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Abstract 

Three-dimensional Photonic Devices and Circuits 

By 

Bin Liu 

Photonic integrated circuits have held the promise that the success of electronic 

integrated circuits could be transferred to the realm of optics. The complexity of 

both electronic and photonic ICs comes from a combination of pushing the 

performance of individual components and increasing the complexity of their 

interconnections. Compared to the development of microelectronic ICs, one 

missing key technology in PICs is the three-dimensional optical interconnection. 

The major breakthrough for PICs can be expected when technology is ready for 

3D multilevel photonic devices and circuits with an increased functionality due to 

large-scale integration. 

In this dissertation, we explore the possibility of the fabrication of 3D 

photonic devices and circuits using the wafer bonding technique. Several novel 3D 

multilevel photonic devices and circuits for WDM applications are demonstrated. 

They include wafer fused vertical coupler with a very short coupling length, push

pull coupler switch by inverting the crystal symmetry macroscopically, multi

channel wavelength multiplexers using cascaded vertical couplers, and optical 

add/drop multiplexers based on X-crossing vertical coupler filters. The detailed 

design, fabrication and characterization of these devices are presented in this 

dissertation. Since wafer bonding gives us an extra degree of freedom for the 

integration of different materials and structures, it is a potential and viable tool for 

future complex 3D photonic devices and circuits. 

xi 
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Chapter 1 

Introduction 

1.1 Wavelength Division Multiplexing Networks 

During the last decade, we have witnessed an explosive growth of the Internet and 

a rapid increase of data and voice traffic in telecommunications and computer 

networks. A conservative estimate of Internet traffic growth is that it will double 

every six months. If this growth rate continues, the aggregate bandwidth required 

for the Internet by 2005 in the United States will be in excess of 280Tb/s [1]. This 

current unprecedented demand for network capacity drives revolutionary changes 

of communication networks: Optical wavelength division multiplexing (WDM) 

[2-4] networking is replacing the conventional communication networks. WDM 

systems combine multiple wavelengths so they can be amplified as a group and 

transported over a single fiber. Using a WDM system for capacity expansion 

offers a more economical and efficient way to increase transport capacity without 

upgrading the existing fibers or terminal equipment. In addition, it allows room 

for future capacity expansion to the full bandwidth of the existing fiber plant by 

making many more wavelengths available on each fiber. 

Although the concepts for WDM started being explored in the laboratory 

more than two decades ago, cost-effective WDM systems were commercialized 

after the creation and perfection of various photonic devices and circuits used to 

combine, distribute, isolate and amplify optical signals at different wavelengths. 

Figure 1.1 shows the implementation of those photonic devices in a point-to-point 

WDM system. Current photonic devices and circuits may be entirely adequate for 

many of today's point-to-point applications, but they fall short of what is required 
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for practical implementation of the future networking techniques as optical 

networking grows in sophistication and complexity. After point-to-point WDM 

links have being successfully deployed worldwide, future growth of optical 

OADM: optical add/drop multiplexer 
oxe: optical cross connect 

Figure 1.2. Optical transport networking 

networks requires new photonic components and circuits, such as optical add/drop 

multiplexers (OADM) and optical cross connects (aXe), to select and route 
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individual wavelengths. The ability of these WDM nodal elements allows optical 

channels to be manipulated in WDM networks and enables new optical transport 

networks (also called all-optical networks, Figure 1.2). An all-optical network 

implies that the service providers will have optical access to traffic at various 

nodes in the networks, just as they have electrical access to today's networks. To 

make all nodes optical, which will solve the limitation of slow electrical circuits, 

photonic devices and circuits must be more sophisticated and cost-effective. In 

current WDM experiments carried out in the research laboratory, fiber optically 

interconnected photonic devices, such as lasers, waveguide modulators, tunable 

filters, optical amplifiers, isolators, couplers, attenuators, and detectors, are 

arranged on an optical table. Even if the combination of all individual photonic 

devices can meet the system requirements, a major problem here is that making 

the fiber connections to the various photonic devices used in these experiments is 

a laborious and costly process, and the coupling loss is often too large. This 

situation is often tolerable in point-to-point WDM links when only one or a few 

fiber cOJlnections are needed. However, when each node in the future optical 

transport networks must be optically accessible, such connections will become 

requirements and the cost will be unacceptable. One solution for this problem is 

photonic integrated circuits (PICs). PICs refer to the integration of optically 

interconnected guided-wave devices. By replacing the separate, sequential 

alignment of fiber interconnections between the discrete devices with single

crystal optical waveguides, PIC technology would not only yield substantial 

savings, but would also improve system robustness and produce more functional 

components to meet specific new requirements imposed by the corning and the 

future WDM networks. 
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1.2 Comparison of Electronic IC and Photonic IC 

PICs have held the promise that the success of electronic integrated circuits could 

be transferred to the realm of optics. Unfortunately, so far, this promise has fallen 

short of expectations. Electronic integrated circuits (EICs) began with the 

invention of transistors in 1947, and the idea of electronic integrated circuits was 

patented in 1959. After the first microprocessor was reported in 1971, the 

widescale deployment of the microprocessor in PC's began during the 1980's. The 

development of PICs began with the invention of semiconductor lasers in 1962. 

The concept of integrated optics was introduced in 1969 [5]. The first OEIC 

Copto-electronic integrated circuits) was reported in 1978 [6] and complex PICs 

have been reported from 1990 [7] onwards. Compared to today's EICs, which 

contain millions of transistors on a single silicon chip, the state-of-the-art for 

semiconductor PICs has been limited to a handful of devices. 

Two factors are hampering the break-through of PICs. The first is the lack 

of a large-scale market justifying the investments in developing complex PICs in 

the last decade. But this situation has now changed with the introduction of all 

optical networks. The second is the technical limitation to integrate the large 

variety of photonic devices on one chip, which comes from the nature of photons 

and will be the main challenge for PICs. 

It is believed that the competitive edge of PICs comes from increased 

scale of integration plus the corresponding cost reduction, which is in fact based 

on an implicit analogy between photonic and electronic ICs. This analogy, 

however, has to be treated with care. Although signals in both EICs and PICs are 

carried by electromagnetic waves, there are fundamental differences between 

them. In this section, we want to identify the physical and technical reasons, 

which have limited the development of PICs. 

The complexity of both electronic and photonic ICs comes from a 

combination of pushing the performance of individual components and increasing 



Chapter I. Introductio n  5 
the complexity of their interconnections. However, there are big differences 

EIC PIC 

Basic Element simple and similar many and complicated 

Dimension J.LInXJ.Lm lOOJ.LmxlOOJ.Lm to cmxcm 
Components 

Scale millions handful 

Substrate one (Si) � one (InP. GaAs. Si etc) 

Connect of cells wires waveguides 

Interconnections 3D Multilayer 7 layers none (strongly needed) 
vertical interconnect 

Enabling technology thin film technology Not available 
flip-chip bonding (wafer bonding ?) 

Table 1.1.  The comparison between EICs and PICs 

between electronic and photonic components and their interconnections. Table L 1 

is the comparison between EICs and PICs. In electronic ICs, there are only a few 

basic components (transistors, resistors, for example) and they have the similar 

structures formed on a common host: a silicon substrate. The initial material 

choices· (silicon substrates, silicon dioxide gates and intermediate dielectrics, 

aluminum interconnections) and processes such as planar technology and 

photolithography have stood the test of 40 years in EICs. The development of 

individual components is mainly reflected by decreasing transistor size, which not 

only reduce costs, but also improve performance in terms of speed, functionality 

and power dissipation [8]. Modem transistors have dimensions of only a few 

microns and the gate length is only submicron. In contrast, there are many types 

of photonic components with totally different structures (lasers, detectors, 

modulators, couplers, routers and etc.) in PICs. For optimization of the 
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performance of different photonic devices, generally several different substrates 

(such as InP for lasers and detectors, Si for routers and pigtail coupling, LiNb03 

for modulators) and different active regions are needed. Therefore, each 

component in a PIC makes some compromise with its neighbors to achieve 

integration and may not have as sterling a figure of merit as the best discrete 

device. There are devices which do not play well with others at all, and resist 

integration entirely (such as optical isolators) for ill-V semiconductors. In the last 

decade, several approaches to those problems in PIes have been considered. One 

is the universal substrate approach [9] in which only a single compromise 

structure is grown. The design of this structure is such that perhaps all of the 

individual device structures depart from optimum to an extent, but an overall 

functional advantage is gained from their integration. The second approach is to 

use multiple growth and etch process [10]. This approach allows for separately 

optimized device structures, but makes waveguide alignment and coupling 

difficult. The third approach is selective area growth (SAG) [11], which allows 

the engineer to selectively determine the local bandgap of many devices within a 

single plane simultaneously and makes the integration of low loss waveguides, 

modulators, switches, lasers and detectors all in a single optical plane possible. 

But, even with these complicated processing techniques, a large scale PIC is still 

beyond our vision. This is mainly because photonic devices have lengths ranging 

from hundreds of microns to several centimeters, which limits the number of 

photonic components that can be cascaded on a single chip to only a few. The 

further shrinkage of the physical dimension of current photonic devices will 

depend on new concepts. 
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We have seen that the laws of physics and the sciences of materials and 

devices are becoming increasingly less friendly as we approach the photonic 

regime. This will be seen more obviously when we compare the interconnections 

between EICs and PICs. In EICs, millions of electronic components are 

electrically interconnected with wires. As the EICs' complexity increased, the 

concept of true three-dimensional (3D) multiple layers of interconnection (see 

Figure 1.3) were developed in 1980's, and the size of EICs (microprocessors) has 

M3 . IDielectIic 
M2 

Ml 

Silicon 

Figure 1.3. 3D multilayer vertically interconnection in Ere 

been reduced dramatically and the speed has been dramatically increased. With 

multichip module (MCM) technology, the performance of EICs is further 

advanced. But this development has not occurred in photonics. Conventional 

photonic ICs rely upon a single plane of interconnections (Figure 1.4). The main 

reason is that optical interconnections via optical waveguides have more stringent 

requirements and tolerances than electrical interconnections. In electrical 

interconnections, the electrical signals can be easily routed by higher conductivity 

Al or CI.l wires and the use of dielectrics with a sufficiently small k is enough to 

isolate the possible crosstalk between wires and layers. Because of the strong 

confinement of electromagnetic waves in EICs, the vertical interconnection for 

3D EICs is not a problem. The electrical currents in wires can be arbitrarily 
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directed to different positions and layers without suffering a high loss. The 

Figure 1.4. 2D photonic Ie. Interconnections only happen on a single plane. 

enabling technologies for vertical interconnection in EICs are still the 

conventional planar technique and flip-chip bonding for MCMs. The current 

number of vertically interconnected layers is 7 and it will likely increase to 9 in 

2012. The situation is totally different for PICs when the signals propagate along 

an optical waveguide. In optical waveguides, the confinement of optical waves is 

relatively weak due to the finite index contrast (the smallest index is 1 for air) and 

the requirement of the single mode operation, which forbids optical waveguide 

bends with a small curvature. Otherwise, bending waveguides will suffer from an 

unacceptable optical loss. Therefore, to change the propagation direction of 

optical signals via waveguides in PICs, a large space to bend the waveguides is 

needed, which limits the integration density of two-dimensional PICs. Another 

factor to limit the complexity of PICs is that the routing of a large number of 

waveguides in two-dimensions inevitably involves a large number of waveguide 

crossings, which would increase the crosstalk and excess loss. The same problem 

happened in EICs and was solved by 3D vertical interconnection technology. 

Similar to EICs, the addition of a third dimension to photonic ICs will overcome 

some of the inherent problems in 2D PICs and increase the complexity of PIes 
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greatly. However, conventional thin film planar technologies are not suitable to 

vertically interconnect multiple layers in 3D PICs. In semiconductor PICs, 

different layers have to be crystalline, and non-planar crystalline deposition of 

low loss waveguides after patterning is difficult with epitaxy and impossible by 

sputtering or evaporation (as is done in EICs). The vertical bending (Figure 1.5) 

Figure 1.5. Different layers are connected by a slope waveguide. 

of optical waveguides further complicate the process of PICs. Polymers [12] may 

be a choice for this purpose, but the functions of such PIes are limited without the 

optical properties of semiconductors. 

1.3 3D multilevel photonic devices and circuits 

As we mentioned before, the nature of photonics makes the shrinkage of photonic 

devices difficult. It means that the advance of future PICs will mainly depend on 

increasing of the complexity of optical interconnections. The major breakthrough 

for PICs can be expected when technology is ready for 3D multilevel photonic 

devices and circuits with an increased functionality due to large-scale integration. 
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This dissertation describes the design and fabrication of several novel 3D 

multilevel photonic devices and circuits. The fabrication of 3D waveguide devices 

is based on a new technique, called wafer bonding or wafer fusion [13, 14], which 

was initially developed for integrating two dissimilar materials and surmounting 

the lattice mismatch in III-V semiconductors. Since wafer bonding can combine 

two patterned wafers together and enables processing both sides of epi-films, it 

provides us a viable method to stack planar processed circuits vertically to form 

novel 3D devices and circuits. An example is shown in Figure 1.6. Two arrays of 

waveguides on two different substrates are bonded to form a 3D 4x4 optical 

Figure 1.6. Proposed 4x4 crossbar switch array based on vertical 
coupling between two substrates by wafer fusion. 

switch. In this device, the vertical optical interconnection is provided by vertical 

coupling at the crossing points between different array layers and the air gap is the 

best isolation layer between top and bottom waveguides (see Figure 1.7). Inter

and intra-chips photonic interconnections can be realized based on this idea. 

It is worth noting that 3D optical interconnect technologies may be a 

solution for future high-bandwidth inputs and outputs (I/O) to very-large-scale 

integrated circuits (VLSI) [15]. Therefore, the development of 3D multilevel 
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photonic and optoelectronic interconnects may be driven by both the photonic and 

electronic industries. 

Figure 1.7. Vertical coupling between two layers. 

3D multilevel photonic devices and circuits are in their infancy. The final 

success will depend on new enabling technologies and device concepts. It is not 

only a big challenge for researchers in the field of optoelectronics, but also 

provides the researchers more freedom to fabricate novel photonic devices and 

circuits, as we will see in this dissertation. 

This dissertation will begin with a brief review of the history and 

application of wafer bonding in Chapter 2. The waveguide loss introduced by 

wafer fused interfaces will be investigated at the same time. Chapter 3 will give 

several useful techniques for the design and optimization of optical waveguide 

devices, including transfer matrix method, effective index method, coupled mode 

theory, normal mode theory and beam propagation method. The extinction ratio 

of couplers with very short coupling lengths will be emphasized. In Chapter 4, 5 

and 6, the design and fabrication of several 3D multilevel photonic devices and 

circuits will be described. Wafer fused vertical couplers with very short coupling 

lengths and push-pull switches by the inversion of crystal symmetry will be 

discussed in Chapter 4. Chapter 5 will introduce wavelength multiplexers by 

cascadillg 3D vertical couplers. The design and fabrication of optical add/drop 
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multiplexers based on X-crossing vertical coupler filters will be described in 

Chapter 6. Chapter 7 will summarize all of the work in this dissertation. 
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Chapter 2 

Wafer Bonding 

Wafer bonding or wafer fusion is a versatile technique of jointing similar or 

different materials together without considering their crystallographic orientation, 

structure, and lattice mismatch and without any adhesives. This technique has 

been developed and used for the fabrication of long wavelength vertical cavity 

surface emitting lasers (VCSELs) at UCSB since 1992. This chapter will review 

the history and some applications of the wafer bonding technique in Section 2. 1 

and 2.2.· In Section 2.3, a brief description of the bonding process will be given. 

More attention will be focused on the investigation of the optical propagation loss 

introduced by wafer bonding in fused optical waveguides in section 2.4. 

2.1 History of wafer bonding 

It has been well known for more than two hundred years that flat pieces of 

glass mirror polished to optical qUality and smooth metal surfaces, if atomically 

clean, can stick to each other. The fIrst systematic investigation on the room 

temperature adherence of pieces of silica was reported by Lord Rayleigh in 1936 

[ 1]. Many phenomena he observed and investigated have been rediscovered and 

conformed by researchers in the last decade. In the early 1960s, Nakamura et al. 
[2] found that an oxidized silicon could be bonded on a normal silicon chip 

without any adhesives. Kenny [3] succeeded in the bonding assisted by 2000 psi 

hydrostatic pressure and the high temperature annealing of 1225 °C. Later, Wallis 

and Pomerantz [4] introduced a fIeld-assisted method for bonding of glass to 

metal, o.r silicon to quartz. This method, called anodic bonding or field-assisted 
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bonding, is based on electrostatic forces pulling the two materials together. 

However, no attention was paid to their work because at that time there was only 

negligible application for silicon-on-insulator (SOl) materials. In addition, the 

wafer cleaning and polishing technology was not yet advanced enough to 

guarantee low contamination interfaces and sufficient surface flatness. 

The current interest in wafer bonding (also called wafer fusion, fusion 

bonding, bonding by atomic rearrangement or direct bonding) originated in the 

work performed by two different groups in the middle of the 1980s. Lasky [5] 

from IDM reported room temperature bonding of silicon to silicon dioxide, and 

silicon dioxide to silicon dioxide followed by a high temperature annealing. 

Shimbo et al. [6] from Toshiba reported the silicon to silicon direct bonding for 

power devices. Direct wafer bonding of compound semiconductors (GaAs to InP) 

was first reported by Liau and Mull [7] and Lo et at. [8]. Since then, the potential 

of the wafer bonding technique became widely recognized and different 

applications of wafer bonding were discovered. 

2.2 Applications of wafer bonding 

Apart from the scientific studies of semiconductors and semiconductor interfaces, 

the possible applications are the main impetus to the development of wafer 

bonding technique. A wide range of applications will be briefly described in this 

section; more attention will be paid to optoelectronic devices. 

A. Silicon-on-Insulator (SOl) 

Wafer bonding starts as a specific way to fabricate inexpensive thick 

(> IJ,lm) film SOl materials of high qUality. The use of SOl wafers for MOS 

production is apparent, but bipolar devices on SOl films may also become 

interesting. The details of SOl applications can be found in several review papers 

[91 [101· 



Chapter 2. Wafer bonding l7 

B. Micromechanics 

Wafer bonding has added a new tool to the tool-box of the researchers 

developing micro-mechanical devices [11]. One of the earliest uses of wafer 

bonding was in the packaging of pressure sensors. Now it is commercially used 

for sensor and actuator fabrication. The most significant area of application for 

wafer bonding is in wafer-level packaging, which makes it possible to realize 

tremendous overall savings in cost. An important role for wafer bonding in 

microstructures is in the creation of multi-wafer laminations. This concept is very 

valuable for photonic integrated circuits as we discussed in the fIrst chapter. 

c. Bonding of dissimilar materials 

Wafer bonding of different compound semiconductors is of great interest 

since it suggests a technique for combining the best features of compound 

semiconductors. Heteroepitaxial growth by means of molecular beam epitaxy 

(MBE) and metal organic chemical vapor deposition (MOCVD) has been 

developed to integrate different materials. These attempts have been somewhat 

successful but the compound semiconductors grown in such processes are 

generally poorer than films grown on the same substrates because of the 

constraint of lattice mismatch. Wafer bonding promises to become a powerful 

new tool for combining dissimilar materials without degrading the crystal qUality. 

Since this technology was fIrst introduced to ill-V compound semiconductors, 

many novel and innovative device applications have been demonstrated. In many 

cases, record performances have been achieved. A few prominent examples are: 

long wavelength vertical cavity surface emitting lasers (VCSEL) by bonding 

GaAs/AlAs mirrors to InGaAsP active regions [12] [13]; high brightness LEDs by 

replacing an absorptive substrate, GaAs, with a transparent substrate, GaP [14]; 

high gain bandwidth product avalanche photo detectors (APDs) by combining 

silicon with InGaAs [15] and resonant cavity detectors. One interesting 
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application of wafer bonding is to form a compliant substrate on which defect-free 

heteroepitaxial layers with large lattice mismatches to the substrate may be grown 

[ 16]. 

D. Different crystallographic orientation bonding 

Besides the advantage of overcoming lattice mismatch. wafer bonding allows 

the integration of materials with different crystallographic orientations. This is a 

unique feature of bonding and it cannot be realized by epitaxial growth because 

the orientation is determined by the substrate. This concept has been applied to 

obtain structures by stacking GaAs layers. whose crystallographic orientations 

could be changed periodically. and produce a quasi-phase-matching effect for 

second harmonic generation [ 1 7] [ 18]. A push-pull operation switch was 

demonstrated recently by bonding two waveguides with different crystal 

orientations [19]. The details of the latter device will be discussed in Chapter 4. 

E. Three-dimensional structures 

Wafer bonding enables processing of the wafers prior to bonding. which is a 

way of fabricating novel device geometries. An example of applications is three

dimensional circuits. especially 3D photonic integrated circuits. This is one main 

goal of this dissertation. as we discussed in Chapter 1. Noda et at. [20] 

successfully demonstrated a 3D photonic crystal by multiple bonding of several 

layers of GaAs stripes using wafer bonding. In this dissertation. we will 

demonstrate a few novel 3D optical waveguide devices based on this idea. 

2.3 Wafer bonding process 

Although there may be some specifics in different bonding experiments. 

three basic steps are always needed in any wafer bonding process: surface 

cleaning. contacting. and annealing. In this section. the main procedure for wafer 
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bonding at UCSB will be described and the more details can be found in Babic's 

[21] and Margalit's [22] Ph. D. dissertations. 

Prebonding wafer surface cleaning is critical to the bonding quality and 

the uniformity of the bonded films. In general, the process of cleaning consists of 

solvent cleaning, oxidation and oxide removal. The solvent cleaning includes 

several immersions in boiling acetone, isopropanol rinsing and nitrogen drying. 

Then the wafers are descummed with oxygen plasma for 10 minutes at lOOW 

power. Concentrated ammonium hydroxide is used to remove the oxide. 

Subsequently, the samples are exposed to about 1 hour of ultraviolet-ozone for the 

second oxidation. Wafers are then placed in concentrated NH40H and transported 

to the bonding furnace. For 3D waveguide structures, because the wafers have 

gone through several lithographic processes and dry/wet etchings with a silicon 

nitride mask before bonding, a more careful surface cleaning is needed. Before 

the routine bonding cleaning, a gentle rubbing with Q-tips soaked with acetone 

and isopropanol is used to clean both surfaces of each wafer, and then the samples 

are placed in buffered-HF for 10 minutes to remove the possible residual SiN. It 

also helps to remove the oxide on InP surface. 

