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ABSTRACT 

 

Three-Dimensional Wafer Bonded Indium Phosphide Photonic Waveguide Devices 

 

by 

 

Maura Raburn 

 

The development of 3D photonic integrated circuits (PICs) is critical for the 

optoelectronic IC industry to match the advances of the electronic IC industry.  

Traditional 2D PICs are limited by substrate size and the number of electrical and 

optical connections that can be made to the chip.  This is a problem for the 

increasingly dense, complicated circuits developed today.  By making the leap to 

multi-layer interconnects, more compact devices and further creativity in circuit design 

can be obtained.  Also, because different types of devices (lasers, detectors, switches, 

etc.) are often best made with different materials, methods of integrating different 

materials onto a single chip must be addressed.  3D routing of signals will be very 

advantageous for significantly more compact and powerful PICs. 

Through wafer bonding, vertically coupled semiconductor waveguide devices 

provide a means to obtain many of the above desired characteristics.  Various novel 

filtering, add-drop multiplexing, and beam splitting devices of InP/InGaAsP for signals 

around 1550 nm have been realized.   



 

 xi

A three-layer double-bonded waveguide vertical coupler 1:8 beam splitter is 

demonstrated.  The strongly coupled waveguides allow a 580-micron device length, 

more than one hundred times shorter than that of the equivalent horizontal coupler.   

A vertically coupled crossed-waveguide four-channel optical add-drop multiplexer 

(OADM) has been realized.  It is one of the first optical vertically coupled devices with 

no horizontally coupled counterpart.  OADMs of truncated gaussian layout have been 

fabricated based an investigation of optimal OADM waveguide layout shapes to 

reduce sidelobe levels and filter bandwidths.  These devices illustrate the use of 

multiple vertical layer optical interconnects for 3D routing of optical signals.  The 

design, processing, and measurement results of these devices are also presented in this 

dissertation.  Wafer bonding is a powerful tool that may provide the future for 

complex multi-level, multiple material, densely integrated PICs. 
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Chapter 1 

Why Develop Advanced Photonic Integrated Circuits? 

1.1 Electronics versus Photonics  

Due to physical properties of electrons and photons, photonic integrated circuits 

(PICs) are generally superior to electronic ICs for switching data at high bit rates, and 

transmitting and receiving it over large distances.  Optical routing is superior for high-

bandwidth, high-density connections, signal propagation integrity, and 

electromagnetic interaction issues.  On-chip photonic interconnects may eradicate the 

majority of difficulties with clock distribution and input/output connections of large, 

high-speed chips [1].  If the rapid advances witnessed by the electronic IC industry 

could be similarly achieved with PICs, it would revolutionize the way information is 

handled.  One may wonder why progress has been slower for optoelectronics.   

The semiconductor laser was invented in 1962 [2], but the dawn of the 

optoelectronics communication era was not until the availability of low-loss fiber in 

1979 [3].  By contrast, the bipolar transistor was realized in 1947 [4], the electronic 

integrated circuit followed in 1958 [5], and development took off rapidly.  Electronic 

IC development had been taking place for over 20 years before optoelectronics began 

to be widely researched. 

The materials used to make photonic and electronic devices have played a role in 

the progress of the respective fields as well.  Silicon, widely used for electronic ICs, is 
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inexpensive and pure relative to other semiconductors [6].  However, it cannot be 

used for many optoelectronic devices because it has an indirect bandgap.  Materials 

that are suitable for photonic devices at desirable wavelengths (such as GaAs and 

InP) are much more expensive and less pure than silicon.  Thus, material differences 

have also been a hindrance to the development of PICs. 

Table 1.1 Comparison of electronic and photonic ICs [7]. 

 

The nature of routing electrical versus optical signals has also created a bias in 

favor of electronic ICs (Table 1.1) [7].  In these ICs, electrical signals traverse wires 

and contacts of metal or other materials with sufficiently low resistivities to allow 

 
 

 Electronic ICs Photonic ICs 

Basic Element Simple and similar  Many and 
complicated 

Dimension µm×µm 100µm×100µm to 
cm×cm 

 
Components 

Substrate One (Si), often can 
be polycrystalline 

≥ One (InP, 
GaAs, Si, etc.), 
usually crystalline 
only 

Coupling 
Losses 

Low Can be high 

Connectors Wires Waveguides 
Number of 3D 
Multi-Layer 
Interconnects 

>7 layers 1 
(>1 strongly 
needed) 

 
 
 

Interconnects 

Enabling 
Technology 

Thin film technology 
Flip-chip bonding 

None yet 
(Wafer bonding) 
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currents to pass.  There are typically no bending loss problems for routing in any 

direction.  The size of the conducting path is usually not critical unless the dimensions 

are very small or the frequency very high.  Wires need only be aligned to the bond 

pad and can usually contact the chip at any angle that prevents shorting.  Moderate 

surface non-uniformities do not necessarily cause deleterious effects, and the 

semiconductor can usually be in polycrystalline form, or sputtered on.  Isolation is 

easily achieved with dielectric media.   

Optical signals, however, require waveguide dimensions within restrictive 

boundaries.  Otherwise the light will not be guided, or multiple modes traveling at 

different speeds will result.  Optical fibers are usually at leasW���� P�LQ�ZLGWK�DQG�DUH�

difficult to fit to chips in large numbers.  They not only need to be placed within a 

micron of where the light is to be centered, but must also be at the correct angle 

within a degree relative to the chip to avoid losses.  The quality of the interfaces 

across which light traverses is critical and may require anti-reflection coatings.  PIC 

materials generally must be of crystalline form as well. 

Transistors, the basic elements of electronic ICs, are simple and similar. On the 

other hand, the elements of PICs, such as lasers, detectors, and switches are dissimilar 

and complex.  Typically, only one semiconductor is needed for electronic ICs.  

Different materials are best used for different optoelectronic components.  The laser 

may require InP for the correct wavelength, the fastest modulator may be of GaAs, 

and the optimal switch may be a Si product.  Thus, means of assembling different 

materials on to a single chip must be addressed for PICs.   
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Very large scale integrated (VLSI) circuits are starting to be dominated by 

interconnects as a result of RC delays from decreasing wire pitch and increasing die 

size: interconnect delays are increasing concurrent with gate delay decreases.  These 

interconnect delays, as well as chip power consumption and dissipation, chip area, 

and wiring lengths, are being reduced through 3D integration.  The ability to integrate 

heterogeneous technologies and transistor packing densities are simultaneously being 

improved with multi-layer interconnections.  For example, RC delays are significantly 

reduced when critical logic gates are placed very close together using multiple active 

layers.  Superior noise performance and lower electromagnetic interference between 

circuit blocks can be achieved by placing digital, analog, and RF components in 

mixed-signal systems on separate layers.  According to the International Technology 

Roadmap for Semiconductors, electronic ICs currently have as many as 7 to 8 

vertically interconnected layers and will likely have 9 within the decade.  The enabling 

technologies for vertical interconnects, flip-chip bonding and thin-film technology, are 

well established [8]. 

Photonic ICs, on the other hand, are still mostly limited to the 2-dimensional 

regime.  There is no well-established enabling technology yet for multi-layer 

interconnects or assembling different materials on a chip. However, wafer bonding, 

the assembly without adhesives of clean wafers of various materials and patterning, 

holds much promise. 
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1.2 Trends in Integrated Circuit Technology  

 Electronic IC development is impressive with respect to other advances in 

related fields.  Moore’s Law has predicted a doubling in the number of transistors per 

unit IC area every 18 months since the mid-1960’s.    

Internet traffic also exhibits phenomenal growth; traffic has been doubling 

every eight months.  This demand for more bandwidth, as well as the omnipresent 

drive for greater performance and complexity at lower cost, necessitates a similar 

rapid advancement of PICs capable of routing, adding, and dropping optical signals.   

 Optoelectronic components, however, suffer from many performance 

restrictions.  1.55 and 1.3-P� OLJKW� LV� XVHG� IRU� PRVW� GDWD� WUDQVPLVVLRQ� GXH� WR�

properties of optical fiber.  The speed and size of optoelectronic devices generally 

scale with the wavelength of light used, however, restricting further size 

improvements so long as the wavelength remains fixed.   

 The complexity of the present-day two-dimensional PICs is also limited by 

substrate size and the difficulty in connecting large numbers of fibers and electrical 

connections.  By making the leap to multi-layer interconnects, the IC density can be 

increased greatly.  Also, because fewer connections between chips are required, a 

higher net chip performance and lower losses result.  Some devices, such as the ones 

discussed in this thesis, can actually be made smaller when integrated vertically rather 

than laterally, further contributing to performance. Smaller chips may allow more 

chips per wafer.  Complete optoelectronic integration of devices of different materials 

onto a single substrate, rather than separate fiber and wire connections between chips, 
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will achieve a dramatic cost and labor reduction as well.  Novel combinations of 

materials or geometries may allow for devices far superior their in-plane counterparts.  

Extra creativity in system design, routing, and positioning will be afforded through a 

shift to 3D architectures.  These factors have the potential to revolutionize the way 

PICs are produced and used.   

The devices studied in this thesis address many of these challenges to the 

development of complex PICs.  In particular, the limitation of chip complexity due to 

multiple fiber connections, substrate size restrictions, and the requirement of multiple 

materials per chip become much more manageable with wafer bonding technology.  

This technique for establishing interconnected multiple device layers allows for the 

chip complexity to extend in the vertical direction, providing much more powerful 

circuits for a chip of a given size.  Wafer bonding is one of the most powerful tools 

available for combining non-lattice-matched materials while allowing current and light 

transmission across the material interface.  Integrating more devices, especially those 

of different materials, onto a single chip eliminates the need for bulky fiber 

connections between those devices.   

Most of the drawbacks to 3D PIC technology are becoming more manageable. 

The extra processing steps required by the wafer bond are a small price to pay for the 

powerful device creativity it affords.  Advancements in IC cooling, heat-sinking, and 

packaging technology are underway to counterbalance thermal concerns from the 

higher power densities, greater separation of upper layers from heat sinks, and 

possible thermal insulation between layers in 3D PICs [9].  Careful placement of 



 

 7

devices with high power dissipation will also alleviate thermal problems.  Judicious 

circuit planning will also alleviate coupling between devices on adjacent layers.  

Reliability concerns from thermo-mechanical and electro-thermal effects between 

layers, and at layer interfaces, will require investigations of mechanical and thermal 

behavior of thin films and novel material interfaces [10].  The remaining obstacle to 

the wide-scale adoption of wafer bonding technology remains device yield.  Several 

techniques for improving bonded area yield to allow larger devices and a higher 

fraction of successful devices are discussed in this thesis. 

Figure 1.1 Three-dimensional PIC. 

 

 A potential three-dimensional PIC is show in Figure 1.1.  It consists of multi-

layer vertically coupled waveguide wavelength division multiplexed (WDM) routing 

devices coupled to detectors, lasers, and switches.  For example, four channels input 

from the left side of the figure could be spatially separated into four waveguides on 

three vertical layers with the 3-layer demultiplexer.  Two channels could be split off 

Demultiplexer 
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to an integrated add-drop multiplexer.  One channel might be reflected by the grating 

of the add-drop multiplexer while another might be dropped to an integrated detector 

and added with an integrated laser.  Switches, splitters, and amplifiers can also be 

integrated in a similar manner. Through vertically coupled PICs, integrated 

transmission, receiving, add/drop multiplexing, transceiving, and wavelength 

conversion are possible. This illustrates a possible future of bonded waveguide device 

technology. 

 

1.3 Waveguide Routing of Light in Three Dimensions 

The coupling of light in these waveguide devices is due to waveguide-mode 

evanescent field overlap.  Light entering one waveguide will couple completely to 

another guide in close proximity if the speeds at which the modes travel in the two 

guides are matched.  The device design and attributes can be very different when the 

light is coupled vertically rather than horizontally.   
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Figure 1.2 Traditional horizontal and vertical couplers [7]. 

 

Traditional vertical couplers couple light much more strongly than their 

horizontally coupled counterparts (Figure 1.2).  Because the waveguide separation of 

vertical couplers is determined by growth thickness, it is much easier to achieve a 

very narrow, precise waveguide spacing than with horizontal couplers.  Also, 

different materials and dimensions can be used for the top and bottom waveguide 

cores, allowing the exploitation of material and waveguide dispersion for narrower-

bandwidth couplers. 

However, because the waveguide cores are separated by growth and are at most a 

few microns apart, it is very difficult to separate the modes of the two guides.  Wafer 

bonding is used to create vertically coupled waveguides with laterally separated 

inputs and outputs (Figure 1.3).  Wafer bonding also allows the use of non-lattice-

matched materials for the top and bottom waveguides, providing further design 

Horizontal Coupler Vertical Coupler 
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creativity.  We have chosen to pursue vertical couplers in InP because of the ease of 

integration with other InP devices, such as 1550-nm lasers.   

Figure 1.3. Vertical coupler with laterally separated inputs and outputs [7]. 

 

1.4 Bonded and 3-D PIC Devices 

1.4.1 Noteworthy Bonded Devices 

 Wafer bonding is the enabling technology for the devices described in this 

thesis.   Many wafer-bonded devices have been developed over the years with 

functionality and performance that far surpass their non-bonded counterparts.   

  Vertical-Cavity Surface-Emitting Lasers (VCSELs) have leveraged wafer 

bonding to combine InP-based active regions with GaAs-based mirrors that provide 

higher reflectivity and thermal conductivity than InP-based mirrors [11].  This effort 

had achieved 1550-nm light emission at higher temperatures than previously reported.  

InGaAs absorption layers have been combined with Si multiplication layers to develop 

avalanche photodetectors (APDs) with very high quantum efficiencies and the highest 

gain-bandwidth products ever previously reported [12].  Wafer bonding is also used 



 

 11

with micro-electrical mechanical systems (MEMS) devices to allow proper electrical 

isolation and interconnection of complicated 3D structures that would not be possible 

without bonding technology [13].  Finally, bonding technology has been used for 

many years to mass-produce silicon-on-insulator (SOI) substrates for low-power, 

high-speed complimentary metal-oxide-semiconductor (CMOS) electronics [14]. 

 

1.4.2 Other Types of Bonding 

 There are many techniques for assembling different materials suitable for 

optoelectronic devices other than the direct-contact wafer bonding employed for this 

thesis or SOI bonding mentioned above.  Polymers can be used as adhesives to allow 

access to both sides of a semiconductor epitaxial layer [15], and to provide lower-

index cladding materials for semiconductor devices.  Flip-chip bonding, in which 

metal or polymer bumps on a chip are connected to bond pads on a substrate, is used 

for the assembly of the majority of microprocessors.  Glass and other optically 

transparent materials can be used as adhesives through which light propagation can 

occur.  Direct-contact wafer bonding is preferred for 3D optical interconnect 

development because it is the only one of the above approaches to allow 

combinations of different semiconductor materials that provide optical and electrical 

transmission across the interface.  Though electrical transmission across the bonded 

interface was not investigated in this thesis, it has proven successful and been 

investigated elsewhere [16], and is critical for the success of multi-layer PICs. 
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1.4.3 Introduction to Multi-Layer Photonic Integrated Circuits 

 Many types of devices have been developed recently that enable multi-level 

photonic integration.  InP wafer bonding has been used to fabricate vertically coupled 

micro-disk resonators [17].  Three-dimensional photonic bandgap crystals have been 

developed from various materials for near-infrared wavelengths that allow routing of 

light out of the plane of the sample [18].  Slope waveguides are another method for 

bending light out of the plane of the substrate [19].  Arrays of MEMS mirrors that tilt 

in many directions have been used to route light in three dimensions [20] [21], and 

could potentially be used to direct light between devices on multiple levels.  In this 

thesis, near-parallel waveguide couplers are investigated because they provide wide 

operating bandwidths, minimal waveguide bend losses, straightforward waveguide 

processing, lower losses than most 3D photonic crystal devices, and guiding of light 

to reduce diffraction losses. 

