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Abstract

This thesis presents a systematic investigation on the development of two-dimensional
(2D) materials integrated optoelectronic sensors for the advanced biomedical and
chemical sensing applications. The major contributions presented in this thesis are

summarised as below.

The development of nanotechnologies for the synthesis and characterisation of various
2D materials, including graphene oxide (GO), TisCoTx MXene, black phosphorus (BP),
orthorhombic molybdenum trioxide (0-MoO3), BiTiS3;, and small gold nanorods
(sAuNRs), using a suite of top-down and bottom-up methods. Material properties such as
flake thickness, lateral dimension, and surface chemistry were finely tuned to meet the
functional demands of different sensing platforms. 2D materials were integrated with
optoelectronic devices by the optimised deposition techniques including in-situ layer-by-

layer (i-LbL) assembly, PMMA -assisted wet transfer, spin coating, and drop casting.

The functionalised nano-photonic platforms were developed to achieve high-performance
for biochemical and biomedical applications. A GO-coated long-period grating (LPQG)
biosensor enabled label-free quantification of breast cancer cell. The first
perovskite/graphene heterostructure-based biosensor was proposed for cytokine detection
with an ultrahigh sensitivity achieving attomolar level. A hybrid LPG/FBG grating was
designed to detect the haemoglobin. A Ti3C2Tx MXene-functionalised fibre-optic Fabry—
Perot interferometer was developed to detect heavy metal ions, demonstrating a high
sensitivity with a wide detection range. Additionally, a GO-coated fibre probe was
constructed for bioimaging detection, exhibiting strong signal amplification and

reusability.

Overall, these results establish a modular and adaptable framework for integrating 2D
materials with advanced photonic and optoelectronic devices. The findings highlight the
synergy between materials design, device engineering, and application-driven
biochemical sensing performance, contributing to the next generation of bio-nano-
photonic platforms for early diagnostics, environmental monitoring, and bioimaging

applications.

Key words: 2D materials, Nanotechnology, Optoelectronic, Fibre gratings, Optical

biosensors, Label-free, Biosensing, Chemical sensing, Bioimaging



Acknowledgements

I would like to express my sincere thanks to my supervisor, Dr. Xianfeng Chen, for his
continuous support during my research and studies in the UK. He has great passion for
scientific work and has guided me patiently from a beginner to an independent researcher.
Whenever I faced challenges, he was always willing to discuss problems with me and
help find possible solutions. He also gave me the courage to explore new research
directions that few had been previously investigated. Besides academic supervision, Dr.
Chen also cared about my life and mental health, offering encouragement and support

with kindness and warmth. I feel truly lucky to have had him as my supervisor.

I would like to express my sincere gratitude to Prof. Carole Perry, Prof. John Hunt, Dr.
Amanda Coutts, and Dr. Lei Xu for their invaluable collaboration and co-supervision
throughout my PhD research. I also extend my thanks to SST and MTIF for providing
access to state-of-the-art laboratories and equipment, which greatly supported the

progress of my research.

I am deeply grateful to Dr. Graham J. Hickman and Dr. Domanic Eberl-Craske for their
generous support in training me on the use of AFM, SEM, and TEM. Their guidance
greatly improved my research skills and helped me to obtain high-quality images for

publication.

In addition, I would like to sincerely thank Prof. Zhipei Sun (Aalto University, Finland),
Prof. Jianlong Zhao, Dr. Lin Zhou (SIMIT, Chinese Academy of Sciences), Prof. Xuefeng
Yu, and Dr. Jiahong Wang (SIAT, Chinese Academy of Sciences) for hosting and
supporting my international visiting research. They generously provided access to
advanced laboratory facilities and created a highly collaborative research environment.
Their valuable advice and guidance played a crucial role in advancing my research. I am
especially grateful for their openness, and for the excellent coordination and assistance

throughout the experimental work.

Finally, I would like to thank close friends, Mr. Sangchu Quan, Mr. Yifei Zhang, Mr.
Xiaoyi Ding, Mr. Hongxiao Zhang for their invaluable support and encouragement

through my PhD journey.

I would like to thank the support from the European Union's Horizon 2020 research and

innovation programme under the Marie Sklodowska-Curie grant agreement No §72049.



Table of Contents

ADSIFaCt e 1
ACKNOWIEAZEMENTS .......couiiniiiiiiiiiiiiiii ettt et e e e e e e ene e 2
List of FIGUIES.....c..oovviiiiiiiiiiiiii e 7
List of Tables ......ocouiiniiiiiii e 16
List of abbreviations and acronyms...............cccoooiiiiiiiiiiiiiiiiinin 17
List of SYyMDOIS......oooniniiiii e e 21
Chapter 1 IntroducCtion...........c.oouniuiiiiiiiiiiiiiii et ee e e enens 23
1.1. Background and motivation............c....cooceiiiiiiiiiiiiiiin 23
1.2. State-of-the-art and challenges.....................oooiiiiiiii . 24
1.3. Research objectives and achievements ................c..ccoooieiiiiiiiiinnnnn.e. 25
1.4, Thesis StruCtUTe .....cc.emniiniiiiiiiiiie et ea e e 25
Chapter 2 Theory of fibre optics..........c.oceiiiiiiiiiiiiiii e 27
2.1. Introduction of fibre optic waveguide .............c....coooeiiiiiiiiiiiiin, 27
2.2. Coupled-mode theory .............cccooeviiiiiiiiiiiiiiiiii 29
2.2.1. Backward mode coupling...............cccoeiiiiiiiiiiiiiiiiiiiinn 31
2.2.2. Forward mode coupling ...........cccoceiiiiiiiiiiiiiiiiiiiiiieieeieene, 33

2.3. Phase matching conditions................ccoooeiiiiiiiiiiiniinin 34
2.3.1. Fibre Bragg gratings..........c.cccoouiiiiiiiiiiiiiiiiiiiiieiiee e, 35
2.3.2. Long-period gratings ............cccooocvviiiiiiiiiiiiiiniiiin 36
2.3.3. Tilted fibre gratings..............ccceoiviiiiiiiiiiiiiiiini 37

2.4. Fabry-Perot interferometer (FPI)............c..coooiiiiiiiiiiiiiiiiieenns 39
2.5. Chapter SUIMIMATY ........coouiiiiniiiiiiiiiiiiiiii et era e eaaenas 44

Chapter 3 Two-dimensional (2D) materials synthesis and characterisation.... 45
3.1. Introduction of 2D materials.............cccooiiiiiiiiiiiiiiiiiii e 45

3.2. Current methods for 2D materials synthesis..................c.o.ooon. 50



3.3. Development of sonication-assisted liquid phase exfoliation method..... 53

3.3.1. Black Phosphorus (BP) .......cccoiiniiiiiiiiiiiie e, 53
30302 BHTiSa et 55
3.3.3. Orthorhombic molybdenum trioxide (a¢-MoQO3) 2D nanoflakes...... 59
3.3.4. Graphene Oxide (GO)......cceuvimiiiiiiiiiiiiiiiiii e, 65
3.4. Electrochemical exfoliation method .....................c..ooiiiiiiin. 67
3.5. Selective etching method................oooiiiiiiiiiii e 69
3.6. ‘One-pot’ seedless Synthesis..........c...ccceveviiiiiiiiiiiiiiinini 72
3.7. Chapter SUIMIMATY ........ccooviiiniiiiiiiiniiiiii it eaeenas 74
Chapter 4 2D materials deposition and integration .....................c...c..oooonie. 75
4.1. Current deposition methods..................cccoiiiiiiiiiiiiii 75
4.2. In-situ layer-by-layer (i-LbL) deposition technique............................. 80
4.2.1. Graphene oxide deposition on fibre and characterisation ............. 80
4.2.2. TizC:Tx MXene deposition on fibre and characterisation.............. 90
4.2.3. BiTiSs nanosheets deposition on fibre and characterisation .......... 94
4.2.4. 0-MoO3/GO heterostructure deposition and characterisation ....... 98
4.3. PMMA-assisted wet transfer method .........................ooo 102
4.4. Spin coating approach .............coooiiiiiiiiiiiiiiiii e 103
4.5. Drop casting method .............coooiiiiiiiiiiiii e 104
4.6. Chapter SUIMIMATY .........ccoviiiiiiniiiiiiiiiiii et eaeeanens 106
Chapter S Label-free bIoSensors .............c.ooeuiiiiiiiiiiiiiiiiiiieeiecieceenee 107
5.1. GO-LPG based biosensor for detection of cancer cells........................ 107
5.1.1. Materials and device fabrication.....................c..coocoi 108
5.1.2. Cell media preparation and cell staining .......................cccoeeienie 109
5.1.3. Optical interrogation System ...........c...cccoeeviiiniiiiiiiniiinniineinnne. 110
5.1.4. Effects of GO thicknesses on optical properties........................... 111
5.1.5. Label-free quantification of cancer cells via culture media........... 113



5.2. Hybrid short- and long-period gratings for label-free biodetection...... 115

5.2.1. Background of haemoglobin and hybrid gratings........................ 115
5.2.2. Fabrication of hybrid LPG/FBG...............ccccociiiiiiiiiiiiiniininnn, 116
5.2.3. Multiple coupling mechanisms of hybrid LPG/FBG.................... 116
5.2.4. Optical characterisation of the hybrid gratings........................... 117
5.2.5. Label-free detection of haemoglobin ......................cooiiiin. 121

5.3. Perovskite-graphene heterostructure biosensor for cytokine detection 122

5.3.1. Background of cytoKines .............cccccoeiiiiiiiiiiiiiiiiiiiniin 122
5.3.2. 2D materials-based FET biosensor..............cc..cceeuviiiiiniiniinnnenn.e. 122
5.3.3. Development of the bioSensor ...............ccooeviiiiiiiiiiiiiiiiinenenns 123
5.3.4. Measurement SYSEEI .........c.ceuuriuiiniiniiiniinieiienieieeieeieeneeneenenes 126

5.3.5. Design and mechanism of PQDs/SLG heterostructure-based FET 126

5.3.6. Optical characterisation of PQDs/SLG heterostructure FET ....... 128

5.3.7. Ultrasensitive detection of IL6 cytokines .....................ccoeeiiinnnn. 129
5.3.8. Specificity of the biotunable ternary logic biosensor-.................... 133
5.4. Chapter SUMMATY .......cc.oiiuiiuiiiiiiieiiiie ettt et et eneeenreneenns 134

Chapter 6 Functionalised fibre-optic sensors for chemical sensing and

PIOIMAGING ......ooviviiiiiiiiiiiiiii 137

6.1. MXene based fibre-optic Fabry-Perot interferometer (FFPI) for heavy

metal detection ..............coiiiiiiiiiiiiiiiii e 137
6.1.1. Materials and fabrication of MXene based FFPI......................... 138
6.1.2. Optical characterisation of FFPI...........................ciie 138
6.1.3. Mechanism of Hg?" adsorption and crystallisation on MXene ...... 141
6.1.4. Sensing mechanism of MXene-based FFPI chemical sensor ......... 142
6.1.5. MXene assisted Hg?* sensing with enhanced sensitivity ............... 143

6.2. GO-functionalised fibre optic probes for bioimaging.......................... 145
6.2.1. Materials and device..............coeeeviiiiiiiiiiiiiiiii e 146



6.2.2. Measurement system and data analysis ..................coooiiinin. 146

6.2.3. Biofunctionalisation of GO-fibre optic probes......................c...... 146
6.2.4. Surface morphological characterisation ......................c...cooniil 147
6.2.5. Enhanced fluorescent intensity of GO-fibre probes ..................... 149
6.2.6. Reusability of GO-fibre probes.............c..ocoeiiiiiiiiiiiiiiiinn. 152

6.3. Chapter SUMMATY ..........cccoiiiuiiiiiiiiiiiiiiiii et eaaas 153
Chapter 7 Conclusions and future Work...........c.ccooiiiiiiiiiiiiiiiiiiiiiieennes 155
Td. ConClUSIONS ......oouiiniiiiiiiiii et 155
7.2, Future WOrK........ooouiiiiiiiiiiiiiiiii et 157
7.2.1. 2D heterostructure based biosensor for cancer diagnostics........... 157
7.2.2. BIiTiSs3 functionalised 45°-TFG for photothermal therapy ............ 159
References ........ooooiniiiiiiiii e 163
Publication List....... ..o e 185



List of Figures

Figure 2.1 - 1 The geometry of cylindrical coordinates in the fibre core, illustrating

the radial r, azimuthal ¢, and longitudinal z, directions. ........c..cceeeiiiiiiiinniennen. 28
Figure 2.3 - 1 The diffraction of light wave by a grating. .........cccceviiiiiiiiiniininnnn.n. 35
Figure 2.3 - 2 Ray-optic illustration of the backward-coupling in an FBG............. 36
Figure 2.3 - 3 Ray-optic illustration of the forward-couplinginan LPG................ 36
Figure 2.3 - 4 Schematic illustration of a tilted fibre grating. ........ccccoviviviinnn.n. 37
Figure 2.3 - 5 (a) Phase matching conditions defined by wavevectors. (b) Mode
coupling regimes for TFGs with tilt angles 8 < 45°, 0 = 45°,and 8 > 45°............ 38
Figure 2.4 - 1 Schematic illustration of multiple-beam interference from a
transparent dielectric thin film. ... e e 41
Figure 2.4 - 2 Irradiance distribution of reflection as a function of phase difference
in a F-P interferometer with mirrors of varying reflectance [18]........cccceevevvenennen.n. 43
Figure 3.1 - 1 Schematic illustration of various 2D materials including graphene,
2D MOS, TMDs, 2D polymer, BP, BN, g-C3sN4, and MXene [36]......cccceeeuenennennnnne. 45

Figure 3.1 - 2 Schematic illustration of crystal structure of graphene (a) The top
view of single-layer graphene. (b) Bilayer graphene stacked together through the

VaN der Waals fOrC. vttt e e e e ettt e e e e sasasasansaanenas 46
Figure 3.1 - 3 Schematic illustration of a single sheet of graphene oxide............. 47
Figure 3.1 - 4 Schematic illustration of crystal structure of (a) MAX, and (b) MXene.

..................................................................................................................... 48

Figure 3.1 - 5 Schematic illustration of (a) the orthorhombic lattice structure of
layered a-MoOQ;, (b) the unit cell of a-MoQO; extracted from the dashed box in

6= ) 1 773 PP PP PRPPPPPPPR 49
Figure 3.2 - 1 Schematic procedure of the Scotch-tape-assisted mechanical

cleavage Of BraphenNe [74]. .ottt ee e s e e eae e eaaananes 51
Figure 3.2 - 2 Schematic illustration of CVD for the synthesis of 2D
NETErOSTIUCTUIES [BO] . iu ittt et e e e e s e e aeaete e s enenanns 52

Figure 3.3 - 1 Schematic illustration of BP exfoliation in liquid phase with probe
sonication differential centrifugation. .......ccooeiiiiiiiiiiiiii e 54
Figure 3.3 - 2 Digital photos of (a) bulk BP, (b) BP in grinding, (c) BP suspensions
before & after probe sonication, and (d) the desired BP sediment after
centrifugation OFf 13000 FPIM. iu it ee e e e eae e e ea e eaeansaaananns 54
Figure 3.3 - 3 (a, b) SEM images of BiTiS; layered structure before exfoliation with
different magnifications. (c) SEM image of the layered BiTiS; nanosheets with EDS
spectrum extracted from the box with solid line (inset)......cccoveeeiiieiiiiiiiiiiinnnns 56
Figure 3.3 - 4 Cross-sectional HR-TEM image of BiTiS; representing its layered

Y (U] (0] £ T PO 57
Figure 3.3 - 5 AFM image of BiTiS; nanosheets with corresponding height profiles
extracted from White liNES (INSET)...cuiuieiiiiiieeee e e aes 57



Figure 3.3 - 6 UV-Vis-NIR absorbance spectra of BiTiS; nanosheets at different
concentrations (80 pg/mL, 40 pg/mL, and 20 pg/mL) with corresponding digital

0] oY (o3 {1 T=T=1 1 58
Figure 3.3 - 7 (a) Photothermal-heating curves against BiTiS; suspension with
different concentrations under 1064 nm laser irradiation at a power density of 0.75
W/cm?. (b) Thermal images sequences. (c) A thermal imaging camera used for real-
time temperature measurement (The temperature values were measured at a
representative central region of the BP suspension, as indicated by the thermal
images. The absolute temperature values were obtained using a thermal imaging
camera and may be subject to uncertainty arising from factors such as emissivity
assumptions and environmental conditions; however, the relative temperature
changes are considered reliable for evaluating the photothermal performance). (d)
Temperature changes of 40 ug/mL BiTiS; during five laser on/off cycles. ............. 59
Figure 3.3 - 8 (a) Digital photos of a-MoQO; suspensions at different processing
stages: (1) before sonication, (2) after sonication, (3) after 6,000 rpm
centrifugation, and (4) re-dispersed sediment after 12,000 rpm centrifugation. (b)

The corresponding UV-Vis absorption spectra. ......coovveiiiiiiiiniiininiiiiiirneeeeenenes 61
Figure 3.3 - 9 XRD patterns of a-MoO; powder and a-MoO; 2D nanoflakes (inset:
photos of a-MoQO; powder and a-MoO; 2D nanoflakes).....cc.ccovevveviiiiiiiiinininann.n. 61

Figure 3.3 - 10 (a) TEM image of atomically thin a-MoO; 2D nanoflakes. (b) The
HRTEM image with showing distance between lattice fringes (inset: the
COrreSPONAING FFT IMaAZE) . euniniieiiiiiiiieieiie et ee et et e et eneeeeneanenennananns 63
Figure 3.3 - 11 AFM image of a-MoO; 2D nanoflakes drop-cast onto a mica
substrate (inset: height profiles of three measured a-MoQO; nanoflakes along white
U] =) 64
Figure 3.3 - 12 AFM images of a-MoQ; at different centrifugation stages, with
schematic illustrations highlighting various components in suspensions. (a) The
original suspension after probe sonication without any centrifugation. After
centrifugation at 6,000 rpm, the sediment (b) and the supernatant (c). (d) The
sediment after the centrifugation at 12,000 rpm. ...ciiiiiiiiiiiir e eeeeens 65
Figure 3.3 - 13 The UV-Vis absorption spectrum of GO suspension (inset: digital
PhOto Of GO SUSPENSION). ittt e e te et eeaeaeaeteaesesasaenenanens 66
Figure 3.3 - 14 AFM image of single-layer and few-layer GO nanosheets (inset:
height profiles of three measured GO nanosheets along white lines).................. 66
Figure 3.4 - 1 (a) Schematic illustration of the electrochemical exfoliation of BP. (b)
Photo of BP exfoliation. (c) Photo of BP nanosheets dispersed in water with
different CoNCEeNTratioNS. ...ttt et eee e e eenee 67
Figure 3.4 - 2 (a) Photothermal-heating curves against BP suspension with
different concentrations under laser irradiation (at 808 nm, 1.0 W/cm?). (b)
Temperature changes of 0.40 mg/mL BP during five laser on/off cycles. (c) Infrared
thermographic maps of in vitro photothermal of BP suspensions (The temperature
values were measured at a representative central region of the BP suspension, as
indicated by the thermalimages)...ccvii i 69



Figure 3.5 - 1 The schematical diagram for the synthetic processes of Ti;C,Tx
MXene nanosheets, using in situ hydrofluoric acid (HF) method. (left) Parent
layered Ti;AlC, MAX phase, (middle) etched Ti;C.T« MXene, and (right) delaminated
TizCaTx MXENE NANOSNEETS. w.iniiiiiiii et r e e e ean e 70
Figure 3.5 - 2 (a) SEM image and corresponding elemental mapping of Ti, C, O, Cl,
and F in layered Ti;C,Tx MXene (scale bar =20 um). (b) AFM image of TizC,Tx
nanosheets with corresponding height profiles extracted from white lines (inset).
(c) Raman spectrum of Ti;C,Tx MXene. (d) TEM image of a monolayer Ti;C,Tx
nanosheet (scale bar: 200 nm) and selected area diffraction patterns (inset, scale
bar: 2 nm™). (e) Cross-sectional TEM image of mono- and bilayer Ti;C,T,

[ F=Ta o 1] 1= T- £ PP 71
Figure 3.5 - 3 The UV-Vis-NIR spectroscopy of diluted Ti;C,Tx MXene dispersions.
Inset: Absorbance values at 755 nm for dispersions with concentrations of 2.5, 5,
10, 20, and 40 pg/mL, demonstrating a linear relationship between concentration
and absorbance (Data are presented as mean * standard deviation from three
iINdependent EXPEriMENTS). ciuiuiiiiiiiiiiiiiiirrrer e e et eneeneneasaseerereterarnenensnens 72
Figure 3.6 - 1 (a) Schematic illustration of the ‘one-pot’ seedless synthesis of small
gold nanorods. (b) Photographic image of aqueous dispersions of sAUNRs at
different concentrations. (c) UV-Vis—NIR absorption spectrum of sAuNR with the
concentration 0f 0.440 MM. ... r e e et er e e e e e e e aans 73
Figure 4.1 - 1 Schematic illustration of (a) the etchant-assisted transfer, (b)
electrochemical transfer, and (c) surface-energy-assisted transfer methods.

reproduced with permission from Ref. [129]. ...cuiiiiiiiiiiiiiiiccrrrr e, 77
Figure 4.1 - 2 Schematic illustration of 2D crystal flake transfer. (a) experimental

setup. (b) The dry transfer process [130]. .euviiiiiiiiiiiiiiiii e ee e aaes 78
Figure 4.1 - 3 Schematic illustration of the spin coating. ........ccccoveviiiiiiininnn.n. 79

Figure 4.2 - 1 Schematic illustration of in-situ i-LbL deposition technique for
coating GO nanosheets onto an optical fibre. (a) Clean bare optical fibre, (b)
Optical fibre with alkaline treatment, (c) Optical fibre with APTES silanisation, (d)
layer-by-layer GO deposition, (e) GO-coated opticalfibre.......ccccveeeieiiienieannn.n. 81
Figure 4.2 - 2 Optical microscope images (scale bars = 50 um) of (a) bare optical
fibre, (b) 1-cycle GO-coated fibre (GO suspension concentration of 0.05 mg/mL),
(c) 1-cycle GO-coated fibre (GO suspension concentration of 0.10 mg/mL), (d) 3-
cycle GO-coated fibre (GO suspension concentration of 0.10 mg/mL), (e) 5-cycle

GO-coated fibre (GO suspension concentration of 0.10 mg/mL). ......ccvevveinnenenns 83
Figure 4.2 - 3 SEM images of (a) bare fibre, (b) GO-coated fibre with thin overlay, (c)
GO-coated fibre with thick overlay (scale bar =20 tm)......cccvviiiiiiiiiiiiiniiiinnnnnns 84

Figure 4.2 - 4 Single-cycle deposited GO overlay thickness analysis (0.05 mg/mL
GO suspension). (a) AFM image of the GO-fibre with a created step boundary. (b)
Height profiles of GO overlay according to the white lines in (a). (c) 3D view of AFM
image. (d) SEM image of the GO-fibre with a created step boundary (scale bar=5

8 2 ) S 84



Figure 4.2 - 5 Five-cycle deposited GO overlay thickness analysis (0.10 mg/mL GO
suspension, with the fibre rotated every coating cycle). (a) AFM image of the GO-
fibre with a created step boundary. (b) Height profiles of GO overlay according to
the white lines in (a). (c¢) 3D view of AFM image. (d) SEM image of the GO-fibre with
a created step boundary (scale bar =5 Hm). cccceiiiiiiiiiiiiiiieeeer e 85
Figure 4.2 - 6 Thickness analysis of GO overlay at four different azimuthal surfaces
around the cylindrical surface (e.g., top, bottom, and two sides. Errors in (c), (f),
and (i) represent the variation in measured thickness arising from the intrinsic
surface roughness of the GO coatings). (a) Schematic illustration of GO deposition
in a mini-bath with indicating different azimuthal of cylindrical geometry (the fibre
was kept stationary). (b) AFM image of the top surface of GO-fibre with a created
step boundary. (c) Height profiles of GO overlay along the white lines in (b). (d) 3D
view AFM image of top surface. (e) AFM image of the side surface of GO-fibre with a
created step boundary. (f) Height profiles of GO overlay along the white lines in (e).
(g) 3D view AFM image of side surface. (h) AFM image of the bottom surface of GO-
fibre with a created step boundary. (i) Height profiles of GO overlay along the white
linesin (h). (j) 3D view AFM image of bottom surface. ......c.coveviviiiiiiiiinininennnen, 87
Figure 4.2 - 7 Thickness analysis of GO overlay at four different azimuthal surfaces
around the cylindrical surface (e.g., top, bottom, and two sides. Errors in (c), (f),
and (i) represent the variation in measured thickness arising from the intrinsic
surface roughness of the GO coatings). (a) Schematic illustration of GO deposition
in a mini-bath, indicating different azimuthal of cylindrical geometry (the fibre was
rotated 90° per coating cycle). (b) AFM image of the top surface of GO-fibre with a
created step boundary. (c) Height profiles of GO overlay along the white lines in (b).
(d) 3D view AFM image of top surface. (e) AFM image of the side surface of GO-fibre
with a created step boundary. (f) Height profiles of GO overlay along the white lines
in (e). (g) 3D view AFM image of side surface. (h) AFM image of the bottom surface
of GO-fibre with a created step boundary. (i) Height profiles of GO overlay along the
white lines in (h). (j) 3D view AFM image of bottom surface. .......ccccevevviviiaennnn.. 88
Figure 4.2 - 8 Raman spectrum of the GO-coated optical fibre surface. ............. 89
Figure 4.2 - 9 SEM images (scale bar =5 pym) of (a) MXene-coated optical fibre. (b)
Bare fibre. (c) Magnified SEM image of MXene-fibre surface extracted from (a). (d)
Magnified SEM image of bare fibre surface extracted from (b). .....cccceevveeeninannn... 90
Figure 4.2 - 10 Single-cycle deposited MXene overlay thickness analysis (0.10
mg/mL MXene suspension). (a) AFM image of the MXene-fibre with a created step
boundary (inset: profile lines for height measurement; regions for roughness
comparation). (b) Height profiles of MXene overlay according to the white lines in
(a). (c) 3D view of AFM image. (d) SEM image of the MXene-fibre with a created step
boundary (SCale Dar =5 HIM). it e e e e e enens 91
Figure 4.2 - 11 Five-cycle deposited MXene overlay thickness and elemental
composition analysis (0.10 mg/mL MXene suspension, with the fibre rotated 90°
per coating cycle). (a) AFM image of the MXene-fibre with a created step boundary.
(b) Height profiles of MXene overlay according to the white lines in (a). (c) 3D view

10



of AFM image. (d) SEM image of the MXene-fibre with a created step boundary
(scale bar =2 um). (e) SEM image of the MXene-fibre extracted from (d) with EDS
line scanning. (scale bar =2 um). (f) EDS line spectra representing the elemental
distribution along the yellow line in (e). (g) EDS line sum spectrum along the

S Toz=] oY a1=To I T 1= Y PP 92
Figure 4.2 - 12 SEM images of the MXene-fibre cross-section with corresponding
EDS mapping. (a) SEM image of the MXene-coated optical fibre cross-section
(inset: regions of MXene-fibre edges, scale bar =10 um). (b) The closeup SEM
image extracted from the solid white frame in (a) (scale bar =500 nm). (c) The
closeup SEM image extracted from the dotted white frame in (a), displaying the
MXene overlay thickness of ~320 nm (scale bar =500 nm). (d) SEM image of the
MXene-fibre edge with corresponding elemental mapping of Si, O, Ti, C, and Clin
the TisC.Tx MXene overlay (scale bar =500 NM). ..ouieiiiiiiiiiiiieceee e 93
Figure 4.2 - 13 (a) Optical microscope images of BiTiS;-coated optical fibre
prepared with different suspension concentrations and bare fibre (scale bar =200
pm). (b) The corresponding 3D optical IMages. ...cvveveriiiniiiiiiiiirreeeeeeereeenenn 94
Figure 4.2 - 14 SEM images of (a) BiTiS;-coated optical fibre prepared using a 40
pg/mL BiTiS; suspension with 5 coating cycles (magnification: 300x). (b) The bare
fibre. (c) The magnified (30,000x) SEM image extracted from (a). (d) The magnified
SEM image extracted from (D). ..eu e 95
Figure 4.2 - 15 (a) SEM image of the BiTiS;-coated optical fibre with corresponding
elemental mapping of Si, O, Bi, Ti, and S in the BiTiS; overlay (scale bar =50 pm).
(b) EDS map sum spectrum along with the atomic concentrations..................... 96
Figure 4.2 - 16 The photothermal response of BiTiS;-coated tilted fibre gratings
(TFG). (a) Schematic illustration of the experimental setup (The temperature was
measured using a thermocouple placed in direct contact with the target region of
the coated fibre). (b) Photothermal heating curves of the BiTiS3-coated TFG under
1064 nm laser irradiation at different power levels. (c) Photothermal heating curves
of the bare TFG under the same irradiation conditions. (d) Comparison of the
photothermal response between the coated and bare TFGs (laser power: 416 mW).
(e) Temperature variation of the coated TFG over five laser on/off cycles at an
irradiation power of 238 mW. (f) Infrared thermographic images of the coated TFG
undervarying irradiation POWEIS. . u.i it iiiiiiiiiire e e r e e e retere e e enenenens 98
Figure 4.2 - 17 SEM images. (a) a-MoQO;-coated optical fibre (scale bar =10 um). (b)
a-MoO3/GO heterostructure-coated optical fibre (scale bar =10 ym). (c) the
maghnified region extracted from (b) to exhibit surface morphology (scale bar =1

[ 2 0 ) FS PP 99
Figure 4.2 - 18 The thickness and elemental composition analysis of a-MoO;
overlay. (a) AFM image with a created step boundary (inset: profile lines for height
measurement). (b) Height profiles according to the white lines in (a). (c) 3D view of
AFM image. (d) SEM image of the a-MoO;-coated optical fibre with corresponding
elemental mapping of Mo, Si, and O in the coating overlay (scale bar =2 um). (e)
SEM image of the coated fibre extracted from (d) with EDS line scanning. (f) EDS

11



line spectra representing the elemental distribution along the yellow line in (e). (g)
EDS line sum spectrum along the scanned line. ......cccooviiiiiiiiiiiiiiiiininineenenes 100
Figure 4.2 - 19 The thickness analysis of a-M003/GO heterostructure overlay. (a)
AFM image with a created step boundary (inset: profile lines for height
measurement). (b) Height profiles according to the white lines in (a). (c) 3D view of

F Y o W g aF= T T PP P PP PPNt 101
Figure 4.2 - 20 Raman spectra of the optical fibre that coated with a-MoO; overlay,
GO overlay, and a-Mo0O3/GO heterostructure overlay. ......cccceevveviiireniienenennenen. 101

Figure 4.3 - 1 (a) Schematic illustration of the SLG transfer process on an FET [6].
(b) SLG on Cu film prior to the etching process. (c) PMMA-supported SLG after
etching process. (d) The transfer process. (e) FET chips coated with a piece of SLG.

Figure 4.3 - 2 (a) Digital photo of an FET deposited with SLG. (b) The microscope
image of SLG-deposited FET, extracted from the white dashed frame in (a) (scale
DAF = 200 M)t ettt et et ettt et e e e ettt e e e e eae e anaanan 103
Figure 4.4 - 1 (a) SEM image of CsPbl; PQDs film spin-coated upon SLG (scale bar:
500 nm). (b) AFM images of PQDs thin film surface. (c) AFM image of perovskite-
on-graphene heterostructure with height profile (inset) [6]. ..cccvveiviiiiinininnn.n. 103
Figure 4.4 - 2 High-resolution XPS spectra of CsPbl; perovskite/graphene
heterostructure for (a) Cs, (b) I, and (c) Pbelements [6].....ccccvveeiiiiiiiiiinenennnnn. 104
Figure 4.5 - 1 (a) schematic illustration of AuNP filter. (b) AFM image of the high-
density AuNPs filter. (¢) AuNPs height profile according to the white line in (b). (d)
SEM image of the high-density AuNPs filter. () AFM image of the low-density
AuNPs filter. (f) AUNPs height profiles according to the white lines in (e). (g) SEM
image of the low-density AUNPS filter [6]. ..ocuvuiiiieiiiiiiiriee e eees 105
Figure 5.1 - 1 (a) Bright-field image of viable MCF-7 cancer cells. (b) Schematic of
MCF-7 cell culture setup in a 6-well plate. (c) Collection of conditioned culture

Figure 5.1 - 2 (a) Fluorescent images of MCF-7 cells labelled with Cell Tracker
Green at initial seeding densities of 1) 1000, 2) 10,000, 3) 100,000, and 4) 500,000
cells per well. (b) The Bright-field images of MCF-7 cells stained with crystal violet,
highlighting differences in cell density across wells. ........ccccoviiviiiiiiiiiiiiniennennen. 110
Figure 5.1 - 3 Schematic illustration of the optical measurement setup. ........... 110
Figure 5.1 - 4 (a) LPG transmission spectra (measured in water) with different GO
thicknesses. Optical property evaluation under varying SRl for (b) bare-LPG, (c)
2G0O-LPG, and (d) 4GO-LPG. LPG resonance wavelength shift (e) and intensity
change (f) against SRI Changes. ...c.iviniiiiiii e 111
Figure 5.1 - 5 (a) Transmission spectra corresponding to different cancer cell
medium concentrations. (b) Intensity change of attenuation band against different
cell medium conNCEeNTratioNS. ..o e e e e e e e 114
Figure 5.2 - 1 (a) Transmission of the hybrid gratings. (b) Reflection spectrum. Four
bands can be seen due to different coupling mechanisms. (c) Schematic of the

12



hybrid LPG/FBG device. The arrows indicate light propagation and coupling paths,

with colours corresponding to the reflection peaks shownin (b). ......c..cceoeeiniie 117
Figure 5.2 - 2 Reflection spectra of light launched from different sides of the device
(inset: light injection SCheMAtIC)...oiuiuii i e 118

Figure 5.2 - 3 Reflection spectra of the hybrid device under different refractive
index (RI) conditions: (a) without Rl liquid; (b) with n =1.460 liquid applied over the
LPG region; (c) with n =1.460 liquid applied exclusively to the gap region between
the LPG and FBG, and (d) with n =1.460 liquid applied only over the FBG section.

