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Abstract

Pulsed laser treatment of 2D materials is becoming increasingly popular due to the simple and efficient
nature of the treatment process. In this thesis, the femtosecond laser treatment methods of 2D
materials to fabricate functionalized particles and nanorods are proposed to deepen the understanding
of how the femtosecond laser and the process parameters can be tuned to yield different chemical
compositions and shapes, which in turn can fit different applications and devices.

A femtosecond laser process was developed to treat flakes of 2D materials (molybdenum disulfide
(M0Sy), tungsten disulfide (WS>), and boron nitride (BN) flakes) in an ethanol-containing solvent. The
highly energetic laser pulses exfoliate and cleave the flakes into nanosheets with diameters of 43 nm
and simultaneously dissociate the solvent molecules. The dissociated carbon and oxygen atoms from
the solvent bond with the freshly cleaved 2D nanoparticles to satisfy edge sites, resulting in the
formation of hybrid 2D nanoparticles that contain graphene-like carbon domains as well as the host
material. Contrary to the current state of the art, where functionalization techniques can take several
days to achieve, the hybrid nanoparticles are formed in as little as 20 min without toxic or corrosive
chemicals and are multifunctional. Photoluminescence and absorption owing to both the carbon
domains and the host 2D material (MoS., WS, or BN) are observed. This novel hybrid optical behavior
makes these materials promising for emerging optoelectronic applications.

An adaptive recipe was consequently developed to fabricate halogenated graphene particles, aiming
to address the main challenge facing large-scale commercialization of perovskite solar cells: their
instability and degradation from humidity. The current state of the art studies discussing the
implementation of 2D materials in perovskite solar cells to enhance their stability are limited and lack
discussion about long-term degradation and efficiency retention. Highly hydrophobic iodinated and
chlorinated graphene particles were fabricated using femtosecond laser and incorporated into the hole
transport layer and as an encapsulating layer. While the power conversion efficiency (PCE) was
retained, the long-term stability was significantly enhanced for the cells containing the graphene in
both ambient conditions and highly humid conditions, in test spans of 2200 hrs and 50 hrs,
respectively.

The previously unrealized ability to grow nanorods and nanotubes of 2D materials using femtosecond
laser irradiation is demonstrated. In as little as 20 min, nanorods of tungsten disulfide, molybdenum
disulfide, graphene, and boron nitride are grown in solutions. The technigque fragments nanoparticles
of the 2D materials from bulk flakes and leverages molecular-scale alignment by nonresonant intense
laser pulses to direct their assembly into nanorods up to several micrometers in length. The laser
treatment process is found to induce phase transformations in some of the materials, and also results
in the modification of the nanorods with functional groups from the solvent atoms. Notably, the WS,
nanoparticles, which are ablated from semiconducting 2H WS, crystallographic phase flakes,
reassemble into nanorods consisting of the 1T metallic phase. Due to this transition, and the 1D nature
of the fabricated nanorods, the WS, nanorods display substantial improvements in electrical
conductivity and optical transparency when employed as transparent conductors.
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1.17 Introduction to 2D materials and their significance

1.1.1 1 Graphene and its properties

Graphene is a single-layer, 2D, one atom thick (~ 0.345 nm) material consisting of a honeycomb

lattice of sp2 bonded carbon atoms?. It is one form of carbon allotrope (shown in Figure 1.1), a

group that includes charcoal, gr aphi t e, and full er ethak succesSinnc e

isolating mono-layered graphene from graphite flakes in 20042, graphene has been the subject

of intense research by materialsci ent i st s. Novosel ovds coll eague

standing graphene" as follows: "graphene is a single atomic plane of graphite3, which is
sufficiently isolated from its environment to be considered free-standing". Graphene exhibits
unique and novel physiochemical properties, namely, high fracture toughness, thermal
conductivity, ,andelectgcal sonduaidtyid. These remarkable properties endow
graphene with extraordinary properties, such as high mechanical strength and high electrical
conductivity. Hence, graphene nano-sheets have rapidly been adapted for a wide variety of
applications, including energy storage materials, nano-devices, renewable energy technology,

polymer composites, and sensing applications 5.

N o
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Figure 1.1 7 Schematic of graphene structure (top left), graphite (top right), carbon nano-tubes
(bottom left), and bucky balls (bottom right). Blue balls representing carbon atoms, red
connections representing covalent bonds. Reproduced with permission from Neto et al. Drawing
conclusions from graphene. Phys. World 19, 33, (2006). Copyright 2006 10P2,

Many researchers have been trying to establish methods of graphene fabrication on a large scale
dating back to 2004, thus attempts such as epitaxial growth on non-metallic substrates® and
chemical vapor deposition techniques (CVD)* have been established. There are many ways for
single layer and multilayer graphene fabrication such as micro mechanical cleavage, CVD on
metallic substrate, intercalation of graphite and graphene oxide single layer reduction, comprising
of chemical reduction of exfoliated graphene oxide, arc discharge and thermal exfoliation of
graphite oxide®!.

Graphene sheets can be fabricated via the scotch tape method, which vyields flat stacked
graphene sheets as a result of cleavage of graphite?. Due to graphene sheets high specific area
(atomic density per unit area), it sometimes tends to re-stack and form irreversible bulk graphite
as a result of van der Waals interaction between the graphene sheets. Graphene has been
prepared using chemical processes such as graphite oxidation, chemical exfoliation and

reduction, given its low cost and large scale fabrication ability*2.

Due to its extraordinary electrical and mechanical properties such as large surface-to-volume
ratio®®, large carrier mobility (surpassing 20000 cm? V-!s?), high thermal conductivity, high
mechanical strength (e.g. 200 times greater than steel)!*** and tensile modulus of 1 TPa®'’,

graphene becomes a material of great interest to optoelectronic, MEMS and NEMS applications.



Excellent electrical conductivity is key for sensing applications, given its extremely high electron
speed attributed to the absence of a band gap. Carbon has 6 electrons with 2 electrons in the
inner shell, and 4 electrons on the outer shell. In a typical situation, an individual carbon atom
usually offers its four electrons of the outer shell for bonding. On the contrary, Carbon atoms in
graphene are connected to three other carbon atoms on a 2-dimensional plane in a very strong
covalent bond also known as the sigma bond, hence leaving a lone electron on the third dimension
performing an electronic conduction role. These freely available electronsarec al | e d

that are located on the z-axis, thus orbiting above and below the graphene sheet as schematically
showninFigure 1.2.The °~ el ectrons consequently over|l
the sample plane forming the pi-bond. Effectively, the bonding and anti-bonding of these lone

electrons dictate the electronic properties of graphene.

p orbital p orbital

sigma
bond
Figure 1.2 7 Schematic of sigma and the overlapping pi bonding of carbon atoms. Reproduced
with permission from Yang et al. Structure of graphene and its disorders: a review. Sci. Technol.
Adv. Mater. 19, 6137 648 (2018). Copyrights 2018 Wiley-VCH?8,

1.1.2 1 Transition metal dichalcogenides and their properties

After its discovery in 2004 by Novolesev and Geim?, graphene has hugely impacted several
scientific fields. This success ignited interest in other two-dimensional nanomaterials, including
hexagonal boron nitride (h-BN), graphitic carbon nitride (g-CsN4), monoatomic buckled crystals
(phosphorene), and transition metal dichalcogenides (TMD) including MoS;, MoSe,, WS,, and
WSe,. TMD materials consist of a hexagonal layer of transition metal atoms (M) sandwiched

between two layers of chalcogen atoms (X) and represent a stoichiometry of MXa.

