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This thesis describes the realisation of devices and techniques based on evanescent field
sensing using planar optical waveguides for mid-infrared (MIR) absorption spectroscopy,
to provide bio-chemical sensing capabilities for medical diagnostics. The fundamental
vibrations of bio-chemical molecules occur in the MIR region, where their absorption is
orders of magnitude stronger than their overtone bands in the near-infrared making it
suitable for highly sensitive and specific absorption spectroscopy. Realisation of
waveguides is an essential step towards mass-producible and low-cost integrated lab-on-
chip devices. Two chalcogenide compositions were used to make waveguides,
germanium telluride (GeTes) as waveguide core and zinc selenide (ZnSe) as waveguide
lower cladding. Two approaches were followed for waveguide fabrication: GeTes
waveguides on bulk ZnSe and GeTes waveguides on thin films ZnSe deposited on Si.
High contrast (An ~ 0.9) GeTes channel waveguides on ZnSe were fabricated using
photolithography and lift-off. Waveguiding was demonstrated for the wavelength range
between 2.5 and 9.5 um for GeTes channel waveguides on bulk ZnSe substrates. GeTes
waveguides fabricated on Si with ZnSe isolation layers were characterised for
waveguiding and propagation losses in the wavelength range between 2.5 and 3.7 um.
ZnSe rib waveguides were also fabricated on oxidised Si by photolithography and dry
etching and were characterised for propagation losses in the wavelength region of 2.5-3.7
um. Absorption spectroscopy of liquid mixtures absorbing in the MIR was performed on

the surface of the waveguide and the results were compared with a theoretical model.
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CHAPTER 1
Introduction

1.1 Motivation

There are multitudes of biosensors available around the world and are being used as
point of care diagnostic tools, but apart from few well known examples (the glucose
sensor, home pregnancy test, waste water quality control sensor, personal calorie
management sensor), they are often bulky, expensive, time consuming and require an
expert operator. These techniques are out of reach to many people living in remote areas
or are too slow for critically ill patients who need urgent care. The standard process flow
for disease diagnostics includes collection of biological samples (blood, urine, tissue
swabs etc.) from the point of care and transported to the centralised laboratories for
sample preparation and tests by experts. After the results become available (usually few
days), the laboratory notifies the clinicians or patients and the treatment is modified
accordingly. This creates a delay in evidence based treatment. It is imperative that
maximum number of people can have access to early warning diagnostics and hence there
is a need for mass-producible and handheld prolific biosensors which can provide
accurate and reliable information rapidly and at low cost. A biosensor is characterised by
many features such as its selectivity, sensitivity, precision, signal stability, noise (working
range of a biosensor), regeneration time and lifetime, affordability, compactness and
portability. Depending on the clinically significant biochemical analyte, there are a variety
of direct and indirect laboratory based tests available. Based on a specific application area,
a technique or a combination of techniques can be selected or engineered that offers the
customised characteristics of a biosensor. There are a number of widely used in vitro
diagnostics techniques such as microscopy, chromatography, culture, immunoassays,

nucleic acid amplification, piezoelectric, electrochemical and optical. Each of these have
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their well-recognised advantages and shortcomings. Microscopy lacks sensitivity and
quantification in many clinical scenarios, conventional immunoassays are highly sensitive
but are labour intensive and challenging for multiplex detection, nucleic acid
amplification offers high molecular specificity but demands a complex sample
preparation, piezoelectric sensors are limited by temperature, voltage and stress,
electrochemical sensors being highly successful for their fast response time and sensitivity
but often require highly stable and accurate reference electrode and some enzyme based
transducers require extraction, isolation and purification of biomolecules from the
unwanted background constituents or contaminants to increase selectivity. These
purification techniques are not only time consuming and expensive but also sometimes
leads to loss of bio-chemical activities in the process [1, 2]. Optical biosensors offer rapid,
low-cost analysis and detection tools with the versatility for integration of highly
multidisciplinary approaches such as microelectronics, biology, biotechnology and
chemistry. Optical approaches are widely used for chemical analysis in microsystems as
they have an excellent track-record in chemical analysis, usually show the lowest limits of
detection (LOD) and provide the greatest chemical or morphological information of the
analyte. There are a number of advantages in using optical measurements such as 1) it is
a non-destructive technique, 2) more information can be collected with the same sample,
3) high sensitivity (ppb-ppm) and performance. The two most common detection
protocols used in optical biosensing are fluorescence based detection and label-free
detection. In fluorescence based detection the target molecules are labelled with
fluorescence tags, and the intensity of fluorescence indicates the presence of target
molecules. While this technique is extremely sensitive, it requires laborious labelling
process and its quantitative analysis is challenging. Label free detection on the other hand
is direct and relatively easy to perform. Label-free optical detection includes refractive
index (RI), absorption and Raman spectroscopic detection. RI and absorption are real and
imaginary parts of complex RI constant. Raman detection involves unlabelled target
molecules like RI and absorption detection, while the emitted Raman light is used for
detection similar to fluorescence based detection [3]. Devices based on real part of
refractive indices lack specificity because lots of different things can change refractive
index. Both Raman and absorption infrared spectroscopies involves molecular vibrational

transitions based on scattering or absorption of molecules respectively. This work is
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focussed on fabrication of waveguide devices based on optical absorption detection of
aqueous analytes in the mid-infrared (MIR) region. The MIR region is extremely suitable
for absorption spectroscopy because the fundamental vibrations of biochemical molecules
occur in this region, where their absorption is orders of magnitude stronger than their
overtone bands in the near-infrared (NIR) making it useful for highly sensitive absorption
spectroscopy. A molecule can vibrate in many ways (symmetric and anti-symmetric
stretching, rocking, wagging, bending, twisting, scissoring) depending on the number of
atoms and its linearity. Each of these vibrations corresponds to a vibrational mode. A
diatomic molecule has one bond corresponding to one vibrational mode. The symmetry of
the molecule and a set of selection rules define the allowed and forbidden vibrational
transitions. For example, water (H20) is a non-linear molecule and has three vibrational

modes and all of these are allowed transitions or IR-active.

MIR is a part of the infrared region that has a wavelength range from 2.5-20 um that
corresponds to wavenumber range 4000-500 cm™ and frequency range 120-15 THz as
shown in Fig. 1.1. It is broadly categorized into four regions according the type of
vibrations, X-H stretching region (4000-2500 cm™ or 2.5-4 um) where X is any atom, the
triple bond region (2500-2000 cm™ or 4-5 pum), the double bond region (2000 -1500 cm™ or
5-6.66 um) and the fingerprint region due to bending vibrations (1500-600 cm or 6.66—
16.66 um) [4]. In this work it is divided into two wavelength bands according to the
measurement setups used in this work: the mid wavelength infrared region (MWIR)
corresponding to 2.5-4 um wavelength region and the long wavelength infrared region

(LWIR) corresponds to 6-12 um wavelength region.
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Electromagnetic spectrum
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Fig. 1.1 Electromagnetic spectrum showing the wavelength and frequency range of each region

MIR is an important region for a broad range of applications in various fields such as
spectroscopy, pharmaceuticals, forensic, security and safeguard, astronomy, climate and
pollution monitoring, sensing and detection of some prominent gases such as CO», O,
CO, NO, CHs, HCI; liquids such as oil, biological tissues and solids such as plastics, food
etc [5]. These applications are not only technologically significant but also contribute to a
safe and secure society. The main driving force behind this work is MIR aqueous
biosensing. MIR technologies are promising for identification and detection of analytes of
very low concentration using their fingerprint absorption in this region, offering high
selectivity over a wide range of compounds without labelling. The presence of biological
markers of disease or of molecular changes in clinical samples can be distinguished by
studying their MIR spectra, leading to the rapid high sensitivity, real time measurement
of complex mixtures to identify and quantify species for point of care diagnosis. However,
realisation of optical biosensors by integrating a variety of active and passive optical
components into a monolithic planar structure will enable improved efficiency and a
compact device. Integrated optics allows different optoelectronic and microfluidic
components to be fabricated on a single chip to help in realizing sensing of liquid
analytes. This feasibility of monolithic integration makes the device robust and mass
producible thus making it a potentially low cost device. Fig. 1.2 shows a vision of an
integrated lab on a chip sensor system comprised of a MIR light source, waveguides, a
detector, a microfluidic channel and an integrated Fourier transform infrared (FTIR)

assembly monolithically fabricated on a single substrate. The most common detectors
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used for detecting MIR signal are mercury cadmium telluride (MCT) detectors because of
their broad emission spectrum covering the wavelengths region from 2 to 16 um, better
sensitivity as compared to other common detectors used in FTIR such as DLaTGS detector
and better signal to noise ratio [6]. There is a great potential for integrating MCT detectors
on the same chip along with the source and waveguide as MCT planar waveguides have
been demonstrated on CdTe substrates [7]. Researchers have shown monolithic
integration of QCL and detectors on the same chip with a peak responsivity of 3.6mA/W
[8]. The responsivity of the MCT detector used in this work is between 0.02 - 0.1 A/W,
depending on the wavelength (Refer section 3.5.1E). The idea of making optical
waveguide transducers for MIR biosensors is the key motivation behind this work. The
focus of this project is to develop optical waveguides and measurement techniques based

on evanescent field MIR spectroscopy.

Fig. 1.2 Schematic of a mid-infrared lab-on-a-chip sensor system

In recent years active research has been taking place in developing optics in the MIR
spectral regime. Many important breakthroughs have been achieved in the last few
decades, and in particular the advent of the quantum cascade laser (QCLs) in 1994 [9] has
revitalised MIR light sources because of their broad emission bands, high tunability, high
power (in 100s of mW), user-friendly room temperature operation and compact design
[10-11]. QCL is a semiconductor laser involving only one type of charge carriers
(unipolarily) unlike the diode lasers which involves electron hole recombination
(bipolarily). In a QCL, dozens of alternating layers of semiconductor material forms the

quantum wells, which confine the electrons to a particular energy state and these

5
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electrons tunnels through one quantum well to another, emitting photons, when a voltage
is applied across the device. The emitted photons does not depend on the lasing material,
rather it is determined by the structure of the layers. It requires extreme precision of
material growth as the individual layers are few nanometer thick. Fig. 1.3 (a) shows the
concept of unipolarity where the energy diagrams shows the inter sub-band transition
with the initial and final transition states having the same curvature. Fig. 1.3 (b) shows the

cascaded structure of multiple layers forming quantum wells [9].

(a) (b) injector
active region

injector

ro.
)

E3o o\ \ active region

Energy

Distance

Fig. 1.3 (a) Energy diagram showing inter band transition and (b) Multistage cascaded geometry of a QCL
[9].
The period from 1960-2000 witnessed the development of IR detectors from first
generation linear arrays of MCT detectors to second generation large 2D arrays in square
or rectangular formats. Recently, third generation IR detectors with enhanced capabilities
such as better thermal resolution, higher frame rates and larger number of pixels are being
developed [13]. At present, MIR technology is not fully developed to provide off the shelf
MIR compatible optical components such as low loss fibers, beam splitters and high
numerical aperture (NA) lenses, but there has been active research into inventing cost-
effective MIR materials and optical components for specific applications. Despite these
technological limitations, fabrication of devices at MIR wavelengths has the advantage
that the fabrication tolerances for defects, roughness and feature dimensions are higher at

the longer wavelengths.
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1.2 MIR materials and waveguides

Integrated devices for MIR biosensing need waveguides for efficient and reproducible
interaction of analyte with photons. Materials are the heart of any device and are so for
waveguides. The two most important properties that need to be considered while
selecting the MIR waveguide materials are MIR transparency and high RI. Both the
waveguide core and the substrate should be MIR transparent to allow low-loss
propagation of MIR light. There should be a high RI contrast between the core and the
substrate which allows confinement of light into smaller geometries thereby leading to a
compact device and also improves the surface optical intensity which increases the
sensitivity of the device. Conventional materials like silicate or soda lime glasses transmit
light up to ~ 3.7 um wavelengths in the MIR (above A = 3.7 um, the transmission drops to
50% for a 6 mm bulk silica glass [14]), hence, novel materials need to be explored and
engineered to cover the longer MIR wavelengths. There are several optical materials that
transmit in the MIR region which include some oxides, halides, single crystalline
semiconductors and chalcogenides. Only a handful of oxides are useful in the MIR region
including zinc oxide (transmits up to 4 um), magnesium oxide (transmits up to 5.5 um)
[15], tantalum pentaoxide (Ta20s) (transmits up to 8 um) [16] and yttrium oxide (Y205)
(transmits up to 15um) [17]. Ta20s and Y205 appear to be promising MIR materials but
there is no literature demonstrating their MIR waveguiding capabilities. The waveguides
fabricated on planar substrates from a variety of MIR transparent materials from literature
are discussed below along with their propagation losses. The waveguide materials used
for this thesis work belong to the chalcogenides and are also discussed in detail in this

section.

Halides: Halides include chlorides, iodides and fluorides and they have excellent
transmission in the MIR region (up to 25-30 pum) with RI ~ 2 depending on the
concentration of halide in the compound. Silver halide planar waveguide have been
demonstrated produced by a press tapering method by heating silver halide fiber
segments to create waveguides with a range of thicknesses (190-300 um) and 3 mm wide.
These waveguides were used for demonstrating evanescent field sensing of urea crystals
and acetic anhydride [18]. Silver halide waveguides have also been fabricated by an inter-

diffusion method that yielded a waveguide loss of 4-16 dB/cm at A=10.6 um depending on
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its thickness [19, 20]. The fabrication techniques used here are not compatible with thin
film processing technology for mass production. Silver halide strip waveguides using
thermal evaporation and photolithography were also reported with the propagation
losses of 20 dB/cm at A = 10.6 um [21]. Despite having excellent MIR transparency and
high refractive index, halides degrade (dissolve) in water, which makes them unstable

and incompatible with detection of aqueous analytes.

Group IV materials: Single crystals such as silicon (Si) and germanium (Ge) are

transparent in MIR region and have high refractive indices. Si transmits up to ~ 7-8 um
wavelengths, and has a refractive index of ~3.42 at A =7.5 um. Silicon on insulator (SOI)
has been used for NIR technuology platforms to demonstrate various devices in MIR
regime. A library of passive SOI devices were fabricated in 3-4 um wavelength region;
such as rib waveguides with propagation losses of 0.6-1.5 dB/cm for A = 3.39-3.77 um,
strip waveguides with losses 3-5 dB/cm at A = 3.8 um and slot waveguides with
propagation losses of 9-10 dB/cm [22-24]. An on-chip spectrometer, low loss multimode
interferometers (MMIs) (0.37 dB/MMI insertion loss at A = 3.8 um), Mach-Zehnder
interferometers (MZIs) and ring resonators were designed and fabricated for applications
at A =3.8 um [25-27]. Since losses in Silica (SiO2) start to increase beyond a wavelength of
3.7 um (~5dB/cm at A = 3.7 um for bulk silica), an alternative material system, silicon on
sapphire (SOS) was employed to increase the transmission range up to ~ 5.5 um. SOS
waveguides were demonstrated in the 4-5.5 um wavelength range with propagation
losses 2-4 dB/cm [28-30]. Other alternatives to increase the transmission of Si-based
waveguides such as air cladded broadband on chip straight and bent waveguides and
beam splitters have shown optical losses of ~ 2.7 dB/cm at A = 3.7 um [31]. However,
novel designs are being explored to access the transmission in silica beyond 4.0 pm
wavelength and to minimize water absorption dominant losses between 2.7-3.3 um
wavelength region, where losses in silica are high. For example, silica hollow core fibers
were designed to obtain minimum attenuation of 34 dB/km at 3.05 um and transmission
beyond 4 pum wavelength was also achieved [32]. These designs may not be directly
applicable to the integrated photonic devices used in this work; however, the idea of
design and engineering of the device may be modified and transferred to integrated

approach. Another CMOS compatible material, silicon nitride (SisN4), which is
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transparent up to 8.5 um in MIR was used to make waveguides on oxidised silicon with
the losses of 2.1 dB/cm at A =3.7 um [33]. Ge, which is transparent up to ~ 15 um and has a
RI of 4 for wavelengths between 2 um and 15 um , is also compatible with silicon and has
been used to fabricate Ge on silicon (GOS) waveguides at A = 3.8 um reporting record low
losses of 0.58 dB/cm [34]. GOS losses at A = 5.8 um were reported to be 2.5-3.0 dB/cm [35,
36] and 3.0 dB/cm at A = 7.5 um [37]. GOS multiplexers, MZIs and thermo optic
modulators were also explored. SiGe graded index waveguides were also fabricated and
tested at 4.5 um and 7.4 um wavelengths showing losses of 1- 2 dB/cm [38]. Although
GOS waveguides are promising, suitable MIR transparent substrates should be used to
exploit the full MIR transparency of Ge as Si starts to absorb beyond A = 7 um and
therefore limits GOS waveguides in MIR. Another group IV element carbon
(polycrystalline freestanding diamond waveguide) was grown using CVD on SisN4 coated
Si and oxidised silicon substrates and were made into strip waveguides by inductively
coupled plasma (ICP) etching. They were used to demonstrate detection of acetone in the
wavelength range 5.78-6.35 um using evanescent field absorption spectroscopy [39].
Waveguide transmission beyond a wavelength of 7.5 um has not been yet demonstrated

in these materials.

III-V _semiconductors: Epitaxial films of gallium arsenide (GaAs) based materials are

suitable for a MIR spectral window up to 13 um and have high RI > 3. A~ 6 um thick core
layer of GaAs on a 6 um thick buffer layer of aluminium gallium arsenide (AlGaAs)
grown on Si-doped GaAs substrate by molecular beam epitaxy (MBE) and metal organic
vapour phase epitaxy (MOVPE) were fabricated into ridge waveguides and on chip MZIs
by reactive ion etching (RIE). Droplets of acetic anhydride were deposited on a 200 um
wide waveguide surface covering a length of 400 pum and a detection volume of 19.4 ng of
acetic anhydride was demonstrated at A = 10.2 um. The waveguide losses were not
reported [40-43]. An integrated 15-channel multiplexer on the indium phosphide (InP)
platform has been demonstrated, covering 7.1-8.5 pum wavelength range with a
propagation loss of 0.5-2.9 dB/cm in the wavelength range of 7.3-7.4 um. InP is
transparent up to 14 um and has RI ~ 3 at A = 10 um [44]. These materials are promising
for MIR applications but depositing thick layers of epitaxial films is time consuming and

expensive.
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Chalcogenides: Materials containing one or more of the group VI elements: sulphur,

selenium or tellurium are called chalcogenides. They are considered to be the most
advanced potential materials for MIR applications because of their 1) optical transparency
in the visible-infrared region; up to ~8 um for sulphur, ~14 um for selenium and beyond
20 um for tellurium 2) capacity of composition alloying 3) easy processability in different
compositions and geometries, 4) photosensitivity, and 5) high RI for good optical
confinement and enhanced optical intensities [45, 46]. These materials are generally
combined with other group elements in the periodic table to form stable compounds
which are used for fabrication of devices. There are various ways to deposit chalcogenide
films such as RF sputtering [47-48], thermal evaporation [50-53], pulsed laser deposition
[54, 55], hot embossing [56-57] and chemical deposition [49, 62], these methods can be
combined with dry/wet etching or lift-off techniques to fabricate channel or rib
waveguides. Within the scope of this thesis, the state-of-the-art on chalcogenide

waveguides for MIR is discussed in detail according to research groups.

The first chalcogenide waveguides were reported by researchers in Japan [59, 60] and
Russia [61, 62] in the 1970’s where arsenic sulphide (As2Ss) slab waveguides on lithium
niobate (LiNbOs) crystals were used to demonstrate diffraction of guided light by the
acousto-optic effect. From then until the early 2000s, many researchers reported work on
the photosensitivity, where a change in the refractive index of the waveguide core was
achieved by irradiating with light at a variety of wavelengths or by in-diffusion where a
material such as silver was diffused by doping by thermal diffusion to create a refractive
index change [63, 64]. Losses as low as 0.3 dB/cm at A = 1.566 um were reported for rapid
thermal annealed (RTA) films of a chalcogenide composition (GeAsSSe) on Si formed into
channel waveguides by irradiating with light at 488 nm through a mask, by S.
Ramachandran et al. in 1999 [65]. Direct UV (A = 244 nm) written channel waveguides of
gallium lanthanum sulphide (GalaS) glass were reported to have losses as low as 0.2
dB/cm at A = 1.3 um by D. Hewak et al. in 2002 [66]. The same group also reported
femtosecond laser written waveguides of GaLaS with a propagation loss of 1.47 dB/cm
using optimised writing pulse parameters in 2002 [67]. Slab waveguides made by RF
sputtering using chalcogenide alloys of arsenic sulphide (AsS), germanium antimonide

selenide (GeSbSe) and germanium arsenic selenide (GeAsSe) were characterised at A =

10
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1.064 um by Texas instruments in 1974 and propagation losses were reported to be 2-22
dB/cm depending on the composition [68]. As dry etching and lift-off became available
with evolving technology, fabrication of channel and rib waveguides became popular for
better confinement of light. An As:Ss etched waveguide was reported by B. Eggleton et al.
in 2007 to have record low losses of 0.05 dB/cm at A =1.550 um [69]. Chalcogenide glasses
has seen enormous interest in telecommunication because of the high nonlinearities (Kerr,
Raman and Brillioun), which are 2-3 orders higher than those of silica, making them stand
out for optical signal processing functions such as switching [70], amplification [71, 72],
lasing [73], wavelength conversion [74] and pulse compression [75]. Until recently
chalcogenide waveguides were normally tested at visible or NIR wavelengths despite
their capabilities in the MIR region, most likely due to limited availability of MIR sources,

detectors and components.

The first experimental result in the MIR in a chalcogenide, for an As:Ses channel
waveguide on As2Ss fabricated on oxidized Si by photo darkening effect which created a
local change in refractive index of As:Ses was demonstrated by Ho et al. in 2006, with
propagation losses of 0.5 dB/cm and 1.1 dB/cm at A = 8.4 um in the TE and TM
polarization respectively. The RIs of As:Ses and As:Ssare taken to be 2.78 and 2.39 at A =
8.4 um [76]. The results were encouraging but photo darkening leads to a small refractive
index contrast (~ 0.04), which is not good for compact devices. An As:Ss waveguides on
sodium chloride (NaCl) made by solution processing reported by C. Arnold et al. in 2010
showed propagation losses of 4.5 dB/cm at A = 4.8 um [77]. In the same year, the same
group then published results on As:Ss waveguides fabricated on a LiNbOs substrate by RF
sputtering and dry etching, demonstrating single-mode operation and propagation losses
of 0.33 dB/cm at A = 4.8 pum [78]. Another arsenic based composition, GeAsSe rib
waveguides were fabricated by thermal evaporation and dry etching by B. L. Davies et al.
in 2013, showing losses below 1 dB/cm at wavelengths between 2.5-6.6 um when the
waveguides were protected from environmental degradation by coating with a 10 nm
thick fluoropolymer film [79]. The group of A. Pradel has also worked on an arsenic based
composition, TeAsSe, where rib waveguides were fabricated by thermal evaporation and
dry etching on As2Ss substrates, and propagation losses of 10 dB/cm at A = 10.6 um were

reported [80]. Arsenic based waveguides have potential for MIR low loss waveguides;

11
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however, arsenic is a hazardous material to deal with while processing and fabrication of

the samples.

The first chalcogenide waveguide monolithically integrated with a microfluidic device
was formed from germanium-antimony-sulphide (Ge-Sb-S) alloy by J. Hu et al. in 2007
[53]. Here Ge23Sb7Snfilms were deposited onto oxide coated silicon wafers using thermal
evaporation and channel waveguides were defined using lift method and losses between
0.5-2.5 dB/cm were reported depending on the rib or channel width at A = 1.55 um.
Recently in 2014, the same group published a review of their work in MIR materials and
devices including SisNs directional couplers between A = 2.45-2.65 um, Ge23Sb7S70-As2Ses-
Ge2sSb7Sn as substrate-core-uppercladding microdisk resonators fabricated on Si wafer
and waveguide photonic crystal cavity fabricated on Ge2:SbsSn-CaF: as core/substrate
combination by focused ion beam milling working at a wavelength of 5.2 um for MIR
sensing applications. To enhance the specificity of the sensor, its surface functionalization
was studied, and monolithic PbTe detectors on Si were designed and fabricated for MIR
[81]. Recently, in 2016, J. Charrier et al. reported a fully etched GeSbSe waveguide with a
RI contrast of 0.33, showing propagation losses of 2.5 dB/cm at A = 7.7 um and also

demonstrated detection of methane and nitrous oxide [82].

Materials used for this work: The state-of-the-art discussed above shows that there is a

large number of potential materials available for various MIR applications. Each material
systems have their pros and cons. Since the present work is based on the fabrication and
characterization of waveguides for MIR sensing by utilizing the molecular fingerprint
region that lies at longer MIR wavelengths (6-16 um), the material system required both
the core and the substrate should be transparent up to atleast 16 um. Materials used in
this work are two chalcogenide compositions, germanium telluride (GeTes) as the
waveguide core material with a high RI of 3.3 at A =10.0 pm and broad MIR transparency
at wavelengths from 2-20 um. Zinc selenide (ZnSe) as a substrate with a RI of 2.4 at A =
10.0 um and broad transparency from visible to 16 um in the MIR. The RI contrast
between GeTes core and ZnSe substrate is high ~0.9, which allows realization of single

mode waveguides with small cross-sections, hence compact designs. It is also
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advantageous for strong optical confinement and aids in enhanced surface optical
intensities required for evanescent field based sensing. Moreover, chalcogenide materials
are easily deposited by commonly used physical or chemical vapor deposition techniques
and are compatible with current CMOS technology for lithography and etching. In this
work GeTes waveguides are fabricated on both bulk ZnSe substrate (discussed in Chapter
4) as well as on Si substrate with a thick ZnSe isolation layer in between (discussed in

Chapter 6) and are characterized for waveguiding in the MIR.

In 2011, A. Pradel group have shown a similar composition of GeTes rib waveguides
fabricated on TersGesGaiw bulk glass substrate for spatial interferometry in the search for
earth-like planets in the MIR range of 6-20 um. Here the refractive index contrast between
the core and the substrate was about quite low (4 x 10-?) and so 24-32 um thick GeTes
layers were deposited and fabricated into rib structures to demonstrate waveguiding at
10.6 um and over the 2-5 um spectral range, however, no further characterization on
mode profile or propagation losses were reported [83-85]. Later in 2015, they reported a
buried channel waveguide with a similar composition, this time adding a ~15 um thick
superstrate layer of GexTes on the waveguide and reported propagation losses of 6.6

dB/cm at A =10.6 um [86].

