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Abstract

Carbon nanomaterials have, for a long history, been intensively applied in
electronics and optoelectronics due to their high functionality, stability and the
abundance of raw material. They span from the 2D graphene, to the 1D carbon
nanotubes and the quasi-0OD carbon quantum/nano- dots, including fullerenes. The
bandgap in the above nanomaterials vary from zero in the semi-metallic graphene to a
bandgap deep into the UV region for the 0D graphene quantum dots. The wide range
of bandgap and electrical properties of carbon nanomaterials through dimension
reduction may allow selective detection for desirable spectral range of light and
optimization in the figures of merit of photodetectors respectively, which make carbon
nanomaterials promising for photo-sensing application.

In this project, graphene oxide (GO) has been applied to demonstrate
broadband photodetection from near infrared to deep ultraviolet. The bandgap of the
multi-layer GO nanosheets could be gradually varied by thermal annealing. This was
achieved by the removal of oxygen functional groups and restoration of the sp’
hybridization in graphene oxide progressively by controlling the annealing
temperature. Electronic properties of the GO could be tuned simultaneously during

annealing, which could allow the performance of the photodetectors to be optimized
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through a trade-off between the magnitude of dark current and carrier mobility, in
which the detectivity and response time of the device would be affected respectively.
A satisfactory responsivity in the order of mA ™! and fast response time in the range of
ms were obtained from the devices with an active layer thickness of ~70 nm.

The graphene quantum dots (GQDs) were chemically functionalized with
solution-processable organic conducting polymers. The conducting polymer-GQDs
composite showed an enhanced photocurrent by an order of magnitude and also a
faster response time as compared to non-functionalized GQDs. Under observation at
high magnification, the conducting polymer was revealed to connect the GQDs
effectively which could facilitate conduction of charge carriers among the GQDs via
the high mobility conducting polymer instead of a greatly hindered electrical transport
through hopping of charge carriers among quantum dots in the non-functionalized case.
This enables carriers to be harvested more effectively in the composite to give larger
photocurrent and faster response time.

The heterostructure of large-area graphene with uniformly distributed
graphitic carbon nitride nanosheets with ~200 nm in lateral size exhibited synergistic
effect for efficient near ultraviolet photodetection and demonstrated a large
photocurrent that could also be useful for photoelectrochemcial applications where

efficient photocurrent generation is also highly demanded. When heterostructure is
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adopted, the band alignment between the two components determine the charge

transport across the interface. It helps the separation of electron-hole pairs which

contribute to more efficient photocurrent generation and thus is of fundamental

importance. This is distinctly different from single-component photodetector where

photocurrent is usually found only at the metal-semiconductor junction where

Schottky barrier may be formed and barrier property is the commonly investigated

subject in that case. The charge transfer property at the graphene/carbon nitride

interface was systematically analyzed in our devices to elucidate the electrical

conduction process for photodetection.
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Chapter 1 Introduction

1.1 Background and motivation

Carbon nanomaterials have, for decades, been attracting intensive attention from
the scientific community. Key breakthroughs include the discovery of C60 fullerene
in 1985 [1] and macroscopic synthesis of carbon nanotubes in 1991 [2]. C60 fullerene
is now widely adopted in solution-processed organic solar cells as electron acceptor
due to its high electron affinity [3]. Carbon nanotubes have been used as high-strength
material [4], and investigated as interconnects in integrated circuit owing to its high
break-down current density [5]. The renaissance of carbon nanomaterials continued
through the first successful isolation of graphene, a monolayer of graphite, in 2004 [6],
which also opened up the popular field of 2D materials study since then.

Graphene was first obtained by mechanical exfoliation, which is not a scalable
production method and the yield is low. People then turned to explore other ways that
could produce graphene in large amount. This leads to the development of the modified
Hummer’s method [7, §]. In this method, harsh chemistry is employed to oxidize the
graphite powders. The oxygen-containing functional groups adhere onto the basal
plane enlarge the interplanar distance of graphite. The oxygen functional groups are

hydrophilic in nature, thus the layers repel each other and readily dispersed in water,

15
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producing monolayer GO with good dispersability. GO can be converted to graphene

by chemical reduction using e.g. hydrazine. This chemical route enables the production

of graphene in gram-scale at a time, but the graphene obtained suffer from a large

number of defects.

Graphite has a small band overlap of ~40 meV, and become zero bandgap as it

evolves to single layer graphene [9]. Upon chemical treatment, the resulting graphene

oxide is insulating [10]. This shows that chemical modification is one effective way to

tailor the band structure of graphene.

The absence of bandgap in graphene has restricted its application as channel in

field effect transistors, and also in optoelectronics. Another approach to open a band

gap is to further increase the quantum confinement effect in graphene, since more

boundary conditions would lead to more forbidden states in energy. This intuitively

leads to the study of graphene nanoribbons [11], and subsequently, GQDs. In particular,

GQDs can be mass-produced in green and facile way to get photoluminescence (PL)

that 1s not found in graphene and the PL is strong enough to be detected without the

need of confocal setup [12]. This brought graphene-based materials into the field of

optoelectronics.

In addition to band gap engineering through dimension reduction, bandgap of

carbon nanomaterials can also be chemically modified using numerous methods to

16
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provide them with even higher flexibility. Chemical functionalization of carbon with
other elements like oxygen, nitrogen, boron, phosphorus etc. have been widely
reported. Incorporation of other elements disrupt the sp’ coordination in graphene
which inevitably opens a band gap in graphene. The bandgap in chemically modified
graphene depends on the sp’ domain size retained in graphene, and therefore can also
be tuned for a wide range.
The large variation of electrical properties in carbon nanomaterials also allow
the design of heterostructure based on all-carbon nanomaterials that can result in a
synergistic effect in photo-detecting application. Graphene, with its unique quantum
property where the electrons behave like Dirac fermions, does not have appreciable
selectivity in optical absorption from infra-red to ultraviolet. Moreover, the high
conductivity makes graphene having an extremely low on-off ratio upon optical
excitation which also hinder its application in photodetection. However, it can
complement discretized quantum dots and nanosheets to mitigate the ineffective
charge conduction by hopping in quantum dots and nanosheets that are not compactly
packed.
Another popular carbon nanomaterials that has caught special attention in
photochemical reaction is polymeric graphitic carbon nitride [13]. It also has a layered
structure with atomic planes stacked by van der Waals attraction. It exhibits

17
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photoluminescence like GQDs but with a bandgap that lies just outside of the

ultraviolet regime, thus make it a good candidate as the active material in visible-blind

ultraviolet photodetectors if further quantum confinement is employed to increase its

bandgap for an appropriate extent, which is promising due to its layered structure.

In view of the wide range, tunable band gap in graphene-based nanomaterials,

which also implies tunable electrical and optical properties, in this thesis, focus is

placed on the optoelectronic application of graphene-related nanomaterials,

specifically, for the application of photodetectors. The capability of tailoring the

carbon nanostructures to fulfill the need from broadband photodetection to selective

detection in certain frequency range were revealed by the use of various types of

photodetectors and field effect transistors made from carbon nanostructures in this

project. Together with other intriguing properties of carbon materials, including the

ease and low cost of fabrication, rich chemistry, high stability both to oxygen and

chemicals, it is anticipated that the carbon nanostructures are suitable candidate for

electronics and optoelectronics.

Photodetectors are widely used in our daily life. They detect photons ranging from

radio wave to X-ray and gamma ray in the electromagnetic spectrum. Photodetector

array, which contains numbers of photodiode, each representing a pixel and arranged

like elements in a matrix, are employed to provide images. Photodetectors find
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applications in digital cameras, video recorders, satellites or space telescopes that rely

on the detection of X-ray or far-infrared, fiber-optic communications for data

transmission, retina prosthesis, infrared video camera for night vision, thermography,

receiver in remote controls, pollution detection using UV detectors, IR sensitive

motion detectors like those in automatic doors, collision detectors in cars etc. [14, 15].

Downsizing or miniaturization of photodetectors is also in huge demand [16], with

more photodetectors being packed in each unit space in the hope to increasing the

resolution of an image and reducing the power consumption of the array. However, the

reduction in active area in each pixel would reduce the power of light falling onto each

pixel which in turn reduce the photocurrent, therefore, the responsivity of a

photodetector, which measures photocurrent per unit light power, is crucial when

evaluating the performance of photodetectors. Therefore, one of the objectives of the

project is to obtain photodetectors with high responsivity.

High-speed photodetectors are essential for fiberoptic communications,

requirement for sensitivity is less important in this field. In fiberoptic communications,

infrared signal with high modulation frequency in GHz is used as the information

carrier. InGaAs PIN (p-doped/intrinsic/n-doped InGaAs) photodiodes are used to

detect the GHz signal.

Detectivity is also an important parameter to evaluate the performance of
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photodetectors. It reflects in part the signal-to-noise ratio of photodetectors, which
cannot be known by simply knowing the responsivity of the device. A device with a
high responsivity could have a low detectivity due to a large dark current, as we will
see in later section of the thesis. Similar to a minimum on/off ratio of 10* required for
a practical field effect transistor (an electrical switch), an on/off ratio upon light on/off
in a photodetector (an optical switch), must be several orders of magnitude for practical
consideration [15].

Graphene-based nanomaterials could be tuned from semimetals, to
semiconductors and insulators, such that the dark current of the photodetectors made
from graphene-based nanomaterials can be varied. This allows us to optimize the
responsivity and detectivity in photodetectors based on graphene nanomaterials, as the
two parameters could have a trade-oft relationship. This flexibility in graphene-based
nanomaterials has motivated us to study the graphene-based nanomaterials for

photodetector application.

1.2 Scope of this project

This project involves the synthesis of different types of graphene-based
nanomaterials, including graphene, GO, GQDs and graphitic carbon nitride. Chemical

modifications were carried out in GO and GQDs, where thermal annealing was
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performed to partially reduce the GO and organic conducting polymer was coupled to
GQDs to form composite. The above graphene-based nanomaterials were applied for
photodetectors or phototransistors. Performance of devices were evaluated.

In Chapter 2, properties of different graphene-based nanostructures, figure of
merits of photodetectors and photosensing mechanisms are described.

In Chapter 3, experimental details are described, including X-ray diffraction,
optical absorption spectroscopy, photoluminescence and Raman spectroscopy.

In Chapter 4, synthesis of glucose-derived multilayer GO nanosheets is
introduced. The partial reduction of GO is described. Fabrication and performance
evaluation of GO-based photodetectors are described.

In Chapter 5, synthesis of the polyaniline-GQDs composite is described. Then
photodetectors based on the composite are compared with GQDs-only devices to
illustrate the role of polyaniline in the composite.

In Chapter 6, the synthesis of polymeric graphitic carbon nitride and chemical
vapor deposition of graphene are described. Heterostructure of graphene and carbon
nitride nanosheets are employed as phototransistor with evaluation in the transport
process in the devices given in this section.

In Chapter 7, the works in this project are concluded and future works are

discussed.
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Chapter 2 Properties of graphene-related
nanomaterials, parameters and mechanisms

of photodetectors

In this chapter, properties and synthesis of the graphene-related nanomaterials
that have been utilized in this project are described. These materials include graphene,

GO, GQDs and graphitic carbon nitride.

2.1 Basic properties of graphene-based nanomaterials

Graphene is a monolayer of graphite that consists of an atomically flat plane of
hexagonally packed carbon atoms. It was first successfully isolated in 2004 [6], which
was also the first 2D material realized experimentally. In principle, 2D materials can
be obtained in any bulk crystals that have atomic layers held together by van der Waals
(vdW) force and are stacked along same direction, taken as the c-axis. The weak vdW
force renders the crystals easily to be cleaved along the c-axis with a small external
force. Mechanical exfoliation was utilized to obtain graphene [6], which basically is
the thinning of bulk graphite powders repeatedly using tape until the thicknesses of
which reach monolayer. The adhesiveness of the tape serves as the external force. Up

to date, apart from graphene, many other 2D materials had also been obtained by such
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method. One most representative family is the transition metal dichalcogenides (TMD)
including MoS,, MoSez, MoTez, WS>, WSe» etc. In this project, we focused on
graphene and its related nanomaterials, that have become actively investigated
throughout the world since the discovery of graphene.

Many intriguing properties have been discovered in graphene. One is the
ballistic transport. The low energy carriers near the Dirac point in graphene can be
represented by (quasi-)massless Dirac fermions [17, 18]. This ‘massless’ property
gives rise to the unique band structure of graphene, which is a linear dispersion relation
with distinctive conical shape energy bands in the reduced space. (Bilayer and
multilayer graphene have parabolic energy bands, this shows the uniqueness of
monolayer graphene.) Electrons near the Dirac point in graphene can be described as
massless quasi-particles that are screened from phonon scattering and travel in a
constant effective Fermi velocity (vi) of 10° ms™ [18]. As a consequence, an intrinsic
mobility as high as 10° cm? V! s was theoretically feasible in graphene [18], and a
mobility of 10* cm? V! s was experimentally measured [19], which is much higher
than that of silicon (10>-10° cm? V1 s1).

The existence of two inequivalent valleys at the K and K’ Brillouin zone
corners of graphene, arising from the time reversal symmetry that require opposite spin
of electrons in the two valleys [20], can suppress intervalley scattering of electrons,
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which catch attention for a new valley degree of freedom (DoF) for carriers in

graphene. The valley DoF is in analogous to the charge and spin DoF of electrons, thus

create possibility for valley DoF as a new information carrier [21, 22]. Valley

polarization, an imbalance in the concentration of carriers in inequivalent valleys, is

necessary for this purpose. Though later it has been found that by optical selection

rules (optical circular dichroism) due to broken inversion symmetry, valley

polarization can be conveniently obtained in monolayer TMDs using circularly

polarized light in the visible or near infrared regime, which graphene with its lack of

bandgap is less ideal for using optical excitation to probe valley polarization. TMDs

also have additional strong spin-orbit coupling/interaction (SOI) arising from d-orbital

of the transition metal that is missing in graphene. The SOI gives rise to valley splitting

(electrons in splitted valleys have opposite spin), where the B excitons in the higher

energy valley (in holes’ perspective) has proven to be robust (have long lifetime from

the evidence that the photoluminescence from B excitons could be observed without

using ultrafast spectroscopy) due to clogged relaxation pathway (to satisfy

simultaneously a flip in both the valley and spin indexes), this may give rise to even

higher DoF in valley polarization in TMDs. Nonetheless, graphene gave a kickstart of

the field of valleytronics in 2D materials. (Note that the monolayer-ness of graphene

and TMDs are crucial in the above discussion since their monolayers have broken
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inversion symmetry that is essential for valley contrasting Berry curvature, magnetic

moments and optical circular dichroism [23]. Inversion symmetry is preserved in

bilayer graphene and TMDs.)

Graphene is unique in the way that it has been demonstrated to absorb a

constant value of ~2.3 %, defined by the fine-structure constant (o), over a broad range

of the EM spectrum, from visible light to the far-infrared [24]. This makes graphene

particularly valuable for manipulating and sensing terahertz, far- and mid-infrared

radiations, where materials suitable for these ranges are in increasing demand [25, 26],

due to the need to expand the bandwidth in wireless communication to accommodate

the ever-increasing amount of wireless data transmission, and to enable a higher speed

of wireless data transmission by using waves with higher frequency. The terahertz

regime has been receiving a lot of attention for being used for future wireless

communication, which at the present is utilizing the GHz microwave frequency.