These materials are all known for the strong covalent intralayer bonding and weak van der Waals

interlayer forces in the bulk form making them easy to exfoliate and isolate. In the 2D monolayer
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form however, they tend to exhibit a high degree of stability and hence illustrate distinct properties
compared to that of their bulk counterparts. TMD materials for instance, exhibit an indirect gap in
their bulk, few layers and even bi-layer forms, however they remarkably transition to direct
bandgap materials in their monolayer forms due to the electron-hole interlayer coupling effect?®.
Despite the relative similarity in crystallographic 2D structure, these materials cover a wide range
of electronic, optical, catalytic, chemical, thermal, and magnetic properties, presenting a diverse

and powerful arsenal for a plethora of applications in numerous fields.

Boron nitride has also garnered significant attention due to its potential use and applications in
catalysts, optoelectronics, and semiconductor devices. Unlike TMD materials, BN consists of a
single atomic-thick layer of boron and nitrogen atoms covalently bonded together. Shown below
in Figure 1.3 is a comparison between the atomic structure of a TMD and hexagonal-boron nitride.
The layered structure exhibits attractive features such as high dielectric properties, high thermal
conductivity, good chemical and thermal stability, and unique optical properties. Surprisingly, BN
has similar mechanical strength and thermal conductivity as graphite. However, their optical
properties differ greatly as graphene is a zero-bandgap material while BN is a large bandgap
insulator (5.8 eV).
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Figure 1.3 7 Crystal structures of (left) a transition metal dichalcogenide, and (right) boron
nitride. Reproduced Reproduced with permission from Laturia et al. Dielectric properties of
hexagonal boron nitride and transition metal dichalcogenides: from monolayer to bulk. npj 2D
Mater. Appl. 2, 6 (2018). Copyrights 2018 Nature®.



Versatility is a key benefit of 2D materials. They are suitable in a wide array of applications. 2D
materials can be utilized as a film (e.qg., in field-effect transistors), in powder form (e.g., as additive
in batteries?), as nanoparticles (e.g., in cancer treatment and bioimaging application), and as

quantum dots in aqueous solution (e.g., used in nitrogen explosive sensing applications??).

As the lateral size of these materials is reduced (to typically below 20 nm), they illustrate enhanced
and new properties arising from edge and quantum effects, while also maintaining the parent or
inherent 2D properties. TMD materials also have indirect bandgap that turns into direct bandgap
as the material becomes monolayer?24, Also, compared to their 2D counterparts, these quantum
dot materials have larger surface-to-volume ratios, better solubility in a variety of solvents, better
suitability in numerous solution environments (particularly biological environments), highly tunable
physiochemical properties, are more amenable to hybridization with other nanomaterials, and can

be more easily doped and functionalized.
1.1.3 T Femtosecond laser treatment of 2D materials

Femtosecond lasers are commonly used in numerous applications including bio, aerospace,
research, and energy in recent years. Cataract surgeries for patients with eyesight issues are
amongst the most popular use of femtosecond lasers. The main mechanism for femtosecond
laser treatment and surface modification is the application of a multiphoton phenomenon.
Femtosecond laser treatment is advantageous because the short pulse width is faster than the
electron heat conduction time making it a nonthermal process, highly useful for the above
applications®. Also, the nonthermal nature of the process paves the way to pure photo induced
chemical reactions. This type of laser treatment can produce extremely uniform periodic

structures in both micro and nanoscale with minimum defects and discrepancies.

Several techniques using a femtosecond laser were implemented to treat 2D materials,
specifically graphene and its derivatives. Since its discovery in 2004, the femtosecond laser was
the main photo-treatment tool. Methods included laser induced reduction of thermally and
electrically insulating oxygen functional groups and the formation of more conductive graphene
domains, making the material more viable for microelectronics and as a channel material for
various devices. Shown below in Figure 1.4 are laser treated graphene oxide aimed to reduce the

oxygen functional groups.



Figure 1.4 7 The graphene oxide (GO) solution color changes from pale-yellow towards black.
Images are captured every 5 min laser treatment interval. Reproduced with permission from Wu
et al. Production of reduced graphene oxide by UV irradiation. J. Nanosci. Nanotechnol. 11,
100781 10081 (2011). Copyrights 2011 American Scientific Publishers?®.

Laser treatment is also used for patterning and writing on graphene layers, forming conductive
circuits and functional devices in photo reduced graphene oxide, CVD graphene and graphene
bilayers?”'2°, Examples of the laser treated graphene are shown below in Figure 1.5.
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Figure 1.57 (a) Setup for femtosecond laser treatment®, (b) SEM pictures of laser-modified GO

coating. Laser power i 50mW, scanning speed i 100 mm/s. Reproduced with permission from

Trusovas, R. et al. Reduction of graphite oxide to graphene with laser irradiation. Carbon N. Y.
52, 5741 582 (2013). Copyrights 2013 El Sevier®.,

Alongside oxygen reduction, patterning, and writing; using the laserd kigh intensity to break flakes
and nanosheets is common for fabrication of quantum dots and nanoparticles as illustrated
previously®223, The breakage of the graphene flakes into particles primarily happens as a result
of the Coulomb explosion phenomenon. Coulomb explosion occurs when the intense field of a
laser removes many electrons from the treated molecules upon interaction, resulting in the
elements of the molecules becoming increasingly ionized3*. The ionized elements (that are
effectively in close proximity) then Coulomb repel®. During the laser pulse time span the ionized
cluster of elements then extracts additional energy from the laser pulse until the Coulombic

repulsive forces amid the highly charged ionized elements surpass its total cohesive energy, the



cluster explodes, resulting in a sea of charged atomic ions with large kinetic energy and energetic

electrons.

Coulomb explosion of atomic and molecular clusters is commonly reported to result from intensity
ranges that vary from 10°to 10%° W/cm?, a wide wavelength range, and using laser pulses of
varying pulse duration, such as nanosecond, picosecond, and femtosecond. However, the
effectiveness of Coulomb explosion phenomenon is more prominent for ultrashort laser pulses of
duration O 1 Ofg*.

1.2 7 Functional two-dimensional nanoparticles

In addition to graphene, 2D materials such as MoS,, WS, and BN have been produced in
nanoscale form (i.e., thickness or lateral dimensions on the nanoscale, or both). Functionalization
of these 2D nanomaterials is of interest for many applications in sensing*® biomedicine®":38,
tribology®®, and photonics*®, among others. Significant progress has been made recently in
fabricating and functionalizing 2D nanosheets of transition metal dichalcogenides*!. This progress
has focused on the functionalization of mono- or few-layer nanosheets with lateral dimensions
greater than 100 nm by combining chemical exfoliation*?'4, micromechanical exfoliation*’, or
liguid exfoliation*® with the reaction of functionalities. The formation and functionalization of
smaller 2D nanoparticles or quantum dots, on the other hand, is still in its infancy.
Functionalization of these 2D nanopatrticles is important because it provides the respective
application the benefits of both materials making for added useful properties. In this thesis, a
femtosecond laser technique will be developed for the simultaneous fabrication and
functionalization of 2D nanoparticles. Laser-based procedures are particularly favorable due to
the Coulomb explosion phenomenon that the laser incurs when interacting with materials. The
laser focal point interacts with the 2D untreated flakes and the solvent molecules where a
multiphoton-absorption ionization phenomenon occurs. The lasers intense electric field extricates
the electrons from the molecule cluster, resulting in the constituents of the cluster to become
highly ionized giving them a mutually repulsive state. Effectively breaking the bonds in a

phenomenon known as Coulomb explosion.
1.37 Two dimensional nanorods and rod-like geometry

1D nanostructures such as nano-wires, -tubes, -rods, and -fibers, have garnered great attention
due to their excellent electrical, thermal, mechanical, and optical properties and their suitability in
a myriad of applications and devices. Applications of 1D nanostructures exist in solar cells*°,

LEDs®!, chemical sensors®?, transparent conducting films (TCFs), and heaters®® to name a few.



