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Abstract 

 

Integrated Photonic Devices for Electromagnetic Wave Sensing, Optical 

True Time Delay, and Trace Gas Sensing 

 

Chi-Jui Chung, Ph.D. 

The University of Texas at Austin, 2018 

 

Supervisor:  Ray T. Chen 

 

Investigations on how informative signals interact with optical light wave 

propagating in integrated photonic devices have been emerging research topics for 

various sensing and high-speed communication applications. These have become 

attractive research fields since integrated photonic devices offer unparalleled advantages 

such as high sensitivity, high-density integration, low power consumption, and great 

electromagnetic interference immunity. Among all available material platforms for 

integrated photonic devices, silicon is one of the ideal materials since silicon has 

excellent optical waveguides properties such as high transparency and high refractive 

index in optical communication wavelengths. These properties enable low loss and 

compact on-chip silicon photonic devices. Also, silicon photonic devices benefit from 

mature silicon-based semiconductor nanofabrication facilities; therefore, they can be 

fabricated with low cost. On the other hand, silicon photonic devices built on typical 

silicon dioxide-based silicon-on-insulator wafers can’t be operated beyond the 

wavelength of 3.5 μm due to high intrinsic mid-infrared absorption of silicon dioxide. 

Indium phosphide becomes an alternative candidate due to low optical loss. In addition, 



 vii 

indium phosphide-based quantum cascade lasers provide narrowband tunable continuous-

wave room-temperature emission in the entire mid-infrared spectral range from 3-11 μm 

which makes monolithically integrated devices possible. Wide varieties of photonics 

devices on both silicon and indium phosphide platforms have been demonstrated so far 

such as high-speed modulators, low loss waveguides, couplers, optical phased arrays, and 

sensors. In this dissertation, silicon integrated photonic devices for electromagnetic wave 

sensing and optical true time delay lines, as well as indium phosphide-based integrated 

photonic devices for trace gas sensing, are presented. This dissertation shows that 

integrated photonic devices are promising for high-performance sensing and novel 

communication applications. 
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Chapter 1:  Introduction  

1.1 SILICON-BASED INTEGRATED MICROWAVE PHOTONIC DEVICES 

Processing and transmission of microwave signals by photonic systems have long 

attracted great research interests since their conventional electrical counterparts are facing 

problems such as RC delay, high transmission loss, strong electromagnetic interference 

(EMI), and high power consumption [1]. Microwave photonic devices offer significant 

advantages for both the communications community and the sensing industry in terms of 

data rate, dynamic range, immunity to EMI, and requirements of cost, size, weight, and 

power consumption (C-SWaP). Serval crucial applications of microwave photonics 

include true-time delay lines [2], antenna radio frequency (RF) beamforming [3], RF 

filter [4], electro-optics (EO) modulator [5], as well as electromagnetic field sensing [6]. 

Among the available photonic integration platforms, silicon photonics is 

particularly attractive because of advantages such as low-cost manufacturing and on-chip 

integration with electronics. These advantages result from the compatibility of silicon 

photonic devices and the complementary metal-oxide-semiconductor (CMOS) fabrication 

techniques which are widely used in the semiconductor industry. Silicon also provides 

high transparency and high refractive index in optical communication wavelengths [7], 

which enables low loss and compact size of on-chip optical devices. Furthermore, slow 

enhanced photonic crystal devices can be built on a silicon wafer where the group 

velocity of light slows down and enhances the light-matter interactions significantly [8]. 

Widespread research has resulted in plenty interesting silicon-based photonic devices, 

including high-speed modulators [9], low loss waveguides [10], photodetectors [11], 

optical phased arrays [12], sensors [13], etc. In Chapter 2 to Chapter 4 of this dissertation, 

novel silicon-based photonic devices are demonstrated for electromagnetic (EM) wave 
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sensing and optical true-time delay applications. These devices are designed to address 

high loss and low light-matter interactions in the existing devices.  

1.2 INDIUM PHOSPHIDE (INP) INTEGRATED PHOTONIC DEVICES FOR TRACE GAS 
SENSING 

Mid-infrared (Mid-IR) trace-gas sensing is a rapidly developing field and can be 

applied in wide range of applications such as detection of explosives and hazardous 

chemicals, breath analysis for medical diagnostics, and control of industrial processes and 

emissions. Currently, most mid-IR trace gas sensing systems are developed based on 

bulky gas cells and discrete optical components on cavity ring-down spectroscopy 

(CRDS) [14], tunable diode laser absorption spectroscopy (TDLAS) [15], Fourier 

transform infrared spectroscopy (FTIR) [16], or photo-acoustic spectroscopy (PAS) 

methods [17].  

Mid-infrared (Mid-IR) absorption spectroscopy based on integrated photonic 

devices have shown great promise on trace-gas sensing [18]. It eliminates the needs of 

bulky gas cells and free-space optical components; therefore, has substantial advantages 

such as lightweight, alignment-free, and high sensitivity sensing over conventional off-

chip methods [15, 19]. In addition, slow light enhanced photonic crystal waveguides built 

on integrated photonic circuits can slow down the speed of light and increase effective 

light-analyte interaction length. Therefore, the higher detection sensitivity for the targeted 

gas analyte can be realized. 

A need exists to cover wide monitor range of mid-IR wavelengths from 3-14 μm 

for detecting various analytes such as chemical warfare simulants, greenhouse gases, and 

exhaust emissions. Among all waveguide configurations with core materials such as 

silicon (Si), germanium (Ge), gallium arsenide (GaAs), and InP, only GaAs-aluminum 
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gallium arsenide (AlGaAs) waveguides and Indium gallium arsenide (InGaAs)-InP 

waveguides offer a well-established lattice-matched, very low defect density platform for 

low loss optical circuits in the 3-15 μm wavelength range as shown in Figure 1.1 [20]. In 

addition, the InGaAs-InP platform allows monolithic epitaxial growth of high-quality 

quantum cascade lasers (QCLs) and quantum cascade detectors (QCDs) and eliminates 

expensive and low yield wafer/chip bonding processes in any other system, including 

GaAs-AlGaAs. Therefore, the choice of InP enables the possibility of a monolithically 

integrated trace gas sensing system which is robust to vibrations and physical stress. In 

Chapter 5, low loss InP-based photonic devices are investigated for trace gas sensing 

applications. 

 

Figure 1.1: Optical properties of different semiconductor materials for mid-IR photonics 
silicon-on-insulator (SOI), silicon-on-sapphire (SOS), Ge-on-Si, GaAs, InP. 
(a) Optical power loss in SiO2, sapphire, and high-resistance silicon versus 
mid-IR wavelength. Optical losses in silicon are multiplied 10× for clarity, 
(b) Refractive index and optical loss in Ge, GaAs, and Si in mid-IR.   

1.3 DISSERTATION ORGANIZATION 

This dissertation is organized as follows: 

Chapter 2-3 cover two types of on-chip silicon photonic EM wave sensor for 

highly sensitive EM wave detection at Ku band (12-18GHz). In Chapter 2, an EM wave 

sensor with slow light enhanced one-dimensional (1D) photonic crystal waveguide 
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(PCW) infiltrated by EO polymer is described. In Chapter 3, an EM wave sensor with 

sub-wavelength grating structure infiltrated by EO polymer is described. These two 

sensors are based on EO modulation and therefore has several important advantages over 

conventional electrical RF sensors including high sensitivity, compact size, and strong 

immunity to electromagnetic interference (EMI).  

In Chapter 4, a four-channel optical true-time delay module features slow light 

enhanced 1D photonic crystal waveguide is proposed and experimentally demonstrated. 

A large time delay can be achieved in a compact footprint with squint-free property in 

wide RF frequency range. The proposed optical true-time delay module can be used in a 

wide range of RF systems to widen the RF bandwidth. 

In Chapter 5, the waveguide losses are characterized, and a polarization rotator-

splitter is discussed in low index contrast InGaAs-InP material system. In addition, a 

fully suspended holey PCW for ammonia sensing is demonstrated. These devices show 

potential for monolithic integration of quantum cascade lasers and detectors with holey 

PCW trace gas sensors in the molecular fingerprint window at mid-IR wavelength range. 

Finally, a summary of the research efforts and proposed future directions will be 

discussed in Chapter 6. 
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Chapter 2:  Silicon-Based Hybrid Integrated Photonic Chip for Ku 
band Electromagnetic Wave Sensing  

In this chapter, we experimentally demonstrate a highly sensitive on-chip 

photonic electromagnetic wave sensor operating at 14.1 GHz with a 3 dB bandwidth of 

4.84 GHz. The demonstrated electromagnetic sensor has several important advantages 

over conventional electrical electromagnetic sensors including high sensitivity, compact 

in size and strong immunity to electromagnetic interference (EMI). The sensor is 

comprised of a bowtie antenna and an asymmetric Mach-Zehnder interferometer (MZI). 

One arm of the MZI is an electro-optic (EO) polymer infiltrated one-dimensional (1D) 

slotted photonic crystal waveguide (SPCW), and the other arm is a strip waveguide with 

teeth of a subwavelength pitch. Bowtie antennas are designed and optimized to 

effectively collect 14.1 GHz microwave signal and applies it across the SPCW. The 

phase of the light guided in the SPCW therefore changes, and so does the amplitude of 

the output end of the MZI. The sensor is only 4.6 mm × 4.8 mm in size and has a low 

insertion loss of ~ 10 dB. Experimental results show the limit of detection at 14.1 GHz is 

4.31 mW/m2, which is corresponding to a minimum detectable electric field of 1.8 V/m.1 

2.1 INTRODUCTION 

On-chip photonic electromagnetic (EM) wave sensors have been attracting 

considerable attention in recent years [6, 21-23]. This photonic sensing approach detects 

microwave signals via photons and thus eliminates the need of discrete electronics 

components for high-speed signal transmission, amplification, and power conditioning, 

1 Portions of this chapter have been published in C.-J. Chung, X. Xu, Z. Pan, F. Mokhtari-
Koushyar, R. Wang, H. Yan, H. Subbaraman, and Ray T. Chen, "Silicon-Based Hybrid Integrated 
Photonic Chip for Ku band Electromagnetic Wave Sensing," Journal of Lightwave Technology, vol. 
36, pp. 1568-1575, 2018. 

C.-J. Chung designed and fabricated the device, performed the experiments, analyzed the 
data, and wrote the manuscript. 
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which are commonly used in conventional electrical microwave sensors [24, 25]. 

Therefore, photonic EM wave sensors have eminent advantages over the traditional 

electrical counterparts in terms of immunity to electromagnetic interference (EMI), high-

speed operation, power consumption, and footprint [23, 26]. These advantages make high 

sensitivity and accurate on-chip EM sensors a promising approach for high-performance 

wireless communication [21, 27, 28] and sensing applications [6, 22, 29]. 

One crucial element in a high performance on-chip photonic EM wave sensor is 

an efficient electro-optic (EO) phase shifter, in which the enhanced electrical field 

provided by antennas modulates the refractive index of the active material with EO effect 

and subsequently changes the phase of light guided in the phase shifter. Silicon is an ideal 

photonic device platform as mentioned in Chapter 1. However, bulk silicon is a material 

where second-order nonlinearity doesn’t exist because of the centrosymmetry of its 

crystalline structure. Therefore, light can’t be efficiently and linearly modulated using 

only bulk silicon. Electro-optic (EO) polymers consisting of a polymeric matrix doped 

with organic nonlinear chromophores have enabled large EO coefficient, wide radio 

frequency (RF) bandwidth, and low loss active photonic devices. In addition, EO 

polymer can be spin-coated on silicon passive device making high-performance EO 

modulation possible on silicon/EO polymer hybrid devices. 

