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Abstract 

 

Single-Stage Large-Angle Beam Steering Optical Phased Array on 

Silicon Nanomembrane 

 

 

 

 

David Nien Kwong, MSE 

The University of Texas at Austin, 2010 

 

Supervisor:  Ray T. Chen 

 

In this paper, we present the results of the design and fabrication of a 12 channel 

nano-membrane-based optical phased array that allows for large angle beam steering 

operating at wavelength=1.55µm. Our device is fabricated on silicon-on-insulator using 

standard CMOS process. By implementing unequally spaced waveguide array elements, 

we can relax the half-wavelength spacing requirement for large angle beam steering, 

thereby avoiding the optical coupling between adjacent waveguides and reducing the 

side-lobe-level of the array radiation pattern.  1D beam steering of tranverse-electric 

polarized single mode light is designed to be achieved thermo-optically through the use 

of thin film metal phase shifters.  
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CHAPTER 1: RESEARCH GOALS 

This thesis will report the results of my research during the past two years as part 

of the Multidisciplinary University Research Initiative (MURI) program titled “Three 

Dimensionally Interconnected Silicon Nanomembranes for Optical Phased Array (OPA) 

and Optical True Time Delay (TTD) Applications.” This program is collaborative effort 

between several research groups from three different universities, and is led by our group, 

Professor Ray Chen’s Optical Interconnect Group. One of the major goals for this project 

is to realize an optical phased array (OPA) for use in large-angle (>45º) laser beam 

steering.  

For the sake of completeness, I will also include discussions of the results of other 

team members. In this chapter I introduce the project and provide background 

information, as well as specify the project goals.  

Optical Phased Array for Optical Beam Steering 

Optical beam steering is an enabling technology in a wide range of applications, 

including optical interconnects and switches, laser printers, optical scanners [2], laser 

printers, bar code readers, and optical communications [1]. A variety of optical beam 

steering systems have been developed, including mechanical beam steering, micro-

electro-mechanical (MEMS) beam steering, and optical phased array beam steering.  

Mechanical beam steering systems have advantages in high light efficiency and large 

scanning field of view, but suffer from complex and costly high precision rotating stages, 

limited scanning speed (around ms), and sensitivities to acceleration and vibration which 

make them unsuitable for military applications . MEMS systems improve upon traditional 
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mechanical systems in terms of power consumption, device size and scanning speed, but 

are still limited to scanning speeds in the µs to ms range [1]. 

Optical phased arrays make possible simple, affordable, lightweight, optical 

sensors offering very precise stabilization, inherently random-access pointing, 

programmable multiple simultaneous beams, and good optical power handling capability 

[3]. Compared to their microwave counterparts, optical phased arrays steer a beam that is 

already formed instead of generating a beam and then steering it. This makes optical 

phased arrays passive devices, which consists solely of phase shifters, resulting in beam 

steering [3].  

Consider a one-dimensional phased array as shown in Figure 1(a), where each 

phase element propagates uniformly in all directions and the amplitude is the same for all 

phase elements as well. Along the plane A-A’, the phase difference between adjacent 

phase elements can be written as 0sin
2

θ
λ

π
d=∆Φ  where d and λ refer to the separation 

between adjacent phase elements and the operating wavelength, respectively. In this case, 

the total complex far field can be simply written as 
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where N is the total number of phase elements in the array. Then, the intensity as 

a function of angle, θ, in the far field becomes 
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Figure 1(b) shows a sample far field pattern of such an array with N=9. From this 

a few important points can be observed. First, the direction of the main lobe is at θ=θ0, 

and by controlling the phase distribution among the phase elements, the direction of the 

main lobe can be tuned and the beam can be steered. In addition to side lobes around the 

main lobe, there are also grating lobes. These grating lobes occur when the denominator 

of Equation (2) vanish [1], that is, where 

( )
...3,2,

sinsin 0 πππ
λ

θθπ
±±±=

−d
      (3) 

For the first grating lobe of ±π to be positioned at the horizon (or when θ=90º or 

θ=-90º) it can be seen that 

0sin1

1

θλ +
=

d
         (4) 

From Equation (4), this means that the separation between array elements should 

not be greater than half the wavelength. While this condition is easily satisfied in the 

microwave region of the spectrum due to the long wavelength, at near IR wavelengths 

this is difficult to realize because optical waveguides cannot support modal sizes smaller 

than half the wavelength [6]. At such spacing, optical coupling between adjacent 

waveguides occurs, which causes far field pattern distortion [1].  
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(a)
(b)

 

Figure 1-(a) A general schematic of a 1-D optical phased array and (b) Far field pattern 
when N=9. 

The earliest optical phased array beam steering systems were first developed by 

Meyer in 1971, when he used bulk, lithium tantalite phase shifters in a 46 element array 

[4]. Shortly afterwards, Ninomiya also demonstrated a 1-D array of lithium niobate 

electro-optic prism deflectors [5]. In addition, liquid crystal modulators have been 

pioneered by Paul Mcmanamon, but are not suitable for large angle and high speed 

(~GHz) high performance applications. Figure 2 below summarizes the recent 

developments in optical beam steering in terms of maximum steering angle, as well as 

our proposed OPA. In chapter 2, I briefly review the theory and design from my 

colleague Amir Hosseini for a single stage optical beam steering system based on optical 

phased arrays that provides for large steering angle. 
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Figure 2-Maximum steering angle and center to center pixel spacing for recent OPAs, as 
well as our proposed OPA. 

