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SYNOPSIS

Two-dimensional semiconductors, owing to their large active surface area and
extraordinary electronic properties, are promising candidates for catalysis in clean
energy applications. In this context, we investigate the optical properties of various
two-dimensional materials such as phosphorene, graphene nitride and transition-
meal dichalcogenides within different first-principles hierarchies.

First, we will discuss the two-dimensional phosphorene and its derivatives.
Since the pristine phosphorene is unstable in air and easily oxidized, we exploit
this chemical instability to our advantage. We argue that the stable derivatives
with N, O and S coverages have the correct band alignment necessary for photo-
catalysis along with high photo-absorption capability. Next, we will discuss the
possibilities in designer van der Waals heterostructures with graphitic carbon ni-
tride g-C3Ny and Janus transition-metal dichalcogenides MoXY. The results are
discussed in the context of photocatalytic water splitting and solar-to-hydrogen
conversion efficiency.

In the end, we will discuss excitonic properties in the two-dimensional ma-
terials, which is fundamentally very different from their bulk counterparts due to
much weaker electron screening in the reduced dimension. We describe a tractable
hydrogenic model, where the parameters are calculated from inexpensive and con-
ventional density functional theory. The results, at first, are benchmarked against
relatively more accurate GW-BSE calculations and available experimental results.
Within this methodology, the effects of strain in the lattice and impurities are inves-
tigated in phosphorene. Exciton renormalization due to better electron screening is
investigated in thicker samples and heterostructures. Excellent agreement between
the results and the available experimental results indicates general applicability of

the hydrogenic model to other two-dimensional materials.
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CHAPTER 1

INTRODUCTION

1.1 Two-dimensional materials

Two-dimensional materials gained extensive interest among the researchers after
preparation of graphene by mechanical exfoliation of highly oriented pyrolytic
graphite in 2004. [1] Graphene has zero bandgap, which limits the applications,
and leads to the search for alternative materials. 2D materials have distinct physi-
cal and chemical properties such as a large surface area, layer dependent bandgap,
excellent electronic, mechanical, and optical properties, which originate from their
ultrathin thickness and 2D morphological features. Several hundred different 2D
materials have been investigated, including silicone, [2] germanene, [3] h-BN, [4]
graphene, [5] black phosphorous, [6] MXenes, [7] etc.

Transition metal dichalcogenides (TMDs) are well studied 2D materials that
differ from the semimetallic nature of graphene. The energy spectrum of TMDs
ranged from visible to near infrared wavelength region. [8, 9] These atomically
thin 2D semiconductors have exceptional optical properties such as the indirect-
to-direct bandgap transition from bulk to the monolayer, [10, 11] rich spin-valley
interplays, [12-14] strong light-matter interactions, [15-17] and large exciton bind-
ing energy. [11, 18-21] The bandgaps in TMDs can be tunable by applying of an
external electric field or mechanical strain, [22-24] which is desired in optoelec-
tronic applications. Duerloo et al. theoretically reported that mechanical deforma-
tions can switch thermodynamic stability between a semiconducting and a metal-

lic crystal structure in Mo and W-dichalcogenide monolayers. [25] They observed

9
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that molybdenum telluride (MoTe; ) exhibits such phase transitions, which can be

utilized to exploit the optical response of the materials.
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Figure 1.1: (a) Electromagnetic radiation spectrum, which utilized in various ap-
plications. h-BN, MoS,, black phosphorous, and graphene covered a wide range
in the electromagnetic spectrum.(b)-(e) Atomic crystal structures , and bandstruc-
tures of h-BN, MoS,, black phosphorous, and graphene, respectively. Figure
adopted from reference, [26] with permission from Springer Nature.

Excitonic effects dominate the optical response in 2D monolayer semiconduc-
tors. [18, 20, 27, 28] Experimentally excitons observed at room temperature, due
to the presence of lower dimensionality and weak dielectric screening. The exci-

ton binding energy of 2D materials is more than one order of magnitude higher
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than those in bulk semiconductors. The electronic gap (quasiparticle) is larger
than the band gap observed in optical absorption experiments. In group-6, two-
dimensional TMDs, large exciton binding energies of 0.5-0.8 eV predicted with the
GW-BSE method and measured experimentally. [18, 20, 27, 28] These values are in
the order of those observed in carbon nanotubes, organic molecules, and some
quantum dots, where all cases have the weak dielectric screening. The excitons in
2D-TMDs are of the Wannier type and thus delocalized over several unit cells. The
radius of the lowest-energy exciton in MoS, and MoSe; have been computed to be
of order 1.5 nm. [20, 27] Excitons in 2D materials can be bright or dark in character,
which can be excited or not by light absorption in the linear regime, respectively,
as followed by the dipole selection rules. [29] Dark excitons can be accessed, us-
ing two-photon absorption, which has different selection rules than one-photon

absorption. [30]

Comparing with TMDs, black phosphorous (BP) has emerged as a new 2D
semiconductor. [31] BP has useful properties for light emission as well as light
absorption, and it is a direct bandgap material nevertheless of the thickness. [32,
33] The direct bandgap semiconductors are important for realizing high-efficiency
light-emitting devices because the direct bandgap transition have much higher
quantum efficiency than the indirect transition, which needs the additional phonon
energy to conserve the momentum. The puckered structure of phosphorene gives
highly anisotropic nature, which leads to unique optical and optoelectronic prop-
erties. [33, 34] The optical and quasiparticle band-gaps of monolayer black phos-
phorus are 1.3 + 0.02 and 2.2 £ 0.1 eV, respectively. [35] Exciton binding energy of
monolayer black phosphorene is ~ 0.9 eV. As phosphorene is highly anisotropic,
high exciton binding energy, it is a promising material for optoelectronics. The ex-
citon binding energy of phosphorene layers depends on polarizability but not on

the effective masses. [36]
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Hexagonal boron nitride (h-BN) with the bandgap of 6 eV is the most attrac-
tive insulator these days. [37] The h-BN has atomically flat and smooth surface
with lack of dangling bonds, it has been used as an ideal substrate for other 2D

conducting channels such as graphene and TMDCs. [38—40]

1.2 Photocatalysis

Hydrogen is a promising energy carrier, as it has high energy density. [41] Hydro-
gen can be generated from fossil fuels, biomass, and water. If hydrogen is derived
from fossil fuels and biomass, CO; is the byproduct which is not environmentally
friendly. Hydrogen can be produced from water, where green gas emission is not
observed. Water splitting is not a spontaneous reaction, where external energy has
to be supplied to produce the hydrogen from water. Renewable energy sources,

such as solar energy can be used to split the water molecules.

Sunlight

H,0

Photocatalytic Hydrogen Generation I

Hydrogen car Hydrogen storage

Figure 1.2: Schematic image of photocatalytic hydrogen production. Figure
adopted from reference, [41] with permission from the American Chemical Society.

Photocatalytic water splitting (H,O — H; + O,) consists of hydrogen evolution
reaction (HER) 2H™ + 2¢~ — Hj), and oxygen evolution reaction (OER) (H,O +
2ht — %02 + 2HT). [42] As water splitting is an uphill reaction, it requires 237

kJ/moles of change in the Gibbs free energy [43], which is equivalent to 1.23 eV
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from the Nernst equation EY = —An—g . Here, EV is the electrode potential, n is the

number of electrons per mole and F is the Faraday constant in C mol~!. [44]

The reduction potential of the proton is 0-0.59 pH, and the oxidation potential
of water is 1.23-0.59 pH, where V vs NHE. [45] Pure water has pH=7, —0.41 V, and
0.82 V is the reduction potential of hydrogen production, the oxidation potential
of oxygen evolution from pure water, respectively. Thus, a semiconductor should
have minimum 1.23 eV band gap to become a photocatalyst of water splitting re-
actions. However, all the semiconductors which have band gap greater than 1.23
eV can not become photocatalysts of water splitting. The minimum criteria of a
water splitting photocatalyst are the band gap, and then the conduction band min-
imum should be located above the reduction potential (negative), the valance band

maximum should be located below the oxidation potential (more positive).

Solar hydrogen production consists of photophysical processes such as photon
absorption, generation of charge carriers, recombination and separation of photo-
generated carriers; and photochemical processes such as migration, and utiliza-
tion of excited carriers in the redox reactions. When a photocatalyst is irradiated
by light, it absorbs the photons with different energies. When a semiconductor
absorbs photons with greater energy than the band gap, the electrons in the VBM
excites to the CBM by leaving holes in the VBM. Now excited electron-hole pairs
are generated by absorbing the photons, but the excited electrons in the conduc-
tion band can fall back to the valance band by the radiative or non-radiative pro-
cess. Thus, the recombination of excited charge carriers can happen and anni-
hilates the water redox reactions. The charge carriers, which survived from the
recombination, migrate to the surface and participates in the corresponding redox
reactions. The migration of excited carriers to the surface active sites happens by
diffusion or electric fields generated at the semiconductor/electrolyte and semi-

conductor/cocatalyst interfaces. [46]
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Figure 1.3: Processes in photocatalytic water splitting. Figure adopted from refer-
ence, [41] with permission from the American Chemical Society.

The photogenerated H, and O; can react and form H;O on the surface, it is
called a surface back reaction. This reduces the solar hydrogen yield, the addition
of sacrificial reagents and separating the photocatalytic activity sites can reduce
the back reaction. [41]

A wide range of semiconducting materials is invented as photocatalysts for

water splitting reactions. The photocatalysts are categorized into 3 types

1.3 First generation of photocatalysts

Metals, which are UV-active known as first generation photocatalysts for water
splitting. d" metal(Ti*", Zr*" Nb>*, Ta>*, WO, Mo®") oxides, d'° metal (In*,
Ga’t, Ge*t, Sn*t, Sb>T) oxides, f° metal (Ce*") oxides and non-oxide (ZnS in
SO; % solution, [47] and InP [48]) are UV photocatalysts for water splitting.

TiO, (d) is the first discovered photocatalyst for water splitting under UV ir-
radiation. The energy conversion efficiency is very poor, because of the following

reasons, [49]

L. Electrons from CBM recombine with the holes in VBM and produce heat or

photons.
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II. Water splitting into hydrogen and oxygen is an uphill reaction, the backward

reaction of hydrogen with oxygen to form water can happen easily.

III. As TiO; has a wide band gap of 3.2 eV, it utilizes UV light. UV light is about
only 4% in solar radiation energy, while visible light accounts for about 50%.
The wide band gap of TiO; limits the utilization of solar energy, which leads

to less efficiency towards photocatalytic hydrogen production.

To overcome the above limits, many criteria were applied, such as the addi-
tion of electron donors to suppress the recombination of photogenerated carriers.
By adding carbonate salts, the backward reaction of water dissociation can be sup-
pressed. Doping with noble metals such as, Pt, [50-52] Au, [51, 52] Ag, [53] Pd, [52]
and Cu [54] are reported as efficient to achieve the photocatalytic enhancement to-

wards water splitting reactions.

1.4 Second generation of photocatalysts

The metals, which are active under visible light, come under the second genera-
tion of photocatalysts. Au/TiO; acts as visible light photocatalyst. [55] Lamellar
Niobic acid (HNb3Og) with nitrogen dopant, acts as visible light active photocata-
lyst. [56] Zn_ X)Cde solid solutions reported as visible light photocatalysts. [57]
Self-doped Ti*3 in TiO, is reported as visible light photocatalyst. [58]

1.5 Third generation of photocatalysts

2D metals/non-metals with visible light absorption falls under the third genera-
tion photocatalysts. 2D materials have a large surface area, less recombination rate
of photogenerated charge carriers, and tunability of electronic structure. The en-

hanced photocatalytic activity of 2D materials than that of the bulk counter part is



Introduction 16

reported by experimental studies.

Single layers of ZnSe shown a photocurrent density of 2.14 mA /cm?, which is

195 times higher than the bulk value of ZnSe. [59] Photocatalytic enhancements

are observed in other few and single layer 2D WS;. [60]

The 2D semiconductor should have some of the following properties to facili-

tate the photocatalytic water splitting. [61]

(a)

(b)

(©)

(d)

(e)

(f)

Low formation energy: The low formation energy of 2D material than that

of the bulk counterpart facilitates the easy extraction from the bulk.

Sufficient band gap: Semiconductor should have band gap more than water

Gibbs free energy (1.23 eV), and less than 3 eV to absorb visible light.

Band edges must align with water redox potentials: Conduction band mini-
mum (CBM) should be higher than the reduction potential of H" /H, (—4.44)
and valance band maximum should align lower than the oxidation potential

of Oz/HzO (—5.67)

Insoluble in water: The semiconductor should not dissolve in aqueous solu-

tions.

Ability to absorb visible light: The 2D material should be able to absorb the
wide range of the visible spectrum, as it accounts for around 40% of solar

energy.

Small exciton binding energy: As the exciton binding energy is small, exci-

tons can split into charge carrier and facilitates the photocatalytic reactions.

Low recombination rate of excitons: If the exciton recombination rate is low,
photogenerated charge carriers can reach the surface and facilitates the cor-

responding redox reactions.
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(h) Low rate of backward reaction: The backward reaction of water dissocia-
tion, where hydrogen and oxygen combine to form water. It is energetically

tavorable, it should be kinetically suppressed.

(i) Passivation of edges: Edges of the semiconducting material should be passi-
vated, which can minimize the reaction of ions in the solution with the edges

of the material.

(j) Stable suspension in water: Semiconductor must be dispersed in water and

should not form agglomeration (cluster).

1.5.1 2D-graphitic nitride as photocatalyst

Graphitic carbon nitride is a polymeric semiconductor with a wide band gap about
2.7 eV. [62, 63] It can be synthesized from more abundant nitrogen and carbon

precursors.

Figure 1.4: schematic image of heterojunction of g-C3N4/MoS,. Figure adopted
from reference, [64] with permission from the American Chemical Society.

Graphitic carbon nitride (g-C3Ny) is investigated as a metal-free photocatalyst
for solar hydrogen evolution. [65, 66] Wang et al first reported the g-C3Ny as pho-
tocatalyst for Hp production. [63] It is a polymeric semiconductor, which can be

synthesized from more abundant nitrogen and carbon precursors. g-C3Ny is ther-
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mally and chemically stable, [67] not dissolved in acid, alkali, organic solvents, and
robust under ambient conditions. [68, 69] g-C3Ny is composed of graphite like sp?
hybridized C, N, and acts as a pi-conjugated electronic system. [70] g-C3Njy has a
wide band gap about 2.7 eV [62, 63] and suitable for water redox reactions [63],
but the efficiency is very poor. The reasons behind the low efficiency of g-C3Ny
are wide band gap which limits blue light, low carrier mobility which leads to fast
recombination of photo-excited carriers, the nature of covalent bonding in g-C3Ny
lowers the active sites on the surface. [70] To enhance the efficiency of g-C3Ny, vari-
ous strategies applied such as doping with heteroatoms (B, C, E, P, O and S) [71-74],
protonation [75], designing heterojunctions, and structure engineering like thin
tilm /porous/ hollow /helical etc. [76-80] It is worth noted that using a co-catalyst

can promote solar hydrogen evolution.

1.5.2 Transition Metal Dichalcogenides as photocatalysts

Transition metal dichalcogenides (TMDs), with formula MX; (M= transition metal;
X= chalcogen) are being developed for photocatalytic water splitting. 2D (two-
dimensional) TMDs exhibits unique physical, chemical, electronic properties com-
pared to their bulk counterpart. [8, 10, 81-84] Each TMD layer consists of three
layers as X-M-X, where intralayer has covalent bonding and weak vdW interac-
tion exists between adjacent MX; layers. The MX; (M = Mo and W; X = S and
Se) monolayers composed with M atom stays between two hexagonal planes of X
atoms, where each M atom bonded with six neighboring X atoms through covalent
bonds. [85] The band gap of TMD reduces as the thickness reduces from few-layers
to monolayer, where the blue shift occurs in the absorption which leads into the
visible light region.

Mo and W based dichalcogenides are reported as photocatalysts for water split-

ting. [86, 87] However, the photocatalytic efficiency is very poor because of the high
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recombination rate of photo-generated electron-hole pair. [88, 89] TMDs act as co-
catalysts for water splitting. [90-92] and some of the single layer TMDs reported

as photocatalysts for water splitting. [93]

1.5.3 Phosphorene as a photocatalyst

Monolayer phosphorene is synthesized from black phosphorous by using sticky-
tape method. [44] In phosphorene, P-atoms undergo sp> hybridization and forms
3-covalent bonds with neighboring P-atoms, and leaves one lone pair of electrons.

Because of these lone pair electrons, phosphorous is very reactive.

Figure 1.5: schematic image of photocatalytic water splitting on phosphorene. Fig-
ure adopted from reference, [94] with permission from Elsevier.

Black phosphorous is the stable allotrope of phosphorous. [95] Black phospho-
rous has a puckered honeycomb structure with orthorhombic lattice geometry. [96]
The phosphorous atoms in the intralayer have covalent bonds and weak van der
Waals forces exist between the adjacent phosphorene layers (interlayer).

Pure phosphorene monolayer is suitable for hydrogen evolution from water,
but it can not catalyze the oxygen evolution from water. TiO,/phosphorene [97],
Au-particles on the phosphorene [98] show enhanced photocatalytic activity. Hy-
droxyl functionalized phosphorene nano-sheets exhibits enhanced photocatalytic

hydrogen evolution. [99]
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1.6 Outline of this work

Having discussed the many advantages of two-dimensional materials in the con-
text of photocatalytic water splitting, here in this thesis, we investigate the optical
properties of various two-dimensional materials. Within the first-principles calcu-
lations, we particularly investigate phosphorene, graphene nitride and transition-
metal dichalcogenides; and exploit their derivates and van der Waals heterostruc-

tures in the context of photocatalysis. The thesis is organized as follows,

Chapter 2: In this chapter, starting from the many-body Hamiltonian, we briefly
introduce the quantum chemical density functional theory, which is the workhorse
of this thesis. Different exchange-correlation functional is described. We further
provid an outline for the GW and BSE formalism that have been used to investi-

gate the quasiparticle and optical spectra.

Chapter 3: We investigate the optical properties of phosphorene and its deriva-
tives within the hybrid exchange-correlation functional and discuss the results in
the context of photocatalytic water splitting. While pristine phosphorene is unsta-
ble in air and easily oxidizes, we exploit this feature to show that derivatives with
N, O and S coverages are not only thermodynamically stable but also have correct
band alignment necessary for photocatalysis along with high photo-absorption ca-
pability.

Chapter 4: In this chapter, we combine two extraordinary two-dimensional ma-
terials, graphitic carbon nitride g-C3N, and Janus transition-metal dichalcogenides
MoXY, in van der Walls heterostructures. We investigate the optical properties
and investigate excitons within two-dimensional hydrogen model, which is bench-
marked with the more accurate GW-BSE calculations. The results are discussed in
the context of photocatalytic water splitting and the solar-to-hydrogen efficiency

is calculated.
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Chapter 5: Here we investigate the exciton binding energy in two-dimensional
materials, which is fundamentally different from their bulk counterparts due to
much weaker electron screening in the reduced dimension. We describe a tractable
hydrogenic model where the parameters are calculated from the inexpensive and
conventional DFT calculations that are benchmarked against the available exper-
imental results and more accurate GW-BSE calculations. Within the presented
methodology, the effects of strain in the lattice and impurities are investigated and
as well as exciton renormalization is studied in thicker samples and in heterostruc-
tures.

Chapter 6: With the success of hydrogenic model discussed in the Chapter 5, in
this chapter, we study the excitonic properties of Janus transition-metal dichalco-
genides and compare the results with those using the GW-BSE formalism. Ex-
cellent agreement between these two approaches along with the available experi-
mental results indicate the general applicability of the hydrogenic model for other
two-dimensional materials.

Chapter 7: In this chapter, we summarize the results and contributions of this

thesis and present further possibilities.
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CHAPTER 2

METHODOLOGY

The quantum mechanical model of a condensed matter system is described by a
collection of ion cores and itinerant valence electrons. However, the complexity
arises from the various many-body interactions, and the general Hamiltonian for
the interacting system can be written as,

hz 1 Z [Z ]ez 1 62 €2Z I

hz
He Vil 5 Vit et s o TR
ZI:ZMII ;2%'1 ZI;IRI—RI\ 21-;‘-|fi—ff| ;ml—rf’
(2.1)

where I(i) represents an ion (electron), M(m) is the ion (electron) mass, R(r) is
the position of ion (electron). The first two terms of the Hamiltonian describe the
kinetic energy of ions and electrons, respectively. The third and fourth term repre-
sent the Coulomb interaction energy for ion-ion and electron-electron interaction
while the electron-ion interaction is described by the final term. The relativistic
corrections including the spin-orbit coupling is not considered. The solution of

above system is given by the Schrédinger equation

Hy(r,R) = E¢(r,R),

where ¢ is the many-body wave function, and E is the eigenvalue of the system.
However, a straightforward solution is not practical owing to a large ~ 10?*> quan-

tum numbers, and therefore, approximate methods are necessary.

The ions including the nucleus are much heavier than the electrons (M/m ~

10%). The difference in mass and kinetic energy implies that the ions are signif-

23
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icantly more sluggish than the electrons. Therefore, the electrons can react al-
most instantaneously to any ionic motion. Within this procedure called Born-
Oppenheimer adiabatic approximation, [100, 101] the electronic and ionic degrees
of freedoms are separated. It can be assumed that the electrons a system experience
instantaneous potential produced by the ions that have spatially fixed positions.

Therefore, the effective electronic Hamiltonian can be written as,

B - e*Z; 1 e?
A T P e P

oy + Vion, (2.2)
i#] ‘rl - r]|

where the first term describes the kinetic energy of electrons, the second term rep-
resents electron-electron interaction, the third term is the attractive Coulomb inter-
action among the electrons and static ions. The last term is additive energy for the
ion-ion interaction calculated using the Born-Oppenheimer approximation. The
electronic part represented in Eq.2.2 primarily determines the electronic structure
of the system. The above Hamiltonian requires further mean-field simplification

owing to the many-body electron-electron interactions.