The contacting of two samples to be bonded is performed in a methanol 

solution: It is called wet bonding. One wafer is flipped on the top of another and 

they are pressed together. After two wafers are weakly bonded in solution by a 

slight pressure, they are taken out of solution and placed in the graphite bonding 

fixture. This method can prevent the reoxidation of the surfaces. 

The annealing furnace at UCSB is a modified Liquid Phase Epitaxy (LPE) 

setup. The quartz tube is evacuated to a pressure of about 10 mTorr after inserting 

the bonding fixture and then filled to atmospheric pressure with hydrogen. The 

annealing temperature is about 630°C and kept there for about 30 minutes. This is 

the general bonding condition that we used for the fabrication of waveguide 

devices. 
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2.4 Optical loss at bonded interface 

The topic of this dissertation is the application of wafer bonding to the 

fabrication of novel optical waveguide devices. As we mentioned before, most of 

the previous applications of wafer bonding to ill-V semiconductors are for active 

devices. But for monolithic integration, passive elements such as couplers and 

filters must be incorporated to realize high performance photonic integrated 

circuits. Optical waveguides with a small propagation loss are the core of most of 

passive devices. Although the mechanical, electrical and optical properties of the 

bonded interfaces have been extensively studied and the bonded interfaces were 

believed to be electrically conductive and optically transparent, there have been 

no reports on optical loss introduced by bonding interface. To get an estimate of 

bonded interface optical loss, we placed the bonded junction in an optical 

waveguide; the optical propagation loss of bonded and unbonded waveguides will 

be compared in this section. 

2.4.1 Wafer bonded waveguide fabrication 

The single mode waveguide structure is shown in Figure 2.1. It was grown 

by MOCVD with a 0.5 J.1m InGaAsP (Agap=1.3 f..lm) guiding layer, a 0.24 J.1ID InP 

cladding layer which includes two 0.1 f..lm InP layers and two 0.02 f..lm InGaAsP 

etching stop layers (Agap=1.15 f..lm), and finally a 0.6 f..lm L'1P ridge layer. For the 

purpose of comparison, we used the same wafer and single mode waveguide 

geometry with and without a bonded interface near the core region. Two bonded 

waveguide structures are fabricated in this experiment. To fabricate structure A, 

two lxO.8 cm2 samples are cut from the MOCVD grown wafer. In one of the 

sample, the 0.6 J.1m InP ridge layer and 0.1 f..lm cladding layer with two etch stop 

layers are removed using selective wet etching (Fig. 2.1(a» . 10 J.1m wide, 0.6 J.1m 

deep channels with 160 f..lm spacing are opened in another sample. The two 
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Structure B 

.... �I--- InP substrate 

05J..lm InGaAsP 
etch stop ======It�==:;:;;:;;:::= 
O.6J..lm InP • 

(a) before fusion 

4---- bonded junction • ::::::::::::::::;:::::;::::::;; 

(b) after bonding and top substrate removal 

(c) after wet etching 

Figure 2. L The fabrication steps for bonded waveguides 

2 1  

samples are then bonded at  630 °C for 30  minutes. Subsequently, the InP substrate 

and 0.5 /-lm InGaAsP guiding layer of the top sample are removed (Figure 2.1(b» . 

Finally, .3/-lm wide ridge waveguides are formed using wet etching (2: 1 HCI:DI 
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Figure 2.2 The stain-etched SEM pictures of structure A and B.  Tn structure B, after 
removing the top substrate and InGaAsP guiding layer, O.2J.Lm InP is left above the 

ridge. This is because the etching will attack the waveguide slab layer. A large scale 
picture is also shown. 

water) (Fig. 2. 1 (c» . Different from structure A, only the 0.6 J..lm InP ridge layer of 

one sample is removed and the 3 J..lm wide ridges with 125 J..lm spacing have been 

fabricated on another sample before bonding in structure B.  Thus after the 

substrate and the 0.5 J..lm guiding layer of the top wafer are removed, the single 
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mode waveguides are formed. Compared to A, the bonding area of structure B is 

very smalL All waveguides are along the [011] direction and the processing of all 

waveguides including the unbonded ones are same. The lengths of waveguides are 

around 6mm. 

2.4.2 Optical loss 

Figure 2.2(a) and (b) show two stain-etched SEM pictures of finished 

waveguides of structures A and B. To avoid etching the slab InP layer, the top 0.2 

J.lm InP layer of structure B is left above the ridge. The bonded interfaces cannot 

be seen in both pictures. This is an indication of the high quality of the bonded 

interface. The Fabry-Perot resonance technique (see Appendix A) was used to 

measure the optical propagation loss. The optical loss of an unbonded waveguide 

is about 2.4 dB/cm. The loss of structure A is 3.5 dB/cm and the loss of structure 

B is 5.6 dB/cm at 1.55 J.lm. Since the geometry and materials are identical, the 1. 1 

dB/cm excess loss in structure A should be attributed to the bonding interface. 

The theoretical analysis indicates that the field strength at the bonding 

interface of structure A is 49% of the maximum field; for structure B it is 35%. If 
the excess loss is only introduced by the bonded interface, structure B should have 

less loss than A. One reason of the higher loss of B is that the top 0.2 J.lm InP 

layer is so thin that it is broken randomly along the waveguides after the removal 

of the substrate, which introduces a high scattering loss. This can be overcome by 

changing the device design. Another reason is the very high pressure during 

bonding for structure B. In structure A, after fabrication of narrow channels on 

one of the samples prior to bonding, typically over 90% of the surface of the 

samples is in contact during the bonding process. In structure B where the 

bonding' was only over the surface on the top of waveguides, only 4% of the 

surface of the two wafers is in contact during bonding, There is one order of 
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magnitude pressure difference between structure A and B during bonding. A large 

pressure may introduce more defects at the bonding interface. 

The main mechanism that causes optical loss at bonded interface is still 

not clear. The possible reasons are non-uniform bonding interface and free carrier 

absorption. We checked the bonded interface using SEM. There are no visible 

microscopic voids in most areas of the bonded In(GaAs)PIIn(GaAs)P junction, 

which indicates a good uniformity of the bonding junction, and that the optical 

scattering loss caused by non-uniformity of bonding interface is negligible. The 

excess loss may be caused mainly by free carrier absorption. This is because the 

bonded interface is a defect-rich region and the bonding procedure introduces 

many residual impurities at the junction. Second Ion Mass Spectroscopy (SIMS) 

measurements confirmed that very high levels of oxygen exist at the InP/GaAs 

bonded junction [22]. As a result of crystallographic defects and impurities, 

charge trapping centers are present. Charge trapping, recombination and 

generation processes are expected to cause carrier absorption. More investigations 

are needed to understand the details of the bonded interface excess loss. 

Compared with structure A, structure B will be more attractive, since it 

provides an extra degree of freedom to realize new functional devices (see 

Chapters 5 and 6). Three-dimensional devices can be realized easily by patterned 

or structured bonding. 

2.4.3 Uniformity 

The issue of the bonded area uniformity for large scale monolithic 

integration is very important. The size of our bonded wafers is about 1 cmxO.8 

cm. After thinning and cleaving, the size of sample for measurement is about 6 

mmx6 mm . The yield of the bonded waveguides is more than 90%, which is 

almost the same as un-bonded sample. Channels in structure A provide 150 Jlm 

wide multimode waveguides. We didn't observe any "dark" spot in these 
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multimode waveguides under different exciting positions. This also indicates that 

the bonding material has a good uniformity. 

The most important problem for the uniformity of wafer bonding is the 

presence of "voids" or "bubbles" at the bonding interface, where the bonding has 

failed. It is widely believed that both the macroscopic surface flatness and the 

microscopic surface roughness are crucial for a successful uniform bonding. 

Commercially available well-polished Silicon, GaAs, InP wafers, having a 

flatness variation of several Jlm and a micro roughness of several A, are generally 

good enough to realize uniform bonding. However, after several processing steps, 

the surface roughness will be worse. Despite this fact, thanks to the mass transport 

effect under high pressure and high temperature [7], a uniform bonding is still 

possible, especially for In(GaAs)PIIn(GaAs)P systems. 

Figure 2.3 The microscopic pictures of InP/GaAs cleaved channels. 
The top one: 200xmagnification; The bottom one: lOOOxmagnification. 
Some liquid is diffusing out of channels. 

Since there are always some water, oxygen or hydrocarbons adsorbed at 

the wafer surface, the desorption of those liquids/gases trapped at the interface at 

an elevated temperature forms voids; or even large bubbles. This is the main 

problem in ill-V material bonding. To solve this problem, channels are etched in 
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one of wafers prior to bonding [21]. This phenomenon was observed a long time 

ago; Lord Rayleigh in 1936 noticed that scratches with ridges are detrimental to 

bonding whereas some scratches without ridges can be bonded easily. In 1991 

lOJ,lm etched groove 3J,lm wide waveguide 

Figure 2.4 Uniform wafer fusion. The spacing between two waveguides is 125J,lm. 
This sample has gone through 4 steps of SiN depositions, photolithographs, dry and 
wet etches (two before fusion and two after fusion) 

special grooves etched in the surface of one wafer were shown to exhibit no void 

fonnation and ensure a very high yield [23]. This demonstrates that the intrinsic 

voids are caused by gases trapped at the interface. The function of those channels 

is believed to provide an outlet for liquids/gases desorption during annealing. 

Figure 2.3 shows a microscopic picture of cleaved channels. The composition of 

the liquid that actually flows out of the channels is not known. Detailed 

investigation of the composition of the liquid is needed to better understand the 

functions of the channels. All of the bonding done in this dissertation is on 
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patterned substrates, i.e. , a certain structure is etched in one of the wafers prior to 

bonding. Thus, no intentional channels are used. One interesting observation is 

that a large area (1.2x1.6 cm2) uniform bonding can always be realized even if all 

channels don't go through the whole wafer. Figure 2.4 shows a microscopic 

picture of wafer-bonded wavelength multiplexers (see Chapter 5). This sample 

has gone through four steps of SiN depositions, photolithographs and dry/wet 

etches (two before bonding and two after bonding). As we can see from this 

picture, there are no microscopically visible defects in the surface. 

2.5 Summary 

In this chapter, the history and the main applications of wafer bonding 

technology have been reviewed. The optical propagation loss introduced by the 

bonded layer was investigated. An excess loss of L ldB/cm at L55Jlm has been 

measured for waveguides, which incorporate a bonded junction near the core 

region. Since wafer bonding technique opens a new degree of freedom for 

combining materials and for fabrication of novel devices, there is no doubt that it 

will play an increasing important role in a wide field. Although a great deal of 

progress has been made to advance the wafer bonding technique as a viable 

production process, numerous questions are still remaining regarding the physics 

and the enabling technologies of bonding. For the fabrication of three

dimensional circuits, one key challenge is high precision (submicron) alignment 

during the bonding process. To realize the potential of wafer bonding, continued 

progress is needed to develop more reliable and flexible bonding equipment. 
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Chapter 3 

Design of Waveguide Devices 

3.1 Introduction 

Optical waveguides are the "wires" used to transmit and route optical signals 

(photons), which provide the basis for numerous integrated optic devices for the 

applications of lightwave telecommunications, optical signal processing and 

more. Effective and simple theoretical calculation techniques are needed for the 

design and optimization of waveguide devices. In this chapter, we will briefly 

discuss the design tools for optical waveguide devices. First, the transfer matrix 

method (TMM) for multilayer slab waveguide calculations will be given in 

Section 3 .2. Then, the effective index method (ElM) for simplifying 3D 

waveguide problems to two slab waveguides will be described in Section 3.3. 

Coupled Mode Theory (CMT) and Normal Mode Theory (NMT) for the design of 

couplers and filters will be described in Section 3.4. Beam Propagation Method 

(BPM) will be mentioned in Section 3 .5. Finally, in Section 3.6, these different 

methods are used to design vertical couplers. Fabrication of theses couplers will 

be presented in Chapter 4. More examples of vertical coupler devices will be 

shown in Chapter 5 and 6. 

3.2 Transfer Matrix Method (TMM) 

The transfer matrix method [1] is a powerful and effective technique to find the 

propaga�on constants of modes in a planar waveguide without explicitly deriving 

an expression for the transcendental characteristic equation. This numerical 

technique is particularly well suited to design and optimize multilayer 
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waveguides, where the modes can have a complex propagation constant due to 

loss or leak mechanisms. 

We consider a planar multilayer waveguide as shown in Figure 3 . 1 .  The 

general solution of the wave equation in each layer is well known: 

Ey•j = Aj exp(kj (x - xj » + Bj exp(-kj (x - xj »  (3. 1) 

where kj =�/T -k;n: , Ai and Bj are the complex field coefficients, ko is the free 

space wavenumber, p = kon�jf is the propagation constant, neff is the effective 

index and Xj is the position of layer j. By imposing the continuity of the field and 
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Figure 3. 1.  Schematic diagram of a multilayer slab waveguide. The field 
profiles of two modes are also shown (thin lines). 

its derivative for each interface, it is easy to find: 

where 
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r k . 

1 
(l-� ._1 )exp(-k .d .) 

1 kj+1 1 J 
, dj is the thickness of the jth layer 

r k . (l+� rEL)exp(-kjd) j+1 

and (j = 1 :  TE .  Thus we can relate the field coefficients in the cover CAe and 
nj+1 TM 
n� J 

Be) with the coefficients in the substrate (As and Bs): 

[�: J =T[�: J T = T . . . T.T = [tl l N l e t 21 
(3.2) 

For the guiding modes, the fields should be evanescent in the cap and the 
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Figure 3.2. lit I 1 as a function of e ffective index for a 5 layer 
waveguide structure (see Figure 3.1)  
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substrate layers. so the conditions As=O and Bc=O results in the characteristic 

equation: 

tl I (I3)=O (3.3) 

For loss less waveguides. all roots of equation (3.3) are real. It is simple to 

find all roots in a real axis. The simplest way is to plot 11 1 ti l 1 as a function of 

effective index. the peaks in this plot correspond to the eigenvalues of all guiding 

modes. Figure 3 .2 is the plot 11 1 t i l  1 for the coupler structure (shown in Figure 

3. 1). This coupler includes two 0.5 J.Lm InGaAsP (n=3.37 1) guiding layers and a 

0.6 J.Lm InP (n=3. 167) coupling layer. The two peaks correspond to the even 

(symmetric) and odd (anti-symmetric) modes. 

For general waveguides with complex refractive indices or leaky 

waveguides (such as anti-resonant-reflecting optical waveguides (ARROWs). see 

Appendix B). the effective indices are complex due to the loss. So the root 

searching of Equation (3.3) must be carried in the complex plane. An iterative 

numerical method is needed to find the complex effective index. A simple 

approach called the "downhill" method [2] is used for complex root searching. 

This algorithm works in the following way. First. the starting value no of the 

effective index is chosen to be the solution of the eigenvalue equation without the 

imaginary part of the index. Then 1 ti l 1 is determined at no±O[ and no±i02 where O[  

and 02 are the step size along the real and imaginary axes. The argument of the 

smallest ti l from the above five points is chosen as the next starting point. If the 

old and new starting points are identical. step sizes are reduced to 0. 10[ and 0. 102. 

The iteration is ended when step sizes are smaller than the preset value. 
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3.3 Effective Index Method (ElM) 
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Figure 3.3. The structure of the 3D vertical coupler 
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For any slab waveguides in which the modes are only guided in one dimension, 

the mode effective index and the field profile can be rigorously evaluated using 

TMM. For practical applications, two-dimensional guiding is required (both in the 

transverse and lateral directions). A number of numerical methods are available to 

solve the modal properties of the 3D waveguides. Among these methods, the 

effective index method [3] is popular and easy to implement. This method 

logically breaks the three-dimensional guide into two sequential slab waveguide 

problems, which can be easily solved by TMM. In the following, we use the 

vertical coupler as an example to describe EIM briefly. 

Figure 3.3 is a 3D vertical coupler, which can be fabricated by the wafer 

bonding technique (see chapter 4). To use EIM, first, the structure is sliced 

vertically to three parts I, II and lli. The effective indices n(, nu and nm are 

evaluated for each part. Then the three new effective indices are now used to form 

a new slab waveguide. Thus the mode index can be solved again by using TMM. 
To mail1tain the polarization in the same direction, the mode polarization in the 

second step should be opposite to that in the first step. Although EIM is an 
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approximate method. and is restricted by the assumption of the slowly. varying 

field along the second step direction. it is still valid for the fundamental mode of 

all waveguide cross-sectional shapes and the first two normal modes of the 

weakly coupled directional coupler. We will compare the calculation results from 

EIM with Beam Propagation Method (BPM) results in Chapter 4. 

3.4 Coupled Mode Theory and Normal Mode Theory 

3.4.1  Coupled mode theory (CMT) 

Vertical directional couplers are the basis of all work in this dissertation. To 

Eo(x,y) 

guide B 

Figure 3.4. illustration of the individual (EA(x,y), EB(x,y)) 
and normal (Eo(x,y), E1(x,y)) modes of a directional coupler 

analyze these coupled waveguide structures, coupled mode theory (CMT) [4-6] 

has been extensively used. CMT is essentially a perturbation approach that centers 

on the phase relationship and the mode field overlap between coupled 

waveguides. The theory is useful in providing a rational but somewhat 

oversimplified description of field interaction and power transfer in coupled 

waveguides. 
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Consider a coupler with two waveguides as shown in Figure 3.4, the 

longitudinal variation of the field amplitudes A(z) and B(z) in the waveguides can 

be written as 

�A(Z) = ivaA(z) + iKabB(z) dz 
� B(z) = ivbB(z) + iKbaA(z) , dz 

where the propagation constants are: 

va = Pa + [Kaa -CabKba +CabCba (Pa - Pb )]/(1 -CabCba ) . 
Vb = Pb + [Kbb -CbaKab + CabCba (Pb -Pa )]/(1 -CabCba ) , 

and the coupling coefficients are: 

/(ab = {Kab + Cab [Pa -Pb -Kbb ] } /(I -CabCba ) 
Kba = {Kba + Cba [Pb -Pa -Kaa ] } /(I -CabCba ) · 

(3.4) 

{3a and {3b are the propagation constants of the individual waveguides. Cab and Cba 

describe the individual waveguide mode overlap: 

Cpq = �ff(E; xH� )dxdy p,q=a,b. 

Kab and Kba represent the perturbations to the individual waveguides: 

ACq = t: - cq is the perturbation. Where €q (q=a,b) is the permittivity of the 

individual waveguide. Ea and Eb are the normalized fields of the fundamental 

modes of the unperturbed waveguides A and B. 

The above theory is the improved coupled mode theory, which was 

developed by Hardy [5] and Chuang [6]. For weak coupling cases (such as 

directional coupler filters), we can neglect the self-coupling terms (Kaa ' Kbb ) and 

the cross mode overlap terms (Cab, CbJ, and Equation (3.4) will be reduced to the 
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familiar coupled mode equation. For strongly coupling cases, these terms must be 

included [6, 7].  

The solution of Equation (3.4) can be expressed in matrix format: 

. �  . cos If/'Z - l - sm If/'Z 
If/ 

i 
K ba sin If/'Z 
If/ 

i 
K; sin If/'Z [Ao ] 

. � . B cos If/'Z + l - sm If/'Z 0 
If/ 

(3.5) 

Where � = 11 b ; 11 a , If/ = � li2 + KabKba . For any waveguide coupling systems (no 

grating), Equation (3.5) can always be used to synthesize and optimize the 

performance. 

With input boundary conditions A(O)=l ,  B(O)=O, the output power [8] is: 

p 
(z) = 1 _ (1 - CabCba )e2Sinh-I C� sin 2 ( fK K (1 + �2 )z) a 1 + �2 '" ab ba 

3.4.2 Normal Mode Theory (NMT) 

' (3 .6) 

(3 .7) 

Coupled mode theory is formulated on the basis of the mode fields and 

propagation constants of the individual unperturbed waveguides. It is still an 

approximation approach. As we have seen in last subsection, a lot of numerical 

integrals are needed before applying the CMT equation. It is not efficient. A more 

precise description of the guiding characteristics of a directional coupler is given 

in terms of the structure normal modes, (denominated "supermodes" or "system 

modes "). These normal modes are an exact solution of the wave equation. 

Considering the structure in Figure 3.4 as a whole composite waveguide, 

generally, there are two normal modes (supermodes): symmetrical (in-phase) 

mode (or even mode) and anti-symmetrical (out of phase) mode (or odd mode). 
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We denote the two normal mode field profiles as Ee, Eo (shown in Figure 3.4) and 

the propagation constants as (3e and (30. 
Although individual modes can be used to construct the normal modes via 

CMT, it is not accurate to do so in strongly coupled devices. The more accurate 

method is to use the � (combined with EIM for 3D structures) directly to the 

composite structure to solve the normal modes. This allows us to determine the 

normal field profiles and the propagation constants accurately, even in the case of 

strong coupling. It is worth noting that the coupling coefficients can be expressed 

in terms of normal modes as: 

p" + Po = Pa + Pb 

J�? +K K =
P,, - Po 

"V ab ba 
2 

(3 .8) 

(3.9) 

It is considerably more convenient than the integral to find the coupling 

coefficient in CMT if Kab =:: Kba , which is true for most of cases. 

