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 On-chip Silicon Photonic Waveguide Devices for Biochemical Sensing 

and Optical Interconnects 

 

Hai Yan, Ph.D. 
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Supervisor:  Ray T. Chen 

 

On-chip photonic devices based on waveguides receives significant attention for 

its capability in realizing great performance with high integration density. Two of the 

most representative area of application are biochemical sensing and optical interconnects. 

Micro- and nano-scale photonic biosensor has become a fast growing research topic 

driven by the need of portable bio-detection systems with high sensitivity, high 

throughput, real-time and label-free detection. Various structures, especially those based 

on silicon-on-insulator (SOI) substrate, have been demonstrated in research, some of 

which have been developed into commercially available product.  In terms of optical 

interconnect, extensive research and development is underway to try to break the 

bottleneck in traditional copper interconnect in modern electronics facilities and devices, 

from local area network to short-reach data links and even down to on-chip interconnect. 

Silicon photonics is currently the most promising solution to optical interconnect 

primarily due to its mature processing technologies. Yet other materials, including 

electro-optic (EO) polymers, are also widely used in specific applications (e.g. EO 

modulators) for the benefits of high speed and low energy consumption.  

In this dissertation, various photonic waveguide devices for biochemical sensing 

and optical interconnect will be presented. First, biosensors based on photonic crystal 
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(PC) microcavities will be demonstrated. A bandpass filter will be introduced to combine 

multiple PC microcavity sensors into an array. Array of PC biosensors with different 

parameters was formed to give a wide dynamic range of detection range. The detection of 

antibiotics and heavy metals will be covered. Then, a novel structure -- subwavelength 

grating waveguides (SWG) based biosensors will be introduced and its unique thickness-

independent surface sensitivity will be analyzed and demonstrated. Thirdly, I will show a 

novel one-dimensional PC slot waveguide. It offers a simple, high-efficiency and low-

loss phase shifter design for silicon-polymer hybrid EO modulators. Strained silicon 

waveguide for the generation of mid-infrared wave through difference frequency 

generation will be covered at last. It will show the potential application of chemical 

sensing with integrated photonic devices.  
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Chapter 1: Introduction 

 

On-chip silicon photonic waveguide devices receive significant attention for their 

enhanced performance with high integration density. Two of the most representative 

areas of application are biochemical sensing and optical interconnect. The work presented 

in this dissertation involves on-chip photonic waveguide devices for both applications. A 

brief introduction will be covered in this chapter.  

 

1.1  ON-CHIP PHOTONIC DEVICES FOR BIOCHEMICAL SENSING 

Effective and low-cost biological detection methods are critical for medical 

diagnostics. Current gold-standard bio-detection technology, the enzyme-linked 

immunosorbent assays (ELISAs), offer high sensitivity (~1 pM in concentration) but with 

long analysis time (~1 hour) and quite high cost (consume significant amount of costly 

reagents and require professional operation and analysis) [1,2]. Therefore, the 

development of new biosensing techniques with high sensitivity as well as fast response 

and low cost has attracted extensive attention. With the advances in 

micro/nanofabrication technologies, micro/nanoscale sensors become possible. On-chip 

integrated mechanical, electrical and optical (photonic) biosensors have been 

demonstrated [1,3,4]. Owing to their tiny physical size, these sensors are highly sensitive, 

exhibit fast response and consume minimal amount of sample and reagents. Fluorescent 

or radioactive labeling are not needed, either, because biomolecule interactions are 

transduced directly to mechanical, electrical or optical signals. Compared to ELISAs, 

these on-chip sensors can achieve better performance and lower cost at the same time and 

provide a promising solution to real medical applications.  



 2 

Among the integrated micro- and nano-scale biosensors, photonic biosensors offer 

advantages over mechanical and electrical sensors in that they are not susceptible to 

mechanical force or electrical conduction noises under microfluidic flow [2]. More 

importantly, photonic biosensors can be built on silicon wafers using standard 

semiconductor fabrication process, which makes it easy to integrate into multiplexed 

detection systems with low cost. Biosensing systems based on on-chip optical technique 

have been commercially available for research use (e.g., GE Biacore, Genalyte, Silicon 

Kinetics).  

In the past decade, silicon photonic integrated biosensors have become a fast 

growing research topic [5–7]. The devices work on the principle that specific biological 

binding interactions (e.g. between antibody and antigen) lead to local mass changes 

which can be transduced to refractive index changes and subsequently be determined 

from wavelength shift in the optical spectrum (see Figure 1.1). Various device structures, 

including microring resonators [3,8,9], microdisks [2,10], photonic nanowires [11], 

nanoporous silicon waveguides [12], photonic crystal (PC) microcavities [13–15], 

subwavelength grating waveguides (SWGs) [16,17] have been proposed and 

demonstrated. PC microcavities and SWGs are the two structures studied in this 

dissertation.  

 

Figure 1.1: continued next page. 
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Figure 1.1 Biological interactions change local refractive index. This change is sensed 

by the evanescent wave on the surface of the waveguide and transduced into 

wavelength shift in transmission spectrum of the waveguide.  

PC biosensors are formed by PC microcavities side-coupled to photonic crystal 

waveguides (PCW) and are competitive candidate for high-sensitivity biosensors due to 

their small size and unique slow light effect [13]. The ability of PC microcavities to 

confine light to ultra-small volumes promises the potential for high-density microarrays 

while the slow light effect in the PC offers enhanced sensitivity to the ambient refractive 

index changes. PC biosensors with sensitivity as low as 50 femto-molar have been 

reported [18]. PC biosensors microarrays with four channels have also been 

demonstrated, allowing the specific detection of different biomolecules on the same chip. 

In Chapters 2, 3 and 4 of this dissertation, I will present a bandpass filter for the 

integration of PC sensor arrays and demonstrate the detection of antibiotics and heavy 

metals ions using PC biosensors arrays.  
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Figure 1.2  Various integrated optical biosensor structures: (a) microring resonator; (b) 

PC microcavity; (c) microdisk; (d) photonic nanowires; (e) SWG microring 

resonator. Figures are adopted from Refs. [3,10,17,19,20]. 

Recently, novel photonic devices based on SWG were proposed and 

demonstrated [16,17]. The SWG waveguide consists of periodic silicon pillars in the 

propagation direction with a period much smaller than the operating wavelength. In such 

a structure, the wave propagates in a similar way as it does in conventional strip 

waveguides, but the interaction region between light and the cladding materials is 

significantly extended compared to strip waveguide based biosensors, leading to greatly 

enhanced sensitivity. Microring resonators based on SWG waveguides were first 

demonstrated in [17] with bulk sensitivity (the ratio of resonance shift to the change of 

surrounding refractive index) greater than 400 nm/RIU, which is several times higher 
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than that of a conventional microring resonators based on strip waveguides [3]. Apart 

from the high bulk sensitivity, we found that SWG also has superior surface sensitivity 

and the surface sensitivity is independent of the thickness of surface layer, which is a 

unique advantage in this SWG structure. In Chapter 5 of the dissertation, I will analyze 

and demonstrate this unique property in SWG microring biosensors. 

All of the above optical sensors rely on the detection of local refractive change, 

which can be induced by any biological reactions. Another important optical detection 

technique, absorption spectroscopy, on the other hand, provides specific chemical 

information of the liquid / gas under test. This type of detection uses light source in the 

mid-infrared (IR) range (2-20 μm), i.e. the so-called “fingerprint region”, where each 

molecules has its unique absorption spectra. Silicon on-chip chemical sensors based on 

absorption spectroscopy have been demonstrated [21]. To build such a sensing system, 

tunable mid-IR light source is necessary. In Chapter 7 of the dissertation, some key 

components towards building tunable mid-IR light source with second-order nonlinear 

effect (difference frequency generation) will be presented.  

 

1.2  SILICON-POLYMER HYBRID PLATFORM FOR OPTICAL INTERCONNECT 

Silicon photonics is one of the key technologies for future short-research 

interconnect, from data centers to on-board or even on-chip networks [22,23]. The most 

important advantage of silicon photonics is the ability to adopt mature CMOS fabrication 

process for high-volume production and thus achieve low-cost manufacturing [23]. It is 

also beneficial to use silicon as light-guiding materials because it provides high refractive 

index contrast and low absorption loss at telecommunication wavelengths, which can 

result in photonic integrated circuits with compact footprint and high efficiency. 
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However, silicon is not the ideal material for every photonic application. For example, for 

light source, because of its indirect bandgap, silicon is a poor light emitting material 

(GaAs, InP based III-V materials are widely used); for photodetectors, silicon is 

transparent at wavelengths longer than 1100 nm, so silicon diodes exhibit only weak 

response to radiation at these wavelengths (InGaAs/InP or Ge on Si are better 

choices) [24,25]. For modulators, due to the centrosymmetric structure in crystalline 

silicon, the second-order nonlinearity (χ(2)) or Pockels effect (linear EO effect) in silicon 

is negligible. Therefore, most silicon integrated electro-optic (EO) modulators rely on 

plasma dispersion effect, in which the modulation bandwidths and efficiency are limited 

by the free carrier dynamics.  

On the other hand, organic materials like EO polymers attract significant attention 

due to its intriguing second-order nonlinear optical property, such as high nonlinear 

susceptibility and ultrafast response time. Strong nonlinearity of 500 pm/V is 

achievable [26] and a potential operation in excess of 1 THz is possible with EO 

polymers [27]. Organic materials can also be applied easily on chip through spin casting 

or even ink-jet printing [28].  

Therefore, the combination of both technologies, a silicon-organic hybrid 

platform, would be a promising solution for on-chip EO modulation applications. In 

silicon-organic hybrid devices, light is still guided through silicon waveguide but has a 

significant overlap with claddings made of organic material, such as EO polymers. The 

EO polymers possess strong nonlinearity, represented by large EO coefficient r33 from 40 

pm/V to over 100 pm/V (In LiNbO3, the most common material used in modulators for 

optical communications, r33 is about 30 pm/V), thus enabling high modulation efficiency 

and large bandwidth [29,30].    
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The mode overlap with EO material, effective r33 (proportional to slow light 

enhancement), and propagation loss are among the most important factors for a silicon-

organic hybrid EO modulator, yet there is a lack of comprehensive consideration on all 

these factors. In Chapter 6, I will present a new slow light slot waveguide with 1D PC 

structure which takes all these factors into consideration.  

 

1.3  DISSERTATION OVERVIEW 

This dissertation is organized as follows:  

In Chapter 2, I will introduce a method for dense integration of high sensitivity 

PC waveguide based biosensors. Using PC bandpass filters, multiple PC microcavity 

sensors can be integrated into microarrays and be interrogated simultaneously between a 

single input and a single output port.  

Chapter 3 introduces the detection of antibiotics using PC microcavity sensors 

and the method to reach an extended detection range in concentration by combining 

different types of PC biosensors.  

Chapter 4 reports the detection of heavy metal ions based on immunoassay-based 

detection approach. The experimental demonstration of the sensing of cadmium-chelate 

conjugate with concentration as low as 5 parts-per-billion (ppb) will be presented.  

In Chapter 5, I will demonstrate enhanced sensitivity in SWG microring 

biosensors. A unique thickness-independent surface sensitivity will be analyzed and 

demonstrated. This will show the superior surface sensing capability enabled by the SWG 

structure and how the SWG can break the limitation in conventional evanescent wave 

sensing.  
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Chapter 6 reports on one-dimensional (1D) PC slot waveguide for silicon-organic 

hybrid electro-optic modulators. The proposed structure takes advantage of the strong 

mode confinement within a low-index region in a conventional slot waveguide and the 

slow-light enhancement from the 1D PC structure. Its simple geometry makes it robust to 

resist fabrication imperfections and helps reduce the propagation loss.  

Chapter 7 presents the idea of on-chip mid-IR difference frequency generation 

(DFG) in strained silicon waveguide. High stress silicon nitride is deposited on silicon to 

induce second-order nonlinear susceptibility in silicon waveguides. Several key 

components in the device, including grating couplers and strained silicon waveguides, 

will be presented.   

Finally, in Chapter 8, I will conclude the above work and discuss future direction 

of this dissertation.  
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Chapter 2: Silicon On-chip Bandpass Filters for the Multiplexing of 

High Sensitivity Photonic Crystal Microcavity Biosensors 

 

A method for the dense integration of high sensitivity photonic crystal (PC) 

waveguide based biosensors is proposed and experimentally demonstrated on a silicon 

platform. By connecting an additional PC waveguide filter to a PC microcavity sensor in 

series, a transmission passband is created, containing the resonances of the PC 

microcavity for sensing purpose. With proper engineering of the passband, multiple high 

sensitivity PC microcavity sensors can be integrated into microarrays and be interrogated 

simultaneously between a single input and a single output port. The concept was 

demonstrated with a 2-channel L55 PC biosensor array containing PC waveguide filters. 

The experiment showed that the sensors on both channels can be monitored 

simultaneously from a single output spectrum. Less than 3 dB extra loss for the additional 

PC waveguide filter is observed.1  

 

2.1  INTRODUCTION 

Photonic crystal (PC) microcavities side-coupled to photonic crystal waveguides 

(PCW) have been demonstrated as a competitive candidate for high-sensitivity 

biosensors [14,31–37]. The ability of PC microcavities to confine light to ultra-small 

mode volumes promises the potential for high-density microarrays with slow light 

enhanced sensitivity to refractive index changes of the ambient. Biosensor microarrays 

                                                 
1 Portions of this chapter have been published in H. Yan et al., “Silicon on-chip bandpass filters for the 

multiplexing of high sensitivity photonic crystal microcavity biosensors,” Appl. Phys. Lett., vol. 106, no. 

12, p. 121103, Mar. 2015. 
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have been demonstrated with multiplexed PC microcavities for the specific detection of 

lung cancer cell line lysates [37], allowing the specific detection of different 

biomolecules on the same chip.  

Biomedical diagnostics requires both specific binding reactions and control test be 

performed and monitored preferably at the same time on the same chip. For the 

abovementioned biosensor microarrays [37], multiple optical fibers or a fiber array at the 

output is necessary in order to monitor the binding reactions from all PC microcavities 

simultaneously. However, from the application perspective, when designing a portable 

device, with limited space for off-chip optical components, one needs to maximize the 

number of sensors that can be simultaneously interrogated with a single input and output, 

making the packaging and alignment robust and cost-effective.  

Towards this direction, previous work has investigated the series connection of L3 

PC cavity sensors (formed by 3 missing holes and has a single resonance in the 

transmission spectrum) [38]. Five L3 PC microcavities can be connected in series 

between a single input port and a single output port [38]. However, the sensitivity of L3 

PC sensors is relatively low in comparison with longer PC microcavities, such as the L13, 

L21 and L55 PC microcavities (formed by 13, 21 and 55 missing holes, 

respectively) [31,39]. Longer PC microcavities provide higher quality factor and more 

surface area for light-matter interaction, leading to higher sensitivity and lower detection 

limit, which is pivotal for low-concentration biomarker detection like the early cancer 

diagnosis. The L55 PC biosensors were reported to have a minimum detection limit of 50 

femto-molar [18]. However, longer PC microcavities have multiple resonances in the 

transmission spectrum, which makes them difficult to multiplex.  