A common way to implement an OPA is to use a 1XN coupler to evenly split an 

optical beam into the desired number of channels, which are then phase modulated, and 

radiated from the output. It is necessary to know the exact phase profile of the optical 

beam splitter to determine the amount of active phase modulation needed. Multi-mode 

interference (MMI) couplers are a common device used to achieve optical beam splitting. 

While the power distribution at the output ports has been thoroughly investigated, few 

investigations concerning the phase profile at the MMI output have been performed, but 

this knowledge is important in beam steering applications because this determines the 

amount of active phase shift required. The output phase profile of MMI couplers has been 
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theoretically investigated by my colleague Amir Hosseini and is briefly presented in 

chapter 2. My technique to achieve active phase modulation is also presented in chapter 

2.  

Chapter 3 discusses the implementation of our OPA device on Silicon-On-

Insulator. Silicon CMOS process technology is mature and can be easily adopted here. 

Also, silicon has a large thermo-optic coefficient that provides for ease of fabrication, 

which we will utilize as our means of active phase modulation while still demonstrating 

large-angle beam steering with acceptable speed. I have developed the entire fabrication 

process for fabricating our complete OPA device, and will discuss the challenges and 

developments of integration as well. My approach to packaging our OPA device will also 

be presented.  

In chapter 4 I will present the optical testing results of our devices. While they are 

primarily the contribution of my colleague Yazhao Liu, I helped with the optical test 

setup. The results and setup also provide a basis for discussing future work. Chapter 5 is 

devoted to a summary of my thesis, as well as discussing future work for this phase of 

our project, and future phases of the MURI program. 
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CHAPTER 2: DESIGN OF OPTICAL CIRCUIT 

In this chapter I will introduce the design of our optical circuit, as done by my 

colleague Amir Hosseini. I will discuss my contribution for the design of the thermo-

optic active phase shifters as well. 

Our beam steering device consists of two layers; the first layer contains the 

passive optical circuit and the second layer is composed of the thermo-optic active phase 

shifters. These two layers are separated by an oxide cladding layer to prevent loss that 

would occur from the penetration of the evanescent electromagnetic tail into the metal 

phase shifter, as shown in Figure 3. Figure 4 shows the optical circuit which consists of 

the multi-mode interference (MMI) splitter, the s-bend waveguides, and the unequally 

spaced OPA itself.  We have simulated the performance of such an OPA fabricated on 

SOI wafer [6]. This OPA is fed by a MMI coupler that splits the input signal. 
 

Optical Circuit

Thermo-Optic Heater

Oxide Cladding

 

Figure 3-Schematic of full device including optical circuit, and thermo-optic phase 
shifting heaters on top of the oxide cladding. 
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Figure 4-Optical circuit schematic and passive components. 

Design and Optimization of MMI 

Multi-mode interference  couplers are widely used in photonic integrated circuits 

(PICs) as power splitters, optical switches, and for other signal routing processes [7].  

This is due to the significant advantages that MMI couplers provide through their 

compact size, low loss, stable splitting ratio, low crosstalk, and imbalance, large optical 

bandwidth, insensitivity to polarization, ease of production, and good fabrication 

tolerances [7]. As one of the largest uses of MMI couplers is for power splitters, the 

power distribution at the output ports has been thoroughly investigated. However, very 

little is understood about the phase profile at the MMI output, but this knowledge is 
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important in beam steering applications because it determines the amount of active phase 

shift required. My colleague Amir Hosseini has derived an analytical closed loop 

expression for the phase shift at each of the output ports for a 1-by-N MMI coupler [8]. 

Here I briefly introduce his findings for the sake of completeness.  

MMI couplers operate based on the phenomenon of self-imaging in multi-mode 

waveguides, whereby an input field profile is reproduced in single or multiple images at 

periodic intervals along the propagation direction of the guide [8]. From Figure 5, the 

multimode waveguide consists of a core with refractive index nc and width W, and has N 

output ports. The multimode section can support a maximum of M+1 modes. For each 

mode p, the dispersion relation is given as  

,
2

2

0

22









=+
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π
κβ c

ypp

n
        (5) 

where, βp is the propagation constant of the the pth mode, λ0 is a free-space 

wavelength. κyp is the lateral wavenumber of the pth mode, given as κyp = (p+1)π/We, 

where We is the effective width for mode m including the penetration depth due to the 

Goose-Hahnchen shift [2]. The propagation constant βp can be approximated as 
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where, Lπ=π/(β0-β1)≈4ncWe
2/3λ0.  Furthermore, each mode accumulates phase 

according to its own propagation constant, and  the field profile at z=L can be written as 
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Figure 5-Schematic of a 1-by-N symmetric MMI coupler for even N 

At L =3rLπ with r =1, 2, ..., all the exponential terms in the previous equation 

become in-phase with one another and a single image of the input field profile is formed. 

Generally, an N-fold image of the input field profile is formed at L =3Lπ/N. However, by 

using a symmetric input fed to the center of the multi-mode waveguide, a 4X reduction in 

the required length of the coupler can be achieved, so that L =3rLπ/4N [8]. 

For 1-by-N couplers, ideally the ouput power is to be divided equally among the 

output ports, and thus the field amplitude should be 1/ N . However, the approximation 

for the propagation constant βp becomes inaccurate in reality, especially for the higher 

order modes in low-refractive-index contrast waveguides. This results in an error in the 

accumulated phase shift of each mode. These modal phase errors are the main cause of 

non-uniformity in the ouput field amplitudes and output intensity. These errors are more 

pronounced in low-refractive index contrast waveguides, such as a MMI made of the 

polymer ZPU12-RI which has a low refractive index contrast [8], and can be seen in 
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Figure 6. In choosing silicon as our core material, we are able to avoid this error and 

provide good confinement for the electric field at λ=1.55µm. 

