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ABSTRACT
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Photonic wire waveguide based microring resonator is identified to be an important
building block for CMOS optical interconnects in silicon-on-insulator (SOI) platform.
It is also found to be an attractive integrated optical device for sensing biomolecules
(Lab-on-Chip applications) as well as monitoring global warming and environmental
issues by detecting various gas molecules in terms of their refractive index signatures.
Over the years, many fascinating refractive index designs were demonstrated in laboratory level. However, many challenges still remain in system level integration, industrialization and commercialization. There are three important issues identified for a
microring resonator based on-chip sensing.: (i) external fiber-chip-fiber light coupling,
(ii) internal coupling between ring and bus waveguides, (iii) waveguide quality in term
of losses, dispersion, evanescent field interaction with cladding analytes. They are studied systematically in this work.
We have developed CMOS compatible shadow mask etching process to fabricate a
adiabatic 2D spot-size converters which can efficiently used for in-line fiber pigtailing
of submicron silicon waveguides. The insertion loss of the 2D spot-size converter is
measured to be 0.25 dB and it remains same for a broad wavelength range (1530 nm
to 1565 nm). We have also fabricated grating assisted 1D spot-size converters (grating
coupler) for out-of-plane fiber optic coupling. Though the insertion loss of the grating
coupler is high (6 dB/facet), we found it is very useful to test devices quickly on wafer
scale as it does not require any addition process for end-facet preparation.
After successful demonstration of low-loss 2D spot-size converters, we have studied a refractive index sensor which relies on the shift of critically coupled resonant
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wavelength. It has been shown theoretically and experimentally that the dispersion in
the transmission characteristics of a directional coupler based microring resonator with
SOI waveguide in all-pass configuration can be enhanced significantly by just increasing the length of the directional coupler. This in turn helps to single-out highly extinct
resonance(s) at and around the critically coupled wavelength. By tracking the critically coupled wavelength, it is possible to estimate cladding refractive index changes
accurately. Microring resonators with various waveguide cross-section have been investigated theoretically as well as experimentally. A shallow etched waveguide (width
∼ 560 nm, rib height ∼ 250 nm and slab height ∼ 150 nm) on submicron (250 nm)
SOI substrate has been preferred for the demonstration of wide range refractive index
sensing though the theoretical sensitivity of the proposed device can be increased well
above 500 nm/RIU for a short range of cladding refractive index with a cladding sensitive waveguide cross-section. Typical sensitivity of fabricated devices is measured to
be 54 nm/RIU with an error limit of ∼ 1.67 × 10−2 RIU. By integrating an active element (e.g. microheater), the limit of detection can be improved significantly (∼ 10−4
RIU). The superiority of such a device lies in its simpler design, wider range and nearly
accurate detection by electronic interrogation.
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CHAPTER 1

Introduction

As concept and prospect of "silicon photonics" introduced comprehensively for the first
time in 1985 [1], the development of integrated optoelectronic devices in silicon-oninsulator (SOI) platform has been taken very seriously and rightfully considered to be
an excellent technological solution for ever increasing demand of high speed communication. Though, the advancement of silicon photonics is primarily focused to solve
the interconnect bottleneck in electronic industry, it is also being explored for other important application areas such as spectroscopy, optical storage, specialized signal processing, medical diagnosis, sensing, etc. This thesis demonstrates an integrated optical
microring resonator capable of sensing cladding analytes with wide range of refractive
indices - which can be considered as a technological step forward for the fabrication
of CMOS compatible and packageable Lab-on-Chip (LoC) for various sensing applications. The research motivation including literature review, set of objectives and thesis
organization have been presented in this introductory chapter.

1.1

Motivation and Literature Review

The phenomenal progress of electronics industry in recent years is attributed to the development of silicon fabrication technology especially with CMOS process flow. As the
transistor size is scaling down, its speed and integration density are following Moor’s
law [2]. However, the maximum speed achieved by the logic gates can not be utilized by
the processors/memories due the interconnect bottleneck [3]. The interconnect delay is
significantly higher when the metal interconnects from device to device or chip to chip
are scaled down to submicron regime [4]. At higher operating frequencies, the down
scaled metal lines exhibit higher resistance and capacitance which in turn increases the
RC time delay; resulting into an over-all limitation in microprocessor speed. In addition
to that the power dissipation is exponentially increased. However, it is identified that

the interconnect delay can be resolved by replacing the metal interconnects with optical
interconnects. The basic requirements for a good optical interconnect are: (i) it should
be compatible with the existing electronics fabrication technology, (ii) energy efficient
and high speed optoelectronic conversion and (iii) higher integration density [5, 6] .
These demands push towards a default solution to use silicon as a material platform
for photonics circuits too. Fortunately, silicon material is transparent to the IR & MIR
wavelengths (1.1 µm < λ < 6.7 µm) which are used for optical communications. In
addition to that, higher refractive index contrast between silicon (as core) and silicon
dioxide (as cladding) offers compact optical devices which can be integrated with electronics in the same device layer using the same process flow as for CMOS electronics.
The first integrated silicon photonic circuit was demonstrated in 1985 with an epitaxially grown silicon core and a heavily doped silicon substrate as cladding [1]. The
refractive index difference between core and cladding was about ∼ 10−2 and hence the
waveguide cross-section of this photonic circuit was relatively large ∼ 10 µm. Moreover, the propagation loss for this first silicon waveguide was measured to be very high
(∼ 15 dB/cm) due to heavily doped cladding layer. However, with the introduction of
silicon-on-insulator (SOI) substrate in late 1990s and its commercial availability with
desired device layer thickness, silicon waveguide cross-sections could be scaled down
to submicron regimes [7]. Commercially available optical quality crystalline SOI substrate consists of a thick ( ∼ 500 µm) silicon handle substrate, buried oxide (BOX)
layer (∼ 1 − 3 µm) and a thin (∼ 250 nm) device layer. The photonic structures are
now defined on the high index (∼ 3.5) silicon device layer with lower index (∼ 1.5)
BOX as bottom cladding. The higher refractive index difference(∼ 2) between the core
silicon layer and cladding BOX layer facilitates the fabrication of ultra-small integrated
optical devices. However, as the integrated optical device dimensions are down scaled,
the effect of fabrication induced error become significant. Especially, sidewall roughness by dry etching of silicon contributes to a higher propagation loss due to scattering
as the electric field intensity at the sidewalls is relatively higher in smaller waveguides
compared to large cross-section waveguides [8]. In order to reduce propagation loss
due to sidewall surface roughness, various techniques such as oxidation of fabricated
waveguide, anisotropic wet etching, waveguide definition by electron beam lithography,
surface trimming etc. were introduced. It has been observed that surface roughness can
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be effectively reduced by high temperature oxidation [9, 10, 11]. The problems associated with this solution for roughness reduction are that this oxidation process consumes
extra silicon and it introduces stress [12], causing birefringence in the waveguide. The
scattering loss can also be reduced by either surface encapsulation with SiNx [13], or
high-temperature annealing with hydrogen ambiance [13, 14] in which the surface mobility of silicon atoms is enhanced so that those migrating atoms can smoothen out
the surface roughness [13]. However, these methods involve harsh process conditions,
like high temperature, and more importantly, they are not selective, which means that
some other components that are not supposed to be processed at the same time on the
same chip will be affected simultaneously, especially for chips with high density of integration. One novel solution is to use self-perfection by liquefaction (SPEL). A XeCl
excimer laser with 308 nm wavelength and 20 ns pulse duration is applied to melt the
surface layer of the waveguide selectively, which results in smooth sidewall upon resolidification [15]. Based on this method, reduction of roughness from 13 to 3 nm and
roughness-induced propagation loss from 53 to 3 dB/cm have been reported. Another
method introduced for low loss waveguide was the structural modification of the waveguide [16, 17]. Here the waveguide is relatively wider (∼ 2 µm) and shallow etched (etch
depth ∼ 0.05 µm). Thus the electric field intensity at the sidewalls are reduced significantly to achieve lower propagation loss. However, the shallow etched waveguides are
not suitable for sharp bends, which is a key requirement for compact device design.
In order to make compact bends the wider waveguide is adiabatically tapered to form
deeply etched submicron wide waveguide. The minimum propagation loss achieved for
this waveguide is ∼ 0.026 dB/cm [17] However, the major technological development
to achieve low loss waveguides was the optimization of lithography and dry etching
process [18, 19].
Low-loss single-mode silicon waveguides made a huge impact in silicon photonics
by establishing energy efficient and high speed optical links between the electronic
processor chips [20, 21, 22, 23]. Figure 1.1 shows the schematic representation of a
chip-to-chip communication using optical interconnects with silicon photonic devices
[20]. Photographic/SEM images of the critical parts of optical interconnect are shown
in the inset. The electronic data stream from the microprocesser chip is encoded to four
optical channels (wavelengths λ1 to λ4 ) by means of electro-optic modulators. Here,
3

Figure 1.1: Schematic representation of chip to chip communication using silicon photonics. Photographic/SEM images of important regions of optical interconnect are shown as inset [20].
silicon ring resonators with an active p-n doped (across the waveguide) region are used
as electro-optic modulators. These optical signals are multiplexed to a single optical
waveguide and routed to the destination through passive optical network. At the receiver
end, the optical signals are demultiplexed again using ring resonators. In this scheme,
the microring resonators are utilized for electro-optic modulation as well as wavelength
filtering. Both the properties have been nicely exploited for on-chip high-speed optical
modulation/demodulation. The filtered optical signals are fed to the microprocessor
at the receiver end after converting the signal back to electronic domain by means of
Germanium photodetectors. An interesting point to be noticed here is the utility of
a silicon microring resonator as modulators as well as wavelength filters - multiple
functionalities using the same configuration/component. This extends the prospect of
silicon photonics to wider domains such as switching networks [24, 25, 26], optical
storage [27, 28, 29], electro-optic logic circuits [30, 31, 32], spectrometers [33, 34]
sensors [35, 36, 37] etc.
The success of CMOS compatible silicon photonics technology has prompted researchers to explore integrated optical devices/circuits or Lab-on-Chip (LoC) in SOI
for various types of sensing applications [38, 39, 40, 41, 42]. Since measurement of
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refractive index of a given material/analyte is the key for most sensing applications,
many functional devices/components have been demonstrated for the same purpose.
Some examples are microring resonator [43, 44, 45], photonic crystal [46, 47], DBR
[48], Mach-Zehnder interferometer [49, 50], Young’s interferometer [51], etc. Each
of these devices is characteristically unique in terms of their designs, footprints and
working principles. The microring resonator based devices/circuits are found to be the
most promising as they can be designed to be very sensitive to cladding refractive index
change and to have longer interaction lengths but with smaller footprints.
Schematic top view of a typical microring resonator in add-drop configuration is
shown in Figure 3.1(a), where, Ei and Ep , Ea and Ed are the electric field amplitudes at
input, pass, add and drop ports, respectively. t1 and t2 are the self coupling coefficients
at coupler 1 and 2, respectively; similarly k1 and k2 are the the cross-coupling coefficients at coupler 1 and 2, respectively. The transmission at the pass (Tp ) and drop (Td )

(a)

(b)

Figure 1.2: (a) Schematic top view of a microring resonator in add-drop configuration
: Ei , Ep , Ea and Ed are the electric field amplitudes at input, pass, add and
drop ports, respectively. t1 and t2 are the self coupling coefficients at the
coupler 1 and 2, respectively. k1 and k2 are the cross-coupling coefficients
at coupler 1 and 2, respectively. nef f - effective index of the guided mode,
L - ring perimeter, m - order of resonance, λm - resonant wavelength. (b)
Typical transmission characteristics at the pass (Tp ) and drop (Td ) ports of
add-drop ring resonator: ERp/d - extinction ratio at pass/drop port, FSR free spectral range and FWHMp/d - full width at half maxima at pass/drop
port.
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ports can be written as: [52]:
Tp =

|Ep |2
t22 a2 − 2t1 t2 a cos(θ) + t21
=
|Ei |2
1 − 2t1 t2 a cos(θ) + (t1 t2 a)2

(1.1)

Td =

|Ed |2
(1 − t21 )(1 − t22 )a
=
|Ei |2
1 − 2t1 t2 a cos(θ) + (t1 t2 a)2

(1.2)

where, a = e−αL is the round trip loss factor with a loss coefficient α, L is the perimeter
of the ring, θ = 2πnef f L/λ is the round trip phase factor, nef f is the effective index of
the guided mode and λ is the wavelength of operation. The coupler sections are assumed
to be loss-less ie, t21 + k12 = t22 + k22 = 1. Figure 3.1(b) shows typical transmission
characteristics of a submicron photonic wire add-drop microring resonator plotted using
Eqn. 1.1 and 1.2, where the ring parameters are considered to be L = 167 µm, α = 5
dB/cm, nef f = 2.76 and t1 = t2 = 0.96 (for λ ∼ 1550 nm ). From the pass port
transmission characteristics, it can be noticed that the output of certain wavelengths
are much less than the input. The wavelengths with minimum Tp are said to be the
resonant wavelength which satisfy the resonance condition nef f L = mλm of the ring
resonator, where m is integer number representing the order of resonance. From the
transmission characteristics of drop port (Td ), it is clear that the resonant wavelengths
are dropped at the drop port using the coupler 2 (see Figure 3.1(b)). Similarly, the
resonant wavelengths can be added to the pass port through coupler 1 and 2 when they
are given to the add port, hence this ring resonator configuration is known as adddrop multiplexer. Since the resonant wavelengths are circulating inside the ring cavity
multiple times by satisfying the constructive interference condition, the effective length
of the resonator for the resonant wavelength can be very long. For example, in the case
of a ring resonator sensor, in contrast to a simple straight waveguide, ring resonator
interaction with the analyte is not estimated using the physical length of the resonator
but with number of revolutions inside the ring and which would be indicated by the
quality factor (Q-factor) of the resonator. The effective length (Lef f )of a ring resonator
can be related to its Q-factor as [42] :
Lef f = Q
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λm
2πnef f

(1.3)

Figure 1.3: Schematic view of the measurement set-up for a ring resonator based
biosensor [43].
where Q-factor is defined as:
Q-factor =

λm
F W HM

(1.4)

Thus, silicon ring resonators of Q-factor ∼ 106 with a ring perimeter of length ∼ 50 −
100 µm is equivalent to a straight waveguide of ∼ 10 cm long [53].
Figure 1.3 shows the schematic view of a compact microring biosensor which was
one of the landmark research demonstrations of ring resonator based refractive index
sensor in SOI substrate [43]. The ring resonator chip was fabricated with standard
CMOS process and the optical chip is placed on a temperature controlled platform. A
microfulidic channel is built over the sensing region to supply the analyte solution. The
flow rate of the solution is controlled with the help of a peristatic pump. Optical fibers
are coupled to the sensor input and output with a pair of grating couplers. The sensitivity (S) and resolution/limit of detection (LOD) of this configuration are measured to
be 66 nm/RIU and 10−5 , respectively. These parameters are considered to be the figure
of merits which describe the quality of a sensor [54]. In ring resonator based sensors,
the sensing is mainly performed by measuring the shift of a given order of resonance
wavelength. Therefore, S is defined as the shift in resonance wavelength per refractive
index unit (RIU) change in the cladding. The LOD is minimum detectable refractive
7

Figure 1.4: (a) Schematic top view of cascaded ring resonator sensor based on Vernier
effect. Schematic spectral responses of (a) Ring# 1, (b) Ring# 2 and (c)
cascaded combination of Ring# 1 and Ring# 2: blue and red lines represent
the sensor response with and without analyte, respectively [57].
index change and is given by λm /(Q × S) [55]. Since Q-factor can be increased by
decreasing waveguide losses as well as by increasing the cavity volume; there will be
scopes for ever to improve the value of LOD with the advancement of technology for
low-loss waveguides. In general, the value of S is limited by the evanescent field overlap with the cladding material of a conventional waveguide ring resonator. Rodriguez
et al. [56] could enhance the light matter interaction by fabricating the ring resonator
with porous silicon waveguides and reported an improved value of S (380 nm/RIU), but
higher waveguide losses results into a lower Q-value (10,000). It has been proposed that
the value of S can be increased to a record level (∼ 3 × 105 nm/RIU) by using Vernier
effect [57]. Figure 1.4(a) shows the schematic top view of the device with two cascaded
ring resonators of slightly different radius. The difference in radius results in an unequal
free spectral range (FSR) of the ring resonators. Figure 1.4(b)-(d) show the schematic
spectral responses of the ring resonators: (a) for Ring# 1 with FSR = ∆λF SR1 , (b) for
Ring # 2 with FSR = ∆λF SR2 and (c) for cascaded combination of Ring# 1 and Ring#
2 with FSR = (M − 1)∆λF SR1 , where M is defined as:
M=

∆λF SR1
∆λF SR1 − ∆λF SR2

(1.5)

Thus, a slight change in cladding refractive index (∆n > 0), of Ring#2 shifts its resonance spectrum (in Figure 1.4(b)(c) red dotted line represent the shifted spectrum)
which results in a large shift in the cascaded ring response (see the Figure 1.4(b)(d)).
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So the S is improved by M times than that of Ring #1. In this device the minimum
wavelength shift is discretized (shift is not continuous as a function of cladding refractive index) due to the the inherent limitation of the Vernier effect (least count). This
in fact limits the LOD of the sensor device. Nevertheless, with a slight modification in
the ring resonator structure, the same principle has been utilized for the experimental
demonstration of sensor with S > 2000 nm/RIU and LOD of 8.6×10−6 [58]. However,
fabrication requirement is observed to be very stringent as a slight difference in waveguide cross-sections of either of two cascaded ring resonators can change the response
of the device to a large extent.
The slot waveguide based ring resonator was also found attractive because of direct
interaction of analytes to the guided "air-mode" [59]. Very recently, a ring resonator
designed with slot waveguides has been shown to be highly sensitive (1300 nm/RIU)
to cladding index [55]. In slot waveguides, a major fraction of optical power associated with the guided mode lies outside the core region and it is highly dependent on
the wavelength of operation. In this work, wavelength dependent loss is exploited to
obtain V-shaped comb resonance spectrum centering at critically coupled wavelength
(extinction ratio tends infinity). Since the loss factor is highly wavelength dependent,
critically coupled wavelength stands out from the rest of the resonances at the transmission spectrum and which can be traced for refracting index sensing. However, this
device could detect only a narrow range of refractive index, as the round-trip loss factor
of ring degrades very fast (from 1 to 0) within a narrow range of cladding refractive index change (∆nc ∼ 0.2). In this type of ring resonator design, smaller the FSR better is
the LOD (unlike conventional ring resonator). However, the FSR can not be reduced by
increasing the ring perimeter because of the inherent higher losses in slot waveguides.
A vast variety of sensing techniques are proposed and demonstrated in SOI substrate
over the years. Though most of them are unique in their design and performance, all
these submicron waveguide devices suffer due to the the poor input/output light coupling efficiency. Besides sensitivity and detection range of microring resonator based
refractive index sensor, fiber-chip-fiber light couplings and/or integration of light source
and photodetector is still treated as a major challenge as far as silicon photonics based
Lab-on-chip is concerned.
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There have been various approaches proposed and demonstrated for light coupling
to the submicron silicon waveguides. Among them, widely accepted structures are grating couplers [60, 61, 62, 63] and inverse tapering [64, 65, 66, 67]. In grating coupler,
the light from the fiber/waveguide is diffracted towards the waveguide/fiber with the
help of a grating structure. In general, light from standard single mode fiber is positioned almost vertically ∼ 80◦ to the waveguide axis (see. Figure 1.5). The diffracted
light from the grating region of 10 µm long and 10 µm wide with a grating periodicity
∼ 600 nm is collected by a laterally tapered (from the width of grating to the width of
the submicron waveguide) 1D spot-size converter (SSC) of length ∼ 100 µm and fed
light to silicon photonic wire waveguide. This structure is fabricated along with the
waveguide using CMOS process and it does not require conventionally followed dicing
and polishing which are often difficult. The higher alignment tolerance of the grating coupler makes it easy and impressive for optical characterizations on wafer (chip)
level. Grating coupler can be used for characterizing optical circuit those are small or
in between electronics circuits, as it can be probed similar to electronic devices. Also,
it does not produce Fabry-Perot resonance that submerges the actual performance of
the device due to high reflective end-facets as it is phase matched coupling. However,

Figure 1.5: Schematic view of a grating coupler used for coupling light between single
mode fiber and photonic wire waveguide in SOI substrates [61].
coupling loss, polarization dependency and bandwidth of operation are the drawbacks
of grating coupler. Generally, grating coupler has been designed and fabricated for a
particular polarization (TE or TM). As the fabrication tolerance of grating coupler is
stringent, advanced lithographic techniques such as electron beam lithography or deep
10

UV lithography is used. Moreover the efficiency of grating coupler is directly proportional to the fabrication complexity. In order to improve the coupling efficiency of the
grating coupler, one has to improve the overlap of scattered electric field to the mode
profile of the single mode-fiber which is used to couple light in/out of the waveguide.
To have better overlap, apodized gratings have to be fabricated. Again to avoid the substrate coupling (due other order of diffraction) metal coating has to be done at substrate
layers, which adds to complication of the fabrication process of grating coupler [68].
An alternative structure used for light coupling from fiber to submicron waveguide
is inverse tapering. The name inverse means that the waveguide mode field diameter
(MFD) increases as the waveguide cross-section reduces due to lower mode confinement factor. This was introduced for silicon photonic waveguides by T Shoji et al in
the year 2000 [64]. Figure 1.6(a) and (b) show the schematic and SEM image of a fabricated structure of inverse tapering respectively. In inversely tapered couplers, guided
fundamental mode of submicron waveguide is adiabatically expanded by reducing the
width of silicon waveguide and matches with the mode size of a larger waveguide (in
this work polymer core) with a bulk refractive index which is nearly equal to silica
waveguides. As the width of silicon waveguide reduces effective index contrast between core and cladding is reduced and hence the mode size is increased. When the
mode size is comparable to the mode size of a larger waveguide with smaller refractive
index, the taper section is terminated and the mode is evolved as the guided mode of the
larger waveguide without additional transition loss. Generally, lensed fiber with MFD
∼ 3 µm is used for coupling light in to inverse tapered structures. In comparison with
grating couplers, the efficiency of the inverse taper structures is found to be better. The
polarization dependency of inverse tapers is less and can be operated for wide range of
wavelength. However, the fabrication of inverse taper structure is challenging as critical
lithographic alignment is needed for defining second core with lower refractive index
for an efficient mode matching. The alignment tolerance of the inverse tapered SSCs
are found to be very stringent (1 dB tolarance < 500 nm). In addition to that, most of
the reported inverse tapered waveguide structures are fabricated using polymer material
and they are not thermally stable. Since, the fabrication of inverse taper structures are
not compatible with CMOS process flow, these couplers are not yet included in multi
project wafer program offered by IMEC or CEA-Leti foundries [70]. Though, the sili11

Figure 1.6: (a) Schematic view of an inverse taper structure and (b) SEM image of
inverse taper junction region showing polymer waveguide and silicon photonic wire waveguide [69].
con photonics has grown to main stream photonic technology, the light coupling issue
is still hindering the journey towards a packageable silicon photonics devices such as
sensors.
Thus we understand from the above discussions that a microring resonator in SOI
platform is an excellent candidate for sensor applications and its figures of merits can
be improved by continued research. This thesis work was set to explore the critical
design parameters of microring resonator and its on-chip integration process, leading to
a simplified design for wide-range refractive index sensing of cladding materials. Finer
details of research objectives are highlighted in the following section.

1.2

Research Objective

Over the years, numerous refractive index sensor designs based on microring resonators
have been proposed and demonstrated in laboratory level. Many of the improved sensor
performance (higher sensitivity and lower limit of detection) are achieved by design
complexity and/or stringent fabrication requirements. However, all the silicon photonics based integrated optical sensors share common problems such as light coupling,
spectral measurement based sensing, etc. Most of the microring resonator sensors are
based on the shift of resonant wavelength in response to the analyte material. In this
sensing scheme, high resolution spectrum analyzers are required for accurate sensing.
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This in fact makes the detection very expensive as well as bulky as spectrum analyzer
is externally connected . However, lately various research groups proposed and demonstrated sensing schemes with electronic interrogation where electric current or voltage
is used as the detection probe. To make such devices commercially successful, a great
deal of research and development have to be carried out further. The most challenging factor of silicon photonic devices is the fiber to chip light coupling and which is
essential for device packaging. There were various approaches adapted to tackle this
problem. Among those, grating coupler is one of the widely accepted methods as it
complies with CMOS fabrication also it does not require any end facet preparation and
it can be used for chip level testing of device at any part of the wafer. However, the
problems associated with this component are the efficiency, polarization dependency
and band limited operation. The best loss figure with linear grating structure is often ∼
5 dB even with the cutting edge fabrication facilities at the foundry environment. Smart
grating coupler structures are developed with loss figure < 1 dB/facet but with apodized
grating structures and metal coated mirror at the back surface. However, this requires
additional stringent processing steps and which adds to the cost of device fabrication.
The polarization dependency and bandwidth limitation of grating coupler still remain
as challenges of this component. All these factors together keep the silicon photonic
sensor devices far away from commercialization. To bridge the gap between the prototyping and commercialization, the sensing mechanism has to be simple, cheaper and
reliable. Thus the research focus must be shifted towards achieving highly integreable
ring resonator design for mass fabrication, cost-effective packaging solution, and energy
efficient electronic interrogation for wide-range sensing of cladding analytes. This work
was initiated with two-fold research objectives. Firstly, to investigate various waveguide
design parameters to improve fiber-to-chip light coupling efficiency: both 2D spot-size
converters for in-line fiber pigtailing and 1D spot-size converters for grating assisted
out of plane fiber-optic coupling were taken into considerations. This part of the research is primarily aimed to achieve theoretical understanding and CMOS compatible
fabrication technology development of micron to submicron waveguides and spot-size
converters. Secondly, to demonstrate an integrated optical wide-range refractive index
sensor using state-of-the-art fabrication and characterization facilities. This part is intended to verify theoretically and experimentally the performance of ring resonator in
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terms of bus-ring coupling mechanism and choose a suitable coupling system such that
the microring resonators can be used for the sensing of wide-range of cladding analytes
with widely varying refractive indices.