 

1.4.4 Previous Three-Dimensional PIC Effort at UCSB 

 Wafer-bonded vertically coupled waveguide devices were first investigated at 

UCSB in 1998 [22].  First, straight vertically coupled waveguides with s-bend 

separated outputs were developed in InP [22].  Then, InP material was bonded out-

of-phase to enable push-pull vertically coupled waveguide switches [23].  InP was 

bonded to GaAs to allow for a greater material dispersion difference for a narrow 

bandwidth waveguide filter [24].  Next, double-sided processing of waveguide 

couplers was developed to allow device creation with a single epitaxial growth [25].  
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Vertical coupler filters were cascaded to create 8-channel wavelength demultiplexers 

[26].  Finally, straight waveguides that crossed in the form of an “x” were used to 

make optical add-drop multiplexers (OADMs) [27].  This thesis continues the OADM 

efforts, and further builds on the endeavors taken above. 

  

1.5 Scope of Thesis 

This work is a continuation of the previous wafer-bonded vertically-coupled InP 

waveguide device effort at UCSB [7].  Specifically, the scaling and performance 

limits of these devices were investigated.  Scaling limitations were examined with 

respect to number of vertical layers and number of add/drop channels.  Performance 

limitations were examined with respect to optimizations of waveguide coupler shapes. 

Various wafer-bonded InP/InGaAsP waveguide devices for 1550-nm light are 

examined in this thesis.  All devices operate through the vertical coupling of light in 

one waveguide to another nearby waveguide above or below it.  To show the 

potential for multi-layer interconnects of more than 2 levels, a 3-layer 1:8 beam 

splitter was created (Figure 1.4).  To our knowledge, this was the first optical device 

of more than 2 vertically coupled waveguide layers ever created.  To illustrate the 

possibility for the use of this technology in WDM systems, a 4-channel optical add-

drop multiplexer (OADM) was developed (Figure 1.5).  This was one of the first 

vertically coupled waveguide devices with no simple horizontally coupled counterpart 

ever fabricated.  For improvements to OADM device length and performance, devices 

with more sophisticated waveguide layouts were engineered.  Theoretical sidelobe 
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levels of less than –32dB and filter bandwidths over 20% narrower than those of 

previous devices were possible with certain geometries.  Processing non-idealities that 

exposed the resilience of vertically coupled waveguides to misalignments and 

vulnerability to incorrect material compositions or thicknesses were studied as well.  

Devices of different functionality were developed because of the breadth of novel 

device concepts that had yet to be explored.  The field of multi-layer photonic 

waveguide devices is still in its infancy, and many exciting possibilities abound. 

Figure 1.4. Waveguide layout of 3-level 1:8 beam splitter. 

outputs 

inputs 
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Figure 1.5. 4-channel OADM. 

 

Chapter 2 will introduce the theory required to simulate device performance for 

device design.  The transfer matrix method (TMM) and effective index method (EIM) 

were combined to quickly calculate waveguide effective index when designing 

material structure and waveguide widths.  The finite difference technique (FDT) and 

coupled-mode theory (CMT) were used to simulate coupling of light along the length 

of the device for mask layout.  The coupled-mode equation was also integrated to 

simulate the performance of waveguides of various shapes.   

Chapter 3 discusses direct-contact wafer bonding and its advantages over other 

types of bonding.  Over the course of this work, an improvement in bonded area yield 

from 55% to 95% was observed.  The techniques used to achieve this improvement 

are explained in this chapter.  Other bonding problems, such as damage of the host 

substrate by the bottom waveguides, and their solutions are also covered.  The 

experimental setup is described as well. 

through 

input add

drop 
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Chapter 4 examines the advantages and disadvantages of multi-layer devices.  The 

design and measurement results of the 3-level 1:8 beam splitter are explained in detail. 

Chapter 5 covers three types of OADM devices.  The behavior of the first device 

provided the impetus for the creation of the second; likewise, the second device gave 

rise to the third.  The reasons for development, design, and measurement results of 

the 4-channel OADM, a dual-angle x-crossing OADM, and a gaussian layout OADM 

are provided.  The performance of all devices deviated from the theory to some 

degree.  The differences between experiment and theory are analyzed, and techniques 

to improve performance are discussed. 

Chapter 6 provides a summary and conclusion to this work.  The major 

advantages, such as the novelty allowed by wafer bonding, and disadvantages, such as 

growth challenges, of this research are discussed.  Future device possibilities are also 

suggested.  Recommended future work includes the incorporation of other materials 

or other types of devices such as micro-resonators and light emitters, detectors, and 

switches. 
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Chapter 2 

Simulations and Theory of Vertically Coupled Waveguide Devices 

A thorough analysis of the coupling and mode behavior is critical to the design of 

these challenging devices.  The transfer matrix method (TMM) and effective index 

technique (EIT) were used to quickly calculate the waveguide effective indices to 

determine the coupling wavelength.  The more computation-intensive finite difference 

technique (FDT) and coupled-mode theory (CMT) were used to calculate coupling 

along the device length, and the device outputs at various wavelengths.  The coupled-

mode equation was numerically integrated as a fast approximation of device outputs 

for complex waveguide layouts, and to investigate processing difficulties. 

 

2.1 Physics of Coupled-Waveguide Devices 

2.1.1 Coupling of Light Between Waveguides 

The vertical coupling of these devices is due to the waveguide mode evanescent 

field overlap. If the modes in the two guides are traveling at the same velocity, and 

the guides are close enough to allow significant evanescent field overlap between the 

top and bottom modes, the desired fraction of light will couple from one waveguide 

to the other after a specific length.  The waveguides can be engineered to have modes 

that both travel at the same velocities and have matched effective refractive indices 

(nefftop=neffbottom).  Thus, the structures chosen for the guides are critical to device 
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performance. Dissimilar materials (e.g. different refractive indices as a function of 

wavelength) and dimensions are also used for some coupled guides to provide a 

narrower bandwidth through material and waveguide dispersion effects.  

The layout shape of the coupled guides can also dramatically affect the device 

performance.  Many of the devices are designed to couple back and forth from one 

waveguide to the other multiple times to narrow the filter bandwidth.   

 

2.1.2 Transfer Matrix Method and Effective Index Technique 

The transfer matrix method (TMM) and effective index technique (EIT) were 

used together to determine the effective indices of the waveguides.  This approach is 

only valid for weakly guided modes. It was used with all devices except the high 

index contrast beam splitter devices. 

The TMM is outlined in [1] and [2].  It is a 2x2 matrix method to determine 

the effective index of planar multi-layer optical waveguides. 

Fig. 2.1 Planar multi-layer optical waveguide. 

 

 x 

  y 

 z 

           nc  n1 n2…nN      ns 

 xc  x1 x2  xNxS 



 

 23

 Figure 2.1 shows a 1-D planar optical waveguide.  For light propagation in 

the z direction, the general solution of the wave equation is given by: 

where  

Aj and Bj are the complex field coefficients, ko�LV�WKH�IUHH�VSDFH�ZDYH�QXPEHU�� �LV�WKH�

propagation constant, xj is position of layer j, and nj is the refractive index of layer j 

where j=C,1,2,…N,S.  From the principle that the field and its derivative are 

continuous across layer boundaries, it can be derived that: 

 

where 

This expression of the field coefficients of one layer in terms of those of the previous 

layer can be iterated multiple times to reach an expression for the complex field 

coefficients in the substrate layer in terms of those of the cladding layer: 
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To have finite, guided modes, A
S
 and B

C
 must be equal to 0.  Hence, t11 is equal to 0.  

The only unknown in the expression for t11 is  N0neff (neff is the effective index).  

Thus, the 1-'�HIIHFWLYH�LQGH[�FDQ�EH�IRXQG�E\�VROYLQJ�IRU� �JLYHQ�t11=0. 

To determine the waveguide effective index in 2 dimensions, the EIT is 

employed in conjunction with the above theory [3].  The TMM is first applied in the 

growth direction across the regions on either side of the waveguide ridge, and across 

the waveguide ridge region (regions 1,2, and 3 in Fig. 2.2a) to get three 1-D effective 

indices (Fig. 2.2b).  Then the axes are rotated (exchanging TE and TM) and the 

TMM is applied again perpendicular to the growth direction using the three 1-D 

effective indices to get the overall 2-D effective index. 
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Fig. 2.2ab (a) Breakup of the 2-D waveguide profile into three slab waveguide 

regions, 1,2, and 3. (b) Color-coded effective index representation of each slab 

waveguide region.  White region represents optical mode half-power contour. 

 

2.1.3 Finite Difference Technique 

The finite difference technique (FDT) is a method for calculating the 

waveguide mode profile and effective refractive index by imposing a grid on the 

waveguide profile and calculating the mode intensity of the TE mode at every grid 

point [3]. 
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Fig. 2.3 Computational window for FTD [3]. 

 

Given the index nij at each point (i,j) of an IxJ grid of spacing [�� \ imposed on the 

waveguide profile (as shown in Figure 2.3), the effective refractive index neff and the 

TE fundamental mode profile 7�can be found from: 

where #i, $ are JxJ matrices composed of nij�� [�� \��DQG�WKH�ZDYHOHQJWK� � 

7

i is the transpose of the ith row of the mode profile 7 in which Uij is the mode 

intensity at (i,j): 

 

 





















=









































I

eff

II

n

7

7

7

7

7

7

#$

$

#$

$#

MMOO

O
2

1

2
2

1

2

1

)(

0

0 
(2.6) 



 

 27

An iterated sparse matrix program for which eigenvalues and eigenvectors 

were found by inverse iteration was incorporated to allow faster computations with 

more grid points [4].  

 

2.1.4 Coupled Mode Theory 

Coupled mode theory (CMT) allows the calculation of the coupling of light 

between two guides as a function of propagation distance, guide dimensions and 

composition, waveguide separation, and wavelength [3].  It provides a general 

solution for the top and bottom guide power flow, |atop|
2
 and |abottom|

2
, of a four-port 

co-directional coupler in the form: 

where fij are�IXQFWLRQV�RI�]��G]�� top�� bottom��DQG�FRXSOLQJ�FRHIILFLHQW� ��)LJXUH������ 
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Fig. 2.4 Directional coupler including normalized amplitude coefficients “a” equal in 

magnitude to the square root of the power flow. 

 

7KH� FRXSOLQJ� FRHIILFLHQW� � LV� JLYHQ� Ey an integral over the cross-sectional area of 

waveguide perturbation that includes the dot product of the mode profiles.  The mode 

SURILOHV� DUH� FDOFXODWHG� ZLWK� WKH� )'0�� � 6LQFH� � LV� GHSHQGHQW� RQ� WKH� ZDYHJXLGH�

separation, and the waveguide separation changes with z for all of the devices studied 

LQ� WKLV� WKHVLV�� � LV� D� IXQFWLRQ� RI� ]�� � 7R� HYDOXDWH� Dtop(z), abottom(z) it is necessary to 

iterate (2.8) from atop(0), abottom(0) because of the z-GHSHQGHQFH� RI� �� � $UELWUDU\�

waveguide layout shapes can be analyzed in this manner. 

 Limitations to CMT include the assumptions that coupling is weak, the 

coupling coefficient is small, and the waveguide effective indices are constant along 

the device.  Thus, CMT is applicable for all of the devices detailed in later chapters 

because there is weak modal overlap between the top and bottom guides.  Constant 

waveguide effective indices may not always be achieved if growth or processing 

problems occur, however. 
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2.1.5 Ricatti Coupled-Mode Equation Integration 

,I� � LV� DSSUR[LPDWHG� WR� EH� QRQ-wavelength-dependent, the device output as a 

function of wavelength can be determined very quickly by numerically integrating the 

coupled mode equation.  Though the FDT/CMT approach may be more accurate 

because it accounts foU� WKH�ZDYHOHQJWK� GHSHQGHQFH� RI� �� WKH� QXPHULFDO� LQWHJUDWLRQ�

approach was used to compare layout shapes because it is faster. 

Let R and S be defined as the complex amplitudes of the incident and coupled 

waves in the device. The relationship between R and S for co-directional coupling 

takes the form of a single nonlinear Ricatti equation where S and R are expressed in 

WHUPV�RI�D�YDULDEOH� ��GHILQHG�DV�WKHLU�UDWLR�PXOWLSOLHG�E\�D�SKDVH�IDFWRU��[5, 6]: 

)1(2 2 −+
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j
dz
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d
 , (2.9) 
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φρ je
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Here φ�LV�D�PHDVXUH�RI�WKH�VSDWLDO�YDULDWLRQ�LQ�WKH�SKDVH�PDWFKLQJ�FRQGLWLRQ��DQG� �

is a measure of the deviation of the wavelength of operation from the center 

wavelength for which the device was designed to couple 100%: 
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 The coupled-mode equation (2.9) can be numerically integrated over the device 

OHQJWK�WR�ILQG� �DW�WKH�GHYLFH�RXWSXW���$�IRXUWK-order Runge-Kutta integration is used 

because of accuracy and ease of implementation. 

 When little poweU� LV� FRXSOHG� � � ��� ���� WKH� VROXWLRQ� RI� WKH� DERYH� 5LFDWWL�

equation becomes much simpler.  For this case, a Fourier transform relation exists 

EHWZHHQ� �DQG�WKH�FRXSOLQJ�FRHIILFLHQW� �[6]: 

∫−
++−−=


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
 2

2

)2()( )(
2

L

L
zjLj dzezje

L φδδφ κρ , (2.12) 

where L is defined as the device length.  Fourier transform simulations were 

performed to corroborate the Ricatti equation numerical integration solution for low 

coupled powers.   

 The filter response in terms of the fraction of input power coupled to the drop 

port can be found by noting that: 
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 7KXV��ZH� KDYH� WZR�PHWKRGV� WR� UHODWH� FRXSOHG�SRZHU� WR� FRXSOLQJ� FRHIILFLHQW� ��

integration of (2.9) or evaluation of (2.12).    

 To find the bandwidth, sidelobes, and pass band shape for coupling 

corresponding to any arbitrary function (such as those in TabOH� ������ ZH� VHW� �]��

proportional to that function [5].  The coupled power can then be calculated over the 

ZDYHOHQJWK�GHYLDWLRQ�� ��UDQJH�RI�LQWHUHVW�XVLQJ�������RU��������ZLWK�WKLV� �]���� �FDQ�
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be calculated for a particular waveguide spacing in conjunction with the FDT [3]. In 

WKLV� PDQQHU�� � FDQ� EH� IRXQG� IRU� DQ\�ZDYHJXLGH� VSDFLQJ� DQG� KHQFH� WKH� ZDYHJXLGH�

OD\RXW�DQG�GHYLFH�OHQJWK�IRU�DQ\� �]��FDQ�EH�GHWHUPLQHG���  

  

2.2 Applications of Simulations to Device Design 

2.2.1 Structure and Device Coupling Simulation Programs  

The above theory was used to simulate device performance with two MATLAB 

programs: one that uses TMM and EIT to quickly calculate the effective index given 

a waveguide structure, and the other that uses FDT and CMT to calculate the 

coupling as a function of length for various waveguide layouts.  These programs 

allow critical approximations without which device design would be impossible to 

complete in a timely manner.  Details of the programs are included in Appendix A.  A 

slower commercial software program that uses the beam propagation method (BPM) 

was used to confirm the MATLAB program results. 

