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INVESTIGATION OF COMPLEX REFRACTIVE INDEX OF GRAPHENE
OXIDE USING POLARISATION RESPONSE OF GRAPHENE OXIDE-

COATED PLANARIZED OPTICAL WAVEGUIDE

ABSTRACT

Since a single atomic layer of carbon, also as known as graphene is being successfully
exfoliated from 3D graphite, intense research on graphene and its derivative begins.
Among them, graphene oxide (GO) is considered one of the most prominent candidates
in the category of graphene derivatives for the application of electronic, optoelectronic
and photonics. However, although GO has been applied in many applications like
saturable absorbers of Q-switch laser and optical limiters for eye protection, its intrinsic
optical properties especially complex refractive index reported so far still has a large
deviation. Also, most of the optical characterization research on GO were conducted in
the visible wavelength spectrum instead of near infrared (NIR) range. Thus, this thesis
aims to determine the anisotropic complex refractive index of graphene oxide (GO) at
1550 nm using optical chip-based device. We propose a planarized optical waveguide
structure that facilitates strong polarization dependent light interaction. The light
propagation characteristic in thin film coated planarized optical waveguide is firstly
studied. Using Finite Element Method (FEM), the optical response of planarized optical
waveguide coated with thin film overlays with different refractive indices is obtained.
The effective index, ney of optical waveguide increases with larger refractive index of the
thin film overlay but decreases when its extinction coefficient is increased. The effective
extinction coefficient, ke of the thin film coated increases when both the real and
imaginary part of the thin film increases. It is found that TE-mode has stronger interaction
with thin film overlay as compared to TM-mode, giving the capability of determining the
optical constant of the thin film overlay by cross-referencing the experimental and

numerical results. Following the completion of simulation work, experiment measuring
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the propagation loss-to-coating thickness profile of GO-coated planarized optical
waveguide is carried out. GO films with sub-micron thickness (0.1 um to 1.0 um) were
successfully produced using drop-casting technique. As predicted by simulation, the GO-
coated waveguide exhibits large polarization dependent loss which depends strongly on
the coating thickness. By cross-referencing the experimental and simulation results, the
GO film’s complex refractive indices of 1.66+0.17i and 1.615+0.002; for TE- and TM-
polarized light, respectively, are obtained. The uncertainties for the real part of refractive
index are 0.03 and 0.020 for TE- and TM-polarized light respectively, whereas the
uncertainties for the imaginary part of refractive index are 0.01 and 0.001 for TE- and
TM-polarized light, respectively. The results obtained will be valuable in advancing the
research and development of GO photonics, especially in the development of optical

telecommunication devices where NIR wavelengths are used as information carrier.

Keywords: Graphene oxide, complex refractive index, planarized optical waveguide.



KAJIAN INDEKS BIASAN KOMPLEKS GRAFIN OKSIDA MENGGUNAKAN
TINDAK BALAS PENGUTUBAN PEMANDU GELOMBONG PLANAR
BERSALUT GRAFIN OKSIDA

ABSTRAK

Disebabkan satu lapisan karbon tunggal yang juga dikenali sebagai grafin telah berjaya
dikupas dari grafit 3D, penyelidikan yang mendalam tentang grafin dan derivatifnya
dimulakan. Antara semuanya, grafin oksida (GO) dianggap sebagai salah satu calon yang
paling menonjol dalam kategori derivatif grafin untuk penggunaan -elektronik,
optoelektronik dan fotonik. Walaupun GO telah digunakan dalam banyak aplikasi seperti
penyerap tepu untuk laser Q-switch dan optik penghalang untuk perlindungan mata, sifat
optik asalnya: indeks biasan kompleks yang dilaporkan setakat ini masih dalam
percanggahan. Selain itu, kebanyakan penyelidikan perincian optik pada GO dijalankan
dalam spektrum panjang gelombang terlihat dan bukannya rangkaian infra-merah-dekat
(NIR). Oleh itu, tesis ini bertujuan untuk menentukan indeks bias kompleks anisotropik
grafin oksida (GO) pada 1550 nm menggunakan peranti berasaskan cip optik. Kami
mencadangkan pemandu gelombang optik planar yang memudahkan interaksi cahaya
yang kuat bergantung kepada polarisasi. Ciri penyebaran cahaya dalam filem nipis
bersalut pemandu gelombang optik planar telah dikaji. Menggunakan Kaedah Elemen
Finite (FEM), tindak balas optik pemandu gelombang optik planar yang tersalut lapisan
filem nipis yang dilapisi dengan indeks biasan berbeza telah diperolehi. Indeks efektif,
nesy pemandu gelombong optik meningkat dengan indeks biasan filem nipis yang lebih
besar tetapi berkurang apabila pekali kepupusan meningkat. Sebaliknya, pekali
kepupusan efektif, k. filem nipis meningkat apabila kedua-dua bahagian sebenar dan
khayalan filem nipis meningkat. Didapati bahawa mod-TE mempunyai interaksi yang
lebih kuat dengan lapisan filem nipis berbanding mod-TM, memberikan keupayaan untuk

menentukan pemalar optik lapisan filem nipis dengan merujuk keputusan ujikaji dan



keputusan berangka. Mengikut kerja simulasi yang telah lengkap, satu ujikaji pengukuran
profil kehilangan penyebaran-ke-ketebalan salutan GO pemandu gelombang planar telah
dijalankan. Filem GO dengan ketebalan sub-mikron (0.1 pm hingga 1.0 um) berjaya
dihasilkan menggunakan teknik drop-casting. Mengikut ramalan simulasi, pemandu
gelombang bersalut GO menunjukkan kehilangan-kebergantungan polarisasi yang besar
bergantung kepada ketebalan salutan. Merujuk keputusan ujikaji dan simulasi, indeks
biasan kompleks filem GO adalah 1.66+0.171 untuk mod-TE dan 1.615+0.0021 untuk
mod-TM. Ketidakpastian bagi bahagian sebenar indeks biasan adalah 0.03 bagi mod-TE
dan 0.020 bagi mod-TM, manakala ketidakpastian bagi bahagian khayalan indeks biasan
adalah 0.01 untuk mod-TE dan 0.001 untuk mod-TM. Hasil kajian tersebut akan berharga
dalam memajukan penyelidikan dan pengembangan fotonik GO, terutamanya dalam
pengembangan alat telekomunikasi optik dengan menggunakan panjang gelombang NIR

sebagai pembawa maklumat.

Kata kunci: Grafin oksida, indeks bias kompleks, pemandu gelombang optik planar
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CHAPTER 1: INTRODUCTION
1.1 Graphene

On 5" October 2010, Andre Konstantin Geim and Konstantin Sergeevich Novoselov
were awarded the 2010 Novel Prize in Physics by The Royal Swedish Academy of
Sciences for their pioneering research on graphene (Organization, 2010). Their
achievements were built upon the first demonstration of single layer graphene film
isolation using mechanical exfoliation - by means of repeatedly peeling off the layers of
a bulk graphite using adhesive tape, and then transferred it onto a silicon dioxide substrate
(Novoselov et al., 2004). Graphene is a single atomic layer thick carbon film exfoliated
from the 3-dimensional bulk graphite. Its sp>-hybridised carbon atoms form a 2-
dimensional honeycomb-like structure. The realization of graphene immediately
generated intense research interests in the scientific communities. Its remarkable
properties, which include extremely large theoretical specific surface area of 2630 m?g™,
very high thermal conductivity, tensile strength which is two orders of magnitude larger
than steel, zero bandgap at room temperature which resulted in ballistic conduction of
electrons, have all resulted in graphene being termed a “wonder material” which finds
many potential applications for aerospace, flexible electronics, and plasmonics
(Grigorenko et al., 2012; Li & Kaner, 2008; Matthias Vaupel; Schwierz, 2010; Siochi,
2014). The zero bandgap and high intrinsic electron mobility, together with the single
layer optical transmittance of approximately 97.7% across a broad frequency range also
attracted interests from the photonics research community (Bao & Loh, 2012; Bonaccorso
etal., 2010; Zhu et al., 2010). Particularly, one atomic layer thick graphene layer has been
used as saturable absorbers in mode-locked lasers to generate ultrashort pulses with pulse
width ranging from 174 fs to 756 fs (Bao et al., 2009; Popa et al., 2010; Sun et al., 2010;
Zhang et al., 2009a; Zhang et al., 2010a; Zhang et al., 2009b; Zhao et al., 2010). A

waveguide integrated electro-absorption modulator also can be made based on monolayer



graphene (Liu et al., 2011). An all-optical modulator with modulation depth of 38% and
aresponse time of ~2.2 ps can be achieved using graphene as the cladding for a microfiber
(Li et al., 2014). In Terahertz (THz) research, a monolithically integrated graphene
modulator can be produced to modulate the intensity of THz radiation with 100%
modulation depth (Liang et al., 2015). Graphene also act as an active element in
photodetectors. Its excellent electrical and optical properties such as high carrier mobility,
high surface to volume ratio and ~2.3% of single atomic layer light absorption has
rendered it to be an outstanding choice in the realization of ultra-broadband photodetector

(Avouris, 2010).

Graphene can be produced using a number of synthesis methods, which include
mechanical exfoliation (Novoselov et al., 2004), chemical vapor deposition (CVD) (Kim
et al., 2009) and solution exfoliation (Behabtu et al., 2010). Both mechanical exfoliation
and CVD are able to produce very high quality graphene. However, both methods
necessitate physical transfer of the high quality graphene sheet from bulk graphite or
deposited on copper substrate, respectively, to the target surface. The transfer will
inevitably introduce discontinuity and defects on the final graphene coating. These
imperfections will deteriorate the performance of the fabricated graphene based devices
and presents difficulties in large area coating. On the other hand, solution exfoliation of
graphene can be achieved by dispersing pristine graphite in chlorosulponic acid. However,
the dispersion quality highly depends on the acid strength, and the solubility of graphene
decreased markedly when the acidity is lowered to below 80% chlorosulphonic acid
(Behabtu et al., 2010). It is worth noting that, without sonication, the solubility of
graphene in organic solvent such as N-Methyl-2-pyrrolidone (NMP) is negligible. These

issues, together with the high cost of production in large volume, limited bandgap



tunability and low solubility in most solvents have created a huge barriers toward the

development and larger scale implementation of graphene-based devices.

1.2 Graphene Oxide: From Precursor to Functional Element

An alternative route to large volume graphene coating is through using graphene oxide
(GO) as intermediate precursor (Pei & Cheng, 2012). This route shows the highest
potential to mass production of pristine graphene. GO can be produced using the
relatively simple and flexible chemical process known as Hummer’s method (Hummers
& Offeman, 1958). Due to its hydrophilicity compared to graphene, GO can be dispersed
very well in most polar solvents, including water. GO solution can then be coated over a
larger surface area using solution coating techniques and then be reduced to graphene
using thermal, chemical or optical approaches (Becerril et al., 2008; Kumar et al., 2011;
Tran et al., 2015). More recently, GO has garnered considerable research interests of its
own, not only because of its similar characteristics to graphene, but also due to its own
unique characteristics. For examples, GO film is only permeable by water, and not by
even the smallest gas molecules like hydrogen and helium (Nair et al., 2012). Furthermore,
although GO is considered a dielectric material, its conductivity can be increased by

reducing it to reduced GO (rGO) or graphene (Pei et al., 2010).

GO is a material consists of graphene sheets bonded with oxygen functional groups
such as hydroxyl, carbonyl, carboxyl and epoxide groups (Lerfet al., 1998). The existence
of these oxygen functional groups is the origin of its hydrophilicity that makes GO highly
dispersive in water and other polar solvents. The asymmetrical shapes of individual GO
flakes allow orderly stacked GO thin films to be produced via layer-by-layer self-

assembly using a simple solution coating method (Sun et al., 2013). This method provides



an easy and practical way to perform uniform coating of ultrathin GO films onto a large
area (Venugopal et al., 2012). These characteristics have resulted in GO being used as the

functional material in various applications.

1.3 Graphene Oxide Structure

Though the synthesis of GO has been demonstrated by Benjamin C. Brodie as early as
1859 and later improved by Hummers and Offeman in 1957, the actual chemical
structures of GO has yet to be determined due to its complex non-stoichiometric nature.
A number of models have been proposed and are shown in Figure 1.1. Initially, Hofmann
and Holst model states that an oxygen atom is bounded to two carbon atoms on the
hexagon plane to form epoxy group (Hofmann & Holst, 1939). Later, the Ruess model
proposed a wrinkled carbon layer which consists of cyclohexane-chairs of hydroxyl and
ether oxygen groups (Ruess, 1947). This model was later revised by Scholz and Boehm,
where the ether oxygen group was replaced by corrugated carbon sheet composed of
ribbons with quinoidal structure (Scholz & Boehm, 1969). Mermoux et al. (Mermoux et
al., 1991) proposed an alternative to the Reuss model by introducing a poly-carbon
monofluoride structure, (CF),, while Nakajima et al. (Nakajima et al., 1988; Nakajima &
Matsuo, 1994) proposed a level-2 type (CoF), model. In 1998, these models were
superseded by that proposed by Lerf et al. (Lerf et al., 1998), which portray a GO sheet
as random arrangement of aromatic sections with unoxidized benzene rings and alicyclic
rings attaching C-OH, C=C, ether groups, with its edges terminated by hydroxyl and

carboxylic groups.
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Figure 1.1: The proposed chemical structure of GO (Inagaki & Kang, 2014).

1.4 Electrical Properties of Graphene Oxide

GO can be considered as an insulator due to disruption of the sp? network by oxygen
functional groups within the GO sheet. As a result, GO is not initially considered as a
functional material for electronics applications. However, by using a variety of reduction
techniques such as thermal, chemical, electrochemical or optical approaches, GO can be
transformed into semiconductor or semimetal through the restoration of sp? graphitic
bonding structure. The electrical conductivity of GO was increased from 4.2x10¢ S.cm™!
to ~210 S.cm! after thermal annealing at 1100 °C, with significant increase in carbon-to-
oxygen atomic ratio from 2.17 (GO) to 23.7 (rGO) after the thermal treatment (Tran et
al., 2015). From other reports, GO sheets with initial sheet resistance of ~1.0x10'! Q/sq
was reduced to ~1.0x10%, ~1.0x10° and ~1.0x10* Q/sq via pure chemical reduction
(hydrazine), thermal-aided chemical reduction (hydrazine + 400 °C) and pure thermal
annealing reduction (1100 °C), respectively (Wang et al., 2010). Besides, chemically
modified GO film also exhibits up to 90% transmittance at 550 nm, making it a promising

candidate as transparent electrodes (Becerril et al., 2008).



