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Abstract 

Indium-Phosphide Based Narrow-Band Optical Filters and Add-Drop Multiplexers 

by 

Thomas Liljeberg 

Reconfigurable, narrowband optical filters and add-drop multiplexers (ADMs) are 

key components for versatile high-capacity fiber-optic wavelength division 

multiplexed (WDM) communication systems. Implementing the filters and ADMs 

in semiconductor waveguide technology opens possibilities for integration with 

other passive and active devices for high-functionality modules. 

The dissertation describes design. fabrication and characterization of InP 

waveguide based filters and ADMs with optical bandwidths below 50 GHz. 

The devices are based on distributed Bragg reflector (DBR) filters. Methods to 

achieve optical bandwidths sufficiently narrow for dense-WDM are discussed. By 

using quarter-wave shifted DBR gratings in low loss waveguides, optical filter 

bandwidths of 38 GHz at I .S5�m wavelength were demonstrated. The bandwidth 

of these first-order filters was limited by waveguide propagation loss; design 

approaches for implementation of bigher-order filters with even smaller bandwidth 

and less sensitivity to losses will be discussed. Finally. the dissertation covers 

integration of the narrowband filters with directional couplers to obtain add-drop 

multiplexers. 
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Chapter 1 Introduction 

1.1 Introduction 

Over the past decade, a revolution has taken place in the area of data and telecom 

communication systems and networks. Only 10 or IS years ago, the vast majority 

of the information transmitted on large networks was "plain old telephony", that is, 

voice transmitted on circuit switched networks. Today, the picture is dominated by 

data transmission over high capacity packet switched networks. With the explosion 

in Internet and World Wide Web use, and introduction of new services and 

applications, demand for data transmission bandwidth has grown at astronomical 

rates. Some of the factors driving this growth are the increasing number of people 

with Internet access, along with a number of new and more bandwidth demanding 

applications and services. Finally, more and more companies are deploying high 

capacity intranets and extranets to share information between employees, and 

between company and customers or suppliers. While the growth in number of 

people connected to the Internet is slowing down, particularly in the US and 

Western Europe, the information accessed continues to be more and more 

bandwidth demanding, e.g. pictures and video. Combined with the growth from 

new services and new ways to access the networks, this promises to maintain a 

very high growth rate in the bandwidth demand, see projection in Figure 1 . 1 .  
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Figure 1.1 Projected bandwidth demand (March 2001 projection). 

At the same time, new technologies (along with deregulation and increased 

competition) have significantly contributed to bringing down the cost of 

bandwidth. This cost reduction has fueled the innovation of new services, which in 

tum has provided the incentive to further increase bandwidth and decrease cost. 

While this virtuous cycle has slowed down somewhat in the recent year, the long-

term projections continue to predict a very high growth rate in bandwidth demand, 

pushing the development of technologies capable of supplying faster, cheaper and 

more versatile networks 
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1.2 WOlf Netwol'ks 

Several technologies co-exist and compete to provide the increased bandwidth. As 

mentioned, a shift has taken place from circuit switched to packet switched 

networks, providing more flexibility and versatility. Erbium doped fiber amplifiers 

have dramatically increased the distance data can be transmitted without costly 

electronic regeneration. Increasingly faster electronics has pushed the limit for 

maximum bandwidth achievable with electronic time-division multiplexing 

(TDM). 40 Gbitls TOM systems are now commercially available, and even higher 

single-channel bit rates can be achieved with optical time-division multiplexing 

(OTDM). Systems with single channel bandwidth of over 160 Gbitls have been 

demonstrated in research laboratories. 

The advent of wavelength division multiplexed (WDM) systems has made it 

possible to dramatically increase the transmission bandwidth of both existing fiber 

links and new systems; systems with a potential aggregate bandwidth of over 1 

Thitls are now available. 

One advantage of WDM systems is the possibility of routing and processing on the 

optical level, instead of detecting and processing in the electrical domain before re

transmitting the optical signal. Wavelength routed passive networks is a relatively 

simple example of this; the trend is towards doing more and more of the routing 

and switching in the optical domain. 
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Some of the key components for optical routing and switching are wavelength 

multiplexers and demultiplexers� all-optical cross-connects and switches9 and Add

Drop multiplexers (ADMs). Currently most of switching, routing and cross

connect functions are performed in the electrical domain, requiring complex and 

expensive high-speed electronics. By moving as much as possible of this 

processing to the optical domain, smaller complexity can be achieved9 in addition 

to greater transparency with respect to modulation speed and format. 

1.3 Add-Drop Multiplexers 

Add-drop multiplexers are key components for high capacity packet switched 

optical networks. The basic functionality of an ADM is illustrated in Figure 1 .2. 

Addl Drop 

Fig"n 1.2 Add-Drop Multiplexer 

All the channels are incident on the in port, and the ADM selectively picks out one 

channel, which is dropped and processed, and new data is inserted on that channel 

and transmitted. Ideally, the device is completely transparent, not only to data on 
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the other channels, but also to coding and modulation formats of the dropped 

channel. 

The benefits from all-optical add-drop functionality depend on the network 

structure. Smaller networks, such as local area networks, campus/enterprise 

networks and metro area networks are typically implemented using simple 

broadcast ring or bus topologies. In these types of networks, the main benefit of an 

all-optical ADM is a reduction in complexity and processing. A node can be 

statically or quasi-statically assigned a specific wavelength channel, leaving all the 

routing and processing to take place at a central hub. This approach keeps the 

components at the each node as simple as possible, and thereby cheap. Added 

network flexibility and total capacity can be increased at the cost of higher 

complexity and price, by using dynamically reconfigurable ADMs at the nodes. 

