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ABSTRACT 
 

High-Bitrate Photodetection in Ultraviolet-to-Visible for Optical Wireless 

Communications 

 

Chun Hong Kang 

 

Optical wireless communication, taking advantage of the unlicensed ultraviolet-to-

visible wavelength region of the electromagnetic spectrum, had been coined as 

the next-generation wireless communication technology and holds promises to 

deliver a high-speed, reliable, and secured broadband experience. The push 

towards the optical-based medium is manifested by the demand for additional 

channel bandwidth to accommodate the rapid growth of the Internet-of-Things 

(IoT) and Internet-of-Underwater-Things (IoUT). Therefore, high-bitrate 

optoelectronics devices and components forming the transceiver units used in an 

optical wireless communication system require substantial progression to 

accelerate the development of this paradigm-shifting technology. In this 

dissertation, we demonstrated a plethora of optical detection platforms to 

circumvent the existing long-standing issues related to modulation bandwidth, 

wavelength-selectiveness, and solar-blind ultraviolet-C detection found in 

conventional planar silicon-based optical detectors. 

Herein, we presented the semipolar group-III-nitride-based micro-photodiodes 

for enabling up to Gbit/s optical detection in the ultraviolet-to-violet domain. The 

wavelength-selectiveness nature of the micro-photodiodes enabled a bitrate of up 

to 1.5 Gbit/s based on a power-saving on-off-keying modulation scheme. While it 
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offers a high bitrate for the optical communication link, it restricts its detection size 

and angle-of-view due to the conventional resistance-capacitance and étendue-

limits. Therefore, we also explored using polymer-based scintillating fibers as a 

high-speed and near-omnidirectional optical detection platform to cater to various 

dynamic scenarios in optical wireless communication. The detection platform 

formed by the scintillating fibers enabled near-omnidirectional and large-area 

optical detection without sacrificing the modulation bandwidth. These 

investigations paved the way towards relieving the resistance-capacitance limit 

while addressing the pointing, acquisition, and tracking issue in underwater 

wireless optical communication. Subsequently, we also presented a novel 

wavelength-converting mechanism based on halide-perovskite nanocrystals and a 

conventional silicon-based platform. This demonstration addressed the lack of 

ultraviolet-C optical detectors in the existing market and enabled future solar-blind 

optical communication links. Finally, we also presented on halide-perovskite-

polymer-based scintillating fibers as the high-bitrate and near-omnidirectional 

optical detection platform. Our studies successfully addressed the existing 

inadequacy for high-bitrate photodetection. These works could play a significant 

role in progressing the technology forward, based on bottom-up material and 

devices innovation, to offer a reliable internet connection to the future highly-

interconnected society. 

 



6 
 

 
 

ACKNOWLEDGEMENT 
 

The journey would not be possible without the help or support from many with 

whom I’ve crossed paths, and I am thankful for each and everyone who has guided 

me to this small milestone. 

First and foremost, I am grateful to my Ph.D. advisor, Prof. Boon S. Ooi, for 

his constant guidance and mentorship throughout my early career development. 

He is always very supportive of our pursuit and constantly encourages us to 

explore beyond our comfort zone that helps to expand our perspectives in both 

career and personal development. My appreciation also goes to Dr. Tien Khee Ng, 

who had guided me throughout the journey. I thank him for his enormous support, 

encouragement, and constant sharing of his career and personal experiences that 

shaped my development through this journey. I am very appreciative and indebted 

to both of them for their support, guidance, and mentorship. 

I am also thankful for all past and present members of Photonics Laboratory 

at KAUST for their support, encouragement, and guidance in all parts of the works. 

I also wish to extend my appreciation to our collaborators, who have been very 

supportive in my works. I also thank our lab’s admin assistant, Ms. Khathijah 

Osman, who has graciously helped and supported us in many administrative jobs.  

Last but not least, I am indebted to my wife, Carryn Ong, my parents, Kang 

Kim Boon and Chuah Lay See, my brother, Kang Chun Wei, and my extended 

family throughout this journey. I would not be able to complete the journey without 

them. I thank them for their endless love, sacrifices, encouragement, and support. 



7 
 

 
 

TABLE OF CONTENTS 

 

EXAMINATION COMMITTEE PAGE ................................................................... 2 

COPYRIGHT PAGE ............................................................................................. 3 

ABSTRACT .......................................................................................................... 4 

ACKNOWLEDGEMENT ....................................................................................... 6 

TABLE OF CONTENTS ....................................................................................... 7 

LIST OF ABBREVIATIONS .................................................................................. 9 

LIST OF FIGURES ............................................................................................. 10 

LIST OF TABLES ............................................................................................... 14 

Chapter 1 Introduction ........................................................................................ 15 

1.1 Historical background ............................................................................ 15 

1.2 Overview ............................................................................................... 16 

1.3 Motivation .............................................................................................. 22 

1.3.1 Wavelength-selectiveness.................................................................. 23 

1.3.2 Modulation bandwidth and detection area tradeoff ............................. 25 

1.3.3 Optical detection in the ultraviolet band ............................................. 28 

1.4 Research objectives .............................................................................. 30 

1.5 Thesis outline ........................................................................................ 31 

Chapter 2 Research Methodology ...................................................................... 34 

2.1 Introduction ............................................................................................ 34 

2.2 Fabrication and characterization tools ................................................... 35 

2.2.1 Nanofabrication tools ......................................................................... 36 

2.2.2 Optical characterization ...................................................................... 38 

2.2.3 Structural characterization .................................................................. 41 

2.2.4 Photoelectrical characterization ......................................................... 41 

2.2.5 Optical modulation ............................................................................. 43 

Chapter 3 Group-III-nitride Photodiode for Visible Light Communication ........... 45 

3.1 Introduction ............................................................................................ 45 

3.2 Device structure and fabrication ............................................................ 50 

3.3 Photoelectrical performance .................................................................. 53 

3.4 Modulation bandwidth performance ...................................................... 58 

3.5 Optical modulation based on NRZ-OOK ................................................ 61 

3.6 Conclusions ........................................................................................... 65 



8 
 

 
 

Chapter 4 Scintillating Fibers for UV-based Underwater Wireless Optical 
Communication ................................................................................................... 67 

4.1 Introduction ............................................................................................ 67 

4.2 Materials characterizations .................................................................... 71 

4.3 Optical modulation performance ............................................................ 75 

4.4 Towards omnidirectional and large-area optical detection..................... 80 

4.5 Conclusions ........................................................................................... 84 

Chapter 5 Wavelength-converting Photodetection for Solar-blind UVC 
Communication ................................................................................................... 87 

5.1 Introduction ............................................................................................ 87 

5.2 Overview of perovskite nanocrystals ..................................................... 90 

5.3 Material characterizations ...................................................................... 95 

5.4 Photoelectrical performance .................................................................. 98 

5.5 Optical modulation performance .......................................................... 104 

5.6 Conclusions ......................................................................................... 109 

Chapter 6 Near-omnidirectional Perovskite-polymer Fibers-based Photodetection
 ......................................................................................................................... 111 

6.1 Introduction .......................................................................................... 111 

6.2 Material characterizations .................................................................... 115 

6.3 Perovskite-polymer scintillating fibers.................................................. 117 

6.4 Optical characterizations ..................................................................... 120 

6.5 Optical modulation based on NRZ-OOK .............................................. 126 

6.6 Optical modulation based on OFDM.................................................... 132 

6.7 Optical pre-amplifier for photodetection ............................................... 137 

6.8 Conclusions ......................................................................................... 144 

Chapter 7 Conclusions ..................................................................................... 148 

7.1 Summary ............................................................................................. 148 

7.2 Future works ........................................................................................ 153 

List of Publication ............................................................................................. 155 

Appendix A ....................................................................................................... 160 

References ....................................................................................................... 162 

 



9 
 

 
 

LIST OF ABBREVIATIONS 

APD  Avalanche photodetector 

DMT  Discrete multitone 

Gbit/s  Gigabits per second 

IoT  Internet-of-Things 

IoUT  Internet-of-Underwater-Things 

LD  Laser diode 

LED  Light-emitting diode 

Li-Fi  Light fidelity 

LOS  Line-of-sight 

Mbit/s  Megabits per second 

NLOS  Non-line-of-sight 

NRZ  Non-return-to-zero 

OFDM  Orthogonal frequency-division multiplexing 

OOK  On-off keying 

OWC  Optical wireless communication 

PAT  Pointing, acquisition, and tracking 

PL  Photoluminescence 

PLQY  Photoluminescence quantum yield 

PMT  Photomultiplier tube 

PRBS  Pseudorandom binary sequence 

RC  Resistance-capacitance 

SNR  Signal-to-noise ratio 

UV  Ultraviolet 

VLC  Visible light communication 

WDM  Wavelength-division multiplexing 

 



10 
 

 
 

LIST OF FIGURES 
 

Figure 1.1 The schematic illustration of the photophone’s (a) transmitter [2] and (b) 

receiver [3] module was invented by Alexander Graham Bell in 1880. ...........................16 
Figure 1.2 Enabling applications and services depending on the required bandwidth 

throughput and delay. Modified from [5]. ........................................................................18 
Figure 1.3 Frequency spectrum shows the licensed, conventional radio-to-millimeter 

wave communication technology and the unlicensed spectrum of the ultraviolet-to-visible 

OWC. Modified from [6]. ................................................................................................18 
Figure 1.4 Typical responsivity spectrum of Si-based photodetector. Data extracted from 

Thorlabs’ FDS010 Si-based photodetector [61]. ............................................................25 
Figure 1.5 Small-signal equivalent circuit of the photodiode [63]....................................26 
Figure 1.6 Absorption coefficient (α) and penetration depth of Si-based absorption layer 

[91]. ...............................................................................................................................30 
Figure 2.1 Summary of the primary work and their key contributions constituting this 

dissertation, as well as the multidisciplinary approach adopted to accomplish the 

targeted objectives. .......................................................................................................34 
Figure 2.2 Simplified schematic illustration of (a) photoluminescence and 

photoluminescence quantum yield, as well as (b) time-resolved photoluminescence 

measurement setup. ......................................................................................................40 
Figure 2.3 Experimental setup for photoelectrical measurement of optical receivers .....42 
Figure 2.4 Block diagram of a general optical modulation setup ....................................44 
Figure 3.1 Block diagram of a typical VLC system. ........................................................46 
Figure 3.2 Schematics of crystallographical planes of typical c-plane, semipolar (2021) 

and nonpolar (1010) GaN, as well as the corresponding energy band diagrams with the 

direction of the electric field, where Epz refers to the strain-related piezoelectric field and 

Ebi refers to the built-in electric field. Adapted from [106]. ..............................................49 
Figure 3.3 (a) HRTEM image of the semipolar (2021) structure showing the alternating 

stacks of MQW active region [107]. (b) FFT image and (c) crystal model of the layered 

structure. (d) PL spectrum showing the peak wavelength at 420.8 nm. .........................52 
Figure 3.4 (a) Schematic illustration of the layered structure in semipolar (2021) MQW-

based µPD [107]. (b) Top-view micrograph image of the 80-µm semipolar µPD. ...........53 
Figure 3.5 (a) I-V characteristics of the semipolar µPD under dark and illumination 

measured from 0 V to -10 V. (b) Responsivity spectrum measured from 300 nm to 600 

nm with a bias voltage of -10 V [107]. ............................................................................55 
Figure 3.6 (a) Specific detectivity measured under different bias voltages. (b) Current 

density under the illumination of 400 nm with varying light intensities [107]. ..................58 
Figure 3.7 (a) A 1-m long experimental setup for a VLC system with the semipolar µPD 

as the optical receiver. (b) L-I-V curves and (c) normalized frequency response of the 

405-nm LD. ...................................................................................................................59 
Figure 3.8 (a) Normalized frequency response of the semipolar PD under varying bias 

conditions. The usable -3 dB, -10 dB, and -20 dB bandwidth are marked in the dotted 

lines. (b) The f-3dB bandwidth is measured under varying bias conditions [107]. .............61 
Figure 3.9 A representative waveform of the OOK modulation scheme [121]. ...............62 
Figure 3.10 (a) Experimental setup for VLC link using the semipolar µPD as optical 

receivers. BER versus data rate for semipolar µPD in (b) 405-nm based VLC link [107] 



11 
 

 
 

and (c) 375-nm UV-based communication link. The insets show the corresponding eye 

diagrams at different data rates [123]. ...........................................................................64 
Figure 4.1 (a) Basic principle operation of luminescent solar concentrator similar to that 

of scintillating fiber [140]. (b) An example of a luminescent solar concentrator stacking 

with two different luminescent layers and a solar cell mounted at the edge of the device 

to collect the converted optical signals [141]. .................................................................69 
Figure 4.2 (a) Individual scintillating fibers arranged in array form. (b) Array scintillating 

fibers under the excitation of a collimated beam from a 375-nm UV-based LD [146]. ....72 
Figure 4.3 (a) PL spectrum of the arrayed scintillating fibers excited by a 266-nm pulsed 

laser. The inset shows the emission from the facets of the fiber bundle. (b) PLE 

spectrum measured from 230 nm to 600 nm with a 10-nm interval. The cross-sectional 

micrograph image of the scintillating fibers is shown as the inset [146]. .........................73 
Figure 4.4 (a) TRPL spectrum and (b) Raman spectrum measured at the core layer of 

the scintillating fiber [146]. .............................................................................................75 
Figure 4.5 (a) Experimental setup for modulation performance of arrayed scintillating 

fibers as optical receivers in a 375-nm UV-based UWOC channel [146]. (b) L-I-V 

characteristics of the 375-nm LD. (c) Normalized system small-signal response of the 

375-nm LD and Si-based APD.......................................................................................77 
Figure 4.6 (a) Normalized modulation response and (b) BER versus data rate of the UV-

based UWOC channel with the arrayed scintillating fibers as an optical receiver. The 

insets of (b) show the captured eye diagrams based on the NRZ-OOK modulation 

scheme at 190 Mbit/s and 250 Mbit/s [146]. ..................................................................79 
Figure 4.7 (a) Experimental setup, (b) received optical power, and (c) normalized 

modulation response for arrayed scintillating fibers-based optical receivers with varying 

incidence angles across the 1.15-m-long UV-based UWOC channels [146]. .................81 
Figure 4.8 Measured BER at different incidence angles on the arrayed scintillating fibers 

based on the 250 Mbit/s NRZ-OOK modulation scheme [146]. ......................................82 
Figure 4.9 (a) Arrayed scintillating fibers forming an omnidirectional optical receiver. (b) 

BER versus data rate of the omnidirectional scintillating fibers-based optical receiver 

when tested across a 1.5-m-long water channel based on the NRZ-OOK modulation 

scheme. (c) Schematic illustration of the omnidirectional optical receivers for supporting 

various underwater and across-boundaries activities [146]. ...........................................84 
Figure 5.1 Ozone density profile in the northern hemisphere. The UVC radiation is 

typically absorbed by the stratosphere layer lying between the tropopause and 

stratopause levels [151]. ................................................................................................88 
Figure 5.2 (a) Schematic representation of the perovskite crystal structure with the 

general formula of ABX3 [174]. (b) Images of solution-synthesized all-inorganic 

perovskite nanocrystals covering across the visible wavelength region by simply 

replacing the anion (X) [184]. The CsPbBr3 NCs thin films have been demonstrated as 

(c) X-ray scintillation layer [185], as well as (d) phosphor layer for the dual-functionalities 

of white-light illumination and VLC [15]. .........................................................................93 
Figure 5.3 (a) TEM and (b & c) HRTEM images showing the cubic-shaped CsPbBr3 

NCs. (d) Corresponding FFT pattern of the CsPbBr3 NCs [189]. ...................................96 
Figure 5.4 (a) Optical absorption and PL emission of the CsPbBr3 NCs. (b) TRPL decay 

profile of the CsPbBr3 NCs observed under the excitation of a 372-nm pulsed laser [189].

 ......................................................................................................................................98 



12 
 

 
 

Figure 5.5 Photograph images of the CsPbBr3 NCs under the illumination of (a) ambient 

room light and (b) a UVC LED. (c) Experimental setup for evaluating the responsivity of 

the proposed CsPbBr3-Si photodetection scheme. (d) The measured responsivity of an 

off-the-shelf Si-based photodetector. The inset shows the photographed image of the Si-

based photodetector [189]. .......................................................................................... 100 
Figure 5.6 (a) Measured I-V characteristics of the Si-based photodetector in dark 

condition, under the illumination of 270 nm light (with and without CsPbBr3 NCs layer) 

and 510 nm light. (b) Responsivity for incident wavelength in the UV region. The inset 

illustrates the necessity of adding a 500-nm long-pass (LP) filter to evaluate the 

feasibility of a wavelength-conversion photodetection scheme and discard unabsorbed 

or scattered photons [189]. .......................................................................................... 102 
Figure 5.7 (a) External quantum efficiency (EQE) and (b) specific detectivity (D*) of the 

proposed CsPbBr3-Si photodetection scheme as compared to bare Si-based 

photodetector measured across the UV wavelength region [189]. ............................... 103 
Figure 5.8 (a) Experimental setup for modulation bandwidth measurement based on a 

375-nm UV-based laser diode. (b) The normalized response measured from 300 kHz to 

500 MHz of the proposed wavelength-converting photodetection scheme [189]. ......... 105 
Figure 5.9 (a) L-I-V curves and (b) EL spectrum of the 278-nm LED used for the solar-

blind UVC communication link. The inset of (b) shows the image of the UVC LED 

transmitter [189]. ......................................................................................................... 106 
Figure 5.10 (a) Experimental setup for the solar-blind UVC communication link based on 

the wavelength-converting CsPbBr3-Si photodetection scheme. (b) Normalized 

frequency response of the measurement system [189]. ............................................... 107 
Figure 5.11 (a) BER versus data rate of the UVC communication link based on NRZ-

OOK with 210-1 PRBS modulation scheme. The corresponding eye diagrams of the 

wavelength-converting photodetection scheme at (b) 10 Mbit/s and (c) 34 Mbit/s, 

respectively [189]. ....................................................................................................... 109 
Figure 6.1 Schematic illustration of étendue limit where it is conserved by the product of 

active area and field-of-view solid angles on the entrance and exit aperture................ 112 
Figure 6.2 (a) and (b) Transmission electron microscopy images of the cubic-shaped 

CsPbBr3 NCs employed in the present study. (c) Histogram tabulating the distribution 

and average edge length of the CsPbBr3. (d) X-ray diffraction spectrum of the CsPbBr3 

compared to standard spectrum extracted from ICSD (ID#29073). .............................. 117 
Figure 6.3 (a) Cross-sectional micrograph image of the perovskite NCs-polymer 

scintillating fiber, where the core layer constitutes of CsPbBr3 NCs-IBOA mixture 

(n=1.476) and PDMS as cladding layer (n=1.436). (b) Zoomed-in image of the core layer 

when illuminated under a 405-nm light source. ............................................................ 119 
Figure 6.4 As-fabricated perovskite NCs-polymer scintillating fiber (a) without UV 

illumination and (b) under UV illumination. The inset of (b) shows the cross-sectional 

image from one of the fiber facets. (c) An array of scintillating fiber forms a large 

detection panel for the OWC link. (d) Top view and (e) side view of the scintillating fiber 

array submerged completely in an underwater bath. ................................................... 120 
Figure 6.5 (a) Absorption and PL spectra of CsPbBr3-IBOA mixture with varying 

concentration from 20 mg/mL to 0.2 mg/mL. (b) Measured PL intensity and tabulated 

emission-absorption overlapping percentage of varying NCs concentration. ............... 123 
Figure 6.6 Normalized received optical power measured from the facet of the scintillating 

fiber and the fitted reabsorption loss based on Beer-Lambert Law. ............................. 123 



13 
 

 
 

Figure 6.7 (a) Absorption spectra of CsPbBr3 NCs-IBOA mixture (2 mg/mL) and pristine 

IBOA, as well as the PL spectra of CsPbBr3 NCs-IBOA mixture (2 mg/mL). (b) 

Photostability of CsPbBr3 NCs-IBOA and pristine CsPbBr3 NCs under the excitation of a 

405-nm laser diode. ..................................................................................................... 125 
Figure 6.8 Time-resolved photoluminescence spectra of (a) the CsPbBr3 NCs-IBOA 

mixture as compared to pristine CsPbBr3 NCs. (b) CsPbBr3 NCs-IBOA of varying 

concentration. .............................................................................................................. 126 
Figure 6.9 Experimental setup established for 405-nm OWC link based on perovskite-

polymer scintillating fibers using NRZ-OOK modulation scheme. ................................ 128 
Figure 6.10 (a) Normalized frequency response, (b) summarized f-3dB bandwidth and 

received optical power of the perovskite-polymer scintillating fiber measured at different 

lengths from the edge of the fiber. ............................................................................... 130 
Figure 6.11 (a) BER versus data rate based on NRZ-OOK modulation scheme with 

PRBS 215-1 data format. The inset shows the corresponding eye diagrams at 23 Mbit/s 

and 15 Mbit/s. (b) BER versus the length of fiber (measured from the edge of the fiber) 

at a fixed data rate of 23 Mbit/s.................................................................................... 131 
Figure 6.12 Received optical power of the perovskite-polymer scintillating fibers with 

respect to the (a) polar (𝜃) and (b) azimuthal (𝜙) angles. ............................................. 132 
Figure 6.13 Experimental block diagram of the OFDM modulation scheme ................. 135 
Figure 6.14 (a) Channel capacity and allocated bits, (b) power loading factor, as well as 

the SNR, for each subcarrier used in the modulation scheme. .................................... 135 
Figure 6.15 BER for each subcarrier, where the average BER is 3.02 × 10-3 for a net 

data rate of 104.3 Mbit/s. The constellation diagrams for different OAM orders are 

included as the insets. ................................................................................................. 136 
Figure 6.16 Conceptual schematic diagram illustrating the mechanism of utilizing the 

perovskite-based scintillating fibers array as the pre-amplification module for high-speed 

optical detection .......................................................................................................... 138 
Figure 6.17 (a) Experimental setup for optical amplification measurement of perovskite-

based optical fiber. (b) Photograph image of the assembled experimental setup as 

shown in (a). ................................................................................................................ 140 
Figure 6.18 Optical spectra of CsPbBr3 NCs embedded inside a silica-based capillary 

operating in spontaneous emission (SE) and amplified spontaneous emission (ASE) 

modes. The absorption spectra of the CsPbBr3 NCs (in dotted blue line) were also 

included for comparison. The inset shows the photographic images of the CsPbBr3 NCs 

in n-hexane solution inside the capillary tube............................................................... 142 
Figure 6.19 (a) Optical spectra (in logarithm scale) of the CsPbBr3 NCs, as well as the 

(b) peak intensity and FWHM for varying pumping energy density. ............................. 142 
Figure 7.1 Summary of the recent development of the optical receiver’s technologies for 

free-space optical communication links in the visible-to-ultraviolet wavelength region. 151 

 

  



14 
 

 
 

LIST OF TABLES 
 

Table 1.1 Key characteristics of various wireless communication technologies. ............21 
Table 3.1 Comparison of group-III-nitride optical receivers conceived for VLC systems 

[107]. .............................................................................................................................66 
Table 4.1 Comparison for different types of optical receiver conceived for optical 

communication link in the UV-to-visible wavelength region [146]. ..................................86 
Table 5.1 Comparison of phosphor-based transmitter and receiver module conceived for 

optical wireless communication [189]........................................................................... 110 
Table 6.1 Comparison with various optical detectors conceived for OWC link ............. 147 



15 
 

Chapter 1 Introduction 
 

1.1 Historical background 

Transmission of information, by either the means of human voices, beacons, 

pigeons, telegraph, wired cable, or electromagnetic radiation, were all aimed to 

improve human-to-human and human-to-machine interactions. The pre-modern 

long-distance wireless communication methods relied on drum beats, horns, 

smoke, and whistles until the revolution of radio communications pioneered by 

Guglielmo Marconi (the inventor of the radio) in the 1900s that eventually paved 

the way the road for modern telecommunication networks. In 1880, Alexander 

Graham Bell and his assistant Charles Sumner Trainer, who invented the 

photophone, introduced information transmission via optical-based carriers [1]. 

The photophone uses sunlight as the transmitter source and modulates the 

information (i.e., sound) by altering the light intensity reflected from the surface of 

a mirror located at the speaking tube. The received optical signals were converted 

to electrical form using a selenium cell photodetector with a parabolic mirror that 

varies in its electrical resistance as the light intensity changes. At that time, Bell 

and the American Bell Telephone Company targeted his invention for long-range 

communication between ships, secured military transmission during the World 

Wars (i.e., the heliograph), and removed wired telephone cables around the cities. 

Apart from his wish of naming his second daughter as “Photophone” at the time of 

this invention, Bell also enthusiastically expresses the following in his letter to his 

father, Alexander Melville Bell, on 26th February 1880, quoted: 
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“Can imagination picture what the future of this invention is to be!.... We may talk 

by light to any visible distance without any conduction wire.... In general science, 

discoveries will be made by the Photophone that are undreamed of just now.” 

 

Figure 1.1 The schematic illustration of the photophone’s (a) transmitter [2] and (b) 

receiver [3] module was invented by Alexander Graham Bell in 1880. 

 

And for more than a century now, the pioneering photophone’s invention had 

enabled various optical-based communication technologies in this modern’s world 

that he did not anticipate at that time. 