1.3

Thesis Organization

The research work documented in this thesis is organized as follows:
In chapter 2, we have discussed the technology development from i-line (wavelength
∼ 365 nm) photolithography based micron sized waveguide cross-section to electron
beam lithography based submicron waveguide cross-section. It starts with the theoretical analysis of waveguide cross-section dependent properties such as single mode
guidance, dispersion, bend induced loss etc. In this section, we summarize the merits
and demerits of silicon waveguides with micron and submicron sized waveguides. Then
we discuss various fabrication techniques to achieve minimum feature size varying from
micron to submicron regime. Finally, we discuss the interfacing (coupling) of various
waveguides cross-sections in a single SOI substrate platform. In order to improve the
coupling efficiency various techniques has been adopted and compared its performance.
In chapter 3, the design, fabrication and characterization of microring resonators
with a fabrication friendly micron sized waveguides as well as fabrication stringent
submicron sized waveguides are discussed. The chapter begins with the theory and
working principle in general. Then we discuss the microring resonator design with
micron sized and submicron sized silicon waveguides. This section also deals with
the constrains introduced by the integration of spot-size converters (for efficient fiber
to chip coupling) with the reduced cross-section waveguides. A solution to get rid of
this constraints has also been discussed. At the end, merits and demerits of micro-ring
resonator with micron as well as submicron sized cross-sections are compared for the
realization of refractive index sensing. In chapter 4, we discuss the demonstration of
a wide range refractive index sensor using dispersion enhanced critically coupled microring resonators. Initial part of the chapter gives a detailed theoretical analysis of the
dispersion characteristics and cladding dependent properties of the directional coupler
which is the key factor of sensor design. Then, we propose a novel microring resonator
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design with a dispersive directional coupler for the demonstration of wide range refractive index sensor. We discuss the device fabrication and testing at the end with a detailed
analysis of the experimental performance of the sensor. In chapter 5, we summarize the
research carried out within the scope of this thesis and possible extentions of the work
has been briefly outlined in the outlook of thesis.
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CHAPTER 2

Microns to Submicron Waveguides: Design, Fabrication
and Characterizations

Waveguide is the basic building block for integrated optics and hence for silicon photonics devices in SOI substrate. Various on-chip performances like improvement in light
coupling efficiency, reduction in bending loss, control in evanescent field strength, polarization rotation/filtering, dispersion engineering, etc. are simply achieved by varying
waveguide cross-sectional geometry and dimensions.
In this chapter, we discuss theoretical and technological aspects of SOI optical
waveguides of cross-sections (and geometry) varying from microns to submicron scale
and spot-size converters to improve the efficiency of light coupling to integrated optical submicron silicon waveguides. Section 2.1 gives a theoretical understanding of
cross-section dependent waveguide properties such as single mode guidance, dispersion, birefringence, fabrication tolerance, bend induced loss etc. This study gives an
insight to the choice of waveguide cross-sections depending on the application of interest. In section 2.2, we discuss various CMOS compatible fabrication approaches to
achieve monolithic integration of various waveguide cross-sections and the modelling
of the experimentally obtained waveguide structures. The proposed fabrication technique helps local modification of waveguide core by 2D physical trimming and thus
facilitating to obtain submicron waveguide widths beyond the diffraction limit of photolithography process. We have discussed various technological approaches to develop
adiabatic spot size converters for efficient light coupling from standard single mode
fiber to submicron silicon waveguides in section 2.3. This section also includes the
optimization (both design and fabrication parameters) of longer (∼ 5 mm) silicon photonic wire waveguides in submicron device layer substrate using a stitching error-free
electron beam patterning technique.

Figure 2.1: Schematic cross-sectional view of a typical optical waveguide geometry in
SOI substrate: BOX - buried oxide, W - waveguide width, H - rib height
and h - slab height.

2.1

Waveguide Design

A generic cross-section view of a silicon waveguide in SOI substrate is shown in Figure 2.1. Ideally, for an efficient integrated optic application, easier design criteria for
single-mode guidance, birefringence free, non-dispersive, minimum bend induced loss,
minimum propagation (scattering) loss and higher input/output light coupling efficiency
with standard single-mode fibers (SMFs). However, achieving all these properties simultaneously is challenging or nearly impossible. For example, in order to achieve
compact integrated optical devices with smaller bend radius; core-cladding index difference should be high enough such that the guided mode is tightly confined within the
core. As the index contrast is high, the waveguide cross-section has to be small enough
to make the waveguide single-mode at a given range of operating wavelengths. However, this results in the reduction of effective index of the guided mode which again
controls the minimum bend radius achieved. Also, the smaller cross-section makes the
waveguide highly wavelength dependent (dispersive) as well as lossy. The waveguide
loss in a SOI waveguide operating at λ ∼ 1550 nm) is attributed to the interaction of
guided mode with the side-wall roughness. In order to control the scattering loss, the
waveguide aspect ratio (W/H) can be varied, but this makes the waveguide birefringent. So, properly scaling the values of waveguide width (W ), rib height (H) and slab
height (h) of silicon waveguide (2.1), one can design a single mode waveguide depending on the applications. Generally, large cross-section rib waveguides with W ∼ 5 µm,
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H ∼ 5 µm and h ∼ 4 µm are used for dispersion free and polarization independent
photonic circuits [71, 72]. Even larger waveguide structures are used for efficient chip
to fiber light coupling[73]. However, large cross section single-mode silicon waveguide
structures cannot be used for the fabrication of compact devices such as ring resonator,
DBR etc. Devices with ∼ 2 µm waveguide width/height have been proposed for highly
manufacturable photonics transceiver solutions [20]. They are moderately dispersion
free and polarization independent. Commercially available lensed fiber with mode field
diameter ∼ 3 µm can be efficiently used for coupling light in to the micron sized waveguides. This 2 µm waveguide also found to be useful for moderately compact bend
(radius ∼ 100 µm) structures [20]. Silicon photonic wire waveguide with sub-micron
cross-section (W ∼ 0.5 µm, H ∼ 0.25 µm and h ∼ 0 µm) are invariably used for the
demonstration of ultra compact (bend radius ∼ 0.5 − 5 µm) integrated optic devices
[8, 74, 75, 76, 77]. However, the wavelength/polarization dependency of the waveguide
are the major limitation of this cross-section. In addition to that light coupling to submicron photonic wire dimension is difficult as compared to large cross-section silicon
waveguides. To study the cross-section dependent waveguide properties, we have categorized the large cross section rib waveguide (LCRW) for 5 µm device layer thickness
(H = 5 µm), medium or reduced cross-section rib waveguide (RCRW) for 2 µm device
layer thickness (H = 2 µm) and sub-micron photonic wire waveguide (PhWW) for
0.25 µm device layer thickness (H = 0.25 µm), respectively..

2.1.1

Condition for Single-Mode Guidance

Single-mode waveguides (assumed for operating wavelength λ ∼ 1550 nm) are preferred to minimize loss and inter-modal dispersion. Though the typical length of waveguides used in integrated optics and/or on-chip optical interconnect devices is much much
smaller than the optical fibers used for long-haul and/or short-haul communication systems, inter modal dispersion plays a vital role at high speed optical interconnect devices.
Particularly in resonant structures such as ring resonators, Fabry-Perot cavities, the existence of higher order modes makes additional resonant peaks which is undesirable.
Thus, single-mode guidance is a necessary condition for most of integrated optical functions. A waveguide with higher relative refractive index difference ∆ ≡
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Figure 2.2: Calculated values slab height cut-off (hc ) has been plotted as function W for
5 µm waveguide (H = 5 µm). Area above blue and red lines represents the
single mode regions for TM and TE polarization respectively. Bottom and
top claddings are considered to be BOX and air, respectively. Calculation
are carried out for λ = 1550 nm.
core (index n1 ) and cladding (index n2 ) limits the waveguide cross-section to be very
small to satisfy single-mode guiding condition. Silicon waveguide with ∆ ∼ 0.41 (considering silicon dioxide as cladding) restricts the single-mode waveguide cross-section
to be ∼ 0.1 µm2 . However, it is possible to design single-mode guidance for LCRWs
with W = 5 µm and H = 5 µm show single mode propagation. Here, the difference compared to sub-micron single-mode structure is that the lateral claddings are not
silicon dioxide but silicon slab with height slightly less than the core height. So, the effective refractive index difference between core and lateral cladding is less (∆ ∼ 0.001)
which facilitates a larger cross-section for single-mode propagation though absolute refractive index of the core is high. The h of the waveguide is designed such that higher
order modes excited in core region is leaked through the lateral cladding (silicon slabs)
whereas slab remains forbidden region for fundamental mode. Consequently, the choice
h of the waveguide is not only important for making structure single mode, but also for
controlling waveguide properties such as propagation loss, bend induced loss, birefringence, etc. The value of h is especially very important in the case of 5 µm and 2 µm
waveguides as the silicon slab regions decide the lateral confinement of the guided
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Figure 2.3: Calculated values slab height cut-off (hc ) as function W for 5 µm device
layer thickness (H = 5 µm). Area above blue and red lines represents the
single mode regions for TM and TE polarization respectively. Bottom and
top claddings are considered to be BOX and air, respectively. Calculation
are carried out for λ = 1550 nm.
mode. Figure 2.2 shows the slab height cut-off (hc ) values as a function of W for
single-mode propagation of 5 µm device layer thickness. Bottom and top cladding are
assumed to be BOX (refractive index ∼ 1.44) and air (refractive index ∼ 1 respectively.
The hc values have been calculated using Lumerical - MODE Solutions simulation tool.
They are defined as the cut-off values of h at which the effective indices of the first order
mode in the core (rib) region and the fundamental mode in the slab region are equal for
the respective polarization. The calculations are shown for both TE-like and TM-like
modes. In general, the TE-like guided modes have dominant electric field component
parallel to the BOX layer interface, whereas, for TM/TM-like polarization, the major
electric field component oriented perpendicular to the BOX-silicon interface. In Figure
2.2, blue line and black line represents the hc values for TM and TE polarization respectively. Any value of h > hc satisfy single-mode guidance condition for the respective
polarization; however, the choice of h depends again the propagation loss, bend induced
loss, overlap with input/output single-mode fiber profile, etc.
Similarly, Figure 2.3 shows the calculation of hc as function W for 2 µm waveguide.
The region above blue line represents the single-mode domain for both polarization and
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Figure 2.4: Calculation of slab height cut-off (hc ) values for single mode guiding of
2 µm device layer thickness (H = 0.25 µm) as a function of W . Calculations
are shown for TE polarization at λ = 1550nm.
the area between the blue and black line allows single-mode propagation only for TE
polarization. The hc values for 2 µm waveguide has been scaled down compared to
5 µm waveguides. This results in higher values of ∆ ∼ 0.01, allowing more sharper
waveguide bends.
Figure 2.4 shows the hc calculation for 0.25 µm waveguide. In contrast to 5 µm and
2 µm waveguides, submicron waveguide modes are hybrid (quasi TE/TM) in nature.
Since the aspect ratio (W/H) of generally used submicron silicon waveguides are low,
both Ex and Ey components of fundamental quasi TM mode are nearly equal. In such
cases, fundamental TE mode is calculated to be the lowest order guided mode with
highest effective index and both components of electric fields are confined inside the
waveguide. However, it may happen that, for shallow etched waveguides Ex component
of quasi TM mode is leaked out due to the fact that the effective index of the fundamental quasi TM mode is less than the effective index of the fundamental TE in the slab
region. As a result, it is very difficult to represent the single-mode guiding condition as
a function of W quasi TM mode in submicron waveguides. Though, sub-micron silicon
waveguide does not require slab region to achieve single-mode guidance, it is still preferred for some special applications (especially to integrate active elements). In active
photonic devices, the slab region is used for diffusion doping of n-type/p-type impuri-
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ties [78]. In passive sub-micron photonic structures slab region is used for achieving
lower propagation loss [16].

2.1.2

Birefringence

Birefringence (nTefEf − nTefMf ) of a waveguide is defined as the effective index difference
between TE-like and TM-like guided modes. The source of birefringence can be either
material or because of waveguide geometry or due to the combination of both. The
material birefringence originates from the molecular structure of material and geometrical/structural birefringence is mostly due the asymmetric structure of the waveguide
and often it can be due photoelastic effect [79]. Since silicon is a centro-symmetric
material, material birefringence can be discarded. Waveguide structural birefringence
can be significant if the waveguide structure is not symmetric in terms of geometry
or cladding. Even for a waveguide core with equal width and height (square crosssectional geometry), the geometrical birefringence can still be present if the cladding
material (and/or stress) is not same all-around. Moreover, higher bulk refractive index
of silicon core makes it extremely challenging to design a polarization independent (or
birefringence free) waveguide. Especially, in sub-micron silicon waveguides birefringence is very large due the asymmetric geometry of the waveguide. However, photoelastic effect has been utilized to control the polarization sensitivity up to some extent in
1 − 2 µm waveguides [80, 81, 82]. The effective way to control polarization independent silicon waveguides is to modify the waveguide cross-section [72, 83] Figure 2.5
shows the wavelength dependent birefringence comparison of various waveguide crosssections in SOI substrate. We have used Salzberg and Villa model [84] for wavelength
dependent refractive index of silicon. Bottom and top claddings of the waveguide are
considered to be BOX (nsio2 = 1.4777) and air (nair = 1), respectively. Solid line
represents the birefringence of 5 µm waveguide with a single-mode cross-section dimension, W = 5 µm, H = 5 µm and h = 4 µm. Birefringence has been found to
be as minimum as ∼ 10−4 . dotted line represents the birefringence of 2 µm waveguide
with single-mode cross-section, W = 1.5 µm, H = 2 µm and h = 1 µm. The birefringence value of 2 µm is found to be ∼ 10−3 . dashed line represents the birefringence
of 0.25 µm waveguide with single-mode cross-section, W = 0.5 µm, H = 0.25 µ and
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Figure 2.5: Structural birefringence comparison of various waveguide structures in
SOI substrate. solid, dotted and dashed lines represent birefringence of
LCRW(W = 5 µm,H = 5 µm and h = 4 µm), RCRW (W = 1.5 µm, H = 2
µm and h = 1 µm) and PhWW (W = 0.5 µm,H = 0.25 µm and h = 0 µm)
respectively.
h = 0 µm. The birefringence of the PhWW structure is found to be as high as ∼ 1.
This clearly shows that for the fabrication of a polarization independent waveguides,
one should choose larger waveguide cross-section. However, structural birefringence
of sub-micron waveguides can be reduced by modifying the waveguide cross-section
to square geometry and with a symmetric cladding (silicon core is surrounded by silicon dioxide cladding). In such cases, though the waveguide behave as birefringence
free (nTefMf = nTefMf ), coupled waveguide structures such as directional coupler shows
polarization depend splitting ratio, because of boundary conditions of the waveguide
[85].

2.1.3

Dispersion

Waveguide dispersion is observed due to wavelength dependent phase velocity/effective
index of the guided modes of the waveguide. This can be classified in to either intermodal dispersion or intra-modal dispersion. The inter-modal dispersion is due to phase
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Figure 2.6: Structural dispersion comparison of various waveguide structures in SOI
substrate. Solid, dotted and dashed lines represent calculated group indices
of 5 µm waveguide (W = 5 µm, H = 5 µm and h = 4 µm), 2 µm waveguide (W = 1.5 µm, H = 2 µm and h = 1 µm) and 0.25 µm waveguide
(W = 0.5 µm, H = 0.25 µm and h = 0 µm). The calculations are shown
for TE polarized light.
velocity difference between the guided modes. However, this can be completely suppressed by designing a single mode waveguide. The intra-modal dispersion can be
either due to material dispersion where the refractive index of the material changes as
a function of wavelength or due to the structural dispersion where the effective index
of the guided mode changes as a function cross-sectional geometry though the bulk
index remains constant. It is known from Salzberg and Villa refractive index model
for silicon [84] that the material dispersion is not dominant as far as silicon waveguides are concerned. However, structural dispersion plays an important roll in silicon
waveguide especially in sub-micron dimensions. Figure 2.11 shows the comparison of
group index of various waveguide cross-sections generally used in silicon photonics.
The cross-section dimensions of the waveguides were same as the birefringence calculation. Solid line represents the group index calculated for 5 µm waveguide over C
band of optical communication. Group index of this large cross-section waveguide is
found to be minimum and approximately equal to the bulk refractive index of silicon.
Also it remains constant through out the C+L band of optical communication. Dotted
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line represents the group index of 2 µm waveguide. Though, the group index of 2 µm
structure is slightly higher than 5 µm structures, it remains constant through out larger
wavelength range. In contrast, the group index (dashed line) of sub-micron structures
are high (∼ 4.35) and are highly dependent on the wavelength of operation. Therefore, large cross-section waveguides are preferred for silicon photonic devices which is
meant to operate a broader wavelength range [72]

2.1.4

Input/Output Coupling Loss

Silicon photonics research advancement is very rapid compared to any other photonics
material platform. Such a high rapid impact of silicon photonics is due to the matured fabrication technology used silicon electronics. So the only delay appears to be
in transferring the technology to photonics domain as well innovative ideas and designs. However, one of major concerns of silicon photonics which persists even today
is input/output interfacing of integrated photonic circuits to standard single mode fiber
(SMF) which is widely used for optical communication. High index contrast of submicron silicon waveguides with ultra high modal confinement enables the construction
of very compact circuits. However, the high index contrast between the silicon core
and silica claddings requires the use of a very small mode size to achieve a singlemode condition, and it makes difficult to efficiently couple light from a single-mode
optical fiber. Various approaches such as grating coupler [60, 61], inverse tapering
[64, 66], adiabatic taper [86], rib to strip converters [87], double stage taper [88], 2D
taper [89, 90], etc. were proposed and demonstrated to address fiber to chip light coupling issue. Though, grating couplers and inverse tapers have been attractive for chip
level testing of sub-micron photonic circuits in research labs, the commercial viability
of most of the proposed techniques are still questionable due fabrication complexity
and/or coupling efficiency. Consequently, the industry prefers micron scale waveguides
for highly manufacturable photonic circuits [20]. Figure 2.7 show the mode mismatch
loss of a silicon rib waveguide with standard single-mode fiber (SMF) and lensed fiber
(LF) as function of W . The MFD of SMF and LF is assumed ∼ 9.5 µm and 3.2 µm,
respectively. Fresnel reflection loss has not been considered for the calculation of mode
mismatch loss as it can be minimized with a proper anti-reflection coating. In order to
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Figure 2.7: Calculated waveguide coupling loss (modal overlap in dB scale) as a function waveguide width (W) = height (H), where the input light is taken as the
direct output from standard single-mode fiber (SMF) with mode-field diameter of ∼ 9.5 µm (dashed line); and the focused lensed fiber (LF) output
with spot-size diameter of 3.2 µm (solid line), respectively. The calculations are carried out for TE-like waveguide mode excitation at λ = 1550
nm. Also the slab height is taken as (h) = 0.7×H, ensuring single-mode
guidance (checked up to W = H= 30 µm).
maintain the waveguide to be single-mode throughout the width from 1 µm to 30 µm,
H is kept to be equal to W and h = 0.7×H. Though, MFD of the SMF is ∼ 9.5 µm, the
optimum mode matching happens at W = 20 µm, H = 20 µm and h = 14 µm. Whereas,
for LF with MFD of 3.2 µm, the optimum coupling is obtained at W ∼ 7 µm. This
is due to the asymmetric rib waveguide mode profile relative to the fiber mode profile.
In order to achieve perfect mode-matching (0-dB loss), both the waveguide and fiber
mode profiles should be identical. Since, the fiber mode profile is circular, it is nearly
impossible to have perfect mode-matching within the single mode regime, however, it
can be optimized by modifying the waveguide cross-section. The mode mismatch loss
between SMF (LF) and a waveguide of W = 0.5 µm is calculated to be ∼ 17 dB (∼ 8
dB). This ensures that the the LCRWs are the better choice for efficient light coupling
from SMF to silicon waveguide.
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2.1.5

Bend Induced Loss

We have seen that LCRWs are good for polarization independent, dispersion free and
input/output light coupling. However, bend induced loss in the LCRW relative to
RCRW/PhW is very high. The reason for the high loss is the small effective index
difference between the core and lateral slab regions (cladding). This results in weak
mode confinement and hence higher bend induced loss. However, one can enhance
the mode confinement of LCRW by increasing the etch depth, but this results in higher
propagation loss due to higher interaction of light with sidewall roughness. Also, higher
etch depth may push the waveguide in to the multi-mode regime as we can see form figure 2.2. Figure 2.8 shows the comparison of mode profile of bend regions of LCRW
(W = 5 µm, H = 5 µm and h = 4 µm) and RCRW (W = 1.5 µm, H = 2 µm and h =
0.85 µm).
The bend induced waveguide loss is simulated using Lumerical ModeSoloution
solver by mapping the index of the waveguide to cylindrical coordinate system. The
radius considered for LCRW (2.8(a)) is 20000 µm and for RCRW (2.8(b)) it is 500 µm.
The loss of LCRW with R = 20000 is calculated to be ∼ 50 dB/cm, where as the loss
of RCRW with R = 500 µ is found to be ∼ 9 dB/cm. Figures 2.8(c) and 2.8(d) show
the bend induced loss calculation as function of R for LCRW and RCRW respectively.
Though the bend radius of RCRW is 40 times smaller than that of LCRW, the mode has
been confined within the waveguide and the bend induced loss is significantly smaller
than LCRW. PhWWs with core-cladding index contrast > 1 are found to be suitable for
compact integrated optical circuits. The bend loss for a PhWW (W = 0.5 µm, H = 0.25
µm and h = 0 µm) with bend radius ∼ 1.5 µm is calculated to be < 0.5 dB/cm.

2.1.6

Fabrication Tolerance in Device Response

One of the important requirements for waveguide devices with tightly confined guided
modes is its tolerance to fabrication related uncertainties [91]. One of widely used compact integrated optics component is ring resonator using sub-micron waveguide crosssection on SOI substrate. For a ring resonator, the uncertainty/inhomogeneities in ring
waveguide dimensions results into a shift in resonance wavelengths. Similarly, the un27

(a)
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(c)
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Figure 2.8: Calculated mode profiles for bend waveguides with (a) radius 10000 µm for
LCRW and (b) radius 500 µm for RCRW. Both calculation has been carried
out for TE polarization at λ ∼ 1550 nm . Calculated values of bend induced
loss for (c) LCRW and (d) RCRW.
certainty/inhomogeneities in ring-bus coupled waveguides (directional coupler) results
into a deviation in coupling strength (and hence Q-value), etc. Commonly, DCs are
used for coupling light from bus waveguide to the ring resonator cavity [74, 75, 76, 77].
Conventionally, sub-micron waveguide structures are defined using either by deep UV
photolithography or electron beam lithography on a photo/electron sensitive material
coated on the SOI substrate. As a result, width (W ) is the waveguide parameter which
more prone to fabrication error. In the case of DC, fabrication error is predominant
due to diffraction limit or proximity effect as the coupled waveguides are defined very
closely (separation ∼ 100 nm). In the coupler section, if the waveguide width is reduced/increased by ∆W, the separation between the waveguides is increased/reduced
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(a)

(b)

Figure 2.9: (a) Change in 3 dB length (∆L3dB ) of directional coupler and (b) resonant
wavelength shift (∆λm ) of ring resonator as a function of width variation
(∆W ) due to fabrication error on 5 µm device layer (W = 5 µm, H = 5 µm
and h = 4 µm), 2 µm device layer (W = 1.5 µm, H = 2 µm and h = 1 µm) and
0.25 µm device layer (W = 0.5 µm, H = 0.25 µm and h = 0 µm) respectively.
by same amount ∆W. This leads to a change in coupling efficiency of the DC. Figure
2.9(a) shows the 3 dB length variation (∆L3dB ) of DC as a function of fabrication error
for 5 µm, 2 µm and 0.25 µm waveguide structures on SOI substrate. Where waveguide separation between the coupled waveguides are set to be 2 µm, 1 µm and 0.2 µm
for waveguides with H ∼ 5 µm,2 µm and 0.25 µm respectively. Horizontal axis of
Figure 2.9(a) shows the variation (∆W ) from designed W . The designed waveguide
cross-sections for 5 µm, 2 µm, and 0.25 µm waveguides are same as the values used
for birefringence calculation. Vertical axis shows the percentage of variation of 3 dB
length relative to the designed value of the directional coupler. The variation in 3 dB
length is defined as:
∆L3dB [%] =

des.
Lcal.
3dB − L3dB
× 100
Ldes.
3dB

(2.1)

des.
Where Lcal.
3dB is the calculated 3dB length with corresponding fabrication error and L3dB

is the 3 dB length for a designed directional coupler. The variation for LCRW directional coupler is found to be maximum variation ∼ 1.8 %; for RCRW, maximum
difference is found to be ∼ -15 %; and for PhW the highest variation is calculated to be
∼ 90 % from the designed value. This calculation shows that the submicron PhWs are
highly fabrication error sensitive compared to larger cross-section waveguides. Experimental investigation fabrication related uncertainties of submicron directional coupler
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is discussed in detail in the next chapter.
Similarly, Figure 2.9(b) shows the resonant wavelength shift (∆λm ) of ring resonator as a function of ∆W due to fabrication error, where ∆λm is calculated by the
following expression:
∆λm =

λm dnef f
∆W
ng dW

(2.2)

where, nef f and ng are the effective index and group index of the waveguide, respectively. In the Figure, Black, red and blue lines represent ∆λm of ring resonators on
device layers 5 µm, 2 µm and 0.25 µm, respectively. As it is clear from the Figure that,
for device layers 5 µ and 2 µm , ∆λm is almost equal and remains constant as a function of ∆W . Whereas, for 0.25 µm device layer thickness, ∆λm is highly dependent on
∆W and which challenges the fabrication reproducibilty of microring resonator in submicron device layer. The above discussions (based on numerical calculations) clearly
depicts the need for different waveguide cross-sections for various applications. In the
following section, we are going to discuss a novel method to integrate various waveguide cross-sections monolithically in a single SOI substrate. This technique found to be
useful for the compensation of fabrication error as well as dispersion engineering.

2.2

Surface Trimmed Waveguides

The previous section gives an overview of cross-section dependent waveguide properties and it is observed that the optimum waveguide cross-section should be an application oriented choice. Larger waveguide cross-sections are preferred for low birefringence, low dispersion, higher light coupling efficiency etc., whereas smaller waveguide
cross-section (with higher refractive contrast between core and cladding) offers higher
light matter interaction and device compactness. As a result, monolithic integration of
diverse waveguide cross-sections provides the options to have various functional applications on a single substrate. In this section, we discuss various approaches for fabricating waveguides with multiple waveguide cross-sections on same substrate. Though
our primary focus is to use larger waveguides for efficient light coupling between standard single-mode fiber to chip and smaller cross-section for compact device footprint,
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these CMOS compatible fabrication techniques can be used for applications such as
post fabrication phase error correction (as discussed in the previous section), dispersion
engineering etc.
The characteristics of an integrated optical silicon waveguide is decided by the properties such as width (W ), rib height/device layer height (H) and slab height (h). So,
multiple waveguide cross-section on same substrate demands for multiple device layer
on same substrate. This can be achieved in various techniques. We follow the simplest
approach where larger waveguides are defined initially on an SOI substrate and trim
(reduce) the waveguide cross-section along with the substrate device layer to form reduced/submicron waveguide cross-sections. Surface trimming is a technique generally
used in integrated optics for the modification the waveguide properties such as waveguide cross-section, refractive index of core/cladding in the post fabrication step. The
application of this technique involves the compensation of fabrication error/tolerance
the optical circuit [92, 93, 94, 95], reconfigure/fine tune [93, 94, 95], athermalization of
device characteristics [96] etc. There were various approaches for waveguide trimming,
for example: (1) Deposition of photo/electron sensitive cladding- where the cladding
properties such as refractive index or geometry (compaction of cladding induced strain
in the core region) is changed upon the exposure of light/electron beam. This changes
the refractive index of core region which results in the modification of circuit/device
characteristics. (2) Fabrication of waveguide core with UV sensitive a-Si:H siliconwhere the refractive index of the core changes as it is exposed to the UV light hence
the modification/reconfiguration of device characteristics. This techniques are selective
as well as extremely useful, However, the maximum tunability of effective refractive
index of the core is ∼10−1 . In this section, an alternative approach is introduced for
the modification of effective index of the waveguide up to a value which is 10 times
higher than the previously mentioned techniques. In addition to that this technique can
be employed to form various waveguide cross-sections at same substrate.
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2.2.1

Oxide Growth and Removal

Oxidation of a silicon substrate is a well known semiconductor fabrication process
where the silicon atom reacts with oxide molecules and forms silicon dioxide at the
interface of silicon substrate. Though, the silicon dioxide is derived from the silicon
substrate, the properties of silicon and silicon dioxide are entirely different. As a result,
these materials can be treated separately in terms of chemical reactions. We have exploited this property to derive smaller waveguide cross-section from a larger waveguide
by a repeated oxidation and removal process. Figure 2.10 shows the schematic view of
fabrication steps for surface trimmed waveguides using repeated oxidation and removal.
Initially, LCRW structures are patterned on positive photoresist (S1813) coated on a

Figure 2.10: Processing flow for fabrication surface trimmed waveguides by repeated
oxidation and removal. (a) photoresist pattern after photolithography, (b)
after reactive ion etching, (c) oxidized waveguide structures and (d) after
oxide removal.