 

Figure 6- Output phase profile of a 6 port MMI coupler comparing the analytical closed 
form formula, a Si/SiO2 simulation, and a low index polymer ZPU12-RI 

MMI. 

When we fix the width of the MMI WMMI=60µm, the theoretical prediction of the 

MMI length is LMMI=553.4µm. We have also chosen the input waveguide width, and 

hence the output waveguide width as well, to be WW=2.6µm. At this width, the modal 

phase errors are greatly reduced, thereby enhancing the output uniformity of our MMI. 

This technique of optimizing the input and output waveguide width to improve the 

uniformity of MMIs with large N will be published separately and is forthcoming. The 

waveguide thickness is only 230nm. We performed a simulation of our MMI device 

using Rsoft’s BeamPROP software based on the beam propagation method to determine 

its performance. As can be seen from Figure 7, our simulation shows good output 

uniformity when using TE polarized light at 1550nm, and confirms our theoretical 

prediction of the MMI length. 



 12 

 

Figure 7- BeamPROP simulation of 1x12 MMI beam splitter showing equal power 
distribution at the single mode output after tapering. 

 

Design and Optimization of an Unequally Spaced OPA 

Optical phased arrays are simply arrays of single-mode waveguides operating at 

the designated wavelength. Beam steering can be achieved by modulating the phase shift 

of each waveguide element in the array. To achieve wide steering angles in a uniform 

array, the waveguide spacing must be reduced to half the wavelength but this result in 

optical coupling between adjacent waveguides which causes far field pattern distortion. 
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This has the effect of increasing the side lobe level and thus reducing the power and 

steering efficiency [6]. A solution is to use an unequally spaced OPA that can relax this 

half-wavelength requirement. We have previously proposed a design methodology that 

provides both large angle steering while minimizing the side lobe level caused by optical 

cross-talk.  

Our non-uniform array is realized by placing sub-arrays of equally spaced arrays 

next to each other, as can be seen in Figure 8(b). Our design methodology is as follows 

and uses the following definitions: 

• N=total number of array elements 

• M=number of sub-arrays 

• si=spacing in sub-array i, for i=1,2,3… 

• si=qis0 

• s0=λ/2 

• qi is the smallest integer such that the gcd(qi,qj)=1 where i≠j  

It is important to note that s0 must be less than λ/2 so that sub-array grating lobes 

will not overlap. With this design methodology, the main lobes of each sub-array add up 

constructively, while there is no overlap between the grating lobes of each sub-array [6]. 

Our implementation of this design is an array with N=12 elements, which is comprised of 

M=3 subgroups each with 4 equally spaced elements. The array spacing is as follows: 

• λ=1.6µm and s0=0.8µm 

• q1=4, q2=5, q3=7, and s1=3.2µm, s2=4µm, s3=5.6µm. 
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(b)

 

Figure 8-(a) Equally spaced array and (b) unequally spaced array composed of equally 
spaced sub-arrays. 

PASSIVE AND ACTIVE PHASE SHIFTING 

We desire to have an output beam that comes out straight, that is, at 0˚ steering, 

without any active phase shifting. To achieve this, it is necessary to equalize the phase of 

each output port by equalizing the optical path length with the use of additional s-bends. 

These s-bend segments serve the dual purposes of converting the equally spaced MMI 

output to the unequally spaced OPA, while at the same time passively equalizing the 

phase shifts at each of the MMI output ports.  

Active phase shifting is achieved via the use of thermo-optic metal heaters that 

will utilize silicon’s strong thermo-optic coefficient to modulate the refractive index and 

thereby the accumulated phase at the output of each array element. Our heater is 

essentially a metal wire whose temperature can be adjusted by changing the current 

through it. The heater is placed above the waveguide and is separated from the 

waveguide by a sufficiently thick oxide cladding layer to prevent optical absorption loss 

from the conductive metal. 

In our design we have opted to make the heaters independently controllable; that 

is, we have (N+1) electrodes to provide for 12 heaters along with a common ground. This 

provides us the significant advantage of being able to reset after each 2π phase shift. Had 

we opted to simplify this electrical design by having only two electrodes, there would be 
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no reset and thus the phase shift required at the end of the array would be impractical to 

achieve.  

(a) (b)

 

Figure 9-(a) Schematic of thermo-optic heater structure, along with (b) cross section 
view. 

We have chosen the length of the heater region to be 800 µm and determined the 

necessary temperature change in the waveguide according to the equation below. 

H

Si

LT
dT

dn
⋅∆⋅








=∆

λ

π
φ

2
       (8)  

where ∆φ is the desired phase shift of 2π, λ is the wavelength of light (1550nm), 

dn/dT is the thermo-optic coefficient of silicon (1.86E-4), ∆T is the temperature change 

in the waveguide, and LH is the length of the heater. Thus, we need to raise the 

temperature of the silicon waveguide by 10.4 degrees.  

Figure 9 shows the schematic layer structure of the heater, along with a cross 

sectional view. Figure 10(a) shows the thermal profile of an activated heater over a 

waveguide, while figure 10(b) shows the transient simulation of the response time 

necessary to achieve 2π phase shift. 
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Figure 10-(a) Cross-sectional temperature profile of single activated channel in OPA and 
(b) transient simulation showing the response time to raise the silicon 
waveguide to reach the temperature for 2π phase shift. 