In this chapter, we propose a scheme to multiplex multi-resonance PC cavity 

sensors between a single input and a single output. An additional PCW bandpass filter is 
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integrated on each channel of a multiplexed sensor array to select a narrow wavelength 

band that filters specific resonance(s) of a long PC microcavity. All channels are then 

connected in parallel, enabling all sensors to be interrogated simultaneously between a 

single input optical fiber and a single output optical fiber.  

Other on-chip photonic bandpass filters based on silicon-on-insulator (SOI) 

substrates, like waveguide Bragg gratings, microring resonators and arrayed waveguide 

gratings (AWGs), were also considered against the PCW filter used in this paper. 

However, the footprint of AWGs is usually too large (for example, 200 by 350 μm2 in 

Ref. [40]), which is not suitable for dense integration. Waveguide Bragg gratings are 

usually quite long (over 0.5 mm) and need to work in reflection mode [41–43], while for 

microring resonators, high-order coupled ring structures [44–46] are necessary to achieve 

a wide and sharp passband (5-10 nm) for the application here. Both are highly sensitive to 

fabrication variations. PCW filter is a natural choice since the biosensor is also made 

from PC, which makes the passband alignment easier.  

 

2.2  DEVICE DESIGN AND FABRICATION 

A line defect in a 2D photonic crystal lattice on a thin slab forms a photonic 

crystal waveguide (PCW) whose typical transmission spectrum is shown in Figure 2.1(a). 

A passband is observed in the transmission spectrum. Light with longer wavelength 

above the passband lies in the band gap of the photonic crystal and is not guided. Shorter 

wavelengths outside the passband are above the light line of the cladding material and 

thus cannot be well-confined in the waveguide.  

When a PC microcavity is side-coupled to the PCW, resonances appear in the 

transmission spectrum (Figure 2.1(b)). The resonance filter is created by connecting the 
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above two PC regions in series (Figure 2.1(c)). The lattice constants of the both PC 

regions can be engineered so that a narrower passband is formed in the transmission 

spectrum, where the rising edge comes from the light line of the first PCW (acts as a 

filter) and the falling edge from the guided mode transmission band edge of the second 

PCW (the one with PC microcavity). The PCW filter filters out the resonances of the PC 

microcavity outside the passband without altering the spectrum of the PC microcavity 

within the passband. The resonances within the passband can be used for sensing when 

analyte solutions flow on the PC cavity surface. SU-8 layer on the PCW filter serves as a 

protection layer from sensing fluids and is open on top of the PC microcavity.  

 

 

Figure 2.1 Transmissions spectra of (a) a PCW and (b) a PC microcavity sensor. (c) 

proposed PCW bandpass filter for PC sensor, formed by series-connected 

PCW and PC microcavity sensor.  



 13 

With proper engineering of the passband width and position, several high 

sensitivity multi-resonance L55 PC microcavity sensors can be multiplexed into a single-

input and single-output system by employing the proposed structure as portrayed in 

Figure 2.2(a). Two PC sections are employed for each channel. The first one functions as 

a wavelength filter and the second as the biosensor, which forms a transmission band 

staggered with neighboring channels. Figure 2.2(b) shows the corresponding spectrum for 

each channel. The passbands are carefully designed to avoid any overlap with each other. 

Multiple sensors can now be interrogated simultaneously from the transmission spectrum 

of the single output port. These sensors allow different receptor biomolecules to be 

immobilized on each of them (e.g. using ink-jet printing technique [31]) so that different 

biomarkers within a bio-sample can be studied. Alternatively, the sensors can also be 

connected in separate microfluidic channels to enable the test of different samples at the 

same time.  

 

 

Figure 2.2 (a) Proposed single-input single-output PC biosensor array and (b) the 

corresponding transmission spectra from each channel. Resonances from the 

coupled PC cavity still exist within the passband.  
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For proof-of-concept demonstration of the proposed PCW filter and multiplexing, 

a 2-channel PC biosensor array was designed and fabricated (Figure 2.3). 1×2 multimode 

interference (MMI) coupler and Y-junction were used to split and combine the 

waveguides. A W1 PCW (exactly one missing line in the PC without any position shift of 

neighboring PC holes) side-coupled with L55 PC microcavity is fabricated on one arm. 

On the second arm, a W1 PCW is side-coupled with L55 microcavity biosensor and then 

connected in series with a W1 PCW filter. The lattice constant of the L55 PC microcavity 

in the second arm is smaller than that of the L55 PC microcavity in the first arm. 

Hexagonal structure with a uniform lattice constants of 388 nm, 396 nm and 390 nm are 

adopted, respectively, for L55 PC cavity on the first arm, L55 PC cavity on the second 

arm and the PCW filter. The silicon slab thickness is 250 nm, while the air hole diameters 

for PC microcavity and PCW filter are 216 nm and 170 nm, respectively. Group index 

tapers in each PCW efficiently couple light into the slow light region from a regular 

channel waveguide [47]. Subwavelength grating couplers were used as the interface 

between waveguides and optical fibers [48].  

The devices were patterned by e-beam lithography on a silicon-on-insulator 

wafer, followed by reactive ion etching to transfer the pattern onto the silicon layer. SU-8 

polymer was subsequently coated on the chip surface. The SU-8 above the sensor region 

was removed through photolithography to open a window for sensing purpose. SU-8 

remained on top of the PCW filter. 
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Figure 2.3 (a) Microscopic image of the fabricated 2-channel PC biosensor array (prior 

to SU-8 coating). On the upper channel, a single PC microcavity biosensor 

with a= 388nm is located. On the lower channel, PCW filter is connected in 

series with the PC microcavity biosensor with a =396nm. Input and output 

grating couplers are indicated. SEM images of (b) MMI coupler, (c) 

subwavelength grating, (d) the PCW filter and (e) one of the PC microcavity 

sensors. (d) and (e) omit the central part of the devices and show the two 

ends of the devices. (f) SEM image of the cross section of the PCW filter 

coated with SU-8. The PC holes were completely filled by SU-8.  

 

2.3  RESULTS AND DISCUSSION 

Transmission spectra of the fabricated devices were obtained from a testing 

platform using a broadband amplified spontaneous emission (ASE) source (1510 nm-

1630 nm) and an optical spectrum analyzer (OSA). Light from the ASE source was 

guided through a polarizer to the grating coupler on the chip and excites fundamental 

transverse electric (TE) mode in the waveguides. Output light signal was collected by 
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another fiber and optical spectrum was generated by the OSA. During the test, the PC 

microcavity is measured with water ambient as a simulation of real biosensing 

application.  

Figure 2.4(a) shows the measured transmission spectrum for the fabricated device 

shown in Figure 2.3(a). The thickness of the SU-8 is 0.42 μm. From the spectrum, we can 

clearly see the resonances for the L55 PC cavities on both channels. Resonances in the 

region of 1525-1550 nm are from the L55 on the upper channel (with designed lattice 

constant of 388 nm), while the resonances within range of 1560-1580 nm are from the 

other L55 on the lower channel (with designed lattice constant of 396 nm). This 20 nm 

passband range for the lower channel is formed by the cutting edge (~1560 nm) of the 

PCW filter and the band-edge (~1580 nm) of the PCW (to which L55 cavity is coupled). 

Without the PCW filter, the resonances with wavelengths shorter than 1560 nm would 

overlap with the resonances from the other L55 cavity in the first channel, because the 

transmission passband for this PC cavity can be as wide as over 40 nm (see Figure 

2.1(b)). In Figure 2.4(a), we can also see that the additional loss from the PCW filter is 

about 3 dB by comparing the transmission for both channels. Same PC device but with 

uncombined output ports were also fabricated and measured on the same chip. The 

spectrum is shown in Figure 2.4(b), where black and red curves represents the two 

channels measured separately, which verifies the above analysis in combined device.  



 17 

 

Figure 2.4 Measured transmission spectra from (a) the device in Figure 2.3(a) with a 

single output port and (b) a same device but with separated output ports, as 

schematically represented in the insets. SU-8 cladding has a thickness of 

0.42 μm. (c) Bulk refractive index sensing spectrum versus original 

spectrum: the PC sensor in Channel 2 is covered with SU-8 and thus shows 

resonance shift while the sensor in Channel 1 is not affected. 

The sensors were characterized in a bulk refractive index sensing test, in which 

the PC sensor in Channel 2 was covered with SU-8 (n=1.575) while the PC sensor in 

Channel 1 was still measured in water (n=1.318). The obtained spectrum is shown in 

Figure 2.4(c) against the original spectrum measured in water. As expected, there is no 

resonance shift for Channel 1 while about 16 nm red shift for Channel 2 (corresponds to a 

sensitivity of 62 nm/RIU). The test demonstrates that sensors from different channels can 

work separately with their resonance shift being monitored in a single transmission 

spectrum. It is worth noting that in PC based biosensing applications, the resonance shifts 
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are typically within 2 nm [31,35,37,39] and the spectrum will not change as dramatically 

as shown in Figure 2.4(c).  

In order to obtain a sharp edge in the passband, which will provide a better signal 

to noise ratio, we tested PCW filters with various length (number of periods) and with 

different thickness of top claddings (SU-8). The design for the PCW filter in Figure 

2.3(a) is a 250 μm long PCW with 16 periods of input and output group index tapers [47] 

at a=390 nm. The total number of periods is 672. Figure 2.5(b) shows the transmission 

spectra of PCW filters with four different lengths, starting with 72 periods in steps of 200 

periods. The PCW filter is coated with 0.42 μm thick SU-8. In the transmission spectra, 

the rising edge becomes increasingly sharper with increasing length of the PCW. The 

roll-off increases from 0.33 dB/nm for 72 periods to 4 dB/nm for 672 periods. This roll-

off increase of the rising edge arises from the light line of the cladding layer. Above the 

light line, i.e. with shorter wavelength, the waveguide mode is less confined in the 

vertical direction through total internal reflection, which causes additional loss. The loss 

is more significant for longer PCWs as the light path becomes longer [49]. The light line 

position can be located easily from the dramatic rise in the transmission intensity of the 

672-period PCW (black curve in Figure 2.5(b)).  

On the other hand, the thickness of the SU-8 cladding layer affects the effective 

refractive index of the top cladding and thus the effective position of the light line of the 

top cladding. Figure 2.5(a) shows the dispersion diagram of the W1 PCW on silicon 

substrate with SU-8 top cladding simulated with 3D plane wave expansion method. There 

are two light lines corresponding to top and bottom claddings, i.e. SU-8 (n=1.575) and 

silicon dioxide (n=1.460), respectively. λ1 represents the band edge of the PCW, which is 

approximately at the position where ng is 35 in the fabricated device [50]. λ2 is the critical 

wavelength at which the optical mode is still well confined within top and bottom 
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claddings. λ3 is the critical wavelength at which the mode no longer is totally reflected at 

the boundary between silicon and buried oxide layer. With thick SU-8 top cladding, the 

passband in the transmission spectra (black curve in Figure 2.5(c)) is between λ1 and λ2. 

However, if SU-8 is as thin as 0.42 μm, the evanescent tail of the propagation mode 

extends outside the SU-8 layer. As a result, the effective refractive index of the top 

cladding becomes smaller and the top cladding light line effectively shifts towards the 

silicon dioxide light line making the passband ~10nm wider, between λ1 and λ3 (blue 

curve of Figure 2.5(c)). The 10 nm side band shown in the transmission spectrum with 2 

μm SU-8 (red curve of Figure 2.5(c), between λ2 and λ3) clearly reflects the light line of 

both the silicon dioxide and the SU-8 claddings., The PCW filter in Figure 2.4 (672 

periods long with 0.42 μm SU-8) can be further optimized to obtain narrower bandwidth, 

shorter PCW length while keeping a sharp cutting edge by using thicker SU-8 cladding. 
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Figure 2.5 (a) Simulated dispersion diagram of W1 PCW on SOI substrate with SU-8 

polymer as top cladding. The two light lines corresponds to the top cladding 

(n=1.575) and buried oxide (n=1.460), respectively; (b) Transmission 

spectra of W1 PCWs with different lengths; (c) Transmission spectra of W1 

PCW (472 periods long) with three different thickness of SU-8 top 

claddings. λ1, λ2, λ3 corresponds to those in the dispersion diagram in (a). 

Three different thickness of SU-8 was obtained by using MicroChem SU-8 

2000.5, SU-8 2002 and SU-8 2005 with recommended spin program.  

Here instead of focusing on building the smallest sensor to increase the 

integration density of a sensor array, we also consider the size reduction in system level 

(optical fibers, detectors) benefited from a single input and output sensor chip as well as 

the higher sensitivity provided by larger effective sensing area. From the above analysis, 

a 472-period PCW (around 175 μm in length, black curve in Figure 2.5(c)) is enough to 
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provide a usable filter response. This size still allows high density integration since the 

density is primarily limited by the smallest pitch of the receptor biomolecules solution 

that can be dispensed on the chip.  

By optimizing parameters of the PCW filters, the passband can be as narrow as 5 

nm to include at least one resonance and to allow resonance shift during biosensing test, 

thus enabling the multiplexing of up to 16 sensing channels within the wavelength range 

of C band and L band. Also, we expect that our PC filters and sensors are relatively 

robust to fabrication variations because all PC air holes would be affected in similar 

ways. It will result in similar shifts in the transmission spectra of all PC components, 

which relaxes the fabrication requirement.  

The proposed PCW bandpass filter can also serve as an optofluidic spectral 

filter [51,52]. The passband can be pre-engineered easily by PC design and also highly 

reconfigurable when integrated with microfluidics, which allows both localized control 

and high refractive index modulation [53]. This type of optofluidic filter is a promising 

component in future lab-on-chip systems.  

 

2.4  SUMMARY 

In summary, a method to multiplex high sensitivity multi-resonance L55 PC 

microcavity biosensors for simultaneous measurement between a single fiber input and 

single fiber output was proposed and demonstrated. PCW filters were used to filter a 

narrow band containing resonances of the PC biosensors so that the PC biosensors can be 

connected in parallel without resonance overlap. The concept was demonstrated through 

a 2-channel L55 PC biosensor array and the sensing experiment showed that the two 
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sensors can be monitored through a single output spectrum. Less than 3 dB extra loss is 

observed for the additional PCW filter.  
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Chapter 3: Specific Detection of Antibiotics by Silicon On-chip 

Photonic Crystal Biosensor Arrays  

 

Photonic crystal (PC) microcavities formed by 2D air holes on silicon-on-

insulator substrates were utilized as biosensors to detect antibiotics with high specificity. 

The antibiotic, gentamicin, with molecular weight of only 478 g/mol, was successfully 

detected via its binding to corresponding antibody pre-immobilized on the sensor surface. 