Since ZnSe has a high refractive index (n~2.4) and has MIR transparency up to 16 pm, so
thin film ZnSe waveguides were also fabricated on oxidised Si to exploit the MWIR band
(2.5-4.0 pm wavelengths) explained in detail in Chapter 5. ZnSe is an important group II-
VI optoelectronic material which has been used in many electronic properties such as
wide and direct bandgap, low electrical resistivity, n-type conductivity. The deposition
and characterization of thin films of ZnSe has been widely studied and used in various
optoelectronic devices and applications such as LEDs, laser diodes, MIR sources, solar
cells [87-91], optical windows, lenses and prisms. Low-loss waveguides have been
realized in ZnSe substrates by methods such as diamond dicing [92], laser writing [93],
proton implantation [94] and a macroscopic Fourier transform infrared — attenuated total
reflection (FTIR-ATR) waveguide element has been used for the detection of DNA
hybridization [95]. Epitaxial ZnSe thin films are usually grown on GaAs substrates to
achieve lattice matching (0.27% mismatch) for applications in laser diodes [88], solar cells

[89], second-harmonic generation [96] and non-linear switching [97]. However, the
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14 Chapter 1 Introduction

deposition of non-epitaxial several microns thick films of ZnSe on silicon (Si) is
challenging mainly because of dissimilar thermal expansion and distinct chemical

properties [98].

The important MIR materials along with their refractive indices and MIR transparency are
tabulated in Table 1.1 below. The materials used in this work are highlighted in the Table
1.1.

Table 1.1 MIR transparent materials

Material Composition Ref index MIR Transmission Reference
Silver halide AgClBr, 1.98-2.16 3-20 um [19,20]
(proportional to 1-x)
Group IV Si 3.42 (atA=5 pum) 1.2-8um [31, 40]
Si0, 1.46 (atA=5 um) 0.2-3.7um [23,27,40]
SisN, 2.33 (ath=5 um) 0.5-6.5um [33, 40]
Ge 4 (atA= 6 um) 2-15um [34,40]
C (Diamond) 2.38(atA=5 um) 0.3-2.5um, 7—-100 um [39, 40]
Group III-V GaAs 3.3 (atA=6 um) 1-15um [40, 41]
AlGaAs 3.2 (at A=6 um) 1-15pm [40, 41]
InP 3.0 (at A=10.0 pum) 1-14pm [44]
Chalcogenides As,S; 2.39- 238 (atA™~1 2-6um [40, 69, 76]
um)
Gal.aS 24 0.5-8um [67]
Ge-Sb-S 2.24 (atA=1.55 um) 2.5-7.7 um [53, 80]
As,Se; 2.78 2-9um [41,76]
GeAsSe 2.5-2.6 (atA=1 pum) 25-6.6pum [68]
TeAsSe 2.82 2-12 pm [40]
ZnSe 2.4 (at 10 pm) 0.6 — 16 ym [48]
GeTe, 3.3 (at 10 um) 2-20 ym [48]

Tellurium and selenium based chalcogenide waveguide materials were selected to realise
waveguides in this work due to their broadband transparency in the MIR as well as high
refractive indices. The chalcogenide materials are different in their physical and chemical
properties than the conventionally used Si and silica materials. Chalcogenides are

physically soft and need to be handled very gently. Chemically these materials are
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attacked by atmospheric oxygen so need to be stored in a desiccator. While depositing
thin films, one needs to take care about the thermal expansion coefficient of the film as
well as the substrate because thermal expansion mismatch causes delamination of the

deposited films. Table 1.2 summarises different properties of ZnSe, GeTes, Si and silica.

Table 1.2 Properties of ZnSe and GeTe4

Property ZnSe GeTes Si Silica
Density (g/cc) 5.27 6.14 2.32 2.2
Melting point 1525 [12] ~380 [99] 1414 [102] 1600 [103]

Q)
Thermal 7.1x10°[12] - 2.6x10°[102] | 0.55x10°
expansion 103]

(/°C) at 273 K

Hardness 120 [12] <100 [101] 1150 [102] 500 [103]
(Kg/mm?)
Band gap (eV) 2.7-2.8 [12] 0.1-0.8 [100] 1.12 [102] -
Crystal Polycrystalline Tetrahedral [99] Cubic [102] Glass
structure wurtzite

*GeTes used in this

(hexagonal) or
work is amorphous

zinc blende

(cubic)

Solubility Insoluble in Reacts with water - -
water but reacts | and strong acids and
with strong acids bases

and bases [12]

15




16 Chapter 1 Introduction

Loss mechanisms in infrared materials [164]:

Loss mechanism in materials involves two phenomena, one is the absorption of radiation
where light is converted into heat and the other is scattering, where the radiation is
diverted from its primary propagation path. In real circumstances, the above mentioned
loss mechanisms are accompanied by extrinsic contributions from impurities and various

structural imperfections.

Absorption: The optical window which is referred as the frequency regime where the
material is intrinsically transparent is bounded by two intrinsic absorption edges. The
long-wavelength side carries absorption from lattice vibrations, which is called the
multiphonon edge. Here a photon is absorbed by the lattice via interactions between one
or more phonons. These effects are induced due to non-linearity between the polarization
and electric field or anharmonicity of the phonon modes. The short wavelength region is
dominated by absorption from electronic excitations between the filled valence band and
the empty conduction band, which is called as the electronic bandgap edge. It represents
the cut-off of a material corresponding to the energy gap between the valence and
conduction band. In addition to the electron-hole interaction, the perturbations are also
induced by non-periodicity of the lattice or thermally excited lattice vibrations (Urbach
tail). Apart from the above absorptions, the extrinsic absorptions are caused by presence

of impurities during deposition or fabrication.

Scattering: When atoms in a solid are subjected to a propagating EM field, an electric
dipole is created that radiates in all the directions. In a perfectly homogeneous medium,
the scattered wavelets cancel each other in all directions except forward. The scattered
light in the forward direction combines with the incident radiation to define wave
velocity. At room temperature, in a practical solid material, many diffusive and
propagating excitations occur leading to scattering. This effect is dependent on the
variation of dielectric constant with the size of inhomogeneous medium. Rayleigh
scattering is a fundamental scattering mechanism caused by inhomogeneity smaller than
then the size of wavelength. The loss due to Rayleigh scattering is proportional to A“and
hence decreases rapidly with increase in wavelength. When the scattering region

approaches or exceeds A, it is referred as Mie scattering. In crystals, when the volume
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fluctuations are induced by acoustic phonons (Brillouin scattering), the inelastic scattering
is induced by a shift in the scattered frequency from the incident frequency. When the

inelastic scattering is induced by optic phonons, it is called Raman scattering.

1.3 MIR absorption spectroscopy

Absorption spectroscopy refers to the spectroscopic techniques that measure absorption
of radiation due to its interaction with the analyte (gas, liquid or solid) as a function of
wavelength or frequency. Different materials absorb different wavelengths according to
their chemical or molecular make-up. Absorption spectroscopy involves molecular
transitions from electronic, vibrational and rotational energy states each corresponding to
absorption at different wavelength bands. MIR absorption spectroscopy involves
vibrational transitions of molecules because infrared photons have energies similar to the
vibrational energies of molecular bonds. Molecules in any state of matter are in a constant
vibrational motion that contributes to a part of their internal energy and molecules
manifest this energy by stretching, twisting, bending, scissoring and wagging. Each of
these intermolecular vibrations have a specific frequency, which depends on the
molecular mass, shape, the relative position and type of neighbouring bonds, bond
angles, bond length, bond strengths and symmetry. Only those vibrations that undergo a
net dipole change during the vibration absorb IR radiation and are IR-active [104]. If there
is no polarity in the molecule, then it will remain infrared inactive. When incoming MIR
radiation interacts with the biochemical species, its oscillating electric field will cause the
bonds of a polar molecule to vibrate. When the frequency of the oscillating field is equal
to the natural vibration frequency of the molecule, which is called the resonance
condition, energy is absorbed from the incoming MIR radiation at that frequency to
induce a particular molecular vibration to vibrate with greater amplitude and unchanged
frequency. The transmission spectrum of the waveguide recorded using MIR detector will
show the missing frequency or wavelength absorbed by the molecule. Since a molecule of
any composition and shape has definite calculable vibrational modes, depending on its
molecular symmetries, it can be identified by examination of its transmission or

absorption spectrum.
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In absorption spectroscopy, calculation of limit of detection (LOD) is important as it
defines the lowest concentration of analyte that can be detected reliably and accurately. It
is a limitation of the measurement system and not the waveguide sensor. In terms of
signal to noise (5/N) ratio, LOD is thrice the measurable signal from the low concentration
of analyte in the sample as compared to noise (signal without the sample). S/N of the
experimental set-up is crucial for LOD and is discussed in Chapter 7 where experimental

measurement of IPA on waveguide sample is performed.

MIR absorption spectroscopic techniques based on interaction of light and matter have
been studied both in in vivo and in vitro. The conventional MIR spectrometer such as
Fourier transform infrared spectroscopy (FTIR) based on an interferometer is a non-
destructive analytical technique developed in the 1960’s [105]. The IR-active molecules to
be tested are placed in the optical path such that their characteristic absorption features
appear in the IR spectrum. This technique has been routinely used in research and
industry for a number of applications such as assessment of archaeological samples [106],
molecular structure determination, determination of absorption or transmission of
various bio-chemical species [107], measurement of pollutants or trace gases in
atmosphere [108-110] and kinetics and diagnosis of bio-molecules [111-113]. An FTIR with

a ZnSe flow cell was used to determine the glucose concentration in whole blood [114].

1.4 MIR Evanescent sensing

When light is incident at the interface between a high RI core and a low RI
cover/substrate, it undergoes total internal reflection (TIR) when the incident angle is
greater than the critical angle at that interface, and light is guided in the core. This results
in an exponentially decaying EM field in the lower RI medium known as an evanescent
field, propagating along the waveguide surface and decreasing away from the boundary.
It is present at both the film/cover and film/substrate. Evanescent field interacts with the

analytes present within its penetration depth, dp, which is given by the relation:

2
a, = 1.1

2n\/ngoresin29 —n2,
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where A is wavelength of incident radiation, O is the angle of incident of the photons at
the waveguide interface, ncore and nir is the refractive index of the core and the superstrate
(air in this case) respectively. When the analyte interacts with the film/cover interface,
there is a change in the cover index; hence effective index of the waveguide will also
change as a result of changes in optical path length and phase shift of the reflected light.
This change in real or imaginary part of effective index is then measured. This is the
fundamental premise of evanescent sensing in a waveguide. In this work, change in the
imaginary effective index is measured by examining the absorption spectra of the analytes

on the surface of planar waveguides as shown in Fig. 1.4.

Waveguide sample

MIR source H % MIR detecto

Evancs"c-;_ent field

Analyte a§
8
Dfijm g
§
'—
Ngybstrate 30

T rrr T rrrrrrrrrrrTi
2 4 6 8 10 12 14 16 18 20 22 24

Wavelength(um)

Fig. 1.4 Evanescent field based sensing of biomolecules in the mid-infrared region: light is coupled into the
single mode waveguide and the transmission spectrum of the guided light is detected in the waveguide, with
a biological analyte on its surface
Attenuated total reflection (ATR), which is a planar waveguide and follows the principle
of TIR at the interface of two dielectric media creating an evanescent field is routinely
used in analysis of thin films, solids and liquids in combination with FTIR. It is used to
determine the analytical information down to ppb levels, such as concentration of
hydrocarbon pollutants [105, 115, 116], low and high density polyethylene [117],
chloroform which is considered to be carcinogenic and unsafe if present in more than 300

ppb in drinking water [118], detection of DNA hybridization [100].

The FTIR-ATR technique is limited by a number of factors such as some commonly used
material of ATR element such as ZnSe is attacked by strong acids and bases that limits the

detection of reactive species using ATR. It is also limited by the size of an ATR element.
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The typical thickness of the ATR element is larger than the wavelength of propagating
light and hence allows fewer reflections or bounces of the IR light along the long axis of
the waveguide which limits the effective path length. As a result the sensitivity of the
device is limited. To overcome these problems, a new FTIR accessory called fiber
evanescent wave sensing (FEWS) was developed. Fiber optics can be considered as
elongated ATR elements, which allows an increased number of reflections and hence
enhanced sensitivity. A variety of research work has been carried out using FTIR-FEWS
system such as a silver halide fiber was used to determine organic compounds in water
[119,120], a chalcogenide fiber was used to determine spectral modification due to
cerebral metabolism in a rat [121], protein identification and detection was carried out
using MIR hollow fibers [122] and Se and Te based chalcogenide fibers were used to study
human serum [123]. Recently, a silver halide fiber coupled photo acoustic sensor for
glucose sensing in aqueous solution is shown to have a limit of detection (LOD) 57 mg/dL
between A = 9-10 pm [124]. The same paper also demonstrates the preliminary results on

in vivo human skin spectra at the fingertip and forearm.

FEWS is an effective method for MIR sensing but it is not very practical as fiber assembly
is a very sensitive to mechanical vibrations, they are difficult to integrate with other
optical components on the same chip, fibers need cleaving and polishing which needs due
maintenance and care in handling. These systems are bulky and not practical to be used
for point of care applications. Planar waveguides on the other hand, are more robust,
integrable to electronics and microfluidics and are a most effective platform for sensing
applications. It is essentially an ATR element which is a lot thinner. As the number of
reflections is approximately inversely proportional to the thickness of waveguiding layer,
by decreasing the waveguide thickness, the discrete reflections are reduced to a
continuous evanescent wave along the waveguide surface [38]. For a single mode
waveguide, the number of totally internally reflected rays is reduced to one, allowing a
single guided mode propagating with a unique propagation constant. It is shown in Fig.

1.5.
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Fig. 1.5 Wave-model describing single mode guidance

1.5 MIR absorption biosensing

There is little published work on integrated waveguide evanescent field based sensing in
the MIR. Air cladded Si pedestal waveguides were shown by J. Hu group to evaluate the
absorption of organic mixtures of different concentrations of analytes such as methanol,
toluene, hexane, water and acetone at MWIR [125]. The same group published results on
spectroscopy of ethanol, toluene and isopropanol (IPA) at a wavelength of 5.2 um,
showing LOD as 0.05 ng for ethanol, 0.06 ng for toluene and 0.09 ng for IPA on Si
microring cavities fabricated on a CaF. substrate [126]. The group of B. Mizaikoff has
done most of the work using integrated waveguides for chemical sensing. They showed
LOD of acetic anhydride to be 19.4 ng on GaAs/AlGaAs ridge waveguides at A = 10.2 um
[37]. They also demonstrated polycrystalline diamond films grown using CVD on silicon
nitride coated Si and oxidised silicon were made into strip waveguides by ICP etching
were demonstrated to detection of acetone in D20 with a detection volume of 200 pL [36].
This group has also worked on grating couplers on silver halide waveguides for analysing
acetic acid at A = 10.4 um [127]. The group of F. N. de Rooij has demonstrated Ge on Si
ridge waveguides integrated with microfluidic system using polydimethylsiloxane for
detection of cocaine dissolved in tetrachloroethane at A = 5.71 um with the LOD of 100
ug/mL [128]. Recently, the group of J. Charrier presented results on evanescent field gas
sensing of methane and nitrous oxide on a multilayer GeSbSe chalcogenide waveguides
fabricated on Si working at A =7.7 um, with LOD 14.2 ppm and 1.6 ppm for methane and

nitrous oxide respectively, [129].
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Table 1.3 Comparison of various MIR waveguide/analyte systems for sensing

Ref. Waveguide/ Wavelengt | Analyte Matrix detector | Limit  of
substrate h (um) detection
[36] Diamond 578 -6.35 | Acetone Deuterium Liquid 200 pL
waveguide on oxide (D20) nitrogen
SisNs4 on oxidised cooled
Si substrate MCT
[37] GaAs/AlGaAs 10.3 Acetic Diethylene Liquid 18 pL
waveguide on Si- anhydride | glycol nitrogen
doped GaAs monoethyl cooled
substrate ether(DGME) | MCT
[37] HgCdTe 578 -6.35 | Acetone Isopropanol | Liquid 2nL
waveguide on nitrogen
CdTe substrate cooled
MCT
[125], | Si microring | 5.2 Ethanol, Cyclohexane | Focal 0.05 ng
[126] resonators on CaF2 Toluene, plane
0.06 ng
substrate Isopropano array
1 0.09ng
[127] Silver halide | 10.4 Acetic acid | Water Liquid -
waveguides nitrogen
cooled
MCT
[128] Ge waveguide on | 5.71 Cocaine Saliva Liquid 100 pg/mL
Si substrate nitrogen
cooled
MCT
[129] | Ge-Sb-Se 7.7 Methane - Thermog | 14.2 ppm
waveguides on Si and nitrous raphic
1.6 ppm
oxide camera
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There is a lot of potential for waveguide evanescent field sensing of biochemical species
for real and practical applications. There is a little published work on waveguide
evanescent field MIR sensing of aqueous analyte because of number of reasons; MIR
materials, optics, and technology is not fully matured. MIR region is dominated by water
absorption, which makes it difficult for spectroscopy of aqueous analytes. There are ways
to tackle water absorption problem, which are briefly discussed in chapter 7 of this thesis.
This work is focussed to develop mass-producible cost-effective integrated optical

waveguides suitable for label-free sensing of aqueous analyte in the MIR region.

1.6 Main directions of the project

The project involved identification of materials suitable for MIR wavelengths in terms of
their spectral transparency, refractive index, mechanical and chemical stability at room
temperature and ease in fabrication of devices. The two chalcogenide materials GeTes and
ZnSe were selected and used as the waveguide core and substrate in this work. GeTes was
deposited in thin films by using RF sputtering. GeTes thin films were characterised for
their structure, composition and optical properties. Lateral and vertical dimensions for
channel and rib waveguides were calculated using Comsol numerical modelling. The
films were fabricated into channel and rib waveguides using standard microfabrication
techniques such as photolithography, lift-off and dry etching. The fabricated waveguides
were characterised for waveguiding, mode profile and propagation losses at MIR

wavelengths.

An additional scheme for CMOS compatible fabrication of chalcogenide waveguides was
followed by depositing both GeTes core and ZnSe lower cladding on Si substrate for many
advantages discussed in section 2.3 of chapter 2. Comsol numerical modelling was used to
calculate the thickness of lower cladding/isolation layer. The ZnSe isolation layer was
deposited by RF sputtering and thermal evaporation. The optical quality of the deposited

films were compared and reported.

A sensitivity model using Comsol was also prepared to model GeTes waveguide thickness
and length for optimal sensitivity with water as the waveguide cover region. A
representative model analyte (IPA), which has distinct absorption peaks in the MWIR (A =

2.7-3.5 um) is used in the modelling and tested optically on the surface of the waveguides
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in the MIR region. Finally, experimental results were compared with theory and future
work is proposed. The results presented on spectroscopy are preliminary work carried
out to establish the sensing set up paving the way for future measurements using

biological species.

1.7 Structure of the thesis

Chapter 1 has introduced the project and the state of the art of materials, waveguides and
biosensing in MIR. It also briefly explains the key concept of evanescent field sensing in
the MIR region. Chapter 2 discusses the theory and modelling of waveguides. It explains
the concept of light confinement and modes in a slab waveguide by ray and wave model.
It also shows waveguide dimensions calculated by Comsol for single mode criterion.
Bend losses of the waveguides were also calculated theoretically. It also discusses a
theoretical model on waveguide sensing of the bulk analyte for surface sensitivity. In
chapter 3, experimental tools and procedures used to carry out the deposition,
characterization of thin films, fabrication of the channel and rib waveguides and the
experimental setup used to characterize waveguides in MIR is discussed. Chapter 4,
describes the optimization of GeTes film deposition by RF sputtering along with
structural, compositional and optical characterizations. It also describes the results on
fabrication and optical characterization of GeTes waveguides on bulk ZnSe for MWIR and
LWIR regions. Chapter 5 presents the systematic and detailed study on deposition of
ZnSe films on Si by RF sputtering and thermal evaporation and film characterizations. It
also discusses the fabrication of ZnSe waveguides on oxidised Si and propagation losses
in MWIR. Chapter 6 describes the GeTes waveguides with ZnSe film as a lower
cladding/isolation layer on Si. Here an optimised process of etching of GeTes is also
shown. In chapter 7, experimental results on sensing of IPA on waveguide surfaces and its
comparison with the theoretical model is presented. Chapter 8 summarizes the

conclusions and proposes the future work.

Appendix A discusses the dry etching of GeTe: films using reactive ion etching and

inductively coupled plasma etching.
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Appendix B discusses a theoretical model based on Comsol modelling to show the
concept of mode stripping by changing isolation layer thickness for chalcogenide

waveguides.
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CHAPTER2 Theory and
modelling of waveguides for
sensitive surface absorption
spectroscopy

Dielectric waveguides are the key components of integrated optics. This chapter explains
the basic waveguide theory starting with the simplest case of a planar slab waveguide
which is a good first approximation to understand the basic concepts of mode
propagation and physical understanding of an optical waveguide. Since a ray model is
simple and intuitive, it is used to describe light confinement and polarisation in a slab
waveguide in section 2.1.1. It is then extended to a wave-optic model employing
Maxwell’s equations for describing field profiles in section 2.1.2. Comsol numerical
modeling is used to simulate two dimensional (2D) GeTes: waveguides with fully etched
(channel) and partially etched (rib) geometries for single mode condition. Bend losses in
these waveguides are also discussed. Comsol is also used to model the thickness of an
isolation layer needed between a chalcogenide material core and a high refractive index
(RI) Si substrate to confine the mode in chalcogenide core and to avoid significant light
penetration into Si. Finally, a sensitivity model for a slab waveguide is designed using
Comsol to determine the cross-section and length of the waveguide where it is most
sensitive to detect a small change in absorption in a bulk aqueous medium on the surface

of the waveguide.
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2.1 Planar slab waveguides

An optical dielectric waveguide refers to a structure that is able to confine and guide
electromagnetic (EM) waves. It consists of a high index dielectric material known as the
core, where the light is confined, surrounded by a low index media known as the upper
cover or lower substrate. If both the lower and upper media surrounding a waveguide
core are same, it is a symmetrical waveguide; if they are different it is an asymmetrical
waveguide [130]. For sensing applications, asymmetrical waveguides with a solid
substrate underneath the waveguide core is preferred (generally air-cladded), because
they are convenient to use. For this reason, only asymmetrical waveguides are considered

in this chapter.

2.1.1 The ray model for a slab waveguide

Light propagation in waveguides can be exactly described by Maxwell’s equations, yet a
classical geometrical approach using a ray model provides a good approximation to
introduce the concepts of propagation of light in a waveguide and its physical
understanding. A dielectric slab waveguide which confines the light in one direction is
considered, with no losses due to absorption or scattering. The theory is explained by
referring to literature [130-134]. An asymmetrical waveguide structure which is infinite in
x and z direction and has three regions shown in Fig. 2.1 (a), with central region with a RI
(n) ng, which forms the core/film of the waveguide surrounded by a substrate and a cover
region with RIs ns and nwvrespectively such that ns > ns, neov is considered. We also assume
Ns > Neov, Which is normally true. A schematic of the side view of a slab waveguide is
shown in Fig. 2.1 (a), where we assume that light in the waveguide is propagating in the z
direction in a zigzag manner and light confinement occurs transversely in the y direction
and the structure is uniform in the x and z directions. When an incident light with
wavelength (A = Ao/n) is coupled into the waveguide cross-section, the light is confined in
the film by total internal reflection (TIR). Aois the wavelength of light in free space. The
angle of incidence at which TIR takes place is known as the critical angle. The critical
angles that define the TIR for the cover-film interface (Ocov) and the film-substrate interface

(Os) are given by:
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65 = sin™! (—S> 2.2
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From n¢ > ns > neo, we have 0 s > Ocov

The first condition for the incident radiation to be confined in the core region is that the

incident ray should propagate with an internal angle Or in the core region, should be large

enough, such that it follows, 0s < Ot < 1/2.
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Fig. 2.1 (a) Side view of a slab waveguide showing ray and wavefront picture (b) TE and (c) TM
polarisations (adapted from [130])

For an optical wave of angular frequency w, the relationship between propagation

constant 3, wave vector ko, and effective index ne;, is given by the following equations.

_an_ 2.3

ko = I w
B = kO neff; neff = Tlf sin Bf 24
B = konssinby 25

where 3 is the component of wavevector along the propagation direction and nestis the

measure of phase velocity of the guided mode and represents the refractive index

experienced by the guided mode.
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As the ray is reflected back and forth between the two interfaces, it interferes with itself
and a guided mode exists when a repeated reflected ray has constructive interference with
itself. A ray suffers a transversal phase shift tr in a round trip inside the core, depending
on the core thickness and wavelength of incident light. From Fig 2.1 (a), the y component
of wave vector, ky = ko cosOr and z component k. = ko sinOr. The transverse round trip
phase shift is given by 2kon dcosO:. The second condition that establishes the guided
mode is based upon constructive interference which implies that the total transversal
phase shift in a round trip should be either zero or an integral multiple of 27 radians. Teov
and ts are the phase shifts upon reflection at both the interfaces cover and substrate

respectively and depends on the angle of reflection 0 and the polarisation of the mode.

2kod ngcosty + 1.0y + T, = 2mmM 2.6

where m=0,1,2,3,... (mode number)

For a single mode waveguide there is only one specific angle that fulfils this condition. As
the thickness of the waveguide increases, more discrete angles fulfil the above condition.
Each of these specific angles corresponds to guided modes. Equation 2.6 can be solved

numerically to obtain the modal angles.

For a slab waveguide, the light is confined in only the transverse direction, so there are
two cases of light polarization. The transverse electric (TE) polarisation, where the electric
field is perpendicular to the plane of incidence, i.e. if we define plane of incidence as y-z,
the electric field is pointing in the x direction. From Fig. 2.1 (b) the electric field vector lies
entirely in the xy plane and its components along the y and z axes are zero, Ey = E. = 0,
which implies the electric field is transverse to the direction of propagation. Similarly,
from Fig. 2.1 (c), transverse magnetic (TM) mode can be defined as when magnetic field
points in the x direction and Hy = H- =0, here electric field is no longer purely transverse
and has a component along the z axis. For the TE polarisation, the phase shift at the two

interfaces is given by:

T sin%0, — sin20
tan cov _ f cov 27
2 cost
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T sin%0, — sin20
tan— = ! s 2.8
2 cosef

Substituting sinOewv and sinOs from equations 2.1 and 2.2 and nert from equations 2.4 and e

and s from equations 2.7 and 2.8 into equation 2.6, for TE polarisation we obtain:

kod /n]? — nZg; — arctan

For TM polarisation we obtain:

n
kod |n? — n2,, —arctan |—>
od ["F — ey o

The fundamental mode is a guided mode with m = 0, and higher order modes are
obtained when it is an integer and m # 0. Ray-optics provides qualitative description of
behaviour of light in a waveguide, but cannot be used to describe optical field distribution
of radiation in a waveguide, we must resort to wave-optics description of EM theory. EM
field profiles in one dimensional slab waveguides can be found by using Maxwell’s

equations which is discussed in the following section.