The mechanisms of electrical conduction of GO and rGO sheets can be explained as
follows. The delocalization of free carriers in GO or rGO films are often being blocked
or trapped by the sp? cluster within the graphene layer, thus restricting the carrier mobility
and hence conductivity of GO or rGO films. The correlation between electrical
conductivity and sp?> domain fraction in tGO film was investigated in (Mattevi et al.,
2009). The extrapolation of electrical conductivity of thermally reduced GO film against
the sp? carbon fraction, as characterized by X-ray photoelectron spectroscopy (XPS) is
shown in Figure 1.2. There are two types of electrical conduction mechanisms in GO,
which are the tunneling/hopping and percolation of free carriers. As-synthesized GO film
only has a very small fraction of sp? cluster. Therefore, the transportation of carriers relies
on tunneling/hopping mechanism, which is not efficient. However, once the sp? fraction
in GO film exceeded the “percolation threshold” (0.6 fraction of sp? domain), the
interconnectivity of sp> domains increases, therefore enabling percolation of free carriers
among the sp? clusters and lead to the significant improvement of electrical conductivity.
The structure of GO at different level of reduction is shown in Figure 1.3. It’s worth
noting that electrical conduction through GO structures in Figure 1.3 (a) and (b) depends
on the tunneling/hopping mechanism, whereas electrical conduction of GO structures in
Figure 1.3 (c) and (d) is determined by the percolation of free carriers. It is important to
understand how the chemical structure of GO changes during the reduction process as the

free carriers from sp? domain can affect its intrinsic optical properties.
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Figure 1.2: Extrapolation of electrical conductivity of thermally reduced GO film
against the sp? carbon fraction characterized by XPS (Mattevi et al., 2009).

Figure 1.3: Structure of GO at different level of thermal reduction: a) room
temperature, b) ~100 °C, c¢) ~220 °C, d) ~500 °C. Dark grey and light grey areas
represents sp? and sp? cluster respectively (Mattevi et al., 2009).

1.5 Optical Properties of Graphene Oxide

The absorption spectral edge of GO falls in the ultraviolet (UV) region, which is
attributed to the n-m* and n-m* electronic transitions. The p-orbital of carbon in GO can
either be jointed in phase (n-bond) or out of phase (n*-bond) as shown in Figure 1.4,

where the m-orbital is in a lower energy state compared to m*-orbital, granting photon



induced transitions from the m-orbital to m+-orbital. Besides, due to the ketonic structure
of GO, it will also allow a second electronic transition called the n-m* transition, which is
attributed to the excitation of electron from non-bonding n-orbital to the mx-orbital. On
the energy scale, the m-m* transition is more energetic than the n-m* transition, which

corresponds to shorter wavelength absorption from the n-m* transition.

Figure 1.4: The p orbital of two carbon joint (a) in-phase and (b) out-of-phase.

Figure 1.5: UV-Vis absorption spectrum of GO suspension in a cuvette (Shang et al.,
2012).



Figure 1.5 shows the UV-Vis spectra of water dispersed GO suspension in a 2 mm
cuvette. There is a main absorption peak at around 231 nm and another shoulder
absorption peak at 303 nm, which correspond to the m-m* and n-m* transitions,
respectively (Shang et al., 2012). The difference in the absorption peak intensities
between these two transitions can be explained by the higher molar absorptivity for the
n-m* transition as compared to the n-n* (Ingle & Crouch, 1988). The absorption peak at
~300 nm is contributed by the carbonyl group in the GO molecules. Results obtained from
X-ray photoelectron spectroscopy (XPS) show that there are four main oxygen functional
groups present in the GO samples. The dominant groups are epoxy and hydroxyl (-OH),
followed by a smaller constitution of carboxyl and carbonyl groups (Li et al., 2012; Tran
et al., 2011). With such correlation between absorption spectra and oxygen-functional
groups, one can employ the absorption characteristic of GO to monitor the changes in
composition of a GO sample. For example, once the GO transforms into reduced graphene
oxide (rGO) through hydrazine reduction, the absorption peak at 231 nm will be shifted
to 267 nm, which represents the restoration of conjugated C=C bonds (Zhang et al.,
2010b). Besides, the absorption feature at ~300 nm which corresponds to n-m* transition
also decreases intensity after the reduction process via acid-aided dehydration of GO

(Chen & Yan, 2010).

The delocalized m carriers from the sp?> domain are the primary source of optical non-
linearities in graphene and its derivatives (De La Torre et al., 2004). GO, which possesses
a highly tunable energy bandgap compared to graphene, is a relatively better candidate
for nonlinear optical applications (Omidvar et al., 2016). The chemistry structure of GO
- two dimensional nature enriched with oxygen functional groups - allows it to be readily
hybridized with other nonlinear optical materials, nanoparticles and dyes to form

composite with enhanced nonlinearity (Omidvar et al., 2018). Furthermore, according to



Liu et al., the nonlinear absorption of GO shows distinct response as compared to its
allotrope: carbon nanotubes (CNT) and fullerenes (Liu et al., 2009b). For GO, the
nonlinear absorption in the nanosecond regime is more complicated because of the
participation of more excited state transitions. Thus, excited state absorption (ESA) will
be dominant in the nanosecond time scale. For nonlinear absorption of GO in picosecond
regime, two photon absorption is dominant as it is under non-resonant excitation. On the
other hand, Ceo has large singlet and triplet ESA cross sections which leads to strong ESA
for both nano- and picosecond pulses. Single-walled CNT has the strongest limiting
action in nanosecond regime but poorest in picosecond time scale due to strong nonlinear
scattering happens in nanosecond regime. The nonlinear absorption magnitude for GO is
also different from its carbon nanotube and fullerene allotropes, as shown by the
comparison of open aperture Z-scan measurement results in Figure 1.6. Besides, GO
shows in situ third-order nonlinearity during laser reduction process. The negative
nonlinear refractive index variation is found to be as large as 10° cm?*W, while the
nonlinear absorption coefficient is found to be 40000 cm/GW (Zheng et al., 2014).
Enhancement of four wave mixing conversion efficiencies by ~9.5 dB is observed in
doped silica waveguides integrated with 2 layers of GO coating, which is attributed to the

high Kerr nonlinearity of GO (Yang et al., 2018).
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Figure 1.6: The open aperture Z-scan measurement of SWCNT in DMF solution,
Coo in toluene and GO in (a) nanoseconds and (b) picoseconds regime (Liu et al.,
2009b).

1.6  Applications of Graphene Oxide

GO can be used to produce high sensitivity and large bandwidth photodetectors
(Chitara et al., 2011; Zhan et al., 2012), attributed to its highly tunable electrical and
optical properties to make bandgap tuning possible. The bandgap for GO is approximately
3.5 eV while the bandgap of reduced GO (rGO) can be tuned from 1.0 eV to 1.6 eV by
varying the fraction of the oxygen functional group (Liang, 2014; Mathkar et al., 2012).
It can simultaneously slow down the recombination time of the carrier and increase the

absorption efficiency as compared to graphene. A temperature dependent broadband
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photodetector can be made by self-standing rGO film with both ends of the film coated

with silver electrodes (Sehrawat et al., 2018).

On the other hand, the observation of tunable fluorescence between ultraviolet (UV)
and mid infrared range of the electromagnetic spectrum from GO/rGO with remarkable
quantum efficiency (Tung et al., 2009) has opened up a variety of optical applications
(Pan et al., 2010; Sun et al., 2008). The versatile optical characteristic of GO is utilized
in several biomedical applications, especially for delivery of drug and cellular imaging
(Liu et al., 2008; Sun et al., 2008). Dai et al. has successfully synthesize nano-size GO
sheets functionalized with polyethylene glycol (PEG) to do live cell imaging (Liu et al.,
2008). The use of hydrophilic PEG enhances the solubility of PEGylated GO in water,
which allows it to readily form complex with a hydrophobic antineoplastic drug SN38
through Van der Waals bonding. This GO-PEG-SN38 complex can maintain the high
potency of SN38 while having high aqueous solubility at the same time. Besides,
PEGylated GO can form covalent conjugation with B-cell specific antibody, Rituxan
(anti-CD20) and selectively bind to B-cell lymphoma cells but not to negative CEM T-
cells. The strong NIR photoluminescence of PEGylated GO attached on B-cell lymphoma
cells is observed but not on T-cells, which confirms the selective binding behavior of
PEGylated GO. Furthermore, PEGylated nano GO sheet also exhibits high absorption in
the near-infrared (NIR) wavelength, thus it can be used for high efficient in-vivo tumor
photothermal therapy by irradiating low power NIR laser without inducing any
observable cytotoxicity to the mice (Yang et al., 2010). These research findings suggest

that GO is a promising material in biomedical applications like cancer therapy.
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In addition, one of the important applications of optical nonlinearity is optical limiting,
which can limit the transmission of intense light for eye protection. Chen et al. show that
the optical limiting performance of GO can be enhanced by linking it to nonlinear optical
molecules like fullerene Ceo and porphyrin (TPP) (Liu et al., 2009a). Another application
that utilize the nonlinear absorption characteristic of nonlinear optical material is the
saturable absorber for ultrafast pulsed laser. Jia Xu et al. has demonstrated a mode-locked
erbium-doped fiber laser with 200 fs pulse width and 22.9 MHz repetition rate using GO
as saturable absorber (SA) (Xu et al., 2012). Sobon et al. has also demonstrated
comprehensive studies on GO and rGO as SA for mode-locking erbium-doped fiber laser
(Sobon et al., 2012). They found out that there is no significant difference in laser
performance for GO and rGO based SA, both of them also can produce stable mode-
locking soliton pulses with 400 fs pulse width and more than 9 nm bandwidth (1560 nm
at center). This observation may be due to the negligible effect of the presence of sp*

hybridized carbons in the lattice on the nonlinear optical properties of GO and rGO.

Last but not least, GO can also be integrated with optical waveguide to perform various
functions. The optical characteristic of GO is exploited to design and produce an all
optical waveguide humidity sensor, where GO with water-altering dielectric properties is
coated on SUS8 polymer waveguide to act as sensing material (Lim et al., 2014a). In
addition, a waveguide polarizer with nearly 40 dB polarization extinction ratio (PER) was
demonstrated by coating GO bulk film of 2.0 um thickness and 1.3 mm length on a
polymer waveguide. The large PER was attributed to the orderly-stacked GO multilayer
structure, which results in the large anisotropic complex dielectric function of GO (Lim
et al., 2014b). An all optical GO-coated waveguide modulator with modulation efficiency
of 72% has also been demonstrated by utilizing the reversible photo-induced thermal

reduction behavior of GO (Chong et al., 2016). Besides, Wu et al. also experimentally
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demonstrated an integrated waveguide polarizer and polarization selective micro-ring
resonator (MRR) coated with GO films (Wu et al., 2019). A high polarization dependent
loss of nearly 53.8 dB is obtained for the straight channel waveguide, while the GO-

coated MRR vyield a PER of approximately 8.3 dB between TE- and TM-resonance.

1.7  Refractive Index of Graphene Oxide Thin Film

Most if not all of optical applications above can be explained using the refractive index
of GO thin film. However, despite all the extraordinary demonstrations made using GO
as functional material, the precise value of complex refractive index of GO thin film has
yet to be established. Reports on the measurement of GO complex refractive index to date
showed large deviations. At 600 nm, the real part of complex refractive index of GO were
reported to have values ranging from 1.9 to 2.0, while its imaginary part is in the range
of 0.1 to 0.3 (Jung et al., 2007; Jung et al., 2008; Shen et al., 2011). At 1550 nm, the
reported complex refractive index of GO showed an even larger uncertainty, ranging from
1.5 to 2.1 and 0.01 to 0.25 for the real and imaginary parts, respectively (Kravets et al.,
2015; Schoche et al., 2017). In addition, only reports by (Schoche et al., 2017) considers
the anisotropic complex refractive indices of GO in their studies. The omission of
polarization dependent optical response of GO (which have been proven to be significant)
in most studies creates a gap in the efforts to truly understand the underlying principles
of GO-functionalized optical devices in order to optimize their performances. Therefore,
the intrinsic optical properties of GO, especially in the NIR wavelength range, require a

more comprehensive study and understanding.
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1.8 Motivation

The response of optical material to electromagnetic (EM) wave has always been the
most crucial information in the design of new optical devices. Also, the present optical
fiber communication technology (Jones, 1987) is constructed based on the 1550 nm
wavelength range, which results in a large demand of various optical components that
operate in this wavelength range. As a new optical functional material, understanding of
the optical response of GO thin film in the 1550 nm wavelength range is important. It
would very much hinder the development of GO-based optical devices used in the fiber
communication system if the optical properties of GO in NIR region is not fully
understood. From previous report by Lim et al. (Lim et al., 2014b), GO-coated planar
waveguides exhibit very large polarisation response to light in the 1550 nm wavelength
range. By designing a suitable planar waveguide structure, the light field distribution of
the waveguide coated with GO thin film overlay can be rigorously studied. The
understanding of this distribution and the resulting large polarisation response can then
be used as useful information to determine the anisotropic complex refractive index of

GO thin film.
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1.9 Thesis Objectives and Outlines

This project aims to investigate the optical properties of GO in the NIR wavelengths.
The complex refractive index of GO will be determined using polarization response of

GO-coated planarized optical waveguide. The objectives of this work are:

1. To study the light propagation characteristics of planarized optical waveguide
coated with thin films of different complex refractive indices at the 1550 nm
optical fiber communication window.

2. To fabricate GO-coated planarized optical waveguide and measure its polarization
response.

3. To determine the anisotropic complex refractive index of GO at 1550 nm by

analyzing the polarization response of GO-coated planarized optical waveguide.

The outline of this thesis are as follows:

Literature about the various optical characterization technique on determining the
complex refractive index of GO at visible and NIR wavelength range will be discussed in
Chapter 2. Chapter 2 will also provide an introduction of waveguide theory and
simulation model which is important in fulfilling the objectives of this work.
Subsequently, Chapter 3 presents the simulation results of the optical properties of thin
film coated planarized optical waveguide, namely the effective mode index of the thin
film coated optical waveguide. Then, Chapter 4 describes the fabrication of thickness
varied (from zero up to 1.0 pm) GO-coated planarized optical waveguide, followed by
the measurement of its distinct polarization response. By analyzing the experimental
polarization response and cross-referencing with the simulation results, the anisotropic
complex refractive index of GO at 1550 nm is determined in the last section of this chapter.

Finally, the outcomes of this thesis are concluded in Chapter 5.
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CHAPTER 2: LITERATURE REVIEW

2.1  Complex refractive index

When a light passes through a slab of optical material at an angle, a number of
interesting phenomena would occur. Firstly, a portion of the light will be reflected from
the first surface of the slab with the remaining portion being refracted into the slab. Within
the slab, a portion of the refracted light will be absorbed by the medium. Finally, the
remaining portion of light reaches the second surface of the slab and undergo both a
second reflection and refraction out of the slab. These observations described above
summarize a few basic optical interactions between light and matter, namely reflection,
refraction, and absorption. By utilizing the interaction between light and matter, certain
optical material can be integrated or directly fabricated into various optical functional
devices such as prism, mirrors, optical lenses, polarizers and modulators so that they can

disperse, reflect, refract, polarize and modulate light, respectively.