Various phase shifter designs have been proposed such as plasmonic/EO polymer 

hybrid structure [23], EO polymer waveguides [6, 21], lithium niobate waveguides [27], 

and silicon/EO polymer hybrid structure [30, 31]. Among these structures, the 

plasmonic/EO polymer hybrid structure shows the smallest footprint and is intrinsically 

capable of operating at high frequency due to the small resistance. However, the high 

propagation loss (>1 dB/μm) of plasmonic waveguide [32] and the high insertion loss of 

the mode converter limit the performance due to the trade-off between interaction length 
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and optical loss. Moreover, the stringent fabrication alignment (<50 nm) between metal 

and waveguide makes it difficult to implement. The pure EO polymer and lithium niobate 

waveguides are not compatible with standard complementary metal-oxide-semiconductor 

(CMOS) fabrication process. In addition, both materials have lower refractive indices 

compared to silicon, resulting in a large footprint. EO polymer infiltrated silicon slot 

waveguides, which combine the advantages of the high refractive index of silicon and 

large EO effect in EO polymer, have also been studied intensively [33, 34]. When 

equipped with slow light structures, the effective in-device r33 in slow light slot 

waveguide can be greatly enhanced, making it a promising candidate for high-

performance EM wave sensors. 

Slow light two-dimensional (2D) photonic crystal silicon/polymer hybrid phase 

shift structure has high optical propagation loss [35] and is frail to fabrication errors [36]. 

One-dimensional (1D) slot photonic crystal waveguide (SPCW) has been reported with 

lower optical propagation loss when compared with 2D SPCWs, due to less etched 

surface area overlapped with optical mode while maintaining similar slow light effect 

[37]. Among EO polymer infiltrated 1D SPCW, 2D SPCW, and conventional slotted 

waveguide, 1D SPCW has the best figure-of-merit f = σ ∙ 𝑛𝑛𝑔𝑔 ∙ 𝐿𝐿3𝑑𝑑𝑑𝑑 [38] where σ is the ratio 

of optical mode in the EO polymer region, 𝑛𝑛𝑔𝑔 is the group index, and 𝐿𝐿3𝑑𝑑𝑑𝑑 is the length 

of the phase shifter in millimeters with 3 dB propagation loss. Therefore, EO polymer 

infiltrated 1D SPCW has the potential to perform better than 2D SPCW and slotted 

waveguide as an EO phase shifter.  

In this chapter, we design and demonstrate a compact and highly sensitive on-chip 

photonic EM waver sensor operating at 14.1 GHz with a 3 dB bandwidth of 4.84 GHz. 

14.1 GHz falls into Ku band and can be applied to satellite communications for both 

civilian and military networks [39]. The proposed sensor features a set of bowtie antenna 
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and a Mach-Zehnder interferometer (MZI) structure with one arm of slow-light enhanced 

EO polymer infiltrated 1D SPCW and the other arm of silicon strip waveguide with teeth 

of a subwavelength pitch, as shown in Figure 2.1(a). The device region is doped with 

two-step ion implantation. The doping profile is tailored so that the resistance at the 

implanted region is greatly reduced and Ohmic contact is formed. Therefore, the signal 

voltage drop is mostly across the slot while the absorption loss is still low. A bowtie 

antenna is designed to harvest and concentrate electrical field of the EM wave and applies 

it onto the slow light enhanced EO polymer infiltrated SPCW to modulate the phase of 

the guided optical wave. Inverse taper couplers [40] with polymer overlay layer are 

adapted to efficiently couple light in and out from the sensor. The proposed sensor 

structure takes advantages of low loss and strong slow light effect of the 1D SPCW, high 

electric field enhancement of the bowtie antenna, and large EO coefficient of the EO 

polymer, which enable the detection of an EM wave with an electric field intensity of 1.8 

V/m. Compared to 2.5 V/m minimum detectable electric field at 8.4 GHz reported in EO 

polymer infiltrated 2D SPCW paper [22], this work shows improvement due to the lower 

propagation loss of 1D SPCW structure while maintaining the similar slow light effect. 

The device is only 4.6 mm × 4.8 mm in size with the active region of 300 μm offering a 

compact solution for a vast range of EM wave applications.  
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Figure 2.1: (a) Schematic of the proposed sensor based on bowtie antenna coupled MZI 
structure. Light coupled from inverse taper coupler is split into two arms: 
one is EO polymer infiltrated 1D SPCW, and the other is strip waveguide 
with teeth. The phase is modulated at the arm of 1D SPCW arm and 
subsequently causes the output optical intensity variation when the light of 
the two arms interfere, (b) Schematic plot of the slow light enhanced EO 
polymer infiltrated 1D SPCW, which consists of a slot and two sections of 
teeth connected to bulk silicon. 
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2.2 DEVICE DESIGN 

2.2.1 EO polymer infiltrated 1D SPCW phase shifter 

The active arm of the MZI is the slow light enhanced EO polymer infiltrated 

SPCW where light slows down and is modulated by interacting with EO polymer based 

on the enhanced Pockels effect. The 1D SPCW is comprised of center EO polymer slot, 

and two sections of the silicon teeth as shown in Figure 2.1(b). Compared to previously 

reported design [38], a set of narrow teeth is used to connect the 1D SPCW to the bulk 

silicon region so that the voltage drop of the modulation signal mostly occurs in the slot 

region. The narrow teeth have a subwavelength width and thus do not affect the 

propagation of the optical modes. The 1D SPCW is designed and optimized for 220 nm 

silicon-on-insulator (SOI) wafer with 3 μm buried oxide layer. An EO polymer, SEO125 

(n=1.63), from Soluxra, LLC, which shows large bulk EO coefficient r33 of 135 pm/V, 

low optical loss, and good temporal stability is chosen to refill the silicon slot PCW as the 

top cladding layer [30]. This 1D SPCW is optimized using plane wave expansion (PWE) 

targeting at large group index, optical confinement in the slot, and slow light wavelength 

in the vicinity of 1550 nm. The optimized period (a), tooth width a (Wa), tooth width b 

(Wb), tooth length a (La), tooth length b (Lb), slot width (Ws), and rail width (Wr) are 370 

nm, 148 nm, 74 nm, 250 nm, 1750 nm, 100, and 150 nm, respectively. The 1D SPCW 

length is 300 μm. The photonic band diagram and the group index simulation results are 

shown in Figure 2.2, which indicates that the group index can achieve 38.05 at 1564.8 nm 

and the optical confinement in the EO polymer slot σ is 0.24.  
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Figure 2.2: (a) Photonic band diagram and (b) group index versus wavelength of 1D 
SPCW using plane wave expansion method, inset is the optical modal 
profile.  

To reduce the strong reflection at high group index interface of the 1D SPCW, we 

design a step taper between the 1D SPCW and regular slot waveguide using 3D FDTD 

simulation. The coupling efficiency increases from 37% to 62% at 1554 nm as shown in 

Figure 2.3. The step taper has five periods with pitch a=350 nm, tooth width (Wt)=140 

nm, tooth length (Lt)=250 nm, and rail width (Wr)=200 nm. 
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Figure 2.3: (a) Schematic of the step taper section connecting silicon strip waveguide to 
regular slot waveguide, (b) simulated transmission spectra with (show in 
red) and without the step taper (show in black). 

 The other arm of the MZI is a strip waveguide with teeth also designed for 

electrical connection purpose. The structure is optimized using plane wave expansion and 

three-dimensional (3D) finite difference time domain (FDTD) method. The optimized 

period, center silicon strip width, tooth width, and tooth length are 400 nm, 79.2 nm, and 

1175 nm, respectively. The waveguide length is also chosen to be 300 μm. The simulated 

group index is 3.79 at 1550 nm.  

2.2.2 Bowtie antenna and ion implantation design for 14.1GHz operation 

A gold bowtie antenna with a pair of extension bars attached to the bowtie 

vertexes is designed to make full use of the entire length of the EO interaction range [41, 

42]. This antenna provides uniform electrical field enhancement in the feed gap along the 

extension bar direction and therefore is suitable for integrating the MZI structure in the 

gap. To assure most of the enhanced RF electrical field falls across the EO polymer 
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infiltrated slot, two steps ion implantation are adopted to reduce RC time delay induced 

by bulk silicon and silicon teeth. 

The schematic of the designed bowtie antenna and the implantation distribution is 

shown in Figure 2.4(a) and (b). The antenna stands on the buried oxide layer and has a 

thickness of 4μm, the arm length of 2.3 mm, flare angle of 60 degree and extension bars 

of 8.4 μm × 300 μm. The gap between the extension bars is 8.4μm. This antenna is 

designed to operate at 14.1 GHz. The center 7.35 μm of the MZI structure is designed to 

be implanted to 1×1017 cm-3 so that the increased optical loss induced by free carrier 

absorption isn’t significant, as shown in Figure 2.4(b) [43]. While the two bulk silicon 

regions adjacent to the center region are designed to be implanted to 1×1020
 cm-3 to 

provide low enough resistance and ensure the Ohmic contact between the gold antenna 

and implanted silicon. Figure 2.4(c) and (d) show the electric field distribution simulation 

results between the antenna bars at 14.1 GHz with consideration of effective radio 

frequency(RF) dielectric constant and effective resistivity of silicon and EO polymer are 

calculated based on filling factor [44, 45]. The enhanced 14.1 GHz alternative voltage 

(AC) electric field is accumulated at the EO polymer slot region of the 1D SPCW and has 

47.72% voltage drop in the EO polymer slot region calculated by integrating the electric 

field in the slot divided by the voltage applied on the antenna. The voltage drop 

percentage dedicates the resistance of the teeth and bulk silicon is low enough, and the 

device performance won’t be limited by RC delay at 14.1 GHz. 
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Figure 2.4: (a) Side view and (b) top view of the bowtie antenna with extension bars and 
ion implantation distribution (c)side view and (d)top view of simulated 
electric field distribution over the antenna gap region feeding with 14.1 
GHz. 

2.2.3 Inverse taper coupler design 

Fiber to sub-micron silicon single mode waveguide coupling suffers large modal 

mismatch which results in a significant loss. Two main approaches to this problem are 

grating couplers [46] and taper couplers [47]. Our group has previously designed and 

demonstrated a single step, through-etched sub-wavelength grating (SWG) coupler, 

which can be patterned together with photonic components without any additional 
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patterning steps. The fiber coupling loss as low as 2.29 dB was demonstrated [46]. 

However, using an inverse taper coupler can further reduce the coupling loss down to <1 

dB as reported [47]. In addition, grating couplers are an inherently bandwidth-limited 

device with 3 dB optical bandwidth of tens of nanometers. The inverse taper typically has 

hundreds of nanometers of 3 dB bandwidth [48]. Hence, inverse taper couplers are 

reported here for efficiently coupling light into the silicon waveguide through design, 

fabrication, and testing in this session.  

The schematic drawing and the geometrical parameters of the inverse taper 

coupler are shown in Figure 2.5 which are optimized using commercially available 

software FIMMWAVE. The silicon waveguide is 220 nm in height and is adiabatically 

tapered from 450 nm to 160 nm (fiber end) in width. An SU-8 polymer pattern is 

designed and overlaid on the silicon waveguide so that the 3 μm x 3 μm cross-section 

area matches the area of input lens fiber. 

 

Figure 2.5: Schematic drawing and the designed parameters of the inverse taper coupler. 