2.1.2 The wave model for a slab waveguide

For wavelengths of light comparable to waveguide dimensions (~ core thickness),
Maxwell’s equations are used, which are a set of four coupled equations that govern how
electric and magnetic fields propagate, interact, and are influenced by objects. The
solutions of Maxwell’s equations for waveguides are known as modes, which are eigen
functions of the equation system. A waveguide mode is distinguished by a field
distribution whose amplitude and polarisation are constant along the longitudinal
direction of propagation. It depends on operating wavelength, geometry and refractive

indices of the waveguide. We consider a field f depending on time and position, which
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allows the derivation of the relation between angular frequency w and wave vector k. This

tield can be an electric or magnetic field.
f(t,z)~ e Wteikz 2.11

The four Maxwell’s equations in a material medium are:

V.D=p 2.12
V.B=0 2.13
dD
VXH= —+ 2.14
actt
vxg= - B 2.15
dt

where p and J are the charge and current densities respectively. D, B, H and E are electric
displacement vector, magnetic induction, magnetic and electric field strengths

respectively. Also,
D = €E = n?g,E+ P 2.16

B= uE = n*yE+M 2.17

e is dielectric constant or permittivity and u is permeability of the material. P and M are
electric and magnetic polarizations. When an EM field is present in the matter, the electric
field can perturb the motion of electrons and produce a dipole polarization P per unit
volume and analogously magnetic field can also induce a magnetization M in materials.
When the material is isotropic and non-magnetic, both € and p reduces to scalars, € = €0
and p = po. Since in a dielectric waveguide, the material is non-conducting so p and J = 0.
If a medium is optically inhomogeneous, its refractive index is position dependant, n =
n(r), then D = n?&E and B = n?ucH. Rearranging the curl equations 2.14 and 2.15, and

applying vector identities, we obtain the following simplified equations:

1 0’E
2 2 — 2
V’E + V(nz vn E) = HoEon’ o 2.18
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1 0%H
VZH + V(FVnzx (VxH)) = uosonzﬁ 219

If n2 is slowly varying in the distance of the order of wavelength so, Vn? = 0, then the
second term on the left hand side of equations 2.18 and 2.19 can be neglected and fields E
and H satisfy the wave equation. Assuming the refractive index of the medium depends
only on one Cartesian coordinate, n = n(y), and propagation of light is along z-axis (refer
Fig. 2.1 (a)) such that the wave has no dependence on x axis, the solutions of the above

wave equations can be written as
E (r,t) = Eo(y)e!@t=52) 2.20

H (r,t) = Hy(y)e!@t=F2) 2.21

where Ea(y) and Ha(y) are the complex field amplitudes. Now, the solutions for EM fields
of a slab waveguide are reduced to finding out solutions for Ea(y) and Ha(y) as well as for
. From equations 2.20 and 2.21 we get six coupled equations in X,y and z axis for electric
and magnetic fields, which are the modes of the waveguide and it represents the
transverse field distribution which propagates in z direction with a phase velocity of w/(.
These modes can be confined in the waveguides or can be radiation modes that leak into
substrate or cover region. Propagation modes can be calculated as two independent cases,

TE and TM modes as discussed below.

For TE modes, the perpendicular component of the electric field corresponds to Ex, and Ey
= E. = Hy = 0. On substituting equations 2.20 and 2.21 in Maxwell’s equations 2.14 and 2.15,
the following coupled equations that relate the field amplitudes Ey, Hx and H: are

obtained:

- )
H,= —|—E 2.22
i <wll0 Y
H, = (L)aﬂ 293
z why/ 0x
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z

= —iw€yn®(x)E, 2.24

On substituting Hx and H: in equation 2.24, a second order ordinary differential equation
is obtained where E is the function of x only:

d2E,, (%)

L=+ (k2 () = FOEy() = 0 2.25

which is called the Helmholtz equation.

In order to resolve equation 2.25 for a planar structure, boundary conditions must be
imposed at the interfaces. For TE propagation through an asymmetric waveguide, the
boundary conditions imply the continuity of tangential components of electric field Ey,

magnetic field H-and dEy/dx at the cover-film and film- substrate boundary.

Similarly for TM modes the non-zero components of electric and magnetic fields are Ex, E-

and Hy.

d*H,(x)

— 7+ (k§n?(x) = BH,(x) =0 2.26

In this case, the boundary conditions imply the continuity of transverse field components
of electric and magnetic field to be continuous which leads to the continuity of Ez, Hyand

(1/n?) dHy/dx field components at the interface.

From equations 2.25 and 2.26, general solutions can be inferred for n¢ > ns >ncv, which are

also presented in Fig. 2.2 [135], such that:

1. B > kons gives exponential solutions in all three regions. It implies infinite field
amplitudes at large distances from the waveguide, which is physically unrealistic
so these solutions are ignored.

2. kons> 3 > kons gives discrete number of guided modes which are sinusoidal
solutions in the core and decay exponentially outside the core in the cover and

substrate

34



Chapter 2 Theory and modelling of waveguides for sensitive surface absorption spectroscopy ~ 35

3. kons> 3 > koneov gives sinusoidal solutions in both the core as well as the substrate
while vary exponentially in the cover. These solutions are called substrate modes
since these fully penetrate the substrate region.

4. B <konwvgives a solution that varies sinusoidally in all three regions and are called

radiation modes.

T
(TN

Fig. 2.2 Modal field distribution of an asymmetric slab waveguide (adapted from [135])

For more complex structures such as 2D channel and rib waveguides, numerical
modelling is used to obtain the mode field patterns by solving the two equations 2.25 and

2.26 and imposing the above boundary conditions, which is discussed in the next section.

2.2 Simulation and design of 2D waveguides

Planar slab waveguides confine light in one dimension that supports transversal EM
modes whereas a two dimensional waveguides confines light in two dimensions and
allow TIR along the core thickness as well as at the lateral boundaries. It is described in
Section 2.1 that slab waveguides have TE (E: = 0) or TM (H: = 0) modes depending on the
orientation of electric or magnetic fields whereas 2D waveguides have hybrid modes
where both Ez # 0 and H: # 0. These are important for many applications as it confines
light in two dimensions along the structure’s main axis thereby restricting propagation in

one dimension, without being diffracted as in the case of a slab waveguide where light
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diffracts in the plane of the film. This allows fabrication of complex structures such as rib,
channel, rings etc. to be used in modulators, interferometers, grating couplers, on-chip
sensors and many other devices. Comsol multiphysics may be used to simulate both 1D
and 2D waveguides. It is a finite element analysis solver and simulation software that
treats multiple simultaneous physical phenomena involving solving coupled partial
differential equation systems. It has many different modules for electronics, fluid and heat,
chemical and so on. In this work the wave optics module in the frequency domain has
been used which provides dedicated tools for electromagnetic wave propagation in linear
and non-linear optical media. Matlab (Matrix laboratory from MathWorks) which is a
numerical computing fourth generation computing language and Origin (Originlab)

which is a scientific data analysis and graphing tool were used to plot the graphs.

2.2.1 Channel and rib waveguides

It is essential to design a waveguide before starting the fabrication to know the
dimensions of the structures needed at a wavelength of interest. In this section channel
and rib waveguides are designed to find out their lateral and vertical dimensions for a
single mode condition at a representative wavelength of A = 7.5 um. A representative
width and height for both channel and rib waveguide is selected and neif is calculated for
A = 2-10 um, in both polarisations. Bend losses using Marcuse’s work [137] has been

described for the above selected channel and rib waveguide design at A =7.5 um.

At A =75 pum, n of GeTes is taken to be 3.264 and that of ZnSe is 2.416 (extracted from
experimental data). For a GeTes core and ZnSe substrate with an air cladding, a range of
widths and heights of fully etched channel waveguides and partially etched rib
waveguides were calculated using an online mode solver based on effective index method

[136], at A =7.5 um which are tabulated in table 2.1.
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Table 2.1 GeTes channel and rib waveguide dimensions at A = 7.5 um for single mode

operation

width (um) X height (um)

Channel 1.7X6.3
20X54
3.0X3.0
40X20

width (um) X rib height (um) X slab height (um)

Rib 1.7X13X22
20X0.7X22
3.0X0.5X20
4.0X03X20

A representative dimension for a channel (width = 3.0 um and height = 2.0 um) and a rib
(width = 3.0 pm, rib height = 0.5 pm and slab height = 1.5 um) waveguide is selected to
simulate the mode field profiles of the waveguides at A =7.5 um. Ex, Ey and E. component
of electric field distribution of a 2.0 um thick and 3.0 um wide GeTes channel waveguides

in TE and TM polarisations are shown in Fig. 2.3 at A =7.5 um.

For the selected geometries of channel and rib waveguide at A =7.5 um, nest for a range of
wavelengths, A = 2-10 um is calculated using Comsol in both the polarisations and is
shown in Fig. 2.4. It can be seen that ner decreases with wavelength for both channel and
rib geometries for both polarisations. As the wavelength is increased, more light travels in
the lower index medium, extending the evanescent field in both the cover and substrate of

the waveguide, thereby decreasing the neir.
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igeTe: = 3.264 i A X

Nznse = 2.416

Hx Hy Hz

Fig. 2.3 Mode field distribution of the electric field components for (a) TE and (b) TM polarisations at A =7.5
um for a channel waveguide
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Fig. 2.4 neff of channel and rib GeTes waveguides on ZnSe substrate simulated using Comsol

In designing the waveguides, there is a trade-off between single mode condition
(waveguide dimensions are small) and high nex depending on the type of application.
However, rib height and width can be manipulated to get the maximum nes while

working within the single mode regime. The other advantage of using a rib waveguide is
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that it has lower propagation losses as the mode does not interact with side walls of the
waveguide which causes scattering of light. The advantage of using a channel waveguide
is that it confines light more strongly and allows tight bending radii (refer section 2.2.2).
For evanescent field sensing, the most desirable design is to have a single mode
waveguide optimized for its surface sensitivity with its evanescent field interacting with

the sensing medium on the cover region (discussed in section 2.4).

2.2.2 Bends

So far all the waveguides discussed have been described as straight 1D or 2D structures in
the z-direction. For many photonic circuits and sensors (splitters, MZI's, MMI’s), light
guidance through bent waveguide structures is required. Designing of bends should be
such that there is a gradual change in geometry from one direction to the other to have
minimum losses. 2D analysis based on Marcuse’s work is used for calculating bend losses
in channel and rib waveguides [137]. Here a 2D waveguide structure is reduced to 1D
using the effective index method and bend loss in dB’s is calculated for a given angular

section AO of radius R as
LosSpeng = —10log(exp(—apeng AOR)) 2.27

Where avendis in radians and is known as the optical bending loss coefficient. It is given

by:
a? k2 (—20{3 >
y y y
Apend = expla,w)exp R 2.28
T e (15 ) 0 0 P P (5
a, = ko(nZ — nZ)"? 2.29
ky = ko(nZ, — n2)'/? 2.30
21
ky=— 2.31
°7 2
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Fig. 2.5 Schematic of the (a) channel and (b) rib GeTes waveguides on ZnSe substrate showing effective
indices of the vertical and lateral regions
The effective indices ne, net and nez are calculated by Comsol for the example designs used
for illustration, as shown in Fig. 2.5 for channel as well as rib geometries. The values of
effective indices were used in equation 2.28 to estimate the bend losses. Fig. 2.6 (a) and (b)
shows the bend losses calculated at three bend angles 30°, 60° and 90° for channel and rib
waveguides respectively at A = 7.5 um. It can be seen that higher the angle, greater are the
losses for both channel and rib waveguide. From Fig. 2.4 (a) and (b) the minimum bend
radii needed to have losses of ~ 0.1 dB/cm for a 90° bend is 40 um for a channel and 900
um for a rib GeTes waveguide. Rib waveguides exhibit lower light confinement compared
to a channel waveguide because in a rib waveguide, a part of the light is leaked into the
bottom partially etched slab, it therefore, requires high radii of curvature to reduce losses
[138]. From these calculations, the bend radius was kept larger than 1 mm for the

experimental sections of this work.
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Fig. 2.6 Bend losses calculated for (a) channel and (b) rib GeTes waveguides at bend angles of 30°, 60° and
90°

2.3 Calculation of isolation layer thickness for chalcogenide
waveguides on Si
In this section, a design of slab waveguide for fabrication of chalcogenide waveguides on
Si substrate is proposed. Si is a cheap and convenient flat substrate, fabrication of
chalcogenide waveguides on Si can be used for mass-production of integrated
waveguides with both optical and electronics components. However, Si has a high RI
(>3.4) which is higher than the RI's of most of the chalcogenides (nceres ~ 3.3), so it requires
deposition of low index thick cladding layer or isolation layer in between the silicon
substrate and the chalcogenide material core to avoid light penetration into Si, as

described in Fig. 2.7.
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n, > n. > n
Chalcogenide core, n,

Isolation layer, n,

Si substrate, ng

Fig. 2.7 Schematic of fabrication of chalcogenide waveguide on silicon

Comsol numerical modelling was used to calculate the waveguide nerr. The imaginary part
or extinction coefficient of the ner was used to determine propagation loss due to Si
substrate as a function of isolation layer thickness on silicon substrate for chalcogenide

cores from the following formula:

P, (dB\ 4.34 * 4mk
£y (dBy 434 dmk 222
Pin

cm)~ A(em)

The acceptable loss due to silicon substrate is taken to be less than 0.1 dB/cm. The
following combinations of chalcogenide core and isolation layer were simulated and used

experimentally:

1. For a GeTes core, thickness of ZnSe isolation layer on Si as well as on oxidised Si
substrate was estimated from the propagation losses due to Si at different
wavelengths in both MWIR and LWIR. GeTeswas deposited by RF sputtering and
ZnSe was deposited by thermal evaporation for fabrication of waveguides. Si and
oxidised Si substrates were bought commercially.

2. For ZnSe core, thickness of SiO: on Si was calculated for MWIR only since SiO:
starts to absorb above A = 3.7 um (above which the transmission of 6 mm bulk
silica drops to 50% (> 5dB/cm for A > 3.7 um [14]) so these samples would not be
useful for LWIR.

The waveguides were simulated using slab waveguide which are a good approximation.
The model includes real and imaginary parts of refractive indices for Si and SiO: taken
from literature [139] as shown in Fig 2.8. From Fig. 2.8 (a), the multiphonon edge of Si can
be observed to be around ~ 7-8 um. Beyond this wavelength, the losses in Si starts to

increase rapidly. The dispersion curve of silica shown in Fig. 2.8 (b) shows a rapid
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increase in the imaginary part of RI beyond 4 pum wavelength region. The dispersion of

GeTes and ZnSe calculated experimentally in the MIR using IR-Vase ellipsometry were

also used in the model.
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Fig. 2.8 Optical constants of (a) Si and (b) Silica

The procedure for calculating thickness of isolation layer is as follows. For a given core

material and an isolation layer, first thickness of the waveguide core is calculated to

support a single mode for an asymmetric slab waveguide at a particular wavelength.

Then the core thickness is kept fixed and isolation layer thickness is varied with silicon as

a substrate underneath and the propagation loss is estimated at each isolation layer

thickness. For example, GeTes thickness as a core layer on ZnSe substrate was calculated

to be in between 0.9-2.1 um to support a single TE and TM mode with air as cover at A =

7.5 pm. A 2.0 pum thick GeTes core is selected for the purpose of calculations. The

dispersion of GeTesand ZnSe and the nett for TEw and TMo for an asymmetric waveguide

with air as upper cladding, 2 um thick GeTes core and ZnSe as the substrate are shown in

Fig. 2.9.
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Fig. 2.9 Dispersion profile of GeTes and ZnSe and effective indices of GeTes waveguide on ZnSe substrate in
both the polarisations waveguide on ZnSe substrate

Keeping the GeTes thickness fixed as 2.0 um, ZnSe isolation layer thickness was varied on
silicon and oxidised Si substrates (with a 2.5 pum thick silica) to obtain nest with real (n) and

imaginary part (k) for the fundamental TEow and TMo modes.

For GeTes waveguides on Si and oxidised Si, a schematic diagram of the waveguide

design is shown in Fig 2.10 (a) and (b). Fig 2.10 (c) shows the thickness of ZnSe needed for
a propagation loss of less than 0.1 dB/cm in both TE and TM polarisations for a GeTe
waveguide on Si and oxidised Si substrates for 3-10 um wavelength region. It can be seen
that for an oxidised Si substrate, the thickness of ZnSe layer needed is much lower than
for a bare Si substrate for similar losses, at all the wavelengths and in both the
polarisations. For example, from Fig. 2.10 (c), the thickness of ZnSe needed up to A = 8.0
um with bare Si substrate is ~ 4.0 um and is ~ 2.5 um for an oxidised Si substrate. Since Si
is transparent up to 8.0 um wavelengths in MIR, and has the higher refractive index than
the core GeTes, the mode tries to penetrate into Si, hence the thickness of the ZnSe layer
needed is more to avoid light penetration into Si. On the other hand, a layer of SiO:in
between ZnSe layer and Si acts as a shielding layer for the mode to not see the underneath

high refractive index Si substrate.
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Fig. 2.10 (a) and (b) Schematic of the GeTes waveguide with ZnSe isolation layer on Si and oxidised Si
respectively, (c) Thickness of ZnSe isolation layer needed to achieve a loss of less than 0.1 dB/cm for both Si
and oxidised Si substrates

For ZnSe/oxidised Si waveguides, the calculations are performed for MWIR (A = 2.5 — 4.0

um) since silica starts to absorb above 3.7 um wavelength. The thickness of ZnSe to
support single TE and TM modes for silica substrate and air as cover was found to be in
between 0.4-1.0 pm at a wavelength of 3.5 pm. A 1.0 pm ZnSe core thickness was chosen
for calculations and a schematic of the simulated ZnSe waveguide is shown in Fig. 2.11
(a). In this design, since SiO: is deposited on Si, there are two factors to consider, one is
tunnelling of light into high RI Si and the other is absorption of light by silica above 3.7
um wavelengths. On simulating the design of Fig. 2.11(a) at a fixed wavelength of 3.5 um
and varying the thickness of SiO: isolation layer in both TE and TM polarisations, the
imaginary part of the effective index was obtained. It was used to calculate propagation
losses. Propagation losses and nett as a function of SiO: thickness at a fixed wavelength of
3.5 um is shown in Fig. 2.11 (b). It can be seen that the losses start to decrease as thickness
of SiO2was increased but after reaching a thickness of 2.5 um, the losses became constant.
Even after increasing SiO: thickness to 10.0 um, the losses remain constant. It is because of
thin ZnSe core ~1.0 um which allows large part of the mode to propagate in the bottom
SiO:zlayer. As silica has a larger absorption at these wavelengths compared to Si (refer Fig.
2.8), for 1.0 pm thick ZnSe core losses below 0.1 dB/cm cannot be achieved even by
choosing a thicker layer of SiO2on Si. However, by choosing a thicker ZnSe core, the mode

can be confined well within the waveguide core such that a small percentage of mode
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reaches the SiO: underneath, and hence reduces the losses due to absorbing SiO.. A

thicker core, however will not be single moded.
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Fig. 2.11 (a) Schematic of the ZnSe waveguide with SiO: isolation layer on Si and (b) Propagation losses and
nef of ZnSe waveguide with different SiO: thickness on Si
Next, in the model, thickness of SiO: isolation layer is fixed as 2.5 um and losses were
calculated with ZnSe core thickness of 1 and 2 um for A = 2.5 — 4 um in TE and TM
polarisations as shown in Fig. 2.12. It is seen that with increasing the thickness of ZnSe
core, the losses came down by almost an order of magnitude. The percentage of electric
field intensity in SiO2 isolation layer as compared to the whole waveguide with ZnSe core
thickness for 1.0 um was found to be 6.7% whereas for 2.0 um thick core was found to be

1.4%.
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Fig. 2.12 Propagation losses in ZnSe waveguides for ZnSe core thickness of 1 and 2 um vs. wavelength,
when SiO:2 thickness was fixed as 2.5 um
For a GeTes core and Si substrate, the thickness of ZnSe isolation layer chosen for
wavelengths up to 8.0 pm is > 4.0 um and for ZnSe core and Si substrate, the thickness of

SiOz isolation layer was kept fixed as 2.5 pm.

2.4 Waveguide sensitivity model

A key application of this work is to perform evanescent field based sensing on the
waveguides using aqueous analytes. There are two key aspects required to design an
optical waveguide for surface sensitive evanescent spectroscopy for label free, specific
detection of aqueous biological analytes are the nett and the mode intensity profile at any
cross-section of the waveguide. nett contains both real (n%x) and imaginary (nett) parts

given by the following relation:

Nefr = Ngpp t+ 1 néff 2.33

In absorption spectroscopy (this work), the imaginary part of nest is important and
represents the absorption. An IR spectrum is measured in transmission-absorption mode
where the incoming radiation propagates through the sample and is absorbed at resonant
frequencies. The wavelength dependant light reduction is calculated and defined as

transmittance (T):

47



48  Chapter 2 Theory and modelling of waveguides for sensitive surface absorption spectroscopy

T=— 2.34

where o is the intensity of incident radiation and I is the intensity of radiation after
passing through the sample. For absorption spectroscopy, the above equation is usually

rearranged in terms of absorbance (A), to give more quantitative information:
A= —log (T) 2.35
Absorbance is also defined by the Beer-Lambert law as

A= &cl 2.36

where ¢ is the molar absorptivity, c is the concentration and 1 is the optical path length of

light through the sample.

Surface waveguide sensing can be broadly divided into two categories, which involve a
bulk or a uniformly distributed analyte extending over a distance well above the
evanescent field penetration depth, or thin film (few monolayers) of analyte which is
much thinner than the evanescent field penetration depth. The penetration depth, dp is
defined as the distance of evanescent field into the cladding region where the amplitude
of electric or magnetic field falls to 1/e of its value at the interface. It is given by the

following expression, also defined in chapter 1, section 1.4:

4 = 1
P~ N N 2.37
ko Nerr — Neov

The sensitivity for the bulk analyte is defined as the rate of change of effective index of the

mode with changes in the refractive index of the analyte in the waveguide cover region
(dnett/dneo). For a thin film analyte, sensitivity is often defined as the change in effective
index of the waveguide relative to the variation of thickness a of analyte layer with a
given refractive index (dner/da) [140]. The sensitivities of both bulk and thin film analytes
are influenced by the waveguide core thicknesses as the modal power in the waveguide

cover carried by the evanescent field interacts with the analyte located on the waveguide
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surface leading to changes in netr. Therefore, the waveguide thickness (cross-sectional
geometries in case of 2D waveguides) needs to be optimised for highest sensitivity. A too
thick waveguide core will lead to a more confined mode in the centre of waveguide core
that will reduce the extent of evanescent field on the waveguide surface and its interaction
with the sensing molecules will not be maximised and hence will not lead to highest
sensitivity of the analyte. If a waveguide core is too thin, the mode will not be well
confined in the core but will spread out in the substrate since in an asymmetrical
waveguide, substrate usually has higher refractive index than the analyte medium index.
Hence it is important to maximise the proportion of the evanescent field on the analyte

side of the waveguide.

Bulk analyte: A numerical model using Comsol is used to optimize the design of a slab

waveguide for highest sensitivity for a bulk analyte on the surface of the waveguide,
which can be achieved by maximising the fraction of modal power carried in the analyte
in the waveguide cover region [141]. The model calculates the change in imaginary part of
effective index of the waveguide induced by introducing a bulk aqueous absorbing
medium on the surface of the waveguide. The smallest change in absorption due to the
analyte a device can detect, the more sensitive it is. Since the purpose of this work is to
detect an aqueous analyte on the surface of the waveguide, water is taken as the bulk
cover medium as water is the real background for most biological samples including
blood, urine, saliva, etc. In the model, the real and imaginary parts of refractive indices of
water are included in the model, taken from literature [142] and shown in Fig. 2.13 (a). As
an example Isopropanol (IPA) is taken as an analyte which is miscible in water and has
distinct absorption peaks in the MIR as shown in Fig. 2.13 (b), the data for optical
constants are taken from literature [143]. It can be seen that water also has strong
absorption in the MIR which makes the measurement of aqueous analytes difficult. The
purpose of our device is not to sense water but for example a very small change
introduced by absorbing species dissolved in water. For this purpose, six wavelengths are
selected to model the waveguide sensitivity with a combination of water and IPA
absorption as shown by red circles in Fig. 2.13 (c) which compares k for both water and
IPA. The arrows in the figure represent the IPA peak at that wavelength. The six

wavelengths are 2.5 um, 3.36 um, 3.7 pm, 7.25 um, 7.5 um and 8.85 pum. These
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wavelengths are also useful as the laser source used in experiments cover all six

wavelengths.
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Fig. 2.13 (a) Optical constants of water, (b) IPA and (c) comparison of k for water and IPA (the red circles
indicate points on water spectrum showing the corresponding wavelengths at which the calculations are
carried out and the arrows indicate the IPA absorption)

In real clinical samples such as paracetamol, the k values are of the order of 10+ - 10 for
the wavelengths range of 5 — 8.5 um [144]. The k value of water at these wavelengths is of
the order of 10, and the waveguide should be designed to be sensitive for real samples
mixed in water. Therefore, waveguides were simulated to determine optimum designs for
sensitivity to bulk absorption changes of the order of 10. The waveguide core is taken as
GeTes and substrate is ZnSe, the dispersion of both of these materials is included in the
model as shown in Fig. 2.8 in Section 2.3. A schematic of the simulated waveguide is
shown in Fig. 2.14 (a). The thickness of GeTes is varied and an optimum thickness was
calculated where the waveguide is most sensitive by finding out the fraction of modal
average intensity in the cover region (water) given by Loy to the average intensity in the
whole GeTes slab waveguide including cover, film and the substrate given by Ir. So far, no
absorption other than water is introduced in the model. Comsol calculates the average

intensity by integrating the poynting vector over the cross-section of the waveguide. The
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average intensity in the 1D model used here is defined per unit thickness of the
waveguide per unit 1 m thickness in the out of plane direction. Hence the units are W/m?2.
Mathematically it is given by:

_ |E?|

lavg = 7 2.38

where E is the magnitude of electric field and Z is called the impedance of the wave,
which is given by:
Ho 1

Z= = —Z, 2.39
& N

To get the fraction of intensity in the cover region, after obtaining the waveguide
fundamental mode in both polarisations, the average intensity is integrated over the cover
area and divided by the intensity integrated over the waveguide cover, film and the

substrate areas.

The calculations are performed at six different wavelengths for the fundamental mode in
both the polarisations and are shown in Fig. 2.14 (b). It can be seen from the graph that the
fraction of average power in the cover region depends upon the thickness of the
waveguide core, wavelength and polarisation of the incident light. It can be observed that
for GeTes thickness close to the cut-off thickness, the power in the cover is zero, as the
thickness of GeTesis increased, it goes through a maximum value, above which, it again
starts decreasing as observed in [140, 145-146]. The fraction of power in the cover is more
in the TM polarisation, as compared to TE polarisation in agreement with the literature
[147]. Fig. 2.14 (c) shows the electric field profile along the vertical direction of the
waveguide for both TE and TM polarisations, showing the extent of field in cover, film

and substrate of the waveguide.