Terahertz covers from 0.3 to 30 THz, which converts to an energy of about 1-100 meV.

This low energy means the heavily investigated semiconducting materials for detectors

are not suitable for terahertz, in addition, detecting mechanisms different from those

familiarly known for the near infrared and optical frequency have to be applied [27].

To utilize this range, reliable sources, detectors, modulators and antennas for the

terahertz must be developed. Graphene terahertz detectors and modulators have been
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demonstrated which revealed the potential of graphene for terahertz technology [27-
28].

Many of the small band gap (<l eV) or metallic (with band overlap) 2D
materials are unstable in the ambience. For example, the few-layer MoTe,, WTex,
BixTes, TiSe>, NbSe», TaS> and phosphorene are known to readily react with oxygen
in the air [29]. The oxidized sheets have completely different electrical and optical
properties with their pristine form, and that the oxidation is non-reversible, unlike GO.
On the other hand, larger band gap 2D materials, like hexagonal boron nitride, MoS,,
WS tends to be relatively more stable in the ambience. In this aspect, graphene stands
out as a stable zero band gap 2D material. Therefore, it has huge potential for
applications for transparent and flexible electrodes.

Graphene also provides a platform for chemical functionalization that could
alter its electrical properties in controllable way. Unlike pristine 2H phase TMDs
where the basal plane is largely chemically inert that render covalent functionalization
challenging [30], graphene has a unique degree of freedom of the reversible change
between sp” and sp® hybridization in the carbon atoms, such that it is feasible to create
additional covalent bond without damaging the carbon basal plane by not breaking the
C-C sigma bonds. The sp® bonding allows carbon atom bonds to different heteroatoms

and functional groups [31]. In particular, the solution-processed graphene oxide has
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numerous polar functional groups adhered onto the basal plane that allow
immobilization of electroactive species like dyes, DNA, enzymes, through covalent or
non-covalent bonding, which promote the use of graphene-based materials for
biosensors, photo- and electro-catalysis [32].

Among different forms of chemically modified graphene, GO has caught
special attention. GO is an intermediate product created during the chemical
exfoliation of graphite, which was developed to achieve large-scale mass production
of graphene. However, it was found that this intermediate product could be useful on
its own. It has distinct electronic properties from graphene. It is insulating and
possesses a band gap [10]. In GO, some of the sp’ bonds in graphene change into sp’
hybridization due to the addition of functional groups to the carbon atoms like the
epoxide (-O-), hydroxyl (-OH), carbonyl (=O), and carboxylate (-OOH) groups.
Different degrees of reduction were performed on GO by various approaches, like
varying the duration of chemical reduction and the temperature of thermal annealing.
Reduction eliminates some of the oxygen functional groups to restore the sp’ bonding,
which would also increase the electrical conductivity due to the resultant delocalized
electron in the p. orbital in the sp? hybridization. The bandgap decreases gradually with
the degree of reduction [33]. Control of reduction enables the work function of GO to
be tuned [34] and could potentially be applied for optimized transport layer in
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photovoltaics [35]. Degree of reduction in GO is also related to interplanar distance in

the vacuum-filtrated film of GO due to the varying density of the hydrophilic

functional groups that would affect interlayer coupling in GO. This property has also

been shown to have great potential for separation of ions in water based on GO

membranes [36].

GQDs have also been actively investigated in the progress to opening a band

gap in graphene. GQDs typically have diameters less than 10 nm, and usually produced

by solution-based methods, for example, by electrochemical route using a graphite

electrode or powders [37], or hydrothermal cutting of GO nanosheets [12]. The strong

confinement of electron waves in three spatial dimensions leads to a change in the

allowed energy states of the electrons, more forbidden energy states are induced in the

graphene. The consequence of which is the appearance of a bandgap that does not exist

in the 2D confinement in graphene. One intriguing property found in GQDs after

bandgap opening is the emergence of photoluminescence. Photoluminescence with

high quantum yield is essential in applications like light emitting diodes, bioimaging,

anticounterfeiting etc. As a result, GQDs opened up many interesting and useful

applications in the field of optoelectronics for graphene materials. The solution-based

synthesis also renders the chemical engineering of GQDs more convenient. Numerous

reports regarding the doping of GQDs with different elements like nitrogen, oxygen,
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phosphorus, boron can be found, and have been reported to induce changes in the
photoluminescence properties of GQDs [38].

Another graphene-based nanomaterial is the graphitic carbon nitride (g-C3Ny)
nanosheets. The polymeric form of g-C3Na, which is highly defective with a C/N ratio
considerably deviates from 3/4, is intensively investigated in recent years, due to the
discovery of its high photochemical hydrogen evolution activity, especially under
visible light when compared to TiO», the conventional material used in water splitting
[39-41]. g-C3N4 also has a layered structure, with a bandgap of ~2.7 eV, which lies just
outside of the ultraviolet region. The layered structure implies that it could be readily
exfoliated to induce quantum confinement to increase its band gap in order to apply

the material in carbon-based solar-blind ultraviolet photodetectors.

2.2 Figures of merit of photodetectors

Photodetectors are evaluated by several figures of merit including the
responsivity, -3dB bandwidth, noise current, specific detectivity, noise equivalent
power, rise/fall time, linear dynamic range and quantum efficiency [42, 43]. These
parameters are defined in this section.

Responsivity

Responsivity (R) of a photodetector measures the photocurrent (Ip,) per unit light
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power (P) falling onto the device active area. R has the unit AW,

R = Ipn _ lugnt — laark
P W« A
where Ijjgne 1s the current when light is on and  Ig4p 1s the dark current of the

device. W is the intensity of the light source, 4 is the active area of the device.

Noise equivalent power

Noise equivalent power (NVEP) measures the minimum detectable light power, which
is defined as the light power that gives the signal-to-noise ratio (S/N) equals unity (0
dB), when the bandwidth (B) is 1 Hz [42]. The bandwidth has to be fixed since S/N is

a function of bandwidth. Bandwidth is related to the integration time (t;) by

For example, if the S/N measured over an integration time of 0.5 s equals a, the S/N

obtained over 50s equals V100a = 10a for the same light intensity [44].

It can be written as [45]

NEP = Im;ise - Jlnotse” [A/Hzlfz]

R AJW

where [, 1S the noise current, which is the root mean square of the fluctuation in

current, when bandwidth is limited to 1 Hz [42]. R is responsivity.

-3dB Bandwidth

The -3dB bandwidth (f_345, in unit of Hz) is defined as the frequency of light

modulation at which the photo-current/voltage of the device falls by -3dB (~0.707 for
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V and I, or ~0.5 if output power is measured instead, using the relations P= I°R =V?/R)
of the photo-current/voltage under continuous wave [46]. It can be estimated by the
value 0.35/t:, where t; is the 10-90% rise time of the device.

The -3dB bandwidth is limited by the carrier transit time and the characteristic RC

constant according to the relation [46]:

1 1 1

+ _—
2 2 2
f-3aB fi©  fre
where f; is the carrier transit time-limited bandwidth given by

3.5 d d?

fe 2ty T uE  uv

where t;, is the carrier transit time, and is related to the carrier mobility (¢). d is the
average distance travelled by carriers, E is the E-field in the device.

And frc is the RC-limited bandwidth, given by

1
fRC ~ 2mRC

R is the total series resistance, including series resistance of photodiode, contact
resistance, load resistance etc. C is the capacitance of photodiode.

Rise/fall time

The rise (fall) time of the photodetectors is defined as the time interval for the response
to rise (fall) from 10% (90%) to 90% (10%) of the saturated photo-current/voltage with
respect to the dark current.

Noise current
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Noise current originates from statistical fluctuation in the number of photons and
electrons, and the random motion of electrons [47]. First factor gives rise to shot noise,
second factor give rise to the thermal Johnson-Nyquist noise [45, 48]. These two noises
are common in all circuits [49]. Other noises like the flicker noise (1/f noise) and
popcorn noise may also present [48], which could not be neglected.
Thermal noise always exists regardless of applied voltage as it is related to random
thermal vibration of electrons within the conductor at non-zero temperature. Under
zero bias, the thermal (Johnson-Nyquist) noise (S;) dominate [50]. It is given by

Sr = J@ [A/HZY?]
where kg is the Boltzmann constant, T is the temperature, B is the bandwidth in
measurement, Rp, is the load resistance.
The shot noise (Ss) is a quantum effect that is related to the particle nature of photons
and electrons such that the number of photons impinging the device under a ‘constant’
light intensity and number of electrons being injected into the device under a ‘constant’
bias are statistical processes. Shot noise describe the resultant photo- and dark current
fluctuations. Photon out-fluxing are discrete, independent and random events and thus
describe by the Poisson distribution. Shot noise comes from the background (the
surroundings) and from the dark current. Shot noise is given by [51]

Ss =4/ ZC[I_B [A/HZUZ]
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where ¢ is elementary charge, I is the average current, B is bandwidth.

Considering only the above two noise components, the noise current is expressed as

Inpise = \/lnmsez = \/Ssz + STZ

Flicker noise is caused by traps near the interfaces, especially significant for field
effect transistors that have short channel.

Specific detectivity

Specific detectivity (D*) allows comparisons of the weak light detection capability of

photodetectors that have different active area and bandwidth, which are not normalized

in NEP. The unit is cmHz?W™!,

__VAB _ RVAB

NEP Inoise

where A is the active area of device, B is the bandwidth.
If the shot noise from the dark current is the major noise contribution that limit the

detectivity, below representation applies
R

V 2 QJ dark

where R is responsivity, Jzqrk 1 the dark current density.

D* =

Linear dynamic range

Linear dynamic range (LDR) measures the light intensity range (in dB) in which the

responsivity of the photodetectors remains constant. The responsivity of

photodetectors ideally should be independent of light intensity. It is expressed as [46]
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Wdev

Wmin

LDR = 20 10g10

where W,,;, is the lowest light intensity used in the measurement, Wy,,, is the light

intensity at which the linear relationship of photocurrent vs light intensity starts to

deviate.

Quantum efficiency

There are the internal quantum efficiency (IQE) and external quantum efficiency
(EQE). The IQE describes the ratio of the number of charge carriers detected over the
number of photons absorbed by the device. Photons that are transmitted through and
reflected from the device are not included in the denominator in the calculation of IQE.
To obtain IQE, the power of light over devices’ active area, reflectance and
transmittance of the devices have to be known. EQE describes the ratio of the number
of charge carriers detected over the number of photons impinging the device. To obtain

EQE, the power of light over devices’ active area have to be known.

2.3 Photosensing mechanism

There are a number of mechanisms that have been analyzed to date for giving rise to
photocurrent/voltage, they include the photovoltaic, photoconductive,
photothermoelectric, bolometric, photogating and photoelectric effect.

Photovoltaic effect
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The photovoltaic effect occurs in structures that have a built-in electric field, that helps

in separating the photo-generated electron-hole pairs and gives rise to photocurrent

[43, 45]. The built-in E-field establishes as a result of a large difference in Fermi level

of the materials forming the junction. Typical example is a p-n junction. The depletion

region formed at the p-n interface in equilibrium upon contact is where the built-in E-

field exists. Magnitude of this equilibrium internal E-field can be changed using an

external E-field. It would be reduced under forward bias, and enlarged under reverse

bias. The build-in E-field supports the conduction of minority carriers in the

semiconductor, which give rise to a non-zero current (dark current in a photodiode)

under reverse-biased condition in a diode. Photodetectors that utilize a p-n junction are

called photodiodes. Solar cells are a special case of photodiodes, that operate at zero

bias. High IQE and very short response time can be achieved if the thickness of active

layer is optimized such that the device is fully depleted, together with the satisfaction

that the recombination lifetime of electron and hole are larger than the respective

carrier transit time [42]. EQE and gain are capped at unity for a photodiode.

For 2D materials-based photodetectors that utilized photovoltaic effect, different

device architectures can be found to achieve a built-in E-field, including local chemical

doping, split gate, Schottky junction with metals [52].

Photoconductive effect
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The photoconductive effect involves only one carrier type for conduction (unipolar),

unlike photovoltaic effect where both carrier type conducts. The carrier type not

involved in conduction is trapped [42]. If the lifetime of the un-trapped carrier type

exceeds its transit time, it can circulate between the electrodes under electric bias many

times within the recombination lifetime determined by the long lifetime of the trapped

carriers, which can lead to photoconductive gain. Bias voltage must be applied to

operate a pure photoconductor, and generally not suitable for high speed application.

Phototransistors have been reported to exploit the photoconductive effect [42].

Photothermoelectric effect

The photothermoelectric effect is produced by light-induced temperature gradient of
the carriers across an interface between two materials that have different Seebeck
coefficients. The temperature gradient of hot carriers results in a photovoltage or
photocurrent. Junction with different Seebeck coefficients on two sides can be
achieved by different doping level, e.g. in a p-n junction, or partial dual gate-bottom
gate configuration.

Seebeck coefficient (S) is related to the conductance (G) of the material by the Mott

equation [53],

m2k?T 1 dG dV;
3q GdV; dE .

Ep

The photocurrent/voltage generated from photothermoelectric effect is
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Vorg = lprgR = (S2 — $1)AT
where R is the resistance, AT is the temperature difference between the hot carriers
across the junction.
Taking the heat flow as a radial wave, we have [53],

K2ntAT = Pa

where & is the thermal conductivity, t is the thickness of the material, P is the incident
light power, « is the absorption coefficient, thus allows AT across the junction to be
estimated.

Photothermoelectric effect in graphene

Photothermoelectric effect is sometimes considered an undesirable photo-effect, due

to its slow response and low efficiency [54], especially for devices that are intended to

exploit other photosensing mechanisms like photovoltaic and photoconductive effect.

Nonetheless, this photo-effect is believed to be significant for graphene-based devices

since graphene has strong electron-electron interaction, photoexcited electron—hole

pairs lead to ultrafast (~10-50 fs) heating of the carriers in graphene [52]. Furthermore,

graphene has a small electron heat capacity and weak electron-phonon interaction,

which ensure a large change in electron temperature under illumination and little heat

loss from electrons from electron-phonon scattering respectively.

37



&

The Hong Kong Polytechnic University

&

Chapter 3 Experimental and Characterization

Methods

3.1 Synthesis of various graphene-based nanomaterials
3.1.1 Synthesis of glucose-derived graphene oxide nanosheets

Thermal decomposition of glucose by hydrothermal method was employed to
synthesize graphene oxide (GO) nanosheets [55, 56]. Anhydrous glucose powders
(Sigma Aldrich) were dissolved in deionized (DI) water. In typical synthesis, 0.5 M
glucose solution was used. 40 ml of the solution was poured into a 50 ml Teflon-lined
autoclave. The autoclaves were heated at 180 °C for 3 — 4 hours. The vessels were
cooled naturally to room temperature before they were opened. GO nanosheet with
thickness of 20-40 nm was found at the solution-air interface. The GO film was
continuous over the entire interface, limited only by the diameter of the vessels used
in the experiment. It is thus expected that a larger area of the nano-thickness GO is
possible by using vessels with larger diameter. Glass slides were used to retrieve the
GO, which was then transferred several times to DI water to wash the nanosheet, and
was finally transferred to desired substrate, then dry in air. Thickness of GO can be

varied by changing any one of the followings: the duration of hydrothermal process,
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hydrothermal temperature and concentration of glucose solution.

