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ABSTRACT 

Silicon Photonic Devices for Optical Computing 

by 

Ciyuan Qiu 

The requirement for high performance computer will be significantly increased by 

the fast development of the internet. However, traditional CMOS computer will meet 

its bottleneck due to the miniaturization problem. Optical computer comes to be the 

leading candidate to solve this issue. Silicon photonic technology has tremendous 

developments and thus it becomes an ideal platform to implement optical 

computing system. 

     In Chapter 1, I will first show the development of the optical computing and 

silicon photonic technology. I will also discuss some key nonlinear optical effects of 

silicon photonic devices. Based on the current silicon photonic technology, I will 

then make a brief introduction on the optical direct logic for the 2D optical 

computing and spatial light modulator for the 3D optical computing, both of which 

will be discussed in detail in the followed chapters.  

     In Chapter 2, I will discuss micro-ring resonator which is the key element of 

optical directed logic circuit discussed in Chapter 3. I will give the analytical model 

based on photonic circuit to explain the performance of the micro-ring resonator. 

The group delay and the loss of the micro-ring resonator will be analyzed. And I will 



 
 

 

also show the active tuning of the transmission spectrum by using the nonlinear 

effect of silicon. 

      In Chapter 3, I will show a revised optical direct-logic (DL) circuit for 2D optical 

computer that is well suited for complementary metal–oxide–semiconductor 

(CMOS)-compatible silicon photonics. It can significantly reduce the latency 

compared with traditional CMOS computers. For proof of concept, I demonstrated a 

scalable and reconfigurable optical directed-logic architecture consisting of a 

regular array of micro-ring resonator based optical on-off switches. The switches 

are controlled by electrical input logic signals through embedded p-i-n junctions. 

The circuit can be reconfigured to perform any 2×2 combinational logic operations 

by thermally tuning the operation modes of the switches. 

      In Chapter 4, I will present a diffraction-based coupling scheme that for the first 

time allows silicon micro-resonator to directly manipulate a free-space optical beam 

at normal incidence. A high-Q micro-gear resonator with a 1.57-um radius is 

demonstrated whose vertical transmission and reflection change 40% over a 

wavelength range of only 0.3 nm. A dense 2D array of such resonators can also be 

integrated on a chip for spatial light modulation and parallel bio-sensing. 

      In Chapter 5, I will demonstrate a spatial light modulator based on 1D photonics 

crystal cavity for 3D optical computing. It can control the free-space optical beam 

through perturbation coupling scheme as shown in Chapter 4. Compared with 

micro-gear resonator, it has much higher extinction ratio(ER) and quality factor. As 

the resonance of the silicon-based photonic crystal cavity can be rapidly tuned with 



 
 

 

an embedded p-i-n junction, a compact spatial light modulator is demonstrated with 

speed up to 150 MHz and extinction ratio of 9.5 dB. 

      In Chapter 6, I will make a summary of my work and then talk about the future 

trend in our field. 
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Chapter 1 

Introduction 

1.1.  Optical Computers 

With the development of global cloud service, the speed of internet should be fast 

increased. Thus the need for high performance computers (HPC) is significantly 

increased [1]. Traditional HPC is implemented by CMOS technology and use 

electrons to carry the information processing. However, the speed of electrons in 

the medium is very slow and far below that of light [2]. To achieve HPC, the 

improvement today is always based on minimizing the size of the electronic 

components and reducing the distance between them, for which electrons only need 

to travel a small distance within a short time. So Very Large Scale Integration (VLSI) 

technology with very small dimension of devices and very high integration intensity 

is fast developed. Fig. 1.1 shows the trend for the VLSI design rule of the feature size 

[3]. With the shrinking size of devices and increasing density of integration, design 
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complexity and cost will be fast increased. Moreover, power consumption and heat 

dissipation in unit area will also be a very big issue due to the high integration [4]. 

So the traditional CMOS microprocessors will face its bottleneck.     

 

Figure 1.1 – The relentless decrease in feature size that has slavishly followed 

Moores law for decades fuels rapid complexity increases in SOC designs[3]. 

     Scientists try to find the new technology to solve miniaturization problem. In this 

process, optical computer comes to be the leading candidate. It uses photons instead 

of electrons for computation [1]. Photons have a lot of good properties for the 

computing. First, photons can travel at the speed of light and they are much faster 

than electrons, so they can easily overcome the speed limitation of traditional CMOS 

VISL systems. Second, photons can travel without interfering with each other which 

result in very low signal crosstalk between different channels or even in the same 

channel. This property can significantly improve the signal to noise ratio (SNR) of 
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the interconnections linking the gates on micro-chips. Third, photons also offer large 

bandwidth and the optical signals can be performed in parallel. Parallel data 

processing can frequently be done by using wavelength division multiplexing 

technology by photons which is much easier and less expensive than it by 

electronics. Finally, thanks to the fast development of optical devices, the optical 

signal carried by photons can be easily manipulated such as divided, transported, 

split, etc.    

     With all previous advantages, optical computing technology is promised to have 

massive upgrades in the efficiency and speed of computers with shrinking their size 

and lowering the cost. In principle, optical computer should be 100,000 [1] faster 

than current computers due to the parallel signal processing property.   

1.2. Silicon Photonics 

With all the advantage mentioned above, optical computer attracted a lot of 

attention from scientists and it became a hot research area in the 1980s. However, 

the work seemed to be only laboratory curiosities at that time due to the material 

constrains which prevented the optical chips to be small enough and cheap enough. 

In order to compete with the current computers, optical computer need to be 

implemented by using micro-optic devices with low cost, low power consumption 

and capability  for large integration. Then scientists try to find a new 

material/technology to meet all these requirements. 
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      Silicon photonic technology has tremendous progresses in the recent few years. 

It can meet all the requirements mentioned above and thus it comes to be an ideal 

platform to implement optical computer. Here I will discuss some key properties of 

silicon which are very important for silicon photonic technology. 

       Silicon is the basic material for the CMOS process industry with low cost and 

mature technologies [5]. It has very low absorption effect and high index in the 

near-infrared region. And it is also very good for optical mode confinement when it 

is combined with lower index material as the cladding. As shown in Figure 1.2, the 

optical intensity can be highly confined in the silicon waveguide with sub-

wavelength dimension.  

 

Figure 1.2 – Optical intensity confined in the rectangle waveguide with cross-

dimension 450nm×250nm at 1.55m. This simulation is done by COMSOL. 
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      Silicon has an in directed band gap and is not considered to be an active material. 

Since it is centrosymmetric configuration, it is also lack of second-order nonlinear 

optical effect [6]. But there still are several nonlinear effects for silicon including the 

third-order nonlinear effects [7-9], the spontaneous and stimulated Raman 

scattering effects [10, 11], the free-carrier absorption and dispersion effects [12, 

13]and the thermo-optic effect [14, 15]. Among the mentioned four nonlinear effect, 

the carrier-based nonlinear effects and thermo-optical nonlinear effect are 

considered to be the major effects for the tuning the refractive index of silicon. The 

carrier-based effects consist of the free-carrier (plasma) dispersion (FCD) effect and 

the free-carrier absorption (FCA) effect [16, 17] which  have been investigated for 

many years. The relationship for the refractive index of silicon n and the absorption 

coefficient α in the material varing with free electrons N  and free holes P  can be 

expressed as follows [12, 18]  

 22 18 0.8[8.8 10 8.5 10 ( ) ]n N P           (1.1) 

 18 188.5 10 6.0 10N P          (1.2) 

    The thermo-optical effect in silicon is the variation of refractive index of silicon 

according with the temperature T . It should satisfy the equation (1.3) [19] 

 4 1/ 1.86 10dn dT K    (1.3) 

     Thermal tuning effect is a strong nonlinear effect for silicon photonics; however, 

its response time is around a few micro-second [15] which is much slower than the 

carrier plasma effect. That’s because micro-heater can’t be directly be put on top of 
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the silicon waveguide in order to avoid unwanted optical loss.  Thus silicon oxide 

cladding will be put between the heater and the waveguide. However, silicon oxide 

has much lower thermal conductivity 1.1 Wm-1K-1 [20].Relatively low thermal 

conductivity of cladding material will make it hard for heat conduction and 

dissipation. 

By using all these nonlinear effect , we are able to build a lot of new optical devices 

based on silicon, including optical amplifiers[6, 11, 21, 22], optical pumped lasers 

[23, 24], electro-optical modulators[25-29] ,all-optical modulators[30-32] and logic 

gates[33, 34]. Furthermore, various of new photonics devices have been developed 

by silicon or silicon compatible materials such as low loss waveguides[35-

37] ,efficient coupler for fibers[38, 39], and optical detectors[40, 41]. With all these 

presented devices, different exciting applications have been demonstrated such as 

routers [42, 43], Boolean logic functions[44, 45], transmitters and receivers[46, 47]. 

1.3. 2D Architecture and 3D Spatial Light Modulator  

1.3.1. 2D architecture 

Most of developed silicon photonics devices are 2D devices and they can control the 

light flow in a waveguide based system. With all these developed 2D devices, we 

already have the capability to build photonic circuit for 2D optical computing as 

shown in Figure 1.3. It can perform the logic functions while providing much easier 

system integration.   



 7 

 

 

Figure 1.3 – 2D Planar photonic circuit for optical computing. LD:laser diode; 

MD:modulator; R:micro-ring electrical-optical switch. PD:photon detector 

      The latency for the photonic circuit plays an important role on the speed of the 

optical computing. Here the latency of the photonics circuit not only depends on 

group delay of the photonic devices themselves, but also affected by the designed 

photonic computing structure. There is thus an increasing interest to reduce the 

latency by using new designed architecture. In 2007, Optic direct logic (DL) [48] was 

proposed which can significantly improve the performance. In the Chapter 3, I will 

first show a revised DL proposed by Dr.Qianfan Xu [49]. Based on the revised DL 

scheme, I will implement demonstration for proof of concept. 

1.3.2.       3D Spatial light modulator  

 3D optical computing systems can control free space wave which gives more 

flexibility of the design and thus offers much high integration level. So research on 

3D optical computing systems attracts a lot of attention nowadays [50]. Basically, 

there are four key components of the 3D optical computing system needed to be 

addressed including vertical cavity surface emitting laser (VCSEL), Smart Pixel 
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Technology, Wavelength-division multiplexing (WDM) technology and Spatial light 

modulator(SLM).  

      The VCSEL [51-53]laser is a type of semiconductor laser source with laser beam 

emission perpendicular from the top surface. Compared with the conventional edge 

emitters, VCSEL has much lower threshold ~mA [1]. VCSEL can be efficiently 

fabricated in wafer scale and thus promises the large integration. Although silicon is 

not considered as an active material for laser, VECSEL can be made by silicon 

compatible materials [54]. 

      Smart Pixel Technology [55, 56]is a new approach to combine electronic circuit 

and optoelectronic devices which are typically arranged into two-dimensional (2-D) 

arrays. It can support free-space optical interconnection between different smart 

pixel arrays. So it can provide a dense two-dimensional array of transducers that 

performs as a bridge between electrical and optical domain. 

     WDM technology is widely used in fiber communication now [57-59]. By using 

different wavelength of lasers, it can multiplex a number of optical carrier signals 

which are transmitted in a single optical fiber without interference. This 

significantly increases the speed of the current communication systems. Recently, 

major improvements have been achieved for the optical interconnection in the 

micro-chips [25, 60, 61]. 