Figure 5.2 - 4 Reflection for n = 1.46 oil covering different lengths of the FBG.....120
Figure 5.2 - 5 (a) Reflection spectra of cl-cl2 peak under different Rls, (b) The
wavelength shifts of four peaks against the Rl changes. .......cccceoiiiiiiiiiiiiininan. 121
Figure 5.2 - 6 Reflection spectra of the clad-clad 2 peak against haemoglobin
concentrations (Inset: Linear relationship between the resonance wavelength shift
of the cl-cl2 peak and haemoglobin concentration, extracted from the reflection

Yo L= Te1u ) I P PO TP 121
Figure 5.3 - 1 PQDs/SLG heterostructure FET biosensor with biotunable
nanoplasmonic ternary logic gating functionality. The biosensor was integrated by
a lateral perovskite-on-graphene heterostructure phototransistor and a vertical
bio-nano-photonic filter consisting of anti-IL6-immobilised AUNPs. The biosensing
principle is based on the LSPR shifts induced by antigen-antibody binding, tuning
the delivery of incident light passing through the bio-nano-photonic filter to the

o] gle 101 £=10 1151 o] AN PPN 124
Figure 5.3 - 2 Schematic illustration of the assembly of bio-nano-photonic filter
LS PP OP P PPPIN 125
Figure 5.3 - 3 Fluorescent characterisation of Mouse biotinylated anti-human IL6
antibody (anti-IL6) on AuNPs filter. (a) Schematic of secondary fluorescent
antibody (Goat Anti-Mouse 1gG-AF488) binding with anti-IL6. For low-density AUNP
filter: (b) control group, (c) fluorescence microscopic image, (d) statistical values
of fluorescence intensity in (b) and (c). For high-density AuNP filter: (e) control
group, (f) fluorescence microscopic image, (g) statistical values of fluorescence
INTENSItY iN () aNd (F) [B]..euinieiiiiiiiiiiiii et ee e e e e e e eenas 126
Figure 5.3 - 4 (a) Schematic of biosensor with a decoupled construction between
filter and phototransistor. The mechanism of the biotunable ternary logic gate is
based on tuning the delivery of incident light to PQDs/SLG phototransistor by LSPR
shifts induced by biomolecular binding by the use of: (b) high-density AUNPs filter
for operating from 0 to +1 mode, (c) low-density AuNPs filter for operating from 0 to
-1 mode (SEM image scale bar: 500 NM) [6]. ceuevieiniiiiiiiiiieiee e e 127
Figure 5.3 - 5 (a) l4s-Vas curves of perovskite/graphene heterostructure FET under
laser illumination with different powers (inset: the dependence of photocurrent
against laser power at Vg = -2 V). (b) Temporal I, response under alternating dark
and light (A=532nm, P =500 PW) [6]. ..ceuemiimiiiiiiiiiiei ettt eneaee 129

13



Figure 5.3 - 6 14s-V4s curves for the baseline photocurrent of biosensor with high-
density (50.6 particles/pm?) and low-density (20.8 particles/pm?) filters (A = 532
NM, P =500 PW) [B]. 1eeneniiiiiieiei ettt et e ee et e e e e e e saenenenaens 130
Figure 5.3 - 7 Ultrasensitive bio-detection of IL6 cytokines under “+1” mode. (a) 3D
AFM image of high-density AuNPs filter. (b) Photocurrent variation Alg(t.) (at a bias
V4s = 1.0 V) during binding incubation with different IL6 concentrations. Each curve
was measured under the same laser illumination (A =532 nm, P =500 pW). (c) lgs-
Vg curves for different IL6 concentrations (at an incubation time of 5 min).
Standard curve of PQDs/SLG-based biosensor incorporating biotunable ternary
logic gate under “+1” mode of (d) Device-1, (e) Device-2, and (f) Device-3 with Algs
of 11.9 pA, 9.8 YA, and 9.6 pA, respectively, demonstrating great reliability and
FEPrOAUCTDILITY [B]. «nenieeininiiiii et ettt et e st e e e e e e enenas 131
Figure 5.3 - 8 Ultrasensitive bio-detection of IL6 cytokines under “-1” mode. (a) 3D
AFM image of the low-density AUNPs filter. (b) Photocurrent variation Algs(t,) (at a
bias Vgs = 1.0 V) during antigen-antibody binding with different IL6 concentrations.
(c) las-Vas curves for different IL6 concentrations (at an incubation time of 5 min).
Standard curve obtained with the biosensor under “-1” mode of (d) Device-4, (e)
Device-5, and (f) Device-6 with |Algs| of 14.1 pA, 12.4 pA, and 11.0 YA, respectively,
showing great reliability and reproducibility [6]. ...ccvvveniiiiiiiiiiiiiiiiire e, 133
Figure 5.3 - 9 Specificity of the PQDs/SLG biosensor, showing high selectivity
specific to IL6, as the signhals for IL6 (in PBS and in serum) are distinctly higher than

other NoN-spPecCific aNalYTES [B]. vttt e e e e e aeenens 134
Figure 6.1 - 1 Schematic illustration of FFPI. .......ccoiniiiiiii e, 138
Figure 6.1 - 2 Reflection spectra of FFPI with applying the second end faces with
different refleCtanCe. .. ..o e 139
Figure 6.1 - 3 Reflection spectra of FFPI with cavity lengths of 40, 80, and 120 um.
.................................................................................................................... 140

Figure 6.1 - 4 (a) Interference spectra of FFPI at different concentrations of Hg?*
ions. (b) FSR against Hg?* concentrations. The blue lines represent linear
calibration curves for detecting Hg*" in the ranges of 0-10 uM and 100-5000 uM,

(=T o 1=Yox €A VZ= T N 141
Figure 6.1 - 5 Illustrations of Hg?* ions uptake onto Ti;C,Tx MXene surface, where
Hg?* is crystalised into Hg.Cl,. The Ti;C,T« MXene is oxidised by the residual OH"

B OU P S tutuentnteeeneneteeaneneaeataseneneatesensneasasassnsnsnsessssnssssssssnsnsonasensnsasssssensnssnanensns 142
Figure 6.1 - 6 SEM image and corresponding EDS elemental mapping of Ti, O, F,

Hg, and Cl for layered Ti;C,T« MXene after adsorption of 2.5 mM Hg*. The
distribution of each element confirms successful mercury uptake and the

presence of surface terminations (scale bar: 2 hm)....ceceeeieiiiiiiiiiiiiiiiiiieieeenne, 142
Figure 6.1 - 7 Schematic illustration of TisC.T, MXene assisted FFPI for the
deteCtion Of HE2 10NS. iuiiiiiii e e e et e e e aans 143

Figure 6.1 - 8 (a) Interference spectra of FFPI at different concentrations of Hg?*
ions. (b) FSR against Hg?* concentrations. The blue lines represent linear
calibration curves for detecting Hg?* in the ranges of 0-0.01 uM and 0.05-1.0 uM,

14



respectively. (c) Closeup of (a) which shows a consistently increase of the
intensity. (d) Visibility of interference fringes as a function of Hg#* concentration for
MXene-assisted Hg?* detection. Dataare mean £s.d. .....ccceeevveiieeiiiinneenennnnnnnn. 145
Figure 6.2 - 1 Schematic illustration of biofunctionalisation of GO-fibre probe via
EDC/NHS conjugation. (a) Carboxylic acid enriched GO-fibre probe surface. (b)
GO-fibre probe bond with o-acylisourea active intermediate. (c) GO-fibre probe
bond with NHS ester intermediate. (d) Anti-IgG immobilised GO-fibre probe. ....147
Figure 6.2 - 2 AFM images of GO-fibre probes treated with different Anti-IgG
concentrations. (a) Probe-1: bare fibre probe treated with 2 uyg/mL anti-1gG, (b)
Probe-2: GO-fibre probe treated with 2 pg/mL anti-1gG, (c) Probe-3: GO-fibre probe
treated with 4 yg/mL anti-1gG, (d) Probe-4 treated with 20 pg/mL anti-IgG.......... 149
Figure 6.2 - 3 Confocal microscopy observation of anti-IgG immobilised probes (a)
Probe-1, (b) Probe-2, (c) Probe-3 and (d) Probe-4. (scale bar: 50 um). For each
probe, the upper panel shows the fluorescence image, and the lower panel
displays the corresponding overlay image (bright-field and fluorescence merged).
Increased fluorescence intensity and uniformity correlate with GO presence and
higher antibody CONCENTratioNS. c..viiii i re s e e e e e e enes 150
Figure 6.2 - 4 Three-dimensional confocal fluorescence reconstructions of fibre
probes functionalised with Alexa Fluor 488-conjugated anti-IgG: (a) Probe-1 (bare
fibre, 2 pg/mL), (b) Probe-2 (GO-coated fibre, 2 pg/mL), (c) Probe-3 (GO-coated
fibre, 4 ug/mL), and (d) Probe-4 (GO-coated fibre, 20 ug/mL). (e) Quantitative
comparison of fluorescence intensities for all four probes, demonstrating
enhanced antibody immobilisation on GO-functionalised surfaces. ................. 151
Figure 6.2 - 5 (a) Reusability of GO-functionalised fibre probes evaluated using
Probe-4. Fluorescence intensity significantly decreased after acid washing (Probe
4-washed) and partially recovered upon re-immobilisation of high-concentration
anti-lgG (Probe 4-washed+anti-IgG). Error bars represent standard deviation from
three parallel samples. (b) FTIR spectra of Probe-4 at different functionalisation
stages: before bio-immobilisation (black), binding with high-concentration anti-IgG
(red), and after antibody removal via acid wash (blue).......c.ccooeiiiiiiiiiinininenn.. 153
Figure 7.2 - 1 Schematic illustration of a-MoO3s/GO heterostructure based
biosensor for the detection of exosomes secreted from Pancreatic cancer cells.

.................................................................................................................... 159
Figure 7.2 - 2 Schematic illustration of BiTiSs;-TFG probe for in vitro (top) and in vivo
[(oTo] 1] o o) 1N =i IS 162

15



List of Tables

Table 3.3 - 1 Locations, FWHM, and grain size of a-MoO; powder and 2D a-MoO;
nanoflakes from their XRD patterns. c.oc.cuveinieiiiriiiiiii et eeeeens 62
Table 5.1- 1 Wavelength shift and intensity change under different SRIs (All
wavelength shifts and intensity changes are referenced to the sensor response
MeEeasUred iN DIWATE). .ottt e et eae e eneenas 112
Table 5.1- 2 Rl sensitivities of GO-LPGs at different Rl regions (All wavelength shifts
and intensity changes are referenced to the sensor response measured in DI

16



List of abbreviations and acronyms

2D Two-dimensional

AFM Atomic force microscopy

AFP Alpha-fetoprotein

ALB Albumin

APTES (3-Aminopropyl)triethoxysilane
AuNPs Gold nanoparticles

AuNRs Gold nanorods

BN Boron Nitride

BP Black phosphorus

CEA Carcinoembryonic antigen

CNM Carbon nanomembrane

COVID-19 Coronavirus disease 2019

CRP C-reactive protein

CTAB Cetyltrimethylammonium bromide
CVvD Chemical vapor deposition

DI Deionised

DMEM Dulbecco's modified eagle's medium
DMF Dimethylformamide

DOS Density of states

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDS Energy Dispersive X-ray Spectroscopy
EIS Electrochemical impedance spectroscopy
ELISA Enzyme-linked immunosorbent assay
EV Extracellular vesicles

17



FBG
FBS
FET
FFPI
FFT
FIB

FP

FPI
FSR
FTIR
FWHM
g-C3Ny
GO
GPCl1
Hb
h-BN
HRI
HR-TEM
IARC
IgG
IL6
i-LbL
LOD
LPG
LSPR
MILD

MOS

Fibre Bragg grating

Fetal bovine serum

Field-effect transistor

Fibre-optic Fabry-Perot interferometer
Fast Fourier transform

Focused ion beam

Fabry-Perot

Fabry-Perot interferometer

Free spectral range

Fourier transform infrared

Full width at half maximum

Graphitic Carbon Nitride

Graphene oxide

Glypican-1

Haemoglobin

Hexagonal Boron Nitride

High refractive index

High-resolution transmission electron microscopy
International agency for research on cancer
Immunoglobulin G

Interleukin 6

In situ layer-by-layer

Limit of detection

Long-period grating

Localised surface plasmon resonance
Minimally intensive layer delamination

Metal Oxide Semiconductor

18



NA
NaOL
NHS
NIR
NMP
OFG
OSA
PBS
PC
PDAC
PMMA
POCT
PQD
PTT
PVC
PVD
RI
RIU

RMS

SAED
SEM
SERS
SLG
SMF
SPR

SRI

Neutravidin

Sodium Oleate
N-Hydroxysuccinimide

Near Infrared
N-methyl-pyrrolidone
Oxygen-containing functional group
optical spectrum analyser
Phosphate-buffered saline
Polarisation controller

Pancreatic ductal adenocarcinoma
Polymethyl methacrylate
Point-f-care testing

Perovskite quantum dot
Photothermal therapy

Polyvinyl chloride

Physical vapor deposition
Refractive index

Refractive index unit
Root-mean-square

Revolutions per minute

Selected area electron diffraction
Scanning electron microscopy
Surface-enhanced Raman scattering
Single layer graphene
Single-mode fibre

Surface plasmon resonance

Surrounding refractive index

19



TBAB

TE

TEM

TFG

TIR

™

TMD

TRI

uv

vdW

VIS

WHO

XPS

XRD

Tetrabutylammonium bromide
Transverse Electric

Transmission electron microscopy
Tilted fibre grating

Total internal reflection
Transverse Magnetic

Transitional metal dichalcogenide
Transition refractive index
Ultraviolet

van der Waals

Visible

World health organization

X-ray Photoelectron Spectroscopy

X-ray Diffraction

20



List of symbols

Hr

Ho

Critical angle

Propagation constant

Medium permittivity

Relative permittivity

Vacuum permittivity

Angle

“ac” coupling coefficient
Wavelength

Grating period

Medium permeability

Relative permeability

Vacuum permeability

Fringe visibility of the index change
Charge density

“dc” coupling coefficient

Angular frequency

Non-degenerate total-symmetric vibration
Speed of light in vacuum

Distance

Doubly-degenerate symmetric vibrational
Finesse coefficient

Finesse

Irradiance

Drain-source current

Photocurrent

21



k Wave number

Kq Dissociation constant

L Length

m Diffraction order

n Refractive index or Hill coefficient

Nefs Effective refractive index

P63/mmc Hermann-Mauguin notation for the hexagonal space group 194
r Reflection coefficient

R Reflectance

sp? Trigonal planar hybridisation (one s + two p orbitals)
sp’ Tetrahedral hybridisation (one s + three p orbitals)
Vs Drain-source voltage

E Electric field

H Magnetic field

] Current density

Wave vector

=l

22



Chapter 1 Introduction

1.1. Background and motivation

Two-dimensional (2D) materials, characterised by their atomic-scale thickness, high
surface-to-volume ratio, and tuneable electronic and optical properties, have emerged as
versatile candidates for a wide range of advanced applications. Their unique properties
enable them to host surface functional groups and interact strongly with external analytes,
making them highly attractive for chemical and biochemical sensing applications. Over
the past two decades, 2D materials such as graphene, graphene oxide (GO), MXenes,
black phosphorus (BP), transition metal dichalcogenides (TMDs), gold nanoparticles
(AuNPs), and gold nanorods (AuNRs) have been into sensing schemes [1-7]. Meanwhile,
optoelectronic devices offer an excellent platform for high-performance sensing
applications, such as optical fibre technologies, field-effect transistor (FET) sensors [8],
surface plasmon resonance (SPR) [9], surface-enhanced Raman scattering (SERS) [10],
and electrochemical impedance spectroscopy (EIS) [11], etc. Notably, the sensing
performances have been greatly enhanced by the integration of 2D materials due to their
capabilities of surface functionality improvement, signal amplification, and analyte
recognition. In particular, optical fibre technologies have emerged as a powerful subclass
of optical sensors, revolutionising fields ranging from telecommunications to
environmental and biomedical monitoring due to their inherent advantages, including
compact size, high sensitivity, resistance to electromagnetic interference, real-time, and
cost-effectiveness [12—15]. Various configurations, such as long-period gratings
(LPGs) [16], tilted fibre gratings (TFGs) [3], and fibre-optic Fabry-Perot interferometers
(FFPIs) [17], have been developed and integrated with 2D materials to enable
applications in refractive index (RI) sensing, chemical sensing, biosensing, and
biomedical imaging. 2D materials have shown great potential for enhancing sensitivity,
improving selectivity, and enabling more efficient signal transduction. However, the
practical integration of 2D materials with optoelectronic devices remains a challenge due
to their ultrathin, fragile nature and the difficulty in achieving uniform, stable, and

functional coatings across different device geometries.
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1.2. State-of-the-art and challenges

While numerous 2D material-based sensors have been proposed, several key technical
bottlenecks hinder their reproducibility, robustness, and practical deployment. Firstly, one
of the key bottlenecks lies in the rational control of critical material parameters, despite
the availability of various synthesis methods. although a variety of synthesis techniques
have been developed, including top-down approaches such as sonication-assisted
exfoliation, electrochemical exfoliation, and selective etching, as well as bottom-up
methods such as chemical vapor deposition (CVD), hydrothermal synthesis, and seed-
mediated growth, these synthesis techniques enable the preparation of 2D materials with
tuneable properties including lateral size, thickness, and surface chemistry. Nevertheless,
achieving precise and application-specific control over parameters such as flake thickness,
lateral dimensions, and crystallographic phase remains challenging. These properties
often need to be optimised to ensure strong and reliable interactions with device structures,
including fibre gratings, interferometers, and transistor channels, where material
integration and interface quality are crucial. To address this bottleneck, synthesis
strategies with a focus on practical device compatibility were systematically explored to
ensure effective integration and optimal sensing performance. Secondly, the integration
of 2D materials onto optical fibre and optoelectronic devices presents the distinct
challenges in coating uniformity, adhesion, and functional stability. Conventional
methods, such as drop-casting or spin-coating, often lead to poor repeatability and
incomplete surface coverage, especially for the cylindrical or curved devices (i.e., optical
fibre). While wet transfer is commonly used for placing nanosheets onto planar substrates
(e.g., FETs) [6], it is not always suitable for fibre devices with cylindrical geometries. An
in situ layer-by-layer (i-LbL) assembly has been proposed for achieving uniform coatings
with controlled thickness [1], However, its systematic evaluation across different devices
and materials is underexplored. Finally, although significant progress has been made in
integrating 2D materials with various optoelectronic sensor devices, a more complete
understanding of how material characteristics interface with specific device architectures
is still evolving. It is well known that the light-matter interaction could be influenced by
the parameters such as 2D materials’ coating thickness, surface roughness, and

crystallinity, but their role remains underexplored in many integrated photonic systems.
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1.3. Research objectives and achievements

The thesis aims to develop next generation photonic-nano-bio platform for biochemical
sensing and biomedical imaging applications. The research objectives include: 1) to
develop wversatile fibre-optic and optoelectronic architectures; 2) to develop
nanotechnologies for 2D materials’ synthesis, integration and characterisation; 3) to
implement the ultrasensitive, real-time, label-free biosensing and biomedical imaging

applications.

In this investigation, significant progresses have been achieved across device fabrication,
nanomaterial synthesis and integration, and biochemical and bioimaging applications.
The fibre optic and optoelectronic devices including LPG, FPI, LPG/FBG hybrid sensors,
TFG/TFG interferometers, and photonic filter functionalised-FET have been developed
for ultrasensitive, label-free detection of cytokines, cancer cells, haemoglobin, and heavy
metal ions, forming the basis for diverse biomedical and chemical sensing. A variety of
2D materials, including GO, Ti3C,Tx MXene, BP, a-Mo0Os3, BiTiS3, and sAuNRs were
successfully synthesised using the developed top-down and bottom-up methods. 2D
materials have been successfully deposited on both planar and fibre-based devices by the
developed deposition techniques, including in-situ layer-by-layer assembly, wet transfer,

spin coating, and drop casting.

The 2D materials-functionalised devices have been implemented in a series of
biochemical sensing and bioimaging applications. The first perovskite quantum dots
(PQDs)/single layer graphene (SLG) heterostructure FET biosensor enabled highly
sensitive cytokine detection. A GO-coated LPG sensor allowed label-free detection of
breast cancer cell density. The MXene-assisted FFPI sensor achieved rapid and broad-
range mercury ion detection. A GO-coated fibre optic probe was developed for reusable
fluorescence bioimaging. Additionally, an LPG-FBG hybrid sensor enabled label-free
haemoglobin detection. These developments demonstrate the versatility of 2D material-

assisted platforms for advanced biochemical sensing.

1.4. Thesis structure

This thesis is organised into seven chapters, covering the theoretical foundation, 2D
materials development, device integration, and applications of biomedical and chemical

sensing.
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Chapter 1 introduces the background and motivation of this research, followed by a
discussion of the key challenges and research gaps. It concludes with a statement of the

research objectives and a summary of the main achievements.

Chapter 2 presents the theoretical framework for light propagation and mode coupling in
optical fibre gratings. It starts from Maxwell’s equations and proceeds to establish the
coupled-mode theory and corresponding phase-matching conditions covering fibre Bragg
gratings (FBGs), long-period gratings (LPGs), and tilted fibre gratings (TFGs). In

addition, the principles underlying Fabry—Perot interferometers (FPIs) are introduced.

Chapter 3 provides an overview of the 2D materials used in this work, including their
structures, physical and chemical properties, and relevant applications. Various synthesis
strategies are discussed, encompassing both top-down and bottom-up approaches such as
sonication-assisted exfoliation, electrochemical exfoliation, selective etching, and one-
pot seedless synthesis. The chapter then presents the synthesis of various 2D materials
such as BP, BiTiS3, a-MoO3, GO, Ti3C,Tx, and sAuNRs, where the surface morphologies
and structural composition are characterised using SEM, EDS, TEM, AFM, XRD, UV-

Vis-NIR spectroscopy, Raman spectroscopy, etc.

Chapter 4 focuses on the 2D materials deposition and integration with fibre optic and
optoelectronic devices. Several deposition techniques are reviewed, including wet
transfer, dry transfer, spin coating, drop casting, and dip coating. In particular, an in-situ
layer-by-layer (i-LbL) method is employed for achieving uniform and controllable
coatings on cylindrical optical fibres. Subsequently, the morphology, thickness, and
uniformity of the nano-coatings are comprehensively characterised using SEM, AFM,

EDS, XPS, and Raman spectroscopy.

Chapter 5 demonstrates the label-free biosensing applications: a GO-LPG biosensor for
label-free quantification of breast cancer cells; the first PQDs/SLG-based FET biosensor
for highly sensitive IL-6 cytokine detection; and an LPG-FBG hybrid sensor for human

haemoglobin monitoring.

Chapter 6 shows two functionalised fibre-optic probes: a MXene-assisted FFPI for heavy
metal ion detection, and a GO-coated fibre probe for fluorescence-based bioimaging

application.

Chapter 7 concludes the thesis by summarising the key findings and proposing future

research directions.
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Chapter 2 Theory of fibre optics

2.1. Introduction of fibre optic waveguide

Optical fibres are cylindrical dielectric waveguides. A standard single-mode fibre (SMF)
consists of a high refractive index core surrounded by a lower refractive index cladding.
Light propagation within an optical fibre relies on total internal reflection (TIR) at the
interface between the core and the cladding, which confines the light within the core. To
describe the propagation of electromagnetic waves in optical fibres, it is necessary to
derive the wave equation from Maxwell's equations. For an ideal optical fibre, the

medium is considered as non-conductive (i.e., p =0, f = 0), non-magnetic (4 = pg), and

with constant permittivity (¢ = &,&;). Here, p and f represent charge density and current
density, respectively; u and p, are the permeabilities of the medium and vacuum,
respectively; and ¢, and g, represent the relative permittivities of the medium and the
permittivity of vacuum, respectively. Hence, the wave equations for the electric field and

magnetic field can be derived as [18]:

VZE——— =0 (2.1 - 1a)

H-——=0 (2.1 — 1b)

where c is the speed of light in vacuum which equals to L, and n is the refractive
v €olo
index (RI), given by /¢,

Assuming the time-harmonic solutions, where the field quantities exhibit sinusoidal time
dependence at a single angular frequency, the electromagnetic field in complex

exponential form are given by:
E@® t) = E(®)ei®t (2.1 - 2a)
H(# t) = H(®)elwt (2.1 — 2b)

By substituting Eq. 2.1-2 into wave equations of Eq. 2.1-1, the Helmholtz equations can

be derived as follows:

V2E + k2n%E = 0 (2.1 — 3a)
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VZH + k?n?H =0 (2.1 - 3b)

where k is the wave number, defined as %= 27”, describing the spatial frequency of the

propagating wave in free space, and n represents the refractive index of the medium.

In the context of optical fibre, it is more appropriate to express the wave equations in
cylindrical coordinates (7, ¢, z), which conform to the geometry of a typical step-index
fibre. Then the scalar field U(r,¢,z), representing the electric or magnetic field
component, can be separated into radial, azimuthal, and longitudinal components (Fig.

2.1-1). Accordingly, the solution takes the form:
U(r,p,z) = R(r)el®eth? (2.1—4)

where R(7) is the radial field distribution, [ is the azimuthal mode number, and S is the
propagation constant along the fibre axis. This separable solution simplifies the analysis
of mode propagation within the fibre optical waveguide. By substituting this expression,

the Helmholtz equation in cylindrical coordinates can be expressed as [19]:

d2R+1dR+ k?n? 2L R=0 (21-5)
dr? rdr n*(r) =B r2 B '

This differential equation describes the radial field distribution of guided modes in step-
index fibres and serves as the basis for deriving linearly polarized modes under the weakly

guiding approximation.

z

Figure 2.1 - 1 The geometry of cylindrical coordinates in the fibre core, illustrating the radial r, azimuthal ¢, and

longitudinal z, directions.
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2.2. Coupled-mode theory

Having established the theoretical basis for light propagation in optical fibres through the
scalar Helmholtz equation in cylindrical coordinates. Subsequently, the discussion will
focus on how periodic perturbations in the refractive index profile result in distributed
reflection or mode coupling, thereby giving rise to structures known as fibre gratings.
Fibre gratings are structures featuring periodic modulations of the refractive index within
the fibre core along the fibre axis, which are capable of altering the propagation
characteristics of guided modes through mode coupling mechanisms. Depending on the
period and geometric configuration of the fibre grating, distinct mode-coupling
phenomena may arise. In general, these include (1) fibre Bragg gratings (FBGs) with core
mode backward-propagating; (2) long-period gratings (LPGs) with mode coupling
between the core mode and co-propagating cladding modes; and (3) tilted fibre gratings
(TFGs), where the mode coupling is influenced by the tilt angles of grating [20,21]. To
fully understand these interactions, the framework of coupled-mode theory is introduced,
providing a systematic method to describe power transfer between modes in the presence

of perturbations.

Coupled-mode theory serves as a fundamental analytical framework for quantitatively
assessing the diffraction efficiency and spectral characteristics of fibre gratings. When a
grating is inscribed in an optical fibre, it introduces a dielectric perturbation, disrupting
the orthogonality condition of fibre modes and consequently enabling energy exchange
among the modes. These coupling phenomena play a key role for understanding the fibre
grating behaviours. Based on the model introduced by Erdogan [22-24], the coupled-

mode theory of fibre gratings will be discussed.

Firstly, an unperturbed optical fibre is considered, which no axial refractive index
modulation is present. Under the ideal-mode approximation, the electric field can be
expressed as a superposition of orthogonal modes, possessing a well-defined transverse

profile and propagation constant. The transverse electric field can be written as:

B,(r,¢,2,t) = Z [4;(2)e'i% + B,(z)e~"#7%] - &, (r, p)e— i 22 -1)
7

Here, A;(z) and B;(z) represent the slowly varying amplitudes of the jth mode
propagating in the +z and -z directions, respectively. 8 is the mode propagation constant.
The transverse field distribution €;, (7, ¢) defines the spatial mode (bound-core, cladding,

or radiation modes) in the radial and azimuthal dimensions. In an ideal waveguide, these
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modes are orthogonal without energy exchange. However, this condition is altered when
a periodic refractive index modulation is introduced into the fibre optical waveguide,
breaking the modal orthogonality and enabling the couplings, such that the forward and

backward amplitudes A;(z) and B;(z) of the jth mode vary along the z-axis according to:

dA; ; ]
k k

T =1, Al = KEe T — iy By (it + e BT (22-3)
k k

Each of the two equations consists of two summation terms representing the coupling
contributions from all other modes k. In Eq. 2.2-2, the first term describes co-propagating
coupling between the k and j modes, representing energy transfer between components
of forward-propagating modes. The exponential term e!Px=£)? indicates the phase
difference between the k and j modes. The second term represents counter-propagating
coupling, where components of forward-propagating mode j is coupled into the backward
mode k, governed by a phase term e ~:Bx*£)? By contrast, Eq. 2.2-3 involves coupling
contributions to the mode j, with the first and second terms corresponding to counter-
propagating and co-propagating modes, respectively. In Eq. 2.2-2 and Eq. 2.2-3, K} ; and
Kj; represent the transverse and longitudinal coupling coefficient, respectively. Although
Ky is analogous to K A j» 1t is generally much smaller than K A ; for fibre guided modes and
therefore normally neglected. Hence, the coupling coefficient is dominated by the

transverse coefficient K i

w 2T oo
K@ =5| | 8c.0,280.0) & pyrardg (22-4)

where é;,.(r, ) and é}-t (7, ¢) denote the transverse electric field distributions of k and j

modes, respectively. Ae(r, ¢, z) represents the permittivity perturbation. When dngg <
nefr, Where Ongg represents the effective refractive index modulation induced by the

grating, A¢ can be approximated as:

Ae(r,¢,z) = 2nppr6nesr(2) {1 + vcos [ZTHZ + ¢(z)]} (2.2-75)

where n.sr is the effective refractive index, and 6n.rr denotes the longitudinally

averaged change in n. s over a grating period, often referred as “dc” index change, which
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defines the slowly varying envelope of the grating. v is the fringe visibility of the index
change. A is the grating period. ¢(z) introduces a local phase shift along the propagation
axis, describing the grating chirp. In most fibre gratings, the refractive index modulation
on(r, ¢, z) is assumed to be radially uniform across the fibre core and negligible in the
cladding region. Hence, the core index variation can be described using Eq. 2.2-5 with

nerr replaced by ng,, and dn,rr(2) replaced by dn.,(z). By substituting the modified

expressions into Eq. 2.2-4, the transverse coefficient K} j can be written as:

K@) = % 6N (2) {1 + vcos [ZTEZ + ¢>(Z)]}

2m oo
[ a9 g prarag 22-6)
o Jo
The terms are taken outside the transverse integral since they depend only on the

longitudinal coordinate z, and can be treated as constants within the cross section. For

simplicity, two coefficients are defined as follows [22]:

wnCO = m Oo—) %
0 (2) = 22 - By () fo fo Gua(r, ) - (1, $)rdrdg 22-7)
v
K (2) = 30y (2) 22-8)

where o denotes the so-called “dc” coupling coefficient, which represents the average or
slowly varying component of the refractive index modulation. In contrast, k is to the “ac”
coupling coefficient, corresponding the periodic variation introduced by the grating

structure. Hence, the general coupling coefficient can be expressed as:
2
Kiij(2) = 0y;(2) + 2x4j(2) cos [Tnz + ¢(z)] (22-9)

Equation 2.2 - 9 shows that the total coupling coefficient consists of a slowly varying ‘dc’
term and a periodically modulated ‘ac’ term arising from the grating structure, indicating

that the coupling strength varies periodically along the fibre axis.
2.2.1. Backward mode coupling

To derive the simplified coupled-mode equations describing the dominant reflection
mechanism in backward mode coupling, one starts from the general coupled-mode
equations (Eq. 2.2-2 and Eq. 2.2-3), which govern the evolution of the forward- and

backward-propagating mode amplitudes A;(z) and B;(z) along the longitudinal axis z.
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These equations contain coupling terms between the mode j and all other modes k, each
is accompanied by a phase factor of the form e*'(PxF)? which may exhibit rapid

oscillations along the propagation direction.

In the case of backward mode coupling, the dominant interaction arises near the
wavelength at which a mode of amplitude A(z) is reflected into an identical counter-
propagating mode of amplitude B(z). Consequently, only the intra-modal terms with j =
k are retained, while intermodal coupling terms with j # k are neglected due to their
typically weak interaction and phase mismatch. Furthermore, under the synchronous
approximation [25], only the terms with slow longitudinal phases are preserved, whereas
rapidly oscillating terms are discarded. This approximation is justified by the fact that
fast-varying components tend to average out over a grating period, exerting minimal
influence on net energy transfer between modes. By applying these assumptions to Eq.

2.2-2 and Eq. 2.2-3, the simplified coupled-mode equations then take the form:

dA .
= = iBKjfje-lzﬁZ (2.2-10)
dB .
i iAK | e*i2hz (2.2 -11)

To eliminate the fast-varying phase terms, the slowly varying envelopes are introduced

as:
R(z) = A(z)e'0z-1¢@)/2 (2.2-12)

S(z) = B(z)e~07+id(@)/2 (2.2-13)

where § = — % =B — Pp = 2MNepf E - %] is the detuning parameter, which
D

quantifies the deviation of the operating wavelength from the exact resonance condition,
and determines the spectral position of the reflection peak in the grating response. Ap
represents the “design wavelength” for Bragg scattering by an extreme weak grating
(8ngpr — 0), which is defined as Ap = 2n.srA. In this case, the grating induces
negligible phase shift and energy exchange, allowing A, to represent a purely geometric
resonance condition that serves as a reference point, independent of the grating strength.
While ¢ (z) describes the local phase shift (chirp) of the grating. Substituting Eq. 2.2—12
and Eq. 2.2-13 into Eq. 2.2-10 and Eq. 2.2-11, the resulting equations can be expressed

in terms of the slowly varying envelopes, which are given by:
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dR

— = i0R(2) + ikS(2) (2.2-14)
dz

S

d—Z = —i6S(z) — ik*R(2) (2.2-15)

1d¢(2)

where 6 = § + 0 — P is the general “dc” self-coupling coefficient. k represents the

“ac” coupling coefficient from Eq. 2.2-8. These equations describe the evolution of the
forward and backward propagating envelopes, incorporating both the amplitude coupling

due to the index modulation and the local phase variation of the grating structure.

For a single-mode fibre Bragg grating, the simplified relations can be expressed as

follows:
21
g = 76neff (22 - 16)
, T
K=K = Iv&neff (22-17)

If the grating is uniform along the z direction, the effective RI modulation §n,f; remains

constant, and the derivative of the phase shift diiz) = 0, indicating the absence of grating

chirp. Consequently, the “ac” coupling coefficient k, “dc” coupling coefficient g, and the
general “dc” self-coupling coefficient & become constants. This results in the
simplification of equations Eq. 2.2-14 and Eq. 2.2-15 into coupled first-order ordinary
differential equations with constant coefficients. The closed-form solutions can be

obtained by specifying appropriate boundary conditions.
2.2.2. Forward mode coupling

For the forward mode coupling, when a mode "1" with amplitude A;(z) is strongly
coupled to a co-propagating mode "2" with amplitude A, (z) near a specific wavelength,
the coupling equations (Eq. 2.2-2 and Eq. 2.2-3) can be simplified using the synchronous
approximation. This approximation retains only the terms that relate to the amplitudes of

these two modes, resulting in the coupled-mode equations:

dR
— = i6R(2) + ikS(2) (2.2-18)
dz

ds

= —i6S(z) + iK*R(2) (2.2-19)

where the new amplitudes R and S are defined as:
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R(2) = A (z)e 0111022)2/2 . o162=9/2 (2.2 —20)
S(z) = Ay(z)e”(o1t022)2/2 . o=i02+9/2 (2.2 -21)

In the questions above, g4 and g,, represent “dc” coupling coefficients as defined in the
previous section (Eq. 2.2-7). The coefficient x, which satisfies k = k,; = kJ,, denotes
the “ac” cross-coupling coefficient in Eq. 2.2-8. Additionally, 6 serves as a general “dc”

self-coupling coefficient, which is now defined as:

- 1d
G0 ldb (2.2 —22)

The detuning parameter here is assumed to be constant along the z axis, which is given

by:
1 s 1 1
5= 5(51 —B2) — A AN sg [E - E] (2.2 -23)

Similarly, Ap = AngssA is the “design wavelength” for an infinitesimally weak grating.

0 and k are constants for a uniform forward-coupled grating. Unlike the case of Bragg
reflection involving a single mode, the coupling coefficient k here generally cannot be
expressed as in a simple form as in Eq. 2.2-17. In the case where coupling occurs between
two different modes, whether in reflection or transmission gratings, the overlap integrals
(Eq. 2.2-7 and Eq. 2.2-8) typically require numerical evaluations. Similar to the analogous
Bragg grating equations, Eq. 2.2-18 and Eq. 2.2-19 are coupled first-order ordinary
differential equations with constant coefficients are specified. Therefore, the closed-form

solutions can be obtained with appropriate initial conditions.
2.3. Phase matching conditions

In the study of optical gratings, the phase matching conditions play a crucial role in
understanding the coupling between different modes or the efficient light reflection at
specific wavelengths. To introduce this concept systematically, it is beneficial to begin
with the fundamental diffraction phenomenon observed in conventional optical gratings

and then extend the discussion to fibre gratings.