After constructing the normal modes, power transfer between coupled 

waveguides under normal mode theory can be described by interference between 

normal modes and longitudinal coupling between normal modes and individual 

waveguide modes. In the weak coupling case, the individual modes may be 

represented in terms of normal modes. For simplicity, we consider two identical 

coupled waveguides (Ea=Eb) with the input from waveguide a:  

Ea (x, y) = �[77"E,, (X' y) exp(-i{Je z) + 770 Eo (x, y) exp(-i{Jo z)] 

(3 . 10) 

Where 1'1e and 1'10 are the excitation efficiency between the individual modes and 

the normal modes: 

i=e,o. 
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The output power from waveguide a and b can be expressed as: 

p. (z) = 2(1'1 1'1 ) sin 2 (13e -Po z) + (TJe - TJo ) 2 
b '/e'lo 2 2 

3.5 Seam Propagation Method (SPM) 

(3. 1 1) 

(3 . 12) 

Undoubtedly, the most precise numerical approach of the waveguide devices is 

Beam propagation method (BPM) [9, 10] .  BPM determines an approximate 

solution to the wave (Helmholtz) equation using several techniques such as 

Fourier transform or finite difference methods in the well-known parabolic or 

paraxial approximation, imposing the appropriate boundary conditions according 

to the changing index distribution. In this dissertation, a commercial BPM 

software [ 11 ]  called BeamPROP, developed by Rsoft Inc., is used. Principally, 

BPM provides a general simulation tool for computing the propagation properties 

of light wave in arbitrary waveguide geometries if the refractive index distribution 

n(x,y,z) can be described. But it takes a long time for BPM to get accurate results, 

particularly for 3D and long devices, from several minutes to several hours or 

even several days. It is not an efficient way to design and optimize waveguide 

devices. Generally, we always use approximate methods (EIM via TMM) to get 

the initial design structure, then modify and refine the structure by BPM. 

3.6 Design of vertical couplers 

In this section, we will use the methods discussed in the above sections to design 

and simulate couplers. Since a directional coupler is characterized by the coupling 

length and the extinction ratio, we will first give the coupling length from CMT 

and NMT. Then we will discuss the extinction ratio of vertical couplers with 

ultra-short coupling lengths. 
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3.6.1 Coupling length 

For weak coupling symmetrical directional couplers (the two waveguides are 

identical), l(ab = Kba = K and A = O .  When light is launched into an input 

waveguide, the minimum length required for one to achieve complete power 

transfer from waveguide A to waveguide B is defined as the coupling length Lc: 
1l 

L = c 2K 

which can be derived from (3 .7). 

Under normal mode theory, the coupling length can be rewritten as 

L = 
A A 

c 2(n� - no )  
= 

2.&1 ' 

(3 . 13) 

(3. 14) 

from (3. 1 2), where ne and no are the effective indices of even and odd 

supermodes, ').. is the free space wavelength. Therefore, the coupling length can be 

easily found by calculating the effective indices of the normal modes. 

3.6.2 Extinction ratio 

A. Straight coupler 

A high extinction ratio is the most important requirement for a coupler. 

Although we would like to get all the power from one of two output waveguides, 

it is generally observed that a small amount of power always exists in another 

output waveguide, causing cross talk problem. Besides the imperfect processing 

technology, there are some inherent limitations, such as unequal excitation of an 
. 

input mode to the symmetric and anti-symmetric normal modes [12] ,  to cause 

cross talk. Checking equation (3.6), we can see that complete power transfer 

requires CabCba=O for synchronous coupling (d=O) at positions z=(2n+l)lc. But 

condition CabCba=O can never be satisfied for coupled waveguides because it 

means there is no interaction (coupling) between two individual waveguides. 



42 Chapter 3. Design a/waveguide devices 

From Equations (3.6) and (3.7), it is easy to get the extinction ratio at the coupling 

length for synchronous coupling: 
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Figure 3.5. Extinction ratio and coupling length vs. the waveguide separation d. 

(3. 15) 

It is clear that the incomplete power transfer is because of the overlap between 

two individual waveguide modes. The shorter the coupling length is, the worse 

the cross-talk gets. 

From the viewpoint of normal modes, we can understand the extinction 

ratio more clearly. From Equations (3-1 1 )  and (3-12), we can derive the extinction 

ratio: 

(3 . 16) 

In general, the excitation to even supermode fle is stronger than that to odd mode 

flo. Thus the cross-talk always exists. Further, (3 . 16) can be related to the overlap 

of two individual modes: 
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n - n  ffEa (x, y)(E,, (x, y) - Eo (x, y))dxdy ER = C''' "'0 ) 2 = ( ) 2 
'I" + '10 II Ea (x, y)(E" (x, y) + Eo (x, y))dxdy 

ffEa (x, y)Eb (x, y)dxdy 
= ( ) 2 

II Ea (x, y)Ea (x, y)dxdy 
Where we assume lle=1'lo. It is a good approximation for most couplers. 
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(3. 17) 

Figure 3 .5 shows the extinction ratio (calculated from the individual mode 

overlap) and the coupling length (calculated using NMT) as a function of the 

separation of two waveguides. The structure is shown in Figure 3 .5.  The 

parameters used in the calculations are w=O.5 f.Lm, ns=3.167, ng=3.37 1 ,  A.=1 .55 

f.Lm. Although the extinction ratio has been overestimated by the mode overlap, it 

is obvious that the crosstalk is very serious when the coupling length becomes 

short. 

To improve the extinction ratio for a coupler with a very short coupling 

length, introduction of a slight asymmetry between two strongly coupled 

waveguides has been suggested [6, 7] .  The basic idea is to equalize the overlap 

�'������I 
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Figure 3.6. The output as a function of the index change. 
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integral of the input individual waveguide mode with the even and odd 

supermodes. We use BPM to simulate the coupler structure in Figure 3 .? (d=O.6 

J,.lm). Figure 3.6 shows the output power of two waveguides A and B as a function 

of index change of the waveguide A. When dn=O, the extinction ratio is only -16 

dB and the coupling length is 52.7 J,.lm. With the introduction of a slight 

asymmetry (dn=-0.003), the extinction ratio can be increased to -50 dB and the 

Figure 3.7. Symmetrical coupler with separated inputs and outputs. 
Normal modes at input and center coupling regions are plotted. 

coupling length is only changed to 5 1 .9 J,.lm, if the input is from waveguide A. It 

seems that this was a promising method to improve the extinction ratio. But when 

we change the input to the other waveguide B, the extinction is only -10 dB. To 

get the maximum extinction ratio, now the index change dn of waveguide A 

should be 0.003. This is because we cannot modify the individual modes of both 

waveguides at the same time to get the equal excitation to the even and odd 

supermodes. Therefore this method is only suitable to lx2 structures. For 2x2 

devices, the symmetry should be kept to exhibit the equal extinction ratios from 

their two output ports. 

B. Coupler with well separated inputs and outputs 

From the normal mode theory point of view, the high extinction ratio 

requires the same excitation amplitudes (11e and 110). As we know, if the structure 
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is symmetric (identical guides) and the guides are sufficiently well separated, the 

two excitation amplitudes will be identical when one guide is excited, regardless 

of the excitation distribution. This is the ideal initial condition. Therefore, 

tapering the input and output waveguides of a coupler may eliminate crosstalk 

[13] .  We consider a symmetrical coupler consisting of a symmetric converging 

waveguide flare, the center guide region, and the symmetric diverging waveguide 
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Figure 3.8. The output power as a function of the coupler length L
(a). d=O.6jlIIl; (b). d=O 

flare, with a constant amplitude excitation ratio, shown in Figure 3.7. Since the 

two normal modes are always orthogonal and they don't exchange energy, the 

output state of the coupled guides after the guides are again well separated can 

still expressed as Equations (3. 1 1) and (3 . 12): 

p (z) = 2(TJ TJ ) cos2 (
¢

) + (TJe -TJo ) 2 
a e 0 2 2 

(3 . 1 8) 

(3 . 19) 
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Where <f» is the total relative propagation phase difference between two normal 

modes and the adiabatic normal mode propagation is assumed. So the extinction 

ratio of a symmetrical coupler is entirely dependent on the relative mode 

amplitude and the profiles at the coupler end point where the coupling becomes 

negligible. We still use the same center coupler structure as in Figure 3.5 to 

simulate the performance of the coupler with well separated inputs and outputs. 

Figure 3.8 shows BPM calculated results with different separations. The S-bend 

parameters are s=10J,Lm and Ls=100J,Lm. With a proper tapering of the inputs and 
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Figure 3.9. The extinction ratio as a function of the separation s between 
two input waveguides. d=<), Ls=20s. 

outputs, the extinction ratio of >-50dB can always be achieved, even when the 

separation d=O and the corresponding coupling length is only 6.8J,Lm. The 

relationship between the extinction ratio and the S-bend separation for a coupler 

with the separation d=O in the center coupling region is shown in Figure 3.9. The 

separation between the inputs and outputs should be larger than 1 J,Lm to get -

30dB extinction ratio. 
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For a practical coupler, the separation of two input and output waveguides 

must be well separated to couple to fibers. The factors that affect the extinction 

ratio mainly include asymmetry from the imperfect fabrication and nonadiabatic 

1 0·' I--�--;""--+---,f----+--f 
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Figure 3. 10. The output power of the coupler with well-separated input and 
output waveguides as a function of index change. d=O.6J..lm. s=5J..lm. Is=100J..lm. 

mode propagation in the tapering regions, which would result in different 

propagation losses for two normal modes. Figure 3 . 10 shows the output power at 

the coupling length with the index change of the input waveguide for d=0.6 Jlm. 

To get :>-30 dB extinction ratio, the index change must be smaller than 0.0007 

( dn =0.021 %). This requirement will become more critical when the coupling n 
length is longer. Figure 3. 1 1  shows the index change tolerance to achieve -30 dB 

extinction ratio as a function of the separation d between two waveguides. The 

longer the coupling length is, the more symmetric the two coupling waveguides 

are to get a high extinction ratio. Since the imperfect fabrication always 

introduces a certain asymmetry between two waveguides, it is quite difficult to 

get a high extinction ratio for long directional couplers. Fortunately, to some 

extent, we can modify the waveguide parameters by post-adjustment, such as 
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applying a bias to change the waveguide index to compensate for the asymmetry 

to get a high extinction ratio. 

3.7 Summary 
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Figure 3 . 1 1 . The index change tolerance as a function of the 
waveguide separation d to achieve -30dB extinction ratio. 

In this chapter, some useful waveguide and coupler design and simulation 

techniques, including transfer matrix method, effective index method, coupled 

mode theory, normal mode theory and beam propagation method were reviewed. 

Based on these methods, we analyzed the coupling lengths and the extinction 

ratios for different couplers. One important result is that the extinction ratio is 

independent of the coupling length if the two input waveguides and output 

waveguides are separated enough to excite the two supermodes identically, which 

is true for most of the practical couplers. In this case, the symmetry between two 

waveguides is the key factor to get a high extinction ratio. The longer the 

coupling length is, the more critical the symmetry wil l  be. Compared to horizontal 

couplers, vertical couplers have very short coupling length. If the two inputs and 

outputs can be well separated, the high extinction ratio of vertical couplers will be 

more easily achieved than horizontal couplers. 
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Chapter 4 

Fused Vertical Coupler and Switch 

A coupler is a basic component in photonic integrated circuits and fiber optic 

communications. They have been used widely as power splitters [1 ] ,  filters [2-4] , 

multiplexers and demultiplexers [5-10], optical switches [1 1 ] ,  modulators [ 12, 

13] . Different types of vertical couplers are the core elements in this dissertation. 

In this chapter, we will investigate wafer fused symmetric waveguide directional 

vertical couplers and switches. First, we will compare vertical coupler and 

horizontal couplers in Section 4. 1 .  The simulation results of 3D vertical couplers 

will be given in Section 4.2. The fabrication and characterization of fused vertical 

couplers are described in Section 4.3. By inverting the crystal symmetry, push

pull operated fused vertical coupler switches and their fabrications will be 

discussed in Section 4.4. In Section 4.5, a vertical coupler with laterally separated 

inputs and outputs will be described. 

4.1 Vertical coupler and horizontal coupler 

There are two kinds of directional coupler structures. Conventionally, directional 

couplers. are fabricated on a plane using two separated parallel identical guides 

(see Figure 4. 1 (a»; these are known as horizontal couplers. The separation 

determines the device length. Generally the device length at least equals to one 

coupling length Le. Material and fabrication technique constraints (lithography 

and the need for well-defined etching techniques) have set the coupling length 

limits of such a horizontally arranged coupler, which usually is several mm. 

Therefore, horizontal couplers require large space consumption and also have a 

high device capacitance, which means that it is difficult to achieve high speed 
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operation and a travelling wave configuration is necessary. For a long coupler 

(a) 

Figure 4. 1 .  The schematic drawing of horizontal coupler (a) and vertical coupler (b). 

switch, a high energy will be required to realize optical switching. 

A different coupler geometry is used for vertical couplers where the two 

waveguides are stacked vertically (see Figure 4. 1 (b)). The advantage of such 
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Figure 4.2. Coupling length of the vertical coupler and horizontal coupler as 
a function of waveguide width 

couplers in comparison to conventional horizontal couplers is due to the precise 

control of the thickness and the separation between two waveguides, which are 

determined by the state-of-the-art MBE or MOCVD growth. Since the separation 
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between two guiding layers can be controlled to be smaller than 1J..lm, the 

coupling length can be shorter than 100 J.Lm [14, 18 ,  20] .  Another advantage of 

vertical couplers is that the coupling length is much less sensitive to the ridge 

waveguide width and sidewall smoothness than the horizontal planar couplers. In 

fact, the difficulty in making reproducibly and uniformly very narrow gap « 1  

J..lm) horizontal couplers have mitigated their development for ultra short 

switching devices. Figure 4.2 shows the comparison of the coupling length as a 

function of waveguide width between a conventional ridge-loaded horizontal 

coupler and a vertical coupler. The horizontal coupler includes 0.5 J..lm InGaAsP 

(bandgap 1 .3 J.Lm), 0. 1 J.Lm InP slab layer and 0.4 J.Lm InP ridge. The centers of the 

two waveguides are separated by 6 J..lm. The vertical coupler has the same 

structure as before. It can be seen that a change of 1J..lm in waveguide width wiII 

change the coupling length about 40%. When the same waveguides are coupled 

vertically, the coupling length is about 2 orders of magnitude smaller and much 

less sensitive to waveguide width variation (4-5% change in coupling length for 1 

J..lm waveguide width change). 

Because vertical couplers have very short coupling lengths, they have 

been studied by various research groups to realize compact optical switches and 

modulators [14-19] (see Table 4.1). But there is an inherent problem, which limits 

the practical applications of conventional vertical couplers. In conventional 

vertical couplers, the two input or output waveguides are so close together that 

direct coupling of individual waveguides with fibers is impossible. As discussed 

in the last chapter, the extinction ratio is also limited if the input and output 

waveguides cannot be well separated. In this dissertation, we will solve this 

problem by using the wafer bonding technique to process 3D vertical couplers 

with laterally separated inputs and outputs. 
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Wavelength Operating Extinction 
(lUD) Voltage (V) Ratio (dB) 

K. Tada et aI. [15] 
Univ. of Tokyo (1974) 1 . 15 10 no 

M. Cada et aI. [16] 
Nova Scotia. Canada (1989) 0.85 1 Vlcm no 

J. Cavailles et aI. [17] 
Philips. Fr:mce (1989) 0.88 5 no 

M. Kohtoku et aI. [18] 
Tokyo Inst. Tech. (1991) 157 20 no 
F. Dollinger et aI. [14] 

Munich. Germany (1996) 0.854 5 > 10 
B. Boche et al. [ 19] 

Munich. Germany (1996) 0.86 4 > 16 
B. Liu et aI. [20] 

UCSB. US (1998) 155 12 (2.8) - 15 
S. Druta et aI. [21] 

Yokohama. Japan (1998) 155 - -

Table 4. 1 .  Some examples of waveguide vertical couplers and switches. 

4.2 Simulation of 3D Vertical Couplers 

InP substrate 

: i: }�.· i:;�:���€���',�1}\��f!� 05 JUIl 
t:::::=��InP���==t=== O.l l1m 

t-----t----- O•1 JUIl 
air Gap Layer hr. nr 

InP 

InP substrate 

Figure 4.3. The structure of a 3D vertical coupler. 

Coupling 
LeD2th (J.lIl1) 
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no 
62 
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In this section, we will calculate the coupling length and the extinction ratio of 

straight wafer fused waveguide structures. The fused vertical coupler (PVC) is 

shown in Figure 4.3. A ridge-loaded waveguide structure based on an InP 
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substrate, with a 0.5 J.Lm InGaAsP o..gap=1.3 J.Lm) core region, 0. 1 J.Lm InP cladding 

and 0. 1 J.Lm ridge height, is vertically coupled through a fused gap layer to an 

identical waveguide. The gap thickness varies from 0. 1 to 0.6 J.Lm with its index 

ranging from that of InP to that of InGaAsP (Agap=1.4 J.Lm). The operation 

wavelength is 1 .55J.Lm. 
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Figure 4.4. The effective index of a symmetric supermode calculated by 
EIM (a) and BPM (b). 

Both the effective index method and the beam propagation method are 

used to find the effective indices of supermodes. Figure 4.4 and Figure 4.5 are the 

effective indices of symmetric and anti-symmetric modes as functions of gap 

layer index for different thickness of gap layer. We find that the results from EIM 

(a) match with BPM calculations (b) very well. But BPM needs several hours for 

each data point and ElM only several seconds. We should notice that the 

calculation step and length must be chosen carefully to get the exact results in 

BPM calculations. Sometimes, BPM results still have a small error as we see in 

Figure 4.5(b). From Figure 4.4, we can observe that the effective index of the 

symmetric mode is very sensitive to the change of the gap layer index, especially 

with the increase of the thickness of gap layer. Figure 4.5 shows the effective 



56 Chapter 4. Fused vertical coupler and switch 
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Figure 4.5. The effective index of anti symmetric supennode calculated by 
EIM (a) and BPM (b) . 

. "_0--_ 
(a) (b) 

Figure 4.6. Symmetrical (a) and anti-symmetrical (b) supennodes 
of fused vertical coupler for hgap=O.4llm and ngap=3.4 

index of the anti-symmetric mode, which almost does not change with an increase 

in the index of the gap layer. The reason is that the intensity of the symmetric 

mode in the gap layer is much higher than that of the anti-symmetric mode. For 

the anti-symmetric mode, there is a zero field point in the center of gap layer 

(Figure 4.6). Figure 4.7 (a) shows the coupling length for different parameters of 

the gap layer. As expected, increasing the gap layer index reduces the coupling 

length. On the other hand, the dependence of the coupling length on the gap layer 

thickness shows a mixed behavior. When the gap region has small indices close to 

the InP layer, increasing its thickness will decouple the two waveguides and thus 

increase the coupling length. However, when the index of the gap layer is large 

(close to 1 .3 /Lm quaternary), the mode amplitude in this region is no longer 
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Figure 4.7. The coupling length Ca) and the extinction ratio Cb) as a 
function of gap layer index for different thickness of the gap layer. 

exponentially decaying, but sinusoidal. So a thicker gap layer will increase the 

overlap integral between modes of adjacent waveguides and thus reduce the 

coupling length. When the gap layer thickness is more than 0.3-0.4 f.Lm, an 

analysis based on the supermodes of three coupled waveguides is more 

appropriate, but the appearance of undesirable modes in the gap layer will 

deteriorate the performance of the directional coupler (see Figure 4.7(b». 

The extinction ratios are determined from BPM calculations. The 

eigenmode of one of the uncoupled waveguides was taken for the input field, and 

power transfer to the other waveguide as a function of propagation distance was 

monitored by BPM simulation. Fig. 4.7(b) displays the extinction ratio defined as 

the ratiq of mode powers in the two waveguides after a coupling length. When 

the gap layer thickness and its index are high, the coupler has poor extinction 

ratios of 5 to 10 dB. In this case BPM simulation reveals 3 to 4 supermodes in the 

coupling region. In additional to the expected symmetric and anti symmetric 

eigenmodes, there are modes of the gap layer and some leaky modes. But for a 

wide range of parameters (gap thickness from 0.2 to 0.6 f.Lm, and gap index from 
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3 . 15  to 3.35), extinction ratios of 20 to 32 dB can be achieved. From Fig. 4.7(a) 

we see that this corresponds to coupling lengths of the order of 40 to 220 microns. 

Since the two waveguides are very close, it is almost impossible to measure the 

extinction ratio experimentally. In practice, the two ridge structures will be 

separated by curved regions and the on/off ratio is limited by non ideal fabrication 

process, as we discussed in the last chapter. 

1 wet etching 
to form ridge 
waveguide 

�J]�i!li�� O.4J.Lm InP 
g; etch stop 

O.5J.Lm InGaAsP 

InP substrate 

lremove top 
O.4J.Lm InP 

�����=-- fused interface 

Figure 4.8. Fabrication of fused vertical coupler 
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4.3 Fused vertical coupler 

59 

In this section, we will experimentally study straight passive wafer fused 

vertical couplers (FVC). 

4.3. 1  Fabrication of fused vertical coupler 

The structure of the fused vertical coupler is identical to that in Figure 4.3, with a 

0.2 J.lID thick InP gap layer. The material was grown by metal-organic chemical

vapor deposition (MOCVD) and consisted of a 0.5 /Lm InGaAsP O.gap=! '3 /Lm) 

guiding layer on an InP substrate, followed by a 0 .1  /LID InP cladding layer, 20 run 
InGaAsP O .. gap=!.15 /LID) etch stop layer and a 0.4 J.lm InP coupling layer. To 

fabricate the vertical coupler, two 8x10 mm2 samples are cleaved from the grown 

wafer. In the trrst sample the top 0.4 J,Lm InP layer is removed. On the second 

sample, a ridge waveguide structure is fabricated using standard photolithography 

and selective wet etching, with SiN used as the wet etching mask. The ridges have 

fusion 

0.5 Ilm InGaAsP 

0.1  Ilm InP � 
.- 0.4 Ilm air � ,0.1 Ilm lnP 

0.5 Ilm InGaAsP 

Figure 4.9. The stain etched SEM picture of a fused vertical coupler 

3-6 J.lm width, 0.4 J.lID height and they are separated by 125 J.lm. The two samples 

are then fused together at a temperature of 630°C in a hydrogen atmosphere for 30 

minutes. Figure 4.8 shows the fabrication procedure. Fig.4.9 is the stain etched 



60 Chapter 4. Fused vertical coupler and switch 

scanning electron microscope (SEM) picture of a finished fused vertical coupler 

(FVC). The fused interface is not visible, even after staining etch. There is mass 

transport at the edge of the ridge. This is beneficial to get a symmetric coupler and 

to improve the side wall flatness. 

Figure 4. 1 0. The near field patterns of the fundamental mode and the second 
order mode of fused vertical couplers. 

