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Abstract

Low-dimensional materials, such as graphene, nanowire, quantum dots have emerged as
attractive building blocks for optoelectronic applications, with a significant focus on diverse
photodetection platforms. Graphene has sparked a lot of attention because of its unusual 2D crystal
structure and extraordinary capabilities, which provide unique prospects to meet the world's ever-
increasing energy demands. Substantial advancements in manufacturing of graphene-based
materials and significant breakthroughs in advanced energy applications have occurred in recent
years. Compared with traditional semiconductor material silicon, low-dimensional materials
application in electronic devices still has a long way to achieve large-scale commercialization.
This thesis focuses on graphene-based materials synthesis and application in photovoltaic devices.

In this research, graphene oxide (GO) was synthesized by using the modified Hummer’s
method to be applied as the precursor of reduced graphene oxide (RGO) synthesis, which was
reported in Chapter 3. The improved Hummer’s method achieved a high production yield at about
50% with no toxic gases emission. The surface and edge of the GO generated have oxygenated
functional groups, resulting in excellent hydrophilicity. The size of graphite was enlarged after
oxidation by oxygenated functional groups adhering to the planar surface. Furthermore, a multi-
layered thin film with great homogeneity was created by spin coating. The next stage was to reduce
GO to RGO, which the larger size and homogenous film were made possible.

RGO was generated from prepared GO utilizing a gentle and unique two-step approach using
L-AA and HI as reductants to increase the electrical conductivity and optimize the work function.
The prepared RGO thin film had a thickness of 20 nm with high electrical conductivity in the range

of 360 - 480 S/m and increased transparency 450 — 800 nm, with a transparency of 90% or higher.

v



The uniform RGO films were made from GO thin films with reduced defects to restore the n-n
conjugation structure and remove oxygen-containing functional groups. The architectural
alteration affected electrical conductivity, changing the work function. From GO to RGO, the GO
was first reduced by L-AA to generate the intermediate RGO, the final RGO was developed from
the transitional products utilizing HI as the reductant. The work function of GO to RGO ranged
from 3.6 to 5.9 eV depending on the reduction degree. As a result, the reduction process may
successfully control the RGO's electrical characteristics.

The prepared RGO was used as the top gate metal on (metal-oxide-semiconductor capacitors)
MOSCAP devices with excellent C-V measurement performance. The top contact (RGO), an oxide
layer (Si03), and rear contact (Al) of a basic MOSCAP device with RGO as the gate metal were
all deposited using an optimized technique. The MOSCAP device's C-V curve revealed
accumulation, depletion, and inversion regions. The RGO was created by thermal annealing
reduction to improve electrical conductivity and reduce the contact resistance between the metal
and semiconductor. RGO exhibits a high electrical conductivity of 5000 S/m due to the high C/O.
Compared with Al, the work function difference between the metal and dielectric layer reduced
from 0.95 eV to 0.35 eV. The findings of this study are not limited to MOS technology; they might
be applied to other electronic devices that employ graphene as a conducting electrode.

The GQDs were made utilizing a modified top-down approach with graphite as the beginning
material. The graphite was oxidatively chopped by starting with a strong acid and then adding
H>O:>. The PL intensity rose with a shift in the PL peaks following the second and third step cutting,
resulting in multiple color emissions. The carbon core and surface states impacted the PL spectra
of GQDs. H2O; created free radicals and sliced additional sites in the graphite sheets to improve

the oxidation level to change the core size and surface functional groups. A solution with high



acidity hampered the fabrication of GQD thin films, so the GQD solution was modified on pH by
solution neutralization. The GQD solvent was replaced with water, and the films with high-
intensity PL spectra were formed by drop-casting. The current study improves the PL intensity of
GQDs over a wide range of PL peak wavelengths and allows the GQDs to be used in optoelectronic
devices.

The manufactured GQDs were applied in a GQD-based heterojunction photodetector system
with a hole transport layer functionalized as the active layer. To improve the work function
difference and increase the photocurrent, the hole transport layer compared MoO3 and PEDOT:
PSS. The carrier transport and recombination rate of a GQD-based photodetector are explained
using the MGB theory. GQD was functionalized with PEG to modify the ligand's length and the
solution's viscosity, which improved photocurrent generation. Spin coating was used to create a
GQD film with a controllable thickness of roughly 100 nm. As a result, the ON/OFF rate was

enhanced even further to develop high-performance photodetector devices.
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1 Introduction

1.1  Background

The world currently relies on carbon sources to meet its energy needs; main sources include
oil, coal, and natural gas. However, these non-renewable sources have adverse effects on the
environment and public health [1]. Solar energy is one of the main renewable sources of energy;
it is considered the most promising solution to the energy crisis for its abundance and
environmental friendliness. Solar energy is harnessed via photovoltaic (PV) devices, which
convert clean solar energy to electricity.

In the domain of photovoltaics, researchers must address the challenge of increasing efficiency
while decreasing costs. To achieve this goal, scientists and engineers have found diverse solutions
through exploring new materials and improving device structures. With technological
development, solar cell applications have become widespread in the military, space, business,
agriculture, communication, and public facilities. However, further research and development are
needed to enable the large-scale commercialization of solar energy.

Crystalline silicon solar cells are the ancestors of all modern photovoltaic devices; their
current efficiency is 20% or higher for commercial solar cells [2]. Although silicon solar cells are
leading the PV market, their rigidity, fragility, and high costs prevent them from implementation.
This led to advances in the second generation thin-film solar cells, including cadmium telluride
(CdTe), Copper indium gallium selenide (CIGS), and amorphous silicon (a-Si). Over the past 20
years, these cells have shown substantial improvement in efficiency, reliability, and cost [3].

Owing to its unusual properties and cost-effectiveness, the multi-junction of a-Si has caught
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growing interest among the research community. Although the second-generation solar cells
perform much better than the first-generation mainstream crystalline silicon solar cells,
efficiencies must be further improved and the material costs must be removed [4].

Perovskite solar cells (PSCs) and quantum dot solar cells (QDSCs) represent third-generation
solar cells. Perovskites have shown great potential as a light-harvesting and carrier transport
material, with perovskite-based cells showing the efficiency of over 20%. However, their
drawbacks include poor stability and reliability. Pb-based perovskite materials can achieve high-
efficiency performance (PCE > 20%). However, the strong toxicity makes them environmentally
unfriendly.

Quantum dots (QDs), with their tunability, high emission, and other attractive properties, are
a promising alternative for the future of photovoltaics. Figure 1-1 [5] depicts the power conversion
efficiencies for the solar cells reported worldwide. Since their emergence, QDSCs have seen a

substantial rise in efficiency to 10% or higher.
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[5].

1.2 Motivation and Objectives

Materials scientists and engineers extensively study graphene-based materials because of their
inherently applicable properties to photovoltaic and photodetector devices. Graphene and its
derivatives, including graphene oxide (GO), reduced graphene oxide (RGO), and graphene
quantum dots (GQDs), have unique properties such as quantum confinement effect, edge effect,
extremely high carrier mobility, high conductivity, chemical properties, and mechanical stability.
Due to these extraordinary properties, graphene-based materials play a crucial role in
nanotechnology.

RGO thin films can achieve high conductivity and tunable work function (WF) applied as
electrodes, including transparent conductive electrodes (TCE) in electronic devices. Although

researchers have tried different methods to improve the conductivity of RGO through reduction



and thin-film fabrication, achieving conductivity comparable to indium tin oxide (ITO) -- the
traditional TCE -- remains a challenge. Analyzing the mechanisms of the RGO reduction process
is intrinsic to improving conductivity. Conductivity depends on the extent to which the structure
of RGO can be restored by reducing GO. Employing a novel two-step reduction technique using
both L-AA and HI is expected to achieve a greater degree of structural restoration of RGO and a
consequent increase in conductivity. In addition, we can reduce the difference between the work
functions of electrodes and semiconductors because the work function can be tuned by controlling
the reduction condition. Therefore, the presence of the RGO films enables devices with high
conductivities and matching work functions.

The highly conductive RGO can be used as gate electrodes in electronic devices, such as
metal-oxide-semiconductor (MOS) devices. Metals, such as Pd, Ti, Cr, Al, and a combination of
two or three metals, and poly-silicon (poly-Si) are reported as the gate electrodes for MOS devices.
However, combining different metals increases the process complexity and increases the contact
resistance between the gate and dielectric layers. Moreover, the work function of RGO can be the
candidate for gates of MOS devices because of its two-dimensional structure, high conductivity,
and tolerance of the subsequent steps, which involve high temperature. Furthermore, the work
function of RGO can be tuned by doping, controlling the thickness, and so on. Therefore, RGO
can be used as electrodes in MOS devices.

GQDs with finite, size-tunable band gaps are attractive candidates for photovoltaics and
photodetectors. Moreover, non-toxic GQDs are an excellent alternative to the more widely used
toxic QDs like CdSe and PbS. However, the research on GQDs is still at an early stage, challenges
remaining include low production yield (<10%), low quantum yield, less control of size and shape,

disputable PL mechanisms, and narrow spectral coverage. Mainly, the present PL. mechanisms are



based on optical characteristics, which change with the samples prepared using different GQD
preparation methods [6].

The primary objective of this research is to mitigate the following knowledge gaps related to
graphene-based materials and their applications. For RGO materials, the electrical conductivity
and transparency are incomparable with the commercial electrode ITO. Moreover, the work
function in devices should match electrodes and semiconductors. For GQDs, the PL mechanisms
remain controversial because of differences in sample preparation. QD-based photodetectors
mostly choose toxic QDs to achieve high performance, therefore, non-toxic GQD in well-designed
photodetectors should be developed. In metal-oxide-semiconductor capacitors (MOSCAP)
devices, the traditional gate materials (e.g. Al) have significant mismatch between work functions
of semiconductors and electrodes.

The specific objectives of this research are as follows.

e Objective 1: Develop a novel two-step reduction method using L-AA and HI for reducing
GO to RGO to increase the electrical conductivity and tune the work function of the
synthesized RGO.

e Objective 2: Develop RGO gate electrodes for metal-oxide-semiconductor capacitors
(MOSCAP); optimizing film thickness to achieve proper electrical conductivity;
characterization of MOSCAP by capacitance-voltage (C-V) measurement.

e Objective 3: Develop a top-down method for GQD synthesis and improve the method with
pH control to enhance device adaptability.

e Objective 4: Design and develop high-performing devices using synthesized materials;

GQDs are used as the active layer in photodetectors.



1.3 Thesis structure

This thesis concerns the synthesis of graphene-based nanomaterials and their applications in
photodetectors and photovoltaic devices. Specifically, scalable synthesis of graphene and its
derivatives, device design, fabrication, and testing based on the synthesized nanomaterials are
discussed. The overall research structure is shown in Figure 1-2. The first principal component of
this research is the development of novel, scalable, high-throughput chemical synthesis processes
for graphene-based materials. Then, the optimized materials are applied to photodetectors and
photovoltaics. Graphene derivatives include graphene oxide (GO), reduced graphene oxide (RGO),
and graphene quantum dots (GQDs). RGO can be used in MOSCAP devices as the gate metal, and

GQDs can be used as active layers in photodetectors.

GO RGO MOSCAP
(Chapter 3) (Chapter4) (Chapter5)
GQb Photodetector
—l
(Chapter6) (Chapter7)

Figure 1-2. Overall research of graphene-based materials synthesis and application.

Graphene
derivatives

Chapter 2 presents the literature review, which delivers the necessary background to pursue
this research topic. The materials structure, properties, and synthesis of graphene, graphene oxide
(GO), reduced graphene oxide (RGO), graphene quantum dots (GQDs) are discussed in this
chapter. Additionally, this chapter presents the development of MOS devices, graphene-based
photovoltaic devices, and photodetectors.

Chapter 3 presents the synthesis of graphene oxide (GO), which is prepared as the precursor

for most graphene-based materials' chemical synthesis. This chapter primarily concerns the



development of GO. This chapter contains the introduction of GO (Section 3.1), synthesis and
characterization (Section 3.2), results and discussion of GO synthesis (Section 3.3). The
characterization includes microstructure, chemical, and optical analysis.

Chapter 4 discusses the details of reduced graphene oxide (RGO) synthesized from GO by
chemical reduction. In the reduction, the oxygen-containing groups of GO were removed and
atomic-scale lattice defects were corrected, then the conjugated network structure of the graphene
lattice was recovered. To form RGO, the chemical reduction of GO by ascorbic acid (L-AA) and
HI is explored in a novel two-step reduction process. Reduction recovers electrical conductivity
and other properties of graphene to enhance the performance of the materials or devices composed
of RGO. Referring to Objective 1, Section 4.1 overviews the novel method for RGO synthesis;
Section 4.2 details the RGO synthesis procedure and thin-film fabrication; Section 4.3 presents the
characterization of the structure and chemical composition of RGO as well as a comparison with
GO, highlighting the advantages of RGO; Section 4.4 highlights the work with highly efficient
reductants and tunable work functions.

Chapter 5 presents the application of RGO used as the top contact in the MOS devices,
referring to Objective 2. Section 5.1 introduces the design of the MOS device structure with an
RGO electrode, and Section 5.2 gives the fabrication process of MOS devices. Section 5.3 mainly
characterizes the MOS devices with capacitance-voltage (C-V) measurement to show the quality
of the devices and RGO materials characterizations. Section 5.4 concludes the performance of
MOSCAP devices using RGO as gate metal with matched work function and high conductivity.
C-V measurements can give information on charge distribution in the depleted region of the
semiconductor. Moreover, it can also present charges information between the interface of oxide

layer and semiconductor and the semiconductor-metal interface. The charge capacitance



distribution is dependent on the surface potential and the frequency. High frequency (>1M Hz) and
low frequency have different responses verse the gate voltage.

Chapter 6 introduces the modified process for GQD synthesis, referring to Objective 3. GQDs
were produced using solution chemistry methods with pH control. In the synthesis route, a facile
wet-chemical top-down method is used to produce GQDs from the mixed acidic treatment on
graphite discussed in Section 6.1. Adjusting the oxidative cutting temperature and pH in an
aqueous solution, size tuning was accomplished. The characterizations, mainly photoluminescence
(PL) of the synthesized GQDs, are discussed in Section 6.3. Section 6.4 details pH modification.
Section 6.5 summarizes GQD synthesis in high PL intensity assisted by H202 and uniform GQD
film fabricated by the modified pH process.

Chapter 7 focuses on the design, fabrication, and characterization of a simple and patterned
photodetector device using synthesized GQD as an active layer. The synthesized GQD was

employed as the photosensitized layer in the photodetectors.



2 Literature review

2.1  Graphene

Graphene is a two-dimensional carbon nanomaterial with a honeycomb structure. It is the
simplest form of carbon atoms arranged as sp> hybridization. The thickness of the graphene sheet
is about one atom. Graphene can also stack to 3D graphite, roll to the 1D carbon nanotube, and cut
into 0D fullerenes [7].

This specific structure gives graphene excellent electronic, optical, thermal, and mechanical
properties [8]. Graphene is a semimetal and the electronic structure is a zero band gap with a
conical structure of valance band and conduction band meeting at the Dirac points [9]. Due to this
electronic structure, graphene has a high electronic conductivity up to 35,100 S/m, and carrier
mobility at about 2x10° cm?/(V-s) at electron densities (n) of 2x10'! em? [10][11]. Moreover, it
also has a high thermal conductivity at about 6,000 W mK™! because of the strong stacking of
carbon atoms [12]. Due to the one-atom thickness, the transparency of the monolayer graphene is

at about 97% [13]. Furthermore, the excellent mechanical properties result from the strong o-bonds

in the graphene sheets. Young’s modulus of graphene is about 1 TPa, and fractural strength (about
130 GPa) slightly changes the electrical conductivity of graphene [14].

There are several methods to synthesize graphene materials. The first graphene was prepared
from graphite by scotch tape in 2004 [15]. This method can produce high-quality graphene at a
low cost but low yield. From then on, graphene synthesis research was stimulated and classified
into mechanical exfoliation/cleavage of graphite [15], synthesis of SiC [16], chemical vapor
deposition (CVD) [17], oxidation-reduction reaction [18], and so on. Graphene epitaxially grown
on SiC by vacuum graphitization is the alternative method of mechanical exfoliation. The number
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of layers can be controlled for high-quality products. However, the size of graphene is limited by
SiC wafers and with high costs [16]. CVD method is another choice to produce high-quality
graphene, and it is often applied to fabricating electronic devices. For example, the source sucrose
or polymethyl methacrylate (PMMA) can grow large single-layered graphene on Cu or Ni
substrates at 800-1000 °C [19]. However, the CVD method uses complex apparatus with a high
energy cost, and it is time-consuming to grow a continuous film. In addition, high-temperature
synthesis and subsequent transfer processes bring defects in the graphene structure.

Alternatively, the oxidation-reduction reaction can synthesize graphene derivates: graphene
oxide (GO), reduced graphene oxide (RGO), and so on. This method is a widely used solution-
phase method with low cost, high yield, and mass production. The oxidization process produces
water-soluble GO, which can be separated into layers by sonication. The reduction process can
reduce GO to RGO with recovered graphitic lattice and functional groups elimination to improve
the electrical conductivity beneficial for electronic applications. Chinese graphene manufacturers
mostly use this method to produce small graphene sheets [7]. However, oxidation often produces
toxic gases and low production efficiency. Moreover, the final products are usually thick and not

uniform, and these problems need to be solved.
2.2  Graphene Oxide

GO is strongly related to graphene because it is mostly the precursor for graphene. GO can be
chemically or thermally converted into reduced graphene oxide (RGO) in the oxidation-reduction
process. The reduction of GO is essential to producing high-quality graphene. GO is a derivative
of carbon, presenting as a wrinkled one-atom-thick sheet with a thicknesless than 1 nm thickness

s of less than 1 nm in two dimensions. It has sp? and sp* bonds with oxygenated functional groups,
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including hydroxyl groups (OH), epoxy groups (C-O-C), carbonyl groups (C=0), and carboxyl
groups (COOH), on the edges and surface of its graphene skeleton [20].

GO has a similar lattice structure to graphite oxide, but it is single- or multi-layered sheets.
However, the precise atomic and electronic structure of GO is still unknown. Nowadays, the Lerf-
Klinowski model is widely adopted based on NMR results (see Figure 2-1). This model is defined
into two parts: oxygenated functional groups and sp>- and sp°- hybridized carbon atoms [21]. The
hydroxy and epoxy functional groups are attached at the basal plane, separated by carboxylic acids,
which are lightly oxidized on the edges [21]. Depending on the synthesis method, the structure of
GO varies with the pH of the oxidation conditions, graphite precursors, experimental setup, and

so on. Due to these functional groups, GO presents acidic properties.

LERF-KLINOWSKI

Figure 2-1. Lerf-Klinowski model of GO structure.

There are various technologies for GO characterization. The thickness of GO (around 1 nm)
can be measured using NMR or atomic force microscopy (AFM), and several layers can be
calculated [22]. Scanning tunnelling microscopy (STM) can compare pristine graphene and GO

by the bright spots and disordered lattice feature [23]. Moreover, high-resolution transmission
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electron microscopy (HRTEM) is an important characterization method to analyze the atomic level
features, including lattice structure, defects, and disordered regions [24].

Additionally, chemical composition can be characterized by Raman spectroscopy [25], X-ray
photoelectron spectroscopy (XPS) [26] and Fourier transform infrared spectroscopy (FT-IR) [27].
Raman spectroscopy identifies the degree of oxidation and FTIR can characterize the functional
groups, while XPS reveals carbon and oxygen bonds in deconvolution spectra and carbon-oxygen
content ratio in the survey spectrum.

For electrical properties, GO is a material with insulating properties, stemming from
oxygenated groups on the edge and basal plane of its structure. GO sheets are insulating (sheet
resistance: 10'2 Q/sq) due to the presence of oxygenated functional groups and disordered lattice
structures disrupting electrons pathways in the sp? carbon system [28].

Besides electronic properties, GO exhibits unique optical properties, including
photoluminescence (PL) in ultraviolet-visible (UV-Vis) and near-infrared (IR) regions, due to its
non-zero bandgap unlike graphene. Fluorescence in GO is caused by recombination of electron-
hole (e-h) pairs in localized electronic states in sp? carbon cluster with sp* matrix [29].

In addition, the chemical activity of GO is enhanced compared with pristine graphene. The
dispersibility of GO in a polar solvent, including water, acetone, ethanol, Dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), n-methyl pyrrolidone (NMP), and Tetrahydrofuran (THF),
is enhanced. The oxygen-containing functional groups (e.g., Carboxylic acid) are negatively
charged in water, resulting in the repulsive electrostatic interaction between GO larger than van
der Waals interaction between graphene layers, whichits structure’s edge and basal plane prevents
GO sheets from aggregation and keeps GO stable in the dispersion [30]. These unique properties

allow GO to be used in a variety of engineering applications.
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2.2.1 Chemical synthesis of graphene oxide

Methods for GO synthesis are mainly classified into three categories: Brodie method [31],
Staudenmaier method [32], and Hummer’s method [33]. GO was first produced by Brodie [31] by
adding a mixture of potassium chlorate (KClO3) and concentrated nitric acid (HNO3) to graphite.
Staudenmaier’s work [32] was developed 40 years later based on Brodie’s method; the recipe was
altered by reducing the vol of HNO3 and adding concentrated H>SO4. This method increased the
acidity of the mixture, dramatically improving the degree of oxidation. However, both methods
use KCIO3 as the oxidizing agent and HNOs3 as the strong acid, which poses a risk of explosion
and toxic gas (NOx and CIO) release. In 1958, Hummers and Offeman [33] substituted KCIO3
and HNOs3 with potassium permanganate (KMnO4) and sodium nitrate (NaNQOs3), which negates
CL production. The reaction time of Hummer’s method was significantly shortened, and toxicity
risks were significantly reduced, compared to Brodie’s and Staudenmaier’s methods. The
improved Hummers method is most widely used today.

