observed in exfoliated M0S,.2%” The B,4 mode is also found to be shifted by 0.96 cm?
and the A7 mode by 2.1 cm™. It should also be mentioned that Raman spectroscopy was previously
used to determine the number of layers in other 2D materials.?682%° Qur shift values obtained for
phosphorene are found to be coherent with reported values.?’® For Raman spectra of BPQDs, an
additional shift of about 0.9 and 3.8 cm™ of the vibrational modes B,4 and A} is obtained as compared
to bulk BP, similar to the one observed in reported investigations.?’*2"? This shift is attributed to the

change of Van der Waals interlayer interaction, as already seen in graphene and MoS> quantum

dots 273,274
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Figure 54. Raman spectrum of bulk BP, Phosphorene and BPQD.
V.5.2. Structural and morphological properties

V.5.2.1. Structural and morphological properties
a. Bulk BP

TEM and HRTEM were performed to investigate the crystallinity, quality and number
of layers in each dispersed particle. Fig. 55a shows a typical TEM image of dispersed BP
micrometric particles. The selected-area electron diffraction (SAED) performed on the
aforementioned BP particles showed diffraction rings (Fig. 55b) the indexation of which
reveals the presence of bulk BP planes that are: (020), (021), (040), (041) and (060). Typical
HRTEM imaging of different areas viewed along the [001] zone axis is presented in Fig. 55c.

In addition to the high degree of crystalline order within the particles, the Fast Fourier
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Transform (FFT) of the HRTEM image (inset of Fig. 55¢) reveals well identified spots with
variable intensity. Those of particular interest are those spots corresponding to (200), (110)
and (020) planes due to their direct relation with the BP number of layers.?’® In the case of the
FFT pattern shown in Fig. 55c¢, the intensity distribution of these three spots is illustrated in
Fig. 55d. The later clearly shows that the (110) and (200) relative intensity ratio to be equal to
0.50, an indication of the presence of a thick (or multilayers) BP area.?%%2™
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Figure 55. (a) TEM image of bulk BP and (b) its electronic diffraction pattern (c) HRTEM image of the bulk BP flake viewed along
[001] direction with its corresponding FFT (inset bottom right) (d) Intensity of the (200) (110) and (020) from the FFT.
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b. Phosphorene

A similar TEM analysis was carried out on the single BP sheets solution (Fig. 56).
Indeed, Fig. 4a exhibits a typical TEM image of a single phosphorene sheet along with its
original thick BP particle from which it was exfoliated. SAED pattern from the thick area (Fig.
56b) gives rise to a pattern similar to the FFT pattern shown in Fig. 55¢ suggesting the presence
of a single crystalline structure viewed along the <001> zone axis. Furthermore, the rectangular
area in Fig. 56b also indicates that the (200) and (020) spots are much brighter than the (110)
one, thus indicating that this area still contains few layers of BP (>2 layers).?’> HRTEM
analyses of the single sheet area, and of a variety of other single BP sheets (as the one shown
in Fig. 56¢) give rise to the typical image presented in Fig. 56d. On one hand, there is a clear

contrast difference in the bi-dimensional array as compared to that of Fig. 56c.
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Figure 56. (a) a typical TEM image of a single phosphorene sheet along with its original BP particle from which it was exfoliated,
(b) its electronic diffraction pattern (c) HRTEM image of the phosphorene viewed along [001] direction with its corresponding FFT
(inset bottom right) (d) Intensity of the (200) (110) and (020) from the FFT.
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On the other hand, FFT performed on such an image exhibits a similar pattern as the one
shown in Fig. 55¢ but with completely different intensity ratios as illustrated in Fig. 56d.
Contrarily to the few-layers area, the measured intensity ratio l110/l200 is found to be 2.74, which
is in very good agreement with the computationally (2.55)?”° and experimentally (2.7)%?
measured ones exclusively corresponding to the presence of a single BP sheet.?’®2’” This is in
fact a powerful method to distinguish few-layers BP particles from phosphorene ones. Indeed,
the projected structure (equivalent to an HRTEM image) of phosphorene exhibits a hexagonal
like array (inset in Fig. 56¢) while that of few-layers BP shows an orthogonal-like array (inset
in Fig. 55¢). From the above HRTEM analysis, we believe that the dispersed BP particles in

the exfoliation solution are mainly of phosphorene type.