To characterize the coupling loss per inverse taper coupler, waveguides with 

different silicon waveguide length are fabricated on the same SOI chip. S-bends with a 
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radius of curvature 100 μm were added on each waveguide in order to suppress the stray 

light collected by the output fiber. The silicon waveguide is patterned using electron 

beam lithography (EBL) and reactive ion etching (RIE). The overlaid SU-8 structure is 

patterned using MA-6 photo aligner. The SU-8 used here is MicroChem SU-8 2002 and 

the photolithography conditions such as spin-speed, pre-bake condition, exposure dosage, 

post-bake condition, and develop time are firstly optimized on a silicon wafer and then 

inspected before we started to the pattern on the silicon waveguide samples. The scanning 

electron microscope (SEM) images and the surface profile inspection results of the 

optimized SU-8 structure are showed in Figure 2.6. The optimized SU-8 pattern is 3.048 

μm in width and 3.06 μm in height with side wall angle larger than 85o which are very 

close to the designed parameters. 

 

Figure 2.6: Optimized photolithography results of the SU-8 pattern. 

After the SU-8 photolithography test, we started to pattern SU-8 layer on the 

silicon waveguide sample using the optimized condition. The alignment error for both X 

and Y direction are less than 0.5μm between the waveguide layer and the SU-8 layer 

which are shown in Figure 2.7.  
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Figure 2.7: Alignment results of the SU-8 layer and the silicon layer. 

After device fabrication, we firstly use a diamond scribe to score the chip at the 

edge of the chip, and then break the chip across the resulting fault. We then measure the 

length of the chip, so that we can calculate the length for the SU-8 waveguide by 

subtracting the length of inverse taper and silicon waveguide from the total length. 

Newport fiber alignment stage was used for the automated alignment of the input and 

output lensed fiber as shown in Figure 2.8. 

 

Figure 2.8: The measurement setup schematic for the inverse taper couplers. 

Total three waveguides were measured. The fiber to fiber loss was also measured 

so that we can obtain the insertion loss of each waveguide. After testing all the 

waveguides, we also tested the solely SU-8 waveguide on buried oxide. The 

measurement results are shown in Table 1. The SU-8 propagation loss was 1.045 dB/cm 

which was measured from 2 mm long SU-8 waveguide. By subtracting the loss of SU-8 
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waveguide and silicon waveguide, we can get the loss of the inverse taper couplers. The 

minimum loss per taper coupler can be as low as 0.62 dB, and the average loss per 

inverse taper was 0.941dB. 

Testing No. 
SU8 WG 

Length (μm) 

Si WG 

Length (μm) 

Total IL 

(dB) 

Loss/ Taper 

(dB) 

1 2560 9628 -6.645 -1.263 

2 3560 6628 -4.264 -0.62 

3 4560 5128 -4.41 -0.941 

Table 2.1: The end-fire coupling measurement results of the fabricated waveguides. 

2.3 1D SPCW-BASED EM WAVE SENSOR DEVICE FABRICATION 

The fabrication flow of the EM wave sensor is shown in Figure 2.9. The 

fabrication starts with an SOI chip with 220 nm device layer and 3 μm-thick buried oxide 

layer implanted with phosphorus of 1×1017 cm-3. The cross-shaped platinum alignment 

marks are patterned for electron-beam (e-beam) lithography alignment as illustrated in 

Figure 2.9(a). The sample is then implanted on designed opening regions with 

phosphorus to 1×1020 cm-3 and rapid thermal annealed at 1000°C for 10 seconds as shown 

in Figure 2.9(b). Next, the MZI structure, Y-junction splitter & combiner, and silicon 

taper for inverse taper couplers are patterned by Jeol 6000 FSE e-beam lithography 

system and etched by reactive ion etching (RIE) as shown in Figure 2.9(c). The silicon 

device layer in the antenna region is then etched away through photolithography and RIE 

so that the antenna can sit on the buried oxide layer to reduce the EM wave reflection as 

shown in Figure 2.9(d). The 3.8 μm thick antenna is electroplated using 5 nm/100 nm 
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chromium/gold seed layer with the MZI structure region protected to avoid the 

contamination in the slot and teeth region. After the seed layer removal with gold and 

chromium etchant as shown in Figure 2.9(e), the SU-8 inverse taper overlaid layer is 

patterned as shown in Figure 2.9(f). Finally, EO polymer is formulated, coated, and cured 

at 80°C in a vacuum oven for overnight. Scanning electron microscope (SEM) images of 

the sensor are shown in Figure 2.10, which indicate good fabrication accuracy and fine 

alignment between each fabrication steps. The EO polymer is poled to align the 

chromophores and initiate the EO effect before waveguide cleaving and the following 

testing. The poling process is conducted at the EO polymer glass transition temperature 

of 150°C, with an external electric field of 120 V/μm. The sensor is then cleaved at the 

inverse taper coupler region for light coupling. 
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Figure 2.9: Complete fabrication process: (a)1st implanted bare sample with Pt alignment 
marks, (b)2nd implantation and anneal, (c)waveguide patterning and etching, 
(d)antenna region etching, (e)gold seed layer deposition, electroplating, and 
seed layer removal, (f)SU-8 inverse taper overlaid patterning, (g) EO 
polymer coating and curing.  
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Figure 2.10: SEM images of fabricated device: (a)top view of MZI structure with antenna 
(colored with orange), (b)tilted cross-section view of the MZI with antenna 
(colored with orange), (c)top view of 1D SPCW region with 5 sets of step 
taper, (d) tilted cross-section view of 1D SPCW. 

2.4 DEVICE CHARACTERIZATION 

2.4.1 Transmission spectra measurement and group index calculation 

Transmission spectra of the fabricated devices are obtained using a broadband 

TE-polarized amplified spontaneous emission (ASE) source with 3 dB bandwidth of 

1530 nm to 1610 nm and optical spectrum analyzer (OSA). Two lensed fibers are used 

for light coupling and positioned on motorized 6-axis stage with precise position control 

by Newport XPS-Q8 motion controller. A testing 300 μm long 1D SPCW coated with 

EO polymer on the same chip is firstly tested for optical transmission spectrum. Figure 
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2.11 shows the normalized transmission spectrum of the EO polymer infiltrated 1D 

SPCW. A clear band gap at 1569 nm with more than 20 dB extinction ratio can be 

observed. The lowest optical loss had been measured is 4.39 dB at 1578.32 nm. 

 

Figure 2.11: Measured transmission spectrum of 300 μm long EO polymer infiltrated 1D 
SPCW. 

The transmission spectrum of the poled MZI structure without applying voltage 

on the electrodes was then measured as shown in Figure 2.12. Due to the group velocity 

difference between the two arms and the corresponding optical path difference, the 

interference pattern is observed and plotted in Figure 2.12. As the group velocity of the 

1D SPCW increases at the bandgap, the period of the interference pattern becomes 

smaller. The group index of each arm has the relationship: 
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𝑛𝑛𝑔𝑔,𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑛𝑛𝑔𝑔,𝑟𝑟𝑟𝑟𝑟𝑟 + 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚×𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
2×𝐿𝐿(𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚−𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚)

(2.1) 

where the ng,pcw is the group index of the arm with 1D SPCW, and ng,ref =3.9 is the group 

index of another arm of silicon strip waveguide with teeth. L=300 μm which is the 

physical length of the phase shifter. The λmax and λmin are the wavelength at local power 

maxima and minima on the spectrum. As shown in Figure 2.12, the group index of the 

1D SPCW can achieve 19.3 at 1545.75 nm. The optical bandwidth of the slow light 

region (ng>10) covers 5.13 nm, from 1545.75 nm to 1550.853 nm. The measured slow 

light wavelength region is blue-shifted 18 nm compared to simulation due to fabrication 

errors. 

Figure 2.12: continued next page.
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Figure 2.12: Measured transmission spectrum of EO polymer infiltrated MZI structure 
and the calculated group indices of the 1D SPCW as a function of 
wavelength. 

2.4.2 Antenna frequency response measurement 

The bowtie antenna is characterized using HP-8510C vector network analyzer 

(VNA) and GS high-speed probe for the S11 parameter to understand the frequency 

response of the bowtie antenna. As shown in Figure 2.13, the measured S11 parameter 

shows good accordance with simulation results which was performed using ANSYS 

HFSS with detailed setting reported in other papers [41, 49]. A dip at 14.086 GHz with 3 

dB RF bandwidth of 4.84 GHz. The electrical bandwidth of the sensor device is primarily 

determined by the bowtie antenna since other factors such as EO polymer frequency 

response, and RC delay of the doped silicon won’t limit the sensor bandwidth. Therefore, 

the bowtie antenna frequency response can be treated as the sensor frequency response.  
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Figure 2.13: Measured and simulated S11 parameter from in Ku band. 

2.4.3 EM wave sensing measurements  

The EM wave sensing experiment is then conducted, and the setup is shown in 

Figure 2.14. Same VNA is used as a microwave source. The microwave signal is 

amplified and then fed into a standard gain horn antenna. The horn antenna emits a 

wireless microwave signal at normal incidence with respect to the surface of the sensor. 

The distance of the horn antenna and the device is greater than 40 cm to ensure the far 

field radiation distance calculated by 2𝐷𝐷2/𝜆𝜆 , where D is the largest dimension of the 

horn antenna aperture and λ is the wavelength of the microwave signal. A polarized 

tunable laser source at a center wavelength of 1546nm is fed into the device using the 



 26 

same setup as the passive optical spectrum testing. The output light of the device is 

connected to New Focus 1014 high-speed photodiode (PD) and then connected to HP 

8563E microwave spectrum analyzer (MSA) to analyze the signal. As shown in Figure 

2.15, when 6.7 dBm 14.1 GHz signal inputs into the antenna, the MSA reads -82.8 dBm 

which indicates the optical signal is successfully modulated at the same frequency. The 

resolution bandwidth of the MSA is 100 kHz and the sweep time is 50 ms. 

 

Figure 2.14: (a) Schematic of EM wave sensing testing setup. Green path: optical signal; 
Red path: electrical signal, (b) horn antenna as transmitting antenna at far 
field distance with respect to the device, (c) the zoom-in image of the device 
and two coupling lensed fiber. 
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Figure 2.15: MSA reading at 14.1GHz from high-speed PD when the input signal of the 
horn antenna is 6.7dBm. 

A normalized factor is considered to exclude to frequency response caused by 

horn antenna and obtain the real response of the sensor. Normalized factors (NF) at Ku 

band are derived from the equation [50]: 

NF = 𝑃𝑃
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

= (1 − |Γ|2)𝐺𝐺     (2.1) 

where the NF is the power at the interested frequency divided by the power maxima 

within the frequency range. Γ is the reflection coefficient at the horn antenna port, and G 

is the antenna gain. The Γ values are obtained using measured S11 value with cable and 

antenna. G is simulated antenna gain in the normal incident direction. In order to 

determine the limit of detection of the EM wave sensor in terms of electromagnetic wave 

power density, the relationship between the power density at a certain distance away from 

the horn antenna and the input microwave power into horn antenna can be firstly derived 

[51]: 
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S = 𝐺𝐺×𝑃𝑃
4𝜋𝜋𝑅𝑅2

      (2.3) 

where S is the averaged power density (Poynting vector) in the unit of mW/m2, G=10 dB 

is the horn antenna realized gain with NF at the nominal direction, P is the microwave 

power input into the horn antenna, and R=42 cm is the distance between horn antenna 

phase center and sample. Limit of detection of the sensor can be measured by decreasing 

the input microwave power into the horn antenna when the MSA reading reaches the 

noise floor. As shown in Figure 2.16, the sensing signal from the reading of MSA versus 

the input microwave power into the horn antenna is plotted. When the input microwave 

power decrease to 4.31 mW/m2, the MSA reading is -87.43 dBm which is less than 1dB 

higher than the noise floor. Therefore, the limit of detection of the device at 14.1 GHz is 

4.31 mW/m2, which is corresponding to the minimum detectable electric field of 1.8 V/m 

using the equation [52]: 

|𝐸𝐸| = � 2𝑆𝑆
𝜀𝜀0𝜀𝜀𝑟𝑟𝑃𝑃

      (2.4) 

where ε0 is the vacuum dielectric constant, εr is the dielectric constant of air, c is the 

speed of light, and S is the averaged power density from the horn antenna. 
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Figure 2.16. Measured sensing signal reading from MSA versus different microwave 
input signal power. 