The optical phenomena mentioned above is governed by the complex refractive index

of an optical material, 71, shown in eqn. (2.1),

fi=n+ik (2.1)

Reflection and refraction of light at an interface are determined by the real part of complex
refractive index, n, as governed by the Fresnel Equations and Snell’s Law, respectively.
Whereas the absorption of light by an optical material is determined by the imaginary part
of complex refractive index, k, which is correlated with the absorption coefficient, a of
the optical medium, as governed by Beer-Lambert law. In order to describe the
relationship between the kand a, we have to consider a plane electromagnetic (EM) wave
propagating through a medium with certain complex refractive index, as shown in eqn.

(2.2),
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E(z,t) = Ejeikoz—wD (2.2)

where z is the propagating direction of the EM wave, ko is the wave vector of the EM
wave, Epis the electric field amplitude of the EM wave at z = 0. The wavelength of the
EM wave, A will be reduced by a factor of n, as compared to free space. Therefore, ko can

be expressed as eqn. (2.3) below,

21 nw
=am =< (2.3)

ko

where A is the wavelength of the EM wave, o is the angular frequency of the EM wave,
c is the speed of light in vacuum and # is the real part of complex refractive index of the
optical medium. When the imaginary part of complex refractive index is also considered,

eqn. (2.3) is transformed into eqn. (2.4),
ko="2=(n+ik)2 (2.4)

By substituting eqn. (2.4) into eqn. (2.2), we will obtain a more complete spatial and time

dependence electric field expression, as shown in eqn. (2.5),

E(zt) = Eoei(g_wt)

— Eye— e ellewt) (2.5)
Eqn. (2.5) shows that any optical medium having a non-zero A will lead to an exponential
decay of the EM wave propagating inside that medium. At the same time, the real part of
complex refractive index, n determines the phase velocity of the EM wave. Since the
intensity of the EM wave is directly proportional to the square of its amplitude, I « EE™,

it can be deduced that the intensity of the EM wave will also decay exponentially with a

constant absorption coefficient, a,

a=—=— (2.6)
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We can relate the refractive index of the medium to its relative permittivity, & as shown
in eqn. (2.7). However, if n is complex so does &- Therefore, the complex relative
permittivity is defined as eqn. (2.8), where &; and &, are its real part and imaginary part,
respectively. By relating both the complex refractive index and complex relative

permittivity, eqn. (2.7) can be rewritten as eqn. (2.9),

n =g, 2.7)
gr =& + i£2 (28)
A2 =& 2.9)

Using the relationship of eqn. (2.9), eqn. (2.1) and eqn. (2.8) can be combined. And by
solving for their explicit relation between the real part and imaginary part of complex

refractive index and complex relative permittivity, we obtain the following equations,

& =n?—k? (2.10)
& = 2nk (2.11)
1oz
1 =\2
n= —2(81 + (g2 + s%)Z) (2.12)
X
1 =\2
k = 5(—31 + (g2 + s%)Z) (2.13)

These equations show that 71 and €, are variables that depend on each other. It is worth
noting that if the absorption of a medium is weak, the & of the medium can be assumed to
be negligible, which in turn simplifies eqn. (2.12) and eqn. (2.13) to eqn. (2.14) and eqn.

(2.15),

n =~ &g (2.14)

k~0 (2.15)
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Eqgn. (2.14) and (2.15) show that the refractive index and extinction coefficient of a
material depends on the real part and imaginary part of complex relative permittivity,

respectively.

The complex refractive index of an optical material may also vary with the wavelength
of light, which is known as dispersion. This implies that the phase velocity of the light
propagating in a medium depends on its wavelength. This wavelength dependency is
caused by the interaction between light and electron of the medium. In the early stage of
lens design, the amount of dispersion of an optical material can be quantified by the Abbe

number (introduced by Ernst Abbe) (Volkmann, 1966),

Vv, =221 (2.16)

ng—nc

where np is the refractive index at the orange Fraunhofer D-line (589.2 nm), nr is the
refractive index at the blue Fraunhofer F-line (486.1 nm), and nc is refractive index at the
red Fraunhofer C-line (656.3 nm). A large Abbe number indicates low dispersion and
vice versa. This value is useful in the design of achromatic optical elements, but in fact it
gives only a rough indication. For a more accurate description of wavelength dependency
of refractive index, the Cauchy’s equation is normally used because of its mathematical
simplicity (Langhoff & Karplus, 1969). However, Cauchy’s equation is only valid for
normal dispersion in the visible spectrum. Its dispersion curve at infrared region deviates
from the actual refractive index value, and it also cannot represent anomalous dispersion.
Therefore, as a later development of Cauchy’s equation, the Sellmeier equation is used
instead for a more accurate modelling of dispersion of light in transparent medium
(Sellmeier, 1871). The Sellmeier equation covers a much larger wavelength range than
Cauchy’s equation, which is between 365 nm and 2300 nm. Nevertheless, Cauchy’s and

Sellmeier equations are only valid for transparent or semi-transparent material, when it
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comes to other absorbing material, oscillator theory such as Drude-Lorentz model is used

to describe its dispersion relation (Shibayama et al., 2008).

Another important characteristic of electromagnetic wave is the polarization state of
light. Light emitted from the sun or a light bulb is usually randomly polarized. Randomly
polarized lights can be polarized into a certain oscillating angle using a polarizer or when
reflected from a dielectric surface at Brewster’s angle. The electric field of light can either
be linearly polarized perpendicular (p-polarized) or parallel (s-polarized) to the plane of
propagation. However, p- and s-polarized lights cannot be differentiated in an optical
fiber due to its symmetric cylindrical structure. For planar optical waveguide, TE-mode
and TM-mode is denoted as the electromagnetic wave with electric field polarized parallel
and perpendicular to the substrate surface, respectively. Planar optical waveguides with
asymmetric structure will have different propagation characteristics for TE- and TM-

polarized lights.

To summarize, the complex refractive index provides information about the phase
velocity and absorption strength of an optical material and is the essential optical
parameter in determining the optical response of that material when interacting with EM
wave of different frequencies. Having an accurate value of complex refractive index of

an optical material is crucial in the design and development of new photonics devices.
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2.2 Optical characterization technique

2.2.1 Introduction

Optical characterization is the approach taken to investigate or manipulate matter by

means of light. Some examples of optical characterization techniques include:

e pump-probe spectroscopy that is used to study the relaxation of electrons in a
material over time through changes in transmission or reflectivity of the pump-
induced sample,

e photoemission spectroscopy which measures the binding energy of electrons in a
material via photoelectric effect, and

e Raman spectroscopy which uses laser induced Raman shifts to identify the

chemical bonding of molecules.

However, compared to the characterization methods that interpret the electronic
state of material, other optical techniques which specifically investigate the linear
dispersion of complex refractive index with wavelength of material is the focus of this
work. Hence, a comprehensive review of all optical techniques that are used to examine

the linear dispersion relation of GO will be presented in the following subsections.

2.2.2 Prism coupler

With regards to refractive index measurement for dielectric thin film, an established
method is the prism coupling measurement. The working principle behind prism coupler
was first described by L.V. Logansen et al. in 1967 (Iogansen, 1967). Two years later,
physicists in the University of Washington and Bell laboratories experimentally
demonstrated the first ever refractive index measurement on a thin film using a prism

coupler (Harris et al., 1970; Tien et al., 1969). The concept of prism coupler works as
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follows (Ulrich & Torge, 1973): collimated laser beam is first projected into a prism. The
laser beam in the prism is then coupled into the underlying dielectric thin film, as shown
in Figure 2.1. This coupling efficiency is governed by the refractive index of the thin film
and the incident angle, @ that the laser beam makes with the normal of the prism-thin film

interface.

. SCREEN
~ ! PRISM n,
8
o € ! GAP
n2 / X
N R S 2 2:FILM

o) /// //// ///ussnwe

Figure 2.1: Schematic image of prism coupler (Ulrich & Torge, 1973).

The phase velocity of the laser beam in the x-direction depends on the incident angle:
v® =c/ n, sin 6. Strong coupling occurs when v® matches with the phase velocity of
the propagation mode in the thin film, v,,, (m=0,1,2...). Thus, the characteristic mode of
propagation can be obtained from the corresponding angles where strong coupling occur,
Op: Ny = C/vm = N, sin 6, . In addition, the theoretical value for the characteristic
propagation mode can be calculated from the dispersion equation of the dielectric thin
film as a waveguide: N,, = N(m,n, W, k,ny,n,, p), where m is the mode number, k is
the propagation constant, ny and n, are the refractive index of the medium sandwiching
the thin film, and p is the polarization state of laser beam (TE: p = 0; TM: p = 1) . All
of the parameters in the dispersion equation can be measured separately except n
(refractive index of thin film) and W (thickness of thin film). Computational iteration can

be done by adjusting the values of n and W until the theoretical value of N,,, matches with
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the experimental value of N,,. As a result, the refractive index and coating thickness of

the dielectric thin film can be obtained.

The prism coupler can be considered as a relatively simple and convenient method to
characterize a dielectric thin film with high precision, as long as you can experimentally
determine the incident angles where the strong couplings occur. However, there are also

a few disadvantages in this method that restrict its capability, which are:

(1) The thickness of the film must be large enough to support at least two modes.
Otherwise, the results will not be accurate.

(i1) This method requires that the thin film be pressed against the base of the prism.
Careless treatment may result in damage to the thin film. In this case, this
method is more suitable to examine hard film as compared to soft film.

(ii1))  High uniformity of the film is required to ensure that no obstruction occurs

during the coupling process.

Therefore, prism coupling method is not suitable to be used to characterize sub-micron

GO thin film which is relatively “soft” in nature.

2.2.3 Optical Microscopy

Optical microscope can be used to measure the refractive index of a thin film based on
the contrast between the reflected beams from substrate and the thin film overlay above.
Using this information, one can determine the intrinsic optical properties of the thin film
through modeling of multilayer interference (Abergel et al., 2007). However, it is quite
difficult to observe the contrast for single layer thin film such as graphene, given that the

reflection from the thin film is usually less than 10% of the reflection from the substrate.
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Jung et al. successfully overcame this problem by optimizing the substrate to produce
extremely high contrast imaging (reflectivity from single layer graphene is 12 times
stronger than that from substrate) (Jung et al., 2007). By using this modified confocal
microscopy method, they managed to obtain the effective refractive index and optical
absorption coefficient of GO and rGO at 488 nm, 543 nm and 633 nm by comparing the

theoretically predicted and experimentally measured contrast.

The reflection and transmission of multilayer system in their work is shown in Figure
2.2. There are a total of three interfaces: (i) air and thin film, (ii) thin film and dielectric
film and (iii) dielectric film and silicon substrate. The amplitude of the reflection depends
on the interference process between the transmitted and reflected light paths between the
three interfaces. The interference that occurs between all these light paths will determine

the final amplitude of the reflected light beam. The phase shift induced by the thin

27'[92
A

material (GO) and dielectric thin film are &8, = d,(n, — ik;) cos and 63 =

ds;(n; — iks) cos 2”—93, respectively. The total amplitude of the reflected light consists of

the lights reflected from

Air
8,
™N

tirz

6t

Silicon subk'lh

Figure 2.2: Schematic diagram of the multilayer system for confocal microscopy
method (Jung et al., 2007).
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the interfaces between air and thin film (y), thin film and dielectric film (7)) and dielectric
film and silicon substrate (r3). The reflection from the three layers stacking, 1piqteier 18

shown in eqn. (2.17),

r1+15 exp(—2i85) +[riry+exp (—2i8,)]|rzexp (—2i63)
141115 exp(—2i82)+13 exp(—2i83)[r +riexp(—2i8;)]

(2.17)

platelet =

However, in the absence of the thin film, the phase change induced by the dielectric film

is §', = d3(ng — ik3) cos %, where the total amplitude of reflected light only consist

of the light reflected from the air-dielectric film interface (r';) and dielectric film-silicon
substrate interface (r',). Thus, the reflection from this double layer stacking, "gierectric 18

shown in eqn. (2.18),

ri1+115 exp(=2i871,)
147174775 exp(—2i675)

(2.18)

Tdielectric —

The intensity of the reflected beam can be obtained by multiplying the reflected amplitude

with its complex conjugate. Finally, the contrast between the reflected light from GO and

RGo—Rgielectric

the dielectric film is characterized by the Michelson contrast: contrast = ,
Rgo+Rgielectric

where Rgp and Rgjerectric are the intensity of light reflected from GO and dielectric,
respectively. The value of n for GO and rGO are determined to be 2.0 and 2.1, whereas
the value of k£ are 0.30 and 0.55, at wavelength of 633 nm, respectively. Although this is
a non-destructive optical characterization method, but this work only covers the visible
spectrum and is not able to determine the anisotropic refractive index of the thin film

under test. Therefore, optical information in the NIR wavelength range is still missing.

2.2.4 Spectroscopy ellipsometry

Another well-known and widely used optical technique to determine thin film

thickness and complex refractive index is the spectroscopic ellipsometry (Garcia-Caurel
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et al.,, 2013). It is a non-destructive measurement technique. Standard ellipsometry
measurement is shown in Figure 2.3. A polarized light is incident upon the thin film
sample at an angle. Light reflected from the sample passed through a polarization state
analyzer before it reaches the detector. The incident light consists of both s- and p-
polarized components, denoted as E;y, s and Ej;, ,, respectively. Reflection of light from
the thin film sample may result in a change in its polarization components. The reflected

light of s- and p-polarized components are denoted E,,; s and Eyyt p,, respectively. The

. . . . . E
ratio of complex reflection coefficients of s- and p-polarized lights, r; = ;L“ andr, =

ins

E . . . . .
-2 " are then used to determine the values of 4 and v, with the relationship shown in

inp

eqn. (2.19),

= = tan y exp (i4) (2.19)

Tp

where the A is the phase difference and i equals to tan™?! [;:—5” By fitting the
p

experimentally measured values of tan 1 and 4 using model analysis, the complex
refractive index and thickness of the dielectric thin film can be obtained. Cauchy and
Sellmier models are often used for describing the index for transparent material. In the
case of absorbing material, both the real and imaginary part of the material need to be
considered. Therefore, oscillator theories such as Gaussian, Lorentz and Harmonic
oscillators are used to describe its dispersion relationship. The idea is to treat atoms and
molecules as harmonically bound electrons which is oscillating at a certain resonant
frequency, associated with a damping factor. Jung et al. have used imaging spectroscopic
ellipsometry to measure the dispersion relation of n and £ for single- and multi-layer GO
and rGO films in the wavelength range from 350 nm to 1000 nm (Jung et al., 2008). The
results are shown in Figure 2.4. It can be seen that at the wavelength of 600 nm, the value

of n and k for GO is 1.88 and 0.1, respectively. After a thermal treatment, the values of n
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and k increase to 2.4 and 1.0, respectively, indicating reduction of GO to rGO has taken
place Besides, Shen et al. also use standard spectroscopic ellipsometry to characterize few
layers GO and rGO in the wavelength range from 250 nm to 850 nm (Shen et al., 2011).
The ellipsometry parameters obtained are fitted using Lorentz oscillator model, then the
values of n and k£ of GO and rGO can be calculated. The results are as shown in Figure
2.5. The complex refractive index of GO and rGO at 600 nm are found to be 1.9+0.24i
and 2.25+0.751i, respectively. Also, by analyzing the dielectric function of GO using the
same model, the relation between the band-gap energy and proportion of oxygen group
to sp” carbon domain in GO can be investigated. The results show that the energy bandgap
of GO varies from 2.8 eV to 1.8 eV when the fraction of oxygen and hydroxyl groups

reduces an amount of 25%.