c. BPQD

For BPQDs, a qualitative examination was performed by TEM (HRTEM) and SAED,
in addition to a statistical size distribution as shown in Fig. 57. The TEM image (Fig. 57a)
shows an overview of well dispersed QDs in BN solvent (no aggregated QDs were observed
in the whole TEM grid). Fig. 57b shows a SAED ring pattern of the dispersed BPQDs where
the diffraction rings and the spots are rather broad due to the small QDs size. For the size
distribution, statistical TEM analysis of one thousand (1000) QDs was carried out as shown in
Fig. 57c. Three lateral size distributions were found; namely 2.704+0.26, 2.16+0.3 and
1.72+0.6 nm. Strikingly, the average dispersion is much better in our case, suggesting the BN
organic solvent is improving the monodispersive character of the BPQDs suspension as
compared to reported BPQDs dispersions.??27® Additionally, an HRTEM was conducted on
an isolated QD as shown in the inset of Fig. 57d and 57e, where interplanar distances

corresponding to the (020) planes of orthorhombic BP (of about 0.21 nm) are clearly visible.
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Figure 57. (a) TEM image BPQD’s and (b) its electronic diffraction pattern (c) Calculated size distribution for 1000 BPQD (d-e)
HRTEM of a BPQD (f) HRTEM line profile intensity.
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V.5.3. Optical properties

In order to determine the absorption properties of bulk-BP, phosphorene and BPQDs
suspensions in the visible range wavelength (400 - 800 nm), UV-VIS spectrometry was used.
With the help of Tauc analysis,?”® (ahv)? is first plotted as a function of the incident photon
energy to extract the allowed direct transition energy which a priori corresponds to the
bandgap energy value (see Fig. 58). In Fig. 58a, Tauc plot for bulk BP is presented with no
evidence of any absorption edge, which is expected since bulk BP absorbs in the infrared region
due to its narrow bandgap energy (around 0.3 eV) as we have recently confirmed using a direct

electron energy-loss spectroscopy measurement. 28
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Figure 58. Tauc plot extracted from UV-VIS absorption of (a) bulk BP (b) Phosphorene and (c) BPQD.

However, for the phosphorene suspension (Fig. 58b) two absorptions were detected
(dashed lines) indicating bandgap energies at about 1.62 eV and 1.67 eV as can be read from
the linear intercept fits. The first bandgap energy value corresponds to that of phosphorene, in
great agreement with reported theoretical and experimental bandgap values,?1-282 while for the
second, we believe that the fitted energy value corresponds to those phosphorene sheets with
a smaller width a fact that increases their bandgap energy. Concerning the BPQDs suspension,
the obtained Tauc plot (Fig. 58c) reveals the presence of three absorption edges respectively
at about 1.77 eV, 2.22 eV and 2.60 eV, consistent with previous reports on microwave
synthesized BPQDs.?® As will be demonstrated later on, the three energies are in fact linked
with the above three size distributions; respectively 2.70 nm, 2.16 nm and 1.72 nm, deduced
from HRTEM analyses.

V.5.4. Quantum confinement effect in phosphorene and BPQD

As can be seen, the size-dependent bandgap energies are a fairly obvious indicator of
guantum confinement behavior in phosphorene and BPQDs, a finding that is expected since
the quantum confinement effect in BP should be observable for sizes below the Bohr radius
(~5nm for BP).28 To investigate such a behavior, DFT and modified-EMA methods were used.

Fig. 60 depicts plots of AEq (= E;° — EZB?) as a function of 1/d* for phosphorene and BPQDs

where "bBP" stands for bulk-BP, "gs: quantum structure” stands either for phosphorene or
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BPQDs and "d" for the size/thickness in these quantum structures. Regarding phosphorene, the
bandgap energy was calculated by DFT (HSEO06 approximation) as a function of the number
of phosphorene layers as shown in Fig. 59 for a monolayer and 2L. A linear fit (red cross) was
drawn for 1L, 2L, 3L and 4L (L: phosphorene layer), as shown in Fig. 60a, where our

experimental value is indicated with a red empty circle.
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Figure 59. (a) Monolayer and (b) bilayer black phosphorus band structure as calculated with HSEO6 approximation.

Comparison with photoluminescence (PL, red plus) data performed by Yang et al.?® is also
made for a better appreciation of our findings. For BPQDs, our UV-Vis results (blue empty circles)
were confronted to DFT calculations data (blue cross) performed by Niu et al.?** A linear regression
is observed with increasing size for both results, although the confinement is seen to be stronger

in our experimental data as indicated by the high slope ratio observed.
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Figure 60. (a) BPQD and Phosphorene data plotted as AEg vs 1/d? (b) BPQD and Phosphorene data plotted as AEg vs 1/dn. The
dotted lines are the data linear fits.