2.5 CONCLUSION 

We proposed and experimentally demonstrated a compact and sensitive on-chip 

EM wave photonic sensor operating at 14.1 GHz with 4.84 GHz RF bandwidth. The 

sensor is based on bowtie antenna coupled MZI structure with one arm of low-loss slow-

light enhanced EO polymer infiltrated 1D SPCW and the other arm of silicon strip 

waveguide with teeth. The silicon teeth design in both arms is for electrical connection 

purpose with careful implantation design so that voltage drop can occur in 150 nm slot 

region. The sensor device has advantages of compact size (4.6 mm × 4.8 mm), low 



 30 

optical loss (~ 10 dB), and high sensitivity; therefore, has potential to be adopted in 

various communication and sensing applications. The limit of detection at 14.1 GHz is 

4.31 mW/m2, which is corresponding to the minimum detectable electric field of 1.8 

V/m. 
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Chapter 3:  On-Chip Photonic Electromagnetic Wave Sensor 
Featuring Silicon-Polymer Hybrid Subwavelength Grating Waveguide 

and Bowtie Antenna 

A photonic electromagnetic (EM) wave sensor based on electro-optic (EO) 

polymer infiltrated silicon sub-wavelength grating (SWG) waveguide and bowtie antenna 

is designed and experimentally demonstrated. The EM wave sensor receives wireless 

microwave signals via the bowtie antenna and concentrates the electrical field between 

the extension bars of the bowtie antenna to modulate the light guided in the SWG 

waveguide-based Mach–Zehnder interferometer (MZI). Thus, microwave signals can be 

detected by measuring the intensity variation of light from the MZI output. The EO 

polymer infiltrated SWG does not require ion implantation and has low propagation loss. 

Furthermore, compared to nanoscale slotted silicon waveguides, the EO polymer poling 

efficiency on SWG structure can be greatly increased due to wider poling separations and 

thus the increased breakdown voltage. In order to achieve strong microwave field 

enhancement, the impedance of the bowtie antennas is tailored. The optimized bowtie 

antenna operates at 15 GHz and occupies only an area of 7.6 mm X 0.3 mm. Leveraging 

the SWG waveguide, high EO coefficient polymer, and large field enhancement from the 

bowtie antenna, an ultra-sensitive and compact EM wave photonic sensor operating at 15 

GHz has been demonstrated. Experimental results show the limit of detection at 15 GHz 

is 4.48 mW/m2, which is corresponding to a minimum detectable electric field of 1.83 

V/m. 

3.1 INTRODUCTION 

Conventional electrical microwave sensing requires high-speed metallic probes, 

which not only block the EM wave to be tested but also introduce EM noise. 

Furthermore, discrete high-speed electronic components such as antennas, regulators, 
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electrical cables, and amplifiers are needed in the completed electrical sensing circuit. 

Antenna-coupled photonic microwave EM wave sensors [6, 23, 53] has been a popular 

research topic since they eliminate the need of lossy and bulky electronic components 

and have numerous advantages such as high-frequency operation with low loss, high 

sensitivity, and compact in size as reported in the previous chapter. The antenna coupled 

photonic microwave sensors have great potential for communication [54] and sensing 

applications [55-57]. 

In Chapter 2, we have reported a highly sensitive photonic EM wave sensor 

featuring EO polymer infiltrated one-dimensional (1D) slotted photonic crystal 

waveguide (SPCW). By taking advantage of slow light enhanced EO effect on the low 

loss 1D SPCW, the limit of detection at 14.1 GHz can be pushed down to 4.31 mW/m2, 

which is corresponding to the minimum detectable electric field of 1.8 V/m. Although a 

highly sensitive photonic EM wave sensor is achieved, there is still some room for 

improvements. Firstly, for 1D SPCW with 150 nm wide EO polymer infiltrated slot, the 

degraded poling efficiency and yield of the EO polymer in nanoscale slots so as to 

decrease the in-device EO coefficient been observed and studied in other literature [58]. 

There are several possible causes for this degradation when compared with bulk EO 

polymer: 1. There are imperfections of nanoscale EO polymer infiltrated slot (i.e., voids 

and rough side-wall surfaces of the slot) which cause poling and sensing electric field 

inhomogeneous in the slot. 2. There are imperfections between the interface of 

electroplated electrodes and silicon after multiple lithography and ion implantation 

process. 3. EO coefficient and resistivity decrease and depends on the geometry under 

nanoscale. Secondly, the proposed structure reported in Chapter 2 requires a complicated 

doping design on silicon. The two-step ion implantation process causes not only damage 

to the surface due to ion bombardment but also decrease in fabrication yield because of 
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the difficulty for removing partially carbonized masking photoresist after high energy 

implantation. Finally, the electroplated antenna has a large surface roughness around 500 

nm which also cause the inhomogeneous electric field distribution between the antenna 

gap and therefore efficiency and yield reduction of poling and sensing. 

Subwavelength grating (SWG) waveguides and photonic devices have gained 

great research interests recently [59-61]. The silicon SWG waveguide consists of 

spatially periodic silicon pillars with a pitch much smaller than the operating wavelength. 

If EO polymer is spin-coated on such an SWG waveguide and forms an EO phase shifter, 

effective interaction region between guided light wave and EO polymer includes not only 

the top and sides of the waveguide where evanescent wave exists but more importantly 

the space between silicon pillars on the light propagation path. The confinement factor of 

a TE mode SWG waveguide, which is defined as power confined in the EO polymer 

layer divided by power in all layers of the waveguide structure, can be as large as 40 % 

[62] while 1D SPCW reported in the previous chapter only has confinement factor of 24 

%. Therefore, the in-device EO effect can be increased when adopting EO polymer 

infiltrated the SWG waveguide structure. 

In this chapter, we proposed an EO polymer infiltrated SWG waveguide-based 

EM wave sensor as shown in Figure 3.1. The sensor consists of a high electric field 

enhancement bowtie antenna an MZI structure with one arm of EO polymer infiltrated 

SWG waveguide and the other arm of a reference silicon strip waveguide. A continuous 

wave (CW) laser light is coupled in and out through the grating couplers [63]. The bowtie 

antenna collects the impinging microwave EM waves and concentrates the field into the 

feed gap of the bowtie antenna. The EO polymer infiltrated SWG phase shifter converts 

the electromagnetic wave into phase modulation and transforms into the intensity 

variation by the MZI. By measuring the optical power variation from the output end of 
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the MZI, an incident electromagnetic field from free space can be detected through this 

optical mean. The bowtie antenna is re-designed and has a thickness of 720 nm which 

thinner than the one reported in Chapter 2. Therefore, it can be done with e-beam 

evaporator and avoids imperfections caused by electroplating. By adopting this EO 

polymer infiltrated SWG waveguide-based EM wave sensor, several advantages can be 

obtained over EO polymer infiltrated 1D SPCW based EM wave sensor: Firstly, the 

poling and sensing electric fields are applied across 9.12 μm wide EO polymer infiltrated 

antenna gap instead of 150 nm wide slot. Therefore, there is no degradation of EO 

polymer and geometry dependent effect as mentioned above and poling efficiency, as 

well as poling yield, can be improved. Secondly, the optical confinement in the EO 

polymer layer of the EO polymer infiltrated SWG waveguide is improved from 1D 

SPCW. Finally, this structure doesn’t confine electric field via the electrical connection 

of silicon. Thus, it doesn’t require multiple steps of ion implantations and the fabrication 

yield can be improved. There is no slow light effect at the vicinity of 1550 nm using this 

EO polymer infiltrated SWG waveguide. However, the EO polymer infiltrated SWG 

waveguide has lower propagation loss than 1D SPCW which helps to maintain high 

sensitivity. 
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Figure 3.1: Schematic of the proposed EM wave sensor based on a bowtie antenna 
coupled MZI structure. MZI structure is composed of an EO polymer 
infiltrated SWG waveguide and a silicon strip waveguide. The wireless 
microwave signal is collected and concentrated in the antenna gap for EO 
modulation on the SWG arm. Grating couplers are adapted for efficient light 
coupling. 

3.2 DEVICE DESIGN 

3.2.1 EO polymer infiltrated SWG waveguide 

The SWG waveguide is designed with SEO125 (n=1.63 at 1550nm) EO polymer 

as a top cladding layer. This EO polymer shows a large bulk EO coefficient r33 of 135 

pm/V, low optical loss, and good temporal stability and therefore is chosen to fill the 

silicon SWG waveguide. The schematic diagram and geometrical parameters of the SWG 

waveguide are shown in Figure 3.2. The SWG is designed to build on SOI wafer with 

220 nm silicon device layer. The period (a) of the EO polymer infiltrated SWG is chosen 

to be 350 nm so that the SWG is operating at subwavelength regime [60]. Silicon pillar 
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length (s) and width (w) are optimized to be 220 nm and 540nm respectively using 3D 

PWE method and 3D FDTD method to achieve large confinement factor while 

considering an acceptable optical loss. 

 

Figure 3.2: Schematic of the EO polymer infiltrated SWG waveguide. It consists of 
spatially periodical silicon pillars with a subwavelength period. 

3.2.2 Thin bowtie antenna design with high field enhancement 

Due to the potential electroplating problems when fabricating a bowtie antenna 

with ~4 μm thick gold layer, a new bowie antenna with a thinner gold layer of 720 nm is 

designed for the SWG waveguide-based MZI. The thin bowtie antenna can be fabricated 

using e-beam evaporation instead of electroplating. The schematic of the designed bowtie 

antenna and is shown in Figure 3.3. The gap between the extension bars is 9.12 μm. This 

antenna is designed to operate at 14.1 GHz using ANSYS HFSS. The antenna stands on 

the buried oxide layer and has a thickness of 720 nm, the arm length of 3.802 mm, flare 

angle of 1 degree and extension bars of 2 μm × 300 μm. The thin gold layer and small 
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angle help to increase the field enhancement in the antenna gap as field enhancement is 

proportional to the square root of antenna impedance: 

𝐹𝐹.𝐸𝐸. = 𝐸𝐸𝑔𝑔𝑚𝑚𝑔𝑔
𝐸𝐸𝑚𝑚𝑚𝑚𝑔𝑔𝑖𝑖𝑖𝑖

= √𝑍𝑍
𝑤𝑤𝑔𝑔𝑚𝑚𝑔𝑔

�𝜆𝜆𝑅𝑅𝑅𝑅
2G

4𝜋𝜋𝑍𝑍0
∝ √𝑍𝑍    (3.1) 

Where 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔 is the electric field in the antenna gap, 𝐸𝐸𝑖𝑖𝑖𝑖𝑔𝑔𝑖𝑖𝑖𝑖 is the incoming electric 

field, 𝑍𝑍  is the antenna impedance, 𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔  is the antenna gap width, 𝜆𝜆𝑅𝑅𝑅𝑅  is the 

wavelength of the RF signal, G is the antenna gain, and 𝑍𝑍0 is the impedance of free 

space.  

 

Figure 3.3: Schematic of the thin gold bowtie antenna with extension bars standing on the 
buried oxide layer of the SOI wafer. 