TCFs, for example, require high conductivity and transparency thus connected networks of 1D
nanomaterials®® have been studied as a viable alternative to thin films of Indium Tin oxide, which
suffer from drawbacks such as brittleness and indium scarcity>*. Materials such as graphene and
transition metal dichalcogenides (TMDs) exhibit excellent electrical properties due to their i f | at o
2D chemical structure. Sheets or flakes of these materials can allow for large area coverage with
high conductivity but typically at the expense of transparency®>®¢. An approach to improving
transparency is utilizing these materials in 1D nanorod-like structures. Carbon nanotubes (CNTSs)
are the most popular 1D variant of graphene and have been utilized to form large area conducting
films, although challenges remain with respect to their purification®”°® and aggregation. In this
work, a femtosecond laser technigue will be developed for the synthesis of 2D nanorods, which

are then employed in TCFs.

1.47 Perovskite solar cells

With global warming and climate change effects currently being observed around the world, and
the rising global energy consumption of fossil fuel-based energy resources, the use of clean and
renewable energy resources is becoming a pressing need for development of human society.
Solar energy being the most abundant energy resource, makes solar cells of all types of great

interest.

Hybrid solar cells based on organic-inorganic metal halide perovskite (e.g. CHzsNH3Pbls) materials
have garnered significant attention in recent years. The perovskite materials are used in
numerous applications but primarily have been used as active absorbing layers in perovskite-
based solar cells (PSC) due to their suitable properties such as their high extinction coefficient,
high charge mobility, long carrier lifetime, and long carrier diffusion distance. The power
conversion efficiency (PCE) of the PSC has increased from 3.8% to 22.1% from 2009 to 2016°°
making them a stronger generation of low-cost solar cells that could potential replace or augment

traditional silicon solar cells.

The PSC working principle depends on the active layer (perovskite) initially absorbing sunlight
photons and producing electron-hole pairs. The electron-hole pairs can either recombine to
produce light or wasted hear or can be separated to generate current. However due to the intrinsic
low carrier recombination probability of the perovskite material and higher carrier mobility, the
lifetime of the respective carriers is long®®. These properties make the PSC amongst the highest

performing solar cells in the current state of the art.



The free electrons are then picked up by an electron transport layer (ETL) and the generated
holes are collected by the hole transport layer (HTL) before being collected eventually by their
respective electrodes. Finally, the fluorine-doped tin oxide (FTO) and metal electrode are
connected, and the photocurrent is generated in the outer circuit. The PSC working principle is
illustrated in the Figure 1.6.

ETMs

TOFTo

Figure 1.6 7 (a) A schematic illustration of perovskite device structure, (b) Energy band diagram
of PSC. Reproduced with permission from Suhaimi, S. et al. Critical analysis of stability and
performance of organometal halide perovskite solar cells via various fabrication method
(Review). EPJ Web Conf. 162, (2017).Copyrights 2017 EPJ ©%,

1.57 Problem statement

Current state of the art techniques for the functionalization of 2D materials fail to address the
effect the solvent plays on laser-based techniques (or any wet process). Examining the effect of
the solvent on the produced particles is paramountf or under standing the part
various solvents, which is crucial for bio applications. The techniques presented in section 2.1

take several days to accomplish and often necessitate toxic solvents and elevated temperatures.

Despite the attention PSCs have garnered due to their rapidly rising PCE, they still face major
obstacles before being commonly used industrially, namely hysteresis®2%3, light soaking®4, metal
electrode migration®®’, and long-term stability®® "*, Hybrid organiciinorganic perovskite
materials are very susceptible to moisture and humid environments because of their chemical
composition. The solubility of lead salts in ambient conditions is considered the key reason for
their degradation under moisture’>”®. Additional factors, including phase transition’*”> and
thermal decomposition’®’?, may also be significant factors that affect the lifetime and stability of
PSCs. Consequently, the stability of PSCs compared to other PV technologies is a major

limitation. Research on efficient strategies for improving the moisture stability of PSCs is ongoing.

The intrinsic black color of the CHsNHsPbls perovskite film becomes yellow due to the
decomposition of CH3sNH3Pbls into Pbl,, CHsNH,, and HI; see equation (1.1)"®, where this process

is primarily a consequence of a humid environment.
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CHsNH3Pbls(s)+4 Pbly(s) + MAl(ag.) «—> 4 Pbla(s) + CHsNHz(ag.) + Hi(aq.) (1.1)

In this thesis the susceptibility of PSC to moisture and ambient condition will be the primary focus.
Where functionalized graphene nanoparticles are employed to improve the moisture long term

stability of perovskite solar cells.

Fabrication techniques for nanorods as previewed in section 2.3.2 are lengthy, requiring as many
as 147 hours. The hydrothermal technique is the most common for fabricating 2D nanorods, which
typically involves elevated temperatures and toxic chemicals. Thus, a simpler procedure that can

be done at room temperature procedure is preferable.
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2.2.2.21 Stability enhancement via hydrophobic materials and halogen-based
additives

2.2.37 Summary

2.3 17 Nanorods from two dimensional materials
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2.3.27 Summary of 2D nanorod fabrication techniques

Synopsis

This section reviews the current state-of-the-art that acts as a basis for the studies implemented
in chapters 3, 4, and 5. Section 2.1 will review hybrid 2D nanoparticles and the different
mechanisms to functionalize and dope the host 2D materials. Section 2.2 covers the incorporation
of 2D materials in perovskite solar cells and their effect on increasing the stability and efficiency
of the perovskite solar cells. Finally, section 2.3, sheds light on the current state-of-the-art

methods to fabricate 2D nanorods.
2.17 Functionalization of 2D materials
2.1.17 Methods for 2D nanopatrticle functionalization and doping

The importance of fabricating 2D nanopatrticles and their hybrid derivatives, as discussed in
section 1.2 and 1.3, mainly lies in the resultant nanoparticle comprising the properties of both the
host and the dopant material. Fabrication methods include hydrothermal, microwave, and
exfoliation-based methods amongst others, most of which are extremely time consuming, multi-
step procedures, and require the use of numerous chemicals, hence making them expensive

procedures that produce significant amounts of waste. Materials of interest for the study
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conducted in Chapter 3.0 include molybdenum disulfide, tungsten disulfide, and boron nitride.
Therefore, in this section the most note-worthy works that discuss functionalization of these

materials are reviewed.

A study conducted by Haldar et al. focused on fabrication of functionalized MoS; quantum dots
that are employed to detect nitro-explosives??. A bottom-up approach was employed where
ammonium molybdate tetrahydrate (NH4)sM07024-4H20O (molybdenum source) was mixed with
deionized water and NazS as the sulfur source. A transmission electron microscope (TEM) image
of the patrticles can be observed in Figure 2.1. The patrticle size was found to be 5 nm making the
photoluminescence (PL) emission easily fine-tuned from 423 nm to 370 nm, which is close to the

absorption band of the nitro explosive analyzed in this study (trinitrophenol, TNP).
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Figure 2.1 7 TEM image of the fabricated diaminobutane-functionalized MoS; quantum dots.