In larger networks, i.e. long-haul networks or W ANs, the network is based on a 

mesh-structure. The nodes can have different levels of complexity, ranging from 

complex sub-systems with demultiplexers, cross-connects, multiplexers, and 

possible wavelength converters, to simpler nodes based on add-drop multiplexers. 

In the past, connections were established based on circuit switched protocols, i.e. 

when a connection is established, a permanent path through the network, between 

the two endpoints is established for the duration of the connection. Newer fiber

optic networks are based on packet switching, but on the electricalllogical level. 

On the physical/optical level, connections between two nodes in the network are 

still established semi-permanently. A true packet switched network would have 
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greater flexibility and reliability, but also place much higher requirements on the 

components. To achieve packet switching on the optical level, fast switches and 

ADMs capable of being reconfigured at packet rate, are needed. 

The remainder of this section reviews the technologies available to implement all

optical add-drop multiplexers, and compares the performance on different 

parameters, such as cross-talk, reconfigurability, speed, and optical bandwidth. 

Referring back to Figure 1 .2, they basic functionality of an ADM is spatial 

separation of one wavelength channel from all other channels. The conceptually 

simplest way of achieving this is using a reflection filter in conjunction with two 

optical circulators, as shown in Figure 1 .3.  

Fig",e 1.3 Simple example of an Add-Drop Multiplexer based on a DBR-filter and 

two optical circulators. 

N wavelength channels are incident on port 1 and pass through the circulator to the 

filter, where all the out-of-band channels are transmitted and passed through the 

second circulator to the output. The on-resonance channel is reflected, and sent to 

the drop port by the circulator. Similarly, the signal applied to the add port goes 
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through the circulator, is reflected by the filter and then sent to the output port by 

the circulator. Devices based on this structure were the first to be demonstrated in 

laboratories. The filter can be based on one of several technologies; the most 

commonly demonstrated employ a fiber grating filter, but waveguide filters have 

also been used. Because the circulators have very low transmission from port 1 to 

port 3, the performance of the ADM is essentially limited by the filter 

characteristics. 

In terms of actual system deployment, the concept shown in Figure 1 .3 is not 

advantageous - circulators are expensive, and alignment and packaging further add 

to the cost. Currently, commercially available ADMs are typically based on Silica 

on Si arrayed waveguide gratings (AWGs) [1 -7]. These ADM devices are really 

integrated devices consisting of demultiplexers, 2x2 switches and multiplexers. An 

example with 16 channels is shown in Figure 1 .4.[1 ]. 

Figllre 1.4. Si/ica-on-Si 16-channel Add-Drop MUltiplexer based on Arrayed 

Waveguide Gratings and thenno-optic 2x2 switches [1]. 
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The device is connected to the network at port 1 and the add channels are applied 

to port 2. The first A WG demultiplexes both the signal from the network and the 

local add signal. Note that this allows for simultaneous add-drop operation on any 

number of channels; port 2 can be a single channel or a local tributary input or 

subnet. The 2x2 switches are thermo-optic switches, limiting the maximum 

switching speed to the f.ls-range. After the switches, all the channels are 

multiplexed again, and appear on the two output ports. 

The limits to the performance of these devices are determined as follows: For 

speed, the switching speed of the 2x2 thermo-optic switches limits reconfiguration 

speed to the MHz range at the very best. Total channel count is limited by the 

bandwidth and the free spectral range of the A WG; the potential for over 300 

channels has been demonstrated in research labs [5]. The channel spacing is 

limited by the static filter characteristics of the A WG, which is theoretically 

limited by the number of waveguides in the array, and practically by control over 

material, process and temperature. Devices with 10 GHz channel spacing and 

better than 20 dB cross-talk isolation have been demonstrated [8]. Based on Silica

on-Si technology, the device is not readily integratable with semiconductor based 

active devices, although some work bas been done with hybrid integration and 

with semiconductor A WGs [9]. 

Another technology for implementing ADMs is semiconductor, dielectric or fiber

based cascaded Mach-Zehnder interferometers [10-12], as illustrated in Figure 1 .5, 

which shows an implementation in dielectric waveguides. The approach is based 
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on resonant couplers, with the phase shift and coupling in the individual sections 

adjusted to achieve the desired transmission characteristics. Tuning is achieved by 

separate heating of the stages, limiting the switching speed to the sub-ms range. 

Control of temperature is also used to compensate for phase-errors in the arms of 

the interferometers due to fabrication tolerances. The example shown in Figure 1 .5 

is designed for a channel spacing of 200 GHz and has a cross-talk isolation of 

better than 20dB. ADMs with channel spacing of 100 GHz have also been 

demonstrated. 

.+ .. - ...... --� � --_ .... _-----_.- ... ..-.-. ............. .. 

Figure 1.5. 16-channel resonant Mach-Zehnder lnterojerometric Add-Drop 

Multiplexer with 200 GHz channel spacing [/O}. 

The response of the cascaded MZ-interferometers is periodic, limiting the total 

number of channels to the free spectral range (FSR) of the device. FSR is 

determined by the phase difference between the arms in the interferometers, 

whereas the total number of stages determines finesse, and thereby optical 

bandwidth and channel spacing. These parameters set a practical limit to the 

channel spacing and the total number of channels. The best results from research 
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laboratories demonstrate add-drop operation on one of 16 channels in a 100 GHz 

system, with 20 dB isolation. 

The wavelength and spatial separation of channels can also be achieved with an 

acousto-optic tunable filter (AOTF)[13-19], illustrated in Figure 1.6. 

Figure 1.6. Two-stage acousto-optic tunablejilter ADM [IJ). 