In this regard, Hartree proposed that the many-body electronic wave function

® can be written as a product of orthonormal one-electron wave functions ¢, [102]

CD(rl, Iy, ... ,I'N) = (pl(rl)q)k(m) v QDN(I'N) = H q)k(rk). (23)
k

Here, one assumes that each electron moves in an average field created by the ions
together with all the other electrons. Each one-electron wave function ¢y satisfies

and independent Schrodinger equation,

2
[_h_v V(r)| ¢i(r /|<P] 7 dr' o (r) = Expe (1), (2.4)
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The corresponding total energy is then obtained by,

E:;Ek—é//wdrdr’.

r—r'|

The second term represents the doubly counted electron-electron interaction, known
as the Hartree energy. Here, p(r) = |¢(r)|?> denotes the electron density. Within
this approach, a self-consistent solution of the Hartree equation is obtained by vari-
ational approach, where the total energy is minimized with respect to the wave
function or electron density. However, the Hartree wave function in Eq. 2.3 is
quantum mechanically inconsistent for the electrons. The simple assumption in
Eq. 2.3 is not compatible with the Pauli principle, since the fermionic wave func-
tion ® must be antisymmetric and changes the sign when two particles are spa-
tially interchanged. Moreover, the Hartree approximation does not incorporate

exchange, correlation and screening.

To address the inconsistency, within the Hartree-Fock approximation the many-
body wave function ® is given by single Slater determinant of N single-particle

spin-orbitals ¢, [103]

e1(q1)  @2(91) - on(q1)

1 | e1(@2) 92(92) - en(g2)
o= (2.5)

p109n) @209n) -+ on(qN)

Here g is a composite index for electronic coordinates and spin. This simple ansatz
for the many-body wave function captures the Pauli exclusion principle. This
wave function is used to calculate the total energy with varied orthonormal set

of ¢. The resulting one-electron equations resemble single-particle Schrodinger
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equations, and the Hartree-Fock equation is given by, [104]

> ()2 *(r r
_Z_mvi—i_v(r)—i_ez;/ ’TI{(_)‘ dr'] q)k(r) . 62;/¢] (‘r)q)k< )dr'gv]'(r)

r'| — 1|

= Erg(r) (2.6)

The first three terms are identical to those in Hartree equation, however, an addi-
tional exchange term appears owing to the inclusion of Pauli principle. Due to this
exchange interaction, electrons of like-spin avoid each other and consequently sur-
rounded by an exchange hole. While the Hartree-Fock approximation corresponds
the conventional single-electron picture of electronic structure, by assuming the
single determinant form for the wave function, it neglects electron correlation.
Therefore, Hartree-Fock theory is insufficient to make accurate quantitative pre-

dictions, while it produces qualitatively correct results for many materials.

2.1 Density Functional Theory

The methods for solving the many-body Schrédinger equation based on the Slater
determinant expansion of the wave function require a huge computational cost,
which makes it virtually impossible to apply them to larger and more complex
problems. The density functional theory (DFT) provides an attractive alternative,
which maps the many-body problem with the electron-electron interaction onto a
single-body problem without the interaction. DFT has its roots in Thomas-Fermi
(TF) model of electronic structure, [105, 106] where the electron density n(r) is the
central variable instead of the wave function. The TF equation relates the ground-

state electron density n(r) with the external potential V(r),

B n()? + V() + [ ”(_r/r),|

E dr' — =0, 2.7)

NI
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where y is the chemical potential. However, the TF suffers from many limitations,
and it can not explain chemical bonding, since kinetic energy is crudely approx-
imated. Further, the electron-electron interaction is classically approximated and
the quantum phenomena like exchange interaction is completely neglected.

The modern DFT follows the TF model to use the density n(r) as the basic vari-
able to describe a quantum system. The mathematically rigorous Hohenberg-Kohn
theorem states that the ground state density 7n(r) of a bound system of interacting
electrons in an external potential v(r) determines this potential uniquely. The n(r)
implicitly determines all the properties derivable from the many-body Hamilto-
nian through the solution of Schrodinger equation. The kinetic and interaction
energies are functional of density n(r), and an universal functional F[n(r)] can be
defined as,

Fln(r)] = (¥|T[n(r)] + U[n(r)][¥), (2.8)

and the corresponding energy functional for a given external potential v(r) is,

E[n(r)] = / v(r)n(r)dr + F[n(r)]. (2.9)

According to the Hohenberg-Kohn variational theorem, [107] for every trial den-
sity function n(r) that satisfies the conditions, [ ny(r)dr = N and ng(r) > 0
for all r, the inequality is Eg < E,[ns]. Ey = Ey[ng] where ng is the true ground-
state electron density. Here, the kinetic energy T is approximated by TF theory
described earlier, which is severely inadequate and is the main source of error.

This can largely remedied by the self-consistent Kohn- Sham approach.

2.1.1 The Kohn-Sham equation

Kohn-Sham approach maps the interacting many-body system onto a non-interacting

system that generates the same density. The non-interacting electrons experience
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a local effective external potential Veg(r), and are described by the single-particle

Kohn-Sham equation,

@i(r) = &p;(x). (2.10)

2
[—Z—V + Vege(1)

Here ¢; are the initial energies of the corresponding Kohn-Sham orbital ¢; and the

density of the N-particle system is,

N
= L li()[ (211)
i=1
The total nergy of the system is expressed as,
Eln(r)] = T[n(n)] + ATn(x)] + Enln(x)] + Exln(v)] + [ vea(in(x)dr  (212)

The kinetic energy is approximated to the ground-state of the non-interacting elec-
trons, which is incomplete. The corresponding error is denoted as AT, which is the
source of correlation energy. The electron-electron interaction energy is approxi-
mated at the Coulomb Hartree and quantum mechanical exchange energies, Ey

and Ex, respectively. The last term is the interaction with the external potential.

The non-interacting kinetic energy is expressed as,

Z / ¢ ( [——V2] ¢i(r)dr, (2.13)

and the Hartree energy is given by,
e [pmp() .,

and the exchange-correlation energy is expressed as, Exc[n| = Ex[n] + AT[n]. The
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Vet is determined by varying the total energy with respect to the KS orbitals,

/ (5EXC[ ]
Veff( Z)ext +/| — 1’1(1‘) , (2.15)

where the last term is the exchange-correlation potential.

The corresponding ground state energy is given by,

Zel—/vextn )dr + 5 /Tr,’)d dr —I—/MSXC ]n(r)dr (2.16)

Note that in the absence of exchange-correlation the KS equations reduces to the

self-consistent Hartree equations.

2.1.2 Exchange-correlation functional

The KS formalism maps the fully interacting system onto an auxiliary non-interacting
system that yields the same ground state density. However, KS kinetic energy is

not the true kinetic energy. The exchange-correlation energy is expressed as,

Exc[n(r)] = AT[n(x)] + Ex[n(r)], 2.17)

where AT[n(r)] is the kinetic energy difference between the exact and auxiliary
non-interacting system, and Ex[n(r)] is the many-body electron-electron and Hartree
energies. The exchange-correlation term is interpreted as the hole that reduces the
probability of finding an adjacent electron. While the Pauli exclusion principle is
accounted here, it does not yet correct for the spurious interaction of electron with

its own density (self-interaction).
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2.1.3 Local density approximation (LDA)

Hohenberg and Kohn have shown that if the electron density n(r) varies very slow

with r then the Exc[n] is given by,

ERRAI(®) = [ n(n)ekd in(r)]ar, 218)

Here ¢}24[n] is the exchange plus correlation energy per electron, where the elec-

tron is in a homogeneous electron gas with electron density #n(r). The exchange
part is e5P4[n] = 3/47(37%n)1/3. The correlation part representations were given
by Perdew and Wang, [108] and, Perdew and Zunger [109] can be used. We can use
the earlier representations by Hedin and Lundquist, [110] and by Wigner. [111] The
exchange-correlation potential comes from the derivative of EX24 within LDA,
vt = oExe” (2.19)

on
dexc[n(r)]

= exc[n(r)] + n(r) 5 (2.20)

2.1.4 Generalized gradient approximation (GGA)

Generalized gradient approximation (GGA) the function based on the density and

the gradient,
ESEA In(x)] = [ n(0)e§EA (), [Vn(x) Jar @21)

We can use the GGA functions by Perdew and Wang, [108] by Perdew, Burke and
Ernzerhof (PBE). [112] In Cartesian coordinates, the exchange-correlation potential

is given by,

3
WG] = | o~ Y Vigo | nOESEA(n(r), Va0, 222)

i=1 !
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it depends on the first and second radial derivatives of the density.

2.1.5 Hybrid Functionals

Both LDA and GGA functionals underestimate the band gap, which can be over-
come by hybrid functionals. Heyd, Scuseria, and Ernzerhof (HSE) [113-116] is
an efficient screened hybrid functional. The HSE functional divides the Coulomb

potential for exchange into long-range (LR) and short-range (SR) components

1_ 1—erf(wr) +erf(wr)l (2.23)
r r r
where, M indicates the short-range , and M is the long-range exchange.

is the separation range. Now, the exchange-

w is the screening parameter, %

correlation energy is,
EI}-{I%E — HEEF’SR(CU) + (1 - a)EgBE,SR(w) + E?{BE,LR(w) + EEBE’ (224)

where, E?F’SR is the short-range HF exchange, EQBE’SR, EgBE'LR are the short-range
and long-range components of the PBE exchange functional, and ELPF is the PBE
correlation energy. The parameter 2 = 1/4 is obtained from perturbation theory
[117], which is HF mixing constant. HSE becomes PBEO, or PBEh, or PBE1PBE,
for w = 0, and HSE is identical with PBE, for w — oo. The HSE version with
wyr = 0.15/+v/2 and wpgg = 0.15 x 21/3 referred as HSE03, wyp = wppg denoted

as HSEO06. The physical units of wyr, wppg are Bohr—! or A1,

2.2 GW method

The theories described above are successful to predict the ground state proper-

ties, the drawback lies in calculating the quasiparticle energies and describing the
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excited-state. [118-120] The GW approximation systematically derived from the
many-body perturbation theory. [121] The form of the self-energy in the GW ap-
proximation is same as in the Hartree-Fock but the Coulomb interaction is dynam-
ically screened, which is non-local and energy dependent. Therefore, GW approx-
imation remedies the most serious deficiency of the HF method. The GW method

can be described by the following eigenvalue equation, [122]

(T + Vext + VH)(Pnk(r) + /dI'Z(I‘, r’,w = Enk)(Pnk(rl) = Enk(Pnk(r) (2-25)

Here, T is the kinetic energy, V,,; is the external potential, Vy; is the Hartree poten-
tial, E, i is the quasiparticle energies with orbital ¢,x. Here, in contrast to DFT, the
exchange-correlation potential is replaced by the many-body self-energy ¥, and is

obtained together with the Green’s function G and screened Coulomb interaction

W.
G(1,2) = G0(1,2)+/d(3,4)G0(1,3)2(3,4)G(4,2) (2.26)
W(1,2) = V(1,2)+/d(3,4)V(1,3)X(3,4)W(4,2) (2.27)
£(1,2) = /d(3,4)G(1,3)F(3,2;4)W(4,1), (2.28)

where,
x(1,2) = /d(3,4)G(1,3)G(4,1)r(3,4,-2),and (2.29)

5%(1,2)
5G(4,5)

T(1,2;3) = 5(1,2)5(1,3)+/d(4,5,6,7) G(4,6)G(7,5)T'(6,7;3(2.30)

Note the composite notation 1 = (r,#), and V is the bare Coulomb potential. x
and I are irreducible polarizability and irreducible vertex functions, respectively.
However, further approximations are necessary for real systems. Instead of the

vertex function, bare vertex is used in GW approximation. The equations are
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solved in reciprocal space in the frequency domain,

Wea (@ w) = [baer — xca (@ w)Vaa (q)] 'Vee (q) (2.31)

Goo(qw) = [bce —Zaa(q,w)Ges(q)] 'GLai(q) (2.32)

These equations are solved self-consistently, where the first iteration G° is the non-

interacting Green’s function,

0 /
O(r,r, ) Z%w )q”gg( ) (2.33)

where ¢?, is a set of one-electron orbitals with E?, energies. The GW approxima-
tion improved the quasiparticle energies relative to the LDA eigenvalues, due to

screening which is absent in HF method.

2.3 Bethe-Salpeter Equation (BSE)

An exciton state |S) within the BSE formalism can be written as, [123]

hole elec

Z }: Z AS | ock); (2.34)

where |ock) = af, bt +q/0) with [0) being the ground state, and at(b) is hole
(electron) creation operator. q is the momentum of the absorbed photon, and A5 ;.

are electron-hole amplitudes. The corresponding excitation energies Eg are deter-
mined via BSE, [124, 125]
P h
( S(Jrq — €Z)k> AS ck —+ Z A 'K ka|K€ "U/C/k/>
o'’k

— EgAS,, (2.35)
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where e@F are quasiparticle energies, and K" is the electron-hole interaction. The
imaginary part of the dielectric function ¢’ (w) is calculated by the optical transi-
tion matrix element of the excitations.

Such a rigorous treatment within the many-body theory coupled with BSE
scheme provides an excellent description of QP and optical gaps; and exciton bind-

ing, which all compare well with the experimental results.



CHAPTER 3
OPTICAL AND PHOTOCATALYTIC ACTIVITY OF
PHOSPHORENE DERIVATIVES

In the context of two-dimensional metal-free photocatalyst, we investigate the elec-
tronic, optical and excitonic properties of phosphorene derivatives within the first-
principles approach. While two-dimensional phosphorene does not catalyze the
complete water splitting reactions, O, S, and N coverages improve the situation
drastically, and become susceptible to catalyze the complete reaction at certain
coverages. We find that for all these dopants, 0.25 - 0.5 ML coverages are ther-
modynamically more stable, and does not introduce midgap defect states and the
composite systems remain semiconducting along with properly aligned valance
and conduction bands. Further, within visible light excitation, the optical absorp-
tion remain very high 10° cm~! in these composite systems, and the fundamental
optical anisotropy of phosphorene remains intact. We also investigate the effect of
layer thickness through bilayer phosphorene with oxygen coverages. Finally, we
investigate the excitonic properties of these composite materials that are conducive
to both redox re-actions. The present results will open up new avenues to take
advantage of these metal-free phosphorene derivatives toward its outstanding po-

tential in photocatalysis. These results are published in the Journal of Physical

Chemistry C 122, 7194 (2018).

35



Optical and Photocatalytic Activity of Phosphorene Derivatives 36

3.1 Introduction

Hydrogen is a promising energy carrier, which can be used along with oxygen in
a fuel cell to convert chemical energy into electricity. [126] Although highly abun-
dant, hydrogen occurs in chemical compounds such as hydrocarbons and water,
which must be chemically transformed to produce H,. Further, water splitting
H,O =1/20; + H; is an uphill reaction, and the change in Gibbs free energy is 237
kJ mol~!, which according to Nernst equation corresponds to 1.23 eV per electron

transfer. [127-129]

In the presence of light, semiconductors may catalyze the H,O oxidation reac-
tion if the incident photons have sufficient energy to generate electron-hole (¢ — h)
pairs. While the hole participates in the oxidation reaction, H,O + 2h = 1/20;
+ 2H™, the excited electron drives the consequent hydrogen reduction reaction
2HT + 2¢ = Hj. Since the discovery of photocatalytic water splitting on TiO;, nu-
merous semiconducting materials have been proposed. [127-129] Materials that
are in focus for the last 40 years consist of d° transition metals or the post tran-
sition metals with d'° electronic configuration along with the group VA and VIA
ions. [127,128,130-135] However, the practical use of these materials are limited by
their inability to absorb visible light, and fast recombination leading to insufficient
quantum efficiency. Nanoscale materials with tuneable electronic structure have
attracted enormous attention to improve performance. [136] For example, solar-to-
hydrogen conversion efficiency is increased up to 16% for TiO, nanotubes, while
that of the bulk rutile phase is only 2%. [137] Further, the two-dimensional ma-
terials pose several advantages due to their tuneable electronic and optical prop-
erties. Moreover, they maximize the active surface area, and reduce electron-hole
recombination through minimizing the distance that the photogenerated carriers

travel before reaching catalyst-water interface, where the reaction takes place. Re-
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cent experiments corroborate these facts, and single to few layer SnS,, ZnSe, WS,,
SnSe, and SnS show order-of-magnitude improvement in the efficiency compared

to their bulk counterparts. [135, 138-140]

Metal-free photocatalysts are attracting more attention in recent times due to
their corrosion free and non-toxic nature along with better processability. [141-143]
The quantum efficiency for two-dimensional graphitic-C3Ny is found to be as high
as 26.5% under visible light illumination with A > 395 nm. [144] Another 2D ma-
terial, phosphorene, has attracted enormous scrutiny due to its extraordinary elec-
tronic and optical properties; and envisioned in electronic, optoeletronic and spin-
tronic applications. [145-149] Further, anisotropic band structure with high car-
rier mobility, tuneable quasiparticle gap between 0.3 to 2.2 eV, [145, 147, 150, 151]
and excellent photon absorption ability in the ultraviolet, visible and near infrared
region [152] indicate phosphorene to be a good photocatalyst and deserves con-
certed attention. [153] While pristine single layer phosphorene (SLP) has been
found to be incapable of catalyzing the complete water decomposition reaction,
under the influence of increased pH 8.0, the SLP is predicted to catalyze both
the half-reactions. [154] Following these, phosphorene based heterostructures and
composites have been investigated, and found to be a promising route to design
new materials, which could prevent electron-hole recombination in addition to
tuning the band edges. [154-156] While MoS, /phosphorene and WS, / phosphorene
2D heterostructures are not encouraging, [155, 156] TiO,@phosphorene show in-
creased photo-absorption in 250-1200 nm, and concurrent photocatalytic activ-
ity. [157] Further, Au-nanoparticle decorated on phosphorene show encouraging

photocatalytic activity. [158]

However, due to the presence of lone-pair electrons, the single and few-layer
phosphorene is not air-stable, and degrades via oxidation. [159, 160] A protective

Al,O3 or PMMA coating is found to preserve the intrinsic properties, and ar e use-
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tul for electronic and optoelectronic devices. [151, 159, 160] In contrast, here we uti-
lize the reactive nature of phosphorene, and investigate the electronic and optical
properties of surface absorbed O, N, and S in the context of photocatalysis. Indeed,
it is reported recently that hydroxyl-functionalized black phosphorus nano-sheets
are excellent photoca talyst for visible light (A > 420 nm) H; evolution with bet-
ter activity than graphitic-C3Ny. [161] Here, we find that 0.25 — 0.5 ML coverages
are thermodynamically most stable, and the band edges align to water redox po-
tentials. Hydrogen electrodes are reference electrodes whose potentials mark the
zero level for all redox half reactions in electrochemistry. NHE is constructed by
immersing a platinum electrode into a solution of 1 N (normal concentration, for
protons, 1 N = 1 M) protons and bubbling pure hydrogen gas through the solution
at 1 atm pressure. Due to its ease of fabrication, NHE was used as the reference
electrode in the early times of electrochemistry. Further, the absorption coefficient
is found to be very high, 10° cm~! in these derivatives. Finally, the excitonic prop-

erties are studied and discussed in the context of photocatalysis.

3.2 Computational Details

Calculations were based on the first-principles density functional theory within the
projector augmented wave formalism, and the wave functions were expanded in
the plane wave basis with 500 eV cutoff. [162-164] The exchange correlation energy
was described with Perdew-Burke-Ernzerhof (PBE) functional form of generalized
gradient approximation. [165] All the structures were fully optimized including
volume until the force components were less than 0.01 eV/A threshold. At least
15 A of vacuum space was adopted along the z-axis to avoid the periodic interac-
tion. The binding or adsorption energies of P, X, (X=0, N, S) were calculated by

E, = %[E(Pny) — E(Py) — yux], where x and y are the number of P and X atoms
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in cell used in the calculation. E(P,X;) and E(Py) are the energies of SLP with and
without X-adsorption, while x is the chemical potential of X. Single atom adsorp-
tion was studied with a 4x3 supercell, and a 8 x8x1 I'-centred Monkhorst-Pack
k-grid was used to sample the Brillouin-zone. [166] Energetics of the structures
with varied X-coverage © (1, 0.5, 0.25, 0.125 and 0.0625 monolayer, ML) were stud-
ied with a 4x4 supercell, along with 8 x8x1 k-grid. Further, the electronic struc-
ture is calculated within the computationally expensive Heyd-Scuseria-Ernzerhof
(HSEO06) hybrid exchange-correlation functional, [167, 168] and depending on the
coverage a minimal (super)cell were used. For 1, 0.5, 0.33, 0.25, 0.125 and 0.0625
ML coverages, we used 1x1, 2x2, 2x3, 4x1, 4x2, and 4 x4 supercell with com-
mensurate k-meshes, 17x17x1, 8x8x1,8x6x1,4x17x1,4x8x1, and 4x4x1, re-
spectively. We incorporated the van der Waals interaction within DFT-D3 method

along with Becke-Jonson damping during structural optimization. [169, 170]
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Figure 3.1: Different adsorption sites on single layer phosphorene, (a) Dangling
(b) interstitial bridge (c) horizontal bridge, and (d) diagonal bridge. (e) Binding
energies of single impurity are tabulated, which indicate the dangling site adsorp-
tion to be preferable for all impurities. Bonding charge density is calculated as
Ap(r) = psLp+x(r) — psp(r) — px(r), and are shown in (f), (g), and (h) for O, S,
and N, respectively. Blue (red) color indicate electron depletion (accumulation).
The charge densities are shown for 0.05 ¢/A3 isodensity. Bader population anal-
ysis of the charge density indicate P—X charge transfer (CT), and the impurity
bonding is linearly correlated with the charge transfer.
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In the context of photocatalysis the energy positions of the valence band maxi-
mum (VBM) and the conduction band minimum (CBM) are the key. To efficiently
use the photogenerated electrons and holes, the CBM should be higher (more pos-
itive) than the H" /H; reduction potential, and the VBM should be lower (more
negative) than the oxidation potential of O,/HyO. These are —4.44 and —5.67
eV, respectively, with respect to the absolute vacuum level. Alternately, the wa-
ter redox potentials are referenced with respect to the normal hydrogen electrode
(NHE), H" /H; to 0.0 eV and O, /H,0 to 1.23 eV. The standard approach was em-
ployed to reposition the band edges with respect to the vacuum level V(o0), which

is the electrostatic potential in the vacuum region far from the 2D material.