 

1.2 Overview 

In today’s society, modern wireless communication technology has evolved from 

the analog 1G voice system, digital 2G system (audio and text), and cellular 3G 

network (mobile data) to today’s 4G and 5G technologies with much higher 

bandwidth. Notably, the demand for high bitrate data transmission has grown 

exponentially in recent years due to the ever-increasing mobile devices, e.g., cell 

phones, tablets, health trackers, digital goggles, and smart watches, with a 
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predicted average of 15 connected devices owned by each individual. These 

interconnected devices are also expected to drive and enable various applications 

and services, including video conferencing, self-driving vehicles, sensing 

networks, virtual reality, and augmented reality. Figure 1.2 shows the predicted 

bandwidth throughput and delay required by each of these emerging applications 

and services.  

The existing 4G technology (spanning from 600 MHz to 2.5 GHz) 

complemented by the recent roll-out of the 5G technology (spanning from 600 MHz 

to 6 GHz, and 24 to 86 GHz) is targeting to deliver a high-speed, reliable, and 

secure broadband experience. However, the conventional wireless communication 

technology based on either 4G or the 5G technology is expected to suffer from the 

spectrum crunch soon due to the ever-increasing smart devices and platforms. 

The spectrum crunch is manifested mainly by the rise of the era of Internet-of-

Things (IoT) and the Internet-of-Underwater-Things (IoUT), where many wireless 

devices are expected to be interconnected on land, underwater, and also across 

the water-air boundaries. The IEEE 5G and Beyond Technology Roadmap White 

Paper has also outlined the promises of 5G and beyond technology to provide 

several hundreds of thousands of simultaneous connections for wireless sensors 

and improved spectral efficiency compared to 4G [4]. As such, the telecom carriers 

are often required to allocate a limited amount of bandwidth based on the licensed 

micro-and millimeter wave band for each user, which leads to a slower 

transmission rate and higher latency. Therefore, due to the demand for broader 

channel bandwidth as a result of the rapid growth of the number of communication 
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channels, higher operational frequencies with a larger data-carrying capacity,  

supplementing the existing 4G, 5G, and beyond technologies are required to 

enable ultra-reliable human-to-machine, machine-to-machine or machine-to-

human connections. 

 

Figure 1.2 Enabling applications and services depending on the required bandwidth 

throughput and delay. Modified from [5]. 

 

 

Figure 1.3 Frequency spectrum shows the licensed, conventional radio-to-millimeter wave 

communication technology and the unlicensed spectrum of the ultraviolet-to-visible OWC. 

Modified from [6]. 
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Optical wireless communication (OWC), covering the unlicensed spectrum of 

400 THz to 1500 THz (or equivalent to 200 nm to 750 nm) as shown in Fig. 1.3, 

has been envisaged to mitigate the congested bandwidth in the conventional 

micro-and millimeter wave technology. At the same time, it can also provide a 

license-free and electromagnetic (EM)-interference-free communication link. The 

OWC technology can be categorized into (1) visible light communication (VLC) [7]–

[9], where the wavelength of data transmission is within the range of 380 – 750 

nm, (2) free-space optical (FSO) communication based on either ultraviolet (UV)-

based communication [10], where the wavelength of data transmission is within 

the range of 200 – 380 nm, or the near-infrared (NIR)-based communication, 

where the wavelength of data transmission is within 750 – 2500 nm. In particular, 

the Nakagawa Laboratory at Keio University introduced the VLC technology in 

2003 [11]. Since then, the technology has been forecast to support various short-

range communication modalities in the absence of fiber networks, e.g., vehicle-to-

vehicle (V2V) communication [12], indoor navigation systems [13], underwater 

wireless optical communication (UWOC) [14], as well as the simultaneous function 

of solid-state lighting and VLC (SSL-VLC) [15]. In particular, the SSL-VLC 

technology, which is also coined as ‘light fidelity’ (Li-Fi), attracted massive attention 

due to the use of the required transmitter technologies, i.e., light-emitting diodes 

(LEDs), in most of the housing and commercial buildings [9]. To accelerate the 

deployment of VLC technology, several relevant IEEE standards have been 

introduced. For instance, the IEEE 802.15.7 standard for short-range VLC utilizing 

the spectrum between 380 to 780 nm with the data rate of up to 96 Mbit/s [16], 
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[17], and the IEEE 802.15.13, which covers from 190 to 10,000 nm with the data 

rate of up to 10 Gbit/s [18]. On the other hand, the less explored UV-based 

communication modality also received increasing attention in recent years, due to 

low solar background noise in the UVC regime (i.e., 200 nm to 280 nm), as well as 

the possibility for non-line-of-sight (NLOS), and diffuse-line-of-sight (Diffuse-LOS) 

modality [10]. Differ from the line-of-sight (LOS) modality in VLC, the highly 

scattered UV photons would relieve the strict requirement on the pointing, 

acquisition and tracking (PAT) where the transmitter and receivers are not required 

to be perfectly aligned [19].  

Table 1.1 summarizes the key characteristics of various wireless 

communication technologies. Compared to the terahertz (THz) and infrared (IR) 

wireless communication link, which suffers from high signal attenuation (100 

dB/km) when operating in a highly humid environment, the VLC and UV-based 

OWC link could yield a lower attenuation value of 0.1 dB/km [20]. However, when 

operating in a foggy or sandy situation, the VLC and UV-based technology suffers 

from a much higher signal attenuation than THz/IR technology [20], [21]. 

Therefore, hybrid RF/FSO [22] or THz/FSO systems [21] have also been proposed 

to complement each other depending on the weather conditions. Moreover, the 

THz communication technology also suffers from the lack of compact, low-cost, 

and commercially available semiconductor sources. Although THz quantum 

cascade lasers (QCLs) have received increasing attention in recent years for THz 

generation, however, the operating temperature of these QCLs is typically limited 

to <100 K [23], [24], especially for operating frequency in the vicinity of ~1.4 THz 
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[25]. Thus, in comparison with VLC or UV-based OWC links, where there is a 

broader choice of compact devices on both the transmitter and receiver side, the 

THz technology may still be far-reaching in terms of commercialization.  

  

Table 1.1 Key characteristics of various wireless communication technologies. 

Wireless 
communication 

technology 
Frequency band Key characteristics 

1G 150/900 MHz  Technology: Analog cellular 

 Limited data rate of less than 2 
kbit/s 

2G 900 MHz/1.8 GHz  Technology: Digital cellular 

 Text messaging services 

 Limited data rate of less than 64 
kbit/s 

3G ~1.6 GHz to 2 GHz  Technology: CDMA, UMTS, 
EDGE 

 Emerging of the smartphone era 

 Allows low-quality video calls 

 Data rate of between 144 kbit/s to 
2 Mbit/s 

4G ~600 MHz to 2.5 GHz  Technology: LTE, WiFi 

 Substantial coverage distance 
(>15 km) 

 Average download speed of fewer 
than 100 Mbit/s 

5G ~600 MHz to 6 GHz 

~24 GHz to 86 GHz 

 Short coverage distance (<300 m) 

 More cell towers are required 

 Data rate of ~10 Mbit/s for 
thousands of users, ~100 Mbit/s 
in metropolitan areas, and 
simultaneous 1 Gbit/s for workers 
on the same floor [4] 
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THz ~100 GHz to 10 THz  Strong absorption through the 
atmosphere caused by water 
vapor 

 Require cryogenic temperature 
for operation 

IR ~300 GHz to 400 THz  Susceptible to higher attenuation 
from humidity as compared to 
VLC 

 Used in fiber-optics technology 

VLC 400 THz to 790 THz  Transmitter sources (e.g., LEDs) 
are widely installed and employed 

 EM-interference-free and secured 
communication link 

 Unlicensed frequency band 

 Demonstrated data rate of multi-
Gbit/s 

 Short transmission distance (<50 
m) 

UV 790 THz to 1500 THz  Less explored 

 Low background noise and high 
robustness 

 Possibility for NLOS and Diffuse-
LOS modality due to strong 
scattering 

 Required to operate below eye-
safety threshold limit value (TLV) 
of 6 mJ/cm2 [26] 

  

1.3 Motivation 

While paving the way forward for the development of VLC and UV-based OWC, 

the advancement in the optical transmitter and receiver technologies is equally 

imperative. On the transmitter end, various type of devices, e.g., LEDs [27]–[29], 

micro-LEDs [30]–[32], laser diodes (LDs) [33]–[35], vertical-cavity surface-emitting 

laser (VCSEL) [36] and superluminescent diodes (SLDs) [37]–[39], have been 

shown to exhibit low resistance-capacitance (RC) limit and short 
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photoluminescence (PL) decay time [38], [40], [41] with data transmission speed 

of up to few tens of gigabits-per-second (Gbit/s). Comparatively, the advancement 

on the receiver ends is still lagging compared to the transmitter counterparts and 

could hinder the overall development in this field. The following sections outlined 

the key motivations leading to the exploration of novel high-speed photodetection 

modules, as outlined in Chapters 3 to 6 of this thesis, which aims to address the 

dynamic application scenarios in ultraviolet-to-visible OWC field, while at the same 

time, resolving the fundamental limitations present in conventional Si-based optical 

receivers. 

 

1.3.1 Wavelength-selectiveness 

At present, the Si-based optical receivers, e.g., photodiode [42], [43], avalanche 

photodetectors (APDs) [44], [45], single-photon counters [46]–[50], silicon 

photomultiplier (SiPM) [51], [52], and multi-pixel photon counters (MPPC) [53], 

have been commonly used and demonstrated for data transmission in VLC and 

UV-based OWC. Although some other photodiode such as germanium (Ge) [54], 

indium gallium arsenide (InGaAs) [55], [56], and indium gallium arsenide 

phosphide (InGaAsP) [57]) have been demonstrated with the -3-dB frequency 

bandwidth (f-3dB) of more than 10 GHz, the absorption wavelength is within the 

range of 900 to 1700 nm, and thus omitted from practical usage in VLC or UV-

based OWC. Hence, the Si-based photodetectors (PD) which exhibit a wide 

absorption spectrum within the range of 400 to 1000 nm, fits well with the required 

operating frequency band of VLC and UV-based OWC. Apart from that, the wide 
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spread of Si-based optical receivers are also largely attributed to the technological 

maturity of Si-based materials, which includes low material cost, ease of fabrication 

and compatibility with the complementary metal-oxide-semiconductor (CMOS) 

technology [58].  

It is, however, noteworthy that the broad absorption spectrum covers from 400 

to 1000 nm in Si-based PDs, as shown in Fig. 1.4, cannot guarantee high 

wavelength-selectivity that rejects the ambient light noise, which is vital in the 

optical communication links. To minimize stray noise on the receiver end, selective 

filters (e.g., band-pass, long-pass, or short-pass) are often mounted or coated 

before the absorption region. However, these hard sputtered filters consist of a 

complex assembly of absorbing material, metallic layers, or interference coatings, 

which induce high production costs due to the expensive coating stacks. In 

addition, the use of interference filters will also encounter the issue of shifting in 

the effective center wavelength when the incoming signal hits at an angle different 

from the design wavelength [59]. It may induce an additional risk of not letting the 

incoming narrowband wavelength pass through the filter. Moreover, over an 

extended usage period, the coatings often degrade due to the photo-thermal effect, 

i.e., conversion of the photon into phonon energy, which induces high temperature 

on the coating surfaces [60]. Such design could be less desirable in the practical 

deployment of VLC and UV-based OWC.  
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Figure 1.4 Typical responsivity spectrum of Si-based photodetector. Data extracted from 

Thorlabs’ FDS010 Si-based photodetector [61]. 

 

1.3.2 Modulation bandwidth and detection area tradeoff 

The modulation bandwidth of Si-based photodiode could be limited either by (1) 

RC time constant or (2) carrier transit time. The overall bandwidth can be 

expressed based on Eq. (1) as shown below [62]: 

𝑓−3dB =
1

2𝜋√(𝑅𝐿𝐶𝑡)2+(𝜏𝑡𝑟)2
       (1) 

In the case of RC-limit, the f-3dB can be estimated based on Eq. (2) as shown below: 

𝑓−3dB =
1

2𝜋𝑅eq𝐶t
≈  

1

2𝜋(𝑅s+𝑅L)𝐶t
≈  

1

2𝜋𝑅L𝐶t
       (2) 
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where 𝑅eq represents the equivalent resistance of (𝑅s + 𝑅L) in parallel with shunt 

resistance (𝑅P), 𝑅s  is the series resistance, 𝑅L  is the load resistance, 𝐶t  is the 

terminal capacitance, and 𝜏𝑡𝑟 is the carrier transit time of the photodiode. Figure 

1.5 shows the representative small-signal equivalent circuit of the photodiode. As 

the 𝑅s  of the photodiode is typically low, thus the modulation bandwidth is 

determined by the terminal capacitance (𝐶t) and load resistance (𝑅L). Moreover, 

as the 𝐶t  is inversely proportional to the width of the depletion layer (W) and 

proportionate to the active area of the photodiode (A), i.e., 𝐶t = 𝜀𝐴/𝑊 (𝜀 is the 

dielectric constant), extra caution must be taken when designing PDs of high 

modulation bandwidth for the free-space optical communication link. For instance, 

although the thickness of the depletion layer could be increased to reduce the 

terminal capacitance, it could also potentially lead to slower carrier transit time and 

affect the overall modulation bandwidth of the photodiode.  

 

Figure 1.5 Small-signal equivalent circuit of the photodiode [63]. 
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Most importantly, the underlying trade-off between detection area and 

response speed remains unresolved and critical for the optical communication link. 

In terms of free-space Si-based PDs or APDs, although some of the commercial 

products have achieved f-3dB of more than 2 GHz, however, due to the limits in RC 

time constant, the detection area is typically in the range of few tens to hundreds 

of µm2 [64], [65]. The small detection areas are less perturbing for fiber-optic 

communication; however, it induces a significant overhead of alignment issues in 

free-space VLC and UV-based OWC. Given these inherent drawbacks in the 

detection area, fulfilling the requirement of PAT in free-space communication links 

is often challenging, especially under harsh environments, e.g., underwater and 

across water-air boundaries [66], [67]. While increasing the detection area could 

significantly relieve the PAT requirement, such as by using large-area Si-based 

solar cells as optical receivers for OWC; however, the achievable data rate is 

typically in the range of 1-20 Mbit/s due to low f-3dB of fewer than 1 MHz  [68]–[71]. 

Moreover, the data rate of a few tens of Mbit/s was mostly achieved based on 

higher-order and more complex modulation schemes, e.g., orthogonal frequency-

division multiplexing (OFDM) and discrete multitone (DMT), which inherently 

require higher computational complexity and processing power.  

On the other hand, to resolve the tradeoff issue of detection area and 

modulation bandwidth, MPPC (or also known as SiPM), which consists of a high-

density array of silicon-based APD operated in Geiger-mode, exhibits the 

advantages of more extensive detection area and high intrinsic gain without 

sacrificing the modulation bandwidth (e.g., Onsemi J series). However, although 
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the use of SiPM receiver had achieved up to Gbit/s data rate [72], some of the 

challenges presented include minimizing the effect of crosstalk with neighboring 

cells, as well as the design complexity due to a high number of readouts channels 

while ensuring the same photoelectrical response time for all the detection cells 

[73]. The usage of single-photon avalanche detectors (SPADs) has also been 

demonstrated in VLC and UWOC due to its inherent advantage of high sensitivity 

and capability to combine signals from multiple spatial modes [46]–[50]. However, 

the SPAD also suffers from the issue of ‘dead time’, where it cannot instantly detect 

the subsequent incoming photons due to the long period required for the 

quenching of self-sustained avalanche multiplication effect. This induces non-

linear photoelectrical response and severe inter-symbol interference (ISI) when 

operating at a high modulation speed [74]. 

 

1.3.3 Optical detection in the ultraviolet band 

While there is an increasing interest in exploring the UV-based OWC, in particular, 

to realize the modality of Diffuse-LOS and NLOS communication systems, the 

optical receiver technologies that operate in these wavelengths, i.e., 200 to 380 

nm, are urgently required. At present, the high-gain-factor PMT is commonly used 

for UV-based OWC; however, the bulky form factor, high operating voltage (>500 

V), and high cost essentially hinder the practical deployment or integration with 

photonic integrated circuits [75].  
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Given that, small-footprint and compact PDs based on large bandgap 

materials, e.g., AlGaN [76]–[79], BN [80]–[82], and Ga2O3 [83]–[86], have been 

proposed. However, to ensure low dark currents, the control over the defect states 

and crystal quality during the growth process often complicates the design 

process. For instance, to realize solar-blind UVC detection, a high Al-composition 

of more than 40% in AlxGa1-xN is required but often results in the existence of high-

density defects (e.g., dislocations, grain boundaries, and stacking faults) in the thin 

films, which will result in high leakage current [87]. The growth of a high-quality 

group-III-nitride-based absorption layer also needs to rely on costly and time-

consuming epitaxial growth techniques such as molecular beam epitaxy (MBE) 

and metal-organic chemical vapor deposition (MOCVD). While Ga2O3-based PDs 

have been demonstrated with a high responsivity of >10 A/W in the UVC regime 

[88], [89], the issue of persistent photoconductive (PPC) effect induced by the 

formation of oxygen vacancy defects yields a slow response speed of seconds to 

few tens of milliseconds (ms). Therefore, it is not ideal for use as an optical receiver 

for high-speed optical communication links [85], [90]. 

Although the technologically matured and low-cost Si-based PDs have also 

been demonstrated for UV-based optical communication links, the responsivity of 

Si-based PDs reduces significantly towards the UV region, i.e., <0.1 A/W, as 

shown previously in Fig. 1.4. As the penetration depth of UV photons in Si is <20 

nm, as shown in Fig. 1.6, the generated photocarriers are formed primarily on the 

surface of the absorption layer and may result in severe carrier recombination 

while transiting into the junction region [58], [91]. Thus, the Si-based PD, with 
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typical peak responsivity in the range of 750 to 900 nm, is not suitable to be 

employed as optical receivers in the field of UV-based OWC.   

 

Figure 1.6 Absorption coefficient (α) and penetration depth of Si-based absorption layer 

[91]. 

 

1.4 Research objectives 

Based upon the research motivations and methodology as outlined in the above 

sections, the primary objectives of this work are listed as follows: 

1.) Propose and evaluate novel photodetection scheme that 

independently/collaboratively addresses the fundamental limitations (i.e., 

broad absorption spectrum, RC-limitation, the lack of high-speed UV 

detectors) in Si-based optical receivers for ultraviolet-to-visible OWC field 
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2.) Identify, design, and evaluate suitable high-speed photodetection scheme 

for UV-to-visible OWC link, complementing and relieving that of the existing 

congested RF communication link 

3.) Design, characterize and evaluate an appropriate material system for 

realizing high-speed (i.e., over 10 Mbit/s) optical detectors 

4.) Develop high-speed UV optical receivers for the solar-blind communication 

link 

5.) Identify and evaluate novel high-speed, scalable, omnidirectional 

photodetection platform for a dynamic OWC link 

 

1.5 Thesis outline 

While the field of VLC and UV-based OWC is accelerating towards mitigating the 

congested bandwidth in the conventional communication channels and 

empowering the upcoming era of IoT and IoUT, the optical receivers’ technologies 

are by far inadequate to complement the complete communication system. To 

resolve the key impediments present in the existing technologies, this dissertation 

explores conventional and unconventional approaches to designing optical 

receiver technologies to resolve the fundamental issues and enable high-bitrate 

detection in VLC and UV-based OWC.  

Chapter 1 of this dissertation describes a general overview of VLC and UV-

based OWC and their potential contribution for optical wireless modality 

supplementing the existing communication technology. This Chapter also 
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discusses the primary limitations in the current technologies of high-speed optical 

detection, particularly with the conventional silicon-based photodetectors, then 

follows by the research objectives and the overview of the outline of this 

dissertation. Meanwhile, Chapter 2 outlines the summary of the research 

methodology and the fabrication and characterization tools used in this 

dissertation. 

Chapter 3 highlights on a wavelength-selective semipolar group-III-nitride-

based micro-photodiode conceived for high-speed VLC systems. Compared to 

polar-based InGaN-based micro-photodiode, the semipolar counterpart offers 

reduced piezoelectric field and lower barrier height in the device structure, leading 

to lower carrier retention time and higher modulation bandwidth. We also 

demonstrated a Gbit/s record-breaking data rate based on NRZ-OOK modulation 

scheme. 

Despite demonstrating high modulation bandwidth and data rate based on a 

conventional planar surface-absorbing micro-photodiode, it is restricted in scaling 

into a larger detection area or omnidirectional detection as required in many critical 

OWC applications. Therefore, Chapter 4 subsequently demonstrates an 

unconventional approach of using scintillating fibers as the optical detection 

module for high-bitrate UWOC applications. Off-the-shelf scintillating fibers were 

used as a proof-of-concept demonstration for large-area and omnidirectional 

detection based on a 375-nm transmitter source.  

Chapter 5 highlights on utilizing nanostructured perovskite as the scintillating 

material for color-converting optical detection in the deep-UV region. This work 
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aimed to resolve the lack of a high-speed UV-based optical detector in the 

literature while providing a non-disruptive method tapping on the low-cost and 

matured Si-based technology for enabling high-bitrate detection in the UV regime. 

Utilizing the inherent advantages of fast radiative recombination lifetime and high 

photoluminescence quantum yield of the color-converting layer, a data rate in the 

vicinity of a few tens of Mbit/s owing to a higher signal-to-noise ratio as compared 

to the bare silicon-based photodetector, were demonstrated.   

Subsequently, Chapter 6 further demonstrates scintillating fibers-based 

photodetectors based on perovskite-polymer composite. Incorporating the 

perovskite nanocrystals in the polymer matrix enables the fabrication into a 

polymer-based fiber and large-area optical detection when arranging into an array 

form, combining the actual demonstration as presented previously in Chapters 3 

and 4. The proposed perovskite-polymer-based fibers omit the conventional RC-

limitation as demonstrated in planar-based optical detectors while providing 

scalable, flexible, and omnidirectional detection for high-bitrate terrestrial- and 

underwater-internet systems. 

In the last chapter, we presents a summary of the results and potential future 

work based on the topics outlined in this dissertation. 
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Chapter 2 Research Methodology 
 

2.1 Introduction 

In this dissertation, we adopted a multidisciplinary, collaborative, and ground-up 

approach from materials and devices to application-based demonstration while 

exploring various novel optical detection platforms to enable future high-speed 

optical-interconnected networks across the ultraviolet-to-visible band. The 

following works address the fundamental technological limitations or shortcomings 

in the existing Si-based optical receivers’ technologies, as discussed previously in 

Section 1.3.  

 

Figure 2.1 Summary of the primary work and their key contributions constituting this 

dissertation, as well as the multidisciplinary approach adopted to accomplish the targeted 

objectives. 
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Figure 2.1 summarizes this dissertation's core competencies, research focus, 

and primary contribution, where the proposed photodetection schemes (as 

presented in Chapters 3 to 6 of this thesis) adopted multidisciplinary and 

collaborative research. It starts from the characterization of the material, structural, 

optical properties, device performance and finally evaluates the feasibility for a 

future optical-based network based on the optical modulation performance. This 

dissertation aimed to address the scarcity of high-speed optical detection modules 

and shed light on providing a versatile optical detection platform for future OWC 

applications. 

 

2.2 Fabrication and characterization tools 

The following subsections introduce various fabrication and characterization tools 

to extract the optical and structural properties of the materials employed in 

designing the photodetection platform, as well as a summary of the photoelectrical 

and optical modulation setup used in evaluating the proposed device performance. 

As the experimental setup, particularly in the photoelectrical and optical modulation 

setups, could vary depending on the requirements of the samples, the 

experimental details (including the specifications of systems or components used) 

are listed explicitly in their respective chapters. 
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2.2.1 Nanofabrication tools 

A series of semiconductor fabrication processes were employed to realize the 

device structure, as presented in this dissertation. The tools used include DC/RF 

sputter, inductively coupled plasma reactive-ion etching (ICP-RIE), plasma-

enhanced chemical vapor deposition (PECVD), e-beam evaporator, and 

photolithography. All tools are located in a Class 100 cleanroom environment at 

KAUST. 

Primarily, the deposition of metal or conducting layers (e.g., Ni, ITO, Ti, Au) 

was achieved by using DC/RF sputtering system (ESC, ESCRD4) and e-beam 

evaporator (Denton Vacuum LLC, Explorer14). The DC/RF sputter system is one 

of the plasma vapor deposition (PVD) techniques that create plasma (i.e., high 

energy ions) in a high vacuum chamber to bombard the target source and form a 

thin-film coating on the loaded sample. The negatively charged cathode controlled 

by the DC or RF (13.56 MHz) source trapped the positively charged ions and led 

to the accumulation of positive charges over time, eventually releasing the atoms 

of target materials towards the positively biased anode formed the intended 

coating on the loaded samples. Another PVD technique used is based on an e-

beam evaporator. Thermionic emission generates a high electron flux (high current 

passed through a tungsten filament) and accelerates towards the graphite crucible 

containing the target material. The electron beams steered by a strong magnetic 

field then sublimate the target material towards the sample mounted on top of the 

vacuum chamber. Unlike the PVD technique, PECVD (Oxford Instruments, 

Plasma Lab System 100) based upon the deposition of thin film from a gas state 
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into solid-state (i.e., chemical vapor deposition) were also primarily used to deposit 

dielectric materials (e.g., SiO2, SixN1-x) using silane (SiH4) as the source gas. In 

PECVD, the ionized atoms (plasma) were created by an RF discharge between 

two electrodes filled with the reactive gases, and the resultant chemical reaction 

formed the reaction product on the loaded samples. The deposition of dielectric 

materials via PECVD was intended to passivate and isolate the conducting paths 

on the samples. 