The principle of the AOTF can be described as follows: The acoustic wave creates 

a traveling- or standing-wave index perturbation in the acousto-optic material. This 

wave pauern acts as a DBR filter with the resonance condition: 

A. = 2A sin(8B) 

where A. is the optical wavelength, A is the wavelength of the acoustical wave and 

9 is the angle of incidence. For a given angle of incidence, the reflected 

wavelength can be determined by controlling the wavelength of the acoustic wave, 

i.e. the frequency of the acoustic signal determines which wavelength(s) the device 

reflects. By exciting the device with more than one frequency, several channels 
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can be sent to the drop port, although this causes degradation in the cross-talk 

isolation, due to non-linear interaction between the frequency components of the 

acoustic signal. 

The ADM performance of an acousto-optic filter is limited by several factors. The 

minimum switching time is determined by the width of the incident beam; for 

telecom applications the AOTF are typically based on LiNb03 and have switching 

times in the 10-1 OOIJS range. The cross-talk isolation can ideally be arbitrarily 

good by increasing the power of the acoustic signal and using material with high 

photoelastic coefficient. The device shown in Figure 1.6 has a filter bandwidth of 2 

nm. and a cross-talk isolation of 30 dB, on par with state-of-the-art in published 

literature. 

Recently, add-drop filters based on coupled microring resonators in Si02 on Si 

have been demonstrated [20-23). The filters are based on ring waveguides coupled 

to input and output waveguides in a regular grid. The main advantage of this 

architecture is the compact size. The main disadvantages are the strict 

requirements on process control and the limited free spectral range of microring 

resonators. 

The last type of ADMs covered in this review is semiconductor waveguide based 

devices, where the filter effect is obtained with DBR gratings or grating-assisted 

couplers. The basic concept of these devices is very similar to that of the ADMs 
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and filters that are covered in this work; for details, the reader is referred to the 

relevant chapters. 

Several groups have worked on semiconductor DBR based filters and ADMs [24-

36]. In Figure 1 .7 [35], a 4-channel tunable filter is implemented using four OBR 

gratings with different grating period. The device is polarization-independent and 

tunable through carrier injection in the waveguide layer. This work is based on a 

linear waveguide, that is, the filters are not integrated with any form of coupler -

for ADM applications external circulators are necessary. The filter bandwidth for 

each of the filters was -2nm, the channel cross-talk isolation was better than 18  dB 

for all four channels. 

The same group has also demonstrated a multi-channel tunable filter with 

integrated amplifier, illustrating the potential for integration in the InP system. 

Figun 1.7 4-channel Add-Drop Multiplexer implemented as 4 DBR gratings in an 

InP waveguide. The device is a two-port. requiring external optics to separate 

incident and reflected waves [35]. 

For use as a filter or ADM in a WDM system, the biggest problem with the InP 

waveguide based technology is achieving a sufficiently narrow drop bandwidth 
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with a simple DBR filter. The slightly different approach in Figure 1 .8. overcomes 

this problem by using a grating assisted counter-directional coupler [27]. 

Figure 1.B 4-port optical Add-Drop Multiplexer implemented using a grating-

assisted counter-propagating directional coupler. The drop bandwidth is 0.4 nm. 

and the device can be temperature tuned over I Inm [27]. 

For InP based ADMs, this represents state-of-the-art. The wavelength selection is 

achieved using a vertical grating assisted coupler. A drop bandwidth of 0.4 run 

(-SO GHz) has been demonstrated with a polarization independent device. The 

grating is apodized to suppress sidelobes, which cause severe channel cross-talk. 

With a 100 GHz channel spacing, the measured cross-talk is below 24 dB. In a two 

channel 2.5 Gbitls demultiplexiog experiment, a bit-error rate penalty of 1 .5 dB for 

the through channel was achieved. The dropped channel experienced no power 

penalty. 

13 



The wavelength is tunable over I I  run, using an integrated Cr strip heater 

element. This makes tuning slower, but there is no inherent reason why the same 

structure could not be implemented using carrier injection (plasma loading) as 

tuning mechanism. allowing for tuning on nanosecond time scale. The main 

problem is the increased loss incurred by free-carrier absorption. This limitation 

will be discussed in detail in a later chapter. 

Table 1 . 1 summarizes this review of ADM technologies. Each of the technologies 

has specific advantages and disadvantages. and the most suitable approach for a 

given application depends on the specific requirements. 

Fiber Silica-on-Si 
MZI AOTF InP-DBR 

grating AWG 
< 25GHz 

FilterBW - 1nm -0 .7 nm - 1.5 nm -0 .4 nm 
(0. 2 nm) 

Cross talk < -20 dB < -30 dB < -1 8 dB < -20 dB <-20 dB 

Integration No Hybrid Yes No Yes 

Cascaded Cascaded 
Scalability Cascaded Yes Limited 

Smalltch Smalltch 

Re- TemplMec Temp Temp Yes Tempi 
configurability (sub-ms) (sub-ms) (sub-ms) (sub-ms) Current 

Ttl6I� 1.1 Comparison of various ADM techno[ogies. 
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The devices developed in this work, shown schematically in Figure 1 .9, are also 

based on DBR gratings in InP waveguides. The principle of operation is very 

similar to that shown above. A narrowband DBR-based filter separates the on

resonance wavelength from the express channels. The DBR-filter is integrated 

with a directional coupler that takes care of the spatial separation of the drop 

channel and the express channels. It will be shown that with conventional uniform 

DBR gratings, it is exceedingly difficult to implement filters and ADMs with a 

bandwidth sufficiently narrow for dense WDM applications. Similar devices have 

been demonstrated both in a structure with the grating filter at the center of the 

directional folder [37, 38] and in a folded structure [24], with filter bandwidth of 7 

nm and 0.8 nm, respectively. Same architecture has been implemented in Si02 on 

Si [39], with a bandwidth of 1 .5 nm. 