SOI substrate (handle wafer thickness ∼ 500 µm, BOX thickness ∼ 1 µm and device
layer thickness ∼ 5 µm) with an i-line (wavelength ∼ 365 nm) photlithography system
(SUSS MicroTec MA6/BA6). SOI substrate with photoresist pattern is then taken for a
reactive ion etching (RIE) process (gas flow rate - SF6 : Ar :: 20 sccm : 20 sccm, cham32

Figure 2.11: (a) Microscopic images of surface trimmed waveguide after one oxidation
and removal step, oxide has not been removed from the untrimmed section
which reduces the oxidation rate for successive oxidation steps.
ber pressure - 200 mT, substrate temperature - 20 ◦ C, RF Power - 150 W) to define initial
LCRW structures (see Figure 2.10(b)). After the removal (using acetone) of photoresist
mask and thorough cleaning, the sample has taken for an oxidation process (see. Figure
2.10(c)). The sequence for oxidation was dry-wet-dry and this ensures good quality
thick oxide on the device layer. First dry oxidation (∼ 1 hour) for defect free oxide
surface, wet oxidation (5 hours) gives higher oxidation rate and final dry oxidation (∼
1 hour) reduce interfacial defects in the oxide. Total thickness of the oxide formed is
measured (using ellipsometer) to be ∼ 1 µm after 7 hours of oxidation process. After
oxidation, a photolithography step has been carried out to protect input/output sections
during oxide removal using buffered hidrofluoric (BHF) acid solution. As a result, in
the next oxidation step, the oxidation rate at input/output regions is slowed down (as
previously grown oxide present) compared to the trimmed region where fresh silicon is
exposed after oxide removal. This ensures a slight modification in the untrimmed section and higher cross-section reduction in the trimmed region depending on the number
of oxidation steps. Figure 2.10(d) shows the the reduced (trimmed) waveguide crosssection upon removal of the thermally grown oxide. Each oxidation step forms ∼ 1
µm thick oxide which consumes ∼ 0.44 µm (44 % of oxide thickness) of device layer
silicon. Figure 2.11 shows the top view image of the waveguide after one oxidation
and removal step. In each oxidation step, an oxide of thickness ∼ 1 µm is grown and
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Figure 2.12: Fabrication process flow for naturally tapered surface trimmed waveguides. (a) Photolithographic definition of LCRWs, (b) LCRW definsion
by anisotropic RIE, (c) photolighography to protect input/output LCRW
structures and (d) isotropic RIE process for surface trimming and SSC.

etched with BHF solution, the width and height reduction of the waveguide is measured
to be 1 µm and 0.5 µm respectively as each oxidation consumes almost 50% of silicon.
Though, repeated oxidation and oxidation removal process can be used for waveguide
trimming, it is observed to a slow process. Considering 7 hours of oxidation produces
∼ 1 µm thick silicon dioxide which consumes 0.44 µm device layer silicon, it takes
approximately 9 oxidation steps to make 5 µm high LCRW to submicron PhWW which
is really slow and cumbersome to make a simple submicron waveguide.

2.2.2

Isotropic Dry Etching

We have seen that the surface trimming technique by repeated oxidation and removal
could be a potential method for fabricating multiple waveguide cross-sections on same
substrate. However, the process is too slow and required multiple lithography steps
to protect LCRW region during oxide removal. In view of this, we have modified the
fabrication process flow based on an isotropic dry etching for the realization of surface
trimmed waveguides. 3D schematic view of dry etching based surface trimming is
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shown figure 2.12. First two steps, photolighographic definition (figure 2.12(a)) and
RIE (figure 2.12(b)) for LCRWs are similar to the previously mentioned fabrication
process. In the third step, a photolithography step is carried out to protect input/output
sections of LCRW structures and middle device layer region is exposed for surface
trimming (see figure 2.12(c)). This helps in protecting the input and output waveguide
regions during the subsequent RIE process. Finally, a second RIE is carried out to trim
the waveguides in the middle region. Second RIE recipe (gas flow rate - SF6 :Ar :: 25
sccm:25 sccm, chamber pressure - 250 mT, RF power - 150 W and temperature - 20 ◦ C)
provides isotropic etching profile to trim waveguide height and width simultaneously.
In contrast to the first RIE chemistry, we have modified the gas flow rate and chamber
pressure in the second RIE process. This in fact reduces the acceleration of reactive
plasma as a consequence of reduced DC bias of the recipe and provides an isotropic
etching profile as well as smooth trimmed surfaces. Figure 2.13(a) and 2.13(b) show
the cross-sectional SEM images of polished end-facets of LCRW (W = 5 µ, H = 5 µm
and h = 4 µm) before and after isotropic RIE respectively. It can be clearly observed
from the Figure 2.13(b) that surface roughness of the trimmed waveguide is almost
negligible.
In addition to the waveguide size reduction, second RIE provides naturally tapered
section at the transition region from LCRW (untrimmed) to trimmed waveguide. This
taper section is formed as a result of under etching through the photoresist pattern during trimming process. Figure 2.12(d) shows the schematic view of trimmed waveguide
integrated with LCRWs through naturally tapered section at input and output regions.
The length of the taper section depends on the duration of surface trimming RIE process. The SEM image of a RCRW along with its LCRW coupler has been shown in
Figure 2.13(c). Magnified image of the LCRW-RCRW junction (see figure 2.13(d))
reveals that the natural tapering is along both vertical and horizontal directions. In order to check the efficiency of trimmed waveguide and naturally tapered waveguides,
two samples were prepared on optical grade SOI substrate (device layer thickness =
5 µm, BOX = 1 µm and handle wafer thickness = 500 µm) by two step RIE process.
The mask used for first RIE defines 5 sets of LCRW structures - each set consists of
7 waveguides of varying widths (2, 2.5,...5 µm). In sample # 1, size of single-mode
LCRW structures were reduced to single-mode RCRW structures uniformly whereas,
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(b)
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Figure 2.13: SEM images of the cross-sectional view fabricated LCRW (a) before and
(b) after trimming using isotropic RIE process. (c) SEM image showing
the integrated LCRW and RCRW on the same substrate by surface trimming technique and (b) magnified image of (a) showing the naturally 2D
tapered LCRW-RCRW junction.
in sample # 2, input/output LCRWs were protected using planar photoresist masks (except 1 set for reference) during second RIE. Figure 2.14(a) shows the schematic view
of the characterization setup used for the mode-profile measurements. A fiber coupled infrared laser light (λ ∼ 1550 nm) is aligned to a particular polarization (TE/TM)
using a polarization controller (PC). The linearly polarized light is then collimated using a lens (L1 ) and passed through a polarizer to ensure it is aligned to the desired
polarization (TE/TM). Then it is focused to the end facet of the waveguide device under test (DUT) with another objective lens (L2 ). The output is collected using a lens
(L3 ) and collimated to the computer controlled infrared camera (IRC) through the analyzer (P2 ). Figure 2.14(b) shows the lateral (along the direction of waveguide width)
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Figure 2.14: (a) Characterization set-up used for mode-profile measurement where PC
- polarization controller, L - lens, P - polarizer, DUT - device under test,
IRC - infrared camera. (b) Mode-size comparison of calculated and measured fundamental TE modes waveguides as function of waveguide width
with H = 2.2 µm, h = 1.35 µm at λ = 1550nm. (c) Measured guided
mode profile of a typical LCRW coupler with W0 = 3 µm, H0 = 5 µm
and h0 = 4 µm. (d) Typical guided mode profile for trimmed (RCRW)
waveguide with W0 = 1.5 µm, H0 = 2.2 µm and h0 = 1.35 µm
mode-size comparison of calculated and measured fundamental mode profiles (TE polarization) of a trimmed waveguide as function of width (W ) with H = 2.2 µm and
h = 1.35 µm (sample # 1) at λ = 1550 nm. For mode-size calculations we have considered the waveguide cross-section as rectangular which is somewhat different from
experimentally obtained waveguide cross-section (see Figure 2.13(b)). This leads to a
slight difference between the calculated and measured mode profiles. Typical measured
profiles (TE -fundamental mode) of untrimmed LCRW (W = 3 µm, H = 5 µm and
h = 4 µm) and RCRW (W = 1.5 µm, H = 2.2 µm and h = 1.5 µm) are shown in Figure
2.14(c) and 2.14(d) respectively. After the successful testing of sample # 1, we have
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(a)

(b)

Figure 2.15: (a) Fiber butt-coupling setup used for measuring the efficiency of naturally tapered waveguides, red laser used for identifying the waveguides
under characterization. (b) Comparison of throughput power of RCRW
structures with/without LCRW couplers (note: reference waveguide # 3 is
damaged). Characterization has been carried out at input power - Pin = 6.5
mW and wavelength ∼ 1550 nm.
used the values of width reduction rate (α = 0.39µm) and height rate (β = 0.36µm)
during the surface trimming process (second RIE) of sample # 1 to estimate the duration
of second RIE for sample # 2. After second RIE for a duration of 4 min., each set of
single-mode LCRWs in sample # 2 is converted in to RCRWs with varying widths (∼
0.5, 1,... 3.5 µm corresponds to waveguide # 1,2,... 7 in each set), H = 3.5 µm and h
= 2.5 µm. All the RCRWs (with and without LCRW couplers) have been characterized
by measuring the transmitted output power when input laser light (Pin = 6.5 mW and
λ = 1550 nm) was launched through butt-coupled standard single-mode fiber. Figure
2.15(a) shows the photograph of fiber butt-coupling to the sample where red laser is
used for identifying the waveguide under test. It is evident from Figure 2.15(b) that the
average throughput of RCRWs with LCRW couplers are higher (up to ∼ 3 dB) than
those of RCRWs. This ensures that the spot size converters (SSC) made out of natural
tapering of the waveguide during surface trimming process is advantageous when the
trimmed waveguide cross-section is extremely smaller. However, the insertion loss of
this non-adiabatic taper section is higher and which requires a detailed investigation. In
addition to that, the discrepancy between calculated and measured profiles (see. Figure 2.14(b)) clearly suggests the modeling of trimmed waveguide is necessary for the
complete analysis of trimmed waveguides. So we will discus modeling of the trimmed
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waveguide and its analysis in the following sections.

2.2.3

Modeling of Surface Trimmed Waveguides

We have seen from the experimental results that smaller waveguide cross-sections are
prone to coupling loss when they are interfaced with the fibers. Whereas smaller crosssection waveguides integrated with larger waveguides are found to be better in terms of
coupling loss though the transition region (SSC) is not well optimized. It is clear that
if the length SSC is increased the efficiency of the coupling can be improved. However, it is observed that the characteristics of trimmed waveguide are different from
the conventionally defined rectangular waveguide structure. So, it is very important
to model the trimmed waveguide cross-sections for the theoretical analysis of various
aspects which can affect the coupling efficiency of SSC. Primary factor which decides
the coupling efficiency is the mode profile overlap between the fiber and the silicon
waveguide. Since the input/output regions are protected during the trimming process,
overlap calculation is required only for the untrimmed waveguide. However, two important properties of trimmed waveguide which can significantly influence the SSC
performance are: (i) higher order mode excitation in the transition region and (ii) polarization rotation. In trimmed waveguides, polarization rotation is expected due to the
slanted side walls (see Figure 2.13(b)). In the proposed surface trimming process, the
geometry of the reduced waveguide is decided by initial waveguide dimension, duration
of second RIE process and the recipe (etching profile) of RIE. Though, the cross-section
of larger waveguide defined in the the first step can be assumed as rectangular in shape
(due to first anisotropic RIE), reduced waveguide cross-section is modified to be trapezoidal or triangular depending on the duration and nature of second RIE. As a result,
structural modeling of the waveguide is extremely important to study exact nature of
the trimmed/reduced cross-section. We have modeled the reduced waveguide crosssection based on the lateral and vertical etch rates of the second RIE. This model has
been used for the simulation of reduced waveguide cross-sections. Since single-mode
guiding conditions are more stringent at smaller waveguide cross-sections, our analysis
is confine to a starting SOI device layer thickness to 2 µm and trim it down to submicron (∼ 200 nm) dimension. In addition to that the guided mode-size of an untrimmed
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Figure 2.16: Schematic cross-sectional views of a 2 µm waveguide (W0 = 2 µm, H =
2 µm and h = 1.5 µm) at various instants trimming time (t).
2 µm waveguide is found to be matching with the mode-size of commercially available
lensed fiber which enhances the coupling efficiency between the fiber and the silicon
waveguides. However, the same analysis can be extended to evaluate the characteristics
of trimmed waveguide derived from a larger (∼ 5 µm) initial device layer height of
SOI. Figure 2.16 shows the schematic cross-section views of a typical 2 µm waveguide
(W0 = 2 µm, H0 = 2 µm and h0 = 1.75 µm) at various instants of surface trimming
time (t). Based on the model, the waveguide parameters are modified as [97]:
Wtop = W0 − αtetch

(2.3)

H = H0 − βtetch

(2.4)

h = h0 − βtetch

(2.5)

Here, Wtop , H and h are the waveguide top width, rib height and slab height respectively
at any instant of time t. α and β are the width and height reduction rates respectively,
and tetch is the duration of second RIE process. We have considered the uniform reduction of waveguide width and height so as values of α = β = 0.2 µm/min. By studying
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the dynamics of second RIE process which is in fact isotropic in nature, we observed
an exponential height profile variation of the reduced waveguide structure and it can be
expressed as:




H
for



HT (x) = H exp[−a(x − Wtop /2)] for





h
for

a=2

− Wtop /2 ≤ x ≤ Wtop /2
Wtop /2 ≤ |x| ≤ W0 /2

(2.6)

|x| ≥ W0 /2

ln(H/h)
W0 − Wtop

(2.7)

It is worth mentioning here that the above equation 2.6 is valid only for βt ≥ H − h and
αt ≤ W0 . In this model, we have considered the values of α and β are same, however
which can be modified depending on the second RIE chemistry. The side wall angle of
the waveguide is decided by the ratio of α and β. Since the cross-sectional geometry of
the trimmed waveguide is entirely different from a waveguide with rectangular geometry, its single-mode guiding characteristics have to be analyzed separately. In addition
to that the sidewalls of the trimmed waveguides are slanted which will definitely affect
polarization dependency of the waveguides. So, in the subsequent sections, we will
discuss the important properties of the trimmed waveguide using the proposed model.

2.2.4

Single-mode Trimmed Waveguide

In this section, we analyze the single-mode characteristics of a trimmed waveguide on
SOI substrate using Lumerical ModeSolutions simulation tool. In this analysis, singlemode cut-off region is calculated by comparing the effective indices of first order mode
in the waveguide rib region and fundamental mode in the slab region for the respective
polarization. If the waveguide first order mode effective index is higher than the slab region fundamental mode, then the waveguide is said to be multi-mode waveguide as the
first order mode is well confined in the rib region. Figure 2.17 shows the single-mode
region of 2 µm waveguide (H0 = 2 µm) for TE polarization at λ = 1550 nm during
surface trimming. Colored region shows the single-mode region at trimming time t =
0 minute. Numerical values inside each cell corresponds to the rib height reduction
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Figure 2.17: Color map shows the single mode region of the surface trimmed waveguide
as a function of W0 and h0 for a rib height of H0 = 2 µm. Numerical values
inside each cell correspond to the rib height reduction (∆H = H0 − H)
in micrometer unit at which single mode waveguide mode transformed
into multi-mode waveguides. The green cells represents initial waveguide
dimension which remains single-mode throughout trimming (∆H → H0 ).
White cells represents the multi-mode region. The calculated values are
shown on for TE-like modes and at an operating wavelength of λ = 1550
nm.
(∆H = H0 − H) in micrometer unit at which single-mode waveguide is transformed
into multi-mode waveguide. The green cells represents the initial waveguide dimension
which remains single-mode throughout trimming. Though all the colored cells represent initial single-mode region, the choice of initial dimension depends on mainly two
aspects: (1) size/width of desired single-mode trimmed/reduced cross-section at the end
of the process (2) power coupling efficiency between the waveguide and input/output
fiber. From Figure 2.17, it is obvious that green cells are the better choice in terms
of single-mode condition as it remains single-mode throughout. However, one should
also consider mode overlap of those waveguides with input/output fiber. It is observed
that the coupling efficiency of 2 µm with SMF (mode filed diameter ∼ 9.5µm) is very
poor. So, we have used a lensed fiber with mode field diameter ∼ 3.2 µm for calculation of power coupling efficiency. Figure 2.18 shows the waveguide fundamental
mode overlap with a typical lensed fiber with mode size ∼ 3.2 µm × 3.2 µm for TE
polarization. Colored region represents single-mode region of RCRW with H0 = 2 µm
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Figure 2.18: Color map shows the waveguide mode profile overlap of an RCRW (H0
= 2 µm) with lensed fiber mode with mode size ∼ 3.2 µm × 3.2 µm.
The calculated values are shown on for TE-like modes and at an operating
wavelength of λ = 1550 nm
and the numerical values inside the cell represents the value overlap integral between
the fundamental modes of the waveguide and lensed fiber. As the value of overlap increases the coupling efficiency of light from fiber to chip is increased. The maximum
overlap of an RCRW with H0 = 2 µm is found to be 69 % for waveguide with W0 =
1.95 µm and h0 = 1.35 µm. However, from figure 2.17 we can see that the waveguide
with higher mode overlap can trim down ∆H only to 0.43 µm which corresponds to
H = 1.57 µm. If the waveguide is trimmed more i.e, H < 1.57 µm, the waveguide
supports higher order modes, which is not desirable. As a result, though the waveguide
mode overlap is high with a lensed fiber, this waveguide cross-section cannot be used
for deriving submicron waveguide geometry. In this regard, there has to be trade-off
between the light coupling efficiency and the minimum single-mode waveguide dimension which can be achieved. However one can find out the product of overlap and the
maximum trimming depth which will give a figure of merit. The highest figure of merit
is obtained for a waveguide dimension W0 = 1.55 µm, H0 = 2 µm and h0 = 1.75 µm.
This waveguide can be trimmed down to W = 0.25 µm, H = 0.7 µm and h = 0.45 µm
which is sufficient to obtain compact waveguide bends. The mode overlap with lensed
fiber mode is calculated to be 50 %. The equations 2.6 - 2.7 has been used to model the
trimmed submicron waveguide cross-sections at various instances of etching duration 43

Figure 2.19: Crosss-sectional profiles of surface trimmed waveguides; contour lines
represents crosssections of the waveguide at various instants of RIE, where
W0 = 1.55 µm, H0 = 2 µm and h0 = 1.75 µm.
the simulated results are presented in figure 2.19. The contour plot at t = 0 minutes corresponds to the cross-sectional view of initial waveguide parameters of W0 = 1.55 µm,
H0 = 2 µm and h0 = 1.75 µm (waveguide with highest figure of merit). It must be noted
that, the width reduction rate (α) and height reduction rate(β) have been assumed to be
the same (0.2 µm/min.) and the bottom width of the waveguide remains as W0 until
the slab region is fully etched. Once the slab is completely exhausted the cross-section
of the triangular shaped waveguide geometry reduces further with base and height reduction rate at α and β respectively. Though the surface trimming has been shown
to be effective in core-size reduction up to a sufficiently low dimension, one need to
ensure single-mode guiding condition to be retained. We have carried out numerical
simulations (using full vectorial MODE Solutions solution) to determine highest order
confined mode for each of the waveguide geometries shown in Figure 2.19 The corresponding intensity distributions for the highest order confined modes (TE like, λ =
1550 nm) have been shown in Figure 2.20. It is evident that the single-mode condition
is maintained upto submicron waveguide heights (< 1 µm) and becomes multi-moded
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Figure 2.20: (a)- Intensity distribution of the guided mode of an untrimmed singlemode waveguide (W0 = 1.55 µm, H0 = 2 µm, h0 = 1.75 µm); (b), (c), (d),
(e), (f), and (g)- intensity distributions of the guided modes for the trimmed
single-mode waveguides with etching duration of upto 6 mins., in steps of
1 min.; (h) and (i)- the highest order guided mode intensity distributions
for the trimmed waveguides (multi-mode) with etching duration of 7 mins.
and 8 mins., respectively; (j)- intensity distribution of the guided mode for
the further trimmed single-mode waveguide with an etching duration of 9
mins. White outline defines the device layer silicon profile. Simulation
has been done for TE polarization at λ = 1550 nm.
for a certain duration of surface trimming time (approximately for 6.5 min < t < 8.5
min). However, for a surface etching duration of t = 9 min, the resulting triangular
shaped waveguide cross-section becomes single-mode. It is obvious from the calculated intensity distribution profiles that the guided mode size can be gradually reduced
from an untrimmed single-mode waveguide (Figure 2.20(a)) to a uniformly trimmed
single-mode waveguide (Figure 2.20(f)), if the maximum etching duration is limited to
about 6 minutes. Typically, any initial single-mode waveguide can be trimmed down to
a reduced waveguide height and cross-section; but one need to take into account that
a multimode regime may appear for a specific band of etching duration. Figure 2.21
shows the multimode/single mode (TE-like) cut-off for the given ∆H values as a function of W0 for the initial H0 = 2 µm and h0 = 1.75 µm. It is obvious from the plot that
during surface trimming, single-mode waveguide is modified into multi-mode waveguide and again transformed back to singlemode waveguide as we have seen earlier in
Figure 2.20. The first transition is due to the higher effective index value of first order
mode in the rib region compared to the fundamental mode of the slab. The second tran-
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sition for the single-mode guidance again is because of the lower effective index value
of the first order mode in the rib compared to the bulk index of lower cladding (BOX).

Figure 2.21: Multi-mode region of surface trimmed waveguide as function of waveguide initial width (W0 ) and rib height reduction (∆H = H0 − H) for H0
= 2 µm (h0 = 1.75 µm).

2.2.5

Polarization Dependency

We have seen from section 2.5 that submicron waveguides are highly dependent on polarization of operation. As the surface trimming technique is used for waveguide size
reduction up to submicron regime, it is important to study the polarization dependency
of the waveguide as function of surface trimming. Silicon is a centro-symmetric material, as a result, material birefringence is absent. The only possibility of waveguide
polarization dependency is the structural birefringence. Fabrication of square waveguide with symmetric claddings (cladding material is same for all four sides) are capable
of eliminating the structural birefringes. However, this poses fabrication difficulty such
as deep dry etching of waveguide with vertical side walls. Vertical side walls can be
achieved with the cost of increased surface roughness. This in turn increases the propagation loss of the waveguide. In silicon photonics generally shallow etched or low
aspect ratio (H0 /W0 ) waveguides are preferred to reduce waveguide loss. In addition
to that, the waveguides are designed to operate at one polarization, generally TE polarization. So we prefer here shallow etched waveguide which is meant to operate at TE
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(a)

(b)

Figure 2.22: (a) TE fraction of the fundamental guided mode (TE) of a 2 µm as function
of trimming duration (t). (b) Calculated polarization rotation parameter
(R) for a single-mode waveguide with W0 = 1.55 µm and h0 = 1.75 µm
for three different values of H0 plotted as function trimming time t (or
surface etching of ∆H)for TE polarization at λ ∼ 1550 nm.
polarized light. The choice of shallow waveguide is due to the fact that it can remain as
single-mode waveguide for a longer trimming duration. As we have mentioned earlier,
surface trimming modifies the vertical waveguide sidewalls to angled. Though the tilted
waveguide side walls tend to rotate polarization when a fabrication error/perturbation is
occurred [98], we found that, for a shallow etched 2 µm waveguide, initial proportions
of field components of TE-like fundamental mode remain nearly unchanged upto submicron trimmed waveguides of trapezoidal/triangular cross-sectional geometries. Figure 2.22 shows the TE fraction of the fundamental guided mode of a 2 µm waveguide as
function of t. Here the TE fraction indicates the major component of electric field. For
z propagating mode, it is equal to the integrated Ex electric field intensity divided by
the integrated transverse electric field intensity (Lumerical MODE Solutions). Figure
2.22(b) shows the polarization rotation parameter R as a function t for various values of
H0 (top axis shows ∆H corresponds to t). The value of R is computed by a qualitative
expression [99]:

RR 2
n (x, y)Ey2 (x, y)dxdy
R= RR 2
n (x, y)Ex2 (x, y)dxdy

(2.8)

where n(x, y) is the transverse refractive index profile, Ey (x, y) and Ex (x, y) are y and
x component of transverse electric field for TE polarization respectively. The value R ∼
0.1 corresponds to the eigen state principally polarized along x direction resulting no
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polarization rotation even for a longer trimming duration of 9 minutes (∆H = 1.8 µm).
In addition to that the variation of H0 hardly affect the value of R, allowing tolerance

(a)

(b)

(c)

(d)

Figure 2.23: Calculated transverse electric field distribution of a waveguide (W0 =
1.55 µm, H0 = 2 µm and h0 = 1.75 µm) trimmed for 5 minutes
(∆H = 1 µm), (a) Ex component and (c) Ey components for TE polarization, (c) and (d) are Ex and Ey components for TM polarization. All
the calculations are carried out for λ = 1550 nm
in the variation of device layer thickness. Moreover, one can optimize the input/output
waveguide parameters (W0 , H0 and h0 ) such that any small amount of excited TM-like
mode dissipates to the slab region of the waveguide. Figure 2.23 shows the distributions
of electric field components (Ex and Ey ) for confined TE-like mode and leaky TM -like
mode of a trimmed waveguide (for a trimming duration of 5 minutes). Thus the design
ensures a nearly adiabatic transition of TE-like mode from micron-sized waveguide
to sub-micron-sized surface trimmed waveguide, if fabricated monolithically using the
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techniques discussed in the following sections.

2.3

Spot-Size Converters: Fabrication and Characterization

A variety of spot-size converters (SSCs)/Mode size converters (MSCs) have been designed and demonstrated mainly to minimize the impedance/mode-size mismatch between standard single-mode fiber and lower dimension SOI waveguides. The most
attractive design is the inversely tapered SSC, where the waveguide width reduces from
400-500 nm (typical width of a PhWW) to about 50-100 nm. Though the design of
such SSCs is relatively compact (a few tens of micrometer in length), their fabrication
is challenging as the small features at the tip of the tapered waveguide is extremely
critical in terms of lithographic definition. Moreover, materials like silicon dioxide, silicon nitride or polymers are deposited over the tapered region to define waveguide with
larger cross-sections and lower refractive indices comparable to standard single-mode
fiber. In this section, we discuss various approaches to fabricate 2D SSCs utilizing the
surface trimming technique.