Figure 2.3: Schematic diagram of spectroscopic ellipsometer. PSA is polarization
state analyzer (Garcia-Caurel et al., 2013).
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Figure 2.4: (a), (b) Spectroscopic ellipsometry experimental data for substrate (x)
and GO stacks before (0) and after (°) thermal treatment, solid line represents the
calculated data. (c¢), (d) Complex refractive index of GO stacks before (0) and after
(*) thermal treatment, solid line represents pyrolytic graphite sheets. (e), (f) Complex
refractive index of single and multilayer GO before (0) and after (*) thermal
treatment (Jung et al., 2008).
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Figure 2.5: The experimental and calculated spectroscopic ellipsometry data of (a)
GO and (¢) rGO. The calculated values of n and k of (b) GO (d) rGO (Shen et al.,
2011).

Figure 2.6: (a) Y (red) and A (green) experimental data (solid) and best-match
model data (dash) of GO at single measurement. (b) Model derived anisotropic
complex refractive index of GO in the function of wavelength A (Schoche et al., 2017).
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Most recently, Stefan et al. show an extraordinary result of the optical constant of GO
determined by spectroscopic ellipsometry in which they are able to determine the
anisotropic complex refractive index of GO at a wide wavelength range which includes
1550 nm through multiple spot analysis of spatially resolved data over the exposed region
(Schoche et al., 2017). Multiple sample of GO are analysed using two different incident
angles on nine regions of the sample, the ellipsometer parameters data for single
measurement is shown in Figure 2.6 (a). In order to match the experimental data with
model data, an anisotropic dielectric function tensor have to be applied. The model
derived anisotropic optical constant of GO in the function of wavelength A is shown in
Figure 2.6 (b). The complex refractive index of GO is found to be 1.53+0.01; and

1.76+0.03; for TM- and TE-polarized light, at 1550 nm, respectively.

Spectroscopic ellipsometry is a non-destructive optical measurement technique that
can be used to determine the complex refractive index of thin film. However, reports by
Jung et al. (Jung et al., 2008) and Shen et al. (Shen et al., 2011) only cover the wavelength
up to 1000 nm and did not take into account the anisotropic optical nature of GO. To date,
only Stefan et al. (Schoche et al., 2017) investigated the anisotropic complex refractive
index of GO at wavelength covering the common telecommunication c-band (1530-1565

nm). Therefore, these values will be used as reference in the current study.

2.2.5 Terahertz time-domain spectroscopy

Time-domain spectroscopy (TDS) is an optical technique that measures the EM wave
power as a function of time. TDS normally require the use of Fourier transform to convert
information in the time-domain into frequency domain. TDS has several advantages over

frequency domain spectroscopy (FDS). In FDS, each of the wavelength have to be
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measured one at a time, which is very time consuming. In TDS, a single pulse containing
all frequency components are used instead in the measurement. This enables multiple
TDS scans to be carried out on the same sample and being averaged to get a more accurate
measurement. Hong et al. has successfully determined the frequency dependent complex
refractive index of rGO film using terahertz time-domain spectroscopy (THz-TDS) (Hong
et al., 2013). The complex optical constant of rGO film can be extracted from the
changing of amplitude and phase of the THz pulse after passing through the rGO film. By
using complex Fourier transform, the complex AC conductivity, 6(w) for thin film limit

|nwd/c| < 1 can be obtained from the thin film equation below,

Erco+sub (W) _ 1+ngyp
Egyp(w) 14+ngyp+Zoa(w)d (220)

where E,¢o+sup(@)and Eg,;, (w) are the time-dependent electric field of THz pulse
passing through rGO film on substrate and substrate only, respectively; n is the refractive
index of rGO film; ng,;, is refractive index of substrate; w is the frequency of the THz
radiation; d is the thickness of rGO film; c is the speed of light and Z, is the vacuum
impedance of free space. The complex conductivity of rGO film which is frequency-

dependent is interpreted using Drude free-electron model, as shown in eqn. (2.21),

gowht

&= (2.21)

1-iwt

where w,, is the plasma frequency, t is the scattering time, and &, is the vacuum
permittivity. The frequency-dependent complex refractive index, i = n + ik can then be
extracted from its relationship with complex conductivity, & = igyw (1 — &) and Ai%2 = &,
where £ is the complex relative permittivity. The ac conductivity of the rGO film at THz
frequency and its complex refractive index extracted from the complex conductivity are

shown in Figure 2.7. The complex refractive index of GO is found to be 30+26i at 1 THz.
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Figure 2.7: (a) The real and imaginary part of the ac conductivity of rGO film. (b)
The real and imaginary part of the complex refractive index of rGO film obtained
from the complex conductivity in (a) (Hong et al., 2013).

2.2.6 Summary

The results of complex refractive index of GO determined using various optical
technique above are summarized in Table 2.1. As can be seen, most of the work were
done in the visible wavelength or THz range, with the exception of (Schoche et al., 2017).
It is also worth noting that only Stefan’s group consider the intrinsic anisotropic properties
of GO. This is one of the primary motivations of our research project, which is to obtain
a better understanding about the anisotropic optical constants of GO at the optical fiber
telecommunication window of 1550 nm. As compared to the conventional optical
characterization methods mentioned above, here, optical chip-based device: planar
optical waveguide is used instead to determine the anisotropic complex refractive index
of GO. Hence, Section 2.3 will discuss the wave guiding principle, structure and various

types of waveguide material used in planar optical waveguide.
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Table 2.1: Complex refractive index of GO determined by various optical

technique
Material Methodology Wavelength Complex refractive index
GO (Jung et Optical 488, 543, 633 nm 2.0+0.37 at 633 nm
al., 2007) microscopy
rGO (Jung et Optical 488, 543, 633 nm 2.1+0.55i at 633 nm
al., 2007) microscopy
GO (Jung et Ellipsometry 350-1000 nm 1.88+0.17 at 600 nm
al., 2008)
rGO (Jung et Ellipsometry 350-1000 nm 2.4+1.0i at 600 nm
al., 2008)
GO (Shen et Ellipsometry 275-826 nm 1.9+0.24i at 600 nm
al., 2011)
rGO (Shen et Ellipsometry 275-826 nm 2.25+0.75i at 600 nm
al., 2011)
GO (Schoche Ellipsometry 193-1690 nm 1.53+0.017 (TM) at 1550
et al., 2017) nm
1.76+0.03i (TE) at 1550
rGO (Hong et THz-TDS 0.2-1.8 THz nm
al., 2013)

30+26i at 1 Thz

2.3  Planar optical waveguide

2.3.1 Introduction

In 2009, the Nobel Prize in Physics was awarded to Charles K. Kao for his
groundbreaking achievement regarding the transmission of light in optical fiber for
telecommunication. The invention of the optical fiber and its application in optical
communications - which allows information to be transmitted globally in an instance -
has totally changed our daily life over the years. Optical fiber communication possesses
not only higher bandwidth and longer data transmission distance when compared to

traditional copper wire communications, but also has the benefit of immunity to
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electromagnetic interference. These advantages have established optical fiber as the

backbone of long haul optical communication systems.

Today, advancement in silicon electronics are reaching its bottleneck as quantum
tunneling effect is becoming more significant due to continue miniaturization of
transistors in silicon chip. One of the solutions to this bottleneck is to replace these
electronics functions with all-optical functions. In other word, replacing electrons with
photons as signal carriers. Intense research on achieving all-optical signal processing has
been carried out by scientists around the world. 1-dimensional optical devices such as
Fiber Bragg Grating (FBG), which serves as a narrow-band wavelength filter, can be
fabricated directly on optical fiber through interference lithography. However, more
complex optical functions such as array waveguide grating (AWG), Y-branch splitter and
interferometry structures cannot be produced in the same way and can only be integrated
onto a 2-dimensional planar platform, which is termed Planar Lightwave Circuit (PLC)
or planar optical waveguide. This section will provide a description on the waveguide
theory, materials used to fabricate PLC, different type of waveguide structures, and its

potential.

2.3.2 Waveguide Theory

Optical waveguide consist of a core, where light is being guided, is surrounded by the
cladding and substrate with lower refractive index, as shown in Figure 2.8. The refractive
index of the core, cladding and substrate are denoted 7c, nciwa and ngu, respectively. Light
is confined along the z-axis while this geometrical waveguide structure is extended to
infinity in the y-axis. The primary working principle of an optical waveguide is Total

Internal Reflection (TIR), which occurs at the core-cladding boundary due to their
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difference in refractive index. For simplicity, nqs is assumed to be equal to nca .
According to Snell’s law, the relation between the values of nis, 8;y,, nc and 8, is shown

in eqn. 2.22,

N, Sinb;, = n,.sinf, (2.22)

where 6;,, and 0, are the acceptance angle and critical propagation angle, respectively.
Light ray entering the core at an incident angle within 6;,, will be refracted at the air-core
interface at a propagation angle within 6,.. The refracted light ray in the waveguide core
will arrive at the core-cladding interface at an angle less than the critical angle, a, and
undergo TIR back into the core. TIR of the light ray will continue until the light ray
reaches the opposite end of the waveguide. Any stray light which is incident upon the air-
core boundary at an incident angle larger than 6;,, will be refracted at an angle larger 6,
and smaller «. As the refracted stray light reaches the core-cladding interface at an angle
less than the critical angle, «, it will be refracted out to the cladding instead of

experiencing TIR and eventually be lost by radiation.

Figure 2.8: Geometrical structure of the optical waveguide (Okamoto, 2006).
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The numerical aperture (NA) is a dimensionless number used to define the range of
incident angles in which the waveguide can accept or emit light and is related to the

critical propagation angles, as shown in eqn. 2.23,
NA = sin 0;, = n.sin 6, (2.23)

By using Snell’s law and Pythagoras’ theorem, sin 6, can be replaced by the following

relations,
NnSin ay = NgeqSin90° = nguq (2.24)

sinay, = cos @, = n;l—“d (2.25)

C

sin@, = J1—cos? 6, = /1—”;1—:‘;12 (2.26)
Thus, NA can be rewritten as,

NA = sin 0;,, = n.sin 6, = \yn.2 — nyeq? (2.27)

In addition, NA is also related to the normalized refractive index difference, 4, between
the waveguide core and cladding as shown in eqn. 2.28. By solving eqn. 2.27 and eqn.

2.28, NA can be rewritten as eqn. 2.29,

2_ 2 —
Ao — I 2::2&1(1 ~ n¢ :;lad (228)
NA = n.\/24, (2.29)

The description of light guiding mechanisms of optical waveguide above is not complete
as the ray optics model is just a partial depiction of the characteristic of light propagating
inside an optical waveguide. Particularly, it only describe the propagating direction of
light in an optical waveguide but does not consider the interference that occurs between

waves propagating in the waveguide. If interference is taken into account, it is found that
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only distinct modes with discrete angle of propagation can be guided inside the waveguide.

These propagation modes can be described using the electromagnetic mode theory.

Consider a plane electromagnetic plane wave traversing along the z-axis of a medium

with refractive index of n;,an angle, ¢, and with the phase front perpendicular to its

propagating direction, as shown in Figure 2.9. The wavelength of the light ray is ni while
1

its wavenumber is kn,, given that A is the wavelength of light in vacuum and k = 2711 The

propagation constant of light in the z- and x-axis can be written as eqn. (2.30) and eqn.

(2.31), respectively,

Figure 2.9: Light rays and phase front in optical waveguide (Okamoto, 2006).

B = kn,cos @ (2.30)
K = kn,sing (2.31)

Before detailing the mode formation in waveguide, we have to discuss about the phase
shift that the guided light experienced during total internal reflection. The reflection
coefficient of light ray polarized perpendicular to the incident plane (TE-mode) reflected

from the core-cladding boundary is shown in eqn. (2.32),
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A nqsin+j fn% cos? p—n
=T = (2.32)

A; . .
' nysing—j |n? cos? ¢—n

The complex reflection coefficient, r is expressed as r = exp(—j¢), so the amount of
phase shift, ¢ is shown in eqn. (2.33) with the substitution of eqn. (2.28). This phase shift
for light undergoing total internal reflection is known as Goos-Hanchen shift,

/nz cos2 g—n?
¢=—2tant— "= _2tan~! |22 _1 (2.33)

N4 sin @ sinZ ¢

From Figure 2.9, it can be seen that the light ray PQ is not affected by the reflection, while
the light ray RS experiences total internal reflection twice - at the top and bottom core-
cladding interfaces. As the points P, R or Q, S are on the same phase front, the optical
pathlength for PQ and RS (including two Goos-Hanchen phase shifts experienced by light

ray RS) should be the same or an integral multiple of 27. The length of PQ, Lpg and of

RS, Lys are expressed as eqn. (2.34) and eqn. (2.35) below,

2 1 :
Lpg = (tarip — 2atan ga) cosp = 2a (Simp — 2sin 90) (2.34)
2
Lgs = Si:(p (2.35)

The phase matching condition for light rays PQ and RS can be expressed as eqn. (2.36),

where m = 0,1,2,3, ..... By subtracting eqn. (2.33) with eqn. (2.35) and substituting the

product into eqn. (2.36), the condition for the propagation angle is obtained as eqn. (2.37),

tan (kn1 asing — E) — |2 4 (2.37)

2 sin2 ¢

Eqn. (2.37) indicates that the propagation angle of light is discrete in nature and is

determined by the core radius (a), refractive index of core (n;), refractive index
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difference (4) and the wavelength of the light (as k = 2771)‘ The optical field distribution

which satisfies eqn. (2.37) is called a propagation mode and possesses a discrete
propagation constant, 3, where m = 0,1,2,3, .... The mode with minimum propagation
angle ¢ (m=0) is called the fundamental mode, while modes with larger angle (m > 1)
are called higher order modes. Figure 2.10 (a) and (b) illustrates the standing waves
created by the fundamental mode and higher order modes, respectively. From the figures,
it can be seen that the positive phase front and negative phase front meet at the core-
cladding boundary and cancel each other by destructive interference. On the other hand,
when two positive or negative phase front meet at the middle (fundamental mode) and
one fourth position (higher order modes, m=1) of the waveguide core, the electric field
amplitude become maximum or minimum, respectively. Thus, the optical field
distribution across the x-axis becomes a standing wave, while it varies periodically along

z-axis with wavelength as shown in eqn. (2.38),

Ay = (A/ny)/cosp = %” (2.38)
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(a) Fundamental mode (m=0)

(b) Higher order modes (m=1)

Figure 2.10: Formation of (a) fundamental mode and (b) higher order modes
(m=1)

From eqn. (2.27) and eqn. (2.29), the propagation critical angle can be related to 4, as
sin ¢ = ,/24,. To achieve light confinement by TIR, the following condition need to be

fulfilled,

sin¢g
S

IA
[EnN

(2.39)

. . . _1 _ _1 1
By using the trigonometry relation, tan™" x = cos NEEwT and eqn. (2.39), eqn. (2.37)
can rewritten as eqn. (2.40),

cos~1&+mZ
knia\/24) = ka NA = 72 =V (2.40)
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This V-number is known as the normalized frequency, which can determine the
propagation characteristic of an optical waveguide (independent of their structure), such
as confinement of energy of light in the waveguide core for different wavelengths and the

number of modes supported by the waveguide. For example, in the case of fundamental

mode (m=0), since ¢ is smaller or equals to 1, the V-number, V' < g This means that for

the waveguide to supports only a single mode, its V-number must be equal to or lower

than g This is called cut-off V-number, v.. When we express eqn. (2.40) in term of cut-

off wavelength, 1., we will obtain,
2
A = v—’:anl,/mo (2.41)

In optical fiber, the cut-off V-number is derived from the same mathematical approach
and is found to be 2.405. Fibers with V-number of more than 2.405 can support up to
nearly V?/2 modes. In this experimental work, the waveguide dimension is controlled to
excite only fundamental mode, so that mode analysis can be done straight forward and

time-saving.