In this work an approach using DBR filters with one or more A.l4-shifts is 

demonstrated. By including A.l4-sbifts in the DBR gratings, notch filters with very 

narrow bandwidth can be realized with good tolerance to material and process 

parameters. The bandwidth of the filters is limited only by the waveguide 

propagation loss. Finally, it will be shown that by including multiple Al4-shifts, 

specified filter shapes can be obtained. By integrating these filters with directional 

couplers, tunable, narrowband Add-Drop Multiplexers can be implemented. With 

the potential for integration with other pbotonic devices, and their short 
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reconfiguration time, they are prime candidates for cheap, compact and versatile 

elements with applications in packet-switched optical WDM-networks. 

Figure 1.9 Schematic representation of InP add-drop multiplexer implemented by 

integration of a na"ow band DBRfilter with a directional coupler. 

1.4 Organization of dissertation 

The following chapter covers the filter design for the ADMs, that is, synthesis of 

the filter function and ADM parameters from the design requirements. The 

fundamental theory is covered, followed by a review of the analytical and 

numerical methods used for design and simulation. Based on the models, the filter 

parameters are calculated, and the expected device performance is described. 

In Chapter 3 the abstract design from the previous chapter is translated into 

relevant, physical device parameters. The chapter covers epi-, waveguide- and 

directional coupler design. and sensitivity to material and processing parameter 
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variations. It also describes in some detail the fabrication procedures, with specific 

focus on the critical and non-trivial steps. 

Chapter 4 contains the measured performance of the fabricated devices. The 

measurement set-up and procedure are described, followed by the experimental 

data. The experimental results are compared to the expected, calculated device 

characteristics. 

The final chapter discusses suggestions for future work, both in tenns of ideas to 

solve the problems with the current structure, along with suggestions for more 

complex devices with higher functionality. Finally, the chapter and dissertation are 

concluded with a summary and discussion. 
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Chapter 2 Design and modeling of DBR filters and 

integrated filter/directional coupler Add/Drop 

Multiplexers 

2.1 Introduction 
This chapter deals with the design of filters and Add-Drop Multiplexers and the 

numerical model used for design. The section following this introduction reviews 

the performance parameters for communications applications, and how these 

translate into requirements to device parameters. The following section outlines 

the problem and discusses the fundamental theory for DBR filters and directional 

couplers as applied to this work. 

The main section of this chapter contains the results of the calculations, i.e. the 

design curves and the predicted performance of the device. Design trade-offs are 

discussed and sensitivity to device parameters is investigated. It is shown that the 

basic fmt-order filters are insufficient to achieve the required performance in the 

presence of waveguide loss, and an alternative method based on higher order 

filters is demonstrated. 

The chapter is concluded with a review of the final design and the expected 

performance, followed by a brief summary of the entire chapter. 
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2.2 System requirements and design goa's 
Before discussing the basic design process and requirements to the device 

performance, a review of the basic principle of operation of the ADM is useful. 

For convenience, the schematic of the proposed device is shown in Figure 2. 1 .  

The device consists of two main functions: A narrowband DBR filter to select one 

channel, and a directional coupler to separate the selected channel from the multi-

channel input. Without the directional coupler, the reflected channel (the drop 

channel) would appear on the input port, making expensive external optical 

circulators necessary. The specifics of the two device functions and issues relating 

to the integration of the two will be covered in more detail in a later section of this 

chapter. 

In order to determine the requirements for device performance, it is necessary to 

consider the network application, and how the network requirements translate into 

device design goals. 

The first issue is network channel spacing. Currently WDM systems with 50 GHz 

channel spacing are commercially available and are being widely deployed. For a 

reconfigurable (tunable) ADM device, this means that the optical filter bandwidth 

must be less than 50 GHz, as illustrated in Figure 2. 1 .  Exactly how much less is 

determined by the actual filter shape and the cross-talk requirements, discussed 

below. For systems with even smaller channel spacing, the filter requirements are 

modified accordingly. In this demonstration of concept, the goal is a filter 

performance compatible with 100 GHz channel spacing. 
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Figure 2.1. (a) shows a device schematic. (b) i/lustrates the function of the filter. 

and the requirements to filter bandwidth in a tunable device. To fit the filter 

reflection band between two channels (dashed) the filter bandwidth must be 

substantially less than the channel spacing. 

For most applications, the device performance must be compatible with cascading 

a number of ADMs. Obviously, one important issue for cascadeability is fiber-to-

fiber loss. Excessive device loss will limit the number of devices that can be 

cascaded without amplification. Fiber-to-fiber loss consists of several 

components: fiber-to-waveguide coupling loss, waveguide propagation loss, and 

finally, loss due to non-ideal filter and coupler characteristics. The first of these 
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components depends on the waveguide design, and can be minimized by 

depositing anti-reflection coatings on the device facets and by incorporating 

tapered mode converters to improve the matching between the waveguide mode 

and the fiber mode. 

As discussed later in the section on filter design, waveguide propagation loss in the 

filter part of the device is a key parameter limiting the performance of the device 

in terms of filter bandwidth and cross-talk. This means that the maximum 

acceptable propagation loss is determined by filter design considerations, rather 

than the goal of minimizing fiber-to-fiber loss. For the S-bends, the design 

becomes a trade-off between acceptable wafer area, radiation loss and linear 

propagation loss/absorption. The losses in the S-bends consist of two components: 

Waveguide propagation loss, which is proportional to the waveguide length, and 

the radiation loss, increasing with decreasing radius of curvature. 

The final loss component is non-ideal filter and coupler performance. The former 

causes not only excess device loss but is also an important factor determining the 

channel cross-talk. In contrast, assuming back reflections to the input ports are 

acceptable (either because an isolator is present, or because the system is tolerant 

to these reflections), the deviations from perfect lOOOAt coupling in the directional 

couplers will merely increase the total device loss, but not cause cross-talk. 