Inset shows histogram of particle size distribution. Reproduced with permission from Haldar et

al. High selectivity in water soluble MoS; quantum dots for sensing nitro explosives. J. Mater.
Chem. C 4, 63211 6326 (2016). Copyrights 2016 RSC?2,

12



Thef abricated quantum dot sd s el ewdsassasded duato ah
energy transfer process, which was indicative of successful sensing of nitro-explosives. A
considerable 90% quenching of the PL peak was observed after TNP was added to the solution
as seen in Figure 2.2 (a). Other nitro compounds including 2,6-DNT; 2-NT; 4-NT; 1,3-DNB; 1,2-
DNB; 1,4-DNB, and NB did not show the same fluorescence quenching ability as the explosive

nitro aromatic compounds, as illustrated in Figure 2.2 (b).
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Figure 2.27 (a) PL emission spectra of diaminobutane-functionalized MoS; quantum dots, and
spectra shown after the addition of TNP illustrating sizeable quenching effect due to energy
transfer. (b) Quenching effect percentage comparison between TNP and other nitro compounds
Reproduced with permission from Haldar et al. High selectivity in water soluble MoS, quantum
dots for sensing nitro explosives. J. Mater. Chem. C 4, 63211 6326 (2016). Copyrights 2016
RSC?,

Transition metal dichalcogenides (TMD) semiconductor materials are known to possess large
surface-to-volume ratio and therefore offer exceptional capability for surface modification and
functionalization that can result in charge transfer to and from the 2D layered material. The
attachment of foreign noble metal atoms or adatoms can be considered an efficient way of doping
2D TMD materials, as these metals are resistant to environmental corrosion and oxidation. Doping
opens a wide array of potential applications, especially gas sensing and bio sensing applications,

as illustrated previously using graphene nanotubes and nanowires’®,

Sarkar et al. focused on the effect of noble metal (Au, Ag, Pd, Pt) nanopatrticle doping with MoS;
sheets®. The MoS: flakes were obtained using the micro mechanical exfoliation technique that
included prolonged periods of ultrasonication, and the metallic nanoparticles were incorporated
by means of electron beam deposition. Because electrical measurements are efficient at

calculating the effect of doping on semiconducting materials, field-effect transistors (FETs) were
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fabricated on top of the doped flakes with 20/100 nm Ni/Au pads as the source and drain. A

schematic of the doped flake in a FET setup is shown in Figure 2.3 (a). Pt, Pd and Au were found
to exhibit the highest doping with MoS; and were also very stable.

Raman spectroscopy revealed that both the A;g and E*,4 vibration modes (which are characteristic
of MoS;) were blue shifted, which indicates p-type doping of the MoS; flakes by the metal
nanoparticles, as shown in Figure 2.3 (b). It was shown in this study that increasing the dose of
nanopatrticles affects the doping intensity, and that crucially the doping effect increases as the
thickness of the transition metal dichalcogenides diminishes.

1 T L T L] T v T
(b)
withaut NP
- ——— with NP
3
(a) g A
1 =B
NP NP a E 28
'8 NP [ =
EK".“\.L .“t‘ é 2
SR =
Source "VV\;‘\\?\\"{‘ e Drain
™M
Silicon Dioxide e
n** Silicon 350 375 400 425 450 475 500

Raman Shift (cm™)

Figure 2.3 1 (a) Schematic of the doped MoS; flake with metallic nanoparticles in the FET setup.
(b) Raman spectra of MoS; flake before and after doping with metallic nanoparticles. Indicating
p-type doping. Reproduced with permission from Sarkar, D. et al. Functionalization of transition
metal dichalcogenides with metallic nanoparticles: Implications for doping and gas-sensing.
Nano Lett. 15, 2852i 2862 (2015). Copyrights 2015 American Chemical Society®.

To inspect the sensing ability, a FET using a pure MoS; flake and a FET using MoS; doped with
Pd were exposed to a flow of hydrogen gas. As observed below in the time vs current curves
(Figure 2.4), the MoS; without metallic nanoparticle doping did not illustrate any change in current
as a result of the hydrogen flow, which was applied from 20 mins onwards. On the other hand,
the doped flake was exposed to a similar hydrogen stream at 45 mins onwards and a substantial
i ncrease in (from 0.2 €A

current to
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Figure 2.4 7 Real-time current vs time measurements. (a) MoS; based FET without doped
metallic nanoparticles. Thickness of MoS; flake is approximately 8 nm. Insignificant effect on the
current is observed when the device was exposed to the hydrogen gas flow (20 min onwards).
(b) Same MoS; FET after incorporation of Pd metallic nanoparticles Reproduced with
permission from Sarkar, D. et al. Functionalization of transition metal dichalcogenides with
metallic nanoparticles: Implications for doping and gas-sensing. Nano Lett. 15, 28521 2862
(2015). Copyrights 2015 American Chemical Society®.

It is common for 2D materials to bond and be chemically modified at defect sites and edge
locations due to the ease of electron transfer at these sites. However, a study conducted by Voiry
et al.*? focused on defect-free functionalization of MoS,. The functionalization mechanism in this
case was instead facilitated by electron transfer between the 1T electron-rich metallic
crystallographic phase and an organohalide. This causes functional groups to be covalently
bonded to the chalcogen atoms in the transition metal dichalcogenide structure. In this study,
covalent functionalization of chemically exfoliated transition metal dichalcogenides (MoS2, WS,
and MoSe;) was of interest. These TMD bulk powders were chemically treated under argon. The
functionalization was accomplished by adding lodoacetamide to the exfoliated TMD nanoflakes

suspended in the water solution.

Voiry et al. proved the covalent functionalization by observing the X-Ray Photoelectron
Spectroscopy (XPS) spectra. In the MoS, and MoSe;, both S-C and Se-C bonds were observed.
Emergence of a N1s peak was another significant indicator of the functionalization of the TMD
flakes. The 2H vs 1T crystallographic arrangement played a crucial role in the PL emission of the
functionalized 2D MoS:; flakes. The 2 different crystallographic orientations are shown below in

Figure 2.5 (ai b). In Figure 2.5 (c), it is seen that the PL emission of the 2H crystallographic
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orientation exhibited a strong peak at 1.8 eV, however the 1T crystallographic orientation
displayed little PL emission. Remarkably, the 1T crystallographic orientation illustrated strong PL
emission after functionalization, as evident in peaks at 1.6 eV and 1.9 eV. The peak at 1.9 eV was
attributed to the shifted MoS; peak, while the peak at 1.6 eV was attributed to band-structure
modification due to covalent functionalization. Some studies concluded that the PL emission peak
at 1.6 eV could be attributed to defects in the monolayer®, however that was found not to be the

case after it was proved that varying the amount of functionalization results in modulation of that

peak.
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Figure 2.51 (a) 2H and (b) 1T crystallographic orientation of TMD materials. (¢) PL emission of

2H, 1T and functionalized 1T MoS;. Reproduced with permission from Eda, G. et al.
Photoluminescence from Chemically Exfoliated MoS,. Nano Lett. 11, 51117 5116 (2011).
Copyrights 2011 American Chemical Society®?

In 2015, Jiang et al. presented their work discussing fabrication of graphene- MoS;
nanocomposites for photonic applications®. The graphene source was graphene oxide (GO)
produced from graphite powder using a modified Hummers method that includes a mixture of
h.so4, NaNO3, and KMnO.. The nanocomposite was fabricated using a hydrothermal method. 30
mL of brown color GO solution at 1 mg/mL concentration was prepared in an ultrasonication bath
for 1 hour. 20 mL of cationic surfactant was then added to the resultant GO solution and stirred
at room temperature for 12 hours to form a homogenous mixture. 20 mL of a mixture of 1.5 mmol
Na;Mo0.-2H,0 and 7.5 mmol L-cysteine were continuously stirred for 30 mins. This suspension
was then moved to a 100 mL Teflon-lined stainless-steel autoclave where it was heat treated at
240°C for 24 hours before it was washed extensively with water and ethanol in order to collect
the fabricated product using a centrifugation process. It was naturally cooled before drying in oven
at 80°C for 12 hours. A black solid product was yielded, which was treated for 2 hours at 800°C

with nitrogen flow to yield the MoS;/graphene nanocomposite. An image of the graphene solution,
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MoS: solution and the nanocomposite graphene/ MoS, is shown in Figure 2.6 (a), alongside the
filtered nanocomposite particles.