Consider two parallel light beams are diffracted by a uniform grating with a period of A
(Figure 2.3-1). The incident rays, labelled as Ray 1 and Ray 2, incident to the grating at
the same angle 8,. The grating then diffracts these rays into different diffraction orders.

Now consider the first-order diffracted wave with diffraction angle of 6, . The
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constructive interference occurs when the first-order diffraction of ray 1 and ray 2 are in-
phase. The orange crosses (A1, A2, Bi, B2, Ci, and C») in Figure 2.3-1 mark the points

where the wave fronts of the two rays are in-phase.

A
Ray 2
Ray 1 \ n
A1§§\
A
n

Figure 2.3 - 2 The diffraction of light wave by a grating.

To achieve constructive interference, the optical path difference (OPD) between the two
light beams must satisfy the following relationship:

2
AL =m= (23-1)

where AL represents the optical path difference, m is the diffraction order. In the context

of in Figure 2.3-1, AL = A2B2 + BZCZ - A1C1 = Asz - AlBl = A(Sin 92 — sin 91)
Therefore, the grating equation can be derived as [26]:

A
nsinf, = nsin b, + m~ (23-2)

Fiber gratings can be classified based on the mode coupling direction into backward-
coupled and forward-coupled gratings. Backward-coupled gratings, such as FBGs of
normal and small-tilt uniform and chirped structures, couple light in opposite directions.
Forward-coupled gratings, including LPGs and largely tilted FBGs, couple light in the

same direction, resulting in transmission without significant reflection.
2.3.1. Fibre Bragg gratings

In the case of FBGs where the backward-coupling occurs (Figure 2.3-2), the diffracted
light propagates in the opposite direction to the incident wave. The dominant first-order

diffraction corresponds to m = —1. Therefore, the Eq. 2.3-2 can be rewrite as:
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A
“Mefrz = Mefra ™y (2.3-3)

where the effective refractive index n,ry is defined as n sin 8 (given that 6 = 90°, hence
sin@ = 1). The negative sign of n.sr, describes the modes that propagate in the —z
direction. Given that n¢r, = n,ry 1, the well-known phase matching condition of FBGs

can be expressed as:

Where the n, is the effective RI of fibre core.

Ray 1 Ray 2 Fibre cladding

Fibre core

Figure 2.3 - 3 Ray-optic illustration of the backward-coupling in an FBG.
2.3.2. Long-period gratings

When the core mode is forward-coupled with a bounce angle 8, into a co-propagating
cladding mode with a bounce angle 8, induced by a transmission grating (i.e., an LPG

here) is depicted in Figure 2.3-3.

Ray 1 Ray 2 M

Fibre core

Fibre cladding

Figure 2.3 - 4 Ray-optic illustration of the forward-coupling in an LPG.

Since the first-order diffracted light propagates in the same direction as the incident

wave, the grating equation can be expressed as follows:

A
Meff2 = Meffa ~ 3 (23-5)

Hence the resonant wavelength for a transmission grating is

A= (g% —niIA (2.3 —6)
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where ngz, and ng;} are the effective RIs of fibre core and jth cladding mode,

respectively. Since the difference in effective RIs between the core and cladding modes
is significantly smaller than unity, the grating period required for forward-coupled
gratings at a given wavelength is much larger than that of backward-coupled gratings (i.e.,
FBGs). Typically, LPGs have grating periods of hundreds of micrometres, while FBGs

exhibit periods of less than one micrometre.
2.3.3. Tilted fibre gratings

Tilted fibre gratings (TFGs) are formed by inscribing grating planes at an angle to the

fibre axis, as illustrated in Figure 2.3-4.

Fibre core

Fibre cladding

Figure 2.3 - 5 Schematic illustration of a tilted fibre grating.

where A and A, represent the effective grating period and the inscribed period,
respectively. The resonant wavelength is determined by A instead of A,. Therefore, the
phase matching condition of a TFG can be expressed as:

Ay

— (4:CO cl,j
A= (neff—i-n )cose

+ngf) (23-=7)

where ng?, and ng;} are the effective refractive indices of fibre core and jth cladding

mode, respectively. The A along the fibre axial is defined as A = %. The signs “+” and

“—" indicate the mode propagates in the —z and +z directions, corresponding to the
backward- and forward-coupling, respectively. As the tilt angle varies, the grating can
support backward coupling, side radiation, or forward coupling. According to

wavevector-based ray optics [27], the direction of strongest coupling is given by [26]:

— —

I?R = Keore + K¢ (2-3 - 8)

— —

Here, the wave vectors K r> Kcore, and K correspond to the radiated light, the core mode,

and the grating structure, respectively. Given the typically small difference between the

refractive indices of the fibre core and cladding, the amplitude difference between K r and
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Kcore 1s assumed to be negligible. Figure 2.3-5a demonstrates the phase matching
conditions for a TFG with different tilt angles, where 8 is less than, equal to, or greater
than 45°, respectively. The coupling direction of a TFG is highly dependent on the tilt
angle of the grating (Figure 2.3-5b). When the tilt angle is less than 45°, the core mode
preferentially couples to backward-propagating cladding modes. In contrast, for the tilt
angles greater than 45°, the core mode is primarily coupled to forward-propagating
cladding modes. When 6 equals to 45°, the corresponding radiation angle § becomes 90°,
indicating that the coupled light propagates perpendicularly to the fibre axis and be

radiated out of the fibre as the radiation mode.

Kg' K¢'
(6 = 457) (0 = 45%)
KRH KG”
(0 > 45%)

~ -
—————
-~ -

Figure 2.3 - 6 (a) Phase matching conditions defined by wavevectors. (b) Mode coupling regimes for TFGs with

tilt angles 8 < 45°, 6 = 45°, and 6 > 45°.

However, the propagation behaviour of the coupled light is also influenced by total
internal reflection at the cladding—medium interface. Only when the radiation angle
satisfies the requirement for total internal reflection will the coupled light remain confined
within the cladding and propagate as guided cladding modes. Otherwise, the light is no
longer guided and will be coupled into radiation modes, which tapped out of the fibre.
The range over which radiation mode coupling occurs is determined by the critical angle,

which is defined as:

L
a. = arcsin — (23-9)
n;
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where n; and n, are refractive indices of the surrounding medium and the fibre cladding,
respectively. Assuming the refractive index of the cladding is approximately n, =~ 1.445,
the critical angle is calculated to be 43.8° when the fibre is surrounded by air (n; = 1.000).
When the surrounding medium is changed to water (n,; = 1.330), the corresponding

critical angle is found to be 67.0° [20].

To describe the angular range for radiation mode coupling, the incident angle ¢ (as shown
in Figure 2.3-5a) is defined based on the grating tilt angle 8 by the relation of ¢ = |20 —
m/2|. Radiation mode coupling occurs when ¢ is smaller than the critical angle «a,,

corresponding to the angular range 8,, < 8 < 6,., where:

e =5 (5 )02 = 5 (5 + ) (23-10)

By substituting the critical angles calculated in air and in water, the radiation mode
coupling range can be determined as 8 € (23.1°,66.9°) in air (n; = 1.000), and 6 €
(11.5°,78.5°) in water (n; = 1.330), respectively. Within these angular ranges, the light
cannot be confined by total internal reflection at the cladding boundary and will radiate
outward as radiation modes. Beyond those angular ranges, the light remains within the
fibre and is coupled to backward- or forward- propagating cladding modes, depending on

the tilt angle.

2.4. Fabry-Perot interferometer (FPI)

In 1899, the first Fabry-Perot interferometer was proposed by Charles Fabry and Alfred
Perot [28,29]. The Fabry-Perot interferometer is an optical instrument in which the light
interference principle is used to measure wavelength, frequency, or spectral resolution.
The setup includes an optical cavity formed by two parallel-facing highly reflective
surfaces (i.e., mirrors), spaced a distance d apart. Light is repeatedly reflected off the two

precisely aligned mirrors, producing an interference fringe pattern.

Two-beam interference. Optical interference is developed based on wave theory as the
phenomenon which describes the distribution of light intensity when two or more
coherent light waves meet [26]. The formation of interference fringes depends on the
phase relationship of the waves in establishing either constructive or destructive

interference, which gives rise to periodic intensity variations in dimensional space or
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frequency domain. In an ideal situation, two coherent monochromatic light waves are
considered. At an observation point P, located sufficiently far from the sources, their

plane wave expressions can be represented as [18]:
E,(f t) = Egycos (K, - F — ot + &) (2.4 —1a)
Ez (%, t) = E,,cos (f{z ‘T—wt+ &) (2.4 —1b)

According to the superposition principle, the electrical field intensity at point P can be

expressed as:
E=E, +E, (2.4 —2)
Hence, the Squared magnitude of the total electric field is
EZ = E2 + EZ + 2E, - E, (24 -3)
By substituting Eq. 2.4-1, the interference related term E, - E, can be expressed as:

= = 1 — — - - N

E,-E; = §E01 - Egz[cos((ky — k) - T+ (& — &)

+cos((ky + Ky) - F+ (& + £)) — 2wt)] (2.4 — 4)

By taking the time average,

=3 = 1 - - - > N
(E1 - Ex)r = EE01 Egz cos((k; —k3) -+ (&, — &) (2.4 -5)
And,
. E2
(Efyr =—+ (24 - 6)
. E2
(Ed)r == (24 =7

By substituting Eq. 2.4-5, Eq. 2.4-6, and Eq. 2.4-7 into Eq. 2.4-3, the total irradiance can

be expressed as:

2 2

= _ E01 EOZ — — - - N
(E“)r = B + N + Egq - Egz cos((Ky —K3) - T+ (&1 — &;)) (2.4 -138)

which can be simplified as:

I =11 +12 +2\/11]2 COSS (24‘_9)
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Ny E3 E}
where I represents the total irradiance, and I; and I, correspond to the terms % and %,

respectively. The phase difference § equals to (f{l - i{z) T+ (g, — &), resulting from

the combination of path length variation and initial phase offset.

Multiple-beam interference. Now, consider a beam with the amplitude £y incident on a
non-absorbing transparent dielectric thin film with RI of ns, as shown in Figure 2.4-1.
For simplicity, the surrounding media on both sides have the same refractive index n; =
n2. Consider a set of parallel reflected rays where ray maintains a fixed phase relationship
with all others. These phase differences result from variations in the optical path length
and phase shifts introduced at each reflection. Since these waves are coherent, they could
interfere when collected or focused at either point P (reflection) or point P’ (transmission)
by lens. The amplitude transmission coefficients ¢ and ¢’ represent the fractions of the
wave amplitude transmitted when entering and leaving the film, respectively. Similarly,
the amplitude reflection coefficients » and ' correspond to the fractions of wave
amplitude reflected from the film's outer and inner surfaces, respectively. Since the thin
film is assumed to be non-absorbed, it follows that #' = 1 — 7°, indicating the incident
beam either be reflected or transmitted without loss. Additionally, » = - ' where the

negative sign refers to the phase shift upon reflection.

Ny Ny Ny

Figure 2.4 - 1 Schematic illustration of multiple-beam interference from a transparent dielectric thin film.
Hence, the total reflected scalar wave can be expressed as:

E, = Egrel®t + Eytr't' el @t=8) L E tr/3t'el(@t=28) 4 ... 4 F ' (N-3)¢!

% eilwt—(N-1)3] (2.4 —10)
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where 6 represents the phase difference between two adjacent reflected rays, resulting
from the optical path length difference while the incident beam undergoes different times
of reflection in the thin film. Due to the series converges when it approaches infinity, and

by substituting ##'= 1 —#? and » = — ', Eq. 2.4-10 can be simplified as follows:

r(1—e )

Er = Eoeiwt I

E E} . L . . . E¢
Tz = and noticing that the total incident irradiance is I; = ?0 , the

By substituting I, =

total reflected irradiance can be derived as follows:

2r%(1 — cos 6)

I, =1 24 —12
"t +r*) —2r2cos § ( )
Similarly, the total irradiance of transmission can be expressed as:
1— ,',.2 2
I; ( ) (2.4 -13)

=
"(1+71r*) —2r2cos §

Hence, the irradiance distribution of reflection and transmission are determined by the
total incident irradiance I;, the reflectance of the thin film r2, and phase difference &,

which is given as follows:

4mtng;
6=$dcos@ (2.4 — 14)
0

where Ny, is the RI of the thin film, 4, is the central wavelength, d is the distance

between the two surfaces where light beams reflected, and 6 is angle between the incident

light ray and the normal to the reflecting surface.

Fabry-Perot interferometer. Now consider the FPI with a pair of distance-adjustable
mirrors. The reflectance R = r? of the mirrors is determined by their coating materials.
Again, if the absorbance is ignored, the formulas for the reflected and transmitted

irradiance of the F-P interferometer can be written as:

L 2\/RiR,(1 — cos 6) (2.4 — 15)
I; 14+R,R,—2JR/R, cos § '
and,
I 1 —./R,R;)?
s ( 1Ra) (2.4 — 16)

I 1+R.R, — 2\/RR, - cos &
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where R; and R, represent reflectance of two mirrors.

The finesse F, which describes the sharpness of reflection or transmission peaks, is

defined as the ratio of the separation of adjacent maxima to the half-width and is given
by:

1
mT(R{R,)4
g:zﬁ (2.4 —17)

1
1 - (RiR,)2

From Eq. 2.4-17, the finesse is found determined only by the reflectance of mirrors.

Figure 2.4-2 shows the irradiance distribution of reflected beam in a F-P interferometer

with different mirror reflectance R. For simplicity, the two parallel mirrors in the resonant

cavity are assumed to have identical reflectance (R = R; = R,). Recall that R = r?%, an

increase in mirror reflectance leads to a greater finesse coefficient /', which is defined as

4R

T
T (a-R? (

==)2. As the mirror reflectance increases, the reflection peaks become

2
T

sharper, indicating an enhanced selectivity of the resonances within the F-P cavity.

l ___________________________
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Figure 2.4 - 2 Irradiance distribution of reflection as a function of phase difference in a F-P interferometer with

mirrors of varying reflectance [18].

Another key parameter of the FPI is the free spectral range (FSR), which characterises

the spectral spacing between adjacent transmission or reflection peaks. It defines the

periodicity of resonance conditions within the interferometric cavity and thus plays a

central role in determining the spectral response of the device, which is given by:
A

A =——
2nlL

(2.4 — 18)

where n is the RI within the F-P cavity, L is the cavity length, and 4, is the central

wavelength. For a given 4y, FSR is inversely proportional to both n and L.
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2.5. Chapter summary

This chapter established the theoretical foundation for light propagation and mode
interaction in fibre optic waveguides. Starting from the derivation of the wave equation
under the weakly guiding approximation, the analysis focused on understanding how
guided modes behave in step-index fibre waveguides. Coupled-mode theory was
introduced to explain the resonance mechanisms in FBGs, LPGs, and TFGs, with
particular emphasis on phase matching and mode coupling dynamics. The FPI was also
examined, highlighting how cavity parameters influence spectral characteristics in
reflection-based fibre sensors. Together, these theoretical insights support the design and

analysis of the fibre-optic sensing platforms explored in this thesis.
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Chapter 3 Two-dimensional (2D) materials

synthesis and characterisation

3.1. Introduction of 2D materials

Two-dimensional (2D) materials are defined as materials with one dimension being
single- or few-atoms thick whilst the other two dimensions are significantly larger,
ranging from 100 nm to micrometres or even centimetres [30]. 2D materials have gained
great interests since the successful isolation of single-layer graphene from graphite in
2004 [31]. The extremely thin nature of 2D materials endows them with characteristics
such as high surface-to-volume ratio, flexibility, optical transparent, tuneable bandgaps,
and quantum-size effect compared to their bulk counterparts [32]. Confined electrons on
monolayer nanosheets enable efficient transport without interlayer interactions, resulting
in high conductivity [33]. Additionally, strong in-plane chemical bonds contribute to the
outstanding mechanical strength of 2D materials [34]. Furthermore, surface engineering
can be easily performed to enhance or modify their intrinsic properties, thanks to the large
fraction of surface atoms [35]. As illustrated in Fig. 3.1-1, various 2D materials such as
graphene, 2D MOS, TMDs, 2D polymer, BP, BN, g-C3N4, and MXene have been widely
explored and investigated among fields of physics, materials science, chemistry, and

nanotechnology [36].

Figure 3.1 -1 Schematic illustration of various 2D materials including graphene, 2D MOS, TMDs, 2D polymer, BP,
BN, g-C3N4, and MXene [36].
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In this chapter, several 2D materials will be introduced in section 3.1, followed by a
review of various synthesis techniques for 2D materials in section 3.2. Moreover, in
section 3.3 to 3.6, we demonstrate our development on 2D materials synthesis and

characterisation.

Graphene is a single-atom-thick two-dimensional carbon nanomaterial, which was firstly
reported by isolating from bulk graphite with micromechanical cleavage [31]. As an
allotrope of carbon, graphene is composed of a hexagonal close-packed network of carbon

atoms with sp? hybridisation.

As the crystal structure illustrated in Fig. 3.1-2, along the in-plane direction of a single-
layer graphene sheet, each carbon atom covalently bonds to three adjacent atoms via o-
bond, with a bond length of 1.42 A (Fig. 3.1-2a). The strong covalent in-plane bond
features graphene extraordinary mechanical strength. Additionally, the remaining p.
electrons from individual carbon atoms form n-bonds. The advanced electron properties
of graphene come from the hybridisation of n-bands and n*-bands [37]. In the out-of-
plane direction (Fig. 3.1-2b), the individual layers of graphene stack together through the
van der Waals (vdW) forces to form multiple layers of graphene or graphite, with the
interlayer distance of 3.35 A [38,39].

(a) (b)

Figure 3.1 -2 Schematic illustration of crystal structure of graphene (a) The top view of single-layer graphene. (b)

Bilayer graphene stacked together through the van der Waals force.

The relationship between energy and momentum in graphene is determined by its unique
band structure, where the valence and conduction bands meet at the Dirac point (located
at the edge of the Brillouin zone in momentum space), resulting in graphene being a zero-
bandgap semiconductor. Additionally, near the Dirac points, a cone-like linear dispersion
relation is observed, which can be accurately described by the Dirac equation for massless

fermions. The effective mass of the charge carriers in this region is zero, resulting
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ultrahigh carrier mobility of graphene, which was reported as high as 200,000 cm?/V-s at
room temperature. This value is about 100 times larger than that in silicon [40—43].
Moreover, graphene exhibits broadband absorption ranging from the visible to near-
infrared spectrum, with a single graphene sheet absorbing 2.3% of white incident light.

This highlights graphene's strong light-matter interaction [44,45].

Graphene Oxide (GO) is one of the graphene derivatives, which contains conducting 7-
states from carbon atoms with sp? hybridisation as well as large energy gaps between o-
bonds of carbon atoms with sp® hybridisation. Unlike the ideal graphene sheet with fully
sp*-hybridised carbon atoms, sp’-hybridised carbon atoms feature the basal plane and
sheet edges of GO with different oxygen-containing functional groups (OFGs) such as
epoxy, hydroxyl and carboxyl (Fig. 3.1-3) [46].

Figure 3.1 - 3 Schematic illustration of a single sheet of graphene oxide.

These OFGs provide GO with excellent dispersibility in aqueous media and exceptional
biocompatibility, enabling a wide range of reactions and surface functionalisation and
making GO an appealing candidate for chemical and biomedical applications [47]. The
ratio of sp” and sp’ fractions can be tuned by chemical reduction, providing a powerful
method to adjust GO’s bandgap and enabling its controlled transformation from an
insulator to a semiconductor or even to a graphene-like semi-metallic material [48].
Moreover, GO has unique optical properties such as high in-plane RI in the
telecommunications band, resulting in higher loss in-plane (TE) electric field compared
to out-of-plane (TM) loss. In addition, the enriched oxygen functional groups (OFGs)
provide GO films with an ultra-low extinction coefficient in telecommunications band,

leading to low material absorption [49,50].

MXenes, known as 2D transition metal carbides, nitrides, and carbonitrides, have

attracted great interest and exhibited outstanding performance in energy storage [51],
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optoelectronics [52], biomedical and environmental applications [53,54] since the
Ti3C,Tx was firstly reported in 2011 [55]. Fig. 3.1-4 illustrates the crystal structure of
MAX phase and MXene. The MAX phase exhibits a layered hexagonal structure
including two formula units per unit cell, which follows the space group P63/mmc. Near-
close-packed M-layers are interleaved with layers of pure A-group elements, whilst X-
atoms occupy the octahedral sites between the M-layers [55]. MXenes are synthesised
with a top-down approach by selectively etching the A-layer atoms from the MAX phase
precursor (My+1AXn5) to form loosely stacked 2D layers with the formular of My+1Xn Tx (n
= 1-4), where "M" is an early transition metal, "A" is an element mainly from group IIIA
or IVA in the periodic table, “X” is carbon and/or nitrogen, and "Tx" represents surface
termination groups (-O, -OH, -F, etc.) [56,57]. The loosely stacked MXene layers can be
further exfoliated into single-layer or few-layer flakes with delamination due to the
removal of the A-layer significantly weakens the interactions between the Mn+1Xn
layers [58]. The surface termination groups (such as -F, and -Cl) are induced during the

etching and delamination steps, which can be utilised for surface modification of MXenes.

Figure 3.1 - 4 Schematic illustration of crystal structure of (a) MAX, and (b) MXene.

Furthermore, MXenes combine metallic conductivity, attributed to the free electrons in
their transition metal carbide or nitride backbone, with hydrophilicity which arises from
their surface terminations [59]. Moreover, the density of states (DOS) and Fermi level of
MXenes can be modified by their surface terminations, making MXenes electronically
tuneable. Due to numerous combinations of "Mx+1" and "X," as well as various values of
n, more than 100 types of MXenes have been theoretically predicted, and more than 30
different MXenes have been experimentally synthesised [60].
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a-phase molybdenum trioxide (a-MoQ3) is a natural vdW material with strong in-plane
anisotropy. Fig. 3.1-5a illustrates the crystal structure of a-MoO3 which demonstrated
double layers of edge-sharing, with distorted MoOs octahedra weakly bound by vdW
forces along the (010) plane to form a-MoOs; [61]. As shown in Fig. 3.1-5b, the
orthorhombic unit cell exhibits unequal lattice constant of a = 0.396 nm, b = 1.385 nm,
and ¢ = 0.369 nm, respectively, with interaxial angles of 90° [62]. The 7.2 % difference
between the interlayer spacing of the (100) and (001) facets results in the strong in-plane
anisotropy of a-MoOs3 [63]. The direction-dependent refractive index, known as
birefringence, was reported as n, = 2.21 + 01 along the a-axis and n. = 2.30 + 01 along the
c-axis. The ~0.1 difference of An between two axes demonstrates that a-MoOs3 is a
strongly birefringent material [64]. Such in-plane anisotropic structure features a-MoO3
unique optical properties. Elliptic and hyperbolic in-plane polariton dispersion were
observed along the surface of a-MoOs slides [62]. Based on this, mid-infrared polaritons
with negative refraction were observed in a-MoQO3, which were used for the generation
of reversed Cherenkov radiation [65,66]. Moreover, with a wide band gap (~3.3eV), o-
MoOs is quasi-transparent in the visible spectrum and remains electrically
conductive [67]. 2D layers of a-MoOs3 have been synthesised with bottom-up methods
including chemical vapor deposition (CVD) [68], physical vapor deposition (PVD) [69],
vdW epitaxy growth [70], and rapid flame growth [71], as well as top-down exfoliation
methods, such as ion intercalation-assisted liquid exfoliation [72] and mechanical force-

assisted liquid exfoliation [73].

............

..........

b=1.385nm :

Figure 3.1 - 5 Schematic illustration of (a) the orthorhombic lattice structure of layered a-MoOs3, (b) the unit cell

of a-MoO:s extracted from the dashed box in (a) [62].
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3.2. Current methods for 2D materials synthesis

Various synthesis methods have been widely explored to obtain ultrathin 2D
nanomaterials with desired thickness, lateral size, composition, and surface properties.
This is essential for the investigation of their unique physical, chemical, and
optoelectronic properties, as well as for the exploration of diverse applications [30]. The
reported synthesis methods can be allocated into two categories: top-down and bottom-
up approaches. The top-down methods utilise various exfoliation strategies to obtain
atomically ultrathin 2D materials by breaking the weak interplane interactions (e.g., vdW
forces) in their bulk counterparts with layered structures. These exfoliation methods
mainly include mechanical cleavage [74] and liquid exfoliation, which can be further
categorised based on their exfoliation mechanisms. To date, the liquid exfoliation has
been reported for the synthesis of various 2D materials by assisting with sonication [75],
shear force [76], ion intercalation [77], ion exchange [78], oxidation [79], and selective
etching [80]. The bottom-up methods rely on chemical reactions involving certain
precursors under given experimental conditions, offering practical approaches for direct
2D materials synthesis [32]. As two typical bottom-up methods, CVD and wet-chemical
syntheses offer greater versatility in principle [30]. The wet-chemical techniques such as
hydrothermal synthesis [81], 2D-oriented attachment [82], self-assembly [83], 2D-
templated synthesis [84], seed-growth [85], and hot-injection [86] have been explored for

the bottom-up synthesis of 2D materials.

In this section, several synthesis methods will be discussed along with their advantages

and disadvantages.

Mechanical cleavage, a traditional method using Scotch tape to exfoliate layered bulk
crystals, which is widely employed to produce ultrathin 2D flakes while preserving the
in-plane covalent bonds [87]. The first single-layer graphene was successfully exfoliated
from graphite using the mechanical cleavage method in 2004 [31]. The typical process is
demonstrated in Fig. 3.2-1. In brief, the bulk crystal was firstly attached to the adhesive
surface of a piece of Scotch tape followed by attaching another adhesive surface to peel
the bulk crystal into two thinner flakes. Then another adhesive surface was attached to
these two flakes to further cleavage them. This procedure was repeated numerous times
until single-layer flakes appear. Then, with gentle pressure, the Scotch tape attached
single-layer flakes was sticked to substrates (e.g., Si02/Si1) followed by peeling off the

tape. Finally, the single- or few-layer nanosheets were found under an optical microscope.
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Figure 3.2 - 1 Schematic procedure of the Scotch-tape-assisted mechanical cleavage of graphene [74].

During the exfoliation process, the force in the in-plane direction was repeatedly applied
to break the weak interplane vdW interactions. Therefore, the obtained nanosheets
preserved excellent crystal structure of their parent bulk crystal, as no chemical reactions
were introduced. Moreover, the exfoliated nanosheets can reach up to tens of micrometres,
making them ideal for the downstream exploration of their intrinsic electronic, optical,
and mechanical properties. However, some limitations of this method restricted its
practical applications. Firstly, the low production yield prevents it from meeting the
demands for large quantities of 2D materials. Secondly, it is a challenge to precisely
control the thickness, shape, and lateral size of the produced 2D nanosheets. Lastly, a

substrate is always needed to support the exfoliated nanosheets [30,34].

Sonication-assisted liquid exfoliation is an effective method to exfoliated 2D
nanosheets from layered bulk crystals in liquid phase (Fig. 3.3-1). By applying external
forces (i.e., sonication), vdW interactions are broken between layers, whilst the in-plane
covalent bonding of each layer is preserved. In a typical sonication process, the layered
bulk crystals are dispersed in organic solvents such as Ethanol, N-methyl-pyrrolidone
(NMP), and dimethylformamide (DMF) to stabilise the exfoliated nanosheets and prevent
aggregation. Moreover, the use of aforementioned organic solvents is intended to match
the surface tension between the layered bulk crystal and the solvent system, which is a

key factor in achieving efficient exfoliation.

Liquid cavitation could be induced during the sonication, which brings bubbles into the
liquid system. When the bubbles collapse, shock waves and microjets will pass through

the layered bulk crystals hence being dispersed in the solvent. This process generates
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intense tensile stress on the crystals, resulting in their exfoliation into thinner
nanosheets [30]. The concentration, lateral size, and thickness of the exfoliated
nanosheets can be tailored by modifying parameters such as sonication time, solvent
system, ultrasonic power, sonication temperature, and even container shape [88]. The
exfoliated nanosheets are further purified by centrifugation. Nanosheets with varying
lateral sizes and thicknesses can be selectively collected by tuning the centrifugation time
and speed. Compared to the mechanical cleavage, sonication-assisted liquid exfoliation
has been widely used for the efficient and cost-effective high-yield production of 2D
materials. However, there are some disadvantages of this method whilst preparing 2D
materials. Firstly, fewer monolayer nanosheets can be obtained from the exfoliation
suspension, which restricts fundamental research on 2D materials, as certain
extraordinary properties can only be observed in their monolayer form. Secondly, as the
strong sonication force breaks larger sheets into smaller fragments during the exfoliation
process, the lateral size of exfoliated nanosheets is relatively small. Thirdly, the organic
solvents or surfactants might be induced to absorb on the surface of exfoliated nanosheets,
which are difficult to be completely removed. The undesired residual could affect
downstream applications. Finally, some defects might be induced on the exfoliated

nanosheets during the sonication process, potentially altering their intrinsic properties.

Chemical vapor deposition (CVD) is a typical bottom-up approach to grow high-purity
2D materials. In a typical CVD process (Fig. 3.2-2), certain substrates are put in a furnace
chamber with high temperature and high vacuum environments. One or more precursors
are placed at designed locations where varying temperatures are applied. With the
assistance of high temperature and an inert gas flow (i.e., nitrogen or argon), the vaporised
precursors are transported to the surface of target substrates, reacting and/or decomposing

to form 2D nanosheets or large-scale thin films [89].
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Figure 3.2 - 2 Schematic illustration of CVD for the synthesis of 2D heterostructures [89].

52



It is worth to note that the substrate types, temperature, distance between various
precursors, the ratio of precursors, and surrounding atmospheres are crucial factors in
determining the structure features of the synthesised 2D nanomaterials. By finely tuning
the parameters, CVD method enables the synthesis of 2D materials or 2D heterostructures
with high purity, good crystal quality, scalable lateral size, tuneable layer numbers,
controllable thickness, and limited defects [30]. As a promising method, CVD has been
used for the growth of many 2D materials including graphene [90], h-BN [91], TMDs
(MoS2, WSy, WSe, MoSez, MoTes, ReSy, etc.) [92-97], and 2D heterostructures
(MoSex—WSez, MoS>—WS,, and WSe,—MoSe») [98-100]. Unlike the mechanical
cleavage technique suffering from low yield and production rate, CVD enables the large-
scale production of 2D materials suitable for industrial applications. However, the CVD
method still faces the challenges, such as the necessity of substrates to support the grown
2D materials, requiring an additional transfer process to move the grown nanomaterials
onto desired substrates for further investigation and applications. Moreover, the high
temperature, high vacuum, and inert gas flow result in a relatively higher cost compared

to the liquid-based methods.

3.3. Development of sonication-assisted liquid phase

exfoliation method

Sonication-assisted liquid phase exfoliation was selected in this work due to its simplicity,
scalability, and compatibility with solution-based processing. This approach enables the
preparation of single- and few-layer nanosheets with preserved in-plane crystal structure,

making it suitable for subsequent material integration and device fabrication.
3.3.1. Black Phosphorus (BP)

Black phosphorus (BP) was selected as a representative layered two-dimensional material
due to its puckered crystal structure and strong thickness-dependent electronic properties.
In particular, the bandgap of BP varies significantly with layer number, making it highly
sensitive to exfoliation conditions and well suited for demonstrating the sonication-
assisted liquid phase exfoliation approach. The BP nanosheets were obtained by a basic-
NMP solvent exfoliation method as shown in Fig. 3.3-1. Firstly, 100.0 mg of bulk BP
(obtained from SIAT, Shenzhen, China, Fig. 3.3-2a) was ground thoroughly in a quartz
mortar for 30 minutes with the assist of NMP (Fig. 3.3-2b). Secondly, the ground BP was
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dispersed in 100 mL of NMP and subjected to probe sonication at 1,200 W, operated in a
cycle of 2 seconds on and 4 seconds off, for a duration of 20 hours. During sonication,
the temperature was maintained at 6 °C using a cooling bath. Finally, the differential
centrifugation was implemented for collecting the BP nanosheets. After centrifuging at
7,000 rpm, the supernatant was extracted and subsequently subjected to centrifugation at
13,000 rpm for 10 minutes. The desired BP nanosheets were obtained by collecting the
resulting sediment. The obtained sample was rinsed three times with ethanol to remove
residual NMP and then re-suspended in an aqueous solution. Figure 3.3-2¢ shows the BP
suspensions before and after the probe sonication. The suspension obtained after
sonication exhibits a brighter and smoother texture, attributed to the exfoliation of BP

bulk material into smaller nanosheets. The aggregated BP nanosheets were shown in Fig.
3.3-2d.
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Figure 3.3 - 1 Schematic illustration of BP exfoliation in liquid phase with probe sonication differential

centrifugation.

(b)

Figure 3.3 - 2 Digital photos of (a) bulk BP, (b) BP in grinding, (c) BP suspensions before & after probe sonication,
and (d) the desired BP sediment after centrifugation of 13000 rpm.
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3.3.2. BITiSs

BiTiS; is a layered chalcogenide material with a van der Waals crystal structure, making
it amenable to liquid phase exfoliation into 2D nanosheets. In this context, BiTiS3
nanosheets are introduced owing to their broad optical absorption across the NIR-I and
NIR-II regions and their favourable photothermal response in the NIR-II window, while
also serving to demonstrate the applicability of the sonication-assisted exfoliation
approach to layered materials beyond those introduced in Section 3.1. (The bulk BiTiS3
was obtained from SIAT, Shenzhen, China). The BiTiS3; nanosheets were obtained by a
basic-NMP solvent exfoliation method. To obtain nanosheets with a uniform size
distribution, a modified centrifugation method incorporating additional differential steps
was employed after 20-hour sonicating. The differential centrifugation process was
conducted in several steps to prepare the desired materials. The BiTiS3 suspension after
sonication was centrifuged sequentially at 1,000 rpm for 3 minutes, 3,000 rpm for 5
minutes, and 5,000 rpm for 10 minutes. The resulting supernatant was then collected and
subjected to further centrifugation at 7,000 rpm for 5 minutes, followed by 9,000 rpm for
15 minutes. The sediment obtained was re-dispersed in NMP and centrifuged again at
4,000 rpm for 5 minutes, with the supernatant retained for subsequent processing. This
supernatant was further centrifuged at 13,000 rpm for 10 minutes to collect the sediment.
To remove residual NMP, the sediment was washed three times with ethanol, where each
washing step involved re-dispersing the sediment in ethanol, centrifuging at 13,000 rpm
for 10 minutes, and then collecting the sediment. Finally, the washed sediment was re-

dispersed in deionized (DI) water, making it ready for downstream processes.

Fig. 3.3-3 presents the SEM images of the BiTiS3 layered structures before exfoliation
with different magnifications, clearly displaying a well-organized arrangement of layers.

As confirmed by EDS in Fig. 3.3-3c, the atomic concentrations of Bi, Ti, and S are
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21.15%, 19.65%, and 59.20%, respectively, aligning with the theoretical stoichiometric
ratio of 1:1:3 [101].
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Figure 3.3 - 3 (a, b) SEM images of BiTiSs layered structure before exfoliation with different magnifications. (c)

SEM image of the layered BiTiSs nanosheets with EDS spectrum extracted from the box with solid line (inset).