3.1.2 Microwave synthesis of graphene quantum dots

Anhydrous glucose powders were dissolved completely in DI water in 11 wt%
concentration. 5 ml of the solution was transferred to a glass vessel, and closed with a
rubber cap. It was then put into the microwave reactor. The vessel was heated to 180
°C with a pressure of 180 psi and a duration of 5 min. The microwave-assisted heating
transforms the carbon source (glucose in this case) into GQDs [57]. The size of GQDs
can be varied by changing the concentration of glucose solution, duration of

microwave heating, and temperature/pressure used in heating process.

3.1.3 Chemical vapor deposition of graphene

Large area monolayer graphene was synthesized by chemical vapor deposition [58].
Copper foil was first cleaned to remove the oxide layer, then was briefly rinsed with
DI water and dried immediately. Copper foil was put into a one-inch-diameter quartz
tube furnace. The tube was pumped down to a pressure of ~30 Pa, then 50 sccm Hy/Ar
(10%/90%) was introduced into the tube. The temperature of the tube was raised at a
rate of 15 °C/min to 1000 °C. The copper foil was annealed at 1000 °C for 15 min, then
25 scem of high purity methane gas was flowed into the tube for about 10 min. When

time was up, the foil was pushed out of the heating zone to introduce quick cooling.
39



&

The Hong Kong Polytechnic University

&

The flow of methane gas was cut. The furnace was quickly cooled to room temperature.

3.1.4 Synthesis of graphitic carbon nitride

Melamine (99%, Sigma Aldrich) was grounded into fine powders using mortar and
pestle. 5 g of melamine was put into an alumina crucible with lid. It was put into a
muffle furnace and heated in air at a rate of 2 °C/min to 550 °C and maintained for 4
hrs, then cooled at a rate of 2 °C/min to room temperature. A yellowish g-C3N4 solid
was obtained. It was grounded to fine powders using mortar and pestle. 400 mg of the
powder was transferred to an alumina crucible without a lid. It was heated in air to 500
°C for 2 hrs at a heating and cooling rate of 2 °C/min. g-C3N4 powders with a lighter

yellow color were obtained [59].

3.2 Characterization methods of graphene-based

nanomaterials

3.2.1 Atomic force microscopy

Atomic force microscopy (AFM) was employed to measure the thicknesses and
morphology of materials with nano- to micro-scale features. It gives sub-nanometer

resolution in the z-direction, thus in the research of 2D materials, AFM could be used
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to identify single atomic layer. AFM can probe bulk insulating surfaces, which is a

shortcoming for scanning tunneling microscopy (STM) where samples with good

electrical conductivity are required, though STM provides even higher resolution than

AFM. The schematic diagram illustrating the working principle of AFM is shown in

Figure 3.1 [60]. The sample is placed onto a piezoelectric stage. The stage could move

along x-y-z direction in micrometer interval with high precision as it is driven by

piezoelectric force. A cantilever is used to probe the sample surface. The cantilever has

a sharp tip on the end touches the sample. The tip interacts with the sample surface

with interatomic force as shown in Figure 3.1(b) [60]. AFM enables non-destructive

mapping of morphology using the tapping (non-contact) mode. The cantilever

oscillates in resonance. When the tip is close enough to the sample such that the

interatomic force becomes repulsive, the cantilever would be deflected away from

sample, thus no contact (or damage) is made with the sample. A laser beam is directed

onto the tip of cantilever and is reflected to a photodiode array. The deflection of the

cantilever due to interatomic force is detected by the photodiode array, which

transform to the signal to give the morphological details of the sample. An example of

AFM image showing a layered material, SnS», is shown in Fig. 3.2.
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Figure 3. 1 (a) Schematic illustration of the working scheme of AFM. (b) Interatomic

force as a function of separations between atoms [Retrieved from Ref. 60].

158
nm

0

0 10 um
Figure 3. 2 Example of an AFM (right) image of the layered material SnS> deposited

by mechanical exfoliation. Optical image (left) of the SnS; nanosheet. Red square

indicates the area of the AFM measurement.

3.2.2 Raman spectroscopy

Raman spectroscopy is a versatile tool for identification of the composition,
crystal orientations, investigation of chemical bonding and strains in materials.

Monochromatic light from laser is directed onto the sample through objectives.
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Incident light is scattered elastically and inelastically by the sample. The inelastic
scattering can be divided into Stoke scattering and anti-Stoke scattering. The former
has a decrease in frequency in the scattered light while the latter has an increase in
frequency. Raman spectroscopy uses only the inelastically scattered light. Raman shift
(A, cm™), the quantity measured in Raman spectra, is the change in the frequency of
scattered light compared with the frequency of incident light, and it is defined by A=
i — ﬁ , where A, is the incident wavelength, Ap is the Raman scattering
wavelength. Stoke scattering has a higher probability to occur then anti-Stoke
scattering.

Molecules in the sample can originally be in the ground state (which may result
in elastic Rayleigh/Mie or inelastic Stoke scattering) or in some excited vibrational
and rotational states (may result in inelastic anti-Stoke scattering). Inelastic scattering
arises when incident photons interact with the electron cloud of the molecule and
excite it to a higher virtual energy state, which then relax to a state with different
vibrational or rotational states from the original state. If relaxed state is of a higher
(lower) energy than before excitation, the emitted photons would be of a lower (higher)
frequency than incident light, by energy conservation, gives Stoke (anti-Stoke)
scattering.

Schematic diagram of the main components in a Raman spectrometer is shown in
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Figure 3.3 [61]. Elastic scattered light from sample is blocked by a Rayleigh filter like
holographic notch filter or edge filter. The remaining inelastic-scattered light enters a
diffraction grating. The inelastic-scattered light is spatially overlapped with multi-
wavelength of light, i.e. a white beam. For spectrographic analysis, different
wavelengths need to be spatially separated. When light hit the reflective diffraction
grating, different wavelengths are diffracted by different angles, this enables each
wavelength to be detected by different pixels on the multichannel detector, which is
the charge-coupled device (CCD). The Raman shift and intensity can then be

calculated to give the spectrum.

Raman spectrometer

Microscope Grating
Filter
A& \Y

o

CCD detector

Sample - - - - -

785 nm diode laser
T I

Figure 3.3 Schematic illustration of the main components in a Raman spectrometer.

[Retrieved from Ref. 61].
3.2.3 X-ray diffraction
X-ray diffraction (XRD) is used to provide information on the identification, phase,

strain, crystal domain size, purity/quality, orientation of crystalline materials. X-ray is

44



&

The Hong Kong Polytechnic University

&

used instead of other part of EM spectrum since its wavelength is comparable to the
separation between crystal plane (in the order of A). Monochromatic X-ray beam
strikes a crystal that is of arbitrary orientation. It is reflected off when it hits atomic
planes. The optical path difference between two adjacent reflected X-rays is 2d sin @,
where d is the separation between atomic planes, 90°-0 is the incident and reflected
angle of the X-ray. From classical wave mechanics, constructive interference would
occur only when the optical path difference between adjacent X-ray equals to the
integral multiples of wavelength (). (Bragg’s law:2d sin & = nA, n is an integer.) The
constructively interfered X-ray from reflection, with a stronger intensity, can then be
detected to give X-ray peaks. The schematic diagram of an X-ray diffractometer is
shown in Figure 3.4. Since d-values are determined by material and A is fixed, 260 is
swept to allow the condition for constructive interference to be hit in the diffractometer.
The detector is moved in an arc such that 26 is swept and corresponding intensity of
scattered X-ray is recorded. In this way, the sample needs not to be rotated to allow

scanning through different 8, which is desirable for powder samples.
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Figure 3.4 Schematic illustration of the X-ray diffractometer.

3.2.4 Photoluminescence spectroscopy

Photoluminescence (PL) is the emission of photons when the electrons relax back
to ground state after it is being excited to a higher energy state by the absorption of
photons from a light source. It is useful for investigating the carrier dynamics, impurity
band, defects, traps, relaxation pathways etc. in the materials by various PL techniques
like power-dependent, temperature-dependent, low temperature, and time-resolved PL.
The emitted photons usually have a longer wavelength than the excited photons (Stoke
shift). The excited photons in common practice are chosen to have energy larger than
the band gap of the materials. Electrons in material excited to energy state above the
conduction band edge of the material, which would in ultrafast time scale relax towards

the conduction band edge by emission of phonons. Then recombination with holes in
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valance band edge and emit photons, thus PL provides a raw estimation of the optical

band gap energy.

Bandgap measurement

Special care has to be taken as PL sometimes do not accurately reveal the optical

band gap, e.g. PL peak positions may shift when using solvents with different polarities,

though the solute, being the light absorber and PL emitter, remains unchanged. PL is

always complementary to optical absorption spectrum. Significant difference in the

energy between the absorption edge and PL peak can occasionally been encountered

[62], where the PL peak is at a lower energy than the absorption edge. PL emission is

sensitive to defects or impurities present in the material. P maybe dominated by

bound excitons captured by defects or impurities that have energy states situated below

the conduction band edge [62]. Therefore, PL can be used to determine whether the

sample is defective, and often optical absorption instead of PL is used to determine the

optical band gap in the material.

Onptical and electronic bandgap

However, optical band gap from optical absorption measurements cannot be used to

determine the position of conduction band (CB) minimum and valance band (VB)

maximum if the exciton binding energy of the material is large, for example in organic

materials, and materials with strong quantum confinements. Exciton binding energy
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arise from the Coulomb interaction of the photo-excited electron-hole pairs. Optical
bandgap is related to the electronic bandgap by the relations E; = E;pt + E,, where
Eg is the electronic bandgap, E ; Pt is the optical bandgap and E), is the exciton
binding energy. E;, ofsiliconis~14 meV [63],and E; ofssilicon is ~1.1 eV, thus Ej,
is negligible in silicon as compared with the bandgap. In this case, optical bandgap
maybe used to determine energy band structure of silicon. In addition, thermal energy
at room temperature (kgT) is ~25 meV, which is comparable with the exciton binding
energy of silicon, thus excitons readily dissociate to form free electrons and holes in
silicon at room temperature, then electron-hole pairs, rather than excitons, is often used
to describe photo-excited carriers in silicon. On the other hand, for instance, in CdSe
quantum dots, the exciton binding energy can be as high as 1 eV as its radius is reduced
to 6 nm, which is about 1/5 of its bandgap [64]. Another example is the monolayer
MoSe», which has been measured with an exciton binding energy of 0.55 eV with a E;
of 2.18 eV [65]. In these examples, using the optical band gap to determine band edge
positions are not feasible. X-ray/ultraviolet spectroscopies and scanning tunneling
spectroscopy can be used to eliminate excitonic effects for determining band edge
positions, the thus obtained electronic band gap can be compared with the optical band
gap obtained from absorption spectroscopy to acquire the exciton binding energy of a
material [64].
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3.2.5 Optical absorption spectroscopy

When light hit an interface between two materials with different refractive indexes, it
could be reflected, absorbed, and/or transmitted, which are respectively described by
the quantities reflectance (R), transmittance (7) and absorptance (A4) satisfying the
conservative relation R+ T + A = 1.

The Beer-Lambert law is commonly applied in an ultraviolet-visible (uv-vis)
spectrometer, where by that law, transmittance, absorbance (A’) and absorption
coefficient (a) are given by the relations:

I
%T = — X 100%
lo

A= —log L = ~log
T8, T T8

I

——eat
Io
A InT
Consequently, we get o= = _——
q Y g tloge t

where ¢ is the optical path length, 7 is the intensity of light after passing through the
sample, I, is the incoming light intensity.

An equation that accounts also for the reflectance is also used:

1

(1-R)?
oc—tln—

T

When above equation is used, both the reflectance and transmittance spectra of the
sample would be measured.

Reflectance spectra in uv-vis spectroscopy measures the reflected light from the
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sample (Ip), using the light reflected from a highly reflective surface as the reference

(o).
%R = I %X 100%
Io

However, it should be noted that the Beer-Lambert law is established upon a lot of
assumptions, two of which are mentioned below. Firstly, there should be no scattering
in the sample. Heavy scattering occurs in samples with rough surfaces or solution with
high concentration of solute. Secondly, the sample should be homogeneous along the
optical path. Otherwise, significant deviation from Beer-Lambert law would be
observed.

For highly scattering samples, like powders, diffuse reflectance measurements
have to be used in order to obtain accurate absorption of the sample. For the UV to
visible range, BaSO4 disc could be used as the reference for diffuse reflection
measurement. The acquired spectrum can be converted to the absorption spectrum by
the Kubelka-Munk function F(R). F(R)=(1-R)*/2R, where R is the reflectance. F(R) is
proportional to the absorption coefficient.

The optical band gap could be obtained by drawing the Tauc plot. Tauc plot

corresponds to a plot of (ahv)*/™ vs huv. It is based upon the Tauc equation:

(ahv)'/™ = A(hv — EJP%)

opt

where 4 is a constant, Eg

is the optical band gap, hv is photon energy.
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n=1/2 for direct band gap; n=2 for indirect band gap.

1
From the above relation, (ahv)n is directly proportional to the quantity (hv — E;P°),

passing through the origin. By plotting the x-axis with hv, the x-intercept of the linear
extrapolation equals the optical band gap (Egpt) of the material. For highly scattering

samples, (F(R) hv)Y/" is plotted at the y-axis.
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Chapter 4 Photodetectors based on

graphene oxide nanosheets

Graphene has, in recent years, been popularly investigated for application in
photodetection due to its high carrier mobility which has shown potential for high
speed operation of up to 500 GHz [66]. It also demonstrates broadband photodetection
from ultraviolet to far-infrared [67]. Broadband photodetection has many potential
applications in imaging, sensing and communications [67]. However, its good
electrical conductivity has simultaneously resulted in a large dark current (/z) when
being applied in photodetectors (e.g. It has been reported that the I; reaches 10 A
under 1 V bias [67].), which leads to low detectivity in graphene photodetectors [68].

Graphene oxide (GO) and reduced graphene oxide (RGO), which are graphene
derivatives decorated with oxygen functional groups on its basal plane and edges, also
shows broadband absorption [69]. A few studies have employed GO or RGO as the
only active material for photodetection at different spectral ranges [70-74]. Qi et al.
demonstrated GO photoresponse in UV, visible light and NIR [72], but highly unstable
photocurrent was found upon UV illumination, which was attributed to the reduction
of GO in UV. Chitara et al. demonstrated GO photoresponse at 360 nm [70] and 1550

nm [71], but without visible light investigation. In addition, the variation of
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photoresponse over different excitation wavelengths has not been addressed clearly. It
IS important to understand the wavelength-dependent photoresponse in GO, and the
origin of such dependence, in order to ascertain the practical application of GO for
broadband photodetection. In this work, vertical junction photodetectors employing
partially reduced GO (PRGO) as the only active material were fabricated. The
wavelength-dependent photodetection of GO was investigated in detail. Our GO
photodetectors demonstrate stable photoresponse in UV and visible light with response
time at least one order of magnitude faster than the previously reported GO

photodetectors [70, 72, 74].

4.1 Thermal reduction of GO nanosheets

The GO nanosheets were synthesized by a hydrothermal method described in
Chapter 3 [55, 56]. GO was transferred onto ITO substrate. ITO as a transparent
conductor serves as the bottom electrode of the device. The as-synthesized GO is
highly insulating in nature, which can be recognized from the fact that no Hall effect
measurements could be conducted from the as-synthesized GO nanosheets. GO with
different annealing temperatures are designated by, for example, 800GO for GO
annealed at 800 °C.