Intensity 

1530 nm 

1533 nm 

1536 nm 

Figure 4.1 1 .  Photograph of the near-field pattern at 1530, 1533, and 1536 nm. The 
width of the ridge is 3 Jlm, and the distance between the upper and the lower WGs 

is 1 . 1  Jlm. The left curve is the profile of the near field. 
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4.3.2 Characterization of fused vertical coupler 

6 1  

In order to characterize fused vertical couplers, an IR camera with an SOx 

objective lens is used to record the near field patterns at the output of FVCs. The 

light is input from a SJ.lm diameter single mode fiber. The light source is a tunable 

semiconductor laser. Figure 4.10 shows the near field patterns of the fundamental 

mode and the high order mode of fused vertical couplers. It can be seen that by 

changing the input wavelength, light is switched from the upper to the lower 

wavegu�de. The near field profiles at different wavelengths are shown in Figure 

4. 1 1 . Since the shapes of the two waveguide modes are very similar, one can get a 
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Figure 4.12. Measured intensity of the upper (closed circle) and 
lower (open circle) waveguides as a function of wavelength. 

high ex�nction ratio. Our measurement shows the extinction ratio is about 15  dB. 

This is particularly difficult to achieve in conventional high mesa vertical 

couplers [ IS] . Figure 4. 12 shows the intensities of the upper and lower 

waveguides as a function of wavelength. The length of the FVC is about 5.5 mm. 

From the oscillation period (about 12 run) and considering material and 
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waveguide dispersions, the index difference between the even and odd modes can 

be estimated to be 0.0124. The corresponding coupling length is 62 J.lm at 1 .55 

J.lm that agrees very well with the theoretical value of 58 J.lm result from BPM 

calculations. One important advantage of this strong vertical coupling is the 

capability of attaining highly selective WDM multiplexers by making longer 

couplers with significant overcoupling. Figure 4.1 2  illustrates the possibility of 

loss less combination or splitting of two signals separated by just 6 nm. Multiple 

wavelength multiplexers/demultiplexers will be discussed in the next chapter. The 

wavelength selectivity of a FVC can be enhanced by using strong asymmetry in 

the waveguide structure, as we will see in Chapter 6. 

4.4 Fused vertical coupler switch 

One important application of vertical couplers is an optical switch. To achieve 

power switching in waveguide couplers, the waveguide index must be changed 

via the electro-optic effect or thermo-optic effect to introduce a phase mismatch 

(L\f3) [22] between the optical fields in the two waveguides or change the coupling 

length of the couplers [23] .  In this section, we will first analyze different switches 

and then fabricate a P-I-N fused vertical coupler switch. 

4.4. 1 Vertical L\f3 and L\K coupler switches 

To switch the input signal from one waveguide to another waveguide in a coupler, 

a certain perturbation must be introduced. There are two different types of 

perturbations. One is called L\f3 switch, where a push-pull electrode configuration 

is used to induce positive and negative index change in different waveguides. 

Figure 4. 13 is a schematic drawing of a L\f3 switch. B ased on coupled 

mode theory (see 2.4. 1), it is easy to find that the switch is in the cross state when 

1Z 
KL = (2m - l) -

2 
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L = (2m - l)Lc 

+v 

n=3. 167 

n=3. 167 

-v 

Figure 4. 13.  Schematic drawing of a llJ3 switch. 
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Figure 4.14. The effective index of the 
uncoupled waveguide mode with the index 

change of the guiding layer. 
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Figure 4. 15. The needed switching index 
perturbation lln as a function of coupler 

length. 

where K is the coupling coefficient, L is the coupler length, Lc is the coupling 

length, m is an integer. 

The bar state requires that 

(ICL) 2 + (/li) 2 = (m;r)2 
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(�)2 + (
�f3L

)2 = (2m)2 
Lc 1! 

(4.2) 

From Equations (4. 1) and (4.2), we can find that complete switching depends on 

the initial state. When the coupler length is an odd multiple of the coupling length, 

�(3 modulation will drive the switch into the bar state. But when the initial state is 

the bar state, power switching is incomplete and crosstalk results. This 

disadvantage can be overcome by using alternative �(3 configurations [22] . Since 

�(3 switch represents an odd perturbation, it is the most efficient way to realize 

compact devices with small switching voltages. We take a simple 2D vertical 

coupler (see Figure 4. 13) as an example, where the thickness of the two guiding 

layers is 0.5 J.lm and the separation between the two guiding layers is 0.6 J.lm. 

First, the effective index of the uncoupled single waveguide mode with the index 

change of the guiding layer �n is calculated using TMM, which is shown in 

Figure 4.14. Then the needed index perturbation �n for switching can be obtained 

from Equation (4.2). Figure 4. 15 shows the index perturbation as a function of the 

coupler length. 

Another perturbation separate from �13 switch perturbation is symmetric, 

called �K switch. This perturbation cannot induce a relative phase shift in the 

waveguides, but instead it will modulate the coupling coefficient or the coupling 

length. Since the perturbation is symmetric, the supermodes will always remain 

orthogonal but with different propagation constants. The switching results from 

the dephasing between the two supermodes. The switching happens when 

1l 
�KL = -

2 
(4.3) 

where �K = � �(n .. - no )  is the change of the coupling coefficient. We use the 

same coupler structure as in Figure 4. 13 and consider two different index 

perturbations: case (a) index perturbation happens in both guiding layers and gap 
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layer; case (b) index perturbation only happens in gap layer, as shown in Figure 

4. 16. Figure 4.1 7  shows the calculated effective index difference ne-no between 

o c 

+v +v 

n=3.167 

+lln n=3.167 +lln n=3. 167 

n=3.167 n=3. 167 

+v -v 

(a) (b) 
Figure 4. 16. Schematic drawing of a llK switch. (a) index perturbation happens in both guiding 

layers and gap layer. (b) index perturbation only happens in gap layer. 
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Figure 4. 17. The calculated effective index difference between two supermodes and 
coupling length as a function of index perturbation for case (a) and (b) 

two supermodes and the change of coupling length as a function of the index 

perturbation an for both case (a) and (b). Compared to case (a), case (b) is more 

sensitive to the index perturbation. This is because symmetric and anti-symmetric 

modes have almost the same intensities in the guiding layers, but the intensity of 
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the anti-symmetric mode is much smaller than that of the symmetric mode in the 

gap layer, which have been shown in 4.2. If we can reduce the optical loss 

induced by P-doping, case (b) is more promising for optical switching. Using 

Equation (4.3), we can estimate the index perturbation needed for switching. 

Figure 4. 18  shows the switching index perturbation &1 as a function of coupler 

length. Compared to Figure 4.15, it is clear that the dK switch needs much higher 

perturbation than the �J3 switch, especially when the device length is short. The 

main advantage of the �K switch is that complete switching is possible whether 

the initial state is bar or cross and the relative ease for fabrication, especially for 

vertical couplers. 
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Figure 4. 18. The switching index perturbation &1 as a function 
of coupler length 

4.4.2 Fused vertical coupler switch via the thermo-optic effect 

The structure of the P-I-N fused vertical coupler is identical to the one in Figure 

4.9. The only difference is that the top InP substrate is p-doped and the bottom 

substrate is n-doped. Two wafers were grown using MOCVD. One was on a n+ 

InP substrate and the other one on a p+ substrate. These samples had a 0.5 Jlm 

InGaAsP (Ag=l .3 Jlm) guiding layer, followed by a 0. 1 Jlm InP cladding layer, a 
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20 nm InGaAsP (Ar l . l5 p.m) etch stop layer and finally a 0.4 Jlm InP coupling 

layer. All layers were undoped. Device fabrication starts by cleaving two 

approximately 10x1 2  mm2 samples from the grown wafers. In one sample the top 

0.4 Jlm InP layer is removed. On another sample, a ridge waveguide structure 

along the [ 1 10] direction is fabricated using standard photolithography and 

selective wet etching techniques. To support the narrow, 2 Jlm to 5 J..lm wide, 0.4 

Jlm high ridges during the fusion process, 10 Jlm wide InP layers were etched on 

both sides of the ridges as shown in Figure 4. 19. The adjacent ridge waveguides 

are separated by 125 Jlm. After fusion, the sample was thinned to 200 J..lm using 

an Hel etchant. Then 300 nm gold was deposited on both sides for applying the 

bias voltage. 

Figure 4.20 shows the measured I-V (current vs. voltage) curve of a FVC. 

The sample size is 3.5x4.5 mrn2• Since 80% of the area of two samples are fused 

together, and only 3% of this area are the actual ridge waveguide, there is a large 

I===============================J gold 

p+ InP substrate 

fusion I-·-�'·-···--·"-····--··"-""-------'-·-·-r------I··'··-'_·_,·_·····_··,········i+-
interface 

n+ InP substrate 

1::::===============:1 gold 

Figure 4.19. Schematic drawing of a fused vertical coupler switch. 
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leakage current that can be reduced by etching mesas and depositing metal only 

on the FVC ridge regions (see 4.4.3). 
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Figure 4.20. I-V curve of broad-area ohmic contact fused vertical couplers 

a 8 32 64 
Position 

Fused 
interface 

Figure 4.21 Electroluminescence image of 64 Jl.I1l wide fused area under 200ma current 
and intensity distribution of upper (dot line) and lower (solid line) guiding layers. 

When the wafer bonding technique is used to fabricate VCSELs and 

detectors, those devices are relatively small and the uniformity of the bonded 

material is not so critical for individual device operation. Making long waveguide 

couplers and switches, on the other hand, requires a good uniformity of the 
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Figure 4.22. Measured intensity of the upper 
(solid circle) and lower (open circle) 
waveguides as a function of reverse bias for 
a broad area ohmic contact FVe. 

.?:"iii c 
$ 0.6 oS 

O ������-��--��� 
16 20 24 28 32 36 40 44 48 

Temperature ( °c ) 
Figure 4.23. Measured intensity of the upper 
(solid circle) and lower (open circle) 
waveguides as a function of temperature. 
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bonding interface. We used electro luminescence images of FVCs to study the 

bonding uniformity under current flow. The near field pattern at the output facet 

of the coupler is observed by an IR camera with an 80x objective lens. Figure 

4.21 shows the luminescence image of the fused area at 200 rnA forward current. 

The image area is 64 Jlm wide. Luminescence from the two quartanery layers can 

be clearly distinguished. There are no dark areas and the intensity is very uniform 

along the fused interface. 

To characterize FVCs, a tunable laser is used to launch light at the input of 

the coupler through an 8 Jlm diameter single mode fiber. The near field images at 

the output of a 3 .5 rom long FVC for three reverse biases OV, 1 .8V and 3V are 

shown in Figure 4.22, along with the normalized intensities of upper and lower 

waveguides. The linear electrooptic effect at 3V is too small to explain the 

switching. We believe that the thermo-optic effect plays a major role in this 

device because of the high leakage current which contributes to internal heating of 

this structure. To confirm this, we changed the stage temperature, and switching 

was observed with a 30°C temperature change (see Figure 4.23).  To reduce the 
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thenno-optic effect, we will reduce the leakage current and describe that device in 

Section 4.4.3. 

4.4.3 Push-pul l  fused vertical coupler switch 

As we discussed in Section 4.4.1 ,  push-pull operation is the most efficient 

way to reduce the driving voltage for optical switch. It is also helpful to reduce 

the chirping by introducing positive and negative phase shift in two guides. In 
. 

conventional vertical coupler switches, push-pull operation requires the signs of 

the electric fields in the upper and lower waveguides to be opposite. This requires 

the presence of a third electrode between waveguides and application of positive 

and negative biases to the upper and lower waveguides (see Figure 4.24). 

Unfortunately, the fabrication of the third electrode in the narrow gap layer is very 

difficult in conventional vertical couplers. 

+v 

-v 

Figure 4.24. Conventional vertical coupler needs the third electrode and two 
positive and negative biases to realize push-pull operation. 

In this section, a single electrode, push-pull fused vertical coupler (FVC) 

switch using macroscopic crystal inversion symmetry will be demonstrated [24]. 

The anisotropic linear electrooptic effect in a zinc-blende crystal is used to 

achieve optical switching under 12 V reverse bias for a 6.9mm long FVC whose 

two guiding layers have different crystal symmetries. No switching is observed 
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for the identical structure in which the two guiding layers have the same crystal 

symmetry. 

It is well known that the linear electrooptic effect is anisotropic [25] [26] 

in zinc-blende crystal structures. When the applied electric field is perpendicular 

to (001) surface, it gives a positive index change +Lln for the TE polarized light 

propagating along [1 10] direction and a negative index change -Lln for the light 

propagating along [110] direction. In conventional epitaxial vertical couplers, the 

upper and lower waveguides have the same crystal orientation (see Figure 4.25 

(a)). Consequently push-pull operation requires a third electrode between 

• 
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In 
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p 
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Figure 4.25. SEM pictures and the crystal orientations of (a) in-phase FVC 
and (b) anti-phase FVC. 
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waveguides and application of positive and negative biases to the upper and lower 

waveguides. Since the electrooptic effect is anisotropic, if one of the waveguides 

in the vertical couplers is along the [1 10] orientation and the other one along the 

[110] orientation (see Figure 4.25 (b» , then under an applied bias, the index 

changes in two waveguides have different signs. This simplifies the electrode 

fabrication and only requires one electrode for push-pull operation. However, it is 

impossible to grow the whole vertical coupler structure with two different 

oriented guiding layers on one substrate, since the crystal structure fol�ows the 

substrate in epitaxial growth. The only way is to artificially integrate two wafers 

with various crystallographic orientations. This is a unique feature of wafer 

fusion. 

For (001) InP and GaAs wafers, there are two ways to orient the samples 

before fusion. One is in-phase fusion [27], which is shown in Figure 4.25 (a), 

where the [1 10] axis of the top wafer is perpendicular to the [1 10] axis of the 

bottom wafer. This structure is equivalent to that grown by heteroepitaxy. The 

other one is anti-phase fusion, which is shown in Figure 4.25 (b), where the [1 10] 

axes of two wafers are parallel . This structure cannot be realized using epitaxial 

growth techniques. Macroscopically, the lattice structure of anti-phase fused 

material has inversion symmetry at the fusion interface. It is obvious that the 

push-pull vertical coupler switch requires anti-phase fusion so that the applied 

vertical electrical field induces opposite index change in the two waveguides. 

Since some of the electrical and optical properties of crystals, as well as their 

processing characteristics depend on the crystal orientation, wafer fusion gives an 

extra degree of freedom to fabricate new types of devices. For example, S .  Yoo 

[28] has used wafer fusion to change the crystal orientation periodically to realize 

quasi phase-matched second-harmonic generation. 

For the purpose of comparison, we studied two kinds of FVCs fabricated 

using in-phase and anti-phase fusion. The schematic structure of the devices is 
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shown in Figure 4.25. Two wafers were grown using metal organic chemical 

vapor deposition (MOCVD). For the first wafer, on a n+ (001)  InP substrate, a 0.5 

!lm InGaAsP O .. g=1 .3 flID) guiding layer, followed by a 0.1 flID InP cladding layer, 

a 20 nm InGaAsP O .. g =1.15 flID) etch stop layer and a 0.4 J.lm InP coupling layer 

were grown. All layers were undoped. The second wafer was grown on a p+ (00 1) 

InP substrate. It consists of a 0.2J.lm p+ InGaAs layer, followed by a 2J.lm p 

(5x1017/cm3) InP layer and the same intrinsic InGaAsP and InP layers as the first 

wafer. The last 190nm of the bottom 2J.lm InP layer was undoped to avoid Zn 

diffusion to the quaternary layer during the end of the growth and wafer fusion. 

The 0.2 J.lm p+ InGaAs layer was used as an etch stop layer to remove the 

substrate. 
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Figure 4.26. The fabrication of in-phase and anti-phase FVCs 

SiN" 

The device fabrication starts by cleaving two approximately 8x12 mm2 
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samples from each of the grown wafers. The top OAJ..1m InP layer of the p+ 

samples is removed. On n+ samples, a ridge waveguide structure with 2-3J..1m 

width along the [1 10] direction is formed using standard photolithography and 

selective wet etching techniques. The [1 10] direction was chosen since HCI 

etchant produces straight side walls in this direction. The n+ and p+ samples are 

then fused together at a temperature of 630°C in a hydrogen atmosphere for 50 

minutes. In one case (fused sample A), the p+ sample was oriented so that its 

[1 10] direction was parallel to the waveguides on n+ substrate (i.e., anti-phase 

fusion). For fused sample B ,  the orientation of the p+ sample was chosen to get 

the in-phase fusion. After fusion, p+ InP substrates for both samples are removed 

using HCI etching. To reduce the leakage current, we first deposit 200 nm thick 

SiNx insulation layer on P side, and then open a 3 J..1m wide window on the exact 

ridge area with the help of infrared lithography. After that, a 5 J..1m wide electrode 

is formed by depositing AulZn and lift-off technique. Standard n-type ohmic 

contacts (AulGelNi) were formed on the n-InP substrate. The fabrication flow is 

shown in Figure 4.26. Figure 4.25 shows the stain etched scanning electron 

microscope (SEM) pictures for both anti-phase (A) and in-phase (B) FVCs. 
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Figure 4.27 shows the I-V curves of the samples A and B. The device size 

is about 7mmx3J.lm. There is a small forward voltage drop of IV at the fusion 

interface. The leakage current of sample A at reverse biases is a little higher than 

that of sample B .  Under forward bias, the luminescence images of anti- and in

phase fused devices are found to be similar as it can be seen in Figure 4.27. 
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Figure 4.27 _ I-V curves of in-phase and anti-phase FVC's and the electro luminescence 
images under 80 rnA forward current_ 

To characterize FVCs, a tunable laser source is used to input TE-polarized 

light through a lensed single mode fiber. The image at the output of coupler facet 

is recorded with an IR. camera with an 80x objective. The samples are mounted to 

a temperature stabilized stage. First, the passive switching of the two FVC 



Chapter 4. Fused vertical coupler and switch 77 

structures was characterized by changing the input wavelength as before. In 

response the effective coupling length changes and the output light switches 

between the upper and lower waveguides (Figure 4.28). The oscillation period is a 

function of the coupling strength between two waveguides and the total length of 

the couplers. The difference in the measured oscillation period of sample A 
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Figure 4.28. The light intensity at the output of upper (solid line) and lower (dash line) 
waveguides of (a) anti-phase, (b) in-phase FVC's as a function of wavelength . 

. 
(l lnm) and sample B (13nm) matches very well with the different length of the 

couplers (sample A: 6.9mm long, sample B: 5 .9rmn long). This shows that 

samples A and B have the same coupling length. Then a reverse bias is applied to 

both samples. The normalized intensities at the output of upper and lower 

waveguides as a function of bias voltage are shown in Figure 4.29 (a) (sample A) 

and (b) " (sample B). The anti-phase FVC switches at a bias of 12V while no 

switching is observed for in-phase fused sample B. 

It is known that the mechanisms of index change in p-i-n structures 

include linear electrooptic (LEO) effect, quadratic electrooptic (QEO) effect and 

free-carrier effect due to the modulation of the depletion layer. In the current 
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structure, because of a thick 1 .6J.lm intrinsic layer and because the operation 

wavelength is far away from the bandgap, the QEO and free-carrier effects are 

very weak. Furthermore, QEO and free-carrier effects should be the same for both 

samples, because they are independent of the crystal orientation. Therefore, the 

LEO effect dominates in current PVC structures. The switching in sample A is 

because of the push-pull configuration which comes from the inverted crystal 
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Figure 4.29. The light intensity at the output of upper (solid line) and lower (dash line) 
waveguides of (a) anti-phase, (b) in-phase FVCs as a function of reverse bias voltage. 

orientation. In sample B, the index change in the top and bottom waveguides is 

the same, so the switching requires a much higher voltage. 

4.5 Vertical coupler with separated inputs and outputs 

The major obstacle of conventional vertical couplers is how to launch light into 

two closed waveguides and couple light out to two fibers. Wafer fusion can 

provide the possibility of separating two input waveguides and output waveguides 

laterally. Figure 4.30 shows the structure of fused vertical coupler with separated 

inputs and outputs. For fabrication, first, a set of ridge waveguides on an InP 

wafer is defined using the usual wet and dry etching techniques. Subsequently, a 
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wafer is bonded on top of the waveguides. The fusion process is same as before. 

After removing the substrate of this top wafer using selective etching, a second set 

of waveguides is fabricated. These top waveguides are coupled vertically to the 

waveguides beneath them in areas where the two structures are connected by 

wafer fusion. The issue of alignment in the coupling regions is facilitated using 

... . . .  -.... -.. 

Fig. 4. 30 SEM pictures of the separated top and bottom waveguides for an 
asymmetric fused vertical coupler. The bottom picture is a photograph of 
the near field pattern at the output of the coupler where the two waveguides 
are separated by 250 fLm. 

infrared photolithography. Fig. 4.30 displays the SEM cross section of the bottom 

and top waveguides along with the near field infrared image at the output of an 

InGaAsP asymmetric coupler where the two waveguides are separated laterally by 

250 /Lm. By repeating the fusion process, one can obtain multiple layers of 

waveguide interconnects and realize 3D multilevel photonic integrated circuits. 
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4.6 Summary of the chapter 

In this chapter, we have successfully fabricated wafer fused vertical couplers with 

a very short coupling length of 62 Jlm. By inverting the crystal symmetry 

macroscopically, a push-pull anti-phase fused vertical coupler switch with a 12 V 

reverse bias switching voltage has been demonstrated. As a comparison, no 

switching is observed for in-phase FVCs. Finally, the two input waveguides and 

output waveguides are separated laterally with the help of wafer fusion. 



Chapter 4. Fused vertical coupler and switch 

References 

[1] A. N. Miliou, R. Srivastava, and R. V. Ramaswamy, "A 1 .3 mu m 

directional coupler polarization splitter by ion exchange," Journal of 

Lightwave Technology, vol. 1 1, pp. 220-5, 1993. 

[2] R. C. Alfemess, L. L. Buhl, U. Koren, B .  I. Miller, M. G. Young, T. L. 

81 

Koch, C. A. Burrus, and G. Raybon, "Broadly tunable InGaAsPIInP 

buried rib waveguide vertical coupler filter," Applied Physics Letters, vol. 

qO, pp. 980-2, 1992. 

[3] I. Kim, R. C. Alfemess, L. L. Buhl, U. Koren, B. 1. Miller, M. G. Young, 

M. A. Newkirk, M. D. Chien, T. L. Koch, G. Raybon, and C. A. Burrus, 

"InGaAs/InGaAsP MQW optical amplifier integrated with grating-assisted 

vertical-coupler noise filter," IEEE Photonics Technology Letters, vol. 5, 

pp. 13 19-21 ,  1993. 