A piece of BiTiSs was extracted from the bulk material using the focused ion beam (FIB)
technique. Then the cross-section of BiTiS; was characterised with TEM. As shown in
the high-resolution TEM (HR-TEM) image (Fig. 3.3-4), a well-organised alternating

stacking of BiS and TiS» layers was observed.
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Figure 3.3 - 4 Cross-sectional HR-TEM image of BiTiSs representing its layered structure.

BiTiS; nanosheets after exfoliation were characterised by AFM for the identification of
the height and lateral size of the synthesised nanosheets (Fig. 3.3-5). The thinnest
nanosheets have a height of approximately 8 nm, corresponding to a few layers of BiTiSs.
In contrast, the thicker nanosheets, with a height of around 80 nm, likely result from layer
aggregation or incomplete exfoliation. The lateral sizes of BiTiS3; nanosheets were 50 —

250 nm.
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Figure 3.3 - 5 AFM image of BiTiSz nanosheets with corresponding height profiles extracted from white lines

(inset).

The UV-Vis-NIR spectra of suspensions with different concentrations of BiTiS3
nanosheets exhibited a broad absorption band ranging from 500 — 1100 nm region (Fig.
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3.3-6), promising BiTiS3 as a photothermal agent for NIR-II mild photothermal therapy
(PTT).
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Figure 3.3 - 6 UV-Vis-NIR absorbance spectra of BiTiS3 nanosheets at different concentrations (80 ug/mL, 40

ug/mL, and 20 ug/mL) with corresponding digital photos (inset).

The photothermal response of BiTiS; nanosheets was characterised with a 1064 nm laser.
Suspensions of BiTiS3 at concentrations of 20 pg/mL, 40 pg/mL, and 80 ug/mL, each
with a volume of 3 mL, were exposed to laser irradiation at a power density of 0.75 W/cm?
(Fig. 3.3-7a). It was investigated the trend in temperature elevation which depended on
both time and concentration (Fig. 3.3-7b). After 10 minutes of laser irradiation, the
temperature of the BiTiS; suspension rose to 36.2, 42.1, and 48.1 °C from the room
temperature of 24.1 °C for the concentrations of 20, 40, and 80 pg/mL, respectively,
where DI water increased to 29.5 °C only. The thermal image sequences showed in Fig.
3.3-7b were detected by the use of a thermal imaging camera (Fig. 3.3-7¢). To evaluate
the photothermal stability, photothermal cycling curves (Fig. 3.3-7d) were obtained using
a BiTiS; suspension at a concentration of 40 ng/mL under the laser irradiation. Five
heating-cooling cycles were performed by alternately switching the laser on for 10
minutes and off for 15 minutes. The temperature after heating up per cycle was stabilised
at42.1 °C to 43.3 °C range where the temperature was stabilised at ~ 25.5 °C after cooling
down at each cycle. The photothermal performance remained stable without any signs of

deterioration.

58



(@) (b)

80 pg/mL
50 50 °C
—v— 80 pg/mL
e 40 pg/mL
45 - _
- :200 ﬂgﬁﬂﬁ (DI water) 40 pg/mL
 40-
e
=)
© 35+ 20 pg/mL
)
Q.
g 30
[
25 0 pg/mL (DI water)
20 T T T T T T 20°C
o 2 4 6 8 10 0o 2 4 6 8 10mn
Time (min
(c) mm (d)
45
_ 404
e
o
S 35
©
@
Q.
g 301
[t
254

Time (min)

Figure 3.3 - 7 (a) Photothermal-heating curves against BiTiSs suspension with different concentrations under
1064 nm laser irradiation at a power density of 0.75 W/cm?. (b) Thermal images sequences. (c) A thermal imaging
camera used for real-time temperature measurement (The temperature values were measured at a
representative central region of the BP suspension, as indicated by the thermal images. The absolute
temperature values were obtained using a thermal imaging camera and may be subject to uncertainty arising
from factors such as emissivity assumptions and environmental conditions; however, the relative temperature
changes are considered reliable for evaluating the photothermal performance). (d) Temperature changes of 40

ug/mL BiTiSs during five laser on/off cycles.

3.3.3. Orthorhombic molybdenum trioxide (¢-MoQO3) 2D nanoflakes

Orthorhombic molybdenum trioxide (a-MoOs3) is a layered metal oxide with pronounced
in-plane anisotropy and distinctive optical properties, making it attractive for photonic
and optoelectronic applications. It was therefore selected to demonstrate the versatility of
the sonication-assisted liquid phase exfoliation method for layered metal oxides. For
synthesis of a-MoOs3 2D nanoflakes, a high-yield liquid exfoliation method was carried
out [73]. The exfoliation procedure involves three main steps: grinding, probe sonication,
and centrifugation. Firstly, 1.0 g a-MoOs powder (Merck Life Science, UK) was ground

for 30 minutes assisting with 0.2 mL acetonitrile for preventing agglomeration and
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enhancing grinding efficiency. Secondly, the ground a-MoO3 was dispersed in 15 mL of
a mixed solution consisting of ethanol and DI water in a 1:1 volume ratio followed by a
2-hour probe sonication at 40W, operated in a cycle of 30 seconds power on and 30
seconds power off. During the probe sonication, the temperature was maintained at 0 °C
by operating the process in a bath containing a mixture of ice and water. The mixture of
ethanol and DI water was used to ensure the proper dispersion of a-MoQs. Finally, the
sonicated a-MoQs3 suspension was centrifuged at a speed of 6,000 rpm for 30 minutes
followed by collecting the supernatant. The collected supernatant was further centrifuged
at a speed of 12,000 rpm for 10 minutes. The desired a-MoO3 nanoflakes were obtained
by collecting sediment and re-dispersing them into DI water. Fig. 3.3-8a shows digital
photos of a-MoOs3 suspensions at different stages: Samplel, 2, 3, and 4 correspond to the
suspension (1) before sonication, (2) after sonication, (3) after centrifugation at 6,000 rpm,
and (4) after centrifugation at 12,000 rpm followed by re-dispersion into DI water. Both
sample 1 and sample 2 are not transparent where sample 2 shows a little bit bright with a
slight blue. Sample 3 shows a transparent light blue solution. Sample 4 is the final a-
MoO; suspension, containing only the sediment obtained after centrifugation at 12,000
rpm, which exhibits a transparent solution without any colour. The corresponding UV-Vis
absorption characterization was subsequently performed. As shown in Fig. 3.3-8b, the
UV-Vis absorption spectra of a-MoO; before and after sonication display broad
absorption bands with high absorbance across the entire visible range, corresponding to
their non-transparent solutions. The a-MoO3 suspension after sonication exhibits lower
absorbance, indicating the successful exfoliation of thinner nanoflakes. The UV-Vis
absorption spectrum of sample 3 has a broad absorption band from 350 to 450 nm,
corresponding to the wide band gap (~ 3.3eV) of a-MoO3 nanoflakes. A very weak
absorption signal with a slight increase near 350 nm is observed in the UV-Vis absorption
spectrum of sample 4, suggesting that the concentration of dispersed a-MoO3 nanoflakes
in this sample is extremely low, leading to the absence of a pronounced absorption band.
Moreover, the weak absorbance suggests that the sediment may contain fewer, thinner,

and smaller nanoflakes, as will be further confirmed by subsequent characterisations.
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Figure 3.3 - 8 (a) Digital photos of a-MoQOs suspensions at different processing stages: (1) before sonication, (2)
after sonication, (3) after 6,000 rpm centrifugation, and (4) re-dispersed sediment after 12,000 rpm

centrifugation. (b) The corresponding UV-Vis absorption spectra.

The X-ray diffraction (XRD) analysis was conducted to identify the crystal phase. As
shown in Fig. 3.3-9, the dominant peaks at 12.8°, 25.7 °, and 39.0 ° (26) corresponding to
the (020), (040), and (060) planes of orthorhombic a-MoO3 (DB card number 1537654)
were observed in the patterns of both a-MoO3 powder and a-MoOs3 2D nanoflakes. The
lattice parameters of a-MoOs were calculated as a=3.954 A, b=13.810 A, c =3.689 A,
which agreed with the following TEM and AFM analysis. Identifying the orthorhombic
a-MoO; phase is essential, as the crystal structure governs the optical anisotropy,

exfoliation behaviour, and subsequent device performance upon integration.
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Figure 3.3 - 9 XRD patterns of a-MoOs powder and a-MoOs 2D nanoflakes (inset: photos of a-MoOs powder and
a-MoOs 2D nanoflakes).
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It is worth noting that a higher FWHM was observed in the XRD patterns of a-MoOs3 2D
nanoflakes compared to that of a-MoQOj3 powder, indicating a smaller grain size of a-MoO3
2D nanoflakes (Table 3.3-1). The Scherrer formular gives the average grain size of the

nanoflakes [102]:

KA
"= Bcosd

(33-1)

where 7 is the average size of crystalline domains, K is the dimensionless shape factor
with a typical value of ~0.9, 1 is the wavelength of X-ray, 8 refers to the FWHM, and 6
is the Bragg angle. a-MoO3 2D nanoflakes exhibit the higher FWHM, demonstrating the
smaller size has been successfully exfoliated. The most intense peaks at 12.8°, 25.7°, and
39.0° (20) suggest a preferred orientation along the (020), (040), and (060) planes,
supporting the conclusion that the exfoliated 2D nanoflakes consist of parallel planes and
maintain a lamellar structure. The relative enhancement of the (110) and (021) peaks in

the a-MoQOs3 2D nanoflakes may be attributed to preferred orientation effects.

Table 3.3 - 1 Locations, FWHM, and grain size of a-MoOs powder and 2D a-MoOs nanoflakes from their XRD

patterns.
Peaks Locations (°) FWHM (%) Size (nm)

a-MoOs a-MoOs a-Mo0O32D a-MoO3 a-Mo0O32D a-MoOs a-Mo0O32D
powder nanoflakes powder nanoflakes powder nanoflakes

020 12.76 12.75 0.10 0.44 80.1 19.0

110 23.36 23.32 0.11 0.35 75.0 24.2

040 25.70 25.72 0.10 0.48 81.8 17.7

021 27.32 27.33 0.11 0.27 771 32.0

060 39.00 39.00 0.13 0.61 67.5 14.5

The exfoliated a-Mo0O3 2D nanoflakes were characterised with TEM for identifying their
lateral size and lattice spacing. Fig. 3.3-10a shows the morphologies and dimensions of
the as-synthesised a-MoO3 2D nanoflakes which consist rectangular, rhombic, and
ellipsoidal shapes with lateral size ranging from 10 to 70 nm. As shown in HR-TEM
image in Fig. 3.3-10b, two sets of parallel line, with lattice spacings of 0.398 nm and
0.374 nm corresponding to the interplanar distances of the (100) and (001) lattice planes,
respectively. As the fast Fourier transform (FFT) displayed inset, the rectangular
arrangement of diffraction spots confirms the orthorhombic lattice structure of a-MoO3

2D nanoflakes.
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Figure 3.3 - 10 (a) TEM image of atomically thin a-MoOs 2D nanoflakes. (b) The HRTEM image with showing

distance between lattice fringes (inset: the corresponding FFT image).

TEMs reveal the in-plane structure of a-MoOj3 2D nanoflakes but lack of information of
the out-of-plane structure. Orthorhombic a-MoOs3 is composed of double layers of edge-
sharing, distorted MoOs octahedra, which are weakly bound vertically by vdW
forces [61]. The weak vdW forces enable the exfoliation from bulk a-MoO3; powder into
a-MoOs 2D nanoflakes, with a theoretical thickness of approximately 1.4 nm for a single

unit cell along the (010) plane direction [103].

The AFM tapping mode scan was implemented for the thickness characterisation of o-
MoOs 2D nanoflakes (Fig. 3.3-11). The sediment from the a-MoOs suspension (after
centrifugation at 12,000 rpm) was drop-cast onto an atomic flat mica film. The thinnest
nanoflake was measured as 2.8 nm thick (profile-a in Fig. 3.3-11), which was
approximately twice the thickness of one non-repeat unit cell. Another two nanoflakes
were measured as 5.6 nm and 9.8 nm in thickness, corresponding to 4 layers (profile-b)
and 7 layers (profile-c) of a-MoOs3 2D nanoflakes, respectively. Moreover, the lateral size
of measured nanoflakes was found to range from 20 to 50 nm, which was in good

agreement with the TEM characterisation.
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Figure 3.3 - 11 AFM image of a-MoQOs 2D nanoflakes drop-cast onto a mica substrate (inset: height profiles of

three measured a-MoOQOs nanoflakes along white lines).

To select a-MoO3 2D nanoflakes of the desired size corresponding to the centrifugation
process, AFM characterisation was performed following differential centrifugation (Fig.
3.3-12). As shown in the original a-MoOs3 suspension (after probe sonication but without
any centrifugation) in Fig. 3.3-12a, there were two distinct size ranges: the smaller ones
ranged from 100 to 200 nm and were well separated, whilst the larger ones ranged from
500 to 1000 nm and tended to aggregate. The layered a-MoOs flakes, which were thicker
at the centre and gradually thinner toward the edges, were considered to result from
incomplete exfoliation. After centrifugation at 6,000 rpm, the sediment (Fig. 3.3-12b)
contained mostly larger a-MoOs flakes ranging from 500 nm to 1000 nm, whilst the
supernatant (Fig. 3.3-12c¢) contained smaller nanoflakes ranging from 10 to 200 nm.
Additionally, some clusters of aggregated nanoflakes were randomly distributed on the
mica substrate. Finally, well-dispersed 2D a-MoO3 nanoflakes with a homogenous size

were obtained from the sediment after centrifugation at 12,000 rpm (Fig. 3.3-12d).
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Figure 3.3 - 12 AFM images of a-MoQ:s at different centrifugation stages, with schematic illustrations highlighting
various components in suspensions. (a) The original suspension after probe sonication without any
centrifugation. After centrifugation at 6,000 rpm, the sediment (b) and the supernatant (c). (d) The sediment after

the centrifugation at 12,000 rom.
3.3.4. Graphene Oxide (GO)

Graphene oxide (GO) was selected owing to its unique optical properties, including
broadband optical absorption and a high effective refractive index, which enable strong
light-matter interaction while maintaining low optical loss in the telecommunication band.
In addition, the abundant oxygen-containing functional groups on GO provide excellent
aqueous dispersibility, bioaffinity, and surface functionalisation capability, making it
highly suitable for chemical and biomedical sensing applications. GO nanosheets were
exfoliated from the purchased GO nanocolloids (Merck Life Science, UK) by using bath
sonication method. In brief, GO nanocolloids with the concentration of 2 mg/mL was
diluted to 0.05 mg/mL followed by bath sonicating for 1 hour. The bath temperature was
maintained at 0 °C by using an ice-water mixture during whole sonication process. The
sonicated GO was subsequently centrifuged at 3000 rpm for 30 minutes. The desired GO
nanosheets were ultimately obtained by collecting the supernatant from the centrifuged

GO suspension.
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Fig. 3.3-13 reveals the UV-Vis absorption spectrum of GO nanosheets suspension. A weak
shoulder-like feature around 300 nm can be observed in the absorption spectrum, which
is commonly attributed to the m — ™ transitions of C=0 bonds, which is consistent with
the presence of oxygen functional groups on GO nanosheets [104,105]. The GO

suspension exhibits a dark colour (inset) due to its broad absorption band spanning the

visible spectrum.
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Figure 3.3 - 13 The UV-Vis absorption spectrum of GO suspension (inset: digital photo of GO suspension).

The exfoliated GO nanosheets were characterised with AFM (Fig. 3.3-14). The single-
layer GO nanosheets were measured to have a thickness of 1.1 nm and a lateral size
ranging from 1 to 20 pum. For the profile-c crossing a region with aggregated GO

nanosheets, there were three boundary steps corresponding to 1-layer, 2-layer and 3-layer
GO nanosheets [106].
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Figure 3.3 - 14 AFM image of single-layer and few-layer GO nanosheets (inset: height profiles of three measured

GO nanosheets along white lines).
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3.4. FElectrochemical exfoliation method

Electrochemical exfoliation was employed in addition to sonication-assisted exfoliation
to enable the preparation of BP nanosheets with larger lateral dimensions and reduced
mechanical damage. While sonication-assisted exfoliation is effective for producing
single- and few-layer nanosheets, the electrochemical approach offers improved control
over flake size and is therefore suitable for applications requiring larger-area BP flakes
and subsequent material loading. The BP nanosheets were synthesised by exfoliating bulk
BP with electrochemical method [107]. As shown in Fig. 3.4-1a, the bulk BP was clamped
as the cathode, whilst a platinum thin film was placed parallel to the BP at a distance ~
Scm, serving as the anode. The electrolyte was prepared by mixing 500 mL DMF with 20
g TBAB in a beaker. The BP and platinum were fully immersed into electrolyte followed
by applying a voltage of 5 V. The bulk BP was subsequently exfoliated due to the
intercalation of TBA" ions (Fig. 3.4-1b). The BP was collected after it completely
converted into a larger sponge-like structure, with some flakes detaching and settling at
the bottom of the beaker. the collected BP was washed for 4 times with DMF for removing
unwanted residual. After washing process accompanying with centrifugation at 12,000
rpm for 10 minutes, the sediments were collected, for further bath sonication for 2 minutes
to obtain well-dispersed BP nanosheets. The as-prepared BP nanosheets were re-dispersed
into DI water for downstream using (Fig. 3.4-1c). To prevent degradation and oxidation,
the synthesised BP nanosheets were stored in a glove box filled with argon. Compared to
ultrasonic exfoliation, BP nanosheets synthesised by electrochemical exfoliation

exhibited larger lateral size which were suitable for further loading of nanomaterials.

(a) (b) (c)

0.80 mg/mL  0.40 mg/mL  0.08 mg/mL

intercalation delamination

Figure 3.4 - 1 (a) Schematic illustration of the electrochemical exfoliation of BP. (b) Photo of BP exfoliation. (c)

Photo of BP nanosheets dispersed in water with different concentrations.
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The photothermal response of BP nanosheets was examined by the use of an 808 nm laser
with a power density of 1.0 W/cm?. The stored BP suspension was diluted into different
concentrations (0.80, 0.40, and 0.08 mg/mL), then exposed to the laser irradiation at a
power density of 1.0 W/cm?. As shown in Fig. 3.4-2a, the temperature elevation trend was
found to depend on both time and concentration. After 10-min’s laser irradiation, the
temperature of the BP suspension was increased by 18.1, 25.9, and 33.7 °C for the
concentrations of 0.08, 0.40, and 0.80 mg/mL, respectively. By comparison, the
temperature of DI water was increased by 1.4 °C only. A direct quantitative comparison
with Fig. 3.3-7 is not appropriate due to differences in irradiation wavelength, power
density, and suspension concentration. Qualitatively, the electrochemically exfoliated BP
exhibits a more rapid temperature increase during the initial irradiation period, followed
by a gradual saturation at longer times. This behaviour is consistent with the larger lateral
size of electrochemically exfoliated BP flakes and the onset of thermal equilibrium with

the surrounding environment.

To further evaluate the photothermal stability, the BP suspension at a concentration of
0.40 mg/mL was employed for the photothermal cycling with a laser on/off irradiation
(Fig. 3.4-2b). Five heating-cooling cycles were performed by alternately switching the
laser on for 2 minutes and off for 13 minutes. The temperatures of the BP suspension were
stabilised at ~ 48.7 °C and ~ 25.5 °C after heating and cooling down, respectively. For
the first cycle, the temperature was reached 46.9 °C only due to an initial lower
temperature started. The photothermal performance remained stable without any sign of
deterioration during the 5 heating-cooling cycles. Fig. 3.4-2c¢ demonstrates thermal
images of BP suspensions with various concentrations under different laser irradiation

durations.
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Figure 3.4 - 2 (a) Photothermal-heating curves against BP suspension with different concentrations under laser
irradiation (at 808 nm, 1.0 W/cm?). (b) Temperature changes of 0.40 mg/mL BP during five laser on/off cycles. (c)
Infrared thermographic maps of in vitro photothermal of BP suspensions (The temperature values were

measured at a representative central region of the BP suspension, as indicated by the thermal images).

3.5. Selective etching method

Selective etching was employed in this work to enable the controlled removal of the
aluminium layer from the Ti3AlC; MAX phase, thereby producing 2D TizCoTx MXene
nanosheets. This chemical etching and delamination process transforms the parent MAX
phase into a loosely stacked layered MXene structure, while preserving the integrity of
the transition metal carbide layers. Here, the minimally intensive layer delamination
(MILD) method with slight modification was developed for the synthesis of TizCoTx
MXene nanosheets (Fig. 3.5-1). A mixture of a fluoride salt, lithium fluoride (LiF), and
hydrochloric acid (HCI) was used to generate hydrofluoric acid (HF) in situ to selectively
etch aluminium (Al), which is much milder and safer than using HF directly [108,109].
Firstly, 2 g LiF powder was dissolved in 35 mL of 10M HCI to form LiF/HCI mixture. 2
g of Ti3AlC2 MAX precursor was suspended into SmL deionized (DI) water to form stable
MAX suspension which was pipetted into the LiF/HCI mixture slowly and followed by

mild string at 35 °C for 24 hours. Secondly, the above-prepared solution was centrifuged
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(3500 rpm, 5 minutes) and washed with DI water multiple times until the pH of the
supernatant reached 5.5. After discarding the supernatant, 40 mL of DI water was added
to the sediment, primarily containing multi-layered TisC,Tx, followed by exfoliating with
vortex for 1 hour. Finally, the single- or few-layered TizC>Tx nanosheets suspension was
obtained by collecting the supernatant after centrifugation at 3500 rpm for 1 hour. This
process enabled the synthesis of high-quality MXene under mild reaction conditions,
which was facilitated by the weak acidity of the solution. To determine the concentration,
a dried film from vacuum filtration of a certain volume of the TizCoTx dispersion was

weighed.

Etching Delamination /\
— /

s

MAX (Ti;AIC,) MXene (Ti,C,T,)

Figure 3.5 - 1 The schematical diagram for the synthetic processes of TisC2T, MXene nanosheets, using in situ
hydrofluoric acid (HF) method. (left) Parent layered TisAlC2 MAX phase, (middle) etched TisC.Tx MXene, and (right)

delaminated TisC2Tx MXene nanosheets.

The morphologies and elemental distribution of TizC>Tx MXene were firstly characterised
by SEM and EDS (Fig. 3.5-2a). The SEM image of TizCoTx MXene exhibited its
accordion-like structure after the successful etching of the Al layer. The EDS elemental
mapping revealed a uniform distribution of all elements across the Ti3CoTx MXene sheets,
confirming their homogeneous elemental composition. AFM was utilised for
characterising the height of MXene nanosheets. As shown in Fig. 3.5-2b, a single layer
with height of 1.5 nm was observed, demonstrating the successful exfoliation of
monolayer-thick MXene nanosheets. The lateral size of MXene nanosheets were found
from 0.5 — 3.0 pm. The Raman spectrum of MXene was further characterised (Fig. 3.5-
2¢). The peaks at 199 and 723 cm™! correspond to the out-of-plane vibrations of A1 (Ti,
0, C) and Ay, (C), respectively. The peaks at 286, 384, 577, and 623 cm™! correspond to
the E¢ group vibrations associated with in-plane modes of Ti, C, and surface functional
group atoms [110]. TEM was employed to investigate the exfoliated Ti3C,Tx MXene

nanosheets. As shown in Fig. 3.5-2d, a monolayer nanosheet with a lateral size of
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approximately 0.8—1.0 um is observed, which is consistent with the AFM measurements.
The corresponding selected area electron diffraction (SAED) pattern (inset of Fig. 3.5-2d)
exhibits clear hexagonal symmetry of the lattice planes. Additionally, the exfoliated
mono- and bilayer of Ti3C,Tx nanosheets were found in the cross-sectional TEM image

(Fig. 3.5-2¢).
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Figure 3.5 -2 (a) SEM image and corresponding elemental mapping of Ti, C, O, Cl, and F in layered TizC2Tx MXene
(scale bar=20pum). (b) AFM image of TisC2Tx nanosheets with corresponding height profiles extracted from white
lines (inset). (c) Raman spectrum of TizC2Tx MXene. (d) TEM image of a monolayer TisC2T, nanosheet (scale bar:
200 nm) and selected area diffraction patterns (inset, scale bar: 2nm). (e) Cross-sectional TEM image of mono-

and bilayer TisC2Tx nanosheets.

The optical absorbance of the Ti;C>Tx MXene dispersion was characterised using UV—
Vis-NIR spectroscopy, as presented in Fig. 3.5-3. The shoulder of the absorption spectrum,
located at 300 nm, is characteristic of freshly prepared TizC,Tx dispersions, as previously
reported [111,112]. In addition, a broad absorption feature centred around 805 nm is
attributed to the plasmonic response of the Ti3C2Tx nanosheets [113]. The inset shows a
clear linear correlation between absorbance at 755 nm and MXene concentration,

indicating good dispersibility and stability of the nanosheets in the aqueous medium.
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Figure 3.5 - 3 The UV-Vis-NIR spectroscopy of diluted TizC2Tx MXene dispersions. Inset: Absorbance values at
755 nm for dispersions with concentrations of 2.5, 5, 10, 20, and 40 ug/mL, demonstrating a linear relationship
between concentration and absorbance (Data are presented as mean * standard deviation from three

independent experiments).

3.6. ‘One-pot’ seedless synthesis

A new technique termed as ‘one-pot’ seedless was developed for synthesis of small gold
nanorods (sAuNRs) (Fig. 3.6-1) [114]. Initially, a mixture was prepared by combining 5
mL of 0.2 M CTAB, 1 mL of 5 mM HAuCls4, and 4.5 mL of deionized water in a 50 mL
glass beaker. Subsequently, a volume of 250 uL of 4 mM AgNO:; followed by 500 pL of
0.1 M NaOL was introduced into the solution under gentle stirring. This was followed by
the addition of 8 mL of concentrated HCI (36%-38%), and finally 56 uL of 0.1 M ascorbic
acid was introduced with slight swirling. The solution changed from dark orange to
colourless, indicating the reduction of Au** to Au*. Next, 15 uL of freshly prepared, ice-
cold 10 mM NaBH4 was added to the beaker. The solution was gently mixed for 10
seconds and then left undisturbed in an incubator at 35°C for 3 hours to facilitate the
reduction of Au* to Au’. Subsequently, centrifugation was performed at 12,000 rpm for
20 minutes to collect the final product. The desired sAuNRs suspension was obtained by
collecting the sediment and re-suspending it in DI water (Fig. 3.6-1b). In this method, the
length and LSPR band of the sAuNRs can be readily tuned by modifying the quantity of
NaOL. For example, a small diameter of ~7 nm of the AuNRs was achieved [114]. Fig.
3.6-1c shows the UV-vis-NIR absorption spectrum of the sAuNR with a strongest
absorption at 809 nm, which is ideal for NIR-I photothermal therapy.
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Figure 3.6 - 1 (a) Schematic illustration of the ‘one-pot’ seedless synthesis of small gold nanorods. (b)

Photographic image of aqueous dispersions of SAuUNRs at different concentrations. (c) UV-Vis-NIR absorption

spectrum of SAuNR with the concentration of 0.440 mM.
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3.7. Chapter summary

This chapter begins with an introduction to 2D materials, followed by an in-depth
discussion of selected examples, including graphene, GO, MXenes, and o-MoOs.
Advanced synthesis techniques are then reviewed and categorised into ‘top-down’ and
‘bottom-up’ approaches. Commonly employed synthesis methods, such as mechanical
cleavage, sonication-assisted liquid-phase exfoliation, and CVD, are examined in detail,
highlighting their respective advantages and limitations. Finally, various synthesis
methods implemented by the author for fabricating 2D materials are presented and
discussed. The synthesis methods implemented in this chapter can be compared in terms
of their governing mechanisms, material applicability, and downstream compatibility.
Sonication assisted liquid phase exfoliation provides a general and scalable route for van
der Waals layered crystals, enabling single- and few-layer nanosheets with good solution
processability for subsequent coating and integration. Electrochemical exfoliation offers
an alternative route that can yield larger lateral flakes and improved structural integrity,
which is advantageous when larger area nanosheets are required for further material
loading and device fabrication. In contrast, selective etching is specifically employed for
MAX phase precursors to obtain TizCoTx MXene through controlled removal of the Al
layer and subsequent delamination into a loosely stacked two-dimensional structure.
Accordingly, the selection of synthesis strategy is primarily guided by the parent crystal
structure and bonding characteristics of the material, together with practical requirements
such as flake size and dispersion stability, surface chemistry and functionalisation
capability, and compatibility with the integration routes used in the subsequent photonic
and optoelectronic sensing applications. In addition, the surface morphology, elemental
composition, structural properties, and optical properties characterisation are analysed
using SEM, EDS, TEM, AFM, XRD, UV-Vis-NIR spectrophotometer, Raman

spectrophotometer, and thermal imaging camera.
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Chapter 4 2D materials deposition and

integration

As outlined in the previous chapter, various 2D materials can be fabricated by different
synthesis methods in either liquid or solid phases. However, the successful integration of
2D materials with the optoelectronic devices relies not only on 2D materials synthesis but
also on reliable deposition techniques that preserve the intrinsic properties whilst ensuring

uniform coverage, scalability, and compatibility with existing device architectures.

The choice of deposition method plays a crucial role in determining the material’s
structural quality, optical properties, and electronic performance. Conventional
techniques such as wet transfer [115], dry transfer [116], spin coating [117], and dip
coating [118] have been widely employed, each offering distinct advantages depending
on the specific applications. However, challenges such as film uniformity, layer thickness,
surface roughness, and interfacial adhesion remain critical considerations when selecting

an appropriate deposition approach [119].

This chapter will provide an overview of conventional deposition techniques,
highlighting their advantages and limitations. It will also discuss the deposition strategies
developed by the author in this PhD programme, along with the corresponding
characterisations including optical microscopy, SEM, AFM, EDS, XPS, and Raman
spectroscopy to evaluate the morphologies and composition of the deposited 2D materials

and nanocoatings.

4.1. Current deposition methods

The wet transfer method is a widely used technique for integrating 2D nanomaterials
into optoelectronic devices for various downstream applications. This process involves
using a liquid medium to facilitate the transfer of thin films or nanomaterials from one
substrate to another. In wet transfer, based on the method used for sample delamination
from the growth substrate, it can be categorized into (a) chemical etchant-assisted [120],

(b) electrochemical [121], and (c) surface-energy-assisted wet transfer [122].
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(a) In a typical etchant-assisted wet transfer process (Fig. 4.1-1a), the 2D material grown
on metal substrate is firstly coated with a polymer support layer (e.g., PMMA) through
spin coating. The metal substrate is then dissolved using an appropriate etchant, allowing
the polymer/2D material stack to be separated. After thorough cleaning, the stack is
transferred onto the target substrate, and the polymer layer is finally removed using
organic solvents (Fig. 4.1-1a). The polymer supporting layer plays a crucial role in the
wet transfer method. Its high flexibility, mechanical strength, and resistance to water and
etchants ensure that the 2D materials are well protected throughout the transfer process,
preserving their structural integrity and minimising potential damage. However, the high
cost of noble metal substrates, the time-consuming etching process, and the

environmental impact of chemical etchants limit the applicability of this method.

(b) The electrochemical transfer, also known as bubbling transfer method, utilise the
bubbles generated at the interface between 2D materials and metal substrates to facilitate
the delamination (Fig. 4.1-1b). During the delamination process, a direct current voltage
is applied between the polymer/2D materials/substrate cathode and a counter anode
within an electrolytic cell. An aqueous electrolyte solution, such as NaCl or KCl, is used.
As the H>O undergoes the reduction at the interface between 2D materials and metal
substrate where hydrogen bubbles are generated. A persistent force is provided to lift the
PMMA/2D material stack from the metal substrate. Unlike etchant-assisted transfer, this
method eliminates the use of chemical etchants and allows for the recycling of metal
substrates, making it both environmentally friendly and cost-effective. Additionally, the
bubbling transfer process is generally faster, as the delamination time can be controlled
by adjusting the applied voltage. However, this method requires the original substrate to
be conductive, limiting its applicability to materials synthesised on dielectric substrates.
Moreover, the formation of hydrogen bubbles may introduce mechanical damage to the

transferred 2D materials [123,124].

(c) The surface-energy-assisted wet transfer (Fig. 4.1-1c¢) is an alternative etchant-free
wet transfer technique [122] that employs capillary forces to delaminate and transfer 2D
materials [125]. During the delamination process, hydrophilic dielectric growth
substrates, such mica, SiO2/Si wafer, and sapphire, are commonly used. As the
hydrophilic substrates and hydrophobic polymer layer are penetrated by water, the
polymer/2D material film is lifted off, enabling the further transfer of 2D materials onto
target substrates (Fig. 4.1-1¢). The surface-energy-assisted transfer method owns several

advantages. It is simple to execute without involving complicated and potentially harmful
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processes, such as etching or electrochemical delamination. However, applications of this
transfer method are limited due to several drawbacks: 1) the weak capillary force requires
a long time to delaminate the polymer/2D material film. ii) the original substrates must
be hydrophilic, with adhesion weaker than the capillary force. iii) it has been reported that
2D materials transferred using this method often exhibit non-ideal wrinkles and bubbles,

caused by the strain generated during the delamination process [126—128].

(a) Etchant-assisted transfer:

—w—wE E’E wS=>-=:>_

(b ) Electrochemical transfer:

= N T e —

(C) Surface-energy-assisted transfer:

Original substrate  Polymer layer Targetsubstrate 2D materials Cu etchant Electrolyte DI water

Figure 4.1 - 1 Schematic illustration of (a) the etchant-assisted transfer, (b) electrochemical transfer, and (c)

surface-energy-assisted transfer methods. reproduced with permission from Ref. [129].

The dry transfer method is widely used in the fabrication of 2D vdW heterostructures
which involves transferring 2D samples with an elastomer stamp as the supporting
material. A PDMS supporting layer is typically used to pick up the 2D materials from the
original substrate and release them onto the target substrate based on the principles of
viscoelastic stamping [129]. During the 'pick up and release' process, a strong adhesion
between samples and stamp is required to successfully 'pick-up' the 2D materials from
their growth substrates, whilst a relatively weaker adhesion between samples and the
target substrate is desired to facilitate the 'release’ step. Fig. 4.1-2 illustrates the
experimental setup and the process of the dry transfer method [130]. The experimental
setup includes a 3-axis adjustable lower stage on which the sample (2D crystal flake/Si02
substrate) is placed, an upper stage with a polymer stamp fixed onto a glass slide, and an
optical microscope for monitoring the stage movement and sample alignment (Fig. 4.1-
2a). The dry transfer process (Fig. 4.1-2b) involves a pick-up step at 50 °C, where the
adhesion of PVC stamp is strong to pick up the 2D crystal flake, followed by a release
step at 100 °C where the adhesion of PVC is relatively weak to transfer the 2D crystal
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flake onto a target substrate. Finally, the PVC stamp is slowly peeled off to complete the

transfer.

(a) | (b)
optical pickup 50°C
microscope
lens - .
upper stage » » ——
_ V\’ VQ’ V
2D crystal flake ¥ Kamaboko |
ry PVC stamp ‘
S Dry-release
- b
o ) ‘ Q
bottom stage > 8 <2 -
groove 100°C
substrate

Figure 4.1 - 2 Schematic illustration of 2D crystal flake transfer. (a) experimental setup. (b) The dry transfer

process [130].