 The patterning of the samples was predominately formed using 

photolithography and ICP-RIE (Oxford Instruments, Plasma Lab 100 – ICP380). 

The photolithography process consisted of spin-coating photoresist, pattern 

transfer through exposure, and development of photoresist. The photomasks (LED 

masks Version 3.2 by Photonics Laboratory at KAUST) used in this dissertation 

were designed using Clewin and written into a 5-inch fused quartz substrate with 

a layer of Chromium using a laser writer (Heidelberg uPG501). A contact aligner 

(EVG6200) was used for alignment and transfer the pattern onto the sample based 

on a broadband UV light source. After the photoresist is developed and the sample 

is deposited with a metal hard mask, the ICP-RIE technique was used to etch away 

the unprotected area and form a mesa structure. In the ICP-RIE system, the high-

density chemically reactive plasma formed by the coupling between the RF 

antenna and the plasma creates a DC bias that attracts the ions drifting towards 

bombarding the sample surface. The high-energy ions and radicals of the reactive 

gases from the plasma will create penetration, steep-sided wall, or trenches in the 
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area that are not covered by the hard-mask protective layer, thus forming the 

required patterns of the sample. 

 

2.2.2 Optical characterization 

For characterizing the optical properties of semiconductor materials, UV-VIS 

spectroscopy is one of the basic quantitative techniques to extract the 

transmittance, absorbance, or reflectance of the material across the wavelength of 

interest. The extracted optical properties from UV-VIS spectroscopy would be 

beneficial in determining the excitation or detection wavelength in subsequent 

experiments. The absorbance coefficient (𝛼) of the material can also be calculated 

using Beer-Lambert’s law and based on the extracted parameters as shown in Eq. 

(3): 

𝛼 = (
1

𝑑
) ln (

𝐼0

𝐼
) = (

1

𝑑
) ln (

1

𝑇
)    (3) 

where 𝑑  represents the thickness of the material, 𝐼0  represents incident light 

intensity, 𝐼 represents received light intensity after passing through the sample, 

and T represents the transmittance (or the ratio of 𝐼/𝐼0 ). A UV-VIS-NIR 

spectrometer (Shimadzu, UV-3600) with high-resolution grating (0.1 nm) and three 

different optical detectors (i.e., PMT – 165 nm to 1000 nm, InGaAs – 700 to 1800 

nm, and PbS – 1600 to 3300 nm) were used throughout the experiments. 

Photoluminescence (PL) is another non-contact and non-invasive method of 

measuring the emission of absorbed radiant energy in the form of light. It can be 

used to determine the optical bandgap, purity, and crystalline quality of 
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semiconductors material. The general principle of PL spectroscopy relies on a 

process known as ‘photo-excitation’. When a light source with energy larger than 

the optical bandgap of material is directed onto the sample, it is absorbed and 

imparts excess energy into the material. The process will then excite electrons 

within the semiconductor material to move into excited states, creating an electron-

hole pair. During the process in which electrons relax back into their equilibrium 

states, the excess energy might be released in the form of light (a radiative 

process). Once the energy of the emitted light has been collected by PL 

spectroscopy, it can then be related to the difference in energy levels between two 

electron states involved in the transition between the excited state and equilibrium 

state. Apart from that, the related impurities and defects within the material itself 

can also be revealed from the PL spectrum.  

While the PL spectroscopy mainly identified the optical band gap within the 

excited and equilibrium state, the photoluminescence quantum yield (PLQY) 

measurement with a similar setup as the PL spectroscopy (see Fig. 2.2(a)) can be 

used to calculate the number of photons emitted as a fraction of the number of the 

photons absorbed. The PLQY measurement uses a comparative method to 

estimate the quantum yield of the sample based on Eq. (4) as expressed below: 

𝑄𝑆 = 𝑄𝑅
𝐼𝑆𝐴𝑅

𝐼𝑅𝐴𝑆
    (4)   

where 𝑄𝑆  ( 𝑄𝑅 ), 𝐼𝑆  ( 𝐼𝑅 ) and 𝐴𝑆  ( 𝐴𝑅 ) represents the quantum yield, integrated 

fluorescence intensities, and absorbance of the unknown sample (S) and a 

reference (R) sample with a known value of quantum yield. A fluorescence 
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spectrometer (Edinburgh Instruments, F900) with the sample mounted inside an 

integrating sphere configuration was used in these experiments. The light source 

is a broadband Xenon arc lamp, and the excitation wavelength is controlled using 

a monochromator mounted with a high-resolution diffraction grating. Another 

monochromator then filters the emitted light on the receiver end to remove any 

unabsorbed or stray light before being directed into a PMT. Rhodamine 6G 

dissolved in ethanol with a standard PLQY of ~94% was used as the reference 

sample. The time-resolved photoluminescence (TRPL) technique was also used 

to study the carrier properties in the time domain, especially in extracting the 

radiative recombination decay lifetime of the semiconductor materials. The sample 

is excited using a pulsed excitation source (e.g., femtosecond laser), typically with 

a pulse width in the range of femtoseconds to picoseconds, and the resulting flash 

of PL emission is spectrally and temporally resolved using a PMT (lifetime range 

of >150 ps) or a streak camera system (lifetime range of >1 ps) for analysis of the 

carrier kinetics in time-domain (Fig. 2.2(b)).  

 

Figure 2.2 Simplified schematic illustration of (a) photoluminescence and 

photoluminescence quantum yield, as well as (b) time-resolved photoluminescence 

measurement setup. 
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2.2.3 Structural characterization 

Transmission electron microscopy (TEM) is also employed to study the top-view 

structural or cross-sectional images of the material used. Unlike the light-based 

microscope, TEM utilizes a high-voltage electron beam (100 to 300 kV) generated 

from the thermionic electron emission process to excite the specimen and form an 

image based on the beam information (e.g., electron density, phase, and 

periodicity) exiting from the specimen. The use of an electron beam for imaging 

allows a higher resolution of down to ~0.5 Å due to the shorter De Broglie 

wavelength of electrons than the optical beam by several orders of magnitude. 

Therefore, TEM is suitable for analyzing the atomic arrangement, structural 

characteristics, defects, and materials elements at very fine resolution. Depending 

on the requirements, the sample can be prepared by directly drop-casting onto a 

carbon-coated copper-mesh TEM grid or milled using Focused Ion Beam (FIB) to 

prepare for TEM lamella. 

 

2.2.4 Photoelectrical characterization 

To establish the physical parameters necessary for evaluating the prospects of the 

optical receivers for the VLC system, the steady-state photoelectrical performance 

of the device was first characterized by using the self-assembled setup, as shown 

in Fig. 2.3. The setup consists of a broadband 500-W mercury-xenon (Hg(Xe)) arc 

lamp (Newport, 66142) mounted to a monochromator (Oriel Cornerstone, CS260) 

and was installed with a diffraction grating (Newport, 74060) for wavelength tuning. 
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After passing through the monochromator, the emitted light is guided along with a 

series of collimation and focusing lenses onto a sample stage. The sample stage 

is equipped with two probes made of Tungsten tips and Kelvin probe arms, which 

can perform four-terminal sensing that eliminates the lead and contact resistance 

for high sensitivity measurement. The probes are connected to a semiconductor 

parameter analyzer (Agilent Technologies, 4156C) with a resolution of 1 fA and 

0.2 µV. Before the measurement, the incoming light is pre-calibrated to ensure 

uniform light intensity across all measurement wavelengths by using a Si-based 

power meter (Newport, 818-UV) and beam profiler (Ophir-Spiricon, SP620U). The 

optical power was varied using a set of neutral density (ND) filters fitted in the 

optical path. 

 

Figure 2.3 Experimental setup for photoelectrical measurement of optical receivers 
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2.2.5 Optical modulation 

Intensity modulation/direct detection (IM/DD) is the typical modulation method in 

OWC link, where the optical intensity of the transmitter source (e.g., LEDs, diode 

lasers) was modulated by an RF signal and directly detected by a photodetector 

that converts into the electrical signals depending on the received light intensity. 

This modulation scheme differs from the typical RF systems where the signals can 

be modulated using amplitude, frequency, or phase. In the case of OWC, only real 

non-negative signals can be transmitted. For OWC systems employing IM/DD, on-

off keying (OOK) is the most widely used modulation scheme due to its simplicity 

and high power efficiency, as compared to other higher-order multi-carrier 

modulation schemes (e.g., OFDM, DMT) and more ideal to be integrated into 

existing mobile devices requiring low power consumption [92]. The use of OOK is 

also acknowledged in the physical layer of the IEEE 802.15.7 standard for VLC 

systems [93]. A more spectral-efficient optical OFDM scheme is also often 

employed to improve the data rate and support applications requiring higher speed 

demands without considering power consumption or computing complexity. In this 

dissertation, the experiments presented in Chapters 3 to 6 utilized the OOK 

modulation scheme to investigate the modulation performance for simplicity, while 

only Chapter 6 further demonstrated the performance of optical receiver based on 

OFDM modulation scheme in addition to the conventional OOK scheme. 

Figure 2.4 shows the simplified optical modulation setup for characterizing the 

modulation performance of the optical receiver, where a signal generator and bit-

error-ratio tester (BERT) (or oscilloscope) were used to modulate/demodulate the 
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transmitted signal and to extract physical parameters related to bitrate 

measurement, e.g., achievable data rate, eye diagrams, and bit-error-ratio. At the 

same time, the vector network analyzer (VNA) was used for characterizing the 

device/system’s bandwidth response based on the S21 measurement. The bias-

tee was added on both the transmitter and receiver ends to provide DC bias from 

a power supply in addition to the modulated small signal. On the receiver end, the 

bias-tee was added to provide a reverse DC bias to a photodiode. In the case of 

the OFDM modulation scheme, the modulated/demodulated signals were 

processed offline via MATLAB. The details of the experimental setup, including the 

systems and components specifications and the extracted parameters, were 

outlined in detail in their respective Chapters. 

 

Figure 2.4 Block diagram of a general optical modulation setup 
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Chapter 3 Group-III-nitride Photodiode for Visible Light 

Communication 
 

3.1 Introduction 

While Si-based PDs and APDs are commonly used in current VLC technology due 

to the high level of technology maturity and low development cost, the broad 

absorption spectrum of the Si-based absorption layer could introduce higher shot 

noise to the received optical signals caused by the detection of ambient light 

sources. The absorption of nominally different spectral content or stray light, apart 

from the transmitted signal, would create undesirable optical noise, which could 

distort the received signal and induce ISI effect [94], [95]. The fundamental channel 

model for a VLC system can be represented by Eq. (5) as below [95]: 

𝑦(𝑡) = 𝑥(𝑡) ⨂ ℎ(𝑡)  + 𝑛(𝑡)    (5) 

where 𝑦(𝑡) denotes the received signal, 𝑥(𝑡) denotes the transmitted signal, ℎ(𝑡) 

denote the impulse signal of the channel, and 𝑛(𝑡) represents the overall noise in 

the channel, which includes optical noise induced by the ambient environment. 

Therefore, to reduce the total noise introduced in the VLC system, an optical 

receiver that inherently reduces the shot noise coming from the ambient 

environment, e.g., the sun and indoor white-light LEDs, is advantageous and 

attractive for the VLC system. Figure 3.1 shows the block diagram of a typical VLC 

system. The block diagrams “E-O Circuits” and “O-E Circuits” represent the 

electrical-to-optical (E-O) conversion circuits and optical-to-electrical (O-E) 

conversion circuits. 



46 
 

 
 

 

Figure 3.1 Block diagram of a typical VLC system.  

 

Group-III-nitride-based materials, e.g., GaN, InGaN, and AlGaN, have 

received enormous attention due to their unique and favorable properties 

compared to other semiconductor materials. In particular, the direct and tunable 

bandgap ranging from 0.7 eV (InN) to 6.2 eV (AlN) could cover the entire UV, 

visible and near-infrared portions of the electromagnetic wave spectrum. These 

advantages make it ideal for various commercialized optoelectronics devices, e.g., 

LEDs, LDs and SLDs. While the compositionally-tunable group-III-nitride-based 

optical transmitters have been widely demonstrated with data rates of up to a few 

Gbit/s for VLC systems [17], [37]–[39], the development of optical receivers based 

on the group-III-nitride material systems is still lagging. Moreover, the properties 

of tunable bandgap in group-III-nitride-based PDs are also desirable in realizing 

wavelength-selective optical receivers for reducing shot noises when employed in 

a VLC system [96]. Compared to interference filters consisting of multiple stacks 

of dielectric materials and mounted in front of the optical receiver, an integrated 

wavelength-selective optical filter realized directly on the device structure could 

eliminate the shifting issue of effective center wavelength as in the case of 
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interference filter [59]. At the same time, it can also resolve the degradation issue 

of interference filters after a prolonged period of usage due to the photothermal 

effect and poor thermal conductivity of dielectric stacks [60].  

Previously reported group-III-nitride-based PDs have not been demonstrated 

for high-speed modulation in the VLC system [97]–[99]. In 2018, Ho et al. [96] 

reported the first demonstration of c-plane InGaN/GaN multiple quantum well 

(MQW) based µPDs with f-3dB of 71.5 MHz and data rate of 3.2 Gbit/s utilizing 

OFDM modulation scheme. The use of OFDM modulation scheme to combat the 

nonlinear distortion and enhance the data rate within the limited modulation 

bandwidth requires higher computational and processing complexity. On the other 

hand, a VLC system based on a relatively direct and straightforward non-return-

to-zero on-off-keying (NRZ-OOK) modulation scheme, where the logic ‘1’s or ‘0’s 

of the data is simply represented by the presence or absence of the carrier wave, 

is expected to reduce overall power consumption as there is no carrier being 

transmitted during logic ‘0’. In 2019, Liu et al. [100] reported a maximum data rate 

of 185 Mbit/s for c-plane InGaN/GaN MQW-based µPD based on the NRZ-OOK 

modulation scheme.  

Compared to previously demonstrated c-plane (polar) InGaN/GaN-based 

MQW devices, in recent years, semipolar and nonpolar devices with partial or 

complete reduction of polarization-induced electric field have shown improved 

device performance, e.g., higher radiative recombination efficiency, narrower 

emission linewidth, and shorter carrier lifetime [101]. For instance, due to improved 

overlapping of electron-hole wavefunctions and fast carrier recombination lifetime, 
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Monavarian et al. [40] reported a semipolar (2021̅̅̅̅ ) orientation LEDs with f-3dB of up 

to 260 MHz and more than 3-fold higher than c-plane LEDs, making it more 

attractive for implementation in high-bitrate VLC systems. Apart from that, the 

semipolar (2021̅̅̅̅ ) InGaN-based devices have also been shown to exhibit higher 

indium incorporation efficiency as compared to c-plane devices due to reduced 

repulsive force between the indium atoms [102], [103]. Such properties allow the 

growth of InGaN-based active regions with high indium composition at a higher 

temperature for improved crystal quality necessary for various optoelectronics 

devices. Moreover, while paving the way towards designing wavelength-selective 

optical receivers, the semipolar counterpart yields a sharper absorption edge 

compared to c-plane devices owing to better crystal quality and reduced 

polarization fields, which minimizes the presence of Urbach tail states [104]. Figure 

3.2 shows the crystallographical planes of semipolar ( 2021̅̅̅̅ ) plane with an 

inclination angle of 105° and nonpolar (101̅0) GaN with an inclination angle of 180° 

as compared to c-plane, as well the corresponding energy band diagrams in a QW 

structure. The reduced potential barrier at the interfaces of QW due to smaller 

conduction and valence band offsets in the semipolar InGaN/GaN structure could 

reduce the carrier retention time of the photogenerated carriers and leads to higher 

modulation bandwidth. This could be manifested following the governing Eq. (6) 

modeled after quantum-dot infrared photodetectors (QDIPs) [105] as shown 

below: 

𝜏𝑒

𝜏𝑐
= 𝑒

∆𝜀

𝑘𝑇    (6) 
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where 𝜏𝑒  is the carrier escape time, 𝜏𝑐  is the carrier captured time from the 

continuum states to the confined state, ∆𝜀  is the barrier energy between the 

confined state and the barrier layer, and 𝑘𝑇 is the product of Boltzmann’s constant 

and temperature.  

 

 

Figure 3.2 Schematics of crystallographical planes of typical c-plane, semipolar (2021̅̅̅̅ ) 

and nonpolar (101̅0) GaN, as well as the corresponding energy band diagrams with the 

direction of the electric field, where Epz refers to the strain-related piezoelectric field and 

Ebi refers to the built-in electric field. Adapted from [106]. 
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Herein, a surface absorbing semipolar InGaN/GaN MQWs based micro-PD 

(µPD) grown on free-standing (2021̅̅̅̅ ) GaN substrate is experimentally investigated 

and presented. The photoelectrical performance, e.g., I-V characteristics, 

responsivity, specific detectivity, and linear dynamic range, were first measured 

and characterized to establish the necessary physical parameters for high-speed 

modulation testing. Subsequently, the frequency response and highest achievable 

data rate across the VLC link of the semipolar µPD is established and investigated. 

The µPD exhibits the property of high wavelength-selectiveness and high 

modulation bandwidth suitable for on-chip integration in VLC systems. Moreover, 

using the MQW structure would also allow the dual-functionalities of light-emitting 

and light-detection capability, which is ideal for a full-duplex VLC system. This work 

demonstrated the feasibility of wavelength-selective semipolar µPD for supporting 

over Gbit/s VLC systems based on a straight-forward intensity-modulation 

scheme.  

  

3.2 Device structure and fabrication 

In this experiment, the structure was grown by Changmin Lee in UC Santa Barbara 

using MOCVD on a free-standing semipolar (2021̅̅̅̅ ) GaN substrate. The layered 

structure consists of Si-doped n-GaN (~1 µm), 5 stacks of In0.15Ga0.85N/GaN (3 

nm/9.5 nm) MQW active region, Mg-doped p-GaN (~350 nm), and heavily Mg-

doped p-GaN (~15 nm). The representative high-resolution transmission electron 

microscopy (HRTEM) image acquired from an FEI Titan ST microscope showing 

the 5 alternating stacks of quantum well (QW) and quantum barrier (QW) active 
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region can be found in Fig. 3.3(a). The layered structure's fast Fourier transform 

(FFT) image is shown in Fig. 3.3(b). As indicated by the first observed spots above 

the center of each indexed FFT pattern, the growth direction towards the (201̅) 

plane can be observed. The Miller plane indices (hkl) can be further converted to 

the four-axis Miller-Bravais indices (hkil) based on (h k i=-(h+k) l), thus confirming 

the semipolar ( 2021̅̅̅̅ ) orientation of the structure. The HRTEM lamella was 

prepared through focused ion beam (FIB) milling with an FEI Helios G4 FIB-SEM 

system. Figure 3.3(c) shows the reconstructed crystal model created with 

CrystalMaker of the semipolar structure with nitrogen-terminated surfaces. The 

simulated FFT pattern is matched with the FFT image extracted from HRTEM 

images to construct the crystal model. The semipolar structure's 

photoluminescence (PL) spectrum was also measured using a 325 nm He-Cd 

laser with the Horiba LabRAM Aramis Raman system at room temperature. As 

shown in Fig. 3.3(d), the peak PL wavelength is at 420.8 nm with a full-width-at-

half-maximum (FWHM) of 13.2 nm. 
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Figure 3.3 (a) HRTEM image of the semipolar (2021̅̅̅̅ ) structure showing the alternating 

stacks of MQW active region [107]. (b) FFT image and (c) crystal model of the layered 

structure. (d) PL spectrum showing the peak wavelength at 420.8 nm. 

 

The semipolar µPD was then fabricated using the in-house cleanroom facilities 

at Nanofabrication Core Labs, KAUST. A stack of Ni/ITO (10 nm/250 nm) was first 

deposited by sputtering, followed by rapid thermal annealing (RTP) at 600°C for 1 

min. Subsequently, the mesa structure was formed by photolithography and 

etching by using an inductively coupled plasma reactive ion etcher (ICP-RIE) 

based on a standard Cl2-based process. To include an insulating layer between 

the top-most p-metal layer and other GaN layers, a 225-nm-thick SiO2 layer was 
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then deposited using plasma-enhanced chemical vapor deposition (PECVD) 

unpatterned region was removed by using hydrofluoric acid (HF) wet etching 

process. The metal contacts for both n- and p-GaN areas were formed by 

depositing Ti/Au (20 nm/300 nm) layers using an E-beam evaporator. The final 

device structure is illustrated as shown in Fig. 3.4(a). This study focuses on the 

fabricated µPD with a circular diameter of 80 µm, as previous reports have shown 

that similar devices with a diameter of less than 100 µm exhibit minimal RC effect 

[28], [40], [96], [108]. The micrograph image of the 80-µm-diameter semipolar µPD 

is shown in Fig. 3.4(b). 

 

 

Figure 3.4 (a) Schematic illustration of the layered structure in semipolar (2021̅̅̅̅ ) MQW-

based µPD [107]. (b) Top-view micrograph image of the 80-µm semipolar µPD.  

 

3.3 Photoelectrical performance 

The current-voltage (I-V) curve of the device under dark conditions, as well as 

illumination at 370 nm and 400 nm, is shown as in Fig. 3.5(a). At -10 V, the 

fabricated µPD shows low dark current (𝐼dark) of approximately 1.6 × 10-12
 A or 

corresponds to a dark current density of 3.18 × 10-8
 A/cm2. The achieved dark 

current in the range of sub-pA to pA is at least 2 orders of magnitude lower than 
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the similar structure of polar-based MQW µPD [96]. Meanwhile, under the 

illumination of 370 nm and 400 nm, a clear separation of up to 4 orders of 

magnitude in photocurrent can be observed, where the photocurrent (𝐼photo) of 

9.08 × 10-9
 A and 1.98 × 10-8

 A was achieved at -10 V, respectively. To investigate 

the responsivity (𝑅λ) spectrum of the semipolar µPD, the I-V characteristics were 

measured from 300 nm to 600 nm at an interval of 10 nm under calibrated light 

intensity. The 𝑅λ can be determined based on Eq. (7) as shown below: 

𝑅λ =
𝐼photo−𝐼dark

𝑃inc
    (7) 

where 𝑃inc  denotes the incident light intensity. The measured responsivity 

spectrum of the semipolar µPD under the bias voltage of -10 V is shown in Fig. 

3.5(b). As observed, the responsivity spectrum exhibits an inherent high 

wavelength-selectiveness from 340 nm to 420 nm, i.e., similar to band-pass 

characteristic, with the peak responsivity of 0.19 A/W at 400 nm. The external 

quantum efficiency (EQE), which defines the ratio of photogenerated charge 

carriers to the incident photon flux, was measured to be 59.24% at the peak 

wavelength of 400 nm based on Eq. (8) as shown below: 

𝐸𝑄𝐸 = 𝑅λ  ×  
ℎ𝑐

𝑞𝜆
    (8) 

where ℎ denotes Planck’s constant, 𝑐  is the speed of light in vacuum, 𝑞  is the 

elementary charge, and 𝜆 is the incident wavelength. The inherent wavelength-

selectiveness is attributed to the transparent conductive layer (TCO) 's increased 

reflectivity made of the ITO layer towards a shorter excitation wavelength of below 
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400 nm. Meanwhile, the InGaN-based MQW active region would not absorb 

photons above 420 nm, as evidenced from the PL spectrum with its peak emission 

at 420.8 nm shown previously in Fig. 3.3(d). The rejection ratio was also estimated 

by dividing the measured responsivity at 400 nm to 450 nm, which yields a value 

of more than 53. This inherent band-pass characteristic demonstrated by the 

semipolar µPD would reduce the shot noise coming from the ambient environment 

and respond best only to selected data transmission wavelengths, i.e., from 350 

nm to 410 nm. 

 

Figure 3.5 (a) I-V characteristics of the semipolar µPD under dark and illumination 

measured from 0 V to -10 V. (b) Responsivity spectrum measured from 300 nm to 600 nm 

with a bias voltage of -10 V [107]. 

 

Apart from that, the specific detectivity (D*) of the semipolar µPD, which 

governs the SNR, and the ability to discern weak incoming signals from the noise 

level were also characterized. The D* can be expressed based on the Eq. (9) as 

shown below [100], [109]: 
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𝐷∗ =
𝑅λ√𝐴∆𝑓

𝑖n
     (9) 

where 𝑅λ  is the responsivity, 𝐴  is the area of the device in cm2, ∆𝑓  is the 

measurement bandwidth and 𝑖n  denotes the total noise current. The 𝑖n  can be 

segregated into shot noise (𝑖s), thermal or Johnson noise (𝑖T) and flicker noise 

(𝑖1/f) [100]. The 𝑖s is predominantly contributed by the dark current of the device. 