Since all OADM devices exhibit low index contrast guiding, TMM and EIT were 

used for the design of those devices.  All initial modeling of the OADMs was 

performed with the TMM/EIT MATLAB program to test that the compositions, layer 

heights, and waveguide widths chosen would couple at or around the desired 

wavelength of 1550nm.  The TMM/EIT program was the fastest program available 

that calculated the effective refractive indices of the two guides.  Figure 2.5 shows a 
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plot of refractive index as a function of wavelength corresponding to the two-channel 

OADM discussed in Chapter 5, engineered to give coupling at 1550nm. 

Fig. 2.5 Effective index vs. wavelength for vertically coupled waveguides of OADM, 

calculated with TMM/EIT program. 

 

Once coupling at the desired wavelength is achieved with the TMM/EIT program, 

the coupling of light along the length of the device is modeled with the FDT/CMT 

program.  The lengths of the devices simulated with the FDT/CMT program are 

adjusted until 100% coupling is achieved at the center wavelength.  Figure 2.6 shows 

the coupling along the length of a device calculated with the FDT/CMT.  After that, 

drop port power across a range of wavelengths can be calculated to determine device 

filtering. 
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Fig. 2.6 Relative power flow in two coupled guides along device length. 

 

One of the most precise and widely used methods of determining output mode 

intensities given initial wave amplitudes and waveguide parameters is the BPM.  

Before the mask is created, as a check that the MATLAB simulations are correct, 

BeamPROP™ [7] BPM commercial software is used to confirm that 100% coupling 

will occur with the chosen materials and dimensions.  The BPM solves the paraxial 

wave equation in incremental steps along the propagation direction [3].   An 

agreement between BeamPROP™ and the FDT/CMT program of within 15% of 

device length is always achieved.  Differences between the programs can be attributed 

to computer processor limits on the number of points composing the grids imposed 

on the waveguide cross-sections.  Unfortunately, BeamPROP™ was very slow 

(several hours to days per 3-D device simulation).  Thus, it is only used as a back-up 

resource to confirm the FDT/CMT results.  Neither the MATLAB programs nor the 
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commercial software are 100% accurate given the finite grid sizes, and multiple 

estimates may yield a better design. 

 

2.2.2 Structure Selection Issues 

All devices were designed to be composed of single-mode InP/InGaAsP 

waveguides.  Waveguides were single-mode so that 100% of the power could be 

coupled out.  InP was used for compatibility with active InP devices, though none 

were incorporated in this thesis.  Weakly guided ridge waveguides of InGaAsP cores 

clad with InP were used for low losses when possible.  To avoid bending losses with 

the compact beam splitter however, the InGaAsP cores were etched through.  

Structures for the two types of devices are shown in Figure 2.7. 

Fig. 2.7 Structure of OADM (left) and bottom and middle waveguides of 3-layer 

beam splitter (right).  Beam splitter cores are 1300-nm InGaAsP. 
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Structures were chosen based on the desired device functionality.  The 3-layer 

beam splitter was designed to operate over a wide wavelength range.  Thus, the 

waveguides on the various layers were made as similar as possible to avoid 

wavelength filtering from dispersion effects.  The guides were made of the same 

materials to prevent material dispersion, and were as similar in layer thicknesses as 

possible to avoid waveguide dispersion.   

The structure for all OADM devices was chosen based on the structure 

successfully used with the previous OADM effort at UCSB [2].  Waveguide and 

material dispersion of the top 1100-nm, 1- P�WKLFN�ZDYHJXLGH�FRUH�DQG�WKH�ERWWRP�

1400-nm, 0.22- P�WKLFN�ZDYHJXLGH�FRUH�SURYLGHG�ILOWHULQJ�IRU�WKH�YDULRXV�FKDQQHOV��

Materials that gave greater dispersion would have been preferred, but light absorption 

and index contrast limits prevented the use of InGaAsP of much higher or lower 

bandgap.  Other materials of more dissimilar material dispersion such as 

GaAs/AlGaAs were considered, but rejected because of lower projected bond yields.  

In general, bonds between two samples of the same material are more successful than 

bonds between different materials.   

 The layer thicknesses were all chosen to be the same as those used previously, 

but the InGaAsP compositions were altered slightly.  Exact structures are shown in 

Chapter 5.  Optimizing the thickness of the InP between the two InGaAsP cores 

would have increased coupling strength and reduced device length, but was not 

attempted because too many other variables were altered in each successive 

processing run. 
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Initially, Henry et al’s [8] index approach was used to calculate the refractive 

index of all InGaAsP used in the devices.  It was discovered that the first several 

OADMs fabricated coupled at wavelengths which were over 60nm below the design 

wavelength.  For InGaAsP of bandgap around 1100nm, experimental InGaAsP 

refractive index data [9] proved to be closer to values derived with the Weber index 

expression [10].  It was found from the TMM/EIT simulations that a lowering of the 

bandgap wavelength of the ~1100-nm InGaAsP by 30nm would yield 100% coupling 

near 1550nm without mask or layer height variations. 

One of the obstacles that remains, however, is the lack of growth precision.  In 

fact, for the OADMs, the growth of InGaAsP of undesirable bandgaps was a bigger 

challenge to the creation of successful devices than the wafer bond step.  The reason 

the OADMs are so sensitive to growth is the strong material and waveguide 

dispersion, as shown in Figure 2.5.  Unfortunately, the dissimilarity of the slopes of 

the effective index vs. wavelength of the two guides leads to a very large change in 

the coupling wavelengths when the guiding layers deviate slightly from those desired.  

Increasing the bandgap wavelength of the 1100-nm InGaAsP by 1nm decreases the 

center wavelength of the device by 4.1nm; similarly, the ratio of wavelength shifts for 

the 1400-nm InGaAsP is 2.5:1. The growth uncertainty of InGaAsP bandgaps was 10 

to 20nm.  Roughly one-quarter of the growths were unusable as they produced 

devices that coupled outside of the 160-nm tuning range of the tunable laser.  

Comparisons of desired OADM growths versus actual growths that yielded working 

devices are shown in Chapter 5.  Devices of crossing angles or lengths other than the 
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theoretical ideal were used in these cases to allow 100% coupling when the actual 

growth parameters deviated slightly from those desired.   Devices of varying degrees 

of coupling were a useful precaution even for the perfect growth case, however, 

because the FTD/CMT simulations never matched the BeamPROP™ simulations 

exactly. 

Another issue in the device design was coupling loss due to the bonded junction.  

Earlier measurements showed that the excess loss induced by the bond is 1dB/cm 

when a bonded junction is placed between the InGaAsP guiding layer and the top InP 

cladding of a waveguide [2].  The main cause of loss at the bonded interface is still 

not fully understood.  No voids are visible at the bonded interface under SEM 

magnifications as large as 40 x 103, so optical scattering loss due to non-uniformities 

at the junction should not be significant.  Crystallographic defect and residual 

impurity concentration at the bonded interface is high, however.  For example, with 

InP/GaAs bonds, very high levels of oxygen were confirmed to be present at the 

junction with Second Ion Mass Spectroscopy (SIMS) [11].  These defects and 

impurities may become charge-trapping centers, which can cause free carrier 

absorption through charge trapping and recombination/generation processes [2]. 

Though a 1dB/cm loss may be quite reasonable when compared to all of the 

advantages afforded by wafer bonding, it is still preferable to avoid it.  The 3-layer 

beam splitter was designed to have coupling across the bonded interface because this 

cannot be avoided for devices of more than two waveguide layers.  Also, the higher 

waveguide losses due to etching through the InGaAsP cladding already dominated the 
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bonded interface loss.  On the other hand, since the OADMs only had two waveguide 

layers, they were designed to not couple light across the bonded interface.  As wafer 

bonding begins to be used for more complex multi-layer devices, careful planning or 

algorithms to reduce coupling of light across bonded interfaces may become 

necessary. 

 

2.2.3 Novel Waveguide Layout Simulations 

 The optimal design of device mask layout includes the reduction of sidelobe 

levels.  Parallel waveguides have prohibitively high sidelobes that often prevent them 

from being used as effective filters.  Substantial improvement in the drop port 

sidelobe levels are observed with the transition from parallel to crossed x-shaped 

waveguides.  Further improvement is possible, and this section analyzes the 

theoretical approach.   

Many functions from filter theory [5, 12, 13] were compared in terms of 

bandwidth, sidelobe level, and length using both the 4-th order Runge-Kutta 

integration and Fourier transform analysis of the Ricatti coupled-mode equation 

discussed in 2.1.5.  The results are shown in Table 2.1.  All devices were designed to 

completely couple light back and forth three times between the input and drop 

ZDYHJXLGHV�� ZLWK� DW� OHDVW� �� P� VHSDUDWLRQ� EHWZHHQ� JXLGHV� DW� WKH� GHYLFH� HGJHV�

�H[FHSW�SDUDOOHO�ZDYHJXLGHV������ P�ZDV�IRXQG�WR�EH�D�VXIILFLHQW�VHSDUDWLRQ�EHWZHHQ�

JXLGHV� WR� UHGXFH� WKH� FRXSOLQJ� WR�QHJOLJLEOH� OHYHOV� �OHVV� WKDQ������SHU���� P���7KH�
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parallel waveguides were simulated to have no lateral separation.  These conditions 

were used instead of a requirement that the devices be the same length because 

otherwise many devices would be much longer than necessary.  It is worth noting that 

sidelobe levels of less than –32 dB and filter bandwidths over 20% narrower than 

those of the previous x-crossing devices are possible with certain coupler shapes.   

Ripples and sidelobes are present with all functions, however, because of the finite 

device length.  A comparLVRQ� RI� �]�� VHW� SURSRUWLRQDO� WR�YDULRXV� WDSHU� IXQFWLRQV� LV�

shown in Figure 2.8.  The functions that offer the narrowest device bandwidth (��

7.5nm) are very similar.  An illustration of the spatial layouts of actual device 

ZDYHJXLGHV�ZLWK� �]��SURSRUWLRQDO to selected functions is provided in Figure 2.9.   
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Table 2.1 –20dB half width, first minima of central peak, and magnitude of first 

sidelobe for various taper functions using 4th order Runge-Kutta numerical integration 

of coupled-mode Ricatti equation.  L denotes device length. 
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)LJ������&RPSDULVRQ�RI� �]��VHW�SURSRUWLRQDO�WR�YDULRXV�WDSHU�IXQFWLRQV��� 

Fig. 2.9 Illustration of waveguide layouts as they would actually appear on mask for 

GHYLFHV�IRU�ZKLFK� �]�∝ Gaussian, Raised Cosine, and 1.  The bottom waveguide (not 

shown) is straight and along x=0. 
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2.2.3.1 Taper Function Qualities 

The Hamming and raised cosine are cosine series apodization functions, often 

used with discrete Fourier transforms to alleviate spectrum-leakage distortion [13].  

The adjusted Hamming allowed an averaging of the qualities between the Hamming 

and raised cosine: a shorter length than Hamming but lower sidelobes and narrower 

bandwidth than raised cosine. 

The Blackman function is a cosine series apodization function of higher order 

than Hamming.  The modified Blackman was synthesized from Blackman to provide 

considerable suppression of sidelobes with minimal penalty to bandwidth and length. 

 Both the Runge-Kutta numeric integration of the Ricatti coupled-mode 

equation and the Fourier transform approach produce Gaussian filter performance for 

�]��SURSRUWLRQDO�WR�D�*DXVVLDQ�IRU�D�YHU\�ORQJ�GHYLFH���+RZHYHU��WKH�WUXQFDWLRQ�RI�

device length produces ripples in the filter performance for both analysis techniques. 

 The Fourier transform of a rectangular pulse is given by a sinc function.  

However, because of the truncation of the function, high sidelobes result.  Using an 

altered Hamming window, the sidelobes and bandwidth can be reduced somewhat at 

the expense of device length. 

Butterworth filter designs are used to approximate ideal RC low-pass filters to 

obtain flat frequency response in the passband and a steep roll-off at the cutoff 

frequency.  Chebychev functions are also used to approximate ideal filters.  
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Compared to Butterworth filters of equal order, they exhibit steeper roll-off at the 

cutoff frequency, but are typically more difficult to make [13]. 

The Kaiser taper is based on the modified Bessel function of the first kind of zero 

order (Io����$V�WKH�VKDSLQJ�SDUDPHWHU� �LQFUHDVHV��WKH�FRUUHVSRQGLQJ�ILOWHU�UHVSRQVH�LV�

one of increased bandwidth but decreased “rippling” effect from the truncation. 

 

Narrow bandwidths and short device lengths can often be opposing qualities, but 

several functions gave good results on both counts.  Since the lengths of all devices 

with –20dB bandwidths of 9nm or less were similar, device shapes were selected for 

fabrication based on projected performance.  Based on the results of the previous 

OADMs, the most desired improvement to the OADM performance is a narrowing of 

the bandwidth.  The second-most desired improvement is a reduction in sidelobe 

levels. Thus, the main criterion for function selection was –20dB bandwidth and the 

secondary criterion was sidelobe level.  Though the Hamming function provides the 

narrowest bandwidth in Table 2.1, its sidelobes are only moderate.  The Gaussian has 

a bandwidth only slightly wider than Hamming but it sidelobes are significantly lower.  

The only function with lower sidelobes than a Gaussian, a modified Blackman, has a 

significantly wider bandwidth.  Thus, the Gaussian was deemed the best function in 

WHUPV�RI�RYHUDOO�GHYLFH�SHUIRUPDQFH���7KH�IDEULFDWHG�GHYLFH�IRU�ZKLFK� �]��LV�VHW�

SURSRUWLRQDO�WR�*DXVVLDQ�LV�GHVFULEHG�LQ�&K������,W�LV�HYLGHQW�IURP�)LJ������WKDW� �]��

differs little for Gaussian, Hamming, and modified Blackman.  A comparison of the 
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ILOWHU�SHUIRUPDQFH�IRU�GHYLFHV�ZLWK� �]��SURSRUWLRQDO�WR�WKHVH�WKUHH�IXQFWLRQV�LV�VKRZQ�

in Figure 2.10.    

Fig. 2.10 Comparison of relative coupled power vs. wavelength for Gaussian, 

Hamming, and modified Blackman functions using 4th order Runge-Kutta numerical 

integration of the Ricatti equation. 

 

A comparison of the filter performance for the 4th order Runge-Kutta integration, 

Fourier transform, and BPM [7] are shown in Figure 2.11.  The three approaches 

show reasonable agreement for small deviations from the center wavelength.  The 

fast, and easy-to-compute Fourier transform relation is thus considered to work well 
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between the two “actual” solutions is due to time and memory limitations of grid 

spacings and step sizes in the computations. The BPM involves a huge number of 

calculations as the light is simulated to traverse the device step by step with very 

small step size.  Thus, for small coupled powers, a very large number of significant 

figures must be retained to avoid round-off errors.  This is why the BPM curve is not 

smooth for large wavelength deviations where coupling is low.    

Fig. 2.11 Comparison of OADM performance (relative coupled power vs. 