3.3 SWG WAVEGUIDE-BASED EM WAVE SENSOR DEVICE FABRICATION 

The fabrication flow of the SWG waveguide sensor device is illustrated in Figure 

3.4. The fabrication starts with an SOI wafer with a 220 nm-thick top silicon and a 3 μm-

thick buried oxide layer, as shown in Figure 3.4(a). The MZI structure, Y-junction splitter 

& combiner, grating couplers are patterned by electron-beam (e-beam) lithography and 

etched by reactive ion etching (RIE). In Figure 3.4(b), the silicon device layer of the 

antenna region is then etched away through photolithography and RIE so that the antenna 

can stand on the buried oxide layer as designed. The 720 nm gold antenna with 5 nm 
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chromium adhesion layer is patterned using e-beam evaporator and photoresist lift-off 

mask as shown in Figure 3.4(c). Finally, EO polymer is formulated, coated, and cured at 

80°C in a vacuum oven for overnight. In Figure 3.5, the scanning electron microscope 

(SEM) images of the sensor show good fabrication accuracy and fine alignment between 

each fabrication steps. The EO polymer is poled at its glass transition temperature by 

applied external DC electric field of 90 V/μm on a 150°C hotplate to align the 

chromophores and initiate the EO effect. The sensor is then ready for the following 

optical and EM wave sensing testings.  

 

Figure 3.4: Fabrication steps of the SWG waveguide-based sensor device: (a) optical 
waveguides and grating couplers patterning and etching, (b) antenna region 
etching, (c) gold thin bowtie antenna patterning. 
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Figure 3.5: SEM images of the fabricated device: (a) grating couplers, (b) bowtie antenna 
and MZI structure in the antenna gap. One arm is a silicon SWG waveguide 
and another is a silicon strip waveguide, (c) SWG waveguide and taper region 
connecting to strip waveguide, (d) SWG waveguide. 

3.4 DEVICE CHARACTERIZATION  

The transmission spectrum of the device is obtained using a broadband TE-

polarized amplified spontaneous emission (ASE) source with 3 dB bandwidth of 1530 nm 

to 1610 nm and optical spectrum analyzer (OSA). Polarization maintaining fiber is used 

for the input end and single mode fiber is used the output end. Fiber angle for lowest 

coupling loss occurs at 14 degrees. As shown in Figure 3.6, a minimum optical loss for 

300 μm long EO polymer infiltrated SWG sensor device is 0.44 dB. The device has 

greater than 35 dB on-off ratio in the spectrum which indicates the SWG waveguide has a 
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comparable optical loss with respect to silicon strip waveguide and therefore strong 

interference pattern is formed. 

 

Figure 3.6: Measured transmission spectrum of the SWG waveguide-based EM wave 
sensor device. 

For EM wave sensing test, the device is characterized using the experimental 

setup shown in Figure 3.7(a). A polarized tunable laser operating at a center wavelength 

of 1550.5nm as a light source is fed into the device using the same setup as the passive 

optical spectrum testing. The microwave signal with a single frequency from a vector 

network analyzer (VNA) is firstly amplified and then fed into a standard gain horn 

antenna. The horn antenna emits a wireless microwave signal at normal incidence with 

respect to the surface of the sensor. The 70-cm separation between the horn antenna and 
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the device is in the far-field region of the horn antenna which is calculated by 2𝐷𝐷2/𝜆𝜆 , 

where D is the largest dimension of the horn antenna aperture and λ is the wavelength of 

the microwave signal. Testing electric field is fixed at 8 V/m from 15-20 GHz. The 

modulated light coupled out of the chip is analyzed with an OSA for sidebands. 

As shown in Figure 3.7(b) and 3.7(c), the optical carrier with sidebands at the 

different microwave frequencies are visible which indicates the output light from the 

device is successfully modulated. The side-band is ~ -45dB lower than the main peak. 

 

Figure 3.7: (a) Optical sideband testing setups for microwave detection, (b)(c) measured 
optical response of the device with sidebands at modulating frequencies 
from 15-20 GHz.  

The limit of detection of EM wave sensing is tested with the setups shown in 

Figure 3.8(a). Same microwave source, horn antenna, and optical testing setups are used 

here. Instead of connecting the output of the device to OSA, the output light of the device 

is connected to New Focus 1014 high-speed photodiode (PD) and then connected to HP 
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8563E microwave spectrum analyzer (MSA) to analyze the signal. To determine the limit 

of detection of the EM wave sensor in terms of electromagnetic wave power density, the 

same equation in Chapter 2 is again used here. The relationship between the power 

density at a certain distance away from the horn antenna and the input microwave power 

into horn antenna can be derived: 

S = 𝐺𝐺×𝑃𝑃
4𝜋𝜋𝑅𝑅2

      (3.2) 

where S is the averaged power density (Poynting vector) in the unit of mW/m2, G=17.5-

20 dB at 14-17 GHz is the horn antenna realized gain, R is the 70 cm separation between 

horn antenna and the device, and P is the microwave power input into the horn antenna. 

Limit of detection of the sensor can be measured by decreasing the input microwave 

power into the horn antenna when the MSA reading reaches the noise floor. As shown in 

Figure 3.8(b), the limit of detection of the device at different frequencies are plotted. As 

the result shows, the lowest limit of detection occurs at 15 GHz and is 4.48 mW/m2, 

which is corresponding to the minimum detectable electric field of 1.83 V/m using the 

same equation in Chapter 2: 

|𝐸𝐸| = � 2𝑆𝑆
𝜀𝜀0𝜀𝜀𝑟𝑟𝑃𝑃

      (3.3) 

where ε0 is the vacuum dielectric constant, εr is the dielectric constant of air, c is the 

speed of light, and S is the averaged power density from the horn antenna. 
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Figure 3.8: (a) Limit of detection testing setups for EM wave sensing, (b) measured limit 
of detection of the SWG sensor device at 14-17 GHz. 

3.5 CONCLUSION 

In summary, we experimentally demonstrate a photonic EM wave sensor based on 

EO polymer infiltrated silicon SWG waveguide and bowtie antenna. The proposed 

structure detects wireless microwave signal by measuring the modulated optical signal 

from the antenna-coupled MZI featuring SWG. The EO polymer infiltrated SWG has low 

optical loss, excellent optical confinement in the EO polymer layer, and great poling 

efficiency. The bowtie antenna operates at 15 GHz occupy only an area of 7.6mmX 

0.3mm. Limit of detection at 15 GHz can be achieved as low as 4.48 mW/m2, which is 

corresponding to a minimum detectable electric field of 1.83 V/m. 
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Chapter 4:  Fishbone-Structured One-Dimensional Photonic Crystal 
Waveguide Integrated Photonic Chip for Ultra-Compact Optical True-

Time Delays  

An ultra-compact on-chip optical true-time-delay line features the slow light 

effect enabled by fishbone-structured (FS) one-dimensional (1D) photonic crystal 

waveguide (PCW) is demonstrated. The structural slow light is generated by modulating 

the index guided optical mode with periodic sidewalls along the propagation direction. 

Due to the reduced mode volume overlap with the high roughness etched surface, the 

propagation loss of the FS 1D PCW is significantly reduced compared to 2D PCW. A 

delay time of 65 ps/mm which corresponds to the group index of 19.47 is observed 

experimentally.2  

4.1 INTRODUCTION 

Microwave signal processing and transmission demand large bandwidth time 

delays, but electrical phase shifters intrinsically have a narrow bandwidth, which 

significantly deteriorates the performance of microwave systems. For example, phased 

array antenna (PAA) has advantages of high directivity and fast steering [64], making it 

an intriguing technology for high-performance communication and radar systems for both 

civilian [65] and military applications [66]. The array is composed of multiple sets of 

antenna units with their own phase shifters. The signal from the transmitter is fed into 

each phase shifter. By tuning the phase shift and therefore the interference relationship 

between each antenna unit, beams of the radio frequency (RF) wave at desired frequency 

range are formed to point into the desired direction. Due to the narrow bandwidth of 

2 Portions of this chapter have been published in C.-J. Chung, X. Xu, G. Wang, Z. Pan, and R. 
T. Chen, "On-chip optical true time delay lines featuring one-dimensional fishbone photonic crystal 
waveguide," Applied Physics Letters, vol. 112, p. 071104, 2018. 

C.-J. Chung designed and fabricated the device, performed the experiments, analyzed the 
data, and wrote the manuscript. 
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electrical phase shifters and thus induced beam squint effect, the bandwidth of the PAA 

system is extremely narrow.  

Optical true time delay line (OTTDL) is a promising alternative as its bandwidth 

is intrinsically large. Numerous OTTDL designs have been studied so far, including bulk 

optics [67], dispersive fiber [68], and acoustic-optic integrated circuit [69]. These 

photonic solutions consist of discrete or low dispersion optical components and therefore 

are bulky in size to provide satisfied steering range and/or have stringent alignment 

condition. Recently, various on-chip OTTDL structures have been demonstrated to 

realize ultra-compact and robust TTD lines such as photonic crystal waveguides (PCW) 

[70], polymer waveguides [71], and graphene-based waveguide [72]. Among these 

structures, due to the strong optical confinement [37], enhanced the slow-light effect and 

high dispersion [2], silicon PCW TTD lines can contribute to the reduction in footprint 

and power consumption when operating in the high group index region. Besides, the cost 

of silicon PCW photonic chips can be greatly reduced by utilizing matured CMOS 

fabrication facilities. Slow light enhanced silicon fishbone-structured (FS) one-

dimensional (1D) PCW has been reported with lower optical propagation loss due to less 

etched surface area overlapped with optical mode compared to two-dimensional (2D) 

PCW while keeping similar slow light effect [38]. Furthermore, FS 1D PCW is less 

susceptible to fabrication variations comparing with 2D PCW [38], making it a good 

candidate for on-chip OTTDL. In this chapter, we experimentally demonstrated an on-

chip wavelength tunable OTTDL featuring FS 1D PCWs, which can be used in 

microwave applications such as multi-frequency PAAs. The proposed TTD module based 

on FS 1D PCW provides compact footprint, low loss, high dispersion, and slow light 

enhancement and has potential as a high-performance on-chip wavelength tunable optical 

TTD. 
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4.2 FS 1D PCW DEVICE DESIGN 

Figure 4.1(a) illustrates the schematic of the FS 1D PCW. The structural slow 

light is generated by periodically modulated sidewalls along the propagation direction, 

and the light is confined in the vertical directions through index guiding. Since laterally 

odd modes are difficult to excite with a monomode strip waveguide, we will focus on 

laterally even modes, which are also referred as quasi-transverse electrical (quasi-TE) 

modes. The band diagram of even modes in the FS 1D PCW is shown in Figure 4.1(b). 

The light cone regions represent modes that extend into the top or bottom claddings. 

Incomplete band gaps exist between band 1 and 2, as well as band 2 and 3, as illustrated 

by the green regions in Figure 4.1(b). The mode profiles (|Ez|2) of the modes are shown 

in Figure 4.1(c~h). The corresponding group index is plotted in Figure 4.1(i). Eminent 

slow light phenomena are observed close to the edge of the Brillouin zone. In band 0, as 

a/λ<<1, the periodic corrugation can be considered as a uniform material according to 

effective medium theory except for the region near the band edge, where a/λ ~ 0.216. The 

slow light bandwidth is very narrow and thus not suitable for TTDs due to the power 

penalty induced by large group velocity dispersion (GVD). Band 1 and 2 have larger 

slow light bandwidth due to the anti-crossing effect. Slow light occurs not only near the 

band edge but also near the anti-crossing point. However, there are two modes exist, as 

shown in Figure 4.1(i), making it difficult to selectively couple into one of the modes. 