Spatial light modulator  [62-68]plays a very important role in the signal 

processing of the optical computing. It is an object that can spatially modulate the 

beam of light. The SLM can be built based on intensity modulation or phase 
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modulation. Spatial light modulator has a lot of applications such as imaging, display, 

information processing, pulse shaping and logic computing. In Figure 1.4 , it shows a 

diagram to calculate matrix-vector multiplexing [68] in which the vector is 

represented by a row of incoherent laser sources and the matrix is represented by 

the transmission of the array of spatial light modulators. Their product is 

reproduced by the optical intensity which is collected by row-to-row optical 

detectors. This structure plays a very important role in the 3D computing.  

 

Figure 1.4 – Diagrams for the spatial light modulator in the optical computing. 

 There are a lot of demonstrated spatial light modulator based on liquid crystal 

[64, 65], micro-mirror [66] or III-V materials [67]. The speed is about a few hundred 

Hz for liquid crystal and less than 1Mz for the micro-mirror. Moreover, it is too 

expensive to use III-V material for commercial products. So there is a rising interest 

to make a cheap, fast and CMOS compatible SLM by silicon photonics. However, 

traditional silicon photonic devices are based on evanescent coupling which can’t be 

used to interfere with free space waves. So we need to develop new silicon photonic 

devices and make it work for spatial light modulation. 
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1.4. Scope of this thesis 

In Chapter 2, I will first discuss micro-ring resonator which is the key element of 

optical directed logic for the 2D optical computing discussed in Chapter 3. I will give 

analytical model based on photonic circuit to explain the performance of the micro-

ring resonator. In Chapter 3, I will talk about revised optical directed logic based on 

2D devices for optical computing system. This revised optical directed logic will 

show significant improvement on the latency, scalability and reconfigurability over 

previous work.  

       In Chapter 4, I will present a diffraction-based coupling scheme that allows a 

silicon micro-resonator to directly manipulate a free-space optical beam at normal 

incidence.  In Chapter 5, I will demonstrate spatial light modulator based on 1D 

photonics crystal cavity.  It can control the free-space optical beam through 

perturbation coupling scheme as shown in Chapter 4. As the resonance of the 

silicon-based photonic crystal cavity can be rapidly tuned with a p-i-n junction, a 

compact spatial light modulator is demonstrated with speed up to 150 MHz and 

extinction ratio of 9.5 dB. 

      In Chapter 6, I will make a summary of the work and talk about the future trend 

of our field. 
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Chapter 2 

Micro-ring resonator 

2.1. Introduction 

Before talking about 2D optical directed logic circuit for the optical computing, I will 

first discuss the micro-ring resonator which is the key element of the direct logic 

circuit. Micro-ring resonator is widely used as the basic structure for the modulator, 

filter and etc. The SEM picture for a silicon on-insulator (SOI) micro-ring resonator 

is shown in Figure 2.1. It can be fabricated by E-beam lithography/deep UV 

lithography and followed by reactive ion etching process. A few m thick SiO2 will 

then be deposited onto the device by PECVD. The deposited oxide and buried oxide 

work together as the cladding for the silicon waveguide core. The optical intensity 

can thus be highly confined in the waveguide core as shown in Figure 1.2. 
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Figure 2.1 –SEM picture of the microring resonator after etching. AE ~ DE is the 

electrical field at the four ports of the coupler[6, 27]. 

      The ring and waveguide typically have the same sub-wavelength cross dimension, 

for instance 450nm×250nm. The supported mode of this dimension is single 

transverse mode whose intensity is highly confined in the straight waveguide or the 

waveguide forming the ring. In the cladding around the waveguide core, the light 

wave intensity of the mode exhibits exponentially decaying and it thus is called 

evanescent wave at this area.  The gap between ring resonator and waveguide is 

very small about 200~300nm. With the help of the evanescent wave at the gap, the 

travelling light in the in-plane straight waveguide can be side-coupled to the ring 

resonator. So the area of gap should be considered as a coupling region. The typical 
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transmission spectrum for the ring resonator is shown Figure 2.2 where 0 is the 

resonant wavelength and  is full-width-half-maximum (FWHM) bandwidth of the 

spectrum.  

 

Figure 2.2 – A typical transmission spectrum of the microring resonator with 

the resonant wavelength at 0 . The full-width-half-maximum bandwidth   

are marked on the spectrum.  

2.2. Photonic circuit model 

 The transmission spectrum can be explained by photonics circuit model. The 

electrical field at the coupling region should satisfy the following equations: 

 C A

D B

t iE E

i tE E





    
    
    

 (2.1)  
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where 

 21t    (2.2) 

      Here,  represent the evanescent coupling efficiency between the ring and the 

straight waveguide. AE ~ DE  are the electrical fields at the four ports of the coupling 

region as shown in Figure 2.1 while they are normalized such that  2| |E  represents 

the total power flow passing through the cross-section of the ring or waveguide.  

      The travelling wave DE  at the position D  will experience additional loss and 

phase delay before arriving at the position B .  The loss and phase delay depends on 

the light path of the ring resonator per round. So the relationship between BE  and 

DE can be explained by the following equations: 

 ( )r i

B DE E e      (2.3) 

 
2

( ) ( ) 2effn R


   


    (2.4) 

Here  re  and ( )  are the loss and phase delay of the cavity per round. R  is the 

radius of the resonator, and effn  is the effective refractive index of the waveguide 

forming the ring. The effective index of the ring depends on the wavelength which 

can be approximately expressed by a linear function (2.5): 
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where the group index gn can be defined as 
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By solving the equation (2.1) and (2.3), we can get the relationship between input 

electrical filed AE and output electrical filed CE  
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Then the transmission spectrum can be expressed as 
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At resonant wavelength 0 , the light path for the ring resonator satisfies the 

followed equation 2.1: 

 0 02 ( )effn R M     (2.9) 

Where M is an arbitrary integer and thus  0   is equal to 2M  or 0. At the 

resonant wavelength 0 , the transmission reaches its minimum as expressed in the 

equation (2.10). At the resonant state, the light with wavelength  0  will be coupled 

into the micro-ring resonator and lost due to the scattering at the imperfect 

interface between the silicon waveguide core and the low-index cladding.  
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So the loss represented by re  will mainly determine the shape of transmission 

spectrum .The transmission can even come to be 0 at the critical coupling condition 

which is shown in equation (2.11). At this condition, the coupling efficiency will be 

equal to the loss per round in the cavity. 

 rt e  (2.11) 

From equation (2.9), each arbitrary integer will correspond to a certain resonant 

wavelength. Here FSR is defined as the distance between two adjacent resonant 

wavelengths and it should satisfy the following equation (2.12) 

 
2

2g

FSR
n R







 (2.12) 

While the FSR can be measured in the experiment, the group index can thus be 

extracted from equation (2.12). For a ring resonator with cross section dimension as 

450nm×250nm, the group index is around 4.3 for quasi-TE mode and 4.2 for quasi-

TM mode at wavelength ~1.55m.The FSR for the ring with diameter of 10 m is 

about 20nm. 

      The sharpness of the resonance is defined by quality factor /Q    . The 

quality factor is corresponding to photon life time p in the cavity as equation (2.13) 

 0

2
p

Q
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  (2.13) 

The intrinsic quality factor satisfies the followed equation (2.14) and it is 

determined by the loss in the cavity  
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       At the critical coupling condition, the coupling efficiency is equal to the loss per 

round. Both of the coupling and loss can be thought as the source for the photon 

decaying in the cavity. Thus the photon lifetime will drop to be half of the photon 

lifetime for the ring without waveguide coupling. So the quality factor Q will be half 

of the intrinsic quality factor iQ as / 2iQ Q .  Based on current silicon photonic 

technology, the intrinsic quality factor iQ can reach 105 for the ring with diameter 

about 10m and thus Q will be about 5×104. 

      The light with resonant wavelength will be blocked by the resonator while light 

can pass through the resonator when the wavelength is far from the resonant 

wavelength. So the micro-ring resonator can be used as optical on-off switch.  For 

the micro-ring resonator based optical on-off switch, the group delay and the loss in 

the pass state are the major considerations. The group delay can be calculated by 

equation (2.14) 

 
( )

( )g

d

d

 
 


   (2.15) 

Where ( )  is the phase difference between output electrical field CE  and input 

electrical field AE  with the relationship as ( ) ( / )C Aangle E E   .The loss can be 

easily obtained by equation (2.16) 

 10( ) 10 log ( ( ))loss dB T     (2.16) 
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The group delay and the loss depend on not only the quality factor of the ring 

resonator but also the relative shift between the input wavelength and the resonant 

wavelength. For a ring resonator with quality factor about ~5,000 and the input 

wavelength is about 3 FSR from the resonant wavelength 0 ,  the group delay will 

be around 0.17 ps  and the loss will be 0.11 dB in the pass state. 

2.3. Active tuning 

 The transmission spectrum can be shifted by changing the refractive index of 

silicon through free carrier nonlinear effects.  With the help of the p-i-n junction 

built across the ring as shown in Figure 2.3.a, the free carrier can be injected to or 

extracted from the micro-ring resonator[27, 69].  The refractive index of silicon can 

then be tuned according to the free carrier density.  This will result in the change of 

the effective index of the resonator.  Followed by equation 2.9, the resonant 

wavelength will be blue-shifted as shown in Figure 2.3.b. Due to the FCA effect, the 

spectrum at bias voltage 0.89V has decreased quality factor and extinction ratio.  

Based on carrier injection mode, highly compact (~a few micro-meter size) fast 

speed (>10Gb/s) optical on-off switch is demonstrated previously with low 

switching energy (~40 fJ/bit [69]) and fast switch speed (~12.5Ghz). From the 

previous work, the free carrier response time constant of the p-i-n [25, 70] is about 

150 ps for carrier injection mode and 30 ps for carrier extraction mode. 
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Figure 2.3 – a)Schematic layout of the ring resonator-based modulator with p-

i-n junction. The inset shows the cross-section of the ring. R , radius of ring. VF , 

voltage applied on the modulator. [27] b) Transmssion the transmission 

spectra of the ring resonator at the bias voltages of 0V, and 0.89V, respectively. 

λ0 is the initial resonant wavelength and λ1 is the resonant wavelength after 

carrier injection with bias voltage 0.89V. This figure is reproduced from [71]  

  By using thermo-optics effect, the transmission spectrum can also be shifted 

through the embedded micro-heaters as shown in Figure 2.4.a. The resonant 



 20 

 

wavelength will be red-shifted when increasing the heating power of the heater as 

shown in Figure 2.4.b. Since heating power will not affect the loss of the cavity, the 

quality factor and extinction ratio keep almost the same. The thermal tuning 

efficiency for ring resonator will be around 0.1nm/oC and the time constant for the 

thermal modulation will be several s.  