Detection range (in concentration) was extended by combining different types of PC 

biosensors on a single silicon chip, covering from 0.1nM to 1μM. Specificity of detection 

was also verified on the studied antibiotic.2  

 

3.1 INTRODUCTION 

Therapeutic drug monitoring helps maximize the therapeutic effect while 

minimizing adverse effects [54]. Conventional methods have been developed for the 

measurement of antibiotics, including immunoassays, spectrophotometry, high-

performance liquid chromatography (HPLC) and liquid chromatography–mass 

spectrometry (LC-MS) [55–58]. These methods are usually expensive and time-

consuming. Innovative detection methods with high sensitivity and low cost are needed. 

Over the last two decades, on-chip silicon photonic biosensors have become a fast 

growing research topic due to the advantages of high sensitivity, high throughput, and no 

                                                 
2 Portions of this chapter have been accepted for publication in IEEE Sensors Journal: H. Yan, C.-J. Yang, 

N. Tang, Y. Zou, S. Chakravarty, A. Roth, and R. T. Chen, “Specific Detection of Antibiotics by Silicon 

On-chip Photonic Crystal Biosensor Arrays,” (DOI: 10.1109/JSEN.2017.2734885).  

H. Yan designed and fabricated the device, performed the epxeriments, analyzed the data and wrote the 

manuscript.  



 24 

need for labeling. Various devices, including microring resonators [8,9,59,60], silicon 

nanowires [11], nanoporous silicon waveguides [61], Bragg gratings [62,63], 

subwavelength grating waveguides [17,64], 1D and 2D photonic crystal (PC) 

microcavities [13,14,65–68], have been demonstrated. The PC microcavity sensor is 

unique in its slow light enhanced sensitivity within a miniature footprint and flexibility in 

structural design to engineer its sensing properties.  

We have previously reported several Ln-type PC microcavity biosensor structures 

which consist of a PC microcavity side-coupled to a PC waveguide. The PC microcavity 

is formed by a row of n missing holes in the Γ-K direction of a hexagonal PC lattice of air 

holes in silicon (see Fig.1). PC microcavities, such as L13, L21, L55 and L13 with 

nanoholes, have been reported, offering different minimum detection limits from as low 

as 1 fM to over 1 μM of biotin-avidin binding events [14, 16-18].  

In this chapter, we report a PC microcavity biosensor array by combining 

different L-type PC microcavity sensors using a multimode interferometer (MMI) power 

splitter and demonstrate the detection of antibiotics over a concentration range covering 5 

orders of magnitude (from 0.1 nM to 1 μM). We explored the sensing of gentamicin 

antibiotics (molecular weight 478 g/mol) by detecting the binding of antibiotics (target) 

to anti-gentamicin antibody (probe) that was pre-immobilized on the optical sensor 

surface. The high sensitivity and label-free detection of integrated photonic sensors with 

PC microcavities makes possible the detection of these small biomolecules. Detection 

range in concentration was extended by combining different types of PC biosensors on a 

single silicon sensor chip. Specificity of detection was also verified on the studied 

antibiotic. 
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3.2 DESIGN AND ANALYSIS OF PHOTONIC CRYSTAL BIOSENSOR ARRAYS  

In a PC microcavity biosensor, the detection limit and sensitivity are determined 

by factors including quality factor (Q), group index (ng), fill fraction (f), etc. Increased 

quality factor results in narrower linewidth of the resonance and enhanced interaction 

time between the optical mode and the analyte. Therefore, the detection limit (
S

D
Q


 ) 

becomes lower and the sensitivity is increased. On the other hand, the slow light effect 

(high ng) in the coupling waveguide, which enhances light-matter interaction in the 

cavity, brings unique advantage for high sensitivity sensing. From L3 to L13 and L55 PC 

microcavities, with increasing cavity length, the sensors possess improved sensitivity and 

reduced detection limit owing to increasingly high Q and ng [13,18,31,39].  

Another critical design consideration is the analyte overlap with cavity modes, 

characterized by fill fraction (f) [18]:  
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                                   (3.1) 

where mE  denotes the electric field and ε is the dielectric constant. The sensitivity of the 

microcavity sensor is proportional to the fill fraction [18]. The L13 with nanoholes 

microcavity has small holes inside the cavity which results in significantly increased fill 

faction (f=0.14 for L13 with nanoholes, an increase of 40% from f=0.10 for L13 cavity, 

see Figure 3.1).  We were able to achieve the highest sensitivity (112 nm/RIU) and 

lowest detection limit (1 fM) from the L13 with nanoholes biosensors [18].  
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Figure 3.1 Mode profiles of L13 and L13 with nanoholes PC microcavities 

Considering the above factors that affect the detection range and minimum 

detection limits of PC biosensors, four distinct types of 2D PC sensors with different 

geometries were chosen to achieve wide dynamic range detection in the drug molecule 

sensing. They are L3, L13, L55 and L13 with nanoholes. The L13 with nanoholes has 

small air holes within the microcavity. They were combined in a multimode 

interferometer (MMI) power splitter to allow for simultaneous testing of all microcavities 

in the same measurement. Schematic of the system is shown in Figure 3.2. 

Subwavelength grating couplers were used to couple CW light in and out of the 

waveguide devices (inset of Figure 3.2). Samples containing biomolecules were applied 

on the PC microcavities and hold by a microfluidic well made of polydimethylsiloxane 

(PDMS).  
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Figure 3.2 Schematic of the PC microcavity biosensor array. Inset shows the sensor 

chip on a fiber coupling test stage.  

The sensor chip was fabricated on a silicon-on-insulator (SOI) wafer with 250 nm 

thick silicon device layer. The device pattern was defined by e-beam lithography and 

transferred to the silicon layer by reactive ion etching. The lattice constant of the PC is 

designed as a = 392.5 nm and the air holes have a radius r = 108 nm as in [18]. In L13 

PC microcavities with nanoholes device, the nanoholes have a radius of 0.4r = 43 nm.  

The grating couplers were designed following the principles in [39] with grating period 

of 690 nm and duty cycle of 50%. The length and width of the MMI are 123μm and 

16μm, respectively. All input and output waveguides at the MMI are 2.5μm wide. The 

output waveguides are separated by 1.5μm. Figure 3.3(a) shows a stitched microscope 

image of the MMI and the four PC sensors on the four optical paths. The insets in Figure 

3.3(b)-(e) show the images of the individual PC sensors observed under scanning electron 

microscope (SEM).   
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Figure 3.3  (a) Stitched microscope image showing the MMI coupler and four PC 

sensors on the four channels. (b)-(e) Transmission spectra and SEM images 

of PC microcavities side-coupled to PC waveguides: (b) L13 with 

nanoholes, (c) L3, (c) L13, (d) L55. Red star markers show the resonance 

dip used for biosensing test. 

 

3.3 EXPERIMENTAL DEMONSTRATION 

The sensor chip needs chemical treatment before the biosensing experiment in 

order to immobilize probe proteins covalently. After the sensor chip was fabricated, 

thermal oxidation is done at 950 oC for 5 min to grow about 5 nm silicon dioxide on the 

sensor surface. The oxide layer serves as the base for subsequent chemical treatment. The 
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chip was next silanized with 2% (v/v) (3-aminopropyl)triethoxysilane (APTES) in 

toluene. After a thorough clean with toluene, the chip was further treated with 2.5% (v/v) 

glutaraldehyde in phosphate buffer saline (PBS) to provide an aldehyde group linker that 

is able to immobilize probe proteins covalently [69]. After that, a microfluidic well (7mm 

long × 5mm wide and 2mm high) made of Polydimethylsiloxane (PDMS) was mounted 

on the sensor chip (see inset of Figure 3.2). Following reaction and test were done in the 

microfluidic well in a static condition. The probe protein was immobilized on the sensor 

surface by dispensing anti-gentamicin antibodies (1mM in PBS) in the microfluidic well 

and incubating for 60 min after which the device is washed thoroughly with PBS to 

remove any unbound proteins. Before target binding test, 1% bovine serum albumin 

(BSA) was applied to block any binding sites that have not been covered by probe 

proteins. After a thorough wash in PBS, the device was ready for antibiotics sensing test.   

The transmission spectra of the PC sensors were obtained using a broadband 

amplified spontaneous emission (ASE) source (1510 nm-1630 nm) and an optical 

spectrum analyzer (OSA). The measured transmission spectra for the four PC sensors are 

shown in Figure 3.3(b)-(e).  

  



 30 

 

Figure 3.4  Transmission spectra of a L13 with nanoholes before and after 

functionalization. Inset shows the resonance shift at each step. GLU: 

glutaraldehyde; BSA: bovine serum albumin.  

 

Figure 3.4 shows the transmission spectra of a L13 with nanoholes PC biosensor 

before and after the above functionalization steps. All measurements are done with PBS 

as background. A red shift of 0.16 nm and 1.43 nm after applying glutaraldehyde and 

probe (anti-gentamicin antibody) are indications of surface mass accumulation with 

chemical films (APTES and glutaraldehyde) and immobilized probes. The slight blue 

shift after applying BSA is probably due to insufficient wash after probe incubation while 

some probe molecules were washed away at BSA step. After BSA incubation, the chip 

was washed thoroughly with PBS to create a baseline for target binding test.  

All the target antibiotics were spiked in 1% BSA in PBS. The sensors were 

incubated in target solutions for 40 minutes at room temperature and then washed with 

PBS. Transmission spectra of the PC sensors were measured after each step in the same 
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PBS environment in order to compare the resonance wavelength and calculate the shifts. 

The experiments were divided into two parts: (1) sensor array demonstration and (2) 

specificity verification.  

3.3.1 Sensor array demonstration  

Sensor chips with all four types of PC sensors, L3, L13, L55 and L13 with 

nanoholes combined by a 1×4 MMI were used. Anti-gentamicin antibody at high 

concentration of 1mM was used as the probe to create enough binding sites on the sensor 

surface. Gentamicin concentrations from 1 nM to 10 μM with a step of an order of 

magnitude were used as the target to be detected. The resonance shift for each sensor was 

measured and the corresponding concentration recorded. 

3.3.2 Specificity verification 

In this part, sensor chip with only L13 PC microcavity sensors were used. The 

chips were activated and immobilized with anti-gentamicin antibody. The chip was then 

tested with all three antibiotics, all at a concentration of 1 mM. The resonance shift for 

each antibiotic was recorded.  

 

3.4 RESULTS AND DISCUSSION  

A wide concentration range (5 orders of magnitude) of gentamicin on a sensor 

array consisting of four distinct PC sensors (L3, L13, L55 and L13 with nanoholes) 

following the test procedures in Section 3.3.1 to characterize the PC biosensors and the 

biomolecular binding. The relative wavelength shift from the baseline for all four devices 

at different concentrations was extracted from the experimental spectra and plotted in 

Figure 3.5. From this figure, it can be seen that for each type of PC biosensor, there is a 

linear response region where the resonance shift is almost linearly proportional to the log 
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of the concentration, followed by a saturation region where there is only minimal shift 

with increased concentration. The data points were fitted with Langmuir 

equation [14,70,71]. From the fitting, the dissociation constant of the binding between 

gentamicin and anti-gentamicin was calculated. The results are in the range between 0.52 

nM and 13 nM. The dose response curves show that L13 with nanoholes sensor produces 

significantly larger resonance shift and thus has higher sensitivity compared to other PC 

cavities without nanoholes; among PC cavities without nanoholes, longer cavities show 

larger shift and higher sensitivity than shorter cavities (from L55, L13 to L3). It can also 

be seen that L13 with nanoholes sensor begins to saturate at lower target concentration 

(~10nM) than PC sensors without nanoholes (~100nM to 1μM). It can be explained by 

the fact that the optical mode in L13 with nanoholes sensor concentrates in the small-size 

holes, which shrinks the effective sensing region and makes it easier to saturate with 

biomolecules. With sensor array containing PC sensors both with and without nanoholes, 

it is possible to cover a wider detection range than using a single type of sensor.  

 

Figure 3.5: continued next page.  



 33 

Figure 3.5  Resonance shift of the four devices combined in the sensor array when 

target gentamicin antibiotics were bound to anti-gentamicin antibody on the 

sensor surface. The colored background and lines indicate the detection 

range for different PC microcavity biosensors. 

 

The specificity of the PC sensor was verified by measuring responses with 

antibiotics that does not bind to specific antibody, as described in Section 3.3.2. Figure 

3.6 shows the measurement result from the specificity verification test. Anti-gentamicin 

antibody probe is pre-immobilized on the sensor. The red-shift observed for tobramycin 

and vancomycin (non-specific bindings) are less than 0.02 nm, even though very high 

concentrations were introduced (1mM). The shift is much smaller than that from the 

specific binding of gentamicin (~0.07 nm). Thus it shows good specificity in the 

detection method.  

 

 

Figure 3.6  Resonance shifts in L13 PC microcavity biosensors in the specificity test of 

gentamicin.   
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3.5 SUMMARY 

In summary, PC microcavities formed by 2D air holes on silicon-on-insulator 

substrates were demonstrated as biosensors to detect specific antibiotics in liquid form. 

The antibiotic, gentamicin, with molecular weight of only 478 g/mol, was successfully 

detected via its binding to its corresponding antibody pre-immobilized on the sensor 

surface. Detection range of concentrations was extended (0.1nM to 1μM) by combining 

different types of PC biosensors on a single silicon sensor chip with different minimum 

sensitivities. Specificity of the detection was also verified.  

Our demonstrated silicon photonic biosensing test platform is promising in terms 

of achieving portable lab-on-chip sensing system. By integrating the PC biosensor chip 

with microfluidics, automated real-time testing can be realized. Furthermore, by utilizing 

the PC filters as proposed in Chapter 2, it also has the potential to be transferred to a 

single-input single-output system, enabling high-throughput sensing test system with 

largely reduced optical peripheral components.  
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Chapter 4: High-sensitivity High-throughput Chip Based Biosensor 

Array for Multiplexed Detection of Heavy Metals  

 

Heavy metal ions released into the environment from industrial processes lead to 

various health hazards. We propose an on-chip label-free detection approach that allows 

high-sensitivity and high-throughput detection of heavy metals. The sensing device 

consists of 2-dimensional photonic crystal (PC) microcavities that are combined by 

multimode interferometer (MMI) to form a sensor array. We experimentally demonstrate 

the detection of cadmium-chelate conjugate with concentration as low as 5 parts-per-

billion (ppb).3   

 

4.1  INTRODUCTION 

Silicon photonic biosensors belong to a type of integrated device that possesses 

the advantages of high-sensitivity, label-free detection of biomolecules and the potential 

to achieve high integration density and low cost due to its small footprint and CMOS 

compatible fabrication process. Over the last two decades, silicon photonic biosensors 

have become a rapidly growing research topic. Various devices, including surface 

plasmon devices [72,73], microring resonators [2,3], silicon nanowires [11], nanoporous 

silicon waveguides [61], Bragg gratings [63], one-dimensional (1D) and two-dimensional 

(2D) photonic crystal (PC) microcavities [13,14], have been demonstrated. The 2D PC 

                                                 
3 Portions of this chapter have been published in H. Yan, N. Tang, G. A. Jairo, S. Chakravarty, D. A. 

Blake, and R. T. Chen, “High-sensitivity high-throughput chip based biosensor array for multiplexed 

detection of heavy metals,” in Proc. SPIE, 2016, vol. 9725, p. 972507.  