While loss is certainly an important consideration for scalability and cascadeability, 

it is a limit that can be overcome by amplification. In reality, channel cross-talk is 

more likely to be the limiting factor to device performance and cascadeability. It is 
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difficult to set a general number for maximum acceptable cross-talk, as it will 

depend on system design and parameters. At least -20 dB isolation is necessary 

for a single device. and probably -30 dB is required for a device in a system with 

cascaded Add-Drop nodes. For this work -20dB will be used as � design goal for 

maximum acceptable cross-talk. 

The shape of the filter transfer function, including the phase characteristics, has 

not been discussed so far. It is harder to quantify these issues, and they will be 

addressed in a later section when the modeling results are presented and discussed. 

In summary, while the actual requirements depend on system design and 

application, for the purpose of the design phase of this project, the following 

design goals were used: For loss, the acceptable waveguide loss is determined by 

the requirements to filter performance. From the calculations below, it will be 

clear that the total fiber-to-fiber losses will be dominated by coupling losses, 

which are outside the scope of this work. For cross-talk, we require an isolation 

beuer than -20 dB for a 100 GHz channel spacing, that is, the isolation must be 

beuer than -2OdB at 50 GHz offset from resonance. When design trade-offs are 

necessary, priority is given to minimizing cross-talk. 

In the simplest versions of the device, the performance can be modeled using 

either coupled-mode equations or the transfer-matrix method. While the coupled

mode equation method is relatively easy to implement and efficient for simple 
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structures, the computational load increases very fast with increasing complexity 

of the modeled structure. Each transition between filter sections or between 

coupler and filter requires another set of boundary conditions. Instead the transfer-

matrix method was used; for a simple structure the coupled-mode equations were 

integrated to verify the results of the transfer-matrix calculations. 

The necessary building blocks for a transmission matrix model of the ADM are 

given in literature [ 1 ], and will not be covered in any detail here. The required 

elements are the transmission matrices for a homogeneous waveguide (phase + 

loss), an interface between to propagation constants (reflectiOn/transmission) and 

two coupled waveguides, characterized by the coupling coefficient. The model 

was implemented using Mathematica and Matlab software. 

2.3 Modeling results 
As explained in the introduction part of this chapter, the first step in the design is 

to develop and design an abstract design, i.e. from the device requirements 

calculate the filter and coupler parameters. In next chapter, these parameters are 

translated into actual physical device parameters. 

The starting point for the design is the simple structure shown in Figure 2. 1 .a, 

consisting of two coupler arms with a DBR grating in the center of each arm. To 

minimize the computational effort and simplify the design process, it is desirable 

to separate the filter design and the coupler design. Conceptually the coupler 

design is relatively simple; we defer this for a later section. Therefore, we first 
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consider a simple model of a single waveguide with a DOR grating. The initial 

device design is based on a uniform grating, with the response approximately 

given by the analytical expressions: 

KVg AI" ;=: _  � .f 
rr 

r ;=: tanh(Kl) 
Where Ms is the stopband bandwidth, r is the filter peak reflectivity, 1C is the 

grating coupling factor, and Vg is optical propagation velocity. 

To pick out a single channel in a dense-WDM system, the filter bandwidth is 

required to be less than -so GHz. The reflectivity should be greater than 99% to 

maintain good (better than -20dO) cross-talk isolation. From these requirements, 

we get a grating coupling factor of <l6cm-l, and a length of at least 1 .6mm. The 

response of a filter with these parameters is shown in Figure 2.2. While this filter 

satisfies the initial requirements, the very low coupling factor is prohibitively 

difficult to fabricate in a reproducible and controlled way. Furthermore, two other 

problems exist; first, the high sidelobes will cause channel cross-talk from the 

through channels to the drop channel [2]. To avoid this cross-talk, the side-lobes 

must be suppressed, e.g. by using an apodized grating, which in tum requires the 

total grating length to be increased to maintain an acceptable peak reflectivity. 
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Figure 2.2 Reflection characteristics for uniform DBR filter with 1r-/6cm-1 and 

L=/.6mm. Also shown are the characteristics in presence o/waveguide loss. 

Another problem is also illustrated in Figure 2.2, which includes the filter response 

in the presence of waveguide propagation loss. Because of the length of the grating, 

the response is highly sensitive to waveguide loss, and a rapid deterioration of the 

filter performance with increased loss parameter is observed. 
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Based on the preceding design example, it can be concluded that the simple 

uniform DBR grating filter is not a plausible structure for the OADM. Instead, a 

modified approach is proposed, based on A14-shifted DBR filters. 

Narrow band 'ilten and optical add-drop lDultiplesen based on 114 shifted 

DBR gntinp. 

As it was shown above, the simple uniform DBR filter is unsuitable for 

implementation of filters and ADMs with the required bandwidth. Instead an 

approach based on A14-shifted resonators is used. Figure 2.3 shows the calculated 

response of a uniform DBR grating and that of a A14-shifted DBR, with the same 

coupling coefficient Ie ( 1 50 cm-I) and total length L (300J,lm). The main difference 

is a very narrow notch at the DBR resonance frequency. This notch can be used to 

select a single channel to drop, while the express channels are reflected in the 

stopband. With this approach the problem of filter side-lobes is avoided, since only 

the part of the spectrum within the stopband is utilized. This is also the main 

limitation of this structure: The total channel count available in the system is now 

limited by the total width of the stopband. Methods to overcome this limitation are 

discussed in Chapter 5 .  
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As with the simple DBR filter, approximate analytical expressions for the response 

can be derived [3, 4] : 