2.3.1

2D Spot-Size Converters by Photolithography Definition

We have seen in section 2.2.2 that during surface trimming process, a naturally tapered
spot-size converter (SSC) is formed between the trimmed and untrimmed waveguide as
a result of protecting input/output regions with photoresist mask. It is also observed that
naturally formed SSCs are useful as trimmed waveguide cross-section is smaller. However, the insertion loss such 2D taper structures were relatively high (>5 dB) because of
the shorter taper length(<10 µm). Here, we present a new design concept of 2D tapered
SSC such that its length and tapering slope can be controlled by standard lithographic
definition and subsequent surface trimming process. Initially, the width (∼5 µm) of
LCRW was defined photolithographically and then first RIE was carried out to achieve
a slab height of ∼4 µm. A photoresist mask was then used to protect input/output portions of LCRWs and to define the length of spot-size converter (see Figure 2.24(a) and
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2.24(b)) while carrying out second RIE process for a controlled surface trimming. As
shown in the scheme (Figure 2.24(a) and 2.24(b)), the photoresist mask terminates with
horizontally tapered section along the waveguides (L ∼ 100 µm, WB = 7 µm, WT = 1
µm). The expected values of LSSC (length of lateral tapering) and LH (length of vertical
tapering) can be calculated from the following slope equations:
LSSC =

LH =

W0 − WT
L
WB − WT

αt − WT
L
WB − WT

(2.9)

(2.10)

Here, LSSC is controlled mainly by the photoresist mask and LH is controlled by photoresist mask as well as the isotropic nature of second RIE. To study the length dependent insertion loss of the taper structure, the tapering mask lengths were varied from 60
µm to 240 µm with a step of 20 µm for fixed values of WB = 7 µm and WT = 1 µm. The
value of WB was intentionally kept higher than the width of LCRW to avoid rounding
corners at the junction; whereas, WT was kept lower than the width of RCRW for a
smooth vertical as well as horizontal tapering of SSC after second RIE. The duration of
second RIE was 7 min. 20 sec. so that the effective length of SSCs (LSSC ) is expected
to be varying from 40 µm to 160 µm. The overall waveguide height is also expected to
be reduced from 5 µm to about 2 µm over a length (LH ) ranging from 20 µm to 80 µm.
Calculated and experimental values (measured from confocal microscopic images) of
LSSC and LH as a function of L are plotted in Figure 2.24(d). The deviation in measured
values is mainly due to misalignment during the lithography process. SEM image of a
fabricated SSC which was originally designed with L = 60 µm, LSSC = 40 µm and LH =
20 µm has been shown in figure 2.25(a) along with a neighboring reference RCRW.
After the fabrication, effective lengths of LSSC and LH as estimated by confocal microscopy are 42 µm and 18 µm, respectively. This deviation is again attributed to the
slight misalignment during photolithographic definition of SSCs which is clearly evident in the SEM image shown in figure 2.25(a). Six different types of device structures
were monolithically integrated to study overall performances of SSCs with ten different
lengths. They include reference waveguides(LCRW and RCRW/PhWW), waveguide
with one taper (W1T), waveguide with two tapers (W2T), waveguide with four tapers
(W4T) and waveguide with six tapers (W6T). Schematic layout of a set of fabricated
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(a)

(b)

(c)

(d)

Figure 2.24: SSC fabrication scheme: (a) 3D schematic view of LCRW along with photoresist mask for SSC, (b) 3D schematic view of an integrated LCRW, SSC
and RCRW after second RIE, (c) photoresist mask showing tapering parameters WB , WT , L, LSSC , and LH ; (d) plots showing calculated(solid
lines) and measured (dots) values of LSSC and LH as a function of L for a
pre-defined values of WB = 7 µm and WT = 1 µm.
devices is shown in Figure 2.25(b). In order to obtain insertion/coupling losses, the
devices were butt-coupled with standard single mode fibers (Corning SMF-28e) at both
input and output waveguide end-facets (see figure 2.26(a)). Typical insertion loss for an
LCRW, a W2T (LSSC = 145 µm) and an RCRW were measured to be ∼ 8 dB, ∼ 13 dB,
and ∼ 17 dB, respectively. Comparing the insertion losses between LCRW and W2T,
one can estimate the insertion loss of 2.5 dB for a 145-µm-long SSC (assuming same
waveguide losses for LCRW and RCRW). Similarly, comparing the insertion losses
between W2T and RCRW, we could estimate improvement in fiber-to-chip coupling efficiency by a margin of 2 dB (fiber-LCRW-SSC-RCRW vs fiber-RCRW). To minimize
errors in fiber-waveguide misalignment, we replaced the output side fiber coupler with
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(a)

(b)

Figure 2.25: SEM images of fabricated spot-size converters, (a) LCRWâĂŞRCRW spot
size converter along with reference RCRW waveguide and (b)Schematic
top view of fabricated waveguide structures (l = 19 mm): W#T - waveguide with # SSC(s).

(a)

(b)

Figure 2.26: (a) Fiber butt coupling setup used for measuring the insertion losses and
(b) extracted insertion loss of SSC as a function of taper length.
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Figure 2.27: Confocal microscopic image of a SSC (color variation represents the relative height variation) with simulated mode profiles (shown as inset) at
various parts of the SSC.
a free-space lens coupling arrangement to measure throughput power. The insertion
losses for SSCs were extracted from experimental results and their average values are
plotted as a function of L in Figure 2.26(b). Average insertion loss of ∼ 2.3 dB has
been noted for 145 µm-long SSCs (slightly lower than the earlier measurement). Better
alignment during the photolithographic definition of SSCs can ensure further improvements in insertion loss and fiber-to-chip coupling efficiency. It is interesting to notice
from Figure 2.26(b) that the average insertion loss of the SSC reduces as L increases.
However, fluctuation of the insertion loss from device to device is in fact very high.
This hints that the possible excitation of higher order modes in transition region (SSC).
In order to confirm this, we have used the Lumerical Eigen Mode Expansion (EME)
solver for simulating SSC structure. Figure 2.27 shows the confocal microscopic image
of a SSC with the simulated mode profiles at various parts of the SSC (shown as inset).
From the confocal image, it is clear that the height of the rib varies slowly (color gradually varies from red to blue). However the slab height variation is not gradual indicated
by an abrupt change of yellow color to black at the beginning the shoulder of SSC. This
leads to a deeply etched rib region which supports many modes as it is obvious from
the simulated mode profiles in the inset. This suggests that an energy efficient spot size
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conversion demands adiabatic variation of all geometrical parameters of the waveguide
(W , H and h).

2.3.2

2D Spot-Size Converters by Shadow Mask Etching

In this section, we present a novel fabrication technique to achieve adiabatic SSC for
efficient interconnection of micron to submicron waveguides. In contrast to the photolithographically defined SSC (discussed in the previous section), this technique enables adiabatic transition of all the geometric parameters of the waveguide (W , H and
h) with the help of a shadow mask etching process such that the higher order mode excitation is suppressed. The schematic view of the entire fabrication process flow has been
described in Figure 2.28. Initially, larger waveguides are defined using a photolithography and subsequent RIE (Figure 2.28(a) and (b)). In the next step, surface trimming RIE
process is carried out with a shadow mask to obtain reduced cross-section/submicron
waveguides integrated with adiabatic SSC (Figure 2.28(c)). A detailed schematic representation of shadow masking is shown in Figure 2.28(d), (e) and (f). In this fabrication
process, the shadow mask (plasma mask) is kept above the sample with a separation
of about 500 µm (thickness of silicon substrate) from the sample surface where the
waveguides are patterned (see Figure 2.28(d). Consequently, the plasma is penetrated
through the opening (rectangular aperture) made for uniform surface trimming to reduce the waveguide cross-section. However, the plasma penetration through the edges
of the aperture is not uniform (Figure 2.28(e) and (f)) and which creates graded plasma
distribution along the waveguide. This is in fact responsible for the adiabatic tapering
of the waveguides to form an efficient SSC. In this section, we are going to discuss the
demonstration of SSC on 2 µm device layer SOI by obeying the design criteria made in
section 2.2.3 as we found that the mode-size of commercially available lensed fiber is
matching with the untrimmed waveguide on 2 µm SOI substrate.
Initially, the singlemode rib waveguides of length (Ltot ) ∼ 15 mm were fabricated
in SOI substrate having handle wafer thickness of 500 µm, device layer thickness (H0 )
of 2.2 µm (vendor specification 2 ± 0.5 µm) and BOX layer thickness of 1 µm. The
width (W0 = 1.7 µm) of the waveguides were defined by e-beam lithography using neg-
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Figure 2.28: Schematic representation of the fabrication process flow for rib waveguide
fabrication and follow-up surface trimming using a shadow mask: (a) definition of rib waveguide width by e-beam lithography using negative tone
resist HSQ, (b) schematic view of initial rib waveguide (after first RIE and
the removal of resist mask), (c) schematic view of adiabatically integrated
trimmed waveguide (after second RIE using shadow mask with rectangular aperture), (d) spatial filtering scheme of reactive plasma using shadow
mask (silicon substrate in this case) with a rectangular slit apperture, (e)
cross-sectional view of the masking scheme during second RIE, and (f)
lateral view of the masking scheme during second RIE.
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ative tone resist HSQ (Hydrogen Silsesquiane) of thickness ∼ 100 nm. Subsequently, a
standardized RIE process (gas flow rate = SF6 :Ar::20:20 sccm, chamber pressure = 200
mT, RF power = 150 W) was carried out to obtain slab height h0 (etch depth H0 -h0 )
of 1.6 ± 0.5 µm (0.4 µm). The etch depth was carefully chosen so that single-mode
guidance is not violated even for a device layer thickness variation of ± 0.5 µm. A second RIE chemistry was used for a localized surface trimming (defined by shadow mask
with rectangular shaped slit/aperture) which eventually offers the waveguide height reduction rate (β) of ∼ 0.28 µm/min and top width reduction rate (α) of ∼ 0.23 µm/min.
Notice that the difference in the values of α and β comparing to the values we measured
in section 2.2.2 is attributed to the loading effect of dry etching. Figure 2.29 shows the
photograph of shadow mask arrangement inside a reactive ion etching system (Oxford Plasmalab80Plus). First, the sample (with pre-defined single-mode waveguides) is
placed inside the RIE chamber (see Figure 2.29(a)). Then, a silicon substrate of about
500 µm thickness with a rectangular aperture/opening (fabricated by deep RIE process)
is placed on the sample such that waveguides are exposed through the opening (see
Figure 2.29(b)). In order to make shadow masking for waveguide surface trimming
of finite length, two more cleaved silicon substrates (rectangular shaped) are used (see
Figure 2.29(c) and 2.29(d)). Through this arrangement, we could spatially filter a uniform plasma flux on the sample surface of area defined by shadow mask plates (placed
about 500 µm above the waveguide surface) and a penetrating graded plasma flux at the
boundaries. The penetrated graded plasma flux beneath the shadow mask boundaries
helps to form adiabatic SSCs at both ends of trimmed waveguides and ensures efficient
light coupling from untrimmed waveguide to the trimmed section.
Prior to final device fabrication, test waveguide samples were fabricated and partly
trimmed using the shadow mask technique as discussed. Figure 2.30(a) represent the
cross-section of untrimmed waveguide (after first RIE) and Figure 2.32(b) shows the
cross-section of trimmed section (after second RIE) for a trimming duration of 2 min.
30 seconds. After ensuring the etching dynamics of surface trimming on 2 µm device
layer, we fabricated uniformly trimmed waveguides with a height (width) reduction of
1.1 µm (0.85 µm) of three different lengths (3 mm, 5 mm, and 7 mm) terminating with
adiabatic SSCs of lengths ∼ 1 mm at both ends. Figure 2.31 shows microscopic image of two sets of waveguides with 3 mm long trimmed section. The SEM images of
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Figure 2.29: Shadow masking steps for waveguide surface trimming using a RIE system (Oxford Plasmalab80Plus): (a) Waveguide sample is placed on the
RIE chamber, (b) silicon substrate (thickness 500 µm) with a rectangular
opening (aperture) is placed over the substrate and (c) two cleaved silicon
substrates (rectangular shaped) are used as shadow mask to obtain finite
length of trimmed waveguides.

untrimmed and trimmed sections of a waveguide have been shown in figures 2.32(a)
and 2.32(b), respectively. It is evident that a rib waveguide of width ∼1.7 µm has been
trimmed down to a submicron waveguide of width ∼ 0.85 µm. The confocal image of a
tapered SSCs formed between untrimmed and trimmed waveguides has been shown in
figure 2.32(c). It is in fact reveals that the SSCs have three distinct height reduction features (see figures.2.32(d)): the first feature has a measured height reduction of 50 nm for
a propagating length of ∼430 µm, the second feature has a height reduction of ∼600 nm
for a propagating length of ∼50 µm, and the third feature has a height reduction of ∼500
nm for a propagating length of ∼550 µm. However, the width reduction has two distinct
features (see Figure 2.32(e)): the first feature has Gaussian type width reduction of 400
nm for a propagation length of 70 µm, and the second feature has an exponential type
width reduction of 450 nm over a propagation length of ∼1 mm. All these fine tapering
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Figure 2.30: Cross-sectional SEM image of waveguide fabricated to verify the fabrication process proposed, (a) before and (b) after trimming.

Figure 2.31: Photographic image of the fabricated sample. It shows two sets, each having 6 waveguides with 3 mm long trimmed sections.
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(e)

Figure 2.32: (a) SEM image of an untrimmed rib waveguide region, (b) SEM image of
a trimmed waveguide region, (c) confocal images of a SSC showing etch
depth variation along the propagation length (magnified view of the confocal images is shown on the right side), (d) measured etch depth and (e)
width variation of the SSC; etch depth was measured by confocal imaging,
whereas width variation was estimated by taking SEM images at regular
interval along the length.
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features may be attributed to a nonuniform distribution of plasma flux near the edges
of the shadow mask (cleaved silicon wafer). Further, it is also confirmed that the slab
height surrounding the SSC reduces at the same rate as the rib height. This in fact results
into a single-mode guidance (at λ ∼ 1550 nm) throughout. The insertion loss and group
index (ng ) of the above mentioned locally defined submicron trimmed waveguides have
been extracted by Fabry- Perot resonance technique; cavity is formed by careful polishing of input/output waveguide end-facets. Fabry-Perot transmission characteristics
as a function of wavelength were obtained using the end-fire light coupling setup (see
Figure 2.33(a)). Light from a tunable laser source is launched at the input waveguide
(untrimmed) with the help of a lensed fiber (supplied by OZ Optics Ltd.) having focussed spot-size of ∼ 3.3 µm ×3.3 µm (1/e2 intensity distribution) at a distance of ∼
30 µm from the fiber tip. The inset of Figure 2.33(a) shows the microscopic image of
lensed fiber kept at ∼ 30 µm away form the input waveguide end-facet. Initially, a visible laser light (λ ∼ 632 nm) was used for aligning the input beam parallel to waveguide
axis. At the output side, a 60× objective lens has been used to collect the transmitted
light from waveguide and collimated to IR camera (for mode profile measurements)
or power meter (for wavelength dependent transmission characteristics) after a polarization filter (TE-like or TM-like). Figures. 2.33(b) and 2.33(c) show the measured
intensity distribution (for TE-polarization at λ = 1550 nm) at the focal plane of lensed
fiber and the guided mode intensity distribution (near-field) of an untrimmed waveguide,
respectively. The guided mode-size of the untrimmed waveguide is measured to be ∼
4.5 µm × 2.7 µm. Thus we could ensure an overlap of ∼ 86% between focussed spotsize of the lensed fiber and the guided mode of the untrimmed waveguide at the input.
The completely untrimmed reference waveguide and three different waveguides with
trimmed section (integrated in the middle) of lengths 3 mm, 5 mm, and 7 mm, respectively, were fabricated on the same SOI substrate and all are of 15 mm in total length;
the reference waveguides and input/output region of the trimmed waveguides were protected by the shadow mask during second RIE (for surface trimming). The Fabry-Perot
transmission characteristics (for TE-polarization) of a completely untrimmed reference
waveguide and a partly trimmed waveguide (7-mm-long trimmed section in the middle) have been shown in Figure 2.34(a). The transmission characteristics of a waveguide with longer trimmed section helps to minimize errors in estimating the differential
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(a)

(b)

(c)

Figure 2.33: (a) Characterization setup used for waveguide characterizations; Inset:
photograph showing lensed fiber being aligned parallel to waveguide axis
at the input side with the help of visible laser light (λ = 632 nm); (b) intensity distribution of the focussed spot-size of a lensed fiber at λ = 1550 nm;
(c) intensity distribution of the guided mode of an untrimmed waveguide
measured at the output (near-field image).
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(a)
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Figure 2.34: (a) Fabry-Perot transmission characteristics of untrimmed 15 mm long reference waveguide (black line) and equally long waveguide with 7 mm long
trimmed (red line) section for TE polarization; (b) Measured single-pass
waveguide loss (αSP ) as function of wavelength over C band of optical
communication spectrum, the values are extracted from Fabry-Perot resonance spectrum.
change in group index and propagation losses, etc. It should be noted that the FabryPerot transmission characteristics of the waveguides integrated with trimmed section
do not exhibit any additional signature (of a possible cavity formed between SSCs),
which in fact ensures a smooth and adiabatic spot-size conversion. By noting down
the contrast of Fabry-Perot transmission characteristics, we have calculated single-pass
propagation loss of ∼2.7 dB (equivalent to the waveguide loss of ∼ 0.18 dB/mm) for
untrimmed reference waveguides, whereas that for the waveguides with 7-mm-long
trimmed section is ∼ 3.9 dB. Similarly, the single-pass propagation loss for waveguides
with 5-mm-long and 3-mm-long trimmed sections have been estimated to be ∼3.6 dB
and ∼3.2 dB, respectively. These single-pass propagation losses were estimated by assuming the end-facet reflectivity equal to RF = [(nef f − nair )/(nef f + nair )]2 = 0.31;
where, nef f is the calculated effective index of the guided fundamental mode of an
untrimmed reference waveguide. However, the actual end-facet reflectivity R will be
always lower than the value of RF because of imperfections in end-facet preparation.
Thus the actual single-pass losses must be much lower than the above mentioned calculated values. Therefore, it is reasonable to conclude that the insertion loss of a typical
SSC should not exceed [(3.2 dB -2.7 dB)/2] = 0.25 dB; and the trimmed waveguide
loss can be approximated to be [3.9 dB - 0.25 dB × 2 - 6 mm×0.18 dB/mm)/7 mm]
= 0.33 dB/mm. Figure 2.34(b) shows the wavelength dependent single pass loss (αSP )
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Figure 2.35: (a) Frequency domain discrete Fourier transformed data (corresponds to
Fabry-Perot transmission characteristics for a wavelength range of 1550
nm ≤ λ ≤ 1552 nm) plotted as a function of time-delay for the untrimmed
reference waveguide (black line) and the waveguide having 7-mm-long
trimmed section (red line). (b) Extracted group indices (ng) for untrimmed
and trimmed waveguides a
for both untrimmed and partly trimmed waveguides for TE polarization. The values
have been extracted from the Fabry-Perort resonance spectrum. The plots show that the
fabricated trimmed waveguide are nearly wavelength independent. Though the upper
limit of various loss parameters could be extracted directly from the measured FabryPerot transmission characteristics as a function of wavelength, the differential change
in group index in trimmed waveguide sections could not be extracted as the free spectral range (FSR = λ2 /2ng L) could not be resolved below 1 pm (limited by wavelength
tunability of the laser source used in the experiment). To overcome this, we recorded
Fabry-Perot transmission spectrum as a function of wavelength for a span of 2 nm (in
steps of 1 pm) around a given operating wavelength. Subsequently, converting wavelengths into angular frequency (ω = 2πc/λ), we carried out discrete Fourier transform
(DFT) of the transmitted spectrum to obtain round-trip group delay of the Fabry-Perot
cavity (and hence the group index ng ) by estimating the distance between two successive peaks. The DFT spectra of a reference waveguide and a test waveguide (with
7-mm-long trimmed section in the middle) have been presented in figure 2.35(a) for
1550 nm ≤ λ ≤ 1552 nm. The difference in round-trip group delay could be resolved
(∼ 0.8 ps) between the two waveguides by noting down the peak positions (see the inset
of figure 2.35(a)).
The absolute group indices for the untrimmed and trimmed waveguides have been
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evaluated and shown in figure 2.35(b) as a function of wavelength for TE-polarization.
The group index of the integrated trimmed waveguide was calculated using the following relation:
nTg

UT
nC
g × Ltot − ng × LU T
=
LT

(2.11)

Here, nTg , nUg T and nC
g are the group indices of trimmed, untrimmed and combined
waveguide structures respectively. LU T and LT are the lengths of untrimmed and
trimmed sections respectively. Ltot is the total length of the combined structure, in
this case 15 mm. As expected the group index of trimmed waveguide is reduced by a
margin of ∆ng ∼ 0.1, which is slightly higher than the theoretical prediction.

2.3.3

Grating Assisted 1D Spot-Size Converter

Apart from integrating multiple waveguide cross-sections on a single substrate platform, we found that the proposed waveguide trimming is also useful for dispersion
engineering as well as fabrication error correction or local modification of waveguide
cross-section in the post-fabrication steps. Though the proposed trimming technique
is useful for various applications, it is not desirable to define structures such as directional couplers, DBR, etc. in submicron regime. In the proposed trimming technique,
structures are defined in larger cross-section and trimmed down to reduce waveguide
cross-section. Consequently, separation between the waveguides/features, in case of
directional coupler/DBR region is increased. This severely affects the performance of
the directional coupler/DBR. So the solution to this problem would be fabricating these
components directly on a submicron device layer (∼ 250 nm) SOI.
But the main challenge with this devices fabricated directly on submicron SOI substrate is that the light coupling from standard single-mode fiber (SMF). There were
various approaches (as discussed in Chapter 1) that has been adopted for coupling light
from SMF to submicron waveguides. Among that grating coupler is found to be most
feasible CMOS compatible approach in the fact that this can be fabricated along with
waveguide without additional process steps and no end-facet preparation is required as
in the case of inverse or forward SSC. In addition to that light can be coupled in and out
anywhere on the chip is being tested. In grating assisted SSC converter, light from SMF
64

(a)

(b)

Figure 2.36: (a) 3D schematic view of grating coupler integrated with photonics wire
waveguide to couple light from SMF and (b) lateral schematic view of the
waveguide with grating coupler.
is coupled to the waveguide with the help of grating structures formed on the waveguide. Figure 2.36(a) shows the 3D schematic view of a grating assisted SMF to PhWW
light coupling setup. Lateral schematic view of the grating coupler along waveguide direction is shown in Figure 2.36(b). Here the light from the SMF is falling on the grating
region with a wavevector k and diffracted towards the taper section. This diffracted light
can be coupled to the guided mode of the waveguide by a phase matching condition:
β − kz =

2π
Λ

(2.12)

where, kz = k sin θ = 2π sin θ/λ0 is the z component of the wavevector k, β =
2πnef f /λ0 is the propagation constant fundamental mode with effective index nef f of
the waveguide and Λ is the grating period. Using eq. 2.12 the value of Λ for a waveguide fabricated on 250 SOI substrate can be calculated to be ∼ 600 nm. As a result, the
minimum feature size is estimated to be ∼ 300 nm for grating with a 50 % duty cycle.
Lithographic definition of this submicron feature size is not possible with i-line (365
nm) photolighogrphy. So, the remaining part of this section discusses the fabrication
optimization of submicron waveguide structure using electron beam lithography system
(Raith 250 TWO) and characterization of submicron waveguide integrated with grating
coupler SSC.
Fabrication optimization for submicron waveguide structures using electron beam
lithography include the right choice of system parameters such as aperture, acceleration
voltage, working distance along with the process parameters such as spin coating of
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electron beam resist, electron beam dose, developing time and dry etching. The size
of patterning aperture decides the electron beam current and energy spread of the electron beam. Smaller aperture is better for constant electron beam energy and higher
depth of focus. However, the electron current for a small aperture is low which in turn
increases the patterning time. As a result, aperture size should be selected optimally
considering the patterning time also. Acceleration voltage decides the energy of the
electron beam which in turn decides the spread due to forward or backward scattering.
At lower acceleration voltage forward scattering is dominated and which results in the
proxmity effects (unwanted electron beam exposure) of closely spaced structure. At
higher acceleration voltage, backward scattering is dominated, however, for an electron
beam resist with thickness < 200 nm, backscattering does not create much problem
as the beam is penetrated deep in to the substrate. The challenge at higher acceleration voltage is surface imaging or beam correction as the higher energy electron hardly
produces secondary electrons at the surface of the resist. As a result, the acceleration
voltage should be selected by considering the proximity effects as well as easiness of
imaging or beam correction. Working distance (distance between the column and sample surface) decides the magnification and depth of focus. At smaller working distance
the magnification can be increased and thus better resolution of electron beam patterning. However, the depth of focus of the electron beam deteriorates at smaller working
distance and thus poor quality of writing over a large area exposure. Thus the working
distance has to be chosen by considering the required magnification (resolution) and
area of patterning (uniformity).
As a first step of process optimization, we have chosen Hydrogen silsesquioxane
(HSQ) as electron beam resit. Since HSQ (XR-1541) is a negative tone resist, patterning time can be minimized as it needs to expose only on the waveguide regions. In
addition to that an uniformly coated HSQ can be used as etch mask during pattern transfer to silicon using dry etching process. The optimum HSQ spin coating parameters for
an uniform thickness of ∼ 100 nm is found to be: speed - 3000 rpm, acceleration 1500 rpm/sec. and time - 40 sec. We have used MF-319 (Microposit

R

) solution as

developer for HSQ. Optimized HSQ coating parameters are summarized in Table 2.1.
Spread step is used to spread the resist over sample surface and Coat step is used for
getting an uniform resist layer of 100 nm. For electron beam patterning, Raith 150
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Process step
Spread
Coat

Speed
[rpm]
100
3000

Acceleration
[rpm/sec.]
100
1500

Time
[sec.]
10
40

Table 2.1: Optimized spin coating parameters for HSQ (XR-1541) electron beam resist
to achieve 100 nm thick uniform layer.