Conclusion 

In this chapter I have introduced the design of our beam steering system. Our 

passive optical circuit consists of a 1x12 MMI coupler that acts as a beam splitter that 

feeds the OPA. S-bend waveguides equalize the output phase profile, as well as convert 

the equally spaced MMI output into our unequally spaced OPA output, so that under no 

excitation our beam is steered at 0º. Thermo-optic phase shifters have been designed to 

provide active phase shifting in which each array element can be independently 

controlled to enable large angle beam steering. 
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CHAPTER 3: IMPLEMENTATION OF OPA ON SILICON ON 
INSULATOR 

Our device is implemented on silicon on insulator (SOI) for a variety of reasons. 

As mentioned before, silicon CMOS process technology is mature and silicon possesses a 

strong thermo-optic coefficient. Furthermore, we can utilize the large refractive index 

difference between silicon and silicon dioxide to minimize the modal phase errors and 

hence the non-uniformity in the output intensity, while at the same time achieving good 

modal confinement.  

Because our OPA is essentially composed of a 1x12 MMI coupler in addition to 

s-bend waveguides, we first ensured that the MMI coupler is properly designed and 

fabricated. This methodical approach allows us to ensure that our optical beam splitting is 

optimized, and that each element in our OPA is fed according to our design. In this 

chapter I first discuss the fabrication of a 1x12 optical beam splitter using an MMI 

coupler. I will also discuss the fabrication challenges encountered, and solutions 

implemented during this process. The details of the process to create the thermo-optic 

heaters will be presented, followed by our approach to packaging our final OPA device. 

 

Fabrication of a 1x12 MMI on SOI 

We fabricated 1x12 MMIs (WMMI =60µm, LMMI =553.4µm) with WW=2.6µm. The 

output waveguides were tapered down from 2.6µm to 0.5µm for single mode operation. 

The MMIs were fabricated on commercially available SOI from SOITEC with 3µm 

buried oxide layer (BOX) and 250nm top silicon layer. The silicon was first oxidized to 
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create a 45nm thick top oxide layer which serves as a hard mask for the silicon etch. This 

oxidation consumes 20nm of silicon, leaving a final silicon thickness of 230nm.  

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
 

Figure 11- Fabrication process flow (a) start with SOI wafer, (b)light oxidation for oxide 
etch mask, (c) e-beam lithography, (d) develop, (e) nickel deposition, (f) 
liftoff for pattern inversion, (g) RIE etch, (h) Piranha clean, (i) PECVD 
silicon dioxide deposition. 

The MMIs were patterned using a JEOL JBX600 electron beam lithography 

system. A nickel liftoff step was used to invert the pattern, and subsequently transferred 

to the top silicon layer via an HBr/Cl2 based reactive ion etching (RIE).  A subsequent 

piranha clean has the dual purpose of providing a clean sample, but more importantly, 

removing the nickel etch mask. A schematic of this process flow can be found in Figure 

11. Scanning Electron Micrograph (SEM) pictures of the fabricated 1x12 MMI at this 

stage can be seen in Figure 12. Afterwards, a 1µm film of plasma-enhanced chemical 

vapor deposition (PECVD) silicon dioxide was deposited using the Plasmatherm 790 

system for top cladding as well as passivation. The refractive index of the PECVD Si02 

film was found to be nPECVD(Si02)=1.46.  
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(c) (d)

(a) 10µm (b)

(d)

 

Figure 12- Top down SEM picture of 1x12 MMI at (a) input with WW =2.6µm and (inset) 
output with WW =2.6 µm. Tilted view of (b) entire MMI structure and (c) 
left half of MMI output ports showing thickness of silicon nanomembrane. 
(d) Output waveguides of 1x12 MMI. 

OPTIMIZATION OF CLADDING MATERIAL 

To deposit our silicon dioxide cladding, we explored the suitability of using either 

Plasma Enhanced Chemical Vapor Deposition (PECVD) SiO2 or Spin-On-Glass (SOG), 

also known as Fluid/Flowable Oxide (FOX).  

SOG has the advantage of being a spin-on process, and thereby providing superior 

planarity compared to PECVD, which is important for future lithography steps. However, 

further investigation showed that SOG was not a suitable candidate for this project, due 

to a few key reasons. First, the refractive index of SOG is nSOG=1.38, and not the same as 

conventional SiO2 where nSiO2=1.46. While our design could have been adjusted to 
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account for this difference in refractive index, the integration of SOG into our fabrication 

process was not successful. The oxide film properties were neither repeatable nor 

consistent, despite identical processing. Furthermore, we observed poor adhesion of 

photoresist to SOG oxide, even when using the common adhesion promoter 

Hexamethyldisilazane (HMDS). These qualities made PECVD a more suitable candidate.  