The Hall effect measurements were conducted in the Ecopia HMS5000. For Hall effect
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measurement, the GO nanosheets were transferred onto insulating glass substrate, then

silver paste was applied at four corners of the GO nanosheets. Each electrode was

separated by about 5 mm.

Thermal annealing was used to make the GO nanosheets semiconducting. Since

the resistivity of ITO could be increased after heat treatment at temperature higher than

500 °C [75], GO nanosheets were transferred to copper foil instead of ITO whenever

an annealing temperature higher than 500 °C would be used. To conduct thermal

annealing, the GO/ITO or GO/Cu was placed into a tube furnace connected with a

vacuum pump. The pressure in tube was pumped down, then temperature was ramped

up to the desired temperature and held at that temperature for 8 min. Furnace was

naturally cooled to room temperature.

The semiconducting nature of the annealed GO is confirmed by temperature-

dependent Hall measurement as shown in Figure 4.1. Both 650GO and 850GO samples

show an increase in conductivity (o) with an increase in temperature, this indicates a

semiconducting nature. Since increase in thermal energy increase the carrier

concentration in the semiconductors, which can also be seen from the fact that Fermi

level in semiconductor is a function of temperature. In contrast, for metals, a decrease

in conductivity is expected for an increase in temperature, since electron-phonon

scattering is enhanced at higher temperature leading to decrease in mobility while
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carrier concentration is temperature-independent for metals. By classical Drude model
cthat describes a free electron gas, suitable to be used on metals, o, = n,ey,, where
n, 1is electron density, p, is electron mobility, a decrease in mobility results in
decrease in conductivity. From Figure 4.1, the conductivity of 850GO areas 3 orders

of magnitude higher than that of 650GO, which demonstrates the effective tuning of

conductivity of GO over a large range using thermal annealing.

7.2
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Temperature (K)

320 330 340 300 310
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Figure 4.1 Temperature-dependent conductivity of (a) 650GO and (b) 850GO.

4.2 Fabrication of devices

GO transferred onto ITO was annealed at temperature of 450 °C. Another GO

nanosheet was transferred onto Cu foil and annealed at 650 or 700 °C. The annealed

GO on Cu foil was then transferred onto 450GO by dissolving the Cu foil in 0.5 M

FeCls solution overnight. Annealed GO floated on top of the solution. Using glass

slides, it was transferred several times to DI water. Finally, the 450GO/ITO was used

to pick up the 650GO or 700GO. Top electrodes, consisted of circles of 3 mm in
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diameter, was deposited by thermal evaporation of ~100 nm Au through a shadow
mask. Schematic diagram of the device is shown in Figure 4.3(a). Light impinged the

device from the ITO glass.

4.3 Results and discussions

Figure 4. 2 (a) The schematic diagram of the device structure. The active area of the
devices was 0.07 mm?. (b) Topographic image of 450GO, with RMS roughness of
1.1 nm. (c) The AFM image along the edge of 650GO. The inset shows its thickness
of 37.7 nm. (d) AFM topographic image of 650GO transferred from copper foil onto
Si0,/Si after annealed on copper foil, with a RMS roughness of 51 nm.

The AFM topographic image of 450GO is shown in Figure 4.2(b). The 450GO
film formed from dip-coating of solution-grown GO and underwent subsequent
annealing shows a very flat surface with a root-mean-square (RMS) roughness of 1.1

nm. The AFM image measuring the step height of 450GO shows that the thickness of
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450GO is 36 nm. From AFM measurements, it could be concluded that the solution-
grown GO nanosheets were highly continuous and smooth, cracks were only formed
randomly during the dip-coating of GO onto substrate, thus GO nanosheets were
suitable for device application. The AFM topographic image of 650GO is shown in
Figure 4.2(d). 650GO was first transferred onto Cu foil and thermally annealed, then
Cu foil was dissolved and remaining 650GO was transferred on SiO»/Si substrate for
AFM measurement. The additional transfer process from copper foil increased the
roughness. RMS roughness of 650GO is 51 nm. In addition, a number of cracks are
observed on GO annealed on Cu foil, which are different from the GO annealed on
SiO» substrate. This could be due to the large difference in thermal expansion of GO
and copper foil. Although the linear thermal expansion coefficient (o) of GO is not
known, some insights could be obtained from the fact that « of sp’ (graphite) and sp’
(diamond) carbon are ~7.8X 106K ™1 and 1.2x 107°K ! respectively, while that of
copper and silica are ~17x 106K ™! and 0.7x 106K~ respectively. Pristine GO,
which is highly insulating, is believed to be dominated by sp® bonding, thus GO is
expected to show a huge contrast in thermal expansion with copper but not silica.

Roughness of laver in light-harvesting devices

Roughness of layer is considered in light harvesting applications, like solar cells

and photodetectors, since from the Fresnel equation in classical electrodynamics, it is
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known that reflectance is a function of the angle of incidence of light [76]. The

relationship of reflectance on the angle of incidence is shown in Figure 4.3 (Retrieved

from Ref. 76). In common practice, light incidents perpendicularly to the substrate,

and from a lower refractive index material (air, n=1) to a higher refractive index

material. If the active layer is smooth, the angles of incidence are small, then the

reflectance is smaller than in the case where the surface is rough and the angle of

incidence, comprises of a lot of angles, can be large, depending on the morphological

features at the interface. For solar cells and photodetectors that consist of multiple

active layers, light may enter from a higher refractive index material to a lower

refractive index material as light travels through the active layers. For rough interfaces,

the higher angles of incidence, which can be larger than the critical angle of the

interface, would even result in total internal reflection. Therefore, for light harvesting

applications, rough surfaces, as in the case of our 650GO, is not favorable.

To accurately measure the thickness of 650GO, a sample transferred directly

onto Si0»/Si from as-grown GO was used. Figure 4.2(c) shows the AFM image of the

650GO. It can be seen that GO with high annealing temperature on SiO»/Si substrate

and without a second-time transfer shows a flat surface. The thickness is 37.7 nm.

Although the precise control in the thickness of GO by this solution-grown method are
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Figure 4. 3 A plot of the transmittance (Eyr/E,;) and reflectance (Egg/Ey;) as a
function of angle of incidence (8;) for light entering glass (n,=1.5) from air (n;=1),

at the air-glass interface, by the Fresnel equation. (Retrieved from Ref. 76.)

not effective, GO nanosheets thickness in the range of 20-40 nm are reproducible using
the condition stated. The total thicknesses of the GO nanosheets, which made up the
active layers of the devices, are about 70 nm.

The photos of the as-grown GO dip-coated onto fused silica substrate and GO
films annealed at different temperatures are shown in Figure 4.4(a). The colour of the
GO films deepen gradually as the annealing temperature increases. The GO films show
a good coverage on substrates with large area of 1.5x1.5 cm?. Array of devices (3x3)
was synthesized on each ITO substrate with same dimension with that shown in Figure
4.4(a). From Figure 4.4(b), the glucose-derived GO films exhibit two absorption
features. One is a shoulder at ~300 nm. This is assigned to the n to 7* transition of

C=0 bond. The other is a peak at ~200 nm, which could be attributed to the = to 7*

59



& s
Q'v The Hong Kong Polytechnic University

transition of sp? C-C bond. These two peaks are in good agreement with previous
reports [77-80]. It could be seen that this peak gradually red-shifted with annealing
temperature, which was also observed in previous studies [78-80]. It shifts from 198
to 266 nm, from as-synthesized GO to 1000GO. Peak shift against annealing
temperature is plotted in the inset of Figure 4.4(b). It approximately follows a linear
relationship. This peak shift is explained by a reduction in the concentration of oxygen
functional groups and restoration of the n-electron conjugation network of the GO film.
The shoulder disappears at high annealing temperature and only a peak at ~260 nm
could be observed. The absorbance from 200-900 nm increases with annealing
temperature, which is consistent with the photos in Figure 4.4(a), where the GO films
turns from yellow to black with annealing temperature. This reveals that the absorption,
and hence the spectral photoresponse of GO is expected to be tunable by controlling
the degree of reduction.

The Tauc plots of the GO films for different annealing temperatures are shown in
Figure 4.4(c). A direct band gap in GO has been adopted in the calculation (i.e. n=1/2
has been taken, refer to section 3.2.5 for details). Since the PRGO consists of a mixed
sp’ and sp’ phases [10, 81-84], in addition to large number of trap states resulted from
the oxygen functional groups and defects induced by annealing [85, 86]. The GO
nanosheets are spatially inhomogeneous and cannot be described by the same band
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gap values in microscopic domains. The optical bandgap from Tauc plot provides a
macroscopic estimation for the optical band gap of the GO that are consistent with the
increase in absorption in the GO. For the as-synthesized GO, 450GO, 650GO and
850GO, the optical bandgaps are 4.45,4.07,2.71 and 2.41 eV respectively. The optical
bandgap of the GO decreases with increasing annealing temperature, which are
consistent with previous studies [87, 88]. Bandgap modulation from ultraviolet to
visible light regime indicates that the optical properties of the GO are tunable over a
large range in addition to electrical properties mentioned in previous section.

The Raman spectra of the GO annealed at various temperatures are shown in
Figure 4.4(d). Two characteristic peaks can be observed with the GO films on silica
substrate. One is the G peak at ~1600 cm!. It corresponds to the in-plane vibrations of
E2g phonon of sp? carbon [81]. Another peak is found at ~1350 cm™!, which is identified

as the D peak and is attributed to the A, vibration of defective six-atom rings [89, 90].
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Figure 4.4 (a) Photos of GO nanosheets annealed with different temperatures.
Dimension of the substrate is 1.5x1.5 cm. (b) The absorbance spectra of GO with
different annealing temperatures. The kink at 365 nm is due to a change in light source
in the spectrometer. (¢) The Tauc plots of GO with different annealing temperatures.

The x-intercepts of the dotted-lines indicate the optical bandgap. (d) Raman spectra of
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A strong fluorescence background with no characteristic peak could be observed from
the as-synthesized GO. Upon 450 °C annealing, the G peak appears, which indicates
the formation of sp’ domains. Defective D peak appears as a shoulder, which may be
overwhelmed by the background. Huge difference could be noticed as the annealing

temperature is increased from 450 °C to 650 °C. For both 650GO and 850GO,
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prominent G and D peaks are observed.

The Fourier Transform infra-red (FTIR) spectra of 45GO and 650GO are shown in
Figure 4.5 (a-b). FTIR is an effective tool to investigate the functional groups on GO.
The samples were prepared by mixing dried GO nanosheets with KBr powders. The
mixtures were grounded to fine powders and pressed into disks for measurement. The
peak at ~2920 cm™ corresponds to the stretching of C-H bond [55]. Peaks at ~1710
and 1640 cm™ are attributed to C=0 in carboxylic group and C=C bond respectively.
Absorption band at ~3400 cm™ is assigned to the —OH bond. Absorption peak at ~1040
cm? is attributed to C-O in hydroxyl group [91]. The most noticeable change in
functional groups at higher annealing temperature would be the diminished absorption
band for C=0 bond, thus indicates that the restoration of conjugation network in RGO
may be contributed by the desorption of carboxylic groups.

The flat band energy band diagram of the device is shown in Figure 4.5 (c).
Previous studies have reported the increase in the work function of GO with the oxygen
content [92, 93]. Work function of GO and RGO were reported to be 4.9-4.96 eV and
4.79-4.88 eV respectively [94, 95]. Ultraviolet photoelectron spectroscopy (UPS) was
used to measure the highest occupied molecular orbital (HOMO) for GO and RGO,
which were reported to be ~1.5 eV and ~1.1 eV below the work function respectively
[96]. The lowest unoccupied molecular orbital (LUMO) of GO and RGO are located
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by using the optical bandgap obtained above. The resultant electron band diagram
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Figure 4.5 FTIR spectra of (a) 450GO and (b) 650GO. (c) The flat band diagram of
the device. (d) The absorption coefficient of the GO nanosheets annealed at various
temperatures. The kink at 365 nm is due to the switching of light source in the

spectrometer.

allows a clearer understanding in the carrier transport in the device. Positive bias is
applied to Au electrode, thus photogenerated holes are transported toward ITO cathode
and electrons to the Au anode. From the absorption coefficient (a) spectra of GO in
Figure 4.5(d), which is normalized against the thicknesses of different GO nanosheets,
it is expected that 650GO serves as a more effective light absorber than 450GO in the
device. The conduction band edge of 450GO is considerably higher than that of 650

GO. This renders the 450GO a good electron blocking layer in the device by
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suppressing photogenerated electrons in 650GO diffusing towards 450GO under the
concentration gradient, which could reduce the probability of recombination in the
device.

For comparison, a set of photodetectors employing 700GO instead of 650GO were
fabricated. Photoresponse of the 700GO device is shown in Figure 4.6(a). The
initiation of comparing 700GO and 650GO was originated from the result that higher
annealing temperature leading to increase in the absorbance of GO, which, may
potentially increase the photocurrent in the device. It is found that 700GO devices
indeed give a larger photocurrent than 650GO devices under same condition of 410
nm illumination at 3.1 mW and 1 V bias, which leads to a larger responsivity. However,
the 700GO device is found to have a much larger dark current in the order of 10* A
(Dark current of 650GO device is at most at the order of 10 A, ranging from 107 to
107 A, as seen from Figure 4.7.), which could be attributed to the higher electrical
conductivity of 700GO, considering that the only difference between the two types of
devices is the replacement of 650GO by 700GO. The higher dark current leads to
critical concern for the detectivity and on/off ratio in the 700GO devices. The
detectivity and on/off of the 650GO and 700GO are listed in Table 4.1. For the
calculation of specific detectivity (D*), it is assumed that the shot noise from dark
current dominated the noise current, since moderate bias is applied and dark current
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level is considerably high. This gives D*=RA"*(2qlu.+) " (Details refer to Chapter 2.).
700GO devices show a lower detectivity and on/off ratio, which indicates that 700GO
device would be more inferior for detecting low light intensity than 650GO device. In
view of this, 650GO was employed in all the devices involved in subsequent analysis.
A typical dark /-7 characteristic of the device is shown in Figure 4.6(b). The
non-linear /-V indicates that there is transport barrier(s) in the device. The current
increases exponentially beyond about 1 V at both positive and negative biases, which
then the large dark current (10* A) is not desirable. Thus 1 V bias was used in all the
subsequent measurements unless otherwise specified.
Light intensity was measured with calibrated power meter. The area of
illumination was fixed at 7 mm? by passing light through a shadow mask, except for
1610 nm excitation where the light source was a laser diode thus the actual illumination

area of which was limited by the size of light beam.
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Figure 4.6 (a) Photoresponse of the 700G0O/450GO device. (b) Typical dark I-V
characteristics of the 650G0O/450GO device.
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Table 4.1 D* and on/off ratio of the 700G0O/450G0O and 650G0/450G0O
device structures under 410 nm excitation at 3.1 mW and 1 V bias

Device structure D*(10’cmHz!>W) on/off
700G0O/450GO 2.33 1.01
650G0/450GO 3.31 1.46

Photoresponse of the GO nanosheets-based photodetectors under UV, visible

and NIR illumination are shown in Figure 4.7. The spectral range that is investigated

in this work covers from 290 to 1610 nm. The photoresponse at 290 nm is shown in

Figure 4.8, where a different device structure is used since ITO is opaque to 290 nm.