As a first remark, the linear trend of AEg as a function of 1/d? is very obvious in both

theoretical and experimental results, in spite of the observed slight difference in the bandgap
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energy values in DFT and experimental results. Secondly, and most important, the observed
trend does not perfectly scale with 1/d? since the linear fit does not coincide with AEq = 0 for
large sizes (d — o). This discrepancy is assumed to be due to the parabolic energy bands,?#
as well as to the infinite potential barriers.?*® To overcome such a discrepancy, the AEq is
thought to vary as 1/d" as a function of composition and geometric dimensionality of
confinement for a finite confinement barrier. In order to shed light on the "n" dependence,
different n values for 1/d™ were tested as shown in Fig. 60b, for phosphorene and BPQDs
quantum structures. In the case of phosphorene, the values obtained for n with an intercept of
AEg to 0 is 1.81 for DFT data, which is very close to 2, while for the experimental data it is
found to be around 1.05. In the case of BPQDs, intercept to 0 were found for values of "n"
around 0.95 and 0.41 for experiment and DFT results, respectively.

From Fig. 60b, it is very clear that the above discrepancies are now hugely reduced where
the 3D confinement (BPQDs) and 1D confinement (phosphorene) are well elucidated. As
expected, 3D confinement has a larger slope ratio than that in 1D confinement. In this context,
the slopes ratio Aip/Asp should follow the “rule of thumb”?® suggesting a value of about 0.25.
In our case, the obtained slopes ratio Apnosphorene/ Apqps OF the linear fit was found to be 0.24,
a value that is very close to the predicted one (0.25).

V.5.5. Effective mass calculation in phosphorene and BPQD by EMA

From the aforementioned, we can conclude that our experimental results are in good
agreement with the fairly simple modified-EMA model where the quantum confinement in
BPQDs is stronger as compared to that in phosphorene due the reduced dimensionality. From

such a consistency, the reduced effective mass of phosphorene and BPQDs can be deduced.

2
To assess the reduced effective mass p, the modified-EMA equation AE, = J;—nﬁ was used,

where % = (mi + mih); me and mn are respectively the electron and hole masses. The reduced
effective mass of phosphorene (Mphosphorene) and for BPQDs (Usrgps) can be deduced from the

slope of Fig. 7b, as uzg,whereAz AEgd"™ (A being the linear slope fit). Table 7
summarizes the calculated reduced effective masses, [phosphorene and Hepops, Showing a
remarkable accordance between theoretical and experimental data, in addition to the expected
increase of u with increasing the confinement dimensionality. The obtained results

demonstrate the great potential in quantum confined materials-based BP for optoelectronic
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applications such as solar cells and lasers,??>?" thanks to their atom-like structure and

flexibility in engineering their optical and transport properties.

Table 7. Summary of calculated effective masses

Bulk Phosphorene BPQDs
DFT DFT Experimental | Experimental Experimental DFT
Ref.2® | This work This work Ref .28 This work Ref.28
p (Mo) 0.16 0.41 0.33 0.51 1.66 1.51

V.6. Conclusion

In summary, we have demonstrated the performance of BN solvent to synthesize well
dispersed and well protected phosphorene and BPQDs. From vibrational characterization, we
found that BN solvent tends to protect the as-synthesized phosphorene and BPQD fromj
oxidation, as no oxygen peaks around 1000 and 1500 cm™ were visible. Raman spectroscopy
showed a shift in B,, and A7 phonon mode in both phosphorene and BPQDs. This Raman
shift of 0.96 cm™ for B,, and 2.1 cm' for 4 further confirms the well dispersed phosphorene
layer in the solution with an additional shift for BPQDs. From optical characterization, well-
dispersed phosphorene and BPQD were obtained as demonstrated by TEM and electronic
diffraction. Optical characterization via UV-VIS showed that the experimental band gap was
found to increase as a function of confinement, namely; 1.62 eV for phosphorene to 1.77 eV,
2.22 eV, 2.60 eV for BPQDs. Besides, extensive theoretical studies, by DFT and modified-
EMA, reveal that the bandgap variation exhibits a size dependence of (1/d™) rather than
(1/d?%), with n being confinement dimensionality dependent. Phosphorene band gap was
found to be (1/d*°%) dependent and BPQD (1/d%°>). Additionally, the reduced effective
mass of such confined materials was calculated from the modified-EMA model, showing an

expected increase with increasing the confinement dimensionality.
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General conclusion

The objective of this thesis work was twofold: on one hand, it was necessary to achieve good
exfoliation and solution stability of exfoliated black phosphorus and BP quantum dots. On the
other hand, it was a question of evaluating the electronic and optical properties of these exfoliated-
BP and quantum dots at a "nanoscale" using energy loss spectroscopy in a transmission electron
microscopy, with the help of UV-Vis spectroscopy and computational methods.