TWO electron beam lithography system provides two different patterning techniques
- (1) conventional patterning (CP) and (2) fixed beam moving stage (FBMS). In CP,
the entire patterning area is divided as small write fields and each write write field is
written sequentially. While pattering on each write field, the stage (which holds the
sample) position is fixed such that the electron gun is at the middle of the write field
and electron beam is deflected throughout the write field to pattern the design. Then the
stage is moved to the next write field and continues the patterning in similar fashion.
This patterning may create stitching error between the write fields if the stage is not
exactly positioned and practically there can always be a positioning error of ∼ ± 100
nm. This poses a difficulty of patterning longer (5 -10 mm) waveguide structures using
CP technique. In FBMS patterning technique, as its name suggests the beam is fixed
and the stage is continuously moving according to the design. This enables stitch free
writing of longer patterns. However, FBMS is not capable of patterning any arbitrary
shape but it facilitates the patterning of a line with predefined width to write any shape.
The width of FBMS line can be varied from a single pixel to several microns between
the design components but not in a single component. In photonic waveguide design,
waveguide is defined using the FBMS patterning as the width of the waveguide remains
same throughout. However, the width of 1D taper section associated with the grating
coupler region changes along the propagation direction (see Figure 2.36(a)), this demands the patterning of this region using CP technique. Then the difficulty is to align
the patterns written using two different patterning strategies (CP and FBMS) as practically there would be stage positioning error. In order to overcome this problem, we
have written the waveguide and the boundary of grating coupler as a single unit using
FBMS technique, and the inside portion of grating coupler is filled by CP. Since we
have kept an overlapping region between FBMS and conventional writing, misalignment patterning can be ruled out. Figure 2.37(a) shows a typical mask layout consisting
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(b)

(c)

(a)

Figure 2.37: (a) Typical electron beam lithography mask layout consisting of ring resonators, straight waveguide and directional coupler with grating coupler at
both the ends. Grating coupler and ring resonator regions are magnified
and shown as inset. Dashed line in the layout represents the write field
(100 µm ×100 µm) boundary. (b) SEM images of the PhW-SSC junction
and (c) grating coupler section through which write field is passed.
of ring resonators, directional couplers and straight waveguides with grating coupler at
both ends. Critical regions of the design are shown as inset. The write field size for
the patterning is set to be an optimum value of 100 µm ×100 µm for better resolution
as well as to keep the stitch fields minimum as possible for the CP. The dashed line in
Figure 2.37(a) represents the write filed boundary. During initial optimization process,
we have observed that the designed FBMS line width and the patterned line widths are
not equal and the patterned line width is ∼ 100 nm less than the design at optimum
dose. So, we estimated that to have a 550 nm wide waveguide, the FBMS line width
in the design should be 650 nm. This would ensure an overlap of 325 nm between the
FBMS and CP elements in the grating coupler region. As a result, the design can accommodate a shift (misalignment) up to 325 nm between the conventional and FBMS
structures. Since a single FBMS line covering the longer waveguide region and the
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(a)

(b)

Figure 2.38: (a) Schematic representation of the trace-retrace patterning strategy for
waveguide. where arrows on the FBMS represents the patterning direction
of FBMS. Design color represents the relative dose of the components.(b)
Modified Mask layout for electron beam lithography. Magnified view of
the grating coupler and ring resonator are shown in the inset.
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outline (boundary) of grating coupler, FBMS dose along the path is same. This creates
another problem that when the FBMS dose is optimum for the waveguide region, the
grating coupler boundary and the grating coupler-waveguide junction are widened due
to over dose at optimum CP dose. Figure 2.37(b) shows the grating coupler-waveguide
junction when the optimum dose for both the waveguides (FBMS) and grating coupler
taper region (CP). Due to the proximity effects between conventional and FBMS patterning, the junction region has not been defined clearly. In order to circumvent this
problem, we have slightly reduced the conventional pattern dose so that proximity effects are reduced at the grating coupler boundary. The reduction of CP dose has in fact
eliminated the proximity effects at the grating coupler boundary and junction regions,
however, stitch field error at the write field boundary has become more prominent (see
Figure 2.37(c)). In addition to that the HSQ layer thickness in the grating coupler taper
region is reduced to a large extend as the dose is reduced and it can be clearly observed
from Figure 2.37(c).
Considering all the above mentioned problems during the electron beam patterning,
we decided to use trace-retrace patterning technique to write FBMS lines for waveguides. Figure 2.38(a) shows the schematic view of the trace-retrace pattering, where the
arrows are representing the direction of FBMS pattering. In this process, PhW regions
are patterned twice (once in forward and other in reverse direction) with half of the
FBMS dose each time. As a result, proximity effects are eliminated at the grating coupler boundary and junctions as FBMS lines passing through this regions only once with
half of the FBMS optimum dose (for PhW). Figure 2.38(b) shows the modified design
layout with magnified views of grating coupler and ring resonator as inset. The color of
the design components represents the dose for the respective components with red color
represents the maximum dose (500 µC/cm2 ) and the blue color represents the minimum
dose (120 µmC/cm2 ). It is worth mentioning here that an additional element is placed
over the write field boundary region (Figure 2.38(a) and 2.38(b)) to get rid of the stitching error with an elevated dose at the boundary. The dose of the DBR structure near
to the taper region is adjusted such that the duty cycle remains uniform throughout the
DBR region in presence of the proximity effects due to FBMS lines surrounding the taper. In case of ring resonator, the bus waveguide design is shown (Figure 2.38(b):Inset)
in cyan color (half the maximum FBMS dose) as the this region is written twice during
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System parameters
Acceleration voltage = 20 kV
Aperture = 10 µm
Write field = 100 µm × 100 µm
Working distance = 10 mm

Patterning parameters
CP dose (max) = 300 µC/cm2
Area step size = 10 nm
FBMS dose (max) = 500 µC/cm2
Developing time 6 min.

Table 2.2: Optimized electron beam lithography parameters: measured beam current =
40 pA and developer - MF 319.
the patterning. Whereas the ring element is shown in red color (maximum FBMS dose)
as it is exposed only once to the electron beam during the patterning. Electron beam
lithography dose values are optimized for column parameters 20 kV acceleration voltage, 10 µm aperture size and 10 mm working distance with a measured electron current
value of 40 pA. The optimum system and patterning parameters are summarized in the
Table 2.2.
Figure 2.39 show the SEM images of the critical regions of the waveguide after modifying the design to achieve stitching error free patterning. Figure 2.39(a) and 2.39(b)
show the grating coupler-PhWW junction and the region at which write field boundary
passes. Both this regions are defined precisely with the modification of the patterning
strategy. Figure 2.39(c) shows the SEM image of the DBR region where the grating element near the taper section is narrowed down in the lateral direction though the grating
duty cycle remains same throughout. This is due to the fact that the element is exposed
at a lower dose to avoid widening of grating pitch at the middle this element due the
proximity effects with the presents of nearby FBMS line. However, while characterizing the device, we did not observe any significant difference in the performance of the
grating coupler. Figure 2.39(d) shows the directional coupler region of ring resonator
after the electron beam patterning and inductively coupled plasma reactive ion etching
(ICPRIE) process. We have used Oxford PlasmaLab 100 ICPRIE system for dry etching of silicon. The dry etching recipe is optimized to have minimum surface roughness
and nearly vertical sidewalls. The optimum ICPRIE parameters are: gas flow rate =
SF6 :CHF3 : : 5 sccm : 18 sccm, Chamber pressure = 15 mT, forward power = 30 W,
ICP power = 1500 W, substrate temperature = 20 ◦ C. The silicon etch rate of the recipe
is measured to be 540 nm/minute.
The fabricated submicron waveguides were taken for optical characterization. Fig-
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(a)

(b)

(c)

(d)

Figure 2.39: SEM images of critical regions of the device: (a) junction region of the
grating coupler attached to the waveguide section (b) grating coupler section where the write field boundary passes as shown in Figure 2.37(c), (c)
DBR region of grating coupler and (d) directional coupler where the ring
and bus waveguides are coupled.
ure 2.40(a) shows the photographic image of grating coupler setup to couple light from
single-mode fiber to submicron silicon PhW (W = 560 nm, H = 250 nm and h = 150
nm). Input and output fibers are fixed at 10◦ to the waveguide normal. The device has
been characterized with the help of an Optical Spectrum Analyzer (OSA) with inbuilt
tuneable laser source. According to eq. 2.12, the value of Λ for the grating coupler on
a 250 nm SOI substrate for TE polarized light at λ = 1550 nm is estimated to be 610
nm. The length of the DBR for the grating coupler is kept to be 12 µm to maximize the
overlap fiber mode profile to the grating. The laser is coupled from fiber to waveguide
through input grating coupler, at the output, light is again collected back to fiber again
through grating coupler and fed to the OSA. The response (for TE polarization) of a
straight waveguide integrated with grating coupler at end both ends are shown in Figure
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(a)

(b)

Figure 2.40: (a) Grating coupler light coupling setup where input and output fibers angles are fixed 10◦ normal to the waveguide axis and (b) response of grating coupler integrated with submicron straight waveguide (W = 560 nm,
H = 250 nm and h = 150 nm).
2.40(b). The 3 dB bandwidth of the grating coupler with 50% duty cycle and 100 nm
etch depth (H − h) is measured to be 70 nm. The insertion loss of the grating coupler
is measured to be 6 dB/facet. The PhWW propagation loss is estimated by comparing
Q-factors (at critical coupling condition) of microring resonators with varying cavity
length. This method of loss extraction is discussed in the next chapter. The typical loss
of PhWW with W = 560 nm, H = 250 nm and h = 150 nm is measured to be ∼ 3
dB/cm.

2.4

Summary

Silicon waveguide structures with various waveguide cross-sections have been theoretically analyzed in terms of single-mode guidance, birefringence, dispersion, light
coupling, bend induced loss and device fabrication tolerance. These analyses give a
broad view on the choice of a suitable silicon waveguide cross-section with respect
to the application of interest. It is shown that larger waveguide cross-sections can be
preferred for dispersion free, polarization independent operations. In addition to that,
they are found to be relatively good for interfacing with SMF/LF. Devices designed on
submicron device layers are analyzed to be less fabrication tolerant in comparison with
microns thick device layers. However, submicron waveguides are found to be extremely
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useful to achieve higher light-matter interaction and compact devices.
To improve the input/output light coupling efficiency and simultaneously to have
compact waveguide devices on same substrate, various fabrication techniques are adapted.
Isotropic dry etching based waveguide surface trimming is found to be useful to reduce
waveguide cross-section from micron to submicron scale without introducing much
loss. The propagation loss for untrimmed LCRW (W = 5 µm, H = 5 µm and
h = 4 µm) and trimmed RCRW (W = 2 µm, H = 2 µm and h = 1 µm) is measured to be 0.5 dB/cm and 0.6 dB/cm, respectively. In order to improve the input/output
coupling efficiency of the trimmed waveguide, 2D SSC are fabricated using two different techniques: 2D SSC by photolithographic definition and 2D SSC by shadow mask
etching. The insertion loss (2.5 dB) of photolithographically defined SSC is measured
to be higher due to higher order mode excitation at the transition region. Whereas,
SSC defined by shadow mask etching process is found to be adiabatic in terms W , H
and h variation, this results in a lower transition loss of ∼ 0.25 dB and remains nearly
same for larger wavelength range. These SSCs are designed for only TE polarization to
suppress the possibility of polarization rotation.
Certain constrains are identified with the integration 2D SSC s with submicron device components such as directional coupler, DBR, etc. In order to overcome this issue, we have fabricated grating assisted 1D SSCs integrated with submicron waveguide
(W = 560 nm, H = 250 nm, h = 150 nm) using optimized electron beam lithography
and subsequent ICPRIE process. The typical propagation loss of the fabricated submicron waveguide is estimated to be ∼ 3 dB/cm. The bandwidth (3dB) and insertion loss
of the grating assisted 1D taper is measured to be 70 nm and 6 dB/facet, respectively.
Though, grating assisted 1D SSC is considered mostly for a quick wafer and/or chip
level device testing, for a standalone device fabrication one can adapt the advantage
of adiabatic 2D spot-size converter based on multiple input multiple output waveguide
(MIMOW) platform which is discussed as a future scope of the work in last chapter of
this thesis.
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CHAPTER 3

Ring Resonators: Microns to Submicron Technology

The ring resonators are typically used in integrated optics/optoelectronics to obtain
functions like wavelength filters/add-drop multiplexers, modulators/switches, delay lines,
lab-on-chip sensors, etc. Its huge success in silicon photonics applications is due to a
few important factors: (1) submicron PhWW with tight modal confinement allowing
to design compact microring resonators with ring radii as small as ∼ 3 µm, (2) excellent thermo-optic and plasma-dispersion effects facilitating for fast reconfiguration, (3)
enabling CMOS technology for the integration of electronics and photonics functions,
etc. However, as the CMOS photonics technology is still in its evolving state, a lot
more research efforts are required to explore the design aspects and novel technology
solutions. This chapter investigates some important design parameters, fabrication and
novel application prospects using a critically coupled resonator. The working principle and critical design parameters of microring resonator is briefly given in section 3.1,
where we also discuss two different coupling mechanisms between bus and ring waveguides: (i) multi-mode interference coupling and (ii) directional coupling. The optimum
design of these couplers for large volume ring resonators as well as compact microring
resonator are presented in this section. Experimental demonstration of a large volume
ring resonator and subsequently compact critically coupled microring resonators are
discussed in section 3.2 and section 3.3, respectively. Finally, a brief summary describing pros and cons of ring resonators with micron and submicron waveguides is given in
section 3.4.

3.1

Theory and Important Design Parameters

A ring resonator in its simplest form consists of a straight waveguide (bus waveguide)
which interacts with a ring through a coupler section. The coupler section is used to

(a)

(b)

Figure 3.1: (a) Schematic top view of a microring resonator: dashed outline represents
coupler section with self coupling coefficient t and cross-coupling coefficient k, Ein and Eout are the input and output electric fields respectively. (b)
Typical output characteristics of a photonics wire microring resonator with
L = 157 µm, a = 0.91 dB/cm, nef f = 2.76 and t = 0.96 (for λ ∼ 1550
nm); where ER - extinction ratio, FSR - free spectral range and FWHM full width at half maxima.
feed a part of the light from the input waveguide to the ring and simultaneously the circulated light from the ring back again to add into output waveguide. Schematic top view
of such a ring resonator (all-pass confugaration) is shown in Figure 3.1(a). As indicated,
Ein and Eout are the ring resonator input and output electric fields, respectively. In the
coupler section, t is the self coupling coefficient (fraction of input amplitude passed
through bus waveguide) and k is the cross-coupling coefficient (fraction of input amplitude coupled to the ring. Assuming that the unidirectional mode of the resonator is
excited, the interaction between bus waveguide and ring can be described by the matrix
relation:


 
  
Eout
t
k
E

=
 ×  in 
E2
−k ∗ t∗
E3

(3.1)

where, E3 is related to E2 by the following equation:
E3 = a E2 e−jθ

(3.2)

and a = e−αL is the round trip loss factor with a loss coefficient α, L is the perimeter of
the ring, θ = 2πnef f L/λ is the round trip phase factor, nef f is the effective index of the
waveguide and λ is the wavelength of operation. Using eq. 3.1 and 3.2, the transmitted
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power at the output can be written as [52]:
Pout = |Eout |2 =

a2 − 2 a t cos(θ) + t2
1 − 2 a t cos(θ) + a2 t2

(3.3)

where, we have assumed loss-less coupling, ie, t2 + k 2 = 1 and the input power is normalized to 1. Figure 3.1(b) shows a typical transmission characteristics (plotted using
eq. 3.3) of PhWW ring resonator with L = 167 µm, α = 5 dB/cm, nef f = 2.76 and
t = 0.96 (for λ ∼ 1550 nm). It can be observed that the transmitted output power
around certain wavelengths are significantly low. The wavelengths with power level
minimum are said to be the resonant wavelengths which satisfy the resonance condition
nef f L = mλ of the ring resonator, where m is an integer represents the order of resonance. The throughput power at resonant wavelength is minimum as it is stored in the
ring due to constructive interference while circulating inside the ring. The wavelength
separation (or corresponding frequency separation) between two consecutive resonant
resonances is known as free spectral range (FSR) of the resonator. In terms of wavelength separation, it is defined by:
FSR =

λ2
ng L

(3.4)

where ng is the group index and it is defined as:
ng = nef f − λ

dnef f
dλ

(3.5)

Extinction ratio (ER) is another figure of merit of a ring resonator which measures the
ratio of maximum (Pout at off-resonance) to minimum (Pout at resonance) power levels
of the the transmission spectrum and which can be derived from Eq. 3.3:
ER =

(t + a)2 (1 − t a)2
×
(t − a)2 (1 − t a)2

(3.6)

The ER at resonance wavelengths can be made to infinity when a = t, this condition
is known as critically coupled resonance. The full width at half maximum (FWHM) of
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(a)

(b)

Figure 3.2: Schematic top views of ring resonator with (a) cascaded multi-mode interference coupler (MMIC) or asymmetric Mach-Zehnder interferrometer
(MZI) and (b) directional coupler (DC). The coupling strengths of (a) and
(b) are controlled by the lengths LA and LDC , respectively.
the resonance can be expressed as:
FWHM =

(1 − a t)λ2m
√
π ng L a t

(3.7)

Performance of a ring resonator for any functional application depends on the Q-factor
of the resonator and it is expressed as:
√
λm
π ng L t a
Q-factor =
=
FWHM
λm (1 − t a)

(3.8)

Q-factor of a ring resonator decides the amount of energy stored inside the ring at and
around a resonance wavelength. In most of the ring resonator applications, high Qfactor is preferred. However, the properties of the ring resonator has to be designed
depending on the application. In modulator devices, as it requires higher extinction
one should expect very low output power for the resonant wavelength, ie, critically
coupled (a = t) ring resonator is preferred. However, in delay line applications, higher
throughput power and maximum delay are expected for the the resonant wavelengths
which requires a different situation than in the case of modulator.
Thus from the above discussion it is evident that the design of coupling region is crucial for a ring resonator performance. Two different types of coupler designs have been
considered for present discussion. Figures 3.2(a) and 3.2(b) show the schematic top
views of ring resonators based on cascaded multi-mode interference coupler (MMIC)

78

and directional coupler (DC), respectively. In MMIC based ring resonator, the coupling coefficient is controlled using asymmetric arm length (LA ) where as in DC it
is controlled using DC length (LDC ). To achieve fabrication tolerant power splitters,
MMICs are preferred [100, 101]. Moreover, as the multi-mode waveguide region width
of MMIC is much larger than a single-mode waveguide, it is less dependent to wavelength of operation compared to a DC based power splitter [102]. Also, MMIC power
splitters are less sensitive to polarization of operation [103]. DC based power splitters are used wherever compact microring resonator with asymmetric power splitting is
required. As we realize that both MMIC and DC based power splitters are attractive
for ring resonator in different perspectives, design aspects of both the components are
explored in the following sections.

3.1.1

Mutlimode Interference Coupler

A simple MMIC consist of input single-mode waveguide(s), a multi-mode waveguide
and output single-mode waveguide(s). The multi-mode waveguide section is designed
to support higher order modes such that the interference of all the excited modes give
rise to localized light spots exactly similar to the excitation profile at the input of the
multi-mode waveguide and which can be explained in terms of self imaging principle
[104]. The localized spots formed in the multi-mode waveguide region can be tapped
through the output single-mode waveguide(s) and thus MMIC can be used as power
splitter. The important aspects of MMIC design are:
1. Cross-section geometry of MMIC
2. Input and output waveguide positions
3. Input and output waveguide taper sections
In general, multi-mode waveguide section is defined by increasing the width of the
waveguide relative to input/output waveguides and retaining the height of input, output
and multi-mode waveguides same. So the number of modes supported by the multimode waveguide section depends on the incremental width of MMIC. In addition to
MMIC cross-section, input waveguide position also plays a major role as it decides the
number and/or selected modes excited in the multi-mode section. For example, though
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Figure 3.3: Schematic view of a 2 × 2 MMIC
the MMIC width is large enough to support many higher order modes, if the input
waveguide is positioned to the center of MMIC, only even order modes are excited,
which is explained by symmetric interference condition [104]. Higher the number of
modes excited in the multi-mode region, better the resolution and uniformity of the
self images formed by interference. As the width of multi-mode waveguide increases,
the length at which self images are formed also drastically increased. However, the
length of MMIC can be greatly reduced without compromising the image resolution by
properly positioning input waveguide(s) and exciting only certain guided modes in the
multi-mode waveguide section. This is well explained in paired interference condition
discussed in [104]. By utilizing paired interference property of MMIC, one can reduce
the length of 1 × N coupler for N fold image from 3Lπ /N to Lπ /N ; where, Lπ is the
beat length of the first two lowest order modes. We have used this property to design
2 × 2 MMIC power splitter. According to paired interference condition, for a 2 × 2
MMIC, the input and output waveguide has to be positioned at

ef f
Wmmi
,
6

ef f
where Wmmi
is

the effective width which accounts the penetration depth of guided modes of the multimode section. However, in case of high refractive contrast SOI waveguides, the peneef f
tration depth is too small and hence Wmmi
can be approximated to the physical width of

the multi-mode waveguide section (Wmmi ). Figure 3.3 shows the schematic view of a
typical 2 × 2 MMIC with input and output interfaced with adiabatically tapered singlemode waveguides. The taper sections are attached to increase the coupling/collection
efficiency and to reduce the impedance mismatch. We have compared MMIC designs
with SOI device layer thicknesses of 2 µm and 0.25 µm, respectively. It has been also
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shown how one can derive a 2 µm design from the 5 µm device layer thickness by
surface trimming discussed in previous section. To design the MMIC using surface
trimming technique, we have considered the following aspects:
1. Minimum feature size that can be repeatably achieved by i-line (365 nm) photolithography is 2 µm
2. Final waveguides are fabricated using surface trimming, as a result photo mask
definition of MMIC should be larger than the desired dimension depending on
the surface trimming etch rate
3. For compact 2 × 2 MMIC design, input and output waveguides are positioned at
Wmmi
from the centre of MMIC by considering paired interference condition
6
4. Input and output single-mode waveguide taper length is fixed to be 200 µm for
adiabatic transition
Initial device layer thickness of the SOI substrate is assumed to be ∼ 5 µm and
it is trimmed to be ∼ 2 µm (height reduction = 3 µm). As the surface trimming has
been optimized for equal width and height reduction rate, the width of the waveguide
also reduces by 3 µm. Considering the compactness of MMIC and efficient input excitation/output collection, the taper width (Wit ) of the single-mode waveguide is fixed
to be 3 µm. If the desired value of Wit = 3 µm after trimming, the photomask taper
width (WitP ) should be 6 µm. Also, if we consider minimum feature size (g) by optical
lithography is 2 µm, the gap between the input/output waveguides should be 2 µm. This
results in the minimum center to center separation between input/output waveguides to
be WitP + g = 6 + 2 = 8 µm. So, from the centre of MMIC, input/output should be at 4
µm and this should be equal to

Wmmi
6

according to paired interference condition and this

fixes the value of Wmmi to 24 µm. In order find optimum MMIC length, we have simulated the designed MMIC using Rsoft Beamprop tool and monitored the Bar and Cross
Port power as a function of MMIC length (Lmmi ) keeping all other parameters (Wmmi
= 24 µm, Lt = 200 µm, Wit = 3 µm and Wph = 1.5 µm) fixed. Figure 3.4(a) shows the
power variation of Bar and Cross ports as a function of Lmmi . It is obvious from the
plot that at Lmmi ∼ 890 µm, the power levels of Bar and Cross ports are same. As a
result, we have fixed the optimum Lmmi = 890 µm. Wavelength dependent splitting
ratio (r) of the MMIC is shown Figure 3.4(b), where r is defined as:
r=

PCross
PBar + PCross
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(3.9)

(a)

(b)

(c)

(d)

(e)

Figure 3.4: (a) MMIC length (Lmmi ) optimization for surface trimmed MMIC by monitoring Bar/Cross port power as function of Lmmi , black and red lines show
the variation output power for Bar and Cross ports respectively. (b) Wavelength dependency of 2×2 trimmed MMIC designed on 2 µm SOI substrate.
(c) Simulated top view of 2 × 2 (3 dB) MMIC with optimum waveguide parameters: Wmmi = 24 µm, Lmmi = 890 µm, Lt = 200 µm, Wit = 3 µm and
Wph = 1.5 µm.(d) Schematic top views of (d) photo mask layout of MMIC
on 5 µm device layer and (e) MMIC layout expected after surface trimming
process.
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Table 3.1: Optimized MMIC parameters (for TE polarization) on a 2 µm and 0.25 µm
device layer SOI substrates.
H
[µm]
2
0.25

h
[µm]
1
0

W
[µm]
1.5
0.5

Wt
[µm]
3
1

Lt
[µm]
200
4

Wmmi
[µm]
24
3.6

Lmmi
[µm]
890
15.4

Simulation Tool
RSoft - BeamPROP
Lumerical’s - EME

where PCross and PBar are power obtained at cross and bar port, respectively. The simulation results show that the MMIC performance remains same from 1500 nm to 1600
nm. Simulated top view of 2 × 2 (3 dB) MMIC with optimum waveguide parameters
is shown in Figure 3.4(c). The simulated view has been shown for TE polarized light
at λ = 1550 nm, however the simulation for TM polarization also shows nearly same
result. Figure 3.4(d) represents the MMIC layout in the photomask and Figure 3.4(e)
represents the expected footprint after surface trimming.
We have also designed MMIC on 250 nm SOI substrate using the similar (paired
interference) design protocol as the MMIC on 2 µm SOI substrate. Lumerical’s eigen
mode expansion (EME) solver is used for designing the MMIC on submicron substrate
as the BeamPROP is not suitable suitable for high contrast waveguides. The optimum
parameters for 2 × 2 MMICs (3 dB) on 2 µm and 250 nm device layer SOI substrates
are summarized in Table 3.1 for TE polarization at λ = 1550 nm. Table 3.1 summarizes
the MMIC parameters designed on a 2 µm device layer SOI substrate. Conventionally,
MMICs are used as N × M power splitters where, output power level remain same or a
fixed r for all the output ports. However, 2 × 2 MMIC (3 dB) can be used for achieving
variable r if the two such MMICs are connected back to back with an asymmetric arm
in between. Figure 3.5(a) shows the schematic layout of the 2 × 2 coupler based on
two 3 dB MMICs. In this configuration, r can be varied as a function of asymmetric
arm length LA . The characteristics of this cascaded coupler can be explained using the
transfer function of 3 dB MMIC as follows:
 √
  √
√  
√   
1/ 2 j/ 2
1
0
1/ 2 j/ 2
E

= √
× √
 ×  in 
√ ×
√
ECross
j/ 2 1/ 2
0 ej∆βLA
j/ 2 1/ 2
0
(3.10)


EBar



where, Ein , EBar and ECross are the electric field amplitudes at the Input, Bar and Cross
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ports, respectively. ∆β is the differential phase constant induced by the asymmetric
arms of the MMICs and it can be defined as:
∆β =


2π 1
nef f − n2ef f
λ

(3.11)

where, λ is the wavelength operation, n1ef f and n2ef f are the effective indices of the
asymmetric waveguides of width W1 and W2 , respectively. Using eqn 3.10 and 3.11,
the self coupling (tmmi ) and cross coupling (kmmi ) coefficients of the coupler can be
defined as:
∆βLA 
2

∆βLA +π
∆βLA 
2
= ej
cos
2

tmmi = ej
kmmi

∆βLA +2π
2



sin

(3.12)
(3.13)

and the normalized power obtained at the bar (PBar ) and cross (PCross ) ports (assuming
zero insertion loss) can be defined in terms of LA as:
PBar = sin2
PCross = cos2

∆βLA 
2
∆βLA 
2

(3.14)

(3.15)

Figure 3.5(b) shows the output characteristics of the coupler as a function of LA for
device designed on a 250 nm device layer SOI. The widths of the asymmetric arms are
considered to be Ws = 500 nm and Wa = 450 nm. MMIC parameters are set to be
the optimum values of submicron MMIC tabulated in Table 3.1. We have neglected the
phase change due to the asymmetric taper sections in coupler. It is found that the PBar
can be changed from 0 to 1 within the span of LA = 7.3 µm for a ∆W = Ws −Wa = 50
nm. The value of LA can be reduced further if ∆W is increased suitably. Figure 3.5(c)
shows the r (for ∆W = 50 nm) of the cascaded coupler as a function of wavelength
of operation. Here the value of LA is fixed to be 3.65 µm to obtain 3 dB splitting. The
calculations show that r remains nearly constant even for a deeply etched submicron
waveguide (h = 0) for a long wavelength range of 1500 nm ≤ λ ≤ 1600 nm.
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(a)

(b)

(c)

Figure 3.5: (a) Schematic layout of a MMIC based power splitter for variable splitting
ratio (r): LA is the length of the asymmetric arm of width Wa . (b) Output
power variation of the coupler shown in (a) is plotted as a function of LA ,
where asymmetric waveguide cross-section is considered to be H = 250
nm, W1 = 500 nm W2 = 450 nm and h = 0 nm. (c) Wavelength dependent
r is shown for the coupler for LA = 3.65 µm: calculations are shown for
the MMIC (on 0.25 µm device layer) parameters given in Table 3.1 for TE
polarization.