This is the broadest range yet demonstrated on photodetectors that employed GO as

the only active material. The photoresponse could be attributed solely to GO as it is

the only active material in the device. The device shows satisfactory photoresponse in

the UV and visible light region where the photocurrent saturated within the shortest

time interval of data acquisition of the system (~105 ms), this indicates that the

photocurrent is mainly contributed by the fast drift component with tiny proportion

from slow diffusion of carriers [97].
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Figure 4.7 Photoresponse of the 650G0O/450GO photodetector under illumination at
(a) UV, (b) visible light, (c-d) NIR. The wavelengths are indicated in the figures.

The dependence of the photocurrent on the light intensity at 410 nm is shown in
Figure 4.9(a). Data points are fitted with the power law I,,, = aP?, where I, isthe
photocurrent, P is the light intensity. The value of 6 obtained from fitting is 0.991,
which is very close to 1. In the ideal scenario, 8 = 1, which is explained below: the
range of light intensity in which the responsivity remains constant (i.e. 8 = 1) is
described by the parameter named linear dynamic range (LDR). A large LDR is

required for stable and reliable operation over large spectral range in photodetectors.
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Figure 4.8 (a) Photoresponse at 290 nm illumination. (b) Structure of the device for
290 nm measurement. (¢) The electroluminescence spectrum of the 290 nm LED light

source.

Figure 4.9(b) shows the reproducibility of the photoresponse. A square voltage of

a frequency 0.43 Hz, with the waveform against time showed in the upper part of the

figure, was supplied to the light source. The corresponding photoresponse against time

is shown in the lower part of the figure. The photoreponse follows closely the voltage

waveform of the source, it saturates quickly when light is on. The magnitudes of

photocurrent in different ON cycles are found to be nearly constant, though the dark

current shows an increasing trend. A changing dark current with time is commonly

observed in reported photodetectors [98, 99]. As the magnitudes of photocurrent

remain largely the same over all cycles, the change in dark current over time is not

attributed to the reduction of GO under light illumination [72].
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The variation of responsivity with wavelength is given in Figure 4.9(c). The

power at different wavelengths were fixed at 1-5 mW in this measurement, since the

responsivity may also be a function of light intensity. It can be seen that the

responsivity decreases with the wavelength from 375 to 940 nm, and could be well-

fitted with an exponential function. The inset of Figure 4.9(c) is plotted with the

responsivity in linear scale. As expected, the responsivity exhibits a similar trend with

the UV-Vis absorption spectrum as shown in Figure 4.4(b). The broadband

photoresponse of the device is attributed to the wide range absorption of the PRGO

nanosheets. They exhibit a weak but non-zero absorption in NIR which results in the

low responsivity in NIR.

Figure 4.9(d) shows the photocurrent against voltage relationship under different

light intensities. This is similar to the output characteristics of field effect transistors

(FET), with the light intensities interchanged with gate voltage. This analogous gives

us hint on the effect induced by light in the device. The gate voltage in FET modulates

the charge concentration in the channel by capacitive induction. In this device structure,

charge concentration is modulated by generation of charge carriers excited by light. At

low light intensity, the photocurrent exhibits higher non-linearity with voltage, it

increases exponentially with voltage; when light intensity is increased to 2 and 3.9

mW, the photocurrent increases linearly with voltage. The photocurrent at low light
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intensity is limited by potential barriers in the device, which can be inferred from the
highly non-linear dark I-V. Higher voltage induces band modulation and current
increases exponentially as seen from below relationship. It describes the dependence
of current density (J) on electric field (E) over a Schottky-type barrier based on

thermionic emission of carriers [100],

—E
J= ATzexp[k—TB —1]

where A is Richardson’s constant, k is Boltzmann’s constant, T is temperature, Eg
is the barrier height.

Increase in light intensity increases the carrier concentration in the vicinity of the
barrier, which leads to enhanced modulation of barrier. This light-induced barrier
modulation results from carrier accumulation lowers the barrier height [101]. At high
light intensity, the linear increase in photocurrent suggests that the transport at high
light intensity is not limited by potential barrier.

Figure 4.9(e) shows the responsivity as a function of light intensity. The highest
responsivity of the device under 1 V bias at 410 nm is 23.6 mA/W, which is higher
than the RGO/Si nanowires hybrid photodetectors [69] and is comparable to other GO-
based photodetectors [70, 72]. The responsivity decreases with light intensity, which
may indicate the occurrence of non-linear processes in the device under photo-
excitation. This phenomenon is also observed in quantum dots-based photodetectors
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[102, 103].

The time response of the device is analyzed in Figure 4.10(a). The rise time and

fall time are determined to be 130 ms and 152 ms respectively at 660 nm. The response

times at different excitation wavelengths are tabulated in Table 4.2. The response time

in UV and visible light range are at least one order of magnitude faster than the

previously reported photodetectors that applied GO as the only active material, where

the reported time constants are ~30 min [70] and 5 — 20 s [72] in UV and visible light

respectively. The response time shows a strong dependence on wavelength. Response

time in NIR is about two orders of magnitude slower than that in UV and visible. This

behaviour has also been observed in a reported work [72]. The NIR response clearly

composes of a faster drift component and a slower diffusion component where the

former is represented by the sharp increase in current and the latter by the exponential

saturation of photocurrent. A possible reason for the slow response time at NIR is

trapping of charge carriers. It has been reported that C=O functional groups and defects

in GO may act as charge trapping centers [104], which results in a negative

photocurrent [70], and slow response time [72]. Due to the weak absorption in NIR,

assuming a constant number of trapping sites in GO, a larger proportion of

photogenerated carriers from NIR excitation are trapped as compared with UV and

visible excitation. Trapping increases the recombination lifetime of carriers [105] and
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results in long response time.
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Figure 4.9 (a) Photocurrent as a function of light intensity at 410 nm. Fitting
parameters are provided. (b) Good reproducibility of the GO-based photodetectors.
Upper part shows the applied voltage to light source, and lower part the photoresponse.
(c) Responsivity at different wavelengths. (d) Photocurrent as a function of voltage for
different light intensities. (e) The variation of responsivity with light intensity. Highest

responsivity is measured at the lowest light intensity with a value of 23.6 mA/W.

Figure 4.10(b) shows the GO-based device operated under self-powered mode,
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i.e. under zero bias. This property is investigated for the first time in GO-based
photodetectors. The device demonstrates a prominent and fast response. The response
is compared with the situation when the device is under 1 V bias, with same condition
of excitation at 410 nm at 3.1 mW. The magnitude of photocurrent is smaller at zero
bias, which is expectable, but the on/off ratio increased from 1.46 at 1V to ~102 at zero
bias. Self-powered photodetectors are more favourable for operating in harsh condition
and weight reduction. This ultrathin GO photodetector showed huge potential for self-

powered photodetectors.
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Figure 4.10 (a) Response time analysis of photoresponse at 660 nm. (b) Photoresponse
of the device operating under self-powered condition.

Table 4. 2 Rise and fall times under different excitation
wavelengths

Wavelength (nm) Rise time Fall time
375 ~105ms ~105ms
660 130ms 152ms
1610 78.13s 70.99s

74



&

The Hong Kong Polytechnic University

&

Chapter 5 Photodetectors based on
graphene quantum dots functionalized with

conducting polymer

GQDs have attracted intense interest in the past few years as they exhibit strong
PL [106, 107], and couple with other properties, such as heavy metal-free, bio-
compatible [108], suitable for low cost fabrication and good solubility in water. GQDs
have been successfully utilized in light-emitting diodes [109, 110], solar cells [111,
112] and photodetectors [113-115]. Effective ways to synthesize GQDs with
controllable properties are highly desirable for the above applications.
Functionalization and making composites of GQDs have shown to be an effective way
to tailor the electrical and optical properties of GQDs [116-119]. A number of works
have been done on the amine-functionalization of GQDs. They demonstrated tunable
PL peak position of the functionalized GQDs by varying the number of amine group
on GQDs [116] or by varying the pH value to trigger the protonation of the alkyl amine
group [119]. Recently, our group has synthesized the GQDs-polyaniline (PANI-GQDs)
nanocomposite [120]. It has shown that the PL peak and hysteretic /-V behaviour of
PANI-GQDs can be progressively tuned by altering the amount of aniline in the

synthesis. In this work, it is further demonstrated that /-J hysteresis can also be
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obtained from pristine GQDs, such that the charge storage effect of GQDs and PANI-
GQDs nanocomposite have further been compared to elucidate the effect of PANI
functionalization. It is found that PANI-GQDs exhibited larger hysteresis than GQDs
at different voltage scan ranges, together with the demonstration of the optically
tunable hysteresis in PANI-GQDs. The optoelectronic properties of GQDs and PANI-
GQDs are also compared by studying their photoresponse. PANI-GQDs exhibit a
higher responsivity and shorter response time under visible light illumination as

compared to GQDs.

5.1 Synthesis of PANI-GQDs nanocomposite

GQD solution was first synthesized by the method described in Chapter 3.2.
Aniline monomer (5 mmol) was added into 10 ml of GQD solution [121].
Hydrochloric acid (37 %) was added dropwise into the mixture with continuous
stirring until 0.5 M HCI was obtained. The mixture was sonicated for 15 min to allow
uniform dispersion of aniline, which was then heated in a water bath at 80 °C for 30
min, and cooled in an ice bath. 0.1 M ammonium persulphate, which was used for its
oxidizing property, was added into the mixture and stirred thoroughly. The solution
was stored at 4 °C for one day for polymerization. It was then centrifuged at 3000 rpm

for 20 min. Supernatant was collected and was used as the PANI-GQDs

76



& s
Q'v The Hong Kong Polytechnic University

nanocomposite. Pure PANI was synthesized by the same procedure but with DI water

replacing GQDs solution and without undergoing centrifugation.

5.2 Fabrication of devices

Interdigitated electrodes were fabricated on 300 nm SiO»/Si substrate by
standard photolithography. The electrode consisted of 20 fingers, each separated by 25
pm and having a width of 30 um. Ti/Au (10/100 nm) was deposited by magnetron
sputtering, which was followed by lift-off process in acetone. Substrates with
electrodes were cleaned with oxygen plasma to remove any residue photoresist, then
equal volume (100 pL) of pure GQD or PANI-GQD solution was spin-coated onto the
electrodes at 2000 rpm. The devices were dried in ambient condition for one day then

heated at 90 °C for 30 min. The devices were then used for measurements.

5.3 Results and discussions

5.3.1 Characterization of GQDs and PANI-GQDs

The transmission electron microscopy (TEM) image of GQDs is shown in
Figure 5.1(a). The GQDs disperse uniformly on the grid. No sign of aggregation is
observed. The diameters of GQDs span from 2 to 7 nm, with an average of 4.58 nm.

Figure 5.1 (b) shows the high-resolution TEM image of a GQD. Lattice spacing is
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measured to be 0.21 nm, which corresponds to the [110] planes of graphite [122]. The

TEM images of PANI-GQDs are found in Figure 5.1(c-d). The polymer forms separate

islands with GQDs embedded in it, a typical one is shown in Figure 5.1(c). The average

diameter of GQDs inside the nanocomposite is measured to be 4.54 nm. Like pure

GQDs sample, the GQDs in the nanocomposite do not show sign of aggregation. The

functionalization with PANI does not significantly impact the distribution and size of

the GQDs, which agreed with the discussion in previous work by our group [123].

High resolution TEM image of the nanocomposite could not be obtained as the high

beam intensity under high magnification was found to damage the nanocomposite.

Figure 5.1 (a) TEM image of the as-deposited GQDs on carbon film-coated copper
grid. (b) High resolution TEM image of a GQD showing a lattice spacing of 0.21 nm.
(c-d) TEM images of the PANI-GQDs nanocomposite.

Figure 5.2 shows the X-ray photoelectron spectroscopy (XPS) spectra of the as-
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deposited GQDs and PANI-GQDs. From the full range XPS spectra, the PANI-GQDs
have extra peaks belonging to nitrogen and sulfur, apart from the carbon and oxygen
peaks that are also observed in GQDs. This is expected as the extra elements are
originated from PANI, given that the chemical formula of PANI is
([C6HsaNH]2[C¢HaN]2)n. The Cls peaks (Figure 5.2 (c-d)) is deconvoluted into five
peaks that are located at 284.8 eV (sp? carbon), 285.4 eV (sp® carbon), 286.3 eV (C—-
OH), 287.8 eV (C-O-C) and 288.9 eV (C=0). The sp? peak of the PANI-GQD is more
prominent than that of the GQD, which could be attributed to the extended -
conjugation network in PANI. The N1s peak of PANI is deconvoluted to three peaks

at 399.2 eV (pyridinic N), 400.6 eV (pyrrolic N), and 402.2 eV (graphitic N).
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Figure 5.2 (a) Full-scan XPS spectra of the PANI-GQDs (top) and GQDs (bottom). (b)
XPS Nls spectrum of the PANI-GQDs. XPS Cls spectra of the (c) PANI-GQDs and
(d) GQDs.
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The influence of the functionalization of GQDs with PANI is analyzed through

optical absoprtion spectra. In Figure 5.3 (a), normalized absorption of GQDs and

PANI-GQDs samples are stacked together for comparison. GQDs show two

absorption peaks. One locates at ~228 nm, which could be attributed to the = to ©*

transition of C—C; another peak locates at 284 nm, which corresponds to n to n*

transition of C=0 bond respectively [57]. These two peaks are also observed in PANI-

GQDs, but one additional peak at ~365 nm is found from the PANI-GQDs sample.

The appearance of the new absorption peak, which is not found in the pure PANI,

could be explained by the formation of a charge transfer complex [124, 125]. The

amine group presented in aniline is bonded to the GQDs after functionalization [123].

The valance electron pair in the amine group could promote electron donation to the

GQDs [119]. The absorption of PANI-GQDs with different amounts (1-5 mmol) of

aniline monomer added in the nanocomposite are shown in Figure 5.3(b). The peak at

~284 nm which arises from C=0 bond has intensity decreases monotonically with the

increase in aniline. The number of amine group bonded on the GQDs are expected to

increase with aniline concentration. This suggests that the amine group has displaced

some of the C=0 group on GQDs. Furthermore, the extra peak is found to red-shift

with increase in aniline concentration as shown in the inset, which verifies that the

origin of the new peak is closely related to the functionalization.
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The FTIR spectra of GQDs and PANI-GQDs nanocomposite are shown in Figure
5.3(c). Absorption peaks at ~1020 and 1160 cm™ correspond to the C-O and C-N
bonds respectively. The peaks at 1400-1450 and 1650 cm ™ correspond to the C=C and
C=0 bonds respectively. Some features of GQDs and PANI could be found in PANI-
GQDs. The C=0 peak is observed in PANI-GQDs and GQDs but not in PANI which
indeed has no carbonyl group. Moreover, in the range 1000-1450 cm ™!, GQDs exhibit
a broad absorption band due to the abundant C-O bonds from carboxyl and hydroxyl
groups, while PANI-GQDs and PANI exhibit a sharp peak which is resulted from the
C=C bond. This is in agreement with the C1s XPS spectra where the C=0, C-O-C and
C-OH peaks are less prominent in PANI-GQDs as compared with GQDs.