The first part of this study was devoted to perform a detailed structural and electronic study of BP
flakes in the low infrared region using monochromated EELS. This study was a pillar to show us
the path to optimizing the properties of black phosphorus by exploiting the liquid phase exfoliation.
The BP flakes were found to be perpendicular to the analysis axis in core- and low-loss EELS
modes. Using core-loss EELS, the characteristic P-L2 3 and P-L1 lines of BP were clearly identified
and respectively assigned to 2p¥2—3s, 2p*?—3d and 2s—3(s+d) electronic transitions. In the low-
loss EELS zone, the volume plasmon was detected at an energy Ep=19.6 + 0.1 eV. With the help
of DFT band structure calculations and the highly resolved EELS spectra (20 meV), a fast and
direct "lecture” of electronic transitions in the infrared area was possible. Two transitions were
respectively assigned along the high symmetry point Z, as the bandgap with an energy of 0.33 +
0.02 eV and an intraband transition at 0.75 eV. Two more excitations were found to be excitonic
in nature as confirmed by the increase of the energy-loss peak intensity with decreasing thickness
due to the enhanced screening effect in thick areas. A full description of the imaginary part (g2) of
the dielectric function was achieved and the dominant critical points assigned to specific IB
transitions (3p—3s and 3p— 3dz) along Z and T" high-symmetry points of the Brillouin zone. We
finally note that the optical quality of the studied BP flakes may pave the way for optoelectronic
and photonic applications. All these findings demonstrate the usefulness of monochromated low-
loss EELS in measuring electronic properties of narrow-bandgap semiconductors.

Following the former study, we focused on the exfoliation of the commercialized black
phosphorus flakes. Still, for a better understanding of the exfoliation process a study by molecular
dynamics simulations was extensively used to elucidate the role of many parameters that contribute
to the BP exfoliation/re-aggregation mechanism for a better phosphorene concentration yield.
Eight solvents were tested for such a purpose. A planarity parameter & was first designated to
classify these molecules from 0 A (corresponding to BZ) to a value of 2.14 A (corresponding to
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CHP). Our modeling of BP exfoliation process showed that, in terms of exfoliation ease, planar
molecules (5 < 0.5 A) seem to require less energy than non-planar ones (& > 0.5 A) where the &
parameter followed the same trend than that of the energy required to exfoliate. Each exfoliated
phosphorene was shown to be surrounded by a dense molecular layer, a sign of a significant
interaction between the phosphorene sheet and the solvent molecules. The smaller was the &
parameter, the stronger the surface-molecules interaction energy was. In addition, a collective
action between self-diffusion and progressive detachment of the phosphorene sheet was observed.
Indeed, the planar was the solvent molecule, the stronger the interaction of phosphorene with
surface molecules was, the higher the self-diffusion was, and the easier the exfoliation process was.
With regards to re-aggregation, the process seemed to be favored by the formation of a confined
molecular layer between the phosphorene sheets as the results of the solvent molecules cohesion
energy. In this sense, non-planar molecules were shown unfavorable neither for a stable
phosphorene suspension nor for an easy exfoliation process. The lower is the surface-molecules
interaction energy, the more pronounced the re-aggregation process is.

The previous molecular dynamics simulation study showed that the BN solvent helped
synthesize well dispersed and well protected phosphorene and BPQDs. From vibrational
characterization, we found that BN solvent tends to protect the as-synthesized phosphorene and
BPQD from oxidation, as no oxygen peaks around 1000 and 1500 cm™ were visible. Raman
spectroscopy showed a shift in B,, and AZ phonon mode in both phosphorene and BPQDs. This
Raman shift of 0.96 cm™ for By, and 2.1 cm? for A; further confirms the well dispersed
phosphorene layer in the solution with an additional shift for BPQDs. From optical
characterization, well-dispersed phosphorene and BPQD were obtained as demonstrated by TEM
and electronic diffraction. Optical characterization via UV-VIS showed that the experimental band
gap was found to increase as a function of confinement, namely; 1.62 eV for phosphorene to 1.77
eV, 2.22 eV, 2.60 eV for BPQDs with respectable sizes of 2.7 nm, 2.16 nm and 1.72 respectively
for the BPQDs. In addition, extensive theoretical studies, by DFT and modified-EMA, reveal that
the bandgap variation exhibits a size dependence of (1/d™) rather than (1/d?), with n being
confinement dimensionality dependent. Phosphorene band gap was found to be (1/d%%)
dependent and BPQD (1/d%°%). Additionally, the reduced effective mass of such confined
materials was calculated from the modified-EMA model, showing an expected increase with
increasing the confinement dimensionality. The obtained results demonstrate the great potential in