51



52 Chapter 2 Theory and modelling of waveguides for sensitive surface absorption spectroscopy

0.12 EEEE mTE,,
(a) (b) © ] mT™,,
] pum TE,
0.10 "
] um TM,,
Water (n,k) i mTE,,
0.08 mT™,,
GeTe, (n) - ] pm TE,,
§ 0.06 pm T™,,
ZnSe (n) m TE,,
substrate 0.04 . mTM,,
] wm TE,,
0.02 pm T™,,
0.00 }———m——f————LH————F—————————
0.0 0.5 1.0 1.5 2.0 25
(C) GeTe, thickness (um)
z "1%r=336um —TE
8 08 GeTe, film
Z 06
2 1
= o0ad ZnSe substrate
2 ] cover as water
e 02
@ ]
w 0.0 1 T T T

T T T T T
95 96 97 98 99 100 101 102 103 104 105

s —-=TM
08 ] X GeTe, film
0.6 -| v

0.4

0.2 ] cover as waten

Magnetic field (a.u.)

0.0 . ¢ .
T 1 T T
95 96 97 98 99 100 101 102 103 104 105

distance (um)

Fig. 2.14 (a) Schematic of the waveguide simulated for the sensitivity model and (b) ratio of modal power in
the cover of the waveguide to the total power in the waveguide for TE and TM polarisations at different
wavelengths in the MIR and (c) Electric and magnetic field profile of the waveguide at A = 3.36um for both
TE and TM polarisations in vertical direction.

The thickness where the intensity in the waveguide cover is highest is called the
optimised thickness of the waveguide and is shown in Fig. 2.15 as a function of
wavelength. It can also be observed that the wavelength dependence of I.v/Ir depends
strongly on the real part of refractive index of water and the waveguide nett. The graph in
Fig. 2.15 gives is a good reference for selecting a waveguide design depending on the
working wavelengths and polarisations. It can also be seen that thickness of GeTes needed
is more for TE polarisation than TM, therefore, device working in TM polarisation is
advantageous for a thinner or compact device whereas TE polarisation may be chosen for

its large waveguide cross-section to improve coupling efficiency because the coupling

fibers and lens are generally of the order of microns in the MIR.
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Fig. 2.15 Optimised GeTes thickness for maximum sensitivity vs. wavelength

Now, for each wavelength, the thickness of GeTes where the waveguide is most sensitive
is fixed as obtained in Fig. 2.15 for each polarisation and transmission, T(kwatr) of the
waveguide was calculated by using the following formula:

—471’112 rfL
T(kwater) = € 2 240

where nieitis the imaginary part of effective index given by Comsol. L is the length of the

waveguide.

2.4.1 Waveguide design optimisation for an arbitrary small Ak =10 in the cover
region

In order to optimise the sensitivity of the waveguide for small changes in absorption, an
arbitrary small absorption of Ak = 10 is introduced in the cover region which is water,
such that the cover region has k = kwater + 10, and the transmission using equation 2.37 is
calculated. A dimensionless quantity, S, which is the sensitivity of the waveguide is
defined as the change in transmission of the waveguide due to the introduction of a small

absorption in the cover region and is given by the following equation:
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oT _ T(kwater) - T(kwater + 10_6)

== —— 241

S

The sensitivity for the six wavelengths at the optimised GeTes thickness is calculated by
using equation 2.41 and is plotted in Fig. 2.16 along the length of the waveguide, L. The
inset shows a detailed plot for L=0-2 mm. It can be noted that S first increases with the
length and after reaching a maximum, it starts to decrease. The length at which S is
maximum is called an optimum waveguide length (Lopt). In all the wavelengths, S is

always higher for TM polarisation.
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Fig. 2.16 The sensitivity of the waveguide to a small change in absorption in the waveguide cover region,
plotted against the length of the waveguide
Both S and Lopt are tabulated in Table 2.2. It can be seen from table 2.2 that Lopt and S
follow the same trend with wavelength. It can also be seen that S depends on wavelength,
polarisations as well as k values in the cover region. S follows the exact trend as followed
by water absorption spectrum shown in Fig. 2.13 (a) because the absorption added to
water is much smaller than water’s own absorption. TM polarisation has lower field
intensity than TE polarisation, as seen in Fig. 2.14 (b) and (c), however, the sensitivity is

greater in the TM polarisation as observed in literature [145, 146].
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Table 2.2 Optimised lengths (Lopt) and sensitivity (S) for a small absorption change of 10

in the cover of the GeTe: waveguide at different wavelengths

A Lopt (mm) S Lopt (mm) S
(um) TEoo TEoo TMoo TMoo
2.5 2 177 1.3 193
3.36 0.2 15.5 0.1 16.5
3.7 1.6 97 1 100
7.25 0.4 9.5 0.2 0.2
7.5 0.4 11.5 0.3 12
8.85 0.4 10.5 0.3 13

2.4.2 Waveguide design optimisation for kira in the cover region

The effect of adding IPA to water in the cover region of the waveguide is discussed in this
section. IPA has higher absorption than water at some specific wavelengths (3.36 pm, 7.25
pum, 7.5 pm and 8.85 um). This corresponds to symmetric and anti-symmetric stretching

vibrations of C-H bonds and O-H bonds in IPA.

From literature, we have k of 100% water and 100% IPA, in order to calculate k of a water-

IPA mixture (km), the following equation is used:

km = kwaterCwater + KipaCipa 242

where kwater and kira are imaginary part of water and IPA and cwatr and cira are fractional
concentrations of water and IPA respectively. Using equation 2.42, km for different
concentrations of IPA mixed in water is calculated and is plotted in Fig. 2.17. The

concentration 1 on the x-axis of the graph represents 100 % IPA. The slope of each line will

give dk/dc.
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Fig. 2.17 km calculated for mixture of water and IPA

In order to calculate change in transmission, the following equation is used:

dl _ dT dk 2.43
dc  dk dc
alr g dk 2.44
dc  “dc

Table 2.3 Change in transmittance of IPA in water at various wavelengths

A (um) dk/dc dT/dc dT/dc
TEowo TMoo

2.5 -5.9x 103 -1.04 -1.14

3.36 7.37 x 102 1.14 1.22

3.7 1.62 x 103 1.57 x 10 1.62 x 10

7.25 6.55 x 102 6.22 x 10! 1.31 x 102

7.5 4.24 x 103 4.88 x 102 5.09 x 102

8.85 1.05 x 10! 1.1 1.37
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Change in transmittance is calculated using equation 2.44 by taking values of dk/dc from
Fig. 2.17 and the values of S from table 2.2 for both the polarisations. The values of dk/dc
and dT/dc in TE and TM polarisations at selected wavelengths are tabulated in Table 2.3.
From Table 2.3, the fractional change in the transmission of a GeTes waveguide for a small
change in concentration of an analyte mixed in water at a particular wavelength is

obtained.
Discussion:

From Table 2.2, the sensitivity of the GeTes waveguide on ZnSe substrate with a small
absorption in water, taken as waveguide cover, is estimated to be 11.5 and the
corresponding optimum length is 0.4 mm for TE polarisation. For the same GeTes
waveguide geometry as simulated with a water cover, at a wavelength of 7.5 um, if the
cover instead is taken as air, the sensitivity of the waveguide with a small absorption in
air as waveguide cover is > 12000 and optimum length is 400 mm (when 0.1dB/cm losses
were included in the model). The sensitivity and optimum length with air as waveguide
cover as compared to water as cover are three orders more. The strong absorption of
water due to OH stretching and bending vibrations in the MIR region causes the optimum
length to be much shorter and the sensitivity to be much lower. This is a universal
problem in direct sensing of aqueous biological samples. The MIR region is dominated by
water absorption as shown in Fig. 2.13 (a). Water is the main constituent in most human
fluids (blood, urine, saliva), which need to be tested for practical clinical diagnostics and
treatment. However, there are a number of ways to remove water from the background of
a measurement; 1) by drying the aqueous samples, or 2) combining MIR waveguides with
microfluidics and simultaneously extracting the water out and inserting the MIR
transparent solvent that has higher affinity towards the analyte into the sample chamber.
One such example is lipids, which are hydrophobic, so can be easily extracted from water
and mixed in a desired solvent that does not interfere with the MIR light for the

absorption spectroscopy.

The model using a bulk media as the waveguide cover is a way to prove the agreement
between the theory and the experiment. The real advantage of using waveguides is for

studying mono molecular films of the order of 1 nm thick. In transmission through a film
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at normal incidence, the absorption due to monolayer will be immeasurably small as the
path length is 1 nm. On a waveguide, the overlap between the monolayer and the light
can be kept strong over centimetres of lengths, without light being diffracted, and thereby

exhibiting a strong absorption.

2.5 Conclusion

Ray and wave model for slab waveguide were discussed to introduce the concept of light
guidance and its propagation. Numerical modelling (Comsol simulation) was used to
calculate channel and rib geometries as well as bend losses in the waveguide. Comsol was
also used to calculate isolation layer thickness between a chalcogenide core and silicon
substrate to avoid propagation of light in silicon, due to its higher refractive index than
chalcogenide core. A slab waveguide model is described using Comsol, to design a GeTes
waveguide for maximum sensitivity for a waveguide at any wavelength of choice. The
numerical model is useful in comparing theory with the experiment. An investigation of
the effect of aqueous media on the waveguide surface on limiting the maximum

sensitivity of a waveguide is presented.
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CHAPTER3 MIR Waveguide
Fabrication and
Characterisation Procedures

This chapter presents the tools and techniques used for deposition and characterization of
GeTes and ZnSe thin films, procedures followed for fabrication of low loss GeTes channel
and ZnSe rib waveguides. It also includes the experimental approach used for
establishing apparatus for characterisation of the waveguides in both the MWIR and
LWIR bands.

Deposition of thin films and fabrication of the waveguides were carried out in class 1000
clean room facilities. Two physical vapour deposition (PVD) techniques are used for the
deposition of chalcogenide films: RF sputtering and thermal evaporation. Two different
makes and models of RF sputtering systems were used, one each for GeTes and ZnSe
films. For comparison, both RF sputtering and evaporation were used to determine the
best process for ZnSe film deposition. The thickness of the deposited films was measured
by profilometry and ellipsometry. Scanning electron microscopy (SEM) was used to
observe the surface and cross-section of the deposited films and fabricated waveguides.
X-ray diffraction (XRD) was used to study the crystal structure and atomic force
microscopy (AFM) was used to measure the roughness of the deposited films. Energy
dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS) were
used to determine the composition of the films. Optical transmission of the films was
determined by Fourier transform infrared (FTIR) spectroscopy. Optical constants were
determined by ellipsometry and prism coupling. Contact angle measurement with DI

water was also performed for ZnSe films to determine the surface hydrophobicity.
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Waveguides were fabricated by photolithography and dry etching as well as by lift off
and a step by step procedure is given in this chapter. For characterising the waveguides in
the MIR, two set of apparatus were used: one for the MWIR range (2.5-3.7 um) and the
other for the LWIR range (6.4-12 um), and these are described in the last section of this

chapter.

3.1 Tools used for deposition of thin films

In a film deposition process, an approaching atom from the starting material can be either
reflected or absorbed on to the surface of the substrate. It depends on the incoming flux of
atoms, sticking coefficient and the energy of the substrate surface. For an atom to
physically or chemically absorb on the substrate surface, it has to overcome the local
energy barriers, since addition of atoms on the surface of substrate creates extra surface
enegy. Once the atom sticks to the surface, a tension is created on the surface depends on
the atoms stretching or compressing the bonds. Further diffusion of the atoms depends on
the overall surface energy and the diffusion rate increases with temperature. In a physical
vapour deposition method (sputtering and evaporation), The atoms of the deposition
material should have lower chemical potential than a vapour in order to condensate on
the substrate. For a stable film, size if the nuclei is critical. 2D smooth films are obtained
when the substrate-vapor surface energy is greater than the combined surface energy of

the substrate and the vapour (Frank van der Merwe layers) [154].

3.1.1 RF Sputtering

GeTes deposition (Oxford Instruments Plasma Technology (OIPT), Plasmalab 400+): In
Rf sputtering, a plasma is created between the cathode (target) and the anode at pressures
in the mTorr range when a high RF voltage is applied. The magnetic field generated by
the magnetron is oriented parallel to the cathode surface such that the secondary electrons
emitted from the cathode forms a closed loop close to the target. This increases the
confinement of secondary electrons and causes an increase in plasma density close to the
surface of the target, producing a high sputtering rate. The OIPT machine used for GeTes
film deposition contains two 150 mm diameter magnetrons and can accommodate 100
mm diameter substrates. It is a top down system with the magnetrons facing the samples

downwards as shown in a schematic diagram in Fig. 3.1. The distance between the target
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and substrate is ~ 80 mm. The system operates under high vacuum of ~ 10 Torr except
during deposition when the pressure is increased to 1-30 mTorr [148]. There is a provision
for three gases: Argon, nitrogen and oxygen to generate the plasma in an inert or reactive
atmosphere. The substrates are transferred into the deposition chamber via a load lock. A
commercially bought powder pressed GeTes target (Testbourne Ltd.) 150 mm in diameter
and 6 mm thick with 99.99 % purity was used. The GeTes films were deposited in an inert

atmosphere using argon gas. Substrates can be heated up to 300 °C.

Cathode

.

Magnetron
assembly

Anode

i Target
ring e

o<——— 1 Atom sputtered
from target

Substrate

Pumps

Table bias

Fig. 3.1 Schematic of the OIPT RF sputtering system

ZnSe deposition (AJA, Orion 8): A different sputtering machine was used for ZnSe
deposition because the OIPT machine takes 150 mm diameter of sputtering targets and a
CVD grown ZnSe target was not available in that dimension. So a different magnetron
sputtering system that can take 75 mm diameter (3 mm thick) targets was used for ZnSe
film deposition. A CVD made target is selected for its purity whereas a small target size
reduces the cost. The AJA machine contains five sputter sources, three of which have local
plasma generated using a DC voltage. The other two sources are connected to RF supplies
(max. 600 W). DC is suitable for conducting targets whereas dielectric materials require
an RF source. The sputtering system has all the sources placed facing up towards the
substrates as shown in a schematic diagram in Fig. 3.2. It can accommodate up to 150 mm

diameter substrates. The tool has confocal sputter sources oriented at specific angles to
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aim at a common focal point to enable highly uniform films. It gives a much better
uniformity (~ 2%) at a working distance of 140 mm over a 100 mm diameter substrate
[139], than OIPT machine which gives ~10 % thickness uniformity when substrate rotation
was not used. The samples are transferred into the main chamber via a load lock. The
samples can be heated up to 300 °C and argon, nitrogen and oxygen can be used for
deposition. The ZnSe films were deposited from ZnSe target (Crystran Ltd.) formed by
CVD.
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I , Magnetron
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Fig. 3.2 Schematic of the AJA RF sputtering system

3.1.2 Thermal evaporation

Thermal evaporation (BOC Edwards, E306a) is based on electrical resistive heating of the
source material where a current is passed through a resistive element such as a filament or
boat. The solid material inside the boat is heated under high vacuum to a sufficient
temperature to produce a high vapour pressure. The vapour of the evaporated material
traverse the chamber and hits the substrates which are mounted inverted at the top of the
chamber, hence coating the substrates with the source material [149]. The evaporator used
for deposition of ZnSe has four sources that can be used consecutively and an additional
source is also available for co-evaporation of two materials concurrently. ZnSe pieces

made by CVD were placed in a wide tantalum (Ta) boat and the substrates were mounted
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on the platen, facing down towards this evaporation source. A schematic of the
evaporation system is shown in Fig. 3.3 (a) a photograph of the evaporation chamber
while depositing ZnSe is shown in Fig. 3.3 (b). A Ta boat used is also shown in Fig. 3.3 (c).
The system was operated at a base pressure of 5 x 10 mbar. The substrates were screwed
on a substrate holder platen which was heated at 250 °C and rotated to maintain the
thickness uniformity of the films. A crystal monitor was used to monitor the thickness of
the films. The evaporation chamber was filled with liquid nitrogen from time to time to

maintain high vacuum inside the chamber.

(a) b = Erystal monitor
€ -

Crystal o Evaporated

monitor—~

Liquid N, -

ource

ZnSe in a
material Eimboat

Pumps

Fig. 3.3 (a) Schematic of a thermal evaporator system, (b) a photograph of the chamber while depositing ZnSe
films and (c) a Ta boat used for evaporation

3.2 Tools used for film characterisation

3.2.1 Film Thickness

Stylus Profiler (KLA Tencor, P16+): A 2 um radius stylus tip was used to measure the
thickness of the deposited films. A step is created by covering a small portion, usually two
diametrically opposite corners of a substrate with kapton tape while depositing the films.
A maximum height of ~ 300 um can be measured with a vertical resolution of nearer 1 nm

using this model.
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UV-Vis-NIR Ellipsometry (Woollam Co. Inc., M-2000): This tool can be used to measure
the thickness as well as optical constants of the films. In this work, it is primarily used to
measure the thickness of the deposited films and as well as after etching. It covers the
wavelengths from 193nm to 1690nm, and a range of incident angles 45°-90°. It has a beam
diameter of ~ 3 mm, which can be reduced to ~ 300 um with the help of focussing probes
provided by the manufacturer. An inbuilt software package called Complete Ease was
used to analyse the data, where a dispersion model is created to best fit the experimental

data.

3.2.2 Surface morphology by microscope and SEM

Microscope (Nikon, LV100D): The preliminary inspection of the substrates after cleaning
as well as deposited films was performed using a microscope in both bright field and dark

field configurations with a maximum magnification of 1000x.

SEM (Carl Zeiss, EVO 50): An SEM system using tungsten filament, operating under an
accelerating voltage between 0.2-30 kV and argon and nitrogen purge gases were used to
observe the surface and morphology of the deposited films as well as to optimise the

photolithography procedure. A resolution of 3 nm can be obtained at 30 kV.

FESEM (Jeol, JSM-7500F): A field emission SEM utilizes a highly focussed electron beam
which provides better resolution that filament based SEM. An FESEM operating between
accelerating voltages 0.1-30 kV under high vacuum was used to obtain top surface and
cross-section images of the deposited films as well as channel and rib waveguides. It has a

surface resolution of 1.0 nm at 15 kV.

3.2.3 Crystallinity by XRD

XRD (Rigaku, Smartlab) is used to determine the crystallinity or phase of the deposited
film. An XRD system with a monochromatic Cu ka target in 2 theta geometry was used
where only the detector moves and the source remain at a fixed angle. The sample was
placed in the XRD chamber, where X-rays are incident on the sample at a grazing angle of
1° and are detected by a detector in the range of 10°-80°. The scattering of X-rays from the

atoms of the film at different planes produces a diffraction pattern given by a plot of X-ray
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intensity as a function of angles with respect to incident beam. It gives the information

about the crystallanity and phases of the sample (film or substrate).

3.2.4 Surface roughness by AFM

AFM (Bruker, Veeco Nanoscope V) in tapping mode was used to measure the surface
roughness of the deposited films and the substrate. Here a SisNs cantilever with a sharp
tip (~8 nm radius) is used to measure the atomic forces between the sample and the tip,
without contacting the sample surface. This way, surface damage of the sample is
avoided. This high resolution scanning probe microscopy system can produce very stable
and low noise image of 0.3 A in vertical dimension. The lateral resolution depends on the
size and shape of the AFM tip, the detectors sensitivity and scan size and number of

sampling points. An ~ 8nm diameter tip was used for the measurements.

3.2.5 Composition by EDX and XPS

EDX (Carl Zeiss, EVO 50): EDX is a compositional analysis tool used in conjunction with
SEM. An electron beam is bombarded on to the sample and electrons are ejected from the
atoms of the samples. The electrons vacancies are filled by higher energy electrons and
hence X-rays are emitted between the two electron states from the sample. Since X-ray
energy is characteristic of the element from which it was emitted, this gives the elemental

composition of the analysed volume of the sample.

XPS (Fisher Thermoscientific, Thetaprobe): XPS is a surface sensitive technique that is
used to determine the elemental composition of the outermost atomic layers of a solid
material. It can also be used to determine chemical and electronic state of the elements
present in a material. It acquires information of the top few nm of the surface of a flat
sample. Soft X-Ray (wavelength 0.1-Inm) photoelectrons of low energy irradiated from Al
Ka target (1486.6eV) strike the surface of the sample and ionize the surface by knocking
out the electrons from different energy levels of the atoms [150-152]. As low energy X-rays
are used so it cannot penetrate deeper into the surface, unlike in SEM, where X-Ray of
high energy are used to penetrate deeper into the sample. Electrons that escaped from the
first few layers are detected and the deeper ejected electrons are either recaptured in the
solid or loose energy during travel to the surface, hence they contribute in the spectrum

background [152]. Every element has a fingerprint spectrum for binding energy, so they
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can be easily identified from other elements present on the same surface. When a photon
of known energy hv knocks an electron out of the shell of an atom, these electrons are
measured by the detector as a function of their kinetic energy; hence their binding energy

can be calculated from the following equation:
E[A]+hv=E[A*]+E [e]

Efe]=hv-(E[AT]-E[A])

K.E.=hv -BL.E.
® Photoelectron
EIermi level A
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Fig.3.4 Schematic of principle of photoelectron emission in an XPS (Image taken from [152])

A schematic of the principle of photoelectron emission in an XPS is shown in Fig. 3.4.
Electrons from all orbitals of an atom with BE < X-ray energy can be excited [3]. On
plotting the intensity or electrons counts to B.E/K.E., the elements present in a given
sample can be found. The position of the peaks tells the information about the element
present whereas the peak intensities show the amount of the element present. The shape
of the peak and the shifts in peak gives the information about chemical state of the

element.

In this work, XPS with a monochromatic aluminium (Al) Ka X-ray source (hv = 1486.6 eV)
operating at a base pressure of 2 x 10 mbar was used to determine the composition of
films. The X-ray source was operated at 6.7 mA emission current and 15 kV anode bias
with a spot size of 400 pm and photoelectrons were collected over a cone of +30° with the
lens mounted at 40° in respect to the sample surface. Ar ions with a current of 1 pA and 3

kV energy were used to etch the sample surface for depth profiling. Depth profiling
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enables acquisition of XPS spectra from a fresh surface exposed on etching the film
surface with Ar ions at every fixed interval. A flood gun was also used to compensate for
charge build up in the sample. C 1s core level at 284.8 eV was used as reference for
correcting the charge shift. The data was analysed using the in-built Avantage software

package.

3.2.6 Optical transmission by FTIR

An FTIR spectrometer (Agilent Technologies, Cary 670) in normal incidence was used to
measure the transmission of thin films. The instrument consists of a broadband globar
infrared source, several mirrors, a potassium bromide (KBr) beam splitter and a deutrated
triglycine sulphate (DTGS) detector. The spectrometer is based on an interferometer
where an infrared beam is split into two parts after passing through the beam splitter (BS)
and travel in two directions at right angles, one beam to a stationary mirror and back to
the BS and the other beam to a moving mirror and back to the BS. When the two beams
recombine at the BS, a constructive or destructive interference is created according to the
path difference between the two beams. An interferogram is generated giving optical
intensity versus optical path difference. A Fourier transform of the interferogram gives
the FTIR spectrum. A 4 cm™ resolution and a total of 64 averaged scans were used to

reduce noise in measured data.

3.2.7 Optical constants by IR-VASE Ellipsometry and Prism coupler

IR-VASE Ellipsometry (Woollam Co. Inc.): In order to determine the optical constants of
GeTes films and ZnSe substrates in the MIR, IR-VASE variable angle spectroscopic
ellipsometer for the infrared was used. This collects data from 2 to 30 um with angle of
incidence ranging from 30 - 90°. The backside of the sample was roughened prior to the
measurement to avoid spurious reflections. Data were collected from the centre of the
sample and optical constants were modelled using a generalized Gaussian oscillator layer

modelling the thickness and roughness of the film, as well as the optical constants [153].

Prism coupler (Metricon™): The refractive indices of the deposited film, the respective
effective indices of the propagating modes and the propagation loss for TE and TM
polarizations were determined by an automatic prism-coupler operating at 1550 nm

wavelength. The Metricon system consists of a controlled rotation stage attached to a
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motor for an angular resolution of 0.45°, a photodiode placed at the output facet of the
prism measures the relative intensity of light that is not coupled into the guiding layer
against the incident angle. Dedicated software records and recognise the minimum
intensity associated with coupling and determines the modal effective indices of the
guiding layer. The propagation loss due to scattering was also determined using Metricon
where once the guided mode is excited, an associated weak streak of light scattering out
of the waveguide plane was recorded. A fibre is then scanned along the direction of
propagation of streak to calculate the decay rate of the propagating mode with respect to
the distance which is used to determine the loss of the guiding layer. The measurement
assumes the direction of scattering is out of plane of the guiding layer. The system is

sufficiently sensitive to measure losses from 1-30 dB/cm with an error of +0.1 dB/cm.

3.2.8 Surface wettability by contact angle measurement

Contact angle (Kruss DSA 10) measurements were performed to inform future work on
surface modification for binding of biological monolayers, the hydrophobicity of the
surfaces were measured using the surface wettability test. The test was carried out by
static contact angle measurement with deionized (DI) water on the deposited films and
the angle between the water drop and the underneath surface was calculated to define
hydrophilic or hydrophobic nature of the surface in contact. A hydrophilic surface has
strong affinity to water therefore wets a large area of surface by maximizing the contact
and by definition has the contact angle less than 90°. Hydrophobic surface repels water

and has a contact angle greater than 90°.

3.3 2D waveguide fabrication procedures and tools used

2D channel and rib waveguides were fabricated using etching and lift-off techniques.
Etching is a subtractive method whereas lift-off is an additive method. For etching, a
positive photoresist (51813) was used. Lift-off was carried out by both positive (51813 and
LOR 30B) and negative photoresists (AZ2070) explained in detail in sections 3.3.2 and
3.3.3. Three different masks were used: 1) identical bands of straight opaque stripes of
width ranging from 1 to 10 pum with centre to centre distance 100 um and 20-70 um thick
stripes separating each bands, 2) straight opaque stripes with width ranging from 1 to 5

um and distance between adjacent waveguides was varying from 50 um to 2 mm and 3) a
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mask with various features including straight channels from 3 to 30 um wide with centre
to centre distance of 400 um, 90° bends and splitters including gratings at the output end.

The following tools were used for photolithography and etching:

Mask aligner (Suss Microtec, MA-6): An i-line and h-line mask aligner operating at 365
nm and 405 nm respectively was used to transfer patterns. It can accommodate up to 100
mm diameter substrates. A 5” mask with a 350W Hg lamp emitting at intensity of 16-18

mW/cm? was used. The best resolution of 800 nm can be obtained using this system.

Reactive ion etching (Oxford Instruments Plasma Technology, Plasmalab RIE80+): RIE
is a dry etching process based on parallel plate induced etching. The substrate is placed on
a graphite or quartz substrate holder. It is connected to the following gases; CHFs, Oz, Ar
and SFes. The gases are introduced in the chamber via a gas-inlet in the top electrode
(anode) and the substrate holder table acts as the lower electrode (cathode). Plasma is
generated by applying an RF voltage between the two electrodes. The neutral atoms of the
plasma and the negatively charged electrode results in a potential difference called as self-
bias voltage, which drives the positively charged ions in plasma towards the negatively

charged substrate table. Etching is achieved by both physical and chemical process.