3.3 Results and Discussion

We begin our discussion with pristine SLP in the photocatalytic context. SLP has a
puckered honeycomb structure resulting from covalently bonded sp® phosphorus
atoms along with a pair of lone-pair electrons. The quasiparticle gap is experi-
mentally measured to be in 2.05—2.20 eV range through scanning tunnelling spec-
troscopy and photo-luminescence excitation spectroscopy. [151, 171] While it is
known that the conventional exchange-correlational functionals underestimate the
gap (PBE: 0.95 eV), [149] the HSEO6 hybrid functional (1.4 — 1.7 eV)[150, 172, 173]
and many-body perturbation based GW (2.00 — 2.25)[174, 175] calculations im-
prove the results. As the GW calculations are computationally very expensive
for the systems that we have investigated in this paper, we resort to HSE06 func-
tional throughout the present investigation for electronic structure. The PBE-D3
optimized lattice parameters, a (zigzag) = 3.29 A and b (armchair) = 4.45 A com-
pare well with the bulk black phosphorous. [176] The calculated HSE06 gap of 1.41

eV is in agreement with the previous calculations. [150] While the CBM of pristine
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SLP is more negative than H /H, redox potential, the VBM is not more positive
than O, /H,O oxidation potential (1.23 eV with respect to NHE). Thus, at ambient
conditions, SLP is capable of catalyzing only half of the reaction, while in alkaline
medium it catalyzes both the half-reactions. These results are in agreement with
a previous report, which also indicate that strain engineering may improve the

photocatalytic properties. [154]

3.3.1 Isolated impurities

Next we investigate the adsorption O, S, and N with SLP, which naturally reacts
with these impurities due to the presence of lone-pair electrons. Possible adsorp-
tion sites are shown in Figure 3.1(a)-(d). These impurities are chemisorbed on SLP
with strong binding energies [Figure 3.1(e)], and are absorbed in a dangling con-
tiguration [Figure 3.1(a)]. Absorbed oxygen bonds with a single phosphorus atom
with a short P—O bond of 1.51 A and very strong binding energy of -5.68 eV. Ac-
cording to Pauling electronegativity of P and O atoms, the P—O is polar covalent,
which is evident from the bonding charge density and Bader population analysis
[Figure 3.1(f)], which indicate a large P — O charge transfer of 1.31e. These results
are in agreement with an earlier report. [177] The O adsorption at the interstitial
bridge site with P—O—P bond is a metastable configuration with 0.54 eV higher
energy. Here O lies between the two half-layers forming two P—O bonds, 1.65
and 1.69 A and 130° P—O—P bond angle. The overall results are in agreement
with recent X-ray photoemission spectroscopic measurement, which indicates the

abundance of P—O bonds over P—O—P bonds. [161]

3.3.2 Impurity coverage

Having discussed the individual impurity adsorption, we now turn our attention

to impurity coverage ® < 1 ML, and investigate their electronic structure, band
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alignment and optical properties. First, we calculate the binding energy with var-
ied impurity coverage, which is a tricky task as there might be several possible con-
tigurations for a particular coverage. Here, we consider only one sided adsorption,
as if the SLP is placed on a non-interacting substrate. Impurities are chemisorbed
at the most stable dangling site [Figure 3.1(e)]. Representative configurations for
different coverages are shown in Figure 3.2(a)-(d) for ® = 0.25, 0.5 and 1 ML. Apart
from the chemical interaction between the impurity and SLP, the impurity binding
energy will be affected by varied coverage through Coulomb interaction between

the impurities, and the strain developed in the SLP lattice due to impurity loading.
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Figure 3.2: Representative configurations for impurity coverages shown for oxy-
gen and sulfur, (a) ® = 0.25 ML - 4x1, (b) ® = 0.25 ML - 2x2, (c) ® = 0.5 ML -
2x1,and (d) ® =1 ML - 1x1. Impurities are absorbed at the dangling site. (e)-(g)
Calculated binding energy with varied impurity coverage ©® < 1. Regardless the
impurity type, the optimal coverage is found in the 0.25 — 0.5 ML range, which
optimize the impurity—phosphorene bonding, Coulomb interaction between the
impurities and the induced strain in SLP lattice.
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Table 3.1: Structural details for SLP due to varied oxygen coverage, lattice param-
eters and P-O distance. Various configurations were considered for a particular
coverage, and O is absorbed at the most preferable dangling site.

O-coverage & configuration a (A) b(A) P-O (A)

0.0625 ML (4 x4) 329 445 151
0.125 ML (4x2) 329 446 151
0.125 ML (2x4) 329 446 151
0.25 ML (4x1) 329 447 151
0.25 ML (1x4) 330 446 150
0.25 ML (2x2) 329 448 151
0.5 ML (2x1) 330 449 151
0.5 ML (1x2) 331 447 150
0.5 ML c(2x2) 329 452 151
1ML (1x1) 332 457 151

We have tabulated the structural parameters in Table 3.1, such as lattice pa-
rameters, and P-O bondlengths with varied oxygen coverage on SLP. The P-O
bondlengths are not varying much with varied oxygen coverage. The lattice con-
stant a is not ultered with varied oxygen coverages, but the lattice constant b in-

creases as the oxygen coverage increases.

There is different configurations of impurity on phosphorene, which are not
photocatalytically active are shown in the Figure 3.3. We did analysis of possible
configurations for each coverage, with different impurity atoms . We observed
that 0.5ML coverage has 3 differnt configurations, such as 2x1, 1x2, and c(2x2).
Similarly , for 0.25 ML coverage is represented by 4x1, 1x4, 2x2 configurations,

and 0.125ML coverage has 4x2, and 2x4 configurations.

To further investigate the dynamical stability of SLP under impurity coverage,
we have investigated the phonon dispersion with in the density functional pertur-
bation theory using the Phonopy code. [178, 179] For example, we calculated the
phonon band structure and density of states (DOS) for SLP with 0.33 and 0.5 ML

oxygen coverage, which are shown in Figure 3.4. The absence of any imaginary
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Figure 3.3: Possible configurations for adatom adsorption with varied coverage .

phonon mode indicates that the SLP under varied impurity coverages are indeed

dynamically stable .

The picture is qualitatively similar for sulfur, and the binding is maximum for

0.25 - 0.5 ML coverage [Figure 3.2(f)]. For 0.25 ML sulfur, the 2x2 configuration
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Figure 3.4: Calculated phonon band structure and phonon density of states for (a,
b) 0.33 ML and (c, d) 0.5 ML oxygen coverage in their ground state. The absence
of any imaginary phonon mode indicate that the SLP with impurity coverage are
indeed dynamically stable.

is preferred, while the competing 4x1 is 26 meV /S higher. With increasing cover-
age at 0.5 ML, the 2x1 configuration is the ground state, which is 35 meV /S lower
in energy than the corresponding c(2x2) configuration. Beyond 0.5 ML coverage,
sulfur binding decreases rapidly. The change in P—S bond length and a do not
show any noticeable change till 0.5 ML coverage, whereas b increases monotoni-
cally by 4.3% . However, at 1 ML coverage, the P—S bonds are increased by 0.05 A,
while a and b lattice parameters are increased by 2.9 and 6.7%, respectively, com-
pared to pristine SLP. Thus, induced strain is larger for sulfur compared to oxygen
coverage.

The structural analysis of S-coverage on SLP is tabulated [Table 3.2], the P-S

bondlength is varied from 1.96 to 2.0 A for 0.0625 to 1ML coverage . The lattice

constant a is varied from 3.29 to 3.39 A for 0.0625 to 1ML coverage, while b is
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Table 3.2: Structural details for SLP due to varied sulfur coverage, lattice param-
eters and P-S distance. Various configurations were considered for a particular
coverage, and S is absorbed at the most preferable dangling site.

S-coverage & configuration a (A) b (A) P-S(A)

0.0625 ML (4 x4) 329 447 196
0.125 ML (4x2) 329 450 196
0.125 ML (2x4) 329 449 195
0.25 ML (4x1) 328 455 196
0.25 ML (1 x4) 331 448 194
0.25 ML (2x2) 328 455 196
0.5 ML (2x1) 328 464 196
0.5 ML (1x2) 334 450 194
0.5 ML c(2x2) 327 472 199
1ML (1x1) 339 475 2.0

varied from 4.47 to 4.75 A for 0.0625 to 1ML coverage.

The structural parameters of N-coverage on SLP is analyzed (Table 3.3), where
the lattice constant a is increased from 3.30 to 3.41 A for 0.0625 to 1 ML coverage
of N on SLP, respectively. The lattice constant b is reduced from 4.41 to 4.21 A for
0.0625 to IML coverage of N on SLP, respectively.

Table 3.3: Structural details for SLP due to varied nitrogen coverage, lattice param-

eters and P-N distance. Various configurations were considered for a particular
coverage, and N is absorbed at the most preferable dangling site.

N-coverage & configuration a(A) b(A) P-N(A)

0.0625 ML (4x4) 330 441 1.62,1.68
0.125 ML (4x2) 330 437 1.60,1.71
0.125 ML (2 x4) 330 439 1.60,1.69
0.25 ML (4x1) 333 424 163,166
0.25 ML (1x4) 330 437 1.60,1.67
0.25 ML dia-(4x1) 334 449 161,168
0.25 ML (2x2) 338 4.18 1.60,1.70
0.5 ML (2x1) 336 422 162,166
0.5 ML (1x2) 334 429 161,167
0.5 ML c(2x2) 335 425 1.63,1.65

1ML (1x1) 341 421 1.63,1.66
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The binding energy is found to be maximum around 0.5 ML N-coverage [Fig-
ure 3.2(g)]. For 0.5 ML coverage, the 2x 1 configura tion is found to be the most sta-
ble over other configurations with binding energy 23 meV and 340 meV /N lower
than the ¢(2 x 2) and 1x2 configurations, respectively. Beyond 0.5 ML coverage,
Ey, decreases much rapidly with varied coverage unlike oxygen and sulfur. Com-
pared to 0.5 ML coverage, the calculated E, increases by 367 and 547 meV /N for 1
ML and 0.125 ML coverages, respectively. In contrast, such increase is found to be
much smaller (below 150 meV /dopant) for O and S coverages [Figure 3.2(e)-(g)].
We argue this feature to be connected to the lattice strain developed due to N-
loading, which we notice to be much different from the cases with O and S doping,
where only a tensile strain is developed in both zigzag and armchair direction.
In contrast, a tensile and a concurrent compressive strains are developed along
zigzag and armchair directions, respectively, which monotonically increases with
increasing coverage. For IML N-coverage, the SLP lattice parameters increase by
3.7% (tensile strain) along the zigzag direction, while the same decreases by 5.3%
(compressive strain) along the armchair direction, which can be observed in Ta-

ble 3.3.

It would be interesting to investigate the differential effects of induced strain on
the impurity binding. It is known that due to puckered nature along the armchair
direction, the SLP can easily accommodate large strain along this direction, while
the zigzag direction is relatively stiffer. [180] In this regard, we have calculated the
strain energy relative to the pristine SLP, & = [E’(SLP) — E(SLP)]/area, where E
and E’ are the energies of pristine and distorted SLP due to impurity loading. Cal-
culate strain energy increases monotonically with impurity loading, and is much
smaller compared the corresponding impurity binding energy. For any coverage,
we find £9 < £ < &N, which is commensurate with the respective changes in

their lattice parameters due to impurity adsorption. For example, while & is com-
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parable for ®= 0.5 ML O and S coverages (75 and 105 m]/m?, respectively), the
same for N-coverage is much larger to 570 m]/m?. Furthermore, it is found that
impurities repel each other due to Coulomb interaction while the separation fall

below a 4 A distance, and consequently binding energy decreases.

Table 3.4: Calculated strain energy due to impurity loading.

Strain Energy & (m]/m?)
Oxygen Sulfur Nitrogen
0.0625ML  7.92 12.40 47.34
0.125 ML 16.83 26.45 154.29
0.25 ML 37.14 59.06 458.46
0.5 ML 7408 10632  569.54
1ML 161.70  536.56  703.25

Coverage

The strain induced due to the dopant coverages on SLP, where the strain energy
is enhanced as the dopant coverage is increased. Table 3.4 shows that nitrogen is
inducing more strain than that of oxygen and sulfur, while oxygen is inducing less

strain than the sulfur, and nitrogen.

3.3.3 Electronic structure and band alignment

The band structure of pristine SLP has been studied extensively in literature us-
ing various theoretical hierarchy and accuracy, [149, 150, 172-175] and the optical
and quasiparticle gaps have been experimentally estimated. [151, 171] As conven-
tional exchange-correlation functionals underestimate the band gap, we use hy-
brid HSE06 functional throughout the paper. Further, magnitude of the gap, and
the corresponding energy positions of VBM and CBM are necessary for photo-
catalytic applications. In this context, as we have discussed earlier, pristine SLP
catalyze only the H" /H, half of the water oxidation, while O,/H,O reaction is
not possible due to improper energy position of VBM (Figure 3.5). The calculated

gap of 1.41 eV is in good agreement with the previous calculations within similar
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Figure 3.5: Band-edge positions of single layer phosphorene with varied oxy-
gen and sulfur coverage at ambient conditions. These are calculated with hybrid
HSEQ06 exchange-correlation functional and rescaled to the vacuum level and NHE.
The redox potentials of H,O is marked with the dashed lines. The band-edge posi-
tions for SLP with 0.33 and 0.5 ML oxygen and sulfur coverages are such that they
catalyze both the half reactions.

theoretical hierarchy. [150, 172, 173] Here, we investigate to tune the gap and the

corresponding VBM/CBM alignment with varied adatom coverages © < 1 ML.

We start discussion with varied oxygen coverage, which does not introduce
any electronic states in the gap and the composite system remain semiconducting.
Calculated gap shows an overall non-monotonous variation. With increasing oxy-
gen coverage, the gap first increases monotonously to 1.95 eV for 0.5 ML coverage,

however which decreases to 1.68 eV for 1 ML oxygen. It is evident from the density
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of states (DOS) that both VBM and CBM originate from the P-p, orbital for pristine
SLP, and this picture remains unperturbed with increasing oxygen coverage till 0.5
ML. We do not observe any contribution from oxygen to the band edges. However,
for 1 ML coverage, hybridizied P-p, and O-p, contribution is observed in addition
to P-p, orbital at the valence band edge. Furthermore, the conduction band edge

completely changes its character to P-py.

With increasing coverage, the band edges come down in energy (Figure 3.5)
and the band-edge positions are such that for 0.33 and 0.5 ML become suscepti-
ble to catalyze both the water oxidation reactions. We have further investigated
the oxidizing power Aypmy = (Evpm + 5.67) eV, and reducing power Acpy =
(Ecewm + 4.44) eV. This is the energy measure of how negative (positive) the VBM
(CBM) lies with respect to the respective redox potential. A large difference be-
tween Aypm and Acgym imbalances the oxidation and reduction reactions, which
inhibit further redox reaction. Thus, similar Aygy and Acpyy is required for over-
all catalytic efficiency. In this context, the SLP with 0.33 ML coverage (Aypm =
—0.26 eV and Acpy = 0.38 eV) is expected to be a better catalyst than that with
0.5 ML coverage (Aypm = —0.62 eV and Acpy = 0.10 eV). The case with 0.25 ML
coverage is interesting. While the VBM is unfavorable with being slightly positive
(0.06 eV) compared to the oxidation potential, the CBM shows preferable align-
ment. However, increased pH of the solution will align the VBM in this case, as
the redox potentials shift higher in energy by pHx0.059 eV. [181] Thus, in a mod-
erate pH 5 solution, both VBM and CBM align preferably with equivalent Aygy =
—0.24 eV and Acpy = 0.15 eV, which indicate a balanced redox reactions. Although
coverages below 0.25 ML are not thermodynamically preferable [Figure 3.2(e)], at
moderate pH 5, structures with 0.0625 ML (Aygy = —0.03 eV and Acpy = 0.25 V)
and 0.125 ML (Aypm = —0.08 eV and Acpy = 0.26 eV) O-coverages are favourable

to redox reactions.
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It should be important to note that during the oxidation process, the O, molecule
is physisorbed on the surface of phosphorene first, and then O, decomposition
takes place. [177, 182] In such case, O-atoms can occupy the adjacent adsorption
sites, which we investigate here. There are two possible ways in which two O-
atoms can be absorbed at the adjacent adsorption sites in trans and cis configura-

tions, which are shown in Figure 3.6.

(a) (b)
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Figure 3.6: Oxygen atoms may occupy the adjacent adsorption sites on SLP, (a)
trans configuration and (b)cis configuration. Although these configurations have

slightly lower binding energy, these configurations may present as during the oxi-
dation molecular O, is physisorbed before decomposition.

Here we investigate the 0.5 ML O-coverage as a test case to find that adsorp-
tion in trans configuration is comparatively more favourable than the cis configu-
ration with —5.61 eV/O-atom binding energy. However, these binding energies
are slightly lower than the 2x1 configuration which is found to be the ground
state. Interestingly, compared to the ground state configuration, the calculated
band gap, VBM, CBM, and work function are not significantly affected while the
oxygen atoms are absorbed in these configurations, which are presented in Ta-
ble 3.5 . Further, in these two configurations, the VBM and CBM align such that
they are susceptible to catalyze the complete redox reaction, with Aygy = —0.54
eV and Acgy = 0.24 eV for the trans configuration, and Aypy = —0.49 eV and
Acpm = 0.21 eV for the cis configuration.

Next we discuss oxygen coverage on bilayer phosphorene (BLP), for which we
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Table 3.5: Calculated binding energy E; , P-O distance, band gap E, and the cor-
responding VBM and CBM, Aypym and Acgym, and work function ¢ for different
configurations for 0.5 ML oxygen coverage.

Configuration
2x1 groundstate trans-configuration cis-configuration
Ey (eV) -5.71 -5.61 -5.54
P-O distance (A) 1.51 1.50 1.50
Eg (eV) 1.95 2.01 1.93
VBM (eV) -6.29 -6.21 -6.16
CBM (eV) -4.34 -4.20 -4.23
AVBM (eV) -0.62 -0.54 -0.49
Acpm (eV) 0.10 0.24 0.21
@ (eV) 5.84 5.79 7.73

consider the natural AB stacking that is energetically favorable. Calculated lattice
parameters, within the PBE-D3 functional, are 3.30 and 4.33 A along the zigzag
and armchair directions, respectively. Calculated interlayer distance of 5.11 A isin
good agreement with previous quantum Monte Carlo results. [183] Here we have
considered one-sided oxygen coverage only. While the lattice parameter along
the zigzag direction is not perturbed by O coverage, the same along the armchair
direction monotonically increases to 4.48 A for 1ML coverage. The calculated
binding energy with varied coverage show the same qualitative trend as discussed
for the SLP [Figure 3.2(e)], while the binding is about 50 meV higher in case of BLP.
The dangling dp_o does not change upon increasing O loading, which remain at

1.51 A.

The lattice parameters, and P-O bondlengths are tabulated in Table 3.6. The
lattice constant(a) along zigzag direction is not altered as the oxygen coverage in-
creases, while the lattice constant(b) along armchair direction increases from 0.25
ML to 1 ML coverage of oxygen on BLP. The P-O bondlength is constant, which

does not depend on the oxygen coverage.

Compared to pristine SLP, the band gap decreases in pristine BLP to 1.10 eV,



Optical and Photocatalytic Activity of Phosphorene Derivatives 53

Table 3.6: Structural details for BLP due to varied oxygen coverage, lattice pa-
rameters and P-O distance. The most stable configurations were considered for a
particular coverage, and O is absorbed at the most preferable dangling site.

O-coverage & configuration a (A) b(A) P-O (A)

0.125 ML (2x4) 330 4.34 1.51
0.25 ML (2x2) 330 4.34 1.51
0.5 ML (1x2) 330 440 1.51
1ML (1x1) 330 448 1.51

calculated within hybrid HSE06 functional, which is in good agreement with the
previous reports. [150, 184] The trend in band gap with increasing O coverage for
BLP shows similar qualitative trend as it is discussed for SLP earlier . The gap in-
creases with increasing coverage till 0.5 ML to 1.44 eV, however, it decreases with
further increase in coverage (1.32 eV for 1 ML). Similar to the trend observed in
SLP, the band edges come down in energy with increasing coverage, and the BLP
with 0.5 ML oxygen coverage becomes capable to catalyze both redox reactions
with balanced oxidizing and reducing power (Aypy = —0.09 eV and Acpy = 0.08
eV). Note that for © < 0.25 ML coverage, BLP catalyzes only one half of the com-
plete reaction, H* /H,. However, for 0.25 ML O-coverage, BLP is predicted to
catalyze both the half reactions at a moderate pH 4 solution (Aypy = —0.08 eV and

Acpm = 0.09 eV).

We have studied the photocatalytic activity of bilayer phosphorene(BLP) with
various coverages of oxygen atom. BLP with 0.5ML coverage of oxygen is oberved
as suitable for water redox reactions. Figure 3.7 represents that pristine BLP, 0.125,
0.25 ML coverage of oxygen is feasible for water reduction, and 1ML coverage of
oxygen on BLP is good for water oxidation reaction.

Motivated by our results with oxygen coverage, we have further investigated
the role of sulfur. The calculated binding energy is maximum for 0.25-0.5 ML

sulfur coverage, as we have discussed earlier [Figure 3.2(f)]. Similar to the trend
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Figure 3.7: Band-edge positions of bilayer phosphorene (BLP) with varied oxy-
gen coverage at ambient condition, calculated within the hybrid HSE06 exchange-
correlation functional. The energies are rescaled to the vacuum level and NHE.
Results are compared with the pristine BLP.

observed for oxygen coverage, absorbed sulfur does not introduce any midgap
states at any coverage < 1 ML that are studied here, and the composite systems
remain semiconducting (Figure 3.5). The calculated gap monotonically increases
with increasing coverage, 1.5 eV for 0.0625 ML to 1.83 eV for 0.5 ML coverage.
However, the calculated gap for 1 ML coverage is severely reduced to 0.74 eV.
Interestingly, we find for 0.33 and 0.5 ML sulfur coverages, the band edges align
such that these systems become catalytically active. The corresponding oxidation
and reduction powers are found to be Aygy = —0.09 eV and Acpy = 0.35 eV for
0.33 ML coverage, and the same for 0.5 ML are —0.36 and 0.24 eV, respectively. In
contrast, the structures with 0.125 ML (Aygm = —0.07 eV and Acgy = 0.28 eV) and
0.25 ML (Aypm = —0.17 eV and Acpy = 0.21 eV) S-coverages become favourable to
redox reactions at moderate pH 5 only.

The downward shift in band edges after O/S coverage is crucial for phospho-
rene to exhibit photocatalytic activity (Figure 3.5). The shift originate from the
change in electron environment at the vacuum-phosphorene interface. [185] Due

to P—0O/S charge transfer, O and S have surplus electron, and the electron-rich
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environment at the surface induces a dipole that leads to altered band alignment
with respect to the vacuum. Further, the work function ¢, which is the energy dif-
ference between the vacuum level V(o0) and the Fermi energy, show monotonic
increase with increasing O/S coverage. This is again due to the dipole formation
between SLP and O/S impurity. Calculated ¢ for SLP, 0.0625, 0.125, 0.25, 0.33,
0.5, 1 ML O-coverages are 4.86, 4.93, 5.07, 5.10, 5.50, 5.84 and 6.28 eV, respectively,
whereas ¢ monotonically increases to 5.65 eV for 0.5 ML S-coverage. Such tune-
able work function by impurity coverage will have desirable impact on functional

device applications.