Our initial PECVD was found to be of poor film quality during our SEM 

examination in which we found extremely large grain sizes. This was farther confirmed 

by the extremely fast etch rate in Buffered Oxide Etch (BOE). Our reference etch rate is 

the oxide etch rate of thermal oxide, which is a high quality film and has an etch rate in 

BOE of 1.2 nm/sec. Our PECVD film etch rate in BOE was not measurable because it 

was so fast that the entire film was etched away immediately upon dipping into BOE. To 

improve our oxide film quality, we decreased the pressure from 580 mTorr to 300 mTorr, 

and increased the deposition temperature from 250ºC to 350ºC. This resulted in a lower 

deposition rate, which produces a higher quality film. This was confirmed by our 

measured oxide etch rate in BOE of 5.39 nm/sec, as well as smaller grain sizes observed 

in SEM. In addition, we confirmed that the refractive index of this PECVD film is 

nPECVD(Si02)=1.46, which matches our design. A comparison of SOG, our initial PECVD 

film, and our final PECVD film as viewed on the SEM can be seen in Figure 13. 
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(a) (b)

(c)

 

Figure 13-(a) SOG film over a dummy waveguide shows good planarity. (b) “Bread 
loafing” of PECVD silicon dioxide film seen over dummy waveguide, as 
well as extremely large grains. (c) Improved film quality shows smaller 
grain sizes and smoother film. 
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From a fabrication standpoint the only difference between our MMI and our OPA 

is in the ebeam pattern where we add s-bend waveguides and the OPA structure itself. 

Thus, it was very straight forward to progress from the MMI to the OPA. Optical scope 

pictures and SEM pictures of the unequally spaced OPA output can be seen in Figure 14 

below. 

(e)

 

Figure 14-Optical scope picture of optical circuit showing (a) the MMI output and 
tapered waveguides, (b) the input waveguide to the MMI coupler, (c) the 
unequally spaced OPA output, (d) the s-bend regions and (e) VSEM image 
of OPA output. 

Fabrication of Thermo-Optic Heater 

PATTERNING SCHEME 

For the fabrication of our thermo-optic heaters I explored using ebeam 

lithography or conventional photolithography, taking into account the minimum feature 

size, overlay and alignment tolerances, and any additional complication. We would like 

to minimize our heater size, particularly the width and hence the cross sectional area to 

reduce the power consumption necessary to achieve the thermo-optic effect. In addition, 



 23 

we require high overlay accuracies for our heaters to ensure that they are completely and 

uniformly over the waveguide to provide equal heating.  

Using the high resolution of e-beam lithography to pattern the heaters provides 

the smallest heaters, as well as superior alignment accuracy of ~300nm,  thereby ensuring 

that our heaters are completely over our waveguides. However, a significant disadvantage 

of ebeam lithography is the serial nature of the writing process. Because our heaters 

require large bonding pads for subsequent wire-bonding, using e-beam lithography to 

pattern the heaters would require long write times. Furthermore, alignment marks 

required for ebeam lithography must be created separately in a separate ebeam writing 

and associated pattern transfer steps. The effect of this requirement is twofold. First, this 

adds essentially another layer to our process thereby increasing the processing steps and 

time. More importantly, because alignment steps are now required for both the optical 

circuit layer and the heater layer to the alignment marks, the possibility for larger 

misalignment between the heater and waveguides is increased. Our initial investigations 

into using ebeam lithography at the time were unable to provide us with consistent, 

repeatable results either. 

The second option available for us was to use conventional photolithography. 

Contact lithography allows for a minimum resolution of ~1 micron, but the parallel 

nature of photolithography provides a greatly reduced fabrication time. Furthermore, only 

one alignment is needed, as the alignment marks can be created at the same time as the 

optical circuit. Using our alignment mark scheme, we are able to provide alignment 

accuracy of ~500nm.  

Based on our criteria and initial tests of using ebeam lithography to pattern the 

heaters, I decided to use photolithography as the method to pattern our heaters. While the 

minimum feature size achievable with contact lithography is significantly larger than can 
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be achieved with ebeam lithography, this is outweighed by the simplification and reduced 

steps in processing. In addition, because the focus of our project goal is optical beam 

steering, the power consumption of the thermo-optic heaters is not a high priority, so long 

as it is a reasonable value. The accuracy in overlay is comparable between the two 

patterning schemes as well.  

 

FABRICATION PROCESS 

Our fabrication process, which utilizes an image reversal process, can be seen 

below in Figure 15. Image reversal process is a technique used to convert a positive tone 

resist into that of a negative tone, in the absence of a true negative resist. Negative tone 

resists are also generally inferior in image resolution and minimum feature size. The 

image reversal technique of a positive tone resist is most commonly used to implement a 

lift-off procedure with a clear field mask. While a dark field mask can also be used in 

conjunction with a positive tone resist, this makes alignment more challenging as the 

visible areas are limited to the pattern areas.  

We begin by spinning on HMDS as an adhesion promoter for photoresist to oxide, 

and then the positive tone photoresist AZ5209, which is a commonly used high-

resolution resist in research labs. The normal spin-on procedure for photoresist causes it 

to build up at the sample edges, resulting in larger resist thickness at the edges, and less 

uniformity across the chip. This resist at the edges of the chip is called edge bead. This 

concave shape in the resist due to the edge beads causes there to be a gap between the 

resist and the photomask during contact lithography, which is undesirable because it can 

cause unintended over-exposure due to undercutting and result in bad patterning. Because 

of this, I developed a new spin-on procedure in which the resist is spun on for 5 seconds, 

paused for 5 seconds, and then the normal spin-on process is resumed. The pause is 
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inserted to allow the resist to reflow back towards the center of the chip, and then flow 

outwards again once the spin-on process resumes. In this way, the edge beads are 

minimized and the resist profile is much more planar, resulting in even contact with the 

photomask during the contact lithography. 

(a) (b) (c)

(d) (e) (f)
 

Figure 15-Process for creating heaters. (a) resist spincoating, (b) initial exposure (c) post 
exposure bake and flood exposure for image reversal, (d) develop, (e) Cr/Au 
deposition, (f) liftoff. 

The image reversal process continues with the normal exposure after spincoating. 