 

Figure 2.4 – a) Schematic layout of the ring resonator with embeded micro-

heaters[72] b) Transmssion the transmission spectra of the ring resonator at 

heating power of 2.23mW and 3.41mW, respectively. λ0 is the resonant 

wavelength when heating power is 2.23mW and λ1 is the resonant wavelength 

when heating power is 3.41mW.This figure is reproduced from [71] 
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  Both p-i-n junction and micro-heater can be embedded on the micro-ring 

resonator by using current silicon photonic technology. Since free carrier plasma 

effect is much faster than thermal-optics effect, free carrier plasma effect is always 

used for the output light modulation and thermo-optics effect is used to align the 

input laser wavelength with the resonant wavelength.   

2.4. Summary 

In this chapter, I discuss micro-ring resonator which is the key element of the direct 

logic circuit of Chapter 3. I give explanation for its performance by using photonic 

circuit model. Its loss and group delay at the pass state are also analyzed. In the end, 

I show the active tuning of the transmission spectrum by using free carrier effect 

and thermo-optics effect. I also evaluate the difference between two tuning methods. 
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Chapter 3 

Optical Directed Logic Circuit 

3.1. Introduction 

CMOS Boolean logic is the basis for information processing. However, its speed is 

limited by its serial nature. As shown in Figure 3.1, the architecture for 

implementation of Boolean logic is based on a network of transistors. In this 

configuration, the output of the previous gate drives the next gate. Then the latency 

which is caused by the state change of each transistor will cascade in the chain. 

Conventional all optical logic also take the same paradigm. Two optical waves go 

into the same nonlinear materials, and then the gate will encode the third wave. This 

type of structure has large delay and thus it is not quite suitable for the 2D optical 

computing. 
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Figure 3.1 – CMOS boolean logic diagram. The output of the previous gate will 

drive the next gate. 

     In 2007,Shamir and Hardy introduced a new architecture, called direct 

logic(DL)[48]. In this scheme, all the logic inputs are connected to different optical 

switches linked by a light path. A simple example for DL circuit is shown in Figure 

3.2.In this structure, there are 2-logic inputs A and B while A’ is a copy of A. When 

light pass through this system, it carries a function. Because all the switches flip 

simultaneously, the latency will not cascade. Thanks to the fast propagating speed of 

light, DL optical logic has much lower latency than conventional CMOS Boolean logic 

circuit. 
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Figure 3.2 –Optical Directed Logic Diagram which is proposed by Hardy and 

Shamir. 

        A revised DL circuit is proposed by Dr.Qianfan Xu in [49] that is well suited for 

complementary metal–oxide–semiconductor (CMOS)-compatible silicon photonics. 

The idea is to create large-scale-integrated (LSI) reconfigurable optical logic fabrics 

as an optical equivalent of a field-programmable gate array (FPGA). Compared with 

the work shown in Figure 3.2, it is formed by a uniform two dimensional array of 

identical unit cells based on reconfigurable 1×1 on-off electro-optic (E-O) switches 

connected by parallel optical waveguides. The state of each switch is controlled by 

an electrical input logic signal. It offers significant improvements in 

reconfigurability and scalability over the original DL proposed by Shamir and Hardy. 

I want to emphasis that the scheme of the revised Dl circuit is proposed by 

Dr.Qianfan Xu in [49] which is shown in section 3.2-3.3 and they should be treated 
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as the background of this chapter. Based on the revised Dl circuit, I will do 

demonstration which is shown in section 3.4. 

3.2. On-off switch 

Before talking about the revised DL circuit, I will make a brief review on the 

principle of the on-off switches which are the basic element for the directed logic. 

Details can be found in the reference [49]. To achieve high-speed, large scale DL 

circuit, the optical switches should be small, fast and have the capability of large-

scale integration. The latency of the DL is determined by sum of the delay of the 

switches in the light path. Here the delay is the group delay of each switch at the 

pass state. So low group delay time is the criteria for the optical switches. Since a 

complex DL circuit will consist of thousands of optical switches, the switches also 

need to have very low power consumption. 

       Here micro-ring resonator based 1 x 1 optical switch is chosen as the basic 

structure which can meet all the requirements mentioned above. The mechanism of 

micro-ring resonator has been discussed in Chapter 2.  For micro-ring resonator 

based 1 x 1 optical switch,  light can pass the switch without interacting with the 

resonator at the ‘Pass’ state while light will be blocked at the ‘Block’ state. Thus the 

optical delay and loss in the resonator will not play a role for output of the switch. 

For the cross state of the 2×2 switches [48], light will have additional delay from the 

resonator which is comparable with it from the electronic gate. So micro-ring 
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resonator based 1×1 optical on-off switch should have lower latency [73] than the 

2×2 switch. 

       Figure 3.3.a shows the working principle of the on-off switch which is controlled 

by the logic input signal through p-i-n junction as discussed in Chapter 2. 0  is the 

initial resonant wavelength  when the logic signal is ‘0‘ while 1  is the desired blue-

shifted resonant wavelength when the logic signal is ‘1’. If the input laser 

wavelength L matches 1 , light can pass the switch when the logic input is ‘0’ while 

it will be blocked when the logic input is ‘1’. We call this operational mode 

‘Block/Pass’ mode. There are two other operational mode called the ‘Pass/Block’ 

mode and ‘Pass/Pass’ mode which are shown in Figure 3.3.b and Figure 3.3.c 

respectively. In the ‘Pass/Block’ mode, 1  aligns with the laser wavelength L . Light 

can thus pass the switch when the logic input is ‘1’ while it will be blocked when the 

logic input is ‘0’.  In the ‘Pass/Pass’ mode, neither 0  nor 1  aligns with the input 

laser wavelength L  and light can always pass the switch whatever the logic input is. 

       If we define that the logic output is ‘1’ when the output power is high and logic 

output is ‘0’ when the output power is low, then the logic output will be the invert 

signal of the logic input in the ‘Block/Pass’ mode and the same as the logic input in 

the ‘Pass/Block’ mode. In the ‘Pass/Pass’ mode, the logic output will always be ‘1’. 

       The operational mode reconfiguration can be achieved through controlling the 

relative wavelength shift between 0  and laser wavelength L .  Since there is no 
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tight speed requirement for the reconfiguration process, it can thus be done by  

thermo-optics turning method through embedded micro-heaters [74] which is also 

discussed in the Chapter 2. 

 

 

Figure 3.3 – The transmission spectra of a switch in three different modes. 

a)Block/Pass mode b)Pass/Block mode and c) Pass/Pass mode.Red line shows 
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the spectrum when the logic input is ‘0’ and 0  mark the resonantor at this 

state. Blue line shows the spectrum when the logic input is ‘1’. And 1  mark the 

resonantor at this state. L  : the input laser wavelength[49]. 

3.3. Logic Architecture  

In this section, we will discuss the way to implement the revised optical direct-logic 

circuit by the on-off switches. We will first show the way to divide the logic function 

calculation into two-stage configuration. The truth table of the logic function can 

then be directly mapped to the 1×1 on-off switch based logic circuit. Then I will 

also show alternate implementation based on multi-spectral setup for the logic 

circuit. Details can be found in the reference [49]. 

3.3.1. Two stage system configuration 

The product of logic inputs can be calculated by on-off switches connected by a 

waveguide. Figure 3.4 shows an example to calculate a product of four logic inputs. 

CW light is sent to the waveguide which consists of four on-off switches with logic 

inputs A ,B ,C ,D. The optical switches with logic input A,C,D work in the ‘Pass/Block’ 

mode, and the optical switch with logic input B works in the ‘Block/Pass’ mode. 

Light can pass through the waveguide and then gives an output signal as TRUE (“1”) 

only when all the four switches are in the pass state or logic inputs ‘A’,’C’,’D’  are 

equal to ‘1’ and logic input ‘B’ is equal to ‘0’. Then logic production ABCD


is 

realized. Typically, any N-input logic product can be implemented by reconfiguring 
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the operational mode of the N-optical switches connected to the same optical 

waveguide in  which the optical switch is reconfigured to be ‘Pass/Block’ mode for 

non-invert operand , ‘Block/Pass’ mode for the invert operand and ‘Pass/Pass’ mode 

for the logic ‘1’. 

 

Figure 3.4 – Optical Directed Logic Diagram. A~D are the logic inputs for the 

four 1×1 on-off switches. 

      Any logic functions can be expressed as sum of product expression. Since it will 

be hard to directly implement the OR function, here we take the advantage of the 

relationship between OR and NAND functions. So the inversion of the target function 

“ S ” is first expressed as sum of products expression in the equation (3.1). As 

shown in the Figure 3.5 for the two-stage configuration, these products will be 

implemented in the first stage. Then the target function, expressed in equation (3.2), 

can be obtained by calculating the product of the invert products in the second stage. 

In this two-stage configuration, an optics-electro conversion is needed between two 

stages in order to avoid directly calculating the ‘OR’ function. 
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Figure 3.5 – Block diagram of the reconfigurable directed logic circuit. It can 

be divided to two stage configuration[49] 

 
_ _ _ _

1 2 3... ...  S ABCD ABCD ABC D P P P          (3.1) 

 1 2 3 ...S P P P
  

  (3.2) 

3.3.2. Examples based on two stage configuration 

Here we use 8-bit priority encoder as an example to illustrate how the logic 

functions are calculated in our two stage setup shown in the Figure 3.5. The truth 

table for encoder is shown in Figure 3.6 which is the alternate way to express the 

logic functions. The encoder has three outputs which are corresponding to the 

highest  index of the first non-zero logic input.  
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Figure 3.6 – (a) The truth table of an 8-bit priority encoder. “X” means “any”(b) 

Circuit diagram of the encoder based on directed logic implementation. Black 

lines: optical waveguides; Red lines: electric logic signals controlling the 

optical switches; Solid squares: optical switches in the ‘Pass/Block’ mode, 

Hollow squares: optical switches in the ‘Block/Pass’ mode; Dashed circles, 

optical switches in the ‘Pass/Pass’ mode.[49] 

     The directed logic circuit for the encoder is shown in the Figure 3.6.b. This is 

implemented by directly mapping the truth table to the two stage setup. In Figure 
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3.6.b, the black line represents the optical waveguide, and the red line represents 

the electrical signal which carries the logic input. The solid squares represent the 

switches in the ‘Pass/Block’ operational mode and the hollow squares represent the 

switches in the ‘Block/Pass’ mode. Furthermore, the dash circles represent the 

switches in the ‘Pass/Pass’ mode. The mapping rule can be expressed as the 

following two steps: 

1) In first stage of the logic circuit (left side), each horizontal waveguide 

represents one row of the left side of the truth table. A switch in  ‘Pass/Block’ mode  

represents the “1s” in the truth table, a switch in  ‘Block/Pass’ mode  represents the 

“0s” in the truth table and a switch in ‘Pass/Pass’ mode represents the “Xs” in the 

truth table. 

     2) In second stage of the logic circuit (right side), each vertical waveguide 

represents one column of the right side of the truth table. The switches with 

‘Block/Pass’ mode will be added where they are 0s in right side of the truth table.  

    Here each output of the horizontal waveguide in the first stage will give a product 

shown in the truth table. The red lines in the second stage are the converted 

electrical signal of the optical output of the horizontal waveguide and they will 

control the switches in the second stage.   

      To understand the mapping rule, we can start with the output 0y as an example. 