3.1.2

Directional Coupler

DC based power splitters are generally preferred for microring resonator in submicron
regime. The reason of choice is mainly because of flexible power splitting ratio (from
0 to 1) by simply scaling the length of DC. As the fraction of power coupled to ring
decides certain important characteristics of ring resonator such as Q-factor, ER, etc. it
is important to have variable power splitting ratio with compact device footprint.
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Directional Coupler: Theory
Waveguides are said to be coupled when they are exchanging power between them
either in co-direction or contra-direction. Co-directional couplers are generally referred as directional couplers (DCs) which consist of two single-mode waveguides in
close proximity of each other for a finite length. The schematic top view of a DC is
shown in Figure 3.6. When the waveguide separation (G) is small enough such that

Figure 3.6: Schematic top view of a 2 × 2 DC: LDC - length of DC, G - coupled waveguide separation, Ein , EBar and ECross are electric field amplitudes at Input,
Bar and Cross ports.
the evanescent tails of the guided modes of the waveguides overlap each other causing
the exchange of power between waveguides. The efficiency of coupling depends on the
strength of evanescent field interaction between the coupled waveguides. The amount
coupled power depends on the length (LDC ) and efficiency of DC. The working principle of a DC can be explained by supermode analysis. The two supermodes of a DC
comprised two single-mode waveguides can be represented in terms of symmetric (Es )
0
and anti-symmetric (Ea ) modes. For the input field amplitudes Ein
and Ein at z = 0

(see Figure 3.6), we can represent the field amplitudes corresponding to symmetric and
asymmetric modes as Es0 and Ea0 :
Es0 =

0
Ein + Ein
2

(3.16)

Ea0 =

0
Ein + Ein
2

(3.17)
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0
where, Ein and Ein
are the electric fields at the input ports. Similarly, at z = LDC

Where, βs =

2πnsef f
λ

Es (z = LDC ) = Es0 ejβs LDC

(3.18)

Ea (z = LDC ) = Ea0 ejβa LDC

(3.19)

and βa =

2πna
ef f
λ

are the propagation constants of symmetric and

anti-symmetric mode with effective indices nsef f and naef f respectively. Then, one can
write the electric field at Bar (EBar ) port at z = LDC as:
EBar = Es0 ejβs LDC + Ea0 ejβa LDC
0
0
Ein + Ein
Ein + Ein
ejβs LDC +
ejβa LDC
=
2
2

(3.20)

0
= 0, one can write,
If Ein

EBar = Ein ej

(βs +βa )LDC
2

cos(

∆βLDC
)
2

(3.21)

where ∆β = βs − βa . As a result, power obtained at Bar (PBar ) and Cross (PCross )
ports can be written as:
2



2

PBar = |EBar | = Pin cos

2

2

PCross = |ECross | = Pin sin

∆βLDC
2





∆βLDC
2

(3.22)

(3.23)

where, Pin = |Ein |2 is the power at the input port. We have used supermode analysis
for the design of DC on 0.25 µm SOI substrate. Lumerical MODE Solutions simulation
tool has been used to find effective indices of symmetric and anti-symmetic modes.

Coupling Efficiency
The coupling efficiency of the DC is defined as the fraction of electric field amplitude
coupled per unit length between the waveguides along the propagation direction. Using
supermode theory, the coupling efficiency (κ) can be defined using eq. 3.22 and 3.23
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as:
κ=

π∆n
λ

(3.24)

which is related to the self coupling coefficient (t) and cross-coupling coefficient (k) as;
t = cos(κLDC )

(3.25)

k = ejπ/2 sin(κLDC )

(3.26)

where, ∆n = nsef f − naef f is the effective refractive index difference between the symmetric and anti-symmetric modes, respectively. The strength κ depends on the waveguide cross-section (W , H, h), separation between the coupled waveguides (G) and also
the polarization of operation though it is not obvious from eqn. 3.24. So the first step
towards the DC design is to find an optimum waveguide cross-section. In a submicron
DC based ring resonator, the cavity loss occurs not only due to sidewall roughness and
waveguide bending but also because of the non adiabatic tapering of waveguides at the
coupling region owing to proximity effects of lithography [105] . A second effect is
the lower confinement in the coupling region leading to higher scattering at sidewall
roughness (as result higher coupling) [74]. This leads to an unpredictable transmission characteristics especially in the estimation of FWHM [52]. This is predominant in
deeply etched waveguides as the guided mode interacts more with the side wall roughness. This results in unpredictable transmission characteristics of ring resonator with
deeply etched waveguides. In contrast, in a shallow etched DC, the interaction of the
guided mode is through the slab region and thus reduced interaction with the side wall
roughness. Figure 3.7(a) and 3.7(b) show the electric field profiles of symmetric and
anti-symmetric modes (for TE polarization at λ ∼ 1550 nm) of a shallow etched DC
with waveguide cross-section W = 560 nm, H = 250 nm h = 150 nm and G = 150
nm. From both the mode profiles, it is clear that the interaction with the sidewalls is
minimum and major part of the coupling is through the slab region which reduce the
additional loss at the DC section. As a result, insignificant loss at the coupling region
making the loss-less coupling a reasonable assumption and thus a predictable transmission characteristics of the ring resonator.
It is known that for efficient and broadband grating coupler, shallow etching (h ∼
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(a)

(b)

(c)

(d)

Figure 3.7: Calculated electric field profiles for (a) symmetric and (b) anti-symmetric
modes of a DC with W = 560 nm, H = 250 nm, h = 150 nm and G = 150
nm. Calculated (c) κ and corresponding (d) PCross for LDC = 10 µm plotted
as a function of coupled waveguide separation (G).
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150 nm) is preferred [60]. In addition to that, the resonant devices such as ring resonator
should be designed to operate only one polarization. This suppresses spurious resonant
peaks due to the excitation of unwanted polarization. Shallow etched waveguides can be
designed such that it supports only one polarization (TE). Therefore, we shall confine
the etch depth of DCs and waveguides to 100 nm (h = 150 nm), which make the
fabrication of ring resonator integrated with broadband grating coupler using a single
step lithography and ICPRIE process. Figure 3.7(c) and 3.7(d) shows the calculated κ
and PCross (for LDC = 10 µm), respectively as a function of G. It is expected that the
κ reduces exponentially as the function of G due to the fact that coupling/interaction
between the coupled waveguide is through evanescent field. The evanescent field of a
guided mode is exponentially reduces beyond the cladding.
Theoretically, DC can be considered as two parallel coupled waveguides separated
by a finite distance, whereas in the practical case, the coupling between the waveguides
are not only limited in the parallel section of DC but also at the branching region where
the coupled waveguides are separated apart. Consequently, while estimating the value
of LDC , one must consider the coupling in branching regions at both ends of the DC.
Therefore, the effective length of a DC may be defined by:
f
Lef
DC = LDC + 2∆Lb

(3.27)

where ∆Lb is the correction term to accommodate coupling in one-side bend region of
the DC. This is can be computed numerically by the following expression:
1
∆Lb (λ) =
∆n(G, λ)

Z

R

∆n[λ, G0 (z)]dz

(3.28)

z=0

where,
G0 (z) = G + R −

√
R2 − z 2

(3.29)

The function G0 (z) is derived from the geometry shown in Figure 3.8(a). The coupling
strength in branching region of DC, κb =

π∆n[λ0 ,G0 (z)]
λ0

can be calculated as a function

of G0 (z) and which will be similar to Figure 3.7(c). Figure 3.8(b) shows the calculated
b
values of kb2 = PCross
as a function of interaction length z for various bend radius (R),
b
where PCross
is the power coupled to the cross port due to the bend region. In this
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(a)

(b)

Figure 3.8: (a) Geometrical representation of DC region branching out the ring and the
bus waveguides. (b) Cross coupled fraction of input power due to input
and output bend regions of DC as a function of interaction length z in the
branching region for R = 25 µm and G = 150 nm.
calculation we have considered the length of parallel coupled waveguide region LDC
of DC is 0. It is evident from the figure that the cross-coupled power is increased as R
increases. This is expected as the interaction length at the branching is extended due to
the smaller variation of G0 (z) for bends with larger radius. However, it must be noted
that when we design ring resonator, this effect must be taken care to design LDC as the
coupling co-efficient decides many of the critical characteristics of the ring resonator.

Dispersion
The waveguide dispersion is directly related to the wavelength dependency of guided
mode effective index (nef f ). Since nef f is the characteristics of the guided mode
size, wavelength dependent nef f makes the interaction between the coupled waveguide wavelength dependent and thus κ is wavelength dependent which makes DC is
dispersive. In this perspective, shallow etched waveguides nef f is less dependent to
the wavelength compared to deeply etched waveguides. Consequently, one may tend to
think that the shallow etched waveguides are less dispersive. However, from eq. 3.24
- 3.26, one can clearly understand that the coupling can be made wavelength dependent if the LDC is large enough though ∆n is wavelength independent. In calculation,
we found that the value ∆n is higher for shallow etched waveguide (W = 560 nm,
H = 250 nm and h = 150 nm) compared to deeply etched waveguide (W = 500 nm,
H = 250 nm and h = 0 nm). So, shallow etched waveguides turns out to be highly dis91

Figure 3.9: Dispersion characteristics of cross-coupling (k 2 ) for shallow etched waveguide (W = 560 nm, H = 250 nm and h = 150 nm) at various lengths
(2L0 , 4L0 , 6L0 and 8L0 ). L0 represents the cross-coupling length of the
DCs at a reference operating wavelength λ0 = 1550 nm.
persive than deeply etched waveguides for fixed LDC . Figure 3.9 shows the dispersion
characteristics of a shallow etch waveguide (W = 560nm, H = 250 nm and h = 150
nm) for various DC cross-coupling lengths (L0 ). L0 is defined as the DC length at which
power is completely transferred from the bar port to cross port and which is expressed
as:
L0 =

λ0
2∆n

(3.30)

Though the DC coupling coefficient is periodic as function of LDC , it is important to
choose appropriate LDC while designing ring resonator to control the dispersion.

Asymmetric Directional Coupler
So far, for the numerical simulations, we have considered the DC is geometrically symmetric, ie, the coupled waveguides have identical size and shape. However, practically,
the fabrication of symmetric DC in submicron regime is really challenging due fabrication induced errors/proximity effects especially in the case of electron beam lithography. In order to calculate the exact characteristics of asymmetric DC, one should use
coupled mode theory [106]. Using coupled mode theory, Bar and Cross port electric
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field amplitudes propagating along z direction can be defined as:
√
√
δ
EBar (z) = E0 eiδz (cos( κ2 + δ 2 z) − i √
sin( κ2 + δ 2 z))
κ2 + δ 2
√
κ
ECross (z) = −iE0 eiδz √
sin( κ2 + δ 2 z)
κ2 + δ 2

(3.31)

(3.32)

where, 2δ is the phase mismatch and is given by
2δ = (βBar + κBar ) − (βCross + κCross )

(3.33)

where, βBar , and βCross are the propagation constants of bar and cross ports when
they are isolated (not coupled). κBar and κCross are the correction to the propagation
constant when Bar and Cross ports are coupled. The κ for an asymmetric coupler can
still be calculated using supermode theory. However, to calculate the correction factors
(κBar and κCross ) one should use coupled mode theory [106]. We have used Lumerical
ModeSolutions tool for the calculation of individual mode profiles of the Bar and Cross
ports and the numerical values of asymmetric DC parameters are obtained using Matlab.
Figure 3.10(a) shows the power distribution of bar (black line) and cross (red line) ports
of an asymmetric DC as function of LDC . Here, we have considered bar port width
(WBar ) to be 560 nm and cross port width (WCross ) to be 480 nm with H = 250 nm and
h = 150 nm. It can be noticed that the power is not transferred 100 % to the Cross port
due to the phase mismatch of the Bar and Cross ports. As a consequence of this, there
would be the presence of resonance peaks in the throughput characteristics of the ring
resonator though it is operated at cross-coupling point (LDC = L0 ). Figure 3.10(b) and
3.10(c) show the coupling induced delay (τdc ) and corresponding effective group index
f
(nef
g ), respectively for various values of Cross port width (WCross ) by keeping a fixed
f
Bar port width (WBar ). Here the τdc and nef
can be calculated using the following
g

eqns.:
dφ
dω
τDC c
=
LDC

τDC =
f
nef
g

(3.34)
(3.35)

where, φ = 6 EBar is the coupling induced phase. It is interesting to notice from the
f
Figure 3.10(b) that the value of nef
can be higher or lower than the straight waveguide
g
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(a)

(b)

(c)

Figure 3.10: (a) Typical power distribution of bar and cross ports of an asymmetric DC
as function of LDC : where,WBar = 560 nm for WCross = 480 nm. (b)
Coupling induced delay and (c) corresponding effective group index of
asymmetric DC is plotted as function of LDC for various values of cross
port waveguide widths (WCross ) for a fixed bar port width (WBar ) of 560
nm. All calculations are shown for H = 250 nm, h = 150 nm and λ =
1550 nm.
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group index at every LDC = mL0 depending on the value of ∆W = WBar − WCross ,
f
where m = 1, 3, 5, ..., Depending on the value of ∆W (positive or negative), nef
is
g

calculated to be less or more than the ng of straight waveguide giving a delay less or
more than the straight waveguide. This property of DC may find many applications in
the field of delay lines as discussed in [107]. From Figure 3.10(b) and 3.10(c) it can
f
be observed that the the peak points of the delay or nef
is being separated for varig

ous WCross values as the LDC is increased. This is happening because the differential
change in L0 with respect to WCross is amplified as the value of m increased.

3.1.3

Design of Ring Resonator Cavity

The ring resonator cavity has to be designed based on many parameters such as bend
induced loss, FSR, Q-factor, propagation loss of the waveguide, critical coupling, etc.
We have seen from chapter 2 that the minimum bend radius (Rmin ) for a bend waveguide designed on 2 µm device layer SOI is limited to 500 µm. From section 3.1.1, it
is clear that the splitting ratio of a 2 × 2 MMIC remain almost constant (0.5) throughout the wavelength of interest. It is also known that that the MMIC is a fabrication
tolerant structure. hus, we set the cavity length of large volume ring resonator to
2πRmin + 2(Lmmi + Lt ) = 5320 µm for experimental demonstration.
In contrast, the DC designed on submicron device layer is found to be less fabrication tolerant and highly dispersive. Also, it is observed that bend induced coupling is
significant in DCs with shallow etched submicron waveguides. So, the cavity design
of micro-ring resonators with submicron waveguide cross-section has to be analyzed
carefully. Since our discussion is confined in the shallow etched waveguide, the minimum bend radius is the limiting factor of maximum FSR that can be achieved. Figure
3.11 shows the bend induced loss of a shallow etched waveguide as a function R. From
the figure it is clear that , theoretically, the bend induced loss can be neglected if the
minimum radius of the ring kept to be ∼ 25 µm. If we assume that R = 25 µm, the loss
factor a can be calculated to be ∼ 0.991 for a ring resonator (with LDC = 0) made of
photonic wire waveguide with a propagation loss of α ∼ 5 dB/cm. From Figure 3.8(b)
we have seen that t due to bend induced coupling is ∼ 0.6716. Using eq. 3.6, one can
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Figure 3.11: Bend induced loss of a shallow etched waveguide (W = 560 nm, H =
250 nm and h = 150 nm) as function of bend radius R.
calculate the extinction ratio (ER) corresponds to the above mentioned configuration
to be ∼ 1.09 (0.4 dB). So, to have higher ER, the LDC has to be increased such that
the critical condition has to be satisfied. Figure 3.12(a) shows the ER variation of ring
resonator as function of LDC for various R. In the calculation, we have included the
coupling due to bends at the branching region of DC. The propagation loss assumed for
the calculation of ER is 5 dB/cm. From the figure it can be noticed that a larger LDC
required for critical coupling of microring resonator with radius 25 µm in comparison
with 50 µm ring radius. This is expected because bend induced coupling is larger for
ring resonator with R = 50 µm. Similarly, Figure 3.12(b) shows the calculated Q-factor
variation of the ring resonator as a function of LDC near to to the resonance at λ = 1550
nm. Here we have used the calculated value of ng = 3.86 for Q-value calculation. The
Q-value reaches maximum (1.37 × 105 ) for both ring resonators with R = 25 µm and
50 µm as t → 0. Though we have seen from eq. 3.6 that the Q-factor is directly proportional to perimeter of the ring L, the difference has not been observed in Figure.
3.12(b). This is due to the trade-off between the total loss of the cavity and ring perimeter. The cavity loss increases as the perimeter of the ring resonator increases this reduces
Q-factor. Figures 3.12(c) and 3.12(d) show the calculated transmission characteristics
and corresponding k 2 of microring resonators (R = 25 µm) with LDC = 18.5 µm
and 96 µm, respectively. The LDC of the ring resonator such that the ER is maximum
near to λ ∼ 1550 nm. To show the dispersion characteristics of the DC, we have used
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(a)

(b)

(c)

(d)

Figure 3.12: Calculated values of (a) ER and (b) Q-factor of shallow etched photonic
wire ring resonator as function of LDC : where L0 = 13 µm. Calculations
are done by including the bend induced coupling at the branching region of
DC. Calculated output characteristics and corresponding k 2 (right axis) of
ring resonator with (c) LDC = 18.5 µm and (d) LDC = 96 µm. Parameters
used for calculation are : α = 5 dB/cm, W = 560 nm, H = 250 nm,
h = 150 nm, G = 150 nm and R = 25 µm.
wavelength dependent effective index nef f (λ). It is interesting to notice from Figures
3.12(c) and 3.12(d) that the ER variation as function of wavelength. Though all the
cross-sectional parameters are same for both the ring resonators, Figure 3.12(d) looks
highly dispersive as the LDC (96 µm) of this ring resonator is significantly higher than
the ring resonator LDC (18.5 µm) shown in Figure 3.12(c). This in fact justifies the
discussion of DC dispersion that we made in section 3.1.2.
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3.2

Demonstration of Large Volume Ring Resonator

For experimental demonstration of large volume ring resonator, we have preferred
MMIC based design on 2 µm device layer substrates. We prepared two ring resonator
samples on 5 µm and 2 µm device layer substrates separately. Both the samples are
prepared using i-line photolithography and conventional RIE process. Ring resonator
fabrication on 5 µm device layer was meant to test the feasibility of device fabrication
using the proposed surface trimming technique. Whereas, the ring resonator fabricated
on 2 µm device layer is used as the reference sample for performance comparison of
surface trimmed ring resonator. To fabricate surface trimmed ring resonator, initially,
ring resonators along with reference waveguides and MMICs are patterned with larger
cross-section waveguides on an optical grade SOI substrate (device layer thickness = 5
µm, BOX thickness = 1 µm and handle wafer thickness = 500 µm) using photolithography and subsequent first RIE process (SF6 : Ar :: 20 sccm : 20 sccm, power = 150 W,
chamber pressure = 200 mT, duration = 3 min. 15 sec.). Initial single-mode waveguide
parameters are measured to be W0 = 5 µm, H0 = 5 µm and h0 = 4 µm. The MMIC
parameters (Wmmi , Lmmi , Wt , Wph and Lt ) after lithography and first RIE are measured to be nearly same as photomask specification shown in Figure 3.4(d). During the
second RIE process (SF6 : Ar :: 25 : 25 sccm, Power = 150 W, Pressure = 250 mT,
duration = 7 min. 20 sec.), the 5 µm waveguides are trimmed to a 2 µm waveguide with
cross-sectional parameters W = 1.8 µm, H = 2 µm and h = 1 µm. After trimming the
waveguide, end-facets of samples were polished carefully perpendicular to the waveguide axes before they were taken for optical characterizations. Optical microscopic images of a polished end facets of typical 5 µm and 2 µm are shown in Figure 3.13(a) and
3.13(b), respectively. Similarly, the reference sample is prepared on 2 µm device layer
SOI substrate using a single step photolithography and anisotropic (first) RIE process
(SF6 : Ar :: 20 sccm : 20 sccm, power = 150 W, chamber pressure = 200 mT, duration
= 3 min. 15 sec.). The waveguide dimensions of the reference (untrimmed) sample was
nearly matching with the trimmed waveguide except the slanted sidewalls. The mode
profile measurements of the waveguides are carried out by free-space light coupling
set-up where laser light is launched at the input using a 20X lens and imaging the nearfield profile at the output IR camera (LBP2-HR-IR) using a 60X lens. The mode-size
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(a)

(b)

(c)

(d)

Figure 3.13: Optical microscopic images of polished end-facets for 5 µm waveguide (a)
and trimmed 2 µm waveguide (b); and guided fundamental mode intensity
distributions for 5 µm (c) and 2 µm (d), for TE polarized light at λ = 1550
nm.
(full width at 1/e2 intensity) of the fundamental guided mode for LCRW and trimmed
waveguides have been found to be nearly polarization independent and estimated to be
8.2 µm × 4.4 µm and 3.5 µm × 2.5 µm, respectively (see Figures. 3.13(c) and 3.13(d))
, which are closely matched to the theoretical values. The waveguide loss is estimated
using reference waveguides by recording the transmitted Fabry-Perot resonance contrast obtained by tuning the wavelength of input laser light (with a tuning step of 1 pm).
Average waveguide loss for 5 µm is ∼ 0 .5 dB/cm and is found to be polarization independent; whereas for surface trimmed 2 µm waveguide, it is measured to be 0.6 dB/cm
and 0.6 dB/cm for TE and TM polarization, respectively). Whereas, the propagation
loss of the untrimmed 2 µm waveguide is measured to be slightly higher ∼ 2.3 dB/cm
and 2 dB/cm for TE and TM polarization, respectively. This is expected in untrimmed
waveguide (vertical sidewalls) as major part of the guided mode profile is confined in
the rib region which leads to enhanced light interaction with the sidewall roughness.
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Table 3.2: Characterization summary of large volume MMICs based ring resonators
(Untrimmed and trimmed) with 500 µm ring radius.
Property
ER [dB]
loss [dB/cm]
FSR [pm]
Q-factor

Untrimmed
TE
TM
6.2
10
2.3
2
115
123
51,670
96,884

Trimmed
TE
TM
5.7
4
0.6
0.8
110
110
33,698
25,412

Also, first RIE is optimized for anisotropic etch profile which in turn increases the surface roughness leading to a higher propagation loss. In the case of trimmed waveguide,
since the sidewalls are slanted (see Figure 3.13(b)) mode is pushed toward the slab and
which reduces guided mode interaction with sidewall roughness. The estimated propagation loss values have to be considered as the maximum possible loss as we have
assumed the polished end-facets are ideal and offers a Fresnel reflectivity for the guided
mode as RF = 0.31. The actual reflectivity has to be lower than this as there are additional losses due to end-facet imperfections. Importantly, we do not observe much
difference in waveguide losses in spite of reducing the waveguide cross-section from
5 µm to 2 µm. This is mainly attributed to the relatively smoother side-walls of the
trimmed waveguide; the second RIE process is dominated by chemical reactions. Optical microscopic image of a surface trimmed ring resonator (R = 500 µm) is shown
in Figure 3.14(a) with the reference 2 × 2 MMIC and straight waveguides. Magnified
SEM image of surface trimmed 2 × 2 MMIC is shown Figure 3.14(b). The fabricated
ring resonators were characterized by measuring wavelength dependent throughput - a
tunable laser source (P = 10 mW, 1520 nm ≤ λ ≤ 1600 nm, tunable resolution 1 pm)
is used in the characterization setup. Figure 3.14(c) and Figure 3.14(d) show a portion
of transmission characteristics of untrimmed (reference) and trimmed ring resonators,
respectively. Blue and red lines represent the characteristics for TE and TM polarization, respectively. The measured characteristics for the large volume ring resonators are
summarized in Table 3.2. The ER for trimmed and untrimmed ring resonators are measured to be nearly same for TE polarization, however, the ER difference (trimmed and
untrimmed) is significant in case of TM polarization. An optimum MMIC is expected
to give 3 dB splitting, in that case the ER variation is only due to the variation in loss
factor (a) of ring. we can expect a reasonable change in a due large ring perimeter and
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(a)

(b)

(c)

(d)

Figure 3.14: (a) Optical microscopic image of MMIC based ring resonator (ring radius
∼ 500 µm) with reference MMIC and straight waveguides. (b) SEM image
of a surface trimmed MMIC. Measured transmission characteristics of ring
resonators: (c) fabricated directly on 2 µm device layer and (d) fabricated
on 5 µm device layer and surface trimming process is carried out to reduce
waveguide cross-section.

propagation loss difference between trimmed and untrimmed waveguides. However,
the Q-factor of trimmed ring resonator is measured to be much less than untrimmed
resonator though the propagation loss is better for trimmed waveguide. This suggests
that coupling induced loss of trimmed MMIC is large or the MMI is not splitting power
equally. Interestingly, the FSR of the trimmed ring resonator is found to be equal for
both TE and TM polarization, suggesting that the trimmed waveguide is polarization
independent in terms of group index (ng ).
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3.3

Demonstration of Compact Microring Resonator

It is observed that the major challenges of microring resonator made out of trimmed
waveguides (2 µm device layer height) are the bend induced loss due to smaller corecladding index contrast and the variation MMIC splitting conditions. As the bend induced loss is significant, large resonator volume limits the maximum achievable FSR
(up to a few hundreds of picometer) of ring resonator with micron-sized waveguides.
So, to have a single-mode silicon waveguide with higher guided mode optical confinement, one should choose submicron waveguide geometry. This ensure compact bend
radius and thus higher ring resonator FSR which is necessary for many applications. In
the following section, fabrication and characterization of DC based microring resonator
with submicron waveguide cross-section is discussed.

3.3.1

Microring Resonator: Fabrication and Characterization

Ring resonator devices with grating coupler at the input and output ends are fabricated
on submicron device layer SOI substrate (device layer - 250 nm, BOX - 3 µm and
handle layer - ∼ 500 µm) using electron beam lithography and ICPRIE process with
the optimized recipe discussed in section 2.3.3. The characterization of the devices is
carried out using an optical spectrum analyzer (Apex-AP2043B) with an inbuilt laser
source. Figure 3.15(a) shows the SEM image of a fabricated ring resonator with LDC =
10 µm and R = 50 µm. The waveguide geometrical parameter are measured to be
W ∼ 564 nm, H ∼ 250 nm. h ∼ 150 nm and G ∼ 132 nm. From SEM image, it
can be noticed that the coupled waveguides at branching region of the DC is separated
apart due to bend regions of both bus and ring waveguides. As a result, the effect
of the bend induced coupling would be less compared to the structure where the bus
waveguide is straight. Figure 3.15(b) shows the measured transmission characteristics
of the ring resonator shown in Figure 3.16(d). The ring resonator transmission spectrum
is normalized to reference straight waveguide fabricated on the same chip to get rid of
the wavelength dependent grating response. Since we have designed the submicron
waveguide and grating coupler to support only TE polarized light, all the measurements
are shown for TE polarization until and otherwise mentioned. The ER variation of
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(a)

(b)

Figure 3.15: (a) SEM image of the fabricated ring resonator with LDC = 10 µm and
R = 50 µm, where magnified view of the DC region is shown as the inset.
(b) Measured transmission (normalized to straight waveguide) characteristics of the device shown in (a).
the transmission spectrum conveys that the ring resonator is slightly dispersive and the
critical coupling condition (t = a) is satisfied near to λ = 1542 nm.