Afterwards, the sample is briefly baked at high temperatures and undergoes a long flood 

exposure to produce a negative tone, and thereby inverting the image. For our process, 

our initial exposure is 3.0 seconds long, followed by a post-exposure bake of 112ºC for 

60 seconds, and then a 21 sec flood exposure. After developing, the heater film, which is 

composed of 20nm chromium and 150nm of gold was deposited using metal evaporation 
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and lifted off with acetone sonication. In this way, we are able to successfully transfer the 

heater pattern on our clear field mask to our sample using an image reversal technique 

and liftoff process. An optical scope picture of the completed heater aligned over the 

waveguide is shown below in Figure 16. 

(a)

(b) (c)

 

Figure 16-(a) Completed heater over the OPA optical circuit and waveguides, along with 
magnified views of (b) the ending and (c) the beginning of the heater 
regions showing good alignment over the waveguides. 

 

MASK REVISION AND OPTICAL PROXIMITY CORRECTIONS 

Our initial photolithography mask was an exact replica of the mask designed for 

our ebeam lithography system. While I was able to pattern the heater successfully, the 

process window was very narrow and very sensitive to process variations. This is due to 

the lack of optical proximity corrections (OPC) and differences between ebeam 
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lithography and contact photolithography. In ebeam lithography, an electron beam is used 

to write the pattern only in the pattern areas, whereas in contact lithography, UV light is 

used to expose the resist and light is able to diffract under the mask to expose the resist 

underneath the mask. Particularly for corners and angled features, this can lead to 

rounding of  corners or even broken features. A solution for this is to not only have a 

properly designed mask appropriate for use in photolithography, but also strengthening 

the weak points in the mask by adding OPC features at sharp corners and angled features. 

Examples of weak points in our photolithography mask at the beginning and end of the 

heater regions, and the resulting broken resist pattern, are shown in Figure 17. 

(a)

(b) (c)
(d) (e)

 

Figure 17-(a) Weak points in the initial lithography mask, (b) and (d) enlarged, and (c) 
and (e) the same resist pattern showing broken resist lines. 
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Given the challenges in consistently producing this heater pattern, I modified the 

mask to make it more suitable for photolithography by identifying and strengthening the 

weak points. The revised mask is shown in Figure 18. Some key features include adding 

dummy lines to each side of the heater array, in order to ensure that each line is formed 

identically. In addition, the beginning point of each heater is offset from each other in 

order to maximize the connecting lines to the bonding pads and make them more robust 

with OPC features. In order to maintain the same heater length for each waveguide, the 

ends of the heaters must be tiered as well. 

(a)

(b) (c)

 

Figure 18-(a) Revised heater pattern with dummy lines showing tiered (a) heater 
beginning and (b) ending. 
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As expected, the new pattern produces an improved pattern, and the process 

tolerance is greatly increased as well. The resist pattern of the previous weak points in the 

new mask revision is seen in Figure 19.  

(a) (b)

 

Figure 19-Weak point areas of the previous mask in the new mask showing better resist 
pattern formation in (a) the heater beginning and (b) the heater end.  

Packaging For Device On Chip Carrier 

After the heaters are formed, the fabrication process is complete and the device is 

ready to be wirebonded and mounted on our chip carrier. We require a chip carrier 

because our device has 12 independently controlled thermo-optic heaters  and a common 

ground, with each heater requiring their own input power channel and interface to the 

power supply. The chip carrier provides the interface between each heater and the power 

supply.  

We initially sought to purchase a chip carrier that suited our needs, but this 

proved difficult as there were none that fit our purpose of providing a suitable electronic 

platform that was also compatible with optical device testing. Specifically, we require a 

chip carrier that was not recessed so that access to the device facet with an optical fiber 

would still be maintained. In addition, we need a compact package with at least 13 device 
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pins that would allow adequate separation of the bonding wires in order to prevent 

contact between adjacent wires. Unfortunately, many chip carriers with a large number of 

pins also contained recessed cavities and those without recessed cavities but still with a 

sufficient number of pins were too large for our purpose. An example of one of the chip 

carriers we attempted to modify and use for this project is shown below in Figure 20. The 

chip carrier was purchased and then modified by cutting away a portion of the center to 

allow optical fiber access. 

 

Figure 20-Completed OPA device wirebonded onto modified chip carrier. 

Because this chip carrier was not very suitable for our purpose, I decided to make 

our own chip carrier that was simple yet optimized for our project. Single sided copper 

PCB was purchased and patterned according to my chip carrier design using conventional 

photolithography. The chip carrier pattern was transferred to the PCB by a wet etch 

consisting of one part hydrochloric acid (HCl) and two parts hydrogen peroxide (H2O2). 

Afterwards, lead pins were soldered onto the pins to provide plug-in capability with our 

power source. The completed chip carrier with the OPA device attached but not wire-

bonded is shown in Figure 21. 
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Figure 21- Photograph of a cleaved sample mounted onto a chip carrier and attached to 
the power source. 