From the truth table, the invert of 0y can be expressed as following: 
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0 7 6 7 6 5 4 7 6 5 4 3 2 7 6 5 4 3 2 1y x x x x x x x x x x x x x x x x x x x
                

     (3.3) 

While the four products can be obtained in the corresponding rows (2nd 4th 6th 8th ) 

of the horizontal waveguides. Followed by our previous discussion, 0y  can be 

expressed by the product of the inversion of these four products.  Thus 0y  can be 

obtained at the end of the 3rd vertical waveguide by adding switches with 

‘Block/Pass’ mode in the corresponding row of the right side of the circuit. 

      This two stage system offers much lower latency and fast reconfigurability. While 

the optic -electro (O-E) conversion is needed between the two stages, it will 

introduce additional latency. But this latency should be small by using integrated 

photodetectors and it will not scale with the size of circuit. 

      The low latency and fast reconfigurability of the logic circuit make it very useful 

for many applications. One example is to quickly look up a routing table in a packet-

switched optical interconnection network, where the routing table can be 

dynamically updated. Figure 3.7 shows an example for the routing table lookup 

which can be implemented by two-stage system discussed previously. The fast 

reconfigurability of the logic circuit can keep the network efficiency optimized as 

the traffic pattern changes. 
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Figure 3.7 – truth table and circuit diagram for the routing table. Truth table 

a) and circuit diagram b) 

3.3.3. Alternative implementations 

The logic functions can also be implemented directly by sum of the product 

expression as shown in Equation 3.4. The incoherent sum function can be 

performed by injecting multi-wavelength into a circuit diagram. Figure 3.8 shows an 
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example for the same 8 bits encoder by multi-spectral implementation. In our 

design, the micro-rings in the same horizontal waveguide are designed to have the 

same diameter, while rings at different horizontal waveguides will have slightly 

different diameters. The waveguides can then operate at different wavelengths to 

avoid optical interference. 

 
_ _ _

...S ABCD ABCD ABC D     (3.4) 

 

Figure 3.8 – Circuit diagram of the 8 bits encoder based on multi-spectral 

implementation. 
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     As the circuit diagram shown in Figure 3.8, lasers with different wavelengths (λ1 

~ λ12) are sent into the input waveguide (the vertical line on the left). They are 

separated and dropped into the logic (horizontal) waveguides by the “passive” 

micro-ring resonators at the crossing points. At the output side of a logic waveguide, 

the light is redirected to an output (vertical) waveguide if the product calculated by 

this waveguide is part of the logic function to be calculated. This is done by 

thermally tuning the output micro-ring resonator at the crossing point to be on 

resonance (represented by the orange circles) with the light in the waveguide. 

Otherwise, the resonant wavelength of output micro-ring resonator will be tuned 

away from the laser wavelength (represented by the green dashed circles), and light 

in the horizontal waveguide will not be collected by the vertical waveguide. 

     Light from the output waveguide is sent to a broadband photodetector that 

absorbs photons at all source wavelengths and creates a photocurrent that sums the 

optical outputs from the horizontal waveguides that couple to the output waveguide. 

The output logic signal will be defined as “1” if any one of the horizontal waveguides 

has a high-level output. This performs the sum (logic OR) function of the products 

calculated by the coupled horizontal waveguides. This multi-spectral 

implementation can reduce the O-E conversion between the two stages system 

discussed previously, but it will have higher requirements on the extinction ratio 

and power uniformity. 
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3.4. Proof of Concept Demonstration 

3.4.1. Design and fabrication 

Here we present a proof-of-concept demonstration using a multi-spectral 

implementation of the electro-optic logic circuit as discussed in section 3.3.3. With a 

2×2 array of reconfigurable switches as shown in Figure 3.9, this logic circuit can 

perform arbitrary two-input logic functions[71].  

 

Figure 3.9 – Circuit diagram of the 2×2 logic circuit based on multi-spectral 

implementation. 

    The structure of the reconfigurable logic circuit for arbitrary two-input logic 

functions is illustrated in Figure 3.9. Each of the two optical waveguides marked by 

the horizontal black lines passes through two optical switches. Each optical switch 

has embedded p-i-n junction and micro-heater. Represented by vertical black lines, 

there is an optical input waveguide and an optical output waveguide. The red lines 

represent the electrical logic input signals (operands A and B) applied on the optical 
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switches. Each operand controls two switches in different waveguides 

simultaneously. The detail working mechanism can be found in the section 3.3.3. 

      Micro-heaters are integrated with the add/drop micro-ring filters at the crossing 

points between the horizontal and vertical waveguides for thermal tuning, but no p-

i-n junctions are embedded in these rings. At the crossing points between the 

waveguides, the width of the waveguide is extended to be 1 m in order to reduce 

the optical loss [75]. Inverse tapers with 180-nm-wide tips are integrated for input 

and output terminals of the waveguides to enhance the coupling between the 

waveguides and tapered lens fibers [76]. The coupling loss is ~4.5 dB per facet. 

      The EO logic circuits are fabricated in a CMOS photonics foundry at the Institute 

of Microelectronics of Singapore [77]. The fabrication starts on a silicon-on-

insulator (SOI) wafer with 220-nm-thick top silicon and 3-m-thick buried oxide. 

Rib waveguides with 500-nm width, 220-nm height and 50-nm slab thickness are 

used to construct the photonic circuit. The switches are based on micro-ring 

resonators with diameters ~10 m that are side-coupled to straight waveguides. A 

deep-UV lithography process is used to define the device pattern, which is etched 

into the silicon layer by inductively-coupled plasma etching. Following the etching, 

the p-i-n junctions are formed across the ring, as illustrated in Figure 3.10.a, by 

patterned ion implantations. A 1.6-m-thick SiO2 layer is then deposited onto the 

wafer using plasma-enhanced chemical vapor deposition (PECVD). A 150-nm-thick 

patterned titanium nitride (TiN) layer is sputtered on the oxide to form the micro-

heaters. Another 500-nm-thick SiO2 layer is deposited by PECVD. Finally, vias are 
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opened on the implanted areas and the micro-heaters, and a 1.5-m-thick aluminum 

layer is sputtered and etched to form the electric connections. After the fabrication 

process, the contact pads on the chip are wire-bonded to a custom-made interface 

board as shown in Figure 3.10.b. The micro-heaters are controlled by a computer 

through digital-to-analog converters. The p-i-n junctions of the switches are wire-

bonded to SMA connectors with 50-Ohm terminal resistors for impedance matching. 

 

Figure 3.10 – (a) SEM picture of the micro-ring resonator after etching. The 

false color shows the implanted areas. (b) Device mounted on a stage and 

wire-bonded to a PCB board (c) The transmission spectra of a switch in 

‘Block/Pass’ mode for light at working wavelength λL. The red dashed line and 

the black solid line are the spectra when the applied modulation signal is 
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0.89V and 0V, respectively. (d) The transmission spectra of a switch in 

‘Pass/Block’ mode. (e) The transmission spectra of a switch in ‘Pass/Pass’ 

mode 

3.4.1. Experimental result 

 The transmission spectra of the TE mode of a switch are measured with a tunable 

laser. Sharp resonance dips can be clearly seen in Figure 3.10.c. When free carriers 

are injected into the p-i-n junction with a forward bias voltage of 0.89 V (logic ‘1’), 

the resonance will be blue shifted. The depth of the resonance decreases due to the 

free-carrier absorption effect [12]. At the input laser wavelength of L  = 1549.1 nm, 

the optical transmission is low when the bias voltage is high (logic ‘1’) and the 

transmission is high when the bias voltage is zero or negative (logic ‘0’).So it works 

in the ‘Block/Pass’ mode. In this mode, the quality factor is 41,000 for the pass state 

and 31,000 for the block state. As the working wavelength is fixed at 1549.1 nm, the 

operation mode can be reconfigured to be the ‘Pass/Block’ mode or the ‘Pass/Pass’ 

mode, as shown in the Figure 3.10.d and Figure 3.10.e respectively, by changing the 

heating power on the integrated micro-heater. In the ‘Pass/Block’ mode, the switch 

has a 20-dB extinction ratio, while in the ‘Block/Pass’ mode, the switch has a 10-dB 

extinction ratio. The thermo-optic reconfiguration time is measured to be <35 s. 

The insertion loss of each switch is ~0.15 dB, which can be further reduced with a 

larger tuning range. 
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      We have realized all the sixteen possible two-input logic functions just by 

thermally reconfiguring the operation modes of the switches and tuning the output 

add/drop micro-ring resonators. Here we show the results for eight representative 

functions. In all the demonstrations, the laser wavelengths are fixed at 1549.10 nm 

and 1559.16 nm, the two logic signals are also fixed with a bit-rate of 0.526 Gb/s, a 

high level of 0.8 V (logic ‘1’) and a low level of -1.2 V (logic ‘0’).The total consumed 

RF power is about 8W and the total heating power used in the demonstration 

ranges from 24 mW to 26 mW for the different logic functions. The output powers of 

the two lasers are both 5 dBm. They are combined with a 50/50 fiber coupler and 

then coupled into the circuit through a tapered lens fiber. 

 

Figure 3.11 –Circuit diagrams of the electro-optical logic circuits for different 

two-input logic functions. 
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       The circuit diagrams in Figure 3.11.a-h show the operation modes of the 

switches and the output rings when each logic function is performed. Figure 3.12.a-

h show the waveform of the output optical signal. In (a) and (b), the output logic 

signals are same as the input A and B, respectively. In (a)-(d), only light from the top 

waveguide is coupled to the output waveguide, because the logic function has only 

one product. In (e) and (f), there are two high levels corresponding to the case when 

one waveguide passes light and when both waveguides pass light respectively. Both 

will be judged as logic ‘1’. In (d) and (f)-(h), there are some positive spikes between 

two consecutive ‘0’s and some negative spikes between two consecutive ‘1’s. This 

happens when one switch is turning off while the other switch is turning on. The 

height of the spikes depends on the timing of the rising and falling edges of the two 

switches. Since the spikes are only at the bit transition regions, they do not affect 

correct decoding of the bits. 
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Figure 3.12 –Waveforms of the output optical signal from the two-input logic 

circuits shown in Figure 3.11 . The two input electrical control signals are non-

return-to-zero (NRZ) 27-1 pseudo-random bit sequence signals at 526 MHz. 

They are both set to be 2 Vpp between -1.2 V to 0.8V. 

3.5. Summary 

In summary, I show a reconfigurable optical directed logic architecture. It consists of 

simple row-column layout of a large and uniform switch fabric by using only 1×1 on-

off switches. This architecture offers significant improvement on the latency and 

scalability over DL proposed by [48]. It can be manufactured in a CMOS-photonics 
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foundry with low cost. And this has a lot of applications such as network routing and 

real-time signal analysis.  

      For proof of concept, I demonstrated a directed logic circuit with a 2×2 switch 

array. I show this small-scale circuit which can be reconfigured to perform arbitrary 

two-input combinational logic functions. The demonstrated speed of ~0.5 Gb/s is 

currently limited by the wire-bonding approach. Higher speed can be expected by 

improving the probing method, by using pre-emphasized driving signals[28] or by 

using reverse-biased p-n junctions[78, 79] for faster switching. All these good 

results make the revised DL to be a good candidate for the structure of the 2D 

computing system. 
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Chapter 4 

Micro-Gear Resonator 

4.1. Introduction 

Integrated optical resonators, for example micro-ring resonators, are widely used to 

manipulate light propagation in waveguide based systems through evanescent 

coupling scheme. Based on this coupling scheme, various photonic devices including 

electro-optic modulators [27, 28, 69],filters[80-82],optical buffers[83, 84] and bio-

sensors [85-87] have been demonstrated. They have compact sizes, low power 

consumption and are compatible with standard microelectronics which enable 

large-scale integration of optoelectronic systems for 2D computing.  