Next we investigate nitrogen coverage on SLP, and find that the composite sys-
tem with ~ 0.5 ML coverage is thermodynamically most stable [Figure 3.2(g)].
Unlike O and S coverages, nitrogen introduces states at the Fermi level for most of
the coverages studied here except of 0.33 and 0.5 ML . These are found to be semi-
conducting with 1.40 and 1.66 eV gap, respectively. For 0.5 ML coverage, the VBM
and CBM align properly with Aygy = —0.07 eV and Acpy = 0.36 eV. In contrast,
for 0.33 ML, the band edges align only at pH 9 solution with Aygy = —0.07 eV and

ACBM =0.10 eV.
21
N@SLP =

3 7§ Z
g\ ©)]
L
< 4T H*/H, (-4.44 eV)
S AT T 10
2
Al
R N e T {123
M 6 = 0,/H,0 (-5.67 eV)

> I
_7 1 1

0 0.25 0.50 1
Nitrogen coverage © (ML)

Figure 3.8: Band-edge positions of single layer phosphorene with varied nitro-
gen coverage at ambient condition, calculated within the hybrid HSE06 exchange-
correlation functional. The energies are rescaled to the vacuum level and NHE.
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We investigated the photocatalytic activity of nitrogen doped phosphorene,
where 0.5 ML coverage of nitrogen on single layer phosphorene is active for water
splitting reactions as shown in Figure 3.8.

The discussion will remain incomplete without an investigation of the interac-
tion of HO molecule with these phosphorene derivatives. In this regard, the de-
termination of active HyO adsorption site is of supreme importance. We have thus
investigated various HyO adsorption sites on SLP with 0.5 ML O/S/N coverage,
which are discussed to be conducive to complete redox reaction (Figure 3.5). We
find that H,O is adsorbed at the phosphorus atom with —0.35 eV binding energy,
and acts as the active site. In comparison, H,O adsorption at impurity oxygen is

unfavourable with —0.28 eV binding energy.
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v v
the SLP with 0.5 ML oxygen coverage . Water adsorption at the phosphorous is
shown in (b), while the same adsorbed at the impurity oxygen is shown in (c).
Similar configurations were observed for 0.5 ML sulfur and nitrogen coverage,
and are not shown here.

Figure 3.9 represents the favourable active site for pristine SLP, and 0.5ML
oxygen coverage. From the binding energy criteria, configuration (b) is more

tavourable than (a) and (c) configurations.
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In comparison H,O binding on pristine SLP is weaker (—0.20 eV) in agreement
with previous reports. [186, 187] Similar observation is achieved for S and N cov-
erage. For adsorption at the active site, the O—H bonds in water is only slightly
activated by 0.01 A. However, the photocatalytic redox reaction is triggered by the
photogenerated hole at the valence band. Thus, we investigate the HyO structure
in the presence of a hole to find that for 0.5 ML oxygen coverage, the O—H bond

becomes much weaker and is elongated to 1.58 A triggering the rupture.

3.3.4 Optical and excitonic properties

The frequency dependent complex dielectric tensor, e(w) = € (w) + ie” (w), has
been used to calculate the optical properties. The imaginary part €’ (w) of the
linear dielectric tensor is calculated in the long-wavelength q — 0 limit within the
random phase approximation, [188]
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where the factor 2 inside the summation accounts for the spin degeneracy, () is
the volume of the primitive cell, and wy are k-point weights. The €. (e,x) are k-
dependent conduction (valence) band energies, 1.y .k are cell periodic part of the
pseudo-wave-function, and €5 are unit vectors along the Cartesian directions.
q is the Bloch vector of the incident wave. The corresponding real part ¢ (w)
is calculated using Kramers-Kronig transformation. The absorption co-efficient
Ape (W) = 22 |ege(w)] — exa(w)]% is calculated using the hybrid HSE06 exchange-
correlation functional.

The electronic structure of phosphorene is anisotropic along different crystallo-

graphic directions. Thus, a strong anisotropic optical absorption is expected while
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the incident light is linearly polarized along the armchair and zigzag directions
of phosphorene (Figure 3.10). Pristine SLP and BLP show strong dichroism. For
the incident light polarized along the armchair direction, the absorption peak is
formed at the bandgap (1.41 eV for SLP), which show a sharp layer dependence
(1.10 eV for BLP). In contrast, for the light polarized along the zigzag direction,
the optical absorption peak is found at ~ 3.22 eV for SLP, which does not show
strong layer dependence (3.14 eV for BLP). The overall trend is in good agreement
with previous reports. [150] The anisotropic nature of optical absorption remains
intact upon oxygen coverage, and both SLP and BLP show similar features upon
oxygen coverage. The absorption edge shifts to higher energy with increasing cov-
erage for the light polarization along the armchair direction [Figure 3.10(a)]. In
contrast, the same shifts to lower energy for light polarization along the zigzag
direction [Figure 3.10(b)]. Further, the high absorption coefficient is unaffected by
the oxygen coverage reported in Figure 3.10 and remains ~ 10° cm~! for visible

light absorption.

For S coverage, the optical properties show similar qualitative trends that are
discussed for oxygen coverage (Figure 3.10). The absorption remains anisotropic
in armchair and zigzag directions. For S coverage with ® < 0.50, the absorption
edge is blue shifted for the incident light polarization along the armchair direction,
as the band gap increases compared to pristine SLP (1.66 and 1.86 eV for 0.33 and
0.5 ML coverages, respectively). In contrast, the absorption is red shifted for light
polarization along the zigzag direction with the absorption edge at 3.05 and 2.90
eV for 0.33 and 0.5 ML coverages, respectively. For both cases that are conducive
to water oxidation (Figure 3.5), the absorption coefficient is found to be very high

10° cm ! within visible light excitation.

In the figure(Figure 3.11), the absorption peaks along the armchair direction are

1.41, 1.66,and 1.86 eV for pristine SLP , 0.33ML, and 0.5ML of S-coverage, respec-
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Figure 3.10: Optical absorption coefficients A for linearly polarized incident light
along the (a) armchair, and (b) zigzag direction calculated with HSE06 hybrid
exchange-correlation functional. Pristine SLP and BLP are compared with differ-
ent oxygen coverages. The vertical lines correspond to the absorption edge calcu-
lated from the Tauc plots. Anisotropic nature of optical absorption is retained with
oxygen coverage along with very high absorption coefficient A ~ 10° cm~! in the
visible optical range. While the absorption edge is shifted to higher energy for the
light polarization along the armchair direction, it is reversed for the incident light
polarization along the zigzag directions.

tively. While, the absorption peaks along the zigzag directions are 3.22, 3.05, and
2.90 eV for pristine SLP, 0.33 ML, and 0.50 ML of S-coverage, respectively.

Next, we investigate the excitonic properties in phosphorene derivatives, which
are conducive to water splitting. The exciton binding, the bound state energy of an
electron-hole pair, is an important metric for photocatalytic efficiency. However, a
rigorous treatment within many-body theory with Bethe-Salpeter equation is prac-
tically impossible due to exceptional computational cost. In contrast, here we use
a simplified hydrogenic model for anisotropic two-dimensional materials, which
has been proved to provide results with very reasonable accuracy.[189-191] The
parameters in this model, effective hole and electron mass along different crystal-
lographic directions, and dielectric constant at zero frequency are calculated using

HSEOQ6 exchange-correlation functional. The obtained results for pristine SLP and
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Figure 3.11: Optical absorption coefficient for SLP and compared with varied sul-
tur coverage. For linearly polarized light along (a) armchair and (b) zigzag direc-
tions calculated with hybrid HSE06 exchange-correlation functional. The vertical
lines correspond to the absorption edge calculated from the Tauc plot.

BLP are in excellent agreement with previous GW-BSE results [174, 175, 192] and
experimental measurement. [151] The calculated exciton binding E;* is 0.76 €V,
ex

which confirm strongly bound exciton in SLP. Further, the exciton extension, R§y,

and R&

71, 18 found to be anisotropic with 12.20 and 4.88 A, along the armchair and
zigzag directions, respectively. Impurity coverage affects both exciton binding and
extension. The exciton binding increases in phosphorene with impurity coverage,
and further increases with increasing coverage. For example, E;* = 0.87 and 0.92
eV for 0.33 and 0.5 ML O-coverage, respectively; whereas the same for S-coverage
are found to be 0.90 and 1.13 eV, respectively. In contrast to pristine SLP, the exci-
tons become more localized in these systems, REX,, =9.73 A and Rgi‘g =3.99 A for
0.5 ML O-coverage, while the same for 0.5 ML S-coverage are calculated to be 6.94
and 5.34 A, respectively. On the other hand, with increasing layer thickness in BLP,
E;X decreases to 0.48 eV, which is 0.75 eV for the 0.5 ML O-BLP system. A large ex-

citon binding may lead to higher recombination and detrimental to photocatalytic
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application. On the other hand, in these complexes, the very large electron/hole
mobility with concurrent effective mass may lead to quick charge separation, and

could be consumed in the respective catalytic reaction.

3.4 Conclusions

In the context of metal-free photocatalyst, a comprehensive investigation of elec-
tronic and optical properties of phosphorene derivatives is performed within first-
principles calculations. The N, O and S adatoms bind strongly on the two- di-
mensional phosphorene, and preferentially bind at the dangling site. Further, the
binding energy show strong coverage dependence, and 0.25-0.5 ML coverages are
found to be most stable. The differential contribution of induced strain due to im-
purity loading has been discussed. Impurity binding does not introduce midgap
impurity states, and the composite system remains semiconducting. At certain
coverages (0.33 — 0.5 ML), which are also thermodynamically stable, the band
edges align with the redox potentials for water splitting. Moreover, the absorp-
tion coefficient is found to be very high 10° cm~! within the visible absorption
range. Further, the layer dependence of band alignment and optical properties are
investigated in bilayer phosphorene, and the same is found to be capable of oxi-
dation and reduction reactions at 0.5 ML oxygen coverage. Further, we investigate
the excitonic properties of the composites conducive to water splitting and com-
pared with the pristine phosphorene. While two-dimensional phosphorene has
been already proposed for potential applications in electronic and optoelectronic
applications, the current investigation open up the possibility of using phospho-
rene derivatives as metal-free photocatalyst. [161] We hope the current study will
simulate further theoretical and experimental investigations to take a complete ad-

vantage of its outstanding potential.
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CHAPTER 4

VAN DER WAALS HETEROSTRUCTURE FOR
PHOTOCATALYSIS: GRAPHITIC CARBON NITRIDE AND
JANUS TRANSITION-METAL DICHALCOGENIDES

Converting solar energy into chemical energy by splitting water is a promising
means to generate a sustainable and renewable solution without detrimental en-
vironmental impact. The two-dimensional semiconductors serve as potential cat-
alysts in this regard, and here we combine Janus transition-metal dichalcogenides
(MoXY, X/Y =S, Se, Te) and graphitic carbon nitride in a van der Waals het-
erostructure. Within the first-principles calculations, we investigate the electronic,
optical and excitonic properties that determine the photocatalytic activity. Due to
the internal electric field, the photogenerated electrons and holes are separated in
the MoXY layers, and also generates high overpotentials for the redox reactions.
The high optical absorptions span throughout the entire visible and near ultravi-
olet regime in these heterostructure nanocomposites. Further, the lower exciton
binding, calculated within the two-dimensional hydrogenic model, indicates effi-
cient charge separation. Enormous tunability of photocatalytic properties in such
heterostructures should attract considerable theoretical and experimental attention
in future. These results are published in the Physical Review Materials 3, 095402
(2019).
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4.1 Introduction

The fascinating mechanical, electronic and optical properties of 2D materials and
their concurrent tunability have opened up its applications in the modern elec-
tronic, catalytic, and in energy conversion and storage devices. [193-197] Combin-
ing properties in 2D heterostructures provides further tunability in this context.
Among other energy applications, the photocatalytic water splitting on the 2D
materials has been attracted particular attention to improve quantum efficiency.
Apart from the easily tuneable intrinsic electronic structure, the 2D materials pose
several advantages over other forms of nanomaterials. It maximizes the surface
area for optical absorption and photocatalytic reaction. Further, it minimizes the
distance travelled by the photogenerated electron and holes reducing recombina-
tion. In contrast, high exciton binding in the two-dimension due to reduced elec-
tron screening is a significant concern. [198-201] Despite significant achievements
in optimizing photocatalytic activity, the low quantum efficiency hinders possible

practical applications and warrants further material optimization.

Several 2D materials such as metal oxides and hydroxides, [202-206] metal
chalcogenides, [207-210] and metal-free semiconductors [153, 211-215] have been
investigated as photocatalysts. The metal chalcogenides and metal-free graphitic
carbon nitride (g-C3Njy) have attracted particular attention. The free-standing SnS;
and wide-gap ZnSe single-layers exhibit much enhanced photocurrent, water split-
ting efficiency and photostability. [207, 208] The transition-metal dichalcogenides
(TMDCs) offer encouraging optical properties in the visible region along with ex-
ceptionally high carrier mobility, which makes them excellent candidate materi-
als for photocatalysis. [209, 210] On the other hand, heptazine based g-C3Njy is
the most promising metal-free candidate, which show photocatalytic activity un-

der visible-light irradiation, however, it suffers from extremely low quantum effi-
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Figure 4.1: (a) The hexagonal 2D lattice of triazine-based graphitic carbon nitride
(TGCN). No corrugation is observed in the free-standing single-layer TGCN. (b)
The side and top views for the single-layer Janus MoXY (X/Y =S, Se and Te),
where the out-of-plane crystal symmetry is broken, and an internal electric field
E is developed due to the difference in Pauling electronegativity. (c) Schematic
description of a high electrostatic potential difference A® that is thus produced
between the X and Y surfaces.

ciency. [211] In general, the catalytic activity in these materials is further tuned by
doping, [213, 214, 216, 217] thickness, [207, 214, 218] defect engineering [219, 220]
and making composites including 2D van der Waals heterostructures. [221-225]
For example, the quantum efficiency has been drastically improved for the g-
C3Ny quantum dots and while modified with iodine, oxygen, phosphorous and

boron. [212-214, 216, 217]

The 2D van der Waals stacking is an attractive strategy to combine materials
with distinctive properties to optimize the photocatalytic properties. Apart from
the improved light absorption, the effective inter-layer charge separation can trig-
ger reduction and oxidation of water on the different component layers. The con-
cept was developed by combining MoS, and g-C3Njy in a heterostructure, which
showed improved catalytic activity. [221] Since then several MoS; and g-C3Ny

based heterostructures have been proposed. [222-225]

The breaking of out-of-plane structural symmetry in Janus TMDC provides an-
other effective way to manipulate the electronic and optical properties. Single-
layer MoSSe has been synthesized recently through a chemical vapour deposi-

tion based selenization or sulphurization methods. [226, 227] The presence of the
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optically active vertical dipole presents an interesting light-matter interaction in
this symmetry-broken TMDC. On the other hand, depending on the size of the
nitrogen-linked aromatic moieties there are two structural models for g-C3Ny —
triazine (C3N4) and heptazine C¢N7 based graphitic sheets. Thus, owing to their
structural differences, the intrinsic electronic and optical properties vary substan-
tially. [228] While enormous experimental attempts have been put forward for hep-
tazine based g-C3Ny, [153, 211-215] it is only recently that the triazine-based coun-

terpart was successfully synthesized. [229]

Here, we combine Mo-based Janus TMDCs and triazine-based g-C3Ny in a het-
erostructure architecture to investigate the properties that primarily determine the
catalytic activity. Within the first-principles calculations the structural, electronic,
and optical properties are studied comprehensively. Further, a two-dimensional
hydrogenic exciton model is used to investigate exciton binding, where the param-
eters are derived from the first-principles calculations. Charge separation in the
MoXY layers due to the internal electric field and lower exciton binding in these
heterostructure nanocomposites indicate efficient charge separation favourable for
photocatalysis. Effective utilization of the solar spectrum and high overpotential

drive the redox reactions efficiently.

4.2 Methodology

The first-principles calculations were carried out using the density functional the-
ory as implemented in the Vienna Ab Initio Simulation Package. [162, 163] The
wave function of the systems was described within the projector augmented wave
formalism and expanded in plane-wave basis with 500 eV cut-off for the kinetic
energy. [164] The exchange-correlation energy was treated with the Perdew-Burke-

Ernzerhof functional form of generalized gradient approximation during the struc-



van der Waals heterostructure for photocatalysis: Graphitic carbon nitride and
Janus transition-metal dichalcogenides 67

tural optimization. [165] The weak van der Waals interaction was treated with non-
local correlation functional vdW-DF-optB86. [230, 231] All the structures were com-
pletely optimized until all the force components are less than 0.01 eV/A thresh-
old. Subsequent electronic and optical properties are calculated using the hy-
brid Heyd-Scuseria-Ernzerhof (HSE06) exchange-correlational functional where a
fraction of the exact Hartree-Fock exchange was considered. [167] A I'-centered
9x9x1,17x17x1, and 4 x4 x1 k-mesh was used to sample the corresponding Bril-
louin zone for single-layers of g-C3Ny, Janus MoXY (X/Y =S, Se, Te) and the van
der Waals g-C3N4/MoXY heterostructures. We used a 30 A vacuum in the di-
rection perpendicular to the surface to minimize the spurious periodic interaction
between the images. Dipole correction was incorporated due to the presence of an

intrinsic electric field in the Janus MoXY TMDCs.

4.3 Results and Discussion

First, we discuss the single layers of triazine-based graphitic carbon nitride (TGCN)
and Janus MoXY TMDCs. Next, we discuss the van der Waals MoXY/TGCN het-
erostructures, and investigate the electronic and optical properties in the context
of their photocatalytic abilities. Finally, we discuss exciton renormalization in the

composite structures within a two-dimensional hydrogenic model.

4.3.1 Single-layers of TGCN and Janus MoXY

While the heptazine based g-C3Ny has been studied extensively, [153, 211-214]
very little attention has been put forward for TGCN since it was successfully syn-
thesized. [229] The calculated hexagonal in-plane lattice parameter of 4.78 A for
the single-layer TGCN [Figure 4.1(a)] is consistent with the experimental bulk

value and previous theoretical calculations. [229, 232] There are two distinct ni-
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trogen sites in the lattice [Figure 4.1(a)]. The nitrogens that are bonded with two
(three) neighbouring carbon atoms and form shorter 1.33 A (longer 1.46 A) C—N
bonds. The HSE(6 calculated bandstructure indicates the TGCN to be a direct gap
semiconductor and the corresponding gap increases with the fractional Hartree-
exchange ayy. The calculated gap of 2.7 eV for ay=0.15 is consistent with the pre-
vious calculations, [229, 232] which increases to 3.3 eV for the conventional HSE06
functional with a;;=0.25 (Table 4.1). In comparison, the experimental gap for the
macroscopic TGCN flake measured via optical absorption was in the 1.6-2.0 eV
range. [229] However, due to stronger quantum confinement in the single-layer,
the bandgap is expected to be larger. The valence band is composed of the atomic
orbitals from the undercoordinated nitrogens in the lattice, while the conduction
band originates from the carbon and undercoordinated nitrogen atoms. In con-
trast, the electronic states corresponding to the three-coordinated nitrogens appear

much deeper in energy.

Table 4.1: Indirect and direct bandgaps Eé and Eg calculated using the HSE06 hy-
brid exchange-correlation functional for the single-layer MoSSe, MoSTe, TGCN,
and their various heterostructures. The potential difference AP across the two sur-
faces, and the calculated overpotentials x,, and x,, for the hydrogen and oxygen
evolution reactions. All values are in eV.

System E, El AD xy Xo
MoSSe — 206 078 056 1.08
MoSTe 1.63 1.88 1.64 1.06 0.95
TGCN - 332 — 181 029
MoSSe/TGCN

S-facing 215 233 0.62 0.10 0.21
Se-facing 215 233 098 0.89 1.02
MoSTe/TGCN

S-facing 1.73 1.80 154 0.63 1.07
Te-facing 1.73 1.80 195 1.27 1.17

The Janus MoSSe monolayer in Figure 4.1(b) was recently synthesized via sel-
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enization and sulphurization of MoS, and MoSe;, respectively. [226, 227] The cal-
culated lattice parameter of MoSSe, MoSTe and MoSeTe are found to be 3.23, 3.34,
and 3.41 A, which are consistent with the available experimental and previous the-
oretical results. [226, 227, 233-235] The lattice parameters of MoXY is found to be
the arithmetic mean of MoX; and MoY>. Further, the Mo—X and Mo—Y bonds in
Janus MoXY are almost equal to the corresponding bonds in the pristine MoX; and
MoY5s.

The Janus TMDCs retain the semiconducting properties with a bandgap equiv-
alent to the average of their natural counterparts. The HSE06 gaps are calculated to
be 2.06, 1.63 and 1.76 eV for MoSSe, MoSTe, and MoSeTe, respectively, and are con-
sistent with the previous calculation. [233] While MoSSe and MoSeTe are found to
be direct-gap semiconductors with the gap at the K-point, the bandgap of MoSTe
is found to be indirect in nature. While the conduction band minimum (CBM) in
MoSTe is retained at the K-point, the valence band maximum (VBM) moves to the
I'-point. The out-of-plane structural symmetry in broken in the Janus MoXY and
an internal electric field is developed due to the difference in electronegativity of
the X and Y elements [Figure 4.1(b)]. Thus, a finite dipole moment perpendicular
to the 2D surface is generated. [226, 233] As a result, a large electrostatic poten-
tial difference A® is developed between the X and Y surfaces [Figure 4.1(c)] and
should be carefully incorporated while the VBM and CBM are normalized with
the electrostatic potential far from the 2D surface. The calculated A® is 0.78, 1.64

and 0.89 eV for MoSSe, MoSTe, and MoSeTe, respectively.