Inductively coupled plasma (ICP) etching (Oxford Instruments Plasma Technology,
Plasmalab 100ICP380): ICP is an RIE process which includes an RF source where
excitation is performed inductively by a coil wrapped around an RIE plasma discharge
region, which produces a change in magnetic field. The change in magnetic field induces
an electric field which circulates the plasma in the chamber. The electrons from plasma
bombarding the chamber walls create a static voltage, which is different from the self-bias
voltage. The dual plasma system offers flexibility in altering plasma density and energy
independently [154, 155]. The substrate is transferred into the etching chamber via a load
lock where it is placed on a helium cooled table. It is connected to the following gases;

CsHs, Oz, Ar, Clz, HBr, SFe.

Ion beam system (Oxford Instruments Plasma Technology, Ionfab 300+): 150 mm
collimated argon ion beam was used to etch the ZnSe waveguides. The sample holder can

be rotated from 0°-90°, in order to optimise the etching conditions to obtain vertical walls.
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There is a trade-off between using lower angles to get the vertical walls as it causes

material re-deposition. The system was optimised for etching at an angle of 45°.

3.3.1 Photolithography and dry etching

Photolithography followed by etching was carried out to pattern the film into rib/channel
structures with the aim of achieving low surface roughness and vertical sidewalls. A
schematic of the entire process is shown in Fig. 3.5 and the process steps are explained

below.
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Fig. 3.5 Schematic of the standard photolithography and dry etching process steps

The fabrication process steps shown in Fig 3.5 are explained below:

1. A film (waveguide core) was deposited on a cleaned substrate.

2. On the clean surface of the film, a positive photoresist (Shipley, S18 series) was
spun using resist spinner. After spinning the resist, the sample was soft baked at
90°C on a hot plate for one minute.

3. A light-field photolithographic mask with opaque stripe patterns of various
widths (1-70 pm) is used to transfer the patterns on to the sample. The sample is
exposed to UV-light coming from a mercury lamp.

4. The sample is then developed in a developer solution (MF-319) with continuous

stirring. On developing the photoresist, the exposed regions are dissolved in the
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developer solution while unexposed regions stayed on the film. The sample is
washed with DI water and dried with compressed N2 and then hard baked on a
hot plate for two minutes at 110°C.

5. The sample is then etched using ICP or Ar ion beam systems to etch away the
exposed film leaving behind the partially or fully etched stripes.

6. The left over photoresist is then washed away in acetone.

3.3.2 Photolithography and Lift-off

The lift-off technique is used to avoid etching as some materials are difficult to etch. This
process requires a sacrificial layer of photoresist to be deposited and patterned by an
inverse mask pattern to create the undercut photoresist layer. The film (waveguide core)
is deposited over the undercut photoresist layer such that the opening of undercut defines
the width of the final waveguide. The photoresist is then washed off, leaving behind the
desired film patterns. Here any material that is deposited on the sacrificial photoresist
layer will be washed away (or lifted off) and the material deposited on the substrate
directly will remain [156]. This method also prevents any contact of the film with water
which can lead to oxide contamination in the chalcogenide film and hence may lead to
losses in the final device. Lift-off was carried out by two different approaches differing in

the type of resist used and both the approaches are discussed in detail below.

3.3.2A Dual layer process with lift-off resist (LOR 30B) and a positive photoresist
(51813): An LOR is a polymer which is not photo-sensitive to UV light but is affected by a
developer solution. It is used where thicker layers of films or core materials are needed
that cannot be achieved by photoresist alone. It is used as a bottom layer below a
photoresist. The process steps of this technique are shown schematically in Fig. 3.6 and

are as follows:

A lift-off resist (LOR 30B) is spun on a cleaned substrate using a resist spinner. The
process was optimised to achieve an 8um thick LOR layer by spinning dual layer of LOR
30B [157].
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Fig. 3.6 Schematic of the Lift-off process using photolithography and LOR photoresist

A positive photoresist 51813 (Shipley) was then spun over the lift off resist to
define the pattern using UV light. After spinning the resist it is soft-baked on a hot
plate at 90°C for 1 minute.

The sample was exposed to UV light using a dark-field photolithographic mask
having transparent straight stripes of varying thickness and separation. The dark-
field mask used had similar straight stripes (from 1-70 um wide) as that of light-
field mask used in the conventional photolithography but a reverse pattern is
obtained as compared to the pattern obtained after developing a light-field mask
pattern. An exposure time of 8 sec was optimised for an 8 um thick LOR layer
with a 1.3 um photoresist layer on it.

The sample is then developed in a developing solution (MF 319) to create the
undercut by removing the exposed resist to open the channels. Different
developing time were tried to open the channels fully such that the developer
reaches the surface of the substrate.

The GeTes film is then deposited on the sample by RF sputtering.

LOR and photoresist is then stripped off in a resist stripper solution (SVC 14) to
obtain the desired features.

Exposure and developing time vary with thickness of the resist and minimum
feature size required. There is no hard bake required for the resist after

development as etching is not performed.
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3.3.2B Single layer process with a negative photoresist (AZ2070): While optimizing lift-
off procedure with the LOR, another photoresist was found to be useful for lift-off. It is a
negative resist AZ2070. It reduces the processing steps as it does not require any LOR
underlayer. AZ2070 can be deposited over a range of thicknesses (2-30 um) and is also
sensitive to UV-light. A negative resist is the one which will cross-link all the exposed
regions and hence these regions are not attacked by the developer. Hence a light-field
mask is used to create straight channels. The process steps are as follows and a schematic

is shown in Fig. 3.7:

1. A negative photo-resist (AZ2070) is spun on a cleaned substrate using a resist
spinner optimised for a thickness of ~6-8um. The sample is then baked on a hot
plate at 110°C for 90 sec.

2. The sample is then exposed to UV light. A light-field photomask having straight
stripes of varying thickness and separation was used to transfer the pattern on the
substrate.

3. The sample is then baked again at 110°C for 90 sec before developing; this is called
post exposure bake (PEB). The exposure dose determines the part of the resist
cross-linked after the PEB.

4. The sample is then developed in a developing solution (AZ716) to create an
undercut and the opening of the channels.

5. The waveguide core is then deposited on the sample.

6. The photoresist is then stripped off in acetone to obtain the desired features.
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Fig. 3.7 Schematic of the Lift-off process using photolithography and AZ2070 photoresist

3.4 Waveguide end-facet preparation

It is important to have smooth optical quality end facets for coupling of light into the
waveguide. Rough end facets lead to scattering of light off the edges of the waveguides
and leads to high coupling loss. Conventional polishing was tried for end facet polishing
of chalcogenide waveguides, but due to the soft and brittle nature of these materials, it
was not successful. Therefore, an optimized ductile dicing procedure [158, 159] using a
nickel bonded blade (Disco ZH05-SD4800-N1-50 GG, width of 50-60 pum and 4800 grit),
with a depth of cut ~260 um, a rotational speed of 20 krpm and a translation speed of 0.1

mmy/s was used to machine the GeTes waveguide on bulk ZnSe end facets.

Waveguides fabricated on Si substrates were cleaved along the crystal planes of Si.

3.5 Waveguide characterization in the MIR

In order to characterise the waveguides for waveguiding, propagation losses and mode
profiles in the MIR region, two sets of experimental apparatus were used. One for the
MWIR and the other for the LWIR regions of the MIR. The generic experimental set-up is

shown in Fig. 3.8 and is explained below.
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Fig. 3.8 Schematic of the experimental set-up used for characterisation of waveguides in the MIR

3.5.1 MWIR experimental apparatus

3.5.1A Light source (M-Squared Lasers, Firefly-IR): An optical parametric oscillator
(OPO) based pulsed, tunable light source operating at wavelengths between 2.5 ym and
3.7 um with an average power of 100 mW was used to characterise waveguides in MWIR.
The OPO optical output power spectrum is shown in Fig. 3.9. The three scans projected on
each other shows the repeatability of the laser output with wavelength. The laser has high
repetition rate of 150 kHz with pulse duration of ~ 10 ns and the line width is <10 cm (at

A =3.0 um). The beam diameter is 2 mm [160].
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Fig. 3.9 Output power recorded from the OPO laser operating at wavelengths between 2.5 um and 3.7 um

3.5.1B ZnSe objective (Innovative Photonics): Light from the OPO was focused onto a
ZnSe objective lens with an anti-reflection coating centred at 3.75 um wavelength and a
numerical aperture (NA) of 0.25. The focal length of the lens is 6 mm. The beam diameter

is reduced to ~15 um at the focus of the lens [161].

3.5.1C Optical fibers (Thor labs): The light from ZnSe lens was focused into a single
mode (SM) zirconium fluoride (ZrFs) fiber with a core diameter of 9 um. This fiber
operates in a single mode at wavelengths between 2.3 um and 3.6 pm and has an NA of
0.19 £ 0.02 [162]. The other end of the fiber was butt-coupled into the input facet of the
waveguide and the output of the waveguide was collected using a multimode (MM)
indium fluoride (InFs) fiber with core diameter ~100 pum and operating wavelengths of 310

nm to 5.5 um. This fiber has an NA of 0.26 + 0.02 [162].

3.5.1D Thermal imaging camera (FLIR, A6540sc): The top surface and the cross-section
of the guided modes at the output of the waveguide were imaged using an InSb MIR
camera. The input and output coupling between the waveguide and the fibers were also
ensured by imaging using this MIR camera, which covers the spectral range from 1.5 um

to 5.1 um and has a pixel array of 640 x 512 with a pixel pitch of 15 um.
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3.5.1E Detector (Vigo System, PVMI-2TE-10.6): A thermo-electrically (TE) cooled
Mercury Cadmium Telluride (MCT) photovoltaic detector [163] was used to detect the
signal coming out of the collection fiber. The MCT detector has an active area of 1 mm
with a barium fluoride window. The detector’s responsivity or detectivity curve is shown
in Fig. 3.10, which was reproduced from the diagram provided by the manufacturer. The

detector’s time constant is ~3 ns.
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Fig. 3.10 TE cooled MCT detector’s responsivity and detectivity spectrum [from manufacturer’s test data]

3.5.2 LWIR experimental apparatus:

For waveguide characterization at wavelengths from 6 pm to 12 um, a similar set-up as
shown in Fig. 3.7 is used with suitable laser source, objective lens and coupling fibers for

LWIR.

3.5.2A Laser source (Pranalytica): A tunable and pulsed quantum cascade laser (QCL)
operating at wavelengths between 6 um and 12 um was used as a light source. It operates
at room temperature with 50-500 ns pulse operation at a pulse repetition rate of 1-2 MHz
and has four laser chips inside which can be tuned continuously across the whole tuning
range. The average output power is 150 mW for a duty cycle of up to 50%. The output
power of the QCLs vs wavelenngth is shown in Fig. 3.11, as provided by the

manufacturer.
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Fig. 3.11 Output power spectrum of QCL operating at wavelengths between 6 pm and 12 um

3.5.2B ZnSe objective (Innovative Photonics): Light from the QCL was focussed into a
ZnSe objective lens with an anti-reflection coating centred at A = 8.5 um. It has an NA of
0.13 and a focal length of 6 mm. The beam diameter is reduced to ~30 um at the focus of

the lens [161].

3.5.2C Optical fiber (Cor Active/IRFlex): Light from the ZnSe objective coupled into a SM
As:Ses fiber. Two SM As:Ses fibers were used, one with a core diameter of 27 um (Cor
Active) and an NA of 0.22 and the other with a core diameter of about 12 um (IRFlex)
with an NA of ~ 0.47. The other end of the fiber was used to butt-couple with the
waveguide. The coupling efficiency between the laser and the input fiber is ~ 13% and

between the fiber and the waveguide is estimated to be ~50%.

3.5.2D Thermal imaging cameras (Xenics-Gobi 640/ FLIR SC660): The top and cross-
section of the guided modes of the waveguides were imaged using microbolometer based
thermal imaging cameras. The Xenics camera covers a spectral band of 8 -14 um and has a
thermal sensitivity ~ 50 mK at 30°C with a pixel array of 640 x 480 and a pixel pitch of 17

pum. The FLIR camera covers the wavelength range from 7.5 pm to 13 um and has a
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thermal sensitivity of 30 mK at 30°C with a pixel array of ~ 640 x 480 and a pixel pitch of
25 pum.

3.5.2E Detector (Vigo System, PVMI-2TE-10.6): The same TE cooled MCT detector is
used for LWIR, as explained in 3.5.1E.

3.6 Conclusion

The GeTes and ZnSe film deposition tools and procedures were discussed. The tools used
to determine the film’s surface, morphological, crystallinity, roughness, compositional
and optical properties were briefly explained. An overview of the procedures followed for
fabricating channel and rib waveguides by photolithography, lift-off and etching was
presented. The apparatus used for waveguide characterisation in the MWIR and the
LWIR regions of MIR were described. The next chapter includes the results on deposition
of GeTes films, fabrication of channel waveguides as well as its characterisation in both

the MWIR and the LWIR regions.
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CHAPTER 4 GeTes thin films
and waveguides on ZnSe

In this chapter deposition, fabrication and characterization of GeTes waveguides on bulk
ZnSe substrate are discussed. A high refractive index (RI) contrast configuration with a
GeTes core layer and ZnSe as the substrate, (nceres = 3.34 and nznse=2.4 at A =3.5 pm) has
been used. GeTe: films were deposited by RF sputtering and characterised for their
structure, morphology, composition, transparency and dispersion. A two-step lift-off
technique (explained in chapter 3, section 3.3.2A) using a positive photoresist and a lift-off
resist (LOR) was used to fabricate channel waveguides. The end facets of the waveguides
were prepared by ductile dicing. Waveguiding in the MWIR at wavelengths between 2.5
um and 3.7 um and in the LWIR at wavelengths between 6.4 um and 9.4 um was
demonstrated. The mode intensity profile and the estimated propagation losses are given

for the 3.5 um wavelength.

4.1 Deposition of GeTes films

A commercial target of GeTes (150 mm diameter x 6mm thick) with Ge:Te ratio of 1:4 with
99.99% purity was used. GeTes films were deposited on 2 mm thick and 50 mm x 50 mm
square polycrystalline ZnSe substrates by RF magnetron sputtering in an argon
atmosphere. The base pressure of the system was 7.5 x 107 Torr before deposition. Several
films were deposited at different temperatures to study the effect of deposition

temperature on film properties. However, the waveguides were fabricated using films
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deposited at room temperature. Deposition parameters such as sputtering power,

pressure, and argon flow rate were varied to optimize the deposition rate.

The GeTes deposition rate was measured as a function of sputtering pressure and
sputtering power at room temperature. The sputtering pressure was varied from 3 mTorr
to 30 mTorr at a fixed power of 50 W and an Ar flow rate of 20 sccm. The sputtering
power was varied from 30 W to 60 W at a fixed sputtering pressure of 10 mTorr and a
fixed Ar flow rate of 25 sccm. Fig. 4.1 shows the relationship of deposition rate to
sputtering pressure and power respectively for GeTes films deposited on ZnSe substrate.
It is seen that deposition rate decreases with sputtering pressure because the amount of
sputtered species increases with pressure as long as the mean free path of the sputtered
species is lower than the target-substrate distance. After that the number of collisions
between Ar gas and the sputtered species increases and hence the deposition rate
decreases. At a fixed pressure, with increasing power, the velocity of sputtered species

increases and hence the deposition rate [164].
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Fig. 4.1 Deposition rate of GeTes films as a function of sputtering pressure and sputtering power. (*indicates
the plasma did not strike at that pressure)

A sputtering pressure of 10-15 mTorr and power of 40—50 W yielded visibly defect free

films with a deposition rate of 0.6—0.7 um/h. The red asterisk in Fig. 4.1 shows that the
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plasma did not strike at that pressure. Films of thicknesses ranging from 1-8 um were

deposited.

4.2 Characterisation of GeTes films

4.2.1 Crystallinity, surface morphology and roughness

XRD was used to determine the crystallinity or phase of the deposited film. The sample
was kept in the XRD chamber, where X-rays are incident on the sample at a grazing angle
of 1° and are detected by a detector in the range of 10°-80°. For crystalline materials, this
gives a sharp peak at a unique angle since all the atoms are in an ordered arrangement.
For polycrystalline materials, a number of sharp peaks at different angles are obtained
that represent diffraction from many grain boundaries of a polycrystalline material as

seen in Fig. 4.2(a) (i) which shows the XRD pattern of a polycrystalline ZnSe substrate.
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Fig. 4.2 (a) XRD pattern of (i) a polycrystalline ZnSe substrate, (ii), (iii) a GeTes film deposited at a
temperature 20°C and 250°C, respectively, and (iv) GeTes target, SEM images of (b) top surface and (c) the
cleaved cross-section of an as-deposited GeTes film on ZnSe substrate
For amorphous material, a broad curve is obtained because the molecules lack the long

range order. Fig. 4.2(a) (ii) and (iii) shows the XRD pattern of sputtered GeTes films at

room temperature (20°C) and at 250°C respectively. It was found that deposited films
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were amorphous. The films remain amorphous at different sputtering powers from 30-60
W and different deposition temperatures from 20-250°C. Fig. 4.2(a) (iv) shows XRD

pattern of the GeTes target showing its amorphous nature.

The surface of the deposited films was observed under an optical microscope and SEM to
ensure that the film formation is two dimensional that is it is flat and there is no three
dimensional growth or island formation. Fig. 4.2 (b) shows SEM images of the top surface
of a deposited GeTes film which shows that the surface of the film is smooth. Fig. 4.2 (c)
shows the cleaved cross-section of a GeTes film showing a dense film, free from any
porosity or defects [165, 166]. Since the substrate is polycrystalline, its different planes are

also visible in the SEM image.

Fig. 4.3 AFM image of 1x1 um2 scan area of (a) ZnSe substrate and GeTex film deposited at temperature (b)
20°C and (c) 250°C respectively
AFM in tapping mode was used to measure the surface roughness of the deposited films
and the substrate. Fig. 4.3 (a), (b) and (c) shows the AFM graphs of the surface of the 1x1
um? ZnSe substrate, the GeTes film deposited at room temperature (20°C) and that
deposited at 250°C respectively. The local roughness value for the surface of the substrate
is found to be ~2.4 nm whereas that of the film deposited at 20°C is ~4 nm. Although this
value of roughness is acceptable for our device and application since we are working at
long wavelengths (2.5—-14 um), still this roughness could be significantly reduced when
the films are deposited at higher deposition temperatures; for instance it is 1.2 nm for the
film deposited at 250°C. Difference in particle size of the film deposited at different
temperatures was observed and explains their different surface roughness. The films used

to fabricate the waveguides were all deposited at room temperature.
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4.2.2 Optical transmission

1-0 LILELELE BAREEE LR LA
\\
g 0.8: )
- — ' \
® .
2 0.6 ™\
£ .
@ 0.4 _
© ] =2 mm thick ZnSe substrate
= 0.2 ] =——7.0 um GeTe, film on|ZnSe substrate
] ==1.76 um GeTe, film on ZnSe substrate
0-0 -llll vrrrjpryrvgrvrrpvrrvgprvrrrgprrvrgqvrrrngvanaga lllll

2 4 6 8 10 12 14 16 18 20 22
Wavelength (um)

Fig. 4.4 FTIR spectra of 1.76 um and 7.0 um thick GeTes film, and 2 mm thick ZnSe substrate

It is important to ensure that the film and the substrate material transmit in the MIR
region. The transmission from a 2 mm thick ZnSe substrate with no GeTes film and with
1.76 um and ~ 7.0 um thick GeTes films were measured by FTIR and the spectra are
shown in Fig. 4.4. The GeTes films were found to transmit over the spectral range from 2—
20 um. However, in the wavelength region of 12-15 um, GeTes films caused a significant
drop in transmission. A 2 mm ZnSe slab cuts off at ~ 19 um, where its transmission

reduces to 50%.

In order to understand the absorption of GeTes film (in ~ 7.0 pum thick GeTes) in the
wavelength region of 12—15 pm shown by FTIR, a theoretical model based on matrix
method using Fresnel’s coefficients constructed from O. S. Heaven [167]. The model
assumes normal incidence of light on a thin absorbing film on a transparent substrate. For
an absorbing film, refractive index n is replaced by a complex refractive index, and the
imaginary part is related to the absorption of energy by the medium. A schematic of the
single layer structure used in the model is shown in Fig. 4.5. When a plane wave enters

the plane boundary of an isotropic, absorbing medium, the planes of equal phase of the
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wave in the medium are perpendicular to the direction of propagation. The reduction in
the amplitude of the wave depends directly on the distance travelled by the wave in the
medium, for normal incidence, planes of equal phase are parallel to those of equal
amplitude. On applying the boundary conditions to the solutions of Maxwell’s equations
(discussed in Chapter 2, section 2.2), light reflected or transmitted by a boundary

separating the two media can be calculated.

cover n,
ﬁlm III = ikl $ d
substrate n,

Fig. 4.5 Schematic of an absorbing film on a transparent substrate
The complex Fresnel reflection (rm) and transmission coefficient (tm) are given by:
Tm = gm t thy 4.1
tm=1—1, 4.2

where m denotes the number of layers. For a single absorbing film on a transparent
substrate, the transmittance (T1) is given by:
n [(1+ g1)* + A{I[(1 + g2)* + h3] 43
N 91 1 9> 2

T, = —.
7 ng e 4 (g2 + h2) (g2 + hd)e2%1 + Ccos(2y,) + Dsin(2y,)

where

nd —n? —k? 4.4
91 = (ng +ny)2 + k?

n? —nZ +k? 4.5
9>

~ (ng +1ny)? + k3
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The subscript 1 is used for the cover-film interface and 2 is used for the film-substrate

interface. The values of niand ki are the real and imaginary parts of RI of GeTes and n2 is

the RI of ZnSe taken from ellipsometry measurement discussed in section 4.2.3. The

thickness of GeTes from the model is calculated to be 7.08 um. The transmission T1 from

the model is calculated from equation 4.3. The transmission T:i corrected for ZnSe

background is plotted in Fig. 4.6 along with the transmission of GeTes film obtained from

the FTIR measurement. The model is in general in agreement with the theory, except at

shorter wavelengths. Further work is under investigation.
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Fig. 4.6 Experimental and theoretical transmission of ~7.0 um GeTes film deposited on ZnSe substrate
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4.2.3 Optical constants
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Fig. 4.7 Ellipsometry graphs showing the optical constants n and k for (a) the GeTes film and (b) ZnSe
substrate

The optical constants n and k of the GeTes film and of ZnSe substrate were determined by
IR-Vase ellipsometry. It is important to know the dispersion and absorption of a material
which is given by n(A) and k(A) respectively, in order to design a waveguide to ensure
there is no intrinsic material absorption at the wavelength of interest. Fig. 4.7 (a) shows n
and k plotted against wavelength for a 2.7 pm GeTes film as measured by ellipsometry.
An absorption peak in the 12-15 um wavelength region is clearly seen in the absorption
spectrum, which corresponds to the Ge-O bond [168]. This absorption is also observed
was also indicated by the FTIR results shown in Fig. 4.4. In Fig. 4.7 (b), n and k for ZnSe
substrate is shown and it can be observed that the ZnSe substrate did not show any such

absorption in the entire wavelength region from 2-18 um, above which it starts to absorb.

The material loss in dB/cm was calculated using the extinction coefficient, k, obtained
from the ellipsometry data of GeTes film and is shown in Fig. 4.8. In the same figure the
inset shows the magnified image of a region close to 10 um wavelength. It can be seen
that the losses are very high in the region above 10.8 um, which are believed to be caused
by the GeO absorption. However, the film shows negligible losses for wavelengths below
10 um, which is very promising for the spectroscopy of many clinical analytes in MIR. In
order to establish the cause of this strong absorption peak, a detailed compositional

analysis was required which is explained in the next section.
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Fig. 4.8 GeTes material loss in dB/cm calculated using extinction coefficient, k, from ellipsometry data. Inset:
A small region is zoomed in around 10 um wavelength, where losses start to appear

4.2.4 Composition:

The composition of the film was determined in order to ascertain the reason behind the
strong absorption peak in the 12—-15um spectral range. EDX was used initially to measure
the composition, however, as it gives the spatially averaged amount of each element
depending on the probe area, the results were not satisfactory, as it could not be known if
this contribution of oxygen is from the surface, interface between the film and the
substrate, or the bulk of the film. From EDX, an oxygen content of 7-8 atomic % was
obtained in 2.0 um thick GeTes films whereas 11-22 atomic % oxygen was found in the
GeTe: target (the measurements were performed on three different regions of the sample).
The EDX measurement on the target was performed after using it for deposition for more
than three years whereas the films were measured during the first few months of
deposition. A surface sensitive technique that can give a detailed analysis of the elements
as well as information on their bonding with other elements was required. XPS was a
suitable choice because of its availability as well as its ability to provide surface sensitive
measurements of the elemental and chemical information. The probe depth is about the
top few nm of sample. The instrument gives a plot of electron counts vs. binding or
kinetic energy. The position of the peaks gives the information about the element present

whereas the peak area shows the amount of the element present. The shape of the peaks
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and their shifts in binding energy gives the information about the chemical state of the

element.

Chalcogenides have history to form bonds with oxygen or hydrogen, which leads to
unnecessary material absorption in the wavelength region of interest, so it was important
to confirm the penetration of oxygen in the samples, which is performed by XPS. It
utilised to study the depth profile of a material by physically etching out the material by
argon ions to introduce a fresh surface every time for the measurement. This way it can
found how a particular element environment or its composition is varying with depth.
Initially, to estimate the etch depth corresponding to Ar*ion etching, measurements were
conducted after every 10 minutes of etching on a 2.5 pum thick GeTes film. One hour of
etching exposed the ZnSe surface, so it is estimated that every minute of etching
corresponds to about 40 nm of the film thickness. After fitting the data, it was found that
the top-most layer of the film was mostly oxide (about 72%), which consists of Ge-O and
Te-Oz. The further etched levels showed absence of Te-O: and Ge-O settled down at 2
atomic %. It can be seen in Fig. 4.9 (a) and (b). To further explore the composition of the
GeTes film surface, another depth profile experiment was set-up with the depth profile
obtained every 20 seconds, shown in Fig. 4.9 (c). It clearly shows that the oxygen content
stabilises after about 40 nm of etch depth and about 2% oxygen in the form of Ge-O
always remain throughout the thickness of the film.