     The evanescent coupling scheme works very well for planar optical systems that 

are naturally waveguide based. In the waveguide based systems, light is well 

confined in these resonators because its wave vector does not match that of any 
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free-space wave. These resonators can thus only interact with the outside world 

through the evanescently coupled waveguide. They can’t control the free space 

waves and thus can’t be used as spatial light modulators as shown in Figure 4.1 for 

application such as 3D optical computing system, image processing, beam steering, 

parallel optical logic and parallel signal processing.  So it is very interesting to 

develop a new type of silicon photonic device and make it work as spatial light 

modulator. 

 

Figure 4.1 –Diagram for the spatial light modular. It can control the light flow 

in a pixel to pixel basis. 

  In this chapter, I will show a diffraction-based coupling scheme that allows a 

micro-resonator to directly manipulate a free-space optical beam at normal 

incidence. I will demonstrate a high-Q micro-gear resonator with a 1.57-um radius 

whose vertical transmission and reflection change 40% over a wavelength range of 

only 0.3 nm. Without the need to be attached to a waveguide, a dense 2D array of 
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such resonators can be integrated on a chip for spatial light modulation and parallel 

bio-sensing [88]. The details of the discussion can also be found in my paper [88]. 

4.2. Theory of diffractive coupling 

To see how the diffraction-based coupling scheme works, let us first look at a 

waveguide grating coupler [89]. Figure 4.2 shows the top view of a grating that 

couples a transverse-electric (TE) waveguide mode ( )E r  with a vertical beam 

(travelling in ±z directions). The black line shows the profile of the waveguide 

grating. The red and blue color shows the electrical field distribution while the 

white arrow shows the perturbation polarization which will be discussed later. 

 

Figure 4.2 The transverse field of a TE mode of a silicon strip waveguide(Top-

view diagrams) and the perturbation polarization induced by a grating shown 

by the black lines. The white arrows show the directions of the perturbation 

polarization.  
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     Before adding the grating, the unperturbed smooth waveguide consists of 

waveguide core (with range in a x a   ) whose refractive index is 2n  and 

surrounding cladding whose refractive index is 1n . The wave function for the 

unperturbed smooth waveguide is [90]  
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If we take 0D E P   , the wave function for the perturbed waveguide after we add 

the grating becomes  
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By using the relation 
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we can get the perturbation polarization as 
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Using the coupled-mode theory [90], we can explain this coupling effect based on 

the perturbation polarization induced by the grating, which acts as the source for 
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secondary waves. If the period of the grating matches the spatial period of the 

waveguide mode, as shown in Figure 4.2, pertP at both the wider ( ( ) 0, ( ) 0r E r   ) 

and narrower ( ( ) 0, ( ) 0r E r   ) sections of the waveguide point in the same 

direction. They then will interfere constructively and create a strong radiation in the 

vertical direction.  Due the reciprocity of the light wave, normal incident can thus be 

coupled to the waveguide grating. 

 

Figure 4.3 The transverse (radial) electric field component Er of the 14th   

longitudinal (azimuthal) mode of a micro-ring resonator(Top View) and the 

perturbation polarization induced by a 14-period grating. 
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      When this waveguide grating is curved around to form a micro-ring resonator, 

however, it no longer couples to vertical waves because pertP now point to different 

directions. Figure 4.3 shows a micro-ring resonator with a 14-period gratings which 

match the periodicity of the 14th  longitudinal (azimuthal) mode of the resonator. 

pertP at opposite sides of the ring point in opposite directions and thus have 

destructive interfere in the vertical direction.    

      To analyze the coupling to the vertical wave in this situation, one needs to look at 

the Cartesian field components xE  and yE , instead of the radial component rE  

plotted in Figure 4.3. The gratings need to match the periodicity of xE  in order to 

couple to a x-polarized wave, and match the periodicity of yE , in order to couple to a 

y-polarized wave. Figure 4.4 shows the simulated xE  distribution of the 14th  

longitudinal mode, which has 13 periods around the inner circumference of the ring 

and 15 periods around the outer circumference. That is because  xE   becomes the 

longitudinal field component with an odd parity at the ± y sections of the ring, and 

the longitude field component has about the same amplitude as the transverse field 

component at the edge of this highly-confined waveguide. Thus, to create strong 

coupling to an x-polarized vertical wave, one needs a 13-period grating around the 

inner circumference and/or a 15-period grating around the outer circumference to 

match the  xE   field distribution. 
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Figure 4.4 Simulated Ex distribution when a micro-gear resonator is excited by 

a x-polarized normal-incidence Gaussian beam with a beam radius of 1.75um 

and a peak amplitude of 1. The gratings are illustrated by the black lines in the 

figure, where their widths are exaggerated for better visibility. The inner 

grating has 13 periods and the outer grating has 15 periods. 

     The device shown in Figure 4.4 has both a 100-nm-wide inner grating and a 10-

nm-wide outer grating. Excluding the gratings, the inner radius of the ring is 0.91um, 

the outer radius of the ring is 1.57um, and the height of the ring is 0.25um. These 

are the default dimensions used throughout this study except where it is noted. 

Since the convex parts of the grating ( 0  ) overlap with positive xE  field, and 

the concave parts of the grating ( 0  ) overlap with negative xE  field, the 
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perturbation polarization pertP  always point to the positive-x direction, as shown by 

the white arrows. The gratings, therefore, strongly couple the x-polarized vertical 

wave with the resonant field, which creates an intense resonant field whose 

intensity ( 2| |E ) is ~2,000 times higher than that of the input beam. Because the 

shape of the resonator resembles a gear, it is named a micro-gear resonator. This 

device is, however, fundamentally different from the micro-gear resonators 

demonstrated previously where a 2m period grating is used to enhance the quality 

factor Q of the m-th longitudinal mode of a micro-disk resonator[91, 92]. 

    The micro-gear resonator shown above does not strongly interact with a y-

polarized normal-incidence beam. One can see from Figure 4.5 that, because the 

inner and outer gratings have opposite phase at ±y sections of the resonator, the y-

component of pertP  induced by the inner grating points to the opposite direction as 

that induced by the outer grating. If the effective strengths of the two gratings 

(which depend on the width of the grating and the amplitude of the local field) are 

the same, a y-polarized vertical wave will not couple to the resonating field because 

the two pertP components destructively interfere with each other. If coupling only to 

the y-polarized beam is desired, one can simply invert the phase of either the inner 

grating or the outer grating. To achieve a polarization-independent coupling, on the 

other hand, one can use solely the inner grating or solely the outer grating. 
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Figure 4.5 Simulated Ey distribution when the micro-gear resonator in Figure 

4.4 is illuminated by a y-polarized Gaussian beam with the same size and 

amplitude as that in Figure 4.4. 

4.3. Device fabrication and test setup 

Micro-gear resonators with gratings of different sizes are fabricated on the silicon-

on-insulator (SOI) substrate with e-beam lithography. The SOI substrate has a 250-

nm-thick silicon layer on a 3-μm-thick buried oxide layer. The pattern is defined on 

the negative e-beam resist Dow Corning XR-1541 and then transferred to the silicon 

layer with an HBr-Cl2-based reactive ion etching process. Polymethyl-methacrylate 

(PMMA) of ~1-m thick is spun on the chip as the top cladding. 



 54 
 

 

 

Figure 4.6 The scanning electron microscopic (SEM) pictures of the fabricated 

micro-gear resonators. (a) The SEM picture of a waveguide-coupled micro-

gear resonator with a 100-nmwide inner grating and a 10-nm-wide outer 

grating. (b) The SEM picture of a stand-alone micro-gear resonator with a 400-

nm-wide inner grating and an 80-nm-wide outer grating. 

       Figure 4.6.a shows an SEM picture of a waveguide-coupled micro-gear resonator 

with the default dimensions. While the outer grating is too narrow to be indentified 

on the SEM picture, its optical effects are clearly seen in the experiments below. The 

waveguide-coupled resonators are coupled to U-shaped waveguides that start and 

end at the same edge of the chip. The transmission and vertical radiation spectra of 

the waveguides are measured with a tunable laser and an optical power meter with 

a setup as shown Figure 4.7. The polarization of the tunable laser is adjusted by a 

polarization controller to be quasi-TE. Then the light is focused by a lens onto one 

end of a U-shaped waveguide. The output light at the other end of the U-shaped 

waveguide is collimated by the same lens and is sent to Detector 1. The vertical 

radiation from a resonator is collimated by a lens with F=4.5 mm and a numerical 
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aperture of 0.55. The collimated beam passes through a polarizer and is then 

coupled into a single-mode optical fiber through a fiber collimator.  The power is 

then sent to Detector 2.A beam splitter is inserted in the light path to get the image 

of the device in the experiment. 

 

Figure 4.7. Schematic of the experimental setup for measuring the 

transmission spectrum and vertial radiation spectrum of the waveguide 

coupled micro-gear resonator 

      Figure 4.6.b shows a stand-alone micro-gear resonator whose gratings are wide 

enough to be seen clearly. The experimental setup is shown in Figure 4.8. The stand-

alone resonators are excited from the top where a collimated laser beam from the 

tunable laser is focused by the lens described above. Before hitting the lens, the 

beam passes through a polarizer and a 50:50 beam splitter tilted at 45 degree so 

that reflection spectra can be measured. Another lens at the substrate side is used to 

focus the light going through the chip onto a photodetector in order to measure the 
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transmission spectrum. The reflected beam experiences an additional ~3-dB loss 

from the beam splitter, which will be extracted from the plotted reflection spectra. 

 

Figure 4.8. Schematic of the experimental setup for measuring the 

transmission spectrum and reflection spectrum for the stand-alone micro-

gear resonantor 
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4.4. Experimental result 

4.4.1. Waveguide coupled micro-gear resonator 

The micro-gears are intended to be used as standalone resonators, and here I will 

first use the waveguide-coupled ones to characterize their basic properties .The 

measurements on the waveguide-coupled micro-gear resonators confirm that the 

gratings significantly enhance vertical radiation from the resonator. The black line 

in Figure 4.9 is the normalized waveguide transmission spectrum of the device 

shown in Figure 4.6, and the red line shows its vertical radiation. The top radiation 

spectrum shows a clear peak for the 14th longitudinal mode around the wavelength 

of 1536 nm. This is the mode that the gratings are designed for. In comparison, the 

vertical radiation from the 13th longitudinal mode at the wavelength of 1610 nm is 

~16 times lower in power. The radiation pattern at 1536nm has a bright center as 

shown in the left inset of the Figure 4.9 which is due to the constructive interference 

of the perturbation polarization pertP  in the vertical direction. Furthermore, as 

shown in the right inset of Figure 4.9, the radiation pattern at 1610 nm has a dark 

center due to the destructive interference of pertP  . 
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Figure 4.9. Measured waveguide transmission spectrum and top radiation 

spectrum of a waveguide-coupled micro-gear resonator. The top radiation 

spectrum is normalized to the optical power coupled into the resonator from 

the waveguide. The spectra show the resonances from the 14th longitudinal 

mode at 1536 nm and the 13th longitudinal mode at 1610 nm. The insets are 

the images of top radiation at these two resonant modes. 