Meanwhile, the 𝑖T is subjected to the thermal agitation of charge carriers. The 𝑖1/f 

is the random electronic noise in which the origin of which is still not fully 

understood and often been disregard in the contribution to the overall noise 

current. [100], [110] The equations that governed the 𝑖s and 𝑖T can be expressed 

by Eq. (10) and (11), respectively, as shown below [100]: 

𝑖s = √2𝑞𝐼dark∆𝑓    (10) 

𝑖T = √4𝑘𝐵𝑇∆𝑓/𝑅load    (11) 

where 𝑞 is the elementary charge, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute 

temperature in Kelvin and 𝑅load is the load resistance. The 𝑖s is commonly known as 

the predominant source that contributed to the overall noise current, mainly when 

operating under biased mode [100], [110]–[112]. For photovoltaic or unbiased 

mode, the 𝑖T is regarded as the dominant noise in the device [113]. Meanwhile, the 

𝑖1/f has also been shown to be of very minimal effect in the overall noise current, 

thus often being omitted [113], [114]. Meanwhile, to estimate and compare 

detectors with different bandwidth specifications, the measurement bandwidth is 

typically normalized to 1 Hz, which is far below the detection bandwidth [115]. 
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Therefore, the equation for D* can be further simplified into Eq. (12) as shown 

below [109], [116], [117]: 

𝐷∗ =
𝑅𝜆√𝐴

√2𝑞𝐼dark
    (12) 

Based on Eq. (12), the estimated D* of the semipolar µPD measured at the 

peak responsivity of 400 nm is shown in Fig. 3.6(a). Following the increase of 

reverse bias voltage towards 10 V, due to the substantially increased dark current, 

the D* reduced gradually from 3.41 × 1012 cm Hz1/2 W-1 (or Jones) to 1.89 × 1012 

cm Hz1/2 W-1. As evidenced simultaneously from the low dark current in the range 

of pA, the low-noise floor would also ensure sufficient SNR and detection capability 

for the VLC system. Apart from that, to investigate the linearity of photodetection 

range, an essential criterion for usage in high-order modulation schemes (e.g., 

OFDM and PAM) [100], as well as to ensure high SNR in the system, the linear 

dynamic range (LDR) of the semipolar µPD was also characterized by intensity-

dependent photocurrent measurement. The LDR is governed by the Eq. (13) as 

shown below: 

𝐿𝐷𝑅 = 20 log
𝑃sat

𝑃low
    (13) 

where 𝑃low denotes the minimum detectable light intensity and 𝑃sat denotes the 

light intensity where the measured photocurrent deviates from the linear region. 

As shown in Fig. 3.6(b), the photocurrent density of the semipolar µPD was 

characterized across the system-allowable light intensity at 400 nm, i.e., from 1.24 

× 10-3 mW/cm2 to 2.06 mW/cm2, under the bias voltage of -10 V. By linear fitting 
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the photocurrent density, the obtained coefficient of determination is 0.998. As the 

semipolar µPD does not observe to saturate at the maximum system-allowable 

light intensity, the LDR could be estimated to be more than 64.41dB.  

 

Figure 3.6 (a) Specific detectivity measured under different bias voltages. (b) Current 

density under the illumination of 400 nm with varying light intensities [107]. 

 

3.4 Modulation bandwidth performance 

The small-signal modulation performance of the semipolar µPD was further 

characterized by the experimental setup as shown in Fig. 3.7(a). A 1-meter-long 

VLC link was established using a 405-nm LD as the optical transmitter, which was 

mounted onto a customized thermoelectric cooler (TEC) integrated laser mount 

(SaNoor technologies, SN-LDM-T-405). A bias-tee (Mini-Circuits, ZFBT-4R2GW, 

0.1 MHz to 4.2 GHz) was connected to the LD for providing both DC and AC-

modulated signals. Figure 3.7(b) shows the L-I-V curves of the 405-nm LD. Before 

the measurement, the f-3dB of the 405-nm LD was measured using a non-

frequency-limiting Si-based APD (Menlo Systems, APD210, 5 MHz to 1 GHz) and 
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pre-calibrated vector network analyzer (VNA) (Agilent Technologies, E5061B, 5 

Hz to 9 GHz), was determined to be more than 500 MHz as shown in Fig. 3.7(c).  

 

Figure 3.7 (a) A 1-m long experimental setup for a VLC system with the semipolar µPD as 

the optical receiver. (b) L-I-V curves and (c) normalized frequency response of the 405-

nm LD. 

 

Once the frequency bandwidth of the system was ascertained, the semipolar 

µPD was probed using a high-frequency coaxial ground-signal probe (Picoprobe 

M10, DC to 7 GHz) and connected to a bias-tee (Mini-Circuits, ZFBBT-4R2GW, 

0.1 MHz to 4.2 GHz). The output channel of the calibrated VNA (Agilent 

Technologies, E5061B, 5 Hz to 9 GHz) was connected to the LD via the bias-tee 

on the transmitter end. In contrast, the input channel was connected to a linear 
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amplifier (Mini-Circuits, ZHL-6A+, 2.5 kHz to 500 MHz) before connecting to the 

bias-tee on the receiver end. The VNA was pre-calibrated using an E-calibration 

module (Agilent Technologies, 85093-60010, 300 kHz to 9 GHz). To provide 

sufficient modulation depth, the DC input to the LD was selected to be fixed at 65 

mA or 4.2 V. The peak-to-peak amplitude (Vp-p) of the small-signal was chosen to 

be 100 mV. Figure 3.8(a) shows the normalized frequency response of the device 

under varying bias conditions from 0 to -10 V across the measurement range of 

300 kHz to 1 GHz. The measured f-3dB, where the spectral density drops to half of 

its value, is summarized in Fig. 3.8(b). It is observed that the f-3dB was 

approximately 52.6 MHz under zero-bias conditions and increased substantially to 

347.5 MHz at -8 V, which then remained saturated across to -10 V. The measured 

f-3dB outperforms other previously demonstrated c-plane InGaN/GaN MQW-based 

µPD conceived for VLC systems [96], [100]. This improvement could be postulated 

from the reduced strain-induced piezoelectric fields based on semipolar 

orientation, resulting in a reduced potential barrier between the quantum barrier 

and compared to polar orientation [105], [118]. This would then leads to a reduced 

retention time of photogenerated carrier in the QW region [119] and enhance the 

carrier transit time. 
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Figure 3.8 (a) Normalized frequency response of the semipolar PD under varying bias 

conditions. The usable -3 dB, -10 dB, and -20 dB bandwidth are marked in the dotted 

lines. (b) The f-3dB bandwidth is measured under varying bias conditions [107]. 

 

3.5 Optical modulation based on NRZ-OOK 

Subsequently, the communication performance of the 1-m-long VLC link based on 

the semipolar µPD as the optical receiver was evaluated by using NRZ-OOK 

modulation scheme with 210-1 pseudorandom binary sequence (PRBS) data 

stream. OOK modulation scheme, or also known as binary amplitude-shift keying 

(2ASK), is one of the basic modulation techniques in an existing communication 

system as it is relatively simple and does not require complex computational 

power, thus is often used to evaluate the system performance before introducing 

a higher-order modulation scheme (e.g., OFDM, PAM). Based upon the principle 

of 2ASK, the OOK signals can also be expressed as Eqs. (11) and (12) [120]: 

                  𝑒OOK(𝑡) = 𝑠(𝑡) cos 𝜔c𝑡    (11) 

       𝑠(𝑡) = ∑ 𝑎n𝑔(𝑡 − 𝑛𝑇s)𝑛     (12) 
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where 𝜔c  represents the angular frequency of the carrier signal, 𝑔(𝑡)  is the 

rectangular pulse represents “1”, 𝑇s represents the width of the rectangular pulse 

and 𝑎n is the binary coding sequence, whose value is either “1” or “0”. An example 

of the OOK waveform signal is shown in Fig. 3.9. 

 

Figure 3.9 A representative waveform of the OOK modulation scheme [121]. 

 

Based on a similar experimental setup as discussed in Section 3.4, where both 

the transmitter and receiver are connected to a bias-tee, the AC signal to the 

transmitter is instead connected to a bit-error-ratio (BER) tester (Agilent 

Technologies, J-BERT N4903B) for the signal generation with the Vp-p of 1.8 V. 

The received signals from the receiver ends are also connected back to the BER 

tester through a linear amplifier. The eye diagrams were captured simultaneously 

using a digital communication analyzer (Agilent Technologies, Infiniium DCA-J 

86100C). The block diagram of the experimental setup is shown as in Fig. 3.10(a). 

The DC bias was set at 4.2 V on the transmitter end, which provides an optical 

output power of 45.7 mW. The quality of the transmission system was primarily 

determined based on its BER by comparing the transmitted sequence of errors bits 

received (𝑁error) over the number of total bits received (𝑁received) as expressed in 

Eq. (14): 

𝐵𝐸𝑅 =
𝑁error

𝑁received
    (14) 
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Under the bias condition of -10 V on the semipolar µPD, the VLC link exhibited 

a maximum of 1.55 Gbit/s NRZ-OOK data transmission with BER of 0.98 × 10-3, 

well below the forward error correction (FEC) limit of 3.8 × 10-3, as shown in Fig. 

3.10(b). Due to reduced bandwidth at lower bias voltage on the receiver ends, the 

maximum data rate achieved at -5 V and -3 V were 1.34 Gbit/s and 0.92 Gbit/s, 

respectively. The FEC limit of 3.8 × 10-3 was used to compare with previous 

literature and recommended by the International Telecommunication Union (ITU) 

[122]. Apart from that, while the UV-based communication link also received 

significant attention in recent years, the communication performance of the 

semipolar µPD was also tested alternatively by replacing the transmitter with a UV-

based 375-nm LD (Nichia, NDU4116) with an optical power of 30 mW. Under the 

same bias condition of -10 V and despite lower responsivity in the 375-nm range, 

a 1.5 Gbit/s NRZ-OOK data communication link with BER of 1.03 × 10-3, as shown 

in Fig. 3.10(c), was also achieved. 
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Figure 3.10 (a) Experimental setup for VLC link using the semipolar µPD as optical 

receivers. BER versus data rate for semipolar µPD in (b) 405-nm based VLC link [107] 

and (c) 375-nm UV-based communication link. The insets show the corresponding eye 

diagrams at different data rates [123]. 
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3.6 Conclusions 

In this work, we demonstrated the semipolar µPDs as the optical receiver for VLC 

link based on the direct implementation of a power-saving NRZ-OOK modulation 

scheme to support over 1.5 Gbit/s data transmission obviates the need for a 

computational-intensive modulation scheme. The semipolar µPDs exhibited a low 

dark current density of 3.18 × 10-8 A/cm2 and large f-3dB of up to 347 MHz, which 

is ideal for high-speed detection. The inherent nature of band-pass wavelength 

selectiveness of the device (340 nm to 420 nm) with a high rejection ratio of up to 

53, further ensures high sensitivity to the incoming optical data and low noise-floor 

when implemented under an ambient environment. Thus, the optical receiver is 

suitable for applications in indoor Li-Fi systems, where the transmitter typically 

consists of a violet-to-blue-light-based high-speed transmitter integrated with 

yellow-phosphor and the demonstrated optical receivers would only decode the 

data primarily from the transmitter with minimal stray noises. At the same time, due 

to the dual-functionalities of light-emitting and light-detection, it could also be used 

to support the implementation of a duplex-VLC system based on a single small 

footprint and compact device. Table 3.1 further summarizes the comparison of 

demonstrated group-III-nitride-based optical receivers for applications in the VLC 

systems. 



66 
 

 
 

Table 3.1 Comparison of group-III-nitride optical receivers conceived for VLC systems [107]. 

*Achieved data rate based on OFDM modulation scheme is not included in this dissertation 

Material 
System 

Device 
Structure 

Measured 
Wavelength 

(nm) 

Bias 
Voltage 

Peak 
Responsivity  

(A/W) 

EQE 
(%) 

Dark Current 
Density  
(A/cm2) 

f-3dB 
Data rate 

(Modulation Scheme) 
Distance Ref. 

AlGaN/GaN MSM 365 10 V 0.27 91.78% 5.62 × 10-6 - - 
- [124] NCKU 

AlGaN/GaN PIN 364 -10 V 0.15 51.1% - - - 
- [78] UIUC 

AlGaN PIN 360 0 V 0.21 70% 3 × 10-11 - - 
- [125] Fraunhofer 

GaN PIN 356 -5 V 0.23 80.11% 5.1 × 10-9 1.16 GHz - 
- [126] Bilkent 

InGaN/GaN MQW PIN 405 -4 V 0.042 13% 5.3 × 10-3 300 MHz - 
- [99] CNRS 

InGaN/GaN 
(semipolar) 

MQW WPD 405 -10 V 0.051 15.61% - 230 MHz - 
- [127] KAUST 

InGaN/GaN MQW PIN 405 -3 V 0.0707 22.36% 7.44 × 10-7 71.5 MHz 3.2 Gbit/s (OFDM) 
50 cm (fiber) 
+10 cm (free space) 

[96] KAUST 

InGaN/GaN MQW PIN 405 -5 V 0.31 94.91% 1.27 × 10-8 56.2 MHz 185 Mbit/s (OOK) 1 m (free space) 
[100] Fudan 

InGaN/GaN 

(bottom DBR) 
MQW PIN 388 - - - - - 150 kbit/s - 

[128] NUPT 

InGaN/GaN MQW PIN 450 -5 V 0.014 3.86% - 12 MHz 60 Mbit/s (NRZ-OOK) - 
[129] Fudan 

InGaN/GaN MQW PIN 450 -5 V 0.0297 8.20% 2.96 × 10-7 13.98 MHz 60 Mbit/s (NRZ-OOK) 2.3 m (underwater) 
[130] Fudan 

InGaN/GaN MQW PIN 404 0 V 0.183 59.9% - 8 MHz 15 Mbit/s (NRZ-OOK) 10 cm (free space) 
[131] Chang Gung 

InGaN/GaN 
(semipolar) 

MQW PIN 520 -5 V - - 
3.5 × 10-10

 A 

(2 × 4 array) 
228 MHz 540 Mbit/s (NRZ-OOK) 1.1 m (free space) 

[132] NCTU 

InGaN/GaN 
(semipolar) 

MQW PIN 405 -10 V 0.191 59.24% 3.18 × 10-8 347 MHz 
1.55 Gbit/s (NRZ-OOK) 

7.4 Gbit/s (OFDM)* 

1 m (free space) 
[107], [133] 

KAUST 



67 
 

 
 

Chapter 4 Scintillating Fibers for UV-based Underwater 

Wireless Optical Communication 
 

4.1 Introduction 

In recent years, high modulation bandwidth optical transmitters with small optical 

emission area, e.g., SLD [38], [39] and LDs [17], have been widely demonstrated, 

paving the way towards the applications in VLC, as well as underwater wireless 

optical communication (UWOC). However, on the receiver ends, while high 

bandwidth optical receivers sufficient to support over hundreds of Mbit/s data 

transmissions have been realized, these optical receivers are usually compact and 

exhibit small active detection areas. These planar-based receivers are primarily 

limited by the theoretical tradeoff between the RC-constant and detection size. In 

conventional Si-based PDs or APDs, the active area is typically in the range of 100 

mm2 for f-3dB of around 40 MHz (e.g., Hamamatsu S13993 Si PIN photodiode). 

Given these inherent drawbacks, it often induces a strict alignment issue on the 

receiver ends. This issue is even more severe when implementing optical 

communication link across a harsh environment, e.g., UWOC, where fulfilling the 

PAT requirement is often required to ensure secure and stable optical 

communication link.     

With more than 70% of the earth's surface covered with water, UWOC has 

received substantial attention as an emerging technology field in providing secure 

and high-bitrate communication links for various underwater activities requiring 

data transmission, e.g., autonomous underwater vehicles oceanographic surveys 

[14]. Although the existing technology of acoustic communication is capable of 
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transmitting data across a few tens of kilometers, it suffers from strong attenuation 

of sound waves in water which limits the speed range to only a few kilobits per 

second (kbit/s) [14], [134]. Similarly, the data rate of RF communication is also 

restricted due to the high conductivity of ocean water that attenuates the 

transmitted radio waves [134], [135]. Alternatively, the UWOC technology utilizing 

the low attenuation window of the blue-to-green wavelength region, i.e., 400 - 550 

nm, had been demonstrated with the data rate of up to a few Gbit/s and 

transmission distance of up to a few tens of meter-long [44], [136]. More recently, 

the use of highly attenuated UV window, i.e., 200 - 380 nm, had also been 

proposed to realize the NLOS and Diffuse-LOS modality in UWOC, which also 

aimed to alleviate the strict requirement of PAT in conventional LOS modality [10], 

[19], [66]. Therefore, to relieve the alignment issues in UWOC, an optical receiver 

that could provide a sufficiently large detection area and high usable modulation 

bandwidth is thus attractive and would improve the practicality of the UWOC 

technology in a future deployment.      

Scintillating fibers, also known as luminescent optical fibers, were used in the 

early 90s as optical receivers for detecting corona discharges in high voltage 

systems [137], [138]. The fundamental detection mechanism is similar to the 

luminescent solar concentrator (LSC) for solar cells application [139], where it is 

targeted to increase the power conversion efficiency closer to the Shockley-

Queisser limit by enlarging the collection area or by stacking planar luminescent 

layer having distinct absorption spectrum. As shown in Fig. 4.1(a), the concept 

relies on the absorption of incoming photons by the dye molecules doped in the 
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high index active layer. The re-emitted light based on the optical band-to-band 

transition of the dye molecules is then subsequently propagated to the edge of the 

device (or facet of the scintillating fiber) due to the difference in the refractive index. 

The emitted light is then absorbed by the solar cells mounted on the edges of the 

device, as shown in Fig. 4.1(b). 

 

Figure 4.1 (a) Basic principle operation of luminescent solar concentrator similar to that of 

scintillating fiber [140]. (b) An example of a luminescent solar concentrator stacking with 

two different luminescent layers and a solar cell mounted at the edge of the device to 

collect the converted optical signals [141]. 

 

Compared to planar-based receivers, luminescent concentrators do not 

conserve étendue. They could exhibit optical gain of more than 50 [142], which is 

critical for free-space optical communication links requiring a large detection area 

and wide-angle-of-view. The first experimental demonstration of luminescent dye 

molecules used to design photoreceivers conceived for VLC was demonstrated by 

Manousiadis et al. in 2016 [143]. The simple structure of sandwiching the thin 

fluorescent film made of Coumarin 6 (Cm6) and microscope slides enabled VLC 
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link with a data rate of up to 190 Mbit/s when the said structure was used as the 

large-area optical receivers. As compared to planar LSC-based receiver, the dye 

molecules doped within a polymer-based fiber (i.e., scintillating fibers) exhibit the 

advantage of waveguiding effect and could effectively couple the received optical 

signals to an external photoreceiver, e.g., Si-based APDs or PMTs, for achieving 

sufficient SNR to decode the information. This feature differs from conventional 

planar-based LSC structure where the converted light would propagate in all 

directions towards the device's edges and lead to significant optical losses. Later 

work by Peyronel et al. [144] demonstrated blue-to-green luminescent fibers as the 

optical receiver for indoor blue LD-based VLC systems with a data rate of up to 2.1 

Gbit/s based on higher-order modulation format of OFDM. A similar approach 

using large area planar-based LSC had also been proposed by Dong et al. [145] 

to resolve the PAT issues in indoor VLC communication systems. However, such 

methodology has not been demonstrated for UV-based communication systems, 

particularly for the UWOC system, where the practicality of realizing the NLOS and 

Diffuse-LOS modality is higher than the visible light wavelength region. The main 

advantage of using a luminescent fibers-based optical receiver is because the 

modulation bandwidth is not limited by the conventional RC-constant or carrier 

transit time. Still, it is determined solely by the optical band-to-band transition 

lifetime of the conversion materials doped within the fibers. 

Herein, commercially available scintillating fibers were demonstrated as an 

optical receiver simultaneously exhibiting large modulation bandwidth and large 

detection area for UV-based UWOC communication link. The fundamental 
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materials properties related to the dye molecules in the scintillating fibers and the 

high-speed modulation performance under various incidence angles were 

characterized. The maximum data rate of the optical receiver when submerged 

underwater based on the simple NRZ-OOK modulation format was also discussed. 

This method also obviates the existing costly, time-consuming, and design-

intensive development path of conventional UV photodetector based on large-

bandgap materials (e.g., AlGaN and Ga2O3), which suffers from the issue of poor 

crystal quality, slow response time, and small detection area.      

 

4.2 Materials characterizations 

Figure 4.2(a) shows the scintillating fibers purchased commercially from Saint-

Gobain (BCF-10) arranged in array form to form a sizeable active detection area. 

The total thickness of the individual fiber is approximately 480 µm, where the core 

and cladding layer has the thickness of 460 µm and 20 µm, respectively. The core 

layer has a refractive index of 1.6, while the cladding layer has a refractive index 

of 1.49. Due to the high transparency of the cladding layer in the UVA-to-visible 

wavelength region, the core layer which is doped with dye molecules can absorb 

the incoming photons (λ1) and frequency down-converted to photons of a longer 

wavelength (λ2), i.e., λ2 > λ1. The wavelength-down-converted light can then 

propagate along with the fiber to the end facets before being detected. When 

arranged in an array form with a detection area of 30 cm (length) × 1.2 cm (width), 

the scintillating fibers are sufficiently large to cover a collimated beam transmitted 

from a 375-nm UV-based laser (Nichia, NDU4116), as shown in Fig. 4.2(b).  
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Figure 4.2 (a) Individual scintillating fibers arranged in array form. (b) Array scintillating 

fibers under the excitation of a collimated beam from a 375-nm UV-based LD [146]. 

 

The photoluminescence (PL) spectrum of the arrayed scintillating fibers was 

characterized by a 266-nm UV pulsed laser (Teem Photonics, PNU-M01210) 

under room temperature. The emitted light from the fibers was collected by a high-

resolution spectrometer (Ocean Optics, HR4000). Figure 4.3(a) shows the PL 

spectrum of the arrayed scintillating fibers with a peak wavelength of 430 nm and 

FWHM of 54 nm. The inset shows the photographed image of the emitted light 

from the facets of a fiber bundle. Meanwhile, the photoluminescence excitation 

(PLE) spectrum of the arrayed scintillating fibers was characterized by using the 

calibrated monochromatic light from a broadband light source, i.e., Hg(Xe) arc 

lamp (Newport, 66142). The excitation light passed through a monochromator 

(Oriel Cornerstone, CS260) with a UV-based diffraction grating (Newport, 74060). 

The PLE of the arrayed scintillating fibers was determined by comparing the ratio 

between the emission intensity at 430 nm over the incident intensity. Figure 4.3(b) 

shows the PLE spectrum with a peak excitation at approximately 370 nm. The 

excitation intensity gradually reduces towards shorter wavelengths in the UVC 

wavelength region due to the reduced transparency of the poly(methyl 
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methacrylate) (PMMA)-based cladding layer. Based on the peak position of PL and 

PLE spectra, the scintillating fiber exhibited a significant Stoke shift of 0.47 eV (60 

nm), minimizing the reabsorption losses, which will incur substantial optical loss 

and increase the radiative recombination lifetime. The inset of Fig. 4.3(b) further 

shows the micrograph image of the cross-section of the scintillating fiber consisting 

of the polystyrene-hosted core layer with a refractive index (n) of 1.6 and PMMA-

based cladding layer with a refractive index of 1.49. The optical detection 

methodology based on wavelength-down-conversion, e.g., UV to blue conversion, 

also possesses the additional advantage of increasing the detectivity when 

coupling to Si-based PDs or APDs. This is because the responsivity of Si-based 

photodiode is significantly higher towards the visible wavelength region than the 

UV wavelength region.     

 

Figure 4.3 (a) PL spectrum of the arrayed scintillating fibers excited by a 266-nm pulsed 

laser. The inset shows the emission from the facets of the fiber bundle. (b) PLE spectrum 

measured from 230 nm to 600 nm with a 10-nm interval. The cross-sectional micrograph 

image of the scintillating fibers is shown as the inset [146]. 
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Subsequently, to evaluate the feasibility of the arrayed scintillating fibers for 

high-speed photodetection methodology, the time-resolved photoluminescence 

(TRPL) measurement was performed to assess the radiative recombination 

lifetime of the dye molecules. A mode-locked Ti:sapphire laser (Coherent, Mira 

900) with the output power of 1.75 W at 800 nm was used as the light source. A 

3rd harmonic generator (APE, SHG/THG) was used to generate an output 

wavelength of 266 nm with a pulse width of 150 fs to excite the sample with a 

shorter wavelength than the energy bandgap repetition rate of 76 MHz. The 

frequency rate is further reduced to 2 MHz using a pulse picker (APE, pulseSelect). 

On the sample stage, the laser power was approximately 0.7 mW, and the spot 

size diameter was 60 µm. The decay trace from the sample's emission was 

detected by a streak camera (Hamamatsu, C6860) with an integration time of 100 

ms for 500 integrations. Figure 4.4(a) shows the PL decay traced at the peak 

wavelength of 430 nm and fitted with a single exponential decay function. The fitted 

radiative recombination lifetime (τ) yields 1.91 ns and warrants the feasibility of a 

high-bitrate photodetection methodology. We acknowledge Prof. Iman S. Roqan’s 

group at KAUST for the TRPL measurement. Figure 4.4(b) further shows the 

Raman spectrum measured from the core layer of the scintillating fiber using a 

473-nm diode-pumped solid-state (DPSS) laser. The core layer consists primarily 

of polystyrene as the host structure for the dye molecules. In contrast, the dye 

material cannot be explicitly identified due to its lower concentration than the host 

material. 
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Figure 4.4 (a) TRPL spectrum and (b) Raman spectrum measured at the core layer of the 

scintillating fiber [146]. 