ZDYHOHQJWK��IRU�FRXSOHU�IRU�ZKLFK� �]�∝Gaussian with 4th order Runge-Kutta 

numerical integration of the Ricatti equation, Fourier transform, and beam 

propagation method analyses. 
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2.2.4 Non-Ideal Processing Conditions 

One new concern for vertically coupled waveguide devices is waveguide 

alignment.  Traditional horizontally coupled devices are more sensitive to waveguide 

spacings but also typically require only one mask layer for patterning the guides so 

alignment has not been an issue.  Little has been reported regarding such recent 

alignment issues [14]. 

 The Gaussian and adjusted Hamming waveguide layouts from above were 

used in the simulations because they had the most desirable filter characteristics 

overall.  Vertical misalignment is not a concern because one of the two waveguides is 

assumed to be straight.  However, lateral misalignment can lead to filter degradation 

and can be particularly problematic when aligning a “top” mask layer to layers hidden 

below the surface after bonding and substrate removal. 

 To determine the effects of lateral misalignment, the spatial waveguide layout 

was first determined for a Gaussian κ(z).  Then, an offset was added to the lateral 

coordinate of the waveguide layout to “misalign” the guide.  κ’(z) of this new layout 

was then calculated.  The filter response for lateral misalignment, shown in Figure 

2.12, was found by integrating the Ricatti coupling equation using the new κ’(z).  

7KRXJK�D�PLVDOLJQPHQW�E\�� P�LV�UDWKHU�H[WUHPH��LW�LV�included to illustrate the degree 

of misalignment tolerated by vertically coupled waveguide devices.  Thus, we note 

that device performance is not greatly compromised by misalignments on the order of 

� P�RU�OHVV� 
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Fig. 2.12 Relative coupled power vs. wavelength for coupler for which 

�]�∝*DXVVLDQ�ZKHQ�ODWHUDOO\�PLVDOLJQHG�E\���������DQG�� P���7KH�ZDYHJXLGHV�DUH�

� P�ZLGH�DQG�FRPSRVHG�RI�WKH�WKHRUHWLFDO�VWUXFWXUH�RI�WKH�WZR-channel OADMs 

discussed in Chapter 5. 
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coordinate transformation.  The results of the rotational misalignment simulation are 

shown in Figure 2.13. 

Fig. 2.13 Relative coupled power vs. wavelength for coupler for which 

�]�∝Gaussian when misaligned through a rotation about the center of  0.02, and -

�������7KH�ZDYHJXLGHV�DUH�� P�ZLGH�DQG�FRPSRVHG�RI�WKH�WKHRUHWLFDO�VWUXFWXUH�RI�WKH�

two-channel OADMs discussed in Chapter 5. 
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removal [14].  In this way, verniers to measure misalignment can be included so that 

the actual effects of the misalignment can be simulated [15]. 

 Another potential obstacle to realizing a device as designed is imperfect 

epitaxial layer growth.  Operating wavelengths and filter bandwidths can change 

significantly if layers are grown of the wrong thickness or composition.  It is useful to 

simulate from the parameters of a non-ideal growth the required alteration to 

waveguide widths and heights for desired device operation in order to change them if 

possible before processing.  Mask or etch depth changes are one way to combat the 

detrimental effects of growth difficulties.  Non-ideal growths were simulated by 

FDOFXODWLQJ� � DV� D� IXQFWLRQ� RI�ZDYHJXLGH� VHSDUation for the poor growth using the 

FDT and CMT as explained above.  The waveguide separation as a function of z for 

DQ�LGHDO�JURZWK��DV�ZRXOG�DSSHDU�RQ�WKH�PDVN��ZDV�WKHQ�FRPSDUHG�WR�WKLV� �WR�REWDLQ�

�]��� � )LQDOO\�� WKH� 5LFDWWL� HTXDWLRQ� ZLWK� WKLV� �]�� ZDV integrated to find the filter 

behavior for poor growth.  Results are shown for a guiding layer grown too thick and 

too thin in Figure 2.14.  One can see that sidelobe levels may increase greatly with 

only a small difference in waveguide thickness.  Devices made from material of 

undesirable composition can be simulated in a similar manner. 
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Fig. 2.14 Relative coupled power vs. wavelength for coupler for which 

�]�∝Gaussian when the thinner, higher index guiding layer is grown to the wrong 

WKLFNQHVV���7KH�ZDYHJXLGHV�DUH�� P�ZLGH� 

 

 For accuracy and speed, the 4th order Runge-Kutta integration of the Ricatti 

coupled mode equation was used for all misalignment and non-ideal growth 

simulations. 
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OADM waveguides, since losses were roughly equivalent for all bend shapes, the 

simpler circular arc s-bends were used for actual devices.  To minimize transmission 

loss, offsets were used at the junctions between the curved waveguides and the guides 

to which they connected.  2-D BPM simulations were used to scan over a range of 

waveguide positions todetermine the offsets for minimum loss [7].  Refractive index 

differences between the waveguide and surrounding material were around 0.004 for 

the 1100-nm InGaAsP guides and 0.007 for the 1400-nm InGaAsP guides.  For s-

EHQGV�SURYLGLQJ� ODWHUDO�RIIVHWV�RI��� P��WKLV�DOORZHG�V-EHQG�OHQJWKV�RI����� P�DQG�

RIIVHWV�RI�����a���� P�EHWZHHQ�VWUDLJKW�DQG�FXUYHG�JXLGHV�DQG����a���� P�EHWZHHQ�

curved guides for simulated bend losses less than –0.1dB per s-bend. 

 

2.3 Summary 

 Success in designing vertically coupled waveguide devices has required 

thorough understanding of the challenges involved.  The EIT/TMM, FTD/CMT, and 

BPM analysis techniques have all been essential to the development of successful 

devices.  These approaches have also allowed devices of more complex layout shape 

and the potential to understand and overcome processing and growth difficulties. 
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Chapter 3 

Processing and Experimental Setup 

Issues related to wafer bonding and the experimental setup are described below.  

Detailed processing procedures for all devices are provided in Appendix B.  The 

photolithography procedure is described in Appendix C.  Wet and dry etching 

procedures and recipes are detailed in Appendix D.  The direct-contact wafer bonding 

procedure is listed step-by-step in Appendix E.  Miscellaneous processing techniques 

are described in Appendix F.  Mask design techniques are noted in Appendix G. 

 

3.1 Wafer Bonding Procedure 

Direct-contact ‘wafer bonding’ describes the phenomenon in which two very 

clean, flat materials brought into contact will adhere to each other without the use of 

any adhesives.  It has been known for a very long time that optically polished samples 

will bond to each other, and was studied in quartz glass by Rayleigh in 1936 [1].  

However, it was only as recent as 1985 in which researchers at IBM [2] and Toshiba 

[3] applied heat-assisted wafer bonding techniques for SOI wafer development on a 

larger scale.  The development of the wafer bonding procedure at UCSB is outlined 

in [4] and [5].  Though many techniques used by others at UCSB have been tried [6, 

7], the procedure outlined in Appendix E was found to yield samples with a higher 

percentage of bonded area.   
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A graphite bonding fixture is used to apply even pressure to the samples during 

the anneal.  It consists of a rectangular graphite base and lid, a graphite dome, 

graphite screws, and a 500 to 1000- P-thick rectangular silicon piece inserted into 

the base.  The soft graphite is thought to provide more uniform pressure on the 

samples than other harder fixture materials.  Torques ranging from 0.2lbf·in to 

0.5lbf·in were used.  A side view of a graphite bonding fixture including dimensions, 

the assembled InP samples, and the Si are shown in Figure 3.1.  Additionally, the 

fixture width is 33mm, the height of the curved portion of the dome is 3mm, the 

dome lip height is 1mm, and the dome diameter is 25mm.  

Fig. 3.1 Graphite bonding fixture including assembled InP samples. 

 

After assembly, the samples are annealed.  The wafer bonder is a converted liquid 

phase epitaxy reactor.   

Bonded area yield of patterned samples was found to be strongly dependent on 

the pressure applied by the fixture and sample thickness. As shown in Figure 3.2, 

higher torques on the bonding fixture screws consistently yield better bonds for 

samples patterned with bottom-level waveguides and supports.  For test samples of 
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the same material, using a torque 0.05lbf·in higher produced a higher yield every time.  

This consistency shows the importance of carefully selecting bonding parameters for 

repeatable results.  Photoluminescence (PL) maps of finished samples with good 

working devices did not exhibit any PL non-uniformity (to within 1 nm) from the 

bond. 

Fig. 3.2 Percentage of bonded area as a function of torque for 14 trial runs from 5 

patterned grown InP wafers. 

 

A dramatic improvement of bonded area yield (roughly 55% to 95%) was 

made over the course of the project.  Switching from fixtures that had slightly rough, 

uneven surfaces to fixtures that were very flat and smooth improved the yield roughly 

5 to 10%. Switching from InP host substrates 350-��� P� WKLFN� WR� WKRVH� WKDW�ZHUH�

��� P�WKLFN�DOVR�LPSURYHG�WKH�ERQGHG�DUHD�\LHOG�URXJKO\����WR�������2WKHU�IDFWRUV�

that appeared to have improved bond yield were the incorporation of a buffered HF 

0

20

40

60

80

100

0.2 0.25 0.3 0.35 0.4 0.45 0.5

Wafer A
Wafer B
Wafer C
Wafer D
Wafer E
Wafer F
Visibly pitted material

Torque [lbf•in] 

Pe
rc

en
t b

on
de

d 



 

 57

dip immediately before bonding, meticulous microscope inspection for particles 

during the pre-bond clean, removal of visible particles from sample backsides after 

assembly, and careful assembly of the bonding fixtures to ensure uniform pressure on 

the samples.  Care in cleaving samples to avoid portions of the wafer with surface 

irregularities also improved bond yields.  Wafer surfaces were carefully inspected by 

eye and microscope after cleaving and before bonding. 

An SEM of a good bonded waveguide is shown in Figure 3.3.  For good bonds, 

the bonded interface was not visible with an SEM.  TEM images show the bonded 

interface consists of a thin amorphous layer [7]. 

Fig. 3.3 SEM of bonded bottom waveguide ridge including bonded interface. 

 

3.2 Waveguide “Crushing” Problem 

In the third year of device processing, a waveguide “crushing” problem was 

discovered from inspection of the cleaved facets of Gaussian-layout OADM devices.  

The microscope image suggested damaged bottom waveguides and voids below the 

waveguides (Figure 3.4), while a more detailed SEM picture suggests the host 

bonded 
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substrate facet immediately below bottom-level waveguides was of a different height 

or flatness with respect to the rest of the host substrate facet (Figure 3.5).  The 

“crushing” was present on 50~90% of the bottom waveguides of the Gaussian-layout  

OADMs.  It was only observed below the 3-P�ZLGH�ERWWRP�ZDYHJXLGHV��KRZHYHU��

and not near the 10~30-P�ZLGH�ERWWRP�VXSSRUWV��0XOWLSOH�FOHDYHV�PDGH�DORQJ�WKH�

device length of 5 samples showed the fraction of “crushed” bottom waveguides did 

not exhibit a clear trend of increasing or decreasing towards the sample center.  This 

problem produced noise in device measurements and was not present on facets of 

previously fabricated devices. 

Figure 3.4 Cleaved facet of Gaussian-layout OADM viewed with microscope. 

Figure 3.5 SEM image of cleaved facet of Gaussian-layout OADM. 
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Many attempts were made to discover the causes and solutions of this new 

problem.  It was considered that the “crushing” was due to excessive pressure on the 

host substrate from the narrow bottom waveguides, because the mask for the 

Gaussian-layout OADMs had a smaller fraction of supported area than any previous 

mask.  Also, the torque applied to the bonding fixture screws for the Gaussian-layout 

OADMs was the same as or higher than the torques used for previous devices.  

Lower torques and a new mask with a much higher fraction of support area were 

used, but the “crushing” was not alleviated.  It was then thought that the problem 

might be related to post-bond mask aligner pressure.  Two samples were cleaved and 

inspected before and after the top waveguide photolithography step, but even mask 

contact pressure sufficient to shatter the mask did not affect the waveguide 

“crushing”.  15 bonded, patterned samples of various epitaxial materials, host wafer 

thicknesses and bond pressures were cleaved and investigated.  Plots of percentages 

of good and bad waveguides versus torque and percent bonded area showed no 

correlation. 15-second and 3-minute stain etches in 1:1:10 H2SO4:H2O2:H2O were 

performed to see whether they might affect the material around the “crushing” 

differently, but SEMs showed only uniform etching of the InGaAsP guiding layers.  It 

was considered that more recent wafers might exhibit greater bowing, but both new 

ZDIHUV�DQG�WKRVH�IURP�VHYHUDO�\HDUV�DJR�H[KLELWHG�� P�ERZLQJ�SHU�FP������WLPHV�WKH�

bowing of a 4-inch Si wafer).  Lapping the host substrate before the cleave did not 

mitigate the problem either. 
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It was eventually discovered that the use of thinner samples eliminated virtually all 

“crushing” effects.  The more flexible 200-P�KRVW�VXEVWUDWHV�DUH�WKRXJKW�WR�SUHYHQW�

the “crushing” exhibited by the 350 to 375-P�KRVW�VXEVWUDWHV�EHFDXVH�WKH\�FRQIRUP�

better to the patterned wafer and reduce pressure non-uniformities. Bonding to 

lapped samples was attempted but failed, presumably because the particles from the 

lapping could not be satisfactorily removed during the pre-bond clean.   

Another problem not witnessed with previous devices was a material deposit on 

sample facets after cleaving.  It appeared as a round, fringed, brown or multicolored 

film, or a brown deposit that visibly stood out of the plane of the facet when 

inspected with a microscope.  It could not be removed with acetone or isopropanol, 

and was only partially removed with buffered HF or oxygen plasma.  These material 

deposits were much more numerous near bottom waveguides and edges of supports.  

For this reason, they were thought to emerge from the enclosed bottom waveguide 

and support sidewalls during the cleave.  Baking the sample at 200ºC for several 

hours to evaporate trapped liquids before cleaving eliminated this problem.   

 

3.3 Substrate Removal 

The samples must be mounted on glass slides to protect the host substrate while 

the other is being etched.  Crystal wax is used for mounting because it etches very 

little in HCl.  It is very important to avoid depositing wax on the top and sides of the 

substrate to be removed to prevent a non-uniform removal.  However, if wax does 
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not protect the sides of the bottom substrate during top substrate removal, the bottom 

substrate edges will become very jagged.  The sample would be prone to breakage 

from tweezer handling.  Thus, it is critical that the correct amount of wax be used, 

and that it is distributed properly. When the samples are viewed from the side, wax 

should clearly surround the bottom wafer, but should not be visible on the top wafer, 

as seen in Figure 3.6.  During mounting, the wax is melted at 170°C to achieve the 

correct viscosity for protecting the bottom substrate only.  

Figure 3.6 Optimal crystal wax distribution for substrate removal. 

 

Before the wax application technique was established, many samples were broken 

after substrate removal because of jagged host substrate edges.  Bonding to a host 

substrate of a material that does not etch in HCl was considered, but ultimately 

decided against because of lower projected bonded area yield. 

An improvement in bonded area yield was observed when phosphine gas bubbles 

that form and adhere on the surface during substrate removal were shaken off the 

sample every couple minutes to allow more uniform, faster, substrate removal.  

Substrate removal is complete when the exposed surface is mirror-like and no 

material protrudes above the mirror surface.  It is important not to over-etch, and to 

rinse afterward in H2O very thoroughly, to avoid trapping acid in the channels 
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between the waveguides for a lengthy period. Any liquid that entered the 0.8- P�

high, 12~40- P�ZLGH�DLU�JDSV�VXUURXQGLQJ�WKH�ERWWRP�ZDYHJXLGHV�DQG�VXSSRUWV�ZDV�

quickly transported throughout the entire sample.  The InGaAs etch stop layer is only 

wet etched away after the sample has been removed from the glass slide to ensure no 

wax remains on the surface. 