Compared to the wet transfer methods, the dry transfer technique is more scalable for
large-area or mass production since it does not rely on wet chemicals, which are difficult
to control and replicate on a large scale. Additionally, it provides better alignment control
during the transfer process, making it ideal for high-precision applications requiring
accurate material positioning. Another advantage is the reduced risk of contamination, as
eliminating liquid-based processes minimises impurities that could affect material quality.
However, the dry transfer often involves direct physical contact or pressure, increasing
the risk of cracks, wrinkles, or defects, particularly in delicate 2D materials or thin films.
Moreover, methods utilising polymer stamps or mechanical exfoliation may require
specialised equipment, adding complexity and cost compared to the wet transfer

techniques [131,132].

Drop casting is a straightforward and rapid deposition technique, which has been widely
used for coating 2D nanomaterials that suspended in liquid phase [133—135]. In this
method, a specified amount of sample suspension is deposited onto a substrate and left to
evaporate. As the solution dries, a thin film or dispersed 2D materials cluster is formed
on the substrate. The primary advantage of this approach is its simplicity. However, its
main drawbacks include challenges in achieving a uniform and continuous coating, as
well as the inability to precisely control the thickness of the deposited layer [136].
Nevertheless, when a uniform coating is unnecessary, such as for analysing the surface

morphology of 2D materials (nanosheet lateral size and thickness), the drop casting
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method allows for the controlled dispersion of nanosheets or nanoparticles on a substrate
by simply adjusting the material concentration and the volume of liquid dropped onto the

substrate.

Spin coating is a technique used to deposit consistent and uniform thin films of 2D
materials onto the flat substrates, ranging from nanometres to micrometres. Fig. 4.1-3
illustrates the process of spin coating. In brief, the solution is dropped onto a substrate
held by the vacuum chuck within a spin coater, allowing it to spread evenly across the
surface as the substrate rotates at a controlled speed. The spinning process begins with a
set acceleration and maintains a constant speed for a specific duration, allowing the
coating material to be evenly distributed by centrifugal force. Excess fluid is expelled
from the edges until the desired film thickness is achieved through a combination of liquid
flow and evaporation. The final thickness and film characteristics depend on the rotation
speed (rpm) and duration [136,137]. Additional treatments, such as heat or UV exposure,
may be required depending on the solution's properties [138]. However, the spin coating
method still has some drawbacks that limit its use. First, achieving uniform film thickness
can be challenging, especially for very thin layers or highly viscous liquids. Second, spin
coating can produce inconsistent results, especially on substrates that are not flat or have
varying surface energy, which may lead to non-uniform coatings. Third, the technique
works best on flat surfaces. Coating irregular or non-planar surfaces can be difficult and

lead to poor film quality [139,140].

Dropping Rotating Drying

6

Figure 4.1 - 3 Schematic illustration of the spin coating.

Dip coating is another relatively simple, low-cost, and scalable deposition method,
making it a widely used technique for applying 2D materials onto substrates such as
Si/Si0; wafers, metal, fibres, etc., to achieve high uniformity thin-film deposition [141—
143]. This method does not require any special or expensive equipment [144]. In a
standard process, dip coating involves immersing a substrate into a precursor solution,

followed by slowly lifting it out to form a liquid film. This process consists of four
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stages [145]: 1) Immersion, where the substrate is dipped at a uniform speed; 2) Pull-up,
where it is slowly lifted, allowing the film to deposit, with the speed affecting film
thickness; 3) Deposition, where uniform layers form as the substrate is pulled up; 4)
Evaporation, where the solvent evaporates to solidify the film. As mentioned, this
approach is ideal for substrates that are flexible and irregularly shaped, as it enables the
solution to cover the entire surface of the substrate. However, the control over the layer
thickness is limited, as it is influenced by factors like the surface morphology and tension
of the textile substrate [146], along with processing parameters including time,
temperature, withdrawal speed, and the concentration and composition of the coating
bath [144]. Additionally, the dip coating requires a large volume of precursor solution,

leading to considerable material waste.

4.2. In-situ layer-by-layer (i-LbL) deposition technique

The in-situ layer-by-layer (i-LbL) deposition technique, combining chemical bonding and
multiple physical adsorptions, has been developed for the deposition of 2D materials onto
optical fibres [1]. In brief, the bare optical fibre undergoes a silanisation process to
facilitate the deposition of 2D nanosheets. Then fibre is then immersed in the target
suspension of 2D nanosheets within a home-made mini bath with gentle heating. As the
water evaporates, 2D nanosheets gradually deposit onto the fibre surface. In this work,
the method was further adapted and optimised by the author, particularly to improve
coating uniformity through controlled fibre rotation between successive deposition cycles

when thicker coating is required, as discussed later in this chapter.
4.2.1. Graphene oxide deposition on fibre and characterisation

The optical fibre is firstly cleaned with acetone (Fig. 4.2-1a) for 30 minutes, then
immersed in 1.0 M NaOH solution for 1 hour, followed by washing with DI water and
drying thoroughly (Fig. 4.2-1b). This alkaline treatment enriches the fibre surface with
hydroxyl (-OH) groups, facilitating subsequent functionalization. The hydroxyl-enriched
optical fibre is then silanised by incubating it in a 5% (v/v) (3-
Aminopropyl)triethoxysilane (APTES) solution for 20 minutes at room temperature.
Afterward, the fibre is rinsed with ethanol then baked in an oven at 70°C for 30 minutes
to stabilise the Si-O-Si bonding (Fig. 4.2-1c). Next, the APTES-silanised optical fibre is
immersed in a 1 mL suspension of GO nanosheets (0.10 mg/mL) contained in a custom-

made mini-bath, which is placed on a hotplate at ~ 42°C for 40 minutes (Fig. 4.2-1d). As
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the suspension evaporates, GO nanosheets chemically bond to the optical fibre surface
through the reaction between epoxy groups of GO and amino groups of the APTES-
silanised surface [147]. Once the suspension has completely evaporated, a second coating
cycle is applied by adding another 1 mL of the GO suspension to facilitate physical
adsorption between the pre-coated GO layer and newly introduced GO nanosheets. This
coating process can be repeated multiple times to achieve the desired thicknesses of
overlay. After completing the coating cycles, the GO-coated optical fibre is washed with

DI water to remove any unbonded nanosheets and then baked in an oven at 35°C for 12 h

to enhance adhesion and stability of the GO overlay (Fig. 4.2-1¢).

(@)

(b) YYYYYYYYyy

rrrrrrrrrr

()

nwnoz20=<

CQoooec

Figure 4.2 - 1 Schematic illustration of in-situ i-LbL deposition technique for coating GO nanosheets onto an
optical fibre. (a) Clean bare optical fibre, (b) Optical fibre with alkaline treatment, (c) Optical fibre with APTES

silanisation, (d) layer-by-layer GO deposition, (e) GO-coated optical fibre.
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Followed by this i-LbL coating technique, the influence of coating parameters such as
coating cycles and GO suspension concentration on the uniformity and thickness of
coating overlay was investigated. A set of optical fibres was coated with GO nanosheets
through varying coating cycles to examine the relationship between overlay thickness and
the number of coating cycles. Additionally, to assess the minimum achievable overlay
thickness, a diluted GO suspension (0.05 mg/mL) was used for a single-cycle coating on

the optical fibre.

Fig. 4.2-2 presents optical microscope images of a bare and GO-coated fibre samples with
varying coating cycles. As previously mentioned, a single-layer graphene sheet exhibits
a high absorbance of 2.3% across the visible light spectrum [44]. Consequently, GO
overlays with different thicknesses should display noticeable contrast in transmission-
mode optical microscope images. Compared to the bare fibre (Fig. 4.2-2a), the GO-coated
fibres (Fig. 4.2-2b-¢) exhibit light to dark brown overlays with high uniformity, indicating
the successful deposition of GO onto the optical fibres. The single-cycle overlay coated
with 0.05 mg/mL GO suspension (Fig. 4.2-2b) displays higher transparency compared to
those coated with 0.10 mg/mL GO suspension (Fig. 4.2-2c-e), confirming that a thinner
overlay was achieved by using a lower GO concentration. Moreover, both Fig. 4.2-2b and
Fig. 4.2-2¢ exhibits a smooth GO overlay that firmly wraps around optical fibre surface,
attributed to the strong chemical bonding between the APTES-silanised fibre surface and

GO nanosheets.

Based on the single-cycle GO overlay (0.10 mg/mL GO suspension), multiple coating
cycles results in darker and rougher surface morphologies (Fig. 4.2-2d-e), indicating that
increased coating cycles leads to a thicker GO overlay. In addition, the typical wrinkled
and slightly wavy surface texture of GO is observed in the 5-cycle coated overlay [148],
attributed to the physical adsorptions between GO layers formed during different coating
cycles. It is worth noting that the observed macroscopic surface texture arises from the
accumulation of the wavy and wrinkled structures of hundreds of individual layers. The
surface of thinner GO overlays, such as in Fig. 4.2-2b, is inherently wavy and wrinkled,

which will be further examined and discussed in the following SEM images.
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Figure 4.2 - 2 Optical microscope images (scale bars = 50 um) of (a) bare optical fibre, (b) 1-cycle GO-coated
fibre (GO suspension concentration of 0.05 mg/mL), (c) 1-cycle GO-coated fibre (GO suspension concentration
of 0.10 mg/mL), (d) 3-cycle GO-coated fibre (GO suspension concentration of 0.70 mg/mL), (e) 5-cycle GO-

coated fibre (GO suspension concentration of 0.10 mg/mL).

The surface morphologies of GO-coated fibre were characterised by SEM (Fig. 4.2-3) to
further investigate the texture of GO overlays with varying thicknesses. Fig. 4.2-3a shows
the SEM image of a cleaned bare optical fibre (e.g., without any coating), revealing a
highly smooth surface. In contrast, a single-cycle GO-coated optical fibre (Fig. 4.2-3b)
shows a success thin GO overlay coated on entire fibre surface with a slight rough texture.
Meanwhile, 5-cycle GO-coated optical fibre (Fig. 4.2-3c) exhibits a rougher surface with
more pronounced wrinkles distributed across the fibre surface, likely due to the

accumulation and enlargement of defects on the basal plane of individual GO nanosheets.
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(a) (b)

Figure 4.2 - 3 SEM images of (a) bare fibre, (b) GO-coated fibre with thin overlay, (c) GO-coated fibre with thick

overlay (scale bar =20 um).

Apart from the characterisation of GO surface texture, the overlay thicknesses were
characterised by AFM. Fig. 4.2-4 shows the thickness analysis of the GO overlay after a
single-cycle deposition. A low concentration GO suspension (0.05 mg/mL) was employed
for the deposition of an extremely thin GO overlay. As shown in Fig. 4.2-4a, there is a
clear step boundary between the bare and GO-coated sections on fibre surface. The
thickness of the GO overlay was measured to be between 10 nm and 15 nm (Fig. 4.2-4b).
Fig. 4.2-4¢ presents the 3D AFM image of the single-cycle GO-coated fibre, where the
curved surface corresponds to the cylindrical geometry of optical fibre. The sample was

further characterised by SEM demonstrating the wrinkled texture of the GO overlay in

contrast to the smooth surface of the bare fibre (Fig. 4.2-4d).
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Figure 4.2 - 4 Single-cycle deposited GO overlay thickness analysis (0.05 mg/mL GO suspension). (a) AFM image
of the GO-fibre with a created step boundary. (b) Height profiles of GO overlay according to the white lines in (a).
(c) 3D view of AFM image. (d) SEM image of the GO-fibre with a created step boundary (scale bar =5 um).
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As comparison, a thicker GO overlay was deposited on the optical fibre by applying
multiple deposition cycles. Based on the step boundary shown in AFM image (Fig. 4.2-
5a), the thickness of GO overlay is ranged from 170 nm to 200 nm (Fig. 4.2-5b). The 3D
AFM image demonstrates a homogenous GO overlay with a heavily wrinkled texture
alone the fibre cylindrical surface (Fig. 4.2-5c), which was further characterised using
SEM to investigate the finer surface details (Fig. 4.2-5d).
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Figure 4.2 - 5 Five-cycle deposited GO overlay thickness analysis (0.10 mg/mL GO suspension, with the fibre
rotated every coating cycle). (a) AFM image of the GO-fibre with a created step boundary. (b) Height profiles of
GO overlay according to the white lines in (a). (c) 3D view of AFM image. (d) SEM image of the GO-fibre with a

created step boundary (scale bar =5 um).

To understand the thickness distribution surround the fibre surface, the GO-coating from
four azimuthal surfaces around the cylindrical surface (top, bottom, and two sides, as
illustrated in Fig. 4.2 — 6) were investigated. As we know, the liquid level gradually
decreased accompanying with water evaporation during the coating process, which could
affect the coating process. In addition, the self-gravity and Brownian motion of GO
nanosheets could influence their physical adhesion at various locations, contributing to
variations in coating thickness. Two coating strategies were implemented. Firstly, a bare
optical fibre was fixed and kept stationary in the mini bath throughout the whole GO

deposition process where a GO concentration of 0.10 mg/mL was used and a 5-cycle
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deposition was applied. Fig. 4.2-6a illustrates the coating setup, where the top, side, and
bottom surfaces of the fibre are defined. Following the deposition process, step
boundaries were created at these surfaces to enable thickness measurements. Fig. 4.2-6
(b-d) shows the top surface of the GO-fibre, where the thickness of the GO overlay is
found to range from 110 nm to 150 nm. Based on the previously mentioned thickness of
the GO overlay (top surface), which ranged from 10 nm to 15 nm when deposited using
a 0.05 mg/mL GO suspension with a single-cycle coating, if we simply assume that
doubling the concentration will double the thickness for each cycle. Therefore, a single-
cycle coating using a 0.10 mg/mL GO suspension is expected to yield a thickness ranging
from 20 nm to 30 nm. Given this, the measured thickness of 110 nm to 150 nm after 5-
cycle coating is reasonable. Moreover, the thickest GO overlay is observed on the side
surface of the GO-fibre, ranging from 275 nm to 290 nm (Fig. 4.2-6 (e-g)). This may be
attributed to the longer contact time with the GO suspension during the deposition process
compared to the top surface. In contrast, Fig. 4.2-6 (h-j) displays the thinnest GO overlay
on the bottom surface of the GO-fibre, measuring between 70 nm and 90 nm. This is
likely due to the need for GO nanosheets to overcome gravitational forces in order to
adhere to the fibre. In addition, experimental observations indicate that the bottom surface
of the optical fibre quickly separates from the GO suspension within the last couple
seconds of deposition, potentially leading to incomplete or reduced GO nanosheets
deposition. In contrast, the top and side surfaces undergo a smoother and slower

separation process, which facilitates a thicker and firm GO coating.
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Figure 4.2 - 6 Thickness analysis of GO overlay at four different azimuthal surfaces around the cylindrical surface
(e.g., top, bottom, and two sides. Errors in (c), (f), and (i) represent the variation in measured thickness arising
from the intrinsic surface roughness of the GO coatings). (a) Schematic illustration of GO deposition in a mini-
bath with indicating different azimuthal of cylindrical geometry (the fibre was kept stationary). (b) AFM image of
the top surface of GO-fibre with a created step boundary. (c) Height profiles of GO overlay along the white lines
in (b). (d) 3D view AFM image of top surface. (e) AFM image of the side surface of GO-fibre with a created step
boundary. (f) Height profiles of GO overlay along the white lines in (e). (g) 3D view AFM image of side surface. (h)
AFM image of the bottom surface of GO-fibre with a created step boundary. (i) Height profiles of GO overlay along

the white lines in (h). (j) 3D view AFM image of bottom surface.

Since a standard single-mode optical fibre exhibits central symmetry in its cross-section,
achieving a uniform coating is desirable for maintaining the integrity of light transmission,
especially for guiding light beams in interferometric applications. To achieve a uniform

GO overlay across four different azimuthal surfaces, a new coating strategy was
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implemented by rotating the fibre by 90 degrees after each coating cycle during the
multiple-cycle deposition process. This approach aimed to achieve coating consistency
across different azimuthal fibre surfaces. As shown in Fig. 4.2-7, after 5-cycle deposition,
the thickest GO overly remains ~242 nm on the side surface, while the thinnest coating
is found on the bottom surface, averaging 170 nm. The top surface has an intermediate
thickness of approximately 218 nm. The results indicate that the GO overlay achieves a
more uniform distribution across different azimuthal of the fibre, highlighting the

importance of the rotation step in obtaining a homogenous GO overlay.
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Figure 4.2 - 7 Thickness analysis of GO overlay at four different azimuthal surfaces around the cylindrical surface
(e.g., top, bottom, and two sides. Errors in (c), (f), and (i) represent the variation in measured thickness arising
from the intrinsic surface roughness of the GO coatings). (a) Schematic illustration of GO deposition in a mini-

bath, indicating different azimuthal of cylindrical geometry (the fibre was rotated 90 ° per coating cycle). (b) AFM
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image of the top surface of GO-fibre with a created step boundary. (c) Height profiles of GO overlay along the
white lines in (b). (d) 3D view AFM image of top surface. (e) AFM image of the side surface of GO-fibre with a
created step boundary. (f) Height profiles of GO overlay along the white lines in (e). (g) 3D view AFM image of side
surface. (h) AFM image of the bottom surface of GO-fibre with a created step boundary. (i) Height profiles of GO

overlay along the white lines in (h). (j) 3D view AFM image of bottom surface.

The chemical composition of the GO overlay was analysed using Raman spectroscopy,
which detects molecular vibrational modes to provide a structural fingerprint for material
identification [149]. A DXR Raman Microscope (Thermo Fisher Scientific Inc., UK) with
a 532 nm excitation laser was used in this investigation. Fig. 4.2-8 presents the Raman
spectra of the GO-coated fibre surface alongside that of a bare fibre for comparison. The
presence of GO on the coated fibre is confirmed by its characteristic D and G peaks
located at 1320 cm™ and 1590 cm™!, respectively, along with a second order 2D peak at
2640 cm™! and a combination band (D + D’) at 2900 cm™'. The D peak corresponds to the
A breathing mode, which is associated with defects on the basal plane of graphene oxide.
These defects, induced by oxygen functional groups, lead to significant alterations in the
structure of the carbon basal plane [150]. The G peak appears in sp? carbon materials and
originates from the first order scattering of the Ey; in-plane vibrational mode. The 2D
peak appears when momentum conservation is maintained by two photons with opposite
wave vectors. It is always present in the spectrum since its activation does not rely on
defects. In contrast, the D + D’ band requires defects for activation, as it arises from the

combination of phonons with different momenta [151].
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Figure 4.2 - 8 Raman spectrum of the GO-coated optical fibre surface.
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4.2.2. TisC2Tx MXene deposition on fibre and characterisation

The Ti3C,Tx nanosheets are rich in oxygen-functional groups located on their basal planes
as well as edges, allowing covalent bonding with the silanised fibre surface. Moreover,
Ti3CoTx suspension has been reported to exhibit negative zeta potential [108], which
facilitates electrostatic adhesion between the negatively charged TizCoTx nanosheets and

the positively charged silanised fibre surface.

The Ti3C,Tx nanosheets were deposited onto optical fibres with the i-LbL deposition
technique. The SEM images in Fig. 4.2-9 illustrate the surface texture of the MXene-
coated optical fibre and the bare fibre. Fig. 4.2-9a displays the SEM image of the entire
MXene-fibre, showing a smooth and homogenous MXene overlay. In contrast, a darker
surface of the bare fibre is observed in Fig. 4.2-9b, suggesting a clean, uncoated surface.
The magnified SEM image of the MXene-fibre surface (Fig. 4.2-9¢) exhibits densely
packed wrinkles with random orientations, whereas the same magnified SEM image of
the bare fibre (Fig. 4.2-9d) shows a clear and smooth surface. This contrast confirms the

successful deposition of MXene nanosheets onto optical fibre, forming a uniform overlay.
(a)
SN |
(c)

Figure 4.2 - 9 SEM images (scale bar =5 um) of (a) MXene-coated optical fibre. (b) Bare fibre. (c) Magnified SEM

image of MXene-fibre surface extracted from (a). (d) Magnified SEM image of bare fibre surface extracted from

(b).

The Ti3CoTx nanosheets were deposited onto optical fibre to form both thin and thick
overlays. The thin MXene overlay was prepared using a 0.10 mg/mL MXene suspension
with a single-cycle coating. Its thickness was characterised by AFM, as shown in Fig. 4.2.

10 (a, b), where the step boundary between the bare and coated fibre was measured,
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revealing a thickness range of 45 to 60 nm. Additionally, the solid and dashed frames
represent the bare fibre surface and the MXene-coated overlay surface, respectively. The
coated region exhibits an increased surface roughness, as indicated by an RMS value of
17.0 nm. In contrast, the bare fibre section has an RMS roughness of only 5.5 nm,
indicating that the MXene coating significantly increases surface texture. The 3D AFM
image (Fig. 4.2-10c) confirms that the overlay is tightly wrapped around the fibre surface.
The corresponding SEM image (Fig. 4.2-10d) further illustrates a homogenous coating,

contrasting with the clean and smooth surface of the bare fibre.
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Figure 4.2 - 10 Single-cycle deposited MXene overlay thickness analysis (0.10 mg/mL MXene suspension). (a)
AFM image of the MXene-fibre with a created step boundary (inset: profile lines for height measurement; regions
for roughness comparation). (b) Height profiles of MXene overlay according to the white lines in (a). (c) 3D view

of AFM image. (d) SEM image of the MXene-fibre with a created step boundary (scale bar =5 um).

The thick MXene overlay, using a 0.10 mg/mL MXene suspension with a 5-cycle coating,
was analysed by AFM to determine its thickness and by EDS to investigate its elemental
composition. The AFM images and corresponding height profiles in Fig. 4.2-11 (a-c)
show that the thickness of the thick MXene overlay ranges from 260 nm to 310 nm, which
is approximately five to six times that of above-mentioned thin overlay. This result
demonstrates the stability and reliability of the coating technique. Furthermore, the SEM
image of thicker MXene-fibre surface displays larger and more remarkable randomly

distributed wrinkles compared to the thin MXene-fibre (Fig. 4.2-11d).
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To investigate the chemical composition of the MXene overlay, EDS line scanning was
performed. A region covering the step boundary was selected for elemental analysis (Fig.
4.2-11e). Fig. 4.2-11f shows the EDS line spectra, illustrating the elemental distribution
along the scanned yellow line in Fig. 4.2-11e. A sharp decrease in Si and O signals,
dropping by approximately 1500 cps and 1300 cps, respectively, is observed at the step
boundary. These elements, which are the primary components of the optical fibre,
experience this reduction due to the ~300 nm thick TizC>Tx MXene overlay covering the
underlying fibre. In contrast, Ti and C signals increase by approximately 500 cps and 300
cps, respectively, at the step boundary, providing elemental evidence of successful
MXene deposition. Fig. 4.2-11g reveals the atomic concentrations of Ti and C are 23.0%
and 14.8%, respectively, aligning with the theoretical ratio of 3:2 in Ti3CoTx MXene.
Additionally, slight concentrations of F (3.1%) and CI (1.1%) are observed, originating

from functional groups (e.g., -F, -Cl) on the basal planes and edges of MXene nanosheets.
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Figure 4.2 - 11 Five-cycle deposited MXene overlay thickness and elemental composition analysis (0.10 mg/mL
MXene suspension, with the fibre rotated 90° per coating cycle). (a) AFM image of the MXene-fibre with a created

step boundary. (b) Height profiles of MXene overlay according to the white lines in (a). (c) 3D view of AFM image.
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(d) SEM image of the MXene-fibre with a created step boundary (scale bar =2 um). (e) SEM image of the MXene-
fibre extracted from (d) with EDS line scanning. (scale bar =2 um). (f) EDS line spectra representing the elemental

distribution along the yellow line in (e). (g) EDS line sum spectrum along the scanned line.

Furthermore, the cross-section of thick MXene-coated fibre was used to characterise the
coating quality and thickness. Fig. 4.2-12a provides the SEM image of the MXene-fibre
cross-section, where the optical fibre is centrally located and wrapped with MXene
nanosheets, forming a uniform overlay around its surface. Since this inspection is
conducted at the microscale, the nanoscale MXene overlay can hardly be observed. To
address this, two regions (marked with solid and dotted frames) were selected for further
analysis at higher magnification, as shown in Fig. 4.2-12b and Fig. 4.2-12c. In Fig. 4.2-
12b, the MXene overlay was observed to fold from the side surface toward the top surface
of the optical fibre, with its edge slightly curling and partially peeling, demonstrating a
layered structure. Additionally, multiple layers of MXene are deposited on the fibre
surface, forming an overlay with thickness of ~ 320 nm (Fig. 4.2-12c), which is consistent
with the thickness measurements obtained via AFM. Furthermore, EDS elemental
mapping was conducted to analyse the element distribution across the edge of the MXene-
fibre cross-section (Fig. 4.2-12d). Si and O are found well-dispersed on the top surface of
the optical fibre region, consistent with its SiO> composition. In contrast, Ti and C are
concentrated along the coating overlay, exhibiting the successful deposition of TizCoTx
MXene. Additionally, a slight presence of Cl is observed within the coating layer,

attributed to the surface termination groups of TizC2Tx (represented as “Tx’).

Figure 4.2 - 12 SEM images of the MXene-fibre cross-section with corresponding EDS mapping. (a) SEM image

of the MXene-coated optical fibre cross-section (inset: regions of MXene-fibre edges, scale bar=10 um). (b) The
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closeup SEM image extracted from the solid white frame in (a) (scale bar =500 nm). (c) The closeup SEM image
extracted from the dotted white frame in (a), displaying the MXene overlay thickness of ~320 nm (scale bar =500
nm). (d) SEM image of the MXene-fibre edge with corresponding elemental mapping of Si, O, Ti, C, and Clin the
TisC2Tx MXene overlay (scale bar =500 nm).

4.2.3. BiTiS3 nanosheets deposition on fibre and characterisation

The i-LbL deposition technique was developed to deposit BiTiS3 nanosheets onto optical
fibres. The BiTiS3 nanosheet suspension was synthesised via the sonication-assisted
liquid exfoliation (see Chapter 3) to get the concentrations of 80 pg/mL and 40 pg/mL,
which were used for the deposition on fibres. Fig. 4.2-13 presents optical microscope
images of BiTiS3-coated fibres, single coating cycle but with varying concentrations. The
dark and uniform coating overlays are observed on BiTiS3-fibres with both suspension
concentrations, in contrast to the transparent surface texture of the bare fibre. The fibre
coated with 40 pg/mL BiTiS3 suspension exhibits a smoother and finer surface
morphologies than that of 80 pg/mL sample. Therefore, the concentration of 40 pg/mL
BiTiS; was chosen for the subsequent multiple-cycle coating process for further

applications.

(@)

80 pg/mL

>

Bare fibre

Figure 4.2 - 13 (a) Optical microscope images of BiTiSs-coated optical fibre prepared with different suspension

concentrations and bare fibre (scale bar =200 um). (b) The corresponding 3D optical images.

Further investigation of the surface morphologies of BiTiS;-fibres was carried out using
SEM. Fig. 4.2-14a reveals a rougher surface texture of the BiTiS;-fibre after 5 coating
cycles, in contrast to the clean and smooth surface of the bare fibre shown in Fig. 4.2-14b.
Additionally, a magnified SEM image (specify the magnification) of the BiTiS3-fibre is
shown in Fig. 4.2-14c, where BiTiS3; nanosheets/nanoflakes are observed aggregate on

the fibres surface, rather than GO and MXene nanosheets, which wrap around the fibre
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surface exhibiting a silk-like behaviour. Fig. 4.2-14d displays the magnified SEM image

of the bare fibre, showing a smooth and clean surface.

20 um 20 um

EHT= SO0KV  Signal A=SE2  Mag= 300X  WD= 7.6 mm

(c) (d)

EHT= 500KV Signal A=SE2  Mag= 300X  WD= 7.6 mn

2 2
= EHT= 500KV Signal A=SE2  Mag= 30.00KX WD= 7.6mm [as — EHT= 5.00kV  Signal A=SE2 ~ Mag= SO0OKX WD= .Gmm s

Figure 4.2 - 14 SEM images of (a) BiTiSs-coated optical fibre prepared using a 40 ug/mL BiTiSs suspension with 5
coating cycles (magnification: 300x). (b) The bare fibre. (c) The maghnified (30,000x) SEM image extracted from
(a). (d) The magnified SEM image extracted from (b).

The BiTiSs3-fibre was subsequently characterised with EDS for evaluating its chemical
composition and elemental distribution. Fig. 4.2-15a presents the SEM image of the entire
BiTiS;-coated fibre along with the corresponding EDS elemental mapping. As the main
components of the optical fibre, Si and O are found distributed throughout the entire fibre.
Additionally, the uniform dispersion of Bi, Ti, and S across the fibre surface confirms the
successful and consistent deposition of BiTiS; coating. Fig. 4.2-15b reveals the atomic
concentrations of Bi, Ti and S are 0.50% and 0.54%, and 1.61%, respectively, aligning
with the theoretical ratio of 1:1:3 in BiTiSs.
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Figure 4.2 - 15 (a) SEM image of the BiTiSs-coated optical fibre with corresponding elemental mapping of Si, O,
Bi, Ti, and S in the BiTiSs overlay (scale bar = 50 um). (b) EDS map sum spectrum along with the atomic

concentrations.

Furthermore, the BiTiS; nanosheets were deposited onto 45° tilted fibre gratings (TFQG)
to evaluate its photothermal response as a solid overlay. BiTiS3 is of particular interest
due to its strong optical absorption and favourable photothermal response in the NIR-II
window, making it a promising photothermal agent for biomedical applications.
Evaluating its photothermal response at this stage provides a basis for its subsequent
integration with tilted fibre gratings and photothermal therapeutic studies. As the
experimental setup illustrated in Fig. 4.2-16a, the emitted light from a 1064 nm laser
source was firstly focused by a collimator to ensure a parallel beam, then launched into a
fibre polariser, a polarisation controller (PC) was then used to adjust different polarisation
states before directing the light into the BiTiS3 coated 45°-TFG. This polarisation control
is necessary to maximise the out-coupling efficiency of the 45°-TFG and enhance the

interaction between the guided light and the BiTiS; coating.
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The 45°-TFG is designed to couple the s-polarised component of light out of the fibre
core, while allowing the p-polarised component to propagate through the fibre. Acting as
a photothermal agent, the BiTiS3; nanosheets (coated on 45°-TFG) absorbed the energy
from the s-polarised component and converted it into heat, enabling potential applications
such as directionally controlled photothermal therapy. To maximise the interaction
between the BiTiS; overlay and the output light, the PC was adjusted to achieve a
polarisation state with highest s-component intensity. Additionally, a thermocouple was
placed onto the BiTiS3-TFG for monitoring the temperature variations. Fig. 4.2-16b and
Fig. 4.2-16¢ demonstrate the temperature variations of BiTiS3-TFG and bare TFG under
different laser intensities, respectively. To assess their photothermal response, the laser
was switched on for 120 s, followed by an off period for 120 s. For the BiTiS3-TFG, the
temperature rises sharply within the first 10 s, then continues to increase at a slower rate
between 10 and 60 s, eventually reaching saturation between 60 and 120 s. Once the laser
is switched off, the BiTiS3-TFG cools down rapidly during the first 40 s, followed by a
more gradual cooling process from 40 to 120 s, ultimately dropping down to the initial
temperature before heating. For the bare TFG, the temperature increases rapidly within
the first 5 seconds and reaches a saturation state after 10 seconds, remaining steady until
the laser is turned off. Upon switching off the laser, the temperature decreases quickly for

the first 20 seconds, then gradually returns to its initial value after 60 seconds.

As shown in Fig. 4.2-16d, the temperature of BiTiS;-TFG increases by 69.3°C under laser
irradiation at an intensity of 416 mW. In contrast, the temperature of bare TFG rises by
only 4.3 °C under the same condition. The BiTiS;-TFG exhibits a faster heating response
and significantly higher temperature variations, which can be attributed to the light
absorption and conversion by the BiTiS3 nanosheets. Moreover, the photothermal
performance of the BiTiS3-TFG remains stable, showing no deterioration after five
heating-cooling cycles (Fig. 4.2-16¢). Fig. 4.2-16f shows infrared thermographic images
of BiTiS3-TFG under different laser intensities. As the laser intensity increases, the
grating section gradually changes from blue to green, then to orange, and finally to dark
red, indicating a progressive rise in temperature. Although the laterally emitted optical
power is expected to decay along the grating, the temperature profile does not necessarily
follow the same trend because thermal diffusion along the fibre and heat dissipation to
the surroundings smooth the local temperature distribution. The non-uniform thermal
pattern in Fig. 4.2-16 (f) may also arise from local variations in BiTiS; coating
thickness/coverage and from non-ideal polarisation optimisation over the 50 mm grating

length.
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Figure 4.2 - 16 The photothermal response of BiTiSs-coated tilted fibre gratings (TFG). (a) Schematic illustration
of the experimental setup (The temperature was measured using a thermocouple placed in direct contact with
the target region of the coated fibre). (b) Photothermal heating curves of the BiTiS3-coated TFG under 1064 nm
laser irradiation at different power levels. (c) Photothermal heating curves of the bare TFG under the same
irradiation conditions. (d) Comparison of the photothermal response between the coated and bare TFGs (laser
power: 416 mW). (e) Temperature variation of the coated TFG over five laser on/off cycles at an irradiation power

of 238 mW. (f) Infrared thermographic images of the coated TFG under varying irradiation powers.
4.2.4. a-MoO3/GO heterostructure deposition and characterisation

Based on previous optimised deposition parameters, the ultrathin a-MoO3/GO
heterostructure overlays were successfully deposited onto optical fibres with the
developed i-LbL approach. Firstly, one-cycle coating of a-MoOs3 suspension (see Chapter
3) was conducted. The formed nanolayer was attributed to the anchoring effect between
a-MoOs3 and the amino-functionalised fibre surface, where the long-pair electrons of N
atom in -NH> coordinated with the empty orbitals of Mo [152]. Subsequently, a second
coating was performed using the supernatant of a 0.05 mg/mL GO suspension
centrifugated at 3000 rpm for 30 minutes, to form the a-MoO3/GO heterostructure overlay

surround the optical fibre.
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Fig. 4.2-17a and Fig. 4.2-17b present the SEM images of the a-MoOs-coated fibre and a-
MoO3/GO heterostructure-coated fibre, respectively. The former exhibits high uniformity
with a slightly rough surface texture (Fig. 4.2-17a) while the latter shows wrinkles texture
(Fig. 4.2-17b). As the detailed surface texture of the a-MoOs3/GO heterostructure overlay
presented in Fig. 4.2-17c¢, the labyrinthine-striped a-MoOj3 thin film is observed coved by

the silk-like ultrathin GO layer.

Figure 4.2-17 SEM images. (a) a-MoQOs-coated optical fibre (scale bar= 10 um). (b) a-MoOs/GO heterostructure-
coated optical fibre (scale bar= 10 um). (c) the magnified region extracted from (b) to exhibit surface morphology

(scale bar=1pum).

For a better understanding of the 2D heterostructure-coated texture, a thin a-MoOs3
overlay was deposited on the fibre surface with a single-cycle coating process and was

analysed by AFM and EDS (Fig. 4.2-18).