As GO synthesis methods continue to be developed to avoid using NaNOj to eliminate the
generation of toxic gasses like NO; and N>Os. Moreover, this method improved oxidation level
from 23.99 wt% to 27.97 wt% compared to Staudenmaier’s method. Kovtyukhova et al. [34]
proposed a pre-oxidation method with phosphorus pentoxide (P20s), potassium persulfate
(K2S205), and H2SO4 added to graphite, which could reduce incomplete oxidation. Tour’s group
[35] demonstrated an improved, simplified synthesis method with reduced toxic gas emission,
which entailed mixing concentrated H>SO4 and H3PO4 in a ratio of 9:1 (by volume) and increasing
the amount of KMnQO4. However, this method introduced H3PO4 as an impurity. Chen et al. [36]
found that using only KMnO4 and H2SO4 in graphite under a low temperature not only reduced

the reaction time but also significantly enhanced the yield of GO. In addition, KMnO4 played the
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role of strong oxidant and assisted in the complete intercalation of graphite in acidic media, thus
negating the necessity of NaNOs3 in the production. However, KMnOys introduced manganese (I)
(Mn"), which polluted the system and appreciably lengthened the purification time. Moreover, as
an ingredient in fireworks, KMnOj4 poses a high risk of explosion when exposed to temperatures
over 55°C. Thus, Peng et al. [37] substituted KMnO4 with another strong oxidant potassium ferrate
(K2FeOs) and produced single-layered GO in 1 h. K;FeOy4 is a green, safe, inexpensive, and
effective strong oxidant; using K>FeOs also shortens the reaction time. This method guided a new
way to improve Hummer’s method in environment-friendly production. For example, Yu et al. [38]
proposed an H2SOs-free GO synthesis method, using only K2FeO4, H202, and water as precursors.
The method is similar to Hummer’s method but results in a much higher yield of 65% (Yu’s method)
compared to 40% (Hummer’s method).

Because of the faster response time and relative ease of GO production, the Hummers method
is the most used of the three. The schematic of the GO synthesis mechanism is shown in Figure
2-2. Tour’s group [39] proposed a three-step theory of GO production from graphite, presented as
follows. First, sulfuric acid-graphite intercalation compound (H2SOs-GIC) is formed by graphite
and acidic media at a low temperature, and oxidation begins from the edges of the graphite and
moves towards the middle. Second, the graphite intercalation compound (GIC) transforms to
pristine graphite oxide (PGO) with increasing temperature. In this step, KMnOy starts to oxidize
graphite by diffusing KMnOg4 into the graphite body, which is an important factor in the
determining rate. The reaction rate and the size of the graphite flake also impact the lateral size
reduced the reaction time and shape of the PGO. Finally, PGO exfoliation occurs when exposed to
water, forming GO. After the GO formation, the solution must be purified with water and weak

acid to remove impurities. The second step of the GO production process is a reaction rate-
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determining step, which can be modulated to control the product. Eigler et al. [40] found that
reactions vary within the same batch of GO because small flakes can be oxidized faster than large
flakes; high-crystallinity graphite reacts much slower than low-crystallinity one. Chen et al. [41]
proposed water-enhanced oxidation to modulate oxygenated groups of GO. At an elevated
temperature of 95°C, GO sheets are cut due to oxidation of graphite with an Mn (VII) catalyst.
Mn20O7 catalyzes water to generate Os in the system and improve oxidation; therefore, Mn (V1I)
plays a significant role in the oxidation process. As a result of oxidation, carboxyl groups are
formed as permanent defects in the GO structure, which means this partial structure cannot be

restored afterwards. The reaction equations of Mn (VI1I) with water are shown below.
3H,0 + 2 Mn (VII) - 05 + 2Mn (IV)
Mn (IV)
03 — 02 + O *
Mn (1V)
03 + H20 — ZHO * +02
graphite M PGO

Chen ef al. [41] also investigated the destructive oxidation process of GO production under
other temperatures. They found that under low-temperature synthesis (0 °C) the structural integrity
of GO is preserved better than synthesis at a high temperature (95 °C). High temperature caused
destructive oxidation to the structure, resulting in permanent defects on the edges. Pendolino et al.
[42] drew a similar conclusion when investigating the impact of temperature on GO structure based
on Sun’s research [43]. They compared the production of PGO at 0°C and 30°C and found that at
low temperatures, the exfoliation process dominated to generate PGO, while at high temperatures,

bulk structures convert to layered structures. Therefore, there is a tradeoff between structural

integrity and layer separation; a temperature balance must be achieved.
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Figure 2-2. Scheme of GO synthesis from graphite flakes. 1) SO4*/HSO4 acid group enters
graphene interlayer (solid black lines); 2) formation of stage-1 HoSO4-GIC (blue lines); 3) and 4)
oxidizing agent diffuses into stage-1 GIC to form PGO (purple lines); 5) and 6) upon exposure in

the water, bulk PGO exfoliates to nanostructured GO [39].

2.2.2 Reduction of graphene oxide

RGO can be derived from GO by recovering the structure that is changed during the oxidation
process in GO synthesis. The electrical conductivity can be described in two ways: sheet resistance

(Rs, Q/sq) and bulk conductivity (o, S/m). The relation between sheet resistance and bulk
conductivity is shown in Equation Rg = iZ-S [44],
Ry =— 2-5

where ¢ is the thickness of the sample. The electrical conductivity can be measured by the two-probe or

four-point probe method with a microelectronic pair on the RGO film. After GO reducing to RGO, the
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oxygen-containing functional groups are removed, and delocalized electrons can transport through the
recovered graphitic lattice.

Chemical reduction [45] and thermal annealing [46] are the most common conventional ways
to reduce GO. However, thermal annealing is disadvantageous because it requires a temperature
of up to 1000°C, which causes unavoidable defects in the structure that reduce the conductivity of
RGO. Meanwhile, hydrazine is highly toxic, making it unacceptable for green processes. Therefore,
the chemical reduction has been proposed as a simple and economical alternative to these common
methods. Reducing agents suggested for the chemical reduction include ascorbic acid (vitamin C)
[47], hydrohalic acid [48] (e.g. HI acid), metal hydrides (e.g. sodium borohydride (NaBHa4) [49]),
and hydrogen [50] (including nascent hydrogen [51]). Ascorbic acid is a non-toxic reductant with
excellent water solubility and applicability as a surfactant [47]. In addition to water, ascorbic acid
is soluble in N, N-Dimethylformamide (DMF) and N-Methyl-2-Pyrrolidone (NMP), which help
establish a stable RGO solution. HI acid is the strongest reductant among hydrohalic acids and is
efficient in reducing opening epoxides. The reduction process can be performed on GO powder
(solid) or film (gas or solution) at low temperatures [48]. Among metal hybrids, NaBHa is the most
common reducing agent. Although NaBHa4 can reduce carboxyl groups, it is unable to completely
remove all functional groups, which negatively affects electrical conductivity [49]. The use of
hydrogen or nascent hydrogen with catalysts results in an extremely fast and efficient reduction of
GO [51]. Compared to pure Hy, the addition of metal pollutes the reaction environment, although
metal in acid can produce a steady flow of hydrogen to the system. Although chemical reduction
holds advantages over more traditional GO reduction methods, the reductants and reaction

processes utilized require further optimization. Table 2-1 presents the different reduction
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techniques used for RGO synthesis and the respective resistivity and transparency achieved by

each process.

Table 2-1. Sheet resistance/Conductivity and transparency of RGO

Deposition method | Reduction method Sheet Transparency Ref.
resistance/conductivity
Dip coating hydrazine vapor reduction 188 k€/sq 98% [52]
thermal annealing 10* S/cm 90% [53]
thermal treatment 550 S/cm 70% [54]
(1.8+0.08 kQ/sq)
thermal annealing 60 kQ/sq 81% [55]
Electrophoretic direct charge transfer 6.4 kQ/sq 90% [56]
deposition hydrazine + thermal 3.16 Q/sq (about 500 nm - [57]
reduction thickness)
Spin coating hydrazine vapor reduction <10 Q/sq >80% [28]
hydrazine-hydrate vapor 10° S/m - [58][591]
hydrogen with PdCl, 43 Q/sq (with metal grid)  84% [50]
18 Q/sq (with metal grid)  80%,
HI reduction 3.74x10°Q m 70% [60]
thermal annealing About 800 Q/sq 82% [61]
Self-assembly (dip HI reduction 840 Q/sq 78% [62]
coating) hydrazine + thermal 11.3 kQ/sq 87% [63]
reduction 31.7 kQ/sq 96%
Spray coating hydrazine + thermal 0.1-0.3 Q/sq (with 89% [64]
reduction AgNWs)
hydrazine monohydrate 2.2 kQ/sq 84% [65]
hydrazine monohydrate 13.7 Q/sq (with AgNWs) - [66]
Langmuir-Blodgett | thermal and water vapor 37720 S/m - [67]
treatment (nanocomposite)
HI reduction 1100 €Q/sq (with doping) 91% [68]
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2.2.3 Reduction mechanism of RGO

The reduction process can be regarded as a two-step Sn2 nucleophilic reaction and a one-step
thermal elimination [69]. In the first step, L-AA is oxidized to its first oxidative intermediate,
dehydroascorbic acid (DHA), while hydroxy and epoxy groups of GO are attacked by L-AA [69].
Two protons are released from L-AA and have a high binding affinity to these reactive species to
form water molecules. Then, the intermediate can be further irreversibly oxidized to guluronic acid
and oxalic acid. L-AA and its oxidation products can form hydrogen bonds to interact with residual
functional groups, carboxyl groups on the edge of GO [39]. Moreover, the alkaline condition can
mitigate n-n stacking by electrostatic repulsion between RGO sheets, preventing aggregation [69].
The Sn2 nucleophilic reaction is reversible and unstable because degradation products are
produced at 100 °C at 2 h both in acidic and alkaline conditions. When pH is 10, only small
amounts of degradation products are generated but the reactivity of L-AA is decreased. Therefore,
not all epoxy and hydroxy groups can be removed. Figure 2-3 shows the chemical structure and

reaction process of hydroxy groups and epoxy groups.
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Figure 2-3. Chemical structure of (a) L-ascorbic acid (L-AA) and (b) Dehydroascorbic acid (DHA);

(c) reduction of epoxy groups by L-AA; (d) reduction of hydroxy groups by L-AA [69].

The reduction process of GO and HI can be represented as the Sn2 substitution and elimination
reaction (see Figure 2-4). HI can effectively remove epoxy and hydroxy groups. Epoxy groups
undergo ring-opening reactions with nucleophiles from HI. Then, iodine is alternative to hydrogen
efficiently via Sx2 substitution reaction because the binding energy between carbon and iodine
atom is weaker than that between carbon and hydrogen [70]. Therefore, epoxy groups become
hydroxy groups. Then, all hydroxy groups in GO can be substituted by iodine via SN2 substitution
reaction and easily eliminated to C=C bonds. With excess HI, however, all hydroxyl groups are
substituted by halogen atoms in several steps. The competing reactions between thermal
elimination reaction and further substitution influence the degree of lattice restoration. The
optimization of reaction time and the amount of HI are necessary to ensure that the elimination
reaction is favored over substitution, thereby forming more sp” structures. However, not all
functional groups can be eliminated. The functional groups attached to the plane and edges have
different binding energy. For example, a single hydroxyl group attached to the interior aromatic
domain is less stable at room temperature than the one attached to the edge [71]. Therefore, the
hydroxy groups attached to the plane are more reactive to be reduced, while the unstable hydroxy

groups attached to the plane are dissociated.
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OH OH I

Figure 2-4. (a) Reduction of epoxy groups by HI and (b) reduction of hydroxy groups by HI [70].

Healing the defects in RGO can also recover the electrical conductivity of RGO. According
to the second law of thermodynamics, a certain number of defects are present in the crystalline
structure [72]. The possible atomic structure of lattice defects is shown in Figure 2-4. Introduced
atoms can change the electron system of sp®-bonded carbon materials and reconstruct atom
arrangements. Point defects, including vacancies or interstitial atoms, are usually present in the
lattice structure (Figure 2-5a). Stone-Wales defects are the unique defects in graphitic structure by
reconstruction of the six-ring structure to five or seven-ring (Figure 2-5 (c)). In addition, defects
can come from introduced atoms, carbon atoms and foreign atoms (Figure 2-5 (b)). The adatom
can change the structure arrangement from sp?-hybridization to the sp>-bonded structure. The
scattering of electron waves at defects has a strong influence on the electrical conductivity and
optical properties. The conductivity of graphene is primarily determined by the long-range
localized m-electrons of the graphitic lattice [44]. First, bond length change can alter the binding
energy between n-electrons and influence the conjugated structure [73]. Furthermore, the binding
energy change may influence the reduction process. The difference between carbon and hydrogen
and between carbon and iodine may be changed, so the effectiveness of HI is changed. The

functional groups cannot be eliminated effectively.
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Figure 2-5. Atomic structure of lattice defects in RGO. (a) vacancy defects, (b) adatom defects, (c)

Stone-Wales (SW) defects [72].

In the reduction process, some defects can be healed to recover the conjugated structure.
Hopping and tunnelling interactions between the clusters increased by oxygen removal result in
better connectivity among the original graphitic domains [45]. Theoretically, if the sp? structure
approaches 60%, the conductivity of GO meets a threshold of percolation [74]. Moreover, in
moderate temperature, the functional groups can be removed without introducing new defects,
unlike thermal annealing due to migration of adatoms and vacancies expansion increases

exponentially with temperature [72].
2.2.4 Work function of RGO

The work function of RGO is a fundamental surface property. The work function is defined
as the minimum energy to extract electrons from the materials. The work function is not an intrinsic

property because it is affected by the surface impurities, film uniformity, crystal orientation, and
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so on. Ultra-violet photoelectron spectroscopy (UPS) is the most used method to measure work
function of graphene. To measure the work function, UPS can measure kinetic energy (KE) or
binding energy (BE) and the work function can be calculated wusing Equation
¢ = hv — (Emax — Emin)2-6 [75],
¢ = hv — (Emax — Emiv) 2-6

where ¢ is the work function, hv is the photon energy of the excitation light source (21.22 eV), Ey4x 1s the
energy of the electrons are emitted with kinetic energy hv, and E,;y is the energy of the electrons are
emitted at kinetic energy ¢. For metals, the work function is defined as the energy difference between the
Fermi level and vacuum level. However, for semiconductors, Equation ¢ = hv — (Eyax — Eyn)2-6 is not

the work function but ionization energy (IE) because the electrons are filled in the valence band, not the

Fermi level. The work function is calculated using Equation
¢ = hv — (Eyax — Emin) — Evg = hv — (Ep — Ecyorf) 2-7 [75],
¢ = hv — (Emax — Emin) — Ev = hv — (Er — Ecytofr)

where Ej is fermi level, Eyp is valance band, and E¢¢o5f is the secondary electron high binding energy to
the cutoff edge. The work function (WF) can be tuned by changing the factors, related to the
structure itself and the application of graphene. The work function depends on the presence of
different oxygenated functional groups. Kumar et al. [76] showed functional group concentration
changing can vary WF by DFT calculation. The WF of GO increased from 4.4 to 6.8 eV when the
C=0 ratio was increased from 1.5 to 20%, which was ascribed to the strong dipole moment
originating from the C=0O double bond, whereas the WF of epoxy groups increased from 4.35 to
5.6 eV, and the WF of hydroxyl groups increased from 4.25 to 4.95 eV [76]. Surface dipoles are
caused by the high electronegativity of O atoms on GO, which boosts the WF of GO to 4.9 eV by
extracting electrons from graphene [76]. Moreover, defects also change the WF in a wide range.

Bae et al. [71] found that graphene with Stone-Thrower-Wales defects decreased the WF, a
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hydrogen passivated C2 vacancy increased the WF of graphene. Long et al. [77] investigated the
effects of grain boundaries and wrinkles on the WF of graphene. The WF increased towards the

axial centers but reduced at the edges as it came to wrinkles.
2.3 Graphene Quantum Dots

Graphene quantum dots (GQDs) are the OD graphene materials with additional exceptional
properties as compared to graphene. Due to their size tunability, high optical absorptivity and
excellent electrical characteristics, GQDs have captured the attention of researchers; it is currently
making appreciable progress in application toward optoelectronics. Furthermore, since GQDs are
composed of carbon, one of the most abundant materials on earth, it is a safer and more economical

alternative to other most used QDs, which are composed of rare and toxic elements.
2.3.1 Synthesis of GQD

GQD synthesis methodologies are classified as top-down and bottom-up ones. Top-down
methods always utilize cheap graphite as precursors and cut bulk material into nanoparticles. The
bottom-up method uses molecules to build up nanomaterials. The first GQD solar cell was
designed by Yan et al. [78], who employed GQDs as a sensitizer in solar cells using a novel
solubilization strategy to design GQD nanostructure. They demonstrated that GQDs can replace
traditional sensitizer materials like TiO2, with the resultant GQD solar cells having comparable
short-circuit current, open-circuit voltage and fill factor. Their soluble-chemistry approach to
synthesis provided the GQDs with high solubility, enabling interactions with other complexes,

resulting in improved solar conversion.
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Figure 2-6. Two categories of GQD synthesis: “Top-down” and “Bottom-up” [79].

Oxidative cleavage is the most frequently used method for GQD synthesis. This is considered
a top-down method, in which H2SO4, HNO3, or other acids and oxidizers are applied at high
temperatures to cut carbon materials such as coal [80], graphite [81], carbon nanotube [82], black
carbon [83], and carbon fibers [84], which are then formed into GQDs. The first top-down method
of GQD synthesis was demonstrated by Pan ef al. [85], who synthesized strong, blue-emitting
GQDs by hydrothermal treatment of graphene sheet (GS) using concentrated H>SO4 and HNOs.
Shen et al. [86] used GO sheets that were cleaved into small pieces using HNOs3, then surface
passivated via the addition of ethylene glycol. They then added hydrazine hydrate to reduce GO,

obtaining GQDs. Their ultrafine, blue-emitting GQDs were utilized as a new fluorescent material,
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applicable as an up-converter with considerable potential for application in the energy conversion
industry, biotechnology, and so on. However, the use of strong oxidizers in oxidative cleavage can
be dangerous, as reactions with strong oxidizers may cause explosions. Therefore, similar but less
volatile hydrothermal and solvothermal methods have been adopted for GQD synthesis. Tian et al.
[87] developed a one-step solvothermal method using a graphite precursor and hydrogen peroxide
in a DMF environment; unlike methods that utilize traditional oxidizers such as H>SO4 and HNOs,
no impurities were produced in the entirety of this synthesis procedure. The resultant GQDs
showed a 15% quantum yield under different pH conditions, with excellent PL stability.
Hydrothermal and solvothermal methods emphasize simplicity, allowing scalability of the
technique; hydrothermal methods are environmentally friendly. However, such techniques are
disadvantageously associated with high temperature, high pressure, and long reaction times.
Bottom-up methods for GQD synthesis entail aggregating small molecules to form large
GQDs, with precise control over GQD size, shape, and total number of carbon atoms [79].
Drawbacks of bottom-up methods include difficulties in the multi-step fabrication process and low
production yield. The most common method for producing GQDs is cleaving carbon-based
materials by oxidation and reduction. As researchers continue to investigate new techniques to
produce GQDs, requirements of environmental compatibility, high quantum yield, and high GQD

qualities are the main focus.
2.3.2 Optical properties of GQDs

GQDs exhibit similar optical properties with GO in UV-Vis and photoluminescence (PL)
spectra. In the UV-Vis spectrum, the main peak at 230-270 nm features n—n* transition of C=C
bonds and a shoulder peak at around 320 nm with a long tail is the result of n—n* transition of C=O

bonds [88]. For PL, GQD can emit different colors, mainly from yellow to blue, depending on the
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size and chemical compositions in different synthesis methods [89]. The emission spectra of GQDs
are broad, and is controlled by the core and the surrounding chemical groups. PL intrinsic center
is determined by the conjugated n-domains, which results from the quantum confinement effects
(QCE), which is defined as observed when the size of the QD is too small to be comparable to the
Bohr radius [90]. The absorption peak energy falls as the size of GQDs increases. The surrounding
chemical groups of GQDs control the surface state, especially prepared by “top-down” methods.
Zhu et al. found green emission is mainly attributed to carboxyl and amid groups and blue color
is determined by hydroxyl groups [91]. Moreover, defects including edge shapes attached to
functional groups and doping heteroatoms influence the PL properties of GQDs. Pan et al. proved
that zigzag sites with a carbene/carbyne-like triplet ground state ¢'n! might contribute to blue
emission [92]. Tetsuka et al. developed the amino-functionalized GQDs with wide tunability of
narrow PL and the electronic structure was controlled by their structure terminated by the edge
with primary amine [93]. Jin ef al. functionalized GQDs with amine groups by a two-step cutting
process from GO and observed a redshift of PL emission compared to unfunctionalized GQDs
[94]. Therefore, the optical properties of GQD are complicated due to various factors tailoring the

GQDs chemical structure.
2.4  Potential Device Applications of Graphene, GO, RGO and GQDs
2.4.1 MOS devices

Figure 2-7 shows the typical MOS capacitors (MOSCAP), which are made of an oxide layer
between the metal gate and the semiconductor body. The semiconductor is connected to a back
contact. The oxide layer functions as the dielectric layer, and the area of metal is the range of the

capacitor. In MOS devices, the MOSCAP is a part of the completed electronics devices metal-
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oxide-semiconductor-field-effect-transistors (MOSFETs), which have source and drain more than
MOSCAP. Capacitance-voltage (C-V) characteristics are commonly used to study the quality of
MOS devices, including oxide thicknesses, threshold voltage, flat-band voltage, and oxide quality.
The general way to measure the C-V curve is by applying DC sweep voltage and a small AC
sinusoidal signal (1 kHz-10 MHz). As the sweeping in no voltage, negative voltage and positive
voltage applied, which is gate voltage (V) compared with flat band voltage (V), the devices pass
through accumulation, depletion, and inversion regions, respectively. In the accumulation region,
negative and positive charges are in equilibrium at the interface between the semiconductor layer
and the oxide layer. The oxide capacitance (Cox) can be measured in the high-frequency strong
accumulation flat curve. In this situation, the MOSCAP is a parallel-plate capacitor model, and the

oxide thickness (tox) can be calculated from

Ag
Cox — ox

Lox

where 4 is the gate metal area, €, is the permittivity of the oxide material. In the depletion region,
the majority carries are depleted so the MOSCAP is an insulator. As the voltage increase, the
depletion region moves far away from the gate, so the effective oxide thickness increases and
capacitance decreases. In the inversion region, the electrons accumulate at the oxide-
semiconductor interface, which is inverted in the carrier polarity. As the gate voltage is above the

threshold voltage, most electrons are in the inversion layer, so the C-V is the flat curve.
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Figure 2-7. The scheme of the MOSCAP structure.