 

3.4 Infrared Photolithography 

 Infrared photolithography follows the wafer bond and substrate removal to 

align the buried “bottom”-level waveguides with the “top”-level waveguide mask.  

Alignment of samples during bonding is not necessary because one of the bonded 

samples is completely un-patterned—there are no features to align.  The host 

substrate is either cleaved from a commercially double-polished InP wafer or polished 

to a mirror surface with mechanical lapping material after the bond.  This allows for 

backside infrared illumination to pass through the host wafer and reveal the buried 

waveguides and alignment marks.  Alignment can also be performed by reflecting 

infrared light off the top surface of the sample, as was done in [6] but this leads to 

SRRUHU� DOLJQPHQW�� � $OLJQPHQW� ZLWKLQ� ��� P� FDQ� EH� DFKLHYHG� ZLWK� EDFNVLGH�

illumination.   
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3.5 Fabrication Tolerances 

As noted in Chapter 2 and later chapters, the most challenging fabrication issue 

for this work was not the wafer bonding, but rather the growth.  A better 

understanding of means to obtain improved growth precision would have a 

tremendous impact on the ease of realization of these devices.  The asymmetric 

devices in Chapter 5 in particular are so sensitive to the InGaAsP waveguide core 

compositions and thicknesses that satisfactory growths were nearly impossible to 

produce with UCSB’s horizontal MOCVD reactor.  In particular, the thinner 

InGaAsP core has to be within a few atomic layers of the correct thickness.  This 

limitation was not fully understood at the commencement of this work and is not 

acceptable for practical manufacturability. 

In terms of device yield reduction, the most critical processing step was the wafer 

bond.  High bonded area yields can still result in low device yields if the devices are 

very large.  Further bond yield improvement beyond 95% is essential for large-scale 

production of these devices.  This could probably be obtained through the use of 

cleaner, thinner samples of superior surface morphology.  However, bond yield 

improvement techniques were not investigated further in this work because they were 

greatly outweighed by the growth issues. 

The lithographic tolerances of this device are fairly high, however.  Variations in 

waveguide width on the order of a several tens of microns can be easily tolerated for 

most devices without changing the center coupling wavelength by more than a few 
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nanometers.  The devices are also relatively insensitive to misalignments up to 2 P��

as noted in Chapter 2. 

 

3.6 Experimental Setup and Techniques 

Fig. 3.7 Experimental setup. 

 

The experimental setup is shown in Figure 3.7.  The sample is mounted on a 

copper block with photoresist baked at 110ºC for 10 minutes.  A TE cooler is 

incorporated into the device stage for temperature stabilization.  Video cameras 

aimed at the top and side of the device (not shown) are used to align the lensed fibers 

to the waveguides. The NetTest tunable laser allowed wavelength scans from 1470nm 

to 1660nm, step size 0.1nm. 
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The input lensed fiber was aligned using a 10x microscope objective lens and an 

IR camera at the device output.  An 80x microscope objective lens was used for 

taking IR camera images. 

Waveguide losses were measured with a modified Fabry-Perot cavity technique [8]. 

 

3.7 Summary 

The development of specialized techniques for wafer bonding was integral to 

successful device fabrication.  Device yields were greatly improved as these 

techniques were incorporated.  The measurement setup allowed straightforward 

wavelength scans to determine device performance. 
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Chapter 4 

Three-Layer Beam Splitter 

The previous wafer-bonded vertically coupled InP waveguide device effort at 

UCSB demonstrated many types of coupling, filtering, switching, demultiplexing, and 

add-drop multiplexing devices [1].  This work is a continuation of that project.  One 

issue that had yet to be examined in detail is the scalability of these devices.  In 

particular, how many bonded layers are possible?  The realization of a device with 

more than one bonded layer is described below. 

A 1:8 beam splitter for 1550-nm light was made from cascaded 3-dB vertical 

couplers (Figure 1.4).  The couplers were incorporated in three layers with two InP-

to-InP bonds.  To the best of our knowledge, this was the first reported vertically 

coupled waveguide device of more than two routing layers. 

 

4.1 Beam Splitter Design  

The coupled waveguides were designed to be as similar as possible to avoid 

waveguide and material dispersion effects for a broad device bandwidth (Fig. 4.1).  

Waveguide composition and dimensions were also optimized for minimal device 

length. Using the BPM [2], the performance was simulated for various materials, s-

bend lengths, and waveguide heights.  1.3-µm InGaAsP (n=3.37 at 1550nm) was 

chosen as the waveguide core layer rather than InGaAsP with a larger index of 

refraction because lower index waveguide layers result in shorter coupling lengths; 
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this can be explained from the coupled-mode point-of-view as an increase in the 

overlap integral of the two adjacent waveguide modes.  InGaAsP of a significantly 

smaller refractive index, on the other hand, would not have allowed guided modes for 

compact waveguide dimensions.  Thinner waveguide core layers, by providing less 

modal confinement, also increase the overlap integral between modes of adjacent 

waveguides and thus reduce the coupling length.   The waveguide cores were chosen 

to be 0.5-µm thick. For strong coupling, the InP below the cores for modal 

confinement and support of the upper layers was chosen to be as thin as thought 

certain to withstand the bond pressure.  These InP cladding and support beams were 

made 0.5-µm thick. 

The 0.1-µm InP upper cladding above the cores was not only for modal 

confinement, but also to allow for all bonds to be InP-to-InP.  The InGaAsP cores 

could have been bonded directly to InP, but bonds between the same materials 

generally provide higher yields. To prevent a coupling asymmetry due to the lack of a 

0.5-µm InP support layer above it, the top layer waveguide had a taller upper 

cladding (0.9µm) than the bottom and middle layer waveguides.  Waveguides were 

3µm wide for single-mode propagation.  Figure 4.1 and 4.2 show the structure of the 

three grown wafers and side views of the finished device.   
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Fig. 4.1. a) Structures of three grown wafers and b) side view of finished device. 

Fig. 4.2. SEM of 3 of the 8 output waveguides.  From left to right, top, middle, and 

bottom waveguides are shown.  Bonded region below top waveguide is for support. 
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With the material and waveguide dimensions used above, the 3-dB coupling 

lengths for the first (2 outputs), second (4 outputs), and third (8 outputs) stages of 

the 1:8 splitter are 37µm, 39µm, and 47µm, respectively.  The differences in coupling 

lengths reflect different radii of curvature for the s-bends of the three stages for 

different output guide separations.  The total device length is 580µm.     

By contrast, a 1:2 beam splitter made from horizontal couplers using the same 

waveguide composition and dimensions as with the bottom layer (Wafer A), with a 

minimum 1 µm separation between waveguides, would be 4.73cm excluding the s-

bends.  For a 1:8 splitter including s-bends long enough to allow the same output 

waveguide spacing as the bonded splitter, the total device length would be 

approximately 14cm. Although a smaller waveguide separation would allow a shorter 

coupling length, the difficulty in making reproducible and uniform narrow-gap 

horizontal couplers have hindered their development for ultra-short splitting and 

switching devices [3].   Thus, vertical couplers offer a great advantage in terms of 

device compactness.   

 

4.2 Multiple-Layer Bond Yields 

Though the thinness of the 0.5- P�,Q3�FODGGLQJ�EHDPV��WRS�OD\HUV�RI�:DIHUV�%��C 

Fig. 4.1a) allowed for shorter couplers, it also caused difficulties with achieving 

successful second bonds.  A torque on the fixture screws of 0.45lbf·in was 

satisfactory for the first bond, but caused the 0.5-P�WKLFN�VHFRQG�OD\HU�,Q3�EHDPV�WR�
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collapse during the second bond.  It was found that torques of 0.35lbf·in allowed a 

successful second bond without collapse. 

Despite the improvements to the second bond, overall device yields were low.  

This was largely because the many improvements to the bonding technique noted in 

Chapter 3 had yet to be discovered.  Of the 14 total first-bond runs, 11 had at least 

RQH���� P�[���� P�GHYLFH�LQWDFW�DIWHU�WKH�ERQG���2I�WKRVH�����WKH�ERQGHG�DUHD�\LHOG�

averaged 70%.  7 second-bond processing runs were attempted, but only 3 were 

successful because the pressure was not optimized for the first several runs.   The 

overall bond yield for the 3 successful second-bond runs averaged to 65% of the total 

sample surface.  However, when the restriction of good bonded area from the first 

bond was taken into account, the bond yield for the second bond was 85%.  Though 

perhaps not statistically significant, this improvement in bonded area yield of the 

second bond compared to the first corroborates the results in Chapter 3 that bonds of 

thinner, more membrane-like layers lead to higher yields. The improvement is likely 

due to the conformance of the waveguides on the thin, flexible middle layer InP 

support beam (from Wafer B, Fig. 4.1) to the un-patterned top layer sample (Wafer 

C).   
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4.3 Beam Splitter Measurement Results  

The device output at λ=1483nm as captured by an infrared (IR) camera and the 

corresponding waveguide positions are shown in Figure 4.3.  The output beams have 

slight height differences corresponding to the waveguide vertical positioning.   

Fig. 4.3.  Device output as captured by IR camera and corresponding waveguide 

layout. 
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The differences in output intensities is likely due to imperfect alignment between 

the waveguide layers.  Parallel waveguide couplers are particularly sensitive to 

misalignment compared to many other layout shapes.  The degree of misalignment 

can be seen in the IR camera image as the unevenness in output mode spacings.  The 

separation between all adjacent input and output waveguides was designed to be 

15µm for low crosstalk.  It was simulated that a lateral misalignment as small as 

��� P�SURGXFHV�������VSOLWWLQJ�UDWKHU� WKDQ�������� �:LWK�D�PLVDOLJQPHQW�RI����� P��

the splitting is 42:58.  Misalignment may also be the reason the splitting appeared to 

be more uniform at 1483nm rather than 1550nm when viewed with the IR camera.  

Better alignment precision through the use of a stepper mask aligner rather than a 

contact aligner could alleviate the problem. 

To measure the polarization and wavelength sensitivity of the device, the output 

lensed fiber was mounted on a computer-controlled adjustable xyz stage, vertically 

aligned to the middle waveguide layer, and laterally scanned across the output 

waveguides at different polarizations and wavelengths.  The fiber was not vertically 

re-positioned for each waveguide during the lateral scan because the waveguides are 

YHU\� FORVH� WRJHWKHU� LQ� WKH� YHUWLFDO� GLUHFWLRQ� ���� P��� � $V� VKRZQ� LQ� )LJXUH� �����

although the splitter can operate at different wavelengths and polarizations, the ratios 

of light intensity coupled to the various output waveguides changes.  The wavelength 

dependence could be lessened by altering the waveguide structure to allow even 

shorter couplers, for which the s-bends provide all of the coupling.  The device was 

designed to couple TE light and was not optimized for TM modes. Polarization-
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independence could be achieved through a modification of the waveguide structure to 

allow coupled TM modes to have modal overlaps equivalent to those of TE modes 

[4]. 

Fig. 4.4. Line scan of device output at 1483nm and 1550nm for best polarization and 

at 1483nm for worst polarization.  Lateral positions of waveguides indicated by 

arrows. 

 

A Fabry-Perot resonance technique was used to measure the waveguide optical 

loss [5].  Straight waveguide regions were cleaved off of the sample and tested to 

give 1dB of loss per 580-µm 1:8 splitter length, or 17dB/cm.  Total s-bend bend 

losses were calculated using BPM [2] to be 0.9dB.  Fiber-to-fiber losses, however, 

were over 30dB owing to poor coupling between the lensed fiber and the non-anti-

reflection coated facets, and the several-millimeter long lossy waveguides attached to 

the device inputs and outputs for cleaving. 
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4.4 Summary and Conclusions 

Multiple layer devices are an exciting possibility with bonding technology. An 

optical device of more than two waveguide layers that allowed lateral waveguide 

separation was demonstrated for the first time.  Vertical integration of the couplers 

allowed for a beam splitter length over 100 times shorter than a horizontally 

integrated counterpart.  Splitting non-uniformity, wavelength and polarization 

sensitivity, and device loss can be reduced through alterations to the waveguide 

structure and better aligning and packaging techniques. 

However, bonding technology must be improved for higher yields before devices 

with multiple wafer bonds become commercially viable.  Double-bonded device yields 

improved from zero for the first several processing runs to around 50% of all devices 

on the mask (65% bonded area yield) for the last few runs.  Perhaps a careful 

optimization of the bonding procedure in an industrial research setting would 

eventually allow yield improvements sufficient for commercialization.  Recent 

industrial results have not been promising for the integration of multiple layers of 

large III-V devices.  However, as material and processing technologies continue to 

improve, the long-term future of multiple layer wafer bonding does hold promise.
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Chapter 5 

Passive Crossing Optical Add-Drop Multiplexers 

Optical Add-Drop Multiplexers (OADMs) are key channel routing components in 

Wavelength-Division Multiplexed (WDM) systems.  OADM implementation methods 

include fiber or polymer gratings with circulators [1], arrayed waveguides [2], and 

cascaded unbalanced Mach-Zehnder structures [3].   

The three OADM devices described below were chosen in order to explore the 

operational limits of near-parallel waveguide filtering devices.  Such devices had 

already proven to be possible candidates for 3D optical integration [4].  To allow a 

better comparison of the merits of 3D routing technologies, a more thorough 

investigation of the previously developed devices was performed.  The focus of this 

investigation was scaling and optimal performance. 
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Fig. 5.1 a) Multiple Channel OADM, b) Dual-angle OADM c) Optimized waveguide 

layout OADM. 

 

First, an OADM supporting a single add/drop channel had been developed 

previously [5].  The significance of this device rested on whether it could be easily 

scaled for multiple channels.  A multiple channel OADM, based on the previous single 

channel device, was thus demonstrated (Fig. 5.1a).   

Second, the multiple channel device proved to suffer limitations from device 

length.  An X-crossing waveguide OADM with improved length (as well as lower 

sidelobe levels) was created by including additional waveguide bends (Fig. 5.1b).   

Finally, successive improvements to device performance were found from 

modification to waveguide shape.  These improvements suggested the existence of 

ideal shapes for device operation.  Both an optimization of the waveguide shape and a 
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determination of the best possible performance were attempted through analysis and 

fabrication of diverse waveguide layout shapes (Fig. 5.1c).   

  

5.1 4-Channel OADM   

The multi-channel OADM consists of straight waveguides that cross to form X’s.  

One “in/through” top waveguide is vertically coupled to, and crossed at a shallow 

angle with, four parallel “add/drop” bottom waveguides (Fig. 5.2).  Only one growth 

was required for the structure because waveguides were etched on both surfaces of 

the epitaxial material.  The different widths of the four add/drop waveguides 

correspond to separate channels, as the top in/through waveguide will have an 

effective index matched to that of each bottom guide at a distinct wavelength.  

Fig. 5.2 Layout of the OADM. 

through 

input add 

drop 

bonded 
interface 



 

 80

Fig. 5.3 Top view of waveguide layout.  Dotted line and gray oval represent cleaved 

facet and un-bonded region, respectively, as explained below.  Note the aspect ratio. 