      The radiation around 1536 nm is confirmed to be largely x-polarized from the 

zoom-in spectra of the x-polarized (red line) and y-polarized radiations (purple line) 

in Figure 4.10. The high contrast (~16 dB) between the two polarization 

components show that pertP  induced by the inner and outer gratings have about the 

same amplitude, so that their y-polarized vertical radiations have nearly perfect 

cancellation. While the inner grating is 10 times wider than the outer grating, for 

such small rings, the amplitude of the electric field at the outer edge is about 10 

times higher than that at the inner edge. The effective strengths of the two gratings 

are therefore about the same.  The power collected in the fiber is less than 6% of the 
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total power coupled into the ring mainly for the following reasons: part of the 

optical power is lost due to scattering and absorption in the resonator; about half of 

the radiated power goes to the substrate side and is not collect; and only about 20% 

of the power which presents at the input side of the fiber collimator is coupled into 

the fiber. 

 

Figure 4.10. The zoom-in spectra of the transmission (black line) and the x-

polarized (red line) and y-polarized (purple line) top radiation of the device in 

Figure 4.6.a. 
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       The micro-ring resonator with the same parameter is also tested to get the 

transmission and vertical radiation spectrum. Without the gratings, the vertical 

radiation from a micro-ring resonator is ~30 times lower than that from the micro-

gear resonator, as shown in Figure 4.11. So grating can significantly enhance the 

vertical radiation and thus enhance the coupling with normal incident wave. 

 

Figure 4.11. The transmission (black line) and the x-polarized (red line) and y-

polarized (purple line) top radiation of a micro-ring resonator without 

gratings.   
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4.4.2. Stand alone micro-gear resonator 

The high-Q resonance of a stand-alone micro-gear resonator with default dimension 

can be clearly seen in its transmission and reflection spectra at normal incidence. As 

shown in Figure 4.12, the spectra of x-polarized light show sharp resonance features 

where the transmission and reflection changes ~40% over a narrow wavelength 

range of 0.3   nm. The effective Q of this resonance is thus effQ  ≈5,000, where 

0 /effQ     and 0 is the central wavelength. The y polarized light, as expected, 

shows almost no sign of the resonance. 

 

Figure 4.12. Normal-incidence transmission and reflection spectra of stand-

alone micro-gear resonators. The red and brown lines are measured x-
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polarized and y-polarized transmissionspectra. The blue and black lines are 

measured x-polarized and y-polarized reflection spectra. 

     The measured spectra agree well with the results of 3D finite-difference-time-

domain (FDTD) simulations shown in Figure 4.13. In the simulation, the optical 

scattering loss from the side-wall roughness is not taken into account, resulting in a 

sharper resonance with effQ  ≈15,000 and higher contrast (transmission changes 

~60%). The measured reflection spectra have higher background than the 

simulated ones due to the reflection from the silicon substrate, which is not taken 

into account in the simulations. The x-polarized transmission spectrum has the 

characteristics of a Fano resonance due to the interference between the light that 

radiates after coupling to the resonator and the light that goes though the device 

without coupling.  
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Figure 4.13. The spectra with the same definitions as those in Figure 4.12 

obtained from a 3D FDTD simulation. 

I also measure the transmission and reflection spectrum for the 13th  longitudinal 

mode which is shown in Figure 4.14. As expected, it shows little resonance feature 

which agrees well with our theory. 
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Figure 4.14. The measured transmission (red) and reflection (blue) spectra 

around the 13th  longitudinal mode of the resonator. 

     I measured the normal incident transmission spectra of micro-gear resonators 

with gratings of different sizes, which are shown in Figure 4.15.  When the widths of 

the gratings increase, one can see consistently the increase of the extinction ratio 

and the drop of effQ  as the rate of the grating-induced vertical radiation increases. 

The micro-ring resonator without gratings (the green line) shows no feature from 

its resonance (in fact, I cannot precisely locate the resonant wavelength because of 

that), which confirms that the grating structures are necessary for coupling to 

normal incident beams. 
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Figure 4.15. Normalized x-polarized transmission spectra of stand-alone 

resonators with gratings of different sizes. Each spectrum is normalized to its 

off-resonance transmission. Green line: micro-ring with no grating. Black line: 

micro-gear with a 50-nm inner grating and a 5-nm outer grating. Red line: 

micro-gear with the default dimensions. Blue line: micro-gear with a 200-nm 

inner grating and a 20-nm outer grating. 

While the demonstrated 40% extinction ratio is high enough to precisely identify 

the resonant wavelength for bio-sensing applications, it can be further improved by 

reducing the losses in the ring, reducing the non-resonant scattering of the vertical 

beam, and reducing higher-order diffractions from the gratings. The desired vertical 

radiation is the 0th-order diffraction of the grating, and the higher-order diffractions 

act as addition losses that prevent critical coupling which can be seen in the 

simulation as shown in Figure 4.16 and experimental data shown in the inset of  
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Figure 4.9. For a grating with diameter D, the mth -order diffraction which centers at 

an angle satisfies sin / cD m n   . Here λ is the wavelength and cn  is the refractive 

index of the cladding material. When the diameter of the grating becomes less than 

/ cn , only the 0th-order diffraction exists, therefore critical coupling can be 

achieved. 

 

Figure 4.16. Simulated far field radiation pattern. 0th  and 1st order diffraction 

pattern is shown in this figure. 

4.5. Summary 

I show a novel diffraction-based coupling scheme for the silicon photonics devices, 

which allows a micro-resonator to directly manipulate a free-space optical beam at 

normal incidence. I experimentally demonstrate a high-Q micro-gear resonator with 

a 1.57-um radius whose vertical transmission and reflection change 40% over a 
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wavelength range of only 0.3 nm. The micro-gear resonator I show here is 

essentially an dielectric optical antenna that directly converts freely propagating 

waves to intensive and localized resonating field and vice versa. Without the need 

for side-coupled waveguides, this type of resonator can easily be made into dense 

2D arrays. Ultrafast spatial light modulator with a wide range of applications [93] 

can be built by controlling the free-carrier density in this resonator [27]. The micro-

gear resonators can also be lifted off from the substrate to be used as colloidal 

particles or to be deposited on other substrates where ultra-compact and high-Q 

resonators are not otherwise available. While our demonstration is based on silicon 

resonators working at near-infrared, the underline physical principle can be directly 

applied to resonators made of other dielectric materials and resonators working in 

other wavelength ranges. 
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Chapter 5 

1D photonic crystal cavity based 

spatial light modulator 

5.1. Introduction 

In chapter 4, I discussed micro-gear resonator based on diffraction coupling and its 

ER can reach 40%. The ER is limited by non-resonance scattering and high order 

diffraction. Due to the low ER, it will not be a good candidate for spatial light 

modulator thus can’t work very well for a lot of application such as 3D optical 

computing, imaging, display, holographic, metrology. 

To overcome this limit, here I demonstrate a new spatial light modulator based on 

1D photonic crystal (PhC) cavity which allows the large-scale integration capability 

of silicon photonics to serve the free-space applications. With perturbation-base 

diffractive coupling scheme,  high-Q PhC cavity can directly interact with and 
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manipulate free-space waves with coupling efficiency >90%. As the resonance of the 

PhC cavity can be rapidly tuned with a p-i-n junction, a compact spatial light 

modulator with an extinction ratio of 9.5 dB and a modulation speed of 150 MHz is 

demonstrated. Method to improve the modulation speed is discussed. Compared to 

the existing SLMs[94-97], this silicon-based device offers both high speed and the 

capability of large-scale integration. Details of the discussion can also be found in 

my paper [98]. 

5.2. Design and Simulation 

The base resonator structure I use to construct the SLM is a one-dimensional (1D) 

photonic crystal (PhC) cavity shown in Figure 5.1.a. The 1D PhC is formed by 

periodical silicon ribs on a thin silicon slab surrounded by SiO2 claddings, and is 

designed for the TE mode. The silicon slab is used to inject free carriers (electrons 

and holes) into the cavity from the two sides. A high-Q resonating cavity is formed 

by gradually adjusting the lattice constant and thus the bandgap of the PhC[99-101]. 

With a reduced lattice constant in the middle of the PhC, as illustrated in Figure 5.1.b, 

the bandgap blue-shifts and a confined cavity mode is supported.  
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Figure 5.1. (a)Top-view of the PhC cavity where the dashed lines mark the 

positions of the silicon ribs. The color map shows Ex distribution of the 

resonant cavity mode.(b) The band diagram of the 1D PhC cavity as its spatial 

period varies along the y-direction. The blue shaded area marks the bandgap. 

     Like what I do for the micro-gear resonator, the optical response of the device is 

first simulated by the 3D finite-difference time-domain (FDTD) method. The top-

view E  field distribution (the  xE  component) of the resonant mode is shown in 
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Figure 5.1.a. One can see that xE  has opposite signs in the neighboring ribs. Thus, to 

couple this cavity mode to a normal incidence optical beam, I introduce a 

perturbation by slightly increasing the widths (in the y direction) of the ribs by w  

in which  xE   > 0 and slightly decreasing the widths of the ribs by w  in which xE   < 

0. The width perturbation of w  is only applied in the cavity area where the lattice 

constant of the PhC is reduced. This introduces a perturbation polarization 

( ) ( )pertP r E r    that has the same sign over the entire perturbed area. In the 

equation,   is the change in dielectric constant compared to the based structure. 

According to the coupled-mode theory, pertP  at each point can be thought as a source 

for a secondary wave. Since all the secondary waves are in-phase, they interfere 

constructively and create a strong radiation in the vertical direction. 

The width perturbation allows the cavity to strongly change the transmission and 

reflection of the normal-incidence waves around the resonant wavelength of the 

resonator. The red line in Figure 5.2 shows the simulated normal-incidence 

transmission when w = 4 nm, which has a sharp dip with an extinction ratio (ER) 

of over 10-dB and a FWHM bandwidth of 0.2 nm (25 GHz). When free carriers with 

the density of 4×1017 cm-3 are injected into silicon, the reduction in refractive index 

causes a blue shift of the resonance  as shown by the blue line, and a >10-dB change 

in the optical transmission at the operation wavelength marked by the dashed line. 
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Figure 5.2.The normal-incidence transmission spectra of the resonator 

without free carriers (red line) and with a free-carrier density 4×1017 cm-3 

(blue line). The dimensions of the device here is: the height of silicon slab is 50 

nm; the height of silicon ribs is 200 nm; The length of the ribs (in the x 

direction) is 2.5 m. the lattice constant of the PhC changes gradually from 

320 nm outside of the cavity to 280 nm at the center of the cavity in 5 periods. 

Before introducing the perturbation, the rib width is 50% of the local lattice 

constant. A width perturbation of w =4 nm is introduced inside the cavity 

region. The device is fully surrounded by SiO2. 