The AFM images and corresponding height profiles in Fig. 4.2-18 (a-b) reveal that the a-
MoOs; overlay has an average thickness of 15.6 nm, equivalent to 11 atomic layers of a-
MoOs. The 3D AFM image (Fig. 4.2-18c) further confirms the formation of a continuous
thin film. Additionally, Fig. 4.2-18d presents the SEM image along with the EDS
elemental mapping of the same sample with step boundary. Si and O, consistent with the
SiO2 composition of glass fibre, are well-dispersed on the fibre surface, whereas Mo is
only observed in the deposition region. Fig. 4.2-18f displays the EDS line spectra,
illustrating the elemental distribution of Mo along the scanned line shown in Fig. 4.2-18e.
A step increase in the Mo signal, rising by approximately 40 cps, is observed in the a-
MoOs deposited region. The atomic concentration of Mo along the scanned line is found
to be 8.6%, whereas Si and O maintain high concentrations of 31.9% and 59.5%,

respectively, corresponding to the typical 1:2 ratio of SiO», the primary component of the

99



glass fibre. The relatively low Mo concentration is attributed to the ultrathin nature of the

a-MoOs film, hence with limited detectable signal in EDS line scanning.
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Figure 4.2 - 18 The thickness and elemental composition analysis of a-MoOs overlay. (a) AFM image with a

created step boundary (inset: profile lines for height measurement). (b) Height profiles according to the white
lines in (a). (c) 3D view of AFM image. (d) SEM image of the a-MoOs-coated optical fibre with corresponding
elemental mapping of Mo, Si, and O in the coating overlay (scale bar =2 um). (e) SEM image of the coated fibre
extracted from (d) with EDS line scanning. (f) EDS line spectra representing the elemental distribution along the

yellow line in (e). (g) EDS line sum spectrum along the scanned line.

The thickness of a-MoOs3/GO heterostructure overlay was then evaluated. As AFM image
shown in Fig. 4.2-19a, a GO-on-a-MoOs3 heterostructure overlay is firmly wrapped the
fibre cylindrical surface. Height measurements were conducted along three individual
lines in Fig. 4.2-19a, giving an average thickness of 24.7 nm (Fig. 4.2-19b). This indicates
that the heterostructure overlay consists of a ~16 nm 0-MoOs3 thin film integrated with a
~9 nm GO thin film on top. The 3D AFM image of heterostructure overlay (Fig. 4.2-19¢)
further reveals the labyrinthine stripes of a-MoQO3, which are covered by the GO with

characteristic wrinkled surface texture.
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Figure 4.2 - 19 The thickness analysis of a-MoO3/GO heterostructure overlay. (a) AFM image with a created step
boundary (inset: profile lines for height measurement). (b) Height profiles according to the white lines in (a). (c)

3D view of AFM image.

Furthermore, Raman spectroscopy was performed on (1) a-MoOs-coated fibre, (2) GO-
coated fibre, and (3) a-MoO3/GO heterostructure-coated fibre (Fig. 4.2-20). In the
spectrum of a-MoQOs-coated fibre (blue line), three prominent peaks at 666, 820, and 996
cm’! correspond to the stretching vibration modes of the Mo-O3 ', Mo-02', and Mo-O1
bonds, respectively [153]. In the spectrum of GO-coated fibre (dark line), four
characteristic peaks of D, G, 2D, and D+D' are observed at 1324, 1595, 2640, and 2900
cm’!, respectively (see further details in Fig. 4.2-8). Apparently, the Raman spectrum of
a-MoO3/GO heterostructure-coated fibre (red line) presents characteristic peaks that
appear in both a-MoOs-coated fibre and GO-coated fibre, confirming the successful

deposition of the 2D heterostructures onto fibres.
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Figure 4.2 - 20 Raman spectra of the optical fibre that coated with a-MoOs overlay, GO overlay, and a-MoO3/GO

heterostructure overlay.
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4.3. PMMA-assisted wet transfer method

The PMMA -assisted transfer and deposition process described in this section was carried
out by the author. This method was selected for FET chip fabrication because it enables
controlled placement of 2D nanomaterials onto pre-patterned device substrates, allowing
effective functionalisation of the transistor channel while preserving channel integrity and
minimising contamination or mechanical damage. The single layer graphene (SLG) was
deposited onto a FET chip with using the PMMA -assisted wet transfer method. Figure
4.3-1a illustrates the transfer process of SLG onto a FET chip. In brief, a SLG on Cu film
was firstly cropped into 5 x 5 mm pieces and immersed into 0.1 mg/mL (NH4)2S20s
solution for 4h to etch away Cu (Fig. 4.3-1b), then the graphene pieces with PMMA were
transferred into DI water (Fig. 4.3-1¢) and followed by transferring onto SiO» substrate
to cover drain/source electrodes and FET channel (Fig. 4.3-1d). Subsequently, the
graphene-FET was stabilised by placing it in an oven at 80°C for 30 min (Fig. 4.3-1e),

the PMMA was removed with acetone, followed by washing with ethanol and DI water,

and drying thoroughly.
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Figure 4.3 - 1 (a) Schematic illustration of the SLG transfer process on an FET [6]. (b) SLG on Cu film prior to the
etching process. (c) PMMA-supported SLG after etching process. (d) The transfer process. (e) FET chips coated
with a piece of SLG.

The SLG-FET after the transfer process was characterised with optical microscopy. Fig.

4.3-2a displays a digital photo of the SLG-deposited FET, demonstrating a tight contact
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between the SLG and the FET substrate. The optical microscope image in Fig. 4.3-2b

reveals a clear contrast between the graphene and the SiO» substrate.

Graphene

Figure 4.3 - 2 (a) Digital photo of an FET deposited with SLG. (b) The microscope image of SLG-deposited FET,

extracted from the white dashed frame in (a) (scale bar =200 um).

4.4. Spin coating approach

The spin coating approach was developed for further deposition upon the SLG-FET. In
brief, CsPblz perovskite quantum dots (PQDs) with concentration of 2.5 pg/mL were
spin-coated (800 rpm, 10 s) onto a graphene layer and crystalised by soft annealing at

80 °C for 30 min under N; environment.

The surface morphologies of the spin-coated CsPbls PQDs were characterised by SEM
and AFM. SEM image (Fig. 4.4-1a) reveals a granular surface texture [154]. Which AFM
image (Fig. 4.4-1b) displays an increased surface roughness with a RMS roughness of 4.8
nm. The thickness of PQDs/SLG heterostructure layer was measured by the height profile
of boundary, showing a thickness of 18.2 nm (Fig. 4.4-1c¢).

(a) (b) (c)
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Length (um)
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Figure 4.4 - 1 (a) SEM image of CsPblz PQDs film spin-coated upon SLG (scale bar: 500 nm). (b) AFM images of

PQDs thin film surface. (c) AFM image of perovskite-on-graphene heterostructure with height profile (inset) [6].
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Additionally, the X-ray photoelectron spectroscopy (XPS) measurements were used to
analyse the elements of CsPblz PQDs (Fig. 4.4-2). The XPS spectra of CsPbls exhibits (i)
two characteristic peaks at 724.4 and 738.4 eV which corresponded to the elements of Cs
3ds and Cd 3d3p, respectively (Fig. 4.4-2a); (ii) two characteristic peaks at 619.1 and
630.6 eV that corresponded to the elements of I 3ds» and I 3ds/, respectively (Fig. 4.4-
2b); and (iii) two typical characteristic peaks at 138.6 and 143.4 eV that corresponded the
elements of Pb 4f7, and Pb 4fsp, respectively (Fig. 4.4-2¢) [155].
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Figure 4.4 - 2 High-resolution XPS spectra of CsPbls perovskite/graphene heterostructure for (a) Cs, (b) I, and (c)
Pb elements [6].

4.5. Drop casting method

The drop casting method was used to deposit gold nanoparticles (AuNPs) onto a
transparent glass substrate, forming an AuNP-functionalised nano-photonic filter (Fig.
4.5-1a). The AuNP-functionalised nano-photonic filter fabricated in this section is
designed as a vertical bio—nano—photonic interface for subsequent FET-based sensing
applications. By modulating the transmission of incident light through LSPR effects, the
filter enables controlled optical delivery to the underlying FET channel, as demonstrated
and utilised in Chapter 5.3. A thin SiO; substrate was rinsed with acetone, isopropanol,
and DI water, then the surface was treated by O> plasma for 2 min at power of 150 W.
Afterwards, the substrate was incubated in a 10% APTES solution for 2 h. AuNPs were
drop-casted on the up-surface of substate to incubate the substrate up-surface for
overnight. In this work, two AuNPs concentrations of 50 pg/mL and 5 pg/mL were used

to fabricate the high-density and low-density AuNP filter, respectively.

The surface morphologies of the drop-coated AuNPs filters were characterised by AFM
and SEM. The height, distribution, and density of AuNPs were analysed for both high-
density (Fig. 4.5-1b-d) and low-density (Fig. 4.5-1e-g) filters, respectively. The high-
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density AuNPs filter (Fig. 4.5-1b) shows a uniform distribution of AuNPs. By reviewing
a typical profile line across the filter surface (Fig. 4.5-1c), there were 8 AuNPs distributed
with an average spacing of 280 + 5 nm and a height of 50 £ 10 nm. In contrast, the low-
density filter (Fig. 4.5-1¢) exhibits an irregular distribution of AuNPs across the surface,
with particle heights ranging from 50 to 60 nm. Additionally, as SEM images shown, the
high-density filter (Fig. 4.5-1d) demonstrates high-uniformity distribution of AuNPs upon
SiO> layer with a high-density of ~50.6 particles pm™ while the counterpart (Fig. 4.5-1g)

shows less uniformity feature with a low-density of ~ 20.8 particles pm™.
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Figure 4.5 - 1 (a) schematic illustration of AuNP filter. (b) AFM image of the high-density AuNPs filter. (c) AuNPs
height profile according to the white line in (b). (d) SEM image of the high-density AuNPs filter. (e) AFM image of
the low-density AuNPs filter. (f) AuNPs height profiles according to the white lines in (e). (g) SEM image of the
low-density AuNPs filter [6].
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4.6. Chapter summary

In this chapter, several typical deposition techniques have been developed to deposit 2D
nanomaterials onto optoelectronic device. Specifically, the i-LbL deposition technique is
performed for depositing GO, MXene, BiTiS3, and a-MoO3/GO heterostructure onto
optical fibres. A thinner GO coating has been achieved for a consistent and uniform
overlay with a thickness of ~10 nm. With multiple coating cycles and rotating technique,
the thicker and homogeneous overlays can be achieved. EDS analysis is important to
confirm the deposition components of the 2D materials, such as MXene, BiTiSs, etc. A
2D heterostructure overlay (0-MoO3/GO) has been successfully deposited, with the
advantage in enhancing light-matter interactions with optical fibre devices (see Chapter
6). Furthermore, the wet transfer technique, spin coating approach and drop casting
method were employed to transfer the SLG, deposit CsPblz quantum dots (QDs) and Au
nanoparticles (AuNPs), respectively. The selection of deposition techniques in this
chapter is guided by the intrinsic properties of the 2D materials and the functional
requirements of the target optical or optoelectronic devices. In general, solution-based
methods such as i-LbL deposition, wet transfer, spin coating, and drop casting are
preferred for layered or dispersible nanomaterials, as they enable conformal coating,
thickness control, and compatibility with fibre and planar device geometries. For optical
fibre platforms, techniques that promote uniform surface coverage and strong interfacial
adhesion are prioritised, whereas for chip-based devices, deposition approaches that
preserve device integrity and enable localised material placement are selected. These
considerations ensure that each deposition strategy is appropriately matched to both the
material characteristics and the intended device functionality, forming a foundation for

the sensing and optoelectronic applications explored in subsequent chapters.
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Chapter 5 Label-free biosensors

5.1. GO-LPG based biosensor for detection of cancer cells

Cancer cells exhibit distinct metabolic characteristics compared to normal cells, notably
the Warburg effect, where glycolysis remains the predominant energy production pathway
even in the presence of oxygen [156]. These metabolic profiles not only offer early
indicators of malignancy but also provide insight into tumour biology, enabling the
development of personalized therapeutic strategies and facilitating treatment
monitoring [157,158]. It is well known that cells consume nutrients and release
metabolites into their culture medium during incubation. Cell metabolites are small
molecules involved in or produced by metabolic processes, such as amino acids, sugars,
lipids, and energy-related compounds. Changes in these metabolites can reflect the
physiological state of cancer cells. Their concentrations in culture media change with
cellular activity and quantity, making them attractive targets for non-invasive cancer
diagnostics [159,160]. Dulbecco's Modified Eagle's Medium (DMEM), widely used in
cell culture, mimics the in vivo environment by supplying essential nutrients for cellular
proliferation. As cell number increases, metabolic activity alters the chemical
composition of the media. Conventionally, cell counting is performed manually using a
haemocytometer prior to incubation. However, a label-free sensing strategy that detects
cumulative changes in secreted metabolites offers a more practical, indirect approach for
monitoring cell quantity and viability over time. While advanced techniques such as mass
spectrometry and nuclear magnetic resonance spectroscopy have been employed to
profile these metabolites, they often involve complex sample preparations, lengthy
analysis times, and high operational costs [161]. To address these limitations, optical
biosensors have emerged as promising platforms for rapid, cost-effective, and label-free

detection of metabolic variations in live cancer cell cultures [162—164].

Graphene oxide (GO), a derivative of graphene, has drawn great attention due to its large
n-conjugated planar structure and abundance of oxygen, epoxy and hydroxyl groups on
the basal plane and carboxyl groups at the edges [31,38,47,165,166]. These features
endow GO with excellent aqueous dispersibility, biocompatibility, and surface
modifiability, making it suitable for biomedical applications. Over the past decade, GO

has been explored in various applications, including drug delivery [167,168],
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photothermal therapy [169,170], and the detection of glucose [171], hemoglobin [16],
cancer cell [172], microRNA [173], and antibodies [1]. Optical fibre technologies,
particularly long-period fibre gratings (LPGs), are widely used in biochemical sensing

due to their high sensitivity to surrounding refractive index (SRI) changes [174].

Functionalisation of LPGs with GO overlays has further enhanced the sensing
performance. This enhancement is attributed to the increased light-matter interaction
introduced by the GO overlay. The high RI and ultrathin nature of GO strengthen
evanescent field interaction with the surrounding medium, thereby improving the sensor’s
sensitivity to RI variations. Depending on the application, GO coatings have varied from
several micrometers [175] to hundreds of nanometers for humidity or hemoglobin
sensing [16,176], to thinner coatings (~ 50 nm) for gas or immunosensing [1,177]. The
optical properties of GO are critical to the next-generation nano-photonic devices [178].
However, very limited studies have investigated the effect of GO thickness on optical
performance, mainly due to the lack of efficient methods for precisely determining and

controlling nanocoating thickness [165].

Accurate and label-free quantification of cancer cells remains a key challenge for early-
stage diagnostics and tumor monitoring. Although hemocytometry is commonly used for
cell counting, it is limited by manual operation and sample preparation requirements. To
address this challenge and demonstrate a viable approach for cancer cell quantification, a
GO-functionalized LPG biosensor was developed as a label-free sensing platform for the

quantification of MCF-7 human breast cancer cells.

5.1.1. Materials and device fabrication

The following materials were used to assist the functionalisation of the biosensor: The
graphene oxide (GO) nanocolloids, (3-Aminopropyl)triethoxysilane (APTES), sodium
hydroxide (NaOH), acetone, ethanol, methanol,

The MCF-7 (ATCC) human breast cancer cells were cultured with Dulbecco's Modified
Eagle Medium (DMEM) and Fetal bovine serum (FBS). The CellTrackerTM Green was

used for the fluorescent characterisation of cancer cells.

The LPG, with a period of 400 um and a length of 15 mm, was fabricated in a hydrogen-

loaded single-mode fibre using a continuous-wave and frequency-doubled Argon laser at
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a wavelength of 244 nm and a point-by-point technique. The grating was subsequently

annealed at 85°C for 48 h to remove residual hydrogen and stabilise its optical properties.

The GO nanosheets were subsequently coated onto the LPG using the developed
improved layer-by-layer (i-LbL) deposition technique, as detailed in Section 4.2. The

concentration of GO used in this process was 0.1 mg/mL.
5.1.2. Cell media preparation and cell staining

MCF-7 human breast cancer cells (Fig. 5.1-1a) were seeded into a 6-well plate (Fig. 5.1-
1b) at the following cell numbers counted with a traditional hemocytometer: 1) O (control,
DMEM medium only), 2) 1000, 3) 10,000, 4) 100,000, and 5) 500,000 cells per well,
each in 5 mL of complete DMEM medium supplemented with 5% FBS. The plate was
incubated for 72 h under standard growth conditions (37°C, 5% CO2). After the 72-h
incubation, the cell culture media were carefully collected into sterile Eppendorf tubes
(Fig. 5.1-1c), with the corresponding concentrations of 0, 2x102, 2x10°, 2x10% and 1x10°

cells/mL.

Figure 5.1 - 1 (a) Bright-field image of viable MCF-7 cancer cells. (b) Schematic of MCF-7 cell culture setup in a

6-well plate. (c) Collection of conditioned culture media.

To confirm the cells’ density, the fluorescent imaging approach was applied. After the
collection of culture media, the viable cells were incubated in CellTrackerTM Green at
0.1 nM final concentration for 15 min then imaged with a Leica DMI8 microscope with
a 10x objective lens. The fluorescent images (Fig. 5.1-2a) presented the MCF-7 cancer
cells at various seeding densities. An increase in fluorescent intensity was observed with
increasing cell number, indicating good viability and effective staining of the cultured
cells. MCF-7 cells were also stained with crystal violet solution for 10 min. The bright-
field images of MCF-7 cells (Fig. 5.1-2b) further confirmed the differences in cell density

across the wells.
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Figure 5.1 - 2 (a) Fluorescent images of MCF-7 cells labelled with Cell Tracker Green at initial seeding densities
of 1) 1000, 2) 10,000, 3) 100,000, and 4) 500,000 cells per well. (b) The Bright-field images of MCF-7 cells stained

with crystal violet, highlighting differences in cell density across wells.
5.1.3. Optical interrogation system

The GO-functionalised LPG biosensor operates based on RI modulation induced by
changes in the surrounding medium, where variations in effective refractive index lead to
shifts in the resonance wavelength, as described by the phase-matching condition
introduced in Chapter 2. The GO overlay enhances evanescent field interaction with the
external environment, thereby improving sensitivity to biochemical variations. To
characterise the optical response of the GO-LPG device and evaluate its biosensing
performance, an interrogation system was employed. As shown in Fig. 5.1-3, a
superluminescent diode (SLD, SSFC1550S-A2, Thorlabs Ltd.) served as the light source
to launch light into fibre, while the transmission spectra were monitored using an optical
spectrum analyser (OSA, MS9740B, Anritsu Ltd.). To eliminate the cross-effects induced
by bending and temperature, GO-LPG was placed in a custom-built container and kept
straight while the external solution was applied. All measurements were conducted in a

temperature-controlled room maintained at 21.0 = 0.1 °C.

Figure 5.1 - 3 Schematic illustration of the optical measurement setup.
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5.1.4. Effects of GO thicknesses on optical properties

The transmission spectra of the LPG attenuation band at 1538 nm were recorded before

and after GO deposition (Fig. 5.1-4a, all measured in water). The thin 2GO-LPG (with 55

nm GO-overlay) resulted in a 3.5 dB increase in peak intensity with a slight red-shift of

0.4 nm, while the 4GO-LPG (with 125 nm GO-overlay) led to a 6.3 dB increase in

intensity along with a slight red-shift of 0.7 nm. These results indicate that the GO overlay

enhances evanescent field interaction with the surrounding medium, resulting in a

progressively intensity-dominant spectral response as the coating thickness increases.
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The optical properties of GO-LPGs with different GO-overlay thicknesses were
investigated under varying SRI (Fig. 5.1-4). The transmission spectra were monitored
across a range of SRIs using the index-matching gels with RI from 1.330 to 1.460. For
the bare-LPG (Fig. 5.1-4b), when the SRI increased from 1.330 to 1.450, the resonance
showed a blue-shift of 6.01 nm while the peak intensity presented a negligible change
(Table 5.1-1). This behaviour was consistent with that of the conventional LPGs [21,174].
For the thin coated 2GO-LPG (Fig. 5.1-4c¢), two distinct trends were observed in the
attenuation band: (1) a blue-shift of 0.75 nm was detected along with a 9.03 dB increase
in intensity when the SRI increased from 1.330 to 1.440; (2) the resonance exhibited a
red-shift of 3.68 nm and a 5.91 dB decrease in intensity while the SRI increased from
1.440 to 1.460. As a contrast, the thick coated 4GO-LPG (Fig. 5.1-4d) showed a different
behaviour: (1) an opposite red-shift of 1.43 nm to longer wavelength side accompanied
by a 5.18 dB increase in intensity as the SRI increased from 1.330 to 1.435; (2) a further
red-shift of 1.80 nm and a 6.37 dB decrease in intensity when the SRI reached to 1.455.

Table 5.1- 1 Wavelength shift and intensity change under different SRIs (All wavelength shifts and intensity

changes are referenced to the sensor response measured in DI water).

Sensor SRI<TRI SRI>TRI
Bare-LPG - 6.01 nm +7.24 nm

Wavelength shift
2GO-LPG - 0.75 nm +3.68 nm

(nm)

4GO-LPG + 1.43 nm +1.80 nm
Bare-LPG - 021dB - 0.02dB

Intensity change
@B) 2GO-LPG +9.03 dB -591dB
4GO-LPG +5.18dB -6.37dB

As shown in Fig. 5.1-4e and 4f, there are three different transition refractive index (TRI)
points of 1.450, 1.440, and 1.435 for bare LPG, 2GO-LPG, and 4GO-LPG, respectively.
The TRI moved to a lower refractive index value as the GO thickness increased, which

was consistent with previous findings [179,180].

It was reported that the real part of GO’s complex refractive index ranged from 1.7 to 1.8,
while the imaginary part lied between 0.3 and 0.4 in the 1550 nm wavelength region [180].
The presence of high refractive index (HRI) of GO coating could induce a transition from
cladding-guided modes to overlay-guided modes. This transition could alter the effective
refractive indices of cladding modes and consequently enhance the light-matter
interaction between the optical device and the evanescent field [179,181]. In addition,

since GO presented a complex refractive index, the cladding modes were more influenced
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when the interaction was maximum at the light-matter interface at different GO

thicknesses.

When the SRI was less than TRI, only a slight blue-shift was observed for the thin-coated
2GO-LPG. This behaviour could be attributed to the SRI increasing that facilitated the
cladding mode transverse field profile to be stretched towards the HRI overlay, resulting
in a reduction of the overlap integral between core and cladding modes [179,182]. In
contrast, the thick-coated 4GO-LPG exhibited an immediate red-shift to an increasing of
SRI, indicating that the presence of thicker HRI overlay induced the strong changes in
the cladding mode distribution, where the mode transition occurred from cladding-guided
to overlay-guided modes. The transition significantly enhanced the interaction between

the evanescent wave and the surrounding medium.

In the region where the SRI was lower than the TRI, the coupling coefficient increased as
the SRI rose, which led to an increase in the resonance intensity of GO-coated LPGs. This
behaviour was consistent with the theoretical analysis [16]. Due to the complex refractive
index of GO and the ongoing mode transition, both the coupling and extinction
coefficients could be influenced. As the SRI approached the TRI, the GO-LPGs exhibited
higher sensitivities of 283.95 and 102.47 dB/RIU for the thin- and thick-coated LPGs,
respectively (Table 5.1-2). In the region where the SRI exceeded the TRI, the overlay-
guided modes became dominant, and the coupling coefficient changed dramatically, with
the light-matter interaction reaching its maximum at the interface. This resulted in the
maximum RI sensitivities of -295.65 and -318.55 dB/RIU for the thin- and thick-coated
LPGs, respectively.

Table 5.1- 2 Rl sensitivities of GO-LPGs at different Rl regions (All wavelength shifts and intensity changes are

referenced to the sensor response measured in DI water).

RIregion 2GO-LPG 4GO-LPG
1.330—-1.420 +37.22 dB/RIU +40.43 dB/RIU
1.420—-1.440 +283.95 dB/RIU +102.47 dB/RIU
1.440 — 1.460 - 295.65 dB/RIU - 318.55 dB/RIU

5.1.5. Label-free quantification of cancer cells via culture media

The proposed sensor was utilized for the label-free quantitative detection of MCF-7 breast
cancer cell via RI sensing of cancer cell media with initial concentrations of 0, 2x10,

2x10%,2x10% and 1x10° cells/mL, respectively. The cell media were mixed with a sucrose
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solution (RI=1.455), which served as a high sensitivity RI buffer. It is important to note
that the collected media contained no cells, only the metabolic byproducts secreted by the

cancer cells during the culture period.

The 4GO-LPG was employed to detect the cell-conditioned media with the experimental
setup in Fig. 5.1-3. An SLD source launched the light into the fibre sensor while the
transmission spectra were monitored by the OSA. The fibre sensor was mounted in a
custom-built container, which was fabricated from Teflon with a precision laser-cut
groove along the centreline to hold the fibre sensor in a straight configuration. A pipette
was used to manually introduce bio-samples and rinse the sensor during the
measurements. As the transmission spectra recorded in Fig. 5.1-5a, a significant increase
in resonance intensity of 2.95 dB was observed from media with increasing initial
concentration from 0 to 1x10° cells/mL. The limit of detection (LOD) was determined to

be 270 cells/mL, which was calculated based on the following equation [183]:

XLoD = f_l(yblank + 30max) (51-1)

where xp op is the limit of detection, yp.nk 1S the mean value of the blank sample, and
Omax Tepresents the maximum standard deviation. The quantitative data (Fig. 5.1-5b)
were expressed as the means + standard deviations, with each data point averaged from

a minimum of three independent measurements.
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Figure 5.1 - 5 (a) Transmission spectra corresponding to different cancer cell medium concentrations. (b)

Intensity change of attenuation band against different cell medium concentrations.
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5.2. Hybrid short- and long-period gratings for label-free

biodetection

5.2.1. Background of haemoglobin and hybrid gratings

Haemoglobin (Hb) plays a fundamental role in transporting oxygen throughout the body.
Abnormalities in its concentration are closely associated with a variety of clinical
conditions. For example, reduced Hb levels are a defining feature of anaemia and have
been identified as an independent risk factor for cardiovascular disease and increased
mortality in patients with coronary artery disease [184]. In oncology, baseline Hb
concentration is widely recognised as a predictor of treatment outcomes. Patients with
lower Hb levels often experience poorer responses to radiotherapy and shorter survival
durations [185]. Despite its clinical significance, the detection of Hb in conventional
settings commonly relies on techniques such as spectrophotometry, immunoassays, or
surface plasmon resonance sensors. These methods usually require labelled reagents,
extensive sample preparation, and specialised equipment, which makes them impractical
for rapid testing in decentralised or resource-limited environments [186]. Optical fibre
technologies have been widely investigated for biomedical applications by employing
FBGs and LPGs with the advantages of label-free, real-time, multiplex and in-line
determination [21,22]. However, the major challenge is the lack of high sensitivity and
accuracy for the applications with small biomolecules and low concentration of analyte.
FBG owns inherent advantage of narrow resonance due to the light coupling between
counter propagating core modes but lack of the sensitivity for external refractive index
(RI) detection as the light is confined in fibre core [22]. With the light coupling from core
to cladding modes, LPG is a naturally good candidate for RI sensing but with the
drawback of its broad bandwidth [1,187]. Therefore, A hybrid structure was formed by
combining LPG and FBG, allowing the advantages of both short- and long-period
gratings to be exploited, namely ultra-narrow resonances with high signal-to-noise ratio
and enhanced refractive index sensitivity. In addition to the well-established core—core
and core—cladding interactions [188,189], high order cladding—cladding mode coupling
has also been observed for the first time in such a hybrid grating structure [190]. The
proposed hybrid LPG/FBG has been implemented to detect the human haemoglobin

demonstrating a high sensitivity.
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5.2.2. Fabrication of hybrid LPG/FBG

The hybrid LPG/FBG structures were fabricated by collaborators at the University of
Valencia and provided for use in this work, while all subsequent device characterisation
and biosensing experiments were conducted by the author. The hybrid short- and long-
period gratings are formed by a 10 mm-length LPG which couples the core mode to the
LPo 7 cladding mode [191,192], followed by a 5 mm gap, then a 24 mm-length FBG which
acts as a reflector. Both gratings were inscribed in a boron/germania co-doped fibre
(PS1250/1500, Fibercore Ltd.) by the use of a 244 nm argon-ion laser. The grating periods
are ArLpg = 322 pm for the LPG and Arpg = 538 nm for the FBG.

5.2.3. Multiple coupling mechanisms of hybrid LPG/FBG

The transmission spectrum of the hybrid gratings has been monitored (Fig. 5.2-1a), where
the central wavelength of LPG resonance is 1543.50 nm with a bandwidth over 30 nm
and depth of 19.23 dB while a Bragg peak is located at 1558.50 nm with a strong depth
more than 30 dB. Over the bandwidth of LPG resonance, a series of resonances (i.e., loss
spikes) appear at the short wavelength side of Bragg peak indicating the strong coupling
to cladding modes. In the reflection spectra (Fig. 5.2-1b), along the left side of Bragg
resonance, there are three ultra-narrow resonances at 1550.62, 1553.22, 1555.88 nm with
FWHM of 53, 56, and 58 pm, respectively, due to the occurrence of cladding-mode

assisted recoupling mechanisms by introducing the LPG.

When the light is launched into the fibre, a portion of core mode will be coupled by the
LPG to the LPo7 cladding mode at 1543.50 nm while the remaining portion will keep
travelling along the core. Subsequently, when the lights (both core and cladding modes)
reach the FBG region, the strong FBG will couple the light by three main mechanisms
(Fig. 5.2-1c): (1) the core-to-core (co-co) coupling is induced between the forward-
propagating and counter-directional core modes, yielding a Bragg reflection peak at
1558.50 nm (LPo,; - LPo,; interaction). (2) the cladding-to-core (cl-co) coupling is
observed at the left side of the Bragg peak in the transmission spectrum, where a comb of
cladding modes is induced (Fig. 5.2-1a) by the coupling between the forward-propagating
core mode and the backward-propagating cladding modes along the cladding [193],
travelling close to the core/cladding boundary then consequently be selectively recoupled
back to the core by the LPG, producing a reflective resonance at 1555.88 nm (LPo,7 - LPo,
interaction). (3) the cladding-to-cladding (cl—cl) coupling occurs when the light, which is
coupled to the LPo 7 cladding mode by the LPG, travels through the 5 mm gap and meets
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the strong FBG. It will be recoupled back to higher order cladding modes and finally be
recaptured back to the core by the LPG (LPo7 - LPo,, interaction). These interactions are
responsible for the reflective peaks at 1553.22 nm and 1550.62 nm, named cl-cl1 and cl-
cl2, respectively.
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Figure 5.2 - 1 (a) Transmission of the hybrid gratings. (b) Reflection spectrum. Four bands can be seen due to
different coupling mechanisms. (c) Schematic of the hybrid LPG/FBG device. The arrows indicate light

propagation and coupling paths, with colours corresponding to the reflection peaks shown in (b).

A close inspection of the intensity profile (Fig. 5.2-1b) reveals a signal-to-noise ratio as
large as 35 dB for the cl-co reflection, 21.5 dB for the cl-cll and 12.65 dB for the cl-cl2
reflection, respectively. This is attributed to the pronounced coupling strengths of the LPG

and FBG, facilitating effective interaction with counterpropagating cladding modes.

Concerning the clad-clad coupling mechanisms, it is worth to note that the boundary
between the gap and the LPG acts as a discontinuity in the structure, allowing the
excitation and energy transfer between cladding modes and the core mode. This explains
the two shorter wavelength reflection peaks. Such interaction between cladding modes
can be found in other works, where the discontinuity can be a thin-core fibre [193], a
mismatched splice [194] or a multi-mode fibre [195]. Furthermore, these interactions

have also been reported in compound grating structures as described in [191].
5.2.4. Optical characterisation of the hybrid gratings

Reflection spectra in both directions: To verify the directional functionality of the
hybrid LPG/FBG, the reflection spectra were measured by inducing light from both ends,
as shown by the inset in Fig. 5.2-2. The results reveal the inherent asymmetry of the
configuration. When the light is launched from the left side (e.g., LPG side), multiple

reflection peaks are observed (blue colour spectrum), corresponding to the various modal
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interactions enabled by the LPG-to-FBG device. In contrast, when the light is launched
from the right side (e.g., FBG side), only the core mode reflection (i.e., Bragg peak) is
detected (red colour spectrum), where its intensity is approximately 10 dB higher than
former measurement due to the reflection occurring before the light reaches the LPG

section downstream.
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Figure 5.2 - 2 Reflection spectra of light launched from different sides of the device (inset: light injection

schematic).

Mode couplings of hybrid LPG/FBG: In order to examine the cladding—cladding
interactions and identify which region of the hybrid grating could be the most sensitive
to external RI variations, the index-matching oil with a high refractive index (HRI)
n=1.460 (Cargille Inc., USA) was selected to apply to different regions of the hybrid
LPG/FBG device, with the results shown in Fig. 5.2-3.
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Figure 5.2 - 3 Reflection spectra of the hybrid device under different refractive index (Rl) conditions: (a) without
Rl liquid; (b) with n = 1.460 liquid applied over the LPG region; (c) with n =1.460 liquid applied exclusively to the
gap region between the LPG and FBG, and (d) with n = 1.460 liquid applied only over the FBG section.
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Under the condition without any external RI perturbation (Fig. 5.2—3a), all three reflection
mechanisms are present: cladding—cladding (cl—cl1 and cl—cl2, blue), cladding—core (cl-

co, green), and core—core (co—co, red).

Firstly, when the HRI liquid is applied over the LPG section (Fig. 5.2—-3b), both cl-cl1 and
cl-cl2 peaks disappear whilst a weakened cl-co and co-co peak remain. This can be
attributed to the mode transition from cladding modes into leaky modes due to the HRI

environment [22].

Secondly, when the HRI gel is applied to cover the gap region only (Fig. 5.2-3c¢), the co-
co and co-cl peaks remain and with a slight enhanced intensity whilst the high cladding
modes cl-cll and cl-cl2 are still eliminated. This can be attributed to the core-related
couplings are less affected by the gap surrounded with the HRI gel, which causes the
mode transition between cladding and leaky modes and prevents high-order cladding

modes pass through the gap region.

Finally, when the HRI gel is applied to cover entire FBG, the co-co coupling remains
unaffected whilst all cladding mode are completed prevented, hence all cladding-related

peaks (couplings) have disappeared.
HRI against different length of FBG coverage:

The influence of the HRI environment to the hybrid gratings was further investigated.
The HRI gel (n-1.460) was applied to cover the FBG region starting from the downstream
end (e.g. right end of the FBG) with 8mm, 16mm, 24mm, respectively (Fig. 5.2-4). As
the presence of the HRI medium prohibits higher-order cladding modes guidance, the
effective length of the FBG is gradually reduced. Therefore, the modal coupling
efficiency is subsequently decreased. The cladding-to-cladding reflections (cl-cl2 and cl-
cll) are firstly suppressed when 8 mm and 16 mm of the FBG are covered. When the full
24 mm length of the FBG is immersed in the HRI gel, the cladding—core (cl-co) reflection
is also eliminated. Finally, when the HRI coverage is extended to cover entire FBG plus

the gap region, all cladding-related couplings are inhibited.
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Figure 5.2 - 4 Reflection for n = 1.46 oil covering different lengths of the FBG.