3.3.2

Spectral Characteristics

In order to study the bend induced spectral characteristics, we have fabricated microring resonators with various bend radius (from 5 µm to 100 µm). Figure 3.16(a),
3.16(b), 3.16(c) and 3.16(d) show the SEM images of fabricated race track ring resonators (LDC = 40 µm) with R = 5 µm, R = 10 µm, R = 25 µm and R = 50 µm,
respectively. Transmission characteristics of devices shown in Figure 3.16(a), 3.16(b),
3.16(c) and 3.16(d) are given in Figure 3.16(e), 3.16(f), 3.16(g) and 3.16(h), respectively. Notice that in this case bend induced coupling of the DC is significant as the
coupled waveguides are separated only due to the ring waveguide bend. Though LDC
of all the devices are same, the ER and Q-factor are found to be varying significantly.
This is due to the variation of bend induced coupling and loss factor of ring resonators
as a function of R. The sinusoidal variation of off-resonant power level of the ring
resonator with R = 50 µm is indicating that an addition resonance due to fabrication
error. The FWHM of ring resonator with R = 5 µm is measured to be ∼ 2.1 nm, much
higher than other devices, indicating that this device has the highest bend induced loss,
as expected. Figure 3.17(a) shows the transmission characteristics (black line) of a high
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(a)

(e)

(b)

(f)

(c)

(g)

(d)

(h)

Figure 3.16: SEM images of fabricated race track ring resonators with (a) R = 5 µm
and (b) R = 10 µm (b) R = 25 µm (b) R = 50 µm and their corresponding
transmission characteristics are shown in (e), (f), (g), (h), (i) respectively.
The waveguide parameters (W = 560 nm, H = 250 nm, h = 150 nm and
G = 150 µm) and LDC = 40 µm are same for all the devices.
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(a)

(b)

Figure 3.17: (a) Measured and fitted transmission spectrum of a high Q-factor ring resonator with R = 100 µm. (b) FSR (left axis) and resonant delay (right
axis) variation are shown as a function R for devices with W = 560 nm,
H = 250 nm, h = 150 nm, G = 150 nm and LDC = 40 µm.
Q-factor ring resonator with R = 100 µm and LDC = 40 µm. The Q-value of this ring
resonator is estimated to be ∼ 1, 41, 000. The red line represents the theoretical fitting
to extract the α and ng . The values of α and ng are estimated to ∼ 2 dB/cm and 3.8,
respectively. Figure 3.17(b) shows the measured FSR variation at λ ∼ 1550 nm as a
function of R of the ring resonator. The maximum FSR is measured to be ∼ 5.5 nm for
the ring resonator with R = 5 µm and the minimum value is found to be ∼ 0.89 nm for
the resonator with R = 100 µm. The delay (τres ) corresponds to ring resonator FSR is
shown in the right axis of Figure. 3.17(b) and it is defined as:
τres =

λ2
c × FSR

(3.36)

where, c is the light velocity in free space. The linear dependence of τres on the R
indicating that the group index (ng ) of the waveguide is constant as function of ring
radius. Here, ng can be calculated using eqs. 3.4 and 3.36;
ng =

dτres
c
×
dR
2π

(3.37)

The value of ng estimated from Figure 3.17(b) and it is found to be ∼ 3.8 and which is
closely matching with the theoretically obtained value (3.83).
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3.3.3

Propagation Loss Extraction

In order to estimate the propagation loss of the waveguide, we have fabricated ring
resonators with varying perimeter just by increasing the straight section of the ring
keeping all other parameters same. The LDC of this device is made large (∼ 100 µm)
such that the ring resonator critical coupling is obtained within the wavelength region
(1525 nm ≤ λ ≤ 1625 nm) of interest. At critical coupling, Eqn. 3.8 can be modified
as:
QC =

πng La
λres (1 − a2 )

(3.38)

where, QC , ng and λres can be directly measured from the ring resonator transmission
spectrum and L is a known parameter from the design. Then, one can easily calculate
t or a using Eqn. 3.38 for various L. Since all other ring resonator parameters except
L remain same, the difference in the a is only due to the difference in L. We have
estimated the propagation loss of the waveguide α ∼ 2 − 3 dB/cm using this technique.
The only assumption that we have made in estimating the α is that it remains same for
the shift of λres for various L. However, this assumption is valid as the waveguides are
shallow etched, α variation within 20 nm variation of λ can be neglected.

3.3.4

Dispersion Characteristics

To study the dispersion characteristics of the ring resonator experimentally, we have
fabricated ring resonator devices with varying DC lengths with a fixed R = 25 µm.
In these ring resonators, we have increased the perimeter of the ring just by adding an
extra straight section of length Lx to the ring. This in fact helps to reduce the FSR of
the resonance spectrum such that the ER variation of the transmission can be identified
clearly. Figure 3.18(a) and 3.18(b) show the measured transmission characteristics of
ring resonators with LDC = 40 µm and 100 µm respectively. Lx for both resonators
fixed to be 400 µm to reduce the FSR. As we have discussed in the section 3.1.2, the
ER variation is higher for ring resonator with LDC = 100 µm due to the enhanced DC
dispersion. The wavelength with lowest throughput transmission corresponds to the
critically coupled wavelength. In transmission spectrum, both sides of the critically
coupled wavelength, the ER is reduced. Referring to the Figure 3.12(a), it can be easily
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(a)

(b)

Figure 3.18: Measured transmission spectrum of ring resonators with (a)LDC = 40 µm
and (b) LDC = 100 µm: Lx is fixed to be 400 µm for the ring resonators.
understood that the ER is sharply varying towards the through coupling region (t = 1)
compared to the cross coupling region (t = 0). This suggests that in Figure 3.18(b),
right side of critical coupling corresponds to the through coupling region. In a ring
resonator with symmetric DC, the ER has to be 0 at both the through and cross coupling
regions (see Figure 3.12(a)). However, in the measured ring resonator transmission
spectrum (Figure 3.18(b)), the ER becomes 0 at the through coupling region, but, in the
cross-coupling region ER is higher than 0 indicating the DC is asymmetric.
In order to confirm the asymmetric nature of DC, we have fabricated and characterized a microring resonator with LDC = 70 µm so that cross coupling region appears
near the center of the operating wavelength of OSA. Though, the mask design of the
ring resonator is done for symmetric DC, a small asymmetry (∼ ±10 nm) in the waveguide width is observed at DC region and this may be attributed to the proximity effects
of the electron beam patterning. Figure 3.19(a) shows the transmission characteristics
of a ring resonator with asymmetric DC (LDC = 70 µm and Lx = 400 µm). In an
asymmetrical DC, at the cross-coupling region, total power is not coupled to cross port
as it is evident from Figure 3.10(a). As a result, the ER of the ring resonator can have
a finite value at the cross-coupling regime. Since, the DC is found to be asymmetric, it
is also important to analyze the coupling induced phase delay. The total delay (τtotal )
which includes the delay due to the resonance (τres and the contribution from the asymmetric coupling induced delay τDC ). In order to separate the delay components, we
have fabricated ring resonators with various LDC s and Lx . The total delay (τtotal ) of the
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(a)

(b)

Figure 3.19: Transmission spectrum of ring resonator with asymmetric DC (LDC =
70 µm) showing full cross-coupling at λ ∼ 1550 nm. (b) Extracted values
of waveguide group index nsg and effective group index of the DC (nDC
g )
at λ ∼ 1550 nm are shown as a function of LDC .
ring resonator can be related to the group index of the straight section (nsg ) and effective
group index of DC (nDC
g ) by:
τtotal

× LDC
nsg × Lp + nDC
λ2
g
=
=
F SR × c
c

(3.39)

where, Lp = 2πR + Lx + LDC with Lx is the length of the straight section included to
increase the ring perimeter. Now the group index of the waveguide (nsg ) alone can be
derived from Eq. 3.39 as:
nsg = c ×

dτtotal
dLp

(3.40)

Once we know nsg from eqn. 3.40, we can easily calculate back the nDC
using the
g
following relation:
nDC
g

τtotal × c − nsg × Lp
=
LDC

(3.41)

Figure 3.19(b) shows the estimated (from experimental results) values nsg and nDC
at
g
λ ∼ 1550 nm as a function of LDC . It can be noticed from the plot that nsg remains
nearly constant for all values of LDC . However, nDC
values are shifted from nsg at cerg
tain Ld cs with a period which is nearly equivalent to 2L0 of the DC. This is expected
due to the fact that the coupling induced phase delay is prominent at the cross-coupling
regions. Slight variation of the periodicity is expected due to the fabrication error in
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(a)

(b)

(c)

(d)

Figure 3.20: Measured transmission characteristics of microring resonators with asymmetric DCs of (a) LDC = 49 µm and (b) LDC = 52 µm. Measured FSR
for (a) and (b) are shown in (c) and (d), respectively.
DC region and bend induced coupling at the branching regions of the DC. Referring to
values above and below nsg corresponds
Figure 3.10(c), it can be justified that the nDC
g
to the cross port width higher and lower than the bar port width respectively. Also, a
slight variation of nDC
is observed for LDC s away from L0 s, this may be attributed
g
to the variation of DC structures due to fabrication induced error. Figure 3.20(a) and
3.20(b) show the measured transmission characteristics of microring resonators with
asymmetric DC length of 49 µ and 52 µm, respectively. FSR corresponding to Figure
3.20(a) and 3.20(b) are shown in Figure 3.20(c) and 3.20(d). It is interesting to note that
the FSR spectrum for ring with LDC = 49 µm is fluctuating over the entire (100 nm)
wavelength region. At the same time, by looking at Figure 3.20(a), it can be observed
that this ring resonator is being operated at cross-coupling region over the wavelength
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range of interest. Again, FSR spectrum of ring resonator with LDC = 52 µm is fluctuating towards the lower wavelength (∼ 1540 nm) region and remains nearly linear as the
wavelength increases. The transmission spectrum of this ring resonator device shows
that the device is operated at cross coupling region towards the lower wavelength side
and as the wavelength increases it moves away from the cross coupling region and thus
higher ER. This proves that the ring resonator (with asymmetric DC) performance can
be unpredictable due to the coupling induced phase delay when it is operated at cross
coupling region. As a result, care must be taken when ring resonators are designed to
operate at cross-coupling regimes for applications such as delay lines.

3.4

Summary

Ring resonator theory and working principle are discussed to introduce the key parameters of micro ring resonator. We have explored the design and fabrication of microring
resonators on microns (5 µm) as well as submicron (250 nm) thick device layer SOI
substrates. MMICs are found to be better choice for microring resonator fabrication using photolithography and surface trimming technique. Large volume MMIC based ring
resonators are fabricated on 5 µm device layer and waveguide cross-sections are scaled
down using surface trimming process to reduce the bend induced loss. The Q-factor
of a trimmed waveguide ring resonators is measured to be ∼ 33698 (25412) for TE
(TM) polarization. The extinction ratio is found to be 5.7 dB and 4 dB for TE and TM
polarizations, respectively. The free spectral range of the resonator is measured to be
110 pm both TE and TM polarizations. The surface trimmed ring resonator characteristics are compared with an untrimmed large volume ring resonator fabricated directly on
2 µm device layer SOI substrate. The comparison shows that surface trimmed MMIC
splitting characteristics are slightly changed from untrimmed MMIC.
The DC based microring resonators are demonstrated using photonic wire waveguide in SOI substrate with 250 nm device layer thickness. As the submicron DC is
highly fabrication stringent, various critical aspects such as dispersion and asymmetry
of DC, bend induced coupling, bend induced loss, etc. of submicron waveguide ring
resonator has been theoretically analyzed. It is found that the bend induced coupling of
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shallow etched DC is an important parameter in designing DC based ring resonators.
Also, it has been theoretically analyzed that there can be a significant coupling induced
delay when the DC are operated at cross-coupling regime. PhWW microring resonator
in all pass configuration has been fabricated using electron beam lithography and ICPRIE. Grating assisted 1D SSCs are integrated with microring resonator for chip level
testing of the device. The highest Q-factor of a fabricated ring resonator is measured
to be ∼ 1, 41, 000 for a shallow etched waveguide (W = 560 nm, H = 250 nm and
h = 150 nm) with ring radius 100 µm and LDC = 40 µm. The maximum ER of ∼ 45
dB is measured for a ring resonator with LDC = 10 µm and ring radius 50 µm. It
is experimentally observed that the LDC is playing an important role in the dispersion
characteristics of microring resonator. For longer LDC , the ER of the ring resonator
transmission varies very sharply. Critically coupled resonance has been utilized to estimate the propagation loss of the waveguide. The experimental studies on ring resonator
with asymmetric DC show that the device performance can be unpredictable when the
devices are operated in cross-coupling regime.
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CHAPTER 4

Refractive Index Sensor: Design, Fabrication and
Testing

Various ring resonator configurations used for refractive index sensing are discussed in
chapter 1. Basic sensing principle of all of those devices was based on the change of
microring resonator characteristics in response to the top cladding (analyte) refractive
index variation. Also, we have seen that to improve the S of the device, relatively
complex designs such as ring resonator based on Vernier effect has been proposed and
demonstrated. In this chapter, we present a refractive index sensor which is designed to
track critically coupled wavelength of the ring resonator in all-pass configuration. The
dispersion enhanced coupling in the DC without compromising much on loss factor, is
the key of this design. The device is shown to be very efficient in detecting wide-range
refractive index as the light is confined as a dielectric mode in low-loss silicon strip
waveguide. The device design principle is discussed in Section 4.1 and the experimental
demonstration is given in Section 4.2. Finally, the conclusions and future scopes for
improvements of the sensor have been briefly outlined in Section 4.3.

4.1

Device Design

As an integrated optical sensor device, the microring resonator in SOI platform is primarily used to detect the refractive index of a cladding analyte. We present here a new
design rule of ring resonator for an efficient and wide range refractive index sensing.
A generic 3D schematic view of a microring resonator based refractive index sensor is
shown in Figure 4.1(a); partially transparent region on top of ring represents the analyte material with refractive index nc , LDC is the length of directional coupler (DC)
and Lx is extra length added to the ring, mainly to control free spectral range (FSR) of
the resonance spectrum. The transmission characteristics of a ring resonator in all-pass

configuration can be expressed by eq. 4.3. By the observation of resonance shift in an
all-pass filter configuration, one can estimate the refractive index of any analyte/fluid
introduced as a surface cladding of the microring resonator. The resonance condition
without cladding analyte (nc = nair = 1) is given by:
nef f L = mλm

(4.1)

where, m is an integer representing the order of resonance at λm .
In the presence of cladding analyte with refractive index nc , the mth order resonance
shift is given by:


λm dnef f
∆λm =
∆nc
ng
dnc λ=λm
where, ∆nc = nc − nair and ng = nnef f − λ

dnef f
.
dλ

(4.2)

Thus the refractive index of

the analyte is usually determined by tracking a given order of resonance wavelength.
In this method, the role of DC is merely to feed the ring resonator at an optimum
level so that one can achieve ring resonator response with a reasonable Q-value and
extinction at the resonance wavelength. However, the dispersion characteristics of a
DC (wavelength dependent coupling) has not been explored so far for the ring resonator
based refractive index sensing. By introducing a highly dispersive DC, one can easily
single-out resonance wavelength near critical coupling condition (a = t). Thus the
critically coupled resonance wavelength (λc ) may be tracked as an alternative approach
for refractive index sensing instead of tracking the mth order resonance wavelength.
Before going into the details of transmission characteristics of above mentioned critically coupled ring resonator, we need to discuss first how one can achieve highly dispersive coupling in a conventional DC at a desired cross-coupling coefficient k(λc ) = kc .
The cross-sectional view of a typical DC comprised of two single-mode SOI waveguides as shown in Figure 4.1(b) has been considered for theoretical analysis. The important design parameters are waveguide width W , rib height H, slab height h, and
gap G. For a given set of these design parameters, one can easily estimate the length of
DC for a desired cross-coupling coefficient by analyzing symmetric and anti-symmetric
super-modes [106]:


π∆n(λ)LDC
k(λ) = sin
λ
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(4.3)

(a)

(b)

Figure 4.1: (a) Schematic view of a ring resonator refractive index sensor in SOI substrate. Partially transparent material above the ring and DC represents the
analyte with refractive index (nc ). (b) Schematic cross-sectional view of the
DC: W - width of the waveguide, H - rib height, h - slab height and G separation between the coupled waveguides.
s
as
In this equation, we have used ∆n(λ) = nsef f (λ) − nas
ef f (λ) with nef f (λ) and nef f (λ)

are effective indices of symmetric and anti-symmetric modes of DC, respectively. If
the optical losses in the waveguide ring and DC remain constant within the wavelength
range of detection, the critically coupled resonant wavelength is given by:
λc =

πLDC ∆n(λc )
sin−1 (kc )

(4.4)

Again for a conventional ring resonator with strip waveguide, the deviation in cladding
refractive index hardly alters wavelength dependent loss figures (unlike slot waveguide). Therefore, shift in critically coupled resonance wavelength because of differential change in cladding refractive index can be derived as:


λc
d∆n
∆λc = −
∆nc
∆ng (λc ) dnc λ=λc

(4.5)

where
∆ng = λ

d∆n(λ)
− ∆n(λ)
dλ

(4.6)

Now, the shift of λm and λc (and hence the sensitivity) can be compared using Eqns.
4.2 and 4.5. By calculating numerical values of effective indices (nef f , nsef f , and nas
ef f )
and their slopes w.r.t. cladding refractive index nc , we observed that shift in λc is at
least one order higher than that of λm .
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The accuracy in detecting/tracking λc relies on higher Q-value, lower FSR, and
highly dispersive coupling coefficient near critical coupling condition of the ring resonator. Since Q-value of a strip waveguide based microring resonator can be very large
( 104 ), the FSR can be reduced to a desired limit by increasing the perimeter L of the
resonator. The question remains how to achieve highly dispersive coupling coefficient
without compromising much with the quality factor and/or loss factor a. In this context,
we can further look into Eqn 4.3 for the slope of wavelength dependent cross-coupling
co-efficient:


dk
πLDC ∆ng
πLDC ∆n(λ)
=
cos
dλ
λ2
λ

(4.7)

Thus Eqn 4.7 may be re-arranged to quantify the dispersion near the critically coupled
resonance wavelength:
dk
dλ

=
λ=λc

πLDC ∆ng p
1 − kc2
λ2c

(4.8)

It is worth mentioning here that the change in LDC may result into variations in kc
and λc , but the slope is mostly dominated by the value of LDC in case of low-loss
directional couplers. Again, it is evident from Eqn 4.3 that a desired value of |k| for
a reference wavelength λ can be repeated if the DC length increases in steps of crosscoupling length L0 (λ) =

λ
.
2∆n(λ)

Since typical microring resonators with low-loss strip
√
waveguide in SOI platform exhibit a → 1− and kc = 1 − a2 → 0+ , we have studied
the dispersion characteristics of coupling efficiency (k 2 vs. λ) considering DC length
as parameter in steps of 2L0 (calculated for λ0 = 1550 nm). From these dispersion
characteristics and the knowledge of kc , one can easily estimate a value of λc (closest
to the value of λ0 ) and hence the slope as defined in Eqn. 4.8, for DC lengths given by:
LqDC




λc
=
sin−1 |kc | + 2qL0
π∆n(λc )

(4.9)

where, q = 0, 1, 2, 3, ........
It must be noted that the performance of DCs and ring resonators depend on the
polarization of guided mode. In following discussions, our focus is kept only on TElike guided mode, as the DC is found to be more sensitive to cladding refractive index
change, in comparison to that of TM-like guided mode. For numerical simulations,
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Table 4.1: Parameters used for studying dispersion characteristics of two types DCs
designed with deeply-etched (DE) and shallow-etched (SE) waveguides.
Type
DEDC
SEDC

H [nm]
250
250

W [nm]
500
560

h [nm]
0
150

G [nm]
150
150

L0 [µm]
52
13

two different types of cross-sectional geometries namely, deeply etched DC (DEDC)
and shallow etched DC (SEDC) have been considered to study the dispersion characteristics. The design parameters for DEDC and SEDC (also see Figure 4.1(b)) are
given in Table 4.1. They are carefully chosen to ensure single-mode guidance (1500 nm
< λ < 1650 nm), if the waveguides are not coupled. In practice, the DE waveguides
are used to achieve very compact circuits (sharp bendings), whereas, SE waveguides
are preferred for low-loss and less dispersive operations [108, 17]. Our calculations
= 13 µm) is four-times smaller than that
show that the value of L0 for SEDC (LSE
0
= 52 µm). This is due to stronger mode overlap between individual
of DEDC (LDE
0
guided modes in case of SEDC in comparison to that of DEDC (for the given design parameters). Lumerical Mode Solver was used for numerical simulations, which includes
the material dispersion model for silicon as presented by Salzberg and Villa [84].

(a)

(b)

Figure 4.2: Dispersion characteristics of cross-coupling efficiency (k 2 ) for DEDC (a)
and SEDC (b) at various lengths (2L0 , 4L0 , 6L0 and 8L0 ). L0 represents
the cross-coupling length of the DCs at a reference operating wavelength
λ0 = 1550 nm. Calculations were carried out for TE-like guided mode
.
The cross-coupling efficiencies as a function of wavelength (k 2 vs. λ) for both
DEDC and SEDC of various lengths (2L0 , 4L0 , 6L0 and 8L0 ) have been shown in Fig116

ures. 4.2(a) and 4.2(b), respectively. It is evident that as the length of a DC increases
the critically coupled wavelength λc (solved for a given |kc |) moves closure and closure
to λ0 = 1550 nm. This is because of the enhanced dispersion. Moreover, the rate of
change of |k| w.r.t. λ at λc becomes faster and faster as the length of a DC increases.
It appears from the plots that the DEDC is more dispersive compare to SEDC in the
scales of their respective values of L0 . However, one can carefully note that the SEDC
is in fact more dispersive than the DEDC when they are compared for a same length of
LDC . As an example, we have had the opportunity to compare dispersion characteristics directly for LDC = 2LDE
= 8LSE
= 104 µm; thanks for this rare coincidence in
0
0
our calculations for the given waveguide design parameters. For this length, we observe
that k 2 varies from 0 to 0.475 (0.6) for DEDC (SEDC) within the wavelength span from
1550 nm to 1600 nm.

(a)

(b)

Figure 4.3: Dispersion characteristics of cross-coupling efficiency of DCs for two different cladding indices (nc = 1.30 and 1.35): (a) DEDC with LDC = 104 µm
and (b) SEDC with LDC = 104 µm.
The tuning rate of a dispersion characteristics w.r.t. cladding refractive index or
dλ0
dnc

may be considered as the actual figure merit of a DC for sensing applications. To

compare the figure merits, we have simulated dispersion characteristics for both DEDC
and SEDC of same lengths (LDC = 104 µm) by varying the cladding refractive index.
Figures. 4.3(a) and 4.3(b) are showing the dispersion characteristics of DEDC and
SEDC, respectively; each for nc = 1.3 (blue curves) and nc = 1.35 (red curves). From
these plots one can estimate the sensitivity:
S=

dλc
dλ0
'
dnc
dnc
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(4.10)

Figure 4.4: Calculated sensitivity (S)is shown as function of W and h for (a) G = 100
nm and (b) G = 150 nm.

(a)

(b)

Figure 4.5: (a) Calculated sensitivity (S) for a wide-range of cladding refractive index
(1.2 ≤ nc ≤ 2.0) in steps of 0.1: black bars for DEDC and gray bars for
SEDC, (b) Calculated S as a function of nc for SEDCs with three different
slab heights satisfying single-mode guidance in TE-polarization.
In fact, one can estimate the sensitivity of a DC dominated ring resonator directly
from Eqn. 4.5, by computing ∆n and the slope

d∆n
dnc

for a given value of critically

coupled wavelength λc . However, to know the value of λc , one needs to depend on
√
dispersion characteristics of the DC and the loss factor a (and hence kc = 1 − a2 ) of
the ring resonator. Figure 4.4(a) and 4.4(b) show the calculated S (at nc ∼ 1.3) variation of DC dominated sensor as a function of W and h for DC with G = 100 nm and
G = 150 nm, respectively. Comparing Figures 4.4(a) and 4.4(b), it is clear that the S
is higher for smaller G for identical W and h. This is expected due to reason that the

118

evanescent field strength is increased as DC gap is reduced. The S of the device can be
much above 500 nm/RIU for a cladding sensitive waveguide cross-section. However,
to have practically feasible design, one should consider fabrication reproducible of submicron features. To study the uniformity of S as s function of nc , we compared the
sensitivity of DEDC and SEDC. Figure 4.5(a) shows a bar chart comparison of S for
DEDC (black bars) and SEDC (gray bars) for a wide-range of cladding refractive index
(1.2 ≤ nc ≤ 2.0) in steps of 0.1, using the assumption given by Eqn. 4.10. It can be
clearly observed from the chart that S of DEDC is larger (∼ 380 RIU/nm @ nc = 1.2)
but reduces monotonously as the value of nc increases, whereas the sensitivity of SEDC
is somewhat lower but remains nearly constant (∼ 80 RIU/nm) for the entire range of
nc (1.2 to 2.0). It is needless to point out that this figure of merit does not depend on
the length (LDC ) of DC for a given gap G between the waveguides and the slab height
h. For an example, we have calculated the values of S as a function of nc for three
different slab heights (125 nm, 150 nm, and 175 nm) satisfying single-mode guidance
in TE-polarization and they are presented in Figure 4.5(b) for comparisons. We see that
the variation of S remains relatively flat for h = 150 nm, in comparison to those for h =
125 nm and 175 nm.

Figure 4.6: The cross-coupling strength (κ) as function of operating temperature for the
SEDC (red line) and DEDC (blue line) with DI water as cladding material.
The corresponding slopes are −1.6 × 10−5 /µm-K and −2.8 × 10−5 /µm-K,
respectively.