2.3.3 Waveguide Material

There are many suitable optical materials for planar optical waveguide fabrication,
such as silica (Kawachi, 1990), silicon (Paniccia et al., 2004), lithium niobite (Tanzilli et
al., 2001), indium phosphide (Leijtens, 2011) and polymer (Taboada et al., 1999). The
choice of optical material will determine the features and limitations for that particular
planar optical waveguide. Silica is a very attractive material for passive optical devices
because it is highly transparent (low-loss) in the telecommunication window and has
excellent light coupling efficiency with optical fiber which is also made of silica. On the

other hand, silicon possesses the advantage of compatible fabrication processes with the
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established semiconductor manufacturing processes and high index contrast which allow
optical designs with compact footprint and therefore high integration density.
Furthermore, optical waveguide fabricated using lithium niobate is suitable for active
devices such as acousto-optic transducers or electro-optic modulator. However, the
downside of using lithium niobate in waveguide fabrication is that it is very difficult to
produce polarization-independent device - which is usually needed in fiber optics
communication system - due to its intrinsically high birefringence. Indium phosphide is
another waveguide material in high performance large scale PLC, thanks to its high
electron mobility and tunable bandgap. Indium phosphide is a binary III-V semiconductor
that can cover the emission/absorption wavelength range from 0.9 um to 2 pm by
introducing strained material (e.g. Gallium arsenide, Indium arsenide) into the system. As
the refractive index is inversely proportional to bandgap energy, indium phosphide itself,
with larger bandgap, can act as cladding of an optical waveguide, while indium gallium
arsenide, with smaller bandgap, can form the core of an optical waveguide. Therefore,
indium phosphide material platform is capable of forming monolithic integrated circuit
with all necessary active components (lasers, modulators, photodetector) and passive
component (waveguide interconnects, couplers). Finally, polymer as a material for optical
waveguide provides an easy and economics way to prototyping and mass production as
the fabrication process normally does not involve high temperature or vacuum deposition.
Polymers used to form waveguide is usually light sensitive photoresist and can be
patterned through photolithography or laser direct writing. Examples of polymer material
for waveguide fabrication are polymethyl methacrylate (PMMA) and SU-8. Polymer
optical waveguides are passive, with the possibility of performing optical switching by
utilizing the thermo-optic effect, which is usually large in polymers. In this work, doped-
silica with higher refractive index is used as core, while normal silica is used as cladding.

This silica waveguide which is transparent in c-band wavelength is the most suitable
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platform for our project: To investigate the anisotropic complex refractive index of GO

in 1550 nm.

2.3.4 Waveguide Structures

The basic structure of an optical waveguide consists of a medium with higher
refractive index, called the core, surrounded by other mediums with lower refractive
index, called the cladding. The guided electromagnetic wave propagates in the waveguide
core in the longitudinal direction. The propagation characteristic of an optical waveguide
depends on its cross-sectional or transverse refractive index distribution profile. A
waveguide with an index profile that changes abruptly at the core-cladding boundary is
called a step-index waveguide, whereas waveguide which index profile changes gradually
is called graded-index waveguide. The planar waveguide structures can be categorized
into five different groups, which are slab, ridge, rib, buried and planarized waveguide.
The cross-sectional illustration of these five waveguide structures are shown in Figure

2.11. Their characteristics are briefly described as follow:

e Slab waveguide: An optical waveguide consisting a high index dielectric layer
sandwiched by two low index dielectric layer. It is relatively lossier than other
structures because the confinement only exist in one transverse direction.

e Ridge waveguide: An optical waveguide in which a high index strip waveguide is
placed on top of a low index planar cladding. It has relatively stronger
confinement because the core is surrounded by low index air or cladding.

e Rib waveguide: An optical waveguide that has a similar structure to ridge
waveguide, only that the planar layer beneath the high index core is also part of

the core.

44



e Buried waveguide: An optical waveguide with its high index core surrounded all
around by low index cladding. Normally, it can only be passive device as it is
isolated from the surroundings.

e Planarized waveguide: An optical waveguide where the core is sandwiched side-
by-side by two low index side cladding and placed on top of another low index
under cladding. Only the top section of the core is exposed to surrounding (air or

coating).

The slab waveguide is not suitable to be used as the waveguide structures in this work,
because it only allows single transverse confinement of light which leads to high loss. For
ridge and rib waveguides, there are three interfaces of the waveguide core that is exposed
to the surrounding. This will result in increased complexity in the interaction of different
polarizations modes of the waveguide core with its surroundings, which makes measuring
the orthogonal polarization responses of GO-coated waveguide challenging. For buried
waveguide, as its core is surrounded entire with waveguide cladding, light propagating in
the waveguide core is not exposed to the surrounding at all. Hence, planarized waveguide
which has only one interacting surface with the surrounding (i.e. GO-coating) is selected
as the waveguide structure in this work. Interaction of light propagating in the waveguide
core with GO coated on the top surface can then be distinguished according to the
polarization states of light. As a result, the optical properties of GO thin film can be
determined with smaller uncertainty through analyzing the polarization response of the

GO-coated planarized optical waveguide.
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Figure 2.11: Different kind of waveguide structures: (a) Slab waveguide. (b) Ridge
waveguide. (c) Rib waveguide. (d) Buried waveguide. (e) Planarized waveguide

2.3.5 Optical Waveguides with High Refractive Index Overlays

In the early 1970s, the effect of adding a dielectric thin film overlay with higher
refractive index onto a slab waveguide were studied for their potential in optical
applications . Tien et al. demonstrated that light guiding interconnection can be formed
in an integrated optical circuit by bridging the optical device with a high index thin film
having both ends tapered (Tien et al., 1973). Besides, Batchman et al. also performed a
computer modeling of 4 layers silicon-clad planar optical waveguide and shows that the
mode index and attenuation behave as exponentially decaying sinusoids when the
thickness of the silicon-clad was increased (Batchman & McWright, 1982). Studies

carried out by Gauthier et al., by adding a thin film overlay with higher index on a 3-
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layers slab waveguide system, shows that the amplitude of the modal power is located
within the high index layer while the effective index is in between the values of the
substrate and the waveguide (Gauthier et al., 2012). The literatures above shows that the
light propagation characteristic in a planar waveguide is highly sensitive to the presence
of dielectric thin film overlay integrated on top of the waveguide. Therefore, thin film
overlays can be used as an approach to functionalize a passive optical waveguide. The
same approach can also be used to determine the optical properties, namely the complex
refractive index, of a dielectric thin film materials by analyzing the optical response of
planar waveguide coated with the dielectric thin film overlay and then cross-referencing

with suitable simulation model.

In this work, a planarized optical waveguide structure that allows only one interacting
interface with thin film overlay will be used. Silica is used as waveguide material as the
low light propagation loss will simplify the determination of the complex refractive index
of GO. However, before proceeding to experiment works, simulations is first carried out
to study the optical characteristic of planarized optical waveguide, namely its effective
mode index. Then, the effect of thin film coating on the optical waveguide optical
characteristics will be studied. Particularly, the change in effective mode index of thin
film coated waveguide with different thin film coating thicknesses and complex refractive

indices, are rigorously studied, which will be discussed on the Chapter 3.
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24 Finite Element Method

2.4.1 Introduction

The simulation method used in this work to study light propagation in an optical
waveguide is Finite Element Method (FEM). In classical analytical procedures, an optical
system is modeled using analytical functions defined over the whole domain of interest,
which limits its application to simple waveguide geometries only. FEM is a numerical
method that can solve the boundary-value problems characterized by a series of partial
differential equations (Maxwell’s equation in electromagnetism case) and a set of
boundary conditions. The domain of the boundary-value problem is discretized into sub-
domains called finite elements. Each element has an approximated solution for the
problem, and it is linked at the nodal points of those elements to form a solution model
for the entire domain. A series of linear equations are first obtained for each of the
discretized element. Then, a global matrix can be formed after the assembly of all
elements. Therefore, FEM is a powerful tool for mode analysis in optical waveguide with

arbitrary refractive index profile and complicated domain structures.

In general, FEM analysis can be categorized into three sections: variational
formulation, discretization of functional and computation (Okamoto, 2006). Since FEM
is capable of solving wave equation for waveguide with arbitrary refractive index profiles,
a slab waveguide with inhomogeneous core index, as shown in Figure 2.12, is used as an
example. The region 0 < x < A with inhomogeneous refractive index distribution is
denoted as the core (maximum refractive index = n;), while the constant distribution of

no (x < 0) and ns (x = 0) are denoted as the cladding and substrate, respectively.
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Figure 2.12: Distribution of refractive index of the slab optical waveguide with
inhomogeneous core index

2.4.2 Variational formulation — Model setup

The formulation of FEM starts with the general TE-mode equation which is shown in
eqn. (2.42). The boundary conditions require the continuity of electric field in y-axis, E)
and magnetic field in z-axis, H. at x = 0 and x = A, which is described by eqn. (2.43).
However, before transforming the TE-mode wave equation (2.42) and boundary

condition (2.43) into variational formulation, the parameters are normalized as in eqn.

(2.44).
d’Ey 2.2 2 _
F—l_(k n —ﬁ )Ey—O (242)
— _J By
H, == (2.43)
X A
p=2;E,x)=R@);D=> (2.44)

where R(p) and d};—;m are continuous at p = D and p = 0. Eqn. (2.42) and (2.43) are

rewritten as eqn. (2.45),
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L+ [(02q(p) — )R =0 (245)

The normalized frequency v, normalized refractive index distribution g(p) and

normalized transverse wavenumber w can be defined as follow,
w = a/f?— k?n2 (2.46)
v = ka/n? — n? (2.47)

n?-n?

> (2.48)

n?-—n2

q(p) =

The solution for the variational formulation (wave equation) under the constraint of

boundary condition which satisfies the functional with stationary condition is defined as,

dR

MR == | (%5 dp+ ["va() - w?IR% dp (2.49)

By assuming that I[R] is stationary for R(p) and considering a slightly deviated function,

the validity of variational method is shown as eqn.(2.50),

Rpert(@) = R(p) + 6 - n(p) (2.50)

where § is a very small quantity of deviation and 1 (p) is the arbitrary continuous function

of p.

By substituting Ry, (p) into eqn. (2.49) and taking / [Rpert] as stationary when § =
0, a new relation is obtained as eqn. (2.51). After partial integration, eqn. (2.51) is

rewritten into eqn. (2.52).

. 10 “ dra oo
tim {3 21 {Rperd} == | S2%0dp + % [v?a(p) — 0P IRndp =0 (231)
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- ["Z_}; o_ooo + f_oo {Zipi +[v?q(p) - wZ]R}n(p)dp =0 (2.52)

The first and second terms in eqn. (2.52) equal to zero given that n(p) is an arbitrary

function of p. Then the R(p) will satisfy the wave equation - eqn. (2.45), and the

o dR . . . dR .
boundary condition of o 1 continuous and llT — = 0. The second term in boundary
pot

condition shows that the electromagnetic wave will decay at the infinity. It is also proven
that R(p) enables the functional (2.49) stationary to satisfy the wave equation — eqn. (2.45)

dR(p)
dp

and the boundary condition — R(p) and are continuous at p =D and p =0,

simultaneously.

2.4.3 Discretization of the functional - Meshing

To simplify the calculation of functional, the electric field profile in the waveguide

core is discretized using eqn. (2.53),

Ry exp(wop) (»<0)
R(p) = X1 Riti(p) (0<p<D) (2.53)

Ry exp[—w(p — D)] (» > D)

where Ry — Ry are the electric field values at that particular sub-domain.

The normalized transverse wavenumber, w,, normalized electric field R; and normalized

domain position p; are defined as,
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wy = a/B% — k?n3

Ri=R(p;)) (i=0-N) (2.54)
pi=iz (i=0-N)

The solution in the substrate and cladding is relatively simpler, so it can be given by the

analytical functions. Hence, the precise expressions for ¢;(p) are shown in eqn. (2.55).

¢o®) == —p) (0<p<p)

0 all other areas

d@) =@ -pi-1)  @ii<p=<p)

N
S0 —p) @i =P =pis1) (2.55)

0 all other areas

dn(p) = %(P — Pn-1) (Pn-1 <D < pn)

0 all other areas

Since ¢;(p) is a linear function of p, eqn. (2.53) has the continuous function of R(p) is
approximated by broken lines. On the other hand, the normalized distribution of refractive
index q(p) can also be approximated by ¢;(p), as shown in eqn. (2.56), when dealing

with waveguides having arbitrary refractive index profile.

2(p))—-n2
q(@) = X0 qidi(p); q; = =2 (2.56)

Z_.2
ni—ns

Finally, by substituting eqn. (2.53) into eqn. (2.49), the functional is obtained as eqn.

(2.57).

D
dR

(—)2 dp + [, [v2q(p) — w?|R?dp — wR} (2.57)

I = _woRS _f dp

0
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2.4.4 Dispersion equation based on stationary condition - computation

The functional —eqn. (2.57) at stationary condition, is given by partially differentiating

it with respect to R;(i = 0 — N),

101 dedqbld N fD()R p
ZOR —WoKg0j 9 — Odpdppv q(p)R; dp

—w? [ Rpydp — wRy Sy (i=0-N) (2.58)

The sampling function ¢;(p) is zero outside the region of P;_; < P < P;,4, eqn. (2.58)

is rewritten as eqn. (2.59), (2.60) and (2.61).