Graphene can be used as the top contact in MOS devices. In 2008, Lemme ef al. [95] fabricated
the first graphene field-effect device by depositing mono- or few-layer graphene on SiO> silicon
wafers as a top gate. The devices confirmed that graphene can achieve field effects and exhibited
two advantages: (1) The carrier mobilities of this device are higher than in silicon; and (2) The top
gate can modulate the drain current by the top gate field effects [95]. However, the band-gap
tunning, and work function mismatch are the problems to be solved. Park et al. [96] applied
monolayer graphene as a gate electrode on top of three insulating layers in a charge trap flash (CTF)
memory device. The high work function of p-type graphene reduced the trap-assisted tunnelling
(TAT) current at the gate electrode [96]. This device improved the quality of gate dielectric due to
the presence of graphene and represented the new era of graphene applied in high-performance

electronic devices based on MOS structure.
2.4.2 Graphene-based materials as TCEs

Transparent conductive electrodes (TCEs) play an important role in optoelectronic devices
such as touch screens, displays and solar cells. Currently, indium tin oxide (ITO) is the most used
TCE in industry and research due to its high conductivity and transparency. However, ITO lacks

flexibility and is costly due to the scarcity of indium. Thus, alternative materials are under
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investigation, with carbon nanomaterials being considered the best choice to replace ITO [28].
Transparency of single-layer graphene can reach up to 97%, while sheet resistance can reach up to
hundreds of €/sq. Graphene-based materials (RGO, few-layered graphene, graphene
nanocomposites) with low sheet resistance and high transparency prove a low-cost option to
replace ITO as a TCE in solar cells. Wang et al. [54] proposed the first RGO transparent electrode
in a dye-sensitized solar cell (DSSC) (Figure 2-8 (a)); the RGO electrode displayed a sheet
resistance of 1.8+0.08k€)/sq and more than 70% transparency from 1000-3000 nm; the DSSC’s
power conversion efficiency was measured to be 0.26%. Ricciardulli et al. [66] developed an
AgNWs—exfoliated graphene (EG) TCO, which was used as a bottom electrode in OSC and
polymer LED (PLED), with PCE=6.6% and EQE=4.4% respectively (Figure 2-8 (b, c)). This

research proved that 1D-2D electrodes can achieve success in bulk heterojunction (BHJ) OSCs.
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Figure 2-8. (a) Schematic of DSSC with graphene-based TCE. The layers from top to bottom are
graphene anode, TiO> (ETL), dye, spiro-OMeTAD (HTL), Au (cathode) [54]. Schematic of (b)
OSC (Ba-Al/PTB7:PC71BM/PEDOT:PSS/AgNWs-EG) and (c¢) PLED structure (Ba-Al/Super

Yellow/PEDOT:PSS/AgNWs-EG) [66].
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The key properties of TCOs used in solar cells include (1) low sheet resistance (<3k€/sq); (2)
high transparency (>70%); (3) uniform film; (4) excellent chemical and mechanical stability. For
graphene-based materials, the challenge lies in achieving low sheet resistance. RGO is produced
from GO by restoring the structure of graphene, which cannot avoid the creation of defects in the
structure, resulting in disrupting the charge transfer process, and thereby decreasing electrical
conductivity. By increasing the number of layers, the charge transfer channel can be tailored to
increase conductivity, with the caveat of decreased transparency due to increased thickness.
Therefore, establishing a trade-off between conductivity and transparency of graphene-based

TCE:s is essential.

2.4.3 Graphene-based materials as the active layer in solar cells

Graphene-based materials (e.g. RGO, graphene) can be used as the active layer in solar cells.
RGO and graphene with high charge mobility can be functionalized as electron transport layer
(ETL) and hole transport layer (HTL). Yang et al. [97] incorporated RGO as a 2D bridge into TiO»
electrode, resulting in enhanced electron transport mobility and conductivity compared to CNT-
TiO; electrode. A schematic representing the electrode structures and the operating principle is
depicted in Figure 2-9 (a-f). Apart from ETL, graphene and its derivatives can also be applied as
HTL. Wu et al. [98] employed GO as HTL and CH3NH3PBI3xClx as an absorber in an inverted
planar heterojunction (PHJ) perovskite solar cell (PSC) (Figure 2-9 (g, h), achieving a PCE of 12.4%
with a work function of around 4.9 eV. As a hole conductor, GO can extract holes from perovskite,
which was confirmed by photoluminescence (PL) quenching efficiency. PL quenching efficiency
increases with increasing thickness of GO thin film, indicating a change transfer process between

GO and perovskite.

31



O TiO, e g
0D nano particle (e)
photoinduced e
» electrons ) ¢ % :\\CB
bt Ti0; ., 4,
M Charge gaphene ",
Transfer route 0! V% \frf%
“\% i
P LR e &
\ 1D nano materials t% I /T
\2
‘\‘ ¢
2D graphene \ i
i S'/S
% bridges o

Figure 2-9. Scheme of (a, ¢) 1D CNT-TiO> and (b, d) 2D RGO-TiO> composite electrode structure
(f) operation principle of the device [97], (g) Structure of ZnO/PCBM/CH3NH3PBI;«Cl/GO/ITO

PSC and (h) SEM image of device structure [98].

2.4.4 Graphene quantum dots as a light absorber in solar cells

GQDs are the ideal candidates for the energy-down-shift (EDS) layer in photovoltaics. Lee et
al. [99] synthesized GQDs and spray-coated the synthesized GQDs onto silicon solar cells. A red-
shift of PL peaks confirmed EDS and increased efficiency. Figure 2-10 represents the structure of
a silicon solar cell with GQD EDS spray-coated on it. QDs are an excellent choice for EDS, as
they can be successfully incorporated into other complete photovoltaic devices such as silicon

solar cells [99] and perovskite solar cells [100] by spray coating. However, EDS should meet the
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requirements of high transparency and large Stokes shift exhibiting higher optical efficiency. QD
films are not always transparent and after spray coating, may inadvertently block the path of

incident light into the device, resulting in decreased efficiency.

Figure 2-10. Demonstration of GQD EDS spray-coated on silicon solar cell [99].
2.4.5 Graphene-based photodetectors

The inability of long-wavelength photons to contribute to the generation of electron-hole pairs
is the fundamental limit of photodetectors. The bandgap of graphene can be tuned for the required
spectral range. In photodetectors, graphene can be used to replace metal in the electrode.
Additionally, by tuning its bandgap and combining it with other semiconductors that have strong
UV absorption (e.g. ZnO), it is utilizable as a UV-sensitive material. Zhang ef al. [101] fabricated
a solution-processed GQD DUV photodetector with high sensitivity and fast response time to
short-wavelength (254 nm) (Figure 2-11 (a)). Due to quantum confinement, the GQD bandgap can
be modulated to 3.8 eV. With such a wide bandgap, photodetectors can exhibit high responsivity
in the DUV range. Graphene integrated with PbS QDs in photodetectors exhibited ultrahigh

responsivity (8.61 A/w) and detectivity (7x10'3J) [101].
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Figure 2-11. (a) Scheme of the GQD DUV photodetector with Ag-Au electrodes. (b) SEM image

of GQDs and Si substrate [101].

2.5  Knowledge Gaps

A summary of the current progress made in the synthesis of graphene-based materials and
their successful deployment in optoelectronics. However, the shortcomings in both materials
synthesis and applications must be addressed, making this research a worthy pursuit.

For TCEs, RGO should have high conductivity and tunable work function. To achieve these
properties, the lattice structure should be recovered in the reduction of GO to RGO. However,
green reductants such as L-AA and amino acids can be substituted for hydrazine have shown to be
less effective; Other reductants such as HI are effective but not environmentally friendly. Therefore,
developing a novel two-step reduction method using both L-AA and HI is expected to achieve the
desired conductivity. The amount of HI can be reduced compared to reduction using HI alone; the
conductivity can be improved compared to reduction using L-AA alone.

In the chemical synthesis of GQDs, the challenge includes overcoming low production yield

(<10%), low quantum yield, less control of size and shape, confusing PL mechanism and narrow
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spectral coverage. The drawback of top-down methods is the difficulty of controlling size and
shape due to the non-selectivity of the chemical cutting process [102]. However, high yield can be
achieved either by the simplification of the purification method or by exploring new methods
without removing byproducts. Moreover, the importance of understanding their PL processes,
which have been extensively explored, in directing the synthesis and encouraging applications of
GQDs with programmable PL emissions is critical. However, the intrinsic mechanism of PL
emission is unknown, and due to variances in GQD structures, no unifying mechanism has been
discovered [103]. Therefore, the H20O:-assisted modified hydrothermal synthesis route was
developed to synthesize GQD and pH control improvement enhanced the performance of GQD
film in the device.

In MOSCAP, the conductivity and work function of RGO challenges the device in high
performance. In graphene-based electronic devices, contact resistance between the gate metal and
dielectric layer limits the device to have a perfect C-V curve. The gate metal is using a combination
of metals or poly-Si. The most used metals, including Al, Ti and Cr have high contact resistance
[104]. However, the combination of metals increases the contact resistance and work function
mismatch between oxide and metals. RGO can achieve high conductivity and high work function
to match with a dielectric layer. With low work function difference, the carrier injection efficiency
is increased. Therefore, MOS devices with RGO as gate metal have high performance.

In photodetectors fabrication, the device fabrication process is the challenge to producing
high-performing devices. The understanding of GQD-based photodetectors is remaining
controversial. Moreover, the surface state of GQDs is the issue in non-radiative recombination in

photodetectors. Although GQDs have a graphene-like structure with high conductivity, the low PL
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quantum yield, defects, and traps leading to recombination reduce the advantages. Therefore, more

efforts are needed to reduce recombination on GQD materials and improve device fabrication.
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3 Synthesis of graphene oxide

3.1 Introduction

This chapter introduces graphene oxide (GO) synthesis using the improved Hummer’s method.
GO is a derivative of graphene, which consists of carbon planes decorated with oxygen-containing
groups. In a nonstoichiometric model of GO, the existence of oxygen-containing groups (hydroxyl,
epoxy, and carbonyl) expands the interlayer distance. Oxygen groups, lattice defects, and surface
functional groups break the conjugated structure, which are the key factors to make GO insulated.
The modified electronic structure of GO provides strong scattering centers that reduce carrier
transport. The produced GO with high quality is prepared to synthesize RGO, described in the next

chapter.
3.2  Experimental procedure

GO was prepared based on Hummer’s method. 1.0 g of natural graphite flakes (200 mesh,
Sigma-Aldrich, 751 >70%) was oxidized by KMnO4 (MilliporeSigma, ACS reagent, >99.0%) and
concentrated HoSO4 (Fisherbrand, ACS-PUR). Typically, 1 g of graphite flakes was added into 30
mL of concentrated H2SO4 in a 100 mL round-bottom flask cooled with an ice bath. The mixture
was stirred at 350 rpm until the suspension temperature reached 0 °C. The suspension was
vigorously agitated for 30 min, then 3.15 g (3g + 5% excess) KMnO4 was slowly added (over 20
min or so). The stirring speed was subsequently increased to 500 rpm and maintained for 10 min
until the temperature reached below 10 °C. The flask was then removed from the ice bath and
placed in a 35 °C water bath with a stir speed of 600 rpm for 3 h to finish the reactions. After that,

the mixture was mixed with 300 ml of water in a 1000-ml beaker, followed by the addition of a
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small amount of 30% H>0; to remove MnO4 and MnO>. The mixture was placed in an ice bath,
and then it turned yellow, with small gold pieces suspended inside.

The produced GO dispersion was purified by centrifugation. The water in the suspension was
removed by centrifuging at 4,000 rpm for 10 min. Then, 120 mL of 3% HCI was added, and metal
ions were removed by sonicating the mixture for 5 min. After that, the diluted HCI was removed
by successively centrifuging at 4,000 rpm for 10 min. Finally, the GO dispersion was centrifuged
with 3 L water to achieve a pH of 5 or so. The GO dispersion was stored in a sealed glass beaker,
wrapped with Aluminium foil, and placed in a dark environment to avoid degradation from light

exposure.
3.2.1 Measurement of yield

The yield of GO (Yco) is calculated using Equation 3-1

CooV
Yoo = —2-9% % 100% 3-1

Mgy

where Cgois the concentration of purified GO (in mg/mL), Vo is the volume of the GO dispersion
(in mL), and mg, 1s the weight of original material graphite (in mg). The mass of GO was
determined by measuring the weight difference between the empty container, and the concentration
of GO is calculated by the mass of GO divided by the container with a certain volume of purified

GO dispersion. Using the above equation, the yield was calculated to be approximately 50%.

3.2.2 Sample characterizations

To study the morphology of GO film, the samples were characterized by a Scanning electron
microscope (SEM) equipped with Energy-dispersive X-ray spectroscopy (EDS) (SEM/EDS, Leo
1530, Carl Zeiss AG, German) and High-resolution transmission electron microscopy (HRTEM,

Libra 200, Carl Zeiss Microscopy AG, German). The sample was prepared by drop-casting onto
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an RCA-cleaned silicon substrate until the water completely evaporates. SEM images were
obtained under a low acceleration voltage of 10.00 kV and the HRTEM was performed to obtain
TEM and HRTEM images. The TEM samples were made by dropping diluted GO dispersion onto
a lacey carbon TEM grid. The TEM image was obtained using TEM mode with a high acceleration
voltage of 200 kV.

Raman spectroscopy (Ramascope dual-wavelength micro-Raman spectrometer, Renishaw,
Canada) was used to determine the structure of GO equipped with a reflected light microscope,
with a Raman shift resolution of 0.5 wavenumbers. Two laser wavelengths were used for excitation:
488 nm (blue, Ar ion) and 633 nm (red, He-Ne). The sample was prepared by spin coating
concentrated GO dispersion onto an RCA-cleaned silicon substrate. The Raman spectroscopy
images were taken with a 633 nm excitation wavelength.

Atomic force microscopy (AFM) (Nanoman VS DI D3500, Veeco, USA) was used to measure
lateral size, thickness, and layers of GO. The sample was prepared by spin-coating diluted GO
dispersion onto an RCA-cleaned silicon substrate. The AFM was operated with tapping mode to
measure the GO surface and determine the height of the GO layers.

Fourier transform infrared spectroscopy (FTIR) (Vertex 70, Bruker, USA) was used to
determine the functional groups. The sample was prepared by drop-casting concentrated GO
dispersion on a KBr slide and drying it using a desiccator.

Photoluminescence (PL) spectroscopy (Edinburg Instruments, FLS920, USA) was used to
study the emission spectra of GQD, under excitation at 380 nm with a 900-W Xenon lamp as
excitation source, at room temperature. A 395 nm long-pass filter was used to differentiate the

second-order resonance peaks of excitation. The excitation spectrum was under 583 nm emission.
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X-ray photoelectron spectroscopy (XPS) (VG ESCALab 250, Thermo Fisher Scientific, USA)
was used to characterize the chemical composition, chemical state, and molecular structure of the
sample surface, usually for approximately 10 nm for polymers [105]. The samples were deposited
on the RCA-cleaned silicon substrate by drop-casting and drying in the desiccator. Before being
measured by XPS, plasma cleaning the samples by sputtering removed the contaminants layer.
Moreover, for insulating materials, the emission of electrons accumulates the positive charge on
the surface, so a compensation process was applied to the samples to neutralize the charge on the
surface by refilling the electrons from a combination ion gun. The source is monochromated Al K-

alpha as the x-ray source.

3.3 Results and Discussion for Material Characterization

3.3.1 Morphological analysis results

Figure 3-1 depicts the morphology and structure of dry GO under different magnifications.
Figure 3-1 (a) shows the edge of one piece of GO with many wrinkled layers. Figure 3-1 (b) shows
the square-shaped GO sheets, which are single-layered, few-layered, or multiple-layered GO
stacked together, with different thicknesses and shapes. Some of the large GO sheets have an area
in the range of hundreds of square micrometres (Figure 3-1 (¢)), indicating great potential for high
conductivity. The GO sheets have a layered structure, forming ultrathin homogeneous films. Some

are folded and wrinkled on the edges, distinguishing them from individual GO sheets.
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Figure 3-1. SEM images of GO (a) edge of GO sheet, (b) regular shaped GO sheets, (c) a large

area (115.8 2 pum?) GO sheet.

3.3.2 Crystallinity analysis results

Figure 3-2 shows the HRTEM images and Raman spectra, which indicate the crystallinity of
the GO structure. The HRTEM images, including a SAED pattern of GO at different
magnifications and the Raman spectra, show the structure of GO at the atomic level. The multi-
layered structure of GO sheets can be clearly observed in Figure 3-2 (a). Moreover, the molecular
level of the honeycomb structure can be seen. Several carbon hexagons combine to form the
honeycomb structure, indicating that the structure is intact basal plane. The surface of GO is
smooth across the entire area of the GO sheet, even where functional groups have been inserted
into layers of graphite. In some areas, the carbon lattice is rearranged or vacant, such as Stone-
Wales defects. The structure has few defects, showing it to be an excellent precursor for RGO
synthesis and further functionalization. SAED pattern is the reciprocal lattice of GO, which can be
used to understand crystal structure (Figure 3-2 b). The dark circular shape in the middle arises
from the probe. There are three concentric rings with different shades, extending from the middle.
Each ring represents each layer of GO. The white specks surrounding the rings represent lattice
points. These images indicate that this is a multiple-layer structure GO sheet with
incommensurable stacking of hexagonal structures, which results from functional groups

interacting with carbon [106].

41



(C) 30000 ~

25000

—— 1326.0017

1584,1432

20000

15000 -

Intensity

10000

S 2627.2805
{
7Lzm 7.1355

5000 "
~

{
{

1000 2000 3000
Raman shift

Figure 3-2. (a) HRTEM image of GO, (b) selected area diffraction (SAED) pattern, (¢c) Raman
spectrum of GO.

Raman measurements in Figure 3-2 (c) were taken to investigate the physical properties of
GO, including exfoliation degree and defects [107]. For the Raman spectrum of single-layer
graphene, the intensity band assigned for G represented for primary vibrational mode in the single
crystal is at around 1580 cm™, D band standing for structural defects and edges appears in
crystallites at 1,300-1,350 cm™ [108]. The structural imperfections mainly arise from the
attachment of the hydroxyl group and epoxide group on the basal plane. In addition, small
broadbands, called 2D peak or G’ peak, appear at around 2,700 cm™ under 632.8 nm laser
excitation [109]. Figure 3-2 (c) also shows several peaks: the D peak at 1,326 cm™'; the G peak at
1,584 cm’!; and the broad 2D peak contributed by two peaks at 2627 cm™! and 2917 cm’!. These
peaks confirm the production of GO. They also indicate defects in the structure induced by
oxygenated groups. With abundant functional groups, defects (represented by D peak) increase
greatly. However, these defects are not particularly concerning because they are not permanent and
can be rectified after the reduction of GO to RGO.