The thermal stability is an important factor for a refractive index sensor device.
However, the effective indices of symmetric and anti-symmetric modes of a DC with
SOI waveguides vary with positive slopes but with slightly different rates resulting into
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temperature dependent fluctuations in coupling strength κ (= π∆n/λ) at λ = 1550
nm. We have calculated the values of κ around room temperatures (280 K ≤ T ≤ 320
K) for both DEDC and SEDC (see Figure 4.6) with DI water as a cladding material.
The thermo-optic coefficients of silicon dioxide, silicon and DI water are considered as
+1.2 × 10−5 /K, +1.86 × 10−4 /K and −1.1 × 10−4 /K, respectively [109]. As expected,
the SEDC is found to be more thermally stable than that of a DEDC. The κ variation
for the SEDC (DEDC) is estimated to be −1.6 × 10−5 /µm-K (−2.8 × 10−5 ). This
results into a λc variation of ∼ 0.095 nm/K (∼ 0.146 nm/K) for the corresponding ring
resonators.
Nonetheless, as mentioned earlier LDC plays a vital role to detect the nearly accurate
value of critically coupled wavelength λc . The accuracy also depends on FSR of the ring
resonator. Thus higher dispersion characteristics of the DC (achieved via increasing the
value of LDC ) and smaller FSR (achieved via increasing the ring perimeter length L)
are the crucial factors for the accuracy in detection. For a given value of LDC , one can
increase perimeter length by increasing the value of Lx in race-track configuration (see
Figure 4.1(a)). While estimating the value of LDC , one must consider the coupling in
branching regions at both ends of the DC as shown in eq. 3.27. The value of ∆Lb
for SEDC (DEDC) with R = 25 µm is calculated to be ∼ 3.32 µm (3.05 µm). This
∆Lb values corresponds the to a total power coupled to the cross port is estimated to be
∼ 45% and ∼ 5 % for SEDC and DEDC.
Thus, due to significant bend induced couping, the critical coupling is impossible
for an all-pass ring resonator with LDC ∼ 0, if the value of kc2 is small especially in the
case of ring resonator with SEDC. In such situations (e.g., ring resonators with low-loss
waveguides), one needs to find a critical coupling condition with LDC ∼ 2qL0 (as given
by Eqn. 4.9) but for q 6= 0.
Though it has been shown that the DE device structure is superior in terms of sensitivity, lower bend-induced losses, etc., SE device structure is found to be more appropriate because of following practical reasons:
1. Since, the variation of k 2 as a function of wavelength is faster in SEDC (see
Figures. 4.2(a) and 4.2(b)), resonance near critically coupled wavelength stands
out from the rest of resonance wavelengths in the ring resonator response. This
in turn helps for a precise tracking of envelop shift and hence the value of λc .
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2. Propagation loss of a SE waveguide is lower than that of DE waveguides. This
allows to increase the perimeter of the ring so as to increase the ring Q-value and
reduce FSR to improve the LOD of the refractive index sensor.
3. The SE device structure shows nearly no increase in loss budget because of differential change in cladding refractive index nc .
4. SE waveguides can be fabricated along with input/output grating couplers in a
single-step lithography and reactive ion etching process. Shallow etched grating
coupler is generally preferred for efficient and broadband light coupling.
5. SE waveguides can be easily designed for single-mode guidance for a wide-range
of operating wavelengths in TE-like mode, maintaining cut-off for TM-like mode.
This in fact suppress the possibility of spurious peaks that may occur in the resonance spectrum which is undesirable for devices such as sensors.
Two different ring resonators with single mode SE waveguides and DC (see Table
f
4.1 for design parameters) for Lef
DC = 4L0 and 8L0 , respectively, are investigated and

compared. The 900 waveguide bends with radius R = 25 µm is considered for acceptable bend-induced losses and to accommodate Lx = 400 µm in race-track configuration
for both the ring resonators. The average waveguide loss is assumed to be 5 dB/cm
(higher than our typical experimental value of 3 dB/cm for straight SE waveguides),
which gives the value of loss factor a ∼ 0.98. Wavelength dependent transmission
characteristics in all-pass configuration for both the devices are obtained by computing
p
the numerical values of nef f (λ), t(λ) = 1 − k 2 (λ) and inserting them in Eqn. ??.
The simulation results are shown in Figures. 4.7(a) and 4.7(b), respectively, for two
different cladding refractive indices (nc = 1.30 and 1.35), with maximum transmission
normalized to 1 mW or 0 dBm. Calculations were carried out with a wavelength resolution bandwidth of 0.1 pm. As expected, the transmitted comb spectra correspond to
f
ef f
Lef
DC = 8L0 are narrower than those of LDC = 4L0 . It may be also noted that near

critically coupled wavelength of λc , there are about three resonances at a level of -30
f
ef f
dB detection limit for Lef
DC = 4L0 , whereas it is only one for LDC = 8L0 . Thus longer

length of DC ensures better accuracy in detecting the value of λc . The observed shift
in λc (∆λc ∼ 4 nm) for a differential cladding refractive index change of ∆nc = 0.05
is comparable to the shift in λ0 as described in Figure 4.3(b). However, as mentioned
earlier the accuracy in detecting λc (and LOD) improves by lowering FSR (e.g., by increasing the value of Lx ) and/or increasing the Q-value (e.g., by reducing the waveguide
losses).
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(a)

(b)

Figure 4.7: Transmitted V-shaped comb spectra of ring resonators with SE waveguides
(see Table 4.1 for design parameters) for two different cladding indices
f
ef f
(1.30 and 1.35): (a) Lef
DC = 4L0 , and (b) LDC = 8L0 . The calculations
were carried out assuming waveguide loss of 5 dB/cm.

4.2

Experimental Demonstration

Ring resonators with dispersion enhanced couplers were demonstrated with optical
grade SOI substrate (Device layer ∼ 250 nm, BOX layer ∼ 3 µm and handle wafer
∼ 500 µm) for wide range refractive index sensing. Devices were fabricated by selective dry etching of Si using e-beam written negative-tone resist (HSQ - XR1541) mask.
We used fixed beam moving stage (FBMS) patterning technique for stitch-free electron
beam writing (Raith 150 TWO system). An inductively coupled plasma reactive ion
etching system (Oxford Plasmalab System 100) was used for Si etching with an optimized recipe (gas flow rate - SF6 : CHF3 :: 5 sccm:18 sccm, chamber pressure - 15
mT, ICP power - 1000 W, forward power - 30 W and operating temperature - 20 ◦ C) to
obtain nearly vertical side-walls and an acceptable surface roughness.
Based on design principle and comfort factors discussed in previous section, the ring
resonator devices were defined with shallow etched rib waveguides and DCs (W ∼ 560
nm, G ∼ 150 nm, h ∼ 150 nm). The race-track type waveguide ring resonators with
Lx = 400 µm, 90◦ bends with R = 25 µm were mainly studied to investigate dispersion
with varying LDC from 40 µm to 100 µm, in steps of 3 µm. This is to ensure possible
hitting of desired DC lengths near 4L0 , 6L0 and 8L0 corresponding to any value of λ0
falling within the available wavelength range (1520 nm to 1630 nm) of the tunable laser
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(a)

(b)

Figure 4.8: (a) SEM image of a fabricated ring resonator with LDC − 100 µm. Inset: Zoomed image of the DC region. (b) Photograph of the experimental
setup highlighting devices under test (sample mounted on a vacuum chuck),
drop of an analyte on top of a device(F-IMF-150), and the input/output fiber
probes. Both input and output fibers are connected to a high resolution optical spectrum analyzer (OSA) with internal light source (Apex - AP2043B).
source in our labs for experimental measurements. We expected some deviations in
DC characteristics (from the design) because of some unavoidable fabrication related
errors (e.g. slanted waveguide side-walls, variations in waveguide width W , gap G
because of proximity effects, etc.). The input/output grating couplers were defined on
the surface of adiabatically expanded (over a length of 100 µm) waveguide terminal
block of area 12 µm ×12 µm, with same etching depth of 100 nm (= H − h) and with
50% duty of its period Λ = 610 nm. The design parameters for input/output gratings
were optimized to couple light using standard single-mode fibers aligned at 10◦ angle
with the normal on the sample surface (and input/output waveguide axis). Reference
waveguides with input/output grating couplers were fabricated to extract the wavelength
dependent response of a ring resonator alone.
Figure 4.8(a) shows the SEM image of a fabricated ring resonator structure with
LDC = 100 µm; magnified view of the DC region is shown in the inset. The fabricated
devices were characterized using an optical spectrum analyzer (OSA) with internal light
source (1520 nm < λ < 1630 nm, Power - 250 µW). The OSA (Apex - AP2043B)
has the capability of detecting wavelengths within 0.04 pm resolution bandwidth. A
photograph highlighting devices under test (sample mounted on a vacuum chuck), drop
of an analyte (F-IMF-150) on top of a device, and the input/output fiber probe has been
shown in Figure 4.8(b). In this setup, average power available at the input fiber was
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measured to be ∼ 125 µW.

(a)

(b)

Figure 4.9: Measured transmission characteristics of fabricated ring resonators for nc =
1 (air cladding): (a) LDC = 40 µm, and (b) LDC = 100 µm.

The transmission characteristics (normalized to 0 dBm) of ring resonators with
LDC = 40 µm and 100 µm are shown in Figures. 4.9(a) and 4.9(b), respectively,
for nc = 1 (air cladding). According to our theoretical prediction, the observed comb
envelope for LDC = 100 µm is much narrower and the resonance wavelength @λ =
1588.184 nm, near critically coupled wavelength λc stands out from the rests. We have
noted a clear trend of narrowing envelope function and reducing the value of FSR as the
value of LDC increases. Figure 4.10 shows the 30 dB envelope bandwidths (∆fenv. ) and
the values of FSR for six different devices having LDC s of 40 µm, 61 µm, 82 µm, 88
µm, 97 µm, and 100 µm, respectively, exhibiting critically coupled wavelengths within
the measurement range of our characterization setup (1520 nm ≤ λc ≤ 1630 nm). It
is evident that for the device with LDC = 100 µm, the value of ∆fenv. (150 GHz) is
smaller than the corresponding value of two times FSR (210 GHz). Thus we could
ensure the detection of λc within the limit of FSR value by selecting the device with
LDC = 100 µm and Lx = 400 µm, if the extinction ratio of ≥ 30 dB is considered to
be the reference level in actual measurements.
Besides air cladding, the above mentioned device was also characterized for two
other cladding materials: (i) DI water with known refractive index of 1.318 @λ = 1550
nm, (ii) Newport index matching fluid (F-IMF-150) with known refractive index of 1.52
@λ = 589 nm (refractive index at λ ∼ 1550 nm was not supplied by the manufacturer).
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Figure 4.10: Comparisons of 30 dB envelope bandwidth (∆fenv ) and FSR for six ring
resonator devices with increasing values of LDC . The critically coupled
wavelengths extracted from the resonance envelopes are shown in the inset.
All the three transmission characteristics are shown together in Figure 4.11 for comparisons. The estimated critical wavelengths corresponding to DI water and Newport IMF
are ∼ 1570.288 nm and ∼ 1561.682 nm, respectively. Comparing the results for air and
DI water, we estimate the sensitivity of ∼ 57 nm/RIU which is somewhat lower than
the theoretical prediction of ∼ 80 nm/RIU. This may be attributed to the fabrication
process related deviations in waveguide width and geometry, gap between the coupled
waveguides, etc from the actual design parameters. Nevertheless, using this sensitivity figure of merit, we could evaluate the refractive index of the Newport IMF to be
∼ 1.477. This value is well justified as an index matching fluid used at the junction
point of two glass fibers for the operating wavelength window of λ ∼ 1550 nm.
To validate the response of the sensor for a wide range of refractive indices, we
have used commercial Cargille refractive index liquids [55]. Figure 4.12(a) shows the
measured transmission characteristics of the refractive index sensor for various cladding
refractive indices. Figure 4.12(b) shows the λc as function of cladding refractive indices
(Cargille liquids) those are extracted from Figure 4.12(a). Rectangular symbols represent the measured data and the solid line represents the linear fit to the measurement. It
is clear from the figure that all the measurements are almost falling to the straight line
fit. This justifies that S remains almost constant same throughout the cladding refractive
range of 0.7 RIU (1 to 1.7). The error bar shown in plot indicates the maximum uncer-
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Figure 4.11: Transmission spectra of a dispersion enhanced ring resonator fabricated
with SE waveguides (R = 25 µm, Lx = 400 µm, LDC = 100 µm) corresponding to the surface cladding of air (blue), DI water (red) and F-IMF150 (black).
tainty (±FSR/2) in locating the λc due to a finite FSR. The S is estimated to ∼ 54.1
from the slope of λc - nc plot.
To verify the LOD of the device, we tested the sensor with cladding refractive indices of 1.3 and 1.31. Figure 4.13(a) shows the transmission characteristics for nc = 1.3
(red line) and 1.31 (blue line). The ∆λc is measured to be 0.64 nm for ∆nc of 0.02 RIU,
though the expected value is ∼ 0.541 nm with estimated S (54.1 nm/RIU). It can be
observed from the Figure 4.13(a) that highest ER of resonance for nc = 1.31 indicates
that this wavelength is near to λc , whereas for nc = 1.30 the minimum ER is relatively less suggests that this resonance is slightly away from λc . This in fact adds error
in the cladding refractive index detection due to the finite value of FSR. The LOD of
the device is ∼ 1.67 × 10−2 RIU, estimated by taking the ratio of measured values of
FSR (∼ 0.95 nm) and S (∼ 54.1 nm/RIU). It is now evident from our experimental
results that the LOD is limited by FSR of the device. Smaller FSR can be easily obtained by increasing perimeter of the ring. However one must be careful to keep the
overall loss budget as small as possible for maintaining a reasonable Q-value. It would
be extremely difficult to resolve the individual resonances in the comb envelope, if the
Q-value is poor. Nevertheless, the numerical value of Q depends on the absolute value
of resonant wavelengths λm , the coupling efficiency k 2 (λm ), and the loss factor a(λm ).
Since transmission maxima remain nearly constant as a function of wavelength (see
Figures. 4.9 and 4.11), we can conclude that a is nearly independent of λm (unlike slot
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Figure 4.12: Measured transmission (normalized) characteristics of the sensor for air
and various refractive index liquid claddings. (b) Critically coupled wavelength (λc ) as a function of nc for refractive index liquids shown in (a):
error bar indicates maximum uncertainty (± FSR/2) of locating λc due to
finite FSR value.

(a)

(b)

Figure 4.13: Measured transmission characteristics of the sensor for cladding refractive
indices of 1.3 (red line) and 1.32 (blue line). (b) Transmission characteristics of the device for air cladding measured on March 2016 and November
2016 to test the spectral stability.
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waveguide based ring resonators). The observed Q-values near critically coupled wavelengths corresponding to claddings of air, DI water, and F-IMF-150 are estimated as
18500, 15400 and 13000, respectively. Since they are not exactly following the ratio of
respective critically coupled wavelengths of 1588.184 nm, 1570.228 nm, and 1561.682
nm; we can assume that the waveguide loss increases a bit as the cladding refractive
index increases. However, increase of this loss hardly affects the error in detection.
The FSR of this ring resonator based sensing devices can be reduced to the limit of
λc /Q ≈ 0.1 nm, resulting into a LOD value of ∼ 10−3 RIU, for Q = 15000. Thus
higher Q-value, lower FSR, and lower waveguide losses of the ring resonator promise
for a better accuracy in detecting λc and hence achievable LOD can be << 10−3 RIU.
It is interesting to note from Figure 4.13(b) that the values of λc for air cladding at repeated measurements. Though, these two measurements are taken with an interval of 8
months, the difference is measured to be ∼ 1 pm which much less than the FSR of the
microring resonator. This in fact justifies that the device is very stable over the time.

4.3

Summary

In this chapter, we have described how the length of a DC can be used as an important design parameter for ring resonator based refractive index sensor. Two different
types of waveguide geometries representing as "shallow-etched" and "deeply-etched"
are considered to investigate device performances with numerical simulations. Merits
and demerits of devices with both types waveguide geometries are discussed in detail.
It is shown theoretically that the sensitivity of a ring resonator with DEDC (S ∼ 380
nm/RIU) is nearly five times higher than that of SEDC based ring resonator (S ∼ 80
nm/RIU). However, it has been also argued that the fabrication and characterization of
a ring resonator with SEDC is relatively easier. The proposed devices are shown to be
capable of wider-range of refractive index sensing (∆nc > 0.8).
The fabricated devices with shallow-etched waveguides are characterized with an
average sensitivity of ∼ 54 nm/RIU, LOD of ∼ 1.7 × 10−2 RIU, and tested for a
cladding refractive index variation of ∆nc ∼ 0.5. The error in refractive index sensing
can be reduced significantly to << 10−3 RIU by increasing perimeter length of the ring
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and of course by reducing waveguide losses. The superiority of the proposed integrated
optical sensor device lies in its simpler design, easier operation, wider-range and nearly
accurate detection mechanism.It is now evident from our experimental results that the
LOD is limited by FSR of the device. Smaller FSR can be easily obtained by increasing
perimeter of the ring. However one must be careful to keep the overall loss budget as
small as possible for maintaining a reasonable Q-value. It would be extremely difficult
to resolve the individual resonances in the comb envelope, if the Q-value is poor. Nevertheless, the numerical value of Q depends on the absolute value of resonant wavelengths
λm , the coupling efficiency k 2 (λm ), and the loss factor a(λm ). Since transmission maxima remain nearly constant as a function of wavelength (see Figures. 4.9 and 4.11),
we can conclude that a is nearly independent of λm (unlike slot waveguide based ring
resonators). The observed Q-values near critically coupled wavelengths corresponding
to claddings of air, DI water, and F-IMF-150 are estimated as 18500, 15400 and 13000,
respectively. Since they are not exactly following the ratio of respective critically coupled wavelengths of 1588.184 nm, 1570.228 nm, and 1561.682 nm; we can assume that
the waveguide loss increases a bit as the cladding refractive index increases. However,
increase of this loss hardly affects the error in detection. In summary, the FSR of this
ring resonator based sensing devices can be reduced to the limit of λc /Q ≈ 0.1 nm,
resulting into a LOD value of ∼ 10−3 RIU, for Q = 15000. Thus higher Q-value, lower
FSR, and lower waveguide losses of the ring resonator promise for a better accuracy in
detecting λc and hence achievable LOD can be << 10−3 RIU.
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CHAPTER 5

Conclusions

The major research outcome of this thesis work is a novel design and demonstration of
critically coupled ring resonator in SOI platform for wide range refractive index sensing
of cladding analytes. However, because of the technological limitations, it was started
with the design and fabrication optimizations of microns to submicron single-mode
waveguides, spot-size converters and thus to demonstrate a large volume ring resonator.
Nevertheless, the initial technological limitations helped us to develop a novel surface
trimming method of pre-defined waveguides and hence facilitating monolithic integration of varying waveguide cross-sections via low-loss 2D spot-size converters. The
research work is then progressed towards the demonstration of a microring resonator
based compact design of refractive index sensor with the availability of e-beam lithography and ICPRIE systems. The actual contribution of this work has been described in
previous four chapters. In this chapter, we would like to present a brief summary of the
entire thesis works and possible future scopes.

5.1

Research Summary

The major difficulty associated with the submicron silicon waveguide devices is the effective light coupling mechanism. We have investigated various aspects to improve the
light coupling efficiency to silicon waveguides. Initially, a theoretical analysis has been
carried out to study the cross-section dependent waveguide characteristics/properties.
The analysis shows that larger waveguide cross-sections are preferred for dispersion
free, less birefringent and highly fabrication tolerant waveguide structures. It is also observed that higher waveguide cross-section is efficient for coupling light from standard
single-mode fibers. Whereas, smaller silicon waveguide cross-sections (with high index
contrast) are preferred for achieving compact structures such as ring resonators. Due to
tight guided mode confinement in silicon, smaller waveguide cross-section facilitate an

improved light matter interaction and thus the realization of cladding sensitive refractive index sensors. In order to take the advantages both large and smaller waveguide
cross-sections, we have adopted multiple approaches for monolithic integration of various waveguide cross-sections on a single SOI substrate platform. Two different surface
trimming techniques - (i) repeated oxidation and removal and (ii) isotropic dry etching are developed for the monolithic integration of microns to submciron waveguides.
Isotropic dry etching technique is found to be more attractive for surface trimming as
this process is mach faster than the oxide growth and removal.
To improve the coupling efficiency between fiber and smaller silicon waveguides,
we have developed various spot-size converter fabrication techniques. Naturally tapered
2D SSCs are found to be simpler in fabrication point of view, however the insertion loss
associated with SSC are high (> 5 dB). Photolithographically defined SSCs with an
average insertion loss of ∼ 2.5 dB are shown to be better than naturally tapered SSCs.
However, higher order mode excitation at the transition region (where the slab height
of rib waveguide changes abruptly) of the phtolighographically defined SSC makes the
performance unpredictable due to fabrication induced errors. A shadow mask etching
technique has been developed to improve the coupling efficiency between the micron
and submicron sized waveguides. In SSCs fabricated using shadow mask etching technique, slab and rib heights of the waveguide are adiabatically tapered to form an efficient
SSC with an insertion loss of 0.25 dB. We have also fabricated gating assisted 1D SSCs
on submicron thick (250 nm) device layer SOI using electron beam lithography and inductively coupled plasma reactive ion etching. To fabricate longer (> 5 mm) PhWWs
integrated with grating coupler, we have developed and optimized a mixed writing technique for stitch-error free patterning. In mixed patterning technique conventional write
field stitching is adopted to expose the SSC region and fixed beam moving stage exposure is used to pattern longer waveguides. The insertion loss and 3 dB bandwidth of the
grating coupler are measured to be 6 dB/facet and 70 nm respectively.
Large volume MMIC based ring resonators with bend radius of 500 µ are fabricated
on 5 µm device layer and trimmed down to 2 µm using the proposed surface trimming
technique. Here, the FSR is measured to be ∼ 110 pm for both TE and TM polarization.
The estimated Q-factor of trimmed waveguide ring resonator is measured to be 33698
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(25412) for TE (TM) polarization. As the cladding refractive index sensitivity of the
ring resonator with micron sized cross-section is not sufficient enough, we have fabricated microring resonators in submicron SOI integrated with grating assisted 1D SSC.
Shallow etched waveguides (W = 560 nm, H = 250 nm and h = 150 nm) are used
for microring resonator fabrication as this waveguides supports only TE polarization.
In addition to that, shallow etched waveguides can be fabricated with grating coupler
in a single step lithography and subsequent dry etching. Various aspects of the microring resonators such as FSR, group index, Q-factor, dispersion, DC asymmetry etc. are
studied theoretically and experimentally. The highest Q-factor of ∼ 1, 41, 000 has been
measured for ring resonator with bend radius of 100 µm and DC length 40 µm. DC
dispersion is identified to be an important characteristics which can be utilized for wide
range refractive index sensing based on tracking the critically coupled wavelength of
ring resonator transmission. Two different types of waveguide geometries representing
as "shallow-etched" and "deeply-etched" are considered to investigate device performances with numerical simulations. Merits and demerits of devices with both types
waveguide geometries are discussed in detail. It is shown theoretically that the sensitivity of a ring resonator with DEDC (S ∼ 380 nm/RIU) is nearly five times higher than
that of SEDC based ring resonator (S ∼ 80 nm/RIU). However, it has been also argued
that the fabrication and characterization of a ring resonator with SEDC is relatively easier. The proposed devices are shown to be capable of wider-range of refractive index
sensing (∆nc > 0.8).
The fabricated devices (with shallow-etched waveguides) are characterized with an
average sensitivity of ∼ 54 nm/RIU and LOD of ∼ 1.6 × 10−2 RIU. The sensor device
has been tested for a cladding refractive index variation of ∆nc ∼ 0.7 and verified
that the sensitivity remains almost same. The error in refractive index sensing can be
reduced significantly to << 10−3 RIU by increasing perimeter length of the ring and
of course by reducing waveguide losses. The superiority of the proposed integrated
optical sensor device lies in its simpler design, easier operation, wider-range and nearly
accurate detection mechanism.
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5.2

Research Outlook

We have seen from section 2.3.3 that the grating coupler based SSC response is highly
dependent on the wavelength of operation. Consequently, to extract the response of a
ring resonator sensor, it need to be normalized with a reference straight waveguide and
which is not desirable for a stand alone device. In contrast, the adiabatic SSC developed
using shadow mask is found to be nearly independent to the wavelength of operation
(see section 2.3.2). So the integration of this adiabatic SSC with ring resonator refractive index sensor would offer efficient and accurate sensing mechanism. The schematic
representation of the fabrication process flow for integrating photonic wire microring
resonator refractive index sensor (on submicron device layer) to larger input/output
waveguide through an adiabatic SSC is shown in Figure 5.1. The schematic represen-

Figure 5.1: Schematic view of fabrication fabrication process flow for achieving DC
based microring resonator sensor on submicron platform is integrated with
large cross-section waveguide. (a) Photolighographically defined photoresist pattern of multiple input multiple output (MIMOW) platform, (b) MIMOW platform is transferred to silicon by RIE, (c) submicron device patterning using electron beam lithography and (d) final device on the submicron platform with microfluidic channel to supply analyte.
tation of the fabrication process flow for integrating photonic wire microring resonator
refractive index sensor (on submicron device layer) to larger input/output waveguide
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through an adiabatic SSC is shown in Figure 5.1. In the first step, multiple input and
multiple output waveguides (MIMOWs) along with a center platform are defined using
photolithography (see Figure 5.1(a)). This MIMOW platform is transferred to silicon
by means of an anisotropic RIE process. After removing the photo/electron beam resist,
an isotropic RIE has been carried out on the sample, where input and output waveguide
sections are covered with a shadow mask. This helps in forming adiabatic 2D taper from
input/output waveguide to the center platform whose height has been reduced to submicron (see Figure 5.1(b)). In the next step, photonic wire ring resonator devices and
reference structures are patterned on the platform region using electron beam lithography (see Figure 5.1(c)). Here positive tone electron beam resist (PMMA) is preferred
as the selected regions of the platform can be utilized to define circuit and remaining
platform area can be preserved for later use. ICPRIE process is carried out to transfer
the electron beam lithography pattern to the submicron silicon device layer. Finally, the
device has been provided with a microfluidic channel to supply the analyte to the active
area of the sensor. The process flow allows us to integrate/interface micron and submicron sized waveguides on a single substrate platform and that would enable the fiber
pigtailing and packaging. The MIMOW platform also facilitates the usage of substrate
repeatedly for device fabrication multiple times without end-facet preparation. Input
and output waveguides can be used for optical access to any integrated optical device
defined on the platform.
The dispersion enhanced critically coupled ring resonators are found to be useful
for wide range refractive index sensing. However, the LOD of the demonstrated refractive index sensor is limited by the FSR of the microring resonator in the present
configuration. LOD of the device can be significantly improved by incorporating the a
heater element for active tuning of phase of the guided mode in the ring. Figure 5.2(a)
shows the schematic view of a ring refractive index sensor with a heater for active phase
tuning of the guided mode. The advantage of this configuration is that the resonance
wavelength near to λc can be made exactly equal to the critically coupled wavelength by
slightly changing phase of the guided mode by tuning the heater temperature without affecting the sensing region. The resolution of temperature/phase tuning can be improved
by optimizing separation between the heater and the waveguide. Similar configuration
can be used for realizing a refracting index sensor with electronic interrogation by the
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(a)

(b)

Figure 5.2: Schematic view of ring resonator refractive sensor with (a) heater for active
phase tuning and (b) pin diode for electronic interrogation.
addition of pin diode across the ring waveguide. Figure 5.2(b) shows the schematic
representation of refractive sensor with electronic interrogation using pin diode. It is
known that the λc of microring resonator can be tuned either by controlling t or a. The
analyte on the sensor region shift the t of DC and thus shift in λc , so it possible to
shift back the λc by tuning a. The sensor with a pin diode across ring waveguide can
be efficiently used for tuning a ring just controlling the driving voltage of the diode.
This in fact, helps to get rid of the sensing based on spectroscopic measurements where
generally, expensive optical spectrum analyzers are used.
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