[4] C. Wu, C. Rolland, F. Shepherd, C. Larocque, N. Puetz, K. D. Chik, and I. 
M. Xu, "InGaAsPIInP vertical directional coupler filter with optimally 

designed wavelength tunability," IEEE Photonics Technology Letters, vol. 

5, pp. 457-9, 1993. 

[5] H. C. Cheng and R. V. Ramaswamy, "A dual wavelength (1 .32-1 .56 !lm) 
. 

directional coupler demultiplexer by ion exchange in glass," IEEE 

Photonics Technology Letters, vol. 2, pp. b37-639, 1990. 

[6] H. C. Cheng and R. V. Ramaswamy, "Symmetrical directional coupler as 

a wavelength multiplexer-demultiplexer: theory and experiment," IEEE 

Journal of Quantum Electronics, vol. 27, pp. 567-74, 199 1 .  

[7] r. Januar and A. R. Mickelson, ''Dual-wavelength ( lambda =1300-1650 

nm) directional coupler multiplexer-demultiplexer by the annealed-proton

exchange process in LiNbO/sub 3," Optics Letters, vol. 18, pp. 417-19, 

1993. 



82 Chapter 4. Fused vertical coupler and switch 

[8] R. Klein, D. Jestel, H. J. Lilienhof, F. Rottman, E. Voges, Eur. Phys. Soc., 

Eur. Federation for AppL Opt., and SPIE, "Integrated-optic wavelength 

multiplexer in glass fabricated by a charge controlled ion exchange," 

Proceedings of the SPIE, voL lOl l, pp. 46-9, 1989. 

[9] J. P. Lin, R. Hsiao, and S. Thaniyavam, "Four-channel wavelength 

division multiplexer on Ti:LiNbO/sub 3," Electronics Letters, voL 25, pp. 

1608-9, 1989. 

[10] F. Rottmann, A. Neyer, W. Mevenkamp, and E. Voges, "Integrated-optic 

wavelength multiplexers on lithium niobate based on two-mode 

interference," Journal of Lightwave Technology, voL 6, pp. 946-52, 1988. 

[1 1] T. Aizawa, K. G. Ravikumar, Y. Nagasawa, T. Sekiguchi, and T. 

Watanabe, "InGaAsPIInP MQW directional coupler switch with small and 

low-loss bends for fiber-array coupling," IEEE Photonics Technology 

Letters, voL 6, pp. 709-1 1, 1994. 

[12] H. Hayashi and K. Tada, "GaAs traveling-wave directional coupler optical 

modulator/switch," Applied Physics Letters, voL 57, pp. 227-8, 1990. 

[13] M. N. Khan, W. Yang, and A. Gopinath, "Directional coupler electro

optic modulator in AlGaAs/GaAs with low voltage-length product," 

Applied Physics Letters, voL 62, pp. 2033-5, 1993. 

[ 14] F. Dollinger, M. V. Borcke, G. Bohm, G. Trank:1e, and G. Weimann, 

"Ultrashort low-loss optical multiquantum-well GaAs/GaAIAs vertical 

directional coupler switch," Electronics Letters, voL 32, pp. 1509-10, 

1996. 

[15] K. Tada, K. Hirose, and Japan Soc. Applied Phys, "A new light modulator 

using perturbation of synchronism between two coupled guides," 

presented at 6th Conference on Solid State Devices, Tokyo, 1974. 

[16] M. Cada, B .  P. Keyworth, J. M. Glinski, C. Rolland, A. J. Spring Thorpe, 

K. O. Hill, and R. A. Soref, "Electro-optical switching in a GaAs multiple 



Chapter 4. Fused vertical coupler and switch 83 

quantum well directional coupler," Applied Physics Letters, vol. 54, pp. 

2509-1 1,  1989. 

[17] J. A. Cavailles, M. Ennan, and K. Woodbridge, ''Experimental study of 

switching in a p-i(MQW)-n vertical coupler," IEEE Photonics Technology 

Letters, voL 1 ,  pp. 373-5, 1989. 

[18] M. Kohtoku, S.  Baba, S.  Arai, and Y. Suematsu, "Switching operation in a 

GaInAs-InP MQW integrated-twin-guide (ITG) optical switch," IEEE 

Photonics Techno!. Lett. , vol. 3,  pp. 225-6, 199 1 .  

[19] B. Boche, R. Muller, G. Bohm, G. Trankle, and G. Weimann, "Monolithic 

integration of GaAs-AlGaAs quantum-well lasers with directional 

couplers using vertical coupling of light," IEEE Photonics Technology 

Letters, vol. 8, pp. 1591-3, 1996. 

[20] L. Bin, A. Shakouri, P. Abraham, K. Boo-Gyoun, A. W. Jackson, and J. E. 

Bowers, "Fused vertical couplers," Applied Physics Letters, vol. 72, pp. 

2637-8, 1998. 

[2 1] � .  !kuta, S .  Kubota, W. Pan, S .  T. Chu, and Y. Kokubun, "Stacked 

ARROW vertical coupler with large tolerance and short coupling length 

for three-dimensional interconnects," Electronics Letters, vol. 34, pp. 

185 1-2, 1998. 

[22] H. Kogelnik and R. V. Schmidt, "Switched directional couplers with 

alternating Delta beta," IEEE Journal o/Quantum Electronics, vol. 12, pp. 

396-401 ,  1976. 

[23] M. K. Chin, "Design considerations for vertical delta k directional 

coupler," Journal of Lightwave Technology, vol. 1 1 , pp. 133 1-6, 1993. 

[24] B.  Liu, A. Shakouri, P. Abraham, and J. E. Bowers, "Push-pull fused 

vertical coupler switch," IEEE Photonics Technology Letters, vol. 1 1 , pp. 

662-4, 1999. 



84 Chapter 4. Fused vertical coupler and switch 

[25] H. G. Bach, J. Krauser, H. P. Nolting, R. A. Logan, and F. K. Reinhart, 

"Electro-optical light modulation in InGaAsPIInP double heterostructure 

diodes," Applied Physics Letters, vol. 42, pp. 692-4, 1983 . 

[26] A. Yariv, Quantum Electronics, Secoond Edition ed. 

[27] Y. Okuno, K. Uomi, M. Aoki, T. Taniwatari, M. Suzuki, and M. Kondow, 

"Anti-phase direct bonding and its application to the fabrication of InP

based 1.55 mu m wavelength lasers on GaAs substrates," Applied Physics 

Letters, vol. 66, pp. 451-3 ,  1995. 

[28] S. J. B. Yoo, R. Bhat, C. Caneau, and M. A. Koza, "Quasi-phase-matched 

second-harmonic generation in AlGaAs waveguides with periodic domain 

inversion achieved by wafer-bonding," Applied Physics Letters, vol. 66, 

pp. 3410- 12, 1995. 



Chapter 5 

Vertical Coupler based Wavelength multiplexers 

5.1 Introduction 

In WDM transmission systems, wavelength multiplexers and 

demultiplexers (MUXIDEMUX) are the essential components employed to 

combine and separate a number of optical streams at distinct wavelengths 

carrying different information. The realization of MUX/DEMUX's has been 

accomplished by using wavelength dispersive elements like optical interference 

filters, optical diffraction gratings, and wavelength selective coupling between 

two adjacent waveguides. Four competing approaches are now commercially 

available: Dichroic Interference Filters (DIF)[1] ,  Fiber Bragg Gratings (FBG)[2] , 

Array Waveguide Filters (AWG) [3, 4] and Cascaded Mach-Zehnder (M-Z) 

interferometers [5, 6] . 

DIF, sometimes referred to as thin-film quarter-wavelength filters, 

represent a mature technology. DIF technology uses layers of dielectric thin films 

coated on a glass substrate to combine or separate specific wavelengths in a 

WDM system. By controlling the deposition layers on the substrate, different 

types of interference effects can be created to produce narrowband, wideband and 

gain-flattening filters. 

Fiber Bragg gratings are all-fiber components that are capable of 

performing as wavelength selective filters [7-9]. Fabrication of these devices is 

based on the inherent photosensitivity of conventional germanium-doped silica 

fibers. By using a pair of ultraviolet beams or a phase mask, a permanent periodic 

variation in the refractive index is created in the fiber. When light with a 

wavelength satisfying the Bragg condition is launched to the fiber grating, the 
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energy is reflected and all others wavelengths pass through the grating with 

negligible insertion loss and no change in signal. A fiber Bragg grating is used in 

a DWDM device because it is compact, easy to couple to the fiber and 

polarization insensitive. However, it is less stable mechanically and, because of 

the design, it has a high back reflection. Additional costs must be incurred 

because optical circulators and isolators are needed to fulfill the functions of 

(de)multiplexing and add/drop. 

The planar Array Waveguide Grating (AWG) [4, 10, 1 1 ]  is a highly 

versatile passive WDM device, which can function as a multiplexer, a 

demultiplexer, an add/drop element, or a wavelength router. It consists of two 

passive star couplers connected by grating array waveguides. The lengths of 

adjacent waveguides in the central region differ by a constant value. Because of 

the phase difference, the signals with different wavelengths will constructively 

recombine at different output ports. The fabrication of A WG is in much the same 

way that electronics are integrated on to ICs, or chips. The manufacturing 

volume/cost benefits that accrue to the A WGs make these devices very cost

effective when the channel-counts are over 40. 

A fused cascaded fiber (FCF) hybrid filter combines unbalanced Mach

Zehnder interferometer structures in the front end and fused biconic taper 

couplers for the back end. An in-line narrow-band filter is used to clean up the 

signal at the end of the cascade. The technology can be used to multiplex 

wavelengths on optical fibers and is especially well suited for the metro and 

access markets. The unbalanced M-Z approach uses cascaded couplers to increase 

channel and port counts. This method achieves dense channel spacing by 

increasing the difference of geometrical lengths of the interferometer arms while 

maintaining identical propagation constants. The optical path difference between 

the two arms results in a sinusoidal wavelength response with a very small 

polarization dependence, because the couplers themselves are very short. A single 
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coupler will multiplex two wavelengths, and several must be combined for greater 

numbers, resulting in a continuously branching tree structure. At each stage, the 

wavelength spacing between channels in a given fiber is twice that in the previous 

stage. The increase in channel spacing makes high isolation easy to achieve. 

In this chapter, a new WDM multiplexer/demultiplexer based on cascaded 

vertical couplers will be proposed and demonstrated. Although multiplexers based 

on directional couplers have been studied for a long time, they are applicable only 

to the case where the channel spacing is quite large (e.g. 980nm and 1550nm or 

1300nm and 1550nm) [12] .  This is because of the weak wavelength dependence 

of the coupling coefficient in horizontally arranged directional couplers. 

Otherwise a very long device length is required. Compared to horizontal couplers, 

vertical couplers offer much stronger coupling since the thickness of the guiding 

layer and the space between two waveguides can be very small and precisely 

determined by the epitaxial growth [13, 14]. The multi-channel multiplexers with 

narrow channel spacing can be achieved by cascading several strongly coupled 

vertical couplers. However, separating the two input and output waveguides in 

conventional vertically coupled twin waveguide structures is difficult. This limits 

practical applications and makes the cascading of several vertical couplers 

impossible. In this work, this problem is solved using double-sided epitaxial layer 

processing by wafer bonding. 

We start this chapter by using coupled mode theory and normal mode 

theory to analyze and design the MUXlDEMUX in Section 2. Double-sided wafer 

processing will be described in Section 3 .  The experimental results of two-, four

and eight-channel wavelength multiplexers will be given in Section 4. In Section 

5, we will discuss the wavelength selective switch. 
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5.2 Design of vertical coupler multiplexer 

5.2.1 Operation principle of coupler based MUXlDEMUX 

The schematic drawing in Figure 5.1 shows a 2-channel multiplexer, 

which consists of a symmetric directional coupler formed by two identical 

waveguides. Each waveguide is single mode and the center coupler supports two 

�-. Output A2 

..... _. Output AI 

Figure 5.1.  Configuration of two-channel wavelength multiplexer based on 
symmetrical directional coupler 

normal modes (supermodes): symmetric (even) and anti-symmetric (odd) modes. 

Assuming that the single mode input and output waveguides are coupled 

adiabatically to the center coupling region, and both input and output guides are 

well separated, the symmetric and anti-symmetric excitation amplitudes will be 

nearly identical (lle=1'lo= Ji). Based on normal mode theory (see 2.4.2 and 

2.6.2), the output of bar and cross states are given by Equations (2. 17) and (2. 18):  

P" (z) = cos2 (t) 
2 

(5. 1 )  

(5.2) 

Where q, is the total accumulated relative propagation phase difference between 

two normal modes and the input power is L Generally, the phase difference is 

wavelength dependent. If ¢(� )  - ¢(�) = 1l , then the two wavelengths can be 
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separated to different outputs. Therefore the basic principle of the coupler based 

MUX/DEMUX is two mode interference. 

For a straight coupler, the phase difference <l> between two supermodes can 

be expressed as 

21Z 
f/J = ;:Iln . L  (5.3) 

where Iln = n - n is the effective index difference between even and odd t: 0 

supermodes; L is the coupler length. As we will see in Figure 5.2, the wavelength 

dependence of the effective index difference &l can be approximated by 

An = -a + b;t (5.4) 

where a and b are constants depending on the coupler structure. 

By substituting Equation (5.4) into Equations (5. 1) and (5.2), we will find 

the outputs are periodic functions of wavelength. The wavelength period LUp can 

be easily found: 

;t2 
� = 

P aL 

c 
<l 

0.016 .----,-----,--.,.-----r-----, 70 

0.D15 �--;----t--+---+_/'--i 
65 

0.014 1----+-'-o---t---t-7�-+--1 

0.013 I----+----j�,-:-_+_-__r_-__; 

55 
0.012 I----T.----j,.---+---�;:--__; 

0.D1 1 50 
1 .5 1 .52 1 .54 1 .56 1 .58 1 .6 

Wavelength CJ.l.m) 
Figure 5.2. The effective index difference .rut and the coupling 

length as a function of wavelength. s=O.6 J.I.ffi. 

(5.5) 

lnP 
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and the channel spacing Ms is half of the period. 

A? 
&1. = 

s 2aL 
(5.6) 

Therefore the period is determined by the coupler length and the parameter a, 

which reflects the wavelength dependence of the coupling strength. 

5.2.2 Wavelength dependence of vertical coupler 

We first study the wavelength dependence of different directional couplers. We 

saw in Figure 5.2 the calculated effective index difference .&l between even and 

odd supermodes of a 2D vertical coupler as a function of wavelength, which can 

be expressed as a linear relationship of A: &z = -a + bA . The parameter a 

depends on the coupler structure. 

To get a small channel spacing and reduce the coupler length, a large a is 

needed. Contrary to our intuition, parameter a doesn't always increase with the 

decrease of the coupling length when the coupling length becomes very short. 

Figure 5.3 shows the calculated a, b and the coupling length of a 2D vertical 

coupler as a function of the separation s. There is a maximum a, and the 

corresponding coupling length is about 19 Jlm. As the coupling length further 

decreases, the parameter a at one point can equal zero, which means that there is 

no wavelength dependence at this point. This phenomenon is confirmed by beam 

propagation simulation. The index and the thickness of guiding layers will also 

affect the wavelength dependence. Figure 5.4 and 5.5 are the calculated curves of 

a as fUllctions of the index change and the thickness of the guiding layers. There 

is always a maximum value of a. Therefore we should carefully choose the 

coupler structure to optimize the wavelength dependence for the applications of 

wavelength multiplexers. 
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Figure 5.3. The parameters a, b and the coupling length L.: as a 
function of the separation s between two guiding layers . 
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Figure 5.5. The parameter a and the 
coupling length L.: as a function of the 

thickness w of the guiding layers. 

To see how strong the wavelength dependence of the vertical couplers is, 

we calculated the parameter a of a horizontal coupler. Figure 5.6 shows a and the 

coupling length as a function of the separation s between two waveguides in a 

horizontal coupler (see the right of Figure 5.6). Compared to Figure 5.3, the 
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wavelength dependence of horizontal couplers is much smaller than that of 

vertical couplers. Figure 5.7 shows the parameter a as a function of the width of 

the waveguides for separation s=O. The maximum a is only 0.02 when w=L2 J.1m 
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� .. � , 2000 0.002 
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Figure 5.6. The parameter a and the coupling length L.: as a 

function of the separation s of two waveguides. 

W S W 1l1li �I" �I" �I 

05 J.lIIl InGaAsP (Ag=1.3 J.l.m) 

InP 

(when w<L2 J.1m, there is only one mode in this coupler) and the coupling length 

is about 67 J.1m. The vertical coupler with the same coupling length has an a>0.5. 

To achieve the same channel spacing, the vertical coupler based wavelength 

multiplexers will be much shorter than the horizontal coupler based ones, and it 

makes the cascading several stages of vertical coupler to realize multiple 

wavelength multiplexer reasonable. 
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Figure 5.7. The parameter a and the coupling length L.: as a 
function of the width W of two waveguides. 

5.2.3 Multiple channel wavelength multiplexers 
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A multiple channel multiplexer can be constructed by cascading dual

channel MUXlDEMUX with proper parameters. As an example of multi-channel 

MUXlDEMUX design, an eight-channel MUXlDEMUX shown in Figure 5.8 is 

considered. From Equation (5.6) in 5.2. 1 ,  the channel spacing is inversely 

proportional to the coupler length. So the channels separation of the coupler 

VC2l in stage 2 is twice that of coupler in stage 1, if the stage 1 coupler VCl is 

two times longer than that of stage 2 coupler VC2l .  For proper operation of this 

structure, the channels of VC2l and VC22 should lie on the successive channel of 

VC l as shown in Figure 5.9. So VC3 has nearly the same wavelength period as 

VC2, but the peaks in the output should be shifted by a quarter period to match 

the channels. This can be achieved by a small adjustment to the length of VC22. 

Figure ·5.10 shows the simulated transmission spectra of an 8-channel 

MUXJDEMUX with and without the phase shift, where the structure of the 

vertical coupler is the same as the one discussed in the last section, and the length 

of first stage is 5 mm. To match the channel, the lengths of each vertical coupler 
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VC21 VC22 

rtf!!!!! 

Figure 5.8. Configuration of 8-channel MUX/DEMUX. 

T L L, L L L 
are chosen: L = -� = L, + _c and T = --=L = T _ _ c = T + _c = T _ _ c . 21 2 ..2 2 �2 2 �1 2 �3 4 

� 4 

I.e is the coupling length at 1 .55 J,.lm. Since the coupler length is wavelength 

dependent, this choice will  introduce a certain crosstalk at other wavelengths. 

Figure 5. 1 1  shows the calculated extinction ratio of the output at the second stage 

as a function of the coupler length difference between two couplers. When L21-L22 

corresponds to odd multiples of a quarter of 1t phase shift, we have the highest 

extinction ratio. In an ideal coupler, we have a relatively large window of about 
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Figure 5.9. The transmission characteristic of VC22 must be shifted a 
quarter period to match the channels. 
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10 J.lm to get crosstalk < 30dB. We also note that as the phase shift increases, the 

two channels will be switched. Therefore a wavelength selective switch can also 

be realized. We will discuss this more in Section 5.5. 

The overall length of coupler based 2N 
channel MUXlDEMUX can be 

expressed as 

N-l L N-[ L 
L = � _s + � _o + L r L.J 2n L.J 2n t! n=O n=O 

(5.7) 

where Ls is the length of s-bend for input and output separation in the first stage 

coupler, Lo is the length of the first stage coupler, and Le is the extra length for 

phase shifting. When N�oo, 

(5.8) 

We can
' 

see the total length will be limited by the s-bends as the number of 

channel increases, because Ls» Lo when N is a large number. 
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Figure 5.lD. Transmission spectra of an 8-channel MUX/DEMUX. after the third stage. 
Left: without phase shift. Right: with phase shift. 
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5.3 Double-sided wafer processing 

In this section, we will briefly introduce a technology which enables us to 

fabricate vertical coupler based wavelength multiplexers. We called it double

sided wafer processing: both frontside and backside processing of the same 

substrate. Using wafer bonding, a conventionally processed epitaxial layer 

structure (Figure 5.12 (a» is inverted and bonded to a new host substrate (Figure 

substrate 

substrate 

(a) (b) (c) 

Figure 5.12. (a) The conventional processed epitaxial layer structure. 
(b) The epitaxial structure has been inverted and bonded to another host 

substrate. 
(c) After removing the original substrate, another side of the epitaxial 

structure can be processed 

5. 12. (b)). Mter removing the top substrate and leaving only the thin epitaxial 

film bonded to the host material, the exposed backside of the epitaxial structure 

can then be processed as well (Figure 5. 12. (c)). This technique enables 

fabrication of 3D photonic integrated circuits. 

fn optoelectronic circuits, increasing integration density is a key factor to 

reduce cost and improve performance. In conventional wafer processing, only one 

side of epi-films is used to fabricate photonic integrated circuits. If both sides of 

the epitaxial layers can be processed as discussed above, three-dimensional 

structures can be fabricated and the integration density can be considerably 

increased. Since epitaxial layers by themselves are too thin to handle and process 
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directly, they must be transferred and bonded to other host substrates. For 

optoelectronic device applications, the bonded interface must be both 

electronically and optically transparent to make multi-level electrical and optical 

interconnects possible. The requirement for optical transparency means that 

conventional bonding techniques such as flip-chip solder bonding are not suitable 

for photonic integration. Wafer bonding, on the other hand, provides an interface 

with low electrical and optical loss and is suitable for this application. Wafer 

bonding based double-sided processing is the key enabling technique for the 

fabrication of wavelength multiplexers and optical add/drop multiplexers in this 

and next chapter. 

In the fused vertical couplers discussed in Chapter 4, the fused interface 

was between the two guiding layers. This introduced an excess optical loss due to 

imperfection at non-epitaxial interface. In order to separate the input and output 

waveguides, it was necessary to align the two wafers with submicron resolution 

during the wafer bonding process. In our current work, the fused interface is not 

important since it is far away from the guiding layer. Also no alignment is 

necessary during the bonding process. 

It is worthy to notice that processing both sides through the wafer bonding 

technique needs only one epi-wafer and the other host wafer can be any materials, 

such as Si, glass, etc. This will reduce the cost and give us more flexibility for the 

fabrication of 3D photonic integrated circuits. 