The ratio of the intensity of the D peak to the G peak, Ip/Is, is 1.25. This intensity can be used
to measure defects present in carbon materials. Since the D peak shows sp* bonded carbon atoms
by out-of-plane vibration and the G peak shows sp? bonding by vibrational mode, Ip/I; indicates
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the sp’/sp? carbon ratio, with larger values associated with highly oxidized materials [110]. For

ideal single-layered graphene, there is no D peak. Moreover, Ip/lg can also show the in-plane

crystallite size, La, which can be calculated using
Equation
_ —10y44 (I 7"
L, (nm) = (2.4 x 10~10) 14 (1—) 3-2
G
[109]:
-10Y 94 Ip -
L, (nm) = (2.4 x 10-10)4 (1—) 3-2
G

where A; (nm) is the wavelength of the laser source, which impacts Ip/lc. L, is calculated to be 30
nm or so.

2D bands split into wider bands with high frequency as functional groups are added into the
system, attributed to increased interaction between layers [111]. The split peak positions can be
used as a reference for several layers. The single peak is at 2,678 = 1 cm™! [112]. As the number of
layers increases, the peaks split and change positions. The value for the splitting is around 290 cm’
! indicating that most sheets are multiple layers. Intensity of 2D to G peak (I2p/Ig) roughly shows

the number of layers. As Iop/Ig is smaller than 0.5, it indicates multiple layers (n>10) [113].
3.3.3 Photoluminescence of GO

Figure 3-3 shows the PL emission and excitation spectra of GO. Figure 3-3 (a) shows that two
emission peaks in the emission spectrum of GO are at 435 nm and 496 nm under 380 nm laser
excitation. Figure 3-3 (b) shows the excitation spectrum of GO with the excitation peak at 275.5
nm. GO displays PL emission in the visible range with two peaks; one is a blue band, and another
is a long wavelength (LW) band. The dominance of the peaks is highly dependent on pH. The GO

dispersion in water has a pH of 6 or so measured by pH paper, such that the LW band is dominant,
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corresponding to the optical transition from the carboxylic group to carboxyl acid [ 114]. Therefore,
the PL spectra proves the presence of oxygen-containing functional groups. The types of functional

groups are analyzed by FTIR and XPS.
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Figure 3-3. PL spectra of GO; (a) emission spectrum, (b) excitation spectrum.
3.3.4 Chemical composition analysis results

Figure 3-4 shows the FTIR and XPS spectrum of GO to analyze the chemical composition.
XPS is used to characterize the functional groups of the sample surface. The different oxygenated
functional groups can be characterized in C Is spectrum. Figure 3-4 (a) shows the peaks at 283.6
eV, 285.7 eV, and 286.3 eV, corresponding to carbon-carbon double bonds (C=C), epoxy groups
(C-0O-C), and carboxyl groups (-COOH), respectively [115]. Figure 3-4 (b) shows the carbon peak
is at 286 eV and the oxygen peak is at 531.5 eV. The calculated intensity of the carbon-oxygen
atomic mass ratio (C/O) is 0.56. The high Ip/Ig ratio indicates sp>-hybridization caused by high
degree of oxidation, which coordinates with low C/O ratio in XPS result. In Figure 3-4 (c), the
FTIR spectrum shows different types of functional groups at various degrees. The most important

feature of GO is the O-H stretching vibration at around 3,000 — 3,500 cm™' [116]. The C=0, C-C,
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and C-O-C stretching are at around 1,730, 1,620 and 1,250 cm™!, respectively [117]. The polar
functional groups, especially hydroxyl groups attached to the surface resulting in the form of

hydrogen bonds with water molecules and presenting high hydrophilicity properties.
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Figure 3-4. (a) Deconvolution spectrum of C 1s, (b) XPS survey spectrum and (c) FTIR spectrum

of GO.
3.4 Summary

In summary, GO was prepared using the modified Hummer’s method. The synthesized GO
with high yield has different functional groups attached to the surface and edge. The large size of
the GO sheet is possible to achieve high-quality RGO in the reduction process. The wrinkles and
defects on GO are due to the oxidation and expansion of graphite, which can be partially restored
in the reduction process. This environmentally friendly method shows greatly preparing to GO in

mass production simply and cost-effectively.
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4 Synthesis of reduced graphene oxide

4.1 Introduction

Developing a novel two-step reduction method to synthesize reduced graphene oxide (RGO)
can improve the electrical conductivity and tune the work function of RGO for optoelectronic
applications. In GO, the sp® C-O bonds disrupt charge transfer in the C=C clusters of its
honeycomb structure. Restoring the graphene structure increases the conductivity by several
orders of magnitude [118]. By removing oxygenated groups via chemical reduction, GO is
converted to RGO, which is an ideal TCE to replace conventional TCEs like expensive, brittle ITO.
However, as discussed in Chapter 2, the main challenge with RGO is achieving conductivity
comparable to ITO.

In this chapter, RGO was synthesized by a two-step method to improve its electrical
conductivity and tune its work function. Transparent RGO film can be fabricated by spin coating
on a glass substrate. Moreover, free-standing films with high electrical conductivity, flexibility,

and robustness are applied in flexible electronic devices.
4.2  Experimental Process Development
4.2.1 GO thin film formation

The as-synthesized GO was diluted to 1 mg/mL and sonicated for 10 min to form a
homogeneous solution. Then, the aqueous GO dispersion was deposited on an RCA cleaned glass
substrate by spin coating. Spin coating was optimized by starting at 500 rpm for 10 s to initialize
the spreading of the solution on the substrate, then increasing to 1000 rpm for 30 s to thin the

solution layer, and finally at 250 rpm for 25 s to dry the film while maintaining thickness [119].
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4.2.2 RGO synthesis by L-AA green reductant

The GO material produced as described above was used in all the reduction experiments to
synthesize RGO. Two reducing agents, L-ascorbic acid (L-AA), and hydrogen iodide (HI) were
employed individually and successively. 10 ml of L-AA solution with a concentration of 3.5 mg/ml
was sonicated for 10 min to form a uniform mixture. An RCA-cleaned glass substrate coated with
GO thin film was immersed into the L-AA solution in a glass petri dish. In the two-step process,
the first reduction step reduces GO to an intermediate RGO, which is then further reduced to the
final RGO. Several experiments were carried out with L-AA (99%) and HI (distilled, 57wt% in
H>0) in different combinations (L-AA only, HI only, HI vapor, HI vapor + L-AA, L-AA + HI, and
HI + L-AA) with the HI reductant used in both liquid and vapor forms. The reduction temperature

was 90°C for with a duration in the range of 18 — 24h, except for the HI vapor (5h) case in which

the GO film on glass was exposed to vapor produced from boiling HI. Depending on the
combination, the intermediate (RGOr-aa, RGOn1, RGOw vapor) and final (RGOL-aa +n1, RGOmr +
L-AA, RGOHI vapor + L-aA,) RGO materials were obtained. A two-step reduction process was
performed by coupling reducing agents, HI and L-AA, to reduce GO to RGO films in Table 4-1.
In the first reduction step, the GO film is reduced to the intermediate RGO film, which is then
reduced to the final RGO film in the second reduction step.

Table 4-1. Two-step reduction to the synthesis of transparent RGO films

First Reduction Second Reduction
Temp., | Intermediate . Final RGO
Reductant Time | RGO film Reductant Temp., Time film
) 90°C, L-AA 90°C,
HI solution RGOm1 . RGO#+L-AA
15h Solution 15h
150°C, L-AA 90°C,
HI vapor RGOHI vapor . RGOHI vaportL-
5h Solution 15h AA
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L-AA 90°C, ‘ 90°C,
_ RGOL-aa HI solution RGOL-aa+HI
solution 15h 15h

4.2.3 Fabrication of RGO free-standing film

The as-prepared GO solution was sonicated for 10 min to form a homogeneous solution. 2 ml
of GO solution was deposited on a Whatman® Anodisc inorganic filter membrane (diameter: 13
mm; pore size: 0.02 um). Then, the GO solution was dried at room temperature by desiccant
overnight. After drying, the GO solution became a paper-like film, which can be peeled off, on the
Anodisc membrane. The free-standing GO paper was immersed into L-AA and then HI for 48 h,
heated on a hot plate at 150 °C. The produced RGO film is named A-RGO.

The as-prepared GO solution was sonicated for 10 min. 10 ml of the GO solution in a glass
bottle was heated at 150 °C by the hotplate until the solvent completely evaporated. Then the GO
solution became a paper-like film attached to the wall of the bottle. Then, the film was kept

annealed on the hot plate at 150 °C for 48 h. The produced RGO film is named S-RGO.

4.2.4 Formation mechanisms of RGO free-standing thin films

The key to making a free-standing thin film is to separate the thin film and the substrate
without damaging the film. Unlike glass or silicon substrate, Anodisc membrane filter is made of
alumina matrix with honeycomb pore to decrease the interaction between thin film and substrate.
During the thermal annealing to reduce GO to RGO, the thin film becomes rigid, this may be due
to the decreased layer distance so the increased interaction between RGO sheets larger than the
interaction between RGO sheets and the substrate. Therefore, after thermal annealing, the RGO

thin film can be peeled off.
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Figure 4-1 shows the optical images of produced GO and RGO free-standing thin film. The
produced RGO thin film is flexible and foldable. When it is folded, the RGO paper is not broken.
Similarly, when the water in the suspension evaporates, the concentration of GO in the suspension
rises, resulting in a large increase in sheet-to-sheet contacts and eventually stacking the sheets on
top of each other in the deposition process, generating a layer-by-layer nanostructure [120]. The
self-assembly of the GO thin film is formed in the liquid-air interface by heat aggregation, which
is driven by Brownian motion, and the hydrosol is decreased [121]. Therefore, the GO sheets have
more opportunities to collide and aggregate with each other when water is evaporated from the
hydrosol and new layers are aggregated with the existing layers in the liquid/air interface by van
der Waals interaction [121]. When the evaporation process is finished, GO thin film is formed to
hang in the air with edges attached to the bottle wall. Then, the dried GO thin film is reduced to

RGO by thermal annealing as discussed in Section 4.2.3.

®) ‘

(@)

Figure 4-1. Optical images of (a) graphene oxide (GO) thin-film before peeled off; (b) GO free-

standing thin film (A-GO); (c) reduced graphene oxide (RGO) free-standing thin film drying
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through Anodisc membrane filter (A-RGO); (d) RGO free-standing thin film by water evaporation

(S-RGO).

4.3 Material Characterization and Discussion

The samples were characterized by SEM (Leo 1530, Carl Zeiss AG, German) to study the
morphology of the GO and RGO films. The samples for SEM were prepared by drop-casting GO
solution on an RCA clean silicon wafer to form the GO film. The GO film was reduced by a two-
step reduction to RGO thin film. The SEM images were taken under an acceleration voltage of
10.00 kV.

Atomic force microscopy (AFM) (DI D3500 Nanoman, Veeco, USA) was used to measure
the lateral sizes, thickness, and the numbers of layers of GO and RGO. The samples for AFM were
prepared by spin-coating diluted GO dispersion onto an RCA-cleaned silicon substrate. The RGO
thin film was produced by reducing GO thin films. The AFM used tapping mode to measure the
GO surface and to determine the number of GO layers.

Raman spectroscopy (Ramascope dual-wavelength micro-Raman spectrometer, Renishaw,
Canada) was used to further investigate the detailed structure, including lattice and defects
changing from GO to RGO. Raman spectra of GO were measured due to the interactions of
photons in resonant functionality scattered with the electronic structure. The GO sample was
deposited on the Si substrate, and RGO thin film is fabricated by reducing GO.

PL spectroscopy (FLS920, Edinburg Instruments, USA) showed the structure of GO and RGO.
The GO solution was drop-casted on the Si substrate and immersed into L-AA solution for 24 h

and 48 h to form RGO.
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Ultraviolet-visible (UV-Vis) spectroscopy (UV-2501PC, Shimadzu, Japan) was used to
measure the transparency of the films.

The electrical conductivity of RGO was measured using a Semiconductor Parameter Analyzer
(Agilent 4155C, Agilent Technologies, Canada) connected to a 2-probe station inside a dark, sealed
chamber; sheet resistance was measured by the four-point probe (Model RM2, Jandel UK). The
semiconductor parameter analyzer measures the resistance of GO and RGO. Then, the conductivity
(o) was calculated using the length and cross-sectional area of the measured portion.

XPS (VG ESCALab 250, Thermo Fisher Scientific, USA) was used to determine the chemical
compositions of GO and RGO. The source was monochromated Al K-alpha as the x-ray source.
Before the measurement, the plasma-cleaning was applied to remove the contaminants on the
surface of GO and RGO films. The charge compensation was applied to the GO sample to reduce
the influence of the charge accumulation due to the insulating properties of GO thin films.

Ultraviolet photoelectron spectroscopy (UPS) (VG ESCALab 250, Thermo Fisher Scientific,
USA) measured the work function of RGO. The photon source helium discharge lamp emits energy
of 21.2 eV in the vacuum UV region. Since UPS only detects several nanometers of the surface,
the surface of the sample should be very clean. Therefore, samples were treated by plasma cleaning
for 60 s before the measurement. Plasma cleaning can remove hydrocarbon contamination attached

on the sample surface due to air exposure.
4.3.1 Visual characterization results

Figure 4-2 shows the SEM images of the GO and RGO films after different process stages as
listed in Table 4-1. Figure 4-2 (a) shows that GO has uneven surfaces and wrinkle layers, indicating
defects. As seen in Figure 4-2 (b) and Figure 4-2 (c), the one-step reduction improved the surface

structures of both RGOwn1 and RGOL-aa with the RGOn film exhibiting more uniform and smooth
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surfaces. This reveals less sheet aggregation and defects after the removal of oxygen functional
groups. Figure 4-2 (d) shows that the RGOL -aa+u1 film after the two-step reduction has minimal

defects and further improved uniformity compared to RGOr-aa and RGOwi.

Figure 4-2. SEM images of (a) GO solution, (b) RGOL-aa film (c) RGOw film, (d) RGOL-aa+HI

film.

Figure 4-3 shows the layered structure of free-standing GO and RGO film characterized by
the cross-section SEM. The thickness of multi-layered RGO film was measured by AFM. In Figure
4-3 (a) and Figure 4-3 (b), the thickness of A-RGO is about 3.8 pum and S-RGO is 4 um. The cross-
sectional SEM images show the multi-layered structure for both A-RGO and S-RGO, which

improves the mechanical strength and flexibility of the RGO thin film.
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Figure 4-3. SEM images of the cross-section of the free-standing thin films of (a) S-RGO and (b)

A-RGO.

4.3.2 AFM analysis of GO and RGO

Figure 4-4 exhibits AFM images and roughness of the GO and RGO films. AFM in tapping
mode was used to determine the thickness and roughness of GO and RGO thin films. Figure 4-4
(a) shows the AFM image of RGO; the height of the RGO film was around 15 nm. Figure 4-4 (b)
presents an AFM image of GO; the distance measured by the two points gives the height of GO
film, which is around 20 nm. Figure 4-4 (c) shows the roughness of the RGO thin film. Both root
mean square (RMS) roughness (Rq) and mean roughness (Ra) are used for detecting the variations
in roughness of the peaks and the valleys of the surface to analyze the uniformity of the film. The
Rq is 3.1 nm, and the Ra is 1.644 nm. The ratio of roughness to the overall thickness is 8.2 %.
Figure 4-4 (d) shows the roughness of the GO thin film with Rq at 7.3 nm and Ra at 3.4 nm and
the ratio of roughness to thickness is 17 %. The reduction of the film thickness from 23 to 20 nm
is due to the deoxygenation of the basal plane of GO. It should also be noted that the L-AA
reduction, which is the mild conditions, does not contribute to the creation of newer defects. The
change in surface hydrophilicity of GO may result from the decreasing oxygen content. The

inherent hydrophilicity of GO is due to the hydroxyl, epoxy, and carbonyl functional groups, and
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their reduction renders the RGO hydrophobic. This is concluded from the decreasing RGO

solubility in water and dimethylformamide (DMF) polar solvent.

Figure 4-4. AFM images of (a) RGO; (b) GO thin film, and roughness of (¢) RGO and (d) GO.

Figure 4-5 shows the thickness and roughness indicated by the AFM images of free-standing
GO and RGO. The root-mean-square roughness (Rq) of A-RGO 1is about 45.6 nm and S-RGO is
about 53.2 nm. The roughness of RGO thin films can be compared by the ratio of Rq to the
thickness, which is 0.6 % and 1.3 % for A-RGO and S-RGO, respectively. Therefore, both RGO

films have good uniformity. For A-RGO, forming of the free-standing film is due to the stronger
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interaction between GO layers than between GO and the substrate [122]. The Anodisc membrane
is an Aluminum oxide membrane with a porous structure, which reduces the contact area of GO
and the substrate [123]. The interaction between GO sheets is plane-plane contact geometry, which
is stronger than the plane-point interaction between GO and the substrate [122]. Therefore, the
drops on the substrate have a small contact angle with the substrate so little pressure difference as
in vacuum filtration to cause ripples. For S-RGO, as the water in the suspension evaporates, the
concentration of GO in the suspension rises, leading to a significant increase in sheet-to-sheet
interactions and finally stacking of sheets on top of one another in the ever-growing deposit,
forming a layer-by-layer nanostructure [120]. Therefore, the free-standing film produced by the
vacuum filtration method has a smooth surface but is limited in size. Conversely, that fabricated

by solution evaporation method has a large area.
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Figure 4-5. Atomic force microscope (AFM) images of (a) A-RGO and (b) S-RGO.
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4.3.3 FTIR analysis results of GO and RGO

Figure 4-6 presents the FTIR spectra of the GO and RGO thin films. As shown in the GO
spectra, the presence of broadband from 3,000-3,700 cm™ indicates the presence of hydroxyl
groups, which are due to the stretching vibrational mode of intercalated water. There is a band at
around 1730 cm™!, which is assigned to carbon-carbon double bonds. Furthermore, a band at
around 1620 cm™! represents carboxyl groups, and a band at around 1220 cm™! is determined to be
epoxy groups. The FTIR spectra confirms the presence of oxygenated functional groups in the GO
structure. In the RGO spectra, the peaks at around 3000 cm™ from the GO structure significantly
decrease or even disappear. This shows that hydroxyl groups can be thoroughly removed by L-AA.
However, the epoxy groups at around 1220 cm™ do not change much; the many hydroxyl groups
contained in L-AA cannot reduce the epoxy groups. The peak at around 1560 cm™, corresponding
to carboxyl groups, is slightly red-shifted; this is attributed to external influences, such as hydrogen
bonds in the water interacting with oxygenated groups to change the bond length [124]. Similarly,
the peaks from C=C bonds (around 1720 cm™) are also slightly red-shifted due to vibration with
L-AA. In summary, FTIR results show that L-AA can eliminate a significant amount of hydroxyl
groups and some carboxyl groups, but has little effect on epoxy groups, which are weak in GO. In
addition, the absence of -OH in the RGO FTIR spectrum indicates that GO has been successfully

reduced to RGO.

56



0.7 - ——rGO
—— GO

Transmittance (%)

CO, in the air
(ignore it)

M %W“WWWWWWWWWWW

T T
1000 1500 2000 2500 3000 3500 4000

0.0

-0.1

Wavenumer (cm™)

Figure 4-6. FTIR spectra of GO and RGO.