4t: ICVg :11: s 
tr 

2VgK 4f, :II: --exp( -2Kl) 
tr 

r :II: tanh(Kl) 

where Ms is the stopband bandwidth, Ie is the grating coupling factor, Vg is the 

optical velocity, Mt is the notch bandwidth, and r is the reflection coefficient. 
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The exponential dependency of d on notch bandwidth shows the potential for 

very narrow filters. The goal is to maximize the peak reflectivity and the stopband 

bandwidth, while achieving the correct bandwidth of the center notch. The 

analytical equations form the initial starting point for the design; using the design 

goals of a stopband bandwidth of 800 OUz and a notch bandwidth of 25 0Hz, the 

parameters are grating coupling coefficient 1(=275 cm-' , and total grating length 

L=300fJm. Analysis using the transfer matrix method reveals that not only is the 

bandwidth of this design substantially smaller than 25 GHz, it is also very 

sensitive to even small values of waveguide loss. Based on a numerical 

investigation of the parameter space, Figure 2.4 and Figure 2.5, the optimum 

compromise between stopband bandwidth, notch bandwidth and sensitivity to 

waveguide loss was determined to be 1(=150 cm-' and L=300fJm. The filter 

parameters for this design are a stopband bandwidth of 650 GHz, and a notch 

bandwidth of 1 5  OUz. The response is shown in Figure 2.6, also showing the 

response when propagation loss is included. As expected for a high-Q filter, the 

response deteriorates rapidly with increasing loss, again underscoring the need for 

very low loss waveguides. 
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As the figure clearly shows, the decrease in filter-Q increases the notch bandwidth, 

and - more important - it causes increasing channel cross-talk. This is summarized 

in Figure 2_7, for the design shown in Figure 2.6. To maintain better than 20 dB 

isolation, the waveguide propagation loss must be kept below I .S cm-I (6.5 dB/cm). 

The low-loss requirement puts high demands on both design and fabrication. This 

will be discussed in the following chapter. 
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The previous design example was calculated in the simplest configuration: a 

simple filter in a waveguide, that is, completely neglecting the directional coupler 

in which the filter is embedded in the case of the ADM. In the ADM structure, two 

Al4-shifted DBR resonators are placed in a pair of coupled waveguides, see Figure 

2. 1 ,  causing coupling between the two resonators. This coupling causes a splitting 

of the eigen-states of the resonators, a phenomenon known from all types of 

degenerate, coupled resonators. Figure 2.8 shows an example of this, as calculated 

with the transfer-matrix method. 
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Figure 2.8 Splitting of eigen-modes when the two waveguide DBR filters are 

coupled 

The obvious way to avoid this effect is to de-couple the two resonators, most 

easily achieved by separating the waveguides in the filter region, illustrated in 

Figure 2.9. With this approach, not only is the coupling effect avoided, also one of 

the design constraints is removed, giving more freedom in the design. With the 

waveguides separated in the DBR section of the device, the design of the filter and 

directional coupler sections become completely decoupled, and can be solved as 

two separate problems. Consequendy, the remainder of this chapter will focus on 

the filter design. 
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Figure 2.9 Schematic of integrated ADM, with decoupled waveguides in the filter 

section. 

2.4 Higher-order filters 
Even in the most robust design, the A.l4-shifted filters shown above are relatively 

sensitive to loss, making implementation difficult. Also the sharpness of the notch 

limits the information bandwidth of the channels and makes the filter performance 

highly sensitive to even minor deviations in signal wavelength or changes to 

device characteristics caused by environmental parameters. Another issue is the 

phase characteristics of the filter, shown in Figure 2.10. Around the resonance 

wavelength, the phase characteristics is highly non-linear, causing high, non-linear 

dispersion. This can cause distortion, which limits the number of devices that can 

be cascaded in a system. 
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Figure 1.10 Transmission phase (line) and amplitude (dashed) of )./4 filter 

To avoid the dispersion, and to make the device more robust, it is desirable to have 

a wider, "flat" filter response at the bottom of the notch, while maintaining the 

steep slope. This can be achieved with higher-order filters, i.e. filters with several 

Al4-shifts [4, 5]. This section deals with the design of higher -order filters. 

Higher-order filters are well known from basic electronics LC and microwave 

filter theory, typically based on maximum-flat (Butterworth) or Chebyshev designs. 

By establishing the transformation from the A.l4-shifted DBR filter cascade, to LC-

filters, the well-known design methods from electronic filters can be applied. 

The design of the LC passband filters follow [6-8], and is based on transformation 

of prototype low-pass filters to passband filters with specified center and cut-off' 
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frequencies. The resulting filter is a cascade of shunt resonators and series 

resonators. 

The translation of the LC pass-band filter design to a multi-section Al4-sbifted 

DBR filter is described in the following [4, 8]. The starting point is the following 

equivalent circuit for a single-section DBR filter: 

Yo c L 

Figure 2.13. Equivalent circuit for single-section )./4-shified DBRfilter 

The one-sided external QE.t of this LC resonator is given by 

ltIo Yo -- = -

QE.I C 

where (t)o is the resonance frequency. The external Q of the DBR filter is given by: 

ltIo = 2AV g exp{- 2A1) QE.I 
where I is the half-length of the A.!4 DBR resonator and Vg is the group velocity. 

Combining the two equations and generalizing to multiple sections with element 

values Cj and Lj derived from the LC-filter design the length of each of the DBR-

filters can be calculated: 
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The remaining step in the transformation from a LC pass-band filter to a filter 

based on cascaded DOR-resonators is illustrated in Figure 2. 12. The Al4-shifts 

between the cascaded resonators serve as impedance inverters, transforming LC 

shunt resonators to the series resonators required for the LC filter. 

Yo C,  

I 
--..---� 1---Yl1K-----,r---------

c ,  
__ ...&...-_______ ....L-__ _ _ _ _ _ _  • 

(' , . 