Sensitivity of the hybrid grating: Considering its advance of narrow bandwidth of the
reflection peaks (~10 GHz), the hybrid grating was performed for the RI test to evaluate
its possibility for the external RI sensor. A set of RI solutions at lower RI region (1.333-
1.360) was used to cover the FBG section whilst the spectra of the peaks were monitored.
As we can see from Fig. 5.2-5a, the cl-cI2 peak showed a red shift of ~ 20 pm when the
external RI increase from 1.333 to 1.360. Fig. 5.2-5b plots the wavelength shifts of four
peaks when the FBG region was dipped into the RI gels. When the FBG was insert into
water (from air), all three cladding-related peaks showed red-shift where cl-cl2 peak
demonstrated a dramatic shift of 38 pm whilst the Bragg peak showed no noticeable
change. Within the lower RI range (e.g., 1.333-1.360), all the peaks show a near linear
relation between wavelength shift to the RI change. The RI sensitivities are 741 pm/RIU,
574 pm/RIU, and 426 pm/RIU for cl-cl2, cl-cll, cl-co peaks, respectively. The higher
cladding mode (cl-cl12) demonstrates the highest RI sensitivity.
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Figure 5.2 - 5 (a) Reflection spectra of cl-cl2 peak under different Rls, (b) The wavelength shifts of four peaks

against the Rl changes.
5.2.5. Label-free detection of haemoglobin

The proposed hybrid grating was implemented to detect human haemoglobin. A set of
human haemoglobin concentrations (0.0%, 0.2%, 0.4%, 0.6%, 0.8%, 1.0%) was prepared.
The reflection spectra of cl-cl2 peak were monitored and showed a clear red shift of 15.0
pm when the haemoglobin concentration increased from 0.0% to 1.0% (Fig. 5.2-6), giving
a sensitivity of 1.5 pm/(mg/mL). By employing a low-noise interrogation system with a
high resolution of 1.0 pm, the sensor is capable of detecting haemoglobin concentration
changes as small as 0.67 mg/mL, which is far below the hemoglobin threshold value for
anemia defined by WHO (120 mg/mL for women and 130 mg/mL for men).
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Figure 5.2 - 6 Reflection spectra of the clad-clad 2 peak against haemoglobin concentrations (Inset: Linear
relationship between the resonance wavelength shift of the cl-cl2 peak and haemoglobin concentration,

extracted from the reflection spectra).
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5.3. Perovskite-graphene heterostructure biosensor for

cytokine detection

5.3.1. Background of cytokines

Cytokines are crucial cell mediators in immune and inflammatory responses [196]. The
determining cytokine levels in a variety of biological fluids (i.e., serum, blood, and saliva)
provide valuable information in relation to the diagnosis and prognosis of different
diseases and trauma [197,198]. Extremely high cytokine secretion may result in organ
failure and death. For example, patients with Sars Cov2 (COVID-19) might suffer
cytokine storm syndrome [199,200]. As one of the key human inflammatory cytokines,
interleukin 6 (IL6) has an extensive impact on cells of the immune system and
demonstrates hormone-like traits that influence the homeostatic balance [201]. The
elevated circulating IL6 concentrations are concerned with numerous diseases, including
cardiovascular disease [202,203], cancer [204], type 2 diabetes [198], and severe acute
COVID-19 infection [205,206]. In general, it is required to detect IL6 concentrations
down to pg/mL in human derived biological fluids [197,207]. Hence, it is crucial to
develop biosensors with a limit of detection (LOD) in the range of sub pg/mL. Enzyme-
linked immunosorbent assay (ELISA) has been the gold standard method for cytokine
detection for many decades [208]. However, these methods are laborious and costly,
limiting their wide usage in applications, particularly in emergency and urgent point-of-

care settings where the rapid screening and diagnosis can be lifesaving.
5.3.2. 2D materials-based FET biosensor

Among various sensing methods, 2D materials-based field-effect transistors
(FETs) [209-211] have attracted great research attention due to the advantages of label-
free detection, high sensitivity, and fast response [11,212-225]. FET biosensors are
electronic devices in which the binding of charged or dipolar biomolecules at the
semiconductor surface modulates the carrier density and conductance of the transistor
channel. Owing to their label-free operation, high sensitivity, and ease of electrical
integration, FET-based biosensors have become an important class of devices for real-
time biochemical detection. Compared with optical fibre sensors, FET biosensors are
particularly attractive for compact, chip-based sensing systems, while optical fibre
sensors provide superior performance for remote, optically interrogated, and
electromagnetically robust sensing scenarios. Hao et al. proposed graphene-based FETs

for IL6 detection with an LOD of hundreds of fM [212,213]. The molybdenum disulfide
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(MoS»)-based FET biosensors were developed for cytokine detection with an LOD down
to tens of fM [216-218]. Very recently, van de Waals (vdW) heterostructures composed
of atomically thin 2D materials have been extensively investigated, such as tin disulfide
(SnSz)/hexagonal boron nitride (h-BN), black arsenic (b-As)/SnS;, and carbon
nanomembrane (CNM)/graphene heterostructure-based FET biosensors [223-225]. The
operating mechanism of the FET biosensor is to detect the electronic response induced
by the binding between biomolecules. However, the electric field of FET is normally
distributed throughout a bio-sample solution, which could perturb signal stability or cause
unwanted leakage current and/or short circuits. Another challenge of 2D materials-based
FETs is the degradation of 2D materials [209,226], which will affect the stability over
long-term exposure to aqueous environments. An alternative scheme has been proposed
to avoid the degradation by separating the FET detector and the biological solutions [218].

However, the rapid and highly sensitive bio-detection still remained as a major challenge.
5.3.3. Development of the biosensor

The perovskite/graphene heterostructure-based FET biosensor integrated with a
biotunable nanoplasmonic ternary logic gate was developed for cytokine detection,
operating with three modes (+1, 0, -1). As the diagram illustrated in Fig. 5.3-1, the
biosensor is comprised of a lateral perovskite-on-graphene phototransistor integrated with
a vertical bio-nano-photonic filter, with a decoupled construction inset. In the
phototransistor, a thin film of perovskite quantum dots (PQDs) is spin-coated upon a
single-layer graphene (SLG), where the photoactive PQDs capture the light and generate
electro-hole pairs, while the photogenerated charges are transferred to the high mobility
graphene layer. The vertical bio-nano-photonic filter consists of an anti-human interleukin
6 antibody (anti-IL6) immobilised gold nanoparticles (AuNPs) on a SiO; thin layer.
Under laser illumination, the localised surface plasmon resonance (LSPR) induced by
AuNPs in conjunction with the binding of antigen-antibody tunes the delivery of incident

light passing through the filter and reaching the underlying FET.
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Figure 5.3 - 1 PQDs/SLG heterostructure FET biosensor with biotunable nanoplasmonic ternary logic gating
functionality. The biosensor was integrated by a lateral perovskite-on-graphene heterostructure phototransistor
and a vertical bio-nano-photonic filter consisting of anti-IL6-immobilised AuNPs. The biosensing principle is
based on the LSPR shifts induced by antigen-antibody binding, tuning the delivery of incident light passing

through the bio-nano-photonic filter to the phototransistor.

Materials and reagents used for functionalisation of the biosensor are list as follows:

Single-layer graphene (SLG) fabricated by chemical vapor deposition on copper, CsPbl3
perovskite quantum dots (PQDs), Gold nanoparticles (AuNPs, d = 50 nm), acetone,
ethanol, ammonium persulfate ((NH4)2S2053), (3-Aminopropyl)triethoxysilane (APTES),
deionized water, phosphate-buffered saline (PBS), neutravidin, SuperBlock, mouse
biotinylated anti-human IL6 antibody (anti-IL6), recombinant human IL6 protein, goat
Anti-Mouse IgG - AF488, serum, c-reactive protein (CRP), carcinoembryonic antigen

(CEA), albumin (ALB), alpha-fetoprotein (AFP).

Fabrication of perovskite-on-graphene heterostructure based FET: The methods,
including photolithography, metal sputtering, and lift-off, were utilised to fabricate the
FET device with Ti(5 nm)/Au(52 nm) electrodes as the drain and source contacts on
S10,/Si substrate. Then the single layer graphene (SLG) was deposited onto a FET chip
using the PMMA -assisted wet transfer method (as detailed in section 4.3). Finally, the
CsPbl; perovskite quantum dots were spin-coated onto the graphene layer (as detailed in

section 4.4).

Fabrication and biofunctionalisation of nano-photonic filter: Distribution of AuNPs
on a transparent substrate was used for LSPR biosensors. As shown in Fig. 5.3-2, a thin
Si0; substrate was rinsed with acetone, isopropanol, and DI water, then the surface was
treated with Oz plasma for 2 min at a power of 150 W, and the SiO: substrate was

incubated in a 10% APTES solution for 2 h. AuNPs were drop-casted on the upper-surface
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of the substate by incubating the substrate in the AuNPs solution overnight with
concentrations of 50 and 5 pg/mL to fabricate high- and low- density AuNPs filters,
respectively. Subsequently, the AuNPs self-assembled filter was immersed in
NeutrAvidin solution (0.1 mg/mL) at 4°C overnight. The 50 uL 0.1 mg/mL biotinylated
anti-human IL6 antibody (anti-IL6) was loaded onto the filter at room temperature for 1
h to immobilise anti-IL6 onto the AuNPs surfaces. The non-bound anti-IL6 antibodies
were washed away with PBS buffer. The unreacted sites on AuNPs surfaces were
passivated with SuperBlock to block the remaining active carboxylic groups and prevent

non-specific adsorption.
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Figure 5.3 - 2 Schematic illustration of the assembly of bio-nano-photonic filter [6].

Fluorescent characterisation was employed using a secondary fluorescent antibody (Goat
Anti-Mouse 1gG-AF488) to verify the modification efficiency of anti-IL6 on the surface
of the AuNPs filter (both for low- and high- density filters), as shown in Fig. 5.3-3. The
fluorescence microscopy images and corresponding statistical analysis (Fig. 5.3-3 (b-d)

for low-density, and Fig. 5.3-3 (e-g) for high-density), strong fluorescence signals were
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observed in both cases compared to the control groups, indicating effective and consistent
functionalisation of the AuNP surfaces with anti-IL6. These results demonstrate that the
AuNP filters, regardless of nanoparticle density, provide a robust platform for antibody
immobilisation. Finally, the anti-IL6 biofunctionalised AuNPs filter was assembled upon

the PQDs/SLG, with a gap of 100 um to form the sensor device.
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Figure 5.3 - 3 Fluorescent characterisation of Mouse biotinylated anti-human IL6 antibody (anti-IL6) on AuNPs
filter. (a) Schematic of secondary fluorescent antibody (Goat Anti-Mouse IgG-AF488) binding with anti-IL6. For
low-density AuNP filter: (b) control group, (c) fluorescence microscopic image, (d) statistical values of
fluorescence intensity in (b) and (c). For high-density AuNP filter: (e) control group, (f) fluorescence microscopic

image, (g) statistical values of fluorescence intensity in (e) and (f) [6].
5.3.4. Measurement system

All electronic characteristics of the FET were monitored using a Keithley 4200
semiconductor parameter analyzer. The Coherent Compass 115M-5 laser (A = 532 nm)
was used as a light source with intensity adjusted between 1 pW and 1000 pW using an
optical attenuator (Thorlabs NDC-50C-4M). The surface morphology was examined by
a Scanning Electron Microscope (SEM, JSM-7100F LV, JEOL Ltd.), Atomic Force
Microscope (AFM, Bruker Dimension Icon, Bruker Ltd.), and X-ray Photoelectron
Spectroscopy (XPS, Thermo Fisher Scientific Inc.).

5.3.5. Design and mechanism of PQDs/SLG heterostructure-based FET

The biosensor was integrated by a lateral phototransistor and a vertical bio-nano-photonic

filter. In the lateral phototransistor, a perovskite-on-graphene heterostructure film bridged
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the FET source and drain electrodes, photoactive PQDs served as sensitizers to absorb
light and convert the photons to electric carriers, while high mobility SLG acted as an
expressway for carrier transport. With this architecture, PQDs/SLG demonstrated
synergistic effects, with each enhancing the other's capabilities for efficient light-carrier
transition and high-speed electron transportation. From the top of the device, the bio-
nano-photonic filter tuned the delivery of incident light by means of LSPR shift induced
by antigen-antibody binding, operating as a biotunable gate with three logic modes (+1,
0,-1)[227].

Fig. 5.3-4 illustrates an insight into the mechanisms underpinning the biotunable ternary
logic biosensor. As the cross-section in Fig. 5.3-4a, a decoupled construction (100 pm
physical gap) was designed between AuNPs-filter and PQDs film to separate the ‘wet’
biosensing area and the ‘dry’ photodetection area, which not only simplified the
complexities inherent in traditional FETs but also enhanced device stability without
impairing the properties of the 2D materials. The vertical AuNPs-based nano-photonic
filter functions to tune the delivery of incident light reaching the underlying FET channel
via LSPR modulation induced by antigen-antibody binding, thereby enabling biotunable
gating with ternary logic states. Two types of filters were developed: high- and low-
density AuNPs filters. SEM images show the high-density filter (Fig. 5.3-4b)
demonstrated high-uniformity in the distribution of AuNPs upon the SiO: layer with a
high-density of ~50.6 particles um 2, while the counterpart (Fig. 5.3-4c) showed less

uniformity in features with a low-density of ~20.8 particles um>
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Figure 5.3 - 4 (a) Schematic of biosensor with a decoupled construction between filter and phototransistor. The
mechanism of the biotunable ternary logic gate is based on tuning the delivery of incident light to PQDs/SLG
phototransistor by LSPR shifts induced by biomolecular binding by the use of: (b) high-density AuNPs filter for
operating from 0 to +1 mode, (c) low-density AuNPs filter for operating from 0 to -1 mode (SEM image scale bar:

500 nm) [6].
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For the high-density filter (Fig. 5.3-4b) under laser illumination (0 mode), the initial
photocurrent detected by the phototransistor was lower due to the strong LSPRs excited
by the high-density and well-distributed gold nanoparticles under laser illumination,
blocking the incident light passing through the filter. When the target human IL6
cytokines were present to bind with the anti-IL6 probe, a red shifted LSPR was induced
due to the change of the local refractive index near the AuNPs surfaces [218,221], hence
a larger amount of incident photons was transmitted through the filter increasing the
photocurrent detected by the underlying phototransistor (+1 mode). The tuning was
dependent on IL6 concentration as well as the antigen-antibody binding time. For the low-
density filter (Fig. 5.3-4c¢), a strong photocurrent was initially detected (0 mode) due to
very limited LSPRs generated by the poor-distributed low-density AuNPs, where a large
fraction of incident light passed through the filter. When affinity binding increased, more
antigens were attached to antibodies, shielding the light transportation and hence the

photocurrent decreased (-1 mode).
5.3.6. Optical characterisation of PQDs/SLG heterostructure FET

The effect of the drain bias applied to the FET was plotted in Fig. 5.3-5a. The photocurrent
Iss was recorded while the source-drain voltage Vgs was swept from —2.0 to —1.8 V under
the laser illumination with varying power (0, 1, 10, 100, and 1000 pW), revealing a
noticeable increase in /s against the increased laser power. As an example (with a laser
power of 1 pW), the photocurrent increased from —950.7 to —737.6 pA when the applied
bias voltage was changed from —2.0 to —1.8 V. As a function of the incident laser power,
for a fixed Vas = —2.0 V, as shown in the inset figure in Fig. 5.3-5a, the photocurrent /s
changed 63.7 pnA when the laser power increased from 1 to 1000 uW. Fig. 5.3-5b shows
the photo-switching response of the proposed device. The normalised photocurrent /yn
was defined by the ratio of photocurrent /4s over the maximum drain-source current /ds max
when the bias voltage was set as 0.1 V. The normalised photocurrent was stable as a
function of time under the alternating illuminated and dark conditions with a duration of
55 s and a laser power of 500 uW. The On/Off photo-responses were well maintained for
five repeated cycles. The high photoresponsivity of the proposed device facilitated its

capability for rapid and ultrasensitive biosensing applications.

128



(@)

—~
O
N

-700 -

- 0 pw
{4 - 1 uyw
10 pw 1.00 4
-800 1 100 PW .
{ —e-1000 uw =
- ®
< 9004 : S 8
3 T = E 0.96-
-1000 4 = o 2
3 _-o"’
[
-1100 0 T8 T66 7600
L W
. ' — P 1 S —
20 1.9 1.8 0 100 200 300 400 500
Vs (V) t(s)

Figure 5.3 - 5 (a) l4s-Vus curves of perovskite/graphene heterostructure FET under laser illumination with different
powers (inset: the dependence of photocurrent against laser power at Vus = =2 V). (b) Temporal I,n response

under alternating dark and light (A =532 nm, P =500 uW) [6].
5.3.7. Ultrasensitive detection of IL6 cytokines

The proposed device was able to detect IL6 cytokines. The anti-human IL6 antibody-

immobilised AuNPs filter was loaded with human IL6 cytokine of different

concentrations. During the antigen-antibody binding events, the corresponding

photocurrent /¢s was monitored in real-time. The standard curve of photocurrent-time

response provided the best Hill model fitting for the experimental data, where the

photocurrent enhancement A/ can be described by the Hill-Langmuir equation [228,229]:
Ciie

Al = ——
Clie + KJ

Al gy (53-1)

where CiLs is the ligand concentration, # is the Hill coefficient, which can determine the
cooperative degree of ligand binding, Ky is the dissociation constant of ligand molecular

interaction, and Almax 1s the maximum photocurrent enhancement.

Under “0” mode: For “0” mode (i.e., the AuNPs-filter was immersed in 1xPBS buffer
only), the base photocurrents /gs of the biosensor were measured and plotted in Fig. 5.3-
6. The Igs - Vs curves showed a non-linear relationship: when a bias voltage increased to
1 V, the photocurrent /¢s was 256.04 pA and 267.46 pA for the high- and low- density
filters, respectively. As discussed in Section 5.3.5, high-density AuNPs excited stronger
LSPR yielding less light flux to the phototransistor, hence its base /¢s was lower than that
of the low-density filter.
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Figure 5.3 - 6 l4s-V4s curves for the baseline photocurrent of biosensor with high-density (50.6 particles/um?) and

low-density (20.8 particles/um?) filters (A = 532 nm, P = 500 uW) [6].

Detection of IL6 cytokines under “+1” mode: For operating on “+1”” mode, the AuNPs
filter with high-density (Fig. 5.3-7a) was employed. The /4s-Vas were monitored as a
function of increasing incubation time, and the photocurrent variations Algs(tn) were
measured (at Vgs = 1.0 V) for the IL6 concentrations ranging from 0 to 103 fg/mL (results
in Fig. 5.3-7b). At the initial “0” mode, the high-density and well-distributed AuNPs
induced extremely strong LSPR to block the light passing through, remaining at the lower
initial current. By loading IL6 cytokine in solution to the filter, a red shift of the LSPR
peak was induced due to the local refractive index change accompanying the antigen-
antibody binding [218,221], yielding a larger fraction of incident photons passing through
the filter and reaching the photoconductive device. As depicted in Fig. 5.3-7b, in the first
5 min, there was a phase of rapid antibody-antigen binding during which the photocurrent
increased dramatically, then the reaction rate began to asymptote to a steady-state and
gradually achieved a stable-state. The rapid reaction and detection response of 5 min was
100% faster than that of a single graphene-FET biosensor [212]. As shown by lus-Vas
curves (Fig. 5.3-7c), the photocurrent increased as a function of increasing the IL6
concentration. As an example, at a bias voltage of 1.0 V and an incubation time of 5 min,
the photocurrent increased from 256.0 to 267.9 pA (Alss = 11.9 pA) when IL6
concentration increased from 0 to 10° fg/mL. Based on the standard calibration curve of
the biosensor (Fig. 5.3-7d), the LOD was as low as 3.7 fg/mL, showing an ultrahigh

sensitivity for cytokine detection. The Hill equation offered a method to quantify the
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degree of interaction between antigen-antibody binding. From Equation 5.3-1, the
calculated value of Almax, Kq, and n was 4.62, 87.92 fg/mL, and 0.47, respectively. The
Hill coefficient n was less than 1, indicating a negative cooperativity in ligand binding to
the receptor. To verify the reliability and reproducibility, another two devices with high-
density AuNP filters (under “+1” mode) were used to detect IL6 with different
concentrations (Fig. 5.3-7e & 71).
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Figure 5.3 - 7 Ultrasensitive bio-detection of IL6 cytokines under “+1” mode. (a) 3D AFM image of high-density
AuNPs filter. (b) Photocurrent variation Alus(ts) (at a bias Vas = 1.0 V) during binding incubation with different IL6
concentrations. Each curve was measured under the same laser illumination (A =532 nm, P =500 uW). (c) l4s-
Vs curves for different IL6 concentrations (at an incubation time of 5 min). Standard curve of PQDs/SLG-based
biosensor incorporating biotunable ternary logic gate under “+1” mode of (d) Device-1, (e) Device-2, and (f)
Device-3 with Alqs of 11.9 YA, 9.8 UA, and 9.6 LA, respectively, demonstrating great reliability and reproducibility
[6].
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Detection of IL6 cytokines under “-1” mode: While operating on “-1”” mode, the low-
density AuNPs filter (Fig. 5.3-8a) was used. The /4s-V4s response was monitored, and the
photocurrent variations with increasing binding time were plotted in Fig. 5.3-8b, which
demonstrated the antigen-antibody kinetic binding processes. At the initial “0” mode, a
high photocurrent was measured as a large proportional of incident light was easily
transmitted through the filter due to a lower LSPR induced by the limited amount of
AuNPs. By loading IL6 solutions onto the anti-IL6-AuNPs filter, the accumulation of
antigen-antibody binding prevented the transmission of light through the filter.
Consequently, the photocurrent decreased over the binding processes. As the l4s-Vas
curves against IL6 concentrations shown in Fig. 5.3-8c, the photocurrent decreased as the
IL6 concentrations increased. At a bias voltage of 1.0 V and time of 5 min, the
photocurrent decreased from 267.5 to 253.4 pnA (Alss=—14.1 pA) when IL6 concentration
increased from 0 to 10° fg/mL. Based on the standard calibration curve (Fig. 5.3-8d), the
PQDs/SLG biosensor demonstrated an extremely high sensitivity with an LOD as low as
0.9 fg/mL (43 aM), which was 4 orders of magnitude more sensitive than conventional
graphene-FET biosensors [212,213]. The enhanced performance could be attributed to
the PQDs/SLG heterostructure, the ultrathin 2D-heterostructured materials exhibited
superior electrical, optical, and physicochemical properties than their pristine materials
due to the synergistic characteristics of the two different 2D materials [230]. The
experimental data were fitted with the Hill model equation, and the calculated values of
Almax, K4, and n were 13.57 pA, 1876.20 fg/mL, and 0.44, respectively. The Hill
coefficient 7 is less than 1, showing a negative cooperativity in ligand binding to the
receptor. Similarly, two more devices with low-density AuNP filters (under “-1” mode)
were utilised for IL6 detection with results shown in Figure 5.3-8e & 8f, demonstrating

good reliability and reproducibility.
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Figure 5.3 - 8 Ultrasensitive bio-detection of IL6 cytokines under “-1” mode. (a) 3D AFM image of the low-density
AuNPs filter. (b) Photocurrent variation Alass(tn) (at a bias Vus = 1.0 V) during antigen-antibody binding with different
IL6 concentrations. (c) las-Vas curves for different IL6 concentrations (at an incubation time of 5 min). Standard
curve obtained with the biosensor under “-1” mode of (d) Device-4, (e) Device-5, and (f) Device-6 with |Alas| of

14.1 uA, 12.4 uA, and 11.0 UA, respectively, showing great reliability and reproducibility [6].
5.3.8. Specificity of the biotunable ternary logic biosensor

It was well known that the avidin-biotin complex is the established example of a strong
noncovalent interaction between a protein and a ligand [231,232]. Compared to
streptavidin, the neutral isoelectric point of neutravidin could minimise nonspecific
binding caused by electrostatic interactions. Neutravidin provided a powerful and
universal tool for biotin binding surfaces to construct different kinds of immunosensors.
The specificity of the PQDs/SLG biosensor toward IL6 was evaluated to detect non-

specific analytes (all with the same concentration of 100 pg/mL, and by using the low-
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density filter). Fig.5.3-9 shows the results of the extended selectivity test by employing a
variety of analytes, including CRP, CEA, ALB, and AFP. The maximum photocurrent
variations were measured as 1.17, 4.67, 1.89, 1.36, and 14.15 pA for CRP, CEA, ALB,
AFP, and IL6, respectively. The maximum signals for CRP, CEA, ALB, and AFP were
only 8.2%, 33.0%, 13.4%, and 9.6% of IL6, respectively, indicating a high selectivity to
IL6. To explore the interference in actual samples, the PQDs/SLG biosensor was
evaluated toward serum samples and IL6 in serum (with IL6 concentration of 100 pg/mL).

The photocurrent variation induced by IL6 in serum was = 82% of that observed in PBS.
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Figure 5.3 - 9 Specificity of the PQDs/SLG biosensor, showing high selectivity specific to IL6, as the signals for

IL6 (in PBS and in serum) are distinctly higher than other non-specific analytes [6].

5.4. Chapter summary

This chapter has presented the development and implementation of three distinct
optoelectronic biosensing platforms for biomedical and biochemical analysis, each
tailored to address specific challenges in label-free, sensitive, and real-time molecular

detection.

The first study introduced a GO-functionalised LPG biosensor designed for non-invasive
quantification of cancer cells through their metabolic byproducts. By employing an
improved in-situ layer-by-layer deposition technique, GO nanocoatings with controlled

thicknesses of ~55 nm and ~ 125 nm were achieved, enabling precise tuning of the
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evanescent field interactions. The influence of GO thickness on the sensor’s optical
response was systematically studied, revealing thickness-dependent resonance behaviour
and enhanced RI sensitivity. This device achieved a detection limit as low as 198 cells/mL,
demonstrating its promise for early-stage cancer diagnostics without the need for direct

cell labelling or sample pre-treatment.

The second part of the chapter explored a novel hybrid grating biosensor that integrates a
LPG and a FBG into a single reflective device. This hybrid structure exploited the
strengths of both grating types, including the high RI sensitivity of LPGs and the ultra-
narrow resonance with high signal-to-noise ratio of FBGs. In addition to the well-
established core-core and core-cladding interactions, cladding-cladding mode coupling
has been experimentally observed and systematically characterised for the first time in
this hybrid grating structure. Detailed optical characterisation revealed distinct modal
resonances with high signal-to-noise ratios. The device exhibited pronounced sensitivity
to low refractive index environments in the range of 1.333 to 1.360, with the cladding—
cladding resonance achieving an average sensitivity of 741 nm/RIU. The sensor was
implemented for and haemoglobin detection, demonstrating a sensitivity of 1.5
pm/(mg/mL) and an estimated detection limit of 0.67 mg/mL, significantly below clinical

thresholds for anaemia.

The final study presented the first perovskite/graphene heterostructure-based FET
biosensor with uniquely biotunable ternary logic gating functionality for label-free,
ultrasensitive, and rapid detection of human IL6 cytokines. PQDs/SLG heterostructure
2D materials were integrated into a FET, producing synergistic effects that enhanced the
efficiency of light-carrier transition and high-speed electron transportation. An antibody-
conjugated AuNPs filter acted as a tunable gate (with three logic modes: +1, 0, -1), by
tuning the delivery of incident light that passed through the filter due to the LSPR shift
induced by antibody-antigen binding. In particular, a decoupled construction was
designed to separate the ‘wet’ biosensing area and the ‘dry’ photodetection area to
enhance device stability without impairing the properties of the 2D materials. The
proposed biosensor was proven to detect human IL6 cytokine, achieving ultrahigh
sensitivity with an LOD as low as 0.9 fg mL—1 (43 aM) and a fast response time, with a
sample-to-answer time of 5 min, which was 4 orders of magnitude more sensitive and
100% faster than graphene-FET biosensors. In addition, the specificity was investigated

by running the analysis using CRP, CEA, ALB, and AFP analytes. These results
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demonstrated excellent selectivity toward the IL6 cytokine and indicate strong potential

for practical deployment in real-time inflammatory disease monitoring.

Together, these three approaches underline the versatility and performance potential of
optoelectronic and fibre-based biosensors. By combining 2D materials, nanophotonics,
and hybrid device architectures, the work reported in this chapter advances the

capabilities of biosensing platforms in addressing unmet clinical and diagnostic needs.
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Chapter 6 Functionalised fibre-optic sensors for

chemical sensing and bioimaging

6.1. MXene based fibre-optic Fabry-Perot interferometer
(FFPI) for heavy metal detection

The increase in human activities, along with industrialisation and population growth, has
made heavy metal pollution in aquatic systems worse. Among these pollutants, mercury
(Hg) is particularly dangerous [233-235], which was considered as the top ten chemicals
of greatest public health concern by Word Health Organization (WHO) [236]. Prolonged
exposure to excessive mercury can lead to severe health effects, including central nervous
system damage, birth defects, and chromosomal alterations, primarily due to its
bioaccumulation and biomagnification in the human body [237-240]. In water, mercury
primarily exists as Hg**, with a permissible limit of 5 ppb in both surface and groundwater,
which is a relatively low concentration that requires effective detection [241]. Therefore,
developing ultrasensitive and rapid detection technologies for Hg** in water is essential,
especially for on-site and portable detection applications. Several detection methods of
Hg* have been reported, including traditional approaches such as atomic fluorescence
spectrometry [242-244], atomic absorption spectrometry [245,246], and inductively
coupled plasma mass spectrometry [247,248]. However, Traditional methods for
detecting Hg** often rely on large, costly instruments and involve complex, time-
consuming sample preparation, limiting their practical use. This highlights the urgent
need to develop rapid, portable, and highly sensitive approaches to address these

challenges.

As discussed in Chapter 3, the abundant surface functional groups and large surface area
make the MXene as an excellent candidate for heavy metal adsorption. Tiz;C2Tx MXene
has been utilised for Hg*" ions removal, taking advantage of its adsorption capacity
combined with a catalytic reduction mechanism, which leads to the formation of

crystalline Hg>Cl, on the surfaces of Ti3C,Tx nanosheets [249,250].

Therefore, an ultrasensitive chemical sensor based on a MXene assisted FFPI was
developed for the detection of mercury (Hg?") ions. MXene nanosheets that had captured

Hg?" ions significantly modified the RI of the analyte suspension in the FP cavity,

137



resulting in an extreme change in reflection intensity and free spectral range (FSR).
Serving as both a signal transducer and a signal amplification medium, the MXene

nanosheets enabled highly sensitive detection of Hg?" ions.
6.1.1. Materials and fabrication of MXene based FFPI

The following materials were used to synthesis the TizCoTx MXene nanosheets: The
Ti3AlC; MAX (powder, 325 mesh), the lithium fluoride (LiF, powder, 300 mesh),
mercury standard for ICP, hydrochloric acid (HCI), and UV curing optical adhesives.

The Ti3C,Tx MXene nanosheets were synthesised with the minimally intensive layer

delamination (MILD) method (see Section 3.5).

The FFPI was fabricated using two segments of single-mode fibre (SMF) and a hollow
capillary tube (Fig. 6.1-1). In brief, two segments of SMF were inserted into a hollow
capillary tube, with their finely cleaved end faces aligned to serve as two parallel
reflecting mirrors (M1 and M2), forming the Fabry-Perot cavity. The hollow capillary
tube permits the analyte solution to access the sensing region. A pair of 3-axis flexure
stages was employed to adjust the separation between the fibre end faces, thereby defining
the final F-P cavity length. To ensure structural stability, optical adhesive was applied to

two ends of the capillary tube and fibres to secure the F-P cavity with a fixed length.

SMF-1 M1 M2 SMF-2
IelEE——— | < S——
Ry R,
L N

Figure 6.1 - 1 Schematic illustration of FFPI.
6.1.2. Optical characterisation of FFPI

Due to the low reflectance of the cleaved fibre surface, multiple reflections have
negligible contributions to the optical interference [251]. The intensity of reflection from
FFPI can be approximated with using the irradiance expression of two-beam optical
interference (Eq. 2.4-9), where I, I;, and I, represent total reflected irradiance and the
irradiance contributions from mirrors M; and M, respectively. I; and I, are determined
by the reflectance Ri and R; at the cavity end faces M and M». And the phase difference
é is given by:

4tnlL
S5 =

- (6.1—1)
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Here, A, n, and L represent the central wavelength, the RI of the media within the cavity,
and the cavity length, respectively. To validate the theoretical analysis and further
investigate the optical properties of the proposed FFPI, experimental measurements were

conducted.

Fineness against reflectance: Figure 6.1-2 demonstrates the reflection spectra of FFPI
with a cavity length of 200 pm. The reflectance of the first fibre end face is fixed at 4%,
while the second end face is varied with reflectance values of 4%, 15%, 22%, and 51%
to form different F-P cavities in combination with the first end face. The varying
reflectance of the second end faces is achieved by coating the fibre tips with gold films
of different thickness. The total reflected intensity increases with the reflectance, as
higher-reflectivity end faces produce stronger reflected beams. Furthermore, the spectrum
exhibits shaper peaks as the second end face with higher reflectance, indicating increased

fineness, which is in good agreement with Eq. 2.4-17.
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Figure 6.1 - 2 Reflection spectra of FFPI with applying the second end faces with different reflectance.

FSR against cavity length: Figure 6.1-3 exhibits the reflection spectra with cavity
lengths of 40, 80, and 120 um. An increase in cavity length results in a denser distribution
of interference fringes in the reflection spectrum, as the FSR decreases inversely with the

cavity length.
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Figure 6.1 - 3 Reflection spectra of FFPI with cavity lengths of 40, 80, and 120 um.

FSR against cavity RI: The spectra were monitored while varying the RI of the within
the FFPI cavity by introducing Hg?* solutions of different concentrations. A stock solution
of Hg?" at 5000 uM was serially diluted to a set of concentrations: 2500, 1000, 500, 100,
10, 1, 0.1, 0.01, and 0.001 pM. A control sample without Hg?>" was also included. Each
diluted concentration was sequentially introduced into the FFPI cavity, followed by
rinsing with DI water thoroughly between measurements. To ensure spectral stability, the

sample concentration was maintained in the cavity for 1 min prior to each acquisition.

The interference spectra corresponding to the different Hg?* concentrations are presented
in Fig. 6.1-4a. As the Hg*" concentration increases, the spectral fringes exhibit a
noticeable redistribution, with a progressive shift in the positions of intensity maxima and
minima across the wavelength axis. This reorganisation arises from a gradual reduction
in the FSR, which in turn reflects changes in the effective RI of the cavity medium
induced by the presence of Hg®" ions. Hence, the change of FSR was utilised for
determining the sensitivity of Hg?" detection. As shown in Fig. 6.1-4b, the FSR exhibits
two distinct linear responses with respect to two Hg?* concentration ranges. A sensitivity
of 1.90 pm/uM was obtained in the low Hg?" concentration range (0-10 pM), while a
lower sensitivity of 0.08 pm/uM was observed in the higher concentration range (100—
5000 uM). As the refractive index of the intracavity medium increases with Hg?"
concentration, the fringe contrast (visibility) of the interference spectra gradually
diminishes. This can be attributed to the reduced Fresnel reflection at the fibre-liquid
interfaces, which weakens the multiple-beam interference. As a result, the interference

fringes become less distinct.
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Figure 6.1 - 4 (a) Interference spectra of FFPI at different concentrations of Hg?* ions. (b) FSR against Hg**
concentrations. The blue lines represent linear calibration curves for detecting Hg?" in the ranges of 0-10 uM and

100-5000 uM, respectively.