4.3.2 TGCN and Janus MoXY heterostructures

While the single-layer TGCN structure is atomically flat [Figure 4.1(a)], a large cor-
rugation deorr is observed in the MoXY/TGCN heterostructures (Figure 4.2). We

have considered both possible configurations, while the X or Y sublayer of MoXY
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(c) Structural details and binding energy.

dcorr <dvdw> E b

Heterostructure Interaction ( A) ( A) (meV/ AQ)
S-side 0.92 3.35 =31
MoSSe/TGCN Se-side 0.93  3.45 —30
S-side 0.73  3.31 —12
MoSTe/TGCN T 0.72 3.61 =11
Se-side 0.63  3.37 +3
MoSeTe/TGCN Te-side 0.64  3.60 +3

Figure 4.2: In the MoXY/TGCN heterostructures, the X or Y sublayer of Janus
MoXY interacts with the TGCN. The MoSSe/TGCN heterostructure is shown for
the (a) S-side and (b) Se-side interactions. (c) The structural parameters, such as
the corrugation in the TGCN layer dqor and the average van der Waals separa-
tion (dyqw) between the layers, for different heterostructures and the correspond-
ing binding energies. The (d,q4,) increases with increasing chalcogen mass. The
MoSeTe/TGCN heterostructures are not thermodynamically stable.

interacts with the TGCN [Figure 4.2(a) and (b)]. The structure and the concur-
rent electronic properties are modified accordingly [Figure 4.2(c)]. The corruga-
tion is higher for MoSSe/TGCN than in the MoSTe/TGCN and MoSeTe/TGCN
heterostructures. The average van der Waals distance between the layers (dy4w)
increases with increasing mass of the chalcogen [Figure 4.2(c)]. The heterostruc-
tures are thermodynamically stable except the MoSeTe/TGCN. The binding en-
ergy is calculated as E;, = —[E(MoXY/TGCN) — E(MoXY) — E(TGCN)] as shown
in Figure 4.2(c). We did not further investigate the MoSeTe/TGCN structures as
they are not thermodynamically stable. The redox potentials for the oxygen evo-
lution reaction (OER, H0/0,) and hydrogen evolution reaction (HER, H* /H>)

are determined by the relative electrostatic potential of the two respective surfaces
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Figure 4.3: Band structure and band edge alignment for MoXY/TGCN het-
erostructures showing for (a) S-side interaction and (c) Se-side interaction in
MoSSe/TGCN, (d) S-side interaction and (f) Te-side interaction in MoSTe/TGCN.
Band alignments for the single-layer MoSSe, TGCN, and MoSTe are shown in (b)
and (e). The redox potentials of H,O/O, and H' /H, are represented with black
and grey lines, respectively. The overpotential for oxygen and hydrogen evolution
reactions Xo, and Xy, are indicated in (b) and (e).

that are normalized by the vacuum potential. The overpotentials indicate the re-
dox abilities of photogenerated carriers and are defined as the potential difference
between the VBM/CBM and the corresponding redox potentials. Therefore, the
Xo, ()(H2) is the energy difference between the VBM (CBM) and OER (HER) redox
potential (Table 4.1 and Figure 4.3).

Before we discuss the electronic structure of these heterostructure nanocom-
posites in the context of photocatalytic activity, we start with the photocatalytic
activities of the single layers of TGCN and MoXY. Similar to the heptazine based
counterpart, we find that the valence band maximum (VBM) and conduction band
minimum (CBM) for the single-layer TGCN lie at energies such that the photo-

generated electrons and holes catalyse water-splitting [Figure 4.3(b)]. However, an
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imbalance in the calculated overpotential is observed, x, = 0.29 and x,, = 1.81
eV (Table 4.1). The photocatalytic activity of the Janus MoXY have been discussed
in literature, [233, 234] and have proposed advantages over the pristine MoX;. Due
to the internal electric field shown in Figure 4.1 (a) the fundamental restriction to
the band gap (> 1.23 eV) is lifted, and the redox potentials between the two sur-
faces shift by the electrostatic potential difference of A® (Figure 4.3). (b) The photo-
generated hot carriers are separated on the different X/Y sublayers indicating very
efficient charge separation. For example, the photoexcited electrons and holes are
accumulated on the Se and S side, respectively, for single-layer MoSSe. Therefore,
the reduction and oxidation reactions are triggered on the different sides of the
MoXY monolayer. The present results for these individual Janus MoXY are con-
sistent with the previous results. [233, 234] Further, high overpotentials indicate

efficient redox activity (Table 3.1 and Figure 4.3).

Having discussed the effectiveness of the single-layers of MoSSe, MoSTe and
TGCN toward the redox reactions, we investigate their van der Waals heterostruc-
tures shown in Figure 4.2. The band structure in MoSSe /TGCN heterostructures is
altered in both the configurations in which S/Se sublayer interacts with the TGCN
[Figure 4.3(a) and (c)]. In both cases, while the overall band structure becomes
indirect with a gap of 2.15 eV, the direct gap at the I'-point is slightly higher at
2.33 eV. The layer-projected band structures in Figure 4.3(a) and (c) indicate type
I band alignment, and both the VBM and CBM lies in the MoSSe layer. While the
MoSSe band structure in both the composite structures are similar to that of the
isolated MoSSe monolayer, the same corresponding to the TGCN is substantially
perturbed. Further, due to a different A® in these two configurations, the redox
potentials are shifted [Figure 4.3(a) and (c)], which results in different values for
the Xo, and X, overpotentials (Table 4.1). The overpotentials are much larger in

the case of Se-side interaction than the S-side interaction, which indicates high re-
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dox ability (Table 4.1 and Figure 4.3). A deeper investigation into the electronic
density of states reveals that both VBM and CBM is composed of the Mo-d,,, and
Mo-d,» orbitals in S/Se-facing MoSSe/TGCN configurations. The charge density
analysis indicates that due to the internal electric field, the photoexcited electron
and holes are separated on the Se and S sublayers, respectively. Thus, while for
the MoSSe/TGCN heterostructure with S-side interaction [Figure 4.3(a)], the ex-
cited electrons on the Se-side are exposed to the H" /H, reaction, the HyO/O,
redox reaction is blocked as the photogenerated holes at the S-side cannot be ac-
cessed. Conversely, for the heterostructure with Se-side interaction [Figure 4.3(c)],
the H,O/O; reaction takes place at the exposed S-sublayer, while the H' /H, re-
action is blocked.

In the cases of S-faced and Te-faced MoSTe/TGCN heterostructures, both the
MoSTe and TGCN band structures are perturbed, and the band gap remains indi-
rect (1.73 eV) similar to that of the single-layer MoSSe (Table 4.1 and Figure 4.3).
However, the direct gap at the M-point is found to be slightly larger at 1.80 eV
(Table 4.1). We find the type I band alignment for MoSTe/TGCN configurations,
while both VBM and CBM are composed with the Mo-d,>, Mo-d, and Mo-d»_,»
orbitals. In the MoSTe/TGCN heterostructures, the photoexcited electrons (holes)
are separated on the Te (S) sublayers of MoSTe, respectively. The overpotentials
Xo, and X, for all the heterostructures, except for the S-faced MoSSe/TGCN is
calculated to be higher than 0.6 eV, indicating their high redox abilities. The x,,
and Xy, are much higher than the recently predicted MpX3 (M = Al, Ga, In; X =S,

Se, Te) family of photocatalysts. [236]

4.3.3 Optical properties

The frequency-dependent complex dielectric tensor e(w) = €' (w) + ie” (w) is used

to calculate the optical properties. As discussed in the Chapter 3, the imaginary
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part ¢’ (w) is evaluated in the long-wavelength q — 0 limit, [188]

4m?e* 1
glalﬁ(w) = 0O ;li% ? C;( 2wyl (€ — €k — W)
X <Mck—|—eaq‘”vk> <uck+eﬁq‘”vk>*- (4.1)

q is the Bloch vector of the incident wave. The factor 2 inside the summation ac-
counts for the spin degeneracy, () is the volume of the primitive cell, and wy are
k-point weights. The €. (€,k) are k-dependent conduction (valence) band ener-
gies, Uk are cell periodic part of the pseudo-wave-function, and e, g are unit
vectors along the Cartesian directions. The real part €' (w) of the frequency depen-
dent complex dielectric tensor e(w) is calculated using the Kramers-Kronig trans-
formation, and the absorption co-efficient is calculated as Ay (w) = 22 [|egq(w)| —

e’m(w)]%.

The optical absorption coeffiecients are calculated for Janus MoSSe and MoSTe,
using GW+BSE formalism(Figure 4.4). GW+BSE calculations are not possible for
the heterostructures due to enormous computational cost, and we proceed with

the hybrid exchange-correlation functional instead.

We calculate the absorption coefficient A(w) in Figure 4.5 using the HSE06
exchange-correlation functional, which means that the electron-hole interaction is
not considered. However, we will estimate the binding between the photogener-
ated e — h pair in the next section. Both MoSSe and MoSTe show strong photoab-
sorption in the entire visible range (Figure 4.5). While single-layer of MoSSe is a
direct gap semiconductor, the direct and indirect gaps in the single-layer MoSTe
are similar, reflecting in high photoabsorption. Although TGCN is a direct gap
semiconductor with 3.3 eV HSE06 gap, the absorption is negligible below 4.5 eV,
which is in agreement with the experimental and previous theoretical calcula-

tions. [229, 232] The negligible optical transition between the VBM and CBM at



van der Waals heterostructure for photocatalysis: Graphitic carbon nitride and

Janus transition-metal dichalcogenides 75
]0 T T T T
g | MoSSe o ]
o 6F
|
g 4t
o
S 2F
Z 0
g 0 1
&
g 10 x
2 8| MoSTe
g
g of
o}
2 47
<,
0 L
0 1 2 3 4 5

Energy (eV)

Figure 4.4: Absorption coefficient for the Janus MoXY calculated without and with
the electron-hole interaction using GW+BSE formalism. The top (bottom) panel

refers to MoSSe (MoSTe). Excitonic contributions are significant for both monolay-
ers.
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Figure 4.5: The optical absorption coefficient A(w) calculated for the (a)
MoSSe/TGCN and (b) MoSTe/TGCN heterostructure nanocomposites. All pos-
sible interaction architectures are considered. All the heterostructures show strong
photoabsorption in the entire visible range and extend to the ultraviolet regime.

the I'-point pushes light absorption to the ultraviolet range. The nanocomposites
form type I heterojunction as discussed earlier, and the corresponding visible light
absorption is similar to that of the MoSSe and MoSTe monolayers, with very high

A > 10° em~! (Figure 4.5). Further, compared to the TGCN monolayer, the het-

erostructures exhibit more efficient ultraviolet absorption.
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Table 4.2: Energy conversion efficiency of light absorption (17%), carrier uti-

lization €Y, solar-to-hydrogen #°TH and corrected solar-to-hydrogen 157" for
MoSSe/TGCN heterostructure. All values are in %.

System Wabs 77CU WSTH WSTH’
MoSSe 3394 4581 1555 13.11
MoSTe 5478 5057 27.70 17.76
MoSSe/TGCN

S-face 3027 2331 7.05 6.21
Se-face 30.27 44.88 13.59 13.58
MoSTe/TGCN

S-face 49.77 49.48 24.63 16.54
Te-face 49.77 49.48 24.63 15.20

4.3.4 Solar to hydrogen efficiency

Although the methodology to calculate the solar-to-hydrogen efficiency has been
described in detail elsewhere in References [236, 237], here we reproduce it for con-
venience of the reader, along with the results for the present heterostructures. For
an ideal photocatalyst, all incoming photons with energies greater than the band
abs

gap contribute to the catalytic reaction. Accordingly, the absorption efficiency 7

is given by the expression, [236]

B fE;P(hw)d(hw))
Y P(hw)d(hw)

abs

n

(4.2)

where P(hw) is the AM1.5G solar energy flux at the photon energy fiw. The fraction
of photons that are absorbed depends on the band gap E¢ and as a consequence,
materials with small band gaps have large absorption efficiency. The carrier uti-
lization efficiency #°U takes into account the energy E required to overcome the

OER/HER redox potential barriers. AG is the potential energy difference (1.23 eV)
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between redox potentials of HyO/O, and H* /H,.

cu _ AG 5 i) a(hew))

4.3
7 T bl dih) (43)

For x, = 0.6 eV and x,, > 0.2 eV, no energy loss occurs for the photocarriers
contributing to water splitting. For lower overpotentials, a fraction of carriers upto
energy E are consumed in overcoming the barriers. Here, E is estimated by the

below expression.

E = Eg if x;, 202, > 0.6 (4.4)
= E¢+02— Xy, if X, <0.2,x0, 2 0.6
= Eg+0.6—x,, if x;, 202, Xo, < 0.6

= Eg+08—Xxy, —Xo, if Xu, < 02,0, <0.6

STH

The solar-to-hydrogen efficiency 7" is defined as,

U =X (4.5)

Further, the contribution of internal electric field towards electron-hole separation
is considered in the following expression. Here, A® is the potential difference

across the surfaces.

n>TH [ P(hw)d (hw)
[ P(hw)d (hw) + AD f°° P g (hew)

STH' = (4.6)

abs

The absorption effieciency 1%, carrier utilizationn 7Y, solar-to-hydrogen °TH

and corrected solar-to-hydrogen #° TH' are tabulated (Table 4.2) for MoSSe/TGCN,
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MoSTe/TGCN heterostructures.

4.3.5 Exciton in heterostructures

The Coulomb interaction between the photoexcited electron and hole pairs is at-
tractive, and the strength of this interaction in the quasiparticle called exciton is an
important quantity, which directly affects the photocatalytic efficiency. Lower exci-
ton binding indicates an easy charge separation, and concurrently be consumed in
the redox reactions. Due to the substantial reduction in electron screening in two-
dimension, the exciton binding in 2D semiconductors is exceedingly enhanced. A
theoretical investigation in this regard and within the first-principles approach is
difficult since the formalism in which the many-body perturbation theory is cou-
pled with the Bethe-Salpeter equation is computationally very expensive. This dif-
ficulty necessitates modelling exciton within the Keldysh formalism, [238] where
the parameters for exciton binding can be calculated using a much less expensive
tirst-principles calculations. Within the Keldysh formalism, the hydrogenic effec-
tive exciton Hamiltonian is expressed as, Hx = —%V% + Vop(r), where u is the
exciton reduced mass, and r is the electron-hole separation. The two-dimensional
and non-locally screened electron-hole interaction is described using the Struve
Hy and Bessel Y, function as, Vop(r) = —m[Ho(%) + Yo(55)], where &
and ¢, are the dielectric constant of the upper and lower media; and ¢ is the vac-
uum permittivity. [190, 201, 239] The screening length ro = 27x,p with xop the
2D polarizability, which is calculated using the static dielectric constant ¢ of the
2D system, ¢(Ly) = 1+ 4mxop/ Ly, where Ly is the transverse vacuum size. [240]
The ¢ is calculated from the real part of the complex dielectric tensor €(w) at zero
frequency. Thus, the present model following Keldysh formalism requires the ef-

fective masses of the photoexcited electron and hole along with the static dielectric

constant. In the present calculations, these parameters are calculated using the
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hybrid HSE functional. Previously, we have used a similar approach to describe
exciton binding in anisotropic phosphorene derivatives, which also correctly de-
scribed the exciton renormalization in the few-layer phosphorene and heterostruc-

tures. [201]

Table 4.3: The parameters for the two-dimensional hydrogenic exciton model, the
effective carrier mass m;, mj, and the static dielectric constant ¢ that is calculated
using 30 A vacuum perpendicular the surface. Exciton binding EJ in the het-
erostructure nanocomposites show renormalization with an isotropic extension ¢
of 1 nm.

System mi/m. mi/m. e Eb(eV) &(A)
MoSSe/TGCN

S-facing 0.63 0.68 3.81 0.51 9.20
Se-facing 0.50 0.68 3.81 0.50 9.52
MoSTe/TGCN

S-facing 0.44 1.81 4.53 0.44 9.75
Te-facing 0.43 1.84 4.53 0.44 8.83

To establish the applicability of the hydrogenic model of exciton for the com-
posite systems, we first calculated the exciton binding for the single-layer MoXY by
considering the explicit electron-hole interaction within the many-body perturbation-
theory-based GW method plus Bethe-Salpeter equation (BSE) formalism, [121, 123,
241, 242] and compare the results with the model calculations. Model calculations
of 0.58 and 0.57 eV exciton binding for the Janus MoSSe and MoSTe are in excel-
lent agreement with the present BSE calculations of 0.53 and 0.59 eV, respectively.
Due to better electron screening in the MoXY/TGCN heterostructure nanocom-
posites, the calculated EY shows strong renormalization indicating easier charge
separation (Table 4.3), which is favourable for photocatalysis. It is important to
note that, while X/Y-facing interaction with TGCN differently impacts the elec-
tronic band structure leading to differential over-potentials X, and Xo, ( Table 4.1

and Figure 4.3), however, it does not alter the EZ. Further, owing to the type I band
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alignment, the exciton is localized in the MoXY layer with an extension ¢ about 1

nm.

4.4 Conclusions

Within the first-principles calculations, we have investigated the van der Waals
Janus MoXY /g-C3Ny heterostructures in the context of photocatalysis. While the
overall electronic band structure for the nanocomposites are type I, due to the in-
ternal electric field the photogenerated electrons and holes are separated in the
two-sides of MoXY. The high overpotentials indicate efficient hydrogen and oxy-
gen evolution reactions. High optical absorption above 10° cm ™! in the entire vis-
ible region including near ultraviolet regime indicates excellent utilization of the
solar spectrum. Further, we have calculated the exciton binding within a sim-
plistic two-dimensional hydrogenic model as the BSE approach is impossible for
the nanocomposites studied here. Compared to the single-layer MoXY, in the het-
erostructures, we observe strong exciton renormalization due to increased electron
screening indicating efficient charge separation. The present results open up an

enormous tunability and design opportunity in van der Waals heterostructures.



CHAPTER 5
EXCITON IN PHOSPHORENE: STRAIN, IMPURITY,
THICKNESS AND HETEROSTRUCTURE

Reduced electron screening in two-dimension plays a fundamental role in de-
termining exciton properties, which dictates optoelectronic and photonic device
performances. Considering the explicit electron-hole interaction within the GW-
Bethe-Salpeter formalism, we first study the excitonic properties of pristine phos-
phorene and investigate the effects of strain and impurity coverage. The calcula-
tions reveal strongly bound exciton in these systems with anisotropic spatial de-
localization. Further, we present a simplified hydrogenic model with anisotropic
exciton mass and effective electron screening as parameters, and the correspond-
ing results are in excellent agreement with the present GW-BSE calculations. The
simplified model is then used to investigate exciton renormalization in few-layer
and heterostructure phosphorene. The changes in carrier effective mass along with
increasing electron screening renormalizes the exciton binding in these systems.
We establish that the present model, where the parameters are calculated within
computationally less expensive first-principles calculations, can predict exciton
properties with excellent accuracy for larger two-dimensional systems, where the
many-body GW-BSE calculations are impossible. These results are published in

the Physical Review B, 99, 045432 (2019).

81



Exciton in phosphorene: Strain, impurity, thickness and heterostructure 82

5.1 Introduction

Excitonic properties in reduced dimensions are markedly different due to the fun-
damental difference in electron screening, and has attracted much attention con-
ceptually in recent times. [175, 191, 243-246] Weaker electron screening in one-
dimensional systems, such as carbon and boron nitride nanotubes, results in high
exciton binding. [243-245] Likewise, the two-dimensional (2D) materials interact
strongly with light, and the concurrently generated electron-hole pairs interact
strongly due to reduced screening. [199, 247-251] For example, while exciton bind-
ing is small, 84 meV, in bulk MoS,, [252] due to reduced screening in monolayer
MoS,, it is measured to be in 220 — 570 meV range. [249-251] Moreover, unlike
the Frenkel excitons, the excitons in 2D materials can be delocalized in space and
extend over 1 nm. [199, 248, 253] Further, the widely varying exciton binding has
been reported in the different class of materials and has important implications in
device applications. For applications in solar cells, photodetectors, and catalytic
devices, exciton with weak binding leading to easy dissociation is desirable. In
contrast, the materials with strong exciton binding are ideal to study plausible

exciton-polariton condensate and for applications such as polariton lasing. [254]

Phosphorene has attracted a lot of attention due to its many plausible techno-
logical applications, [145, 255-258] and has become an interesting proving ground
for many-body physics.[259-261] The Dirac semimetal state has been experimen-
tally realized in few-layer phosphorene under adatom absorption. [260] We have
recently reported an intrinsic, robust and high-temperature Kondo state in de-
fected phosphorene doped with a transition-metal impurity. [261] In the present
context, phosphorene has unique optical properties that are mainly determined by
the quasiparticle band structure and screening. Originating from a puckered hon-

eycomb network, the electronic band structure is highly asymmetric in phospho-
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rene and consequently, the optical properties are also found to be highly anisotropic.
[175, 200, 255, 256] The quasiparticle and optical gaps of single-layer phosphorene
(SLP) are experimentally measured to be 2.2 + 0.1 eV and 1.3 £ 0.02 eV, respec-
tively, through photo-luminescence excitation spectroscopy (PLE). [200] This re-
sults in a very high exciton binding energy of 0.9 & 0.12 eV due to reduced screen-

ing in 2D quantum confinement.