5.4 Multi-channel wavelength multiplexers 

5.4. 1 Fabrication of 3D vertical couplers 
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The schematic drawing in Figure 5 . 13  shows a vertical coupler with separated 

inputs and outputs, where the two waveguides are coupled vertically and 

separated horizontally in different planes. The epitaxial structure is grown using 

Figure 5.13.  The schematic drawing of a vertical coupler 
with separated inputs and outputs. 

metal organic chemical vapor deposition (MOCVD). It includes a 0.8J,lm InP 

frontside ridge layer, a 15nm InGaAsP (bandgap 1 . 1J,lm) etch stop layer, a 0.2J,lm 

InP cap layer for the first generation devices and a 0. 1 J,lm InP layer for the 

second generation MUXlDEMUX, a O.5J,lm InGaAsP (bandgap 1 .3J,lm) frontside 

guiding layer, a 0.6J,lm InP coupling layer, the same backside guiding, cap, etch 

stop and ridge layers, and finally a 0.2J,lm InGaAs layer used to remove the InP 

substrate. 

The fabrication sequence is shown in Figure 5. 14. (1) First, the 3J,lm width 

fronts ide ridge waveguides are formed by MHA (CH4IH2/Ar) reactive ion etching 

(RIE) and chemical wet etching. (2) The frontside guiding layer above the 

backside waveguides in non-coupling areas is removed by another step of 

photolithography and wet etching. (3) The waveguide sample is inverted and 

bonded to a bare InP host substrate under pressure for 50 minutes at 630°C in H2 
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atmosphere. (4) The original InP substrate and InGaAs etch stop layer are 

removed by selective etching. (5) The other side waveguides are fabricated. To 

substrate substrate 

(1) (2) 

(3) (4) 

(5) (6) 

Figure 5.14. The fabrication sequence of 3D vertical couplers. 

align the upper layer waveguides with the lower layer ones, infrared 

photolithography is needed. But there is a certain alignment error. A better 

approach is to first open a window to expose the alignment marks with the help of 

infrared aligner, then aligning two layer waveguides as usual. (6) Finally the 

unneeded guiding layers are removed as before. The transferred and bonded thin 
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epitaxial film is  robust and i t  is  processed using the same techniques as other 

planar photonic integrated circuits. 

5.4.2 Wavelength multiplexers without phase shift 

The first generation of vertical coupler based wavelength multiplexers didn't 

• 
• 
• 
• 

-------t� 

_______ i_ 

Figure 5. 15. The schematic drawing of a 4-channel multiplexer, where 
�l=Ln and no two dummy s-bends in the second stage, which 

introduce a certain asymmetry. 

SiN 
O.8J,.lffi InP 
O.2J,.lm InP 
O.5J,.lffi InGaAsP 
O.6J,.lm InP 
O.5J,.liil InGaAsP 
O.2J,.lm InP 
O.8J,.lm lnP 
bonding interface 

Figure 5.16. SEM picture of a vertical coupler fused to an InP substrate. 
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incorporate the phase shift region to match the channel peaks and the dummy s

bends. Figure 5. 15 shows a 4-channel MUXlDEMUX. where L21=L22• The 

absence of two sbends in the second stage will introduce asymmetry in the 

coupler and reduce the extinction ratio. 

Figure 5.16 shows The SEM picture in the coupling region. In order to 

characterize the device performance, light from a tunable laser was coupled to an 

input waveguide by a single mode fiber. The light at the output was collected by 

another single mode fiber, which was connected to a detector. The near field 

images were recorded by an IR. camera with a 20x lens. Figure 5.17  shows the 

measured output light intensity as a function of wavelength for a dual-channel 

MUX/DEMUX. The total device length is 8mm. the coupler length is 4mm and 

the separation between two waveguides is 20 Jl.m. As we expected. the output 

intensity is a periodic function of wavelength and the oscillation period is about 
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Figure 5.17. The normalized output of two waveguides as a function of 

wavelength. 

40nm. This means that the device can be used as a wavelength 

multiplexer/demultiplexer for 20nm wavelength spacing. This small wavelength 
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spacing is very difficult to achieve in conventional horizontally arranged coupler 

because of the weak wavelength dependence of the coupling coefficient. 

We also fabricated 4 and 8-channel MUXlDEMUX on the same chip. 

Figure 5. 18  shows SEM pictures of the output facets of 4 and 8-channel 

multiplexers and the near field images. The length of the first stage coupler is 6 

2 10-9 
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Figure 5. 1 S. SEM pictures and near field images of 4 and S-channel MUX/DEMUXs. 
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Figure 5. 19. Transmission spectra of a 4-channel MUX/DEMUX. 
(a) Channel l and 2; (b) Channel 3 and 4. 

mm, and the separation between two waveguides is 10 J.lm. The transmission 

performance of 4-channel multiplexer is shown in Figure 5.19 (a) and (b). 
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Because of no phase shift in one of the second stage couplers VC22, and the 

absence of two dummy s-bends, the channels are not interleaved properly and the 

extinction ratio is not good. In the first generation coupler-based MUX/DEMUX, 
the waveguide alignment is facilitated using infrared photolithography. 

5.4.3 Wavelength multiplexers with phase shift 

To improve the perfonnance of coupled based wavelength multiplexers, we 

incorporate the phase shift and add all dummy s-bends to the second and the third 

stage couplers to get a symmetric structure. Figure 5.20 is the schematic drawing 

of the second generation of 4-channel MUXlDEMUX. In this design, the 

separation between two adjacent output waveguides was increased to 20 Jlm. 

1..[,  1..2, 1..3, 1..4 
Figure 5.20. Schematic drawing of 4-channel multiplexer, where L2I=L22+LJ2, and 

two dummy sbends are incorporated for the purpose of symmetry. 
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Since the s-bends will introduce an extra coupling near the joints, the choice of 

coupler length must consider the coupling from s-bends. We used a 3D beam 

propagation analysis to calculate the extra coupling. For example, if L1=5 mm, 

The parameters are chosen: L21=2.397 mm, L22=2.37 mm for the vertical couplers 

and s=10Jlm, Ls=500Jlm for s-bends. 

bonding 
interface 

20J,Lm 
Figure 5.2 1 .  The SEM picture of the output facet of a 4-channel MUX/DEMUX. 

Ch 1 Ch2 Ch3 Ch4 

• • • + 
• • • • 150 1nm 

1524nm 

1561nm 

1543nm 

1508nm 

Figure 5.22. The near field images of a 4-channel multiplexer 
at different wavelengths. 

The epitaxial structure is grown using metal organic chemical vapor 

deposition (MOCVD). The epitaxial structure is the same as the first generation 
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except a 0. 1 J..lID InP cap layer replaces 0.2 J..lID thick one in the first generation. 

During fabrication, to get a good alignment between upper and lower waveguides, 

we fIrSt open the alignment windows using infrared photolithography and then 

expose alignment marks using wet etching. 
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Figure 5.23. 4-channel multiplexer transmission spectra. 

• 4-channel multiplexers 

We fabricated two multiplexers with different coupler lengths. The first 

stage coupler length is L1=5 mm. Figure 5.21 shows the scanning electron 

microscope (SEM) picture of the output facet of a 4-channel device. The total 

device length is about l .4cm after cleaving both facets. Figure 5.22 shows the 

near field images at different wavelengths: 1508nm, 1524nm, 1543nm and 

156 1 nm, which are the peak responses of the four channels. The corresponding 

output light intensity of the TE mode as a function of wavelength for the 4 

channels is shown in Figure 5.23 . The free spectral range is about 68nm, as can be 
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seen in the response of channel 2. The channel spacing is 17nm for a 4-channel 

MUXlDEMUX. The measured adjacent channel crosstalk ranges from -13d.B to -

20dB. This can be further improved by fine tuning the second stage of vertical 

couplers to overcome fabrication imperfections or by incorporation of in-line 

filters. 

The second wavelength multiplexer has L1= 6 mm, L21=2.897 mm and 

L22=2.8704 mm. The transmission spectra from 4 channels are shown in Figure 

5.24. Each spectrum has one or two main transmission peaks and several nulls. 
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Figure 5.24. 4-channel multiplexer transmission spectra. LI=6mm. 

Ideally, the main peak will line up to the null on all other ports. From channels 1 

and 3, we can see the free spectral range is about 59 nm, which corresponds to 15 

nm channel spacing. Because the device was not AR-coated, the Fabry-Perot 

resonance between end facets can be observed in the transmission. 
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• 8-channel multiplexer 

By adding another stage of 4 vertical couplers to the 4 channel 

multiplexer, we fabricated 8-channel wavelength multiplexers. Figure 5.25 shows 

SEM picture and the near field images at the output facets of 8-channels 

• • • • • • • • 

Figure 5.25. SEM picture and near field image of an 8-channel wavelength multiplexer 
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Figure 5.26. Transmission spectra of an 8-channel MUXlDEMUX. 
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multiplexer. The parameters of 8-channel MUXlDEMUX are Ll=5 mm, 

L21=2.397 mm, L22=2.3704 mm, L31=1.123 mm, L32=l .096 mm, L33=l .0826 mm, 

L34=1. 1096 mm. Since the length of the first stage coupler is the same as the first 

4-channel device, the channel spacing is also 17 nm, which is shown in Figure 

5.26. Here, we can only observe 7 channels. This is because the peak wavelength 

of the channel 4 is about 1458 nm or 1594 nm, which is outside the wavelength 

range of our tunable laser. 

The channel spacing can be reduced by increasing the device length or the 

wavelength dependence of the coupling coefficient. Figure 5.27 shows the 

transmission spectrum of a two-channel MUXlDEMUX with an 8mm interaction 
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Figure 5.27. The transmission spectrum for a two-channel MUX/DEMUX with 
8mm interaction length. 

length. The channel spacing is about 1 1  nm. 

5.5 Wavelength selective switch 

A multichannel optical wavelength selective switch, which can switch signals at 
. 

arbitrary wavelengths between multichannels is a key component in WDM 
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systems. Several versions of this component have been reported including arrayed 

waveguide gratings (AWG) combined with space switches or phase shifters [15] 

[16, 17] . Compared to these complicated configurations, vertical coupler based 

multiplexers may be a simple method to realize wavelength selective switch. We 

take a 4-channel MUXlDEMUX as an example (see Figure 5.20). If we apply 

biases to all couplers individually, then we can control the different wavelength to 

different channels. For example, if we apply a bias to VC21 ,  Al and A3 will be 

switched when the phase shift between Al and A3 equals to 1t. If we want to switch 

A2 from channel 4 to channel 2, then we just apply biases to VC1 and VC21 .  

Based on our multiplexers, we investigated a 2-channel wavelength 

selective switch by changing the temperature. Figure 5.28 (a) and (b) show the 

wavelength can be switched from one channel to another channel when the 
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Figure 5.28. The transmission spectra of 2-channel MUXlDEMUX at different 
temperature. The wavelengths can be switched from one channel to another channel. 

temperature was changed from 1 8°C to 50°C. The device length is 8 mm. The 

future work should utilize P-i-N structure and the electrooptic effect or carrier 

injection effect to modulate the index change to realize a fast wavelength selective 

switch. 
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The drawback of coupler based wavelength selective switch is that once 

one wavelength is switched to a channel, other wavelengths cannot be arbitrarily 

arranged in the remaining channels. For example, in a 4-channel multiplexer (see 

Figure 5. 19), if we switch A3 from channel 1 to channel 3, then Al must also be 

switched from channel 2 to channel 4 and A4 (and AI) must be switched to channel 

1 0r 3 . 

5.6 Summary and discussion 

In this chapter, we demonstrated successful implementation of multiple channel 

wavelength mUltiplexers using cascaded 3D vertical couplers. 14.5 nm channel 

spacing and 15 dB channel crosstalk for 4-channel multiplexers with a 6 mm long 

first stage coupler were achieved. By cascading additional stages of vertical 

couplers, multi-channel MUXlDEMUXs can be realized. These coupler based 

wavelength multiplexers may be a low cost choice for coarse WDM (CWDM) 

applications. Whereas DWDM is based on the ITU 0.8 nm grid, CWDM can use a 

substantially wider spacing of 20 nm or greater. Because such wide spacing is 

used between the wavelengths the requirements for laser stability and narrow 

passband filters are not stringent as that normally required for DWDM systems. 

The further improvement of vertical coupler based multiplexers should 

mainly focus on reducing the crosstalk. A solution is to bias and tune each vertical 

coupler, which not only can reduce the crosstalk, but can realize wavelength 

selectiv� switches. Another issue is that the current multiplexers are polarization 

dependent, which comes from the birefringence of waveguides. This problem can 

be solved by a proper waveguide design. 
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Chapter 6 

X-crossing Vertical Coupler Add/drop Filter 

6. 1 Overview of optical filters 

One of the key components for the practical realization of wavelength division 

multiplexing transmission systems is optical add and drop filters or multiplexers 

(OADMs) [1 ]  that have simultaneous functions of wavelength selection and 

routing of the selected channels .  Many different types of filters and multiplexers 

have been reported. Based on the operation mechanisms, wavelength filters can 

be categorized into three types. 

• Filters that are based on the wavelength dependence of interferometric 

phenomena. These include Fabry-Perot interferometer filters [2-4] ; Mach

Zehnder interferometric filters [5-7]; Arrayed waveguide grating 

multiplexers [8, 9] and ring resonators. 

• Filters that are based on the wavelength dependence of coupling between 

optical modes in waveguides. These include acousto-optic [iO-12],  

electro-optic [13,  14] and magneto-optic [ 15] filters. 

• Filters that are based on resonant amplification of the optical signal in 

semiconductor laser diode devices. These devices [16] provide gain in 

addition to wavelength selectivity. 

The most promising approaches include cascaded Mach-Zehnder 

interferometric filters, acousto-optic filters, grating and arrayed waveguide based 

multiplexers. Although the characteristics of these structures can satisfy the 

requirement of WDM systems, their complexity and cost will be the main 

challenges to their deployment. InGaAsPIInP vertical coupler filters [17-22] as 
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OADMs are of particular interest, because of simple configuration, large 

wavelength tunability and their inherent potential for monolithic integration with 

other optoelectronic devices (such as lasers, amplifiers, switches, detectors, etc) .  

These advantages are attributed to the easy control of waveguide parameters 

(thickness and indices) and well-developed fabrication technique. There are two 

kinds of vertical coupler filters. One is grating-assisted co-directional [18]  or 

contra-directional [23, 24] coupler filter. Because of the existence of a grating, 

generally, regrowth is needed to embed the grating in the waveguide�, which 

complicates the fabrication. In this chapter, we will study another type of vertical 

coupler filters that directly stack two strong asymmetric waveguides vertically 

together without the assistance of a grating. Since there is no grating, the 

fabrication and design are much simpler than the grating-assisted vertical coupler 

filters. 

Although vertical coupler filters have already been proposed and 

demonstrated for a long time, their application has been limited by some inherent 

disadvantages. A limitation in vertical couplers has been coupling to conventional 

fibers. Direct coupling is impossible since in traditional vertical coupler filters the 

spacing between the two waveguides is only about IJ..lm. Etching and regrowth 

can be used to separate the two waveguides [23] [24] , but regrowth and lateral 

propagation over nonplanar surfaces is problematic. Another problem is a high 

sidelobe (-9 dB) existing in conventional vertical coupler filters due to the 

uniform coupling along the length of two parallel waveguides. To reduce the 

sidelobe the two waveguides should be gradually coupled. This is quite difficult 

to realize using conventional techniques. In this chapter, with the help of wafer 

bonding technique, a simple OADM based on X-crossing InPIInGaAsP vertical 

coupler filter is proposed and demonstrated. With an X-crossing configuration, 

the two input and output waveguides can be laterally separated for direct coupling 

to fibers, and the side-lobe level is reduced to -26dB. 



Chapter 6. X-crossing Vertical Coupler Add/drop Filter 1 17 

We will start by describing the operation principle and design of X

crossing InPIInGaAsP vertical coupler filters in Section 6.2. The fabrication will 

be described in Section 6.3 . The experimental results will be given in Section 6.4. 

Several methods to realize polarization insensitive vertical coupler add/drop 

filters will be discussed in Section 6.5. 

6.2 Design of X- crossing vertical coupler filters 

6.2. 1 Basic operation principle of parallel coupler filters 

The conventional straight vertical coupler filters comprise two strongly 

>< CD "0 
.S 

Waveguide 1 Waveguide 2 

(a) 

Phase matching point A.o 

/ 

(b) 

Figure 6. 1 .  The operation principle of an asymmetric coupler filter. 
(a) index profile of two waveguides. 
(b) dispersion curves of two waveguides. 

asymmetric waveguides, as shown in Figure 6. 1 (a). A graphical explanation of 

the operation principle is plotted in Figure 6.1 (b). The waveguides have 

propaga�on constants PI = 2; ni and P2 = 2; n2 , where A. is the free space 

wavelength and nl and n2 are the effective indices. ). The waveguide 1 has a very 
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large index difference between the core and the cladding, and a small core size, 

and the waveguide 2 has a small index difference and a large core size (d2» dl). 

Therefore they have different dispersion characteristics. At a p�cular 

wavelength (phase-matching point), those two dissimilar waveguides have the 

identical propagation constants and only light at this wavelength can be 

completely transferred from one to another waveguide after the coupling length. 

At other wavelengths, due to phase mismatching, the coupling is very weak and 

filtering results. This is the basic operational principle of a coupler filter. 

6.2.2 Coupled mode analysis 

Coupled mode theory is widely used to synthesize the performance of 

coupler filters. Since the coupling is very weak for a narrow band coupler filter, 

we can ignore the self-coupling terms and the cross mode overlap terms (see 

Chapter 3). From Equation (3.5), the coupling efficiency to the other waveguide 

with unit input to one guide is given by 

sin 2 (L..JK2 + 82 ) F = ----"--.,---� 
82 

1 + -., 
x -

(6. 1) 

where K is the coupling coefficient and 8 = /32 - /31 is the wavelength dependent 
2 

phase mismatch. When 0=0 and 

KL = mll 

2 
(6.2) 

m is an odd integer, 100% transmission occurs. From Equation (6. 1),  the full-with 

half maximum (FWHM) M can be obtained by 

M = 
0.8..10 

L(
dn1 _ dn2 ) 
dA. dA. A=Ao 

(6.3) 
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where Ao is the phase matching point. To get a narrow band filter, one can 

increase the device length and the differential dispersion. But in practice, the 

device length is limited due to the absorption loss and the desire for small devices. 

The differential dispersion is therefore the factor that should be maximized. 
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(a) (b) 

Fjgure 6.2. (a) the structure of a 2D vertical coupler structure. 
(b) The effective indices of uncoupled individual waveguide modes (solid 

line) and coupled supermodes (dash line) as a function of wavelengths. 

For simplicity, we take a 2D vertical coupler filter as an example to show 

how to analyze a coupler filter. Figure 6.2 (a) shows the schematic drawing of this 

filter, which consists of two vertically stacked waveguides with different core 

regions . .  The lower guiding layer is 11lm thick InGaAsP that has a bandgap at 1 . 1  

Il m  and the upper guiding layer is 0.2 IlID thick InGaAsP with bandgap at 1 .4 Ilm. 

The separation between two waveguides will decide the coupling length. The 

general calculation involves three steps. First, the dispersion curves of two 

uncoupled waveguides must be calculated to know the phase matching 

wavelength. Figure 6.2 (b) shows the effective indices of two waveguides as a 

function of wavelength. Second, the coupling coefficient K is calculated to 
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determine the coupling length (see Chapter 3). This step is tedious and time 

consuming in all calculations. For 2D coupler filters, the simplest way is to 
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Figure 6.3. The beating length between even and odd supermodes 

as a function of wavelength. 
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Figure 6.4. The transmission of a vertical coupler with uniform coupling. 

calculate the effective indices of two supermodes (even and odd modes) as shown 

in Figure 6.2 (b). The coupling length Lc can be obtained from 

L = A c 2(ne - no ) 
(6.4) 
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at the phase matching wavelength, where ne and no are the effective indices of 

even and odd supermodes. Figure 6.3 shows the calculated beating length from 

Equation (6.4) as a function of wavelength. Then we can easily find the coupling 

coefficients using Equation (3.9). From Figure 6.3, we also can get the phase 

matching wavelength, which corresponds to the maximum of the beating length. 

This value is more precise than that arrived at from the individual waveguide 

calculations. Finally, coupled mode theory is used to simulate the filter 

transmission. Figure 6.4 shows the filter response, where only the lower half of 

relevant wavelengths are plotted. 

5 .2.3 Side lobe suppression by X-crossing coupling 

From Figure 6.4, we can observe there is a very high side lobe (-9dB) in uniform 

coupled filters (K is independent of the light propagation position z). For many 

applications, such a high side lobe is unacceptable, because it will introduce 

crosstalk between adjacent channels. Therefore, suppressing the side lobe levels 

of vertical coupler filters becomes very important for their applications. 

Approximately, there is a roughly Fourier transform relationship [25] 

between 1((z) and the filter response F(A). For a uniform coupling, 1((z) is a 

window function, and the corresponding Fourier transform is a Sinc function (see 

Equatioo. (6.1» . From the Fourier transform point of view, any abrupt change in 

the coupling distribution raises the sidelobe level, and transform-sidelobes of a 

function are low if the function gradually rolls-off at the ends of the interval. 

Hence, the side lobe will be drastically suppressed if we can achieve a taper 

function of 1((z). The coupling interaction can be controlled by adjusting the 

wavegu�de separation or by applying a weighting function on the applied 

electrodes of the electrooptic or acusto-optic filters. Many weighting functions 

have been extensively studied, such as truncated Gaussian [26] , Hamming, Raised 
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Cosine, Blackman, Kaiser [25] .  Theoretically, an optimum taper can always be 

found to get arbitrary sidelobe suppression down to -125dB [27] . 

From the fabrication point of view, a simple tapered function is preferred 

Figure 6.5. Schematic diagram of a coupler filter with tapered 
coupling strength by changing the waveguide separation. 

because it simplifies the design and processing. The simplest tapering can be 

achieved by varying the separation between the two waveguides along the length 

of the coupler filter, as shown in Figure 6.5. This structure is suitable for 

applications to horizontal coupler filters where the two waveguides are placed 

laterally apart in the same plane [28] .  However it is very difficult to achieve this 

in conventional vertical coupler filters where the two waveguides are not in the 

same plane. 