In Figure 2.6 (b), TEM images have been captured for the nanocomposite where black stripes
indicative of MoS, were observed amongst islands of graphene flakes. The electron diffraction
pattern also revealed the distinct diffraction (100) and (110) owing to planes of graphene, while
(100), (110), and (118) planes were also observed and attributable to MoS..

Figure 2.6 7 (a) Images of the 1) graphene solution, 2) MoS; solution, and 3) hanocomposite of
graphene and MoS,. Inset shows hanocomposite particles before being suspended. (b) TEM
image of nanocomposite and inset showing electron diffraction patternReproduced with
permissions from Jiang, Y. et al. Broadband and enhanced nonlinear optical response of
MoS,/graphene nanocomposites for ultrafast photonics applications. Sci. Rep. 5, 1i 12 (2015).
Copyrights 2015 Nature®,

UV Visible spectroscopy measurements were performed to analyze the resultant solution from an
optical standpoint. As shown below in Figure 2.7 (a), the graphene spectrum showed increased
light absorption at higher energy (wavelengths shorter than 500nm) due to the intrinsic
absorbance of graphene. The MoS; spectrum shows the characteristic MoS, peaks at 610 and
670 nm associated with the direct transition at the K point in the Brillouin zone. Crucially, the
nanocomposite solution exhibited combinational spectral features, where characteristics of both
spectra are observed, the direct transition at the K point of the MoS; Brillouin zone as well as the

increased absorbance at the high energy spectral range, as seen below in Figure 2.7 (a).

Raman spectroscopy was carried out to investigate the vibration modes and to further verify the

functionalization process. The Raman spectra shown in Figure 2.7 (b) show the three

17



characteristic peaks owing to MoS; vibrations; namely E,q, A1g, and 2LA (M) situated at 380, 407,
and 460 cm™ respectively. The E',4 vibrational band results from the opposing vibrations of the
two S atoms with respect to the Mo atom, whereas the Aq4 vibration is associated to the out-of-
plane vibration and hence is in the opposite direction. The 2LA represents the second order
longitudinal acoustic mode at the M point, which consequently indicates that MoS; structure is
relatively homogenous. Also, the spectral distance between the Ay and E',4 vibrational bands
was 27 cm™, which suggests that the MoS; consists of a few layers. Crucially, the two peaks
observed at 1342 cm™ and 1593 cm?, known as the D+G peaks (characteristic of graphene),

indicate the presence of graphene domains embedded within the MoS, network.
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Figure 2.77 (a) UV Visible spectra of graphene (black dashed line), MoS; black dotted line, and
the MoS./graphene nanocomposite. (b) Raman spectrum of the MoS.,/graphene
nanocompositeReproduced with permissions from Jiang, Y. et al. Broadband and enhanced
nonlinear optical response of MoSz/graphene nanocomposites for ultrafast photonics
applications. Sci. Rep. 5, 11 12 (2015). Copyrights 2015 Nature®,

Graphene has been commonly used as an efficient electron acceptor, as it has proven its
suitability in the role in numerous applications. In this scenario, the MoSz/graphene
nanocomposite consists of the covalent donor-acceptor structure. Knowing that the fermi-energy
level of MoS; is higher than that of graphene, this makes MoS; a suitable electron donor by means
of covalent bonding with graphene, facilitating the electron transfer process from MoS; to
graphene. Figure 2.8 schematically illustrates the photo-induced electron transfer from MoS; to
graphene upon photo excitation at 1.55 eV. Electrons are excited from the valence band to the
conduction band, and due to the gapless bandgap of graphene and the indirect bandgap of
multilayer MoS; (less than 1.48eV), the excited conduction band electrons are transferred in an

efficient manner to graphene because of M0S:0 s slow excited state el e
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phenomena. This photo-induced electron transfer process disrupts and dominates the carrier

relaxation process and hence significantly larger relaxation times were observed.
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Figure 2.8 7 Photo-induced electron transfer from MoS; to graphene upon photo excitation.
Reproduced with permissions from Jiang, Y. et al. Broadband and enhanced nonlinear optical
response of MoS,/graphene nanocomposites for ultrafast photonics applications. Sci. Rep. 5, 1i
12 (2015). Copyrights 2015 Nature®,

Studies concerning functionalization or the chemical modification of WS, nanopatrticles are not
abundant. However, Atkin et al. discussed the hybrid structures of WS/carbon dots with high
photocatalytic activity®®. The 2D WS, fabrication process employed included a two-solvent
grinding/sonication technique that was previously reported by Carey et al®*. To produce the hybrid
material, the yielded solution was then mixed with citric acid, which serves in this study as the
carbon source. The citric acid was added to a series of as-prepared 2D WS, nanoflake samples
with varying concentrations including 0.05, 0.1, 0.5, 1, 5, 10, 50, 100, 500 and 1000 mM.

It was found that changing the citric acid content affected the carbon dot size, with 10 mM yielding
carbon dots of 1 nm size, while the 1M citric acid concentration gave a favorable size of 5 nm, as
seen in the TEM image in Figure 2.9 (a) below. Raman spectroscopy for the pristine 2D WS
revealed 2 peaks, namely the in-plane vibration E*,4 and out-of-plane A4 vibrational band located
at 352.2 cm™ and 421.3 cm™ as shown below in Figure 2.9 (b). The hybrid materials however
showed a slight shifting towards lower wavenumber by 0.8 cm™ and 0.5 cm™ respectively, which
is indicative of WS, doping®. The Raman spectrum of the hybrid material also witnessed the

emergence of extra peaks at 1330 cm™ and 1560 cm™, both attributable to D+G peaks of graphitic
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material. However, the D band in this material was found to be 80% of the G-band intensity, which

suggests that the material present was graphene oxide.
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Figure 2.9 7 (a) TEM image of the homogenously distributed carbon particles. (b) Raman
spectra of both the pristine 2D WS: and the WS/carbon dot hybrid material. Reproduced with
permission from Atkin, P. et al. 2D WS;/carbon dot hybrids with enhanced photocatalytic
activity. J. Mater. Chem. A 4, 135631 13571 (2016). Coprights 2016 RSC?,

The chemical composition of the hybrid materials was also assessed by XPS. From Figure 2.10(a)
shown below, the W4f spectral range illustrated peaks situated at 33 eV, 35 eV, and 38 eV which
correspond to W 4f 7/2, W 4f 5/2, and 5p 3/2 peaks, which are typical of 2D WS,. These results
indicated that the carbon dots are attached onto the 2D WS, by means of the weak van der Waal

forces and electrostatic forces rather than by formation of any covalent bonding.

The optical properties of the pristine and hybrid WS,/C dot materials were assessed using PL and
UV visible spectroscopy. The PL emission did not show any differences between the pristine 2D
WS, and the hybrid material, both indicating characteristic fluorescence of few-layered WS,%.
The UV visible spectra (Figure 2.10 (b)) showed a few distinct peaks at 633 nm, 525 nm, 460 nm,
and 425 nm, which were attributed to the A, B, C and D excitonic peaks. Two low intensity peaks

labelled E and F were also detected for the WS,.

The absorbance was significantly different for the WS;/carbon dot hybrid, as peaks E and F were
suppressed greatly to the point of loss. This was attributed to the doping or addition of carbon,
and electron transfer between WS, and carbon. Another peak located at 270 nm was observed

for the WS, microwaved in the absence of citric acid.
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This was identified as a plasmon peak due to the metallic nature of 2D WS; arising from surface
defects. The peak at 270 nm became more prominent as the microwaving process increased the
density of defects, however, after the hybrid material was formed the defects were reduced and
the peak at 270 nm was quenched.
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Figure 2.107 (a) XPS spectra of the WS>/C hybrid material. (b) UV visible spectra of 2D WS,
Microwaved 2D WS, and hybrid material. Reproduced with permission from Atkin, P. et al. 2D
WS,/carbon dot hybrids with enhanced photocatalytic activity. J. Mater. Chem. A 4, 13563i
13571 (2016). Coprights 2016 RSC8.