We simulated the transmission spectra with different perturbation strengths w , 

which are shown in Figure 5.3. As expected, very little resonance feature can be 

observed without the perturbation ( w = 0nm). As w  increases, the coupling rate 
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between the cavity mode and the normal-incident beam increases. In this process, 

the cavity Q drops since the cavity mode escapes more quickly from the resonator, 

while the ER increases since the coupling rate becomes much higher than the 

intrinsic loss rate. In this set of simulations, the dimensions of the devices (see 

figure caption) are revised to match that of the fabricated devices shown below. 

Given the wafers on hand, the total thickness of the silicon layer is dropped to 220 

nm, which results in a lower off-resonance transmission. In order to make optical 

alignment easier in the measurements, the fabricated devices are designed with a 

larger cavity area than that in previous simulations. 

 

Figure 5.3. The normal-incidence transmission spectra of devices with 

different perturbations strengths w  as detailed in the legend. The 

dimensions for this device are: the height of silicon slab is 50 nm; the height of 
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silicon ribs is 170 nm; The length of the ribs is 4 m. the lattice constant of the 

PhC changes from 340 nm outside of the cavity to 290 nm at the center in 7 

periods. 

     Compared to the micro-gear resonator we demonstrated previously, this PhC 

cavity provides much higher ER and much lower insertion loss due to its sub-

wavelength periodicity. The off-resonance transmission of the device is higher than 

90% (resulting in a low insertion loss) because the silicon ribs with sub-wavelength 

periodicity do not scatter light. To the incident light with wavelength far from the 

resonant wavelength, the rib array acts essentially as a uniform effective medium. 

This is in contrast to the micro-gear resonator which acts as a scattering particle to 

the off-resonance light due to its wavelength-scale dimension. Besides scattering, 

off-resonance transmission also depends on layer thicknesses, which will be 

analyzed in the modeling section of this paper. 

     The high ER is achieved by eliminating higher-order diffractions introduced by 

the perturbation. For the resonating mode of the cavity, its far-field radiation 

pattern is determined by the 2D Fourier transform of the perturbation distribution 

function~ ( , )pertP x y , where the higher spatial frequency component of ~ ( , )pertP x y  

creates radiation at a larger angle. The spatial frequency component with a period 

shorter than the wavelength do not create far-field radiation, therefore the radiation 

pattern is determined by the slow-varying profile of ~ ( , )pertP x y . In the micro-gear 

structure, the perturbation locates at the inner and outer edges of the rings with 

radii comparable to the wavelength. Its far-field radiation pattern obtained from 3D 
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FDTD simulation is shown in Figure 5.4.a which is the same as Figure 4.16. Besides 

the 0th -order diffraction that is used to couple the normal-incidence light, there is 

also a 1st -order diffraction that acts as an addition source of loss for the cavity 

which limits the extinction ratio of the resonance. In contrast, ~ ( , )pertP x y in this PhC 

cavity distributes at the edges of the ribs with a deeply sub-wavelength periodicity. 

Therefore no higher-order diffraction is expected, which is confirmed by the far-

field radiation pattern shown in Figure 5.4.b. The optical Q of the PhC cavity is 

optimized when the cavity mode has a Gaussian profile [102]. Under that condition, 

~ ( , )pertP x y  introduced by a constant w  also has a Gaussian profile and the far-field 

radiation pattern from the cavity matches well with that of a normal-incident 

Gaussian beam. This would maximize the coupling efficiency to the resonating mode 

and the extinction ratio on the transmission spectrum. If coupling to other types of 

beams is desired, a different distribution of w   can be used. 

 

Figure 5.4. Simulated far-field angular distribution of the transmitted light 

from a micro-gear resonator (a) or the perturbed 1-D PhC cavity (b) when 
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they are on resonance. The light-blue ring in (a) shows the 1st -order 

diffraction of the micro-gear resonator, which is absent from the radiation of 

the PhC cavity. 

      The 3D FDTD simulations are done with commercial software Lumerical FDTD. A 

non-uniform grid is used which has a spatial resolution 30 nm around the resonator. 

Even though perturbation introduced here is much smaller than the grid size, the 

software is capable of incorporate that in the simulation. When a dielectric interface 

(Si/SiO2) lies between two grid points, the program modifies the dielectric constant 

at the neighboring grid points according to the position of interface. This way, the 

small shift of the dielectric interface due to the width perturbation is taken into 

account in the simulation 

5.3. Device Fabrication and test setup 

Figure 5.5 shows the diagram for the spatial light modulator.  To construct the PhC, 

the design parameters for the fabricated devices are: the height of silicon slab is 50 

nm; the height of silicon ribs is 170 nm; the length of the ribs (in the x direction) is 4 

m. The lattice constant of the PhC changes gradually from 340 nm outside the 

cavity region to 290 nm at the center of the cavity in 7 periods. Without 

perturbation, the rib width is 50% of the local lattice constant. A p-i-n junction is 

built across the PhC cavity to control the carrier density in the cavity.  
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Figure 5.5. The diagram of the SLM design where a p-i-n junction is built 

across the 1D PhC cavity.  

       SLMs with different perturbation strengths w  are designed and fabricated in a 

CMOS photonics foundry at the Institute of Microelectronics of Singapore. The 

fabrication starts on an SOI wafer with a 220-nm-thick silicon layer and a 3-m-

thick buried oxide layer. The device is patterned on a silicon slab with the thickness 

by deep-UV lithography and inductively-coupled plasma etching. Following the 

etching, the p-i-n junctions are formed by patterned ion implantations with a dosage 

of 5×1014 cm-2 for both the p+ and n+ doping regions. A 2.1-m-thick SiO2 layer is 

then deposited onto the wafer using plasma-enhanced chemical vapor deposition 

(PECVD). Finally, vias are opened on the ion-implanted areas and a 1.5-m-thick 

aluminum layer is sputtered and etched to form the electric connections.  The serial 
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resistance of the diode is measured to be 105 Ω. After the fabrication process, the 

contact pads connecting to the p-i-n junction are wire-bonded to a SMA connector 

with a 50-ohms terminal resistor for impedance match. Figure 5.6 shows an SEM 

picture of the device taken after the SiO2 top cladding layer is removed by HF wet 

etching.  

 

Figure 5.6. A top-view SEM picture of the fabricated device after the SiO2 

upper-cladding is removed by wet etching in HF. 

    The transmission and reflection spectra are measured with a tunable laser whose 

fiber-coupled output is collimated to form a free-space optical beam. The setup is 

the similar as Figure 4.8. The polarization of the light is adjusted by a polarization 
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controller. Then the optical beam is focused onto the device from top with an 

aspheric lens. The transmission through the back of the chip is collimated by a lens 

and measured with a photodetector. The reflection spectra are taken by inserting a 

beam splitter in the path of the incident light beam. Electro-optic modulation is 

achieved by applying DC and RF voltages on the p-i-n junctions through the SMA 

connector. 

5.4. Experimental result 

The measured normal-incidence transmission of devices with different width 

perturbation w =0 nm, 2 nm and 4 nm are shown in Figure 5.7.a. As we expected, 

no resonance feature can be identified if no perturbation is introduced. On the other 

hand, even a perturbation as small as 2 nm can introduce a strong resonant feature 

that is clearly observed. The transmission drops over 90% at the resonant 

wavelength, showing that over 90% of optical power has been coupled into the 

resonator, which then escape through scattering or reflection. The device with a 

larger perturbation shows a stronger coupling, a broader bandwidth and a higher 

ER. The resonant spectra have an asymmetric shape due to the interference from 

the partial reflections at the multiple dielectric interfaces through the SOI substrate, 

which is not taken into consideration in the FDTD simulation. The measured 

normal-incidence reflection of devices with different width perturbation w =0 nm, 

2 nm and 4 nm are also shown in Figure 5.7.b. The resonant wavelengths agree well 

with those in the transmission spectra. 
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Figure 5.7. (a)Measured normal-incidence transmission spectra of the SLMs 

with different perturbation strengths w . (b)Measured normal-incidence 

reflection spectra of the SLMs with different perturbation strengths w . The 

spectra are normalized to the transmission and reflection when the optical 

beam passes through a featureless area of the chip. The featureless area has a 
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transmission of 50% compared to air (i.e. when the chip is completely 

removed from the setup), which is mainly due to the reflection from the 

silicon substrate and optical scattering at the unpolished backside of the chip.   

      When a forward bias voltage is applied on the p-i-n junction, free carriers are 

injected into the cavity which changes the refractive index of silicon and blue-shift 

the resonance [12, 27]. For a device with w = 2 nm, the measured normal incidence 

transmission and reflection spectra at different DC bias voltage are shown in Figure 

5.8. With a low carrier density (VDC=0.7 V), the transmission spectrum is the same as 

that at VDC = 0 V, which shows a resonant dip with an ER of 9.5 dB. When free 

carriers are injected into the p-i-n junction with a forward bias voltage of 1.0 V, the 

resonance is blue-shifted. Fitting of the spectra gives a decreased intrinsic Q of 

11,000 due to the free-carrier absorption effect, while the coupling Q does not 

change as one expects. The extinction ratio of the resonance drops due to the 

additional loss in the cavity from the free-carrier absorption effect. The resonances 

can be seen only when the input light is x-polarized (E-field parallel to the ribs), 

which interacts with the TE mode of the cavity. The y-polarized light does not 

couple to the resonant mode, and therefore its transmission and reflection are 

nearly constant, as the dashed lines shown in Figure 5.8. The transmission and 

reflection of the y-polarized light are different from the off-resonance transmission 

and reflection of the x-polarized light, because the effective index of the sub-

wavelength grating as an effective medium is different for the two polarizations. 
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Figure 5.8. Measured normal-incidence transmission spectra a) and reflection 

spectra b) of the SLM with a perturbation of w = 2 nm under different bias 

voltages VDC. Blue line: VDC= 0.7 V; green line: VDC =1.0 V; red line: VDC =1.1 V. 

The solid lines are measured when the E-field of the normalincidence light is 

parallel to the silicon slabs (x-polarized). The dashed black line is measured 
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when the E-field is perpendicular to the silicon slabs (y polarized).The spectra 

are normalized to the transmission and reflection when the optical beam 

passes through a featureless area of the chip. 

     Due to the asymmetrical line shape of the resonant spectra, the transition from 

low to high transmission happens in a wavelength range much narrower than the 

total Q of the resonator suggests. Here we define an effective Q to describe the 

sharpness of the transition edge, which determines the modulation efficiency of the 

SLM. In the measured device with w =2 nm, 0 / 7500effQ     , where 0  is the 

resonant wavelength and   is the wavelength different between the minimal and 

maximal transmission points, as shown in Figure 5.8.a.  

      When the laser wavelength is fixed at 1547.4 nm and the bias voltage on the p-i-n 

junction is scanned, the transfer function is plotted in Figure 5.9. Transmission 

changes significantly when the bias voltage changes only 0.1 V.  And the diode will 

be turned on at around 0.7 V. The asymmetric shape agrees well with the 

transmission. 
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Figure 5.9. Normalized optical transmission of the SLM at the wavelength of 

1547.4 nmversus the bias voltage applied on the p-i-n junction. 

      To show the high-speed modulation, a 150-MHz pseudo-random data sequence 

is applied on the p-i-n junction and the waveform of the transmitted optical signal is 

shown in Figure 5.10.a. As we do not have the error bit rate measurement 

equipment, the eye diagram here is obtained to get a rough idea for error bit rate. 