Thus, we concentrate on band 2. 
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Figure 4.1: (a) Schematic of the proposed FS 1D PCW structure, (b) band diagram of the 
FS 1D PCW. (c-h) Ez distributions of the modes in band 0-3. (i) group 
indices of the bands.  

The PCW structure is optimized with 3D plane wave expansion method targeting at 

generating large time delay with a compact footprint. As shown in Figure 4.2, the period 

(a), tooth width (Wb), tooth length (La), and center strip width (Wa) are optimized to be 

400 nm, 188 nm, 1000 nm, and 400nm respectively, and the structure is designed to be 

built on silicon-on-insulator (SOI) wafer with 220 nm thick device silicon layer and 3 μm 
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thick buried oxide (BOX) layer. This proposed structure also benefits from lateral index 

guiding instead of bandgap guiding in 2D PCW. Therefore, the waveguide width is only 

2.4 μm which is > 70% size reduction of the one in 2D PCW. The simulation results 

prove the slow light effect with a minimum group index of 6.3 and strong GVD which is 

around -1.5×107 ps/(nm•km) as shown in Figure 4.2(a). 50 ps delay time can be easily 

achieved with 1 mm FS 1D PCW through tuning the wavelength between 1530 nm to 

1565 nm where group index is greater than 15. In order to reduce the strong reflection at 

the interface between a strip waveguide and FS 1D PCW, step tapers comprising four 

periods are designed between FS 1D PCW and silicon strip waveguide so that the 

coupling efficiency is greatly increased up to 71.96% as shown in Figure 4.2(b). 

 

Figure 4.2: (a) Group index and dispersion of band 2 when a=400 nm, Wb=188 nm, La 
=1000 nm, and Wa=400 nm. Black: Group index. Red: Dispersion, (b) 
simulated transmission curve Black: without step taper. Red: with step taper.  
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4.3 DEVICE FABRICATION AND CHARACTERIZATION 

4.3.1 FS 1D PCW fabrication and characterization 

The device fabrication started with SOI wafer with a 250 nm silicon device layer 

(SOITEC). The silicon device layer was thinned down to 230 nm through multiple cycles 

of thermal oxidation and wet etching. Silicon dioxide hard mask was formed by further 

oxidizing 10nm silicon, leaving 220 nm silicon device layer. The waveguides were 

patterned with Jeol 6000 FSE e-beam lithography and reactive ion etching (RIE). The 

scanning electron microscope (SEM) images of the fabricated FS 1D PCW is shown in 

Figure 4.3(a). Subwavelength grating couplers are utilized to couple light in and out of 

the on-chip circuit, the SEM image of which is shown in Figure 4.3(b) [46, 63].  
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Figure 4.3: (a) SEM image of FS 1D PCW with step taper, (b) subwavelength grating 
coupler. 

The transmission spectrum of testing 500 μm long FS 1D PCW with tapers is 

shown in Figure 4.4(a). It was obtained using a TE polarized broadband amplified 

spontaneous emission (ASE) source covering 1530–1610 nm and an optical spectrum 
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analyzer (OSA). The transmission spectrum shows the lowest loss of 3.729 dB at 1565.14 

nm. Group index of the FS 1D PCW was derived using the interference pattern on the 

spectrum of an unbalanced testing Mach-Zehnder interferometer (MZI) fabricated on the 

same chip with one arm of 500 μm long FS 1D PCW and the other arm of 500 um long 

and 500 nm wide silicon single mode strip waveguide as the same method reported 

previously [73]. As shown in Figure 4.4(b), the highest group index observed is 31.6, and 

the lowest is 6.55. Although there is a ~25 nm red shift of the transmission spectrum and 

slow light wavelength region compared to simulation results due to the fabrication error, 

the trend closely matches the simulation. 

Figure 4.4: continued next page.
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Figure 4.4: (a) Transmission spectrum testing 500 μm long FS 1D PCW, (b) measured 
MZI transmission spectrum and derived group index of a 500 μm long FS 
1D PCW. 

4.3.2 Delay lines propagation loss and delay measurement 

To measure the propagation loss and time delay of the proposed FS 1D PCW, 

four TTD lines are fabricated. As shown in Figure 4.5(a), the device is with grating 

couplers for efficient coupling and using two cascaded 1X2 Y-junction splitters to fan out 

into four waveguides with different FS 1D PCW length. From top to bottom, the 

waveguides channel-1 to channel-4 contain 3 mm, 2 mm, 1 mm, and 0 mm silicon single 

mode strip waveguide and 0 mm, 1 mm, 2 mm, 3 mm FS 1D PCW respectively. The 

transmission spectra of channel-2, 3, and 4 are measured and normalized to channel-1 

(strip waveguide), and the propagation loss of the FS 1D PCWs is measured using cut-

back method with the same four-channel TTD module. The photonic band edge shifts 

from the testing waveguides of 1591.6 nm to 1579.55nm, due to the fabrication error and 

wafer thickness variations. By comparing the transmission spectra of the four channels 

with different FS 1D PCW length and fitting the length dependence, the propagation loss 

of FS 1D PCW versus wavelength plot can be achieved as shown in Figure 4.5(b). The 

lowest propagation loss is 0.79 dB/mm at 1563.87 nm, and the propagation loss at the 

edge of bandgap at 1579 nm is 2.84 dB/mm. 
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Figure 4.5: (a) Optical microscope images of the four-channel device, (b) FS 1D PCW 
loss spectrum derived from the cut-back method from waveguides with 
different FS 1D PCW length. Inset is the measured transmission versus 
propagation length plot. 

For time delay measurements, the channel-1(with 3 mm silicon strip waveguide) 

was chosen as a reference waveguide which is first normalized to have a zero-time delay. 

And time delay was generated for the channel-2 to channel-1to 4 with respect to that 

reference waveguide under a certain wavelength. After the measurement, the delay of the 

3 mm strip waveguide was calculated and added to the bottom three waveguide 

respectively to understand the real-time delay of each waveguide. 

The delay time measurement schematic is shown in Figure 4.6(a). A 10 dBm 10-

12 GHz RF signal was provided from the port 1 of the HP 8510C vector network 

analyzer (VNA) and was fed into CODEON Mach-40 lithium niobate electro-optic (EO) 

modulator. A tunable laser provides continuous wave light as a modulated signal carrier. 

The modulated light was then coupled into the four-channel module using same grating 
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coupler setup for measuring the transmission spectrum. JDS Uniphase L-band erbium-

doped fiber amplifier (EDFA) was added to increase the signal to noise ratio before the 

New Focus 1014 high-speed photodiode (PD). The optical signal was converted back to 

RF electrical signal, amplified, and then fed back to VNA port 2. The delay time of the 

TTD module was determined from the phase of S21 parameters versus frequency data 

using VNA. The time delay of the top 3 mm silicon strip waveguide was firstly 

subtracted from the 1 mm, 2 mm, and 3 mm long FS 1D PCW and later added back so 

that the actual time delay of the bottom three waveguides can be obtained. 

Due to the coverage of the L-band EDFA, the four channel TTD module was 

tested from 1567 nm to 1579 nm with 3 nm step because 1567 nm is the shortest 

wavelength that L-band EDFA can cover. The phase-frequency curves are shown in 

Figure 4.6(b-d). The time delay (τ) caused by slow light PCW is derived from a linear 

regression fit of the data points using the equation: 

 τ = ∆ϕ
Δ𝜔𝜔

      (4.1) 

where ∆ϕ is the phase change over the measured frequency range ∆ω. It is a confirmation 

of true time delay without beam squint effect when we swing the RF frequencies. Since 

the group index increases with wavelength, the time delay rises. The slope of the phase 

curves is negatively increasing with wavelength. High linearity of phase-frequency 

relation can be seen in the three channels which shows the beam-squint free property of 

OTTDL. 
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Figure 4.6: (a) Wavelength continuously tunable time delay measurement setup for FS 
1D PCW TTD lines. TLS: Tunable laser source; GC: Grating couplers, and 
Phase-frequency curves for (b) channel-2 (1 mm FS 1D PCW with 2 mm 
silicon strip waveguide) (c) channel-3 (2 mm FS 1D PCW with 1 mm 
silicon strip waveguide) (d) channel-4 (3 mm FS 1D PCW). From top to 
bottom, each color line represents the measurements at λ=1567 nm (black), 
1570 nm (red), 1573 nm (green), 1576 nm (blue), and 1579 nm (magenta) 
respectively. 

From Figure 4.6(b-d), the largest delay occurs at 1579nm. Due to the waveguide 

defects, the Channel-2 (2 mm FS 1D PCW with 1mm strip waveguide) has a higher loss 

at 1579 nm the time delay result was not perfectly linear. The time delay for Channel-2 

(2mm silicon strip waveguide with 1mm FS 1D PCW), Channel-3(1mm silicon strip 

waveguide with 2mm FS 1D PCW), and Channel-4(3mm FS 1D PCW) are 94.43 ps, 
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115.63 ps, 194.9 ps. The maximum time delay we measured for 3 mm FS 1D PCW is 

194.9 ps which correspond to the group index of 19.47. 

4.4 CONCLUSION 

In conclusion, we have proposed, fabricated, and demonstrated an on-chip four-

channel optical TTD module based on FS 1D PCWs. The FS 1D PCW shows low loss, 

strong slow light effect, and high dispersion and therefore is ideal for ultra-compact and 

low power consumption applications. The on-chip TTD module offers continuous 

tunability to up to 194.9 ps and the lowest optical propagation loss of 0.79 dB/mm. 

Further delay can be achieved by increasing the length of FS 1D PCW region.  
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Chapter 5:  Indium Phosphide-Based Polarization Rotator-Splitter 
and Fully Suspended Holey Photonic Crystal Waveguide for Mid-

Infrared Photonic Trace Gas Sensing  

In this chapter, the optical losses of waveguides are characterized, and a single-

step etched polarization rotator-splitter (PRS) is experimentally demonstrated in low 

index contrast indium gallium arsenide (InGaAs)-indium phosphide (InP) material 

system operating at λ=6.15 μm. The propagation loss of InGaAs-InP waveguide is 4.19 

dB/cm for TM mode and 3.25 dB/cm for TE mode. The PRS has a length of 3.04mm and 

can convert TM input into TE output with 31.2% conversion efficiency. Moreover, a 

slow light enhanced fully suspended holey photonic crystal waveguide (PCW) is 

preliminarily demonstrated for ammonia sensing. This study enables the possibility of 

monolithic integration of quantum cascade lasers (QCL) and quantum cascade detectors 

(QCD) with slow light enhanced PCW gas sensors. 

5.1 INTRODUCTION 

Mid-infrared (Mid-IR) absorption spectroscopy based on integrated photonic 

circuits have shown great promise on trace-gas sensing [18]. It eliminates the needs of 

bulky gas cells and free-space optical components; therefore, has substantial advantages 

such as lightweight, alignment-free, and high sensitivity sensing over conventional off-

chip methods [15, 19]. In addition, slow light enhanced PCW has been demonstrated for 

increasing effective light-matter interaction length, and therefore higher detection 

sensitivity for the targeted gas analyte can be realized [74, 75]. The experimental 

detection of the chemical warfare simulant triethylphosphate (TEP) has been previously 

reported down to 10 parts per million (ppm) at λ=3.4 μm in a silicon-on-sapphire (SoS) 

platform using slow light enhanced integrated absorption spectroscopy [75]. For 
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greenhouse gas carbon monoxide (CO), the detection of 3 ppm at λ=4.55 μm with 

feasibility to detect down to sub-100 parts per billion (ppb) by nominal device 

modifications also in a SoS platform is demonstrated [76]. While the absorbance of CO 

peaks around λ=4.55 μm where SoS still can be used as a low-loss waveguiding platform 

(~2dB/cm) [77], SoS is not suitable for sensing TEP at the absorbance maxima of λ=9.5 

μm due to high intrinsic material loss. 