4.3.4 Structural results of GO and RGO

Figure 4-7 shows the Raman spectrum of single-layer graphene, typically containing distinct
G and D bands, of the spectra of the GO and RGO films. In general, the G band at 1,580 cm™ or
so represents the primary vibrational mode in the single crystal, and the D band at 1,300-1,350 cm”
l'is related to structural defects and edges appearing in crystallites [108]. It refers to the second
elastic scattering by a phonon in the disordered region. In pristine graphene, the D band does not
exist because of the crystalline symmetry. In GO, the graphite structure has defects and attached
functional groups by the oxidation process resulting in the appearance of a D peak. After reduction
of GO, the change of D band shows the disorder and defects restored. Higher intensity of the
disorder-induced D-band means degraded crystallinity in graphite-based materials. In addition, a
secondary D band, the 2D band, at 2,690 cm™!, located at a double frequency of D band or so is

due to two-phonon, double resonance processes and is related to the number of graphene layers

due to the electronic band structure splitting in multi-layered graphene [125]. The splitting of in-

57



plane phonon bands is due to the discrete wave vectors. In addition, the 2D band has two peaks
2D band, the higher energy shoulder and the 2D, band, the lower energy shoulder. This spitting
is caused by the m and ©* electrons energy interaction in the next graphitic lattice [125]. For the
GO sample, D and G bands are at 1,330 cm™!, and 1,595 cm’!, respectively, indicative of pristine
graphite lattice, and the 2D bands are at 2,640 and 2,912 cm! to show the number of layers and
defects. For RGO, the D band is still at 1,330 cm™', while the G band has a redshift to 1,581 cm™,
which is closer to the theoretical value of 1,580 cm™. Moreover, the two 2D bands also get closer
with one at 2,662 cm™ and another at 2,907 cm™!. Higher intensity of the disorder-induced D-band
means degraded crystallinity in graphite-based materials. The ratio between the D and G band
intensities, Ip/IG, is a measure of the graphite-like (sp?) and diamond-like (sp°) bond ratios and is
indicative of disordered carbon [126]. Figure 4-7 shows that the Ip to Ig ratios for GO and RGO
samples are 1.49 and 1.21, respectively. The reduced ratio indicates that the reduction process
increases sp® and decreases sp® bonds.
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Figure 4-7. Raman spectra of GO and RGO thin film.
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4,35 Chemical composition of GO and RGO thin film

Figure 4-8 shows XPS of GO and RGO thin films. Figure 4-8 (a) and Figure 4-8 (b) show the
XPS survey spectra of the GO and RGO films, respectively. The peaks around binding energies of
285 eV and 532 eV correspond to the electrons removed by x-rays from C (1s) and O (1s) levels,
respectively [127]. Each level consists of different functional components. The elemental C/O ratio
can be estimated using the C (1s) and O (1s) peaks [128]. Data in Figure 4-8 (a) and (b) indicate
that the C/O ratio was 0.56 for GO and 1.48 for RGO. The increase in the ratio by 1.64 times
indicates the effectiveness of the L-A A reduction process. The functional group changes due to the
reduction process are further analyzed by considering the C (1s) signal in both cases. Figure 4-8
(c) and Figure 4-8 (d) show the raw XPS data and the deconvoluted peak components (C=C, C-O,
C=0) for the GO and RGO samples. In the graphene oxides, the peak centered at 284 eV
corresponds to sp? carbon and the ones around 286 eV are due to the oxidized carbons [115]. In
Figure 4-8 (c), the C=C, C-C, and epoxy groups are centered at 283.6 eV, 285.7 eV, and 286.3 eV,
respectively. After reduction, the main peak is at 284.5 eV, and small peaks are at 285.5 eV and
288.1 eV (see Figure 4-8 (d)). Comparing both figures, the peak area in C=C of RGO is larger than
oxygenated functional groups, unlike the comparative area of C=C and C-O in GO. Thus, the
chemical composition analysis further confirms the effectiveness of L-AA in oxygenated
functional group removal and restoration of sp® hybridization structure. As for chemical
composition changes, XPS results confirm with FTIR results that large amount of oxygenated
functional groups are removed during the reduction. As for structural change, disappearance of C-
C peak in RGO confirms with Raman result that In/IG is decreased. The chemical composition and

atomic structure changes bring the smaller sheet distance and larger interaction between layers, as
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consistent with AFM results. Therefore, delocalized electrons in RGO layers can have a smooth

movement, and the product changes from an insulator (GO) to the semiconductor (RGO).
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Figure 4-8. (a) XPS spectra of C 1s of GO, (b) XPS spectra of C 1s of RGOL-aa, (c) XPS survey

spectra of GO and (d) XPS survey spectra of RGOLr-aa.

4.3.6 Electrical conductivity of RGO and optimized factors

Electrical conductivity can be regarded as a powerful indicator for deoxygenated graphene.

The two-probe IV semiconductor parameter analyzer was used to measure the conductivity. GO is

an insulator; hence no value could be detected in conductivity measurements. The significant

increase in conductivity confirms that GO (10! — 10"'° S/m) was reduced to RGO (> 100 S/m).
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The synthesized RGO with high conductivity of 967.8 S/m can be applied as a TCE in
photovoltaics, especially in low-current devices.

Table 4-2 shows the lowest sheet resistance and highest conductivity of A-RGO and S-RGO.
The range of the sheet resistance of A-RGO is 381.1 = 109.2 Q/sq, and the corresponding
conductivity is 752.25 +215.55 S/m. For S-RGO, the range of the sheet resistance is 1675 + 355
Q/sq, and the corresponding conductivity is 156 + 33 S/m. The electrical conductivity and sheet
resistance depend on the restoration of the carbon sp? conjugation system [122]. The electrical
conductivity can be influenced by the thickness, layer distance, and so on. Because the GO thin
film is formed by natural gravity, a large separation between layers exists as shown in the SEM
images (Figure 4-3). This large distance between each layer allows the barrier for the delocalized
electrons to transport. Moreover, during thermal annealing, defects and residual oxygen-containing
functional groups influence the restoration of the conjugation system [46]. Rapid heating (>2000
°C/min) thermally reduced GO film achieved higher C/O and electrical conductivity but introduced
defects into the graphitic structure during the exfoliation process occurred while the temperature
increased [44]. Therefore, the trade-off between the thermal annealing temperature and the

structure change may limit the electrical conductivity.

Table 4-2. Best value of electronic properties of RGO free-standing films

RGO Sheet resistance (€2/sq) Conductivity (S/m)
A-RGO 271.9 967.8
S-RGO 1320 189
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Reduction temperature, reduction time, the concentration of reductants, concentration of
precursor, and reductant type are important factors that affect the sheet resistance. In Figure 4-9,
the sheet resistance of RGOL-aa drops when the temperature increases from 80 to 95 °C. The sheet
resistance decreased from 1600 k€/sq to 111 k€Q/sq when the temperature increased from 80 to 90
°C, but when the temperature increased from 90 to 95 °C, the sheet resistance increased again from
111 k€/sq to 294 kQ/sq. The reduction reaction of L-AA and oxygen-containing functional groups
is the reversible reaction (Figure 2-3), heating can promote the reaction to the right side. L-AA is

a mild reductant, a high temperature (> 70 °C) causes the degradation of L-AA [129].
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Figure 4-9. Reduction temperature vs sheet resistance of RGO.

Figure 4-10 shows the electrical properties of the RGO films, including conductivity, sheet
resistance, and optical transmittance to investigate the potential for transparent electrodes. Figure
4-10 (a) shows the electrical conductivity vs. reduction time for RGOL-aa films. The retention time
for 16 h resulted in a low conductivity probably because the functional groups cannot be fully

reduced. Reduction durations in the range of 1824 h resulted in a reasonably high electrical
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conductivity (i.e., 360 — 480 S/m). For durations of 48 h and 72 h, the conductivity drops again
because film hydrophobicity becomes a dominant feature as discussed in the SEM section, and the

poor film attachment to the surface results in cracking and flaking in the L-AA solution.
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Figure 4-10. Reduction time vs sheet resistance of RGO.

Figure 4-10 (b) shows the optical transmittance of single- and three-layered RGOp-aa films.
The single-layer film with a thickness of 20 nm or so has high transparency over a broad
wavelength range, underlining its potential for application in transparent electrodes. Figure 4-10
(b) also shows the transparency from 90% or so for single-layer to 70% or so for the triple-layer
film.

The concentration of precursor is also an important factor in the conductivity. Figure 4-11
shows that the conductivity is increasing with an increasing concentration of GO. The
concentration of 0.1 mg/ml or 0.5 mg/ml of GO can produce a thin and non-uniform film (Figure
4-2). After reduction, lattice defects were produced so that delocalized electrons travelling paths

were blocked by shortening the ballistic transport path and creating scattering centers, which
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invariably impact the product's electrical properties [130]. For a high concentration of 1 mg/ml, a
uniform film can be produced (Figure 4-2). The proper GO concentration can produce films with

few defects, which lengthen the delocalized electron's path, so the conductivity can be improved.

1000
800
600

400

Conductivity (S/m)

200 +

T T T T T T T T
0.0 02 0.4 06 0.8 1.0
GO concentration (mg/ml)

Figure 4-11. Reduction concentration of GO vs sheet resistance of RGO.

Figure 4-12 shows that the reductant used also plays an important role in sheet resistance.
Different reductants were tested to further explore ways, including the development of a two-step
reduction process with L-AA and HI (both liquid and vapor) reductants, to improve the electrical
properties. Figure 4-12 shows the measured sheet resistance of RGO films (all single-layer,
comparable thickness of 20 nm or so) produced using various reductants. The process with L-AA
in the first step and HI in the second step results in the lowest sheet resistance 59.8 k€)/sq. From
the reduction reaction (Figure 2-3 and Figure 2-4) L-AA and HI can both remove hydroxy and

epoxy groups, and their combination seems to be the most efficient to reduce GO.
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Figure 4-12. The sheet resistance of RGO thin-film is reduced by different reductants.

4.3.7 Work function of RGO

4.3.7.1 UPS introduction

Besides conductivity, the work function is an important property of RGO, which can be
measured by UPS. The work function is defined as the minimum energy to extract electrons from
the materials. The work function is not an intrinsic property because it is affected by the surface
impurities, film uniformity, crystal orientation, and so on [131].

To measure the work function, UPS can measure kinetic energy (KE) or binding energy (BE),
and the work function can be calculated using Equation ¢ = hv — (E r— Ecuto ff)4-1 [131],

¢ = hv — (Er — Ecutosy) 4-1

where hv is the photon energy of the excitation light, Er is the Fermi level energy, and Ecufis the
inelastic high binding energy cut-off energy.

A 500 nm e-beam evaporated Alumium film is measured as the reference sample to calculate

the work function from UPS spectra. Figure 4-13 shows the UPS spectrum of Al. In Figure 4-13
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(b), the secondary cut-off energy is at 19.5 eV, so the work function is calculated as 21.2-(19.5-

2.5)=4.2 eV, which is the same as the theoretical value [132].
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Figure 4-13. (a) UPS spectrum of Al by 2.5 eV bias; (c) first derivative of the intensity of Al from

17.5t0 21.5 eV.

4.3.7.2 UPS of GO and RGO

Figure 4-14 shows the UPS spectra of the RGOr.aa and RGOL aa + 11 films. hv was 21.22 eV
because helium I discharge was used as the UV source. A voltage bias of 5 eV was applied to the
measurements with RGO films. In Figure 4-14 (b), the black arrows show Eyax — Eygn and Eyp
of the spectrum of RGOLr.aa + n1. The cut-off edge is calculated according to the procedure
described in [133], by focussing on the circled region of Figure 4-14 (a) and finding the point
corresponding to the largest slope by taking the first derivative. Figure 4-14 (b) shows that the cut-
off values are 10.08 eV and 8.64 eV for the RGOL.aa and RGOL.aa + n1 films, respectively. The
Fermi edge is located at 21.22 + bias, i.e., 26.22 eV. The work function of RGO¢r-aa is thus

calculated as 5.1 eV [ie., 21.22 — (26.22 — 10.08) = 5.1 eV], and that for RGOr-aa + 11 1s 3.64 eV
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[ie., 21.22 — (26.22 — 8.64) = 3.64 e¢V]. The progressive removal of oxygen functional groups
(carboxyl, epoxy, and hydroxyl), as also seen in XPS, leads to the reduction in work function (¢).
The reduction in ¢ by removal of O-functional groups in GO via prolonged UV irradiation was
also reported by others [134]. UPS on the un-reduced GO films was performed, for which a bias
of 10 eV had to be applied, which resulted in a broader and slightly low-intensity UPS spectrum.

As expected, a higher ¢ value (= 5.9 eV) was obtained for GO following a similar procedure.
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Figure 4-14. (a) UPS spectra of the RGOr-aa and RGOr-aa + ur films measured with helium I
discharge and 5eV bias. (b) Determination of the energy cut-off focussing on the circled region of

(a), following the procedure described in [133].

Overall, the drop in ¢ from GO to RGOLr-aa to RGOLr-aa + 11 shows that a broader range of
work function tunability in RGO can be achieved by controlling the reduction processes. This can
lead to enhanced applications, including carrier-selective electrodes. Finally, the UPS method is
particularly sensitive to surface contamination, but the precaution was taken in all experiments by
plasma-cleaning the samples within 60 s before the UPS measurements. The procedure adopted to

estimate ¢ from measured UPS data may also add minor uncertainty. Nevertheless, the relative

67



range of tunability by employing the two-step reduction process is established. The work function
depends on the presence of different oxygenated functional groups. The work function is dropped
from GO to RGOr-aa to RGOL-aa + 11 resulting from the presence of surface dipole moments
forming from the oxygen functional groups which disrupt the m-conjugation network. The
concentration of functional groups is one of the factors. In DFT calculation, the concentration of

carbonyl groups increases from 1.5% to 20%, the WF of GO changes from 4.4 to 6.8 eV [76].

4.3.8 Photoluminescence of RGO

GO and RGO can both be considered disordered forms of the base hexagonal structure of
graphene, resulting in non-zero bandgaps and desirable photoexcitation properties [135]. The GO
materials, consisting of variable sp?> and sp® fractions, can exhibit photoluminescence (PL)
resulting from localized electron-hole pair recombination in the sp? clusters [136]. Figure 4-15 (a)
and Figure 4-15 (b) show the photoluminescence (PL) spectra of the GO and RGO samples,
respectively. Both figures show the measured data and the deconvoluted fitting peaks. The PL of
GO has centered at 520 nm and 760 nm in Figure 4-15 (a). To prepare the RGO for PL
measurements, GO solution (4 ml) was mixed with L-AA (2 ml) and DMF solvent (4ml) and the
reduction process was carried out. Figure 4-15 (b) shows the PL spectra of RGOL-aa, with the main
peak position considerably blue-shifts to 430 nm and 465 nm, and the small peak shifting to 600
nm. The main peak also becomes narrower. The reduction processes in GO produce new sp>
clusters and decrease the number of disorder-induced defect states in the gap [137]. The former
explains the blue-shifting and the latter the narrowing of the main peak. This also agrees with what
was observed from the Raman analyses. Overall, the reduction process offers tunability with

varying sp? and sp® fractions and restores the structure with reduced defects in RGO.
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Figure 4-15. Photoluminescence spectra of the (a) GO and (b) RGOr-aa samples show the

measured data as well as the deconvoluted fitting peaks.

4.3.9 Formation mechanisms of RGO free-standing thin films

The key to making a free-standing thin film is to separate the thin film and the substrate
without damaging the film. Unlike glass or silicon substrate, Anodisc membrane filter is made of
alumina matrix with honeycomb pores to decrease the interaction between the thin film and
substrate. During the thermal annealing to reduce GO to RGO, the thin film becomes rigid, this
may be due to the decreased layer distance so the increased interaction between RGO sheets larger
than the interaction between RGO sheets and the substrate. Therefore, after thermal annealing, the
RGO thin film can be peeled off.

Figure 4-16 shows the optical images of produced GO and RGO free-standing thin films. The
produced RGO thin film is flexible and foldable. When it is folded, the RGO paper is not broken.

Similarly, for the water evaporation method, as the water in the suspension evaporates, the
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concentration of GO in the suspension rises, leading to a significant increase in sheet-to-sheet
interactions and finally stacking the sheets on top of each other in the continuing deposition,
forming a layer-by-layer nanostructure [120]. The self-assembly of the GO thin film is formed in
the liquid-air interface by heat aggregation, which is driven by Brownian motion, and the hydrosol
is decreased [121]. Therefore, the GO sheets have more opportunities to collide and aggregate with
each other when water is evaporated from the hydrosol and new layers are aggregated with the
existing layers in the liquid/air interface by van der Waals interaction [121]. When the evaporation

process is finished, GO thin film is formed to hang in the air with edges attached to the bottle wall.

(b)

(@

Figure 4-16. Optical images of (a) graphene oxide (GO) thin-film before peeled off; (b) GO free-
standing thin film (A-GO); (c) reduced graphene oxide (RGO) free-standing thin film drying
through Anodisc membrane filter (A-RGO); (d) RGO free-standing thin film by water evaporation

(S-RGO).

4.4  Summary

In summary, a mild two-step method is demonstrated to produce RGO. The two-step reduction

process reduces GO to synthesize solution dispersed RGO, which was then formed into films with
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a thickness of 20 nm or so. The GO starting material was formed from inexpensive commercially
available graphite flakes. The uniform RGO films produced from a defective GO were
characterized by structural, optical, and electrical properties. The combination of L-ascorbic and
hydroiodic acids help eliminate residual-oxygenated functional groups after the first reduction.
The film transparency was 90% or higher over a wavelength of 450 — 800 nm. The work function
of the RGO material, characterized by ultraviolet photoelectron spectroscopy, is in the range of 3.6

— 5.1 eV. Thus, the choice of reduction process can effectively control the work function of RGO.
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5 Device Application of Reduced Graphene Oxide

RGO with high electrical conductivity and effective work function was used as a gate metal
in MOSCAP devices. This device is used to study the quality and reliability of the oxide by C-V
measurements. The RGO gate metal used in the device potentially replaces traditional metals. The
RGO is synthesized by thermal annealing to increase the conductivity and improve uniformity.
The conductivity of the RGO deposited on the SiO»/Si is measured by the four-point probe method
and the work function is measured by UPS. The metal-semiconductor work function difference is
calculated to prove a better match than Al. The MOSCAP device with RGO as the gate metal

shows high performance by C-V measurements.
51  MOS Device Structure with RGO electrode

The MOS device was fabricated to evaluate C-V characteristics with RGO as the top contact.
The MOS device is a sandwich structure with a thin layer of oxide in the middle of gate metal and
Si substrate. In the reference device, Al is used as the gate metal and back contact, 10 nm SiO> was
deposited on the p-Si substrate, which is to compare with RGO-based MOS devices. In this device,
fabrication and operation of MOS device built using RGO as the gate metal. RGO exhibits high
conductivity and work function which is a better choice for the gate metal instead of Al. The area

of RGO is controlled to be as small as possible to transport most carriers.

i

$i0,
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Figure 5-1. Device schematic of MOSCAP device.
5.2  Device Fabrication
5.2.1 Device fabrication procedure

The device fabrication process is as follows. A p-type silicon wafer with (100) surface
orientation doped by boron with 1-5 Q-cm resistivity and 525 £+ 25 pm thickness was first passed
through RCA 1, hydrofluoric acid (HF) etching, RCA 2 and HF etching process in time sequence.
Then, before the wafer went to the Rapid Thermal Processor (RTP600S, Modular Process
Technology Corp., USA) system for thermal growing silicon dioxide (Si0O2), the wafer was dipped
in 2% HF solution for 1 min to remove the naturally grown oxide layer. SiO2 was then grown with
a 60 s ramp to 1000°C in N> ambient, then a 5 s hold at 1000°C in both N> and O», 25 s hold at
1000°C with pure O2, and 5 s hold at 1000°C in both N> and O,. The sample was then cooled down
to room temperature in N> ambient in 60 s. The thickness of the SiO: layer measured by the
ellipsometer (M-2000, J.A. Woollam, USA) was 10 nm. Then, before depositing back contact on
the backside of the wafer, the oxide on the backside of the wafers was removed in 2% HF solution
for 1 min using a PTFE holder that seals one side of the wafer using the O-rings. A 320 nm thick
aluminum layer was thermally deposited on the backside by a thermal evaporator (NCII-6EB-T,
Intlvac Inc, Canada) as the back contact. The deposition rate is about 2 A/s at the power of 12.8 %.
Finally, the back contact was sintered using an ultraclean furnace (Tytan, Tylan Corporation, USA)

in forming gas (N2/Hz) at 400°C for 30min.
5.2.2 RGO as gate metal fabrication

The RGO gate metal was fabricated by drop-casting GO on Si substrate and reducing it to
RGO. Then, 2 pl 0.78 mg/ml GO was drop-casted on the front side of the wafer as the top contact
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through a Kapton tape mask to control the area to 0.007 cm?. Finally, the film was sintered to 300°C

using a hot plate (Cimarec+™ Stirring Hotplates Series, Thermo Fisher Scientific, USA) for 3 h.
5.2.3 Al as gate metal fabrication

The Al gate metal was fabricated by thermal annealing. The area of Al is the same as RGO at
0.007 cm?. Thickness at 110 nm Al was deposited at the deposition rate of 2 A/s by setting the
power at 12.8 % for 30 min. Then, the top contact was sintered at 400 °C for 30 min with forming

gases (N2/H).
5.2.4 Characterization

Semiconductor Characterization System (Keithley 4200A-SCS, USA, equipped with the 4210-
CVU Integrated C-V Option software) was used to make measurements of C-V. The accumulation,
depletion, and inversion regions can be identified from the C-V curve. The C-V curve was
measured at a frequency of 1 MHz with one probe on the RGO gate metal and another probe on
the stage.

Raman spectroscopy (Renishaw micro-Raman spectrometer, Canada) was used to explore the
defects and structure from GO to RGO. Excitation was accomplished by using laser wavelengths
at 633 nm (red, He-Ne). Raman spectroscopy was equipped with a reflected light microscope
which enabled the analyzed area of 5 micrometres.

XPS (Thermo Fisher Scientific, VG ESCALab 250, USA) showed the oxygen-containing
functional groups and the carbon to oxygen (C/O) ratio of RGO. The surface of the sample was
first sputtered clean for 60 s to remove the contaminants. The source was a monochromated Al K-

alpha laser.
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UPS (Thermo Fisher Scientific, VG ESCALab 250, USA) measured the work function of RGO.
The photon source was using a helium discharge lamp which emits energy of 21.2 eV in the
vacuum UV region. The samples were plasma-cleaned for 60 s to remove the contaminants on the
surface before measurements.