Figure 5.3(d) shows the PL spectra of the GQDs (dotted lines) and PANI-
GQDs (solid lines) for a range of excitation wavelength. Equal volume (600 ul) of
PANI-GQDs and GQDs solution were transferred to cuvettes without dilution in order
to compare their PL. The PL characteristics of the GQDs and PANI-GQDs exhibit a
few differences. The maximum PL intensity of GQDs is found at 450 nm with 360 nm
excitation while that of PANI-GQDs peaks at 600 nm with 450 nm excitation. Another
feature is that the location of PL peak for PANI-GQDs red-shifts from that of GQDs
under same excitation wavelength. The red-shift is persistent over the entire range of
excitation wavelength used in the measurement from 325 to 640 nm. Functionalization
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of GQDs with NH3 [116] and PEG-diamine [119] have also reported the red-shift in
PL when compared with pristine GQDs, and was attributed to electron transfer from
amine group to GQDs. The amine group in aniline is also expected to induce similar
charge transfer effect thus gives rise to the PL modification after functionalization. In
addition, for excitation wavelength from 325 to 420 nm, the PL of the GQDs has higher
magnitudes than PANI-GQDs, while for longer excitation wavelength from 450 to 640
nm, with corresponding emission wavelength from 600 to 660 nm, the PL of the PANI-
GQDs are stronger than GQDs. In other words, the PANI-GQDs exhibit stronger PL
than GQDs when being excited by the red end of the visible light spectrum. This
property is advantageous for bio-imaging applications, because intense excitation in
ultraviolet and the blue end of the visible region may induce damages to biomaterials
[118, 126].

The time-resolved PL measurement of the GQDs and PANI-GQDs are shown
in Figure 5.4 (a). The decay curves were fitted with a triple exponential function to

extract the decay time using below equation:

3 t
£(t) = ZAie_T_i
i=1

where 7 is time, A; are some constants, and 7; are the time constants.

Then the average PL lifetime (7) is calculated from the 7; obtained above:
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The PANI-GQDs solution exhibits a longer PL lifetime than GQDs. The average

decay times for PANI-GQDs and GQDs are 3.98 and 3.51 ns respectively.
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Figure 5.3 (a) Normalized absorption spectra of the GQDs, PANI-GQDs and PANI. (b)
Absorption spectra of the PANI-GQDs with amount of aniline monomer varied from
1 to 5 mmol. (c) FTIR spectra of the GQDs, PANI-GQDs and PANI. (d) PL spectra of
the GQDs and PANI-GQDs under different excitation wavelengths as tabulated in the
figure.

The origin of the PL of the GQDs can be attributed to intrinsic state emission as
a result of quantum confinement, and also emission from defect states [127]. One type
of defect states is the various functional groups in the atomic plane and on the surface
of the GQDs. GQDs with higher defect density were reported to have a PL peak at a

longer wavelength than GQDs with less defects [127]. PL lifetime is also elongated in
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the defect states. In view of the longer emission wavelength and the longer PL lifetime
in PANI-GQDs as compared to GQDs, the increase in decay lifetime of the
nanocomposite is explained by surface states engineering due to functionalization
which changes the defect state emission.

Figure 5.4(b) shows the PL spectra of the PANI-GQDs synthesized using different
amounts of aniline. The peaks red-shift monotonically from 525 to 650 nm with
increasing aniline concentration from 1-5 mmol under same excitation wavelength at
450 nm. This demonstrates that the PL of PANI-GQDs nanocomposite is intrinsically
tunable.

The Raman spectrum of the PANI-GQDs nanocomposite is shown in Figure
5.4(c). It exhibits two peaks that are commonly found in carbon-containing materials,
and are also observed in pristine GQDs [128]. They are the D peak at ~1350 cm™ and
the G peak at ~1600 cm™. The origin of these peaks can be referred to Chapter 4.

The thermogravimetric analysis (TGA) of the PANI, PANI-GQDs and GQDs
carried out in argon atmosphere are shown in Figure 5.4(d). The weight losses of
PANI-GQD, GQD and PANI when heated up to 900 °C are 54%, 80% and 86%
respectively. The weights of the GQDs and PANI reduce significantly in the range of

200-400 °C, which is attributed to the decomposition of functional group. However,
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the weight of the PANI-GQDs only shows a mild decrease for temperature above 300

°C, which demonstrates a higher thermal stability.
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Figure 5.4 (a) The time-resolved PL measurements of the GQDs and PANI-GQDs. (b)
PL measurements with excitation wavelength at 450 nm of the PANI-GQDs
synthesized with different amounts of aniline. (c) Raman spectrum of the PANI-GQDs
recorded under 488 nm laser. (d) TGA of the GQDs, PANI-GQDs and PANI in argon
atmosphere.

5.3.2 Electrical measurements

The electrical measurements and photoresponse of the PANI-GQDs and GQDs
devices are analyzed in this section. All electrical measurements were conducted with
Keithley 2400 in the ambience at room temperature. Figure 5.5(a) shows the I-V curves

of the GQDs and PANI-GQDs. The I-V curve measured in the dark for both types of
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device show significant hysteresis, which are persistent for all 20 consecutive cycles

in the measurements. In addition, the PANI-GQDs exhibits a large hysteresis than

GQDs for all cycles. The hysteresis of /-V curves in this work are not the pinched /-V

curves that are observed in memristors as they do not pass through the origin [129].

Instead, their shapes are commonly found in cyclic voltammetry measurement for

evaluating capacitors. The hysteretic /-V curves implied that both the GQDs and PANI-

GQDs devices behave like symmetric all solid-state capacitors, in which charges are

stored during voltage sweep [130]. The area enclosed in the hysteretic loop is related

directly to the specific capacitance of the devices [131]. As shown in Figure 5.5(b),

under the same scan rate, the PANI-GQDs devices have a larger hysteretic area of

about 2 to 3 orders of magnitude than the GQDs devices for various voltage scan

ranges. Thus the nanocomposite PANI-GQDs show a higher charge storage capacity

than GQDs. /-7 measurement for pure PANI with same device configuration is shown

in the inset of Figure 5.5 (a). A linear curve with no hysteresis is obtained, thus the

enhanced capacitive property is not due to pure PANI that is present in the PANI-GQDs,

and could be attributed to the nanocomposite. Although a better capacitive

performance of the PANI-GQDs is revealed, detailed analysis of this property, like

performance under variation of scan rate, cycling stability etc., is not the main goal of

this work and is left for future investigation.
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In previous work by our group, the hysteresis of PANI-GQDs was shown to
increase with the amount of aniline used in synthesis. In this work, it is further
demonstrated that the hysteresis is optically tunable. Figure 5.5(c) shows the I-V
measurement of the PANI-GQDs devices under different light intensity at 405 nm. It
is observed that the device is photo-responsive in which the photocurrent increases
with light intensity at a fixed scan range of £1 V. The part at larger voltage value is

enlarged and shown in the inset of Figure 5.5(d) to show more clearly the photocurrent.
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Figure 5.5 (a) The I-V curves of the GQDs and PANI-GQDs devices. Inset shows the
I-V curve of pure PANI with same device architecture. (b) The enclosed area in the
hysteretic /-V loops of the GQDs and PANI-GQDs for different voltage scan range at
fixed scan rate. (c¢) The optically tunable I-V curves of PANI-GQDs device. (d) Area
enclosed in the hysteretic loops in (¢), which reveals that the charge stored in the device

is optically tunable. Inset shows the enlarged curves in (c) at the higher voltage values.
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The area in the hysteretic loop is calculated in Figure 5.5(d), it demonstrates that the
amount of charge stored in the devices could be increased by ~3.3 folds as the light
intensity is increased from 52 to 780 mWcm™.

In view of the large differences in the optical absorption, PL and electrical
properties between the GQDs and PANI-GQDs demonstrated in previous section, the
photoresponse of the GQDs and PANI-GQDs devices are further compared in this
section. It is shown that the functionalization of GQDs with PANI lead to an
enhancement in photoresponse.

The temporal response of the PANI-GQDs and GQDs at 405 nm and 532 nm are
shown in Figure 5.6 (a) and (b) respectively. Both types of devices show satisfactory
photoresponse in the way that current increases when light is on, saturates when
illumination is continued, and falls back to dark current level when light is turned off.
However, drastic contrast is observed in the photoresponse of the PANI-GQDs and
GQDs for both wavelengths. Firstly, GQDs device shows a lower dark current than
PANI-GQDs device by ~2-6 folds. Secondly, the PANI-GQDs device demonstrates
larger photocurrents than GQDs for both 405 nm and 632 nm at 1 V bias and same
light intensity. At 405 nm (Figure 5.6 (a)), the responsivity of the PANI-GQDs is an
order of magnitude higher than that of GQDs. At 532 nm (Figure 5.6 (b)), the
responsivity of the PANI-GQDs is 7 folds higher than that of GQDs. Since specific
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detectivity D* = R/(2qJ dark) "> When assuming that the shot noise is dominated by dark
current as stated in Chapter 2, the detectivity of the PANI-GQDs devices are also
higher than that of GQDs for both 405 nm and 532 nm.

The response times of the PANI-GQDs and GQDs are analyzed in Figure 5.6 (c)
and (d) respectively. The temporal response curves are fitted with the equations: I(t) =
ldark + A1 exp(t/tr1) + Az exp(t/tr2) for the growth part and I(t) = ldark + Az exp(—t/ta1)
+ A4 exp (—t/tq2) for the decay part, where t is time, A are some constants, tr1,2 and a1,
are the rise and decay time constants respectively. It is found that both the rise and
decay times of the PANI-GQDs are faster than the GQDs at 405 nm and 1 V bias. The
values of the time constants are provided in the figure. In summary, the rise time of
the PANI-GQDs device is two folds faster and the decay time is four folds faster than
the GQDs device.

A collection of the photoresponse parameters of the GQDs and PANI-GQDs
devices at 1 V bias are tabulated in Table 5.1. The improved responsivity and response
time of the PANI-GQDs are attributed to an enhancement in the inter-connection of
the GQDs by the conducting polymer. As revealed in the TEM images, pristine GQDs
are spatially isolated from each other due to electrical repulsion of the functional
groups on the surface of the GQDs. On the other hand, the GQDs are embedded in
nano-size, island-like conducting polymer matrices in the PANI-GQDs nanocomposite.
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The polymer with extensive delocalized 7 -electrons facilitates charge transport
within the polymer matrices which enables the photoresponse to have a pronounced
improvement.

The dependence of photocurrent on light intensity for the PANI-GQDs device
is investigated as shown in Figure 5.6(e). Data points are fitted with the power
law I,, = aP?, where L, is the photocurrent, and P is the light intensity. The value
of 8 is 0.89, which differs considerably from 1, for light intensity ranges from ~50 to
~800 mWcm, In Figure 5.6 (f), it can be seen that under fixed light intensity, the
photocurrent and therefore the responsivity is effectively increased in the PANI-GQDs
device by increasing the bias voltage. The responsivity of the PANI-GQDs device at a
bias voltage of 2.5 V and 405 nm is 18 pA/W. The photocurrent and responsivity
increase by six folds as the bias voltage is increased from 0.5 to 2.5 V.

As shown in Figure 5.7 (a), when the bias voltage is equal or below 3 V, the
PANI-GQDs device exhibits a positive photocurrent. However, when the bias voltage
is increased to above 4 V, negative photocurrent is obtained, as seen from Figure 5.7
(b), where this light intensity is fixed in the bias-dependent measurements. Above 4V,
when light is turned on, the current first experiences a sharp rise, but after less than 0.5
s, it decreases continuously until a negative photocurrent is achieved. The negative
photocurrent is indicated in the figure. When light is turned off, the current increases
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back to the dark current level.
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Figure 5.6 Photoresponse of the PANI-GQDs and GQDs upon on-off cycles at (a) 405
nm and (b) 532 nm. Response time analysis of the (¢) PANI-GQDs and (d) GQDs
devices. (e) The dependence of the photocurrent on light intensity. (f) Photocurrent
and responsivity against bias voltage.

Furthermore, the negative photocurrent could be reverted to positive photocurrent
when bias voltage is changed from 4 V back to below 3 V, therefore the photocurrent
could be switched between negative and positive reversibly by controlling the bias

voltage. This phenomenon is found to be largely related to the GQDs but not the
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Table 5.1 Summary of the photoresponse at 1 V of the PANI-GQDs and GQDs

devices

Device lph at R at lphat R at532 T/ T2 Td1/ Td2
405nm 405nm 532 nm nm (s) (s)
(nA)  (A/W) — (nA)  (LA/W)

PANI-GQDs 52.66 8.69 23.00 1.05 0.054/0.47  0.13/1.71

GQDs 5.06 0.835 3.41 0.155 0.32/0.92 1.48/6.26

functionalization as it is also observed in the pure GQDs device with the same

crossover voltage of 3-4 V, as demonstrated in Figure 5.7 (c), though the magnitude

of negative photocurrent is larger in the PANI-GQDs devices. This switching behavior

in the sign of the photocurrent has not been reported in GQDs-based devices to the

best of our knowledge.

When the bias voltage is below 4 V, the positive photocurrent is observed to

decrease slowly with time as shown in Figure 5.7(a). In view of this, a prolonged

illumination of over 240 s is carried out at 1 V bias to investigate if negative

photocurrent would also be obtained at lower bias voltage. The results are shown in

Figure 5.7 (d) and (e). Both the PANI-GQDs and GQDs maintain a positive

photocurrent after prolonged illumination at 1 V.

Voltage-sensitive switching in the sign of photocurrent has been reported for a

film of metal nanoparticles functionalized with ligands on the surface [132], where the

originally charge-neutral ligands become charged at higher applied bias. The charged
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ligands have a lower charge-trapping energy level. Electrons are excited to this new
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Figure 5.7 (a) Positive photocurrent of the PANI-GQDs for bias voltages from 0.5 to
3 V. (b) Negative photocurrent of the PANI-GQDs at 4 to 5 V bias. (c) Negative
photocurrent of the GQDs at 4 to 5 V bias. Prolonged illumination of the (d) PANI-
GQDs and (e) GQDs device.

level under light and are trapped, resulting in a negative photocurrent [132]. Another
work on Ag nanoparticles embedded below graphene reported the switch of
photocurrent from negative to positive as bias was changed from 10 mV to 1 V, and

was attributed to the desorption of charge trapping adsorbates due to illumination and

93



&

The Hong Kong Polytechnic University

&

plasmons-enhanced electric field [133].

The above reports motivated us to investigate the photoresponse of the devices

in N2 atmosphere which would elucidate the effect of desorption of highly polar

adsorbates like water originated from the ambient air on the transport characteristics

of the device. The devices were heated in N2 at 90 °C for 30 min prior to measurements

to drive away adsorbates. Surprisingly, as shown in Figure 5.8 (b), the PANI-GQDs

device becomes highly insulating in the N2 environment---with the dark current

reduced by several orders of magnitude as compared to that in the ambience, and no

photoresponse could be observed even at a higher bias voltage of 7 V. When the

devices were transferred back to the ambience, photoresponse could be observed again.

Polar adsorbates are shown to have tremendous effect on the electrical transport of the

GQDs, but their role in the photocurrent switching behavior remains unclear.

Another attempt to elucidate the origin of photocurrent switching is shown in

Figure 5.8 (a). The I-V loop of the PANI-GQDs is swept for different voltage scan

ranges from £1 to £7 V. Measurements were conducted in the dark. For the voltage

scan ranges of £1 to +3 V, the current changes monotonically with voltage. However,

for the voltage scan ranges of +4 to +7 V, an obvious negative differential resistance

(NDR) could be observed. A current drop commences as the voltage increased to about

3.3 V. This can be observed more clearly with the inset in Figure 5.8(a) where the £3
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and x4 V ranges are selectively enlarged. The onset of NDR at 3-4 V is consistent with

the voltage for photocurrent switching discussed above.