A common way to functionalize or chemically modify nanomaterials is inducing defects and
exploiting these defects to bond with materials of interest. In some cases, materials are
functionalized to perform a certain role. Jung et al.*’, for example, designed a defect-engineering
method to synthesize blue-luminescent BN quantum dots with edge hydroxylation that were non-
toxic, biocompatible, and well-suited for bioimaging applications. Figure 2.11 shows a schematic
that illustrates the fabrication procedure. The fabrication procedure relied on purposely inflicted
defects by means of heated iron nanoparticle impingement on the BN sheets. The impingement
process and crack initiation are illustrated in Figure 2.11 (bi c). The sheets were mixed with iron
ferrite nanoparticles in acetonitrile and were heated at 1000°C under nitrogen atmosphere,
facilitating the presence of cracks and holes in the BN basal plane. It was found that the interaction
between the BN sheets became weak and the microwave treatment shown in Figure 2.11 (d) was
employed to propagate these cracks extensively, until eventually the BN had nanoscale
dimensions. The residual iron nanoparticles were removed after completion of the impingement
process using a magnet. Furthermore, the edge sites of the BN sheets were hydroxylated by

means of water vapor exposure.
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Figure 2.11 7 Schematic of edge hydroxylated boron nitride quantum dot fabrication
mechanism. Reproduced with permission from Jung, J. H. et al. Defect engineering route to
boron nitride quantum dots and edge-hydroxylated functionalization for bio-imaging. RSC Adv.
6, 739391 73946 (2016). Copyrights 2016 RSC*¥".

The edge-hydroxylated BN QD (EH-BNQD) were tested in bio-imaging conditions. Results
showed that that the edge-hydroxylation of the BNQDs facilitated their successful intracellular

uptake for bio-imaging.

Fourier Transform Infrared (FTIR) and XPS spectroscopy were also performed to further clarify
the chemical bonds formed after the fabrication of the BN QDs. FTIR analysis revealed a clear
peak attributable to the hydroxyl (-OH) stretch in the edge hydroxylated solution, which was not
present in the pristine BN and BN QDs, indicating the chemical modification of the particles. XPS
was carried out at the B1s spectral range. The results indicated the strengthening of the oxidation
peaks which again reaffirms the successful addition of the oxygen and hydroxyl functional groups
to the BN QDs after the water vapor exposure.
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A 2D map of the PL emission of the edge hydroxylated particles is shown in Figure 2.12 below.
The excitation wavelengths applied ranged from 260 nm to 440 nm. The emission profiles mainly
show two emission ranges when excited with up to 300 nm excitation. A PL emission at 320 nm
and a wider peak at 450 nm. The peak at 320 nm is attributed to the boron and nitrogen vacancies
in the BN basal plane. This peak has also been previously reported for defect rich bulk BN®’. The
PL emission peak at 450 nm however illustrated sensitivity to the acidity variation in the solvent,
and hence was attributable to oxygen impurities.
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Figure 2.12 7 Image of 2D map for PL spectra with various excitation wavelengths Reproduced

with permission from Jung, J. H. et al. Defect engineering route to boron nitride quantum dots
and edge-hydroxylated functionalization for bio-imaging. RSC Adv. 6, 739391 73946 (2016).
Copyrights 2016 RSC¥.

Tailoring the optical properties of graphene quantum dots by amino functionalization was
accomplished by Tetsuka et al®®. This allowed the electronic structure to be adjusted through the
effective orbital resonance of amine moieties with the graphene core. The graphene quantum
dots were fabricated by chemical oxidation before thermal exfoliation of natural graphite. The
functionalized graphene quantum dots were prepared through chemical treatment of the
fabricated graphene. Average quantum dot size was observed to be 2.5 nm, with the particles

exhibiting a significant tunable luminescence. Figure 2.13 shows a schematic of the graphene
functionalization process.
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Figure 2.137 Schematic illustration of the amino-functionalized graphene quantum dots.
Reproduced with permission from Ramasubramaniam, A. Large excitonic effects in monolayers
of molybdenum and tungsten dichalcogenides. Phys. Rev. B. 86, 115409 (2012). Copyrights
2012 American Physical Society®®.

Zhang et al fabricated iodinated graphene oxide sheets (2-4 um in lateral size) for photocatalytic
applications®. A heated incubation process taking more than 24 hrs was used to functionalize the
graphene sheets. It was found that the conductivity, carrier concentration, and mobility of the
iodinated graphene oxide were increased by 5 orders of magnitude compared to graphene oxide.
The significant improvement in the electrical properties of the iodinated graphene was attributed
to the I3 and Is” implanted into the surface of the graphene oxide resulting in a larger Rashba spin-
orbit coupling induced by heavy adatoms with active electrons occupying the p orbitals. This
essentially provides tunneling of electrons between two carbon atoms and additional hopping
channels. This results in an enhanced charge transfer process. The C-1 bond was found to replace
C-0O bonds, that resulted in decreasing the surface energy. Figure 2.14 below, shows a schematic
of the process, TEM images of the iodinated graphene oxide sheets, and contact angles for

iodinated graphene.

Simek et al. also provided various methods including Hummers and Hoffmann methods for
fabrication of iodinated graphene derivatives from a graphite oxide precursor. The yielded
graphene oxide was iodinated by iodine or hydroiodic acid in an autoclave through elevated

temperature and pressure for 24 hrs®,
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Figure 2.14 7 (a) Schematic illustration of iodination process of graphene sheets and (b) TEM
image of the iodinated graphene oxide sheets. Reproduced with permission from Zhang et al.
The spin-orbit coupling induced spin flip and its role in the enhancement of the photocatalytic
hydrogen evolution over iodinated graphene oxide. Carbon N. Y. 108, 215i 224 (2016).
Coprights 2016 El Sevier®®.

Numerous papers discuss the functionalization of 2D monolayers or a few layer sheets. Chemical
exfoliation was commonly used to fabricate these functionalized sheets as discussed before in
previous works*>°11 93 Paredes et al. for example, discuss their chemical exfoliation mechanism
to obtain the MoS; sheets (50-500 nm lateral dimensions, mostly monolayer) in a nitrogen sealed
environment for 2 days, followed by 1 hr sonication and dialyzing against water over 2 days. To
functionalize the MoS; acetic acid, the sheets were kept in solution for 5 days and purified for 2
days. The MoS; crystal structure was converted from 1T to 2H by annealing the samples at 160°C
for 4 hrs. Presoloski et al. report the functionalization of micron width MoS, flakes with
thiobarbituric acid conjugates through a chemical exfoliation procedure (approximately 3 days
long) with the intention of enhancing their electrochemical properties and making them more
versatile in various applications. The covalent functionalization was shown to modify 50% of the

surface coverage.
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A key outcome in the literature for 2D sheet functionalization is making the sheets stable® in a
variety of solvents and being colloidally stable®® due to their common use in bio applications.
Presoloski et al for example show that the covalent functionalization of the MoS: sheets enhances
the solution dispersibility*, but also improves their hydrogen evolution reaction activity, as well as
DNA detection in solution. Jeong et al.®® provide a study in which few-layered MoS; nanoflakes
(a few hundred nm wide) edge functionalized with lipoic acid (LA) were confirmed to be stable in
an aqueous dispersion for up to few months. Sim et al report the surface functionalization of MoS;
with N-methyl-2-pyrrolidone (NMP) via a 6 hr chemical exfoliation procedure. In addition to high-
yield restoration of the semiconducting 2H lattice structure, the functionalization provides an
outstanding stability to the 2H- MoS; in water for more than 10 months. Figure 2.15 shows the

sample stability with and without functionalization after the 10-month period.
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Figure 2.157 Images illustrating the dispersion stability of 2H- MoS; (annealed in NMP) in water
after 10 months. Reproduced with permission from Jeong et al. Preparation and
characterization of a covalent edge-functionalized lipoic acidi MoS, conjugate. RSC Adv. 6,
362481 36255 (2016). Copyrights 2016 RSC*.