This oxygen contamination is in agreement with the FTIR and ellipsometry data reported
above in sections 4.2.2 and 4.2.3, where Ge-O absorption at 12-15 um spectral region was
found. The XPS results confirmed that the top 40 nm of the GeTes film surface was
comprised of GeO and TeO:. A more detailed analysis also showed that TeO: was in the
first few nm (10 nm) of the film but approximately 2% Ge-O was present throughout the
film. The contamination may result from the impurity in the commercial target material.
These could be eliminated by purifying the target material or by depositing a passivation

layer on the surface of the deposited films respectively.
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Fig. 4.9 Depth profile of GeTeu film by XPS showing composition of the film (a) after every minute etching
until the substrate was reached (b) shows the initial 3 minutes with every 1 minute etching data and (c)
shows the initial 120 sec etched every 20 sec

4.3 GeTes waveguide fabrication

After the film characterisation, GeTes channel waveguides were fabricated using the lift-
off technique as explained in chapter 3, section 3.3.2. A two layer photoresist process was
followed. First, an 8 um thick layer of lift off resist (LOR 30B) was spun on a cleaned ZnSe
substrate, followed by a 1.3 um thick film of S1813 photoresist. The sample was then UV-
exposed through a photolithography mask comprising straight opaque stripes of width
ranging from 1 to 10 pum with centre to centre distance 100 um and developed to create

the desired undercut profile shown in Fig 4.10 (a) [169].
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Fig. 4.10 (a) Undercut created by LOR and photoresist and (b) Cleaved cross-section of GeTes channels on
bulk ZnSe substrate after stripping off the LOR and photoresist (inset: top view of the channels)
A GeTes film of about 4.6 um thickness was deposited onto the patterned resist by RF
sputtering as discussed in section 4.1. Finally, the resist and the LOR were lifted off in
resist stripper (SVC-14) to obtain the waveguide channels shown in the SEM images in
Fig. 4.10 (b). The process was not optimised so 1-10 pum wide stripes on the mask widened
to 15-35 um on the sample after the photolithography procedure. These wide channels are
highly multimode (> 20 modes) for 3.5 um wavelength. The wide channels were
characterised in the MIR in order to establish waveguiding at longer wavelengths with
sufficient coupling efficiency using commercially available single mode fibers having core
diameters of 12 and 30 um. In addition, the resolution of MIR optics is poor because of the
fundamental diffraction limit and imaging single mode waveguides with submicron

dimensions is extremely difficult.

In order to prepare the end-facets of the waveguide for coupling light in, conventional
polishing with ethane-diol was evaluated. Ethane-diol was used instead of water to mix
the alumina slurry for polishing to avoid any unwanted absorption due to water. The
polishing was not successful and resulted in chipped edges of the samples. A microscope
picture of the polished sample is shown in Fig. 4.11 (a), where the rough and chipped off
edges of the substrate are clearly visible. To overcome the polishing problem, ductile
dicing was employed to machine the GeTes waveguide end facets. Here the sample was
coated with S1813 photoresist to protect the GeTes channels from coming in direct contact
with water which was used in dicing and also to protect the sample from any mechanical
damage. The ductile dicing process created smooth and chip free waveguide facets as
shown in the SEM image in Fig. 4.11 (b). The average surface roughness of the end facets
was obtained with a white light interferometer (Zemetrics, ZeScope) and found to be ~3.0

nm [159]. A schematic and an SEM image of the cross-section of the waveguide facet
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machined in the ductile dicing regime (after removing the protective photoresist) are

shown in Figure 4.11 (c) and (d) respectively.

(o) /,Protective photoresist layer GeTe, channels —s

~260pm fine cut l BOORN . s oot

- channe;lo.l/»'— Coarse cut

ZnSe substrate

2mm ZnSe
substrate

1C0arse Cut

Fig. 4.11(a) A microscope image of the polished GeTes channel waveguides on ZnSe substrates, (b) an SEM
image of GeTes channel waveguides cut by ductile dicing, (c) a schematic of the end facet of the waveguides
cut by ductile dicing and (d) an SEM image showing the cross-section of the diced end facet of the
waveguides

44 GeTes waveguide characterisation in the MIR

The diced samples were characterised with a tunable OPO working at wavelengths
between 2.5 um to 3.7 um. Light from the OPO was focused on a ZnSe objective lens into
a SM ZrF. fiber. The other end of the fiber was butt-coupled into the input facet of the
channel waveguide and the output was imaged on the InSb MIR camera from the top and

at the output cross-section. A schematic of the experimental set up is shown in Fig. 4.12.
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Fig. 4.12 Experimental apparatus for optical characterisation of the waveguides

Fig. 413 (a) and (b) shows a top view and the cross-section of the output end of the
waveguide sample showing light scattered from the end of a 26 um wide and 4.6 um
thick channel waveguide at a wavelength of 3.5 um. The channels are clearly seen in Fig.

4.13 (a). The insets in Fig. 4.13 show the magnified image of the guiding channel.

Guidiﬁg GeTe,
channel

1mm

Fig. 4.13 Infra-red camera images (taken with the inbuilt camera lens) of the output facet of the guiding
channel waveguide seen from (a) top and (b) cross-section view (inset: magnified image of the guiding
channel)

In order to magnify the mode emerging from the waveguide end-facet, the built-in
camera lens was replaced by an external ZnSe objective lens (refer Fig. 4.10) and the mode
was magnified by a factor of ~ 8 by adjusting the distance between the waveguide, ZnSe
lens and the camera. Fig. 4.14 (a) shows the background corrected infrared image of the

magnified guiding mode. It is the difference between the images with the OPO on and off,
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and is a true thermal image of the temperature difference. The scale of the modal images
was calibrated using the known distance between two waveguides. Light guidance was
observed over the wavelength range from 2.5 um to 3.7 um. On moving the input fiber
exactly 100 um, which is the distance between two waveguides, another channel output is

illuminated confirming the confinement of light.

The experimental horizontal and vertical mode profiles were extracted from Fig. 4.14 (a)
and are shown in Fig 4.14 (b) together with theoretical mode profiles for the fundamental
mode of the GeTes channel waveguide calculated using COMSOL. The experimentally
measured full width half maxima (FWHM) mode intensity spot-sizes for the waveguide
output intensity distribution in the horizontal and vertical directions of the 26 um wide
and 4.6 um thick channel waveguide are 10.2 um and 7.8 um, respectively. The “vertical”
direction is defined as normal to the substrate surface. The FWHM spotsizes calculated by
COMSOL for the fundamental mode in the horizontal and vertical directions at A=3.5 pm
are 13.2 um and 2.4 um respectively. As the waveguide is highly multimoded at this
wavelength and the image resolution is ~5 um, it is unclear which modes have been
excited in practice. If the fundamental mode has been excited in the vertical direction,
then the measured mode profile compares well with the theoretical mode profile, taking
in to account the resolution of the imaging system. It is unclear why the measured
spotsize in the horizontal direction is smaller than that predicted theoretically. It is
postulated that the 9 pm core input fiber excites several modes (laterally) in the
waveguide and that these self-image along the waveguide, acting like an MMI [170], to

produce a narrow resultant intensity distribution at the waveguide output facet.

In order to explore waveguide losses, the streak of scattered light at A=3.5 um was
observed from above the waveguide as shown in Fig. 4.14 (c). It is clear that there are
many large scattering centers along the waveguide in addition to a more uniform
scattering distribution. The former are due to imperfections in the lift-off process which
has left irregularities on the walls of the channels. The propagation loss calculated from
these data was found to be in the range of 1-5 dB/cm, depending upon the region of the

image selected for analysis.
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Fig. 4.14(a) Magnified background corrected infrared image of the mode at 3.5 um wavelength, (b) measured
horizontal and vertical fundamental mode profiles with theoretical comparison and (c) Infrared image
showing streak of light in the quiding channel at A=3.5um
For waveguide characterisation in 6.4—9.4 um region, light from a tunable QCL was
coupled in to the waveguide end facet using a single mode As:Ses fiber with a core
diameter of about 30 um. The output was imaged using a microbolometer based mid-
infrared camera from the top. The same waveguide sample (the one tested at shorter
wavelengths) was tested at longer wavelengths, using the QCL, and was found to be
guiding light over 6.4—9.4 um wavelength region. Fig. 4.15 (a) and (b) shows infrared
images using the mid-infrared camera with its as-supplied in built lens. Fig. 4.15 (a) and
(b) shows the top and cross-section view of the guiding channel at A = 6.8 um emerging
from a waveguide end and this region is shown expanded in the inset. On moving the
sample exactly 100 um, the distance between two waveguides, consecutive channels are
excited. As explained above, the guided mode was magnified by using an external ZnSe
lens and the magnified mode image is shown in Fig. 4.15 (c) where a clear bright circular

spot was observed.
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Fig. 4.15(a) Top view and (b) cross-section of the infra-red camera image of the output facet of the guiding
channel waveguide at 6.8 um wavelength (c) magnified image of the guiding channel

A FLIR camera image of the waveguide sample guiding at A =8.5 um is shown in Fig. 4.16

and the inset shown the magnified image of the guiding spot.

Fig. 4.16 Infrared image showing waveguiding at 8.5um wavelength (inset: magnified image of the guiding
channel)
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4.5 Conclusions

GeTes films were deposited on ZnSe substrate by RF sputtering in an argon atmosphere.
Deposition parameters, sputtering pressure of 10—15 mTorr and sputtering power of 40—
50 W were found to give a deposition rate of 0.5—0.6 um per hour which was used to
deposit the films of various thicknesses. The average surface roughness of the films
deposited at room temperature was found to be 5 nm or less, sufficiently low for low-loss
waveguides at MIR wavelengths. The deposited films were amorphous, as required to
minimize scattering. The films were found to transmit over a spectral range of 2—20 pum.
XPS analysis showed the presence of oxygen contamination in the film which is primarily
due to the Ge-O absorption at 12-15 pm. This contamination resulted in large losses at
wavelengths longer than 10 um, as determined by spectroscopic ellipsometry. Further
improvements in the material purity are expected to lead to waveguide films suitable for
the full spectral region between 2 pm to 20 pm. Waveguiding was demonstrated in the
2.5-3.7 ym and 6.4-9.4 um wavelength ranges. The mode intensity profile was extracted

at a wavelength of 3.5 um and preliminary estimates of propagation losses were reported.

In order to realise GeTes waveguides on Si, ZnSe films were required. Fabrication of
chalcogenide waveguides on Si is advantageous for many reasons, to utilise the mature Si
microfabrication technology, to integrate various optoelectronic components and also to
provide a solution for difficulty in end-facet preparation of chalcogenide waveguides on
bulk substrates by utilising well-known cleaving planes of Si. The next chapter details the

deposition and characterisation of ZnSe films and waveguides on oxidised Si.
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CHAPTER 5 ZnSe thin films
and waveguides on Si

In this chapter, the deposition of thin films of ZnSe by RF sputtering and thermal
evaporation methods is described. After optimising the deposition conditions, the
deposited films were characterised and compared for their structural and morphological
properties by XRD, SEM and AFM, compositional analysis by XPS and optical properties
by FTIR and waveguide prism coupling. The deposited films were fabricated into rib
waveguides on oxidised silicon substrates using photolithography and ion-beam etching.
Propagation losses in MIR region between 2.5 um and 3.7 um were calculated using

measurement of scattered light along the waveguide length.

In chapter 4, GeTes waveguides on bulk ZnSe were fabricated and waveguiding was
demonstrated in the MIR. As explained in that chapter, the polycrystalline bulk ZnSe
substrates used is difficult to surface polish or end-face polish. Surface polishing of ZnSe
substrate left many scratches on the surface and when end-face polish was attempted, it
led to chipping off the edges. ZnSe substrate cleaning was another issue as chalcogenides
are attacked by strong acids and bases. Cleaning of ZnSe with inappropriate solvents
causes its decomposition and releases toxic gases such as hydrogen selenide. Standard
acetone and isopropanol cleaning did not show significant improvement in terms of its
surface cleaning. In order to avoid these problems and to utilise mature Si
microfabrication technology giving potential for integration of optoelectronic components
on the same chip in the future, Si was used as a convenient and cheap flat substrate to

deposit chalcogenides and fabricate waveguides. Its smooth surface finish and well
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known cleaving planes offer an appropriate solution to overcome problems with the

chalcogenides substrate polishing.

5.1 Deposition by RF sputtering and thermal evaporation

Substrate preparation: Si (100) was used as the substrate for the fabrication of the
waveguides but the following substrates were also used to deposit ZnSe for film
characterisation: Si 100 (2 cm x 2cm, 4cm x 4 cm), Si with a 2.5 pm thermally grown silica
layer (oxidised Si) (4 inch diameter circular wafer cut in half), Germanium (Ge) (1 inch
diameter circular wafer) and microscope glass slides. Si, oxidised Si and glass slides were
cleaned in Piranha (H202: H2SOs) solution, washed with plenty of de-ionised water and
then rinsed with acetone and isopropanol (IPA) to remove any leftover acid. Ge substrates
were rinsed with IPA alone. All samples were dried with dry nitrogen gas and then
finally cleaned in a plasma asher (Tepla 300) in an oxygen atmosphere (O2 600 ml/min) at
1000 W of microwave power for 15 min. This process heated the samples to ~160° C,

removing residual moisture from the sample surface.

RF sputtering: Half of the cleaned substrates were used for AJA RF sputtering trials. The
substrates were mounted on a platen facing down towards the target. A three inch
diameter ZnSe target made by CVD was used. Substrates were heated in the sputtering
chamber at 250°C in an argon atmosphere for 2 hours before starting the deposition. A
sputtering pressure of 5mTorr and an RF power of 50W were used to deposit the films in
an argon flow of 15sccm, resulting in deposition at a rate between 0.18 and 0.21 pum/h,
during which the samples were rotated and maintained at 250 °C. After the deposition,
the samples were annealed in an argon atmosphere within the chamber at 250°C for 2
hours, and the chamber was then allowed to cool down to room temperature before the
samples were removed. The final ZnSe film thickness for sputtered ZnSe waveguides on

oxidised silicon was 1.9 + 0.1 um.

Thermal evaporation: The other half of the cleaned substrates were used for thermal
evaporation trials. ZnSe pieces made by CVD were placed in a tantalum (Ta) boat and the
substrates were mounted on the platen, facing down towards this evaporation source.
The substrates were rotated and heated to 250°C for two hours inside the chamber by a

halogen lamp in vacuum before starting the deposition. After reaching a base pressure of
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7 x 10° mbar the deposition was started, at a rate of 1.8-2.5 um/h, with the substrates
maintained at 250°C. In order to find a relation between the applied source current and
the temperature rose for the Ta boat containing ZnSe, a thermocouple was used close to
the Ta boat and the temperature was recorded at different values of current until the
desired deposition rate was obtained. A calibration curve of temperature of the Ta boat
raised against the applied source current is shown in Fig 5.1. It was found that for a ZnSe
deposition rate of 0.5 nm/s, the Ta boat containing ZnSe was heated above ~ 550 °C which

is in line with the sublimation temperature of ZnSe which is 500°C [171].
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Fig. 5.1 Calibration of source current applied to Ta boat with temperature

In order to keep the chamber pressure below 5x10-mbar, the deposition was performed
in steps, depositing 1 pm thick film at a time and then leaving the samples inside the
chamber at 250°C for approximately one hour to allow the pressure to fall again, before
starting the next deposition step. This is equivalent to vacuum annealing of the samples to
release thermal stresses built during the formation of the film. Once the required thickness
was achieved, the samples were annealed in the chamber at 250°C for a further additional
two hours and then allowed to cool to room temperature before the chamber was opened.
The samples were heated or cooled slowly in steps of 30-50 °C, to avoid peeling of the
films. The final ZnSe film thickness for evaporated ZnSe waveguides on oxidised silicon

was ~1.9 +0.2 um.
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In preliminary attempts to deposit ZnSe, room temperature deposition was performed for
both sputtered and evaporated films. However, in both cases, films flaked off during
subsequent processing steps. Therefore, in this work, substrate heating was used during
deposition to promote adhesion of the films to substrates. The evaporated films also
needed additional annealing in an external tube furnace to remove stresses for further
processing of the films into waveguides. The evaporated samples were annealed in an
annealing furnace at 280°C for 2 hours in argon atmosphere with a ramp up rate of
1°C/min and ramp down rate of 0.3°C/min. The sputtered films survived all the
processing steps without peeling off which suggests that they had lower stresses than
evaporated films probably because they were deposited 10 times more slowly than the
evaporated films. Furthermore, sputtered ZnSe film samples cracked after annealing
under the similar annealing conditions as the evaporated sample (shown in Fig. 5.6), and
so annealing was omitted for sputtered films. Sputtered ZnSe films without further
annealing and evaporated films annealed for two hours after deposition were used for
final waveguide device fabrication. Fig 5.2 (a) and (b) show photographic images of ZnSe
films deposited on glass substrates by sputtering and evaporation, respectively. Fig. 5.2 (c)
shows an image of a bulk ZnSe plate for comparison. The deposited films resemble the

bulk substrate suggests that the films have same stoichiometry.

Sputtered ZnSe
on glass

Evaporated ZnSe Bulk ZnSe
on glass

Fig. 5.2 Photographic images of bulk ZnSe substrate and ZnSe films deposited on glass substrates

Deposition of ZnSe films in thermal evaporation was extremely challenging and time
consuming as the films were extremely fragile and would delaminate randomly,
sometimes inside the chamber and at other times as soon as the chamber was opened and
the films were exposed to ambient atmosphere. Apart from heating the substrates,

different seed layers on Si, such as 50 nm thick sputtered Ta:0s, sputtered ZnSe,
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evaporated Cr were tried and tested to promote adhesion but were not successful. On the
other hand a 50 nm seed layer of evaporated CaF: or BaF: helped to promote adhesion
and even when these films were stored without annealing for weeks in the cleanroom,

they were intact. So in the subsequent deposition of ZnSe, a seed layer of BaF: is used.

5.2 Characterisation of ZnSe films

5.2.1 Crystallinity

The crystallinity of the deposited ZnSe films and commercially sourced bulk ZnSe
substrates were determined by grazing incidence X-ray diffraction (GIXRD) as described
in chapter 3, section 3.2.3. Fig 5.3 (a) and (c) shows the XRD patterns for annealed and
unannealed sputtered and evaporated films and Fig. 5.3 (d) for bulk ZnSe substrate. Fig.
5.3 (b) and (e) shows the International Center for Diffraction Data (ICDD) XRD data for
hexagonal and cubic ZnSe respectively. All the measured ZnSe samples are

polycrystalline but they differ in crystal structure.

105



106 Chapter 5 ZnSe thin films and waveguides on Si

= Sputtered ZnSe (unannealed)
1.8 x 10% - (a) —— Sputfered ZnSe (annealed)

(b)

8§§ =)
2o~ =~ - S
100 - = ) - = _
— - =T O -~
s T 25 &% Sors8
. | ﬁ|g§ SS To&c
L | [k M
> 9x10° - (c) e Evaporated ZnSe (unannealed)
a 4 g —— Evaporated ZnSe (annealed)
c p i
) -
— 4 «
9x10 - (d) Bulk ZnSe
0] I | N
(e) = = ICDD 01-088-2345 cubic ZnSe
100 - = 8 =
- = & _ 5 5 =
8 | S g 2§
0- . | T T 17

10 20 30 40 50 60 70 80
2 Theta (deg)

Fig. 5.3 XRD patterns of (a) sputtered, (c) evaporated and (d) bulk ZnSe along with the ICDD crystal plane
data for (b) hexagonal and (e) cubic ZnSe

The sputtered ZnSe film before annealing shows mixed phases of wurtzite hexagonal and
zinc blende cubic crystal structures as observed in [172], in which ZnSe was also
deposited on Si by RF magnetron sputtering and the films were found to be in tensile,
compressive or a mixture of both residual stresses depending on deposition pressure and
power. As described above, on annealing the sputtered film, it cracked and the XRD
pattern for the annealed sputtered film showed that the crystal planes of the film were
randomly oriented. On the other hand the evaporated ZnSe film (before and after
annealing) and the bulk ZnSe substrate show only cubic zinc blende crystal structure
where the grains are mainly oriented towards the [111] axis perpendicular to the coating
surface. On annealing, the crystallinity of the evaporated film was increased in the [111]
plane indicating that the grains of the film aligned themselves in this plane while
releasing the thermal stresses. Thermal evaporation of ZnSe is generally reported to yield

cubic polycrystalline films [173, 174] in line with the results obtained.
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5.2.2 Contact angle

For MIR devices, water or atmospheric moisture is highly undesirable as water has strong
absorption in MIR and can lead to high losses in the material. Therefore it is important to
understand the behaviour of water at the material surface. Surface wettability was
measured by static contact angle measurement with deionised (DI) water on the deposited
ZnSe films and on bulk ZnSe, with the angle between the water drop and the film surface
being measured to define the hydrophilic or hydrophobic nature of the surface. It is
governed by surface chemistry and roughness of the solid film. A hydrophilic surface has
strong affinity to water therefore wets a large area of surface by maximizing the contact
and has a contact angle less than 90°. A hydrophobic surface repels water and has a
contact angle greater than 90°. A large contact angle or hydrophobicity is required for
repelling water from the surface and to prevent contamination. Fig 5.4 shows a water
drop on each of the three ZnSe surfaces. The sputtered ZnSe was found to be hydrophilic
with a contact angle of 30.5° whereas bulk ZnSe is hydrophobic in nature with a contact
angle of 112°. The evaporated ZnSe was found to be closer to hydrophobic in nature with
a contact angle of 88°. A contact angle of 65° was reported earlier for a 280 nm thick spray
pyrolysis deposited ZnSe film [175]. The results indicate that the surface of sputtered
ZnSe film can form hydrogen bonds with water and is likely to pick up water/moisture
from the atmosphere on its surface. Evaporated films on the other hand are less prone to

moisture adsorption because of its hydrophobic like surface.

Evaporated ZnSe on Si

Fig. 5.4 Water contact angle for sputtered, evaporated and bulk ZnSe
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5.2.3 Structure, morphology and roughness

To examine the microstructure of the films, FESEM was used. Fig. 5.5 (a) and (b) show
FESEM images of the surface, and (c) of the cross-section, of a sputtered ZnSe film on Si
before annealing. The grains of the sputtered film can be seen clearly and the film cross-
section reveals the columnar-void structure which can be explained by Thornton’s zone
model [154]; a similar structure for sputtered chalcogenide films is reported in [47]. These
columnar structures may also be the reason for the hydrophilic nature of the surface
thereby attracting and trapping water vapor from the atmosphere. Fig. 5.5 (d), (e) and (f)
show FESEM images of the surface and the cross-section of the annealed evaporated ZnSe

film on Si.

Fig. 5.5 FESEM images of (a), (b) surface and (c) cross-section of sputtered ZnSe film on Si and (d), (e)
surface and (f) cross-section of the annealed evaporated film on Si

The evaporated film shows more densely packed structures than the sputtered film, but
contains some random circular spots which were also observed in [176,177]. These may be
caused due to ‘spitting’, where a sudden release of impurities such as carbon or oxygen
trapped in the source material leads to ejection of larger pieces of source material towards
the samples. FESEM results confirm that the evaporated films are denser than the
sputtered films (Fig. 5.5 (b) and (e)). Fig. 5.5 (a) and (b) show a sputtered film after
annealing, the cracks and larger separation between the grains as compared to
unannealed films (Fig. 5.5 (b)) are clearly visible, so annealing was omitted for sputtered

films and waveguides were fabricated with as-deposited sputtered ZnSe films.
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Fig. 5.6(a) and (b) FESEM images of sputtered ZnSe films after annealing

For optical applications, it is desired to have smooth surfaces to avoid scattering of light.
FESEM images also indicate that the sputtered films are rougher than the evaporated
films, but in order to quantify the roughness of films, an AFM in tapping mode was used.
The average roughness of the sputtered and evaporated films was determined over a 2
pum x 2 um area as shown in Fig. 5.7 (a) and (b) respectively. The average roughness of the
sputtered film is ~18.5 nm and that of evaporated film was found to be ~4 nm. The high
roughness of sputtered film could be due to large grains oriented in different directions

that leaving grain boundaries and voids in the film as shown in FESEM results.

b)

Fig. 5.7AFM images of a 2x2 um?2 scan area of (a) sputtered and (b) evaporated ZnSe on Si

5.2.4 Composition

Preliminary compositional analysis of both sputtered and evaporated films was
performed by EDX and revealed the presence of approximately 4.5% oxygen in the

sputtered film, with the atomic concentrations of Zn and Se being 44.5 at% and 51.0 at%
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respectively. The presence of oxygen in the sputtered films may be due to moisture
absorption from the atmosphere in the columnar structures shown in the FESEM images
in Fig. 5.5. For the evaporated films, EDX gave the concentrations of Zn and Se to be 51.5

at% and 48.5 at% respectively, with no detectable oxygen.

XPS depth profiling was used to perform surface analysis on both sputtered and
evaporated films. The purpose of using XPS was mainly to determine the percentage of
oxygen in first few nanometers of the surface of the film. Ar ion etching was performed
every one minute up to 4 depth levels. The sample surface before etching corresponds to
level 0 and each minute of etching corresponds to ~ 4 nm etch depth. Fig. 5.8 shows the
high resolution XPS surface spectra of core levels zinc (Zn 2p), selenium (Se 3d) and
oxygen (O 1s) for both the as-deposited sputtered and the annealed evaporated films on
Si. Each graph shows a dotted line corresponding to the collected data and the envelope
over it (green color) shows the best fit of the peaks. An inbuilt ‘Smart’ background was
used for fitting the peaks as shown by a line (magenta) at the bottom of the envelope
curve. The smart background is an approximate method for determining the background
under an XPS peak with a constraint that the background is not of greater intensity than

the actual data at any point in the region [178].
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Fig. 5.8 XPS Spectra of sputtered and evaporated ZnSe films showing fitted peaks for the elements Zn, Se
and O
The peaks for the individual elements were fitted for calculating the composition. The
composition was determined by integrating the area under the individual peaks and
normalizing these by the sensitivity factor of each element. The XPS scan of the sputtered
film shows the presence of two Zn2p peaks; the high binding energy peak corresponds to

zinc oxide (ZnO) whereas the low binding energy peak corresponds to metallic Zn [179].
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Table 5.1 Composition analysis using XPS depth profiling of sputtered and evaporated

ZnSe films
Element Peak BE | Noetch (1 min |2 min |3 minetch |4 min
(eV) Atomic | etch etch Atomic % | etch
% Atomic | Atomic Atomic %
% %
Sputtered ZnSe
Zn2p 1022.1 30.67 36.08 4473 45.82 46.63
Se 3d5 54.8 41.82 53.67 52.0 51.34 50.80
Se 3d3 53.95
O 1s (ZnO) 529.8 9.12 7.81 3.27 2.85 2.57
Evaporated ZnSe
Zn2p 1022.26 | 40.47 42.82 44.85 45.14 44.94
Se 3d5 54.93 27.89 55.70 55.15 54.86 55.06
Se 3d3 54.04
O 1s (0O-C, |5313 18.38 2.45 - - -
metal
carbonates)

The Ols scan shows two oxide peaks each corresponding to a bonded ZnO peak and a
non-bonded oxygen peak attached to organic carbon (O-C) as shown in Fig 5.8. The
evaporated ZnSe shows a single oxide peak corresponding to non-bonded oxygen along
with Zn and Se. The results of depth profiling for both sputtered and evaporated films are
reported in Table 5.1. The XPS analysis shows that the top layer of the sputtered ZnSe film
is comprised of bonded and non-bonded oxygen as explained above. An oxide peak in the
Zn 2p scan was also observed, but no evidence of the presence of SeO: which has
absorption peaks at 2.92 um and 3.52 um of the MIR region [168]. After 4 min of etching, ~
2.5% oxygen in the form of ZnO was still present in the sputtered film. On the other hand,
only non-bonded oxygen was present in the first two layers of the evaporated film, so the

film is free from metal bonded oxides. The results clearly indicate the evaporated film is
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purer as compared to the sputtered films. The non-bonded oxygen present on the surface
is due to carbon contamination while handling the samples which can be removed by
cleaning the samples. The bonded oxygen which is present in the sputtered films is hard
to remove as it is bonded to Zn. After confirming the oxide impurity in the films, it was
important to measure the MIR transmission of the films before fabricating the

waveguides.