Fipre 2.12. Transformation of cascaded DBR-jilters to prototype LC-jilter 

through the use of quarterwave impedance inverters. 
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The filter design procedure thus becomes: 

1 )  Determine the number of sections required to achieve specified parameters 

for maximum pass-band reflection and maximum transmission outside the 

pass-band (filter skirt steepness) [6] . 

2) Design prototype low-pass filter with correct number of sections, using 

tables or analytical expressions. 

3) Transform low-pass filter design to band-pass filter, using standard 

transformations[6] . 

4) Translate the LC band-pass filter design to DBR-section lengths using the 

equations given above. 

In this remaining part of this section, the focus is on the DBR filter designs and 

design trade-offs, in relation to the DBR filter and ADM response. 

In the general case, it is possible to design filters with different value of Ie for the 

different stages, but for fabrication reasons this approach is not advantageous. 

Instead all stages have the same Ie, but different lengths, lj. A generalized filter is 

shown in Figure 2. 13 .  The device specifications are notch bandwidth, stopband 

bandwidth, and filter shape and requirements (isolation at filter edge for 

Butterworth, ripple depth for Chebyshev filters). 
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Figure 2.13 Higher-order DBRfilter 

The device parameters are the grating coupling factor, Ie; and the length of the 

individual sections, Ii. As it was the case for the uniform DBR filter and the first 

order filters, the coupling coefficient determines the stopband bandwidth. The 

resonator lengths control the notch filter shape and bandwidth. The stopband 

reflection is determined by the 1d product; for the third and fifth order filters here, 

the parameter values obtained from the previous mentioned design goals give 

better than 99010 reflection « -20dB transmission) in all cases, and it is not 

necessary to specifically consider this requirement. 

Figure 2. 14 shows designs of a fifth order Chebyshev filter with O. ldB ripples, and 

a fifth order Butterworth filter, both designed for a 3dB bandwidth of 25 GHz and 

at least 20 dB isolation at 40 GHz offset. The total length of Chebyshev filter is 

705Jlm, and the Butterworth filter is 690Jlm. This is compared to the length of the 

first-order filter of 300 Jlm. 
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Figure 2.14 Filter characteristics offifih-order Chebyshev and Butterworthjilters. 

Transmission and reflection are shown in both cases. 

43 



As mentioned, the higher-order filters are much less sensitive to internal 

waveguide losses in the resonators, compared to the single A.l4-shifted filters in the 

previous section. This is illustrated in Figure 2. 1 5, in comparison with Figure 2.6. 

Where the A.l4-filter required a loss coefficient below 1 .5 cm-I to maintain 20 dB 

cross-talk isolation, a fifth-order maximum-flat filter will meet that requirement up 

to loss coefficients of 1 5  cm -I . 
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Bus->Drop 

, 
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,. ,. 

-50 ......... --"'"-----------' 
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Waveguide loa. [cm-1] 

15 

Fipre 2.15 Channel cross-talk offifth-order maximum-flatfllter. 

Another important aspect of the device performance and the impact of waveguide 

loss is the changes in filter shape, in particular the increase in pass-band bandwidth. 

In addition to the deviation from ideal caused by zero-bias propagation loss, loss is 

introduced when the filter is tuned by current injection. In other words, the filter 
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characteristics will change under operation. The simple first-order filter described 

in the previous section showed a high sensitivity to loss� a result that will be 

confirmed by experimental results in Chapter 4. We have already seen how the 

cross-talk performance of the fifth-order filters is far superior to that of the first-

order Al4-shifted filter. Figure 2. 16 shows the characteristics of a fifth-order 

Butterworth filter for different values of waveguide loss. The calculation clearly 

proves that also the filter bandwidth sensitivity to loss is greatly reduced. However, 

the price of improvements in cross-talk and bandwidth sensitivity is a substantially 

higher insertion loss in the presence of waveguide loss. This is due to the length of 

the device - the fifth order filters being 2.5 times longer than the first-order 

version. 
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Figure 1.15 Response offifth-order BUllerworthjilter for waveguide loss ofO. 2. 5. 

and IO cm·1• 
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From Figure 2.10 it can be seen that the Chebyshev filter does not meet the -20dB 

reflection in the pass-band. To meet that requirement, and at the same time have 

sufficient reflection at 500Hz and l OOGHz detuning, a seven-section filter is 

required. For that reason, the Butterworth filters are better suited than the 

Chebyshev filters for application as a channel-separating filter. The seven-section 

design is more sensitive to waveguide losses, and has more non-linear phase 

characteristics, unsuitable for communications applications. Furthermore, the filter 

is substantially longer, which translates not only to increased complexity and 

device length, but also higher dispersion and higher insertion loss in the presence 

of propagation loss. Finally, the group delay dispersion, which is already worse for 

the Chebyshev filters than the Butterworth designs, increases with the number of 

filter stages [8]. This is particularlY important in cases where the signal bandwidth 

is comparable to the filter bandwidth. 

[n contrast, the Butterworth filters are more robust against losses and other 

parameter variations, and particularly in the presence of loss, the phase 

characteristic is more suited for application as channel dropping filter, since it is 

closer to linear around the center wavelength, and therefore causes less signal 

distortion. This is illustrated in Figure 2.17, which shows the transmission phase 

characteristics of the ftfth order Butterworth filter in the loss-less case. 
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Figure 2.17 Transmission phase of fifih-order 25 GHz bandwidth Butterworth 

filter. 

2.5 Summary 
This chapter covered the design of narrow-band filters for channel dropping filters 

and integrated Add-Drop Multiplexers. [t was shown that a simple DBR-filter 

based approach is practically impossible to implement, due to the stringent 

requirements to fabrication tolerances and waveguide propagation losses. An 

alternative approach, based on quarterwave-shifted DBR gratings was described. [t 

was shown that this method is a plausible solution if the waveguide losses can be 

kept small. In the design derived in this chapter, it was found that the maximum 

acceptable loss is -1.5 cm-l to maintain cross-talk isolation better than 20 dB. The 
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filters have a design stopband bandwidth of 800 GHz and a notch passband 

bandwidth of -I 5 GHz in the absence of loss. 