H. Yan designed and fabricated the device, performed the epxeriments, analyzed the data and wrote the 

manuscript. 
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cavity sensors take advantage of their slow light enhanced sensitivity within a miniature 

footprint and thus are able to detect very low concentrations down to atto-gram 

levels [18]. 

Heavy metal ions released into the environment via industrial activities cause 

persistent environmental issues that lead to various health hazards. Cadmium, lead and 

mercury metal ions are typical examples among those highly dangerous substances. 

Cadmium is believed to have a biological half-life of more than 15 years in the human 

body [74]. Recently, immunoassay-based detection approach for cadmium has been 

proposed and the antibody that recognizes cadmium-chelate complexes has been 

developed and demonstrated [75]. 

In the chapter, we propose a multi-channel biosensor array consisting of PC 

microcavity biosensors for the detection of cadmium-chelate conjugate. The PC 

microcavity biosensors are combined by multimode interferometer (MMI) power splitter. 

Two types of PC microcavities we demonstrated previously are used: the L13 PC 

microcavity formed by 13 missing holes in the Γ-Κ direction and the L13 with nanoholes 

PC microcavity formed by adding defect holes in the L13 PC microcavity to enhance the 

mode overlap with biosamples. The biosensor array we proposed here can potentially be 

used to detect multiple antibody-antigen interactions with high sensitivity, high 

throughput and without the need for labelling.  

 

4.2  DEVICE DESIGN AND FABRICATION 

Schematic of the proposed biosensor array is shown in Figure 4.1(a). Four PC 

biosensors were combined in an MMI power splitter to allow for simultaneous test. 

Subwavelength grating couplers were used to couple CW light in and out of the 
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waveguide devices [48]. Microfluidic channels are integrated on the chip to flow 

biosamples onto the surface of each sensor.  

 

Figure 4.1  (a) Schematic of a biosensor array consisting of four photonic biosensors on 

the same chip; (b) Optical testing setup with optical fibers coupled to silicon 

chip vertically through grating couplers; microfluidic channels are also 

integrated in the setup. 

The devices were fabricated on a silicon-on-insulator (SOI) wafer with e-beam 

lithography process followed by reactive ion etch. We have previously demonstrated that 

the same devices can also be fabricated by 193nm UV photolithography in a commercial 

foundry [76]. The lattice constant of the PC is designed as a = 392.5 nm and the air holes 

have a radius of r = 108 nm. In L13 with nanoholes device, the nanoholes have a radius 

of 0.4r = 43 nm. Figure 4.2(a) shows a microscope image of the MMI and the four optical 

channels. Waveguide crossings are introduced on both sides of the PC biosensors, to 

prevent leakage of liquid from the microfluidic channels. Because the silicon strip 

waveguides are formed by etching air trenches along both sides of the waveguides, when 

putting microfluidic channels on top of the biosensors, a leaking path is formed in the 

trenches. The waveguide crossings serve as a block to seal the trenches and prevent 

leakage [77]. Scanning electron microscope (SEM) image of the waveguide crossings is 
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shown in Figure 4.2(b). Figure 4.2(c) and (d) are SEM images of the L13 with nanoholes 

PC biosensor and the subwavelength grating, respectively.  

 

Figure 4.2  (a) Microscopic image of the fabricated 4-channel PC biosensor array; (b)-

(d) Scanning electron microscope images of the (b) waveguide crossings, (c) 

PC microcavity biosensor (L13 with nanoholes shown) and (d) 

subwavelength grating couplers.  

 

4.3  EXPERIMENTAL RESULTS 

The fabricated device was tested with an optical testing setup that is integrated 

with microfluidic channels, as shown in Figure 4.1(b). Light from a broadband amplified 

spontaneous emission (ASE) source (1510 nm-1630 nm) is coupled into the sensor chip 

to excite fundamental transverse-electric (TE) mode in the waveguide. Output light signal 

is coupled into an optical spectrum analyzer (OSA) to generate the optical spectrum. 

Microfluidic channel made of polydimethylsiloxane (PDMS) is sealed on the chip to flow 

biosamples onto the biosensor surface.  
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Figure 4.3  (a) Optical spectrum of an L13 with nanoholes PC microcavity; (b) Optical 

spectrum of an L13 PC microcavity; (c) Optical spectra of one of the 

resonances of an L13 PC microcavity at different steps of the experiment, 

showing the resonance shift.  

The optical spectra of the biosensor are characterized first. Figure 4.3(a) and (b) 

show the output spectra of the two types of PC biosensors used in the test: the L13 with 

nanoholes PC microcavity and the L13 PC microcavity, respectively. Several clear 

resonance dips were observed in both spectra. The abrupt power drop at the right side of 

the spectra indicate the PC band edge above which the guided modes are no longer 

supported, resulting in high propagation loss. We chose the resonance dip closest to the 

band edge in both biosensors (at 1542.5nm for L13 with nanoholes, and 1558 nm for 

L13) to take advantage of the slow light effect. Figure 4.3(c) shows an example of the 



 40 

resonance shift in the L13 PC sensor at different steps of the experiment. In this way, we 

were able to detect the target biomolecules binding to specific antibody that was 

immobilized on our sensor surface.  

In order to covalently immobilize the antibody on the sensor surface, the silicon 

chip was treated chemically by flowing 3-aminopropyl-triethoxy-silane (APTES, 5% in 

ethanol) and glutaraldehyde (1.25% in phosphate buffered saline (PBS)). During the 

process, the resonance wavelength in L13 PC sensor was monitored every two minutes 

and the resonance shift versus time is plotted in Figure 4.4(a) and (b). In Figure 4.4(a), 

ethanol was first flowed in to create a baseline. When APTES was flowed in 

subsequently, a red shift was observed due to a combined effect of bulk refractive index 

change and the surface area mass change from the attached chemical groups. During the 

incubation, the curve rose to a saturation level. After washing with ethanol, there is a net 

resonance wavelength shift of about 0.14 nm, indicating the successful binding of amine 

groups from APTES. Figure 4.4(b) shows similar trend for glutaraldehyde treatment 

where aldehyde groups were generated on the surface of the chip.  

 

 

Figure 4.4: continued next page.  
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Figure 4.4  Real-time resonance shift monitoring during the surface treatment of the 

silicon sensor chip with (a) APTES and (b) glutaraldehyde. 

After the above surface treatment, the chip is ready to immobilize probe 

antibodies. Goat anti-mouse polyclonal antibody and 2A81G5 monoclonal antibody (both 

in 50 μg/mL) were flowed in the microfluidic channel sequentially. Then 3% bovine 

serum albumin (BSA) was introduced to saturate the surface and prevent any unspecific 

binding of target molecules. Figure 4.5(a) shows the resonance shift after the above three 

steps with respect to a same baseline. The shifts indicate that the probe antibodies have 

been successfully immobilized on the sensor surface and that the vacant binding sites 

have been covered by BSA. 

Finally, target solutions containing different concentrations of cadmium-EDTA-

BSA were introduced into the channel and the resonance shifts were recorded for both 

L13 and L13 with nanoholes biosensors. The results are shown in Figure 4.5(b). For both 

sensors, there was negligible shift for negative control sample, where there is no 

cadmium in it. With increased concentration from 5ppb to 500ppb, the shift in L13 

increased consistently. There is also increased shift in L13 with nanoholes from 5ppb to 

50pppb, but the shift drops at the 500ppb probably due to accidental introduction of air 

bubbles in the channel when the device was being tested. As expected, the shift values for 

L13 with nanoholes are significantly higher than the L13 sensor because the nanoholes 

enhance the mode overlap with the biomolecules [18].  
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Figure 4.5  (a) Resonance shift of the L13 PC biosensor for antibody immobilization 

and BSA blocking steps with respect to a same baseline; (b) Resonance shift 

of the L13 and L13 with nanoholes PC biosensor after applying increasing 

concentration of cadmium samples.  

  

4.4  SUMMARY 

In summary, we demonstrated the sensing of heavy metal ions using 

immunoassay-based detection approach. Cadmium-EDTA-BSA conjugate down to 5ppb 

was detected with an on-chip silicon photonic biosensor array consisting of L13 and L13 

with nanoholes PC microcavity biosensors. This type of silicon photonic biosensor array 

can be used in label-free, high-sensitivity and high-throughput biosensing applications. 
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Chapter 5: Enhanced Sensitivity and Unique Surface Sensing Property 

in Microring Resonator Biosensors Based on Subwavelength Grating 

Waveguides 

 

Apart from improving the performance of current photonic structures for 

biosensing, e.g. using TM mode in strip waveguide [78], introducing nanoholes in PC 

microcavities [33], reducing waveguide dimensions [79], moving operating wavelength 

to reduce water absorption [2], etc., novel wave-guiding structures that are suitable for 

sensing application were also proposed. Subwavelength grating (SWG) waveguide is 

among the novel structures that has been demonstrated in biosensing test with enhanced 

sensitivity [16,17]. We found a unique sensing property in this type of structure that 

makes it especially suitable for biosensing applications.4  

 

5.1 INTRODUCTION 

Micro- and nano-scale photonic biosensors have become a fast growing research 

topic driven by the need of portable bio-detection systems with high sensitivity, high 

throughput, real-time and label-free detection [5–7]. Various devices, as mentioned in 

previous chapters, including surface plasmon devices [72,73,80], microring 

resonators [3,8,9], silicon nanowires [11], nanoporous silicon waveguides [12], one-

dimensional (1D) and two-dimensional (2D) photonic crystal (PC) microcavities [13–

15,39], have been proposed and demonstrated. Most of the proposed structures are based 

on the interaction between the evanescent wave and the biomolecules that are absorbed or 

                                                 
4 Portions of this chapter have been published in H. Yan et al., “Unique surface sensing property and 

enhanced sensitivity in microring resonator biosensors based on subwavelength grating waveguides,” Opt. 

Express, vol. 24, no. 26, p. 29724, Dec. 2016. 
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immobilized on the sensor surface. For example, microring resonators built on silicon-on-

insulator (SOI) substrate can detect biomolecule layers immobilized on the surface of the 

microring through the induced resonance shift in the transmission spectrum [3]. 

Extensive efforts have been made on this type of sensors focusing on increasing the 

sensitivity and lowering the detection limit [78,79,81–83]. However, this type of 

evanescent wave sensing mechanism faces limitation in surface sensing: the sensitivity 

drops inevitably with increasing thickness of the surface layer accumulated on the sensor 

surface. In real applications, this layer includes necessary oxide and chemical layers 

generated by surface treatment, probe proteins, target proteins and any other reagents that 

are used to enhance the signal. These can amount to a total layer thickness ranging from 

several nanometers to a few tens of nanometers, within which the sensitivity of the 

evanescent wave could drop considerably before it reaches the final target to be 

detected  [10,17,69,84,85]. 

 

Figure 5.1 Schematic of the SWG waveguide. Figure is adopted from [16]. 

Recently, novel subwavelength grating (SWG) based waveguides and photonic 

devices were proposed and demonstrated [16,86–88]. The SWG waveguide consists of 
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periodic silicon pillars in the propagation direction with a period much smaller than the 

operating wavelength (see Figure 5.1). Within such a structure, the wave propagates in a 

similar way to conventional strip waveguides, but the interaction region between light 

and the cladding materials is greatly extended compared to the aforementioned 

evanescent wave based biosensors. Therefore, SWG structure shows great promise in 

integrated optical biosensors. In [2,17], microring resonators based on SWG waveguides 

were first demonstrated with bulk sensitivity (the ratio of resonance shift to the change of 

surrounding refractive index) greater than 400 nm/RIU, which is several times higher 

than conventional microring resonators based on strip waveguides [59]. However, the 

enhanced surface sensing capability in SWG waveguide, which is a unique advantage in 

this structure, has never been revealed and carefully studied.  

In this chapter, we analyzed and demonstrated enhanced surface sensing 

capability in microring resonator biosensor based on SWG waveguide structures. In the 

SWG waveguides, effective sensing region includes not only the top and side of the 

waveguide, where evanescent wave exists, but also the space between silicon pillars on 

the light propagation path. This leads to greatly increased sensitivity as well as a unique 

property of thickness-independent surface sensitivity in comparison to conventional 

microring resonator biosensors. The surface sensitivity (the ratio of resonance shift to the 

change of surface layer thickness) remains constantly high in SWG microring resonator 

even when surface layer thickness grows. Simulation shows that the surface sensitivity 

remains around 1.0 nm/nm in the first 25-nm thick layer upon the surface in the studied 

case. In the experimental demonstration, microring resonator biosensors based on both 

SWG waveguides and conventional strip waveguide were fabricated and compared side 

by side in a biosensing experiment. Special tuning of the pillar shape in the SWG was 

utilized to minimize the bending loss in the SWG microring and a high quality factor of 
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9100 in water environment was achieved. A comparison between the two types of sensors 

in the biosensing test verified the superior surface sensing capability in the sensors 

constructed by SWG waveguides. The SWG microring sensor was also used to detect 

microRNA with concentration as low as 1 nM.  

  

5.2 UNIQUE THICKNESS-INDEPENDENT SURFACE SENSITIVITY IN SWG WAVEGUIDE 

SENSORS  

In a microring resonator biosensor, the resonance wavelength shifts as the 

biomolecules interact with the optical field on the surface of the microring. Specific 

biomolecules can be detected by immobilizing them on the surface through specific 

biochemical interactions. Figure 4(a) shows a schematic of this scenario for a sensor 

based on the SWG structure. The surface layer can add up to a thickness from a few 

nanometers to several tens of nanometers [10,17,69,84,85], including silicon dioxide 

layer (~5nm), chemical layer (several nanometers, generated after surface treatment with 

(3-Aminopropyl) triethoxysilane (APTES), glutaraldehyde, etc.) and protein layers 

(antibodies, antigens, etc., several nanometers per layer). Therefore, surface sensitivity is 

an important figure of merit. In resonance based sensing method, surface sensitivity Ss 

can be defined as the resonance wavelength shift in according to the change of surface 

layer thickness [2]:     
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where ng is group index and t is the thickness of surface layer. As shown in Figure 5.2(a), 

we assume the sensing medium is water (n = 1.32) and the surface layer has uniform 

thickness across the surface with uniform refractive index of n = 1.48 [16,17,89]. Then 

the susceptibility effn

t




in the periodic SWG structure is calculated from effective index 
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( effn ) simulation using the 3D PWE solver. The SWG structure has the same parameters 

as presented above. effn

t




in conventional strip waveguide (w = 500 nm, h = 220 nm, used 

to form regular microring resonator) is calculated in an eigenmode solver using finite 

element method (FEM). The simulation results are shown in Figure 5.2(b). The effn

t




in 

SWG waveguide is 4-6 times larger than that in a regular strip waveguide due to large 

mode overlapping factor (σ ~ 0.4). Furthermore, the value remains constantly high in 

SWG structure for the first 25nm of the surface layer, while in regular strip waveguide, 

effn

t




drop monotonically with the accumulation of surface layer. This simulation result 

coincides with the above mode profile analysis that the field confined between silicon 

pillars extends the surface sensing region and the surface sensitivity becomes insensitive 

to surface layer thickness. It shows that SWG structure has superior surface sensing 

capability over evanescent wave based sensors like conventional microring resonator, in 

terms of both absolute surface sensitivity Ss and the ability to maintain high surface 

sensitivity when the thickness of surface layer grows.  
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Figure 5.2 (a) Schematic of the SWG structure covered by thin layers of silicon 

dioxide, chemicals and immobilized protein in water environment; (b) 

Comparing dneff/dt as the thickness of surface layer grows in SWG 

microring and conventional microring.  