 

7KH�ILQLVKHG�2$'0V�ZHUH��� P�ZLGH�DQG����FP�ORQJ��)LJ��������&URVVLQJ�DQJOHV�

between the top waveguide and the four bottom waveguides ranging from 0.2° to 

0.45° were attempted because growth variations cause changes in the fraction of light 

coupled.   Thus, all waveguides were nearly parallel.  Each device has one top 

LQ�WKURXJK� ZDYHJXLGH� RI� ZLGWK� � P� FURVVHG� ZLWK� IRXU� SDUDOOHO� ERWWRP� DGG�GURS�

ZDYHJXLGHV�RI�ZLGWK����������DQG�� P��VHSDUDWHG�ODWHUDOO\�E\��� P�IRU�FRXSOLQJ�LQWR�

lensed fibers (Fig. 5.3, 5.4).  The X-crossing arrangement allowed by the bonding 

λ1, λ2, λ3, λ4 λ1' λ2' λ3' λ4' 

λ1 λ2 λ3 λ4 λ1', λ2', λ3', λ4' 

1.2cm 

 

�� P 

 ���º~0.45º 
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also provides lateral separation of the top waveguide from the four bottom 

waveguides, and  reduces coherent coupling of sidelobes as well [5].   

Fig. 5.4 SEM of sample resulting from cleaving of output facet, including in/through 

waveguide and four add/drop waveguides. 

 

  This 4-channel OADM does not have a simple horizontally coupled equivalent, 

as the waveguides cannot be rearranged or bent in such a manner that they yield an 

in-plane device with the same capabilities without excessive losses or crosstalk.  The 

dissimilarity between the top and bottom waveguides further complicates any 

approach to reduce the number of dimensions.  Thus, this device illustrates the 

wonderful flexibility in device layout afforded by wafer bonding. 

One of the biggest difficulties with realizing this OADM was device yield.  The 

results of the 14 processing runs are listed in Table 5.1.   All of the first 12 samples 

were of growth material of undesirable InGaAsP bandgaps that would have coupled 

  In/Through  

Add/Drop 
Channel 4 

Add/Drop 
Channel 3 

Add/Drop 
Channel 2 

Add/Drop 
Channel 1 
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outside the range of the tunable laser.  This was because of the use of an 

unsatisfactory model for the bandgap versus refractive index relationship of the 

lower-index InGaAsP as noted in section 2.2.2.  It was not until the 2 otherwise good 

samples were processed and tested from amongst the first 12 runs that the 

undesirability of the growth was discovered. 

Processing 
result 

Failure due 
to poor bond 

Failure due to 
breakage 

Failure due 
to poor etch 

Intact finished 
device 

Incorrect 
growth 

4 5 (one destroyed 
pre-bond) 

1 2 (both with a set 
of 6 contiguous 
devices) 

Correct 
growth 

1 0 0 1 (no devices with 
>50% coupling of 
all 4 channels) 

Table 5.1 Results of all 14 multi-channel OADM processing runs.  Failure refers to 

termination of processing because all devices on sample are destroyed. 

 

Bonded area yield was also a problem for such large devices.  Several of the 

improvements to bonding mentioned in Chapter 3 had been incorporated by this point 

(the use of BHF, meticulous microscope inspection for particles after 

acetone/isopropanol swab, careful assembly of fixtures), but other important steps 

had not (use of thinner samples, flatter fixtures).   

The 75 to 80% average bond area yield of 13 total bond runs would have 

provided a satisfactory device yield for smaller devices but was insufficient for these 

4-channel OADMs.  Due to processing and growth non-uniformities, comparisons of 

the 6 crossing angles should be made on contiguous devices from a single processed 
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sample.  The bond area yield was much too low to achieve reliable bonding for 6 

contiguous devices  (3% 6-device-set yield of 13 bonds).   

Even for the samples with “good” bonds (9 of 13 had 75% to 95% bonded area) 

device yield per bond varied wildly depending on the location of the un-bonded 

regions, from 0% to 100%.  The device yield was higher than the bonded area yield in 

cases where the un-bonded area resided on the 2-mm input and output waveguide 

sections (see Appendix E).  The average device yield of the 9 “good” bonds was 

40%.   

7KH�GHYLFH�FRQVLVWHG�RI�RQO\�VWUDLJKW�ZDYHJXLGHV��ZLWK�RXWSXWV��� P�DSDUW���/HVV�

than 0.1% of the coupling of these devices occurs after the waveguides are more than 

� P� DSDUW�� KRZHYHU�� � 7KH� GHYLFH� FRXOG� KDYH� EHHQ�PDGH� VLJQLILFDQWO\� VKRUter if s-

bends or wider crossing angles were incorporated where waveguides were less 

strongly coupled, as explained in section 5.2. 

The bandgaps of the InGaAsP regions of the actual growth (λg ����� P��

λg ����� P�� GHYLDWHG� VOLJKWO\� IURP� WKDW� RI� WKH� GHVLUHG growth (λg ����� P��

λg ����� P�� QHHGHG� IRU� URRP� WHPSHUDWXUH� RSHUDWLRQ� �)LJ�� ������ � 7KLV� RIIVHW�

necessitated the heating of the sample to 104.3°C to shift the indices of the material 

to allow coupling within the range of the tunable laser.  The temperature-induced shift 

in the center wavelengths of the drop channels was 0.39nm/°C.   
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Fig. 5.5 Desired versus actual growths, post-bond. 

 

The center wavelength of the device has a strong dependence on the InGaAsP 

bandgaps due to the large dispersion difference between the top and bottom 

waveguides.  Increasing the bandgap wavelength of the top waveguide InGaAsP by 

1nm decreases the center wavelength of the device by 4.1nm; the corresponding ratio 

of wavelength shifts for the bottom InGaAsP is 1nm:2.5nm. The growth precision of 

InGaAsP bandgaps was typically ±10nm.   

The device with highest coupling had guides that crossed at 0.3°.  The near-field 

output is shown in Figure 5.6 at the peak wavelength of each channel.  The four 

channels lie at 1482nm, 1498nm, 1517nm, and 1527nm.  2.5mm of the end of the 

device was cleaved off (total remaining length 9.5mm) because the fourth channel 

coupling region of the device was not completely bonded, as indicated by the gray 
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oval in Figure 5.3.  The fourth channel thus couples much less than the other 

channels.  Figure 5.7 shows a wavelength scan of the OADM throughput and the first 

three channels.  The fourth channel could not be scanned.  The high temperature 

required for device operation aggravated air drafts around the lensed fibers, resulting 

in noise despite attempts to shield the setup; smoothed data is hence plotted.   

Fig. 5.6 OADM output, captured with IR camera and 80x microscope objective lens. 

Fig. 5.7 Smoothed (wavelength averaged) wavelength scan of OADM. 
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The four bottom waveguide widths were chosen such that the four channels 

would be close in wavelength yet suffer low crosstalk.   Though this was not the case 

for channels 1 and 2 due to the undesirable growth, the crosstalk between channels 2 

and 3 was less than –17dB.  Increasing the waveguide width differences to allow 

20nm channel spacing would give a maximum crosstalk of –15dB for all channels.  

The bandwidth can be reduced by decreasing the crossing angle, decreasing the 

thickness of InP between the InGaAsP guiding layers, or using guiding materials with 

more different dispersion characteristics (e.g. InP/InGaAsP bonded to 

AlGaAs/GaAs). 

82% of channel 1, 93% of channel 2, and 65% of channel 3 are dropped.  This 

device was designed to illustrate the principle that a multiple-channel bonded 

waveguide OADM could be achieved and was thus not optimized for 100% coupling 

for each channel.  The maximum intensities of all channels can be made equal by using 

slightly different crossing angles between the in/through waveguide and each 

add/drop waveguide.  The percentage of power dropped can be increased for 

complete coupling by fine-tuning the crossing angles as well.   

The crossing angles of all 4 guides were not fine-tuned for 100% coupling before-

hand because of the sensitivity of the device to the growth.  The exact waveguide 

core compositions and thicknesses would have to be known before such a mask could 

be created.  A different mask would be required for each growth.  Instead, one mask 

thought to allow reasonably high (though less than 100%) coupling for several 

channels over a wider growth range was used. 



 

 87

Another property matching theoretical predictions is stronger coupling for TE 

polarizations.  TE and TM coupling wavelengths were found to differ by 200nm.  

TM-oriented light resulted in a drop channel intensity 11dB less than that for TE 

light.  The polarization sensitivity results from the strong waveguide geometry 

asymmetry; large material dispersion differences rather than waveguide dispersion 

differences (e.g. InP/InGaAsP bonded to AlGaAs/GaAs) could allow TE and TM 

coupling at the same wavelength.   

The fiber-to-fiber device loss was 11.3dB.  The in/through waveguide loss was 

7.7dB/cm, measured using a Fabry-Perot resonance technique [6].  

 

5.2 Dual-Angle X-Crossing OADM 

The design and measurements of the dual-angle X-crossing OADM were 

primarily performed by Katharina Rauscher from University of Stuttgart.  Device 

fabrication and assistance of design and measurements were performed by the author. 

Since large device area was one of the biggest impediments in fabricating the 4-

channel OADMs, a means of obtaining shorter devices with equal or better 

performance was desired.  X-crossing waveguides that incorporate bends where the 

waveguides are further apart, as shown in Figure 5.8, can achieve this.  The 

SUHYLRXVO\�GHVLJQHG�;�KDG�D�FURVVLQJ�DQJOH�RI�����DQG�D�OHQJWK�RI����� P���7KH�QHZ�

dual-DQJOH�GHYLFH�KDV�D�FURVVLQJ�DQJOH�RI�������IRU�WKH�FHQWHU����� P�WKDW�FKDQJHV�WR�

a half-angle of 0.38° for the�RXWHU���� P���7KH�WRWDO�GHYLFH�OHQJWK�ZDV����� P������
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shorter than the previous X device. A narrower crossing angle where the guides are 

close together allows most of the coupling to take place with a shorter device length.  

Broadening the angle between the waveguides where coupling is weaker allows 

sufficient waveguide separation at the device outputs.   

Fig. 5.8 Previous single-angle X-crossing OADM and new dual-angle OADM. 

 

The performance of the device was simulated with BeamPROP™ [7].  A 

reduction in –20dB bandwidth from 15nm to 12nm was predicted.  Sidelobes were 

simulated to be –16dB rather than –26dB for the previous x-crossing device, 
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however.  This was considered to be a small penalty given the 1000- P�GHYLFH�OHQJWK�

reduction. 

The experimental and theoretical device drop port performance are shown in 

Figure 5.9.  The experiment and theory show good qualitative agreement of null 

positions.   

Fig. 5.9 Experimental and theoretical drop port performance of dual-angle x-crossing 

OADM. 

 

The waveguide “crushing” problem detailed in section 3.2 was observed on the 

facets of every dual-angle device fabricated.  A strain-associated index change may 

have occurred.  This may be responsible for some of the difference between the 

theory and experiment.    Better bonding techniques might reduce the difference. 
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The growth structure of this device is identical to that of the 4-channel OADM in 

Figure 5.5 above, but the InGaAsP core bandgap wavelengths were designed to be 

1080nm and 1400nm.  The actual growth was 1084nm and 1404nm, very close to the 

desired values.  However, this small difference along with simulation inaccuracies due 

to the large grid spacing required for BeamPROP™ [7] may have further contributed 

to the discrepancy between theoretical and experimental drop port performance.  

Propagation losses for this device were measured to be 1dB/cm [6]. 

 

5.3 Truncated Gaussian-Layout OADM 

Section 2.2.3 covers the theoretical analysis of improvements to filter bandwidth 

and sidelobe levels for several novel waveguide layout shapes.  From Table 2.1, the 

Gaussian, Hamming, and modified Blackman were considered to have the best overall 

performance.  OADMs of all three layouts were fabricated and tested.  The Gaussian 

device showed the best performance overall and is examined here in more detail. 

The processing of this device incorporated all the techniques used to improve the 

bond quality.  Bonded area yield was roughly 95%.  The waveguide “crushing” 

problem mentioned in section 3.2 was eliminated everywhere except the outermost 

1mm of the sample (Fig. 5.10).  These bonding non-uniformities may be expected on 

the outer sample edges from wafer curvature.   
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Fig. 5.10 SEM of cleaved output facet of truncated Gaussian-layout device. 

 

All previous devices, save a couple of the dual-angle OADMs, exhibited 

undesired ripples in the waveguide intensity outputs as a function of wavelength.  The 

periodicity of these ripples varied from 0.2nm to 0.8nm and were up to 20dB in 

magnitude.  The ripples were greatly diminished for all of these Gaussian-layout 

OADM devices that were bonded to thin host substrates and AR-coated.  

The drop and through port performance of the device with the highest coupling is 

shown in Figure 5.11.  The –20dB bandwidth of the measured data is 28.8nm, over 

twice as wide as the 12.5-nm –20dB bandwidth predicted from the integration of the 

coupled-mode equation (Table 2.1).   
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Fig. 5.11 Experimental and theoretical drop and through waveguide outputs vs. 

wavelength.   

 

The desired and actual growths are shown in Fig. 5.12.  All layer thicknesses were 

bigger than those desired.  The coupling of the device is particularly sensitive to the 

thicknesses of the InGaAsP cores and the center InP between the cores.  The larger 

thicknesses translate to tighter mode confinement in the cores and greater separation 

of the modes, both of which lead to reduced modal overlap and weaker coupling.  

This shift in thicknesses (and the bandgap wavelength shift of the lower-index 

InGaAsP) is likely the cause of the bandwidth broadening and shift in filter center 

from 1550nm to 1606.75nm.   
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Fig. 5.12 Desired vs. actual growths, post-bond.  *Top two InP layer thicknesses 

of actual structure are estimates. They were etched down to 0.83 P�DQG���� P�IRU�

the working device. 

 

The performance of the device with the above actual structure was simulated 

using the finite difference technique (FDT) and coupled mode theory (CMT).  The 

ILQDO� WRS� DQG� ERWWRP� ZDYHJXLGH� ZLGWKV� ZHUH� PHDVXUHG� WR� EH� ��� P� DQG� ��� P��

respectively, from SEM pictures.  The top two InP layer thicknesses shown in Fig. 

5.12 are estimates.  Both of the top two layers were dry etched approximately 

���� P� �ULJKW� DIWHU� WKH� GHYLFH� SURFHVVLQJ�ZDV� LQLWLDOO\� FRPSOHWHG�� EHFDXVH� WKH� WRS�

waveguide did not support a guided mode when the device was first tested.  The top 
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top waveguide cladding was measured from the SEM picture of a stain-etched facet 

to be rougKO\���� P� 

CMT simulations show that the light is coupling from input gui 

de to output guide one time instead of three times, as the device was designed.  

This is probably the reason for the broadening of device bandwidth. The Fourier 

transform of the drop port experimental data was taken to determine the coupling 

coefficient along the device length [8, 9].  The coupling coefficient versus waveguide 

separation as determined from the experimental data is shown in Figure 5.13.  Also 

included for comparison are the theoretical coupling coefficients of the desired 

structure (three times coupling), for a range of high-index InGaAsP bandgaps.  Figure 

5.13 confirms that the coupling in the device is much weaker than that required for 

three times coupling from input to output. 
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Fig. 5.13 Coupling coefficient  vs. waveguide separation.  Experimental  was 

determined through a Fourier transform of the data in Fig. 5.11.  Theoretical values 

were for desired growth (with slight alteration to the high-index InGaAsP bandgap) 

calculated using the FDT and CMT. 