2.1.21 Effect of functionalization on 2D nanopatrticle properties

Doping and functionalization of 2D materials have shown to have several effects on their intrinsic
properties. Satheeshkumar et al report the effect of covalent functionalization on the optical
properties of exfoliated MoS; sheets functionalized with amino acids*®. UV-visible spectroscopy
shows characteristic MoS; peaks at 400, 447, 610 and 669 nm and absorptions due to amino

acids below 300 nm

Also the effect of functionalization on solubility was assessed, for example BN QDs with oxygen
functional groups®, oleylamine-functionalized MoS,-QDs®’, fluorinated Black Phosphorus (BP)-
QDs®%, TiLs-functionalized BP QDs%, and SiC-QDs functionalized with octadecyl groups!®,

carboxylic acid groups, and amines are all found to have enhanced solubility in a variety of
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solvents after functionalization. The ability to suspend 2D QDs in different solvents enables their

use in a wider variety of applications especially bio applications where this aspect is crucial.

Shayeganfar et al.1%* used DFT simulations to investigate the effect of functionalization of BN QDs
with hydroxyl OH", SH, and NH; and concluded that functionalization on both B and N zigzag
edges adjusts the bandgap energy levels and semiconducting states, hence suggesting that the
bandgap of the BP QDs can be manipulated by the nature of the chemical dopants attaching to
it. DFT calculations have also been implemented on BP QDs, and revealed that an attachment of
one or more benzene rings or anthracene can control the light absorption. This was attributed to

red-shifting of the absorption caused by electron delocalization®?,

Tang et al found that trap states in BP QDs can be essentially eliminated by fluorine
functionalization to obtain a coordination number of 3 or 5 for fluorinated and unfluorinated
phosphorus atoms®. These air stable fluorine doped BP QDs illustrated enhanced defect-
enhanced electronic tolerance, which is key for nanophotonics and nanoelectronics applications.
DFT calculations similarly indicated that edge functionalization of CsN4 QDs with n-type materials
can adjust the optical bandgap consequently enhancing the absorbance and charge transfer in

nanocomposites for this material as well as graphene QDs.

Previous reports have established that functionalization can also be used to tune the PL emission
of 2D QDs?%%1% DFT simulations conducted by Shayeganfar et al. indicated that the side defect
of BN QDs functionalized with hydroxyl OH, SH, and NH, attains single quantum emission in the

visible range!®®.

2.2 Perovskite solar cell enhancement via 2D material additive engineering

2D materials have proven their versatility and suitability in a wide range of applications including
electronic and optoelectronic applications such as electronic materials®, composite materials®,
and sensors!?. In all of these applications, 2D materials have show some improvement relative

to the current state-of-the-art and their integration is still a work in progress.

Leveraging the exceptional properties of 2D materials discussed in length in Chapter 1, they have
been integrated into perovskite solar cells (PSCs), both as individual layers and as additives, and
have proven their ability to not only positively impact the power conversion efficiency (PCE) but
also the stability of the solar cells. Their band gap tunability makes them compatible in terms of

energy band alignment with other components in the solar cell, and their solution-processability
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makes a promising low-cost additive for PSCs. 2D materials can be engineered and synthesized
in numerous ways, enabling control of their chemical composition, thickness, lateral size, optical
properties, bandgap, absorbance, and thermal properties. Consequently, when integrated in

PSCs they can have a significant influence on the performance.
TMDs in PSCs

TMD materials have been implemented in several energy related applications!® 11! including
solar cells, given their unique optical tunability, which is adjusted from indirect to direct bandgap
as the TMD transitions from bulk/few layers to single layer. TMD electronic properties are also
adjustable by controlling the metal and chalcogen compounds. Bernardi et al. have demonstrated
that a TMD monolayer, which is thinner than 1 nm, is able to absorb as high as 5i 10% of the
incident sunlight. Strikingly, this corresponds to sunlight absorption that is one order of magnitude
more than GaAs and Si!'2.

Graphene in PSCs

Being the most popular 2D material, given its appealing mechanical, electronic and thermal
properties, graphene has received great attention for integration into perovskite solar cells.
Knowi ng gr a plhigh cari@rsmohility tofr ower 10000 cm?V-1s?, it can consequently

embed nicely into either the electron or hole transport layer!?,

One of graphenebés most commonly researched
used in solution processed PSCs due to its dispersibility in water and other organic solvents,

hence making film fabrication a faster and cheaper process!'# 1€,

2.2.17 Integration of 2D materials into PSCs

2D materials have been reported as electrodes, charge transport layers (ETL and HTL), and also
as interfacial layers between the perovskite and charge transport layers. The suitability of 2D
materials as charge transport layers stems from their ability to separate and extract photo-
generated carriers produced by the perovskite (absorber material), which is key to affecting the
open circuit voltage (Voc), short circuit current (Jsc), and fill factor (FF). 2D materials have
extensively been used as interfacial layers in PSC configurations. The undesirable electron-hole
recombination that can occur during the charge transport process where electrons in the electron
transport layer (ETL) recombine with holes in the perovskite layer, or holes in the HTL recombine
with electrons in the perovskite, is detrimental to the PSC performance. Therefore, inhibiting the

charge recombination via interfacial layers is a useful means to improve PSC performance!!’.
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2D materials in PSC electrodes

A major cause of instability in PSCs is the usage of Ag or Au metal contacts which are highly likely
to react with the halogen ions of the perovskite layer, consequently resulting in an efficiency drop.
Therefore, using non-reactive carbon-based materials that are also heat and moisture resistant,
like graphene and its derivatives, has the potential to improve PSC stability. This makes graphene

and its derivatives exciting alternative charge collectors to replace the metallic contacts.

In as early as 2014, Han et al. reported carbon based electrode PSCs that illustrated 1000 hour
stability in sunlight and ambient conditions!!8, however PCE values for carbon based PSCs are
still in the development stage ranging between 10-16%, which is significantly lower than that of
noble metal electrode based PSCs!'®. This decrease in PCE can be attributed to significant
energy losses relating to carrier transport and extraction of charge. Notable work has gone into
minimizing the gap between the graphene-based and noble metal electrodes. You et al. have
developed a PSC with a transparent graphene-based electrode strategy'?°. The device was built
with a glass / FTO [ TiO, [ ©perovskite [ spiro-OMeTAD [/ poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate)(PEDOT:PSS) / graphene architecture.

The band structure of the device is shown below in Figure 2.17. The graphene contacts are
deposited via chemical vapour deposition and by trial and error it was deemed that deposition of
2 layers of graphene results in the highest PCE compared to single, bi, tri, and multi layer
graphene. The solar cells could be illuminated from either the FTO or graphene electrode side
since the transparency of the graphene single and bilayer were more than 90%. The device with
the bi-layered graphene electrode illustrated a PCE of 12.02% and 11.65% when illuminated from
the FTO and the graphene electrode sides respectively. This was comparable to the PCE of
13.62% for a device with a Au electrode.
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Figure 2.17 i Energy band diagram for graphene-based-electrode PSC. Reproduced with
permission from You, P., Liu, Z., Tai, Q., Liu, S. & Yan, F. Efficient Semitransparent Perovskite
Solar Cells with Graphene Electrodes. Adv. Mater. 27, 36321 3638 (2015). Copyrights 2015
Wiley-VCH!?,

2D Materials in PSC HTL

It has been previously illustrated that the employment of 2D materials such as an ultra-thin layer
of graphene oxide can contribute positively in not only being an efficient hole charge transport
layer but also in being an electron blocking layer. That has been accomplished by doping or
functionalizing the GO layer with additional materials such as fullerenes?!, organic molecules

with long alkyl chains!?2, and insulating polymers'? onto conventional hole transport layers.