 

5.3 DESIGN OF MICRORING RESONATOR BIOSENSOR BASED ON SWG STRUCTURE  

The structure of the SWG microring resonator is shown in Figure 5.3(a). It is 

constructed by replacing the strip waveguides in a regular microring resonator with SWG 

waveguides. The silicon SWG microring resonator sits on top of the buried oxide layer 

and is covered by sensing medium (water or other biological buffers, assuming refractive 

index n = 1.32). Figure 5.3(b) shows top view of the ring-waveguide coupling region. In 

this paper, the SWG in the microring resonator uses trapezoidal pillars to minimize 
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bending loss, thus to achieve better quality factors [90]. The SWG in the bus waveguide 

still uses regular rectangular pillars [17].  

The structural parameters of the SWG microring are also marked in Figure 5.3. 

The radius of the microring R is set to 10 μm to achieve high intrinsic quality factor and 

compact size at the same time. The grating period of the SWG is Λ = 200 nm, which 

satisfies the condition / 2 effn   (λ = 1550 nm), so the waveguide operates in the 

subwavelength regime and behaves like a conventional waveguide [16]. Duty cycle of the 

grating (ratio of silicon pillar length l to grating period Λ) η and waveguide width w are 

determined through simulation to achieve large optical field overlap with the sensing 

medium. The gap between microring and the bus waveguide is d = 50 nm, which is 

determined by a parameter scanning in fabrication to achieve high quality factor and 

extinction ratio. For the trapezoidal pillars in the SWG microring, the grating period are 

the same as the straight waveguide. Widths of the top base (a) and bottom base (b) are 

determined by minimizing the bending loss in the microring using 3D finite difference 

time domain (FDTD) simulation [91]. The height of the silicon layer (see Figure 5.3(c)) 

is h = 220 nm.   

 

 

Figure 5.3: continued next page.  
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Figure 5.3 (a) Schematic of the studied SWG microring resonator biosensor; (b) Top 

view of the coupling region (yellow rectangular in (a)); (c) Cross section 

view of the SWG waveguides (purple cut line in (a)). 

To find a proper duty cycle η and waveguide width w, the optical mode profile is 

simulated using the 3D plane wave expansion (PWE) method and the overlapping factor 

σ (defined as the ratio of the electric field inside the low refractive index medium region) 

is calculated. The results are plotted in Figure 5.4, in which the waveguide width and 

duty cycle are scanned in x and y axis, respectively. The region inside the dashed blue 

curve indicates modes that are above the silicon dioxide light line and are not well-

confined. The absorption loss of light in water also contributes to the total loss in the 

SWG microring and deteriorates its quality factor. To achieve a high overlapping factor 

while taking absorption loss into consideration, η = 0.65 and w = 450 nm are chosen, 

resulting in the calculated overlapping factor σ = 0.4. So the length of the rectangular 

pillar is l = ηΛ = 130 nm. The top and bottom bases (a and b) are then determined through 

the bending loss simulation as described above. The optimized a and b are 100 nm and 

150 nm, respectively.  

 

 

Figure 5.4 Overlapping factors for different waveguide width and duty cycle 

combinations.  
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The mode profile simulated with the above parameters is shown in Figure 5.5. 

Figure 5.5(a) illustrates the schematic of the SWG structure and position of cut planes 1-3 

where the mode profiles in Figure 5.5(b)-(d) are obtained. Figure 5.5(b) is the electric 

field distribution at the middle height of the pillar (xz plane at y=h/2); Figure 5.5(c) 

shows the electric field between pillars (xy plane at z=constant); Figure 5.5(d) shows the 

field between pillars cutting close to the edge of the pillar (yz plane at x close to edge of 

the pillar). From the mode profile, it can be seen that in contrast to the evanescent field 

on the top surface and sidewalls of the waveguide, there is significantly stronger mode 

field existing on the light propagation path between silicon pillars. In Figure 5.5(d), it is 

especially clear that the field is strongly confined between silicon pillars. This gives 

SWG based microring biosensors extended surface sensing region on the propagation 

path and thus unique advantage in surface sensing over conventional microrings.  

  

 

Figure 5.5 Electric field intensity distribution at different cross sections. (b), (c) and (d) 

correspond to the cut positions marked with 1, 2 and 3 in the schematic (a), 

respectively.  
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5.4 EXPERIMENTAL COMPARISON BETWEEN BIOSENSORS BASED ON STRIP 

WAVEGUIDES AND SWG WAVEGUIDES  

5.4.1  Device fabrication and measurement 

Devices were fabricated on a silicon-on-insulator (SOI) wafer with 220 nm thick 

top silicon layer. The wafer was first patterned by e-beam lithography with ZEP 520A 

resist (Zeon Chemicals). Then a single reactive ion etching (RIE) process using HBr and 

Cl2 is used to transfer the pattern to silicon. Resist was then removed. Before biosensing 

test, the devices went through thermal oxidation at 950 oC for 5 min to grow about 5 nm 

silicon dioxide on the surface. The silicon dioxide layer serves as the base for subsequent 

chemical treatment steps used to immobilize probe proteins covalently.  

Devices were characterized on an optical test platform integrated with 

microfluidic system [17]. Transmission spectra of the fabricated devices were obtained 

using broadband LED light source and optical spectrum analyzer. Light was coupled into 

and out of the device with fiber arrays. The test stage is integrated with microfluidic 

channels in which sensing medium is pumped and flowed onto the sensor at a controlled 

flow rate. The stage is also thermally controlled with Newport 3040 Temperature 

Controller to avoid temperature-induced resonance shift in the biosensors. The whole 

system is connected to a computer and the transmission spectra of the device is monitored 

automatically.  

5.4.2  Sensing experiment methods 

To characterize the bulk refractive index sensitivity of the fabricated SWG 

microring resonator, different concentrations of glycerol in water solution (0%, 5%, 10%, 

20%, v/v) were prepared and flowed onto the chip through microfluidic channels. The 

resonance wavelengths were recorded and the sensitivity was calculated by /S n   , 
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the resonance shift versus refractive index change. Refractive index data was obtained 

based on [92].  

To demonstrate the enhanced surface sensitivity, both SWG microring resonator 

and conventional microring resonator were fabricated on the same chip and characterized 

with biosensing test. Before the test, the chip was first silanized by 2% (v/v) APTES in 

toluene. Then the chip was further treated with 2.5% (v/v) glutaraldehyde in phosphate 

buffer saline (PBS) to provide aldehyde group linker that is able to immobilize protein 

covalently [69,85]. Next, anti-streptavidin antibody (50 μg/mL, from Abcam), bovine 

serum albumin (BSA, 1 mg/mL), streptavidin (100 μg/mL, from Sigma-Aldrich), and 

biotinylated BSA (1 mg/mL, from Thermo Fisher Scientific) were flowed in sequence 

into the microfluidic channel containing both microring sensors. Anti-streptavidin 

antibody was immobilized on the sensor surface as probe protein. BSA was used as 

blocking buffer to block any vacant sites. Streptavidin binds to probe protein and later 

capture biotinylated BSA through biochemical interactions. Before switching reagent at 

each of the above steps, PBS buffer was flowed to remove any unbound biomolecules. 

Resonance wavelengths of both the SWG and conventional microring resonator were 

recorded and resonance shifts were compared.  

The SWG microring resonator was also used to detect low concentrations of 

microRNA (miRNA). The chip containing SWG microring biosensors was chemically 

modified with APTES and glutaraldehyde as described above. Then capture DNA (1 

mM) was flowed to cover the sensor surface followed by applying blocking buffer. The 

conjugate miRNA (1 nM and 100 nM) was then flowed in the microfluidic channels to 

conjugate with the capture DNA. Anti-DNA:RNA antibody was flowed last to amplify 

the signal.  
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5.5 RESULTS AND DISCUSSION 

Scanning electron microscope (SEM) images of the fabricated SWG microring 

resonator are shown in Figure 5.6(a) with the coupling region enlarged to show the 

trapezoidal pillars in the microring and the rectangular pillars in the bus waveguide. A 

transmission spectrum of the SWG microring is shown in Figure 5.6(b), from which the 

free spectral range is measured to be 12.5 nm, corresponding to group index 
2 / (2 ) 3.0gn R FSR    . The estimated quality factor ( ~ /Q   ) is as high as 9100 

due to the use of trapezoidal pillars in the SWG microring. The trapezoidal shape induces 

pre-distorted refractive index profile to significantly reduce mode mismatch and radiation 

loss in the SWG bend. It is also worth noting that the absorption loss in water contributes 

to the total loss in the SWG microring. Moving to a shorter wavelength such as 1310 nm 

for operation and adjust the design slightly to compensate for the wavelength change 

would potentially further improve the quality factor. The device would suffer about an 

order of magnitude less absorption loss [2].    

Next, bulk refractive index sensitivity of the SWG microring biosensor was 

characterized. The resonance peak wavelength was monitored during the experiment and 

plotted in Figure 5.6(c). Thus, the bulk sensitivity can be estimated by a linear fit on the 

resonance shift versus refractive index change plot, as shown in Figure 5.6(d). The fit 

curve shows a bulk sensitivity of Sb = 440.5 ± 4.2 nm/RIU, which is a typical value for 

SWG microring resonators [17], and is about 4 times of that of a conventional microring 

resonator [2,59]. Considering the high quality factor, the detection limit of the sensor 

is
4/ ( ) 3.9 10bDL Q S     RIU.  
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Figure 5.6  (a) Scanning electron microscope (SEM) image of the SWG microring 

resonator with its coupling region enlarged. (b) transmission spectrum of the 

fabricated SWG microring resonator; (c) Resonance wavelength shift during 

the bulk refractive index sensing test; (d) Resonance shift with respect to 

refractive index change. Linear fit shows a bulk sensitivity of 440.5 

nm/RIU.  

To demonstrate the enhanced surface sensitivity in SWG microring resonators, 

both SWG microring resonator and regular microring resonator were fabricated on the 

same chip and compared in a surface sensing test as described in the Methods section. 

The regular microring resonator has the same radius of 10 μm and the waveguide is 450 

nm wide by 220 nm high (measured bulk sensitivity ~44.6 nm/RIU). The experimental 

results are shown in Figure 5.7. Figure 5.7(a) presents the real time monitoring of the 
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resonance shift in SWG microring biosensor during the sensing experiment. Regions with 

blue background indicate PBS buffer washing steps between the flow of different 

reagents. The reagent flow steps are marked in the figure with corresponding reagent 

names. The gradual red-shift of resonance during steps reflects the continuous binding of 

biomolecules to the chemically treated surface or to its conjugated biomolecules. PBS 

buffer removes unbound biomolecules and create a background refractive index so that 

the resonances can be compared at each step. The resonance shifts of the conventional 

microring were also recorded at each buffer washing step. The resonance shifts for both 

microring biosensors are shown in Figure 5.7(b). Resonance shift in SWG microring are 

several times larger than that in regular microring as expected, because of the much 

larger overlapping factors in SWG microring. It can also be seen in this figure that with 

more and more layers built on the surface, the resonance shift difference between the two 

microrings also becomes larger. To explicitly show this difference, surface sensitivity 

with respect to the thickness of surface layer is compared in both rings as shown in 

Figure 5.7(c). The thickness of the surface layers is estimated by combining the simulated 

surface sensitivity and the experimental resonance shift in SWG microring. According to 

Equation (5.1) and the simulation in Figure 5.2(b), the surface sensitivity of the SWG 

ring is 1.0 /sS nm nm (λ = 1550 nm, ng = 3.0, assume n = 1.48 across all surface 

layer [16,17,89]) for the first 25 nm thick of surface layer. Therefore, the surface layer 

thickness can be estimated ( / st S   ). The surface sensitivity of the regular 

microring can then be calculated by the first part of Equation (5.1) ( /sS t   ). Figure 

5.7(c) shows that the sensitivity of the microring resonator drops monotonically 

compared to that of the SWG ring as thickness of accumulated biomolecules grows 

continuously. It is worth noting that both devices were tested side by side in the same 

microfluidic channel, the surface layer thickness can be taken as the same, thus the 
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resonance shift at each thickness can be compared. The estimated thickness in the x-axis 

of Figure 5.7(c) also takes into account the initial thickness of silicon dioxide (~5 nm) 

and APTES (~5nm).  

 

 

Figure 5.7  (a) Real time monitoring of the resonance shift in SWG microring biosensor 

during the biosensing experiment; Blue region indicate buffer washing steps 

and other steps are marked with the corresponding reagents used. Anti-SA: 

anti-streptavidin antibody, SA: streptavidin, bio-BSA: biotinylated BSA. (b) 

Resonance shift in both SWG microring and regular microring; insets show 

SEM images of both microrings; GLU: glutaraldehyde (c) Surface 

sensitivity with respect to estimated thickness in both SWG microring and 

regular microring.  

The fabricated SWG microring biosensor was also tested with low concentration 

bio-samples to further demonstrate the enhanced sensitivity for biosensing applications. 

The experiment is performed as described in the Methods section. The test result is 
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shown in Figure 5.8. A net resonance wavelength shift of 0.11 nm was observed for 1nM 

miRNA with anti-DNA:RNA antibody amplification. A net resonance wavelength shift 

of 0.19 nm was observed for 100nM miRNA with antibody amplification. It shows that 

the SWG microring biosensor is promising in detecting low concentration of 

biomolecules in real applications.  

  

 

Figure 5.8 Resonance wavelength shift in miRNA sensing experiment.  

 

5.6 SUMMARY 

In conclusion, we have shown that microring resonator biosensors based on SWG 

waveguides possess unique property of thickness-independent surface sensitivity and 

enhanced sensitivity compared to conventional microring resonators. Numerical 

simulation reveals that due to periodic pillar structure in the propagation direction, the 

effective sensing region includes not only top surface and sidewall of the waveguide, but 

also the space on the propagation path between the periodic pillars. It is the strong optical 

field between the periodic pillars that leads to significantly enhanced interaction with the 
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sensing medium. Biosensing experiment on both SWG microring and conventional 

microring demonstrated the superior surface sensing capability of the SWG waveguide. 