Studying quasiparticle band structure and the corresponding optical proper-
ties is a non-trivial and computationally expensive task. The conventional density
functional approach fails to reproduce the correct experimental results which in-
volve excited states. [262] In contrast, the many-body perturbation theory based
GW method produces the correct quasiparticle energies. [121] In this approach, the
electron self-energies are expressed in terms of Green’s function G and screened
Coulomb interaction W. Further, the optical properties of semiconductors and in-
sulators are strongly affected by interacting electron-hole pairs, which is described
through the Bethe-Salpeter equation (BSE). [123, 241, 242] These theoretical de-

scriptions lead to an excellent agreement with the experimental results. [262]

Here, we study the quasiparticle and optical properties of SLP and its deriva-
tives within the GW and BSE formalisms, and also investigate the effects of strain.
Results on the pristine SLP are in excellent agreement with those obtained from
the transmission and photoluminescence spectroscopies. [200, 263] The optical ab-
sorption and the corresponding excitons are found to be highly anisotropic. Due
to the 2D confinement of photogenerated electron-hole pairs, the exciton binding
is exceptionally strong, which is in accordance with the experimental measure-

ments. [200]

While a rigorous treatment of electron-hole interaction within the BSE formal-
ism provides an excellent description of exciton binding, [199, 253, 262, 264, 265]

it is computationally very expensive and thus restricted to the systems with small
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size. In this context, we describe a hydrogenic effective exciton mass model in
which the parameters, the effective carrier masses and the static dielectric con-
stant, are calculated within the conventional density functional theory (DFT) cal-
culations. [190, 239] The results of this simplified model are in excellent agreement
with those calculated within the BSE formalism for the pristine and strained SLP
along with the SLPs with 1 ML impurity coverage. Further, the anisotropic hydro-
genic model is extended for larger systems with low impurity coverages that are

earlier predicted to be good candidate materials for water redox reactions. [258]

The quantum confinement of exciton should be extraordinarily affected by the
varied thickness of the 2D material, which alters electron screening. This picture
is well captured within the present model through the renormalization of exci-
ton binding in few-layer phosphorene. Furthermore, the practical applications
of phosphorene are limited due to its fast degradation in ambient conditions re-
sulting in a severe alteration in the corresponding electronic properties. [266—-268]
Thus to avoid degradation, phosphorene is encapsulated with a capping layer
and substrate, and the devices restore the intrinsic carrier mobility of phospho-
rene. [145, 200, 266, 269-271] In this regard, we investigate the electronic and exci-
ton properties in SLP encapsulated with atomically thin hexagonal boron-nitride

(h-BN), which is often used to protect phosphorene from degradation. [269-271]

5.2 Methodology

The structural optimizations were carried out within the conventional DFT for-
malism [162, 163] and the electrons are treated within the projector augmented
wave method. [164] The Kohn-Sham orbitals were expanded in plane-wave basis
with 400 eV energy cutoff. The exchange-correlation energy was described with

Perdew-Burke-Ernzerhof (PBE) functional. [165] The Brillouin-zone was sampled
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using I'-centred 17x13 x1 Monkhorst-Pack k-grid. [166] Complete structural opti-
mization was carried until the forces exerted on each atom are less than 0.01 eV/A
threshold. In phosphorene, three electrons participate in the covalent o-bonding
with three neighboring P atoms, whereas the remaining two electrons occupy a
lone pair orbital. Thus, for phosphorene and its derivatives such as P4X (X=O
and S), we considered van der Waals interaction through the non-local correla-
tion functional optB88-vdW during the structural optimization, [230, 272] while
for the larger systems in few-layer and heterostructure phosphorene we used the
D3 functional with zero damping. [169] The obtained lattice parameters for SLP
are a = 458 and b = 3.32 A along the armchair and zigzag directions, respec-
tively, are consistent with the previous reports and experimental black phospho-

rus. [150, 263, 266, 273, 274]

The optimized structures with the PBE exchange-correlation functional are then
used for the subsequent GW-BSE calculations. The quasiparticle (QP) picture is
investigated within the partially self-consistent GWy approach by iterating the one-
electron energies in the Green’s function G. [121, 122] Two self-consistent updates
for the Green’s function (G2 W) are found to be sufficient to converge the QP band
gap. The convergence of QP gap as a function of unoccupied bands was found
to be much faster for phosphorene, [175] and we find that 158 such bands to be
sufficient in this regard. Further, the electron-hole interactions are incorporated
within the BSE formalism, which provides the optical gap and the corresponding

exciton binding energy. [123, 242, 262]

The optical properties are calculated using frequency dependent complex di-

electric tensor, e¢(w) = ¢ (w) + i¢’(w). The imaginary part ¢’(w) of the linear
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dielectric tensor is calculated in the long-wavelength q — 0 limit, [188]

4r%e* 1
glalﬁ(w) = 0O ;li% q_ CZ;( 2wid (€ — €k — W)
X <Mck—|—e“q‘”vk>< ck+eﬁq‘”vk> ’ (5.1)

where () is the volume of the primitive cell, wy are k-point weights, and the factor
2 inside the summation accounts for the spin degeneracy. The €. (€,k) are k-
dependent conduction (valence) band energies, u.y . are cell periodic part of the
pseudo-wave-function, and e, p are unit vectors along the Cartesian directions.
The real part ¢ (w) is calculated using Kramers-Kronig transformation, and the
absorption co-efficient is calculated as Age (w) = 22 [|egq(w)| — €' M(w)]%.

Within the BSE formalism, an exciton state |S) can be written as, [123]

hole elec

Z Z Z A Ck]vck (5.2)

where |ock) = af, bt +q/0) with [0) being the ground state, and at(b") is hole

(electron) creation operator. q is the momentum of the absorbed photon, and A5

are electron-hole amplitudes. The corresponding excitation energies Eg are deter-

mined via BSE, [275]

(e?kPJrq — evk> Ay + Y A5 (ock| KM/ (K)
o'’k
= ESAvck' (5.3)

where €' are quasiparticle energies, and K° is the electron-hole interaction.
The imaginary part of the dielectric function ¢”(w) is calculated by the optical
transition matrix element of the excitations.

Such a rigorous treatment within the many-body theory coupled with BSE

scheme provides an excellent description of QP and optical gaps; and exciton bind-
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ing, which all compare well with the experimental results. [199, 253, 262, 264, 265]
However, such treatment is restricted to the systems with small size due to its
exceptional computational cost. Thus, one needs to develop simplified models
to investigate excitons in realistic systems with appreciable accuracy. For three-
dimensional materials, the simplistic Mott-Wannier model predicts the exciton
binding energy as, E3° = (1/&?)Re, where Rw is the Rydberg constant. The ex-
citonic effective mass y and the static dielectric constant ¢ can easily be calculated

within the standard electronic structure calculations. [276]

In contrast, the excitonic properties of two-dimensional materials are funda-
mentally different from their 3D counterpart, and cannot be described within the
Mott-Wannier approach. In 2D materials, excitons are strongly confined and the
dielectric screening is considerably reduced. [199, 247-251] There have been re-
cent efforts to develop excitonic models for 2D materials, however, the significant
effort has been devoted to the isotropic materials such as transition metal dichalco-
genides. [189-191, 198, 239] Here, we present a generalized scheme appropriate for
the anisotropic electronic materials such as phosphorene and its various deriva-

tives. [190, 239]

For 2D semiconducting systems, the effective exciton Hamiltonian can be writ-
ten as,

Hy = —H* 2L 4 Vyp(r), (5.4)

where u=! = m; 1 + m;l is the exciton reduced mass, and r is the electron-hole
separation. Following Keldysh, the non-locally screened electron-hole interaction

is described by, [238]

Vo) = —— < () —v, ( 55
2D<r>——4(81+€2)80r0[ o(;o)— 0(%)], (55)

where €1 and ¢; are the dielectric constant of the upper and lower media (air) and
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thus €1 = &3; and ¢ is the vacuum permittivity. Hy and Yy are Struve and Bessel
functions. The screening length rq is related to the 2D polarizability yx,, as rg =
27X,,, [240] where x,, is calculated using the static dielectric constant & of the
concerned 2D material, ¢(Ly) = 1+4m),, /Ly, where Ly is the transverse vaccuum
size. The ¢ is calculated from the real part of complex dielectric tensor e(w) at zero
frequency. Note that the interaction V,p at large separation r >> r( follow the
1/r Coulomb interaction, whereas at the r << ry limit, the interaction reduces to a

weaker log(r) dependence.

The variational excitonic wave function, for an anisotropic electronic material

such as phosphorene with m¥ # mg and my # mz, is written as,

> %
w) =2 exp |~ { /g + w/n 2}, 56)

where a, = Aay is the anisotropic exciton extension along the x (armchair) and y
(zigzag) directions, respectively, and treated as variational parameters. Using this
form of excitonic wave function 1(x, y), the expectation value of the kinetic energy

is calculated to be,

n* 1 1

Here ji and p,, are the reduced exciton mass along the x and y directions, respec-

tively. The corresponding potential energy is given by, [190]
Yy P &P gy1s§g Y
Ep(ha) = [ [ Vao(xy)l(e, ) Pady. (5.8)

The variational exciton binding energy, E2° (A, ay) = Ey(A, ax) + Ep(A, ay), is
minimized with respect to the variational parameters A and a, to obtain the ex-
citon binding energy, and (anisotropic) exciton extension. The parameters in the

above model, effective electron and hole masses in different crystallographic direc-
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tions and the static dielectric constant are then calculated from the first-principles
calculations. In principle, these parameters can be calculated using any level of
approximation to the exchange-correlation functional, and here we have used the

Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional. [167, 168]

5.3 Results and Discussion

First, we discuss the optical and excitonic properties of pristine phosphorene and
investigate the effect of uniaxial strain along the different crystallographic direc-
tions. Here, we compare the computationally expensive GW-BSE results for these
systems with the simplified model calculations. Once we demonstrate an excellent
agreement between these methods, we extend our investigation within the sim-
plified model for the realistically large systems, where GW-BSE calculations are
practically impossible.

We have studied the structural analysis of single layer, bilayer, trilayer, tetra
layer, quinta layer, and bulk of prisptine phosphorene. The band gap energy is
layer dependendent, it reduces from single layer to bulk phosphorene. The lat-
tice constant b is not layer dependent but a is reducing from single layer to bulk

phosphorene.

5.3.1 Pristine phosphorene

We start with the electronic and optical properties of single-layer pristine phospho-
rene [Figure 5.1(a)] within the GW-BSE approach. Due to the long-range Coulomb
interactions, these properties of 2D materials are strongly influenced by the verti-
cal separation L, between the periodic images. [175, 244] As it was shown earlier
that the QP band gap converges as 1/L,, we extrapolate the gap to L, — oco limit,
which we found to be 2.14 eV [Figure 5.1(b) and Table 5.1]. This extrapolated EgQP
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Figure 5.1: (a) The top and side view of single-layer phosphorene is shown indi-
cating the armchair and zigzag crystallographic directions. (b) The QP and optical
gaps are calculated with varied vertical separation L, between the layers and ex-
trapolated to L, — co. The results are in excellent agreement with the experimen-
tal results. [200, 255, 263] Absorption coefficient calculated without and with the
electron-hole interaction for L,=30 A. A(w) shows strong absorption anisotropy
between the light polarization along the (c) armchair and (d) zigzag directions.
The vertical lines indicate the band edges corresponding to the first absorption
peak. The energy difference between the QP and optical gaps indicates strongly
bound exciton.

is in excellent agreement with the previous theoretical, [175] and with the two ex-
perimental results that are available to date. [200, 263] The high-resolution trans-
mission spectroscopy predicted a transport gap of 2.05 eV, [263] while the pho-
toluminescence excitation spectroscopy suggests a QP gap of 2.2 + 0.1 eV. [200]

Comparing the present Go W results with earlier GoWj calculations, [174, 277] we
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argue that the self-consistent correction to the self-energy (X = iGW), through the
Green’s function update, is essential to predict the QP gap correctly. It is impor-
tant to note here that the optical gap converges much faster than the QP gap with

varying L, [Figure 5.1(b)].

The absorption coefficient A(w) calculated without and with the electron-hole
interaction shows strong anisotropy for the light polarizations along the armchair
and zigzag directions [Figures 5.1(c)-(d)]. The L, — oo extrapolated optical gap
of 1.40 eV [Figure 5.1(b) and Table 5.1] along the armchair direction is in excel-
lent agreement with the experimental range of 1.30 — 1.45 eV. [200, 255] The large
exciton binding energy of 0.74 eV indicates strongly bound exciton in SLP, which
is in excellent agreement with the previous GW-BSE calculations [174, 175] and
the experimental prediction of 0.9 £ 0.12 eV. [200] Note the absorption edge cor-
responding to light absorption along the zigzag crystallographic direction lies at a

much higher energy, and thus SLP shows linear dichroism. [150]

We calculate the exciton binding within the hydrogenic effective exciton mass
model, where the parameters are calculated from a relatively less computation-
ally expensive treatment of the electron exchange and correlation, namely within
the HSE06 hybrid functional. The effective carrier masses are highly anisotropic
(Table 5.2) as estimated by fitting the HSE06 bands to the parabolic dispersion
E(k) = h*k?/2m*. The estimated m?* is much smaller 0.16m, along the armchair
direction than the same along the zigzag direction with 1.40m,., where m, is the
electron rest mass. The qualitative picture is the same for the hole, as m;, along
the armchair direction is much lighter 0.12m, compared to 4.69m, along the zigzag
direction. Thus, the effective exciton mass along the armchair direction is much
lighter compared to the same along the zigzag direction (yx << py). These results
are in good agreement with the previous results. [150, 278] The other parameter of

the model, static dielectric constant is calculated from the real part of the complex



Exciton in phosphorene: Strain, impurity, thickness and heterostructure 92

dielectric function at zero frequency. The average of static ¢ along the armchair
and zigzag directions is used to calculate the 2D polarizability x,p (Table 5.1). Us-
ing these parameters, the effective exciton mass model predicts an exciton binding
energy of 0.79 eV, which is in excellent agreement with the present GW-BSE pre-
diction and the experimental estimation (Table 5.1).

The spatial distribution of exciton at the ground state is found to be anisotropic
and extended along the armchair direction (1,=12.26 and 2,=4.90 A), with spatial
anisotropy satisfying the relation, A = ay/a, ~ (px/ pty)l/ 3, that was analytically
predicted earlier. [190] In an agreement, such elliptic spatial structure of bound
hole has recently been observed in black phosphorus through STM tomographic
imaging. [279]

5.3.2 Effect of uniaxial strain

The effect of uniaxial strain on the electronic structure of SLP has been studied ear-
lier within the conventional exchange-correlation functional. [154, 261, 278, 280]
However, the considerations of self-energy correction and electron-hole interac-
tion are scarce in this regard. Here, we investigate the QP and optical gaps; and the
corresponding exciton binding for SLP under £"/? = +£5% uniaxial strain [Table 5.1
and Figure 5.3(a)-(b)], while the strained lattice is relaxed along the transverse di-
rection.

We earlier reported that the strain energy along the zigzag direction is much
higher compared to the same along the armchair direction and thus, straining the
SLP along the armchair direction is comparatively easier. [261] Within —5% < &2/~
< +5% strain range, the L, — oo interpolated gaps E¢' and Eg¥' decrease with uni-
axial compressive strain, while they increase with tensile strain (Table 5.1). Clearly,

the many-body interaction is comparatively more affected by the uniaxial strain

along the armchair direction. Further, the compressive strain triggers a stronger
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Table 5.1: With varied L, the quasiparticle Egp and optical Egpt gaps are calculated
within the G,Wy and G,Wy-BSE approaches, respectively, which are subsequently
interpolated to L, — co. The parameters for the simplified exciton model. The uni-
axial strain severely affects the many-body interaction in phosphorene, and thus
the EgQP, Egpt, and E, are altered. The effect of high impurity coverage is also inves-
tigated. The exciton binding energies Ey calculated within the hydrogenic exciton
model compares excellently with those from the accurate but computationally ex-
pensive GW-BSE formalism, and available experimental results.

System E?P (eV) Egpt (eV) BSE Ex (;\2 del x2p(A)
SLP 2.05 [263] 1.45 [255]

Experiment 2.2+ 0.1[200] 1.30[200] 0.9 £ 0.12[200]

SLP (L, — o) 2.14 1.40 0.74 0.79 3.55
SLP, e =—5% 1.78 1.03 0.75 0.72 3.95
SLP, e =+5% 2.38 1.51 0.87 0.80 3.36
SLP, &2 =—5% 1.89 1.12 0.77 0.78 3.77
SLP, & =+5% 2.20 1.41 0.79 0.78 3.79
P,O 3.22 2.31 0.91 0.81 3.17
P4S 2.74 1.87 0.87 0.67 4.63

Table 5.2: The effective carrier masses n1; and m; along the armchair and zigzag di-
rections; and the average static dielectric constant are calculated within the HSE06
hybrid functional.

armchair (x) zigzag (V)
System me/me mi/me wi/me mt/me
SLP 0.16 0.12 1.40 469 2.60

SLP e =—5% 0.14 0.12 1.35 3.10 278
SLP, ¢ =+5%  0.13 0.12 1.45 328 251
SLP, & =—5%  0.23 0.13 1.39 264 270
SLP, e =+5%  0.20 0.14 1.39 276 271
P,O 0.76 0.24 0.17 342 248
P4S 0.63 0.24 0.80 040 3.19

gap renormalization than the tensile strain of equal magnitude. The absorption
anisotropy in different crystallographic directions remains intact [Figure 5.3(a)].
Within the applied strain range, the first absorption peak appears within 1—1.50

eV for light polarization along the armchair direction. In contrast, for the light
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polarization along the zigzag direction, the first peak appears above 3 eV and in
general shows higher absorbance. Applied uniaxial strain changes the oscillator
strength significantly [Figure 5.3(a)]. While the oscillator strength correspond-
ing to the ground state exciton changes by £10% for & = £5% strain along the
armchair direction, the change is even more significant, 7+30% for applied strain
e = £5% along the zigzag direction. Interestingly, for & =5%, we observe a
competing absorption peak just below its QP gap. Such strain dependent EgQP and
Egpt may explain the variation observed in photoluminescence peak on different

substrates. [200, 255]

The excitons remain strongly bound under applied strain and the G,Wy-BSE
calculated Ey varies between 700-900 meV within the investigated strain range.
The subsequent excited states reflect a sensitive dependence on the strain depen-
dent dielectric screening [Figure 5.3(b)]. Thus, strain engineering in phosphorene
leads to widely tunable photoluminescence energy, enhanced absorption, and mul-

tiple exciton formation.

Band gap energy is analyzed using uniaxial strain along armcair and zigzag
directions, which is tabulated in Table 5.3. Compressive uniaxial strain reduces

the band gap energy, while the tensile strain increases the band gap .

Table 5.3: The effect of uniaxial strain along the armchair and zigzag directions in
pristine SLP. The bandgap decreases (increases) with compressive (tensile) strain
in the studied strain range of €,,, < 5%. The anisotropy in the exciton extension A
is in excellent agreement with the analytical prediction of (yy/py)!/?, and largely
remains unaltered under strain.

System HSE06 Gap(eV) A (px/py)'® ax (A) ay (A)
SLP 1.54 0.40 0.40 1226 490
SLP, &, =—5% 1.30 0.41 0.41 1320  5.40
SLP, &, =+5% 1.73 0.39 0.39 1259 491
SLP, ¢, =—5% 1.39 0.45 0.45 1162 5.19

SLP, e, =+5% 1.65 0.44 0.44 11.65 5.17
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Next, we investigate the effective carrier masses with a varied uniaxial strain
within the HSEO6 functional. In agreement with an earlier report, [278] the ef-
fective electron and hole masses are severely affected by strain (Table 5.2), how-
ever their qualitative anisotropic nature remains intact with y, << p,. These
m, and m, are used to estimate Ey for the strained SLP within the hydrogenic
model, which are in excellent agreement with the more accurate GW-BSE results
(Table 5.1). Further, the spatial anisotropy of exciton A ~ (px/y)!/® remain simi-
lar under strain as in pristine SLP (Table 5.3). These results essentially validate the

applicability of the present hydrogenic model for the anisotropic 2D phosphorene.

Figure 5.2 represents the band gaps of pristine SLP, strained SLP are calculated
with different functionals, such as HSE06, GW and BSE formalism. The excitonic
binding energy is calculated. The variation in band gap energy is more when the

strain applied along the armchair direction than that of zigzag direction.
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Figure 5.2: Differential response of energy gaps on the applied uniaxial strain cal-
culated at the various theoretical hierarchy. The relative variation in the exciton

binding is also tracked. In comparison, the strain along the armchair direction and
a compressive strain have greater effects.
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5.3.3 Effect of impurity coverage

The presence of lone-pair electrons in phosphorene makes it reactive and can eas-
ily absorb impurities with a strong binding energy resulting from the P to impurity
change transfer. We have earlier discussed O, S and N chemisorption with varied
impurity coverage and it was concluded that 0.25-0.5 monolayer (ML) O/S cov-
erages become conducive to both water redox reactions. [258] While the exciton
binding energy plays an important role in efficient charge separation and in turn
affects the performance of a catalytic device, the SLP derivatives with such low
impurity coverages are very difficult to investigate within the GW-BSE formalism.
Thus at first, we investigate the derivatives with high 1 ML O/S coverages, P4O
and P4S that can be represented by a small cell, and compare the GW-BSE results
with the effective mass model. The SLPs with 1 ML O and S coverage are found
to be indirect gap semiconductors, and both QP and optical gaps are severely al-
tered (Table 5.1). While for the 1 ML O-covered SLP the extrapolated EgQP and Egpt
increase upon impurity coverage, the picture is reversed for the 1 ML S-covered
SLP. The absorption edge, calculated by considering the electron-hole interaction,
lies at a much lower energy than the same calculated without the interaction (Fig-
ure 5.3). This observation indicates strongly bound excitons in these derivatives
similar to the pristine SLP (Table 5.1). The qualitative anisotropic feature in the
carrier effective masses are intact but are severely altered in all crystallographic di-
rections (Table 5.5). However, the anisotropy in effective exciton mass disappears
with A ~ 1, and thus the corresponding exciton extension becomes isotropic with

1 ML coverage (Table 5.5).

The effective masses of charge carriers are calculated for O/S coverages on SLP.
The charge carriers are heavier along zigzag direction than that of armchair direc-

tion, which are tabulated in Table 5.4.
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Figure 5.3: (a) The effects of strain on the absorbance and dipole oscillator strength
calculated including the electron-hole interaction within the GW-BSE formalism
(L, = 30 A). The vertical lines indicate the relative dipole oscillator strengths and
are significantly affected by the applied uniaxial strain. (b) The corresponding ex-
citon spectra for the pristine and uniaxially strained SLP. Strain-dependent dielec-
tric screening influences the spectra. The E = 0 eV refers to the quasiparticle gap,
and excitons generated from the transitions with non-vanishing dipole oscillator
strengths are shown. The relative oscillator strengths are shown in (a). Absorption
coefficient calculated without and with the electron-hole interaction (L, = 30 A)
for the light polarization along (c) armchair and (d) zigzag directions, shown for 1
ML O coverage. The absorption edges are calculated from the corresponding E vs
(EA)'/2 plot for this indirect gap semiconductor. The absorption anisotropy along
the armchair and zigzag directions is greatly reduced due to monolayer impurity
coverage. The insets show the side and top views of SLP with IML O coverage.

Table 5.4: Effective carrier masses for SLP with O/S impurity coverages calcu-
lated within HSEO6 functional. These parameters will be used with the hydrogenic
model to calculate the exciton binding energy Ex and the corresponding exciton
extension anisotropy A.

armchair zigzag
my/me my/me my/me my/me
0.33MLO 0.31 0.16 0.43 3.15
0.50MLO 0.19 1.48 0.46 3.71
1ML O 0.76 0.24 0.17 3.42
0.33ML S 0.60 0.16 0.94 2.61
0.50 ML S 0.33 1.16 0.52 1.27
1MLS 0.63 0.24 0.80 0.40

System
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Table 5.5 explores the excitonic binding energy trends, which are calculated
for O/S coverages on SLP. In case of O coverage on SLP, exciton binding energy
increases from 0.33 ML to 0.50 ML coverage, and reduces from 0.50 to 1.0 ML
coverage on SLP. The excitonic binding energy is increased from 0.33 to 1.0 ML

coverage of S on SLP.