P1
_1or _ _ _ ddo 491 d$o
0= ) = (UoRo jo (Ro ap +R1 dp) ap dp
+v? fopl(Cqubo + q1¢1) (Ropo + R1p1)Podp

w? [T (Roo + Rip1) o dp (2.59)

DPi
_lor _ _ doi_1 d¢)d¢l
_ZaRi_ Jp (Rl 1 dp +Rldp dpd
i-1

Dit+1
_ do; aAdirq1) doi
[ 77 (R4 Ry 222 201

Di

+v? f;'i_l(qi—l(Pi—l + qip)(Ri_1¢pi—1 + Rip) didp
+v? fzii+1(qi¢i + iv1Pi+1) Rid; + Riv1Piv1)Pidp

W [}7 (Ric@iy + Rip)p; dp

~w? [ (Ripi + Riz1his1) i dp (i=1-N-1) (260)
PN
_ 1o _ dpn-1 on)\ dPn
T 20Ry LN (RN_l dp + Ry dp) dp dp
-1

+v? f;:_l(qN—ld)N—l + qndn) (Ry—19Pn-1 + Rydn)dndp

w? f;l\llv_l(RN—1¢N—1 + Rydn) Py dp — wRy (2.61)
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The integral of the sample functions — eqn. (2.59), eqn. (2.60) and eqn. (2.61) are given

as follows:

Pi-1

Di

i
¢i2—1¢idp =

i-1

=

[ osgtap =

Di-1

Pi-1

Pi+1
1D
f pidp =<+
3N
Di

Pi+1
ddivz 4 _ N
f () dp =7

Pi do; N .
| Eyap=% =1

(i=0-N-1)

1D
12 N

(i=I1-N)

1D
12 N

(i=I1-N)

pPi
1D .
| stap=12 =1

(i=0-N-1)

(i=I1-N)

Di
[ otap=12 1w

(i=0-N-1)

(2.62a)

(2.62b)

(2.62¢)

(2.62d)

(2.62¢)

(2.62f)

(2.62g)

(2.62h)

(2.62i)

(2.62j)

By substituting eqn. (2.62) into eqn. (2.59), (2.60) and (2.61), we will obtain new relations

as follows:
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0= _5%66_}:0: Ry {1 — (399 +Q1)g(%)2 +%2(%)2 +W0%}

+Ry {—1 — (g0 + q1) g (2)2 +o (%)2} (2.63)

N

= _%%aa_;i =Ri_1 {_1 —(qi-1 + qi)g(%)z + %2(%)2}

+R; {2 —(qi-1 + 6q; + qi+1)§(%)2 + 2312(%)2}

tRi1 {—1 — (g + qi+1)5(2)2 + %2(2)2} (i=1-N-1) (2.64)

N N
= =22 Ruci{-1- (an + a2 (B) +2(2))

+Ry {1~ (qu-1 + 302 (%)2 + “’?2(3)2 +o2 (2.65)

N

The eqn. (2.63), (2.64) and (2.65) are a set of (N+1) order simultaneous equations having
Ry — Ry as the unknown. To make the eqn. (2.63), (2.64) and (2.65) have nontrivial
solution except for Ry = Ry = -+ = Ry = 0, the determinant of the matrix C have to be

ZCero.
det(C) =0 (2.66)

The matrix C is transformed from the eqn. (2.63), (2.64) and (2.65), it is shown as below:

2 2
Coo=1—-(3q0 + @%52 + %52 + w6 (2.67a)
viep 202 op
Cii =2—(qi-1 +64; + qi-1) ;67 +=-6% (i=I-N-1) (2.67b)
2 2
Ciis1 = Cipri = =1 = (qi + qig1) 6% + =82 (i=0-N-1) (2.67c)
v? 2 w? 2
Cyy =1=(qn-1+3qn) ;6% + -6+ Wb (2.67d)

where discretization step § is given by:

5 = (2) (2.68)
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Eqn. (2.66) is the dispersion or eigenvalue equation for the TE-mode in an arbitrary
refractive index profile. When the distribution of refractive index q(p) and normalized
frequency v are given, the propagation constant  (contained in w and wy) can be
calculated from eqn. (2.66) and eqn. (2.67). We can get the cutoff v-value of the
waveguide from the solution of eqn. (2.66) by setting the w = 0 (f = kny) in eqn. (2.67).

The TM-modes analysis is similar to the above steps, so it will not be discussed.

2.4.5 Summary

To conclude, FEM is a power tool in mode analysis for optical waveguide with
arbitrary refractive index profile and complicated structures. To date, scientists,
researchers, and engineers have been using FEM to conduct research and develop
innovative products in a variety of field of studies. A wide range of photonics devices can
be modelled using FEM, such as photonics crystal cavities, waveguide interferometer,
plasmonic waveguide, etc. In this work, simulation using FEM is first carried out to
perform mode analysis on planarized optical waveguide. Also, the effect of a dielectric
thin film coating on planarized optical waveguide is studied. The results obtained from

simulation will be discussed on next chapter.
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CHAPTER 3: OPTICAL CHARACTERISTIC OF THIN FILM COATED

PLANARIZED OPTICAL WAVEGUIDE

3.1 Introduction

The FEM software used to simulate the optical characteristic of planarized optical
waveguide with or without thin film coating is COMSOL Multiphysics, specifically the
Wave Optics Module. The Wave Optics Module has extended the physics user interfaces
function of the base package for COMSOL Multiphysics. It can be used to solve
electromagnetic waves problem at optical frequencies, which corresponds to the micro-
to nano-meter wavelength range. This module is capable of designing and running
simulation on a variety of optical applications involving electromagnetic waves, such as
optical fibers, photonics waveguides, photonics crystals, laser resonator, nonlinear optics,
etc. Compared to the RF module which can also handle electromagnetic wave simulation
at high frequency, the Wave Optics Module has the advantage of performing time-
harmonic simulations of domains which are much larger than the wavelength. This
situation is common among optical phenomena, optical systems and components. The
interaction length between electromagnetic wave and optical material is usually much
larger than the wavelength due to their weak coupling, which applies to linear coupler
such as Fiber Bragg Grating, directional couplers, etc. With the aid of Wave Optics
Module, these types of problems can be directly addressed without the demand of huge

computer memory.

In the Wave Optics Module, there are generally four types of physics user interface
under “Electromagnetic Waves”, which are Beam Envelopes, Frequency Domain, Time
Explicit and Transient. The Time explicit and Transient methods can be used to solve

problems that have variation in time. However, in this case, we treat the electromagnetic
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problem as time-harmonic in the frequency domain since we are using continuous wave
(CW) light source in this work. Therefore, the Frequency Domain and Beam Envelopes
methods are used. It allows us to simplify the analysis by assuming that all time variation
occurs as sinusoidal waveform, making it possible to formulate it as stationary problem
with complex valued solutions. The complex values represent the phase and amplitude of
an electromagnetic field, while the frequency will be a scalar model input. One of the
typical frequency domain simulation is the wave propagation problems. Although both
the Frequency Domain and Beam Envelopes methods can be used to solve for time-
harmonic Maxwell’s equations, they still possess their own advantage over each other.
For Frequency Domain method, it is very flexible in solving both wave propagation and
scattering problems, as long as the mesh element size is a fraction of the input wavelength.
On the other hand, in many optical application, the propagation length is often much
longer than the wavelength (e.g. 1 um optical wavelength propagates in devices with mm
to cm in length). It would take a huge amount of computer memory to solve for this kind
of problems using Frequency Domain method. The Beam Envelopes method in turn can
solve this type of problem without the need of large memory, by assuming a slow varying
amplitude factor and rapid changing phase factor. However, as the waveguide structure
used in this work is invariant along the wave propagation direction, performing
simulations on the waveguide cross section, which is a 2D space dimension, is sufficient.
Therefore, Frequency Domain method is used to simulate the propagation mode of

planarized optical waveguide in this work.

3.2  Electromagnetic Waves - Frequency Domain method

The Frequency Domain method applies Maxwell’s partial differential equations (PDE)
to solve for the electromagnetic problems. The FEM simulation is based on four steps, as

described in detail in Chapter 2. The first step is to discretize the domain of interest into
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thousands of identical shapes (usually triangle), but of different sizes, called finite mesh
element. These finite mesh element can be defined as 1D, 2D or 3D depending on the
domain of interest of the optical object. Moreover, the meshing can be generated
uniformly or non-uniformly based on the requirement of the situation. For important
regions in the domain of interest where the parameters under study vary rapidly (at a
waveguide core-cladding interface, for example), it is preferable to concentrate many
small finite elements in these regions than other regions. The second step is to derive the
governing Maxwell’s PDE in each finite element of the mesh. After that, the third step is
to assemble all the finite elements in the domain of interest. Finally, the general solution
of the electromagnetic problem can be obtained by solving all the equations under the

right boundary condition.

3.3  Waveguide Structure

The proposed planarized optical waveguide structure in this work is shown in Figure
3.1. The refractive index of the core, side cladding, undercladding and air are set to 1.486,
1.44, 1.444 and 1.0 respectively, with reference to the values of a 3.0% index contrast
silica optical waveguide. These layers are assumed to be lossless — the imaginary part of
complex refractive index is zero. A thin film is coated on top of the waveguide core,
represented by the red dash line in Figure 3.1. The range of optical constants for the thin
film coating is determined by the values of a variety of 2D material (graphene, GO,
molybdenum disulfide and black phosphorus) at 1550 nm that are obtained from (Bullock
et al., 2018; Kravets et al., 2015; Li et al., 2018; Li et al., 2017; Samassekou et al., 2017,
Schoche et al., 2017; Ullah et al., 2018; Xu, 2018; Zheng, 2016). Thus, the real part of
complex refractive index of 2D material (n2p) ranges from 1.5 to 3.5, while the range of

imaginary part of complex refractive index (k2p) studied is 0.01 to 1.5. The coating
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thicknesses of 2D material (z2p) is set to 0.5 nm, 2.0 nm and 5.0 nm, which represents

monolayer, few-layer and multilayer coatings, respectively.

Figure 3.1: Schematic diagram of the cross-sectional part of the planarized optical
waveguide

3.4  Modelling Procedure

COMSOL Multiphysics software is used to model the planarized optical waveguide
(with and without thin film coating) to find their corresponding guided modes for both
TE- and TM-polarized light. The mesh node formed in the domain of interest of the
planarized optical waveguide with and without thin film coating are shown in Figure 3.2.
It can be seen that the meshing used in designing the planarized optical waveguide coated
with thin film is non-uniform, where highly dense mesh node is formed within and around
the narrow regions of thin film overlay. It is because higher accuracy is required to solve
for the variation of Maxwell’s wave equation in each of the finite element over the densely

meshed region.
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Figure 3.2: Mesh node formed in planarized optical waveguide (a) with and (b)
without thin film coating

COMSOL Multiphysics solve the electromagnetic fields within the modeling domains
under the assumption that the electric fields oscillates sinusoidally at certain frequency
and all material properties are linear with respect to the field strength, the governing

Maxwell’s equations in three dimensions will be reduced to equation (3.1),

Vx(VXE)—ky’eE=0 (3.1)
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where E is electric field (V/m), & is relative permittivity and ko is the wavenumber in
vacuum. The relative permittivity can further relate to the optical properties of material

as shown as below,

& = (n — ik)? (3.2)

where n and k are the real part and imaginary part of complex refractive index of the
material, respectively. These values will then be incorporated into the numerical model
to compute the propagation modes which are supported by the optical waveguide and
their corresponding effective mode index. The effective mode index is the complex
function of the waveguide. The real part (n.5) determine how much phase shift is induced
on a particular waveguide mode, whereas the imaginary part (ke) provides information

about the propagation loss experienced by the waveguide mode.

3.5 Simulation Results

3.5.1 Waveguide dimension tolerance for single and higher order mode operation

In this work, the waveguide dimension needs to be controlled to allow only the
excitation of the fundamental mode at the wavelength of interest of 1550 nm so as to
achieve mode analysis with higher accuracy using a shorter simulation duration. As a
result, the waveguide dimension tolerance test of single mode operation is first carried
out. The effect of core width on single and higher order mode operation of planarized
optical waveguide, given that the height of core is fixed at 3 um, is shown in Figure 3.3.
The effective index of the fundamental and higher order TE- and TM-mode as the
function of waveguide core width is obtained. It can be observed that the cut-off core
width for single mode operation is at around 4 um, which means that to maintain single
mode light propagation, the fabricated planarized optical waveguide should a core width

of smaller than 4 um when the core height is 3 um. After weighing up other factors, the
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planarized optical waveguide with 2 pm width and 3 um height is considered the suitable
dimension to carry out the experiment, with the advantages of single mode operation,
small NA and mode field diameter mismatch with input/output fiber used for butt-
coupling process in the optical characterization part of experiment. The effective mode
index of planarized optical waveguide with core dimension of 2 um width and 3 um height
is 1.4561 and 1.4558 for TE- and TM-polarized light, respectively. The imaginary part of

the effective mode index is zero because these materials are assumed to be lossless.

Figure 3.3: The effect of core width on single/higher order mode operation of
planarized optical waveguide

3.5.2 Effect of thin film coating

This section shows the simulation results of planarized optical waveguide coated with
thin film that has a varying complex refractive index and thickness. The change in n¢ of
TE-polarized light with n2p, k2p and #2p is shown in Figure 3.4. It can be seen that ney
increases when n2p is increased but decreases slightly with the increase of k2p. In Figure
3.4(b), where t2p is 2.0 nm, n.s increases by 8.08x10 when n>p is varied from 1.5 to 3.5

and with k2p set at the minimum value of 0.01. When k2p is set at 1.5, nes increases by a
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smaller magnitude of 7.38x107 for the same variation of n2p. The decrease in nqy with
larger k2p 1s due to the slight decrease of mode field distribution in the waveguide core.
On the other hand, n.; changes by a larger magnitude with variation of n2p and k2p for
thicker #>p, which can be seen by comparing the contour gradient between Figure 3.4(a),
3.4(b) and 3.4(c). The increase in ney with variation of n2p is close to one order of
magnitude larger (2.25x10™* compared to 1.92x107) when #2p is increased from 0.5 nm to
5.0 nm (for k2p = 0.01). This can be attributed to the enhancement of evanescent field
interaction between the waveguide mode and 2D material when the coating thickness is

increased.