As we discussed in last chapter, the wafer bonding technique provides us 

an extra freedom to fabricate 3D photonic devices. It makes tapering the coupling 

strength by arranging two X-crossing waveguides of vertical coupler filters in 

different planes possible. A schematic diagram of an X-crossing vertical coupler 

filter is shown in Figure 6.6. The fabrication will be discussed in detail in the next 

section. The filter consists of two vertically stacked waveguides with different 

quaternary compositions. The lower guiding layer is a thin InGaAsP that has a 

bandgap at 1 .4 /-lm and the upper guiding layer is a thick InGaAsP with bandgap 
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Top view 

Figure 6.6. Schematic drawing of an X-crossing vertical coupler filter 

at 1 . 1  J..lm, and the width of two waveguides is 3 J..lm. The detailed structure is 

shown in Figure 6.7. 

In the design of the filter, we first use the effective index method to 

calculate the effective indices and the mode field profiles of the uncoupled upper 

and lower waveguides. Then coupled mode theory is used to evaluate the 

coupling coefficient and wavelength response. 

To maximize the differential dispersion, we should choose one InGaAsP 

layer with the smaller bandgap wavelength as thick as possible, but the single 

mode condition must be kept. 1 J..lm thickness is the maximum thickness we can 
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have when the bandgap is L 1 Jlm. The parameters of the other waveguide with a 

longer bandgap wavelength can be decided by matching the propagation constants 

of the two waveguides at the desired A.a. Figure 6.8 shows the calculated effective 

indices of two waveguides for TE modes. The phase matching point is about 

L556 Jlffi. 

I 0.8J1IIl InP I 
O.1um InP 
IJ1IIl l.lQ 
15J1IIl InP 

0.21 j.lIIl 1.40 
0.4J1IIl InP I 0.8J1IIl InP I 

InP substrate 

Figure 6.7. The detailed. structure of vertical coupler filter. 
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Figure 6.8. The calculated effective indices as a function of wavelength. 

To determine the coupling coefficient K(Z) of the crossed over 

waveguides, step-like approximation is introduced [29]. First, the X-crossing 
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Lx 
z 

Lx  

it " 

A ' ! . .  j s(z) 

(a) (b) 
Figure 6.9. Step-like approximation for X-crossing coupler. 

waveguides are divided into many short sections (see Figure 6.9 (a)). Each of the 

segments has a very short length (Llz), and is separated s(z) (see Figure 6.9 (b)). 

Based on the calculated mode profile, K(Z) is determined by numerical 

integrati�n. Once K(Z) is evaluated, a transfer matrix method based on CMT 

procedure can be used to calculate the filter response at different crossing angles. 

This approximation is an efficient way for the purpose of design. Certainly, this 

method will not be accurate for a large crossing angle. 

Figure 6.10 shows the calculated coupling coefficient K(Z) at different 

angles. �he resulting z-dependent interaction strength will suppress the side lobes 

to a very low level. Figure 6. 1 1  is the simulated filter response with a crossing 

angle of 0.25°, where the side lobe level has been suppressed to below -40 dB .  

The equivalent coupling region will change with the crossing angle. When the 

equivalent interaction length equals an odd multiple of the coupling length, the 

complete power transfer happens. When the equivalent interaction length is an 
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even multiple of the coupling length, no power is transferre.d at the peak 

wavelength. The relationship between the coupling efficiency arnd the crossing 

angle is shown in Figure 6.12. 
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Figure 6. 10. The coupling coefficient as a function of z for different 
crossing angles . 
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Figure 6. 1 1 .  The simulated x-crossing vertical coupler filter 
response with an angle of 0.250• 
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Figure 6.12. The calculated coupling efficiency as a function 
of crossing angle. 

6.3 Device Fabrication 
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The device structure was grown using metal organic chemical vapor deposition 

(MOCVD) on an InP substrate as usual. The detailed structure is shown in figure 

6.7. The fabrication process of X-crossing vertical coupler filters is shown in 

Figure 6.13 .  Similar to the fabrication of vertical coupler based wavelength 

multiplexers, wafer bonding and double-sided process are the keys to realize X

crossing structures. The main steps are: 

a. The lower InGaAsP (Ag=1.4J.lm) ridge waveguides are formed by :MHA 
(CH4IH2/Ar) reactive ion etching or chemical wet etching, where the ridge 

height is O.8�m and its width is 3J.lID (Figure 6.13 (a» . 

b. The 1 .4J.lm quaternary layer below the top 1 . 1J.lID InGaAsP waveguides at two 

ends of the sample is removed by another chemical etching step (Figure 6. 13 

(b» to get rid of the unneeded coupling. 
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c. The sample is inverted and fused to a second InP substrate under pressure and 

in H2 atmosphere. Then the original substrate and the etching stop layer 

(Figure 6.13 (c» are removed by wet etching. 

d. The upper L l!J.m quaternary waveguides are fabricated (Figure 6. 13 (d» . 

InP substrate 

(a) form the upper waveguide. 

(c) invert sample and bond to a host 
substrate, remove original substrate and 
etch stop layer. 

InP substrate 

(b) remove InGaAsP O.g=1.4 IJ.m) layer. 

(d) fabricate another waveguide. 

(e) remove InGaAsP (Ag=l.l lJ.m) layer. 

Figure 6. 13. The fabrication process of X-crossing vertical coupler filter. 
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e. The 1 . 1J.lm InGaAsP layer above the lower 1 .4J.lm InGaAsP waveguide region 

is removed as before (Figure 6.13 (e)). 

The alignment is facilitated using infrared photolithography or by opening the 

alignment windows. Compared to wavelength multiplexers, the alignment here is 

less critical. 

6.4 Results 

6.4. 1 The initial filters 

The waveguides in the first generation of filters were fabricated by wet etching. 

We fabricated two samples: the upper waveguide is along [1 10] and [110] 

direction respectively. Figure 6 .14 is the SEM picture of the output facet of an X

crossing vertical coupler filter. A tunable semiconductor laser with a polarization 

controller was used as a light source to measure the performance of the X

crossing vertical coupler filter. The device was mounted on a temperature

controlled stage and single mode fibers were butt-coupled to the input and output 

wavegui.des. Figure 6 .15  shows the TE mode transmission spectrum of an X

crossing vertical coupler filter with the crossing angle 0.35°. The light is launched 

in the upper waveguide (Ag= l . l  J.lm). The 3dB bandwidth is about 4.5nm and the 

peak wavelength is 1555 run for the TE mode at 22°C. The peak wavelength of 

these filters is very sensitive to the dimensions and the refractive indices of the 

wavegu�des. Because the a.YJ.isotropic wet etch produces different profiles along 

[1 10] and [ 110] ,  when the upper waveguide is along [110] direction, the width of 

the upper 1 . 1  J.lm quartenary waveguides is much wider than that of the lower 

waveguide (see Figure 6. 14). It moves the filter peak wavelength to 15 16nm, and 

the corresponding 3dB bandwidth becomes 3nm. The narrow bandwidth is due to 

the stro�g material dispersion of 1 .4 J.lm quartenary at short wavelengths. 
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Figure 6. 14. The SEM picture of the output facet of the initial filter. 
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Figure 6.15. TE mode transmission spectrum of an X-crossing filter. 
where the upper waveguide CAr l . l  �m) is along [ 1 10] direction. 
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Figure 6. 16. The transmission spectrum of an X-crossing filter. 
where the upper waveguide is along [110] direction (Figure 6. 14). 

Since 1 . 1J..lffi and 1 .4J..lffi quaternary materials have different thermo-optic 
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Figure 6.17. Transmission spectra at different temperatures. 
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Figure 6.18.  Peak wavelength as a function of temperature. 

13 1 

coefficients, the peak wavelength of the InGaAsPIInP vertical coupler filters can 

be tuned by changing the stage temperature. Figure 6. 17 shows the transmission 

spectra at different wavelengths. The dependence of the peak wavelength on the 

temperature is shown in Figure 6.18.  There is a large tuning rate of 0.42nrnl°C. 

Furthennore one can achieve a wider tuning range that covers all WDM channels 

in 1.5 J.1m commercial long haul links by using carrier injection effect [19, 20] . 
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The response of the above X-crossing vertical coupler filter has a small 

side peak on the short wavelength side when light is launched in the upper 

waveguide. This is caused by the coupling between the upper 1 . 11lm quaternary 

ridge waveguide and the lower 1 .41lm quaternary slab guiding layer before two 

waveguides overlap together (see Figure 6. 19). This can be removed by changing 

I O.8J.1ffi InP I I O.8J.1ffi InP 1 
O.2um fnP O.2um fnP 
I J.1ffi l . l  Q IJ.1ffi l .lQ 

1 5ILm fnP 15J.1ffi InP 

O.2lum 1 .40 O.2Ium 1 .40 
O.4J.1ffi InP O.4J.1ffi InP I O.8J.1ffi InP I 

(a) (b) 

Figure 6.19. (a) The coupling between the upper and lower waveguides creates the main peale. 
(b) The coupling between the upper waveguide and the lower slab waveguide causes the small 
side peale. Notice that this is the structure of the conventional vertical coupler filter and the 
lower waveguide is very weakly guided. 
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Figure 6.20. Transmission spectra of an X-crossing filter with 0.15° angle. 
The light is launched from the upper waveguide. Solid line is the output 
from the lower waveguide (Ag=l.4 J..lm) and dash line is the output from 
the upper waveguide (Ar l . l  J..UIl). 
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the waveguide structures as shown in the revised filters later. At some special 

angles, the light coupled to the slab waveguide can couple back to the input 

waveguide, and the side peak will not exist in this case. Figure 6.20 shows the 

output from the upper and lower waveguides in an X-crossing filter with 0. 15° 

crossing angle. The light is launched in the upper waveguide and the upper 

waveguide is along the [ 110] direction. We can see that the side peak disappears 

in the output of the lower waveguide, but there are two dips in the output of upper 

waveguide. This is because there is a very high loss in the lower waveguide 

(Ag=L4 Jlm). Any light that goes to the lower waveguide will be absorbed, and 

this absorption causes the dips. When we check the transmission of the upper to 

upper waveguide (input and output are both in upper waveguide) in the filters 

with the [1 10] direction upper waveguides, we find the same situation, as shown 

in Figure 6.21 .  The lower to lower waveguide shows there is a very high loss 

when A<1540 nm. If we ignore the small peak, the side lobe level is smaller than -

14d.B, which will be further improved by changing the waveguide design. 

1 0� r---�'----;-----r----+� 

1480 1 500 1 520 1 540 1 560 
Wavelength (nm) 

Figure 6.21 .  Transmission of upper to upper and lower to lower waveguides. 
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6.3.2 The revised optical add/drop filters 

Top view 

through port dr7 port 

. j  / I e  ; 
.I 

{ 
add port input port 

Figure 6.22. Schematic drawing of vertical coupler based optical add/drop filter. 

To remove the side peak in the initial filters, we modified the X-crossing 

structure in the second round. Figure 6.22 shows the schematic diagram of the 

revised optical add/drop filters. Compared to the initial filter, we remove the 

lower 0.4 J..lm InP cladding layer (see Figure 6.23). This will move the phase 

matching point between the upper waveguide and the lower slab waveguide to a 

very short wavelength. Figure 6.24 shows the calculated effective indices of the 

upper waveguide and the lower slab waveguide with and without 0.4 J..lm InP 
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cladding. With 0.4 !J.m InP cladding, the phase matching point is about 1 .53 J.un, 
which near the peak: wavelength 1 .55 !J.m of this X-crossing filter- Without 0.4 !J.m 

cladding, the two curves don't cross over in this plot. The phase matching point is 

I O.8J.UIl InP I r O.8JLm [nP -, 
.2um InP O.2um lnP 
IJ.UIl l.lQ 

15J.UIl InP 
O.21um 1.40 O.21um \ .40 
O.41U11 InP 

00 00 
Figure 6.23. (a) The phase matching point between the upper waveguide and the lower slab 
guiding is near the peak wavelength of the filter. (b) By removing the lower 0.4 J.l.m InP 
cladding layer, the phase matching point will be moved far away from the peak wavelength of 
the filter. 

3.25 

lower wI cladding 

lower wlo cladding 

./ 
3.15 L-___ ....I.... ___ --'-___ ---l 
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Figure 6.24. The calculated effective indices of the upper waveguide and the 
. lower slab waveguide with and without 0.4 J.l.m InP cladding iayer. 

smaller than 1 .2 !J.m, which is even shorter than the material bandgap wavelength. 

Therefore, the side peak: existing in the initial X-crossing filters will be removed 

in this structure. 
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-f O.8JlIIl InP 

InP 

InP 

Cal 

(b) 

Figure 6.25. Cal The SEM picture of the output facet. 
(b) The near field pattern at the output facet. 

We use the same grown wafer to fabricate the second round X-crossing 

filters. The fabrication is similar to the initial devices. The difference is that RIE 

dry etching is first used to etch the lower 0.8 J.lffi ridge, then 0.4 J.lm cladding 

layer is removed by wet etching. Since the lower InGaAsP (Arl.4 J..lm) layer has 

a very high loss when A<1540 nm, we overexpose the upper waveguide and 

shrink the guiding width to move the filter peak: to a long wavelength. Figure 6.25 

(a) shows the SEM picture of the output facet of an X-crossing OADM with a 

crossing angle of 8=0. 10. The near field pattern at the output facet is shown in 

Figure 6.25 (b). 

The transmission spectra of the TE mode from input port to the drop and 

through ports of an OADM with the crossing angle of 0.250 are shown in Figure 

6.26, where the data have been normalized to the total output power from through 

and drop ports. The 3dB bandwidth is 6nm. The sidelobe level has been 

suppressed to below -25 dB in this device. The fiber to fiber loss is about -21 dB .  
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B y  improving the fiber coupling efficiency and the lower waveguide material 

quality, this loss can be reduced to about -lo dB. The transmission spectra from 
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Figure 6.26. The TE mode transmission spectra from input port to drop and 
through ports of an OADM with X-crossing angle of 0.25°. (a) Linear scale, 
(b) Log scale. 
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Figure 6.27. The TE mode transmission spectra from add port to through and drop 
ports of an OADM with X-crossing angle of 0.25°. 

add p0r:t to through and drop ports are also shown in Figure 6.27. The 

corresponding fiber to fiber loss is about -25 dB, which is higher than the loss 
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when light is launched in the top waveguide. This is because the 1 .4 J.lm InGaAsP 

waveguide has a much higher absorption than the 1 . 1  J.lm InGaAsP waveguide at 

1 .55 J.lm. The coupling efficiency from add port to through port is above 97%, 

which strongly depends on the crossing angle. Figure 6.28 shows the measured 

coupling efficiency as a function of crossing angle. We note that the side lobe in 

Figure 6.27 is about -21 dB and there is a difference between Figure 6.26 and 

6.27. One reason is because the lower 1 .4 J.lm InGaAsP waveguide is a multimode 

waveguide. Multimode interference has occurred when the light is launched from 

this waveguide. 
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Figure 6.28. The coupling efficiency as a function of crossing angle. 

6.5 Future work 

6.5.1 Polarization insensitive vertical coupler filters 

Based on X-crossing vertical coupler filters, we achieved optical add/drop 

multiplexers with a very low side lobe. However there is one obstacle to the 

widespread use of this devices: strong polarization dependence, which comes 

from the polarization dependent effective index of the two asymmetric 

waveguides. In a conventional vertical coupler filter, one of the waveguides has a 
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very small index difference between the core and the cladding, and a large core 

size, while the other one has a large index difference and a small core size. The 

difference in effective indices between TE and TM modes for a waveguide with a 

large index difference and small core is much larger than the TE and TM 

1 16 nm 
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Figure 6.29. The effective indices of a 2D vertical coupler filter (see 
Figure 6.2) for TE and TM modes. There is 1 16 nm wavelength shift 
between the peak wavelengths ofTE and TM modes. 

difference of another waveguide with small index difference and large core size. 

Consequently, these devices have a strong polarization dependence. Figure 6.29 

shows the calculated effective indices of a 2D vertical coupler filter (see Figure 

6.2) for both TE and TM modes. Here, the polarization dependent wavelength 

shift is about 1 16 nm. This is a disadvantage in fiber optic communication 

systems. Several methods can be used to solve this problem. The direct way is to 

eliminate the birefringence of two waveguides. It is easy to realize it in the 

wavegutde with a small index contrast and a large core size. But for the other 

waveguide with a very small core size « 0.3 Jlm) and a large index contrast, 

eliminating the birefringence and satisfying the phase matching condition at the 

same time will be very difficult. A birefringence compensation technique [30] 
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was introduced to solve this problem. But this needs a complicated structure 

design and a critical material growth. In grating assisted vertical coupler filters, 

one can fabricate the polarization independent devices by using double stage 

gratings [3 1] .  

In this section, we will propose two polarization insensitive optical 

add/drop multiplexers. One combines two different material systems: 

AlGaAs/GaAs with a low material dispersion at 1 .55Jlm and InGaAsP with a very 

high material dispersion. Another uses double X-crossings. 

A. InP/GaAs polarization insensitive vertical coupler filters 

Since the polarization dependence comes from the strong asymmetry of two 

0.8 J.Ull InP 

0.2 J.Lffi InP 

0.39 J.Lffi InGaAsP(A,g=1.3 1J.Lffi) 

0.4 J.Ull InP 

air air 

0.2J.Ull Alo.sGao.sAs 

0.485 J.Ull GaAs 

3J.Lffi Alo.sGao.sAs 

GaAs substrate 

Figure 6.30. The structure of polarization insensitive InP/GaAs vertical coupler filter. 

waveguide geometries, the problem can be solved if the two waveguides have 
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similar structure. For these waveguides with almost identical waveguide 

dispersions, a large material dispersion difference between two waveguides is 

needed to realize a narrowband polarization independent filter. It is known that a 

material has strong dispersion when the operation wavelength is near the bandgap. 

So InGaAsPIInP material can have much higher dispersion than AlGaAs/GaAs 

material around 1 .55f..1m and 1 .3f..1m. 

The detailed structure of the proposed fused vertical coupler filter is 

illustrated in Figure 6.30. The upper InGaAsPIInP waveguide consists of a 0.39 

f..1m InG�sP (Ag=1 .3 1  f..1m) guiding layer and an InP cladding layer. The lower 

AlGaAs/GaAs waveguide includes a 0.485 f..1ID GaAs core and a 0.2 Ilm 
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Figure 6.3 1 .  The calculated effective indices for TE and TM 
modes. They have the same peak wavelength. 

Alo.sGao.sAs cladding layer. Those two waveguides are phase matched at 1 .528 

f..1m.  Figure 6.3 1 shows the calculated effective indices of 3 f..1m wide upper 

InGaAsPIInP and lower AIGaAs/GaAs waveguides. The waveguide dispersions 

of the two waveguides are very small and almost identical, so the material 

dispersion dominates in this vertical coupler filter. Because of similar waveguide 

structures, TE and TM modes have the same peak wavelength in this vertical 
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coupler filter. Since the material dispersion of 1 .3 1  �m quaternary is lower than 

that of 1 .4 �m quaternary, a certain bandwidth will be sacrificed in wavelength 

dependent filters. To fabricate this device, wafer bonding will be needed to 

integrate lattice mismatched InP and GaAs based waveguides together. 
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Figure 6.32. Schematic drawing of a double X-crossing structure for 
polarization independent addfdrop filters and the detailed material structure in 
two X-crossing sections. 

B. Double X-crossing polarization independent add/drop tilters 

Since wafer bonding gives us an extra freedom to design and fabricate 3D 

devices, we can cascade two X-crossing vertical coupler filters together and adjust 
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the phase matching wavelength at each section to match both TE and TM :modes. 

Figure 6.32 is the schematic drawing of a polarization independent add/drop 

multiplexer, which includes double X-crossing structures. If the input is to the 

upper waveguide (solid line), the TE wave whose wavelength matches tbte peak 

(ATE) of the first X-crossing ftlter will be coupled down to the lower wav-eguide 

(dash line) by the first X-crossing section (TE section). Because the peak 

wavelength (ATM) of TM mode is shorter than that of TE mode (ATE-ATM>BO nm) 
(see Figure 6.32 (a», the TM part will go straight through the TE section and is 

kept in the upper waveguide. In the second X-crossing section (TM section)!, if the 

TM mode peak wavelength is aligned to match the TE peak wavelength of the 

first X-crossing ftlter (see Figure 6.32 (b» , the TM wave will be coupled dawn to 

the lower waveguide. Since the TE wave has already coupled down to the lower 

waveguide and the TE peak of the TM section is at a very long wavelength 

(>1600 nm), it still stays in the lower waveguide. Therefore, a polarIzation 

independent add/drop ftlter can be realized. 

To match the peak wavelength of both TE and TM modes, we should 

carefully design the waveguide structures at different sections. Figure 6.32 shows 

one example of the detailed structures at two sections. The difference between 

two lower waveguides, where the guiding layer is InGaAsP with bandgap at 1 .364 

Jlm is only the width: 3 Jlm for the TE mode and 5 Jlm for the TM mode. In the 

upper waveguide, where the material bandgap is 1 . 1  Jlm, the width is 4 Jlffi Eor the 

TE mode and 1 Jlm for the TM mode. Besides the width difference, the 0 _2 Jlffi 

InP cladding layer in the TM section is removed to assure the matching be""tween 

TE and TM peak wavelengths. 
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Figure 6.33. The calculated effective indices for double X-crossing filter. 
(a) TE section. 
(b) TM section 

The fabrication procedures of double X-crossing add/drop filters are very 

similar to that of the single X-crossing ones, except an extra etching needed to 

remove the 0.2 !.lm InP cladding layer after the fabrication of the upper 

waveguide. 
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6.5.2 Multichannel OADMs and wavelength selective cross-connect 

In optical networking, multi-channel OADMs will be needed to add and drop 

'\ '\ '\ '\ '\ 
At' 1..2' A3' �' 1..5' 

Figure 6.34. Schematic drawing of 5 channel optical add/drop multiplexer. 

several wavelengths at a single node. Based on X-crossing vertical coupler filters, 

it is easy to fabricate multichannel optical add/drop multiplexers. Figure 6.34 is 

the schematic diagram of a 5 channel OADM. Instead of one lower waveguide, 

five waveguides with different widths cross over one upper waveguide in an X

shape. Since the phase matching point strongly dependents on the waveguide 

parameters, the waveguides with different widths will have the different peak 

wavelen'gths.  Figure 6.35 shows the calculated effective indices for different 

waveguides (the waveguide structure is the same as that in Figure 6.32). For 

lower waveguides with 1 ,  2, 3 ,  4 and 5 flm widths, the corresponding peak 

wavelengths are 1.509 J.Lm, 1 .522 flm, 1 .534 flm, 1 .542 flm and 1.549 flm 

respectively, which covers 40 nm wavelength range. Figure 6.36 is the 
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relationship between the peak wavelength and the lower waveguide width. By 

adding more waveguides with slight waveguide difference, we can achieve more 

3.25 r--...... ---r-----,--.-----, 

3.22 1---!---"f---+--�P'£'� 

3.215 L.-_......I... __ .L-..--...:.:...J.:�.::....:.�::..:..... � 
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Figure 6.35. The calculated effective indices for different wide waveguides. 
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Figure 6.36. The peak wavelength as a function of waveguide width. 

channels with narrow channel spacing. 