5.2.5 Optical Transmission
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Fig. 5.9 Infrared transmission spectra of bulk ZnSe substrate, Ge substrate, sputtered and evaporated ZnSe
films on Ge substrates
The optical transmission of the sputtered and evaporated ZnSe films deposited on Ge
substrates and of the bulk ZnSe and Ge substrates, polished on both sides, was measured
using normal incidence FTIR. A resolution of 4 cm averaged over 64 scans over the
wavelength range from 1.6 um to 20 um was taken. Ge was chosen as the substrate for the
film transmission measurements due to its wide transparency in the mid-infrared region
compared with Si. First, the transmission spectrum of a bare Ge substrate was taken with
air as background, which is shown in the red curve in Figure 5.9. Then the transmission
spectrum for the ZnSe film deposited on an identical Ge substrate was recorded, and the
two spectra were ratioed to get the transmission spectrum of the ZnSe film alone, which is

shown in the blue (evaporated) and purple (sputtered) curve in Fig. 5.10 The transmission
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spectrum of bulk ZnSe substrate (black curve) with air as background is also shown in

Fig. 5.9. The films are transparent up to 15-16 pum in agreement with the bulk ZnSe.

5.2.6 Optical constants

The refractive indices of the deposited films, the respective effective indices of the
propagating modes and the propagation loss, at 1550nm wavelength, were determined
using a Metricon™ automatic prism-coupler with a prism (code 6024.3), which can
measure effective refractive index between 2.1-2.65 for the TE polarisation and between

1.85-2.42 for the TM polarisation.

For propagation loss measurement using the Metrion prism coupler, ZnSe deposited on
oxidised silicon samples were used. The propagation loss was measured by exciting the
guided fundamental mode and scanning a fibre along the scattered streak of light in the
direction of propagation to determine the rate of decay of scattered power with respect to
the distance along the waveguide. The values of refractive indices along with the error
calculated as standard deviation are reported in Table 5.2 and are consistent with the
values reported in the literature [180]. Propagation loss calculated from the streak of light
suggests that the evaporated ZnSe films have lower loss as compared to sputtered film,
which is as expected because the evaporated film has greater density and has lower
surface roughness as shown by FESEM and AFM results in Fig. 5.5 and 5.7 respectively. In
the literature, the losses in chalcogenide slab waveguides on oxidised silicon substrates
have been demonstrated by the prism coupling method at A = 1.064 um to be 2, 10 and
20dB/cm for As2Ss, GesSb12Seso and GessAsi2Sessrespectively [181]. The propagation losses
for fully etched channel waveguides of Ge2sSbsSn on oxidised Si have been measured to

be 2.3 dB/cm at A =1.55 pm [182].
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Table 5.2 Prism coupling measurements for ZnSe films in TE polarisation at 1550 nm

n Nettr of | t (nm) Loss
TEowo (dB/cm)
Sputtered 2.4240 2.395 1897.0 1.44
+0.0001 +0.0026
Evaporated 2.4239 2.418 1893.0 1.16
+0.0001 +0.0797

5.3 Fabrication and characterisation of ZnSe waveguides

The sputtered and evaporated samples with 1.9 um thick ZnSe on oxidised silicon were
converted into rib waveguides by photolithography and Ar ion beam etching. 51813
photoresist was used to pattern the sample with a mask with straight channels with
varying widths. A ~1.3 um thick film of S1813 photoresist film was spun on the samples.
After soft baking, the samples were exposed to UV light for 9.0 s using a 350 W Hg light
source of intensity 16 mW/cm? and then developed using MF 319 for 45 sec. Finally, the
samples were hard baked at 110°C for 1 min on a hotplate before etching. The etch rate of
ZnSe was ~ 50 nm/min with a beam current of 100 mA. The waveguide characterisation
was done for a rib height of 1.6 um, slab height of 0.3 um and a rib width ~20 pm. An
SEM image of the sample cross-section is shown in Fig. 5.10 (a). Light from a tunable
OPO (A =2.5 - 3.7 um) was coupled into the waveguide using a ZrFs fiber butt-coupled to
the waveguide and the guided light was recorded using a MIR camera. Fig. 5.10 (b) and
(c) show the top view of infrared camera images showing the guided light emerging from
the waveguide fabricated on sputtered and evaporated ZnSe film, respectively. Note that
the color of the images is false and is used to represent the hot and cold regions in the
frame. Once the guided mode was excited, an IR image of the scattered light along the
waveguide was recorded at a position about 1-2 mm to avoid direct scattering from the
end-facet. Another image of the same frame was captured with the laser off, and was used

for background correction.
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Fig. 5.10 FESEM image of cross-section of ZnSe rib waveguide on oxidised Si, (b) and (c) IR image of the
guided spot emerging from the waveguide for sputtered and evaporated ZnSe waveguides, (d) and (e) IR
images of the scattered light measured along the propagation length for waveguide with sputtered and
evaporated ZnSe respectively at A = 3.7 um and (f) propagation losses in sputtered and evaporated ZnSe
waveguides for 2.5 um < A <3.7 um respectively
Fig. 5.10 (d) and (e) shows the background corrected infrared images showing the streak
of light of the guided mode along the propagation direction for waveguides with
sputtered and evaporated ZnSe respectively. Fig. 5.10 (f) shows the propagation loss
calculated by fitting an exponential to the streak of light captured between A =2.5 um and
3.7 um. The error bars represents the standard deviation between three data points at each
wavelength collected from three different but nominally identical waveguides. The
minimum loss calculated for the evaporated ZnSe waveguides is ~ 0.6 dB/cm at A =2.5 um
and 3.5-3.6 um. The losses in the sputtered ZnSe waveguides are between 5.3 — 11.75
dB/cm. These high losses in the sputtered ZnSe waveguide could be due to inadequate
film quality, higher surface roughness and large grain size as well as columnar structures

that may trap oxygen from the atmosphere and hence create oxide impurities, as seen

from the XPS analysis discussed above.
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5.4 Conclusion

Optical quality ZnSe films were deposited using both RF magnetron sputtering and
thermal evaporation. Substrate heating was used to promote adhesion of the films.
Thermally evaporated ZnSe films were found to be denser and smoother than RF
magnetron sputtered films. Nominally identical rib waveguides were fabricated using
sputtered and evaporated ZnSe thin films on oxidized Si, and evaporated ZnSe showed
lower waveguide losses at MIR wavelengths than sputtered ZnSe waveguides. Since
sputtered ZnSe showed poor optical quality and higher losses as compared to evaporated
ZnSe, for the subsequent waveguide device fabrication, thermal evaporation is used to
produce ZnSe thin films. Evaporated ZnSe is a promising material for waveguide cores
(when used with suitable cladding materials with lower RI such as CaF2 (n~1.45) or Ta20s
(n~2.1) transparent in the long wavelength region), as well as for isolation layers when
used with a higher RI core material (example GeTes, n~3.3), for MIR waveguide
applications. Thicker films of ZnSe as an isolation layer were deposited on Si for

waveguides with GeTes cores as discussed in chapter 6.
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CHAPTER 6 GeTes
waveguides on Si

This chapter describes the GeTes straight and bent (splitter) waveguides fabricated on Si
substrates with a ZnSe isolation layer and were characterised in the MWIR (2.5-3.7 um)

wavelength region for waveguiding and propagation losses.

In chapter 5, deposition of ZnSe films was explained in detail. The motivation to deposit
ZnSe films on Si was to replace the bulk ZnSe substrates with a ZnSe coated Si substrates.
As explained in chapter 5, the polycrystalline bulk ZnSe used as a substrate was not only
difficult to end-facet polish but also had a scratch-prone surface. Using an alternative
approach of depositing both a lower cladding (isolation layer) and the core material of the
waveguides on Si substrate will not only avoid polishing of the samples by utilizing the
well-known cleaving planes of Si but also reduce the overall device cost as Si is a plentiful,
low-cost and convenient substrate. Since chalcogenide materials do not need high
temperature for processing (GeTes was deposited at room temperature and ZnSe was
deposited at 250 °C with annealing at 280°C), the preparation of chalcogenide waveguides
on Si is potentially CMOS fabrication process compatible and can be easily mass-

producible.

6.1 Fabrication of GeTes/ZnSe/Si waveguides

The numerical modelling in chapter 2 section 2.3 showed that a ~4 pum thick ZnSe
isolation layer (n ~ 2.4) is needed in between GeTes core (n ~ 3.3) and Si substrate (n ~ 3.5)
and ~ 2.5 pum thick ZnSe film on oxidised Si, for wavelengths up to 8 um to achieve
propagation loss < 0.1 dB/cm due to light penetration into the high refractive index Si

substrate.
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After establishing the deposition of ZnSe films by thermal evaporation and RF sputtering
(discussed in chapter 5), ~ 4.1 um and 4.5 um thick ZnSe films were deposited on Si
substrates using evaporation and RF sputtering respectively. Nominally identical GeTes
channel waveguides were then fabricated on top of ZnSe/Si samples (on both the
evaporated and sputtered ZnSe samples) by lift-off technique using a single layer recipe
with an AZ2070 photoresist (chapter 3, section 3.3.2B). A ~ 6 um thick film of AZ2070
negative photoresist was spun onto the ZnSe/Si samples. After soft baking, the samples
were exposed through a photolithography mask using an i-line Hg lamp source with an
exposure dose of 56 mJ/cm? and then post exposure baked to crosslink the exposed resist.
The samples were then developed in AZ726 MF developer for 2 min to create an undercut
profile. Fig. 6.1(a) shows an SEM image of photoresist undercut profile after developing.
GeTes was then deposited on these patterned samples as shown in Fig. 6.1 (b), by RF
sputtering at 40W sputtering power and 15 mTorr sputtering pressure. The photoresist
was then lifted off by soaking the samples in acetone overnight, leaving GeTeschannels on
the ZnSe film surface. Fig. 6.1 (c) and (d) show SEM images of the top and cross-section of
a GeTes channel on a ZnSe film on Si after removing the photoresist. The trapezium like

shape of the channels is due to non-directionality of the sputtering process.
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Fig. 6.1 SEM images of (a) undercut profile created by photoresist on developing, (b) GeTex film deposited on
the pattered sample, (c) and (d) top and cross-section of GeTes channel after lifting off the photoresist
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The end-facet of the sample was cleaved for coupling the light into the waveguides and to

collect the light from the output end of the waveguide using a multi-mode optical fiber.

6.1.1 Design of curved structures

To characterise GeTe: waveguides on Si, for waveguiding and propagation losses, a
photolithography mask was designed with various features such as, straight lines of
width varying from 3 to 30 um, splitters (1:4) of width 10 and 20 um with a bend radius >
1Imm, bent L-shaped 90 ° structures with different lengths with and without gratings at
the output end for collection. The idea of using splitter is to couple the light into its single
input and collect the output simultaneously from four arms of different lengths either
from gratings using an MIR camera or by collecting the output using an optical fiber by
cleaving the sample end facets. The propagation loss can be calculated from the values of
power obtained at the four outputs similar to a cut-back method. Fig. 6.2 shows a section
from the mask showing a 1:4 splitter and L-shaped 90 ° bends of different lengths. The
minimum bend radius used in the mask everywhere is 1 mm for every 90° bend as found

by simulations performed in chapter 2 (section 2.2.2).
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Fig. 6.2 A portion of the designed mask from L-Edit software showing the curved structures
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The design in Fig. 6.2 with the GeTes channels widths of 10 um and 20 um wide and 3.5
um thick were fabricated on a 4.0 um thick ZnSe on an oxidised Si. Microscope images of
the fabricated samples are shown in Fig. 6.3 where (a) is a section of four L-shaped 90 °

bends arms and (b) is a section of a splitter arm showing the smooth lift-off process.

b

Fig. 6.3 Microscope images of (a) L-shaped bent structures, (b) a section of a splitter, (c) four output arms of
a splitter with gratings at the output ends and (d) magnified image of gratings after lifting-off the photoresist

6.2 Characterisation of GeTes/ZnSe/Si waveguides

Light from a tunable OPO (A = 2.5 - 3.7 um) was coupled into the waveguide using a
single mode ZrF. fiber butt-coupled with the waveguide and the guided light at the end
of the waveguide and the streak of light scattered along the length of the sample was
recorded using an MIR camera from above. The images were then processed to obtain the
light intensity for calculation of propagation losses. For characterisation of L-shaped 90 °
bends, a multimode InFs fiber was used to collect the light coming out of the waveguide,
the other end of the fiber was directed on to an MCT detector to record the signal using an

oscilloscope. A schematic of the experimental apparatus is shown in Fig. 6.4.
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IR-camera
;? ZrF, Fiber U InF, Fiber
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source objective Waveguide sample
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Fig. 6.4 Experimental apparatus used for waveguide characterisation in the MIR region

6.2.1 Straight waveguides

Nominally identical 20 um wide, straight GeTes channel waveguides of thickness 2.1 um
fabricated by lift-off technique, on both 4.1 pum thick evaporated and 4.5 pum thick
sputtered ZnSe films on silicon were characterized for propagation loss using scattered
light images as described above in chapter 5 (section 5.3). Both the samples were found to
be guiding within wavelength regions between 2.5 - 2.7 um and 3.4 - 3.7 um. The streak of
light scattered along the length of the sample for each of the samples was used to calculate
propagation losses. Each measurement was repeated three times on an identical

waveguide on the same sample.

(@

(b)

Sputtered ZnSe | Evaporated ZnSe

A (um) Loss (dB/cm) Loss (dB/cm)

350 um

(d)
: ? 37 250 +3 100 +2
500 pm

35 310 1 13.0£1

500 pm

Fig. 6.5 Top view of the infrared images of the output facet of a channel waveguide and scattered light
measured along the propagation length of the guided mode with (a), (b) Sputtered and (c), (d) Evaporated
ZnSe isolation layer on Si, at a wavelength of 3.7 um, and (e) Propagation loss of GeTes waveguide for
sputtered and evaporated ZnSe isolation layer

The propagation loss was found to be 31+1 dB/cm and 25+3 dB/cm at A =3.5 and A = 3.7

pum respectively with the sputtered ZnSe isolation layer and 13+1 dB/cm and 10+2 dB/cm
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with the evaporated ZnSe isolation layer. The results are tabulated in Fig. 6.5 (e). The
results obtained from propagation loss measurement confirms that the evaporated ZnSe
films have lower losses as compared to the sputtered ZnSe films when used as isolation
layer, in agreement with the results on ZnSe films used as waveguide core on oxidised Si
described in chapter 5 section 5.3. For this reason, only evaporated ZnSe films were used
as isolation layers in subsequent waveguide fabrication. The subsequent samples were
prepared with evaporated ZnSe (at ~ 250°C) deposited on oxidised Si substrates with a
seed layer of 50 nm BaFz and then annealed at 280°C. GeTes channel waveguides were

prepared by lift-off as explained in section 6.1.

6.2.2 Splitter

A 20 pm wide waveguide splitter with one input arm split into four output arms as
shown in Fig. 6.2 was tested for waveguiding at A = 3.7 um. Fig. 6.6 shows an IR image of
the guiding splitter output (only three arms are visible in the image), marked with 1, 2, 3
according to their lengths in ascending order with 1 being the shortest. The image is
corrected for background. Here one can see visually that the light emerging from the
shortest waveguide (1) is the brightest and the intensity of the spot decreases as the length
of the splitter arm is increases as expected. The output power emerging from the arms
could not be recorded as it was below the noise level of the detector. Hence propagation

losses could not be calculated using the splitter.
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Direction of
propagation of
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Fig. 6.6 IR image of the guiding splitter arms at A= 3.7 um, with the numbers marked according to
ascending order of their lengths with 1 being the shortest

6.2.3 L-shaped 90 ° bent waveguides

L-shaped 90 ° bends 10 um wide and 3.5 pum thick GeTes structures with single input and
single output and four different lengths were used to calculate propagation loss by the
cut-back method over the wavelength region of 3.5-3.7 um. These L-shaped 90 ° bends
have a single 1 mm diameter bend. The sample’s end facets were cleaved using a
diamond scriber to allow coupling of light from a SM ZrF: fiber into the waveguide input
facet and for collecting the light from the waveguide output facet into a MM InFs fiber.
First, waveguiding was established in the channels by using the MIR camera from above.
The output power emerging from the guided waveguide was optimised for maximum
intensity at a single wavelength (A = 3.7 um), and the measurements were performed at
three wavelengths (3.7 um, 3.6 um and 3.5 pm) without re-aligning the waveguide
coupling at each wavelength. The output power obtained from the shortest length was
used to normalise the output powers obtained for longer channel lengths. The data is
plotted in Fig. 6.7 (a) and the propagation loss calculated in dB/cm is tabulated in Fig. 6.7
(b). The propagation losses are tabulated in Fig. 6.7 (b), the values are consistent with the
results obtained for a 20 um wide and 2.1 um thick straight GeTes channel waveguide
fabricated on ZnSe/Si where the losses were calculated using streak of light measurement.

Losses in a 10 um wide waveguide are expected to be higher than that in a 20 pm wide
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waveguide; however, the lower losses in 10 um wide sample are expected to be
compensated by their higher thickness as compared to the 20 um wide waveguide. A
waveguide sample with 20 um wide GeTes with bends was also prepared but the sample

was damaged while cleaving the end-facet, so could not be tested for comparison.

(2) (b)

14 ‘ .
. 1 & a=87um 10um wide GeTe, channels
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Fig. 6.7(a) Graph and (b) table showing propagation loss calculated for GeTes channel waveguide using cut-
back method

6.3 Conclusion

GeTes channel waveguides were fabricated on ZnSe coated Si substrates and waveguiding
was demonstrated in the MWIR region of A = 2.5-3.7 um. A broadband absorption was
observed in the wavelength region between 2.8-3.3 um which is most likely due to OH
absorption as this wavelength region is dominated by OH absorption commonly found in
water and alcohols [142, 143]. Chalcogenide materials are known to be attacked by
atmospheric oxygen and water, and usually need a capping layer to protect from the
atmospheric moisture. Different waveguide structures with straight and curved
waveguides with splitters and L-shaped 90 ° bends were fabricated and characterised for
propagation losses. Propagation losses were measured using two methods, from the
scattered light along the length of the sample and the equivalent cut back method. Both
methods gave the similar results. Propagation losses of 10-13 dB/cm was found in the
wavelength region of 3.5 — 3.7 um. The high losses in the samples are believed to be due to

oxide contamination of the GeTes target or the films.

125



126 Chapter 6 GeTes waveguides on Si

The samples were also tested at LWIR region, but waveguiding could not be established.
This may be because, due to the low resolution of the MIR camera at longer wavelengths
it was difficult to confirm if the light is emerging from the guiding channel or the

substrate.
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CHAPTER7 MIR waveguide
spectroscopy

In this chapter, absorption spectroscopy of water and IPA on ZnSe rib waveguides
fabricated on oxidised Si are demonstrated at wavelengths between 2.5 to 3.7 um. The
theoretical model on waveguides sensing of bulk aqueous analytes discussed in chapter 2
section 2.4, is employed for these ZnSe waveguides and is compared with the

experimental results.

Biological samples mostly occur in aqueous media for example proteins, lipids, nucleic
acids found in blood, urine etc. Attenuated total reflection (ATR) is routinely used in
combination with Fourier transform infrared spectroscopy (FTIR) to determine the
analytical information of the bio-chemical species having strong absorption in MIR.
However, the typical thickness of the ATR element is larger than the wavelength of
propagating light and hence allows fewer reflections or bounces of the IR light along the
long axis of the waveguide which limits the effective path length [115, 116]. As a result the
sensitivity of the device is limited. On the other hand an integrated waveguide thickness
is less than the dimension of the wavelength of light used, which helps in maximizing the
evanescent field for better surface sensitivity. It is challenging to detect small amount of
analyte mixed in water as water has strong absorption in the MIR region. As a model
analyte, IPA mixed in water at different concentrations is tested on the ZnSe waveguide to
demonstrate MIR absorption spectroscopy for the purpose of comparison of theory with

experiment and to confirm the device operation.
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a b
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Water IPA

Fig. 7.1 Molecular structure of (a) Water and (b) IPA

IPA and water both have prominent IR active vibrational bands in the MIR region and are
miscible in each other. The structural formulas of water and IPA are shown in Fig. 7.1.
Water has absorption in the MIR region due to OH stretching and IPA shows absorption
in the MIR region due to OH and CH stretching. Table 7.1 gives the different vibrational
bands corresponding to symmetric and asymmetric stretching of bonds for water and IPA

at specific wavelengths or frequencies [183].

Table 7.1 IR vibrational bands of water and IPA in the MIR region

Wavelength (um) Frequency (cm) Vibration bands

2.63-3.33 3800-3000 O-H stretching of hydroxyl

3.33-3.44 3000-2900 C-H stretching (asymmetric) of
CH: and CHs

3.44-3.57 2900-2800 C-H stretching (symmetric) of
CH: and CHs

7.1 Spectroscopy in MWIR with water and IPA

To demonstrate spectroscopy of aqueous analytes (water and IPA), ZnSe rib waveguides
fabricated on oxidized Si (discussed in chapter 5) were utilised. A rib waveguide with an
etch depth of 1.23 um and an after etch slab height of 2.17 um with a rib width of 20 um
was used. An SEM image of the cleaved cross-section of the waveguide is shown in Fig.

7.2. ZnSe films were deposited by thermal evaporation and the ribs were fabricated using
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photolithography and Ar* ion-beam etching. The sample’s end facets were cleaved for

fiber butt-coupling.

Fig. 7.2 An SEM image of the cleaved cross-section of a ZnSe rib waveguide on oxidised Si

The experimental apparatus for characterisation of waveguides is shown in Fig. 7.3. The

measurements are taken as following:

1. Light from a tunable OPO operating at wavelengths between 2.5 and 3.7 um was
directed on a ZnSe objective, coupled into a single mode ZrFs fiber (core diameter
~ 9 um) butt-coupled into the waveguide and the waveguide output was collected
using a multimode InFs fiber (core diameter ~100 um), directed onto a TE cooled
MCT detector and recorded on a computer. Neutral density (ND) filters were used
between the OPO and the detector or IR camera. An IR camera from above was
used to first establish the guiding spot in the waveguide by using appropriate ND
filters.

2. The camera was then removed and the output power was collected using the MCT
detectors with appropriate ND filters.

3. A CaF: beam-splitter (BS) was used as a reference arm and another identical TE
cooled MCT detector was used to collect the power from the BS. The beam splitter
was used to correct for any wavelength or time dependence of the OPO output.

Both the MCT detectors were calibrated before taking the measurements.
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4. An oscilloscope was used to maximise the output power coming out of the

waveguide and the BS at a fixed wavelength by adjusting the output fiber and the

detector positions.

IR-camera

ND Filters

SM Fiber MM Fiber

Q0))

TE cooled
MCT detecto

e OO Q0

Oscilloscope

A= 25-3.7pm)/pg

ZnSe
objective Waveguide
sample

TE cooled
MCT detector

Fig. 7.3 Experimental setup for MIR waveguide spectroscopy

5. After optimising coupling into the waveguide, the wavelength was scanned from
25 pm to 3.7 um with a 20 nm step size and waveguide output power was
collected.

6. Then a filter paper (Fisherbrand) and a glass cover slip were carefully placed on
the waveguide and an identical scan was recorded, this time with the filter paper

and cover slip on the waveguide.

The waveguide and fluidic assembly is shown in Fig. 7.4 (a). The transmission of the

waveguide was measured with a water superstrate and with and without the filter paper

as shown in Fig. 7.4 (b) to determine whether the filter paper is interfering with the

waveguide measurements. It can be concluded that the filter paper did not interfere

significantly with the spectroscopic measurement and the variation in the two graphs

shown in Fig. 7.4 (b) is due to the difference in path length of the water on top of the

waveguide with the filter paper in and out. The advantage of using an filter paper is that

it not only helps in accurately defining the path length for aqueous analyte but also
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enables the measurements without the cover slip being removed for the next
measurement of the same analyte concentration (when the analyte is volatile such as IPA).
The aqueous analyte is dropped on the tail of filter paper coming outside the waveguide
sample, so that it travels to the rib to be measured along the path exactly defined by the
filter paper. The length of the filter paper was kept at ~0.3 cm. A fresh filter paper was

used for each concentration.

(a) (b)

——water on wg without filter paper (path length ~ 0.4 cm)

Pipette
P 1.2 ——— water on wg with filter paper (path length ~ 0.3 cm)

ZnSe waveguide 1

Transmission
(=]
(-2}

Cover slip

s <
0.2

Filter paper

|
25 26 27 2.8 29 3.0 3.1 3.2 33 34 35 36 3.7

Wavelength (um)

Fig. 7.4(a) lllustration of the waveguide assembly used for aqueous analyte measurement and (b)
Transmission spectra of water on the surface of the waveguide with and without filter paper (FP)
Solutions of various concentrations of IPA (Fisher Scientific, > 99.8% purity) in DI water
were prepared in Eppendorf tubes by mixing measured quantities of water and IPA. The
solutions were introduced manually to the filter paper on the waveguide by using a
pipette. All the measurements were carried out at room temperature. Six solutions of
different concentration of IPA in water (100% IPA, 80%, 60%, 40%, 20% IPA in water and
100% water) were prepared for the measurement. For each concentration, two spectral
scans were recorded, one of the output power from the waveguide with filter paper and
cover slip on (So) and the other with a known IPA/water concentration on the waveguide
surface (S1). Each scan was recorded 10 times. It was found that the detector has an offset,
which was subtracted from each of the 10 averaged scans of So and Si. The corresponding
BS outputs without and with the analyte on (BSo and BS1) were also recorded. There was

no difference in the output signal measured for BSo and BSi, so none of this data was used
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in calculations. In order to obtain reduction in transmission (T) due to the water/IPA
mixture, equation 7.1 was used.

_ Sy —offset

T = 7.1
So— of fset

7.2 Comparison of experimental and theoretical transmission

The transmission averaged over 10 scans representing the waveguide transmission
spectrum of 100% IPA and 100% water is plotted along with their theoretical transmission
obtained from the COMSOL waveguide model (discussed in chapter 2, section 2.4) using
published complex refractive index for water and IPA in Fig. 7.5. The theoretical model
includes the actual design of the ZnSe rib waveguide used for experiments, with real parts
of ZnSe taken from the ellipsometry data from chapter 4, section 4.2.3. The real part of

silica was taken from literature [139].