 

4.3 Optical modulation performance 

To validate the modulation performance of the arrayed scintillating fibers, an 

experimental setup, as shown in Fig. 4.5(a), was established with the large area 

scintillating fibers (30 cm × 1.2 cm) with a total active detection area of 36 cm2 as 

the optical receivers. Since the arrayed scintillating fibers exhibit high peak 

excitation in the 370-nm range, a collimated 375-nm UV-based LD (Nichia, 

NDU4116) mounted on a TEC integrated laser mount (Thorlabs, LDM56F/M) was 

used as the optical transmitter. The L-I-V characteristics of the 375-nm LD are 

shown in Fig. 4.5(b). The LD was fixed at the driving current of 70 mA and optical 

power of 30 mW throughout the experiment to provide sufficient modulation depth. 

Before the experiment, to ensure that the system response does not limit the 

bandwidth of the arrayed scintillating fibers, the modulation response of the 375-

nm LD was tested with the Si-based APD. As shown in Fig. 4.5(c), the system f-3dB 
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of more than 300 MHz was recorded in a free-space environment. Once the 

system bandwidth was ascertained, the input signal was transmitted through a 

1.15-meter-long water channel filled with American Society for Testing and 

Materials (ASTM) Type 1 Reagent Grade water. On the receiver end, the arrayed 

scintillating fiber was submerged inside the water channel, with additional 20-cm-

long fibers coupled and bundled outside of the water tank. The received signal exit 

from the end facets of the fiber bundles was then guided to a Si-based APD 

(Thorlabs, APD430A2) through a condenser lens (Thorlabs, ACL25416U-A), a 

400-nm long-pass filter (Thorlabs, FELH0400), and a 100× objective lens. The 

long-pass filter was added to prevent any stray or input signal, e.g., 375-nm UV 

LD, from entering the APD without being absorbed and converted by the arrayed 

scintillating fibers photoreceiver. The received signal was also pre-amplified using 

a linear amplifier (Tektronix, PSPL5865, 30 kHz to 12 GHz). To measure the 

modulation bandwidth, the calibrated output signal from the VNA (Agilent 

Technologies, E8361C, 10 MHz to 67 GHz) was connected to the LD, while the 

input signal port was connected to the Si-based APD through the linear amplifier. 

Before the experiment, the VNA was pre-calibrated using an E-calibration module 

(Agilent Technologies, 85093-60010, 300 kHz to 9 GHz). The peak-to-peak 

amplitude (Vp-p) of the small-signal was selected to be 100 mV. 
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Figure 4.5 (a) Experimental setup for modulation performance of arrayed scintillating fibers 

as optical receivers in a 375-nm UV-based UWOC channel [146]. (b) L-I-V characteristics 

of the 375-nm LD. (c) Normalized system small-signal response of the 375-nm LD and Si-

based APD. 

 

Figure 4.6(a) showed the normalized frequency response of the 1.15-m-long 

UV-based UWOC link when the arrayed scintillating fibers were used as the optical 

receivers. As the modulation bandwidth of the optical receiver is not limited by the 

RC time constant or carrier transit time, as in the case of a conventional 

photodiode, the f-3dB still exhibits a relatively high value of 86.13 MHz regardless 

of the large active area of the arrayed scintillating fibers. The f-3dB merely depends 
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on the radiative recombination lifetime of the dye molecules in the core layer of the 

fibers. Based on the measured f-3dB, the response time or differential carrier lifetime 

(τ) of the dye molecules can be estimated based on Eq. (15) [40], [147] and thus 

yielding the value of 1.85 ns, which is close to the value measured by TRPL 

method (i.e., 1.912 ns). 

𝜏 =
1

2𝜋𝑓−3dB
     (15) 

Subsequently, the maximum data rate was measured based on the NRZ-OOK 

modulation scheme with 210-1 pseudorandom binary sequence (PRBS) data 

stream. As shown in Fig. 4.5(a), the LD was connected through a linear amplifier 

(Mini-Circuits, ZHL-6A+, 2.5 kHz to 500 MHz) to the BER tester (Agilent 

Technologies, J-BERT N4903B). A signal generator (Agilent Technologies, 

E8257D, DC to 18 GHz) was used to provide external clocking to the BER tester. 

The received signals were connected back to the BER tester for decoding on the 

receiver end, while the eye diagrams were captured by a digital communication 

analyzer (DCA) (Agilent Technologies, Infiniium DCA-J 86100C). An attenuator 

(Tektronix, PSPL5510, DC to 18 GHz) was added before the DCA to keep the 

amplitude of received signals below the maximum allowable limits. The BER 

versus data rate of the 1.15-m UWOC channels based on the scintillating fibers 

optical receivers were shown as in Fig. 4.6(b). The maximum achievable data rate 

below the FEC limit, i.e., 3.8 × 10-3, was 250 Mbit/s with a BER of 2.2 × 10-3. The 

insets of Fig. 4.6(b) show the captured eye diagrams at 190 Mbit/s and 250 Mbit/s. 

Compared to other conventional photodiodes conceived for OWC [69], [96], [148], 
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the arrayed scintillating fibers-based optical receivers could offer a scalable 

detection area without sacrificing the modulation bandwidth. This obviates the 

conventional theoretical trade-off on detection area and modulation bandwidth of 

traditional photodiodes, which are limited due to RC-time constants. Based on the 

above experiments, the overall efficiency of the scintillating fibers-based receiver 

is estimated to be approximately 0.003% due to several loss mechanisms (e.g., 

low transparency of cladding layer in the UV range, low quantum conversion 

efficiency and coupling loss). However, the optical gain could be compensated by 

increasing the detection area of several orders of magnitude larger than the Si-

based APD and yielding an estimated light collection gain of approximately 54. 

 

Figure 4.6 (a) Normalized modulation response and (b) BER versus data rate of the UV-

based UWOC channel with the arrayed scintillating fibers as an optical receiver. The insets 

of (b) show the captured eye diagrams based on the NRZ-OOK modulation scheme at 

190 Mbit/s and 250 Mbit/s [146]. 
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4.4 Towards omnidirectional and large-area optical detection 

With the large-area arrayed scintillating fibers-based optical receiver submerged 

underwater, the modulation performance with different incidence angles was also 

tested at various points on the scintillating fibers across the 1.15-m-long water 

channel. Figure 4.7(a) shows the experimental setup with the scintillating fibers 

covering the entire width of the water tank, and the location of each tested point 

(Point 1 – 12) was also marked. The LD was also mounted on a rotation stage to 

transmit different incidence angles onto the arrayed scintillating fibers-based 

optical receivers. Due to the limited width of the water tank, the maximum 

incidence angle on the scintillating fibers across the 1.15-m-long water channel 

was approximately 10°. The received optical power after coupling from the arrayed 

scintillating fibers to the condenser lens, 400-nm long-pass filter, and the objective 

lens was measured by using a calibrated Si-based photodiode (Newport, 818-UV) 

before entering into the Si-based APD.  

Figure 4.7(b) shows the measured received optical power under different 

incidence angles. The optical power remained substantially stable at 

approximately 1.1 µW up to the maximum system-allowable incidence angle of 

10°. At the same time, the small-signal frequency response with different incidence 

angles was also tested. Figure 4.7(c) shows the normalized modulation response 

on the arrayed scintillating fibers at different points or incidence angles. The 

frequency response remained relatively unchanged, albeit with the change in the 

incidence angles, except at ~9° (Point 10), which offset the average f-3dB margin 

(i.e., 83 MHz to 103 MHz) slightly higher value of 147 MHz. This inconsistency 
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could be due to the discrepancy of dye concentration and related recombination 

lifetime in different sections of the scintillating fibers. Subsequently, using the NRZ-

OOK modulation scheme with 250 Mbit/s data rate as the baseline, the BER 

performance at different incidence angles was also measured, as shown in Fig. 

4.8. The BER remained lower than the FEC limit, i.e., 3.8 × 10-3, across the 

measured incidence angles and thus elucidating the potential of the arrayed 

scintillating fibers for enabling large-area and simultaneously high-speed 

underwater photodetection. 

 

Figure 4.7 (a) Experimental setup, (b) received optical power, and (c) normalized 

modulation response for arrayed scintillating fibers-based optical receivers with varying 

incidence angles across the 1.15-m-long UV-based UWOC channels [146]. 
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Figure 4.8 Measured BER at different incidence angles on the arrayed scintillating fibers 

based on the 250 Mbit/s NRZ-OOK modulation scheme [146]. 

 

With the physical parameters established based on material characterization 

to frequency modulation performance using the arrayed scintillating fibers, an 

omnidirectional optical receiver can be envisaged, as shown in Fig. 4.9(a). The 

parabolic-shaped optical receiver formed on the arrayed scintillating fibers 

consisted of the double-stacked front panel region, while the remaining fibers were 

bent and bundled to couple the light into the Si-based APD with a smaller detection 

area. The optical receiver could receive the transmission signals from a wider field-

of-view with a further increasing number of scintillating fibers to cover a greater 

detection area. This could significantly relieve the strict PAT requirements in the 

OWC link and provide sufficient bitrate in data transmission. Figure 4.9(b) shows 

the achieved BER versus data rate when the prototype was tested across a 1.5-

m-long water tank based on the same experimental setup as shown previously in 
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Fig. 4.5(a). The measured BER was around 2.5 × 10-3 at the data rate of 250 Mbit/s 

and well below the FEC limit. The insets of Fig. 4.9(b) also show the eye diagrams 

at the data rate of 160 Mbit/s and 250 Mbit/s. Before the experiment, the f-3dB was 

measured to be 92.48 MHz. The modulation bandwidth and achieved data rate are 

identical to the arrayed scintillating fibers, thus validating that the omnidirectional 

scintillating fibers-based optical receivers remain the same physical properties as 

its counterpart and do not suffer from the effect of pulse spreading even when bent. 

Figure 4.9(c) further illustrates the potential deployment of the prototype in 

supporting various underwater and across-boundaries activities requiring over 

Mbit/s data transmission, e.g., the sensor node for the oceanographic survey, 

which often requires precise alignment during data collection using AUVs, vessels, 

or aerial surveys.  
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Figure 4.9 (a) Arrayed scintillating fibers forming an omnidirectional optical receiver. (b) 

BER versus data rate of the omnidirectional scintillating fibers-based optical receiver when 

tested across a 1.5-m-long water channel based on the NRZ-OOK modulation scheme. 

(c) Schematic illustration of the omnidirectional optical receivers for supporting various 

underwater and across-boundaries activities [146]. 

 

4.5 Conclusions 

In this work, we demonstrated the scintillating fibers-based optical receiver with a 

large f-3dB in the vicinity of 90 MHz over a large detection area of 36 cm2. The 

photodetection scheme conceived for UWOC applications addresses the critical 

bottleneck of the trade-off between the detection area and RC time constant in 
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conventional photodiodes. The dye molecules exhibited a fast radiative 

recombination lifetime of 1.91 ns, thus elucidating its potential for high bandwidth 

photodetection. Based on the high excitation peak at the 370-nm range, a 375-nm 

UV-based laser was used as the transmitter across the UWOC channel, and the 

large-area arrayed scintillating fibers as the optical receiver on the other end. The 

maximum achievable data rate below the FEC limit was 250 Mbit/s using the 

power- and computational-efficient NRZ-OOK modulation format. Despite the 

large detection area of up to a few tens of cm2, we further demonstrated the 

feasibility of the photodetection scheme for detecting from different incidence 

angles and the prospective for an omnidirectional optical receiver. We validated 

that the arrayed scintillating fibers could support up to 250 Mbit/s of UV-based data 

transmission even under bent conditions. Table 4.1 shows the comparison of the 

performance of the photodetection scheme with other prior works, particularly in 

the more challenging scenario of the UWOC channel. The photodetection scheme 

potentially addresses the critical issues of PAT requirements in the untapped 

potential of UV-based UWOC, which could realize a more practical solution of 

NLOS or diffuse-LOS communication modality due to high Rayleigh and Mie 

scattering coefficients. This method also obviates the timely and costly 

development of UV-based photodiode based on large band gap semiconductor 

materials. Further modifications on the material properties of the dye molecules, 

e.g., energy bandgap and radiative recombination lifetime, would realize a 

photodetection scheme with an even lower wavelength of down to the solar-blind 

UVC wavelength region. 
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Table 4.1 Comparison for different types of optical receiver conceived for optical 

communication link in the UV-to-visible wavelength region [146]. 

Type of 
Optical 

Receiver 

Detection 
Area (cm2) 

Angle of 
View 

Transmission 
Wavelength 

Transmission 
Medium 

Data Rate 
(Modulation 

Scheme) 
Ref. 

PIN 0.008 
Strict 

alignment 
(0°) 

685-nm Water 
1.324 Gbit/s  
(128-QAM-

OFDM) 
[43] 

PIN 
0.079 × 10-

3 

Strict 
alignment 

(0°) 
520-nm Water 

4.0 Gbit/s  
(NRZ-OOK) 

[42] 

APD ~ 0.002 
Strict 

alignment 
(0°) 

520-nm Water 
2.3 Gbit/s  

(NRZ-OOK) 
[45] 

APD ~ 0.002 
Strict 

alignment 
(0°) 

450-nm Water 
1.5 Gbit/s  

(NRZ-OOK) 
[44] 

Fluorescent 
Antenna 

18.75 ±60° 450-nm Air 
190 Mbit/s 

(OOK) 
[143] 

LSC 12 ±55° 450-nm Air 
400 Mbit/s  
(32-QAM-

OFDM) 
[145] 

Luminescent 
Fibers 

126 ±25° 405-nm Air 
2.1 Gbit/s 
(OFDM) 

[144] 

Solar Panel ~ 5.0 ±14° 405-nm Water 
22.56 Mbit/s  
(64-QAM-

OFDM) 
[69] 

Arrayed 
Scintillating 
Fiber 

36.0 ≥10° 375-nm Water 
250 Mbit/s  
(NRZ-OOK) 

[146] 
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Chapter 5 Wavelength-converting Photodetection for 

Solar-blind UVC Communication 
 

5.1 Introduction 

Over the years, while paving the way towards mitigating the congested bandwidth 

in the conventional RF communication channels, the VLC technology had been a 

significant focus given its inherent advantages of supporting the Li-Fi functions for 

indoor environments. Although high data rates of up to Gbit/s had been realized 

[9], [108], the standard transmission configuration based on the LOS modality is 

inadequate to be used for the indirect transmission pathway. Fortunately, the UV 

photons are highly scattered compared to the visible counterparts due to the 

Rayleigh and Mie scattering [10], [19], hence is more favorable to realize the much-

needed diffuse-LOS and NLOS modality well as to enhance the robustness of the 

future OWC systems. By enhancing the scattering coefficient based on the UV-

based wavelengths, one could also circumvent the strict requirements on pointing 

accuracy, as in the case of LOS data transfer for current VLC technology. In 

addition, due to the severe absorption from the ozone layer, as shown in Fig. 5.1, 

there is no solar radiation in the range of UVC, i.e., 200 nm to 280 nm, on the 

Earth’s surface. Hence, the absence of background radiation interference from the 

sunlight contributed to the low communication noise-floor when transmitting data 

across these wavelengths. And thus, moving forward, the solar-blind UVC-based 

communication link could enable a wide variety of applications, such as NLOS 

communication for tactical vehicles, missile approach warning system (MAWS) 
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[149] and aircraft landing aid systems [150] in extreme weather conditions (e.g., 

foggy, smoggy or sandy weather).  

 

Figure 5.1 Ozone density profile in the northern hemisphere. The UVC radiation is typically 

absorbed by the stratosphere layer lying between the tropopause and stratopause levels 

[151]. 

 

Albeit the significance of UV-based communication systems, the transmitter 

and receiver technologies largely impede the development. The PMT is presently 

used at the receiver end to detect the weak incoming UV signals due to its large 

spectral range and amplification factor [152]. However, the undesirable features, 

e.g., bulky structure, high operating voltage (>500 V), and high capital cost, 

significantly hinder the practical deployment for remote sensing and imaging [75]. 

On the other hand, small-footprint solid-state semiconductor devices based on 

group-III-nitride (e.g., AlN, AlGaN, and BN) and group-III-oxide (e.g., Ga2O3) based 

materials have been studied concurrently for UV-based photodetection. Despite 

the ongoing efforts, these materials often require complex epitaxial growth 

methods (e.g., MOCVD and MBE), requiring high capital investment, costly 
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substrate, and a time-consuming development path. Although the Ga2O3-based 

photodetectors exhibited a high amplification factor in the UVC region, it also 

suffers from a slow response speed of at least a few tens of milliseconds to 

seconds long, which is not adequate for high bitrate communication link [153]–

[155]. On the other hand, the technologically-matured Si-based photodetectors are 

commercially available and widely employed in VLC technology due to their large 

detection spectrum and high response speed across the visible wavelength region, 

wherein the peak response spectrum typically lies in the red-to-NIR range of about 

800 nm to 1000 nm with the responsivity of more than 0.4 A/W. Towards the UV 

range, i.e., <380 nm, the responsivity of Si-based photodetectors dropped 

significantly to less than 0.1 A/W, as shown previously in Fig. 1.4. This is due to 

the low penetration depth of UV photons in the Si-based layer, which constitutes 

undesirable carrier recombination while the photocarriers are being swept away 

onto the opposite electrode region. Regardless of the availability of Si-based 

photodetectors for supporting over GHz bandwidth in the market, the low 

responsivity in the UV range, particularly in the solar-blind UVC range, could not 

ensure high SNR in the UV-based communication link and hinders the 

development in this regard. 

To circumvent the issue, recent efforts have been made by utilizing the 

phosphor layers to convert high-energy UV photons into visible wavelength 

photons before being effectively absorbed by the Si-based photodetectors, in 

which it exhibits higher responsivity in the visible wavelength region. In early works 

by Levell et al. [156] and Kuhlman [157], conjugated polymer-based thin film, e.g., 
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poly(9,9’-dioctylfluorene-co-benzothiadiazole) blended with 4,4’-N,N’-dicarbazolyl-

biphenyl ((F8)9BT:CBP) and yttrium-vanadate-phosphate-borate:Eu 

(Y(V,PO4)0.9(BO3)0.1:Eu), were investigated as the phosphor layer for converting 

UV to visible photons to enhance the responsivity of Si-based optical receivers. 

Despite the enhancement performance in terms of responsivity in the UV range, it 

is also noted that the polymer-based phosphor often exhibited long PL decay time 

of up to order of milliseconds and henceforth not desirable for high bitrate 

photodetection [158], [159]. Later in 2017, Dong et al. [145] demonstrated a 

luminescent solar concentrator (LSC) conceived for VLC using a conjugated 

polymer-based SuperYellow layer to convert incoming blue wavelength to a longer 

wavelength of 575 nm. In another prior work by Zhang et al. [160], organic-

inorganic halide perovskite-based quantum dots (QDs), i.e., methylammonium 

lead bromide (MAPbBr3), were integrated with an electron-multiplying charge-

coupled device (EMCCD)-based image sensor for UV sensing and imaging 

applications. However, these studies did not demonstrate the feasibility of down-

converting luminescent materials for optical receivers in the applications of UV-

based OWC links. 

 

5.2 Overview of perovskite nanocrystals 

 

The halide perovskite with the general formula of ABX3, where A = Cesium (Cs), 

methylammonium (MA, CH3NH3) or formamidinium (FA, CH(NH2)2), B = Pb or Sn 

and X = Cl, Br or I, received significant attention as the new class of materials for 

enabling many optoelectronics devices, e.g., solar cells [161], [162], LEDs [163], 
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and optically-pumped lasers [164]–[166]. The discovery of the halide perovskite 

can be traced back to the year 1839, where it was first discovered by Gustav Rose 

(a German mineralogist) in the Ural Mountains of Russia [167] and was then 

named after Count Lev Alekseyevich von Perovski (a Russian mineralogist). The 

bulk perovskite compounds synthesized from aqueous solution were 

demonstrated by Wells in 1893 [168]. Meanwhile, it was until 1926 where Victor 

Moritz Goldschmidt revealed the crystal structure of perovskite (a Norwegian 

mineralogist) [169] and later established by Helen Dick Megaw (an Irish X-ray 

crystallographer) in 1945 [170]. Several vital milestones also include the first hybrid 

organic-inorganic perovskite demonstrated by Weber in 1978 [171], [172], as well 

as the first demonstration of perovskite-based solar cells by Miyasaka et al. in 2009 

[173]. The crystallographic structure of perovskite, similar to that of CaTiO3, is 

shown in Fig. 5.2(a), where the cation A occupies the center of the cube 

surrounded by 8 octahedra. The formation of lattice-stable perovskite structure is 

governed by the Goldschmidt tolerance factor (𝑡) as shown in Eq. (16) below: 

𝑡 =
𝑟A+𝑟X

|√2(𝑟B+𝑟X)|
    (16) 

where 𝑟A , 𝑟B , and 𝑟X  represents the effective radii of the A, B, and X ions, 

respectively. The perovskite structure with the 𝑡 value of between 0.8 to 1 (typically 

formed by A cations of Cs+, MA+, and FA+) is known to be stable, while large or 

smaller value lying outside of the range could distort and result in non-perovskite 

structure, for instance, by replacing the A cations with larger (e.g., K+ or Rb+) or 

smaller ions (e.g., dimethylammonium (DMA+), ethylammonium (EA+)) [174]. 
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The halide perovskite synthesized with the inexpensive yet low-temperature 

solution-phase growth have been shown to exhibit tunable emission spectrum 

across the visible wavelength region simply through halide anion substitution [175], 

[176] (as shown in Fig. 5.2(b))  or by exploiting the quantum-size effect [163], while 

at the same time yielding high PL quantum yield (>80%), low optical gain threshold 

(<10 µJ/cm2), long-term photostability, as well as higher defect-tolerant as 

compared to other semiconductor materials (e.g., CdSe and GaAs) [177]–[181]. In 

particular, both the one-dimensional (1D) and zero-dimensional (0D) perovskite-

based nanostructures, e.g., QDs and nanowires, received the most attention due 

to the large quantum confinement effects, as well as lower defects states and 

higher crystallinity as compared to its counterpart in nanosheets or bulk form [182], 

[183].  
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Figure 5.2 (a) Schematic representation of the perovskite crystal structure with the general 

formula of ABX3 [174]. (b) Images of solution-synthesized all-inorganic perovskite 

nanocrystals covering across the visible wavelength region by simply replacing the anion 

(X) [184]. The CsPbBr3 NCs thin films have been demonstrated as (c) X-ray scintillation 

layer [185], as well as (d) phosphor layer for the dual-functionalities of white-light 

illumination and VLC [15].   

 

As compared to the hybrid organic-inorganic lead halide perovskite (i.e., MA 

or FA-based), the use of inorganic cation, i.e., Cs+, also yields enhanced stability 

against thermal-, moisture-, and photo-induced damages [186], [187]. Given these 

inherent advantages, in recent years, the CsPbBr3 nanocrystals (NCs) have also 

been demonstrated as the scintillator materials by converting the ionizing radiation 

into visible wavelength photons for efficient X-ray detection and imaging, as shown 

in Fig. 5.2(c) [185], [188]. Meanwhile, in the field of VLC, following the first 
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demonstration by Dursun et al. [15] as shown in Fig. 5.2(d), the CsPbBr3 NCs 

received increasing attention as the phosphor conceived for the transmitter in 

enabling white-light illumination, as well as simultaneous data communication 

owing to the short PL lifetime in the range of nanoseconds (ns). Regardless, the 

prior works did not shed light on the feasibility for high-speed photodetection based 

on the inorganic perovskite-based luminescent layer in the new domain of the UVC 

communication band.  

A novel wavelength-converting photodetection scheme based on the hybrid 

CsPbBr3-silicon platform is presented and conceived for a UVC communication 

link. The solution-synthesized all-inorganic CsPbBr3 NCs thin film exhibited a fast 

PL decay time suitable for a high-speed photodetection scheme in the UVC range. 

Moreover, the photoelectrical characterization also showed that the high-PLQY 

CsPbBr3 NCs thin film can effectively down-convert the high-energy UV photons 

into the visible photons, enhancing the photodetection performance of the matured 

Si-based optical receivers in the UV range. Subsequently, the small-signal 

modulation characterization was performed to evaluate the feasibility of the 

proposed photodetection scheme for a data communication link. The maximum 

achievable data rate of a solar-blind UVC communication link was then 

characterized based on the hybrid CsPbBr3-Si photodetection scheme. Notably, 

the study presented a disruptive technology to eliminate the costly and time-

consuming pursuit of large band gap semiconductor platforms for high-speed UVC 

photodetection. 
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5.3 Material characterizations 

The NCs solution was obtained from Quantum Solutions LLC at KAUST. The oleic 

acid (OA) and oleylamine (OAm) were employed as the surface passivating 

ligands on the NCs. The NCs were dispersed in toluene (C7H8) with the NCs 

concentration of approximately 20 mg/ml. Figure 5.3(a) shows the transmission 

electron microscopy (TEM) image of the CsPbBr3 NCs used in this work. The 

cubic-shaped NCs with an average size of around 6.39 ± 0.6 nm are apparent in 

the HRTEM images as shown in Figs. 5.3(b) and (c). For TEM and HRTEM 

analysis, the NCs in toluene solution was drop-casted onto a formvar/carbon-

coated copper-300 mesh TEM grid. The TEM image was captured on an FEI Titan 

G2 80-300 operating with an acceleration voltage of 300 kV, while the HRTEM 

image was acquired using an aberration-corrected and monochromated FEI Titan 

G2 80-300. A charge-coupled device (CCD) camera (Gatan model 895, 2 k × 62 

k) was used to capture the images in 2×-binned mode. Figure 5.3(d) shows the 

corresponding FFT image of the CsPbBr3 NC sample without any observable 

dislocation or stacking fault.    
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Figure 5.3 (a) TEM and (b & c) HRTEM images showing the cubic-shaped CsPbBr3 NCs. 