Figure 3.4: nefr of the 2D material coated planarized optical waveguide for TE-mode
corresponding to different n2p and kzp for tzp at (a) 0.5 nm, (b) 2.0 nm and (¢) 5.0 nm

The effect of n2p and k2p on ke of the 2D material coated planarized waveguide is
shown in Figure 3.5. In this case, k¢4 is proportional to both n2p and k2p. For £2p of 2.0 nm,
it can be seen that k. increases by 3.73x10”7 when n2p is varied from 1.5 to 3.5 and k2p
fixed at 0.01, as shown in Figure 3.5(b). Larger n>p will result in greater interaction of
light with the 2D material coating, which leads to higher ke and corresponding increase
in propagation loss. When k2p is set at 1.5, ke increases by a much larger magnitude of
5.39x107 for the same variation of n2p, which is more than 2 orders of magnitude higher
compare to the increase in ke when k2p is 0.01. This implies that k>p have a more

significant effect on the change in kercompared to n2p. Similar to Figure 3.4, comparison
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between Figure 3.5(a), 3.5(b) and 3.5(c) indicates that the change in k. with both n2p and
k2p will become more significant when the 2D material thickness is increased. The change
in ks with variation of np increases from 1.19x107 to 1.69x10™* when the £2p increases

from 0.5 nm to 5.0 nm (for k2p = 1.5).

Figure 3.5: Kefr of the 2D material coated planarized optical waveguide for TE-mode
corresponding to different n2p and kzp for t2p at (a) 0.5 nm, (b) 2.0 nm and (c¢) 5.0 nm

TM-polarized light propagation characteristics in the 2D material coated waveguide
are similar to that of TE-polarized light, as shown in Figure 3.6 and Figure 3.7. However,
the magnitude of change of nefand ke for TM-polarized light is smaller compared to TE-
polarized light. For fixed values of £2p = 2.0 nm and k2p= 0.01, the change of neywith n2p
for TM-polarized light decreases from 8.08x107 to 4.97x10”> when compared to TE-
polarized light. Likewise, the change in ke with n2p for TM-polarized light is reduced by
half (from 5.39x10 to 2.62x10~) when compared to TE-polarized light (for z2p = 2.0 nm
and k2p = 1.5). The smaller magnitude of change in both n.;and ke is due to the weaker
coupling of TM-polarized light into the 2D material overlay when compared to TE-

polarized light.
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Figure 3.6: nesr of the 2D material coated planarized optical waveguide for TM-mode
corresponding to different n2p and Kzp for top at (a) 0.5 nm, (b) 2.0 nm and (c) 5.0 nm

Figure 3.7: ketf of the 2D material coated planarized optical waveguide for TM-mode
corresponding to different n2p and kzp for t2p at (a) 0.5 nm, (b) 2.0 nm and (c) 5.0 nm

3.5.3 Potential

Based on the results above, it can be seen that 2D materials with intrinsic birefringence
significantly change the effective mode index of the planarized optical waveguide. This
characteristics enable us to determine the anisotropic complex refractive index of a thin
film overlay by analyzing its distinct polarization response on planarized optical
waveguide. Other than that, it also allow us to design and develop a compact waveguide
polarizer by optimizing the coating thickness of the thin film. Among the 2D materials
being studied, BP and GO show potential as the functional optical material for in-plane
waveguide polarizer due to their large anisotropic optical properties. The optical constants
of BP when oriented in armchair direction are approximately 2.6+0.55; and 1.7+0.001i

for TE- and TM-polarized lights, respectively (Bullock et al., 2018). On the other hand,
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the optical constants of GO for TE- and TM-polarized light are approximately 1.76+0.03i
and 1.53+0.014, respectively (Schoche et al., 2017). By extending the coating thickness
dependent analysis, an optimized coating thickness where maximum polarization
extinction ratio (PER) occurs can be determined. As shown in Figure 3.8, while ke of
TM-polarized light remains low with the increase of coating thickness, it increases
significantly for TE-polarized light. As ks 1s proportional to the insertion loss, a large
different in k. between TE- and TM-polarized lights will result in very large PER. It can
also be seen that the coating thickness where the largest difference in k. between TE-
and TM-polarized lights is achieved depends on the optical constants of the coating

material.

The insertion loss and polarization extinction ratio (PER) for BP and GO coated
planarized optical waveguides are summarized in Table 3.1 and 3.2. For consideration of
a compact footprint, the coating length is set at 1 mm. In Table 3.1, a BP-coated
waveguide polarizer with PER of 78.5 dB and a low insertion loss of only 0.024 dB can
be produced with 60 nm of coating thickness with the BP oriented in armchair direction
toward the incident light. On the other hand, as shown in table 3.2, a GO-coated
waveguide polarizer with GO coating thickness of 275 nm exhibits an even larger PER
of 97.7 dB, but with a relatively higher insertion loss penalty of 1.9 dB. The 10-dB PER
tolerance for BP-coated planarized optical waveguide is around £10 nm, whereas for GO-
coated planarized optical waveguide, the same tolerance is about +25 nm. These thickness
tolerances are well within the capability of current coating technologies. Therefore,
waveguide polarizer with superior performances can be produced using a planarized

waveguide structure coated with BP as well as GO with controlled coating thickness.
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Figure 3.8: ket of BP- and GO-coated planarized optical waveguide versus coating
thickness for TE- and TM-polarised light

Table 3.1: Insertion loss and PER of BP-coated planarized optical waveguide TM-

pass polarizer

Coating thickness (nm) Insertion loss BP-coated PER
waveguide (dB) (dB)

30 0.011 28.4

40 0.015 49.1

50 0.019 70.0

60 0.024 78.5

70 0.029 72.2

80 0.035 60.5

90 0.041 50.3
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Table 3.2: Insertion loss and PER of GO-coated planarized optical waveguide TM-
pass polarizer

Coating thickness (nm) Insertion loss GO-coated PER
waveguide (dB) (dB)

200 1.1 27.4

225 1.4 48.3

250 2.3 86.4

275 1.9 97.7

300 2.2 89.2

325 2.6 69.2

350 4.1 493

3.6 Summary

The light propagation characteristics of planarized optical waveguide with and without
thin film overlay coating have been studied using numerical approach. In the waveguide
dimension tolerance analysis for single mode operation, it is found that, based on the
optical properties of silica waveguide material, planarized optical waveguide with 2 pm
width and 3 pm height is the suitable dimension to be used for the works in Chapter 4,
with the advantages of single mode operation, small NA and mode field diameter
mismatch with input/output fiber used for butt-coupling process during the optical
characterization experiment. Besides, the simulation results also show that the effective
mode index of planarized optical waveguide is highly dependent on the thickness of thin
film coating. In addition, ney increases with the increase of refractive index of the thin
film overlay but decreases with its extinction coefficient, while ke increases with the
increase of both refractive index and extinction coefficient of the thin film overlay. Lastly,
by extending the coating thickness analysis, it is found that using the anisotropic optical

properties of BP and GO together with the planarized waveguide structure, an in-plane
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TM-pass waveguide polarizer with very large PER and low insertion loss can be produced

by optimizing their coating parameters.
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CHAPTER 4: DETERMINATION OF ANISOTROPIC COMPLEX

REFRACTIVE INDEX OF GRAPHENE OXIDE AT 1550 NM

4.1 Introduction

As mentioned earlier, studies of the complex refractive index of GO reported so far
still has a large deviation from each other. The n values of GO was reported to be in the
range of 1.8 — 1.9, while k values are in the range of 0.1 — 0.8, at wavelength of 600 nm
(Jung et al., 2008; Shen et al., 2011). At the wavelength of 1550 nm, the reported complex
refractive index of GO have even larger range, which are 1.5 — 2.1 and 0.01 — 0.25 for n
and £, respectively (Kravets et al., 2015; Schoche et al., 2017). This Chapter will attempt
to determine the complex refractive index of GO using a novel approach, which is through

the study and analysis of optical response of GO-coated planarized optical waveguide.

From the simulation results obtained in Chapter 3, it can be seen that the polarization
response of planarized optical waveguide is notably high to the integration of thin film
overlay. Thus, it is capable of determining the anisotropic complex refractive index of
GO coated on top of it, by making careful experimental measurements and cross
referencing with finite element analysis for the effective mode index of the GO-coated
waveguide. Following the completion of simulation work, an experiment of measuring
the propagation loss-to-coating thickness profile of GO-coated planarized optical
waveguide is carried out. In this chapter, the fabrication of planarized optical waveguide,
GO coating method, simulation model specific to the fabricated GO-coated waveguide,
and optical characterization of GO-coated waveguide will first be discussed. Then, cross-
referencing between experimental and simulation data will be carried out to determine
the complex refractive index of GO thin film. Finally, the uncertainties of this

determination method will be discussed.
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4.2  Fabrication of Germanium-doped Silica Planarized Optical Waveguide

Flame hydrolysis deposition (FHD) is carried out to deposit a silica core layer on
silicon substrate covered by thermal oxide layer with 7 um thickness, which involves the
hydrolysis of metal halides like silicon tetrachloride, germanium tetrachloride or boron
trichloride into chemical flame to form oxide soot. In this case, germanium tetrachloride
is used as the metal halides source for hydrolysis. By adjusting the process parameter, the
germanium-doped (GD) silica layer with 1.486 refractive index and 3 pum thickness is
formed on top of the silicon substrate. Then the propagation loss of the GD silica layer is
examined using prism coupler, and the results show that its propagation loss is less than
0.2 dB.mm™ at 1550nm. After that, the GD silica layer can be made into straight channel
waveguide through photolithography and plasma etching process. Spin-coating of ZPU13
polymer with refractive index of 1.44 measured at 1550 nm on the GD silica waveguide
as overcladding, followed by oxygen plasma etching to etch down the ZPU13 polymer
until it reaches the top of the silica core. Finally, a planarized optical waveguide with

straight channel structure is produced.

A Scanning Electron Microscope image of the planarized optical waveguide with
straight channel structure is shown in Figure 4.1. The image shows that the ZPU13
polymer is slightly over-etched, while the surface quality of the GD silica core and the
ZPUI13 polymer side cladding turn out to be very good. Despite the overall good
fabrication quality of the optical waveguide, the over-etched part of the ZPU13 polymer
still indicates that it is actually a waveguide with a slightly protruding core instead of a
perfectly planarized waveguide. By using surface profiling machine (Veeco DEKTAK
D150), the height of the protrusion of GD silica core is found to be in the range from 0.5
pum to 0.9 pm which constitutes around 16% to 30% of the total height of core. To ensure

that Finite Element Analysis is carried out as accurate as possible, this actual profile of
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the cross section of the planarized optical waveguide will be used in the analysis, as

discussed in Section 4.4.

Figure 4.1: SEM image of the planarized silica waveguide with straight channel
structure

4.3  Graphene Oxide Coating

GO is fabricated using modified Hummer’s method (Hummers & Offeman, 1958),
which a graphite is firstly oxidized by potassium permanganate (KMnO4) and sulphuric
acid to form graphite oxide, then it will be further exfoliated in de-ionized water via
ultrasonication, finally producing GO flake with only single or few layers. The
concentration of the produced GO solution is initially 12 pg/ul, then it is diluted by adding
unequal volume of de-ionized water to several different lower concentration: 1.6 pg/pl,
2.0 pg/ul, 3.0 pg/ul and 4.0 pg/pl. The GO solution is drop-casted on planarized
waveguide using micropipette, it is allowed to dry naturally under room temperature and

ambient atmospheric condition. Each GO droplet must be dried completely (normally in
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20 to 30 minutes) before the next drop of GO is casted on top of the dried GO coating.
The concentration and number of drops of GO solution is varied to get the different
coating thickness of GO layer, in order to study the light propagation in planarized optical
waveguide coated by multilayer GO with different thicknesses. The coating thickness of
GO versus different concentration for single drop of GO is shown in Figure 4.2, while the
coating thickness of GO versus number of drops of GO for concentration of 1.6 pg/ul is

shown in Figure 4.3.

Figure 4.2: The coating thickness of GO versus different concentration for single
drop of GO.
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Figure 4.3: The coating thickness of GO versus number of drops of GO for
concentration of 1.6 pg/pl.

4.4  Simulation Model of GO-coated Planarized Optical Waveguide

This optical characteristic of GO-coated waveguide with different GO coating
thicknesses can be described by the mode field distributions of the 1550 nm light in
waveguides. In order to achieve a more accurate cross-referencing, the actual structure of
the GO-coated waveguide have to be obtained. The microscope image in Figure 4.4(a)
shows the cleaved cross-section of the fabricated planarized optical waveguide. It can be
observed that both the side walls of waveguide core are slanted. Details of the waveguide
include air gap which is formed between the GO sheet and the protruded section of
waveguide core is captured by the field-emission scanning electron microscope (FESEM)
image and shown in Figure 4.4(b). Finite element method (FEM) is used for modal
analysis and the structure model is shown in Figure 4.4(c). The GO-coated waveguide’s
height is set to 3 um. The top and bottom surface width are set to 1.9 pm and 2.8 um,
respectively, as measured by the microscope scaling. The refractive indices of different

regions of the waveguide structure are obtained from prism coupling measurement during
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the fabrication processes. The protrusion of the waveguide core used in experiment is
measured using surface profiler, it is found to be 0.8 um — and this value is used in the
analysis. The air gaps formed between the GO sheet and side cladding with a spacing of
0.5 um at the base is considered in the simulation. The wavelength of signal used is 1550
nm. The variables in this analysis are the GO coating thickness and its complex refractive
index. GO coating thickness is varied from 0.1 pm to 1.0 um. On the other hand, the
complex refractive index of GO was first measured using spectroscopic ellipsometry (J.
A. Wollam M-2000) to be 1.655+0.02i. Together with the value reported by Stefan et al
(Schoche et al., 2017), a range of complex refractive index values of GO are used in the
simulation. The real part of refractive index of GO is varied from 1.50 to 1.80, whereas

the imaginary part is varied from 0.001 to 0.2.

Figure 4.4: (a) Microscope image of the cleaved cross-section of waveguide. (b)
FESEM image of the air gap formed between the GO sheet and protrusion section.
(¢) Corresponding structure model used for finite element analysis
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4.5  Optical Characterization of GO-coated Planarized Optical Waveguide

The experiment set-up is shown in Figure 4.5. The light source used was a 1550 nm
tunable laser source (TLS-AQ4321D). An ultra-high numerical aperture fiber (Nufern
UHNA-3) was used for light coupling because of better NA and mode matching with the
planarized optical waveguide. The 1550 nm light is coupled from UHNA fiber to
waveguide input using butt-coupling technique, then an objective lens with 40x
magnification and 0.45 NA was used to focus the waveguide output into a polarimeter
(Thorlabs PANS5710IR3) and IR camera for polarization state measurement and mode
profiling, respectively. The mode profile for the output beam of the planarized optical
waveguide with different width is shown in Figure 4.6. The waveguides with 1 um and 2
um width only supports fundamental mode, whereas the higher order can be excited in
addition to the fundamental mode by changing the input coupling condition (such as
lateral misalignment between the input fiber and waveguide) for other waveguides which
have a wider width (3 pm to 6 pm). On the other hand, for insertion loss and polarization
dependent loss measurement, the objective lens and polarimeter/IR camera combination
was replaced by an output UHNA fiber, and it was connected to an optical power meter
(OPM; Thorlabs S144C). The absorption coefficient and extinction coefficient of GO-
coated waveguide can be calculated from the insertion loss and polarization dependent
loss measured. To ensure only single-mode excitation, planarized optical waveguide with

2 pm width is used in the optical characterization.
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Figure 4.5: Experiment set-up for input fiber alignment, mode profiling of 1550 nm
light propagating in waveguide core, and optical characterization of GO-coated
waveguide.