 

This device has the highest coupling efficiency of any InP vertically coupled 

waveguide device ever made at UCSB (99.4% versus 97%)[5].  The previous 

vertically coupled waveguide device effort at UCSB did include an OADM with 

lower sidelobe levels (-26dB), however [5].  

Propagation losses for this device were measured to be 1.1dB/cm [6].  The fiber-

to-fiber device loss was 11dB. 
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5.4 Summary 

Three InP/InGaAsP vertically coupled near-parallel waveguide OADM devices 

were designed and tested.  A multiple channel X-crossing OADM was demonstrated 

but suffered a low yield from device length.  25% shorter OADMs were then made by 

including additional waveguide bends.  In an investigation of waveguide shapes for 

optimal performance, a Gaussian layout provided the best results.  Though a high 

coupling ratio was achieved, the theoretical 12.5nm –20dB half-width and sidelobes 

of less than –30dB were not witnessed experimentally.  This was probably because 

the refractive indices of the InGaAsP cores deviated significantly from the desired 

values.  Further work with the devices in this chapter would strongly benefit from 

higher growth precision as well as an analysis of the waveguide bonding effects on the 

bandgaps. 
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Chapter 6 

Conclusions and Future Work 

6.1 Summary 

The development of 3D PICs is a critical direction for the advancement of 

powerful and compact optoelectronics.  One way to achieve 3D routing of light is 

through wafer bonded waveguide couplers.  Several vertically coupled wafer-bonded 

InP/InGaAsP waveguide devices have been demonstrated in this work.   

A 3-layer 1:8 beam splitter was realized.  It was over 100 times shorter than an 

HTXLYDOHQW��'�VSOLWWHU�ZLWK�D�PLQLPXP�ZDYHJXLGH�VSDFLQJ�RI�� P���7R�WKH�EHVW�RI�RXU�

knowledge, this is the first ever vertically coupled optical device of more than two 

waveguide layers.   

A multiple-channel X-crossing OADM was demonstrated.  This device had no 

simple 2D equivalent. This device was also one of the first vertically coupled 

waveguide OADMs ever reported with spatial separation of more than one add/drop 

channel.   

Multiple waveguide layout shapes were analyzed through an integration of the 

coupled-mode Ricatti equation.  Such an analysis had never been previously published 

for vertically coupled waveguide devices.  A truncated Gaussian layout was found to 

give the best theoretical performance.  The fabricated truncated Gaussian layout 

device achieved the highest coupling ratio ever for the UCSB InP vertically coupled 
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waveguide effort.  Ripples in the light intensity versus wavelength scans present for 

all previous devices were finally eliminated with these Gaussian layout devices as 

well. 

The work described above complements the general progress of the field of 

vertically coupled waveguide devices.  While this work demonstrates generally novel 

waveguide layouts and numbers of vertical layers, other groups have made great 

strides with filtering device switching and tunability. For example, tunable vertically 

coupled asymmetric waveguide grating OADMs have been demonstrated through InP 

MOCVD regrowths [1].  Vertically coupled InP micro-disk electro-absorptive 

switches have been recently created with wafer bonding [2].  The work performed in 

this work could be combined with the switching and filtering techniques developed by 

outside groups for further functionality. 

An investigation of bonding techniques has also been performed in this work.  

Wafer bonding technology is still far from maturity.  Large-scale implementation of 

PICs with devices like the ones in this work will not be practical without better 

bonding technology and higher-quality wafers.  It is too early to predict whether 

direct-contact wafer bonding of III-Vs, and III-Vs to other materials, will ever be 

used commercially for entire multi-layer PIC chips and large non-hero devices.  This 

development may occur in the next couple of decades as general semiconductor 

technologies continue to progress.  A patient, thorough investigation of optimal 

pressures for bonding thinner, more membrane-like samples of superior surface 

morphology appears most likely to lead to success.   
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A reasonably high and reproducible bonded area yield of 95% was achieved for 

the 3-cm2 InP samples.  There are many drawbacks to bonding, such as the 5% of 

material that does not bond, extra processing steps, and difficulty of through-the-

epitaxial-layer alignment during photolithography.  However, the present yield is high 

enough that wafer bonding remains an attractive investigative technology for small-

scale device integration.  This is particularly true for novel devices that are not 

practical to fabricate without wafer bonding. 

The biggest challenge with the devices in this work was not the bonding, but 

rather the lack of control over the InGaAsP core material.  To further develop 

filtering waveguide devices strongly dependent on dissimilar material composition, 

more precise control of the core bandgaps and thicknesses is essential.  For the 

OADMs discussed in Chapter 5, InGaAsP bandgap wavelength control to within 

±0.5nm and thickness control to within 1% would be required for >99% coupling at 

the desired wavelength.  These are serious limitations that render these devices 

impractical for growth in many reactors used today.  In-situ monitoring of growth 

would aide strongly in achieving these restrictive parameters, though.  In-situ 

monitoring was not available with the horizontal MOCVD reactor used for the 

growths.  Fortunately, though, it is commonly available with vertical reactors.   

Devices less sensitive to growth parameters are essential for continuation of this 

work.  It may be easier to achieve the correct refractive indices by using materials 

other than InGaAsP.  Ternary compounds (or binary if possible) may allow more 

control over the growth indices.  Such materials will suffer from fluctuations of fewer 
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elements during growth.  InP/InGaAs waveguides could be vertically coupled to 

waveguides of GaAs/AlGaAs or Si/SiO2.  If more than one combination of 

compounds can be used, the degree of refractive index fluctuation likely for each 

material should also be taken into account.    

The devices analyzed in this work are not suitable for dense wavelength division 

multiplexing (DWDM), but rather a much coarser technology.  For these long 

waveguide devices, it would be very difficult to achieve such fine wavelength  

sensitivity through material and waveguide dispersion effects alone.  DWDM 

performance may be achieved by incorporating compact micro-resonators or gratings, 

as suggested for future work. 

 

6.2 Future Work 

Masks with large devices can still suffer low device yields despite high bonded 

area yields.  Until near-100% bonding can be achieved reliably, smaller devices are 

better suited for this technology.  Micro-resonators are an example of a type of device 

that enjoy many benefits from wafer bonding.  Not only are micro-resonators very 

small, but vertical coupling generally provides superior device performance [3].  Also, 

the free spectral range of such devices can be greatly increased by combining 

waveguides of different materials [4]. 

Bonding of different materials together to get 3D PICs with enhanced 

functionality is one of the most exciting directions in which to take this research.  
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Silicon optoelectronics is very promising as a platform for future very large scale 

integration (VLSI) photonic devices.  Lasers, light-emitting diodes (LEDs), detectors, 

modulators, switches, and gain regions could be included on silicon PICs through the 

bonding of other materials such as InP and GaAs.  Materials with desirable bandgaps 

can thus be combined with inexpensive, compact, high index contrast, low-loss Si 

waveguide devices for superior performance.  For example, the direct integration of 

multiple lasers of different wavelengths with a Si arrayed waveguide grating (AWG) 

multiplexer would be much less costly than coupling all the lasers to fibers 

individually.  A complete integration of emitting, modulating, routing, and detecting 

devices could be achieved on one chip. 

If better control over the InGaAsP growth bandgaps could be achieved, the 

performance of the OADMs discussed in Chapter 5 would significantly improve.  

Further enhancements to the OADMs would also become feasible.  For example, the 

multiple-channel X-crossing OADM would benefit greatly from wavelength 

tunability.  The carrier injection effect was simulated to allow channel tuning of over 

10nm with the structure below (Fig. 6.1) [5].  One of the difficulties worth noting 

with such a design is migration of p-dopants during the growth and bonding steps.  

SIMS analyses have shown that Zn dopant may migrate to the InGaAs and InGaAsP 

layers when several microns of material are grown above the p-type layers.  

A grating could be added to enhance the tuning range.  Gratings would also be 

useful for narrowing the device bandwidth of both tunable and passive OADMs.   
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Fig. 6.1 Cross-sectional view and structure of tunable OADM. 

 

 Another valuable enhancement to the OADMs only practical with very precise 

growth control is polarization-independent operation.  One means of achieving this 

through a cascaded-OADM scheme is outlined in [6].  This device would be 

particularly sensitive to growth indices because the two OADMs must have precisely 

matched add/drop wavelengths.  Electrodes to tune the OADMs’ add-drop 

wavelengths would probably be necessary. 
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Another direction to be investigated is the transformation of the 3-layer beam 

splitter into a demultiplexer by exploiting the wavelength dependence of the coupling.  

Couplers can be chosen to have lengths such that each channel is split to a unique 

output waveguide [6].  An improvement of the waveguide alignment will be essential 

for good device performance, however.  One technique for better alignment is the use 

of a stepper aligner in conjunction with a method of etching align marks through the 

epitaxial layer [7]. 

All of the devices in this work except the multi-channel OADM incorporated s-

bends to laterally separate the waveguides at the inputs and outputs.  Lateral 

waveguide separation could be achieved with a shorter device length if total internal 

reflection (TIR) mirrors were used instead.  TIR mirrors can be fabricated by etching 

through the waveguide cores to form smooth, near-vertical facets [8].  S-bend length 

could also be reduced if the waveguide were more deeply etched in the s-bend regions 

to allow smaller radii of curvature.  The smallest radii of curvature would be achieved 

with “floating” s-bends for which all material adjacent to the waveguide has been 

removed.   
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Appendix A: MATLAB Programs 

The following programs are included on the data disks filed with the thesis. 

EITTMM  

The effective index technique and transfer matrix method are used to plot the 

effective indices of top and bottom waveguides as a function of wavelength. 

EITTMM 

Set physical parameters 

EIT 

Apply TMM across vertical (1D effective 

indices) and horizontal (2D effective index)  

TMM 

Plots 1/t11 vs. effective index to find modes. 

matrixmult 

Multiplies matrices corresponding to slab layers together to obtain 

2x2 TMM matrix, element (1,1) of which equals 0 when the effective 

index equals a modal effective index. 
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FDTCMT 

The finite difference technique and coupled mode theory are used to plot terms 

proportional to power in each guide as a function of distance or wavelength. 

FDMCMT 

Sets physical parameters. 

After obtaining coupling coefficients and effective indices, iterates coupled-

mode equations over device length to find terms proportional to power in each 

guide along device length for multiple wavelengths. 

kappafdm 

Calls programs that compute mode profiles, effective indices, coupling 

coefficients. 

Returns effective indices and coupling coefficients for various separation 

distances of the two guides. 

fdmdagli 

Calculates normalized mode 

profile, effective index with FDT. 

intfdm 

Integrates mode profile dot-product, 

index perturbation over perturbation 

region. 

nfdm 

Imposes index profile onto an NxM grid. 
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RK, RKmisalign*, RKmisrot*, RKmisstruct*, RKx* 

Given taper function w, and assuming coupling coefficient is constant with respect to 

wavelength, performs 4th order Runge-Kutta integration of single non-linear Ricatti 

coupled-mode equation to plot drop port power vs. deviation from center 

wavelength. 

 

*RKmisalign uses coupling coefficient values calculated previously to plot for 

various lateral mask misalignments. 

*RKmisrot uses coupling coefficient values calculated previously to plot for 

rotational mask misalignment. 

RK, RKmisalign*, RKmisrot*, RKmisstruct*, rkx* 

pdiff 

Returns dp/dz corresponding 

to single non-linear Ricatti 

coupled-mode equation 

w 

Returns value of taper 

function for a given z position. 

K 

Returns coupling coefficient 

given z-position. 
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*RKmisstruct solves for coupling coefficient as a function of propagation distance z 

given growth mistakes to plot for non-ideal growth structure.  It also calls 

kappafdm, which calls fdmdagli and intfdm, which both call nfdm, as with the 

FDMCMT program above. 

*RKx uses coupling coefficient values calculated previously to plot for x-crossed 

waveguides.  It does not call w. 

 

Fourier, Fourierx* 

Solves Fourier transform relation (assumes low coupled power) of Ricatti coupled-

mode equation to determine drop port power vs. deviation from center wavelength 

for various waveguide shapes w. 

 

*Fourierx solves for the case of x-crossed straight waveguides and does not call w. 

Fourier, Fourierx* 

w 
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Appendix B: Processing Procedures 

Processing for all devices is similar.  Samples are cleaved, patterned with SiN-

masked photolithography and wet or dry etched, and wafer bonded.  The growth 

substrate is removed, followed by more patterning and etching.  Finally, the 

waveguide facets are cleaved and anti-reflection (AR) coated.  Photolithography is 

covered in appendix B.  Wet and dry etches are covered in Appendix C.  A detailed 

description of the wafer bonding process is given in Appendix D.  Some useful 

miscellaneous processing techniques are described in Appendix E.  

 

3-Layer Beam Splitter 

1. Cleave one sample from bottom-layer wafer 1.2cm (perpendicular to major flat, 

parallel to waveguides) x 1.0cm, solvent clean.   

2. Deposit 1400Å SiN on bottom layer with PECVD.  

3. Mask 1 photolithography: Shipley 4110, O2/CF4/remove resist. 

4. 5,(�HWFK���� P�,Q3�SOXV���� P�,Q*D$V3��a���PLQ���GHNWDN� 

5. Clean, fuse to newly cleaved middle layer sample. (Same as Appendix D except 

between buffered HF dip and transportation of samples to bonding furnace, a 30 

minute ozone oven bake is performed.)  0.5lbf·in torque used. 

6. Mount sample bottom-layer-down on glass slide with crystal wax. 

7. Remove substrate, remove sample from slide, remove InGaAs etch stop. 

8. Repeat 2~5 for middle layer waveguides.  Use IR aligner to view align marks. 
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9. Clean, fuse to newly cleaved top layer sample as in 6. 

10. Repeat 2~5 for top layer waveguides, but etch 0.9 P�,Q3�DQG���� P�,Q*D$V3����

IR aligner is used to view buried align marks. 

11. Cleave by hand. 

 

4-Channel X-Crossed OADM 

1. Cleave one sample 1.7cm (parallel to waveguides) x 1.4cm, solvent clean.   

2. Deposit 1400Å SiN with PECVD.  

3. Mask 1 photolithography: Shipley 4110, O2/CF4/remove resist. 

4. 5,(�HWFK���� P�,Q3��GHNWDN��VLGHZDOO�VPRRWK�ZHW�HWFK�IRU�UHPDLQLQJ���� P� 

5. Deposit 1400Å SiN. 

6. Mask 2 photolithography: Shipley 5214, O2/CF4/remove resist. 

7. :HW�HWFK�HWFK�VWRS����� P�,Q3������ P�,Q*D$V3��GHNWDN�� 

8. Clean, fuse patterned sample to newly cleaved host sample. (Same as Appendix D 

procedure except between buffered HF dip and transportation of samples to 

bonding furnace, a 30-min ozone oven bake is performed.)  0.5lbf·in torque used. 