Conclusion 

I have demonstrated the implementation of our designed OPA device fabricated 

on silicon-on-insulator. I first fabricated a 1x12 MMI coupler on silicon nanomembrane 

to ensure that optical beam splitting is achieved. An appropriate cladding material using 

PECVD SiO2 was chosen that provides good light confinement according to design, and 

is compatible with the subsequent processing to form the thermo-optic heaters. The 

thermo-optic heaters were formed and well-aligned using the high throughput of 

photolithography that creates heaters with minimum feature sizes near the limit of contact 

lithography. Using OPC allows us to create more robust heaters with greater process 

latitude. I have also designed and created a custom chip carrier that best suits our project 

given the lack of a suitable carrier that can be purchased. With these items completed, I 

have created a complete process to fabricate and package our OPA device. 
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CHAPTER 4: EXPERIMENTAL RESULTS AND ANALYSIS 

After device fabrication it is necessary to confirm our design with experimental 

test results. In this chapter I will discuss the testing of our optical devices, along with 

testing that I have done on the thermo-optic heaters. The optical testing has been the main 

contribution of my colleague Yazhao Liu, but the results are presented here for the sake 

of completeness, as well as to provide a basis for discussing future work and 

improvements.  

I will first briefly describe the optical results obtained for the MMI and the OPA, 

and then introduce my findings on the thermo-optic heaters.  

 

Optical Testing of MMI 

A six-axis automated aligner system was used to couple TE polarized light from a 

polarization maintaining lensed fiber (PMF) with a 2.5µm output mode diameter into the 

input waveguide by a precision in movement of 50nm, as shown in Figure 22. A CCD 

camera connected to a 100X objective lens captured the top-down near field images of 

the cleaved output waveguides’ facets.  

2.5 ∪∪∪∪m

240nm

Polarization direction

Mode Profile

of the input 

ridge 

waveguide

(a) (b)

 

Figure 22-(a) Optical Test Setup and (b) mode profile of input ridge waveguide. 
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Deviations of the actual design parameters due to fabrication precision, such as 

the thickness of the silicon layer and the refractive index of the PECVD silicon dioxide, 

with respect to values in the design process can affect the effective refractive index used 

to determine the MMI length. Note that small changes in neff of about ±0.01 can cause the 

fabricated device optimal wavelength to deviate from the design wavelength of 1550nm 

by about ±10 nm. The resulting non-uniformity in the MMI output can be corrected by 

the use of wavelength tuning within the above mentioned range. We found the optimal 

performance wavelength of our fabricated MMI to be 1548nm, using TE polarization.   

Figures 23(a) and (b) show the top down near field image and intensity profile, 

respectively. To determine the uniformity, we used 10log(Imax/Imin), where Imax and Imin 

are the maximum and minimum intensities of the MMI output channels, respectively and 

calculated a value of up to 0.45dB. It can be seen that top down near field image shows a 

lot of apparent cross-talk between different channels of the MMI. This is in fact due to 

the CCD being saturated due to the high intensity of the laser light, and can be corrected 

by decreasing the input power of the laser.  

This method of using an IR CCD to image the output does not provide loss data 

however. To do this, fiber scanning is necessary. This is challenging as the small spacing 

of the waveguides can cause crosstalk during fiber scanning results. This will be further 

discussed in Chapter 5 in the future works section. 

 



 34 

(a)

(b)

 

Figure 23-(a) Top down near field image of 1x12 MMI output (b) Intensity profile of 
output channels using TE polarized light at 1548nm. 

Optical Testing of OPA 

For the OPA signal we measured both the near field and far field images of the 

output. Note that for the MMI we only measured the near field image because the output 

phase profile and waveguide spacing of an MMI does not yield a meaningful far field 

pattern.  

For the near field image, we used a single mode fiber (SMF) at the output and 

scanned a rectangular area of 70 × 5 µm2. In this way, we are able to obtain a near field 

image constructed using actual output power values from each output waveguide. The 

output intensity data is stored as a 2D matrix, with each entry representing the optical 

intensity at the corresponding spatial location. The results of this fiber scanning are 
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shown below in Figure 24(a), and it can be seen that our experimental result has good 

agreement with the simulated output intensity distribution shown in Figure 24(b).  

(a)

(b)

 

Figure 24-(a) Experimental output intensity of each of the 12 output channels as scanned 
by lensed fiber at output and (b) simulated output intensity distribution. 

The far field pattern was measured on an infrared (IR) card. Light from the 12 

output channels undergo interference to produce the far field pattern, and forms a straight 

line extended in the vertical dimension, as shown in Figure 25(a). This can be compared 

with the simulated far field pattern in Figure 25(b). However, an IR card does not provide 

any quantitative information about our far field pattern and is not an effective method to 

image our interference pattern. This will also be discussed in the future works section of 

Chapter 5.  
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(a) (b)

h/D

v/
D

 

Figure 25-(a) Far field pattern seen on IR detector card and (b) simulated far field pattern. 

Thermo-Optic Heater Testing 

For our thermo-optic heaters, it is important to determine the electrical properties 

of the heater. Particularly important is the power capacity that the heater lines can sustain. 

To do this, I did voltage stress tests on the heater by ramping up the voltage until failure, 

that is until the heater line breaks and open circuit occurs. In addition, stability tests were 

used to determine how the resistance changes voltage over time at a constant.  

The voltage stress test was performed by increasing the voltage 1 volt every 30 

seconds until failure. The results can be seen in Figure 26 below. Some key points of this 

are that the heater can sustain a maximum of ~1 watt of power. In addition, the resistance 

increase seen as voltage increases indicates that the heater is increasing in temperature, 

and that thermal effects are responsible for the increase in resistance.  
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Figure 26-Current and Resistance measurements of a single heater as voltage is increased 
every 30 seconds. 

Our stability tests were performed by choosing a voltage setting and measuring 

the resistance and current through the heater every 30 seconds until failure. The purpose 

of this is to determine the stability of the heater throughout the heater lifetime. The results 

are shown below in Figure 27. The results of this show that the resistance varies greatly 

over the lifetime of the heater, and that the lifetime of the heater does not provide for long 

periods of continuous operation.  