Along with the demonstration of miRNA detection at 1 nM concentration, SWG 

microring resonator is shown to be promising in real biosensing applications.  
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Chapter 6: One-Dimensional Photonic Crystal Slot Waveguide for 

Silicon-Organic Hybrid Electro-Optic Modulators  

 

In an on-chip silicon-organic hybrid electro-optic (EO) modulator, the mode 

overlap with EO materials, in-device effective r33 and propagation loss are among the 

most critical factors that determines the performance of the modulator. Various 

waveguide structures have been proposed to optimize these factors, yet there is a lack of 

comprehensive consideration on all of them. In this Chapter, a one-dimensional (1D) 

photonic crystal (PC) slot waveguide structure is proposed which takes all these factors 

into consideration. The proposed structure offers a competitive novel phase shifter 

design, which is simple, highly efficient and with low optical loss, for on-chip silicon-

organic hybrid EO modulators.5  

 

6.1 INTRODUCTION 

High speed, high efficiency integrated electro-optic (EO) modulator built on 

silicon substrate is an important building block for short-reach optical interconnect [93]. 

Since the second-order nonlinearity (χ(2)) of silicon is negligible, most silicon integrated 

EO modulators rely on the plasma dispersion effect, in which the change of free carrier 

concentration induces the change of refractive index in silicon waveguide [94,95]. The 

bandwidths and modulation efficiencies of these modulators are therefore limited by the 

free carrier dynamics. On the other hand, polymer EO materials possess intriguing 

                                                 
5 Portions of this chapter have been published in H. Yan et al., “One-dimensional photonic crystal slot 

waveguide for silicon-organic hybrid electro-optic modulators,” Opt. Lett., vol. 41, no. 23, p. 5466, Dec. 

2016. 
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second-order nonlinear optical property, such as high nonlinear coefficient and ultrafast 

response time, and can be applied easily through spin-casting [96–98]. The silicon-

organic hybrid platform combines advantages of both silicon photonic and polymer 

materials, enabling large modulation bandwidth and small voltage-length product 

simultaneously in EO modulation applications [99–101].  

Silicon-organic hybrid EO modulators based on various phase shifter designs 

have been reported in recent years. These structures include slot waveguide [29,102–

104], two-dimensional (2D) slot photonic crystal (PC) waveguide [50,105,106] and one-

dimensional (1D) PC waveguide [107]. High modulation efficiency has been achieved in 

slot waveguides because of the strong confinement of optical mode in low index slot 

region infiltrated with EO materials, which leads to large mode volume overlap with EO 

polymer. Slow light waveguides, like 2D slot PC waveguides, have also been proposed, 

which utilize the slow light effect and greatly enhance effective r33 [50,105,106]. In 2D 

slot PC waveguide, however, the optical loss in slow light region and its robustness to 

fabrication variations is a concern, especially in a dispersion-engineered PC slot 

waveguide considering its complicated structure and delicate arrangement of the PC 

holes [106]. Reports have shown that the propagation loss in a 2D PC slot is very 

sensitive to slot width variations [108]. In Ref. [107], a novel 1D PC structure is 

introduced. With proper use of the air band in the PC, the structure achieves high mode 

overlap (σ = 0.67) and slow light enhancement simultaneously, although the poling 

efficiency of the EO polymer between the pillars is relatively low because voltage drop in 

this area is reduced by the silicon pillars. In reality, the mode overlap with EO material, 

effective r33 (proportional to slow light enhancement), and propagation loss are among 

the most important factors for a silicon-organic hybrid EO modulator, yet there is a lack 

of comprehensive consideration on all these factors.  
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In the chapter, we propose a new slow light slot waveguide with 1D PC structure 

which takes all these factors into consideration. We further define a comprehensive 

figure-of-merit to compare it with previous reported modulator phase shifter designs. The 

proposed 1D PC structure takes advantage of the strong mode confinement in the low-

index region of a conventional slot waveguide together with the slow light enhancement 

from the 1D PC. Its simple geometry makes it robust to fabrication imperfections and 

helps reduce the propagation loss, while still maintaining the benefit of large mode 

overlap and slow light enhancement. Using it as a phase shifter and converting the phase 

shift to amplitude modulation through a Mach-Zehnder interferometer (MZI) structure, 

we demonstrate an integrated silicon-organic hybrid EO modulator. The observed 

effective EO coefficient is as high as 490 pm/V at 1562 nm wavelength. The measured 

half wave voltage and length product is 0.91 V·cm and can be further improved by 

adding narrow connecting arms [102]. A potential bandwidth of 61 GHz can be achieved 

based on simulation analysis. The proposed structure offers a competitive novel phase 

shifter design, which is compact, simple, highly efficient and with low optical loss, for 

on-chip silicon-organic hybrid EO modulators.  

 

6.2 DESIGN AND ANALYSIS OF 1D PHOTONIC CRYSTAL SLOT WAVEGUIDE 
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Figure 6.1   (a) Schematic of the proposed 1D PC slot waveguide filled with EO 

polymer as a phase shifter for EO modulators. (b) and (c) are the top view 

and the cross section view of the structure, respectively.  

The structure of the 1D PC slot waveguide is shown in Figure 6.1. It is formed by 

a conventional slot waveguide with periodic rectangular teeth on its rails. The structural 

parameters of the 1D PC slot are chosen to support single mode propagation while 

achieving high group index (slow light) around the optical wavelength of 1550 nm. The 

period (P) of the rectangular teeth is 415 nm. The width (a) and length (b) of the teeth are 

124.5 nm (0.3P) and 300 nm, respectively. The slot has a width (Sw) of 150 nm and a rail 

width (Rw) of 100 nm. The 1D PC slot waveguide sits on top of a silicon dioxide layer 

and is covered with EO polymer (SEO 125 Soluxra, LLC., n=1.63). Figure 6.2(a) shows 

the simulated photonic band diagram of the quasi-transverse-electric (TE) modes of the 

1D PC slot waveguide using 3D plane wave expansion method. The nearly flat region of 

the lowest band is chosen as the operating range. It supports propagation mode in the PC 

slot waveguide and has a high group index (ng>40) close to the band edge (as shown in 

the inset of Figure 6.2(a)). The electric field intensity distribution of the mode at the band 
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edge is shown in Figure 6.2(b)-(d). Optical power is strongly confined in the slot and the 

ratio of the optical power in the EO polymer region is calculated to be σ = 0.35.  

 

 

Figure 6.2   (a) Band diagram of the 1D PC slot waveguide, inset shows the mode 

profile at the band edge of the lowest band; (b)-(d) Mode profile at the band 

edge of the lowest band.  

 

6.3 DESIGN OF WAVEGUIDE TAPER BETWEEN 1D PHOTONIC CRYSTAL SLOT 

WAVEGUIDE AND NORMAL SLOT WAVEGUIDE 

The 1D PC slot waveguide is accessed through conventional slot waveguides. To 

compensate the mode mismatch and improve coupling efficiency at the interface of the 

conventional slot waveguide and the 1D PC slot waveguide, a coupler is designed. 

Instead of using adiabatically tapered long coupler [109], a very short intermediate low-

group-index coupler (step taper) is used [110]. The schematic of the step taper is shown 

in Figure 6.3(a). The optimized step taper consists of 5 periods of PC slot waveguide with 

shorter teeth (bT   = 200nm) and slightly larger period (PT  = 425nm). The width of the 

teeth remains unchanged (aT = 0.3PT, 127.5nm). The parameters of the step taper (period 
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PT, tooth length bT and width aT, number of periods N) were optimized by transmission 

spectrum simulation using 3D finite difference time domain (FDTD) method. Part of the 

optimization process are shown in Figure 6.3(b)-(d). In Figure 6.3(b), aT, bT  and N are 

fixed while PT is scanned from 420nm to 430nm. Similarly, in Figure 6.3(c) and (d), bT 

and N are scanned separately. In this way, the optimized parameters for the step taper are 

determined. Figure 6.3(e) compares the simulated transmission before and after 

implementing the optimized step taper. It can be seen from the figure that the large 

fluctuations resulting from the group index mismatch has been significantly reduced by 

the short step taper (total length ~2 μm) and the additional loss caused by the taper is 

negligible. Finally, the conventional slot waveguide is connected to a strip waveguide 

through an s-shape strip-to-slot mode converter [111]. Figure 6.3(f) shows the measured 

transmission spectrum of a 200 μm long 1D PC slot waveguide filled with EO polymer. 

A clear band edge can be observed near 1550 nm.  

 

 

Figure 6.3: continued next page. 
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Figure 6.3   (a) Schematic of the step taper; (b)-(d) Simulated transmission spectrum of a 

1D PC slot waveguide with step taper of (b) different periods (PT), (c) 

different teeth length (bT) and (d) different number of periods (N); (e) 

Simulated transmission spectrum comparing 1D PC slot waveguide with 

(red curve) and without step taper (black curve); (f) Measured transmission 

spectrum of 1D PC slot waveguide with optimized step taper. 

 

6.4 DEVICE FABRICATION 

To characterize the 1D PC slot waveguide as the phase shifter for modulators, an 

MZI structure was designed with one arm loaded with a 200 μm long 1D PC slot 

waveguide, as illustrated in Figure 6.4. The proposed 1D PC slot waveguide, along with 

all connecting strip waveguides, 1 by 2 multi-mode interferometer (MMI), and 

subwavelength grating couplers [48], were patterned by e-beam lithography on a silicon-

on-insulator (SOI) chip with 250 nm thick top silicon layer. The pattern was then 

transferred onto the silicon layer through a single reactive ion etching (RIE) step. Gold 

electrodes were formed by photolithography, e-beam evaporation, and lift-off process. 

The gap size between the two electrodes is 4 μm. The insets of Figure 6.4 show the 

scanning electron microscope (SEM) images of the fabricated silicon PC slot waveguide, 

strip-to-slot mode converter and grating coupler and also the microscopic image of the 

MMI up to the above steps. Finally, EO polymer was coated on the PC slot waveguide 

and cured overnight under vacuum at 80 oC. It ensures that the polymer infiltrates the PC 

slot structures thoroughly as shown in Ref. [106]. Before modulation measurement, the 

EO polymer goes through a poling process at its glass transition temperature of 150 oC 

with an external electric field of 100 V/μm applied through the gold electrodes. The 

poling process aligns the chromophores in the same direction in the host polymer and 

activate its EO effect.  
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Figure 6.4   Schematic of a MZI modulator based on 1D PC slot waveguide. Insets show 

scanning electron microscope (SEM) images of the waveguides and the 

grating coupler, and microscopic image of the MMI.  

 

6.5 EXPERIMENTAL RESULTS 

Transmission spectra of the fabricated device were obtained from a testing 

platform using a broadband amplified spontaneous emission (ASE) source (1510nm-

1630nm) and an optical spectrum analyzer. Light from the ASE source was guided 

through a polarizer to subwavelength grating couplers and excites the fundamental quasi-
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TE mode of the on-chip strip waveguides. Transmission spectrum of the unbalanced MZI 

without applying any voltage on the electrodes was first measured and shown in Figure 

6.5(a). The oscillations in the spectra are due to the group velocity difference between the 

two arms of the MZI. The oscillation period decreases rapidly at the band edge of the 1D 

PC slot waveguide, approximately 1567nm. The group index therefore can be estimated 

from the oscillation patterns using the equation [112]:  

     min max

min max2 ( )

pcw ref

g gn n
L

 
 

 
 


                 (6.1) 

where pcw

gn  is the group index of the 1D PC slot waveguide, ref

gn  is the group index of the 

reference strip waveguide ( 4.2ref

gn  ), min  and max  are the wavelength at adjacent 

valley and peak of the oscillations, L = 200 μm is the length of the phase shifter. The 

estimated group indices are drawn in the same plot. Group index over 25 is observed. The 

slow light region has a width of about 1.5nm (marked with color) with an average group 

index around 20 and can be improved by dispersion engineering [106]. The total loss of 

the MZI structure is ~10dB, which includes propagation loss of the 200 μm 1D PC slot 

waveguide (~3dB), coupling loss on the step taper (~3dB), mode converter (~2dB), and 

MMI (~2dB). The propagation loss in the 1D PC slot is estimated at about 15dB/mm. 

This loss is higher than conventional slot waveguide filled with EO polymer 

(4dB/mm) [29] due to scattering at the periodic structure but is smaller than the 2D PC 

slot waveguide under similar fabrication conditions. The much simpler structure of 1D 

periodic teeth along the slot waveguide reduces the scattering loss, which is a major 

source of loss in real devices, and make the device more robust to fabrication 

imperfections.  
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Figure 6.5   (a) Measured transmission spectrum of the MZI structure and derived group 

index as a function of wavelength; (b) Measured transmission spectra of the 

MZI modulator with different DC electric field applied on the electrodes; (c) 

Group index (from both simulation and experiment) and effective r33 as a 

function of wavelength. 

To characterize the device performance, electric field was applied on the phase 

shifter through the electrodes. Figure 6.5(b) shows the transmission spectra under 

different electric fields generated by DC voltage. The spectra show red shifts with 

increasing electric field from 0 to 10 V/μm. The phase shift induced by the applied 

electric field can be estimated from the equation 2 / FSR     , where FSR is the free 

spectral range of the oscillations in the MZI spectrum. The half-wave voltage, which is 

the applied voltage when    , is estimated according to the relationship between 
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applied voltage and wavelength shift obtained from the spectra. Based on these equations, 

EO modulation efficiency (V L
) of 0.91 V·cm is calculated near the wavelength of 1562 

nm. The effective EO coefficient of the EO polymer, 33effr , can then be estimated by [50]:  

   33 3eff

W
r

n V L




       (6.2)                                

where n = 1.63 is the refractive index of the EO polymer, σ is the ratio of optical mode 

power in the EO polymer, W is the gap size between the electrodes. The estimated 33effr  

near 1562 nm is 490 pm/V. This high r33 value is a result of the enhancement effect of 

slow group velocity of the waveguide mode. Figure 6.5(c) shows the group index and 

effective EO coefficient as a function of wavelength in the same diagram. The increasing 

33effr with increasing group index confirms that the effective EO coefficients and thus 

modulation efficiencies are enhanced by the slow light effect in our proposed PC slot 

waveguide.  

 

6.6 COMPARISON WITH EXISTING MODULATOR DESIGNS  

In order to study the potential of phase shifter designs comprehensively, we 

define a figure-of-merit 3g dBf n L    , where σ is the ratio of optical mode in the EO 

polymer region, ng is group index in the waveguide, L3dB is the length of phase shifter in 

mm with 3dB propagation loss. This figure-of-merit reflects a phase shifter’s ability to 

efficiently confine and modulate the propagation mode in the waveguide. In our proposed 

1D PC slot structure, 0.35 20 0.2 ~ 1.4f    considering the 15dB/mm propagation loss. 