9. Mount on microscope slide host-substrate-down with crystal wax.  

10. Remove substrate, remove sample from slide, remove InGaAs etch stop. 

11. Repeat steps 2~6 with masks 3 and 4, using IR camera for mask 3. 

12. RIE etch 0.2P�,Q3���- P�WKLFN�,Q*D$V3� 

13. Cleave by hand.   
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Gaussian-layout OADM  

1. Cleave one sample 1.8cm (parallel to waveguides) x 1.6cm, solvent clean.   

2. Deposit 1000Å SiN with PECVD. 

3. Mask 1 photolithography: Shipley 4110, O2/CF4/remove resist. 

4. 5,(�HWFK���� P�,Q3��GHNWDN��VLGHZDOO�VPRRWK�ZHW�HWFK�IRU�UHPDLQLQJ���� P� 

5. Deposit 1000Å SiN.  

6. Mask 2 photolithography: Shipley 5214, O2/CF4/remove resist. 

7. :HW�HWFK�HWFK�VWRS����� P�,Q3������ P�,Q*D$V3� 

8. Fuse according to Appendix D, torque=0.45lbf·in. 

9. Mount on microscope slide host-substrate-down with crystal wax. 

10. Remove substrate, remove sample from slide, remove InGaAs etch stop. 

11. Repeat steps 2~6 with masks 3 and 4, using IR camera for mask 3. 

12. 5,(�HWFK���� P�,Q3��� P�,Q*D$V3� 

13. Cleave by hand.   

14. AR-coat both facets: E-beam deposit SiO at 3~5Å/s, total thickness ~2550Å. 

 

Solvent clean=3 squirts acetone, 3 squirts isopropanol moved to fresh spot on 

cleanroom wipe each time, blow with N2 afterwards holding sample at angle so that 

isopropanol leaves surface as a sheet rather than beading. 
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O2/CF4/remove resist=oxygen plasma descum (25s, 100W, 300mT), CF4 plasma etch 

(75s for 1400Å SiN or 60s for 1000Å SiN, 100W, 300mT), solvent clean. 
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Appendix C: Photolithography 

All masks are light field for ease of viewing the sample.  Contact aligners were 

XVHG�EHFDXVH�DOO�PDVN�IHDWXUHV�ZHUH�DW�OHDVW�� P���7KH�VSLQQHU�FKXFN�LV�FOHDQHG�ZLWK�

acetone before use for proper sample adherence and to prevent photoresist from 

being deposited on the back of the sample.  Any photoresist on the backside of the 

sample is removed with an acetone-soaked q-tip to ensure the sample sits flat during 

mask alignment. 

 

1.  Solvent clean, bake samples on 110Û&�KRW�SODWH���PLQXWHV� 

3. Blow with N2 while spinning sample at 6000rpm. 

4. Drop 2~3 drops hexamethyldisilazane (HMDS), let sit 15s, then spin at 6000rpm 

1min. 

5. Drop 2~3 drops Shipley 4110 or 5214 in center of sample, immediately spin at 

6000rpm 1 min. 

6. Bake 90s at 95Û&� 

7. Align sample to edge bead mask with ~1mm overhanging mask edge on Karl Suss 

aligner, expose 1min. 

8. Develop edge bead in 1:4 AZ400-K: H20 1min. 

9. Align sample to waveguide mask, soft contact 

a. IR photolithography requires double-side polished samples and backside 

LOOXPLQDWLRQ�IRU�DOLJQPHQW�ZLWKLQ���� P� 

10. Expose, develop, bake: 
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a. 4110 resist (used for waveguide definition) 

i. Expose 8.5s at 7.5mW/cm2, develop in 1:4 AZ400-K: H20 for 5s 

after development visually complete, bake at 105Û&��PLQ� 

b. 5214 resist (used for definition of narrow sidelobe-suppression trenches) 

i. Expose 17s with blue filter at 7.5mW/cm2, bake at 105Û&��PLn, 

flood expose 1min with blue filter, develop in 1:5.5 AZ400-K: H20 

for 5s after development visually complete. 
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Appendix D: Dry and Wet Etches 

Wet etching is used instead of dry etching wherever possible because of the speed 

and convenience, particularly on device trial runs.  Chemical etchants can be mixed up 

and brought to the desired temperature within ten minutes.  Reactive ion etching 

(RIE) can require up to an hour in chamber cleaning, priming, and pump-down time.   

If waveguides are straight and oriented perpendicular to the major flat of the 

wafer, in the [110] direction, near-vertical InP sidewalls with HCl/H2O etches are 

possible.  HCl etching was used for all [110]-oriented waveguides in the previous PIC 

efforts at UCSB [1].  However, it was found that even when the waveguides are 

oriented correctly, an HCl/H2O etch may slightly over-etch laterally.  Etching all but 

the last 1000Å with H3PO4/HCl and following with a brief HCl/H2O etch were found 

to prevent lateral over-etching, but were difficult to control given the very short etch 

times. For fabrication of sensitive devices, RIE etching was used instead.  Dry etching 

is also required to create waveguides and trenches after wafer bonding to avoid 

trapping of acids in the air gaps between the bonded layers. 

 

InP Wet Etching: 

InGaAsP and InGaAs serve as etch stops for all InP wet etching. 
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2:1 HCl:H20 etches roughly 750Å per second at room temperature and is used for 

etching InP waveguides and cladding, and for the 10s post-RIE bottom waveguide 

sidewall smooth etch.   

3:1 HCl:H20 is used for InP substrate removal.  Removal of 350~375-P�

substrates requires roughly 50~70min. 

  

InGaAsP and InGaAs Wet Etching: 

InP serves as an etch stop for all InGaAsP and InGaAs etching. 

1:1:10 H2SO4:H2O2:H2O is used to etch InGaAs and InGaAsP of bandgap 

ZDYHOHQJWK���� P�RU�KLJKHU���7KH�+2O2 is added only after the H2SO4 and H2O have 

been mixed and allowed to cool.  1min is plenty for the 0.2-P�,Q*D$V�HWFK�VWRSV���

This etch etches InGaAsP of bandgap wavelength ���� P�URXJKO\�����Å/min. 

5HPRYLQJ� ,Q*D$V3� ZLWK� EDQGJDS� ZDYHOHQJWKV� RI� ��� P� RU� ORZHU� ZDV� QRW�

straightforward because all attempted etchants, including many ratios of 

H2SO4:H2O2:H2O (1:1:10, 4:1:1, 10:1:1, 1:8:1), etched these compositions very 

slowly.   In many cases, the SiN mask was critically damaged before all of the 1.1-P�

InGaAsP was removed.  Dry etching was used instead.  However, the 15-nm thick 

��� P� ,Q*D$V3� HWFK� VWRSV� ZHUH� WKLQ� HQRXJK� WR� EH� HWFKHG� DZD\� LQ� �������

H2SO4:H2O2:H2O in 30s. 
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CH4/H2/Ar RIE Etching: 

A 980-nm laser is used as a monitor because etch rates vary greatly.  One period 

of the monitor output corresponded to 1420nm of etched InP.  Samples etch more 

quickly near the edges and must be surrounded by scrap InP to reduce non-uniform 

etching.  Even with this precaution, etch depths near sample edges are typically 10 to 

20% greater than those near the sample center.  Dry etching of waveguides is 

performed to within 1000 � RI� WKH� GHVLUHG� KHLJKW� LQ� WKH� VDPSOH� FHQWHU� DQG� DQ\�

remaining InP is removed with a sidewall-smoothing wet etch.  Polymer deposits can 

be a problem with CH4/H2/Ar etching, but are alleviated with shorter etches, 

thoroughly removing photoresist from samples beforehand, and thoroughly cleaning 

the inside of the chamber with isopropanol and oxygen plasma before using.  

Sometimes for long etches, a 3-min polymer clean was used every 10min of etching 

to prevent polymer build-up. 

 

Processing 
Step 

Gas Flow 
[sccm] 

Voltage 
[V] 

Pressure 
[mT] 

Duration [min] 

Chamber 
Clean 

O2 20 500 125 20~40* 

Chamber 
Precoat 

CH4/H2/Ar 4/20/10 500 75 10 

Etch CH4/H2/Ar 4/20/10 500 75 Varies** 

Descum O2 20 300 125 1/3 of etch time 

All etches performed at 50ºC. 

*Depends on cleanliness of chamber. 
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**For two 1.6x1.9cm2 samples surrounded by 8 roughly 1cm2 samples, InP etch rate 

was approximately 350~400 Å/min. 

 

References: 

[1] B. Liu, "Three-Dimensional Photonic Devices and Circuits," in Electrical and 
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Appendix E: Direct-Contact Wafer Bonding 

The thorough sample cleaning is very important for good bond yields.  Particles 

and films must be removed assiduously.  Assembly of the samples is also performed 

very carefully, as uniform pressure is critical for good quality wafer bonds.  Uneven 

fixture assembly can result in samples that are only bonded on one side. 

There is no pattern alignment during bonding assembly: patterned samples are 

always bonded to blank, un-patterned samples.  However, it is important that the 

samples’ edges appear parallel to the naked eye because otherwise a poor facet cleave 

will result.   

 

1. Cleave a blank, un-patterned sample to the same size as the patterned sample.  

a. If double-sided epitaxial layer processing is used, host sample should 

be commercially thinned ����- P�WKLFN�GRXEOH-polished InP. 

2. Make a very small, faint mark in corner of one sample with cleaving tool. 

a. If double-polished host substrate is used, mark its backside to be 

certain correct side is bonded. 

b. Do not make mark opposite any good devices. 

3. Remove SiN from patterned sample with 1min CH4 plasma for every 1000�

SiN. 

4. Swab sample with an acetone-soaked synthetic q-tip for 1min and solvent 

clean with acetone and isopropanol. 
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5. Carefully inspect sample surfaces with microscope for particulate matter.   

6. If particles are present, start over at 4.   

7. 1-min oxygen plasma clean.  

8. 25s NH4OH dip.  

9. 5 to 10min buffered HF dip. 

10. Transport to bonding furnace in NH4OH. 

11. Transfer samples to crystal dish half-filled with methanol, assemble with 2 

pairs of tweezers so desired surfaces are in contact and sample edges are 

aligned, and press down on center to drive out liquid between the samples. 

12. Remove assembled samples to a cleanroom wipe, align so edges look as 

parallel as possible if slightly rotated.  Press down on center with one pair of 

tweezers while holding with other pair, flip over, repeat on other side. 

13. Inspect both sample sides for particles, remove with tweezers if necessary. 

14. Assemble fixture:  

a. Blow off all fixture pieces with N2, preferably before sample assembly 

steps. 

b. Place one drop methanol on fixture bottom surface for adherence, 

position silicon in center of fixture. 

c. Place one drop methanol on silicon, center samples on silicon. 

d. Center dome on top of silicon by hand, inspect fixture from side to 

check position. 
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e. Position graphite fixture top, screw in screws until light resistance, 

adjust screws so fixture top is parallel to bottom when viewed from 

sides.  Tighten screws with torque wrench, moving from screw to 

screw multiple times rotating wrench only partway each time to ensure 

evenness. 

15. Load fixture into bonding furnace, evacuate to 1psi, fill with N2 to 15psi, open 

exhaust fan such that glycerine bubbles at 1~2 bubbles/s. 

16. Set furnace to 630ºC, return in 50min and set furnace to 0ºC, return when 

furnace temperature reads 400ºC (roughly 25min) and move furnace away 

from fixture. 

17. Fixture and samples may be removed when the furnace temperature is less 

than 80ºC. 
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Appendix F: Miscellaneous processing 

Sample Cleaving: 

Samples are cleaved to be 1 to 3mm longer than the mask pattern.   This is because 

most of the material 1 to 2 mm from the edge is severely damaged during the 

substrate removal wet etch step.  After the initial nick, meticulously blowing off the 

top surface with N2 before turning the sample over to make the cleave was found to 

be critical to avoid scratches from the small InP particles sprayed by the nicking.  

Even very small scratches had deleterious effects on the bond.   

 

SiN Masking: 

SiN is deposited immediately after each new epitaxial layer (or epitaxial layer side, 

in the case of double-sided epitaxial layer processing) because the semiconductor 

etches damage photoresist. This is also done to protect the top surface for wafer 

bonding.  This initial layer of SiN is not removed from regions that come into contact 

during bonding until just before the bonding step.  Avoidance of scratches or any 

other damage to these regions is critical, as tiny scratches lead to large un-bonded 

areas.  Deposition is performed using a Plasma-Therm PECVD.  1000- � OD\HUV�RI�

SiN are used because they are thick enough to withstand all etches and yet sufficiently 

transparent to view any lateral over-etching of material below.   
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SiN etching: 

CF4 plasma etching is used when the features are not so critical, as the plasma 

etcher occasionally leaves some polymer deposit on the sample that is very difficult to 

remove.  The entire mask etch requires only a few minutes including pump-down 

time.   

SF6/Ar/O2 reactive ion etching (RIE) leaves no polymer deposit on the 

sample, but due to the 20-min chamber pre-clean it is only used when it is critical that 

the SiN is etched cleanly.  The SF6/Ar/O2 RIE SiN etch rate is roughly 330Å/min. 

 

Sidelobe Suppression Trenches: 

To avoid coupling of the guided mode to the slab mode of the slab waveguide 

above or below it, slab waveguide material is removed wherever the coupled 

ZDYHJXLGHV�DUH�PRUH�WKDQ��� P�DSDUW��)LJXUH������[1].  

 

Waveguide Facet Cleaving: 

The waveguide facets are cleaved by hand.  A 2-mm-long straight waveguide 

UHJLRQ� IRU� FOHDYLQJ� LV� LQFOXGHG� RQ� WKH�PDVN�� � 7KLQQLQJ� WKH� VDPSOH� WR� �� P� EHIRUH�

cleaving, and cleaving with a micrometer-stage-controlled setup was attempted, but 

the cleave showed no improvement. 
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Anti-Reflection (AR) Coating: 

Anti-reflection (AR) coatings are performed on both facets to reduce losses and 

noise.  SiO is deposited at 3~5Å/s at thicknesses varying from 2200 to 2500Å.  The 

refractive index of SiO at this deposition rate is roughly 1.7.  The reflectivity was less 

than 0.6% over 150nm.  Calibration was performed with a Lamda-9 

spectrophotometer.   Though deposition at 30-50Å/s was found to produce a coating 

of superior index for AR purposes (0.1% reflectivity around 1550nm), a very non-

uniform coating near the waveguides resulted, possibly from a reaction of the SiO 

with the SiN masking material that remained on the top surface of the device.  Fixing 

undesirable coatings required a fresh cleave.  Despite facet cleaning attempts with 

oxygen plasma and buffered HF, re-depositing SiO on a facet that appeared to have 

been cleaned of SiO always resulted in a very non-uniform coating. 
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Appendix G: Mask Issues 

On all masks, devices that deviated somewhat from those simulated were included 

in case the growth or simulations were undesirable.  The 5 to 12 additional devices 

generally provided a range of 30% under-coupling to 30% over-coupling relative to 

the simulated ideal.   

Support regions were placed 10µm away from all waveguides to ensure that 

neither deformation of the structure nor unwanted coupling to the supports would 

occur.   

,W�ZDV�IRXQG�WKDW�GHYLFH�LQSXWV�DQG�RXWSXWV�PXVW�EH�DW�OHDVW��� P�DSDUW�WR�DYRLG�

crosstalk above the background noise level of the measurements. 

Waveguides with 7º facet tilts were used to reduce undesired reflections [1].  The 

slab waveguide removal regions are also tilted 7º at the end facing the device center 

to reduce undesired reflections of the slab mode [2]. 

A 2-mm-wide “frame” around the waveguide mask providing a solid bonded 

region with 5- P�ZLGH�YDSRU�WUHQFKHV�IRUPLQJ�D�JULG�RI����- P�VTXDUHV�ZDV�IRXQG�

to reduce damage to the waveguides near the edges during substrate removal.  The 

trenches are essential for allowing gaseous products to escape during the bond. 

Other useful tricks to avoid sample damage through minimizing sample handling 

include align mark patterns that allow determination of which end of the sample is 

“up” without magnification and easily distinguishable marks for the post-bond IR-

photolithography step. 
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