InP as a photonic integration platform has significant potential integrating various 

passive photonic components such as waveguides [78], switches [79], and modulators 

[80], with active components such as lasers [81], detectors [82], and electronics [83]. 

Furthermore, InP based quantum cascade lasers (QCLs) provide narrowband tunable 

continuous-wave room-temperature emission dramatically affected the field of trace-gas 

sensing in the entire mid-IR spectral range from 3-11 μm. Therefore, the choice of InP 

enables the possibility of a monolithically integrated trace gas sensing system which is 

robust to vibrations and physical stress. 

Due to the smaller refractive contrast in the vertical direction of a typical photonic 

waveguide with an upper air cladding and a lower dielectric cladding, the transverse 

magnetic (TM) polarized guided mode, with lower effective index, has higher bending 

loss than the transverse electric (TE) polarized guided mode. Therefore, a TM waveguide 

requires larger bending radius of curvature than a TE waveguide. It becomes cost 

inefficient for adopting TM bends especially for III-V integrated circuits where the wafer 

cost scales with epitaxial growth thickness. Moreover, some photonic components such 

as slow enhanced PCW with air holes in a dielectric slab material in the most common 

configuration can only support TE modes while QCLs only emit TM polarized light. In 

consequence, a polarization rotator-splitter (PRS) is needed so that the polarization state 
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of the TM polarized optical mode from QCLs can be partially converted for connecting 

with TE photonic components. 

In the following sections, we first characterize the optical losses in fabricated 

waveguides and bends in low-index contrast InGaAs-InP platform using cut-back 

method, and then we experimentally demonstrate a single-step etched PRS with the same 

material platform. The waveguides and PRS design are targeting at the ammonia 

absorbance peak when λ=6.15 μm. 

5.2 OPTICAL LOSSES IN INGAAS-INP WAVEGUIDES 

To characterize the loss of waveguides and bends, a set of 16 propagating 

waveguides is defined with varying lengths from 25.47 mm to 40.47 mm with 1 mm step 

were defined. The waveguide width is 12 μm, and waveguides are built on an InP 

(n=3.07) substrate with a 1.15μm thick core layer of the InGaAs (n=3.36), and a thin 0.55 

μm upper cladding of InP. The fabrication of the waveguides is done with 

photolithography, and InP inductively coupled plasma (ICP) etching with plasma-

enhanced chemical vapor deposition (PECVD) silicon oxide as etching hard mask. The 

waveguide layout is illustrated schematically in the inset of Figure 5.1(a), and scanning 

electron microscope (SEM) images of the fabricated waveguide are shown in Figure 

5.1(b). After fabrication, the waveguides are then cleaved at the two edges and 

characterizing with end-fire coupling setup as shown in Figure 5.4. A half wave plate is 

inserted in the testing setup for switching the desired testing polarization of the input 

light. 
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Figure 5.1: (a) The layout of the propagation loss testing waveguides with bending radii 
of R, (b) tilted SEM image of the fabricated InGaAs-InP waveguide. 

By comparing the output transmission output of the waveguides with different 

lengths and fitting the length dependence, Figure 5.2(a) and Figure 5.2(b) show the loss 

versus propagation length difference plot for TM and TE polarized light respectively. It 

can be specially noted that the last three data points colored in red have a significantly 

higher loss than the rest of the waveguides. Those three data points correspond to the 

bottom three waveguides which have sharp bends with a radius of 1400, 1200, and 1000 

μm (from top to bottom) in Figure 5.1(a) and therefore result in extra bending losses. If a 

linear fitting for propagation loss excluding those three data points. The propagation loss 

of the waveguide is 4.19 dB/cm for TM mode and 3.25 dB/cm for TE mode propagation 

as shown in Figure 5.2(c-d). In addition, the bending loss for curvature with radii of 1000 

μm per bend is 8.26 dB for TM and 1.5 dB for TE mode propagation. Therefore, 

waveguide propagating in TM mode will have higher loss than TE mode in terms of 

propagation loss and bending loss. 
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Figure 5.2: Loss versus propagation length difference plot for (a) TM polarized input, and 
(b) TE polarized input. Loss data exclude waveguides with sharp bends and 
the linear fitting (shown in red) for TM polarized input, and (b) TE 
polarized input. 

5.3 SINGLE-STEP ETCHED INGAAS-INP PRS DESIGN 

A single-step etched PRS working at 6.15 μm in InGaAs-InP platform is 

illustrated in Figure 5.3(a). The PRS operates around the waveguide width where an 

effective index (Neff) cross point of TM00 and TE10 occurs as shown in Figure 5.3(b-c). 

By gradually increasing the waveguide width, the input TM00 mode will convert into 
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TE10 mode. Once converted into TE10, the light is split by a Y-junction splitter into two 

single mode TE00 waveguides at 180 degrees phase difference. Before connecting with a 

2x2 multi-mode interferometer (MMI), an additional 90 degrees phase difference is 

introduced so that two arms have a total phase difference of -90 degrees at the MMI input 

ends. As a result, the majority of TE00 will output from arm 1 as the finite difference time 

domain (FDTD) simulation results show in the in Figure 5.3(d-g). The conversion taper 

region has three regions and is optimized using eigenmode expansion solver: firstly, the 

waveguide width changes from 9.8 μm to 10.7 μm over 1 mm, and then to 11.3 μm over 

1.2 mm, and finally to 11.75 μm over 0.1 mm. The MMI size is 435 μm in length and 

22.7 μm in width. The phase shifter is generated with waveguides of Bezier curves that 

give the required 90 degrees phase difference between the two arms. 37 % conversion 

efficiency from TM00 to TE00 can be expected over the total PRS length of 3.04 mm 

according to simulation results. The smallest waveguide feature size is 4.37 μm which 

can easily be done with typical photolithography equipment. 
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Figure 5.3: (a) Schematic diagram of the single-step etched PRS working at 6.15 μm in 
InGaAs-InP platform, (b) cross-section schematic and the epitaxy layer 
structures of the PRS, (c) the effective index versus InGaAs-InP waveguide 
width plot, (d)(e) modal distribution of converted TE10, and (f)(g) modal 
distribution of unconverted TM00. 
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5.4 INGAAS-INP PRS FABRICATION AND CHARACTERIZATION 

The fabrication of the PRS is also done with photolithography and InP ICP 

etching. The PRS is cleaved and characterizing with end-fire coupling setup as shown in 

Figure 5.4. The laser light from 6.15 μm QCL is free-space coupled into the PRS through 

lens set. A wire grid polarizer (WGP) and an optical chopper are placed between the lens. 

After routing from PRS chip, light is coupled into a mercury cadmium telluride (MCT) 

detector via a chalcogenide single mode fiber with a core size of 12 μm. A lock-in 

amplifier which is synchronized with the optical chopper and connected with the MCT 

detector for the output optical power reading. The fiber and the PRS chip are placed on 

motorized 6-axis stages separately to achieve best coupling condition. By measuring the 

output power from the two arms of the PRS respectively and calculating the converted 

TE00 power percentage, the polarization conversion efficiency can be known. 
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Figure 5.4: (a) Schematic plot for testing setup, (b) real testing setup, and (c)(d) the 
images indicates the relative position between fiber and the testing photonic 
chip from side view and top view cameras respectively 
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In Figure 5.5, it shows the stitched optical microscope image of the fabricated 

PRS device and the measured results. Four devices with identical geometrical parameters 

are fabricated and tested. The four PRSs demonstrate an averaged conversion efficiency 

of 31.2% at the upper arms and the averages loss for the PRS is 4.8 dB. 

 

Figure 5.5: (a) Optical microscope images of the fabricated PRS and (b) transmission of 
the two output arms for four devices with identical parameters. 

5.5 FULLY SUSPENDED HOLEY PCW IN INGAAS-INP SYSTEM FOR AMMONIA GAS 
SENSING 

In this section, we demonstrate an absorptive ammonia sensing device based on 

InGaAs-InP slow light enhanced fully suspended holey PCW operating at λ=6.15 μm. 
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The slow light enhanced on-chip absorption spectroscopy principle is based on Beer-

Lambert absorption method. According to the Beer-Lambert law [84], transmitted 

intensity I is given by  

𝐼𝐼 = 𝐼𝐼0exp (−𝛾𝛾𝛾𝛾𝐿𝐿)      (5.1) 

where I0 is the incident intensity, 𝛾𝛾 is the absorption coefficient of the medium, L is the 

interaction length, and 𝛾𝛾  is the medium-specific absorption factor determined by 

dispersion enhanced light-matter interaction. In conventional systems, L must be large to 

achieve a desirable sensitivity from the measured I/I0. For integrated lab-on-chip systems, 

L must be small, hence 𝛾𝛾 must be large. Using perturbation theory, 𝛾𝛾 can be expressed:      
 𝛾𝛾 = 𝑓𝑓 × 𝑐𝑐/𝑖𝑖

𝑣𝑣𝑔𝑔
       (5.2)  

where c is the velocity of light in free space, vg is the group velocity in the medium of 

effective index n, and f is the filling factor denoting the relative fraction of the optical 

field residing in the analyte medium. Equation 5.2 shows that slow light propagation 

(small vg) significantly enhances absorption. Furthermore, greater the electric field 

overlap (large 𝑓𝑓) with the analyte, greater the effective absorption by the medium. By 

combining both effects exist in a holey PCW, a high sensitivity photonic gas sensing 

device in a compact footprint can be expected [75]. In addition, the fully suspended 

waveguide design has high refractive index contrast between waveguide core and 

cladding which makes the guided wave more confined and results in more modal overlap 

with the gas analyte. 

The suspended membrane holey PCW is designed with three-dimensional (3D) 

plane wave expansion (PWE) method. The holey PCW is designed to be built in the 

1.15μm thick InGaAs core targeting large group index around 6.15 μm operating 

wavelength, the layers above are removed. In addition, the underneath InP handle layer is 

etched to create a fully suspended membrane holey PCW. The design schematic is shown 
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in Figure 5.6(a) with radius r=0.315a and small hole radius rh= 0.5r. Figure 5.6(b) shows 

simulated dispersion characteristics of the propagating holey PCW mode in suspended 

InGaAs membrane.  

 

Figure 5.6: (a) Schematic diagram of InGaAs fully suspended holey PCW, (b) simulated 
photonic band diagram of InGaAs fully suspended holey PCW by 3D PWE. 
Different devices are made with various lattice constants “a” to probe the 
guided mode (shown in red) using a single wavelength external source at 
λ=6.15 μm for optical characterization, and (c) measured optical 
transmission versus different lattice constant.  

Since devices are characterized using a single wavelength external source at λ=6.15 

µm, similar as our previously reported measurements [75], several 1mm long devices are 

made with increasing lattice constants to probe the guided mode dispersion diagram from 

the forbidden band edge to above the air light line. Optical transmission measurements in 

Figure 5.6(c) show the variation in transmitted power as a function of lattice constant 

using same testing setup shown in Figure 5.4(a) and (b) with an additional half-wave 

plate to rotate the TM polarized light from QCL to TE. Group index of the guided mode 

reaches a maximum at the band edge and reduces with increasing lattice constant farther 

from the band edge. Near the light line, the transmitted power drops due to increasing 

radiation loss. The loss of 1 mm long the fully suspended membrane InGaAs holey PCW 
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device with lattice constant a=1600nm which is used for real ammonia sensing testing is 

2.32 dB/mm.  