100% water (experiment)
100% IPA (experiment)

—100% IF

I\

Transmission

0.0

25 26 27 28 29 30 31 32 33 34 35 36 3.7
Wavelength (pm)

Fig. 7.5 Experimental and theoretical MIR spectra of 100% water and 100% IPA on the surface of a ZnSe
waveguide
The graph in Fig. 7.5 shows good agreement for water theoretical and experimental
spectra, whereas the theory and experiment for IPA deviate from each other in terms of
height of the absorption peaks. This difference is believed to be due to a larger path
length of IPA in experimental measurements than the theory (~ 0.3 cm) as the CS and FP

used on the surface of the waveguide were of different lengths, (Iength of cover slip was ~
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double that of the filter paper). It is possible that due to a large amount of IPA between
cover slip and the filter paper, some IPA spilled out of the FP to extend to the cover slip.
This is because IPA evaporates very fast and needed to be refreshed quickly during the
measurements as compared to water that does not need evaporates as fast. However, the
shape and positions of the IPA peaks are in agreement with each other in theory and
experiment.

——20% IPA in water
—— 40% IPA in water

1.0 60% IPA in water
80% IPA in water
0.8 ] 100)/0 IPA
. 100% water, %
o ]
‘w 0.6
9 . \
= . { o
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Wavelength (um)

Fig. 7.6 MIR transmission spectra of six different concentrations of water and IPA measured on the surface of
a ZnSe waveguide (* the data for 100% IPA is processed differently than other concentrations due to the
nature of experiment)

For six different concentrations of water and IPA, the transmission averaged over 10 scans
representing the waveguide transmission spectrum obtained experimentally by using a
waveguide setup shown in Fig. 7.4 (a), is shown in Fig. 7.6. It is to be noted that the data
obtained for transmission except 100 % IPA, have been post processed by forcing the
transmission to zero for the wavelengths between 2.9-3.1 um to compensate for the
experimental errors, as the absorption due to water is very high at these wavelengths and

the resultant transmission is zero within the experimental error.

Discussion: In Fig. 7.6, MIR transmission of different concentrations of mixtures of water

and IPA is shown. A broadband absorption in the wavelength between 2.8 pm and 3.3 um
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is due to the OH vibration bands present in both water and IPA. The wavelengths 3.36 um
and 3.46 um shows absorption peaks corresponding to CH vibrations present in IPA. It
can be observed from the graph that the OH absorption for 100% IPA is less wide than
that of all other concentrations of IPA containing water. The CH absorption peaks of IPA
also vary in their peak heights with a variation in concentration. The transmission
between the wavelengths 2.5-2.6 um in Fig. 7.6 shows deviation from unity due to the
change in transmission when the waveguide was realigned for each concentration

measurement.
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Fig. 7.7 Comparison between theory and experiment for the transmission of ZnSe rib waveguide at a
wavelength of 3.36 um vs. concentration of IPA in water
There is a prominent absorption for IPA at a wavelength of 3.36 um. The transmission of
ZnSe rib waveguide at A = 3.36 um for different concentrations of IPA in water as
waveguide cover was simulated from the theoretical model for two different path lengths
of 0.3 cm and 0.6 cm. The theoretical results were compared with the results obtained
from experiment (refer Fig. 7.5). dT/dc which is defined as the sensitivity of the
waveguide (Refer chapter 2, section 2.4) was calculated from Fig. 7.7 and gives a value of
~ 0.6 for the experiment and ~ 0.57 and ~ 0.46 for theoretical model calculated for a path
length of 0.3 cm and 0.6 cm respectively. The results are in agreement with each other.

The small discrepancy in the graph is may be due to the experimental errors.
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From Fig. 7.6, it can be seen that the transmission of different concentrations of IPA
measured experimentally is close to the noise level of the system. On decreasing the noise

level, limit of detection of an analyte can be determined.

7.3 Conclusion

In this chapter, spectroscopy of water and IPA with six different concentrations was
performed on a ZnSe rib waveguide fabricated on oxidized Si for a wavelength region of
2.5-3.7 um. A filter paper was used to define the path length of the analyte and it was
found that it does not interfere with the absorption of the analyte. This is encouraging as
paper-based fluidics which is well researched can be utilized in the evanescent field
sensing of the waveguides. The experimental waveguide transmission spectra of different
concentrations of water and IPA were shown. The sensitivity (dT/dc) of different
concentrations of IPA mixed in water as waveguide cover, for ZnSe rib waveguide was
calculated from the experimental transmission spectra and is compared with the
theoretical model. Theory and experimental results for sensitivity are in good agreement
with each other. Theoretical and experimental waveguide transmission for water and IPA
was also compared. Theory and experiment for water absorption was found to be in
agreement with each other. However, some discrepancies in IPA theoretical and
experimental spectra were observed mainly in the depth of the absorption peaks, which

was believed to be due to experimental errors such as difference in the path length.

The overall sensitivity of the device is low because of the strong absorption of water due
to OH absorption in the MIR region and is causing the optimum length of the device to be
short. This is a universal problem in direct sensing of aqueous biological samples.
However, there are a number of ways to remove water from the background of a
measurement; 1) by drying the aqueous samples, or 2) combining MIR waveguides with
microfluidics and simultaneously extracting the water out and inserting the MIR
transparent solvent that has higher affinity towards the analyte into the sample chamber.
For example, lipids are hydrophobic, so can be easily extracted from water and mixed in a

desired solvent that does not interfere with the MIR light for the absorption spectroscopy.
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CHAPTER 8 Conclusions and
future directions

8.1 Overview

The aim of the research carried out in this thesis was to design, fabricate and characterise
integrated optical waveguides using chalcogenide materials for application to potential

evanescent field based biosensors working in the mid-infrared (MIR) region.

Initially, high refractive index (RI) contrast core and cladding materials for waveguides
were selected, and two dimensional waveguides were designed using numerical
modelling for single mode operation at MIR wavelengths. GeTes film deposition by RF
sputtering process was first optimised and the film structural, compositional and optical
properties were evaluated before fabricating waveguides. Small cross-sections of GeTes
waveguides (thickness ~ 2.5 um) were fabricated on bulk ZnSe substrates and were
characterised for waveguiding. Due to small cross-section of the waveguides, a significant
amount of input power was lost due to low input coupling efficiency and waveguiding
could not be established. In order first establish the waveguiding, GeTes channel
waveguides with large cross-sections (thickness ~ 4.5 um) were fabricated on bulk ZnSe
substrates by the lift-off process, and waveguiding was established at wavelengths

between 2.5 -3.7 ym and 6.4 - 9.4 um.

An alternative approach for CMOS compatible fabrication process of chalcogenide
waveguides was demonstrated where both GeTes core and ZnSe lower cladding were
deposited on silicon (5i) substrates. ZnSe film deposition on Si was optimised and ZnSe
films were characterised for their structural and optical properties before utilizing them

for the fabrication of waveguides. GeTes channel waveguides with straight and bent
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structures on ZnSe coated Si were fabricated and waveguiding was established in the
wavelength region between 2.5 and 3.7 um. Propagation losses at these wavelengths were
measured to be between 10-13 dB/cm. In order to exploit ZnSe optical properties, ZnSe
waveguides were realised on oxidised Si and waveguiding was established in the entire
wavelength region from 2.5 to 3.7 um. The propagation losses were found to be between

0.67-2.24 dB/cm.

Since the vision of this project is to utilise the chalcogenide waveguides for bio-sensing, a
theoretical numerical model to design a GeTes waveguide for maximum sensitivity of a
waveguide at any wavelength of choice in the MIR region was prepared. An investigation
of the effect of aqueous media on the waveguide surface, on limiting the maximum
sensitivity and optimum length of a waveguide, was performed. A representative analyte
was characterised on waveguide surfaces in the MIR region through its absorption

spectrum, paving the path for future measurements using real biological species.

8.2 Conclusions

8.2.1 GeTe: films and waveguides on bulk ZnSe substrates

The waveguide core material GeTes was deposited at room temperature by RF sputtering
in an argon atmosphere. GeTes film deposition was optimised by varying sputtering
power and pressure. The deposited films were amorphous, as required to minimize
scattering losses. The average surface roughness of the films was found to be 5 nm or less,
sufficiently low for low-loss waveguides at MIR wavelengths. The top surface and cross-
section of the deposited films was found to be smooth and dense. The GeTes films were
found to be transparent over a wavelength range of 2 —20 um in the MIR. The
compositional analysis showed the presence of oxygen contamination in the film, which is
believed to be primarily due to the Ge-O absorption, at wavelength region between 12-15
um. A 26 um wide and 4.6 um thick GeTes channel waveguide on bulk ZnSe were
fabricated by lift-off method. Waveguiding was demonstrated in the 2.5-3.7 um and 6.4—
9.4 um wavelength ranges. The mode intensity profile was extracted at a wavelength of

3.5 um and preliminary estimates of propagation losses were reported.
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8.2.2 ZnSe films and waveguides on oxidised Si

To utilise the mature Si microfabrication technology and also to provide a solution for the
difficulty in end-facet preparation of GeTes waveguides on bulk substrates, by utilising
well-known cleaving planes of Si, fabrication of chalcogenide waveguides on Si was
performed. In order to realise GeTes waveguides on Si, ZnSe films were required to avoid
tunnelling of light into silicon because of the high RI of Si w.r.t GeTes. Numerical
modelling was used to calculate the necessary ZnSe isolation layer thickness between
GeTes and Si substrate. ZnSe films were deposited by RF sputtering and thermal
evaporation in order to determine the best deposition process. It was found that a 50 nm
thick seed layer of BaF2/CaF2 on Si along with substrate heating helps to promote
adhesion of the ZnSe films on Si. The sputtered and evaporated films deposited at 250°C,
were compared for their crystallinity, structural, compositional and optical properties.
Thermally evaporated ZnSe films were found to be denser and smoother than RF
magnetron sputtered films. Nominally identical rib waveguides (20 um wide and 2.1 pm
thick) were fabricated using sputtered and evaporated ZnSe thin films on oxidized Si, and
evaporated ZnSe showed lower waveguide losses at MIR wavelengths than sputtered
ZnSe waveguides. The propagation losses for evaporated ZnSe waveguide were found to

be between 0.67-2.24 dB/cm at wavelengths between 2.5 to 3.7 um.

8.2.3 GeTes waveguides on Si with ZnSe isolation layer

Evaporated ZnSe films were used as isolation layers between GeTes and Si. GeTes channel
waveguides were fabricated on ZnSe coated Si substrates by using a lift-off method and
waveguiding was demonstrated in a wavelength region of 2.5-3.7 um. A broadband
absorption was observed in the wavelength region between 2.8-3.3 um which is found to
be due to OH stretching vibration caused by oxide contamination. Different structures
with straight waveguides, splitters and L-shaped structures were fabricated and
characterised for propagation losses. Propagation loss was measured using two methods,
from the scattered light along the length of the sample and the cut back method. Both
methods gave the similar results. Propagation losses of 10-13 dB/cm was found in the
wavelength region of 3.5 — 3.7 um. The high losses in the samples are believed to be due to
oxide contamination of the GeTes target or the films. Waveguiding could not be

established at longer wavelengths.
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8.2.4 Waveguide sensitivity model

The slab waveguide model using a bulk media as the waveguide cover was prepared to
design a GeTes waveguide for maximum sensitivity and optimum path length. The model
was designed such that waveguide design can be chosen according to any wavelength of
choice depending on the analyte absorption. The effect of aqueous analyte on the surface
of the waveguide was evaluated to determine the limit of maximum sensitivity. The
model was used to compare the experimental results obtained for the waveguide

absorption spectra for mixtures of water and IPA at different concentrations.

8.2.5 Waveguide spectroscopy of IPA and water

Spectroscopy of water and IPA with six different concentrations was performed on a ZnSe
rib waveguide fabricated on oxidized Si for a wavelength region between 2.5-3.7 um. A
filter paper was used to define the path length of the analyte and it was found not to be
interfering with the analyte absorption in the MIR region which is encouraging for
integrated waveguides with paper-based fluidics. The experimental waveguide
transmission spectra of different concentrations of water and IPA were shown. The OH
absorption of water and IPA at wavelengths between 2.8 um to 3.3 um was seen. The
difference in the transmission of the IPA absorption peak for different concentrations of
IPA mixed in water was clearly seen at A = 3.36 um and 3.46 pum. The sensitivity (dT/dc)
for the IPA absorption peak at A = 3.36 for its different concentration in water was
calculated experimentally and compared with the theoretical model using the actual
dimensions of the waveguide. The values of sensitivities were in good agreement with
each other. Theoretical and experimental waveguide transmission for water and IPA was
also compared. Theory and experiment for water and IPA absorption was found to be in

agreement with each other within the limits of experimental errors.

8.3 Future directions

8.3.1 Materials

Fundamental vibrations of molecules take place in the MIR region, which has its
advantages and disadvantages. On one hand it is useful for sensing clinically relevant

species using their fundamental vibrations, on the other hand unwanted absorption such
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as OH stretching and bending vibrations of water that cause regions of broadband
absorption in the entire MIR is problematic [184]. There is a history of impurity absorption
bands in chalcogenide glasses due to vibration bonds between chalcogenide elements and
oxygen or hydrogen [168]. All these vibrational absorptions take place in the MIR region.
Therefore, it is very important to use purified chalcogenide materials when working in

the MIR region.

While selecting the materials for waveguide, their physical and chemical properties such
as their thermal expansion coefficient, hardness, melting point, adhesion etc. should be
kept in mind along with their optical properties. For example, while depositing ZnSe film
on Si, the difference in thermal expansion coefficient between the two materials caused
stresses to build up in the film as its thickness was increased. Seed layers of different
materials on the substrate before depositing the films can be tried for compensation of
compressive stresses, as well as annealing the films at various temperatures and ambient
conditions (Ar, Hz, N2), can be tried to study their effect on the deposited film’s physical
and chemical properties. It is important to ensure the mechanical strength of the

waveguides before converting them into waveguides.

8.3.2 Investigation of GeTes target and fabricated films

In this work, it was found that the as deposited GeTes film has a Ge-O absorption which
corresponds to the 12-15 um wavelength regions which was confirmed by X-ray
photoelectron spectroscopy as well as ellipsometry. MIR characterisation of the GeTes
waveguides confirmed a consistent OH absorption in the 2.8-3.3 um wavelength regions,
which was not observed in the as-deposited films. XPS results also confirmed the presence
of GeO and TeO: in the films. XPS was performed on the pristine films, however, the
fabricated waveguides may have contaminated from the various processing steps. XPS
analysis could not be performed on the fabricated waveguides as the spot size of X-ray
beam is few hundreds of microns, whereas waveguide width is few tens of microns. XPS

can be performed on the waveguides by designing wider waveguides.

In order to investigate all the possible absorption bands in GeTes film due to
contamination and their possible origin, a compositional analysis using X-ray absorption

fine structure (XAFS) and ellipsometry on the initial target material as well as a fabricated
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waveguide should be performed. As structure of materials play an important role in
determining their properties, a detailed study on the structure of both the GeTes target

and films can be performed for example using transmission electron microscopy (TEM).

8.3.3 Capping layer

Chalcogenide materials degrade on contact with atmosphere, water and certain chemicals.
The deposited films and waveguides of chalcogenide materials need to be protected from
atmosphere. While it is possible to store the fabricated samples in a desiccator under
vacuum, while using the samples it is not practical. A way to protect the waveguides from
atmosphere is by coating their surface with the suitable capping layers. The capping layer
material should be stable in ambient and should not be affected by water or atmospheric
oxygen. The sensing of analyte on the waveguide surface requires a surface exposed to air
to utilise the waveguide evanescent field, but working in the MIR region is advantageous
a few-tens of nanometer thick capping layer will not affect the penetration depth of

evanescent field significantly.

8.3.4 ZnSe waveguides in LWIR

ZnSe waveguides on oxidised Si have been established in the whole wavelength region
from 2.5-3.7 um. Due to the silica absorption above 3.7 um, these samples could not be
utilised for long wavelength infrared (LWIR) region. The ZnSe waveguides did not show
OH absorption. Since ZnSe has a high RI of ~ 2.4 and is transparent from visible to 16 um
wavelength region in the MIR, there is a potential for it to be used in LWIR with suitable
under claddings. Fluoride materials such as calcium fluoride, barium fluoride have an RI
~ 1.45 and are transparent upto ~ 10 um, which could be used as substrates or lower

claddings between ZnSe and Si.

8.3.5 Gratings
Input and output gratings for coupling can be designed and used to avoid polishing
problems of bulk chalcogenide or fluoride substrates, although they are not very

broadband.
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8.3.6 Reliable spectroscopic measurements

For waveguide spectroscopy measurement a 1: 2 splitter can be used in place of straight

waveguides, to include an internal reference and improve stability.

8.3.7 Integration of waveguides with microfluidics

The waveguides can be integrated with microfluidics such as an on-chip flow-cell for the
ease of introduction and regeneration of aqueous analytes on the waveguide surface. This
would allow more accurate measurements as compared with dropping the liquid analyte
manually using a pipette. A microfluidic system can be designed to extract water from the
aqueous analyte before the analyte reaches the waveguide for measurement as in the MIR

region, presence of water reduces the device sensitivity.

8.3.8 Spectroscopy of clinically relevant species

Preliminary work on aqueous analyte waveguide sensing in the MIR region has been
shown in this thesis by using model analytes to establish the sensing set-up and reflect
upon the practical errors and improvement in the existing set-up. Clinically relevant bio-
molecules having prominent absorption in the MIR region should be tested on the
waveguides and compared with a parallel sensing technique to evaluate the advantages
and disadvantages of using different techniques and hence providing improvements for

further action plans.
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Appendix A

Dry etching ot GeTe4

Dry etching of GeTes was performed to fabricate waveguides with gratings at the output
arms of curved structures (splitter and L-shaped 90° bends, discussed in chapter 6) such
that all the outputs can be imaged simultaneously to establish waveguiding and
propagation losses at the long wavelength region (A = 6- 12 um). The gratings with a
period of 1.4 um and 50% duty cycle were designed for a wavelength of 7.5 um. A feature
size of 0.7 um which is close to the limit of photolithography process is difficult to realise
with a lift-off process. So etching was needed to obtain the small feature size and vertical
side wall profile. 30 gratings (grating length ~ 40 um) on each arm of the waveguides
were used. A positive S18 series photoresist spin coated on the GeTe: films was used for
etching procedures. Reactive ion etching (RIE) was initially used to etch GeTes films using
a combination of trifluoromethane (CHFs) and oxygen (O2) gases. The RF power of 200 W
and a pressure of 90 mTorr was kept fixed and the concentration of the two gases was
varied from (CHFs: Oz) 90:10 to 60:40. A selectivity (photoresist etch rate/ film etch rate) of
1 and the film etch rate from 40-90 nm/ min was obtained. The process was found to be
suitable for etch depth ~ 1 um. With the increase in etching time to obtain deeply etched
waveguides, the samples turned rough and the colour of the sample also changed from
shiny metallic to dark brown/black. An SEM image of an etched sample using CHFs and
Oz is shown in Fig. A.1(a). Since chalcogenides are soft materials, the high roughness was
believed to be caused by the high RF power used for etching (~ 200 W), but it was found
that using a lower power of 50 W of RF power produced similar rough samples. A

combination of sulphur hexafluoride (SF¢) and O:2was also tried, which yielded high etch
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rates of 750 nm/min at a power of 200 W with a selectivity of 5. This also produced rough
film surfaces on etching as shown in a microscope image in Fig. A.1(b). The O2 may have

been reacting with the GeTes material leaving it porous and rough.

of the GeTey,

ib sur,'face 7 :
j showing left’over” &
phRotoresist 77/ /

Fig. A.1 (a) CHF3 and Oz etched and (b) SFe and O: etched GeTes waveguides showing the rough etched
surfaces

Table A.1 ICP etch recipes for GeTes films

Sample Gases Pressure RF/ICP Film etch | Selectivity

(sccm) (mTorr) power (W) depth
(nm/min)

(a) Ar (20), HBr | 5 100/500 400 -
(40)

(b) Ar (20), | 5 100/500 500 -
CHFs  (40),
SFs (20)

() Ar (20), | 5 25/500 180 3
CHFs  (40),
SFs (20)

Since RIE on GeTes films was troublesome and not conclusive, ICP etching was used for
optimised the etching process. Here, O2 was avoided to prevent the waveguides from
unnecessary oxide contamination as it was already experienced that chalcogenide
materials are not oxygen friendly. The mixture of gases and power and pressures tried in
ICP etching are tabulated in table A.1. All the samples of GeTesfilms were deposited on

Si, to optimise the etching process, so none of the samples could be characterised for
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waveguiding. The corresponding SEM images of the ICP etched samples marked (a), (b)
and (c) in the Table A.1, are shown in Fig. A.2. The photoresist is not removed from the
etched waveguides in the images. It can be seen that an RF power of 100W is high for the
samples by looking at the damaged photoresist and rough sidewalls in Fig. A.2 (a) and
(b). On reducing the RF power from 100 W to 25 W for the same gas chemistry for

samples (b) and (c), a smooth and vertical side wall was obtained.

() ()

Photoresist

©

Photoresist

-

Film’s vertical wal

-‘.\

Fig. A.2 ICP etched GeTesribs with (a) Ar/HBr at 100W RF power, (b) and (c) Ar/CHFs/SFsat 100W and
25W RF power respectively.
The vertical sidewalls obtained from ICP etching for the sample (c) from Fig. A.2 (c) was
compared with the ion-beam etching of GeTes with Ar ions. It can be clearly seen from
Fig. A.3 (a) and (b) which shows an ICP etched and an Ar ion-beam etched GeTeus rib, that

the ICP etched sample has vertical walls as required.
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(@)
Film’s Photoresist
vertical walls

\

Film’sangled ___Photoresist

walls

Fig. A.3 (a) An ICP etched and (b) an Ar ion-beam etched GeTes rib waveguide

Finally, using the same ICP etching as used in sample (c) of Fig. A.2, gratings were
fabricated on a GeTes film on Si substrates. A ~ 0.5 um thick photoresist of was used to
obtain the grating features using photolithography. Fig. A.4 shows an SEM image of the

fabricated gratings after etching.

.~ 7 A AN NRANAARNNANNDAANNNAERNNANANRNAR <
NN NN A A AT AT AT AV RS AV AT AVATAVAR ARG AT A e

10 pm

Fig. A4 ICP etched GeTes gratings on Si substrate

The etching process of gratings needs further optimisation as it can be seen from Fig. A .4,
the grating features are not well defined. Moreover, to obtain fully etched thick GeTes
channels (thickness of > 3.0 um) by ICP etching, a higher selectively between the
photoresist and the film is required. Currently, for a photoresist of 500 nm, an etch depth
obtained is 1.5 um is obtained. An optimised waveguide with gratings can be fabricated

and characterised in the MIR region in future.
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Waveguide higher mode stripping

In this thesis waveguides with high refractive index (RI) contrast were fabricated and
characterised for the mid-infrared (MIR) wavelengths. High RI contrast between the core
and the substrate helps in enhancing the waveguide sensitivity by increasing the intensity
of light at its surface. It allows realisation of compact devices with smaller waveguide
dimensions. However, the smaller waveguide sizes impose practical difficulties in
coupling of light at MIR wavelengths due to the diffraction limit at longer wavelengths.
The MIR fibers generally have large core diameters (4-5 times bigger than the high RI
contrast single mode (SM) waveguide core). If the waveguide core thickness is increased
to enhance the coupling efficiency, the waveguide becomes multimoded which is not
preferred for sensing and many other applications. There is a trade-off between better
coupling efficiency and sensitivity. Depending on the application, an optimum between
the two can be chosen. SM waveguides are simple to use as they support only
fundamental mode, whereas multimode mode (MM) waveguides becomes complex with
increasing higher order modes with phenomena such as mode beating, coupling criterion
for a specific order of waveguide mode excitation. A clever way to design a MM
waveguide, which supports only fundamental mode, where all the other higher order
modes are absorbed by the substrate and yet provides a large dimension for better
coupling efficiency is proposed. The idea is to deposit both the core and the lower
cladding of a high RI contrast MM waveguide, on a substrate which has a greater RI than
both the waveguide core and the lower cladding. To explain the concept, as an example,
waveguide materials used in this thesis are taken, but this concept can be extended to
other material systems as well. In this work, GeTes waveguides were fabricated on ZnSe

lower cladding, which has a high RI contrast ~ 0.9 (nceres ~ 3.3, nznse ~2.4). Si which has an
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RI ~ 3.45 which is higher than that of both GeTes and ZnSe is used as a substrate. The
concept behind this multilayer deposition approach is that a MM GeTes waveguide core,
if deposited on Si substrate with a ZnSe isolation layer, the higher order modes of the
GeTes waveguides will get quenched or stripped by a high RI Si because the losses in the

higher order modes are very high as compared to the fundamental mode.

To prove this concept, comsol numerical modelling for a slab waveguide was performed
in TE polarisation with air as cover, GeTes core, ZnSe lower cladding/isolation layer and
Si substrate. The thickness of GeTe: film to support only fundamental mode is taken as 2.0
pum and the thickness of GeTes waveguide that supports two modes is taken as 3.5 um for
calculations at a wavelength of 7.5 um. The thickness of ZnSe isolation layer was varied to
get a propagation loss in dB/cm due to higher RI Si substrate. The model includes the
published real and imaginary parts of RI for Si [142], whereas only the real parts of RI,
which were calculated experimentally by ellipsometry for both GeTes and ZnSe (refer
chapter 4, section 4.2.3) were taken into account. Fig. B.1 shows the propagation loss vs.

ZnSe isolation layer thickness for GeTes waveguides on Si.

- TE,, of double modjd waveguigle
-TEG,I double moded wavequigle

- TE,, of single mode waveguide|

100

} ¢

A
EX
N

MM (TE,,)

1E-3

(TE.,)

1E-4

2 3 4 5 6 7 8
Thickness of ZnSe isolation layer (um)

Fig. B.1 propagation loss due to Si, in GeTes single mode (SM) and multimode (MM) waveguides vs. the
thickness of ZnSe isolation layer
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It can be seen from Fig. B.1 that for a SM (2.0 um thick) GeTes waveguide, the thickness of
ZnSe layer needed is ~ 4 pm (denoted by black dots) for a loss of 0.1 dB/cm. On the other
hand, the thickness of ZnSe layer needed for the fundamental mode of a 3.5 um thick
GeTes waveguide (that supports two modes) is ~ 3.0 um (denoted by green dots). With a 3
um thick ZnSe layer, the losses for the higher order mode (TEo1) (denoted by green stars)
of a double moded GeTes waveguide increases to 10 dB/cm. Due to two orders of
difference in the losses between the fundamental and the first order mode of a MM

waveguide, only the fundamental mode will survive.

The concept of mode stripping not only helps in improving the coupling efficiency of the
waveguide, but also reduces the thickness of isolation layer needed. In the above example,
for the SM GeTes waveguide, the thickness of ZnSe layer needed was ~ 4 um for the losses
of 0.1 dB/cm, whereas for the same value of losses, the ZnSe thickness needed was ~ 3.0
um for a multimode waveguide. This is particularly desired when ZnSe isolation layer is
used, as thicker layer of ZnSe deposited on Si flakes off due to in built thermal stresses. So
if lower ZnSe thickness is needed, probably annealing of ZnSe can be avoided, which will

reduce the time and cost of the device.
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