This is attributed to the presence of charge trapping states in the GQDs. Trapping

states are initiated at 3-4 V. At such bias, under illumination, photogenerated carriers

are excited to the trapping energy level. These trapped charges further interact with

free carriers injected from electrodes by electron-electron scattering, such that negative

photocurrent is observed.

The origin for the initiation of trapping states at 3-4 V is not known and requires

further investigation. Previous works suggest that there could be a change in the

charging states of the functional groups presented on the GQDs that create new

trapping energy level, or desorption of adsorbates at this voltage [132, 133], which

provide us insights for future investigations.
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Figure 5.8 (a) Positive photocurrent of the PANI-GQDs for bias voltages from 0.5 to
3 V. (b) Negative photocurrent of the PANI-GQDs at 4 to 5 V bias. (c¢) Negative
photocurrent of the GQDs at 4 to 5 V bias. Prolonged illumination of the (d) PANI-
GQDs and (e) GQDs device.
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Chapter 6 Phototransistors based on
graphene/ g-CsNs nanosheets

heterostructure

Graphitic carbon nitride (g-C3N4) has attracted intense interest in recent years in
the field of hydrogen evolution reaction (HER) under visible light illumination [134].
One of the most heavily studied materials for HER is TiO. TiO; has a band gap in the
UV region. UV only comprises of 2-3 % of the solar spectrum measured on the ground,
while visible light constitutes 44-47 % of it. As a result, it has long been a goal to
develop HER photocatalysts that utilize also the visible light region [13].

g-C3Ny4 is a layered material with an inter-layer distance of 0.32 nm. The lattice
structure of perfect g-C3N4 with heptazine building unit is shown in Figure 6.1. The
polymeric g-C3Na, which i1s found to have potential for visible light HER, can be
synthesized by a facile thermal treatment of nitrogen-rich precursors like melamine,
dicyandiamide etc. It is commonly reported to have hydrogen incurred in the final
structure of polymeric g-C3Na4, as hydrogen is found in the chemical formula of the
popularly-used precursors mentioned above. Polymeric g-C3N4 is known to possess
disorders with respect to the perfect g-C3Ny lattice due to incomplete polymerization

of the precursor. Nonetheless, the polymeric g-C3N4 has a suitable bandgap and band
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structure that make it a good visible light HER catalyst. Its bandgap is ~2.7 eV, such
that it could absorb the blue end of visible light, in addition, the conduction and valence
band edge are at the energy levels where the oxidation and reduction potential of water

lie inside the bandgap of polymeric g-C3Na.
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Figure 6.1 An atomic layer of g-C3N4 with heptazine building units. Layers are bonded

to each other by weak van der Waals force.

On the other hand, photovoltaic applications and light emitting diodes of g-
C3N4 have been reported [135-137]. Therefore, apart from HER, g-C3N4 is shown to
have potential for optoelectronic applications. It has been reported that g-C3N4
nanostructures are a more efficient light absorber than its bulk counterpart, and a
higher photoresponse has been obtained as compared to the bulk [138]. These
precedential studies motivate us to investigate UV photodetectors based on the g-C3N4
nanosheets.

ZnO nanostructures has used to be a popular choice for UV sensing material. It
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has a bandgap of 3.37 eV [139], which inevitably makes it less sensitive to the UVA
spectrum from 3.1 to 3.3 eV. This energy range is above the bandgap of g-C3N4. (UVA
covers electromagnetic wave with energy 3.1 - 3.9 eV.) In this regard, g-C3N4 could
be promising to fill in this gap as efficient UVA sensing material. Furthermore, g-C3N4
has a layered structure, which implies that its bandgap maybe enlarged to desirable
extent by managing its thickness and/or lateral dimension. This could enable fine
tuning of its bandgap such that a visible-blind UVA detector maybe anticipated from
g-C3Na.

One of the difficulties in utilizing nanostructures for optoelectrical applications
is inefficient charge conduction. Bulk g-C3Ns has been reported to have a low
conductivity of the order 10! S/m [140]. Studies of nanostructures, especially films
made of colloidal quantum dots, have shown that quantum dots do not support band-
like transport, and have lower mobility than bulk films [141]. Therefore, employing g-
C3N4 nanosheets for electrical conduction may significantly hinder the transport of
photoexcited carriers and leads to large carrier loss via recombination. One way to
tackle this problem is to complement the nanostructures with high mobility material.

In this project, graphene was selected for this purpose.

98



&

The Hong Kong Polytechnic University

&

6.1 Fabrication of devices

Synthesis of graphene by CVD method and bulk g-C3N4 powders are described in

previous section. The g-C3Ns powders were further processed into nanosheets by

sonication. The g-C3N4 powders were dispersed in IPA at a concentration of 1 mg/ml,

and was ultrasonicated for 12 hrs and then centrifuged at 3000 rpm for 10 min. The

supernatant was collected and the g-C3N4 nanosheets were used for device fabrication

[142].

Poly(methyl methacrylate) (PMMA) was spin-coated onto graphene/copper foil

before transfer of graphene. Copper foil was dissolved in ammonium persulfate (0.1

M) solution overnight. The graphene/PMMA was transferred to DI water bath for 3

times before finally transferred to 300 nm Si0O./Si substrate. It was dried in ambient

condition overnight and then heated at 110 °C for 15 min to enhance the adhesion of

graphene to the substrate. PMMA was dissolved in 60 °C acetone bath for at least 4

hrs. Interdigitated electrodes were fabricated on graphene using standard

photolithography. The electrodes consisted of 21 fingers, each with a width of 25 um,

a separation of 15 um and a length of 1150 um. Au (~100 nm) was deposited by

thermal evaporation and the photoresist was lifted-off in acetone. 150 pl of g-C3N4

solution was dropped-casted onto the electrodes and the solvent was evaporated at 65

°C. The device was then transferred to a nitrogen-filled glove box and was heated at
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150 °C for 2 hrs to remove adsorbates before measurements. Electrical measurements
were carried out with a semiconductor parameter analyzer (Agilent 4156C) and the
light source was a 370 nm LED. In wavelength-dependent responsivity measurement,
the light sources were five LEDs with peak wavelength at 410, 550, 660, 895 and 940

nm. Optical power was measured with a calibrated power meter.

6.2 Results and discussions

6.2.1 Characterization of g-C5N,4, graphene and their hybrid

The TEM images of the g-C3N4 nanosheets are shown in Figure 6.2. The
nanosheets are irregular in shapes. As seen from (b), some sheets appear porous and
crumpled. From a higher resolution TEM image in (d), no lattice fringes could be

observed from the sheets, suggesting that they are highly disordered.
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Figure 6.2 (a-c) TEM images of the g-C3N4 nanosheets. Porous structure can be seen
in (b). (d) is the enlarged part of (c) indicated with the red square. No lattice fringes
could be observed from the g-C3N4 nanosheets.

The thicknesses of the g-C3N4 nanosheets are further investigated by AFM as
shown in Figure 6.3.The nanosheets show no aggregation. The height analysis of the
three nanosheets marked by dotted lines, are shown in (b), where the nanosheets have
thicknesses ranging from 2.6 to 7 nm. The height distribution of the g-C3N4 nanosheets
are analyzed as shown in (d). Thicknesses of 50 nanosheets from the AFM images in
(a) and (c) were measured. The height distribution followed a Gaussian distribution.
The heights of the nanosheets were below 20 nm and the majority were 4-8 nm thick.
The lateral size of the g-C3N4 nanosheets are evaluated as shown in (e), which ranges
from 30 to 200 nm. The TEM and AFM images verify that the g-C3N4 nanosheets were

successfully synthesized and that liquid phase sonication is an effective route to
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produce g-C3N4 nanosheets.

The scanning electron microscopy (SEM) image of the g-C3Ng
nanosheets/graphene heterostructure is shown in Figure 6.3(f). Graphene covers the
whole image. The darker strips in the image are the puckers from the monolayer
graphene transferred onto Si0»/Si substrate. The g-C3N4 nanosheets are the dark-color
dots. It could be seen that the nanosheets are distributed uniformly on graphene over
large area (~10 um? for the area of the figure), no aggregation of g-C3N4 is observed,

which is consistent with the AFM images.
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Figure 6.3 (a) and (c) AFM images of the g-C3N4 nanosheets. (b) The height analysis
of the nanosheets marked with dotted lines in (a). (d) Height analysis obtained by
measuring 50 g-C3Ngnanosheets. (e) Lateral size distribution of the g-C3N4nanosheets.
(f) SEM image of the g-C3N4 nanosheets/graphene heterostructure.

The XRD pattern of the g-C3N4 powders is shown in Figure 6.4(a). The peak at
20=27.5° is assigned to the set of (002) planes of graphitic substances with conjugated
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aromatic structure. The corresponding interlayer distance is 0.324 nm, which is
consistent with reported studies [134, 143]. The peak is broad which may indicate
stacking disorder that is well-known for attractive force originated from the non-
directional m-minteraction [144]. Another less pronounced peak at 26=12.9° is also
commonly found in g-C3N4 and is assigned to the set of (100) plane. The interlayer
distance is 0.686 nm and is related to the in-plane nitrogen repeating units [ 143].

The FTIR of the g-C3N4 powders was carried out to investigate the chemical
bonding in the material. Figure 6.4(b) shows the sharp absorption peak at 809 cm’!
corresponds to the characteristic out-of-plane vibration of the tri-s-triazine rings of g-
C3Nj4 [145]. The peaks at 1246 cm™ and 1325 cm™! are attributed to stretching of C-
N(-C)-C and C-NH-C respectively [ 138, 145]. Absorption band from 1400 to 1700 cm”
! which consists of 4 peaks, are assigned to stretching of C=N and C-N [146].

Complementary to the FTIR study, XPS was carried out to gain more insight on
the chemical constituents in the g-C3N4 nanosheets. Full-scan XPS in Figure 6.5(a)
shows that the g-C3N4 nanosheets are composed of mainly nitrogen and carbon, and
also a small amount (2.2 at%) of oxygen. The C/N atomic ratio is 0.70. This is in
agreement with previous studies on polymeric g-C3N4, which reported a C/N atomic
ratio ranging from 0.67 to 0.72 [136, 145, 147]. Incursion of small proportion of
oxygen is commonly reported for polymeric g-C3N4. The oxygen maybe originated
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from adsorbed water and oxygen on the nanosheets [138, 146]. The N1s spectrum is
deconvoluted with 3 peaks. The peak at 398.5 eV is resulted from sp?- bonded nitrogen

atoms in the triazine ring. The peak at 400.2 eV is resulted from tertiary nitrogen
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Figure 6.4 (a) The XRD spectrum of the g-C3N4 bulk powders. (b) FTIR of theg-C3N4
bulk powders. (c) PL spectra of the g-C3N4 nanosheets solution at different excitation
wavelengths. (d) Time-resolved PL spectra of the g-CsN4 nanosheets and g-C3Ng
nanosheets/graphene heterostructure. Inset is the photo of g-C3N4 nanosheets solution
under white light (left) and UV light at 365 nm (right). (¢) The Raman spectra of the
g-C3N4nanosheets, graphene and g-C3N4 nanosheets/graphene heterostructure. (f) The
diffuse reflectance spectrum of the g-C3N4 bulk powders. Inset is the Tauc plot to find
the optical band gap of the g-C3N4 bulk powders.
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while the weaker peak at 404.6 eV is assigned to charge localization in cyano-group
[148]. The Cl1s spectrum is deconvoluted with 2 peaks. The larger peak at 288.0 eV is
assigned to sp? carbon in N=C(-N), bonds. The peak at 284.6 eV is assigned to

adventitious carbon in the graphitic domains [145].
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Figure 6.5 XPS and UPS spectra of the g-C3Nsnanosheets. (a) Full scan XPS spectrum.
(b) The N-1s XPS spectrum. (c) The C-1s XPS spectrum. (d) The UPS spectrum.

The optical properties of the g-C3N4 nanosheets are characterized in the following

section. The g-C3N4 nanosheets dispersed in IPA exhibits a blue PL with the peak

locates at ~440 nm under UV excitation from 325 to 375 nm as shown in Figure 6.4

(c) and the inset of Figure 6.4(d). The PL peak position does not show significant shift

with excitation wavelength, though it is observed that the PL intensity increases as the
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excitation wavelength red-shifted. This could be explained by the enhanced absorption

of g-C3N4 from 325 to 375 nm as shown in the uv-vis spectrum in Figure 6.4 (f). The

PL quantum yield of the g-C3N4 nanosheets was measured, with a value of 7.92%.

The emergence of PL indicates that exciton could be efficiently generated in the

g-C3N4 nanosheets, but the crucial problem for the applications in photovoltaics,

photodetection and photocatalysis would be to extract free carriers from the

photogenerated excitons. One way is to form hybrid materials where the interface

between the hybrid materials could have built-in electric field to facilitate charge

transfer [135]. One of the signatures of charge transfer would be a quench in the PL

intensity and a decrease in PL lifetime [149, 150]. Several computational works have

already predicted a significant charge transfer between graphene and g-Cs3Ni

monolayer due to the formation of electron-hole puddles between g-Cs3Na4/graphene

interface as a result of the non-uniform electron distribution in the g-C3N4 lattice [ 151,

152].

The charge transfer property is investigated by the time-resolved PL

measurement of the g-CsNs4 nanosheets and g-CsNs4 nanosheets/graphene

heterostructure as shown in Figure 6.4(d). The average decay lifetime of the pristine

g-C3N4 nanosheets and the hybrid are calculated to be 4.34 and 3.90 ns respectively,

through a method described in Chapter 3. The fitting parameters are tabulated in Table
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6.1. The shorter PL lifetime of the g-C3N4 nanosheets/graphene heterostructure than

pristine g-C3Ny4 nanosheets could be ascribed to the transfer of charges from g-C3Ny

nanosheets to graphene in a timescale shorter than the PL lifetime, such that radiative

recombination is suppressed [153].

Table 6.1 Fitting parameters for time-resolved PL measurements

Sample 11 (nS)/ 12 (NS)/ 13 (NS)/ <>
Ay A A3z (ns)
9-CsNg 0.55/ 2.98/ 12.84/ 3.90
nanosheets/graphene 9209 2342 204
g-CaN4 nanosheets 0.75/ 3.12/ 14.77/ 4.34
7901 2969 211

The Raman spectra of the graphene, g-C3N4 nanosheets, and g-C3Ns
nanosheets/graphene heterostructure are shown in Figure 6.4 (e). g-C3N4 nanosheets
exhibit a strong fluorescent background when excited by 488 nm laser which
overwhelm its characteristic peaks. Graphene has the G peak at 1590 cm™ and the 2D
peak at 2700 cm™'. The former is resulted from in-plane vibration of sp? carbon and the
latter is related to the second order scattering at the Brillouin zone boundary [154].
The intensity ratio of Ip/lg is larger than two, which indicates that the graphene is
monolayer. No appreciable difference is observed in the Raman of the heterostructure

as compared to that of graphene. It is worth mentioning that the D peak at 1350 cm’!,
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which is related to defects in graphene, did not increase in intensity, thus indicates that

the quality of graphene remains high after the introduction of g-C3N4 nanosheets.

The absorption spectrum of the g-C3N4 is shown in Figure 6.4(f), where the

diffuse reflectance spectrum was measured and then converted to absorption using the

Kubelka-Munk function (F(R)). The F(R) values are proportional to the absorption

coefficient. As seen from the figure, the g-C3Ny4 absorbs strongly in the UVA region.