Later generations of OADMs in optical networking will provide more 

dynamic capabilities: dynamic selection of which wavelengths are to be added or 

dropped at a node. In X-crossing vertical coupler filter based OADMs, we can 

bias each waveguide and change the waveguide index through the electrooptic 
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effect or carrier injection effect. Then the peak wavelength can be tuned in a wide 

wavelength range [ 19] [32] . Based on this tunable X-crossing filter, A simple 

Output channels 
'\ '\ '\ '\ 

t t 
Input channels 

Figure 6.37. Schematic drawing of a crossbar wavelength selective cross connect. 

reconfigurable dynamic OADM can be realized. 

Furthermore, a full dynamic matrix switch, also referred to as a 

wavelength selective cross-connect, can be realized using X-crossing vertical 

coupler filters. Figure 6.37 is the schematic drawing of a proposed wavelength 

selective cross connect. In this device, two arrays of asymmetric waveguides are 

arranged to different planes in a crossbar configuration. Each crossing point is a 

dynamic OADM. Arbitrary input wavelengths can go to arbitrary output channels 

by the biases applied to each crossing point. This is a quite simple, fast and 

compact wavelength selective cross-connect. 
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6.6 Summary 

In this chapter, a very simple OADM based on X-crossing InGaAsPIInP. vertical 

coupler filters with laterally separated input and output waveguides has been 

successfully demonstrated. The sidelobe level has been reduced to -26 dB and the 

coupling efficiency is above 97%. To our knowledge, these are the best reported 

results so far for vertical coupler filters. Compared to other OADM structures, X

crossing vertical coupler filters can avoid complicated material regrowth and 

grating fabrication, making these filters attractive and low cost candidates for 

OADM in WDM networks. Some approaches to solve the problem of the 

polarization dependence were discussed and more applications of X-crossing 

vertical coupler filters were also described. Simple dynamic reconfigurable 

OADMs and wavelength selective cross-connect can be realized using this kind of 

X-crossing vertical coupler filters. 
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Chapter 7 

Summary 

High performance and cost-effective photonic devices and circuits are the key 

enabling elements for optical access to traffic at each node in future optical 

transport networking. Compared to the development of EICs, the current PICs fall 

short of our expectation due to the nature of photonics and the technology 

limitations. The final success of PICs can be expected when the technology is 

mature "for 3D multilevel photonic devices and circuits with an increased 

functionality and a large-scale integration. Although 3D optical interconnection is 

still in its infancy, wafer bonding is a good candidate for this purpose, because the 

bonded interface is both optically and electrically transparent. The goal of this 

dissertation is to explore the possible applications of wafer bonding to 3D 

photonic devices. We successfully demonstrated several novel 3D multilevel 

photonic devices and circuits. The main results reported in Chapter 2 through 6 

are summarized in the following. 

The history and applications of wafer bonding was briefly reviewed in 

Chapter 2. Optical propagation loss introduced by the bonded interface in optical 

waveguides was investigated. We found that there is about IdB/cm excess loss in 

fused waveguides. 

For the design and optimization of optical waveguide devices, effective 

and simple numerical techniques were given in Chapter 3,  including the transfer 

matrix method, the effective index method, coupled mode theory, normal mode 

theory, and beam propagation method. Based on these methods, we studied the 

extinction ratio in a coupler with a very short coupling length. The extinction ratio 

is independent of the coupling length if the two input waveguides and output 
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waveguides of a coupler are well separated. The symmetry between two 

waveguides is the key factor to get a high extinction ratio. 

Vertical couplers are the hearts of all devices and circuits we investigated 

in this dissertation. In Chapter 4, we first theoretically calculated the coupling 

length and extinction ratio for different vertical couplers. Then we fabricated 

fused vertical couplers with a short coupling length of 62 J.lm at 1 .55 Jlm. Finally 

a push-pull anti-phase fused vertical coupler switch with 1 2  V reverse bias 

switching voltage has been demonstrated b y  inverting the crystal symmetry 

mucroscopically. As a comparison, no switching is observed for in-phase FVCs. 

In Chapter 5, we demonstrated a simple 3D photonic circuit: multiple 

channel wavelength multiplexers using cascaded 3D vertical couplers. 14.5 run 

channel spacing and 15 dB channel crosstalk for 4-channel multiplexers with a 6 

mm long first stage coupler and 14mm total length was achieved. An 8-channel 

MUXlDEMUX was also fabricated. These coupler based wavelength multiplexers 

may be a low cost choice for coarse WDM applications. 

In Chapter 6, simple optical add/drop multiplexers based on X-crossing 

vertical couplers with laterally separated input and output waveguides were 

proposed and fabricated. The sidelobe level has been reduced to -26 dB and the 

coupling efficiency is above 97%. These are the best reported results so far for 

vertical coupler filters. We also suggested some approaches to solve the problem 

of the polarization dependence, including integration of InPIInGaAsP and 

AlGaAs/GaAs waveguides together and cascading two X-crossing filters. More 

sophisticated photonic devices based on X-crossing vertical coupler filters for 

WDM network applications were also described. These include simple dynamic 

reconfigurable OADMs and wavelength selective cross-connect. 

Since wafer bonding gives us an extra degree of freedom for the 

integration of different materials and structures, it is a potentially powerful tool 

for future novel and complex 3D photonic devices and circuits, as shown in this 



Chapter 7. Summary 155 

dissertation. Our study is just the beginning, and more efforts are needed to 

address two aspects. 

The first one is wafer bonding itself, including bonding equipment with 

very precise (submicron) alignment during bonding processes and low 

temperature bonding. In this dissertation, we used double-sided process to avoid 

alignment during the bonding. The alignment was done by infrared-lithography or 

a conventional aligner after opening the alignment mark windows. For high 

density and multilayer integration, this method has many limitations. The 

potential of wafer bonding will depend on the development of sophisticated 

bonding equipment. This dissertation focused on InPIInP bonding and all bonding 

was done around 630 °e. There is no thermal expansion problem. But once we 

want to bond different materials (such as Si, Glass, Polymer and ill-V 

semiconductors) together, the different thermal properties will be a big issue for a 

high quality and large area bonding. To avoid this problem, low temperature or 

even room temperature bonding is a solution. Although there are several reports 

on low temperature bonding [1] [2] [3] ,  the new feasible techniques are still a 

challenge. 

In this dissertation, vertical couplers were used to route the optical signals 

between different waveguides and different layers. This requires that the two 

waveguides must be phase matched at least at the operation wavelength. 

Otherwise, gratings are needed to compensate the phase mismatching. This will 

limit the complexity and functionality of photonic circuits. If we can incorporate 

conventional optical elements, such as micro-mirrors, splitters, polarizers, and 

others, into the current semiconductor PICs, the routing of optical paths will be 

simple and the performance and functionality of PICs will be enhanced greatly. 

This is the second area in which future work is needed, especially the integration 

of micro electro-mechanical systems (MEMS) [4] [5] with semiconductor 

photonic devices. The integration of different material systems and the 3D 
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fabrications will be the key enabling steps to the realization of MOEMS (Micro

Opto-Electro-Mechanical Systems). Definitely, wafer bonding [3] and other 

monolithic or hybrid integration techniques will grow in importance as MOEMS 

gain more applications, such as large scale optical switching, and optical cross 

connects. 
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Appendix A 

Waveguide Loss Measurement 

The simplest method for evaluating waveguide insertion loss is the measurement 

of their attenuation using transmission experiments. The ratio of output optical 

intensities yields the overall insertion loss, which includes both coupling and on

chip propagation losses. The standard approach "cutback method" [ 1 ]  has been 

used to measure the loss as a function of guide length. But cutback method is not 

suitable for waveguides with very low losses. The major difficulty with this 

technique is input and output coupling reproducibility, especially for 

semiconductor waveguides where the mode size is smaller than the one in fibers 

and results in more severe alignment tolerance. Coupling reproducibility thus 

limits the overall accuracy of this method, particularly when sample length is 

varied to separate the effects of propagation and coupling losses. A second 

difficulty is caused by waveguide endfacet reflections, which give rise to 

resonator effects that significantly complicate the data analysis. Such resonator 

effects can be avoided by antireflection CAR) coating the endfacets. 

In order to circumvent problems with coupling reproducibility, on-chip 

losses can be measured using Fabry-Perot resonant methods [2] [3] . This 

technique relies on cleaved waveguide endfacets to form a Fabry-Perot waveguide 

resonator, the finesse of which is measured by varying the waveguide phase using 

thermal, wavelength, or electrooptic tuning. The transmission T and reflection Re 

of such a waveguide resonator, consisting of a straight waveguide of uniform 

propagation loss a and length L are given by: 

(1 - R)2 e-aL 
T = (A. !) 

(1 - Re -aL ) 2 + 4 Re -al. sin 2 (0) 
2 
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R(I - e-aL )2 + 4Re -aL sin 2 (�) 
Re = 2 

(1 - Re -aL ) 2 + 4 Re-aL sin 2 (
8

) 
2 

(A.2) 

where R = .J Rl R2 ' Rl and R2 are the endfacet reflectivities, b = 2/31- is the phase, 

f3 is the propagation constant. By measuring the fringe contrast K: 

K = 
Tmax 

= (1 + Re-aL 
) 2 

Tmin l - Re-aL 
(A.3) 

Re·aL can be determined. Since (A.3) shows no dependence on tIhe coupling, 

coupling reproducibility problems are avoided. Using assumed facet reflectivity 

value R, the propagation loss a can be deduced. Figure A. I shows the measured 

t:: 
o a; en 
E 
en 
t:: � I- 0.5 

Temperature 

Figure A. L The transmission of a waveguide F-P resonator. 

F-P resonance with temperature change. In general, however, the waveguide 

reflectivity differs from the simple Fresnel value so that use of estim:ated R leads 

to inaccurate a results. An improved version of the F-P method invol-ves multiple 
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measurements of the fringe constant K for different sample lengths L [4] . From 

(A.3), 

In( & - 1
) = In R - aL 

& + 1  
(AA) 

then R and a can be independently determined from a plot of the left-hand side of 

Equation (A.4) versus L. 

Another way to determine both the loss and the reflectivity is to measure 

the transmission and reflection at the same time [5] . By measuring the fringe 

contrast of both the transmission Kttans and reflection Kreflec, one can find: 

so, one gets: 

K = Tmax 
= (

1 + Re-aL
) 2 rrans aL Troin 1 - Re-

K _ Remax _ l + Re-aL 2 1 - e-aL 2 
reflec - R - (

1 R -aL
) (1 -aL 

) 
emin - e + e  

Kreflec (
1 - e-aL

)2 
y - -

- Krrans - l + e-aL 

(A.5) 

(A.6) 

(A.7) 

Form (A. 7) and (A.5), the loss and reflectivity can be deduced directly: 

-aL 
1 - fi e = --'--= 
l + fi 

R = .JK::: - 1 

(.J Krrans + l)e-aL 

(A.9) 

(A. 10) 

Compared to the multiple measurements of transmission for different waveguide 

lengths,  this method is simpler and more efficient. 

The major advantage of the F-P resonance technique is its inherent 
. 

reproducibility and insensitivity to coupling misalignment. This permits more 

accurate measurements of small on chip losses. 
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Appendix B 

Characteristic Equations for Different ARROW Structures 

B. 1 Introduction 

Antiresonant reflecting optical waveguides (ARROW)[1] have attracted a great 

deal of interest during the past several years. Instead of total internal reflection in 

conventional waveguides, ARROWs use antiresonant reflection as the guiding 

mechanism. This gives ARROWs some remarkable features that are used in many 

applications, such as remote couplers [1] ,  filters [2] , and polarization splitters [3]. 

In order to design ARROW devices, the knowledge of the characteristics of 

ARROW modes is important. An approximate expression for the propagation 

constant and loss have been given by Baba et al. [4, 5] . The equivalent 

transmission line [6] and the transverse resonance method [7] have also been used 

to investigate the dispersion and loss. A rigorous numerical method is based on a 

well known transfer matrix method [8, 9] . Because of the leaky property of 

ARROW modes, the solutions must be found in the complex plane. The root 

searching in the complex plane could be time consuming and tedious, especially 

for optimization of multiple layer structures. In this appendix, we will give a set of 

simple characteristic equations for ARROW structures [10] .  The root searching 

for the new equations needs to be carried only on the real axis and the error is 

negligibJe for low loss ARROW modes of practical interest (Le. loss smaller than 

a few dB/cm). 
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B.2 Characteristic Equations 

We consider a planar multilayer waveguide as shown in Fig. B . 1 .  The 

general solution of the wave equation in each layer is well known (see Chapter 3 

section 2): 

(B . l) 

Based on transfer matrix method (see 3.2), we can relate field coefficients 

in the cover CAe and Be) with the coefficients in the substrate (As and Bs): 

I I � . , : , 
e J \ , , , , , 

....... , ( / : 

anti-nod � 
x 5 

x 5  . -- -.-.... .... . . ..... -
\, � .. , 

f , .J ,. 
\ : , , I . \ . 
\ I , node 

\ '. ' 
',-: 

, 

Figure B.l .  Schematic diagrams of a planar ARROW structure and the 
field profile (dash line). 

[tl l T = T · · · T. T = N 1 C t 21 
(B.2) 



Characteristic Equationsfor Different ARROW Structures 165 

For guiding modes, fields should be evanescent in the cap and the 

substrate layers, so As=<> and Bc=<> that results in the characteristic equation: 

tl le(3)=<> (B.3) 

For ARROW modes, since they are leaky, characteristic equation t1 1e(3)=O 

can be found by assuming outgoing waves in the cover and substrate layers, with 

correct sign of kc and ks chosen [8] .  The root (3 resides in the complex plane, so 

the root searching for structures with many layers and for optimization purposes 

could be time consuming and tedious. In the following, based on physical 

arguments, we will introduce a different characteristic equation for the radiation 

modes, that gives the ARROW mode effective indices on the real axis. 

Radiation modes require both incoming and outgoing components to form 

standing waves in the substrate layer for one sided radiation modes, or in both 

cover and substrate layers for two sided radiation modes. Equation (B. 1) holds for 

radiation modes as well. Since the number of unknown variables is larger than the 

number of boundary conditions, a characteristic equation can not be established. A 

simple relation between As CAe) and Bs (Bc) will allow us to get a characteristic 

equation for the case of low loss ARROW modes. When the interference layers in 

ARROW waveguides satisfy the antiresonant condition, the reflectivity is very 

close to unity and the phase shift in each layer is 90 degrees. This assures that the 

field at the outermost interface is a node or an anti-node, i.e., A s  = ± B s Cor 

Ac = ± B e ) for one sided radiation modes and A s = ± B s '  Ac = ± B e  for two 

sided radiation modes from equation (B.l). The sign depends on the index of the 

outermost two layers. 

Now, let's look at each case separately: 

Ca) One sided ARROW modes 
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In one sided ARROWs, the field in one side (cover) is evanescent Bc=O 

and in the other side (substrate) is a standing wave (actually the amplitude of the 

"mode" increases with the distance because of its lossy nature), i.e. neff>ne and 

nett<ns. When the substrate index is larger than that of the last layer, nS>nN (the 

right side of Fig. B. 1), the field in the outmost interface is a node, As=-Bs. From 

(B.2) we get the characteristic equation: 

tl l�t21� (B.�) 

When the index of substrate is smaller than that of the last film layer 

ns<flN, the field in the outermost interface is a anti-node (the left side of Fig. 1), 

As=Bs. So 

(B.5) 

(b) Two sided ARROW modes 

In two sided ARROW, the field in both sides are standing waves, i.e. 

nerr<ne and necr<ns. There are three cases: 

• ns>nN and ne>nl . In this case, As=-Bs and Ac=-Be, so 

(B.6) 

• ns>nN and ne<fll (Fig. 1)  or ns<flN and ne>nh As=-Bs and Ac=Be or As=Bs and 

Ac=-Be, so 

• ns<flN and ne<nh As=Bs and Ac=Be, so 

(B.7) 

tl l�t12-t21-t22� (B.8) 

The above equations (B.3)-(B.8) are the characteristic equations for all 

kinds of ARROW structures. For all of these the effective index for guided 

(Equation (B.3» and leaky modes (Equations (�)-(8» for lossless materials can be 

found on the real axis. After finding the mode's effective index, it is simple to get 

its profile if we choose the correct Ac and Be. Based on the first order 
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perturbation theory, the loss of leaky modes can be found: 

a = 4.34ko Im[tl
,
1 (n�ff)] dB! h Im ' th " , ( ) . th J.lm, w ere IS e Imagmary part, ti l neff IS e 

t1 1 (n�ff) 

differential with respect to neff. 

4 1� I (b) 
... 
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dt(J.lm) 
Figure B .2. The calculated effective index (a) of the TEo mode of ARROW-A 
structure as a function of the thickness of the first antiresonant layer. (b)is the 
error in our model comparing to the exact calculations. 

8.3 Examples 

In order to check the accuracy of our characteristic equations for different 

ARROW structures, we have compared the calculations with the exact model [8 , 

9] . Figure B.2 (a) (b) (c) and (d) show the calculated effective index, loss and 

error as '  a function of the first interference layer thickness d l of an ARROW-A 
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Figure B.2. continued. The calculated loss Cc) of TEo mode of ARROW-A 
structure as a function of the thickness of the first antiresonant layer. Cd) is 
the error in our model comparing to the exact calculations. 

structure using our method and the exact model [8, 9] . Although this model is 

based on an antiresonant condition, our computation shows that antiresonance is 

not criticaL Even when the thickness d} is far away from the antiresonant 

condition, the current model matches the exact calculations very well (see Figure 

B.2). For example, when d} is around the resonant point where loss is the highest, 

the error between our method and the exact model is still smaller than 0.2% for 

TE l  mode. Table B . 1  displays the effective index and loss for several ARROW 

waveguides including ARROW-B [5], two sided ARROWs and ARROW 

couplers [ 1 1 ] .  We can see that for low loss ARROW modes, which are of main 
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interest in practical applications, the approximate model with real roots is 

identical to the exact analysis. 

Structure· Characteristic mode Effective index Loss (dB/em) Effective 

equation (this study) (this study) index (exact) 

One sided tl 1+t2l=O TEl 1 .4417085 0.25 1 .4417085 

ARROW-A TE2 1.41798 270 1.4176 

One sided tl 1+t21=0 TEl 15382528 0. 1 1  15382527 

ARROW-B TE2 15336896 95 1 .5336856 

Two sided tU-t12+tzl-t22=O TEl 1.4578523 0. 1 1  1.4578523 

ARROW 1 TE2 1.4518589 76 1 .4518454 

Two sided tl l+tI2-t21-t22=O TEl 3.1540497 053 3.1540497 

ARROW 2 TE2 3.1393856 103 3.1393856 

Two sided tll+tI2+[21+[22=O TEl 1.4578558 0.06 1 .4578558 

ARROW 3 TE2 1.4518726 49 1 .4518551 

ARROW [11-[�I=O even 3.1541037 0. 12  3.1541037 

coupler odd 3.1539980 0. 14 3.1539980 

Table H . l .  Comparison of the effective index and loss between our 
model and exact model 

Loss (dB/em) 

(exact) 

0.25 

407 

0. 1 1  

98 

0.1 1 

98 

053 

1 13 

0.06 

58 

0. 12 

0. 14 

* The structures (index, thickness (from the cap to substrate layers) and 

wavelength) of calculated ARROWs are listed below: 

1. ARROW-A: n=1I1 .45/3.5/1.45/3.5; d=co/4/0. 1019/2.0985/co/J..lm; A=1.3J..lm 

[6, 7, 9]. 

2. ARROW-B : n=1I1.54/1 .46/1.54/3.85; d=co/41 O.3/21co/J..lffi; A=O.633J..lm [5]. 

3. Two sided ARROW 1: n=3.8/1 .46/2.3/1 .46/2.3/1 .46/3.8; 

d=oo/2l0.088/4/0.088/21oo/J..lffi; A.--o.633J..lm. 

4. Two sided ARROW 2: n=3 . 16/3 .55/3 .16/3 .55/3 . 1 6/3 .55/3 .16/3 .55/3 . 16; 

d=oo/O.237/210.237/4/0.237/210.237/oo/J..lffi; A=1.55J..lm 

5. Two sided ARROW 3: n=1 .46/2.3/1 .46/2.3/1 .46/2.3/1 .46/3.5; 
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d::oo/O.089/210.089/4/0.089121oo/Jlm; A.=O.6328�m. 

6. ARROW coupler: 

nl1I3.16/3 .55/3. 16/3.55/3. 16/3.55/3.16/3.55/3 .16/3.55/3. 1 6/; 

d1oo/2l0.237/4/0.237/210.237/4/0.237/210.237/oo/;A=1 .55�m [ 1 1].  

8.4 Conclusion 

In this appendix, a set of simple and versatile characteristic equations is given for 

different ARROW structures. This method gives the precise effective index, loss 

and mode profile for low loss ARROW modes of practical interest (Le. when their 

loss is smaller than a few dB/cm). This enables root searching in the real domain. 

The physical argument is simply based on the property of antiresonance and the 

small loss, which means that the reflection coefficient at the outermost boundaries 

is near 1 ,  and a phase relation exists for the field at the outermost layers. The use 

of these characteristic equations is demonstrated for different ARROW 

waveguides, couplers and filters. This simple physical argument gives an accurate 

intuitive picture for low loss leaky modes and it can be used to design and 

optimize ARROW devices. 
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