Reduced graphene oxide is a suitable candidate for a charge carrier transport layer as it is low
cost, conductive, stable, and solution processable. Therefore Yeo et al. have employed reduced
graphene oxide (rGO) reduced through chemical reduction at room temperature (p-
hydrazinobenzenesulfonic acid hemihydrate) as a HTL in an inverted PSC architecture?*. A large
difference in energy levels between the absorbing layer and the charge transport layer can be
detrimental for the PSC performance, and therefore rGO suits the energy diagram having a work
function (WF) 0.4 eV higher than the perovskite (and a similar WF to a common HTL material
PEDOT:PSS), as shown in Figure 2.18 (a)'?*. To assess the suitability of rGO as an HTL,
photoluminescence (PL) tests were conducted on CH3NHsPbls perovskite layers deposited on
ITO/PEDOT:PSS, ITO/GO, and ITO/rGO substrates and the spectra are shown below in Figure
2.18(b). The PL quenching was found to be the lowest for the perovskite film grown on
PEDOT:PSS, increased for the perovskite on GO, and was the most for the rGO based
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substrates. Given that the absorbance of the three films was found to be almost identical, the rGO
based perovskite film exhibited the most quenching ability, indicating that the holes generated by
the perovskite film are more efficiently extracted and transferred into the rGO HTL. Solar cells
fabricated with the rGO had a lower series resistance and higher shunt resistance than the cells
with PEDOT:PSS, indicating a better charge carrier mobility in the rGO and more efficient blocking

of carrier recombination at the rGO-perovskite interface than at the PEDOT:PSS/perovskite

interface.
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Figure 2.18 7 (a) Corresponding energy level diagram of perovskite solar cell employing rGO as
HTL. (b) PL spectra for photoluminescence responses of CHsNHsPbls films on
glass/ITO/PEDOT:PSS (black spectrum), glass/ITO/ GO (orange spectrum), and
glass/ITO/RGO (purple spectrum). Reproduced with permission from Yeo, J. S. et al. Highly
efficient and stable planar perovskite solar cells with reduced graphene oxide nanosheets as
electrode interlayer. Nano Energy 12, 961 104 (2015). Copyrights 2015 El Sevier'?4,

The rGO based devices illustrated an enhancement of PCE by 20% relative to the PEDOT:PSS
based device (from 9.1% to 10.8%), resulting from an improvement in the open circuit voltage
(Voc) from 0.91V to 0.98V, short circuit current density from 14.1mA.cm2 to 15.4mA.cm?, and Fill
Factor from 70.8% to 71.6%. It& worthy of mentioning that the graphene oxide based devices
illustrated poor device performance compared to the devices with rGO and PEDOT:PSS.
Reduced graphene oxide has properties more similar to graphene, such as high conductivity,
whereas graphene oxide is rich in charge trap states and oxygen functional groups that decrease
the charge carrier mobility and conductivity, consequently resulting in the observed decrease in

PSC performance.

Other 2D materials such as MoS; and WS, have also been incorporated in the HTL, as

summarized in Table 2.1, and resulted in an enhanced performance.
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Table 2.1 7 Performance of 2D materials studied through their incorporation in different layers in

the PSC.
Function 2D material Voc (V) Jsc FF (%) PCE | Ref.
(mA.cm?) (%)
Electrode graphene 0.95 17.8 72 12.0 120
Electrode Multilayered rGO 0.943 16.7 73 11.5 125
ETL graphene+Zn0O 0.93 20.0 56 10.3 126
ETL graphene+TiO; 1.04 21.9 73 15.6 127
ETL GO (aqueous 1 17.46 71 12.4 128
solution)
ETL rGO+TiO; 0.93 22.0 71 14.5 129
ETL rGO+TiO, 0.84 16.5 67 9.3 130
ETL MoOs 1.03 21.9 72 17.1 131
HTL rGO+spiro 0.91 16.73 61 10.6 132
OMeTAD
HTL rGO 0.95 14.8 71 10.0 124
HTL WS (1T phase 0.93 20.64 724 | 1383 | =®
rich)
HTL MoS; (1T phase 0.87 20.35 77 13.62 133
rich)
HTL boron doped rGO 0.88 16.74 60 8.96 134
HTL fluorinated 1.04 18.5 77.1 14.9 135
GO+PEDOT:.PSS
HTL MoS; 1.01 20.7 78 16.4 136
Interfacial layer MoS; 0.93 21.5 67 13.3 137
between
Perovskite/HTL
Interfacial layer rGO 1.11 21.5 79 18.7 138
between
Perovskite/HTL

2D Materials in PSC ETL

Due to their high conductivity and superior electron transport properties, the usage of zinc oxide
films as the electron transport layer in PSCs is common. Zinc oxide has a relatively broad
bandgap, with its electron mobility several orders of magnitude larger than that of commonly used
TiO.. However there has been numerous issues reported regarding engineering the interface of
zinc oxide and graphene such as severe carrier recombination and harsh degradation as been
reported before by Cao et al''®. The increase of the PSC temperature to 90°C has proven to
deprotonate the methylammonium cations by the zinc oxide, hence decomposing the perovskite

film.
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These deleterious issues and challenges have been reported in previous works prompting further
research on enhancing the zinc oxide-perovskite interface. Cao et al. provided a thin layer of MgO
that inhibits the charge recombination at the interface!® and therefore enhances stability, and
also promotes the electron extraction from the perovskite layer to the zinc oxide (inhibiting
hysteresis effects).

More importantly, Chandrasekhar et al reported the incorporation of graphene nanoparticles into
the zinc oxide ETL'?® as an additive creating a zinc oxide-Graphene nanocomposite (ZnO-G).
The effect of varying the graphene concentration from 0 to 1 wt% and its effect on the PSC
performance was investigated. Commercially available single layer graphene was added with
different concentrations (0, 0.25, 0.75, 1) wt% into ZnO solution dissolved in ethanol solvent. The
yielded solution was then sprayed on a pre-existing dense ZnO layer on FTO/glass substrate at
elevated temperature to obtain a uniform film. Devices with glass/FTO/Dense ZnO/ZnO-
G/perovskite/spiro OMeTAD/Ag architecture are shown below in Figure 2.19 (a), while the
scanning electron microscope (SEM) images of the perovskite film grown on ZnO and 0.75 wt%
ZnO-G are shown in Figure 2.19 (b).

Figure 2.197 (a) Schematic illustrating PSC device layers employing Zinc oxide-graphene
nanocomposite as ETL. (b) SEM images of perovskite film grown on ZnO film (left), ZnO-G 0.75
wit% (right). Reproduced with permission from Chandrasekhar et al. Graphene/ZnO
nanocomposite as an electron transport layer for perovskite solar cells; The effect of graphene
concentration on photovoltaic performance. RSC Adv. 7, 286101 28615 (2017). Copyrights 2017
RSC'%,

Leveraginggr apheneb6s | ar thieresulted ih the perovakiteeanchoring around the
graphene flakes and consequently resulting in enhanced grain growth as observed in the SEM
images in Figure 2.19 (b). This caused the cell with ZnO-G to have enhanced absorption,
especially the 0.75 wt% ZnO-G nanocomposite. The increased absorption effectively boosted the

photogenerated current and therefore the current density as observed in Figure 2.20 (a) where
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