Absorption begins at 440 nm and peaks at 385 nm. The inset shows the Tauc plot, in

which the optical band gap is determined to be 2.84 eV. This value coincides with the

PL peak at 440 nm.

6.2.2 Electrical measurements

Figure 6.6(a) shows the schematic diagram of the device structure. The

degenerately doped silicon was used as the back gate. A photo of the interdigitated

electrode employed in the device is shown in the inset of Figure 6.7(a). Electrical

measurements were conducted in nitrogen atmosphere unless otherwise specified.

Transfer characteristics of the device is shown in Figure 6.6(b). Under UV light

illumination, the transfer curve migrates towards negative gate voltage direction. As

the light intensity is increased gradually, the curve shifts continuously towards the left.

This illustrates that the graphene is n-doped under the generation of electron-hole pairs
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in the device [139]. This further implies that electron is transferred to graphene from

g-C3N4 nanosheets under illumination, since g-C3N4 nanosheets are the major light

absorber in the device when considering that graphene is only one-atom thick. This is

in agreement with the findings from time-resolved PL measurement where charge

transfer existed in the g-C3N4 nanosheet/graphene heterostructure. To further ascertain

that electrons are transferred from g-C3N4to graphene, the band diagram of the g-C3Ny

nanosheet/graphene heterostructure is analyzed in Figure 6.6(c). From the ultraviolet

electron spectroscopy (UPS) measurement in Figure 6.5 (d), the valance band edge

(VB) of the g-C3N4 nanosheets is found to be at -7.3 eV. (The He la emission line with

energy 21.22 eV was used in the UPS measurement.) Neglecting excitonic influence,

using the optical band gap value determined above, the conduction band edge (CB) is

found to be at -4.46 eV. The Fermi level (Er) of the g-C3N4 was reported to be at ~2.39

eV above VB [155] while that of graphene is at ~4.6 eV [156]. Upon reaching

equilibrium, a built-in electric field exists at the g-C3Na/graphene interface. This E-

field assists photogenerated electron-hole pairs to dissociate at the interface, as it

promotes electrons drifting towards graphene, while holes are drifted towards g-C3N4

in an opposite direction with electrons. Figure 6.6(d) demonstrates that the

photocurrent can be controlled by the gate voltage to a large extent. The photocurrent

switches sign when the gate voltage is swept pass the Dirac point. Photocurrent equals
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zero when the gate voltage is nearby the Dirac point. This variation of photocurrent is
explained with the change in the Fermi level position due to the gate voltage which is
schematically illustrated inside the Figure 6.6 (d). The density of states for free carriers
changes with the Fermi levels position in graphene. While gate voltage modulates the
Fermi level of graphene, the difference in the free carriers density between devices
under illumination and in dark lead to the negative to positive change of photocurrent.
It has been shown that gate voltage could change the sign of photocurrent, which has
also been reported in some phototransistors, and this normally could not be achieved
by modulating only the source-drain voltage. The sign of photocurrent (+/-) could be
used as the on/off signature when using graphene-based devices as photoswitches
which generally has low jgn/Liark ratio (I is the current) due to large dark current.

The normalized responsivity at various wavelengths is shown in Figure 6.7(a).
Light intensity is maintained at 200 pW/cm? at different wavelengths. The responsivity
follows a trend similar to the absorption of g-CsNa, this verifies that the g-CsNs
nanosheets are the major light absorber in the device, as graphene has a nearly constant
absorption of only ~2.3% in this wavelength range, as mentioned in Chapter 2.
Responsivity increases for wavelength shorter than ~410 nm, thus demonstrates that

the devices are especially suitable for UVA detection.
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Figure 6.6 (a) Schematic diagram of the device structure. (b) Transfer curves of the
device under various light intensities. The applied Vps is 0.5 V and excitation
wavelength is 370 nm. (c) Band diagram analysis of the g-C3zN4 nanosheets/graphene
hybrid. (d) Photocurrent as a function of the gate voltage. Vo denotes the gate voltage
where photocurrent is zero.

From Figure 6.7(b), the photocurrnet increases with source-drain voltage (Vbs)
in a linear way, where the gate voltage (V) is 5 V and light intensities are varied over
3 orders of magnitude. The relation between Vps and the transit time (ty) of electrons
in the channeal is 1 = L%/ Vps [157], where i is the carrier mobility, L is the channel
length. Increase in Vps reduces the electron transit time in channel, thus photocurrent
increases under same recombination lifetime of electron.

In Figure 6.8(a), the responsivity increases when light intensity decreases, which
has been observed before [121, 158]. Photogenerated free carriers will compensate the
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Figure 6.7 (a) The normalized responsivity at different wavelengths in the UV-Vis-
NIR region. Inset shows a photo of the interdigitated electrodes employed in the device.
Scale bar is 100 pm. (b) Photocurrent as a function of source-drain voltage at various

light intensities spanned over 3 orders of magnitude.

built-in electric field, this effect becomes more prominent as light intenisty increases,
therefore charge separation will be retarded. The highest responsivity reaches 4x10°
AW, A responsivity larger tha 1 AW implies that there are more than one charge
detected for each photon impinging the device. This parameter is often described by
the gain. It is related to responsivity by the equation R = Ipn/P = gG/hv [157], where
hv is the photon energy, q is the electron charge, # is the external quantum efficiency.
The devices are found to exhibit a gain of at least 10,

Internal electric field promotes the dissociation of photogenerated electron-hole
pairs. Electrons are drifted to graphene while holes are trapped in g-C3N4 nanosheets.
Defects present in g-C3Na is one of the sources of trap states, which could be generated
as a result of the imperfect polymerization of g-CsN4 [159]. Trapped holes in g-C3N4
induce a negative charge in graphene through capacitive coupling, which is analoguous
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to applying a positive gate voltage to graphene, this is termed the photogating effect
[160]. The induced negative charge is fulfilled by electrons circulating multiple times
in the high mobility graphene channel within the recombination lifetime or the trapping
lifetime of holes. This gives rise to the high gain in the device.

The dependence of photocurrent on light intensity is shown in Figure 6.8 (b).
The data points were fitted with the power law I,, = aW?, where W is the light
intensity. The value of 9 obatined from fitting is 0.392. Therefore the photocurrent is
highly non-linear with intensity. This is expected as the photogating effect is a non-
linear process [161], unlike the photovoltaic effect.

Another important characterization of photodetectors would be their response
under on/off cycles of light. This gives information on the response speed, the on/off
ratio and bandwidth of the devices. In particular, in devices that involve trapping,
persistent photoconductivity (PPC) may often be encountered [162, 163], where the
change in current due to illumination does not recover back to the dark current level
after light is turned off for a long period of time (seconds to minutes). Although this
phenonmenon maybe useful in studying material-substrate interface or photoresponse
mechanism, it is not practical for photodetector applications.

The photoresponse of the g-C3Na nanosheets/graphene phototransistors is
shown in Figure 6.8(c). The applied Vg and Vps are 8 V and 0.5 V respectively. The
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g-C3N4 nanosheets/graphene heterostructure shows a large positive photocurrent of

~15 pA when the light is on (indicated by light-blue color in the figure), which recover

back to dark current level when the light is off. For the graphene-only device, a smaller

negative photocurrent could be observed under prolonged illumination and same

biasing condition, which is opposite to the positive photocurrent in the hybrid device.

This demonstrates that the g-CsNs nanosheets play an important role in the

photoresponse of the hybrid device.

The heterostructure exhibits synergistic effect that outperformed the individual

component. This is achieved through utilizing the advantage of individaul component,

which is the strong UV absorption in the g-CsN4 nanosheets and the high mobility of

graphene. Electron-hole pairs are generated at the g-CsN4 nanosheets and graphene

acted as the carrier transport layer in the devces.

Analysis of the response time of the devices is shown in Figure 6.8(d). Rise

and decay time constants are obtained by fitting the data points with equations I(t) =

ldark + Azexp(t/tr1) + Acexp(t/tr2) Tor rise and 1(t) = ldark + Asexp(-t/za1) + Asexp(-t/zd2)

for decay, where t is time, zr12 and zq12 are the rise and decay time constants

respectively. The device has a modest rise time constant zr1 of 0.74s. The recovery time

is slower than rise time by ~10 times. The time constants are listed in the figure. A

much longer decay time can be attributed to the long relaxation lifetime of the trapped

115



&

The Hong Kong Polytechnic University

&

carriers. When the light is turned off, without new photogenerated carriers refilling the

trapping sites, capacitive coupling relaxes slowly. The decay time constants can be a

reference for the trapping lifttime of holes in the g-CsN4 nanosheets.

A lot of studies have reported that devices employing nanostructure would

actively interact with the ambient environment due to their high surface-to-volume

ratio with large a surface area expose to the surroundings [99, 139]. Since the active

materials in the devices in this work are all nanostructures, photoresponse

measurements have also been carried out in the ambience for comparison. Figure 6.9(a)

shows the photoresponse of the g-CsN4 nanosheets/graphene devices. A negative

photocurrent is found, and no positive photocurrent could be obtained by tuning the

gate voltage across +60V. Nonetheless, photoreponse is reproducible, it returns back

to dark current level when the light is gone. In addition, the magnitude of negative

photocurrent in the hybrid device is larger than that of the graphene-only device as

shown in Figure 6.9(b), where a regular period of on and off of light is employed. The

proposed mechanism for the large difference between the photoresponse in nitrogen

atmosphere and air is shown in Figure 6.9(c-d). In ambient air, oxygen molecules

adsorb on top of graphene are negatively charged or polarized, which diminishes the

hole mobility in graphene through impurity scattering [162]. UV irradiation triggers

116



The Hong Kong Polytechnic University

the desorption of negatively-charged oxygen molecules by capturing photogenerated

holes [99], this is more likely to occur on the surface of the g-CsNj4 as it is more
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Figure 6.8 (a) Responsivity for different light intensities. The maximum responsivity
obtained is indicated by the dotted line. (b) Dependence of photocurrent on light
intensity. Blue line is the fitting by power law. (c) Response of the g-C3N4
nanosheets/graphene heterostructure devices and the graphene-only device. Blue
regions are time interval when the light is switched on and white regions are time when
the light is switched off. (d) Fittings to extract the rise and decay time constants of the

g-C3N4 nanosheets/graphene devices. Time constants were tabulated in the figure.

photoresponsive than graphene. The decrease in holes makes the g-C3N4 more negative

and acts as additional scattering sites to holes in graphene, the hole mobility in

graphene is further reduced under UV light and results in a negative photocurrent.

The stability of the g-C3N4 nanosheets/graphene phototransistors was

investigated. The devices were stored in the ambient air in dark for more than 130 days
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Figure 6.9 (a) Photoresponse of the g-C3N4 nanosheets/graphene device in the ambient
air. (b) Comparison of the negative photocurrent from the graphene-only device and
g-C3N4 nanosheets/graphene devices under periodic on and off of light in 60 s intervals.
(c) [ustration of the desorption of oxygen under UV light in the air. (d) [llustration of

the enhanced scattering of holes in graphene in the air under UV.

and the photoresponse were measured. The results are shown in Figure 6.10. The
devices were transferred into nitrogen glovebox and underwent same mild heating
treatment as the fresh devices before measurements. Figure 6.10(a) shows the left-shift
of transfer curves with increasing light intensity which is consistent with fresh devices.
A responsivity of the order 10° A/W could still be obtained as shown in Figure 6.10(b).
Reproducible photoresponse under on and off of light is observed as before as shown
in Figure 6.10(c). Large, positive photocurrent of 25 pA is found. These show that the
g-C3N4 nanosheets/graphene phototransistors has high stability in air and demonstrate

no sign of degradation after at least 130 days.
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Figure 6.10 Photoresponse measurements of the device that was stored in air for 130
days. (a) Transfer characteristics at different light intensities. (b) A responsivity of the
order 10° A/W could be obtained, which is same as the freshly made device (c)
Reproducible photocurrent upon on/off cycles. (d) A large, positive photocurrent of 25
HA could be obtained.
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Chapter 7 Conclusions and future works

7.1 Conclusions

In this project, graphene-based nanostructures of various forms including 2-D
monolayer, 0-D quantum dots and multilayer nanosheets have been employed for
photodetection. The layered nature in these graphene-based materials enables
engineering in their thicknesses which simultaneously engineer their electronic
structures. In addition, different device architectures for photodetectors have been
investigated, including the vertical junction PRGO nanosheet devices with build-in
electric field; the lateral architecture of PANI-GQDs devices with symmetrical
structure having large exposed surface area that get photoresponse from interaction
with the ambience; and the phototransistors based on g-C3Ns nanosheets/graphene
with large gate-tunable photocurrent.

The versatility of carbon nanostructures for photodetection has been revealed.
The PRGO nanosheets have tunable spectral ranges for detection. A satisfactory
responsivity of 23 mA/W has been obtained from the ultrathin active layer of ~50-70
nm in the devices, and a response time of ~100 ms has been acquired, which is at least
one order of magnitude faster than reported GO-based photodetectors. Another way to

tailor the optoelectronic properties of graphene-based nanomaterials has been achieved
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through the chemical functionalization of GQDs. Composite formation of GQDs with
PANTI has been adopted to show the enhanced capability of GQDs. The PANI-GQDs
nanocomposite exhibited a responsivity an order of magnitude higher than the GQDs.
Rise and decay time scales of PANI-GQDs device is also two and four folds faster than
GQDs device respectively. The photocurrent in the PANI-GQDs and GQDs devices
switch sign at large bias voltage, which is an interesting property that could be
exploited as signal carrier. Lastly, heterostructure made of two graphene-based
nanomaterials, monolayer graphene and graphitic carbon nitride nanosheets, are
investigated for phototransistors. A high responsivity of an order 10° A/W could
readily be obtained from the devices. The sign of the photocurrent could be controlled
by gate voltage which could be one way to circumvent the low on/off ratio in graphene
devices that allow them to be applied as photoswitches by utilizing the sign of
photocurrent. It has been shown in this project that graphene nanostructures are highly
flexible to be made suitable for different photodetection mechanisms that enable gain

or linearity depending on needs.

7.2 Future works

Some graphene-based nanostructures, like monolayer graphene, RGO and the

glucose-derived PRGO introduced in this project, have demonstrated potential for long
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wavelength photodetection in the infrared and/or terahertz regime. These spectral
ranges have important applications in telecommunications, military, space technology
etc., and after all, silicon technology has already been developed very maturely and
efficiently for detection in the NIR-visible-UV regime. It is therefore valuable and
scientifically important to explore photodetection for the long wavelength spectrum
mentioned above.

It has been reported that defects in graphene could enhance the responsivity for
photodetection, including in the mid-infrared region [164]. In fact, for our prototype
devices employing PRGO, where optimization in the annealing temperature and
device structure have not yet been carried out, the photocurrent reaches 80 nA at 1610
nm. The PRGO is believed to be highly defective, due to the amorphous nature in the
as-synthesized GO, thermal annealing that lead to random changes of sp’ to sp’
domains, and multiple transfer processes employed in device fabrication. In future
work, the potential of PRGO for mid-infrared and terahertz photodetection would be
investigated as it has already shown reasonable response in the NIR regime. The
relations of defects (defect types, density, energy level of defects, formation ways etc.)
with photoresponse and the control of defects in PRGO would be a few interesting and

useful topics of investigation.
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