Table 5.5: The dielectric constant e (avg) and x»p calculated for SLP with O/S im-
purity coverages within HSE06 functional. These parameters are used with the
hydrogenic model to calculate the exciton binding energy Ey and the correspond-
ing exciton extension anisotropy A.

System e(avg) xop (A) Ex(eV) A

033MLO 256 3.33 0.81 0.65
050MLO 2.66 3.54 0.85 0.74
1ML O 2.48 3.17 0.81 1.04
0.33 ML S 2.74 3.62 0.85 0.56
0.50 ML S 2.82 3.81 0.86 0.88
1MLS 3.19 4.63 0.67 0.86

Furthermore, the E, calculated within the GW-BSE formalism are in excellent
agreement with those calculated using the hydrogenic model (Table 5.1), which im-
plies the applicability of this simplistic model to investigate exciton in such phos-
phorene derivatives with impurity coverage.

The SLPs with sub-monolayer coverages are both thermodynamically and ki-
netically stable. Further, the band edges align with the redox potentials for wa-
ter splitting reactions for SLPs with 0.33—0.5 ML oxygen/sulfur coverages. [258]
Carrier effective masses in all directions are severely affected by the impurity cov-
erage, and the resulting exciton binding energies are found to be high (Table 5.5).
The calculated Ex within the hydrogenic model is found to be 0.81 and 0.85 eV
(0.85 and 0.86 eV) for 0.33 and 0.5ML oxygen (sulfur) coverages. Such high exciton
binding makes charge separation difficult in optoelectronic and catalytic devices.

Thus, although the conduction and valence bands in these derivatives align with
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the redox potentials, the catalytic activity is expected to be negatively impacted
due to high exciton binding. On the other hand, the high absorption coefficient
[Figure 5.3(c)-(d)] and robust exciton with high binding energy are desirable fea-
tures for light emitting device applications. In this regard, the impurity covered
phosphorene can extend such application to green-light emission.[281, 282] The
anisotropy in exciton extension is in agreement with the analytical estimation of

A~ (py/ yy)l/ 3 and monotonically decreases with increasing coverage (Table 5.5).

5.3.4 Exciton renormalization in few-layer, heterostructure phos-

phorene

While the layer-dependent evolution of gaps has been studied in few-layer phos-
phorene, [150, 174, 283, 284] we have studied the structural analysis of single layer,
bilayer, trilayer, tetra layer, penta layer, and bulk of prisptine phosphorene. From
the Table 5.6, we can conclude that the band gap energy is layer dependendent,
it reduces from single layer to bulk phosphorene. The lattice constant along the
armchair direction (b) is not layer dependent, but along the zigzag direction(a) is
reducing from single layer to bulk phosphorene.

It is intriguing to investigate the layer-dependent exciton binding. The effec-
tive screening increases with layer thickness and in addition, the carrier masses
along different crystallographic directions are also expected to be modified. The
evolution in lattice parameters with increasing layer thickness agrees well with
the previous prediction and converges to the bulk values (Table 5.6). [150] Further,
the bandgap in few-layer phosphorene decreases with thickness and converges to
the value for black phosphorus [Figure 5.4(b)]. The calculated bulk gap of 0.26 eV
agrees reasonably well with the experimental measurement of 0.33 eV. [285] Con-
sidering the fact that the gaps are underestimated within the HSE06 functional, it is

imperative to investigate its qualitative dependence on thickness. A power-law fit
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Table 5.6: Evolution of lattice parameters with layer thickness in few-layer phos-
phorene. Results are in good agreement with the experimental lattice parameters
of bulk black phosphorus (BP). Lattice parameters slightly differ within different
treatment of van der Waals interaction. For the vdW-D3 correction we used the
zero damping method. The optimized structures with optB88 and D3 vdW correc-
tions have been used to calculate the HSEO6 bandstructure.

Lattice parameter (A)

p b Eq (eV)
1L vdW-optB88 4.58 3.32 1.54
vdW-D3 4.59 3.30 1.53
2L vdW-D3 451 3.30 1.03
3L vdW-D3 4.49 3.30 0.78
4L vdW-D3 4.47 3.30 0.64
5L vdW-D3 4.45 3.30 0.51
vdW-D3 a=4.42, b=3.31, c=10.67 0.26
Bulk BP vdW-optB88 a=4.48, b=3.34, c=10.72 0.26

Experiment [273,274] a=4.37, b=3.31, c=10.47 0.33 [285]

E¢ = aN, " + ¢, with N, being the number of layers, indicates that E; decays much
slower as & = 0.83 than the usual quantum confinement with « = 2. Whileax < 2is
generic in weak van der Waals stacked two-dimensional materials, calculated « in
few-layer phosphorene is much smaller compared to MoS;, where & = 1.10. [286]

The effective electron screening increases with thickness Ny, and the static di-
electric constant ¢ in few-layer phosphorene increases with the number of layers.
The anisotropic ¢ in black phosphorus (ex = 14.75, ¢, = 10.87, ¢, = 8.68) are con-
sistent with the experimental measurement of 16.5, 13 and 8.3 along the armchair,
zigzag and perpendicular directions, respectively. [287] The dependence of xop,
calculated using the average of anisotropic static ¢, indicates increasing screening
with thickness [Figure 5.4(a)]. Figure 5.5 represents the electronic band structure
of bulk phosphorene, which has direct band gap at I" point.

The carrier effective masses of bulk phosphorous are calculated and compared
with the references in the Table 5.7.

Effective carrier masses are mostly unaffected in few-layer phosphorene except
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Figure 5.4: (a) Calculated xop = (¢ — 1)L, /47 increases with layer thickness Ny
indicating an increase in electron screening. (b) The renormalization of bandgap
E; and exciton binding Ey in few-layer phosphorene shows a power-law depen-
dence with the layer thickness and both quantities converge very slowly to the
corresponding bulk value. The variation in exciton binding is largely determined
by the effective hole mass m; along the zigzag direction, in addition to the change
in effective electron screening.
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Figure 5.5: Electronic band structure for bulk phosphorene with in the HSE06 func-
tion.

for the hole mass along the zigzag direction, which exhibits a strong layer depen-

dence (Table 5.8). The calculated m;, along this direction decreases sharply with
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Table 5.7: Calculated carrier effective masses calculated for bulk BP within the
HSEO06 hybrid functional. Present results compare well with an earlier theoretical
calculation and experimental estimation.

Bulk P a, armchair b, zigzag ¢, perpendicular
my /m, m;‘l/me my /m, mZ/me my /m, m;;/me
Present 0.12 0.10 1.39 0.82 0.17 0.30
Ref. [150] 0.12 0.11 1.15 0.71 0.15 0.30

Experiment [288] 0.082  0.078  1.027  0.648  0.128 0.28

thickness Ny, which is in agreement with a previous prediction. [150] To confirm
the evolution of effective carrier masses with N;, we calculated the same for the
bulk black phosphorus, which compares well with the experimental values (Ta-

ble 5.7). [288]

The excitonic binding energy is layer dependent, it decreases from single layer
to bulk phosphorous. The dielectric constant and 2D polarizability increases from

single layer to bulk phosphorous, which are tabulated in the Table 5.8.

Consequently, the renormalization of exciton binding in few-layer phospho-
rene [Figure 5.4(a)] is dictated by the strong dependence of effective hole mass
along the zigzag direction and the increase in effective screening with layer thick-
ness. This result is in contrast to the assumption that the exciton binding and thus
its variation is independent of carrier effective mass. [191, 289] The large exciton
binding sharply decreases from 0.72 eV in 1L to 0.48 eV in 2L and 0.31 eV in 5L
phosphorene, which is still much higher than the corresponding bulk value. We
estimated the Mott-Wannier exciton binding in black phosphorus E3P = (1/€?) Reo
to be about 11 meV, which is much smaller than kgT at room temperature, and
also much smaller than the same in bulk transition-metal dichalcogenides. [252]
A similar power-law fit with & = 0.53 indicates a much slower dependence of Ey
on thickness than for E¢. Further, the exciton extension in few-layer phosphorene

remains anisotropic while the degree of anisotropy decreases (A increases) mono-
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Table 5.8: Effective carrier masses and x»p for few-layer phosphorene calculated
within HSEO6 functional. These parameters are used with the hydrogenic model
to calculate the exciton binding energy Ex and the corresponding exciton exten-
sion anisotropy A. Exciton binding for the bulk BP is calculated within the Mott-
Wannier model.

armchair zigzag
System  vdW m /e mZ/me m? /e mZ/me
1L optB88  0.16 0.12 1.40 4.69

1L D3 0.12 0.10 1.38 5.34
2L D3 0.12 0.11 1.45 1.95
3L D3 0.12 0.11 1.43 1.76
4L D3 0.13 0.12 1.42 1.25
5L D3 0.13 0.12 1.41 1.03
BP D3 0.12 0.10 1.39 0.82

System vdW e(avg) xop (A) Ex (eV) A
1L optB88  2.60 3.55 0.793 0.40

1L D3 2.69 3.75 0.723 0.37
2L D3 4.59 6.45 0.478 0.42
3L D3 5.98 8.00 0.402 0.46
4L D3 6.86 9.27 0.359 0.49
5L D3 7.51 10.71 0.313 0.57
BP D3 11.43 — 0.011 —

tonically with thickness (Table 5.8).

Black phosphorous is often encapsulated to avoid degradation and restore the
intrinsic electronic properties. [145, 200, 266] The hexagonal boron nitride (h-BN)
was demonstrated to be a good candidate material for this purpose. [269-271]
Thus, it would be worth investigating that how the electronic structure and ef-
fective dielectric screening are affected due to the substrate and capping. In this
regard, we investigate the h-BN/SLP and h-BN/SLP/h-BN heterostructures [Fig-
ure 5.6(a) and (b)]. To minimize the lattice strain in the phosphorene layer, we
used a 1x3 supercell of phosphorene with an orthorhombic 1x4 cell of h-BN. Due
to its puckered structure, the phosphorene lattice is relatively much softer than the

h-BN and can easily sustain a large strain. Thus, in relaxed geometry, the strain is
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Figure 5.6: (a)-(b) The top and side view of the h-BN/SLP /h-BN van der Waals en-
capsule. The structure is optimized using the PBE+D3-vdW functional with zero
damping. The encapsulation induces a compressive (tensile) strain of 5.2% (1.3%)
in the phosphorene layer along the armchair (zigzag) direction. (c) The valence
band maxima and conduction band minima originate from the SLP and thus in-
dicate a type I band alignment. While the apparent band structure looks similar
to the pristine SLP, the corresponding carrier effective masses are severely altered,
which in turn modifies the exciton character.

induced in the phosphorene layer while the h-BN lattice is mostly unaltered (Ta-
ble 5.9). The bandgap of SLP in these heterostructures is only slightly modified
compared to the pristine case (Table 5.10). We attribute this small change in the
gap to the induced strain in the phosphorene layer in the heterostructure. These
results are consistent with the previous calculations. [290, 291]

We studied the heterostructures of h-BN/SLP, and h-BN/SLP/h-BN. The SLP
is compressed along the armchair direction, and expanded along the zigzag direc-
tion. The band gap is decreases in h-BN/SLP, and increases in h-BN/SLP/h-BN,

which can be concluded from Table 5.9.
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Table 5.9: Lattice parameter for the h-BN/SLP heterostructure and the h-
BN/SLP/h-BN encapsulate. The strain along armchair direction(a), and strain
along zigzag direction (b)in phosphorene are tabulated .

Lattice parameters (A)  Strain in SLP

System a b £a(%)  £2(%)
Pristine SLP 4.59 9.90 — —
Pristine h-BN 4.35 10.05 — —
SLP/h-BN 4.36 10.02 =5.01 1.21
h-BN/SLP/h-BN 4.35 10.03 —-523 1.31

Heterostructure of SLP and hBN are studied, where SLP /h-BN and h-BN/SLP/h-
BN induce strain in the SLP. Due to the induced strain, the band gap energy differs

from pristine SLP, which are tabulated in the Table 5.10.

Table 5.10: HSE(06 band gap of the h-BN/SLP heterostructure and the h-
BN/SLP/h-BN encapsulate. The gap is mostly unaffected, while the slight change
in gap is attributed to the strain induced in the SLP layer in the heterostructures.
Note that, while the SLP layer in both the heterostructures have similar lattice pa-
rameters(Table 5.9), they produce different bandgaps. This is largely due to the
change in the distance between the two-half layers of SLP (Figure 5.7).

System Bandgap (eV)
Pristine SLP 1.53
Pristine h-BN 571
SLP/h-BN 1.45
SLP in SLP/h-BN 1.34
h-BN/SLP/h-BN 1.73
SLP in h-BN/SLP/h-BN 1.65

Figure 5.7 shows that there is a tiny difference in the distance between SLP and
h-BN of SLP/h-BN and h-BN/SLP/h-BN heterostructures, which leads to differ-
ent band gap for SLP/h-BN and h-BN/SLP/h-BN heterostructures (Table 5.10).

The carrier effective masses of h-BN/SLP, h-BN/SLP/h-BN are calculated, 2D

polarizability, exciton binding energy are tabulated (Table 5.11). The effective masses
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Figure 5.7: (a) SLP/h-BN and (b) h-BN/SLP/h-BN heterostructures. The vertical
separation between the layers changes slightly in these heterostructure. While the
strain induced in the SLP layer for both these heterostructures are very similar, the
distance between the two half-layers of phosphorene differs substantially by about
0.06 A, which in turn is responsible for very different bandgap.

are not ultered much in the heterostructures, and 2D polarizability, exciton binding
energy are decreased from h-BN/SLP, h-BN/SLP /h-BN.

Table 5.11: Carrier effective masses, x2p, exciton binding Ey and spatial anisotropy
A for phosphorene heterostructures with h-BN.

Heterostructure *a, armchflr . b, 21gza§
my/me my/m.  mg/me my/me
SLP/h-BN 0.26 0.23 0.68 4.51

h-BN/SLP/h-BN  0.23 0.32 0.28 4.60

Heterostructure ¢ (avg) xop (A) Ex (eV) A
SLP/h-BN 3.29 3.71 0.55 0.59
h-BN/SLP/h-BN  3.08 3.44 0.53 0.81

Previously, the exciton binding energy was proposed to be independent of the
effective mass. [191] In contrast, within the present model, E is determined by
the effective mass and 2D polarizability. Moreover, the spatial anisotropic struc-
ture is directly related to the carrier effective masses, A ~ (uy/ yy)l/ 3. Thus, in
addition to the dielectric environment, any change in the intrinsic electronic struc-
ture in phosphorene due to the substrate and capping layer is important to con-

sider for a correct description of the exciton. Indeed, the effective carrier mass
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in the phosphorene layer is affected by h-BN (Table 5.9), which along with the
electron screening from the h-BN layer reduces the exciton binding. The exciton
binding is renormalized to 0.55 eV for the SLP/h-BN heterostructure, while the
presence of a second h-BN layer in the h-BN/SLP/h-BN encapsulation does not
alter the exciton binding further (0.53 eV). The excitons in these heterostructures
are generated in the phosphorene layer, and no interlayer exciton is possible [Fig-
ure 5.6(c)]. Further, the spatial anisotropy of excitons in these heterostructures is
reduced (Table 5.11). Similar renormalization of exciton binding was predicted
earlier for Al,O3/phosphorene/h-BN encapsulation, and phosphorene on SiO; or
PDMS substrates. [289, 292, 293]

In this context, it should be noted here that both SLP/h-BN and h-BN/SLP/h-
BN represent a special case of intralayer exciton owing to the band structure in
Figure 5.6(c), which is well described within the present model. Moreover, the

present model can be extended to the interlayer excitons as was discussed earlier

for the MoS, /h-BN /WSe; heterostructures. [294]

54 Summary

We have studied the quasiparticle and optical properties of phosphorene and in-
vestigated the role of uniaxial strain, and impurity coverages. The excitonic prop-
erties described within a tractable anisotropic hydrogenic model exhibit excellent
agreements with those calculated by explicitly considering the electron-hole inter-
action within the GW-BSE formalism. In contrast to the previous assumption, the
exciton binding strongly depends on effective carrier masses, which further deter-
mines the anisotropic spatial extension of excitons. Similar to the pristine SLP,
exciton in strained and impurity covered phosphorene remain strongly bound.

However, the absorption edge, the corresponding dipole oscillator strength and
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the anisotropy in spatial extension are severely altered. Owing to a severe al-
teration in the effective hole mass along the zigzag direction and increase in the
electron screening, the exciton binding is greatly renormalized in few-layer phos-
phorene. In contrast, the exciton binding is relatively less affected in the h-BN
and phosphorene heterostructures. The robust large exciton binding energy and
tunable photoluminescence in encapsulated and impurity covered phosphorene
derivatives raise their prospective applications in light-emitting devices. Further,
the results indicate that the present model will be applicable to other phosphorene

based superstructures and other two-dimensional anisotropic materials.



CHAPTER 6
JANUS TRANSITION-METAL DICHALCOGENIDE
MONOLAYERS AS PHOTOCATALYSTS

Transition metal dichalcogenides have attracted much attention due to their promise
in photocatalysis. Here, within the first-principles calculations and a hydrogenic
exciton model, we demonstrate that the Janus counterparts have superior proper-
ties in this regard. We observe the required band alignment with the redox po-
tentials, high optical absorption in the visible region, and low exciton binding, all
pointing toward superior quantum efficiency. Present results are in good agree-
ment with the available experimental data. The internal electric field in this Janus
materials, which is not otherwise present in the natural transition-metal dichalco-
genides, is responsible for the current observations. Our primary goal is to estab-
lish the applicability of the hydrogenic exciton model in a variety of natural and
Janus dichalcogenides through rigorous comparisons with more accurate GW+

BSE method and experimental data. These results will be published in future.
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6.1 Introduction

Photocatalysis attracted much interest of researchers due to its eco-friendly na-
ture, where photocatalytic water splitting into hydrogen and oxygen is one of
the optimistic and emerging technology. Two-dimensional (2D) materials, in this
regard, have attracted much attention due to their large active surface, superior
optical absorption, and concurrently tunable electronic structure. The electronic
and optical properties of 2D materials are very sensitive to the external perturba-
tions. [8, 37, 295-297] Due to the quantum confinement, the physical and chemical

properties of these 2D materials differ much from their bulk counterparts.

Transition metal dichalcogenides (TMDCs) have showed great potential in this
regard. The general chemical formula of TMDCs is MX,, where M = Transition
metal, X = halogen, its three sub-layers are composed with one metal layer sand-
wiched between the two halogen layers. The intra-layer has covalent M—X bond-
ing, whereas the individual layers are held together by the weak van der Waals
interactions. The single-layers of these TMDCs have been also synthesized and
their electronic and optical properties are throughly investigated. [8, 298-305] In-
terestingly, the asymmetric counterparts of the TMDCs known as Janus TMDCs
(JTMDCs) (MXY, where M = Mo/W, X/Y =S, Se, Te) have recently been synthe-
sized, which inherit the advantages of 2D TMDCs. Moreover, these new materials
provide an additional degree of freedom to tune their electronic, optical and thus
photocatalytic properties. Due to the broken inversion-symmetry induced by the
difference in Pauling electronegativity on both sides of the TM-layer, the JTMDCs
experience an internal electric field, which breaks the band gap criteria for photo-
catalytic for water splitting. Thus, while TMDCs have been exhaustively investi-
gated in this context, it is imperative to study the electronic, optical and excitonic

properties of JTMDCs and compare them with the TMDCs. It is also expected that
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the he photo-generated charge carriers may be separated easily due to the pres-
ence of intrinsic electric field, which can reduce the recombination rate of charge
carriers and promotes the efficiency of photocatalyst. Recently, the Janus MoSSe
in the 2H-phase has been successfully synthesized by fully replacing one of the S
(Se) layers with Se (S) atoms within MoS; (MoSe;) through the chemical vapor de-
position (CVD) method. [306, 307] The intrinsic dipole-moment induces a vertical
piezoelectric response in MXY, which is absent in the pristine single layer of MoS,.
The piezoelectric response in Janus MoSSe can be improved under the uniaxial
or biaxial strains. [308] Further, JTMDCs are reported as photocatalysts for water
splitting. [309, 310]

Within the first-principles calculations, in this Chapter, we report the structural,
electronic, and optical properties of JTMDCs and compare them with their respec-
tive TMDCs. Following the success of our previous two-dimensional hydrogenic
exciton model, we also investigate the excitonic properties. The parameters of
the model, effective carrier mass and 2D polarizability, are derived from the first-
principles calculations. Results of this model are compared with more accurate but
expensive GW-BSE calculations, which show excellent agreement. Due to the in-
trinsic electric field, the exciton binding is renormalized, and these JTMDCs show

excellent applicability in photocataytic applications.

6.2 Methodology

All the calculations were done by Vienna ab-initio simulation package (VASP)
[162, 163] based on the projected augmented wave (PAW) method. [164] The elec-
tronic exchange-correlation energy was treated by generalized-gradient approxi-
mation of Perdew-Burke-Ernzerhof (GGA-PBE) for structure relaxation. [165] The

kinetic energy cut-off is 500 eV, and all the structures are relaxed until the force acts
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on the atom is 0.01 eV/A. To consider the weak vdW interactions vdW-DF-optB86
was used. [230, 231] A T centred 17x17x1 k-mesh was used with 30A vacuum.
The electronic and optical properties were calculated by hybrid Heyd-Scuseria-
Ernzerhof (HSE06 + SOC) functional. [167] The spin-orbit coupling was treated
in electronic and optical properties calculations. The optimized structures with
the PBE exchange-correlation functional are used for GW-BSE calculations. Two
self-consistent updates for the Green’s function GoW are found to be sufficient
to converge the quasiparticle electronic structure. [121, 122] Electron-hole interac-
tions are incorporated within the BSE formalism [123, 242, 262] to calculate the

corresponding optical gaps.

6.3 Results and Discussion

In this study, we have considered Mo and W based TMDCs (MoS;, MoSe,, MoTe,,
WS,, WSe,, WTey,) and their combinatorial Janus counterparts (MoSSe, MoSTe,
MoSeTe, WSSe, WSTe, and WSeTe). First we discuss the evolution of their struc-
tural, and electronic properties; and subsequently move on to their optical, exci-

tonic and photocatalytic properties.