(d) Corresponding FFT pattern of the CsPbBr3 NCs [189]. 

 

Figure 5.4(a) further shows the optical absorption and PL emission spectra of 

the CsPbBr3 NCs. The perovskite NCs exhibits strong absorption towards the UV 

wavelength region, with the absorption peak situated at approximately 270 nm. 

Based on the Beer-Lambert Law [190], the absorption coefficient of the CsPbBr3 

NCs was also determined to be 1.16 × 103 cm-1 at the peak absorption of 270 nm. 

For PL emission, the CsPbBr3 NCs have a sharp peak located at 506 nm and an 

FWHM of approximately 19 nm. To further validate the feasibility of CsPbBr3 NCs 

for high bitrate optical modulation, Fig. 5.4(b) shows the measured TRPL with a 

372-nm laser pulse based on the principle of time-correlated single-photon 
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counting (TCSPC). The decay profile traced at the peak wavelength of 506 nm can 

be fitted with a single exponential function and thus revealed a lifetime of 4.5 ± 0.1 

ns. Furthermore, the PLQY of the CsPbBr3 NCs were also measured to be close 

to unity in solution form and reduced to ~73% after drop-coated onto a substrate. 

Nevertheless, the high PLQY ascribed to the reduced dimensionality and surface 

passivation surpasses some other conjugated polymers and organic-based 

wavelength-conversion layers used on Si-based optical receiver, e.g., 

SuperYellow [145], fluorene copolymers [156], and bis-(8-hydroxyquinaldine)-

chlorogallium (Ga𝑞2
′ Cl) [191]. For the measurements above, the as-prepared 

CsPbBr3 NCs dissolved in toluene were drop-coated on a UV-quartz substrate, 

which has a transparency of over 90% from 250 nm to 600 nm wavelength region. 

The drop-casted CsPbBr3 NCs were then left in ambient environment for solvent 

evaporation. The optical absorption profile was collected by using a UV-VIS-NIR 

spectrophotometer (Shimadzu, UV-3600). The steady-state PL and PLQY were 

collected using a fluorescence spectrometer (Edinburgh Instruments, F900), while 

the TRPL was acquired using a bench-top spectrofluorometer (Horiba, FluoroMax-

4). 
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Figure 5.4 (a) Optical absorption and PL emission of the CsPbBr3 NCs. (b) TRPL decay 

profile of the CsPbBr3 NCs observed under the excitation of a 372-nm pulsed laser [189]. 

 

5.4 Photoelectrical performance 

With the physical parameters of the all-inorganic CsPbBr3 NCs established, the 

photoelectrical performance of the proposed wavelength-converting 

photodetection scheme based on the CsPbBr3 NCs on the Si-based platform were 

also characterized. Figures 5.5(a) and (b) show the drop-coated CsPbBr3 NCs on 

a UV-quartz substrate under the illumination of ambient room light, and a UVC 

LED, respectively. For effective re-collection of the green-emitting photons from 

the perovskite NCs, an experimental setup, as shown in Fig. 5.5(c), was 

established to evaluate the feasibility of the proposed high-speed photodetection 

scheme. The sample was inserted in an integrating sphere (Newport, 819 Series) 

coated with polytetrafluoroethylene (PTFE), which exhibited over 95% of 

reflectivity across the UV-to-visible wavelength region. The re-emitted light from 

the sample is then guided onto an off-the-shelf calibrated Si-based PIN 

photodetector (Thorlabs, FDS100) mounted on the output port of the integrating 
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sphere. The uncoated borosilicate window of the Si-based photodetector was also 

being removed to expose the bare structure. The excitation light source, i.e., a 

broadband 500-W mercury-xenon (Hg(Xe)) arc lamp (Newport, 66142), was 

guided into the integrating sphere after passing through a monochromator (Oriel 

Cornerstone, CS260). The light intensity was calibrated to 8.5 µW/cm2 across all 

wavelengths. Figure 5.5(d) shows the measured responsivity of the Si-based 

photodetector from 250 nm to 600 nm without any wavelength-converting layer. 

The inset further shows the micrograph image of the commercial Si-based 

photodetector with an active area of 13 mm2. It is apparent that the Si-based 

photodetector manifested a higher responsivity, i.e., >0.1 A/W, in the visible 

wavelength region and gradually decreased to less than 0.05 A/W towards the 

shorter wavelength, particularly in the UVC wavelength region. 
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Figure 5.5 Photograph images of the CsPbBr3 NCs under the illumination of (a) ambient 

room light and (b) a UVC LED. (c) Experimental setup for evaluating the responsivity of 

the proposed CsPbBr3-Si photodetection scheme. (d) The measured responsivity of an 

off-the-shelf Si-based photodetector. The inset shows the photographed image of the Si-

based photodetector [189]. 

 

Fig. 5.6(a) shows the I-V characteristics of the Si-based photodetector 

measured from the bias voltage of 0 V to -20 V, where the black line indicates the 

dark current, while the purple and red line indicates the photocurrent under the 

illumination at the wavelength of 510 nm and 270 nm, respectively, without any 

wavelength-converting layer. Notably, the blue line signifies the photocurrent 

generated on the Si-based photodetector when the CsPbBr3 NCs were inserted 

and under the illumination of 270 nm excitation source. With the addition of the 
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proposed wavelength-conversion layer, it is apparent that the photocurrent is 

distinctly higher than that under 270 nm illumination without any conversion layer, 

while substantially closer to that of under 510 nm illumination. However, it should 

be noted that unabsorbed or scattered incoming photons could create additional 

photocarriers on the Si-based photodetector without going through the wavelength 

conversion process [156], [160]. Thus, it is pivotal that a 500-nm long-pass (LP) 

filter (Thorlabs, FELH0500) is necessary to be added before the Si-based 

photodetector to reflect the feasibility of the proposed wavelength-conversion 

photodetection scheme. With the inclusion of the LP filter, the green line shows the 

I-V characteristics based on the wavelength-conversion method and wholly 

discarded the possibility of any unabsorbed UV photons being absorbed by the Si-

based photodetector. Taking advantage of the higher penetration depth of visible 

photons in the commercial Si-based photodetectors [91], the photodetection 

mechanism relies on the CsPbBr3 NCs to convert the incoming UVC photons to 

the visible photons located at around 510 nm, thus enhancing the generated 

photocurrent even when under the illumination of UVC light.  

Figure 5.6(b) further shows the measured responsivity (𝑅λ), calculated based 

on Eq. (6), across the UV wavelength region, i.e., 250 nm to 380 nm with a 10-nm 

interval, of the Si-based photodetectors (see black line), as well as with the 

inclusion of the CsPbBr3 NCs wavelength-converting layer (see green line). The 

proposed wavelength-conversion scheme exhibited a nearly three-fold higher 

responsivity in the intended UVC wavelength region, e.g., 84 mA/W at 270 nm, 

compared to bare Si-based photodetector. The improvement corresponds to the 
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higher absorption of the CsPbBr3 NCs in the UV range, as shown previously in Fig. 

5.4(a), and thus enhances the UV detection sensitivity of the off-the-shelf Si-based 

photodetectors. The first-of-its-kind demonstration based on the inorganic 

CsPbBr3 NCs-Si photodetection scheme also outperforms some other conjugated 

polymer-based wavelength-conversion material demonstrated on Si-based 

photodetector, e.g., (F8)9BT:CBP by Levell et al. [156], which exhibit a substantial 

dip in the responsivity due to reduced absorption in the intended UVC wavelength 

region. 

 

Figure 5.6 (a) Measured I-V characteristics of the Si-based photodetector in dark 

condition, under the illumination of 270 nm light (with and without CsPbBr3 NCs layer) and 

510 nm light. (b) Responsivity for incident wavelength in the UV region. The inset 

illustrates the necessity of adding a 500-nm long-pass (LP) filter to evaluate the feasibility 

of a wavelength-conversion photodetection scheme and discard unabsorbed or scattered 

photons [189]. 

 

In addition, the external quantum efficiency (EQE), which governs the 

conversion ratio of photogenerated carriers to the incident photons flux, is also 

shown in Fig. 5.7(a). The EQE can be determined based on Eq. (7), as shown 
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previously. Compared to bare Si-based photodetectors, the inclusion of the 

CsPbBr3 NCs layer demonstrated approximately 25% higher EQE across the 

intended UVC wavelength region, ascribed mainly to the enhanced photon 

absorption after the wavelength-conversion process. On the other hand, the 

specific detectivity (D*), as shown in Fig. 5.7(b), was calculated based on Eq. (12) 

to be 7.4 × 10-12 cm Hz1/2 W-1 at the peak wavelength of 270 nm, which is 

substantially higher than that of bare Si-based photodetector, i.e., 2.5 × 10-12 cm 

Hz1/2 W-1. Apart from the commercial Si-based photodetectors, the performance 

boost based on the proposed CsPbBr3 NCs wavelength-conversion layer could 

also be applied onto other modified photodetectors, such as graphene/Si-based 

[192], [193] and nanoporous Si-based [194] photodetector, to enhance the 

absorption in the UV wavelength region.  

 

Figure 5.7 (a) External quantum efficiency (EQE) and (b) specific detectivity (D*) of the 

proposed CsPbBr3-Si photodetection scheme as compared to bare Si-based 

photodetector measured across the UV wavelength region [189]. 
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5.5 Optical modulation performance 

To elucidate the feasibility of the proposed wavelength-conversion scheme based 

on CsPbBr3 NCs for high bitrate UV-based data transmission, an experiment 

setup, as shown in Fig. 5.8(a), was employed to measure the small-signal 

modulation bandwidth. To eliminate the bandwidth constraint from the transmitter 

end, a 375-nm UV-based laser diode (Nichia, NDU4116) was mounted on a TEC 

integrated laser mount (Thorlabs, LDM56F/M), which is known to exhibit high 

modulation bandwidth of up to GHz range, was used as the data transmitter. 

Throughout the measurement, the direct current of the laser diode was fixed at 70 

mA, which corresponds to an optical power of 30 mW. The incoming light was 

focused into the integrating sphere housing the CsPbBr3 NCs on a quartz 

substrate. On the receiver end, after the incoming signals were converted into a 

longer wavelength based on the perovskite NCs, a series of plano-convex lenses 

(Thorlabs, LA4148 & LA4052), an objective lens (Thorlabs, LMU15X), and a 500-

nm LP filter (Thorlabs, FELH0500) was mounted before the wavelength-converted 

signals entered into a Si-based APD (Thorlabs, APD430A2, DC to 400 MHz) with 

the area diameter of 0.2 mm. On both the laser diode and APD ends, the signals 

were connected to a VNA (Agilent Technologies, E5061B, 5 Hz to 9 GHz) pre-

calibrated using the E-calibration module (Agilent Technologies, 85093-60010, 

300 kHz to 9 GHz). 

Fig. 5.8(b) shows the measured system bandwidth without the CsPbBr3 NCs 

and LP filter (see black line), demonstrating the f-3dB located at around 380 MHz 

due to the bandwidth limitation from the off-the-shelf Si-based APD. Meanwhile, 
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with the inclusion of the wavelength-converting CsPbBr3 NCs layer and the LP filter 

(see red line), a f-3dB of 70.92 MHz was obtained due to the short radiative 

recombination lifetime (~ns) in the CsPbBr3 NCs layer. This fast recombination 

lifetime surpasses some other rare-earth-based phosphors, e.g., K2Y(WO4)(PO4): 

Tb3+, Eu3+ (>2 ms) [195], Y4Al2O9:Eu3+:Eu3+ (~1.03 ms) [196] and 

Sr8MgY(PO4)7:Tb3+,Eu3+ (>1 ms) [197], and thus elucidating its practicability for 

high bitrate photodetection in the optical communication link. 

 

Figure 5.8 (a) Experimental setup for modulation bandwidth measurement based on a 

375-nm UV-based laser diode. (b) The normalized response measured from 300 kHz to 

500 MHz of the proposed wavelength-converting photodetection scheme [189]. 

 

Subsequently, the wavelength-converting photodetection scheme was 

evaluated for a solar-blind UVC communication link based on the NRZ-OOK 

modulation scheme with 210-1 pseudorandom binary sequence (PRBS) data 

stream. Figure 5.9(a) shows the L-I-V curves of the 278-nm LED (LG Innotek, 

LEUVA66H70HF00) with the maximum optical power of 8 mW at the injection 

current of 325 mA. To provide sufficient modulation depth for the optical 

communication channel, the DC voltage was fixed at 6 V, corresponding to the 
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light output power of 0.8 mW throughout the measurement. The LED's 

electroluminescence (EL) spectrum is also shown as in Fig. 5.9(b), with the peak 

emission wavelength at 278.3 nm and FWHM of 11.3 nm. The inset shows the 

UVC LED used in this work. 

 

Figure 5.9 (a) L-I-V curves and (b) EL spectrum of the 278-nm LED used for the solar-

blind UVC communication link. The inset of (b) shows the image of the UVC LED 

transmitter [189]. 

 

Figure 5.10(a) shows the experimental setup for the solar-blind UVC 

communication link using the 278-nm LED. The LED transmitter was connected 

through a bias-tee (Mini-Circuits, ZFBT-4R2GW-FT+, 0.1 to 4200 MHz) to provide 

DC and AC-modulated signals. It is then connected to a bit-error-ratio (BER) tester 

(Anritsu, ME522A, 1 to 700 MHz). The AC peak-to-peak amplitude (Vp-p) was set 

at 2 V. On the receiver end, to effectively couple the wavelength-converted light 

from the integrating sphere housing the CsPbBr3 NCs, a series of plano-convex 

lenses (Thorlabs, LA4148 & LA4052), an objective lens (Thorlabs, LMU15X), and 

a 500-nm LP filter (Thorlabs, FELH0500) was mounted before the Si-based APD 

(Thorlabs, APD430A2, DC to 400 MHz). The received signals from the Si-based 
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APD are demodulated using the bit-error-ratio (BER) tester (Anritsu, ME522A, 1 to 

700 MHz). The eye diagrams were captured using a digital communication 

analyzer (Agilent Technologies, Infiniium DCA-J 86100C). Before the 

measurement, the system bandwidth was also measured using the 278-nm UVC 

LED, as shown in Fig. 5.10(b), in which the f-3dB of the wavelength-converting 

CsPbBr3-Si photodetection scheme was measured to be 11.13 MHz, which is in 

proximity with the f-3dB bandwidth limitation of the UVC LED at 14.04 MHz. While 

the modulation bandwidth of the UVC LED may have limited the system bandwidth 

when the CsPbBr3 wavelength-converting layer was added, it is possible that the 

f-3dB was reduced under lower excitation density as reported by M. F. Leitão et al. 

[198]. 

 

Figure 5.10 (a) Experimental setup for the solar-blind UVC communication link based on 

the wavelength-converting CsPbBr3-Si photodetection scheme. (b) Normalized frequency 

response of the measurement system [189]. 

 

The measured BER versus data rate of the UVC communication link was 

shown as in Fig. 5.11(a), in which the proposed wavelength-converting CsPbBr3-

Si photodetection scheme achieved the maximum data rate of 34 Mbit/s, with the 
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BER of 1.9 × 10-3 (see red line), well below the FEC limit of 3.8 × 10-3. Figures 5.11 

(b) and (c) show the eye diagrams recorded at 10 Mbit/s and 34 Mbit/s, 

respectively. The maximum data rate was also measured without the CsPbBr3 NCs 

wavelength-converting layer and the 500-nm LP filter (see black line). In both 

cases, the illuminating power entering the Si-based APD was optimized to be in 

the range of 0.5 μW by using an additional optical density filter to keep it below the 

saturation limit of the Si-based APD. The maximum data rate achieved without the 

wavelength-converting layer was 25 Mbit/s with BER of 1.4 × 10-3, substantially 

due to reduced responsivity and received output voltage. Based on the same 

illuminating power received on the Si-based APD, a higher output voltage is 

apparent when the CsPbBr3 NCs wavelength-converting layer is added due to the 

higher responsivity of the Si-based APD to the longer wavelength in the visible 

wavelength region and can be expected based on the Eq. (17) as shown below: 

𝑉out = 𝑃illuminance × 𝑅λ × 𝐺    (17) 

where 𝑉out denotes the received output voltage, 𝑃illuminance is the received optical 

power, 𝑅λ  is the responsivity for the incoming wavelength, and 𝐺  is the 

transimpedance gain fixed at 5 kV/A with 50 Ω impedance. It is worth noting that 

the data rate was achieved based on the direct NRZ-OOK modulation scheme, 

which requires less computational complexity and minimized power consumption, 

while sufficient to support various activities, i.e., tactical vehicles and low-visibility 

aircraft landing [10], requiring communication link without being susceptible to 

solar background noise. 



109 
 

 
 

 

Figure 5.11 (a) BER versus data rate of the UVC communication link based on NRZ-OOK 

with 210-1 PRBS modulation scheme. The corresponding eye diagrams of the wavelength-

converting photodetection scheme at (b) 10 Mbit/s and (c) 34 Mbit/s, respectively [189]. 

 

5.6 Conclusions 

In this work, the inorganic CsPbBr3 NCs were proposed as the wavelength-

converting element for a low-cost and matured Si platform to enhance the 

photodetection performance in a solar-blind UVC communication channel. The 

CsPbBr3 NCs layer exhibited a high absorption coefficient in the UV-wavelength 

region with a photoluminescence (PL) quantum yield of approximately 73% and a 

short PL radiative recombination lifetime of 4.5 ns. The perovskite-Si scheme 

demonstrated a nearly three-fold increment in responsivity and ~25% improvement 

in the external quantum efficiency in terms of photodetection performance. 

Tailored for a high bitrate solar-blind UVC communication channel, the proposed 

perovskite-Si photodetection scheme also successfully demonstrated the first-of-

its-kind 34 Mbit/s of data transmission based on an energy-efficient and direct 

NRZ-OOK modulation scheme. Compared to other prior works focused on the 
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transmitter module of optical wireless communication, as summarized in Table 5.1, 

this work highlights the first demonstration of a perovskite-phosphor-based 

photodetection scheme for a high bitrate solar-blind UVC communication channel. 

Moreover, the solution-processable UV-phosphor scheme offers the possibility for 

seamless integration with existing Si-based technology platforms while at the same 

time preventing the need for a cost-and process-intensive development path for 

large bandgap semiconductors tailored for high bitrate UV photodetection.  

 

Table 5.1 Comparison of phosphor-based transmitter and receiver module conceived for 

optical wireless communication [189]. 

Material PLQY 
-3 dB 

Bandwidth 
Transmitter Data Rate 

Application 

Module 
Ref. 

CsPbBr3 ~70%  

(solution) 

491 MHz 450 nm  

(LD) 

2 Gbit/s Transmitter 
[15] 

BBEHP-PPV ≥75% 

(thin film) 

≥200 MHz 450 nm 

(LD) 

350 Mbit/s Transmitter 
[199] 

RhB@Al-DBA 12% 

(thin film) 

3.6 MHz 395 nm  

(LED) 

3.6 Mbit/s Transmitter 
[200] 

Carbon dots 21% 

(solution) 

285 MHz 450 nm 

(LD) 

350 Mbit/s Transmitter 
[201] 

CsPbBr1.8I1.2 78% 

(solution) 

73 MHz 445 nm  

(LED) 

190 Mbit/s Transmitter 
[202] 

CPC-LSC 60% 

(thin film) 

- Blue  

(LED) 

400 Mbit/s Receiver 
[203] 

CsPbBr3 72.95% 

(thin film) 

70.92 MHz 278 nm 

(LED) 

34 Mbit/s Receiver  

(UVC) 
[189] 
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Chapter 6 Near-omnidirectional Perovskite-polymer 

Fibers-based Photodetection 
 

6.1 Introduction 

Apart from relieving the conventional RF mobile networks, the OWC technology is 

also envisaged to support various communication modalities in the absence of 

fiber optic networks, e.g., vehicle-to-vehicle communication [12], UWOC [14], [66], 

and internet connectivity for remote communities [204]. As discussed previously, 

the photodiodes or APDs used on the receiver side of the OWC system are 

typically limited in the active area to minimize the RC limit and offer larger 

modulation bandwidth. For example, the InGaN-based photodiodes as presented 

in Chapter 3, as well as from other literature, were restricted to <100 µm in 

diameter to yield a sufficiently large f-3dB of approximately 40 MHz to 347 MHz [96], 

[100], [107], Although large-area solar cells based on silicon [68], [69], organic 

[205] and perovskite [206] have also been proposed as the optical receiver in OWC 

[207], low f-3dB of around 10 to 100 kHz were typically reported as a result of the 

RC limitation and therefore restricts the data rate in the range of less than tens of 

Mbit/s. To alleviate the issue related to the size of the active area, additional optical 

elements (e.g., lenses, compound parabolic concentrators) can be integrated to 

improve the optical and geometrical throughput, which enhances the angles and 

area of optical detection without sacrificing the modulation bandwidth that is limited 

by the RC-limit on the conventional photodiodes. Regardless, these systems were 

restricted by the fundamental principle in optics, i.e., the conservation of étendue, 

as shown in Eq. (18) below: 
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𝐴inΩin = 𝐴outΩout     (18)  

where 𝐴in , Aout  and Ωout , Ωout  denote the active area and field-of-view solid 

angles of the optical element at the input and output, respectively [143], [208], 

[209]. For instance, Fig. 6.1 illustrates the étendue limit of a compound parabolic 

concentrator (CPC), where the optical throughput is conserved by the solid angle 

and active area on both sides. 

 

Figure 6.1 Schematic illustration of étendue limit where it is conserved by the product of 

active area and field-of-view solid angles on the entrance and exit aperture. 

 

To circumvent the issues of RC-limitation in planar-based detectors and the 

étendue limit in conventional optics elements, which imposes theoretical 

challenges in terms of modulation bandwidth, detection area, and angle-of-view on 

the receiver end of an OWC system, several design methodologies based upon 

luminescent concentrators, e.g., luminescent polymer-based fibers [144], [146] (as 

presented in Chapter 4 of this dissertation) and fluorescent slab antenna [143], 
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[145], [209],  have also been proposed. These elements worked upon the same 

operating principle as the luminescent solar concentrator (LSC), where the 

fluorescence particles doped within a high refractive index material absorb the 

incoming photons having a shorter wavelength (λ1), and re-emits at a longer 

wavelength (λ2), i.e., λ1<λ2. The down-converted light is then guided via total 

internal reflection to the edges of the sample for optical-to-electrical conversion 

using a high-speed and small-area photodiode or APDs. In cases where the 

photodiode or APDs do not limit the modulation bandwidths, the frequency 

bandwidth of these luminescent elements is solely governed by the radiative 

recombination lifetime (𝜏) of the luminescent particles doped within the high-index 

matrix, i.e., 𝑓−3dB ≤ 1/2𝜋𝜏 [140], [210]. Despite yielding lower SNR due to high 

optical losses, these structures offer flexibility, scalability, large optical gain (e.g., 

through increasing the active input area, 𝑆in) as well as near-omnidirectional field-

of-view, which is challenging to be realized on conventional planar-based detectors 

[144], [145].  

Given the above merits, several prior works in luminescent concentrator-

based optical receiver focused on using organic-based luminescent materials, 

e.g., SuperYellow [145], 4‐(dicyanomethylene)‐2‐methyl‐6‐(4‐

dimethylaminostyryl)‐4H‐pyran (DCM )[209] and Coumarin 6 (Cm6) [143], [209], 

while did not shed light on emerging luminescent materials based on halide-

perovskite nanocrystals (as presented previously in Chapter 5). As compared to 

other organic-based luminescent particles, the all-inorganic perovskite 

nanocrystals were known to exhibit higher photoluminescence quantum yield 
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(>95%) through various passivation techniques. The demonstrated quantum yield 

is higher as compared to other reported polymer-based dye, e.g., SuperYellow 

(60%) [145], Cm6 (80 to 95%) [143], [209] and DCM (50%) [209]. The halide 

perovskite material system could also cover the entire visible-to-near-infrared 

spectrum by simply changing the composition, which will allow ease of 

processability and scalability. This differs from organic-based polymers that 

require a different material system to cover the entire visible-to-near-infrared 

spectrum. While the halide perovskite has emerged as a new class of materials for 

enabling several key optoelectronics devices, e.g., solar cells [211], light-emitting 

diodes [212], photodetectors [213], [214], the use of all-inorganic CsPbBr3 

nanocrystals having a fast radiative recombination lifetime (<10 ns), as well as 

higher thermal stability as compared to their organic-inorganic counterparts (i.e., 

MA or FA-based), have also been investigated as a fast phosphor conversion layer 

for visible laser-based transmitters [15] and UVC-based receivers [189] (as 

presented in Chapter 5 of this dissertation). Although several planar perovskite-

based optical receivers have been reported for OWC applications [148], [215], 

these devices have limited angle-of-view due to the étendue limit and the RC 

limitation that restricts its f-3dB to less than 3 MHz. 