These results demonstrate the capability of the bare FFPI sensor to detect Hg*" ions over
a broad concentration range (0-5000 uM). However, its relatively low sensitivity in the
sub-micromolar regime limits its practical applicability for trace detection. To address
this limitation, MXene nanosheets were subsequently introduced into the cavity as signal-
amplifying agents, enabling adsorption and crystallisation of Hg?" ions on their surfaces,

and thereby enhancing the optical response.
6.1.3. Mechanism of Hg?* adsorption and crystallisation on MXene

The mechanism of mercury (Hg?*) adsorption and catalytic reduction by TizC>Tx has been
investigated to aid in the removal of Hg?* ions [249,250]. Fig. 6.1-5 schematically
described the redox reaction between Hg?" ions and Ti3C>Tx MXene. The uptake of Hg?"
ions by TizC.Tx MXene is attributed to its unique interaction mechanisms, including
adsorption and catalytic reduction. The Ti atoms on the MXene surface preferentially
adsorb Hg?" in the form of CI-Hg—OH. This intermediate undergoes homolytic cleavage,
producing radical species such as —OH and —HgCl. The —HgCl radicals dimerize to form
crystalline HgoCla, which accumulates both on the surfaces and edges of Ti3CoTx. The
abundant —OH groups on the Ti3CoTx surfaces are further oxidised the Ti3C,Tx to form
TiO2/C nanocomposites. The crystallised Hg>Cl, clusters forming on the surfaces of
Ti3C2Tx MXene increase the RI of the surrounding medium in the FP cavity, alerting a

change in the optical signal.
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Figure 6.1 - 5 lllustrations of Hg?" ions uptake onto TisC2Tx MXene surface, where Hg?" is crystalised into Hg2Cl.

The TisC2T« MXene is oxidised by the residual OH groups.

Fig. 6.1-6 demonstrates the SEM image and EDS mapping of TizC>Tx adsorbed with Hg?*.
Clusters of HgyCly crystals gathered around surfaces and edges of TizCoTx can be
observed from the SEM image. The elemental distribution of Hg and Cl was found to be
almost identical, completely overlapping on the surfaces of TisC:Tx, indicating the

successful adsorption and crystallisation of Hg** by MXene.

Figure 6.1 - 6 SEM image and corresponding EDS elemental mapping of Ti, O, F, Hg, and Cl for layered TisC2Tx
MXene after adsorption of 2.5 mM Hg?*. The distribution of each element confirms successful mercury uptake

and the presence of surface terminations (scale bar: 2 um).
6.1.4. Sensing mechanism of MXene-based FFPI chemical sensor

The MXene-FFPI was employed for the detection of Hg*" ions. As shown in Fig. 6.1-7,
the light is launched into SMF-1 (from the left) and propagates through the FP cavity
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enclosing the analyte solution, where the light undergoes multiple reflections between the
parallel mirrors (end faces of SMF-1 & SMF-2). The reflected light guided by SMF-1 is
monitored by an OSA, showing a distinct interference spectrum. As Hg?" ions are
increasingly captured by the Ti3C,Tx MXene nanosheets within the F-P cavity, a reduction
in the spectral FSR is observed accompanying by an increase in reflection intensity.

In this FFPI, the MXene suspension is employed to mix with Hg?* ions with different
concentrations. Upon the addition of Hg?* ions, the ions are adsorbed onto the surfaces of
the MXene nanosheets and subsequently crystallise to form Hg>Cly clusters. This
crystallisation process induces a local RI increase of the cavity medium. Therefore, as the
local RI increases with enhanced Hg?" ion concentrations, a progressive narrowing of the
FSR and a reduction in interference fringe visibility are theoretically expected and

experimentally observed in the interference spectral pattern.
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Figure 6.1 - 7 Schematic illustration of TisC2Tx MXene assisted FFPI for the detection of Hg?* ions.
6.1.5. MXene assisted Hg?* sensing with enhanced sensitivity

For detecting low concentrations of Hg?* ions with a higher sensitivity, a Ti3C2Tx MXene
suspension with a concentration of 0.5 mg/mL was prepared as the buffer solution to mix
with Hg?" concentrations, leveraging the strong adsorption of MXene toward Hg?". The

MXene suspension was equally divided into multiple aliquots, and each aliquot was
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mixed with a specific amount of Hg?" solution to produce a series of test samples with
final Hg?>" concentrations of 0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0 pM,
respectively. These mixtures were immediately introduced into the FFPI cavity (with a
new cavity length of 50 um) for spectral acquisition, followed by rinsing with DI water
and complete drying. Each sample was held in the cavity for 1 minute to ensure sufficient

time for Hg?" adsorption and surface crystallisation prior to spectral acquisition.

The interference spectra obtained at different Hg*" concentrations are plotted in Fig. 6.1-
8a. As the concentration of Hg?" increased, a redistribution of the interference fringes was
observed, which corresponds to a reduction in the FSR due to an increase in the local RI.
As illustrated in Fig. 6.1-8b, the FSR exhibited two distinct linear regimes as a function
of Hg?* concentration, with calculated sensitivities of 4580 pm/uM (0-0.01 pM) and 240
pm/uM (0.05-1.0 uM), respectively.

Notably, unlike the bare FFPI configuration, the interference intensity exhibited a
consistent increase with rising Hg>* concentration in the presence of MXene, as shown in
Fig. 6.1-8a (with a close-up shown in Fig. 6.1-8c). This enhancement in total reflected
intensity is attributed to the formation of Hg>Cl, nanocrystallites on the surface and edges
of MXene nanosheets, which results from the redox reaction between Hg?" ions and Ti
atoms in MXene. These crystallites, possessing a relatively high RI, serve as additional
reflective domains or scattering centres within the cavity, thereby increasing the total
effective reflection. However, as the RI of the reaction medium increases and local
inhomogeneity develops, the interference fringe visibility gradually diminishes due to
reduced coherence. The corresponding visibility-concentration relationship in Fig. 6.1-8d
reveals three linear detection ranges, with sensitivities of 488%/uM (0-0.01 puM),
22.8%/uM (0.01-0.4 uM), and 2.5%/uM (0.4—1.0 uM), respectively. Owing to the strong
signal amplification enabled by MXene and the use of a low-noise interrogation system
with a resolution of 0.01 dB, corresponding to approximately 0.23% in visibility, the LOD

of the MXene-functionalized FFPI sensor was determined to be as low as 0.47 nM.
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Figure 6.1 - 8 (a) Interference spectra of FFPI at different concentrations of Hg?* ions. (b) FSR against Hg**
concentrations. The blue lines represent linear calibration curves for detecting Hg?* in the ranges of 0-0.01 uM
and 0.05-1.0 uM, respectively. (c) Closeup of (a) which shows a consistently increase of the intensity. (d)
Visibility of interference fringes as a function of Hg?* concentration for MXene-assisted Hg?* detection. Data are

mean =s.d.

6.2. GO-functionalised fibre optic probes for bioimaging

Due to the high surface-to-volume ratio and abundant oxygen functional groups, GO
provides an ideal platform for biophilic binding interfaces [252]. After
biofunctionalisation by EDC/NHS and immobilisation of fluorescent anti-IgG antibodies,
the fluorescence images reveal that GO-coated fibres exhibit significantly higher
fluorescence intensity compared to bare fibre probe. Here, the term “optical fibre probe”
refers to a functional sensing and bio-interfacing platform, rather than a fluorescent

molecular label used in conventional fluorescence microscopy. Notably, acid regeneration
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enables the reusability of the GO-fibre probes, allowing repeated imaging cycles without
compromising performance. The integration of high surface loading capacity, anti-
quenching characteristics, and reversible bioconjugation makes the GO-functionalised
miniaturised fibre probe a promising and versatile platform for real-time
bioimaging [166,253]. This approach is particularly effective for detecting low-
abundance biomarkers with high sensitivity. Importantly, the development of this GO-
based fibre-optic imaging probe opens a new pathway for advancing label-based fibre-
optic biosensing technologies, offering a scalable and adaptable solution for future

applications in clinical diagnostics and point-of-care imaging.
6.2.1. Materials and device

The following materials were used to functionalise the GO-fibre optic probes: graphene

oxide aqueous dispersion (2 mg/mL), NaOH, APTES, N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) N-Hydroxysuccinimide (NHS), 1 xPBS, pH 7.4,

HCI, methanol, ethanol, acetone, Goat anti-Rabbit IgG Alexa Fluor™ 488, silica single-
mode fibre (SMF-28).

The deposition of GO on optical fibre follows the in-situ layer-by-layer coating technique
(detailed in Section 4.2). All GO-fibre probes were fabricated with a 2-cycle GO
deposition (0.10 mg/mL).

6.2.2. Measurement system and data analysis

The roughness of anti-IgG immobilised GO overlay was measured using an atomic force
microscope (AFM, Bruker Dimension Icon, Bruker Ltd.). The substrate containing
fluorescent signal was analysed using confocal microscopy (Leica TCS SP5) for
fluorescence observation and z-axis scanning. Fluorescence quantification was conducted
in ImageJ by converting raw images to 8-bit grayscale format followed by histogram-
based threshold segmentation to isolate specific signals from background noise. Fourier
transform infrared (FTIR) Spectra were acquired on a FTIR spectrometer (Thermo

Scientific NICOLET iS50).
6.2.3. Biofunctionalisation of GO-fibre optic probes

To enable covalent immobilisation of fluorescent antibodies onto the surface of GO
overlay, the EDC/NHS coupling strategy was employed (Fig. 6.2-1). EDC firstly activates
the carboxyl groups ((COOH) on GO overlay surface to form a reactive but short-lived

o-acylisourea active intermediate. The intermediate is highly susceptible to hydrolysis in
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aqueous environments and exhibits the limited reactivity toward primary amines. To
overcome this limitation, NHS has been added to convert the o-acylisourea into a more
stable NHS ester intermediate. This activated ester readily reacts with the primary amine
groups (—NH:) on fluorescently labelled anti-IgG antibodies, resulting in the formation of
stable amide bonds that anchor the biomolecules onto the GO surface. Compared to the
use of EDC alone, the EDC/NHS strategy significantly improves the solubility and
lifetime of the reactive intermediate, minimises premature hydrolysis, and enhances
overall coupling efficiency [254]. This conjugation ensures the robust and reproducible
functionalisation of GO-fibre probes for subsequent fluorescence-based bioimaging
applications. In brief, The GO-coated fibre probes were immersed into a mixture of 20
mM EDC and 40 mM NHS in 1x PBS buffer for 1 h. Subsequently, the activated probes
were immobilised with anti-IgG by incubating in anti-IgG solutions (with different
concentrations of 2, 4, and 20 pg/mL, respectively) for 1 h. After incubation, the anti-IgG
immobilised GO-probes were rinsed multiple times with PBS to remove any unbound

anti-1gG.

(a) (b) (c) (d)

Isourea By-product

Figure 6.2 - 1 Schematic illustration of biofunctionalisation of GO-fibre probe via EDC/NHS conjugation. (a)
Carboxylic acid enriched GO-fibre probe surface. (b) GO-fibre probe bond with o-acylisourea active

intermediate. (c) GO-fibre probe bond with NHS ester intermediate. (d) Anti-IgG immobilised GO-fibre probe.
6.2.4. Surface morphological characterisation

Quantitative AFM analysis of fibre surfaces revealed a clear, concentration-dependent
surface roughness evolution (Fig. 6.2-2a-d). The Probe-1 (Fig. 6.2-2a, bare fibre probe)
treated with anti-IgG alone (with 2 pg/mL concentration) exhibited an RMS roughness of

only 1.3 nm, reflecting minimal protein adsorption on an otherwise smooth substrate. By
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contrast, Probe-2 (GO-coated fibre) incubated with 2 pg/mL low anti-IgG concentration
showed a pronounced increase to 11.4 nm, while medium (4 pg/mL) and high (20 pg/mL)
antibody concentrations yielded RMS values of 15.9 nm and 22.2 nm, for Probe-3 and

Probe-4, respectively.

This dramatic increase in roughness on the GO-coated samples (Probe-2, 3, 4) can be
attributed to the presence of the GO layer combined with the successful immobilisation
of anti-IgG. GO nanosheets possess wrinkles, edges and oxygen-containing functional
groups that create a heterogeneous topography and provide abundant binding sites for
protein molecules [166]. When anti-IgG was applied, the NHS-activated carboxyl groups
on the GO surface reacted with primary amines of the antibody molecules, forming stable
covalent amide bonds. These reactions facilitated site-specific immobilisation of anti-IgG
along the GO nanosheet wrinkles and step edges, where local topographical features
further promoted efficient molecular attachment. At higher antibody concentrations, anti-
IgG molecules cluster and bridge neighbouring GO sheets or span wrinkles, further
amplifying surface undulations [255,256]. The textured GO nanosheets, together with the
adsorbed anti-IgG, increase the surface roughness from 11.4 nm (Probe-2) to 15.9 nm
(Probe-3) and 22.2 nm (Probe-4). While bare fibre probe (Probe-1) treated with anti-IgG
shows only slight and isolated protein patches on the surface, the anti-IgG immobilised
GO fibre probes (Probe-2, 3, 4) exhibit a high-roughness and richness surface
morphologies. This comparison highlights the synergistic effect between the complex
nanosheet architecture of GO and its abundant oxygenated functionalities, which
collectively contribute to the increased surface roughness hence the improved

biomolecular binding efficiency.
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Figure 6.2 - 2 AFM images of GO-fibre probes treated with different Anti-IgG concentrations. (a) Probe-1: bare
fibre probe treated with 2 ug/mL anti-IgG, (b) Probe-2: GO-fibre probe treated with 2 ug/mL anti-IgG, (c) Probe-3:
GO-fibre probe treated with 4 ug/mL anti-IgG, (d) Probe-4 treated with 20 ug/mL anti-IgG.

6.2.5. Enhanced fluorescent intensity of GO-fibre probes

The confocal fluorescence micrographs (Fig. 6.2-3) show that GO-coated fibre probes
(Probe-2, 3, and 4) exhibit significantly higher antibody loading and, consequently,
stronger bio-fluorescence signals compared to the bare fibre probe (Probe-1). The
confocal images with green fluorescence show denser and more uniform coverage of
labelled antibodies on the GO fibre probes (Fig. 6.2-3b,c,d), whereas the bare Probe-1
appeares very weak fluorescence (Fig. 6.2-3a). These measurements confirm that the GO

coating has greatly enhanced the immobilisation of antibodies on probe surfaces.
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Figure 6.2 - 3 Confocal microscopy observation of anti-IgG immobilised probes (a) Probe-1, (b) Probe-2, (c)
Probe-3 and (d) Probe-4. (scale bar: 50 um). For each probe, the upper panel shows the fluorescence image,
andthe lower panel displays the corresponding overlay image (bright-field and fluorescence merged). Increased

fluorescence intensity and uniformity correlate with GO presence and higher antibody concentrations.

Three-dimensional reconstructions of the fluorescent signals (Fig. 6.2-4a-d) and the
comparison of fluorescence intensities (Fig. 6.2-4¢) reveal that overall brightness of the
emission of GO-fibre probes exceed those of bare sample (Probe-1). Under the same anti-
IgG concentration (2 pg/mL), the GO-coated Probe-2 exhibited an average fluorescence
intensity of 55.0 £3.0 a.u., approximately 14-fold higher than that of the bare Probe-1
(3.9+ 1.0 a.u.). This pronounced enhancement reflects the superior capability of the GO
coating to capture and retain biomolecules (e.g., antibodies in this work). When higher
anti-IgG concentrations were applied, the fluorescence intensities increased to 85.0+ 5.0
a.u. for Probe-3 (4 pg/mL) and 148.0 £4.5 a.u. for Probe-4 (20 pg/mL), representing

approximately 1.5-fold and 2.7-fold enhancement to that of Probe-2, respectively.

These volumetric images confirm that the GO-functionalised and antibody-immobilised
surfaces effectively amplify the fluorophore emission more than that of bare fibre probe,

underscoring GO superior potential for high-contrast fluorescence analysis.
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Figure 6.2 - 4 Three-dimensional confocal fluorescence reconstructions of fibre probes functionalised with
Alexa Fluor 488-conjugated anti-IgG: (a) Probe-1 (bare fibre, 2 ug/mL), (b) Probe-2 (GO-coated fibre, 2 ug/mL), (c)
Probe-3 (GO-coated fibre, 4 ug/mL), and (d) Probe-4 (GO-coated fibre, 20 ug/mL). (e) Quantitative comparison
of fluorescence intensities for all four probes, demonstrating enhanced antibody immobilisation on GO-

functionalised surfaces.

The abundant oxygenated functional groups of GO provide multivalent binding motifs
for protein adsorption. Aromatic amino acid residues in the antibody can engage in n—n
stacking with the graphitic regions of GO whilst polar side chains form the hydrogen
bonds with GO’s hydroxyl and carboxyl functionalities [257]. These interactions anchor
each antibody to the GO surface in a relatively oriented manner, preserving the

availability of its antigen-binding domains rather than flattening and denaturing the
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molecule [258]. By contrast, an uncoated fibre probe surface (e.g., glass surface) has only
a sparse density of Si-OH groups where antibodies tend to adsorb randomly, leading to
partial unfolding and loss of bioactivity. Moreover, the sheet-like morphology of the GO
dramatically increases the effective surface area for immobilisation, enabling a much
higher antibody loading density than that on a bare glass fibre surface. The optical and
electronic characteristics of GO could also mitigate fluorophore quenching and
photobleaching effects [166,253]. Collectively, these features result in dense and uniform
antibody coverage and correspondingly stronger, more reliable fluorescence signals. Such
characteristics make GO-coated fibre probes a robust platform for sensitive and

reproducible detection of low-abundance biomolecules.
6.2.6. Reusability of GO-fibre probes

To assess the reusability, the antibody-immobilised Probe-4 was immersed in 0.01 M HCI
for 10 min at room temperature to disrupt the bonds between anti-IgG and the GO layer,
followed by PBS rinsing and drying. After antibody removal, the fluorescence intensity
dropped dramatically from 148.0+4.5a.u. to 14.0+0.5a.u. (Fig. 6.2-5a), indicating
near-complete detachment of the conjugated antibodies. The probe was then re-incubated
in a 20 pg/mL anti-IgG solution for 1 hour, restoring the fluorescence to 111.0 +£7.9 a.u.,
which is approximately 75% of the original signal. To evaluate consistency, this
regeneration and re-immobilisation processes were performed on three parallel Probe-4
samples, yielding similar fluorescence recovery with >70% retention, thereby confirming
the reproducible reusability of the GO-fibre probes. The FTIR analysis was used to
identify the presence of GO and its interaction with anti-IgG (Fig. 6.2-5b). The small
peaks around 1516 cm™! can be ascribed to the asymmetrically stretch of the C=C bonds
in the aromatic ring or to the skeletal vibration of GO nanosheets [259]. Stretching
vibration peak of O-H groups from carboxylic groups appears at 3585 cm™! [260]. The
presence of aliphatic amide (C-N) absorption band at 1086 cm™ (red-curve) provides
additional evidence of successful immobilisation of anti-IgG on GO fibre probe

surface [261], which was disappeared after stripping off anti-IgG (blue-curve).
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Figure 6.2 - 5 (a) Reusability of GO-functionalised fibre probes evaluated using Probe-4. Fluorescence intensity
significantly decreased after acid washing (Probe 4-washed) and partially recovered upon re-immobilisation of
high-concentration anti-IgG (Probe 4-washed+anti-IgG). Error bars represent standard deviation from three
parallel samples. (b) FTIR spectra of Probe-4 at different functionalisation stages: before bio-immobilisation

(black), binding with high-concentration anti-IgG (red), and after antibody removal via acid wash (blue).

6.3. Chapter summary

This chapter has presented the development of two functionalised fibre-optic sensors for
the applications in heavy metal detection and bioimaging. (1) A fibre optic Fabry—Perot
interferometer incorporating TisC-Tx MXene nanosheets was designed for the detection
of mercury (Hg*") ions in water. Upon Hg*" adsorption and crystallisation on the MXene
surface, notable changes in the refractive index within the cavity led to measurable
modulation in the interference spectra. The MXene-assisted FFPI exhibited a low LOD
of 0.47 nM, a broad detection range (from nanomolar to millimolar concentrations), and
fast optical response, making it highly suitable for real-time, high-sensitive, and trace-
level environmental monitoring. (2) The GO-functionalised fibre-optic probes were
developed for fluorescence-based bioimaging. The GO nanosheets provided a high-
density, chemically reactive surface enriched with oxygen-containing functional groups,
enabling efficient covalent immobilisation of fluorescent anti-IgG antibodies via
EDC/NHS coupling. Fluorescence imaging confirmed enhanced signal intensity and
uniformity relative to uncoated probes, with performance strongly correlated to antibody
concentration. Moreover, the biointerface allowed for probe regeneration through acidic
treatment, achieving >70% fluorescence retention across parallel samples, thus

demonstrating reusability. Overall, the results confirm that nanomaterial-modified fibre
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platforms offer high sensitivity, strong reproducibility, and regeneration capability,
supporting their potential as versatile sensing tools in both environmental diagnostics and

biomedical imaging contexts.
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Chapter 7 Conclusions and future work

7.1. Conclusions

This thesis has presented a comprehensive investigation of 2D materials-functionalised
optoelectronic devices for biochemical sensing and biomedical applications. Through the
synergistic combination of optoelectronic platforms and nanomaterials, a series of high
performance, label-free, and application specific sensors have been developed to address
critical challenges in cancer diagnostics, biomolecular analysis, bioimaging, and

environmental monitoring.

The work began with the fundamental knowledge of light propagation and mode
couplings. The principles of FBGs and LPGs were firstly derived using coupled-mode
theory, enabling a clear understanding of resonant interactions between core and cladding
modes. These models were fundamental for interpreting reflection and transmission
characteristics in periodic fibre structures. The FPI was also analysed by the waveguide
theory and interference principles, providing insight into resonance conditions in F-P
cavity-based fibre sensors. Together, these theoretical foundations guided the design and

optimisation of advanced fibre-optic sensing platforms explored in this thesis.

The subsequent chapters focused on the synthesis and characterisation of 2D materials
including BP, BiTiS;, a-MoOs3, GO, Ti3C,Tx MXene, and small AuNRs. Various top-
down exfoliation and bottom-up growth nanotechnologies, including sonication-assisted
liquid exfoliation, electrochemical exfoliation, selective etching exfoliation, and ‘one-pot’
seedless synthesis were developed to produce atomically thin flakes with controlled
dimensions and surface chemistry. A series of material characterisation techniques were
employed to evaluate the morphological, structural, and optical properties of the
synthesised 2D materials. SEM and AFM were used to assess surface morphology, flake
size, and nanosheet thickness. TEM provided high-resolution imaging of internal lattice
structures and edge morphology, offering further insight into the crystallinity and
exfoliation quality of the materials. Raman spectroscopy was employed to evaluate the
structural quality and disorder of the 2D materials by analysing characteristic vibrational
modes. UV-Vis-NIR spectroscopy enabled the assessment of optical absorption
characteristics, while XRD and FTIR provided insights into crystal structure and surface

functional groups, respectively. These complementary techniques ensured a
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comprehensive understanding of the materials’ physical and chemical attributes, forming

a robust basis for subsequent device-level integration.

Following material synthesis, various transfer and integration methods were employed to
functionalise optoelectronic devices with 2D materials. The i-LbL deposition technique
was systematically investigated for the deposition of 2D nanosheets onto fibre device
surfaces. This method enabled controlled tuning of coating thickness and surface
coverage by adjusting parameters such as concentration of materials suspension, coating
time and number of coating cycles. The wet transfer was employed to transfer monolayer
graphene onto planar FET substrates. The spin coating was used to deposit PQDs onto
phototransistor channels. In addition, the drop casting was applied for the deposition of

AuNPs onto photonic filters to enable surface functionalisation.

In the application-oriented study, five sensor devices were proposed and demonstrated,
including GO-LPG based biosensor, hybrid gratings based biosensor,
perovskite/graphene heterostructure based FET immunosensor, MXene based chemical
sensor, and GO-fibre optic bioimaging probe. The proposed sensors exhibited excellent
performance in terms of label-free, ultrasensitivity, and rapid responsivity. The GO-LPG
biosensor was used for label-free quantification of breast cancer cell density with a LOD
down to 270 cells/mL. The first perovskite/graphene heterostructure biosensor was
reported for the detection of IL6 cytokines, achieving an ultralow LOD of 0.9 fg/mL,
which is 4 orders of magnitude greater than graphene-FET biosensors. The LPG-FBG
hybrid sensor exhibited a high RI sensitivity of 741 nm/RIU and enabled haemoglobin
detection down to 0.67 mg/mL. The MXene-assisted FFPI sensor achieved a low LOD of
0.47 nM for the detection of Hg”* ions, with a wide detection range from 0 to 5000 upM
and a rapid response time of less than 1 minute. The GO-coated fibre probes enabled anti-

IgG labelling and fluorescence bioimaging applications.

In conclusion, this thesis has advanced the field of fibre-optic and optoelectronic
biosensing by integrating 2D materials with functional optoelectronic platforms. Through
the rational design of material-device interfaces, it has been demonstrated that 2D
materials can significantly enhance the sensitivity, specificity, and functional adaptability.
These improvements were achieved across a range of device formats, including
interferometers, fibre gratings, and phototransistors. Additionally, the thesis also explored
the role of tailored photonic structures such as the hybrid LPG-FBG grating configuration,
which enabled advanced light-matter interaction and mode-selective enhancement.

Collectively, these contributions establish a robust foundation for the development of
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compact, scalable, and application-specific sensing technologies with strong potential in

healthcare, diseases diagnostics, environmental monitoring, and biological imaging.

7.2. Future work

7.2.1. 2D heterostructure based biosensor for cancer diagnostics

Extracellular vesicles (EVs) are naturally secreted by all types of cells, including both
prokaryotic and eukaryotic cells, during normal physiological processes as well as in
response to pathological conditions. These vesicles can transport a wide range of cellular
components such as DNA, various forms of RNA, lipids, metabolites, and proteins
located in the cytoplasm or on the cell surface. Through this mechanism, EVs facilitate
the transfer of molecular information from donor cells to recipient cells. Research in EVs
is driven by the potential of EVs to serve as diagnostic and therapeutic tools for the
treatment of a range of diseases, including neurodegenerative disorders, cardiovascular

dysfunction, and cancers [262-270].

Exosomes are a major class of EVs, originating from endosomes. They are characterised
by a lipid-bilayer membrane and typically range in size from 50 to 150 nm in diameter.
Exosomes are secreted by a wide range of cells and can remain stable while circulating
in various body fluids. The bioactive contents of exosomes can be internalised by
recipient cells, thereby contributing to the initiation and progression of tumours.
Additionally, exosomes play a role in the formation of the pre-metastatic niche, tumour
angiogenesis, and immune suppression. Furthermore, exosomes can reflect the altered

physiological and pathological states of their parent cells [271-274].

However, exosomes research continues to face constraints due to experimental limitations
in single particle detection and isolation, as well as the challenge of imaging and tracking
exosomes in vivo with reliable resolution. Although Exosome-associated proteins such as
tetraspanins (CD9, CD63, and CD81), components of the endosomal sorting complex
(including TSG101 and Alix), and heat shock proteins (Hsp60, Hsp70, and Hsp90) have
been widely investigated, specific markers that can reliably differentiate cancer-derived
exosomes from those of normal cells remained unidentified until the discovery of
glypican-1 (GPCI1), a membrane protein recognised as a potential cancer-specific
exosomal marker. GPCl+ circulating exosomes (crExos) have demonstrated 100%

sensitivity and specificity across all stages of pancreatic cancer, highlighting their value
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as a biomarker for disease detection at every stage and their potential for early

diagnosis. [275,276].

Early diagnosis of pancreatic cancer (PC) is challenging, and its prognosis remains poor,
with most patients seeking medical attention only after the disease has progressed and
symptoms emerge. Based on GPClwas found as a pan-specific marker of cancer
exosomes, research on related biosensing for the detection or diagnosis of PC were widely
reported. Yin et al. presented graphene-FET sensor arrays for detection of pancreatic
cancer exosomes, which found that GPCI1 proteins were more strongly expressed on
pancreatic cancer exosomes compared to the healthy ones [8]. A LPHN-CHDC biochip
was reported for the detection of EV-associated RNAs, achieving an LOD of 0.01 pg for
GPC1 mRNA [277]. A multiparametric plasma EV profiling promised a sensitivity of 86%
for detecting PDAC and a specificity of 81% for differentiating PDAC from other
pancreatic diseases [278]. A nanoliquid biopsy (nLLB) assay was established for the
diagnosis of pancreatic cancer with a LOD of 78 pg/mL of the GPC1 [279]. Li et al.
reported a SERS immunoassay for exosome-based diagnosis and classification of
pancreatic cancer, which realised a LOD of 544 particles/mL [10]. Though the published
works distinguished Pancreatic cancer from healthy, the quantitative detection reaching

single-exosome level remains a challenge.

The family of 2D materials has expanded significantly since the discovery of
graphene [31,280]. In addition, different atomically thin 2D materials can be readily
stacked together by vdW forces to make 2D heterostructures without the conventional
‘lattice mismatch’ issue, offering a flexible and easy approach to get the desired physical
properties [281-283]. Tools for band-structure engineering in vdW heterostructures
include the relative alignment of neighbouring crystals, surface reconstruction, charge
transfer, and proximity effects. These effects allow one material to acquire properties from
another through quantum tunnelling or Coulomb interactions. Such synergistic
advantages will bring in enhanced sensitivities, heightened selectivity, and increased
stability when the heterostructure are utilised for the integration with optoelectronic

devices for the biochemical and biomedical applications.

Thereby, an a-MoO3;/GO heterostructure functionalised coaxial twin-tilted fibre Brag
gratings (TFG) can be designed for the detection of PANC-1 cancer cell-secreted
exosomes (Fig. 7.2-1). The strong in-plane anisotropy of a-MoQs is coated around TFG
as the first layer to enhance the higher sensitivity to the surrounding-medium RI. The GO

layer with abundant bio-affinity sites and a high surface-to-volume ratio is applied as the
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second layer. Upon immobilisation of GPC-1 antibodies, the GO overlay provides an

effective platform for capturing exosomes via specific antibody-antigen interactions.

Exosome

- GPC-1

Anti-GPC-1
antibody

- Graphene Oxide

a-MoO;

Figure 7.2 - 1 Schematic illustration of a-MoQOs/GO heterostructure based biosensor for the detection of

exosomes secreted from Pancreatic cancer cells.
7.2.2. BITiS; functionalised 45°-TFG for photothermal therapy

As one of the most life-threatening diseases, cancer remains a leading global cause of
mortality. The International Agency for Research on Cancer (IARC) estimated that one
in five individuals could face a cancer diagnosis during their lifetime [284—286]. Despite
being a long-standing challenge in medical research, overcoming cancer requires precise
and effective therapeutic interventions, informed by insights from various fields to
address the complexities of treatment. Targeted therapies, particularly when initiated in
the early stages of the disease, are crucial for enhancing survival rates and optimising

patient outcomes [287,288].

Traditional cancer treatments like surgery, chemotherapy, and radiotherapy remain
common clinical approaches; however, their effectiveness is often limited by resistance
to drugs and radiation [289,290]. With revolutionary advances in photonics and optics,
light has illuminated a new era in tumour treatment, providing abundant degrees of
freedom for cancer theranostics [291]. Light-based therapy provides numerous
advantages, such as high spatiotemporal controllability, ionization-free action, minimal
invasiveness, and reduced side effects, making them an attractive option for modern

oncology [292]. As one of the emerging treatment methods using light as the medium,
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photothermal therapy (PTT) harnesses photon energy absorbed by nanomaterials to
generate heat, which selectively destroys cancer cells. PTT not only offers a simpler
procedure and shorter treatment duration but also promotes a quicker recovery and

significantly reduces patient burden, positioning it as an efficient and targeted cancer

treatment [293-295].

A wide variety of nanomaterials, including both inorganic and organic compounds, have
been developed as photothermal agents for cancer treatment, utilizing their ability to
absorb and convert light energy into heat, inducing localised hyperthermia and tumour
ablation [296-299]. Recent advancements in material design have led to the creation of
photothermal agents with improved properties, such as enhanced biocompatibility,
biosafety, and modifiability, which have accelerated the development of PTT [300-302].
Among these, 2D materials such as graphene [303], MoS: [304], BisSe:[294], and
BP [305,306] have gained significant attention due to their unique structures, high
surface-to-volume ratios, broad light absorption ranging from ultraviolet to near-infrared,
and multifunctionality. 2D materials show great promise for integrating diagnosis and

treatment, paving the way for more effective and practical PTT solutions [295].

Despite the rapid advancements in nanomaterials for PTT, significant challenges remain,
particularly the limited penetration depth of light in human tissue, which poses a major
barrier for treating deep-seated tumours [307,308]. While cutting-edge research has
shifted the absorption wavelength of photothermal agents from visible region to the NIR-
II region to enhance the penetration, this issue remains unresolved due to light scattering
and absorption by the tissues [309-311]. Additionally, the photothermal agents injected
into blood vessels may accumulate in the body, raising concerns about potential damage
to healthy cells and the overall safety and precision of PTT [312-314]. Furthermore,
whilst nanotechnology has advanced photoreporting and photosensitising drugs,
uncertainties regarding the interaction of nanoparticles and organs, the circulatory system,
and tumours continue to present risks for the in vivo application. These limitations hinder
the use of PTT, especially for larger or deep-seated tumours, and complicate the

regulation of laser illumination doses [315-317].

The limitations of light penetration in tissue during PTT can be effectively addressed
through the use of optical fibres. As highly efficient light guides, optical fibres can deliver
photons with minimal loss, making them ideal for internal, tumour-targeted light
irradiation [299]. Their unique characteristics, including electrical isolation, resistance to

corrosion, flexibility, and small size, allow them to be safely and precisely used for in
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vivo applications. Photothermal agents can be integrated onto the specific surface of
optical fibre to address issues of agent accumulation and reduce the risk of unintended
harm to healthy tissues. Significant progress has recently been made in demonstrating the
integration of optical fibres and nanomaterials for in vivo PTT. A tapered microfiber
assembled with GO-Au nanorods and Cu.—S has been developed for hyperthermal
ablation of cancer cells, achieving an ablation rate of 89% [299]. A GO-Au@Ag:S-VO:
nanointerface was deposited on an optical microfiber for PTT by the use of temperature-
tuneable enhancement of the evanescent field, resulting in an 82% ablation rate of cancer
cells [318]. The thermal effect arises from the evanescent field at the interface of the
tapered optical microfibre when the pump laser is launched. As a result, the light that
propagates out of the tapered microfiber exhibits poor directional properties, making it
challenging to control the direction of the emitted radiation. Controlling the direction of
radiation is crucial when treating tumours located in sensitive areas of the human body.
For instance, conditions such as angiosarcoma, cholangiocarcinoma, and ampullary
cancer may require precisely directed light to ablate the tumour while minimizing damage

to surrounding structures, such as blood vessels or the bile duct.

Hence, a BiTiS; nanosheets functionalised 45°-TFG with controllable radiation direction
can be designed for in vivo and in vitro cancer therapy. As shown in Fig. 7.2-2, an 45°-
TFG is designed to couple the s-polarisation component of light out of the fibre, whilst
the p-polarisation component propagates pass through the fibre [319]. The radiated light
from the TFG is confined strictly with a divergence angle at ~60°. Recent studies have
shown that elemental composition plays a key role in defining the properties of 2D
materials. Ternary nanomaterials (e.g., contain three elements) have demonstrated
superior physical and chemical properties compared to binary systems [320]. As a result,
ternary transition metal dichalcogenides (TMDs) are expected to enhance the
photothermal performance in cancer therapy. In this context, we introduce a novel type
of 2D nanomaterial, BiTiSs nanosheets, which exhibit a broad and strong absorption band
spanning both in NIR-I and NIR-II regions. BiTiSs nanosheets will be deposited around
the 45°-TFG, where the s-polarised light is radiated to the nanomaterials, which will
convert the light energy into heat for directionally controlled tumour ablation. Guiding
light through the BiTiSs nanosheet integrated 45° TFG not only fundamentally resolves
the issue of limited light penetration depth in vivo but also provides a powerful tool for

directionally controllable tumour theranostics, particularly in early-stage treatments.
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Figure 7.2 - 2 Schematic illustration of BiTiS3-TFG probe for in vitro (top) and in vivo (bottom) PT.
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