Four-point probe (Jandel RM2, UK) measured the sheet resistance of RGO film deposited on
the Si0/Si substrate. Two probes in the middle measured the current and the other two probes

measured the voltage that was applied to the samples. The spacing between the probes was about

1 mm. The sheet resistance was measured by Equation
Ry =" 5-1
kv
R = - 5-1

where £ is the geometric factor, for the semi-infinite thin sheet, k=n/In2=4.53 [138].
5.3  Results and discussion
5.3.1 Capacitance-voltage measurement of MOSCAP

In Figure 5-2, the C-V curve characterizes MOSCAP with Al and RGO as gate metal,

respectively. The theoretical oxide capacitance is calculated as in Equation

Ag 3.9x8.85x10"14x0.007 _
== — =25%x10"°F 5-2
tox 100x10~8

CO X

_ Ag,,  3.9x885x 107 % 0.007
ot 100 x 10-8

=25%x107°F 5-2

CO X

where 4 is the area of the oxide layer, &,, is the dielectric constant of Si0> and ¢, is the thickness
of the oxide layer. The oxide capacitance measured by the C-V curve is about SE-9 F as shown in
Figure 5-2 (a). This result shows good agreement with the theoretical value in the same order of

magnitude. Moreover, the accumulation, depletion and inversion regions are shown in the C-V
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curve. The flat band voltage (Vrg) is calculated from the slope of 1/C? verse gate voltage, which
is -1 eV [139]. In Figure 5-2 (b), the MOSCAP device with RGO gate metal shows the
accumulation, depletion, and inversion region. The flat band voltage is calculated as -0.4 eV. The
oxide capacitance has a small disagreement with the calculated value due to the contact resistance
between RGO and the oxide layer. The conductivity of RGO cannot be comparable with Al, so the
measured oxide capacitance is not that accurate. Although there is some mismatch, the shape of

the C-V curve is consistent with the high-frequency C-V characteristic.
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Figure 5-2. C-V curve of MOSCAP with (a) Al and (b) RGO as gate metal and flat band voltage

of (c) Al and (d) RGO.
5.3.2 Structural analysis of RGO

Figure 5-3 shows the Raman spectra of RGO gate metal compared with GO to show the

structure change from reduction. The D peak of GO is centered at 1332.84 cm’!, and the G peak is
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at 1573.66 cm™!, while for RGO, the D peak is centered at 1331.86 cm™!, and the G peak has a blue
shift to 1587.37 cm’!. The blue shift is due to the frequency of phonons interacting with the incident
photon increased due to hole doping, which is usually in the thermal annealing process [140]. The
2D peak is shifted from 2674.01 to 2661.28 cm™. Moreover, the intensity ratio of the D and G
bands (Ip/lg) can characterize the degree of disorder in graphene. Ip/lg is hon-monotonic as the
function of the average distance between defects (Lp). In small Lp at around 4 nm, Ip/lg increases
with the Lp increasing, but in large Lo >4 nm, o/l decreases with increasing Lo [44]. Therefore,
the increasing ratio is caused by the small size of sp? domains in the GO and decreasing ratio is
caused by the large size. The Ip/lc of GO and RGO are 0.8 and 1.23, which shows the increase in
the small size domains. Thermal annealing is different from chemical reduction, it also removes

carbon atoms and splits the graphene sheets into small pieces [130].
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Figure 5-3. Raman spectra of RGO gate metal.

5.3.3 Chemical compositions of RGO

Figure 5-4 illustrates the XPS spectra of RGO gate metal in C 1s and the survey spectrum to

show the chemical composition of RGO. In Figure 5-4 (a), the deconvoluted C 1s spectrum shows
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the functional groups in RGO. The sp? hybridized carbon is centered at 284.57 eV, C-O is at 285.73
eV, and n-nt* satellite is at 291.33 eV. The satellite structure is due to the extended delocalized
electrons (aromatic rings) in samples, usually 6 eV from the main peak of C 1s [141]. The result
indicates the decomposition of oxygen-containing functional groups and aromatic carbon structure
restored in RGO. In Figure 5-4 (b), the survey spectrum shows the C 1s peak at 285 eV and the O
Is at 533 eV. The carbon to oxygen ratio (C/O) is calculated as 3, which is higher than that of

chemically RGO. The high C/O ratio indicates a high electrical conductivity.
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Figure 5-4. XPS spectra of RGO gate metal (a) C 1s and (b) survey spectrum.

5.3.4 Electrical conductivity of RGO

Figure 5-5 presents the sheet resistance and electrical conductivity of RGO gate metal at
different concentrations of RGO. The electrical conductivity of GO at 1.04 mg/ml and 0.78 mg/ml
is at around 4000 S/m (250 €/sq) and 2333 S/m (558.5 Q/sq), respectively. The high electrical
conductivity makes RGO the gate metal comparable with Al. For GO at 1.04 mg/ml, the sheet
resistance is measured from the edge to the center, then to the edge. The electrical conductivity is
highest in the center of RGO and decreases to the edge. The drop-casting film of RGO has a higher
thickness in the center than at the edge. Compared to chemically reduced RGO, the sheet resistance

and electrical conductivity increased significantly. This result also confirms higher C/O for
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thermally reduced RGO. However, the thermal annealing process decreases the attachment
between the film and substrate. The large-sized film covered the substrate is easily peeled off;

therefore, thermal annealing limits the area of the film.
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Figure 5-5. Sheet resistance of RGO gate metal synthesized by different concentrations of GO.
5.3.5 Work function of RGO

Figure 5-6 measures the work function of RGO gate metal by UPS spectrum. Figure 5-6 (a)
shows the UPS spectrum of RGO and Figure 5-6 (b) shows the first derivative of the UPS spectrum
to find the cut-off point. The cut-off point is at 9.7 eV and the work function of RGO is calculated
as:
21.2 - (2124+5-9.7) =47 eV 5-3
In the MOS device, the work function difference between semiconductor and metal indicates

the contact resistance. The work function difference is calculated as:

5-4

79



where Ww is the work function of gate metal, Ws is the substrate material work function, Egg is
the substrate bandgap, and @z is the bulk potential and Npuik is the bulk doping concentration. For

Al,

1.12
WMS = 41—-4.15+ — 1.46 = —0.95 eV 5-5

and for RGO,

1.12
WMS = 4.7 —4.15+ — 1.46 = —0.35¢eV 5-6

The work function difference is smaller than Al. Therefore, the high work function of graphene
can match better than the traditional metal.
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Figure 5-6. (a) UPS spectrum of RGO gate metal measured with He I discharge and 5 eV bias and

(b) Determination of cut-off point focusing on the yellow region.
5.4 Summary

This chapter aims at the second objective. A simple MOSCAP device with RGO as gate metal
was fabricated based on the optimized process for RGO, SiO; layer and Al deposition. The C-V

measurement clearly showed accumulation, depletion, and inversion region of the MOSCAP
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device. The RGO structure and chemical composition were characterized by Raman and XPS.
Compared with chemically reduced RGO, thermal annealing can remove most oxygenated
functional groups and have higher C/O. The electrical conductivity is enhanced to 5000 S/m due
to the recovered structure and functional groups removal. Moreover, the high work function of

RGO shows a low work function difference between the gate metal and the semiconductor.
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6 Synthesis of Graphene Quantum Dots (GQDSs)

As discussed in Chapter 1, the third objective of this thesis is the synthesis of high-quality
GQDs by pH control to enhance device adaptability. In this work, a novel stepwise method is
produced by using both strong acid and H2O: to oxidize graphite. The produced GQD has a
quantum confinement effect and excellent stability. With the assistance of H>O>, the oxidation
process was improved to cleave graphite into smaller-sized pieces, so the peak center of PL is in a
range of 480-520 nm. Using graphite as the precursor, the graphitic structure can remain. Moreover,
the functional groups and conjugated structure also influence the intensity of PL spectra. Moreover,
the post-treatment modifies the pH of GQDs to neutralize the acidic solution and prepares for film
deposition. The GQD film also exhibits a high PL intensity. The object of this chapter is to show

the effects of H,O on PL properties of GQD and investigate the mechanism of PL.
6.1  Process Development for Top-down GQD synthesis

In the oxidative cleavage process, GQD was first oxidized by concentrated H>SO4 and HNO:s.
300 mg graphite was added in a 100 ml beaker on a hot plate with stirring. Then, 60 ml H>SO4 and
20 ml HNO;3 were slowly added. The mixture was stirred for approximately 20 min until the
temperature cooled to room temperature. Then, the temperature was set to 125°C, 150°C, 175°C
and 200°C for 25 h for each sample. Then, 40 ml product was cooled down to room temperature
purified by centrifuging at 6000 rpm for 5 min and filtrated by a 0.02 pum filter. The prepared
samples were called GQD-125°C-1, GQD-150°C-1, GQD-175°C-1 and GQD-200°C-1.

Then, the product was further oxidized by hydrogen peroxide. Table 6-1 shows the two-step
preparation temperature and time. 5 ml 30% H>O> was added to the remaining 40 ml solution.

Then, the solution was separated into two parts. For One part, the solution was mixing solution in
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10-30 min. These samples were called GQD-125°C-2, GQD-150°C-2, GQD-175°C-2 and GQD-
200°C-2. For the other one, the solution was heated to 100°C for 24 h. These samples were called
GQD-125°C-3, GQD-150°C-3, GQD-175°C-3 and GQD-200°C-3. The two kinds of products
were purified by centrifuging at 9000 rpm for 5 min and filtrated by a 0.02 um filter. Purified
GQDs were redispersed into the water with sodium hydroxide (NaOH) until pH at 7. Then, the
solution was dialyzed using a dialysis tube (Sigma-Aldrich, molecular weight cut-off (MWCO) 1
kDa, PURG10015) to obtain GQDs overnight. Finally, the prepared samples were stored at 4°C in
a fridge. Table 6-1 shows the GQD preparation process and sample names.

Table 6-1. Two-step GQD preparation

H,0» H,O; reaction
Name Strong acid Strong acid temperature H,0,
temperature time
125°C, 150°C, 175°C,
GQD-1 H>SO4/HNO:s No
200°C
125°C, 150°C, 175°C,
H>SO4/HNO:s Yes 25°C 30 min
GQD-2 200°C
125°C, 150°C, 175°C,
GQD-3 H>SO4/HNO3 Yes 100°C 24 h
200°C

6.2  Sample Characterization

Raman spectroscopy (Renishaw ramascope dual-wavelength micro-Raman spectrometer
equipped with a reflected light microscope, Canada) with a Raman shift resolution of 0.5
wavenumbers was used to investigate the structure and defect in crystallinity of GQDs; laser

wavelengths were used for 633nm as the excitation wavelength (red, He-Ne).
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XPS (Thermo Fisher Scientific, VG ESCALab 250, USA) is used to determine the functional
groups of the sample surface. The sample is prepared by drop-casting GQD solution on the ITO-
coated glass. Before measuring the sample, the surface of the sample is plasma cleaned by
sputtering for 60 s.

Photoluminescence (PL) spectroscopy (Edinburg Instruments, FLS920, USA) is used to
measure PL emission and excitation spectra of GQDs [88]. The samples are in the form of solution
and thin film. The excitation wavelength is 360 nm with 8 nm bandwidth in the setting for both
excitation and emission.

Time-resolved spectroscopy is used to measure the fluorescence lifetime of GQDs. It includes
the fluorescence spectrometer (Edinburgh Instruments, FLS920, USA) with a pulsed LED
(Edinburgh Instruments, EPLED-380 USA, 375 nm, 5M Hz, 943.3 ps pulse width). The
fluorescence decay curve is analyzed by the time-correlated single-photon counting (TCSPC)
method. Single-photon events are detected in theory, and their arrival time is connected to the laser
pulse that excited the sample. This procedure may be repeated several times using a pulsed laser
with a high repetition rate, resulting in a photon dispersion over time and space [142]. The decay
data were fitted by the fluorescence analysis software (FAST Version 3.0. Edinburgh Instruments
Ltd.). GQD film was prepared by drop-casting the neutralized solution on the ITO-coated glass.
GQD solution is measured before post-treatment.

UV-Vis spectroscopy (Shimadzu, UV-2501PC, Japanese) is used to measure the absorption of
the sample combined with PL to determine the size. The optical transmittance of the films was
measured in the wavelength range of 200-900 nm. The GQD solution samples were prepared in a

cuvette.
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6.3 Materials characterization results

6.3.1 Photoluminescence of GQD solution before neutralization

Figure 6-1 presents the PLE spectra of GQD-1, GQD-2 and GQD-3 at 125 °C, 150 °C, 175 °C
and 200 °C to show the PL enhancement by temperature and further oxidation. In Figure 6-1 (a),
all PL peaks of GQD-1 have the same spectral line shapes and peak position centered at around
504 nm. The PL intensity of GQD at 150 °C is the highest, then GQD at 175 °C and 125 °C are
similar, but the lowest one is GQD at 200 °C. From the result, 150 °C is the optimized temperature
to prepare GQDs only using concentrated sulfuric acid (H2SO4) and nitric acid (HNO3). However,
there is not a significant development in PL intensity for only modulating the temperature.
Therefore, modification in the oxidative sources is required. In Figure 6-1 (b), GQDs were further
oxidized by slowly adding H20: solution into the reaction system, named GQD-2. The PL peaks
center of GQD-150 °C, GQD-175 °C and GQD-200 °C have a blue shift to 490 nm, except for
GQD-125 °C, the PL center of which is at 500 nm. The intensity of GQD-175 °C is the highest,
which is 1/3 higher than GQD-150 °C and 200 °C, and 3 times higher than GQD-125 °C. Therefore,
the result shows a significant increase in PL intensity of GQD-1 prepared at different temperatures
after adding H>O» except for GQD-125 °C. Compared to GQD-1, the PL intensity of GQD-150°C-
2, GQD-175°C-2 and GQD-200°C-2 increases significantly at 2.5, 4 and 3 times, respectively. In
Figure 6-1 (c), the peaks of GQD-3 are centered at around 490 nm. The PL intensity of GQD-
175°C-3 is the highest at around 4E6, the rest of GQD-125°C, GQD-150°C and GQD-200°C are
at around 3.8E6, 3.6E6 and 3.5E6, respectively. The PL intensity difference among GQD-3 at
different temperatures is smaller than that in GQD-2. This can be explained by adding H>O, to the
reaction; the oxidation is stronger to cleave GQD into smaller pieces. Therefore, the multiple

factors affect the PLE spectra, and the further chemical composition is discussed in Section 6.3.2.
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Figure 6-1. PL spectra of (a) GQD-1, (b) GQD-2 and (c) GQD-3 at 125°C, 150°C, 175°C and

200°C.

6.3.2 Chemical composition of GQD

The chemical composition of GQD can be characterized by XPS shown in Figure 6-2. The
measured deconvoluted C 1s spectra have 3 components, corresponding to C=C/C-C at a binding
energy of 284.8 eV, C-O-C at around 286 eV, and C=O at around 288.5 eV [143]. Epoxy groups
are the main functional groups, while carbonyl groups are the minor functional groups. The ratios
of the area of oxygenated peak to sp” carbon peak of GQDs-175°C-1, GQDs-175°C-2 and GQDs-
175°C-3 are 0.61, 0.47 and 0.33, respectively. All the peaks are centered at 285 nm, which is the
result of the charge compensation of the insulator. The area ratio in GQD-175°C-2 and GQD-
175°C-3 are both higher than GQD-175°C-1. The tendency is the same with PL intensity, GQD-
175°C-2 is the highest and GQD-175°C-3 is a little less than GQD-175°C-2 and GQD-175°C-1 is
the lowest. This result can show the chemical composition change due to the further oxidation by

the addition of H>O».
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Figure 6-2. XPS spectra of GQD. Deconvolution of the C 1s core-level spectra for (a) GQD 175°C-
1, (b) GQD 175°C-2, (¢) GQD 175°C-3, (d) GQD 200°C-1, (e) GQD 200°C-2 and (f) GQD 200°C-

3.
6.3.3 Long-term aging test of GQD solution

Figure 6-3 (a) shows the PL spectra of GQD-1, 2 and 3 prepared at 125 °C and 150 °C after 5
days stored at 4 °C. The PL peaks of GQD 125 °C-1 and GQD 150 °C -1 are centered at 504 nm,
GQD-150°C-2, GQD-125°C-3 and GQD-150°C-3 are centered at around 490 nm, but GQD-
125°C-2 has a redshift at 518 nm. In Figure 6-3 (d) and (e), after four months, both GQD 125 °C-
1 and GQD 150 °C-1 emit yellow-orange color under UV light, while GQD-125°C-2, GQD-
125°C-3, GQD-150°C-3 and GQD-150°C-3 are in blue and cyan color without any changes
compared with GQDs just prepared. Moreover, the intensity of GQD-125°C-3 is the highest, then
GQD-125°C-2 and GQD-150°C-3 are higher than GQD-150°C-2, and GQD-125°C-1 and GQD-
150°C-1 are the lowest. With five days stored at 4°C, the intensity of GQDs-150°C does not change
much, but a significant increase in intensity is shown for GQDs-125°C. In Figure 6-3 (b) the UV-
Vis spectra of GQD-125°C-1, GQD-125°C-2, GQD-125°C-3, GQD-150°C-1, GQD-150°C-2 and

GQD-150°C-3 after 5 days in the fridge are shown. The typical UV absorption peak of GQD at
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230 nm is attributed to the n-n* transition of the aromatic sp?> domains and the absorption over 300
nm is the n-m* transition [144]. A shoulder around 320 nm observed for as-synthesized GO may
be attributed to n—n* transitions of C=0 [136]. The UV peak of GQD-125°C-1 and GQD-150°C-
1 is at around 320 nm, and the peak of GQD-150°C-2 is at 290 nm, while the peak of GQD-125°C-
2 and GQD-150°C-3 is at around 270 nm, and GQD-125°C-3 is at 250 nm. The peak position
tendency is same with PLE intensity, which means the higher oxidation level leads to higher PLE
intensity. The oxidation level may be the dominant factor to determine the PLE intensity. But the
peak position is not the same as this tendency, so other factors should be determined. Figure 6-3
(c) shows the PL spectra of GQDs-175°C and GQDs-200°C after one month stored at 4°C. Among
all GQDs, GQD-175°C-3 has the highest PL intensity. In Figure 6-3 (f) and (g), similar to GQD-
125°C-1 and GQD-150°C-1, the emission color of GQD-175°C-1 and GQD-200°C-1 change to
yellow-orange color. In addition, the emission color of GQDs-2 and GQDs-3 are not changing.
GQD-175°C-2, GQD-175°C-3 and GQD-200°C-3 emit a similar green-blue color, while GQD-
200°C-2 emits the blue color.

GQDs prepared with adding H>O» show better stability in the aging process. The redshift for
GQD-1 is gradually increasing as time flies. The explanation for red-shifted PL is that the GQDs
were strong acid oxidized in the aging process with further cleavage to generate additional
oxygenated functional groups, resulting in lower-lying defect states emitting more to the red region
in the PL spectrum [92]. However, for GQDs-2, adding H>O; in the strong acidic condition is an
exothermic reaction, the hydroxyl radicals *OH are originated spontaneously [145]. The hydroxyl
radicals are very active and further oxidize the remaining sites of GQDs-1. Due to XPS results,
GQDs-2 and GQDs-3 generate more epoxy groups and carboxyl groups than GQDs-1. This can

be explained by *OH attacking the remaining carbon bonds by an addition reaction. For epoxy
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groups, *OH attacks unsaturated carbon atoms with a positive charge to form carbon-hydroxyl (C-
OH) bonds. Then, with concentrated H>SOj4 as a catalyst, two C-OH have dehydration reaction to
form C-O-C groups (C-O-C). For carboxyl groups, *OH reacts with C-O and transform single bond
to double bonds. Compared to GQDs-2 and GQDs-3, with temperature increasing, the degree of
oxidation raised progressively and increasing the concentration of GQDs. Therefore, GQDs-3 have

higher PL intensity than GQDs-2 but the peak centers hardly ever change.

(a)

——6QD 150°C-1
—6QD 125'C-2

(b) ooy (C)

(d) (8)

Figure 6-3. (a) PLE spectra and (b) UV-Vis spectra of GQDs-125°C and GQDs-150 °C after 5 days
at 4°C, (c) PLE spectra of GQDs-175°C and 200 °C after one month stored at 4 °C, photographs
of GQD stored at 4°C for four months under UV light, from left to right: (d) GQD-125°C-1, GQD-
125°C-2 and GQD-125°C-3, (e) GQD-150°C-1, GQD-150°C-2 and GQD-150°C-3, (f) GQD-
175°C-1, GQD-175°C-2 and GQD-175°C-3, (g) GQD-200°C-1, GQD-200°C-2 and GQD-200°C-
3.