6.3.1 Single-layer of TMDCs and JTMDCs

In MX; TMDCs, one metal layer (M = Mo and W) is sandwiched between two
chemically identical chalcogen layers (X = S, Se, Te). Similarly, the Janus TMDCs
monolayers have trigonal prismatic symmetry, however, the metal layer is sand-
wiched between two different chalcogen atom in MXY (Figure 6.1). Calculated
lattice parameters are tabulated in Table 6.1, where we make a few observations.
(a) The lattice parameters increases as the chalcogen size increase. Since the Janus

TMD is formed by replacing one of the X layer with the Y atoms in pristine MX,,
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the lattice parameters of the resulting MXY monolayer is about the average of
MoX; and MoYj. Overall the present results are in good agreement with the avail-
able experimental results. (b) Due to the difference in electronegativity and atomic
number of X and Y atoms, there are inequivalent M—X and M—Y bonds. (c) The
bond lengths of JTMDCs monolayers follow the order of d(M-Te)> d(M-Se)> d(M-
S), which results in a planar bending strain. For example, the Mo—Te bond is 0.16
A larger than that of the Mo-Se in MoSeTe, that results in bending from Te plane
to Se plane. The bending strain (e;) of the JTMDCs monolayers can be defined as,
eq = [(dm—y — dm-x)/dm—x] x 100%. Calculated ¢, is tabulated in Table 6.1, which
increases with increasing mismatch between the ionic radii of chalcogen atoms in
MXY. Therefore, MoSSe has the lowest bending strain (4.6%) compared to MoSeTe
(6.27%) and MoSTe (11.5%). WXY monolayers also show a similar trend.

Table 6.1: Calculated lattice parameter a, and bond lengths d for the TMDCs and
JTMDCs are listed and lattice parameters are compared with the available experi-
mental data. The bending strain (¢) is calculated for the MXY monolayers.

MXo/MXY a(A) Experimental a(A) dy x (A) dyy (A) €4(%)

MoS, 3.16 316 [311] 241 - -
MoSSe 3.23 3.22 [306] 2.42 2.53 455
MoSe; 3.30 3.29 [312] 2.54 - -
MoSTe 3.34 - 2.43 271 1152
MoSeTe 341 - 255 2.71 6.27
MoTe, 3.52 3.52 [313] 2.72 - -
WS, 3.17 3.15 [314] 2.41 - -
WSSe 3.23 - 2.42 2.54 4.96
WSe, 3.29 - 2.54 - -
WSTe 3.34 - 2.44 272 1148
WSeTe 341 - 2.56 2.72 6.25
WTe, 3.53 3.48 [315] 2.73 - -

As shown in the Figure 6.1(c) and discussed earlier, an electrostatic potential
difference is generated in the MXY monolayers due to different electronegativity

of the surfaces. Charge density redistribution induces an intrinsic dipole in the
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Figure 6.1: (a) The side view of the single-layer Janus JTMDCs (M= Mo, W, X/Y =
S, Se and Te), where the out-of-plane symmetry is broken, and an internal electric
tield E is generated due to the difference in electronegativity of chalcogen atoms.
(b)Top view of JTMDCs with two different chalcogen atoms X and Y. (c) Electro-
static potential difference is produced between the two different halogen atoms in
JTMDCs. Figure adopted from reference. [316]

out-of-plane direction, which gives rise to an internal electric field pointing from
the less electronegative surface to the more electronegative surface as shown in
Figure 6.1. We calculate this electrostatic potential difference (A®) within the first-
principles method, which is 0.76, 1.49, 0.80, 0.68, 1.45, and 0.87 for MoSSe, MoSTe,
MoSeTe, WSSe, WSTe, and WSeTe, respectively. In the context of photocatalytic

water splitting, this A® relaxes the strict band gap criterion. [309]

Now we turn our attention to the electronic structure of the TMDC and JT-
MDCs (Figure 6.2 and Figure 6.3). First we discuss the results within the con-
ventional DFT, where the exchange-correlation is treated within the hybrid HSE06
functional and the spin-orbit coupling is explicitly treated. All Mo and W based
MX; monolayers are found to be semiconducting with a direct gap at the K-valley.
In agreement with the available experimental and earlier theoretical results, we
observe 2.10, 1.84, 1.43, 2.10, 1.78, and 1.19 eV gaps for MoS;, MoSe;, MoTe,, WS,,
WSe,, and WTey, respectively. [303-305] Notice, that the gap monotonically de-
creases as we move along S — Se — Te. We also observe a spin-orbit splitting at

the top of the valence band at the K-point.
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N

Figure 6.2: Band structures of MoS,, MoSSe, MoSe;, MoSTe, MoSeTe, and MoTe;
which have direct band gap at K-point except MoSTe. MoSTe has indirect gap,
where VBM lies at I' and CBM is at K-point.

The electronic structures of the JTMDCs are qualitatively similar with a few mi-
nor exceptions (Figure 6.2 and Figure 6.3). All of the studied JTMDC monolayers
are semiconducting, and nature of the gap at the K-point is direct, as in the MX,
monolayers. Only exception is found for the cases of MoSTe, and WSTe, where we
observe an indirect gap. While the valence band maximum (VBM) moves to the
I'-point in both these monolayers, the conduction band minima appears at the K-

point for MoSTe, which lies between K-I" points in WSTe. The HSE06 + SOC gaps
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are found to be 1.98, 1.61, 1.64, 1.94, 1.70, and 1.51 eV for MoSSe, MoSTe, MoSeTe,
WSSe, WSTe, and WSeTe, respectively.
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Figure 6.3: Band structures of WS,, WSSe, WSe,, WSTe, WSeTe, and WTe; which
have direct band gap at K-point except WSTe. WSTe has indirect gap, where VBM
lies at I' and CBM lies between K-T'.

Calculated results are in good agreement with the available photoluminescence
(PL) spectrum that measures the optical gap for the direct gap semiconductors.
Note that the calculated gap of MXY monolayer is about the average of their nat-
ural MX; and MY, layers. For example, the 1.98 eV gap of MoSSe lies in between
MoS; (2.10 eV) and MoSe; (1.84 eV). The present results is in agreement with the
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experimental photoluminescence peak of the MoSSe monolayer, which is located
at 1.68 eV. [306, 307, 317] Thus, the PL spectrum redshifts (blueshifts) when the
MoSSe is synthesized by selenizing (sulfurizing) the MoS; (MoSe;) monolayer.
However, one should take a note that the PL intensity in MoSSe is much lower

then the natural MoX; counterparts.
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Figure 6.4: Calculated band gaps of the MoX; and MoXY monolayers. Results from
different hierarchical theories, hybrid HSE06, GW and GW+- BSE, are compared.
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Figure 6.5: Calculated band gaps of the WX, and WXY monolayers. Results from
different hierarchical theories, hybrid HSE06, GW and GW+ BSE, are compared.

Now we discuss the electronic structure within the various theoretical hierar-

chy (Figure 6.4 and Figure 6.5) in the context of available experimental results. It
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is known that, conventional exchange-correlation functionals underestimate the
band gap in semiconductors and insulators, and a hybrid functional improves the
result. A fraction f of the exact Hartree-Fock exchange is considered in hybrid
functional, while the correlation part remains entirely parameterized. In general,
f = 0.25 is considered, the gap monotonically varies with f, leading to the un-
certainty in the prediction. On the other hand, the many-body perturbation the-
ory, where electron self-energy is expressed in terms of Green’s function G and
screened Coulomb interaction W, provides an excellent account of the quasipar-
ticle (QP) gap E?P, however, the method is computationally very expensive. The
calculated QP gaps are experimentally measured with scanning tunneling spec-
troscopy (STS), and the theoretical values are reported in Table 6.2. Overall, we
observe a good agreement between the GW calculation and STS measurements.
We calculate a QP gap of 2.65 eV for monolayer MoS;, which is in close proximity
to the experimental data of 2.40 eV. [318, 319] It must be pointed here, that the QP
gap value slightly depend on the nature of the substrate, and it is expected that
the QP is slightly renormalized due to the substrate-monolayer interaction. It was
found that the QP bandgap of MoSe, on hBN/Ru(0001) is about 0.25 eV smaller
than those on graphene or graphite substrates. [320] The calculated gap of 2.16 eV
for MoSe; is in excellent agreement with the experimental data of 1.90 - 2.15 eV,
depending on the substrate. A similar comparison could be drawn for WX, mono-
layers, and the QP gap decreases in the S — Se — Te direction. The QP gaps for
the single-layers of WX; calculated within the GW approach (Table 6.2) compare
well with the experimental data. It was inferred that the gap in bare WS, decreases
from 2.4 to 2.27 eV, while the monolayer is capped the bilayer graphene. [321] The
QP gap in WSe; is lower at 2.35 eV, which compares well with the STS data, 2.18
+ 0.03 eV. [322]

Having discussed the QP gap, now we turn our attention to the optical gap,
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which is renormalized by the exciton binding energy (Table 6.2), which is expected
to be substantial due to poor electron screening in the 2D materials. The optical
gap is experimentally measured by photoluminescence (PL) spectroscopy mea-
surements, while the the optical gaps are theoretically calculated with the GW+BSE
approach. The PL peak is observed at 1.88 eV for MoS, monolayer, and a weak
temperature dependance of the peak position is also identified. [10, 323] Calculated
result is in excellent agreement, Egpt =1.90 eV for MoS,. Likewise, the comparison
between the theoretical and experimental results remain for the other monolayers.
compared to MoS;, the optical gap is much lower in single-layer MoSe;, 1.60 eV,
which is in excellent agreement with the position of the PL peak at 1.55 eV. [324]
The trend is similar in WX; monolayers. The calculated Egpt for WS, and WSe,
are in good agreement with he experimental values of 1.95 [325] and 1.65 eV [16],
respectively.

It is now understood that since the electronic structure for the MX; monolay-
ers are correctly reproduced within the GW+ BSE calculations - (a) it is expected
to predict well for the Janus counterparts, and (b) the the exciton binding with in
the same theoretical framework, which is defined as Ex = EEP — Egpt, will also
be practical. The optical gap for the MoSSe monolayer (1.79 eV) is about the aver-
age of MoS; and MoSe;, which is in excellent agreement with the PL peak at 1.7
eV. [306, 307] The WSSe monolayer has been recently synthesised via pulsed laser
deposition method, and the corresponding optical gap of 1.83 eV is in agreement

with the present calculation (Table 6.2).
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6.3.2 Photocatalytic activity of TMD and JTMD

To investigate the photocatalytic activity of TMDC and JTMDC monolayers, we
study the band alignment with the water redox potentials. The alignments for
the natural MX; monolayers are shown in Figure 6.6, and compare them with the
redox potentials of hydrogen evolution (H /H;) and oxygen evolution (O, /H;0)
at pH= 0. We find that MoS,, MoSe,, and WS, have the band edges that straddle
with the redox potentials and make them promising candidates for photocatalytic
water splitting. However, MoTe;, WSe,, and WTe; are found to be favourable
only to the water reduction reaction. The reduction over-potentials (x,;,) are 0.07,
0.48, 0.66, 0.46, 0.82, and 0.82 eV for MoS,, MoSe,, MoTe,, WS,, WSe,, and WTe;,
respectively. While the oxidation over-potentials (x,,) are 0.80, 0.13, and 0.41 eV
for MoS,, MoSe;, and WS, respectively. Besides the favourable band positioning,
exciton dissociation is also crucial for the photocatalytic process, which is relatively

difficult in these natural monolayers, owing to their high exciton binding energy

(Table 6.2).
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Figure 6.6: Band-edge positions of the natural MX; monolayers that are calculated
within the hybrid HSE06 exchange-correlation functional, which are drawn along
with the redox potentials.

In contrast, the Janus TMDCs have remarkable advantages over the natural
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Figure 6.7: Band-edge positions of the Janus MoXY monolayers that are calculated
within the hybrid HSE06 exchange-correlation functional, which are drawn along
with the redox potentials.
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Figure 6.8: Band-edge positions of the Janus WXY monolayers that are calculated
within the hybrid HSE06 exchange-correlation functional, which are drawn along
with the redox potentials.

TMDCs due to the presence of an internal electric field. [309, 310] The band-
edge energy alignments of VBM and CBM are calculated and shown in Figure 6.7
and Figure 6.8. The fundamental criteria of photocatalysis, band gap restriction
(> 1.23) is broken, and the redox potential difference of the two chalcogen layers
is equal to the electrostatic potential difference (AP). As the electrons and holes

are separated on the two different layers, the efficiency of the catalyst can be en-
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hanced. All JTMDCs are favorable for photocatalytic water splitting reactions as
shown (Figure 6.7 and Figure 6.8). In the case of Janus MoSSe single-layer, the pho-
togenerated electrons and holes accumulate on the Se, and S layer, respectively.
Similarly, electrons accumulate on Te layer for MoSTe, and MoSeTe, while holes
accumulate on S, and Se layer for MoSTe, and MoSeTe, respectively. These results
are consistent with previous reported literature. [309] In the case of W based Janus
TMDCs, the photogenerated electrons accumulate on the Se, Te, and Te layer for
WSSe, WSTe, and WSeTe, respectively. Conversely, the photogenerated holes accu-
mulate on S, S, and Se layer for WSSe, WSTe, and WSeTe, respectively. Apart from
the proper band edge positions, exciton dissociation is also an important factor,
that dictates the photocatalytic efficiency. A large internal electric field facilitate
the easier exciton pairs dissociate. In Janus TMDCs, the corresponding exciton
binding is renormalized due to the internal electric field, that makes easier dissoci-
ation and utilization of the photogenerated carriers (Table 6.2), and cause the free
electron and hole to migrate in the opposite directions to facilitate the photocat-

alytic reaction with high efficiency.

6.3.3 Modeling exciton in TMDCs and JTMDCs

The photogenerated electron and hole pairs have the attractive Coulomb inter-
action, and this interaction in the quasiparticle is called an exciton, as we have
discussed in earlier Chapters. Charge separation can happen easily as the exciton
binding energy decreases and the separated charge carriers can participate in the
corresponding redox reactions. We adopt two distinct ways to calculate the exciton
binding energy E.. One within the GW+BSE formalism, which correctly describe
the quasiparticle and optical spectra. However, the the same is computationally
very expensive. On the other hand, following Keldysh formalism [238] one can

adopt a hydrogenic model of excitons, where the parameters are calculated from
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the conventional DFT calculations, which are relatively much less expensive. The
model has been described in an earlier Chapter in details, here we describe the
main ingredients of the same for convenience.

The 2D electron-hole interaction is described within the Keldysh formalism [238],

Vop(r) = —4(# [Ho(5) + Yo(;; )], where €1 and ¢; are the dielectric constant

e1-+€2)eo70
of the surrounding media(vacuum); and ¢g is the vacuum permittivity. [190, 201,
239] Hp and Yj are Struve and Bessel functions, respectively. With this potential
Vop(r), the hydrogenic Hamilltonian is developed, Hy = —%V% + Vop(r), where
u is the exciton reduced mass, and r is the electron-hole separation. The screening
length ry = 27t x>p, where xop is the 2D polarizability, which is calculated from the
static dielectric constant € of the 2D system, e(Ly) = 1+47mxop/ Ly, where Ly is the
transverse vacuum size. [240] The effective carrier masses, which are the parame-
ters of the model, are estimated by fitting the HSE06 bands to the parabolic disper-
sion E(k) = h*k?/2m*, and tabulated in Table 6.3. The static dielectric constant is
calculated from the real part of the complex dielectric function at zero frequency.
The variational exciton binding energy Ex = Eg(a) 4+ Ep(a) is then calculated for
an optimal value to the exciton radius 4, where Eg and Ep is kinetic and potential
energies of the exciton. We find that the calculated Ex within this simple model

are in excellent agreement with the GW+ BSE data (Table 6.2) that reestablishes a

broader applicability of the hydrogenic model.

6.3.4 Optical properties

The frequency-dependent complex dielectric tensor e(w) = €' (w) + ie” (w) is used

to evaluate the optical properties. The imaginary part ¢’ (w) is calculated in the
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Table 6.2: The quasiparticle EgQP and optical E;pt gaps are calculated within the
G2Wj and G,Wj + BSE, respectively. The exciton binding energies Ey are calcu-
lated within the hydrogenic exciton model, which is in good agreement with the
more accurate GW + BSE formalism. Model parameter, xop is calculated within
the HSEQ6.

System EZ"(eV) Egf'(eV) BSSX (ren\g)del xon(A)
MoS, 2.65 190 075 066 541
MoSSe 2.32 179 053 058 598
MoSe, 2.16 160 056 0.55 6.55
MoSTe 1.79 127 052 057 7.47
MoSeTe  2.20 164 056 0.51 7.79
MoTe, 1.73 113 060 0.44 8.77
WS, 2.79 216 063 0.63 491
WSSe 2.54 194 060 061 5.45
WSe, 2.35 180 055 058 593
WSTe 1.94 148 046 059 6.84
WSeTe 2.23 1.82 041 051 7.21
WTe, 1.58 118 040 041 8.37

Table 6.3: The effective carrier masses m; and m;, and the average static dielectric
constant (¢) are calculated within the HSE06 hybrid functional. The corresponding
exciton extension, 4, is calculated within the hydrogenic model.

System mj;/m. mj/m, € a(A)
MoS,; 0.54 0.69 353 842
MoSSe 0.47 055 381 954
MoSe; 0.44 048 4.05 994
MoSTe 0.65 1.30 453 8.04
MoSeTe  0.71 0.62 4.69 9.25
MoTe, 0.47 058 518 11.30
WS, 0.41 040 3.30 9.75
WSSe 0.45 047 356 9.60
WSe, 0.48 049 3.80 9.68
WSTe 0.53 1.64 423 8.00
WSeTe 0.53 051 442 10.06
WTe, 0.36 0.37 499 1254
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long-wavelength q — 0 limit, [188]

4m%e* 1
glalﬁ(w) = 0O ;li% ? C;( 2wy b (€ — €k — W)
X <Mck—|—eaq‘”vk> <uck+eﬁq‘”vk>*- (6.1)

Here, the factor 2 inside the summation accounts for the spin degeneracy, ()
is the volume of the primitive cell, and wy are k-point weights. The €. (e,k) are
k-dependent conduction (valence) band energies, 1. ,x are cell periodic part of
the pseudo-wave-function, and e, g are unit vectors along the Cartesian direc-
tions. The real part ¢ (w) of the frequency dependent complex dielectric tensor
¢(w) is evaluated using the Kramers-Kronig transformation, and the absorption
co-efficient is calculated as Age(w) = 2¢[|ege(w)| — € M(a))]%. The optical ab-
sorption co-efficients are calculated for the TMDCs, and JTMDCs using GW and
GW+BSE formalism (Figure 6.9), that is, without and with the electron-hole inter-
action. We observe that both TMDCs and JTMDCs show strong photoabsorption

in the visible region, which is an important criterion for good photocatalyst.
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Figure 6.9: Absorption coefficient for the natural TMDCs and JTMDCs are calcu-
lated without and with the electron-hole interaction using GW + BSE formalism.
The left (right) panel refers to the TMDCs (JTMDCs). Excitonic contributions are
significant for all monolayers.

6.4 Conclusion

In this Chapter, we illustrate two conclusions. First, the Janus TMDCs are promis-
ing candidate materials as photocatalyst and may have better quantum efficiencies
than the natural TMDCs. This fact is demonstrated via their superior band align-
ment with the redox potentials, high optical absorption and low exciton binding
promoting easy dissociation and concurrent utilization of photogenerated carri-
ers. The presence of the internal electric field due to the difference in Pauling
electronegativity on both sides is responsible for this prediction. The second point
is rather theoretical. With a comprehensive comparison with the GW+ BSE re-
sults, we demonstrate that the hydrogenic model with parameters calculated from

the conventional DFT calculation provides an excellent account of exciton binding



Janus transition-metal dichalcogenide monolayers as photocatalysts 127

these materials and general application to other 2D semiconductors.



Janus transition-metal dichalcogenide monolayers as photocatalysts 128




CHAPTER 7

SUMMARY AND FUTURE OUTLOOK

Owing to large specific surface area and excellent charge transfer performance
electronic properties, a variety of two-dimensional materials have been success-
tully investigated for photocatalysis. In this thesis, we theoretically studied the
optical and excitonic properties of a few important 2D materials such as phos-
phorene, graphene nitride and transition-metal dichalcogenides along with their

heterostructures.

In the context of metal-free 2D photocatalyst, we propose that chemical deriva-
tives of phosphorene have an outstanding potential. Here, we utilize the chemical
instability of phosphorene in ambient condition, which readily react with O, S, and
N due to the presence of lone-pair electrons. While, the 2D phosphorene does not
catalyze the complete water splitting reactions, under O, S, and N coverages the
derivatives become susceptible to trigger the complete reaction at certain cover-
ages. The derivative are thermodynamically stable and these dopants do not in-
troduce the midgap defect states, and at particular coverages the conduction and
valence bands are properly aligned. Additionally, the optical absorption remain
very high 10° cm? within the visible light excitation. The present results along with
their excitonic properties will hopefully open up new avenues to take advantage
of phosphorene derivatives in metal-free photocatalysis.

The van der Waals heterostructures pose enormous tunability of the photocat-
alytic properties, which should attract tremendous attention. In this context, we
combined two interesting 2D materials — Janus transition-metal dichalcogenides

(MoXY, X/Y =S, Se, Te) and graphitic carbon nitride. Due to the internal electric
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field, the photogenerated electrons and holes are easily separated in the MoXY lay-
ers, which also creates high overpotentials for the redox reactions. The high optical
absorptions span throughout the entire visible and near ultraviolet regime in these
nanocomposites. Combining the these results along with comparatively smaller
exciton binding, we propose that the studied heterostructure may be good candi-
date materials for photocatalysis. Further, we hope such vertical 2D heterostruc-
tures will attract increased attention experimentally.

An important aspect of studying photocatalytic properties of the 2D materi-
als is to investigate excitons, and a quantitative prediction of binding energy in
photogenerated electron-hole pairs. The exciton binding indicates how easily or
difficult is to separate the photogenerated electron-hole pairs, that in turn, affect
the efficiency. The excitonic properties in the reduced dimensions are markedly
different from the materials in three-dimension due to the fundamental difference
in electron screening. However, a first-principles description is tremendously ex-
pensive, which necessitates an alternate approach to be developed without a com-
promise in accuracy. In this context, we describe a hydrogenic effective exciton
mass model in which the parameters, the effective carrier masses and the static di-
electric constant, are calculated within the conventional density functional theory
(DFT). The results within this simplified model are in excellent agreement with
those calculated within the GW-BSE formalism. Using this model, we investigated
how excitons are affected in phosphorene derivatives and exciton renormalization
in the few-layer and heterostructure phosphorene. We also extend this approach
to investigate exciton in pristine and Janus transition metal dichalcogenides. In
principle, the present methodology is applicable to any 2D semiconductors.

We believe that these 2D materials and specially the van der Waals 2D het-
erostructures will play a crucial role in designing new and efficient photocatalysts

and attract further experimental attention.
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