The fabrication process flow of the fully suspended membrane InGaAs holey 

PCW device is shown in Figure 5.7(a) to (d). The holey PCWs are patterned with e-beam 

lithography and InGaAs-InP ICP etching with 250 nm silicon dioxide etching hard mask 

grown by PECVD. After residual silicon dioxide is removed, the devices are treated with 

hydrogen chloride (HCl): deionized (DI) water=3:1 dip which results in a free-standing 

membrane. Figure 5.8(a) to (d) show SEM images of the fabricated holey PCW 

structures, including cross-section views showing their suspended cross-sections. We did 

not observe any sagging effects in 1mm long sections of suspended membranes holey 

PCWs. Those top and cross-section SEM images indicate the robustness of fully 

suspended InGaAs structures. 

 

Figure 5.7: Schematic of fabrication steps of InGaAs holey PCW including ICP RIE (a) 
oxide etching mask growth, (b) transfer of e-beam lithography pattern to 
oxide mask by RIE, (c) to InGaAs/InP layers, and (d) HCl: DI water= (3:1) 
dip for a free-standing membrane structure.  
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Figure 5.8: (a) Top view and (b) cross-section SEM images of holey PCW in after 
InGaAs-InP dry etching. Features are etched ~3.1 μm deep. Broadening of 
holes upon reaching InP is not of concern since the InP is wet etched away 
during undercut sacrificial removal, (c) cross-section SEM image after 
sacrificial undercut wet etch showing suspended membrane SPCW in 
InGaAs with ~26 μm deep undercut, (d) magnified cross-section showing no 
sagging or bending even after cleaving. 

The real ammonia sensing setup is shown in Figure 5.9(a). The optical 

transmission of a 1 mm long holey PCW with a lattice constant a=1600 nm is measured 

in the presence and absence of ammonia. A calibrated quantity of ammonia is provided 

by controlling the gas flow-rate in a commercial Kin-Tek vapor generator with nitrogen 

as a carrier gas. The ammonia vapor is released from 40 oC heated tubing and is delivered 
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to ~1-2 mm above the surface of the sensing holey PCW area to simulate a real 

surrounding with ammonia. Figure 5.9(b) shows the transmission drop of the fully 

suspended holey PCW with the presence of ammonia. The transmission drops to 91.4 % 

of its original intensity when the ammonia concentration is at 5 ppm. The intensity 

variation shown on the measurements is less than 2 % when it reaches steady state and 

can be attributed to the electrical noise of the MCT detector and the vibrations of the 

optical fiber. 

 

Figure 5.9: (a) Schematic diagram of the ammonia sensing setup, (b) transmitted optical 
intensity of a 1 mm long holey PCW with a=1600nm in the presence and 
absence of 5ppm ammonia. 

5.6 CONCLUSION 

In this chapter, the InGaAs-InP waveguides operating at 6.15 μm wavelength are 

firstly fabricated and characterized. The TM waveguides have a higher optical loss, and 

therefore it necessitates a PRS to convert the incoming TM polarized laser light from 

QCL. And then we demonstrated a single-step etched PRS design also in InGaAs-InP at 

6.15 μm operating wavelength. The measurement results show an averaged 31.2% 

conversion efficiency is achieved. We also experimentally demonstrate the detection of 5 
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ppm ammonia gas at λ=6.15 μm with an InGaAs fully suspended membrane holey PCW 

on InP substrate. The results show the feasibility of a compact and highly sensitive 

photonic trace gas sensor. 
  



 73 

Chapter 6:  Conclusions and Recommendations for Future Work 

6.1 CONCLUSIONS 

This dissertation focuses on serval intriguing integrated photonic devices, and we 

demonstrate some promising results for microwave photonics and trace gas sensing 

applications. 

In Chapter 2, an ultra-compact electromagnetic (EM) wave sensor working at 

14.1GHz is proposed and demonstrated experimentally. The sensor is based on EO 

modulation and therefore has several important advantages over conventional electrical 

radio frequency (RF) sensors including compact size and immunity to electromagnetic 

interference (EMI). The proposed sensor contains a set of bowtie antenna and a Mach-

Zehnder interferometer (MZI) structure with one arm of slow-light enhanced EO polymer 

infiltrated on one-dimensional (1D) slotted photonic crystal waveguide (SPCW) and the 

other arm of silicon strip waveguide with the teeth. To minimize the RC delay as well as 

the electrical connection between the two bowtie antenna poles, the innovative silicon 

teeth designs are applied for both arms of the MZI respectively so that the device can be 

operated at 14.1Ghz. The bowtie antenna concentrates electrical field of the impinging 

wireless EM wave at its designed frequency of 14.1Ghz and applies it onto the EO 

polymer filled slot for modulating the phase of the guided optical wave. By combining 

the effect of strong slow light effect of the SPCW, high field enhancement of the bowtie 

antenna, and large EO coefficient of the EO polymer (r33=135 pm/V), the device is only 

4.6mm x 4.8mm in size with active region of 300 μm and has minimum detectable 

electromagnetic power density as low as 4.31 mW/m2. 

In Chapter 3, a modified photonic microwave sensor based on electro-optic (EO) 

polymer infiltrated silicon sub-wavelength grating (SWG) waveguide and the bowtie 
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antenna is designed and experimentally demonstrated. The proposed sensor structure is 

designed to address serval fabrication and EO polymer related issues encountered in 

chapter 2. The microwave sensor receives wireless microwave signals via the bowtie 

antenna. The electrical field between the extension bars of the bowtie antenna modulates 

the light guided in the SWG waveguide-based MZI structure. Thus, microwave signals 

can be detected by measuring the intensity variation of light from the MZI output. The 

EO polymer infiltrated SWG does not require ion implantation and has low optical 

propagation loss. Furthermore, compared to slotted silicon waveguides, the EO polymer 

poling efficiency on SWG structure can be greatly increased due to wider poling 

separations and thus the increased breakdown voltage. In order to achieve strong 

microwave field enhancement, the impedance of the bowtie antennas is tailored. The 

optimized bowtie antennas operate at 15 GHz and provide >1000X field enhancement 

while only occupy an area of 7.6 mm X 0.3 mm. Leveraging the folded SWG waveguide, 

high EO coefficient polymer, and large field enhancement from the bowtie antenna, an 

ultra-sensitive and compact microwave photonic sensor has been demonstrated.  

In Chapter 4, we present the experimental demonstration of a 1D photonic crystal 

waveguide (PCW) based true time delay line. The 1D PCW is comprised of a silicon strip 

and periodically arranged teeth along the propagation direction. The 1D PCW is 

optimized using the plane wave expansion method and 3D finite-difference time-domain 

(FDTD) method to achieve a large tunable time delay within a reasonable wavelength 

tuning range. The 1D PCWs are fabricated on silicon-on-insulator (SOI) wafers with 220 

nm silicon and 3 μm buried oxide layer through electron beam lithography and reactive 

ion etching. The measured propagation loss of the 1D PCW is 0.79 dB/mm, which is 

significantly lower than 2D PCW fabricated under the same condition. A group index of 

31.6 is observed experimentally with an unbalanced Mach-Zehnder interferometer 



 75 

structure. With the frequency sweeping measurement approach, a time delay as large as 

194.9 ps has been demonstrated with 3 mm long 1D PCW. Thus, due to its small 

footprint, low optical loss, and large group index, 1D PCW demonstrates great potential 

to be a fundamental structure for a vast range of silicon photonic components. 

Finally, in Chapter 5, we present a single-step etched polarization rotator-splitter 

(PRS) in InGaAs-InP material platform for mid-infrared (mid-IR) trace gas sensing 

application. PRS is an essential photonic component which converts the incoming TM 

polarized laser light of the quantum cascade lasers (QCL) for connecting TE-polarized-

supported slow light enhanced PCW. In addition, PRS helps with high-density integration 

due to a lower loss in bending and propagation. The measurement results show that the 

propagation loss of 12 μm wide InGaAs-InP waveguide is 4.19 dB/cm for TM mode and 

3.25 dB/cm for TE mode for the operating wavelength of 6.15 μm. The fabricated PRS 

device has a length of 3.04 mm and can convert TM input into TE output with 31.2% 

conversion efficiency. We also demonstrated the successful detection of 5 ppm ammonia 

gas sensing results at λ=6.15 µm with an InGaAs suspended membrane holey PCW on 

InP substrate.  

6.2 RECOMMENDATIONS FOR FUTURE WORK 

For future works, research efforts can be made toward delivering more reliable 

and robust integrated photonic devices. Current bare photonic chips in SOI and InGaAs-

InP wafers which are discussed in previous chapters require stringent fiber alignment for 

best coupling conditions during all measurements. Therefore, if we can deliver pigtailed, 

fully packaged photonic devices [85], the device will no longer require further fiber 

coupling alignments and will be immune to environment-related perturbations such as 

vibrations and thermal effects which cause larger coupling loss due to misalignment of 
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fibers and couplers. In addition, a packaged photonic device is important especially for 

the EO polymer/silicon hybrid structures for EM wave sensing as we proposed in Chapter 

2 and 3 since EO polymer is sensitive to heat, UV exposure, and oxygen exposure in the 

air [86]. In Figure 6.1, a prototype of fiber-pigtailed fully-packaged photonic EM wave 

sensor is shown. The packaged device contains a non-metallic lid which won’t block the 

sensing wireless microwave signal. Inside the package housing, the chip is also fixed on a 

non-metallic base and fibers are placed in the horizontal direction. After precise 

alignment between the fibers and the couplers and best coupling condition achieved, the 

fibers are then glued and fixed. The material dielectric constant and loss tangent data at 

10 GHz operating frequency are shown in Table 6.1. The Teflon lid with a low dielectric 

constant is used to reduce RF reflection while MACOR is used for sufficient mechanical 

support as the base housing material. The exploded view of the complete photonic 

package is shown in Figure 6.2. For photonic devices with grating couplers, angled fibers 

are required to provide refracted light for maximum input and output coupling efficiency. 

By Snell’s law, to provide 14 degrees coupling angles, the polishing fiber angle theta 

should be 37.79 degrees as shown in Figure 6.3. There are still issues need to be further 

studied such as glue selections, the mechanical durability of the couplers after the glue is 

applied, and device performance characterization after the packaging process. 
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Figure 6.1: Prototype of package EM wave sensor. After best coupling condition 
achieved on a testing stage, the optical fibers are glued. The relative position 
between fibers and chip is then fixed. 

Material εr δ 

MACOR (base) 5.64 0.0025 

Teflon (lid) 2.1 0.00028 

Table 6.1: The RF properties of the packaging housing materials. 
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Figure 6.2: (a) The exploded view of the complete package, (b) the machined MACOR 
base and Teflon lid with real EM wave sensor chip; The polished angled 
fiber is in the glass slide trench. 

 

Figure 6.3: Schematic of coupling light with grating couplers and polished angled fiber. 

For FS 1D PCW optical true time delay module, the device is now operated based 

on the wavelength-dependent slow light effect. However, it can also be operated based on 

thermal-optics (TO) effects. Due to the TO effect of the silicon 1D PCW, under different 
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temperatures, the delay time of each FS 1D PCW should be different. This provides 

another type of tunability of the device. Further measurements can be conducted. 

For the InGaAs-InP trace gas sensor devices, as discussed in Chapter 5, the goal is 

to achieve monolithically integrated gas sensor with QCL, QCD, and photonic crystal 

sensing waveguides on a single chip. Further efforts can be made toward InGaAs-InP 

photonic device design (both active and passive components) and fabrication process 

development/optimization for the monolithically integrated devices. In addition, further 

gas sensing on waveguides can be conducted such as different gas concentration, the 

different lattice constant, and different waveguide structures. 
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