Moreover, Figure 6-4 shows post-treatment also influences the PLE intensity of GQD. Figure
6-4 (a) shows the PLE spectra of GQD-125°C-3 and GQD-150°C-3 by using 0.02 pm and 0.45
um filters. For GQD-150°C-3 using both filters, the PL peaks are centered at 488 nm, the PLE

intensity is almost the same. While for GQD-125°C-3, both peaks are centered at 490 nm but using
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a 0.02 pm filter the PL intensity of GQD is higher than that of using a 0.45 um filter. Therefore,
the size of particles between 0.02 um and 0.45 um decreases the PLE intensity. In Figure 6-4 (b),
PLE of GQD-125°C-1 and GQD-150°C-1 with and without centrifuge is shown. In both GQD-
125°C and GQD-150°C, the PLE intensity of GQD with centrifuge is higher than without
centrifuge. The intensity of GQD-125°C-1 with the centrifuge is almost 2 times of the same sample
without a centrifuge. Therefore, post-treatment, including filtration and centrifuge are effectively
increases the PLE intensity of GQD. Centrifuge can separate the aggregated GQD in the solution.
GQDs can be well-dispersed in the solution for a long time, due to the viscosity in acid solution,

the GQDs are hard to be re-aggregation.
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Figure 6-4. PL emission spectra of GQD with (a) different filter and (b) purification method.

6.3.4 GQD graphitic structure

Figure 6-5 displays the Raman spectra of GQD-1, GQD-2 and GQD-3 at 150 °C and 200 °C.
In Figure 6-5 (a), the Raman spectra of GQD-150°C-1, GQD-150°C-2 and GQD-150°C-3 are
presented. The peaks at 1370 cm™ and 1600 cm™ correspond to D-band and G-band, respectively.
The D-band represents the defects in the structure, and G-band shows the symmetric vibration of

carbon atoms, which is the characteristic peak of graphene-based nanomaterials. The most
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common G-band is located at 1580 cm™!, so the redshift in GQD-150°C-1 and GQD-150°C-3 might
be attributed to defects and edge structure [146]. The intensity ratio of the D-band and G-band
(In/I) demonstrates the defect density (sp*/sp?). The Ip/Ig of GQD-150°C-1, GQD-150°C-2 and
GQD-150°C-3 are 1.04, 0.55 and 0.91, respectively. The defects in GQD-150°C-2 are the lowest,
then GQD-150°C-3 and GQD-150°C-1. Random distribution of oxygen-containing functional
groups on the surface of GQDs interrupt the sp? conjugated structure of graphene flakes and form
sp> clusters, so the value of GQD-150°C-3 is higher than GQD-150°C.

The Raman spectra of GQD 200 °C-1, 200 °C-2 and 200 °C-3 are presented in Figure 6-5 (b).
The peaks at 1370 cm™ and 1600 cm™ show D-band and G-band, respectively, the same peak
position as GQD at 150 °C. The intensity ratio of the D-band and G-band (Ip/lg) demonstrates the
defect density (sp*/sp?). The In/Ig of GQD 200 °C-1, 200 °C-2 and 200 °C-3 are 0.9, 0.45 and 0.72,
respectively. The defects in GQD 200 °C-2 is the lowest, then GQD 200 °C-3 and GQD 200 °C-1,
which shows the same tendency as GQD at 150 °C. The H20: change both the oxygenated

functional groups and the size and number of sp? clusters.
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Figure 6-5. Raman spectra of (a) GQD-150°C and (b) GQD-200°C.
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6.3.5 Internal factors dominating PLE

The produced GQDs are made of carbon core and surface configurations. The conjugation
effect in carbon core, surface state and their synergistic effect should be considered in the PL
mechanism. The quantum confinement effect mainly influences the size of GQD. According to Li
et al. [148], the PL characteristics of tiny (1.2 nm) CQDs in the UV area (350 nm), medium-sized
(1.5-3 nm) CQDs in the visible range (400—700 nm), and big (3.8 nm) CQDs in the near-infrared
region (800 nm) changed with particle size. The size of GQDs refers to the area of the sp> domain,
which is the largest continued conjugated structure rather than the actual size. Due to the quantum
confinement effect, for larger-sized GQDs, the bandgap is smaller, so the PLE wavelength
increases. In our work, according to PL spectra, the size of GQD is about 1.5 to 3 nm. For GQDs-
1, with increasing temperature, the PL wavelength shift from 500 nm to 505 nm. In Raman spectra,
the Ip/Ig of GQD-150°C-1, GQD-175°C-1 (Figure 6-5, Ip/Igis 0.94) and GQD-200°C-1 shift from
1.04 to 0.9, also UV-vis absorption wavelength of GQD-125°C-1 and GQD-150°C-1 is increased.
But in XPS spectra, the ratio of C-O-C to C=C of GQDs-1 at 175 °C is larger than 200 °C.
Therefore, with the increasing temperature of strong acid in the cleavage, the size of GQDs is
cleaved to smaller but more oxygenated functional groups are added into the structure. After
adding H>0O», the PL wavelength has a blue shift from 500 nm to 490 nm except for GQD-125°C-
2 after 5 days of storing in the fridge shift from 500 nm to 518 nm. Therefore, in high temperatures,
H>0: can lead to a blue shift of GQD, while at low temperatures (4 °C for storage), H>O» leads to
a redshift. The color range of GQD is from blue to cyan. Compared to GQDs-2 and GQDs-3 at the
same temperature, the Ip/Ig of GQDs-2 is always smaller than GQDs-3, and the UV-Vis spectra
peak of GQDs-2 and the ratio of functional groups to sp? carbon in XPS are always larger than

GQDs-3. The oxidation level of GQDs after adding H>0O» is higher than acids significantly.
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6.4  Modified Process with pH control to enhance device adaptability

6.4.1 Thin film fabrication

For film fabrication, the original solution cannot form film drying in the air due to the
nonvolatility of strong acid in GQDs dispersion. The one way to let the film dry was to evaporate
the film at 350 °C to let sulfuric acid boil. However, the evaporation leaves white strips on the film
and can corrode the electrode materials, such as ITO and Al. Therefore, strong acid should be
removed to form the film by neutralization. Sodium hydroxide (NaOH) and Sodium carbonate
(Na2COs3) can both do the neutralization but are different in the film quality and PL intensity of
GQDs.

The first neutralization method was to add NaOH pellets into the GQD dispersion to increase
the pH. However, the pellets cannot dissolve in a highly concentrated acid solution and become
crystallized. Therefore, NaOH pellets were dissolved in water and neutralized the solution by
adding acidic GQD. After the solution was neutralized, it was easy to be crystallized during the
film formation. Then, the solution was dialyzed in a dialysis bag (Sigma-Aldrich, MWCO 1k Da)
and put into water. The dialysis time is optimized to be overnight. When it is shortened to 2 h, the
film is still crystalized but better than no dialysis. Therefore, longer dialysis can make the film
more transparent and have fewer heteroatoms introduction. After dialysis, the concentration of
GQDs is less than GQDs in acid. Therefore, evaporation of water at 80 °C increases the
concentration of GQDs. Then, the solution can be drop-casting on ITO-coated glass or RCA-
cleaned Si substrate and dried in the air. Figure 6-6 shows the optical photos of GQD film
neutralized by NaOH with dialysis at 1000 Da for 2 h and overnight. Although with longer dialysis

time, salts in the film were easy to be crystalized and form a thick film covering GQDs. Then, the
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dialysis bag was changed to 2k Da, so more ions can be exchanged, and the crystallization of the

film was lower.

(a) (b)

y “ (©

-

Figure 6-6. Optical photos of GQD thin-film neutralized by NaOH and (a) dialysis for 2 h, (b)
dialysis overnight and (c) GQD film neutralized by Na,COs.

The second method is to add Na;COj3 powder to neutralize the acid in the GQD solution. When
Na;CO3 powder was added to the acid GQD, the solution produced hot gases CO,. Then, the
solution was dialyzed by the dialysis bag at 1k Da overnight until pH~7 was reached and
evaporated to increase the GQD concentration. The film was fabricated by a drop-casting solution
on the ITO-coated glass. As in Figure 6-6 (¢), the GQD film has higher transparency and so thinner

thickness than NaOH neutralized film.
6.4.2 Results and discussion for modified process

6.4.2.1 Photoluminescence of neutralized GQD solution and film

Figure 6-7 presents the PL spectra of GQD-175°C-3 and GQD-200°C-2 solution and films by
NaOH or Na,COs3 to show the pH-dependent PL properties. In Figure 6-7 (a), after neutralization,
the PL intensity of the GQD solution is lower, and the PL peak center has a redshift due to GQD
concentration and solution pH change. GQDs with carboxyl groups exhibit pH-dependent behavior,

which contributes to the protonation/deprotonation of COOH groups in the large difference change
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in the pH [149]. In the acidic condition, the edge is protonated resulting in broken triplet carbene
states, in which luminescence originated from the high concentration of free zigzag sites [85]. In
Figure 6-7 (b) and (c), the PL intensity of GQD-175°C-3 and GQD-200°C-2 films in a single layer
and double layer changes significantly. When depositing GQDs on the ITO-coated glass, the
interaction between the GQD solution and the ITO surface made GQD aggregation at the edge.
However, when the second layer is deposited, the interaction between the second layer and the top
of the first layer is lower, so the GQDs can be evenly distributed. In Figure 6-7 (d), the PL intensity
of triple-layered GQD film is lower than single-layered due to neutralization by NaOH. With the
crystallization of the film, GQDs are distributed uniformly on the substrate. However, with more
layers deposited, the film is too thick to block the GQDs absorbing photons. Therefore, the PL

intensity of GQDs decrease with the number of layers increased.
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Figure 6-7. PL spectra of (a) GQD neutralized solution, (b) GQD-175°C-3, (¢c) GQD-200°C-2 film
in a single layer and double layers neutralized by Na>COs and (d) GQD-175°C-3 film neutralized
by NaOH.
6.4.2.2 Lifetime analysis

Figure 6-8 compares PL decays of GQD-175°C-3 film, GQD-175°C-2 and GQD-175°C-3
solution. Figure 6-8 (a) shows the decay curve of GQDs, and Figure 6-8 (b) presents lifetime
components extracted from stretched exponential model to do the fitting dialysis. B is the pre-
exponential factor, and F is the probability density function (pdf). The lifetime (1) of GQD film is
about 1.242 ns, while GQD-175°C-2 and GQD-175°C-3 solutions are 1.391 ns and 1.408 ns,
respectively. Compared to GQD-175°C-2 with GQD-175°C-3, in Figure 6-3, GQD-175°C-3 has
higher PL intensity than GQD-175°C-2, so this can explain the longer lifetime of GQD-175°C-3
than GQD-175°C-2. Moreover, the chemical groups between GQDs-3 and GQDs-2 contribute to
changing the surface state, resulting in changing the lifetime. Compared with GQD film with its
original solution, the lifetime does not change much but distribution for GQD film is more
concentrated (f=81.48 for 1=1.242 ns) than GQD solution (f=65.01 for 7=1.408 ns). Therefore, the

post-treatment process makes the GQDs purified and uniform electronic structure.
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Figure 6-8. (a) Time-resolved fluorescence decay curves of GQDs and (b) distribution analysis.
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6.4.2.3 Chemical composition of GQD film (XPS)

Figure 6-9 shows the XPS survey spectra and deconvolution of C 1s of GQD film. Figure 6-9
(a) shows the GQD films neutralized by NaOH and dialyzed by different-sized dialysis bags. The
Na 1s is located at around 1071 eV [150]. The solution inside the dialysis can have balance with
water to reduce the concentration of ions. The amount of Na in GQDs dialysis with 2k Da was
lower than 1k Da. Figure 6-9 (b) shows the deconvolution of C 1s of GQD-175°C-3 after the post-
treatment process. The chemical composition was characterized as C=C/C-C at a binding energy
of 284.8 eV, C-O-C at around 286 eV, and C=O0 at around 288.5 eV [143]. Compared with Figure
6-2, the type of functional groups was the same as the original GQD solution but the area
percentage of C=C, C-O-C and C=0 changed to 0.54, 0.33 and 0.12, respectively. The percentage
decrease in C-O-C is due to a ring-opening reaction in alkaline conditions [151]. Therefore, the
XPS survey results show the effectiveness of dialysis bags in removing salts and avoiding
crystallization of the film. The GQD films have the same oxygen-containing functional groups

with modified percentages.
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Figure 6-9. (a) XPS survey spectra of GQD film using dialysis bag with MWCO 1000 Da and

2000 Da and (b) XPS deconvolution of C 1s of GQD film.
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6.5 Summary

In conclusion, the produced GQDs using strong acid and H>O> can have high-intensity
multiple color PL and modified pH to fabricate GQD films. The carbon core and the surface state
of GQD both influence the PL properties. The effect of H2O» on PL is shown by the change in the
intensity and peak wavelength. With different temperatures, the PL wavelength of GQDs can have
both blue and redshifts with H>O,. The produced GQDs are promising to use in optoelectronic

devices.
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7 Device Application of Top-down Synthesized GQDs

Materials based on GQDs play a significant role in the development of optoelectronic devices
with good performance due to their low toxicity, tunable-photoluminescence, and low cost.
However, the realization of GQDs in the device is impeded by the poor adhesion of GQDs film on
the substrate and interface contact resistance. To deeply understand the physical mechanism for
GQDs in the devices, surface functionalization, and interface heterojunction are needed to be
investigated. This chapter discusses details on the different designs of the GQDs-based
photodetectors that make use of the synthesized GQDs by the top-down method as the active layer.
The GQDs are passivated by polyethylene glycol (PEG) to form the PEG-passivated GQDs to
modify the surface to be hydrophilic. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT: PSS) is functionalized as the hole transport layer. The heterojunction is formed at the
interface of PEG-GQDs/PEDOT: PSS film in the planar devices. The device is fabricated by
deposition and solution processing method. The performance of the device is characterized by the
behavior under the illumination of UV and LED light. The charge separation and carrier transport
are studied by optical and electrical characterization methods. The GQDs-based photodetector is

simple and exhibits good performance.
7.1  Concept of the proposed GQDs-based photodetector

QDs are functionalized as absorbers in photodetectors and photovoltaic devices. Absorbing
photons with energy larger than the bandgap, the free carriers are generated, and the conductivity
is controlled by the absorption, allowing QDs to be applied in light detection. Photodetectors are
categorized based upon photocurrent generation mechanism into photoconductive and

photovoltaic effects. A photoconductor is to amplify the current under illumination compared with
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a signal in the dark. In the sensitizing centers, holes (or electrons) are circulated many times
through the external circuit before recombination, and electrons (or holes) are trapped in the trap
state [152].

The surface engineering of GQDs changed the properties of graphene and carrier transport in
photoconductors. With different synthesis methods, the bandgap of graphene is opened, various
defect states are introduced into the graphene and changed the electronic [153] and chemical [154]
properties. A defect midgap state band (MGB) is introduced into the GQDs structure, also called
energy trap states, which was first proposed by Zhang et al [155]. The origin of MGB can be
classified into two parts: off-stoichiometry produced in QDs and oxygen-related functional groups
attached to the QDs surface [156]. For colloidal quantum dots (CQDs), the prepared lead
chalcogenide PbX (X=S, Se) CQDs is off-stoichiometric with excess Pb located on the polar
surface, the charge balance is maintained by undercharging the Pb atoms [156]. Therefore, the trap
state emerged. For GQDs, the MGB is caused by surface engineering with oxygenated species
[157]. MGB plays an important role in the charge transport before electron-hole recombination.
The carriers are trapped during the diffusion, so the carrier mobility is decreased. The traps form
a new recombination center for the carriers, so the lifetime of the dominant carriers is decreased
[156]. The trap-assisted recombination dominates the current generation, limiting the diffusion
length of the charge carriers in the QD films [156]. Figure 7-1 shows the conduction mechanism
of MBG in QD films in dark and under illumination [158]. The MGB in QD films forms a weak
conduction band that is full. In the dark, when the negative bias is applied, holes are injected into
the MGB, lowering the Fermi level and opening a conducting pathway transport to the next MGB
[158]. When the QD films are under illumination, the photogenerated electrons are trapped in

MGB from the conduction band (CB) and holes are circulated via the valance band (VB) [158].
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MGB acts as recombination centers, trapping both electrons and holes with equal probability and

allowing them to be lost by recombination [156].

a Conduction in dark
CB - ol
Fermi
MGB level
VB
b Conduction under illumination
CB
MGB
VB

Figure 7-1. Scheme of conduction mechanism of MGB in QD films in dark and under illumination

[158].
7.2 Planar GQDs-based Photodetector

Figure 7-2 shows the planar device structure, which consists of the top electrode (metal
contact), an active layer (GQD), and the bottom electrode (ITO). GQD film is sandwiched between
the Al and ITO coated glass. As an active layer in the photoconductive detector, GQD can generate
electrons and holes under UV light. When a photon with higher energy than the bandgap energy is
absorbed, electron-hole (e-h) pairs are generated, which circulate through an external electric field
before recombination [159]. Holes are the charge carriers and electrons trapped in the
photoconductor bulk [160]. ITO is selected to be the electrode due to its high work function [161],

electrical conductivity [162], and transparency [161]. The work function of ITO is at around 4.4 —
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4.8 eV, depending on different treatments [161]. The work function of Al is about 4.2 eV [132]. In

this structure, holes are transported to ITO and electrons flow towards the metal contact.

Metal contact

GQD

Figure 7-2. Device scheme of planar GQDs-based photodetector.
7.2.1 Band structure

Figure 7-3 shows the cyclic voltammetry (CV) measurement of GQD and band structure of
planar GQDs photodetector. In Figure 7-3 reduction potential (Ereq) is determined to be -0.6 V, so
the lowest unoccupied molecular orbital LUMO) level of GQD is determined as in Equation

Erymo = —€(Epeq +4.8) = —4.2¢eV 7-1
Eymo = —€(Epeq +4.8) = —4.2¢eV 7-1
The bandgap can be calculated from UV-Vis spectra (Figure 6-3), which is about 3.1 eV. Therefore, the
highest occupied molecular orbital (HOMO) level is about -7.3 eV. Figure 7-3 (b) shows the band structure
of the planar GQD photodetector. The GQDs active layer absorbs photons and generates e-h pair, electrons
go to Al, which serves as the cathode and holes go to ITO, which serves as the anode. The asymmetric
electrode structure can make electrons and holes drift freely to the electrodes. In this work, Ag and Al are
used as the metal contact, but only Al is shown in the band diagram. The work function of Ag is 4.26 eV,

which is similar to Al, so both Ag and Al are acceptable to be the metal contact [101].
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Figure 7-3. (a) CV measurement of GQD and (b) band diagram of planar GQDs photodetector.
7.2.2 Fabrication of Photodetector

The fabrication of the planar device is as follows. The ITO-coated glasses (2.2 x 2.2 cm?, 5
Q/sq, Biotain crystal co., limited) were washed with acetone and isopropyl alcohol (IPA) under
sonication for 15 min, respectively. Then, the washed glasses were rinsed and dried by a nitrogen
gun. A 2.2 x 0.3 cm? Kapton tape is attached to the edge of the glass to leave a space to put the
probe on the ITO film in the IV measurement. GQD solution was neutralized by Na>COs3 and
dialyzed by a 1000 Da dialysis bag overnight. 0.5 ml prepared GQD solution was drop-casted on
the ITO-coated glass dried in the desiccator overnight. Finally, Al was deposited by e-beam
deposition (Nanochrome II, Intlvac Inc, Canada) by using the shadow mask to control the
deposition area at around 0.01 cm?. The final thickness was about 500 nm and the deposition rate

is at around 2.5 A/s.
7.3  Planar heterojunction GQD Photodetector

Figure 7-4 shows the device scheme and band diagram of planar heterojunction GQD with

MoO;3 as hole transport layer as well as an electron blocking layer. GQD film absorbs photons and
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generates excitons, electrons move towards the ITO layer and holes travel to the MoOs layer then
to Al. MoO:s is utilized as the hole transport layer as well as an electron blocking layer in the device.
The HOMO of MoOs is at -5.3 ¢V, which is between the HOMO of GQD of -7.3 ¢V and the work
function of Al of -4.2 eV. The LUMO of MoO3 is at -2.3 eV, which blocks electrons’ transport to

the opposite electrode compared to the LUMO of GQD of -4.2 eV.
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Figure 7-4. (a) Device scheme and (b) band diagram of planar heterojunction GQD photodetector.
7.4  Planar heterojunction PEG-passivated GQDs Photodetector

Figure 7-5 shows the device scheme of planar heterojunction PEG-passivated GQDs with
PEDOT: PSS photodetector. In Figure 7-5 (a), the device structure is glass/ITO/PEG-passivated
GQDs/PEDOT: PSS/Ag. PEG-passivated GQD is functioned as the active layer in the device and
forms the heterojunction with PEDOT: PSS. The HOMO of PEDOT: PSS is located at -5.3 eV
[163] and its bandgap is about 1.77 eV [164]. PEDOT: PSS shows advantages over MoOs for hole
extraction. PEDOT: PSS film is fabricated by solution casting method (spin coating) unlike
thermal deposition to deposit MoOs. Moreover, unlike insulating material MoOs, PEDOT: PSS
exhibits high electrical conductivity [165]. Figure 7-5 (b) shows the scheme of formation of GQD
with PEDOT: PSS. GQD cross-links with PEDOT through the electrostatic interaction and n-n

interaction to form the core-shell nanostructure [163]. The strong interaction between GQD and
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PEDOT makes the PEDOT chain tightly aligned on the GQD surface via n-w interaction resulting
in the improvement of the electrical conductivity of PEDOT: PSS [166]. The formation of
hydrophilic groups between GQDs and PSS allows PSS chains to be released and coiled around
the edge of GQDs. Due to the heterojunction interface, carrier transport is faster than the double-
layered structure and improves the charge separation [166]. Therefore, the planar heterojunction
PEG-passivated GQD/PEDOT: PSS can improve the performance of the GQD-based

photodetector.