In conventional slot waveguide based EO modulators, like the ones in [29,102,104], 

~ 0.4 2 0.75 ~ 0.6f   considering typical propagation loss of 4dB/mm when filled with 

EO polymer [29]. In a 2D PC slot waveguide [50,105], σ and ng are similar to our 

proposed 1D PC waveguide, but the L3dB is smaller due to the larger scattering loss from 
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the 2D PC structure. It can be seen that in 1D PC slot waveguide, the slow light effect 

provides more benefits than the extra propagation loss it induces, while the overlap factor 

is as high as that in conventional slot waveguides. Therefore, the proposed 1D PC slot 

waveguide has the potential to enable better efficiency in EO modulators comparing to 

those based on conventional slot waveguides or 2D PC slot waveguides.  

The above measurement results demonstrate the slow light enhancement in the 

proposed structure. However, this modulator is not optimized for low voltage, high 

extinction ratio and high speed operation. To further reduce the half-wave voltage, it is 

feasible to use strip-loaded structure [103] or add narrow contacting arms to the PC teeth 

and connect the bulk silicon under the electrodes [102]. A push-pull configuration will 

help both lower the operating voltage and improve the extinction ratio. Considering high 

speed operation, the silicon slabs between the electrodes and the slot filled with EO 

polymer is similar to a RC circuit, where the 3dB frequency bandwidth can be estimated 

by 1/ 2 RC .  Through finite element simulation, the 3-dB bandwidth is about 61 GHz 

(R=6.9kΩ, C=0.38fF). To make the most out of the ultra-fast response time of EO 

polymer material, the silicon slab can be properly doped to further reduce the equivalent 

resistance and improve the bandwidth [29,106]. With these additional considerations, the 

silicon-organic hybrid modulator has the potential of high speed operation of tens of 

Gbit/s or even higher [29,99,113]. 

 

6.7 SUMMARY 

In summary, we have designed a slow light slot waveguide that has a 1D PC 

structure and demonstrated its enhancement effect in an MZI EO modulator. Its simple 

geometry makes it more robust to fabrication imperfections and helps reduce the 



 72 

propagation loss, but still maintain the benefit of a slow light waveguide. The effective 

EO coefficient raises to 490 pm/V due to slow light enhancement. The observed half 

wave voltage and length product is less than 1 V·cm and can be further improved with 

further electrical design. This proposed structure provides a new platform for applications 

that require maximum light-matter interaction within a short length, especially for 

silicon-organic hybrid EO modulators in on-chip optical interconnect.  
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Chapter 7: Strained Silicon Waveguide for Difference Frequency 

Generation of Mid-Infrared Wave 

 

7.1 INTRODUCTION 

Mid-infrared (Mid-IR) sources are required in several applications in 

environmental sensing and spectroscopy, particularly in the atmospheric transmission 

windows in the 3-5 μm and 8-12 μm wavelength range. High power quantum cascade 

lasers (QCLs) are available in the 8-12 μm window. Continuous wave (CW) QCLs have 

also been demonstrated in the 4-5 μm window [114]. In the 3-4 μm window, at the 

present time, best performance has been demonstrated with interband cascade lasers 

(ICLs) [115]. Although QCLs and ICLs are attractive, the dependence on III-V materials 

and complex epitaxial hetero-structure growth adds significant cost to its applications. It 

is thus worth exploring an appropriate source with cost-effective options.  

Frequency-mixed mid-IR can be generated over a much wider wavelength range 

than that possible from a single QCL or ICL [116–118]. In addition, frequency-mixing 

can take advantage of low-propagation losses in the near-infrared (near-IR), in air or in 

fiber or in on-chip silicon waveguide, to efficiently generate the mid-IR.  

Amplification and lasing, wavelength conversion and optical processing have all 

been demonstrated in silicon in recent years, employing the third- or higher-order 

nonlinearities of silicon [119–123]. Third-order refractive nonlinearities require relatively 

high optical powers, and compete with nonlinear-loss mechanisms such as two-photon 

absorption (TPA) and two-photon induced free carrier absorption (FCA). In silicon, χ(2) 

vanishes due to centro-symmetry of its crystal structure. This symmetry can be broken by 

applying mechanical stress in silicon to create second-order nonlinearity (linear electro-
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optic effect, or Pockels effect) [124–127]. It has been experimentally demonstrated that 

second-order nonlinearity can be induced in a silicon waveguide by using a straining 

silicon nitride overlayer [128]. 

In this chapter, a fiber-coupled platform based on strained silicon waveguides for 

tunable difference frequency generation (DFG) in mid-IR with tunable CW sources in the 

near-IR is proposed. It employs the silicon nitride induced strain in silicon to induce 

second-order nonlinear susceptibility. Near-IR light is coupled into silicon and mid-IR 

light is coupled out of silicon using sub-wavelength grating couplers [48,129].  

 

7.2 SILICON-ON-SAPPHIRE (SOS) VS SILICON-ON-INSULATOR (SOI) SUBSTRATE 

Silicon-on-sapphire (SOS) wafers was initially chosen and used as device 

substrate. It is due to transparency of sapphire (Al2O3) in both near-IR and mid-IR 

wavelength range [130]. While in silicon-on-insulator (SOI) wafers, SiO2 is a high-loss 

material in the mid-IR with losses of over 2 dB/cm at wavelengths longer than 3.5 

μm [131].  

From actual propagation loss measurement of waveguides fabricated on SOS 

substrate, high propagation loss of 1~2 dB/mm was observed at the three wavelengths 

that will be involved in the difference frequency generation (DFG): pump (~1176 nm), 

signal (~1572 nm) and idler (~4550 nm). The primary reason of the high propagation loss 

was found to be the defects at the interface between silicon and sapphire layer. The 

silicon layer was grown through epitaxy technique. Defects occur due to lattice constant 

mismatch between silicon and sapphire substrate and the amount of defects is larger in 

the region closer to the interface. Because the silicon layer is only 350 nm in our case, the 

defect induced optical loss is significant.  



 75 

The loss mechanism is confirmed by comparing waveguide loss on both SOS and 

SOI substrates with same waveguide design and fabrication condition. The results are 

shown in Table 7.1. It can be seen that at near-IR wavelengths (pump and signal), SOI 

waveguides have an order of magnitude lower propagation loss than that of SOS 

waveguides. At mid-IR wavelength (idler), the waveguide losses are almost the same in 

both substrates but the loss mechanisms are different: defect induced loss in SOS and 

SiO2 absorption loss in SOI. Based on this observation, we moved the fabrication of the 

DFG waveguides from SOS to SOI substrate. 

 

Wavelength \ Substrate SOS SOI 

Pump (~1176 nm) -2.25 -0.31 

Signal (~1572 nm) -1.05 -0.13 

Idler (~4550 nm) -0.95 -1.16 

Table 7.1 Propagation loss of waveguides (h=350nm, w=2500nm) fabricated on SOS 

and SOI substrates (unit: dB/mm) 

 

7.3 DESIGN OF KEY COMPONENTS: GRATING COUPLERS, WAVEGUIDES, AND 

COMBINERS 

7.3.1  Phase matching conditions 

Phase matching conditions is expressed in terms of the guided-mode wave 

vectors:  

0p s ik k k k          (7.1) 
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where 2 /effk n  , neff  is the effective index of the mode in the waveguide. Phase 

matching condition need to be satisfied for high-efficiency difference frequency 

generation (DFG) in the waveguide. To achieve the phase matching condition in the 

waveguide (width w=2.5 μm, height h=350 nm), in addition to the difference frequency 

condition ( i p sf f f  ), the following wavelengths and fundamental modes are chosen:  

 

 Wavelength (nm) Mode Effective index 

Pump 1176 TM 3.21 

Signal 1572 TE 3.14 

Idler 4550 TE 2.42 

Table 7.2 Wavelengths and modes chosen for pump, signal and idler in difference 

frequency generation 

The exact phase-matched wavelengths will depend sensitively on fabrication 

variations and can be adjusted using tunable lasers for signal wavelength.  
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7.3.2  Grating coupler 

 

Figure 7.1  Schematic of grating coupler and its major parameters 

Grating couplers serve as the interface between on-chip DFG device and the 

input/output optical fiber. The grating coupler consists of rows of etched rectangular 

holes. Each row is a subwavelength nanostructure (SWN) with period less than the 

wavelength. The design parameters are shown in Figure 7.1. ΛG and Lsub are the grating 

period and length of the etched rectangular holes, respectively. Λsub and Wsub are the 

period of the SWN and width of the etched rectangular holes, respectively. The grating 

couplers for the three wavelengths were designed using 2D finite difference time domain 

(FDTD) simulation. The simulated mode profile and optimized design (for SOI substrate) 

of the three grating couplers are show in Figure 7.2 and Table 7.3.  



 78 

 

Figure 7.2  Simulated electric field profile when light is coupled out from grating 

couplers. Wavelength in (a), (b) and (c) are 1176nm, 1570nm and 4550nm, 

respectively. 

 

 ΛG (nm) Lsub (nm) Λsub (nm) Wsub (nm) 

Pump (1176nm, TM) 600 330 (0.55ΛG) 102 80 (0.78Λsub) 

Signal (1572nm, TE) 730 438 (0.6ΛG) 330 80 (0.24Λsub) 

Idler (4550nm, TE) 2850 1568 (0.55ΛG) 564 100 (0.18Λsub) 

Table 7.3 Design parameters of grating couplers for pump, signal and idler wavelength 
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7.3.3  Input waveguide 

Input waveguides are needed to guide pump and signal light separately and then 

combine both light at the core waveguide capped by silicon nitride where the DFG 

occurs. Since the height of the waveguide has been set to h = 350 nm, the mode effective 

index is scanned for different width of the waveguide. The results are shown in Figure 

7.3. The dashed line is the boundary between single-mode and multi-mode operation. The 

waveguide width is chosen at 450 nm. At this width, the waveguide allows only one TE 

mode propagating at signal wavelength and two TM mode propagating at pump 

wavelength, but the fundamental TM mode will be the major mode excited in the 

waveguide. For both wavelengths, the effective index is large enough to guarantee strong 

mode confinement and low propagation loss.  

  

 

Figure 7.3  Effective index of modes for different waveguide width at (a) pump 

wavelength and (b) signal wavelength. 

7.3.4  Combiner – Y-combiner and Directional Coupler 
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Figure 7.4  Schematic of the on-chip DFG device for mid-IR idler generation from near-

IR pump and signal. 

As shown in the schematic of the DFG device in Figure 7.4, the pump and signal 

light need to be combined before entering the core waveguide where DFG occurs. Two 

designs are considered at the design phase, including Y-junction and directional coupler. 

The schematics of both designs are shown in Figure 7.5.  

 

 

Figure 7.5  Schematic of two combiner designs: (a) Y junction combiner; (b) 

Directional coupler. 
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Y junction is one of the most important elements of optical waveguide circuits. It 

has been used frequently to divide the optical power into two output branches or to 

combine the optical power from two input branches [132]. In the proposed DFG 

structure, the two inputs of the Y junction are with different wavelength, they will not 

interfere at the junction. Therefore, only half of the input power of both pump and signal 

will pass the junction (-3dB transmission). The major parameters for a Y junction, length 

L and separation W is shown in Figure 7.6(a). A Y junction with W=5μm and L=30μm is 

simulated with eigenmode expansion solver (Lumerical MODE solutions) and the 

transmission is for pump (1176 nm TM) and signal (1572 nm TE) are -3.11 dB and -3.47 

dB, respectively. The transmission values are close to the theoretical limit. Figure 7.6(b) 

and (c) show the mode profile when propagating through the Y combiner at pump and 

signal wavelength from two input ports, respectively.  
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Figure 7.6.  (a) Parameters of a Y junction; (b) Electric field distribution for pump 

wavelength with TM polarization; (c) Electric field distribution for signal 

wavelength with TE polarization.  

Directional coupler is another common method of splitting and combining light in 

photonic circuits. As shown in Figure 7.5(b), the directional coupler consists of two 

parallel waveguides close to each other and the coupling strength is controlled by the 

coupling length and the spacing between the two waveguides. The coupling strength can 

be calculated by:  
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where κ is the cross-coupling coefficient and t is the self-coupling coefficient, L is 

coupling length,
n

C





 , Δn is the difference of effective index between symmetric 

mode and anti-symmetric mode in the directional coupler. Δn can be obtained through 

eigenmode solver given the waveguide dimension and the gap distance. Then the 

coupling length L for desired coupling strength can be calculated. Since pump and signal 

(see Figure 7.5(b)) input from two ports and combine at a single output port, t2 for pump 

should be maximized while κ2 for signal should be maximized. This gives us an 

estimation of the coupling length. Then the coupling length and spacing is carefully 

optimized with 3D FDTD simulation. The optimized design has coupling length of 15.2 

μm and gap of 80 nm. The transmission for pump and signal wave in simulation is 0.99 

and 0.98, respectively. The propagation mode profile is shown in Figure 7.7.  

  

 

Figure 7.7  Propagation mode profile for both pump and signal through optimized 

directional coupler. 
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According to the simulation results, pump and signal light can be combined at the 

output port with close to 100% transmission for both wavelengths. This is much better 

than the Y combiner. However, directional coupler can be sensitive to fabrication 

variations. Therefore, the fabrication tolerance is also considered for directional coupler. 

Figure 7.8(a) shows the transmission drop if waveguide width deviates from the design 

value of 450 nm. We can have higher than 60% transmission with about ± 15 nm 

deviations. To precisely match the phase matching condition, wavelength for pump or 

signal may need to be slightly adjusted. The optical bandwidth of the directional coupler 

is also considered. In Figure 7.8(b), simulation shows a very wide optical bandwidth 

which is enough for any wavelength variations around 1176nm (pump) or 1572nm 

(signal).  

 

Figure 7.8  (a) Effect of waveguide width change to the transmission of pump and 

signal light; (b) transmission vs wavelength of the directional coupler.  
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7.4 FABRICATION AND MEASUREMENT 

7.4.1  Fabrication 

The devices are fabricated on SOI wafers with 350 nm silicon device layer on 3 

μm buried oxide layer. A 50 nm silicon dioxide layer is first generated on top of silicon 

layer using plasma enhanced chemical vapor deposition to serve as a hard mask for 

pattern transfer. All the components including SWG couplers, strip waveguides, slot 

waveguides, and strip-to-slot waveguide mode converters are patterned in one step using 

the JEOL JBX-6000FS electron-beam lithography tool with ZEP-520A e-beam resist, 

followed by developing in n-Amyl acetate for 2 minutes, and rinsing in iso-propyl 

alcohol. The e-beam resist pattern is next transferred to silicon by reactive ion etching 

(RIE). Finally, the chip is cleaned using Piranha solution for 15 minutes and followed by 

three cycles of Piranha/HF post-process treatment to decrease absorption due to surface 

states and reduce surface roughness. SEM images of the fabricated grating coupler and 

waveguide is shown in Figure 7.9. Cut-back propagation loss measurement method is 

being adopted to measure the propagation loss of the waveguides.  

 

 

Figure 7.9: continued next page.  
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Figure 7.9  SEM images of fabricated grating coupler for (a) pump (1176 nm), (b) 

signal (1572 nm) and (c) idler (4550 nm) wavelengths.  