The results of these two tests showed that the thermal effects of the heaters makes 

it impractical for continuous operation, and that the changes in resistance makes it very 

difficult to predict the necessary voltage to apply to steer the beam. It is desired that the 

heater has consistent and repeatable behavior and can be reused multiple times without 

danger of burning up and causing an open circuit. To do this, a simple DC voltage cannot 

be applied, as our tests showed, and that instead a pulsed or AC voltage would be more 

suitable. An AC voltage or pulse should allow the heater to be momentarily heated and 
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provide adequate time for cooling, thereby enhancing the life of the heater as well as 

providing for predictable and consistent thermo-optic beam steering. Using pulsed 

heating of the heater will be discussed as future work in Chapter 5. 
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Figure 27-Resistance and current values for different heaters with different voltages 
applied measured over time. 

Conclusion 

In this chapter I have introduced the optical testing results of our 1x12 MMI 

optical beam splitter, our 12 channel OPA, and electrical characterization of our thermo-

optic heaters. Top down near field imaging of the MMI output showed that with 

wavelength tuning, the output uniformity can be up to 0.45dB. Fiber scanning of the near 
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field OPA output area was able to provide a near field image. An IR detector card was 

used to image the far field pattern. Electrical tests of our thermo-optic heaters showed 

that thermal effects play a large and undesired role in its reliability and behavior. Many 

aspects of our testing system need to be improved as they are currently inadequate for 

providing us with the ability to determine the performance of our OPA beam steering 

system. These aspects will be further addressed in Chapter 5 where future work is 

discussed. 
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CHAPTER 5: FUTURE WORK AND SUMMARY 

Much of the future work for this phase of the MURI project is related to our 

optical test setup. At present our setup is not able to measure the performance of our OPA 

device, specifically the near field image of the output and far field interference pattern. In 

addition, the dependence of the resistance of previously applied voltages and associated 

heating does not provide us with a predictable way to determine the amount of voltage 

needed to achieve active phase shifting. Furthermore, the short lifetime of the heaters is 

problematic as well. 

In this chapter I will discuss the future work required for our optical imaging 

system, as well as modifications needed to apply voltage to our heaters so that they can 

be reliably and repeatedly used. I will finish by briefly introducing the future goals of this 

MURI project as it relates to 2D wide angle beam steering. 

 

Optical Imaging System Modifications 

For the near field imaging, while we have a top down near field viewing 

capability, the image obtained is due to scattered light from the facet, not light guided out 

of the facet by the waveguides. Using fiber scanning to image the near field is a tedious 

and cumbersome technique, as during the scanning process, the coupling could change 

and distort the near field pattern. We are currently in the process of mounting our CCD 

and IR viewing system to directly image the output to get a true near field image. 

However, fiber scanning is still necessary to determine the optical loss of our device. 

Our current method of observing the far field pattern by using an IR detector card 

is insufficient for our purposes. The IR detector card does not provide any quantitative 
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data about the characteristics of our interference pattern, such as information about the 

main lobe with regards to the spacing and relative intensity of side lobes and grating 

lobes. We are looking to use an IR CCD camera to image the far field pattern, which can 

be used to quantitatively analyze the performance of our OPA, for both an unsteered and 

steered beam. 

 

Implementation of Pulsed Heating 

To achieve pulsed heating of our heater, I decided to use a MOSFET transistor as 

a gated switch for each of the 12 channel power sources and heaters. A simple schematic 

of this setup is shown below in Figure 28 for a single heater.  

 

Figure 28-Schematic of using MOSFET transistor as a switch to provide pulsed voltage 
to the TO heater.  

By applying a gate voltage above the threshold voltage, the channel between drain 

and source can be made conductive, and the voltage can be applied to the metal heater. 

When the gate voltage is below threshold, the channel is no longer conductive and no 
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voltage is applied to the heater. Thus, by applying an AC gate voltage we can apply a 

pulsed voltage to the heater, thereby only momentarily heating it and also giving it 

adequate time to cool, and ultimately providing longer device lifetime and repeatable 

performance. Furthermore, by applying a square voltage and choosing an appropriate 

duty cycle, we can control the duration of time in each cycle that the heater is activated.  

 

Two Dimensional Large Angle Beam Steering 

The first phase of our MURI project requires that we demonstrate one-

dimensional large angle beam steering using a single layer of our OPA device. The 

second phase seeks to stack multiple layers of our current single layer OPA device to 

achieve beam steering in two directions, both vertically and horizontally. The stacked 

layers will be spaced in such as a way to create an optical phased array in the vertical 

direction, similar to the optical phased array of a single layer in the horizontal direction. 

Discussion and collaboration with the other university research groups in the MURI 

program is ongoing. 

Summary 

In this thesis I have presented my first-year research results of the MURI 

program. I have designed thermo-optic heater phase shifters to use in our OPA large 

angle beam steering system that has been designed by my colleague Amir Hosseini. I 

have created a complete fabrication process flow for our OPA and thermo-optic heaters. 

In this process, I have also demonstrated a 1x12 MMI device on silicon nanomembrane 

which is the smallest single stage optical beam splitter with a large number of outputs. In 

addition, I have also designed and created a custom chip carrier that can be used to 

provide an interface between our 12 channel power supply and the 12 independently 
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controlled heaters on our device. Preliminary optical testing has been performed on our 

device and analyzed and provides a basis for more advanced optical test setups. 
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