The corresponding eye diagram for the waveform in Figure 5.10.a is shown in 

Figure 5.10.b. From the eye diagram figure, one can find the eye is open and thus the 

error bit rate should be OK. 
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Figure 5.10. (a)The waveform of the modulated optical output at the bit-rate 

of 150 Mbit/s.(b) Eys diagram for the waveform shown in (a) 

     The speed of the SLM is limited by the width of the p-i-n junction in this device 

where the intrinsic region is 5-m wide. The relatively wide intrinsic region limit 

the strength of the electric field inside the junction for carrier exaction, and 
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electrons have to travel a longer distance to go out of the wider junction. Since the 

optical field intensity is minimal in the areas between the silicon ribs, as shown in 

Figure 5.1.a, much narrower p-i-n junctions can be built without significantly 

increasing the cavity loss by extending the p- and n- doped regions in to these areas 

in an interleaving fashion as shown in Figure 5.11. Multi-GHz modulation[28] can be 

achieved with such a design. 

 

Figure 5.11.Extended doping region with interleaving fashion to increase the 

switching speed 

5.5. Fitting theoretical model 

The measured spectra agree well with those calculated from an analytical model 

based on the coupled mode theory and the transfer matrix method. The device built 
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on the SOI substrate can be modeled as a multilayer dielectric structure[103] shown 

in Figure 5.12. The l -th dielectric interface is described by a transfer matrix 
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refractive index of the l -th layer and ld is the thickness of the l -th layer. The 

relationship between the amplitudes of the optical waves traveling downward and 

upward in the ( l -1)-th layer and the l -th layer is thus 1
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 ,where the 

‘1’ and the ‘2’ signs mark the downward and upward travelling waves respectively. 

To model the non-resonant behavior of the silicon rib array, the rib layer is modeled 

as a homogeneous layer with an effective index effn  that depends on the occupation 

ratio of the silicon ribs and the polarization of light. 
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Figure 5.12. A diagram of the multilayer dielectric model of the SLM. The 

multi-layer structure is described by the transfer matrics iP  and iT , where 

i=1,2..6. The resonant cavity is described by the transfer matrix cT . 

     The resonance of the PhC cavity is modeled as a virtual interface in the middle of 

the rib array layer, and is described by a transfer matrix cT , which can be obtained 

from the coupled-mode theory. Due to the perturbation induced diffraction, the PhC 

cavity mode couples to both the upward and downward traveling optical beams. It 

can be express as a single-mode optical resonator coupled with two ports as shown 

in the inset figure of Figure 5.12. The dynamic equations for the amplitude of the 

resonance mode can be written as[104, 105] 
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where   is the frequency of the input wave and 0  is the resonant frequency of the 

PhC cavity. In these equations, s  describes the amplitude of the input or output 

waves, which is normalized such that 2| |s  is the power of the wave. a  describes the 

amplitude of the resonant mode, which is normalized such that 2| |a  is the energy in 

the cavity. 0  is the intrinsic photonic lifetime of the cavity, which determines the 

intrinsic quality factor iQ  as 0 0 / 2iQ c   . 1 and 2  are the field coupling 

coefficients associate with the downward ( 1s
  , 2s ) and upward ( 1s

  , 2s  ) propagating 

waves. The coupling quality factor cQ  is determined by the coupling coefficients as 

 2 2

1 2 0| | | | 2 / cc Q      (5.4) 

Under the steady state ( / 0da dt  ), the amplitude a  of the resonant mode can be 

expressed as 
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By plug Equation 5.5 into Equation 5.2 and 5.3, one can obtain the transfer matrix of 

the resonator cT  as 2 1

2 1

c

s s
T

s s

 

 

   
   

   
 

     As the propagation property of each layer and their interfaces are described by a 

(2×2) transfer matrix, the behavior of the entire multilayer structure is determined 

by the product of these matrices, from which the transmission and reflection spectra 

of the device are calculated. The ER of the resonance typically increases with the 

ratio /i cQ Q . The basic parameters of the resonator are obtained by fitting the 

calculated spectra to the measured or simulation ones. 

The measured and simulated spectra of devices with different perturbation 

strengths are fitted with the theoretical model as shown in Figure 5.13 and Figure 

5.14 , from which the intrinsic Q  ( iQ ) and coupling Q  ( cQ ) are extracted and listed 

in Table 5.1. From the simulation results, one can see that the cQ  roughly scales 

inversely with the square of perturbation strength (i.e. 2~cQ w ). This is consistent 

with the prediction of Equation. 5.4 where the field coupling efficiencies 1 and 2  

are expected to increase linearly with w . The intrinsic Q  of the fabricated device is 

lower than that of the simulated one. This is mainly due to the scattering loss from 

the side-wall roughness and other fabrication imperfection. 
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Figure 5.13. Fitting spectra for measured normal-incidence transmission and 

reflection spectra of the SLMs with different perturbation strengths w . (a) 

The transmission spectra. (b) The reflection spectrum. In both panels, the 

symbols are the measured data with w = 0 nm(black dots), w = 2 nm(red 

circles) and w = 4 nm(blue dimonds). Here the used measured data is the 
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same as shown in Figure 5.7. The solid lines are the fitted spectra using the 

theoretical model with w =2 nm(red line) and w =4 nm(blue line). 

 

Figure 5.14. Fitting spectra for simulated normal-incidence transmission of 

the SLMs with different perturbation strengths w . the symbols are the 

simulated data with w = 0 nm(black dots), w = 2 nm(green triangle) , w = 4 

nm(red circlesblue) and w = 8 nm(blue dimonds) as shown in Figure 5.3. The 

solid lines are the fitted spectra using the theoretical model with w =2 

nm(green line) , w =4 nm(red line) and w =8 nm(blue line). 
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Δw 2 nm 4 nm 8 nm 12 nm 2 nm 4 nm 8 nm

Q c 30,860 7,346 1,837 994 5,500 2,300 810

Q i 170,000 100,000 60,000 55,000 20,000 7,000 1,000

Simulated Measured

 

Table 5.1 – Coupling Q  ( cQ ) and intrinsic Q  ( iQ ) of the simulated and 

measured devices with different perturbation strengths w  

For the fabricated device with w  =2 nm, the coupling strength 2

1| | and  2

2| |  

are found to be 1.02×10-11 s-1 and 1.17×10-11 s-1  respectively, which gives a 

coupling Q ( cQ ) of 5,500. The intrinsic lifetime 0 is 16.4 ps, corresponding to an 

intrinsic quality factor iQ  of ,20,000. The coupled photon life time in the cavity is 3.6 

ps, corresponding to a total Q  of 1/ (1/ 1/ )i cQ Q Q  ~4,300. When the width 

perturbation increases to be 4 nm, iQ and cQ  decrease to 7,000 and 2,300 

respectively.  

 There are two phenomena that are not expected from the basic theory. One is that 

iQ  drops as the perturbation increases, which can be seen from both simulations 

and the experiments. We believe this drop is just an artifact from the fitting process. 

In the fitting process, the ratio /i cQ Q  is adjusted to have the ER of the calculated 

spectra match that of the simulated or measured ones. In theory, ER increase with 

the ratio /i cQ Q . However, ER in the simulated and measured spectra also depends 

on how well the far field radiation pattern of the cavity matches the spatial profile of 
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the input optical beam. The drop of ER due to an imperfect match caps /i cQ Q  in the 

fitting process, so that iQ  appears to decrease with cQ . The fabricated device with 

w =8 nm shows a more significant drop in iQ . That is because the width of the 

narrowest trenches in this structure falls just below the resolution of the optical 

lithography process, so that some trenches are not completely cleared, which 

introduces extra optical loss in the cavity. The other unexpected phenomenon is that 

the diffractive coupling in the measured device is much stronger (represented by a 

lower cQ ) than that obtained in the simulation with the same perturbation strength. 

It is yet to know whether this is due to a systematical under-estimation of the 

coupling strength in the simulation, or due to that the fabricated device has a larger 

perturbation than what is designed.  

Based on this model, the off-resonance transmission for different thickness of the 

total silicon layer and slab layer is calculated, which is shown in Figure 5.15. The 

two marked points represent the two cases that are used in the simulations for 

Figure 5.2 and Figure 5.3, respectively. One can see that the off-resonance 

transmission can be higher than 99% which optimal layer thicknesses. 
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Figure 5.15. Off-resonance transmission versus the total thickness of the 

silicon layer and the thickness of the slab layer. The diamond and triangle 

symbols marks the thicknesses used in the FDTD simulations in Figure 5.2 and 

Figure 5.3, respectively. 

5.6. Summary 

Here I show a new class of photonic device that can be used as spatial light 

modulator. This type of device is a bridge for the impressive recent advancement in 

integrated photonics to be used for free-space optical applications and for building 
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compact 3D optical systems. Compared to the existing SLMs, this silicon-based 

device offers both high speed and the capability of large-scale integration.  
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Chapter 6 

Conclusion and Future work 

6.1. Summary of my work 

 Silicon photonics devices have tremendous developments these days and become 

the ideal platform to implement the optical computing system. I do a further 

investigation on the improvement on the directed optical logic for the 2D optical 

computing and spatial light modulator for the 3D optical computing.   

         In Chapter 3, I show a revised DL circuit in[49] for 2D optical computing that is 

well suited for complementary metal–oxide–semiconductor (CMOS)-compatible 

silicon photonics. It can significantly reduce the latency compared with traditional 

CMOS computers. For proof of concept, I demonstrated scalable and reconfigurable 

optical directed-logic architecture consisting of a regular array of integrated optical 

switches based on micro-ring resonators. The switches are controlled by electrical 
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input logic signals through embedded p-i-n junctions. The circuit can be 

reconfigured to perform any combinational logic operation by thermally tuning the 

operation modes of the switches. 

      In Chapter 4, I present a diffraction-based coupling scheme that allows a micro-

resonator to directly manipulate a free-space optical beam at normal incidence. I 

demonstrate a high-Q micro-gear resonator with a 1.57-um radius whose vertical 

transmission and reflection change 40% over a wavelength range of only 0.3 nm. A 

dense 2D array of such resonators could be integrated on a chip for spatial light 

modulation and parallel bio-sensing. 

      In Chapter 5, I demonstrate a spatial light modulator based on 1D photonics 

crystal cavity. Compared with micro-gear resonator, it has much higher ER and 

quality factor. Using an embedded p-i-n junction, the resonance of the silicon-based 

photonic crystal cavity can be rapidly tuned. A compact spatial light modulator with 

an extinction ratio of 9.5 dB and a modulation speed of 150 MHz is then 

demonstrated. 

6.2. Future work 

For the directed logic, the speed can be further improved by using on-off switches at 

the carrier extraction mode.  Photodetector can also be embedded at the end of each 

horizontal waveguide which carry a logic product. The sum can thus be directly 

realized by adding the photon current.  In this case, a laser with single wavelength 
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can be used as there is no interfere between different horizontal waveguide. This 

can significantly reduce the complexity and cost of the system. 

    For the spatial light modulator, the speed is relatively limited by the wide p-i-n 

junction. This limit can be overcome by extending doping region as discussed in 

Chapter 5. Here we show the spatial light modulator worked in the near-infrared 

region. In the future, this can be extended to the mid-infrared region with the same 

structure but larger the dimension parameters. 
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