 

 

Figure 7.10 Microscopic images of fabricated (a) Y-combiner and (b) directional coupler 

and SEM images of fabricated (c) Y-combiner and (d) directional coupler  

 

7.4.2  Measurement at signal wavelength (1572 nm) 

Transmission spectrum of the fabricated input waveguides at around 1572 nm is 

obtained from a testing platform using a broadband amplified spontaneous emission 

(ASE) source (1510 nm-1630 nm) and an optical spectrum analyzer (OSA). Light from 

the ASE source is guided through a polarizer to the grating coupler on the chip and 

excites fundamental transverse electric (TE) mode in the waveguides. Output light signal 

is collected by another fiber and optical spectrum is generated by the OSA.  

7.4.3  Measurement at idler wavelength (4550 nm) 

Transmission of the fabricated waveguide at 4550nm is obtained using the 

experimental setup shown in Figure 7.11 [133].  Light emitted from a continuous-wave 
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quantum cascade laser (QCL), with a fixed wavelength of 4550 nm, is passed through a 

pair of ZnSe lenses and coupled into a single mode As2S3 mid-IR fiber. Light from the 

optical fiber is then coupled into the fabricated chip via grating couplers. At the output 

end, another grating coupler couples the light from chip to the output fiber. An InSb 

photodetector is used to measure the power from the output fiber. In order to improve the 

signal-to-noise ratio, a mechanical chopper is used with chopping frequency of 300 Hz, 

and the detected signals from the photodetector are demodulated by a lock-in amplifier. 

 

Figure 7.11 Schematic of the experimental setup used to characterize the waveguides at 

4550nm. Figure is adopted from [133].  

7.4.4  Measurement at pump wavelength (1176 nm) 

The transmission at pump wavelength is measured using a SuperK 

supercontinuum laser from NKT photonics as light source. The laser covers a broadband 

range from 450 nm to 1700 nm. A bandpass filter centered at 1175 nm with 50 nm 

bandwidth is used to extract the required wavelength. The collimated output light is 

focused by an objective lens and coupled into a single-mode fiber. Then the chip was 
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tested with the same alignment stage as used for the measurement at signal wavelength. 

The transmission around pump wavelength was obtained from optical spectrum analyzer.  

 

 

Figure 7.12 Measurement setup at pump wavelength (1176 nm) 

7.4.5  Silicon nitride deposition and stress characterization 

Inhomogeneous strain resulted from a high-stress silicon nitride cladding is used 

to generate χ(2) needed for difference frequency generation. Research has shown that on 

SOI substrate, a high tensile stress in the silicon nitride top cladding can effectively 

induce inhomogeneous strain field in silicon waveguide layer [128].  

High tensile stress silicon nitride can be achieved through low pressure chemical 

vapor deposition (LPCVD) with proper recipe. In LPCVD, silicon nitride film is 

deposited through reactions between dichlorosilane (DCS, SiCl2H2) and ammonia (NH3) 

with temperature between 700oC and 800oC. With a relatively low temperature (for 

example, 750 oC) and excess of ammonia (NH3:DCS > 2:1), it will result in nearly 
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stoichiometric Si3N4 with tensile stress of around 1 GPa [134,135]. This tensile stress is 

expected to generate a χ(2) of ~20 pm/V according to [128].  

To characterize the stress in experiment, silicon nitride thin film was deposited on 

a 4-inch silicon wafer with LPCVD. The thickness and refractive index of the thin film 

was characterized using ellipsometry. The amount of stress in the thin film is analyzed by 

measuring the wafer curvature before and after deposition with a profiler and calculating 

with Stoney’s equation: 
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where σ is the stress in the film, Rpost and Rpre is the substrate radius of curvature before 

and after deposition, respectively; E is Young’s modulus, υ is Poisson’s ratio, ts and tf is 

the thickness of substrate and thin film, respectively. Since both side of the wafer was 

deposited with the thin film in LPCVD, the backside silicon nitride was first etched away 

using reactive ion etch before post-deposition wafer curvature can be measured.  

 

7.5 RESULTS AND DISCUSSION 

7.5.1  Propagation and coupling loss results 

Propagation and coupling losses for the three wavelengths (pump, signal and 

idler) are estimated by measuring the fiber-to-fiber loss of waveguide with varying 

lengths (cut-back method). The transmission value is averaged around the desired 

wavelengths and the loss is then estimated. Figure 7.13 shows the normalized cut-back 

measurement results for the three wavelengths excluding grating coupler losses. The loss 

data are summarized in Table 7.4.  
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Figure 7.13 Normalized transmission of waveguides of different length at pump, signal 

and idler wavelengths. 

 

Wavelength 
Propagation loss 

(dB/mm) 

Grating coupler loss 

(dB/facet) 

Pump (1176 nm) 0.25±0.07 12.6±0.2 

Signal (1572 nm) 0.12±0.03 6.1±0.1 

Idler (4550 nm) 1.16±0.07 17.0±0.2 

Table 7.4 Propagation loss and grating coupler loss for pump, signal and idler 

wavelengths.  

 

7.5.2 Y combiner and directional coupler results 

The Y combiner and directional coupler are two methods we choose to combine 

pump and signal into the DFG waveguide. For Y combiner, the transmission from one of 
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the input to the output of the combiner is close to but lower than -3dB (-3dB is the 

theoretical limit due to radiation loss at the junction). For directional coupler, the 

coupling length can be designed to have high transmission for both input wavelengths, as 

shown in the design section. But it needs more precise control in fabrication to get 

desired dimensions. The best transmission results for both Y combiner and directional 

coupler is shown in Table 7.5.  

 

Wavelength 
Transmission 

in Y combiner (dB) 

Transmission 

in directional coupler (dB) 

Pump (1176 nm) -3.19 -0.73 

Signal (1572 nm) -3.68 -2.20 

Table 7.5 Transmission for pump and signal wavelengths in Y combiner and 

directional coupler 

7.5.3  Silicon nitride deposition and stress measurement results 

Deposited thin film of silicon nitride was characterized using ellipsometry. The 

thickness of the thin film is 183 nm and the refractive index is ~2.0, which is an 

indication of stoichiometric Si3N4. By measuring the curvature of the wafer with a 

profiler, the stress in the silicon nitride thin film was calculated to be 949 MPa (tensile) in 

average with a maximum value of 979 MPa (tensile). This tensile stress is expected to 

generate a χ(2) of ~20 pm/V in the silicon waveguide according to [128].  

With all the experimental data collected, we then compare our proposed DFG 

method to other waveguide based methods. The comparison is summarized in Table 7.6.  

 



 92 

 

Suspended 

GaAs 

membrane [136] 

LiNbO3 [137] 

Proposed Research with 

strained Silicon on 

insulator 

Dimensions 2μm×0.2μm 14μm×11.7μm 2.5μm×0.35μm 

Phase Matching 

Method 
Modal Quasi Modal 

Propagation Loss 

(Signal) 
4dB/cm 

Expected 

small 

1.2dB/cm 

Propagation Loss 

(Pump) 
60dB/cm 2.5dB/cm 

Insertion Loss (for 

each of signal, pump 

and idler) 

13dB 

Pump: 13.0dB 

Signal: 6.5dB 

Idler: 28.6dB 

χ(2) 100pm/V 30pm/V 20pm/V 

Conversion 

Efficiency  

1.5×10-3 for        

30 mW pump 
0.1-0.15W-1 

Estimated 1.6×10-3 for 4 

mW pump ( > 0.1W-1) 

Table 7.6 Comparison of waveguide integrated DFG methods with experimental data 

for proposed method. 

  

7.6  SUMMARY 

In summary, the subwavelength grating couplers for pump, signal and idler 

wavelengths involved in difference frequency generation were designed and 

experimentally characterized. I have also measured the propagation loss for the above 

three wavelengths. High-stress silicon nitride deposition was tested and close to 1GPa 

high tensile stress in 180 nm of silicon nitride thin film on silicon wafer was achieved, 

which will induce χ(2)~20 pm/V in silicon waveguide layer. Compared to other 
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waveguide based difference frequency generation methods in GaAs and LiNbO3, our 

results show lower propagation loss and better conversion efficiency.  
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Chapter 8: Conclusion 

 

8.1  CONCLUSION 

In this dissertation, several on-chip silicon photonic waveguide devices are 

demonstrated for biochemical sensing and optical interconnects applications.   

A photonic crystal waveguide (PCW) bandpass filter was designed and utilized to 

combine high sensitivity PC microcavity biosensors for simultaneous measurement 

between a single fiber input and single fiber output. It formed a narrow band containing 

resonances of the PC biosensors so that the PC biosensors can be connected in parallel 

without resonance overlap. The concept is demonstrated through a 2-channel L55 PC 

biosensor array and the sensing experiment showed that the two sensors can be monitored 

through a single output spectrum. Less than 3 dB extra loss was observed for the 

additional PCW filter.  

PC microcavities arrays were designed and demonstrated as biosensors to detect 

gentamicin, a type of antibiotics with molecular weight of only 478 g/mol. Detection 

range in concentration was extended (0.1nM to 100nM) by combining different types of 

PC biosensors on a single silicon sensor chip. The specificity of the sensing technique 

was also verified. PC microcavities arrays were also demonstrated in the detection of 

heavy metals. Cadmium-EDTA-BSA conjugate down to 5ppb was detected with an on-

chip biosensor array consisting of L13 and L13 with nanoholes PC microcavity 

biosensors. This type of silicon photonic biosensor array is promising in label-free, high-

sensitivity and high-throughput biosensing applications.  
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Silicon microring resonator biosensors based on subwavelength grating (SWG) 

waveguides were demonstrated with enhanced sensitivity. It also possesses a unique 

property of thickness-independent surface sensitivity compared to conventional microring 

resonators based on strip waveguides. Numerical simulation revealed that due to periodic 

pillar structure in the propagation direction, the effective sensing region includes not only 

top surface and sidewall of the waveguide, but also the space on the propagation path 

between the periodic pillars. It is the strong optical field between the periodic pillars that 

leads to significantly enhanced interaction with the sensing medium. Biosensing 

experiment on both SWG microring and conventional microring demonstrated the 

superior surface sensing capability of the SWG waveguide.  

A one-dimension PC slot waveguide was demonstrated as a phase shifter in an 

MZI EO modulator. Its simple geometry makes it more robust to fabrication 

imperfections and helps reduce the propagation loss, but still maintain the benefit of a 

slow light waveguide. The effective EO coefficient raises to 490 pm/V due to slow light 

enhancement. The observed half wave voltage and length product is less than 1 V·cm.  

The proposed structure provides a new platform for applications that require maximum 

light-matter interaction within a short length, especially for silicon-organic hybrid EO 

modulators in on-chip optical interconnect.  

Finally, a fiber-coupled platform in strained silicon waveguides for tunable 

difference frequency generation (DFG) in the mid-IR with tunable CW sources in the 

near-IR was proposed and several key components in the device, including grating 

couplers and strained silicon waveguides, were demonstrated. Compared to other 

waveguide based difference frequency generation methods in GaAs and LiNbO3, our 

results show lower propagation loss and better conversion efficiency.  
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8.2  FUTURE DIRECTION 

In Chapter 5, microring resonator sensor based on SWG waveguides was 

demonstrated around operating wavelength of 1550 nm. Moving to a shorter wavelength 

such as 1310 nm for operation would reduce the absorption loss from water for about an 

order of magnitude [2]. By adjusting the period of the SWG slightly to compensate for 

the wavelength change, it would improve the quality factor and enable designs with 

smaller duty cycle (more space between silicon pillars), both of which should lead to 

lower detection limit. A smaller duty cycle is also expected to enlarge the range of 

thickness of surface layers where the sensor has almost constant sensitivity.    

In Chapter 6, the 1D PC slot waveguide modulator is not optimized for low 

voltage and high speed operation. To further reduce the half-wave voltage, it is feasible to 

use strip-loaded structure [103] or add narrow contacting arms to the PC teeth and 

connect the bulk silicon under the electrodes [102]. A push-pull configuration will help 

lower the operating voltage and improve the extinction ratio at the same time. 

Considering high-speed operation, the silicon slabs between the electrodes and the slot 

filled with EO polymer is similar to a RC circuit, where the 3dB frequency bandwidth 

can be estimated by 1/ 2 RC .  Through finite element simulation, the 3-dB bandwidth is 

about 61 GHz (R=6.9kΩ, C=0.38fF). To make the most out of the ultra-fast response 

time of EO polymer material, the silicon slab can be properly doped to further reduce the 

equivalent resistance and improve the bandwidth [29,106]. With these additional 

considerations, the silicon-organic hybrid modulator has the potential of high-speed 

operation at tens of Gbit/s or even higher [29,99,113]. 
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131.  R. Shankar, I. Bulu, and M. Lončar, "Integrated high-quality factor 

silicon-on-sapphire ring resonators for the mid-infrared," Appl. Phys. Lett. 102, 51108 

(2013). 

132.  M. Izutsu, Y. Nakai, and T. Sueta, "Operation mechanism of the single-

mode optical-waveguide Y junction.," Opt. Lett. 7, 136–8 (1982). 

133.  Y. Zou, H. Subbaraman, S. Chakravarty, X. Xu, A. Hosseini, W.-C. Lai, 

P. Wray, and R. T. Chen, "Grating-coupled silicon-on-sapphire integrated slot 

waveguides operating at mid-infrared wavelengths," Opt. Lett. 39, 3070 (2014). 

134.  P. Temple-Boyer, C. Rossi, E. Saint-Etienne, and E. Scheid, "Residual 

stress in low pressure chemical vapor deposition SiNx films deposited from silane and 

ammonia," J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 16, 2003–2007 (1998). 

135.  S. Tönnberg, "Optimisation and characterisation of LPCVD silicon nitride 

thin film growth," Chalmers University of Technology (2006). 

136.  T. H. Stievater, R. Mahon, D. Park, W. S. Rabinovich, M. W. Pruessner, J. 

B. Khurgin, and C. J. K. Richardson, "Mid-infrared difference-frequency generation in 

suspended GaAs waveguides," Opt. Lett. 39, 945 (2014). 

137.  D. Richter, P. Weibring, A. Fried, O. Tadanaga, Y. Nishida, M. Asobe, 

and H. Suzuki, "High-Power, Tunable Difference Frequency Generation Source for 

Absorption Spectroscopy Based on a Ridge Waveguide Periodically Poled Lithium 

Niobate Crystal," Opt. Express 15, 564–571 (2007). 

 



 120 

 

Vita      

 

Hai Yan was born in Hefei, Anhui, China. He received his B.S. degree in optical 

engineering from Huazhong University of Science and Technology, Wuhan, China, in 

2010 and M.E. degree in electronic engineering from Tsinghua University, Beijing, 

China, in 2013. From 2013, he worked towards his Ph.D. degree in the Nanophotonics 

and Optical Interconnects Research Lab at the University of Texas at Austin, TX, USA. 

His research focuses on the design, fabrication and characterization of silicon photonic 

devices for biomedical sensing and optical interconnects.   

 

 

 

Permanent email address: hai.yan@utexas.edu 

This dissertation was typed by the author. 

 

 

 