In this Chapter, perovskite NCs-polymer-based scintillating fibers were 

demonstrated as a flexible, scalable, and near-omnidirectional detection platform 

for high-speed visible-light-based OWC link. The perovskite NCs were embodied 

within a UV-curable polymer and subsequently adopted into the polymer-based 

scintillating fiber, ensuring facile scalability and flexibility that could cater to various 
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application scenarios in the OWC link. Notably, the facile approach sheds light on 

adopting emerging functional nanomaterials for enabling a high-speed detection 

platform that relieves from the conventional RC and étendue limit found in planer-

based detectors while paving the way towards a more robust interlinked ad hoc 

network in both terrestrial and underwater settings. At the end of this Chapter, we 

further demonstrated optical preamplifiers based on halide-perovskite 

nanocrystals for optical detectors. 

 

6.2 Material characterizations 

The CsPbBr3 NCs solution used in this work was obtained from Quantum 

Solutions. It was synthesized through a modified hot injection method with both the 

oleic acid (OA) and oleylamine (OAm) as capping ligands on the surface [216]. 

The transmission electron microscopy (TEM) images in Figs. 6.2(a) and (b) 

revealed the cubic-shaped CsPbBr3 NCs, where the interplanar spacing (d-

spacing) is determined to be ~0.29 nm and matches the (002) lattice plane of 

CsPbBr3 [217]. The edge length of the NCs was determined to be approximately 

6.36 nm on average, as shown in Fig. 6.2(c). This value lies within the strong 

quantum confinement regime, i.e., <7 nm in edge length, determined based on the 

dimension of NCs relative to the exciton Bohr diameter [218]. The TEM images 

were obtained from the FEI Titan ST system operating at 300 kV. Before the TEM 

characterization, the CsPbBr3 NCs were further diluted using toluene with the 

concentration of 1 mg/mL and then drop-casted onto a carbon-coated 300 mesh 

copper TEM grid. The TEM grids were dried in a vacuum chamber to remove the 
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solvent thoroughly. The room-temperature X-ray diffraction (XRD) spectrum of the 

CsPbBr3 NCs is also shown in Fig. 6.2(d), where the peaks situated at 2-theta = 

14.6°, 20.9°, 30.0°, 33.8°, and 37.3°, correspond to the (100), (110), (200), (210), 

and (211) planes of CsPbBr3, and the crystalline structure matches that of the cubic 

dominated phase (extracted from Inorganic Crystal Structure Database (ICSD) 

with ID#29073), where the lattice constant (a, b, c) is equivalent. The XRD 

characterizations were performed using the Bruker D2 Phaser system based on 

Cu Kα radiation (λ = 1.5405 Å) at room temperature. The NCs sample in toluene 

was prepared via the spin-coating method onto a sapphire substrate (1 × 1 cm) at 

1500 RPM for 40 seconds. 
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Figure 6.2 (a) and (b) Transmission electron microscopy images of the cubic-shaped 

CsPbBr3 NCs employed in the present study. (c) Histogram tabulating the distribution and 

average edge length of the CsPbBr3. (d) X-ray diffraction spectrum of the CsPbBr3 

compared to standard spectrum extracted from ICSD (ID#29073). 

 

6.3 Perovskite-polymer scintillating fibers 

To embed the CsPbBr3 NCs into polymer-based scintillating fibers, the NCs 

powder was dissolved in a UV-curable monomer, i.e., isobornyl acetate (IBOA), 

and a photoinitiator. The NCs concentration were vary from 20 mg/mL to 0.2 

mg/mL. The polymer-based fiber with polydimethylsiloxane (PDMS) cladding layer 
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was formed using the molding method and leaving behind the hollow core layer. 

The PDMS was formed by mixing the elastomer base and curing agent at the ratio 

of 10:1. After the PDMS is completely cured, the as-prepared CsPbBr3 NCs-IBOA 

mixture is then filled up the core layer using syringe injection method and cured 

under a UV light source (i.e., UV LED with λpeak = 365 nm) for 20 minutes. The 

perovskite-polymer scintillating fibers can then be cleaved using a sharp polymer 

cutter. Figures 6.3(a) and (b) show the cross-sectional micrograph image of the 

perovskite NCs-polymer scintillating fiber. The core layer made of perovskite NCs-

IBOA mixture has a thickness of approximately 957 μm (see Fig. 6.3(b)), while the 

cladding thickness is about 4 mm. The scintillating fiber was also carefully 

conceived to match the refractive index of the core and cladding layer. The PDMS 

cladding layer is known with the refractive index (n) of 1.436, while the core layer 

predominantly dominated by IBOA polymer (i.e., >99.4%, as determined from the 

mole fraction) has a refractive index of 1.476. The conventional Arago-Biot equation 

was employed to estimate the refractive index, i.e., 𝑛 = ∑ 𝜙𝑖𝑖 𝑛𝑖, where 𝜙𝑖 is the 

mole fraction of the ith component [219]. The CsPbBr3 NCs, OA, OAm and IBOA 

were estimated to constitute 0.22%, 0.15%, 0.16% and 99.48%, respectively, of 

the total mole fraction in the as-prepared CsPbBr3 NCs-IBOA mixture. 
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Figure 6.3 (a) Cross-sectional micrograph image of the perovskite NCs-polymer 

scintillating fiber, where the core layer constitutes of CsPbBr3 NCs-IBOA mixture 

(n=1.476) and PDMS as cladding layer (n=1.436). (b) Zoomed-in image of the core layer 

when illuminated under a 405-nm light source. 

 

The photographic images of the as-prepared CsPbBr3 NCs-polymer fiber are 

further shown in Figs. 6.4(a) and (b). The image in Fig. 6.4(b) was taken under UV 

illumination (i.e., a 395-nm LED), where the inset shows the light emission from 

the core layer of one end of the fiber facet. As discussed previously in Chapter 4, 

the single scintillating fiber can also be arranged to form an array of scintillating 

fiber as a large-area optical detection platform. An array of the perovskite NCs-

polymer scintillating fiber is shown in Fig. 6.4(c), where the scintillating fibers were 

arranged alongside to form a detection panel of approximately 40 × 30 mm2. The 

scintillating fiber array was also tested by submerging by into a water bath filled 

with deionized water, as shown in Fig. 6.4(d). Due to external passivation from the 

PDMS cladding layer and IBOA polymer, no degradation was observed in terms 

of the photoluminescence spectrum. This could open up a new avenue of 

integrating emerging perovskite-based material systems for transceiver units in 

UWOC systems.  
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Figure 6.4 As-fabricated perovskite NCs-polymer scintillating fiber (a) without UV 

illumination and (b) under UV illumination. The inset of (b) shows the cross-sectional 

image from one of the fiber facets. (c) An array of scintillating fiber forms a large detection 

panel for the OWC link. (d) Top view and (e) side view of the scintillating fiber array 

submerged completely in an underwater bath. 

 

6.4 Optical characterizations 

To maximize the optical gain that can be harvested from the perovskite NCs-

polymer-based scintillating fiber, one of the key factors that require careful 

consideration is the reabsorption losses (i.e., overlapping between the absorption 

and emission spectrum) that arise from the CsPbBr3 perovskite NCs embedded 

within the polymer medium. The highly defect-tolerant CsPbBr3 NCs is commonly 

known to exhibit a size-dependent Stokes shift of around 20 to 82 meV [220], which 

could be trivial in introducing reabsorption losses to the scintillating fiber. The 

absorption and emission spectra of the CsPbBr3 NCs-IBOA mixture with varying 

concentration from 20 mg/mL to 0.2 mg/mL is shown as in Fig. 6.5(a). It is observed 

that the absorption edge exhibits a blue shift behavior, i.e., from 521.7 nm (20 
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mg/mL) to 511.6 nm (0.2 mg/mL), following the dilution of the NCs concentration, 

as well as the appearance of a clear excitonic peak at low NC concentration. In the 

meantime, despite the PL intensity reducing substantially with reduced 

concentrations, no PL shifts at the peak position were observed. While it is out of 

the scope of this study, it is conjectured that the passivating ligands (i.e., OA, OAm) 

may have introduced interfacial electronic states between the ligand and NCs that 

shifted the optical bandgap, similar to a previous report in CdSe QDs [221]. The 

reduction of NCs concentration by introducing an additional solvent medium may 

substantially reduce the capping ligands while exposing the inherent electronic 

states of the CsPbBr3 NCs. The PL spectra were characterized using a 405-nm 

diode-pumped solid-state (DPSS) laser as the excitation source and collected 

using a CCD-based spectrometer (Ocean Optics, QE65000Pro). Meanwhile, the 

absorption spectra were characterized using a UV-VIS-NIR spectrometer 

(Shimadzu, UV-3600). 

Figure 6.5(b) shows the PL intensity and overlapping percentage of the NCs-

IBOA mixture of varying concentrations. The overlapping percentage was 

determined based on the area under the normalized emission and absorption 

spectra curve.  Following a gradual reduction of the NCs concentration, it is noted 

that the absorption edges exhibit a blue-shift behavior from 521.7 nm (20 mg/mL) 

to 511.6 nm (0.2 mg/mL) with a gradual appearance of a hump in the vicinity of 

495 nm, observed at lower concentrations (i.e., ≤2 mg/mL). At the same time, the 

photoluminescence (PL) intensity reduces without significant shifting of the peak 

position (i.e., in the vicinity of 515 nm) observed. The evident appearance of the 



122 
 

 
 

sharp hump in the absorption spectrum is typically assigned to the excitonic 

transitions of colloidal nanocrystals [222], [223]. It is speculated that the capping 

ligands may have introduced interfacial electronic states coupled to the NCs and 

shifted the optical band gap, such as those reported in cadmium selenide (CdSe) 

quantum dots [221], while the dilution of the NCs concentration reduces these 

capping ligands and exposes the inherent electronic states of the NCs. As 

summarized, despite the overlapped percentage decreasing from 57.7% (20 

mg/mL) to 17.3% (0.2 mg/mL), the PL intensity also reduces significantly and may 

affect the received optical power. Thus, the NCs concentration of 2 mg/mL was 

employed in subsequent experiments due to its higher emission intensity (e.g., 

more than 2 times higher than lower concentration) while having a substantially 

lower overlapped percentage (i.e., 38.8%). Based on the NCs concentration of 2 

mg/mL in IBOA solution, the reabsorption losses of the as-prepared CsPbBr3 NCs-

polymer scintillating fiber were characterized by exciting with a 405-nm LD through 

the cladding layer, and the received optical power was collected from one end of 

the fiber when the optical beam excites across different sections of the fiber. The 

self-reabsorption losses (𝛼 ) can be estimated from the Beer-Lambert Law as 

expressed in Eq. (19) below [145]: 

𝐼 = 𝐼0𝑒−𝛼𝑥    (19) 

where 𝐼 represent the received optical power, 𝐼0 represents the received optical 

power when the optical beam illuminates at the edge of the fiber, assuming 

negligible coupling and reabsorption loss, and 𝑥 denotes the distance measured 
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from the facet of the fiber. Figure 6.6 shows the normalized optical power 

measured at different sections across the 30-mm-long scintillating fiber. Based on 

Eq. (19), the self-reabsorption losses were estimated to be approximately 0.0615 

cm-1 which is much lower compared to an organic polymer-based luminescent 

concentrator as demonstrated previously (i.e., 0.5 cm-1) [145]. 

 

Figure 6.5 (a) Absorption and PL spectra of CsPbBr3-IBOA mixture with varying 

concentration from 20 mg/mL to 0.2 mg/mL. (b) Measured PL intensity and tabulated 

emission-absorption overlapping percentage of varying NCs concentration. 

 

 

Figure 6.6 Normalized received optical power measured from the facet of the scintillating 

fiber and the fitted reabsorption loss based on Beer-Lambert Law. 
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The PL emission spectra of the CsPbBr3 NCs-IBOA mixture are shown in Fig. 

6.7(a), where the peak wavelength is located at 514.9 nm with an FWHM of 21 

nm. The absorption spectra of the CsPbBr3 NCs-IBOA with the optimized 

concentration of 2 mg/mL and pristine IBOA are also shown in Fig. 6.7(a) for 

comparison. Despite showing high absorption towards the UV wavelength region 

(i.e., <380 nm), the absorption at this region is primarily dominated by IBOA (dark 

grey area) and thus could reduce the optical gain of the entire photodetection 

scheme. Therefore, when employing the perovskite-polymer-based scintillating 

fiber as the high-speed detection platform, the ideal transmission wavelength 

should be designed in the range of 400 to 475 nm for higher quantum conversion 

efficiency and minimizing the self-reabsorption losses. The photostability of the 

CsPbBr3-IBOA mixture was also compared with a pristine CsPbBr3 NCs sample, 

as shown in Fig. 6.7(b), where the PL intensity of both samples was recorded over 

30 hours using a 405-nm laser diode. It is observed that the PL intensity of the 

CsPbBr3-IBOA sample remained relatively stable over the measurement period, 

as compared to the pristine sample, substantially due to the incorporation of the 

NCs within the polymer matrix, which provided additional external passivation 

against moisture-and temperature-induced degradation. 
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Figure 6.7 (a) Absorption spectra of CsPbBr3 NCs-IBOA mixture (2 mg/mL) and pristine 

IBOA, as well as the PL spectra of CsPbBr3 NCs-IBOA mixture (2 mg/mL). (b) 

Photostability of CsPbBr3 NCs-IBOA and pristine CsPbBr3 NCs under the excitation of a 

405-nm laser diode. 

 

Furthermore, to ascertain the feasibility of the CsPbBr3 NCs-IBOA mixture for 

high-speed optical modulation, the time-resolved photoluminescence (TRPL) of 

the sample was also characterized using a time-correlated single-photon counting 

(TCSCP) spectrometer (Horiba, FluoroMax 4). Figure 6.8(a) shows the PL decay 

trace of CsPbBr3 NCs-IBOA (2 mg/mL) compared to pristine CsPbBr3 NCs 

samples, monitored at their peak PL wavelength. The decay trace fitted using a 

single exponential function yields a recombination lifetime (𝜏) of 2.96 ns and 4.66 

ns for the CsPbBr3 NCs-IBOA mixture and pristine CsPbBr3 NCs, respectively. 

Apart from that, it was also found that there was no substantial variation between 

the concentration and the radiative recombination lifetime of the NCs, as shown in 

Fig. 6.8(b), where the average lifetime estimated across samples of different 

concentrations was approximately 3.50 ± 0.52 ns. Incorporating CsPbBr3 NCs 
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within the IBOA mixture does not degrade the inherent radiative recombination 

lifetime and thus elucidates its potential for high-speed optical modulation. 

 

 

Figure 6.8 Time-resolved photoluminescence spectra of (a) the CsPbBr3 NCs-IBOA 

mixture as compared to pristine CsPbBr3 NCs. (b) CsPbBr3 NCs-IBOA of varying 

concentration. 

 

6.5 Optical modulation based on NRZ-OOK 

As shown in Fig. 6.9, the experimental setup was established to evaluate the 

optical modulation performance of the perovskite-polymer scintillating fiber as a 

high-speed optical detection platform for the OWC link. A 405-nm laser diode 

(Nichia, NDV4316) was employed as the transmitter carrying the modulation signal 

and was mounted onto a thermoelectric cooler (SaNoor Technologies, SN-LDM-

T-405). The AC signal modulating the laser diode was connected through an 

amplifier (Mini-Circuits, ZHL-6A+) and a variable attenuator. The DC and AC 

signals were connected through a bias-tee (Mini-Circuits, ZFBT-4R2GW-FT+). 

Throughout the experiments, the DC input of the laser diode was fixed at 65 mA 

(or 4.2V) with an output optical power of approximately 45.7 mW. The L-I-V curves 
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of the 405-nm laser diode used in this work were previously characterized, as 

shown in Fig. 3.7. The collimated optical beam was then collected by the 

perovskite-polymer scintillating fiber array, as shown in Section 6.4. Silica-based 

fibers with the core diameter of 600 μm were used to guide the converted light from 

the end facet of the scintillating fiber and focused onto a high-speed Si-based APD 

(Thorlabs, APD430A2, active area diameter of 0.2 mm) through a set of free-space 

optics, e.g., a 100× objective lens and a 450-nm long-pass filter. The AC signal 

collected from the APD is then connected to an amplifier (Mini-Circuits, ZHL-6A+) 

and a variable attenuator. For NRZ-OOK modulation, a BERT signal generator unit 

(Anritsu, ME522A) was used to modulate the laser diode, while the received signal 

was demodulated using a BERT receiver unit (ME522A). A digital communication 

analyzer (Agilent, 86100C) was used to capture the eye diagrams. The inset of 

Fig. 6.9 shows the light output from the silica-based fiber coupled from the 

perovskite-polymer scintillating fiber when excited by the laser diode.  
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Figure 6.9 Experimental setup established for 405-nm OWC link based on perovskite-

polymer scintillating fibers using NRZ-OOK modulation scheme. 

 

Before evaluating the bit rate performance of the proposed detection scheme, 

the modulation bandwidth was first characterized using a similar setup as Fig. 6.9, 

where the AC signals were generated and received using a vector network 

analyzer (VNA) (Agilent, E5061B). The VNA was pre-calibrated using an electronic 

calibration module (Agilent, 85093-60010). The peak-to-peak amplitude of the 

small-signal was fixed at 100 mV. Figure 6.10(a) shows the normalized modulation 

response of the perovskite-polymer scintillating fiber from 300 kHz to 200 MHz. 

The f-3dB was estimated to be approximately 13.10 ± 0.47 MHz when the collimated 

optical beam illuminates onto the different lengths of the fiber as measured from 

the facet ends. The measured f-3dB and the corresponding received optical power 

at the varying lengths of the scintillating fiber were also tabulated as shown in Fig. 
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6.10(b). As it is evident that the f-3dB bandwidth remained substantially constant at 

different sections of the fibers; therefore, the effect of pulse spreading does not 

govern the modulation response of the sample. It is known that the pulse 

spreading, arising from the impact of modal dispersion, would dominate the 

frequency response when it exceeds the critical length (𝐿c) and leads to a steep 

roll-off in the frequency response. This could result in a significant reduction of the 

modulation bandwidth and the allowable bit rate. The 𝐿c of scintillating fiber can be 

estimated based on Peyronel et al. [144] using Eq. (20) as shown below: 

𝐿c ≅ 3.791𝜏𝑐/𝑛co    (20) 

where 𝜏 denotes the exponential decay lifetime of the luminescent particles, 𝑐 is 

the speed of light in vacuum and 𝑛co  is the refractive index of the core layer. 

Therefore, based on Eq. (20), the 𝐿c of the demonstrated CsPbBr3 NCs-polymer 

scintillating fiber is estimated to be approximately 2.28 meters and should be 

considered for expansion into a large detection panel in the future. 
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Figure 6.10 (a) Normalized frequency response, (b) summarized f-3dB bandwidth and 

received optical power of the perovskite-polymer scintillating fiber measured at different 

lengths from the edge of the fiber. 

 

By using the experimental setup as described in Fig. 6.9 and based on NRZ-

OOK modulation scheme with a PRBS 215-1 data format, a net data rate of 23 

Mbit/s with the BER of 2.3 × 10-3, below the FEC limit (i.e., 3.8 × 10-3), was 

achieved as shown in Fig. 6.11(a). The inset of Fig. 6.11(a) shows the 

corresponding eye diagrams captured at 23 Mbit/s and a lower data rate of 15 

Mbit/s. Further measurement was also performed by characterizing the BER at a 

fixed data rate of 23 Mbit/s relatives to the length of the fiber as measured from the 

edge of the fiber. As shown in Fig. 6.11(b), the BER remained below the FEC limit 

across the entire fiber section while substantially increasing with longer fiber due 

to the self-reabsorption losses, as described in Section 6.4, that leads to reduced 

received optical power on the APD ends. 
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Figure 6.11 (a) BER versus data rate based on NRZ-OOK modulation scheme with PRBS 

215-1 data format. The inset shows the corresponding eye diagrams at 23 Mbit/s and 15 

Mbit/s. (b) BER versus the length of fiber (measured from the edge of the fiber) at a fixed 

data rate of 23 Mbit/s. 

 

Subsequently, while paving the way towards an omnidirectional optical 

detection platform for OWC link, the angle-of-view (AoV) of individual perovskite-

polymer scintillating fiber was also characterized with respect to the polar (𝜃) and 

azimuthal (𝜙) angles, as shown in Figs. 6.12(a) and (b). It is observed that the 

received optical power remained uniform in the vicinity of approximately -35 dBm 

at both measurement angles, except for a steep drop in the polar angle when the 

optical beam illuminates near the facet of the polymer fiber which was obstructed 

by the Si-based coupling fiber. As compared to conventional planar-based 

detectors with an étendue-limited AoV with full-angles of up to 120°, or semi-angles 

of 60° [144], the scintillating fibers-based detection platform offers a possibility to 

breaks away from the étendue limits, i.e., scaling to a large detection platform 

through stacking or cascading the scintillating fibers without sacrificing the AoV. 
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This offers a pathway towards omnidirectional detection in the optical-based 

domain, mimicking radio-frequency antennas, which could cater to a dynamic 

OWC link operating in a harsh environment. 

 

 

Figure 6.12 Received optical power of the perovskite-polymer scintillating fibers with 

respect to the (a) polar (𝜃) and (b) azimuthal (𝜙) angles. 

 

6.6 Optical modulation based on OFDM 

While the NRZ-OOK modulation scheme based upon the basic single-carrier 

modulation technology could be limited in maximizing the data rate, we also further 

explore utilizing the multi-carrier modulation technology based on orthogonal-

frequency division multiplexing (OFDM) that carry orthogonally spaced subcarriers 

within the same channel. In contrast to NRZ-OOK that packs high-speed serial 

data into a single channel, the transmitted signal in OFDM is divided into N 

channels of parallel subcarriers, i.e., 𝑋0, 𝑋1, … , 𝑋𝑁−1, where each channel of data 

can be independently modulated with a conventional digital modulation technique, 

e.g., quadrature amplitude modulation (QAM) and quadrature phase-shift keying 
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(QPSK). These subcarriers have a center frequency of 𝑓0, 𝑓1, … , 𝑓𝑁−1 . The N 

channels were then superimposed to form the modulated OFDM signals (𝑆(𝑡)), 

which can also be represented by Eq. (21) as shown below [120]: 

𝑆(𝑡) = ∑ 𝑋kexp (𝑗2𝜋𝑓k𝑡)𝑁−1
𝑘=0     (21) 

where N denotes the number of subcarriers and 𝑋k denotes the transmitted signal 

of the 𝑘th subcarrier in the frequency domain. Each subcarrier was orthogonally 

spaced to prevent interference between overlapping carriers while accommodating 

higher subcarriers per bandwidth and thus resulting in higher spectral efficiency 

than NRZ-OOK. Therefore, the OFDM modulation scheme is conventionally 

adopted as the building block for several wireless technology standards, e.g., 

802.11 WLAN and 802.16 WiMAX. 

Figure 6.13 shows the experimental setup implemented based on the OFDM 

modulation scheme. A PRBS 29-1 data format was generated offline in MATLAB 

and converted to parallel before being modulated. To ensure real-valued OFDM 

signals were generated, Hermitian symmetry was introduced before the inverse 

fast Fourier transform (IFFT). The cycle prefix was then added as the guard interval 

between the symbols and to prevent any inter-symbol interference (ISI). The 

formed array of OFDM symbols can then be converted from parallel to serial 

sequences and transmitted across the channel in the time domain. To recover the 

OFDM symbols, the received signals were recorded using an oscilloscope and 

processed offline. The signal is first synchronized utilizing a set of known training 

symbols. The cyclic prefix is removed after it is converted from serial to parallel 

sequence before performing fast Fourier transform (FFT). Once the Hermitian 
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symmetry symbols were removed, a single-tap equalizer based on the training 

symbols was used for post-equalization. With the symbols demodulated, the 

received bits are then converted to serial sequence and compared with the 

transmitted bits to calculate the BER.  

Before the measurement, a 2-QAM OFDM signal with uniform bit loading was 

introduced to estimate the SNR of the established channel based on error vector 

magnitude (EVM), which allows the performance of each subcarrier to be 

extracted. The channel capacity (𝐶) can then be calculated based on the Shannon 

limit, as shown in Eq. (22) below, for each subcarrier based on the SNR: 

𝐶 = log2(1 + 𝑆𝑁𝑅).    (22) 

Figure 6.14(a) shows the calculated channel capacity and the allocated bits, where 

no bits were allocated for SNRs of below 6 dB. The power loading factor and SNR 

for each carrier were further shown in Fig. 6.14(b). The power loading factor was 

introduced to improve the subcarrier power levels as the channel experiences 

frequency-selective fading and minimizes bit error probability [224]. 
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Figure 6.13 Experimental block diagram of the OFDM modulation scheme 

 

 

Figure 6.14 (a) Channel capacity and allocated bits, (b) power loading factor, as well as 

the SNR, for each subcarrier used in the modulation scheme. 
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Accordingly, following the optimization process and by utilizing the modulation 

bandwidth from 1.2 to 73.5 MHz, 296 subcarriers (𝑁SC), FFT size (𝑁FFT) of 1024, as 

well as 150 OFDM symbols with a cyclic prefix length (𝑁CP) of 10, a gross data rate 

of 119.92 Mbit/s with the BER of 3.02 × 10-3, below the FEC limit, was achieved. 