quantum confined materials-based BP for optoelectronic applications such as solar cells and lasers
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thanks to their atom-like structure and flexibility in engineering their optical and transport

properties.
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Résumé :

Ce travail de these est dédié a I'étude des propriétés électroniques et optiques du phosphore noir exfolié et des boites quantiques
synthétisés a partir du phosphore noir commercialisé. Pour cela, ce travail a été divisé en trois parties. La premiere consiste a
étudier les propriétés structurales et optiques du phosphore noir commercialisé. Les résultats obtenus par microscopie
électronique montrent la pureté du phosphore noir commercialisé. Tandis que la spectroscopie de perte d'énergie électronique
a permis une mesure directe du gap ~ 0,3 eV, ainsi que des transitions intrabande électroniques et excitoniques. Apres cette
premiére étude, I'accent a été mis sur I'étude de I'effet des propriétés des solvants dans I'exfoliation/réagrégation du phosphore
noir par dynamique moléculaire. Cette étude a montré que pour une exfoliation/réagrégation efficace, les molécules planes
ayant une haute énergie d'interaction avec le phosphorene sont les plus adaptées pour exfolier et protéger contre la réagrégation.
Enfin, I'effet de confinement quantique dans les boftes quantiques de phosphore et de phosphore noir (BPQD) est étudié. Le
Benzonitrile s'avére étre le meilleur solvant pour I'exfoliation du BP et la synthése des BPQD, ainsi que pour la prévention de
I'oxydation. De plus, la caractérisation des propriétés optiques a montré une augmentation significative de la valeur du gap des
deux structures. Une étude par la théorie de la fonctionnelle de la densité et une approximation de la masse effective modifiée
a permis de révéler que variation de la bande interdite présente une dépendance de taille de (1/d») plutét que (1/d?), n étant la

dimensionnalité du confinement.

Mots-clés : Phosphore noir, Phosphorene, Boites quantiques, Exfoliation en phase liquide, Confinement quantique,

Calculs ab-initio.

Abstract:

This thesis work is dedicated to the study of the electronic and optical properties of exfoliated black phosphorus and quantum
dots synthesized from commercialized black phosphorus. For that purpose, this work was divided into three main parts. The
first one consists to investigate the structural and optical properties of the commercialized black phosphorus used in our work.
The results obtained by electronic microscopy proved the high purity of the commercialized Black phosphorus used. While
the Electron Energy-loss Spectroscopy allowed a direct measurement of the narrow bandgap ~0.3eV, as well as intraband
electronic and excitonic transitions. After that first study, the focus was on the investigation of the effect of solvent properties
in the exfoliation/reaggregation of black phosphorus by molecular dynamics. This study showed that for an efficient
exfoliation/reaggregation planar molecules with a high interaction energy with phosphorene are the most suitable for a smooth
exfoliation as well as a better prevention against reaggregation. Finally, the quantum confinement effect in phosphorene and
black phosphorus quantum dots (BPQD) is extensively studied. Benzonitrile solvent is found to be the best candidate for
exfoliation of BP and for synthesis of BPQD, as well as preventing oxidation. Furthermore, optical properties characterization
showed a significant increase in the bandgap value of both structures. Such an increase was supported by theoretical
calculations using density functional theory and a modified-effective mass approximation. Thus, revealing that the bandgap

variation exhibits a size dependence of (1/dn) rather than (1/d2), with n being confinement dimensionality.

Keywords : Black phosphorus, Phosphorene, Quantum dots, Liquid Phase Exfoliation, Quantum confinement, ab-initio

calculations.

4 Faculté des Sciences, avenue lbn Battouta, BP. 1014 RP, Rabat —Maroc
@& 00212(05) 537 77 18 34/35/38, = 00212(05) 537 77 42 61, http://www.fsr.ac.ma