Figure 4.6: Mode profiling of 1550nm light at the output of the planarized optical
waveguide with width of (a) 1 pm (b) 2 pm (¢) 3 pm (d) 4 pm (e) 5 pm (f) 6 pm
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4.6  Results and Discussions
4.6.1 Comparison of Experimental and Simulation Results

Figure 4.7 shows the experimentally obtained propagation loss per unit length of GO-
coated planarized optical waveguide for both TM- and TE-polarized lights. The TM-
mode propagation loss remains at a low level (1.5 to 9.7 dB.mm™) for coating thickness
up to 0.42 um. Then, the loss increases steeply to more than 61.3 dB.mm™' when the GO
thickness exceeds 0.71 um. Note that the x-axis error bar represents the standard deviation
of GO coating thickness measured using surface profiler. For y-axis, the values are
obtained from power measurement using optical power meter which has a very high
measurement precision. In addition, the optical power measured is very stable, with a
fluctuation of less than 3%. Therefore, the y-axis error bar is too small to be observable
in Figure 4.7. However, for GO thickness higher than 0.7 um, the transmitted power for
TM-polarized light is close to, or lower than the detection limit of the OPM used,
therefore the propagation loss for TM-mode at GO thickness greater than 0.7 um may be
even higher. On the other hand, the TE-mode propagation loss increases from 2.48
dB.mm! to 44.5 dB.mm! over the thickness range up to 0.34 um, before falling to 15.1
dB.mm! at thickness of 0.71 pm and increasing to 23.9 dB.mm! at 1.04 um thickness.
The significantly different propagation loss-thickness profiles between TE- and TM-
polarized lights shows that the optical response of GO-coated planarized optical

waveguide is sensitive to the complex refractive index of the GO coating.
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Figure 4.7: Propagation loss per unit length of GO-coated planarized optical
waveguide for TM- and TE-polarized light with different GO coating thickness.

The abrupt increase in propagation losses, and hence extinction coefficient, for TM-
polarised light when the thickness of the GO layer is increased beyond 0.4 um, and also
the maximum propagation loss happens at GO thickness of ~0.34 um for TE-polarised
light can both be explained by the power distribution of the optical mode in the GO-coated
waveguide, as shown in Figure 4.8. For TE-polarised light, the modal power is mostly
confined in the waveguide core at low GO thickness (up to ~0.2 um), then the optical
mode is having strong interaction with the GO coating when its thickness is increased to
~0.34 um, and finally the mode is distributed back into the core at bigger GO thickness
(0.5 um to 1.0 um). On the other hand, for TM-polarised light, the interaction is only
between the evanescent field in the waveguide core and the GO-layer for a GO coating
thickness up to 0.4 um. When the GO coating thickness is greater than 0.4 pm, TM-
polarised light is almost completely coupled into the GO coating and results in very high

propagation loss.
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Figure 4.8: Simulated mode distributions for TM-polarised light in waveguide
coated with GO-layer at thicknesses of 0.1 pm, 0.4 pm and 0.8 pm.

Figure 4.9 and Figure 4.10 shows the relationship between effective extinction
coefficient (key) of the GO-coated waveguide — calculated from the experimentally
obtained propagation loss — and GO coating thickness, for TM-mode and TE-mode,
respectively. Simulation results obtained using different real- (nGo) and imaginary-part
(kco) of complex refractive index are also included for comparison. From Figure 4.9 (a),
it can be seen that the critical thickness where the abrupt increase in ke takes place

becomes smaller with the increase of nco, with just a minor change in the rising gradient
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of ke and the magnitude of ke at GO thickness between 0.5 um and 1.0 pm. This is due
to the higher tendency for the guided mode to be coupled into the GO coating when ngo
is higher. On the other hand, it can be seen that larger value of kgo will result in larger ke
for GO-coating thicknesses between 0.5 pm and 1.0 um as well as a steeper gradient of
increase at the critical thickness, as shown in Figure 4.9 (b). However, the critical

thickness does not change by the variation of kco.

From Figure 4.10 (a), the increase in ngo of GO coating will reduce the value of GO
thickness where maximum ks takes place, with just a minor change of rising and falling
gradient of the ke profile. On the other hand, Figure 4.10 (b) shows that larger value of
kco will decrease the value of maximum k.5 of GO-coated waveguide, which corresponds
to the decrease in the rising and falling gradients the precedes and follows the maxima,
respectively. A negligible change in the thickness of GO coating where the maxima takes
place is observed. Using the information gathered, the anisotropic complex refractive
index values of GO film and their uncertainties can be determined through cross-
refencing between experimental and simulation data. This is discussed in detail in section

4.6.2.
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(b)

Figure 4.9: Change in effective extinction coefficient of GO-coated waveguide with
variation of coating thickness for different values of (a) Nnco (with kco = 0.002) and
(b) kco (with nco=1.615) of GO refractive index for TM-mode.
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Figure 4.10: Change in effective extinction coefficient of GO-coated waveguide with
variation of coating thickness for different values of (a) nco (with kco=0.17) and (b)
kco (with nc0=1.66) of GO refractive index for TE-mode.
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4.6.2 Determination of complex refractive indices and their uncertainties

The determination of complex refractive index of GO thin film is based on the figure-
of-merit function (or “merit function” for short) (Korn & Korn, 2000; Press et al., 1992).
This function measures the agreement between the experimental data and the model with
a particular choice of parameters, and is used in other optical measurement technique such
as ellipsometry (Jellison, 1993). The merit function is conventionally arranged so that
small difference between the selected experimental and simulation data represent close
agreement (Press et al., 1992). The parameters of the fitting model are adjusted to achieve
a minimum in the merit function to yield best-fit parameters. In this work, the fitting
parameters and figure-of-merit of the self-design merit function are shown in Table 4.1

below.

Table 4.1: Fitting parameters and figure-of-merit of the self-design merit function

Fitting parameters Figure-of-merit

Real part of GO complex refractive index GO thickness where abrupt increase in

for TM-mode, nco(TM) kef takes place

Real part of GO complex refractive index GO thickness where maximum k.5 occurs

for TE-mode, nco(TE)

Imaginary part of GO complex refractive Gradient of the k.j rising curve

index for TM-mode, kco(TM)

Imaginary part of GO complex refractive Positive and negative gradient for the

index for TE-mode, kco(TE) rising and falling k. curve
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As discussed in section 4.6.1, the experimental uncertainty mainly arises from the
measurement uncertainty of GO coating thickness, and the maximum uncertainty in
coating thickness is measured to be around 10% of the average thickness value. Therefore,
a threshold of 10% is set in determining the uncertainties of GO complex refractive
indices. However, an exception is applied in determining the uncertainty of kgo for TM-
polarized light. As can be seen from Figure 4.9, the GO coating thickness uncertainty is
larger at GO thickness of 0.53 um and 0.57 um. As kco for TM-polarized light is
determined from the gradient, which is acquired from this thickness range, the uncertainty
of kco 1s expected to be larger. Therefore, a threshold of 20% is set in determining the

uncertainty of the kgo for TM-polarized light.

With the approach discussed above and the assumptions that (1) complex refractive
index of GO remains constant with the increase of coating thickness from 0.1 um to 1.0
um and (2) the waveguide loss is negligible (all propagation loss is contributed solely by
GO), the uncertainties of the real part of GO complex refractive index, 4ngo for TM- and
TE-polarized lights can be determined by the merit function (4.1) and (4.2), while the
uncertainties of the imaginary part of GO complex refractive index, 4dkgo for TM- and

TE-polarized lights can be determined using merit function (4.3) and (4.4) below.

Ssim_sexp

Anco(TM) = x100%

exp

4.1)
where Ssin 1s the simulated value of GO thickness where abrupt increase in ke takes place;

Sexp 15 the experimental value of GO thickness where abrupt increase in ke takes

place.
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Tsim— Texp

Anco(TE) = x100%

exp

(4.2)

where Tin 1s the simulated value of GO thickness where maximum k. occurs;

Texp 1s the experimental value of GO thickness where maximum k.4 occurs.

Qsim_Qexp

Akco(TM) = x100%

exp

(4.3)

Where QOyin 1s the gradient of the k.4 rising curve for simulation;

Qexp 18 the gradient of the k.4 rising curve for experiment

(R_F)sim_(R_F)exp
(R_F)exp

Ako(TE) = x100% (4.4)

where R;inm 1s the positive gradient of ke rising curve for simulation;

Fim1s the negative gradient of ke falling curve for simulation;

Rexp 1s the positive gradient of ke rising curve for experiment;

Feyp 1s the negative gradient of ks falling curve for experiment

Using merit function (4.1) to (4.4), the percentage of deviation of k.5 of the GO-coated
optical waveguide for TM- and TE-polarized lights are plotted for different values of real
part and imaginary part of GO complex refractive indices and are shown in Figure 4.11.
By setting the 10% deviation threshold (and 20% deviation threshold for Akco of GO for

TM-polarized light), the uncertainties for the real part of the GO complex refractive index,
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Ango are £0.020 and +0.03 for TM- and TE-polarized lights, respectively. On the other
hand, the uncertainties for the imaginary part of the GO complex refractive index, dkco

are £0.001 and £0.01 for TM- and TE-polarized lights, respectively.

Figure 4.11: The deviation percentage of Kerr with the variation of (a) real part (at
kco=0.17) and (b) imaginary part (at Nco=1.66) for TE-polarized light along with the
variation of (c) real part (at kso=0.002) and (d) imaginary part (at nco=1.615) for
TM-polarized light

4.7  Summary

The anisotropic complex refractive index of GO for TM- and TE-polarised light at
wavelength of 1550 nm, are determined to be 1.615 + 0.002i and 1.66 + 0.17i, respectively.
The uncertainties of FEM analysis for real part of complex refractive index are +0.020

and £0.03 for TM- and TE-polarised light respectively, whereas the uncertainties for the
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imaginary part of complex refractive index is £0.001 and £0.01 for TM- and TE-polarised
light respectively. Compared to other common optical technique, like spectroscopic
ellipsometry which involves complicated model-based analysis and having limitation on
determining the extremely low extinction coefficient, k value of certain material under
tested, the proposed optical method on investigating the dielectric optical properties of
GO by means of optical planar waveguide has given us an alternative and simpler

approach to study the optical constant of suitable dielectric material.
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CHAPTER 5: THESIS CONCLUSION AND FUTURE WORK

Conclusion

Determination of the anisotropic complex refractive index of GO by cross-referencing

the polarization response of GO-coated planarized optical waveguide with finite element

analysis has been successfully demonstrated. The demonstration is achieved with the

successful accomplishment of the following:

Single mode planarized optical waveguide was designed based on silica as
waveguide material. The planarized optical waveguide dimensions for single mode
operation were found to be 2 um in width and 3 pm in height. This is followed by the
simulation of light propagation characteristics of planarized optical waveguide
coated with thin film overlay of different complex refractive indices at the 1550 nm.
The simulation results show that the effective mode index of thin film-coated
planarized optical waveguide is highly dependent on the thickness of thin film
coating. In addition, nef of planarized waveguide increases with the increase of
refractive index of the thin film overlay but decreases with its extinction coefficient,
while ke of planarized waveguide increases with the increase of both refractive index
and extinction coefficient of the thin film overlay. Finally, by extending the coating
thickness analysis, an in-plane TM-pass waveguide polarizer with very large PER
(BP: 78.5 dB, GO: 97.7 dB) and low insertion loss can be produced using the
anisotropic optical properties of BP and GO as the thin film overlay with optimized
coating parameters.

. Planarized optical waveguide was fabricated using a modified waveguide fabrication
method. The refractive index of the waveguide core is 1.486, while side cladding
(refractive index: 1.44) and bottom cladding have a refractive index of 1.44 and 1.444,
respectively. The core dimension is 3 um in height, while the top and bottom surface

width are found to be 1.9 um and 2.8 pum, respectively, which allows only the
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excitation of fundamental mode at the wavelength of 1550 nm. On the other hand,
GO was fabricated using modified Hummer’s method. Then, GO thin film overlays
were coated onto the planarized optical waveguide using drop casting technique to
produce GO-coated planarized optical waveguide. The thickness of GO thin film was
varied by drop casting GO solution with different concentration and by carrying out
multiple drop casting. The polarization response of GO-coated planarized optical
waveguide was then measured. The experimental results show that the change in
propagation loss with different GO coating thickness are very distinct for TE- and
TM-polarized lights. This distinction provides useful information of the polarization-
dependent optical properties of GO thin film.

The strong polarization response of GO-coated planarized optical waveguide,
together with finite element analysis, were used to determine the complex refractive
index of the GO film. Using the figure-of-merit function approach, the complex
refractive indices of the GO film at the wavelength of 1550 nm were determined be
1.66+0.171 and 1.615+0.002i for TE- and TM-polarised lights, respectively. Error
analysis of this determination approach were also analyzed, and the uncertainties for
the real parts of the refractive index were £0.03 and +0.020 for TE- and TM-polarised
light, respectively. On the other hand, the uncertainties for the imaginary part of the

refractive index were +£0.01 and +£0.001 for TE- and TM-polarized light, respectively.

The anisotropic complex refractive index values of GO obtained is valuable for the future

development of GO-based optical telecommunication devices where NIR wavelengths

are used as signal carrier. The advancement in optical telecommunication would in turn

contribute significantly to national security, such as recovery from natural disaster,

homeland security and military support. In addition, the thin film anisotropic complex

refractive index determination method used in this work can be extended to the analysis

of other thin film materials with large optical anisotropy.
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5.2 Future Works

Based on the current achievements, a number of studies can be explored in the future.
The current waveguide structure (straight channel) can only measure the insertion loss of
the GO-coated waveguide, which is related to effective extinction coefficient of the
waveguide. In this case, the anisotropic optical properties of GO is obtained via cross-
referencing between simulation and experimental results of effective extinction
coefficient. By designing more complex structures like Mach-Zehnder interferometer and
micro-ring resonator on the same planarized optical waveguide platform, the complex
refractive index of GO and other thin films can be determine using a more direct,
analytical approach. Furthermore, the planarized optical waveguide platform can also be
extended to study the nonlinear optical properties of GO and other thin films. Unlike
conventional Z-scan technique that can only measure the nonlinear absorption and
nonlinear refraction of a thin film sample in one polarization state, the nonlinear
properties of GO thin film for both polarization states of light can be studied using the

proposed platform with suitable waveguide structure designs.
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