The gross data rate was calculated using Eq. (23) as shown below: 

𝐷 =
𝑓AWG

𝑁FFT+𝑁CP
∑ log2(𝑀𝑘)

𝑁SC
𝑘=1     (23) 

where 𝑓AWG denotes the sampling frequency of the AWG (i.e., 250 MSample/s), 

𝑀𝑘 = 2𝑏 is the QAM order of the 𝑘th subcarrier, and 𝑏 is the number of allocated 

bits. Figure 6.15 shows the BER of each subcarrier received, while the insets 

represent the superimposed constellations corresponding to 2-, 4-, 8-, and 16-

QAM for subcarriers of the same order.  Accounting for a 7% FEC overhead, as 

recommended by the ITU [122], and 6% training symbols for synchronization and 

post equalization, the net data rate is resulted to be 104.3 Mbit/s. 

 

 

Figure 6.15 BER for each subcarrier, where the average BER is 3.02 × 10-3 for a net data 

rate of 104.3 Mbit/s. The constellation diagrams for different OAM orders are included as 

the insets. 
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6.7 Optical pre-amplifier for photodetection 

Given the above merits, we further explore the optical amplification effect of 

CsPbBr3 NCs to enhance the received optical power on the photodiode ends. 

Figure 6.16 illustrates the conceptual schematic diagram on integrating the 

CsPbBr3-based optical fibers as the pre-amplification module to enhance the 

optical gain of the photodiode and ensure high SNR sufficient for optical-to-

electrical demodulation. The pump source excited through the cladding layer 

aimed to build up the active luminescent dye, i.e., CsPbBr3 NCs, into the state of 

population inversion, where most atoms occupied the higher excited energy state 

than in the lower unexcited energy state. Once the population inversion is 

achieved, an incoming signal source matching the material gain spectra can 

agitate the exited atoms, relaxes back into the ground state, and produces 

additional coherent photons, resulting in optical amplification. Apart from adapting 

on the receiver ends, a similar approach can also be applied as the passive 

components to compensate for coupling or scattering losses in polymer-based 

optical fiber (POF), with a low loss window between 500 to 650 nm [225], [226]. 

Due to its high absorption coefficient (>104 cm-1), high defect tolerances, and 

high exciton binding energy, the halide perovskite-based system exhibits 

advantages as the gain material for various semiconductors components and 

devices. In particular, the low-dimensionality structures with a well-separated 

atomic-like state, e.g., nanocrystals [227], nanowires [177], nanorods [228], have 

been widely investigated due to higher quantum confinement effects, higher 

crystallinities, and larger surface-to-volume ratios than their bulk counterparts 

[229], [230], which leads to a various demonstration of perovskite-based ASE or 
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lasing devices through integration with vertical (e.g., distributed Bragg reflector) 

[231], [232], or horizontal (e.g., distributed feedback resonator) [233] cavities, as 

well as direct short-pulse excitation with one-photon [234], [235] or multiphoton 

absorption schemes [236].  

 

Figure 6.16 Conceptual schematic diagram illustrating the mechanism of utilizing the 

perovskite-based scintillating fibers array as the pre-amplification module for high-speed 

optical detection 

 

Figure 6.17(a) shows the experimental setup assembled to examine the 

amplification properties of CsPbBr3 nanocrystals. The sample was excited with a 

400-nm pulsed laser beam generated from a Ti:Sapphire femtosecond laser (100 

fs, 1 kHz, 800 nm) using a non-linear barium borate (BBO) crystal. The diffraction 

grating was used to separate the generated 400-nm and incident 800-nm laser 

beam. The 400-nm laser beam was then focused and reshaped using a cylindrical 

lens to form a rectangular stripe with a beam size of around 4.845 mm × 174 μm. 

The pump energy density was controlled using a set of variable neutral density 
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filters. The emitted spectra from the sample were then collected using an objective 

lens coupled through the optical fiber into a CCD-based spectrometer (Ocean 

Optics, QEPro). A pinhole was mounted before the objective lens to minimize any 

stray light from entering the spectrometer. Another laser beam from the 

femtosecond laser system was split into the optical parametric amplifier (OPA) to 

act as a tunable probe signal. The probe signal was then focused and coupled into 

the fiber-based sample. A delay line was also established on the 400-nm pump 

source to ensure overlapping with the probe signal. Figure 6.17(b) shows the 

photographic image of the CsPbBr3 sample under testing with both the pump and 

probe signals coupled to the sample stage. 
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Figure 6.17 (a) Experimental setup for optical amplification measurement of perovskite-

based optical fiber. (b) Photograph image of the assembled experimental setup as shown 

in (a). 

 

The spontaneous emission (SE) and amplified spontaneous emission (ASE) 

spectra of the CsPbBr3 NCs in n-hexane solution embedded inside a 300-μm core 

silica-based capillary were shown as in Fig. 6.18. The CsPbBr3 NCs dissolved in 

n-hexane solution with the concentration of 50 mg/mL were infiltrated into the 
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hollow-core silica tube via capillary forces. Through optical excitation above the 

threshold value based on the 400-nm pulsed laser beam, the ASE peak centered 

at around 532.1 nm with a narrower FWHM of 5.4 nm appeared at the end of the 

shallow absorption tail (i.e., Urbach tail) after red-shifted by about 14.5 nm. The 

appearance of ASE at a longer wavelength is apparent due to the presence of 

excitonic states in a lower energy band, as well as the contribution of higher energy 

absorption originated from the nominal band-to-band states [235]. Figure 6.19(a) 

further shows the emission spectra as a function of pump energy density plotted 

in logarithmic scale. The SE peak dominates at lower pump density and is 

increasingly shadowed by the longer-wavelength ASE peak when pumped above 

the threshold value. As observed, the optical amplification in the CsPbBr3 sample 

was further verified by evaluating the change of emission intensity and FWHM as 

a function of pump energy density shown in Fig. 6.19(b). A sub-linear transition in 

terms of FWHM, i.e., narrowing from around 21 nm to 4.8 nm, and the emission 

intensity, was observed and indicative of the amplification gain in the CsPbBr3 NCs 

sample. The fitted sub-linear curves yield an ASE threshold value of around 3.57 

μJ/cm2. However, the attempt on obtaining similar ASE phenomena in the 

perovskite-polymer-based scintillating fiber, or perovskite-IBOA composite, as 

presented in Section 6.3, was not observed despite varying NCs concentrations.  
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Figure 6.18 Optical spectra of CsPbBr3 NCs embedded inside a silica-based capillary 

operating in spontaneous emission (SE) and amplified spontaneous emission (ASE) 

modes. The absorption spectra of the CsPbBr3 NCs (in dotted blue line) were also included 

for comparison. The inset shows the photographic images of the CsPbBr3 NCs in n-

hexane solution inside the capillary tube. 

 

 

Figure 6.19 (a) Optical spectra (in logarithm scale) of the CsPbBr3 NCs, as well as the (b) 

peak intensity and FWHM for varying pumping energy density. 
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The threshold condition for the observation of amplification emission in QD 

samples was given as in Eq. (24) as shown below, where it was conceived for 

stimulated emission in CdSe QDs: 

𝜉𝜎𝑔 >
4𝜋𝑛r

3𝑐𝛽
     (24) 

where 𝜉 represents the volume fraction of the QDs, 𝜎𝑔 denotes the gain cross-

section, 𝑛r is the sample refractive index, 𝑐 is the speed of light, and 𝛽 is the non-

radiative Auger recombination lifetime with respect to the volume of QDs 

(expressed in ps per nm3). In this case, Eq. (24) can be satisfied with the high 

density/concentration of NCs. Based on our experimental observation and 

optimization process, the amplification effect of the CsPbBr3 NCs is solvent-

dependent. For instance, the ASE phenomena were not observed when employing 

toluene, IBOA, or PMMA of varying NCs concentration. In contrast, similar ASE 

phenomena were observed despite varying NCs concentrations (from 10 to 50 

mg/mL) in n-hexane (nonpolar solvent). Similar observations have also been 

observed in other prior works [180], [237] and could be possibly attributed to the 

poor dispersibility of the NCs in a specific solvent, for example, in toluene that is 

known to be relatively polar as compared to n-hexane and causes aggregation, 

structural degradation, as well as ligand loss to the NCs [237]. Notably, it is 

speculated that it compromises the colloidal stability and the actual volume fraction 

of NCs in the sample required to achieve amplification.  

Although the amplification gain was observed based on the CsPbBr3 NCs 

dissolved in n-hexane solution, however as the refractive index of the n-hexane-

based core (ncore = 1.36) and the silica-based cladding layer (ncladding = 1.51) does 
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not yield an ideal waveguiding effect, the gain measurement based on the 

established probe signal (λsignal = 530 to 550 nm) by calculating the ratio of the 

amplified (I) to the unamplified signal intensity (I0), after subtracting the ASE 

contribution (IASE), remained below 1 (no gain) due to the leaky modes of 

waveguiding and possibly poor dispersibility of the NCs that introduces dispersion 

as the signal propagates along the capillary tube. Although the signal amplification 

was not realized as outlined due to the stringent requirement on material 

optimization, e.g., ligand passivation strategy, increasing the NCs concentration 

without agglomeration, ensuring the dispersibility of NCs in the waveguiding 

medium, as well as the mechanism leading to our observations, which thus falls 

out of the scope of the study, we anticipate however that the preliminary results 

presented herein could spearhead on similar attempt and methodology in the 

future. The samples preparation and optimizations process were summarized as 

in Appendix A. 

 

6.8 Conclusions 

Table 6.1 summarizes the demonstrated type of optical detectors, including 

perovskite-based planar detector, Si-based solar cell, and organic-based 

luminescent concentrators/fibers, conceived for high-speed OWC link. Unlike the 

planar-based detectors [148], [215], [238], [239], where the detection area is 

restricted due to the trade-off with modulation bandwidth, the incorporation of 

luminescent dyes in a waveguiding medium, i.e., planar-based tapered 

concentrators [145] or optical fibers [144], could relieve both the RC and étendue 

limits. Moreover, the luminescent dyes doped within the optical fibers also offer 
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scalability and reconfigurability, i.e., expandable by cascading/arranging in array 

form, to form a large detection panel which aimed to relieve the pointing, 

acquisition, and tracking requirement in OWC link [146]. Apart from offering a 

carrier-lifetime-limited modulation bandwidth, the CsPbBr3 NCs-polymer 

scintillating fibers could also offer a large optical gain (G) by increasing the input 

detection area (𝐴input), where the optical gain which defined the light collection 

gain of an optical detector can be described using Eq. (25) as shown below [144], 

[145]: 

𝐺 =
𝐴input

𝐴output
𝜂abs𝜂PLQY𝜂prop𝜂col   (25) 

where 𝐴output  is the active area of the detector coupled to the luminescent 

fiber/concentrator, 𝜂abs is the light efficiency absorbed by the luminescent detector, 

𝜂PLQY is the photoluminescence quantum efficiency of the luminescent particles, 

𝜂prop is the propagation efficiency within the waveguiding medium and 𝜂col is the 

collection efficiency due to coupling to the detector. Although the scintillating fibers-

based detection module suffers from several losses’ mechanisms originating from 

surface reflection, coupling losses, material reabsorption, and light conversion 

losses that could reduce the overall optical gain, however as the input area can be 

scaled to more than two orders of magnitude larger than the output area coupled 

to the APD, the ratio in terms of the detection area could surpass the losses 

mechanisms to provide an optical gain. Importantly, assuming that the length of 

the scintillating fibers and the illuminating beam size remained below the critical 

length (𝐿c) i.e., in the range of a few meters, the modulation bandwidth governed 
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by the radiative recombination lifetime of the luminescent particles would not be 

affected.  

To summarize, the all-inorganic CsPbBr3 NCs-polymer-based scintillating 

fibers were fabricated and demonstrated as a near-omnidirectional detection 

module for a high-speed visible-light-based OWC link. This demonstration omits 

the conventional RC-limitation in planar-based detectors, while offering a scalable, 

near-omnidirectional detection panel with a f-3dB of 13.10 MHz. The data rates of 

up to 23 Mbit/s and 104.3 Mbit/s were further demonstrated based on NRZ-OOK 

and M-QAM OFDM modulation schemes, respectively. For large-volume 

manufacturing, a similar fiber-drawing technique used in fabricating silica-based 

fibers could be envisaged while developing perovskite nanocrystals with high heat-

resistant for ease processability, as well as sub-ns recombination lifetime for a 

higher modulation bandwidth. Moreover, as the halide perovskite material system 

could cover the entire visible-to-near-infrared region for tuning the constituent 

composition, a large-area detection panel that supports wavelength-division 

multiplexing (WDM) could also be envisaged by combining perovskite-polymer 

scintillating fibers of different emission wavelengths, which could be promising for 

support up to Gbit/s optical detection based on demonstrated mechanism. 
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Table 6.1 Comparison with various optical detectors conceived for OWC link 

Type of optical 
detector 

Material Detection area f-3dB bandwidth Ref. 

Planar 
CsPbIBr2, 
CsPbBr3 

7.25 mm2 
 

0.6 MHz, 
1 MHz  

(RC-limited) 
[148] 

Planar CsxFA1-xPb(I1-yBry) 0.16 cm2 
120 kHz 

(RC-limited) 
[215] 

Planar 
PTB7:PC71BM, 

PTB7-Th:PC71BM, 
PTB7-Th:EH-IDTBR 

10 mm2 

1.32 MHz, 
1.26 MHz, 
2.77 MHz 

(RC-limited) 

[238] 

Solar cell a-Si 36 cm2 290 kHz 
(RC-limited) 

[239] 

Organic polymer- 
luminescent 
concentrator 

SuperYellow 1200 mm2 
100 MHz (carrier 
lifetime-limited) 

[145] 

Organic polymer-
luminescent fiber Organic dye 

126 cm2 
(Expandable) 

91 MHz (carrier 
lifetime-limited) 

[144] 

Inorganic 
perovskite- 

luminescent fiber 
CsPbBr3 NCs 

~30 mm2
 

(Expandable)* 
13.10 MHz (carrier 

lifetime-limited) 

Present 
work 
[240] 

*Size of single fiber and expandable by cascading/arranging in array form 
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Chapter 7 Conclusions 
 

7.1 Summary 

To conclude, this dissertation provided the fabrication, characterization (including 

structural, material, optical, and photoelectrical parameters) of various optical 

detection schemes and their eventual small-signal modulation performance in 

enabling high-speed OWC link, covering from the unchartered ultraviolet-to-visible 

wavelength region. It aimed to resolve several shortcomings in the conventional 

planar silicon-based detectors, including poor wavelength selectivity due to broad 

absorption spectrum, lower responsivity in the ultraviolet-to-violet region, and the 

near-infrared region RC-limitations, as well as the étendue (i.e., angle-of-view-

related) limits. Chapters 3 to 6, as outlined in this dissertation, addressed this 

inadequacy that inhibits the development of the paradigm-shifting OWC networks, 

which eventually aimed to relieve the bandwidth congestion in the RF networks 

due to the ever-increasing interconnected smart devices and systems.  

The wavelength-selective III-nitride-based micro-photodiodes were conceived 

initially to enable up to Gbit/s optical detection in the ultraviolet-to-violet region. 

Unlike the conventional polar III-nitride structure, the semipolar structure with a 

reduced piezoelectric field employed in designing the micro-photodiode ensures 

reduced quantum barrier height and faster carrier transit time that promises a high 

modulation bandwidth. The wavelength-selective nature of the semipolar micro-

photodiodes, as a result of the reflectivity of indium tin oxide layer in the shorter 

wavelength region and the bandgap of the InGaN-based active region, could be 

integrated into an indoor Li-Fi transceiver unit that omits the ambient light 
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generated by the yellow phosphor, while selectively responds to the modulated 

optical beam transmitted by violet or blue light sources. Despite a record-breaking 

data rate, the micro-photodiodes were restricted in terms of detection size and 

angle-of-view due to the RC-and étendue-limits, which may not effectively address 

the strict pointing, acquisition, and tracking requirement in OWC link, primarily 

when operating under harsh environments. In addition, although the micro-

photodiodes could be scaled up in a larger array form, the design, modeling, and 

fabrication of the driving circuits for high-speed modulation could be complex and 

time-consuming.  

Subsequently, the off-the-shelf luminescent organic dye-based scintillating 

fibers were investigated as a large-area, high-bandwidth detection platform for 

OWC links. The arrayed form of scintillating fibers, mimicking that of luminescent 

solar concentrators, offers a carrier-lifetime-limited modulation bandwidth that 

relieves from the conventional RC-limits found in planar-based detectors at the 

same time, enables a reconfigurable, near-omnidirectional detection platform for 

underwater wireless optical communication. The use of a scintillating fibers-based 

detection platform also offers a new pathway beyond the étendue limit, which 

conventionally restricts the optical detection area and the angle-of-view. 

Given the above merits, in search of all-inorganic dyes suitable for similar high-

speed optical modulation, the emerging perovskite nanocrystals were first 

incorporated and characterized as a high-speed color-conversion layer for optical 

detection in the uncharted UVC region. This is motivated mainly by the lack of high-

speed optical receivers in this targeted region that could find practical applications 
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in enabling low-noise-floor, highly scattered diffused-line-of-sight or non-line-of-

sight communication links. The perovskite-based nanocrystals coupled with a low-

cost, high-speed silicon-based photodetector enable up to Mbit/s range of UVC 

detection as a result of the fast radiative recombination lifetime, as well as the high 

quantum yield of the green-emitting perovskite layer. The proposed color-

converting detection mechanism that warrants the high-speed UVC 

communication link relies on converting UV photons into visible photons, where 

the responsivity of the silicon-based photodetector is higher closer to the near-

infrared region. This may offer a facile and non-destructive method of integrating 

perovskite nanocrystals layer with the matured platform of silicon-based detector 

for high-speed UV detection, as opposed to the costly and time-consuming 

epitaxial development paths of other III-nitride-or III-oxide-based materials. 

Based upon the perovskite nanocrystals conceived for the high-speed UV 

communication link, the perovskite-polymer-based scintillating fibers were also 

fabricated, optimized, and characterized as the detection platform for violet-based 

OWC link. The perovskite nanocrystals embedded within the polymer matrix offer 

a large area, near-omnidirectional detection area, that omits both the RC-and 

étendue limit and up to hundreds of Mbit/s optical detection based on spectral-

efficient OFDM modulation technique. Apart from that, the inorganic perovskite 

nanocrystals also hold the promise of enabling optical pre-amplification on the 

receiver ends to enhance the optical gain and signals before being detected by the 

receiver ends. Moreover, as compared to other organic-based dyes, the all-

inorganic perovskite nanocrystals with the advantage of compositional spectral 
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tunability may also enable future communication links based on WDM, which can 

offer a higher data rate and relieves the bandwidth congestion in the existing 

network infrastructure. 

 

Figure 7.1 Summary of the recent development of the optical receiver’s technologies for 

free-space optical communication links in the visible-to-ultraviolet wavelength region. 

 

Figure 7.1 shows the recent development of the optical receiver’s technologies 

for free-space optical communication links. In visible-light-based point-to-point 

communication link, the group-III-nitride-based microphotodiode based on 

InGaN/GaN MQW structure had been a core focus to satisfy the need for a high-

speed detector in the wavelength region of 400 to 450 nm. This follows by various 
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demonstration of InGaN/GaN MQW structure for wavelength-selective detection 

[96], [107], [133], self-powered device [100], detector arrays [100], [130], and dual-

functionalities of light-emission and detection [131]. However, while this modality 

could support the standard point-to-point communication link, it imposes significant 

challenges in satisfying the PAT requirements, especially when deploying the 

system in a harsh or turbulent environment. Therefore, to extend the field-of-view 

and detection area without sacrificing the modulation bandwidth, the use of non-

imaging concentrators, e.g., organic-based scintillating fibers [144], [146], 

perovskite QDs-based scintillating fibers [240], [241], fluorescent antenna [143] 

and nanopatterned concentrators [145], have been proposed primarily in the near-

ultraviolet or visible wavelength region. The addition of concentrators in front of a 

high-speed detector will not only support the standard point-to-point 

communication link but will also ensure high optical gain in the case of diffuse-line-

of-sight communication links. While significant efforts have focused on the visible 

wavelength region, these concentrators have not been demonstrated for deep-UV-

based communication links, which is also highly sought-after. The demonstration 

of a novel UVC-to-visible wavelength-converting detection scheme based on 

perovskite QDs could pave a way forward to address the lack of high-speed optical 

detectors in this domain [189]. The use of a wavelength-converting scheme in the 

UVC region could also relieve the time-consuming development of high-speed 

Ga2O3-based photodetectors to support the solar-blind UVC optical 

communication link. 
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7.2 Future works 

Based upon the current works as presented in this dissertation, there remained 

research gaps to be filled and can be summarized in the following: 

 Improvement of carrier transit time in semipolar or non-polar micro-

photodiodes via systematic optimization based on quantum-well width and 

quantum-barrier height. Suppose similar device structures were to be 

employed for simultaneous switching between the light-emitting and 

detection functionality. In that case, the number of quantum wells also need 

to be carefully optimized to ensure high light output power when operating 

in LED mode and fast carrier transit time when operating in PD mode. 

 Scaling up the micro-photodiodes into a large panel of LED/PD arrays. 

While it allows high modulation bandwidth with a large detection area, the 

driving circuits (including the metal pads) need to be optimized so as not to 

introduce any substantial stray capacitance that could affect the modulation 

bandwidth 

 Investigation of two-dimensional (2D) layered perovskite as color-

converting layer and incorporation as the luminescent dye for the 

scintillating fiber. The 2D layered perovskite with stronger quantum 

confinement yields higher exciton binding energy that could translate into 

higher photoluminescence quantum yield and shorter radiative 

recombination lifetime for higher modulation bandwidth [242]. The 

controllability over the width of the quantum well (i.e., number of layers) in 

the 2D perovskite require optimization during the synthesis process. 
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 Incorporation of perovskite nanocrystals in a UVC-transparent polymer 

matrix for direct integration on the top-most surface of high-speed silicon-

based photodiodes or APDs. This will extend the detection range of 

conventional Si-based detectors towards the UVC region without 

substantial modifications to the device structure. This could be optimized 

and realized using inkjet printing or other high-precision additive printing 

techniques (e.g., Nanoscribe). The polymer matrix will also ensure electrical 

passivation with the existing contacts on the photodiode. 

 Using a UV-transparent cladding layer (e.g., aliphatic polymers) will enable 

the perovskite-polymer scintillating fibers to be extended as the large-area 

detection platform in UV-based OWC link. The formation of a cladding layer 

based on PDMS is non-ideal for UV wavelength due to strong absorption 

below 350 nm.  

 Scaled up perovskite-polymer scintillating fibers based on conventional 

fiber-drawing technique. It could be achieved by developing bulk perovskite-

based crystals as the preform that could be melted, as well as be able to 

sustain a high damage threshold at the temperature close to the 

melting/curing temperature of the cladding layer. 

 Formation of scintillating fibers array with perovskite nanocrystals of 

different halide composition (i.e., different emission wavelength) for high-

bitrate WDM applications, similar to a prior work demonstrated based on 

organic dye-based scintillating fibers [243]. 
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Appendix A 
 

The following summarizes the optimization and attempted strategies (i.e. varying solvent 

and concentration) to achieve optical amplification in CsPbBr3 NCs. The samples were 

purchased commercially from Quantum Solutions and dissolved under glove box 

atmosphere. The dissolved NCs were left overnight to ensure complete dissolution and 

better dispersion. Once dissolved, the solution samples were processed and used in a 

fume hood under an ambient environment. All measurements were performed with the 

400-nm pump source generated from the Ti:Sapphire femtoseconds laser with a repetition 

rate of 1 kHz through a BBO crystal. No ASE was observed when optically pumped using 

a similar experimental setup with a higher repetition rate of 76 MHz or continuous-wave 

(CW) source due to lower instantaneous excitation power. For thin films samples, the 

solvents were cured/removed by keeping under vacuum condition for about an hour (n-

hexane, toluene), under UV light source for 20 minutes (IBOA) or hot plates at 80°C for 

30 minutes (toluene/PMMA, PDMS) before the measurement. 

 

CsPbBr3 (Quantum Solutions, Product No. QDot ABX3-510 Powder)* 

Solvent Concentration Solubility 
Amplified Spontaneous Emission 

Thin Film 
Silica 

Capillary 
PDMS 
Fiber 

n-Hexane 

60 mg/mL Poor Yes Unstable# No 

50 mg/mL Good Yes Unstable# No 

40 mg/mL Good Yes Unstable# No 

30 mg/mL Good Yes Unstable# No 

20 mg/mL Good Yes Unstable# No 
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10 mg/mL Good Yes Unstable# No 

Toluene 

20 mg/mL Good No No No 

10 mg/mL Good No No No 

5 mg/mL Good No No No 

2 mg/mL Good No No No 

Toluene/PMMAτ 10 mg/mL Poor No No No 

IBOA 

20 mg/mL Poor No No No 

10 mg/mL Poor No No No 

5 mg/mL Poor No No No 

2 mg/mL Poor No No No 

1 mg/mL Poor No No No 

PDMS 

20 mg/mL Poor No No No 

10 mg/mL Poor No No No 

* Reduced concentration of OA and OAm ligands (Proprietary Information) 

# Formation of bubbles due to low heat dissipating effect of solvent, where the intensity of the ASE 
peak significantly reduces over an extended excitation period (>2 minutes) 

Τ The samples were dissolved in toluene/PMMA solution mixed with the ratio of 5:1.
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