(a)

’ =
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PEG-GQD : gL j P e

Figure 7-5. Device scheme of planar heterojunction (a) PEG-passivated GQDs/PEDOT: PSS

photodetector and (b) scheme of the formation of the GQD with PEDOT: PSS [163].
7.4.1 Fabrication of Photodetector

The planar heterojunction photodetector has the structure of glass/ITO/PEG-GQD/PEDOT:
PSS/Ag. For all ITO substrates, a general cleaning procedure was done first. The uncleaned ITO-
coated glasses were treated to be more hydrophilic, which involves heating the ITO in a 17:3:1
solution of H>O: NH4OH:H>O> for 30 minutes at 50°C, rinsed thoroughly with water, and then
immersed in acetone for 10 minutes before being dried with a nitrogen gas stream. Then, PEG-
passivated GQD solution was synthesized by mixing prepared GQD and PEG solution (Sigma-
Aldrich, 40 % (w/w) in H20). The ITO-coated glasses (2.2 x 2.2 cm?, 5 Q/sq, Biotain crystal co.,

limited) were applied surface treatment for 30 min. The 5 ml PEG solution was added to 10 ml
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prepared neutralized GQD dispersed in water at 110 °C by the hotplate for 24 h [167]. The water
was evaporated completely, so the solvent changed from water to PEG solution. The prepared
PEG-GQD solution was spin-coated on the ITO-coated glass (500 rpm for 10 s, 3000 rpm for 60
s, and 500 rpm for 15 s). The PEG-GQD film was annealed by a hotplate at 180 °C for 10 min to
evaporate the rest solution. Then, PEDOT: PSS solution (Sigma-Aldrich, 1.3 wt % dispersion in
H>0) was spin-coated (500 rpm for 10 s, 3000 rpm for 60 s, and 500 rpm for 15 s) on the PEG-
GQD film. The PEDOT: PSS film was annealed by a hotplate at 150 °C for 10 min. Finally, a 30
nm Ag was deposited on the PEDOT: PSS film by thermal evaporation (Nanochrome I, Intlvac

Inc, Canada) at the deposition rate of 1-2 A/s.
7.5  Device characterization

A scanning electron microscope (SEM) was used to measure the morphology and cross-
section of the GQDs-based photodetectors. The GQD samples were prepared by drop-casting on
the ITO-coated glass, which was measured by SEM (Zeiss Ultra Plus, Carl Zeiss AG, Germany).
The cross-section of the device sample was prepared by cutting the device using the cleavage tool,
which was measured by SEM (SU5000, Hitachi, Japan). Both GQD films and the device were
sputtered with Au to increase the conductivity before SEM measurement. The PEG-passivated
GQD film was fabricated by spin coating on the surface engineered ITO-coated glass, which was
measured by SEM (JSM-7200F, JOEL Inc, USA).

Atomic force microscopy (AFM, Dimension Icon AFM, Bruker, USA) was used to investigate
the nanoscopic morphology of the surface of the sample. The PEDOT: PSS film was spin-coated
on the ITO-coated glass after surface treatment. The mode used in the measurement was auto

tapping mode. The dimension of the measured area is 500 x 500 nm?.
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Photoluminescence (PL) spectroscopy (Edinburg Instruments, FLS920, USA) measured the
PL emission spectra of PEG-GQD films. The PEG-GQD films were prepared by spin coating on
the ITO-coated glass after surface treatment. The excitation wavelength is 360 nm with 8§ nm
bandwidth in the setting for both excitation and emission.

Time-resolved spectroscopy was used to measure the fluorescence lifetime of GQDs. It
includes the fluorescence spectrometer (Edinburgh Instruments, FLS920, USA) with a pulsed LED
(Edinburgh Instruments, EPLED-380 USA, 375 nm, 5M Hz, 943.3 ps pulse width). The
fluorescence decay curve was analyzed by the time-correlated single-photon counting (TCSPC)
method. The decay data were fitted by the fluorescence analysis software (FAST Version 3.0.,
Edinburgh Instruments Ltd., UK). PEG-GQD films were prepared by spin-coating the solution on
the ITO-coated glass.

UV-Vis spectroscopy (Shimadzu, UV-2501PC, Japanese) investigated the absorption of the
sample combining with PL to determine the size. The optical transmittance of the films was
measured in the wavelength range of 200-900 nm. The PEG-GQD films were prepared by spin
coating on the ITO-coated glass.

Electrometer / high resistance meter (Keysight, B2985A, USA) connected to a probe station
was used to measure the current-voltage (IV) curve of the photodetectors in the dark and under
illumination by the Xenon Research Arc Lamp Sources (Oriel® Instruments — Newport, Newport
67005, USA). The power of the lamp is ranged from 50 to 500 W with lens transmittance ranging
from 200 to 2500 nm. The power was set to 80 W in the measurement. One 20 um probe contacts
the ITO film and the other touches the metal contact on the top of the device.

The I-V behavior of the device is also measured by a semiconductor Parameter Analyzer

(Agilent 4155C, Agilent Technologies, Canada) connected to a 2-probe station inside a dark, sealed
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chamber. A 4-Watt UV lamp (Cole-Parmer Handheld Ultraviolet Lamps, Antylia Scientific, USA)
with dual 365 nm wavelength tubes was mounted over the device during the measurement. A
power supply (Agilent E3620 A, Agilent Technologies, Canada) was used to apply the bias under
the test.

Cyclic voltammetry (C-V) (CHI600E electrochemical analyzer) investigated the LUMO
(lowest unoccupied molecular orbital) and HOMO (highest occupied molecular orbital) of the
sample. The setup of CV consists of Ag/AgCl reference electrodes, two Pt electrodes as working
and counter electrodes, respectively, and 0.1 M tetrabutylammonium hexafluorophosphate
solution in acetonitrile. In the measurement, the scan rate of 100 mV/s. The reference is Ferrocene,

which has a HOMO level of -4.8 eV.
7.6 Results and discussion
7.6.1 Optical properties of PEG-GQD film

Figure 7-6 shows the UV-Vis absorption and PL emission spectrum of PEG-GQD/PEDOT:
PSS film and the scheme of the PL mechanism of GQD. In Figure 7-6 (a), the bandgap of PEG-
GQD can be calculated from the absorption. By calculating the intercept of the extrapolation of
the absorption edge to the x-axis, the absorption starts at around 300 nm [101]. As a result, the
optical density is, as an approximate estimate, the bandgap is about 4.1 eV. Figure 7-6 (b) and
Figure 7-6 (c) show the PL emission spectrum agrees well with the theoretical simulation of the
PL mechanism of GQD. The PL emission shows the spin-coated film with high intensity at around
2E+5. The oxygenated functional groups appear to have two functions: one is self-orbitals of
functional groups (n, m, 6), which can contribute emissive components with fixed positions on the

PL spectrum via electronic transitions from anti-bonding states (n*, 6*) to non-bonding (n) states;
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the other is to cause structural deformation to GQDs [168]. The aromatic core contributes to the
PL through n*->ESiD-> © and n*-> =, and the intensity of PL is depend on the size due to quantum
confinement, smaller size, larger bandgap, and higher emission intensity [168]. Functional groups

contribute to the PL spectrum through n*-> n and 6*-> n [168].
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Figure 7-6. (a) UV-Vis spectrum of PEG-GQD/PEDOT: PSS film, (b) PL emission spectra of
PEG-GQD/PEDQOT: PSS film, and (c) scheme of PL mechanism of GQD aromatic core and

oxygenated function groups emission [168].
7.6.2 Device morphology

Figure 7-7 shows the cross-sectional SEM images of GQD film and heterojunction
photodetector, SEM image of PEG-passivated GQD film, and AFM topographic image of PEDOT:
PSS film. Figure 7-7 (a) shows the cross-section of the drop cast GQD film. The GQD film forms
the layered structure during the drying process because the desiccant’s drying and solvent
evaporation give different pressure on the films. The drop-casting technique produces a thick film
with a thickness of around 1 — 2 pum. This layered structure provides large-scale surface contact.
Figure 7-7 (b) shows the thickness of each layer of the photodetector. The spin-coated PEDOT:
PSS is about 600 nm and the drop-casted GQD film is about 2.38 um. The highly stacking structure

of PEDOT: PSS exhibits a good film-forming capability. Figure 7-7 (c¢) presents the morphology
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of the PEG-passivated GQD film. Compared to GQD film, PEG-GQD film inhibits agglomeration
due to the long tail forming the spatial resistance to water molecules resulting in a strong repulsion
[169]. The functionalized GQD reduces the n-n stacking in the bare GQD due to the longer chain
attached to the surface of the GQD increasing the distance between the two-layer [170]. Surface
functionalization increases the solubility, dispersion, and decreases defects in luminescent
materials, all of which help to improve GQD stability and fluorescence efficiency [169]. Figure
7-7 (d) shows the topography of the PEDOT: PSS surface. The spin-coated PEDOT: PSS film has
good uniformity. The bright and dark sides are the PEDOT domain and PSS domain which is

relatively homogeneous and interconnected so the electrical conductivity is high [163].
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Figure 7-7. Cross-sectional SEM image of (a) GQD film and (b) GQDs-based heterojunction
photodetector device, (c) SEM image of PEG-passivated GQD film, and (d) AFM topography of

the surface of PEDOT: PSS film.

7.6.3 Carrier transport

Figure 7-8 shows the PL decay curve of GQD and PEG-GQD solution. The lifetime of PEG-
GQD-175°C-3, PEG-GQD-125°C-3, and GQD-175°C-3 is 1.545, 1.734, and 1.242 ns. After being
treated with PEG, the lifetime of GQD increased significantly (around 20%). This might be
because PEG modifies the conjugated aromatic structure of GQDs, generating an electron
delocalization field by combining the PEG ligand's LUMO energy levels with the conductive band-
edge energy of GQDs and suppling the excited electrons of PEG-GQDs with a more stable
condition, increasing the fluorescence lifetime of PEG-GQDs [169]. Functional groups or
disordered structures cause structural deformation, resulting in irregular hybridized n orbitals with
mid-gap states (ESiDs) in between the limited n—n* gap of the aromatic core of dots. These orbitals
may act as intermediary relaxation orbitals for electrons transitioning from antibonding states (n*)
to bonding states () in the aromatic core of GQDs, contributing to the red side of the broadened
emission with a longer PL lifetime [168]. The longer lifetime gives the carrier more opportunity
to transport to the electrodes before recombination.

MGB is important in charge transport, especially when the diffusion of excitons or minority
carriers dominates the transport. Due to their function as recombination centers, traps reduce both
effective carrier mobility and excited-state lifetime. The trap-assisted recombination dominates the
diode current, which is the average distance among deep recombination centers that restricts the
diffusion length of excited photocarriers in today's CQD films [156]. With functionalization, the

lifetime of GQD is prolonged, resulting in mitigating the trap sites and improving the QD film
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adhesion. Reducing MGB further enhances diffusion length, minimizes recombination and
trapping, and improves the performance of the device. The interface contact resistance is decreased

to improve the realization of charge separation.

1=1.545ns  PEG-GQD 175°C-3

t=1.734ns PEG-GQD 125°C-3

GQ@D 175°C-3

t=1.242 ns

0O 20 40 60 80 100
Time (ns)

Figure 7-8. PL decay of GQD and PEG-GQD solution.
7.6.4 1-V Response to UV exposure

Figure 7-9 analyzes the I-V behavior of the devices under dark and UV conditions. Dark
current was measured under the sealed black chamber by turning off the UV lamp mounted over
the device. Then, the UV lamp was switched to exposure UV light on the device for 5 min until
the current stopped increasing. When applied to -1 eV, the dark and UV current is 2.5E-5 A and
1.1E-4 A, respectively. When applied to 1 eV, the dark and UV current is 2.2E-5 A and 8.4E-5 A,
respectively. The photo-to-dark current (ON/OFF) rate is about 400%. Due to UV light being the
only illumination, the significant increase of the current comes from UV exposure. Due to MGB,
the presence of trap states and sensitization centers in this planar structural device extends the
lifetime of electrons while allowing the holes to be circulated several times in the external circuit,

resulting in a significant photoconductive gain [171]. UV exposure may also improve the PL of
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GQD by converting -OH groups to -COOH groups, which enhance the surface state and change
the lifetime [88]. Under UV exposure longer, the shorter lifetime belongs to the non-radiative

process [91].
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Figure 7-9. I-V behavior of heterojunction GQD/PEDOT: PSS photodetector.

Figure 7-10 shows the dark current, after UV exposure and dark current again (turn off the
UV lamp). The second dark current confirmed the current change came from the UV exposure.
The device structure is glass/ITO/GQD/Mo0Os/Al. The neutralized GQD is dispersed in ethanol
instead of water to improve the adhesion between the GQDs and ITO-coated glass. Moreover, due
to the smaller contact angle of ethanol than water on the ITO-coated glass, the thickness of drop-
casted GQD film is thinner than water-based [172]. The single-layered GQD was fabricated by
drop-casting GQD solution on the ITO-coated glass and dried in the desiccator overnight. The
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second layer was dropped on the first layer and dried overnight. Then, the double-layered GQD
was annealed by the hotplate at 150°C for 10 min. Without annealing for the first layer, the two
layers can be mixed with less contact resistance. In Figure 7-10 (a), when applied -2 eV, the first
dark current was at 8.9E-8 A, after UV exposure, the current increased to 1.8E-7 A and the second
dark current went back to 6E-8 A. In Figure 7-10 (b), the dark current was at 9.5E-6, then, under
UV exposure the current increased to 6.7E-5 A, and then turn off the UV lamp, the dark current
went back to 1.3E-5 A. The dark current increased due to higher free carrier density, which comes
from the higher concentration of the GQD layer. The ON/OFF rate also increased from 200% to

500% after adding the new GQD layer.
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Figure 7-10. I-V behavior of heterojunction GQD/MoOs; photodetector with (a) single-layer

GQD film and (b) double-layer GQD film.
7.6.5 I-V Response to visible illumination

Figure 7-11 analyzes the I-V behavior of the devices under dark and illumination conditions.
The illumination source is the 80-Watt Xenon lamp with a 200-2500 nm wavelength. The device
structure is glass/ITO/GQD/PEDOT: PSS/Ag. The GQD film was drop cast on the ITO-coated
glass and dried in the desiccator overnight. Then, PEDOT: PSS film was spin-coated on the GQD

film and annealed using a hotplate at 150°C for 10 min. In Figure 7-11 (a), the current is measured
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in the loop to confirm the current change came from the illumination instead of current fluctuation.
The device shows a diode-type I-V curve. After the illumination, the current increased from 1E-5
A to 2E-5 A. Compared to MoO3, the spin-coated PEDOT: PSS film is much thicker but exhibits
better conductivity resulting in a higher dark and illuminated current and lower ON/OFF rate at
200%. In Figure 7-11 (b), the PEG-GQD film was spin-coated on the ITO-coated glass and
annealed at 200°C for 10 min to evaporate the rest solvent. Then, PEDOT: PSS was spin-coated
on the PEG-GQD film and annealed at 150°C for 10 min. The high-power illumination source may

provide the annealing effect on PEG-GQDs to change the ligand structure and interdot spacing

[173].
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Figure 7-11. I-V behavior of heterojunction (a) GQD and (b) PEG-passivated GQD photodetector.

1.7 Summary

A planar structured GQD-based heterojunction photodetector was fabricated by using GQDs
as the active layer and MoO3 or PEDOT: PSS as the hole transport layer. The I-V behavior was
studied from the mechanism of carrier transport and materials properties. The mechanism of the
GQD-based photodetector is explained by MGB in the band structure. With the functionalization

of GQD, the optical and electronic properties changed. In the photodetector, the hole transport
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layer using inorganic or organic material shows the difference in the dark and illuminated current.

This chapter presents the process developed and the results of the heterojunction photodetector.
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8 Conclusions and Outlook

8.1 Conclusions

In this doctoral work, alternative graphene-based materials synthesis, and the development of
fabrication of their applications in electronic devices were presented. First, the novel, high-
throughput chemical synthesis approaches for graphene-based products were developed. Then, the
materials were optimized to be applied in photovoltaic and photodetector devices. Graphene -based
materials were synthesized environmentally friendly, and exhibiting high performance in electrical
properties, optical properties, and chemical stability. RGO thin film had high transparency which
can be comparable with ITO. Work function of RGO can be tuned in a large range from 3.6 to 5.9
eV by controlling the oxidation degree. GQD was synthesized by improved top-down method with
high PL intensity and broad emission range. The prepared materials were modified to increase the
compatibility between interfaces and applied in the optoelectronic devices.

The precursor GO was synthesized by the modified Hummer’s method with no emission of
toxic gas, such as NOx due to elimination of NaNO3 in the synthesis. The production yield reached
50% as reported in Chapter 3. The produced GO has oxygenated functional groups attached to the
surface and edge, leading to high hydrophilicity properties. During the oxidation, the size of
graphite was expanded by oxygenated functional groups attached to the planar surface. Moreover,
the multi-layered thin film was fabricated by spin coating with high uniformity. Larger size and
uniform film paved the way for GO to be reduced to RGO in the next step.

RGO was produced from the prepared GO by a mild and novel two-step method using L-AA
and HI as the reductants to improve the electrical conductivity and tune the work function. The

produced RGO thin film with a thickness of 20 nm exhibited high electrical conductivity in the
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range of 360 — 480 S/m, and high transparency at 90 % or higher in the range of 450 — 800 nm.
The uniform RGO films were fabricated from GO thin films by decreasing the defects to restore
the m-m conjugation structure and eliminate the oxygen-containing functional groups attached. The
structure change not only influenced the electrical conductivity but also adjusted the work function.
From GO to RGO, the GO was first reduced by L-AA to form the intermediate RGO, then the final
RGO was continuously produced by using HI as the reductant. With the different levels of
reduction degree, the work function of GO to RGO was in the range of 3.6 — 5.9 eV. Therefore,
the reduction process can effectively control the electronic properties of RGO.

The prepared RGO was applied to MOSCAP devices as the top gate metal with the high
performance of C-V measurement. A simple MOSCAP device with RGO as the gate metal was
fabricated with the optimized process to deposit top contact (RGO), an oxide layer (SiO2) and back
contact (Al). The C-V curve of the MOSCAP device showed accumulation, depletion, and
inversion regions. To enhance the electrical conductivity and decrease the work function difference
between the metal and oxide layer, the produced RGO was produced by thermal annealing
reduction. With the high C/O, RGO showed high electrical conductivity at 5000 S/m and effective
work function at 4.7 eV. The findings of this research are not confined to MOS technology; they
may be used in other technologies such as OLEDs and OPVs in which graphene is offered as a
conducting electrode.

The GQD was produced from graphite as the starting material by using the modified top-down
method. The graphite was oxidatively first cut with strong acid and continuously cut by adding
H>0>. The enhancement after the second and third step cutting, the PL intensity increased with a
shift in the PL peaks to emit multiple color. PL spectra of GQD were influenced by the carbon core

and surface states. H2O2 produced free radicals to improve the oxidation level and cut more sites
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in the graphite sheets to modify the core size and surface functional groups. However, the solution
with strong acidity was hindered by the fabrication of GQD thin film. The modified pH process
by neutralization of the solution was applied to the GQD solution. The GQD solvent was changed
to water and can be drop-casting to form the films with high-intensity PL spectra. The present
research provides the enhancement in the PL intensity of GQDs in the wide range of PL peak
wavelength and facilities the produced GQD for optoelectronic devices.

The produced GQD was applied as the active layer in the GQD-based heterojunction
photodetector device with a hole transport layer. The hole transport layer compared MoOj3 and
PEDOT: PSS to optimize the work function difference and enhance the photocurrent. The
mechanism of the GQD-based photodetector is based on MGB theory to explain the carrier
transport and recombination rate. To further enhance the photocurrent generation, GQD was
functionalized by PEG to change the length of the ligand and the viscosity of the solution. GQD
film was fabricated by spin coating to be controlled at about 100 nm. Therefore, the ON/OFF rate

was further improved to make the high-performance photodetector devices.

8.2 Outlook and future work

This section contains suggestions for expanding on the work described in this thesis. Material
quality, film quality, process adaptability, and device performance will all be enhanced due to these
investigations.

Compared with other graphene synthesis methods, such as CVD, epitaxial growth on SiC,
liquid-phase exfoliation, oxidation-reduction method can produce higher yield, lower cost GO but
with higher defects density, lower purity, thickness uniformity and smaller lateral size [174]. To
further the industrialization of graphene, GO synthesis should improve the tight control over the

deposition of a known number of graphene layers with a defined quantity of oxygen concentration.
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The large area of GQD interconnecting with solids gives opportunities and challenges to the
applications. With the wide range of materials attached to the surface, surface states as the
dominant role can be required advances in synthesis method, experimental procedure, and
simulation of the control of the ambient environment to be applied in the different devices [152].
The interface between QD and other materials should be matched, introducing contact resistance
conducts the performance of the devices. Therefore, surface engineering on the QD layer and other

components plays an important role to optimize the device performance [152].
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