Besides demonstrating the importance of maintaining low loss. the analysis a1r.o 

illustrated other problems with the simple fust order version of the filters. First of 

all. the shape of the notch requires a very high degree of control of the signal 

wavelength and places strong requirements on the stability of the device to 

changes in environmental parameters. Any shift in device or signal center 

wavelength will cause a severe degradation in device performance. Furthermore. 

the sharpness of the notch limits the maximum optical bandwidth of the signal. 

To overcome these problems, higher order filters were designed based on 

Chebyshev and Butterworth (maximally-flat) designs from the theory of LC- and 

microwave filters. With this approach it is possible to obtain high isolation and 

narrow bandwidth in a structure less sensitive to loss and parameter variations. A 

fifth-order maximum-flat filter with 25 GHz bandwidth and better than 20 dB 

isolation at 40 GHz offset was designed. With the steepness of the filter notch, the 

actual useful spectral width is higher than for a comparable first-order design, 

reducing the sensitivity to variations in signal wavelength and reducing the impact 

of small changes to device characteristics, e.g. due to environmental changes. 

The following chapter takes these abstract designs and translates them to a 

physical device design. It also covers the integration with a directional coupler, to 

obtain a fully integrated ADM. 
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Chapter 3 - Device Design and Fabrication 

3.1 Introduction 

In the previous chapter, the design requirements and calculations for the filter were 

described, and device parameters, i.e. DBR filter lengths and grating coupling 

coefficients were determined. In this chapter, the focus is on the physical design 

and fabrication of the device - in other words, translating the abstract device 

de�ign of the previous chapter into actual, physical device parameters. 

First section deals with the design of the waveguide and the epi structure. In 

particular, the goal of minimizing the waveguide loss in the filter part of the device 

is emphasized. This section also covers the design of the coupler and grating. 

Three sections deal with fabrication of the devices. Sections 3.3 and 3.4 describe 

the grating processing and preparation for regrowth, including the fabrication of a 

quarterwave-shifted grating; Section 3.5 covers the waveguide process and 

remaining device fabrication. The following section contains calculations on the 

tunability of the filters and ADMs, and discusses the limits and methods to 

improve tuning range. This is followed by a short summary of the chapter. 
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3.2 Epl and waveguide design. 

This section covers the design process of the epitaxial structure and the waveguide 

design. Two slightly different basic structures are used. shown in Figure 3. 1 .  In 

both cases an InOaAsP layer constitutes the waveguide through the entire device. 

The waveguide is kept undoped to minimize propagation loss. For the same 

reason. both designs include doping offset layers on both sides of the waveguide. 

The first and simplest design has the grating etched directly in the waveguide 

layer. maximizing the overlap between grating and optical mode. and optimizing 

the carrier injection efficiency for tuning. This was the first generation design 

fabricated. The problems with this design are control and reproducibility of the 

grating etch depth. and the quality of regrowth on the exposed InOaAsP 

waveguide surface. In contrast, the second design has a grating layer, separated 

from the main waveguide by a thin InP etch stop layer. Using a combination of dry 

etch and selective wet etch, much better control over the grating etch depth can be 

achieved. The advantages of this design are control of grating depth through 

epitaxy. and having regrowth on an InP surface, giving better material quality. The 

disadvantage of this structure is the InP stop etch layer's potential effect as an 

injection barrier to hole injection. These effects. and the advantages and 

disadvantages of the two structures will be covered in detail in the following. 
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Design 1 

Design 2 

p+-InGaAs contact layer 
p-InP (Zn:7el7) 

uid InP doping set-back 
uid 1 .3Q InGaAsP waveguide 
uid InP doping setback 

n-lnP substrate and buffer 

p+-InGaAs contact layer 
p-1nP (Zn:7el 7) 
uid InP doping setback 
uid 1 .3Q InGaAsP grating layer 
uid InP stop-etch layer 
uid 1 .3Q InGaAsP waveguide 

uid InP doping setback 

n-lnP substrate and buffer 

Fipre 3.1.  Epitaxial waveguide structures for filters and ADMs 

An important result from the design calculations in the previous chapter is the 

significance of minimizing the propagation losses in the filter section of the Add-

Drop Multiplexers. This will be an important priority through the entire design. 

Several effects contribute to the waveguide propagation loss: Free-carrier 

absorption in the doped layers, scattering from imperfect waveguides, scattering 

from the waveguide perturbations that form the DBR mirror, and inherent material 
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absorption. Radiation loss in the S-bends also contributes to the total chip loss, but 

not to the deterioration of the filter-Q. 

The first design decision is on the waveguide material. Higher bandgap material 

gives less optical and carrier confinement and also reduces the tuning efficiency. 

In comparison the lower bandgap material yields higher index shift for the same 

injected carrier density, but also has higher optical loss. As demonstrated in the 

previous chapter, the propagation loss is the critical parameter in achieving the 

narrow filter bandwidth. Therefore, 1 .3 J.lm bandgap-wavelength material was 

chosen for waveguide and grating layers. 

Here the design labeled as design 2 in Figure 3 . 1  is considered. Most of the 

discussion here applies equally to design 1 .  The thickness of the waveguide is 

determined by the following considerations: First, to avoid excessive absorption 

from free-carrier absorption in the doped cladding layers and to maximize tuning 

efficiency, the waveguide should be made thick enough to obtain good 

confinement, i.e. minimize the amount of optical field in the cladding layers. The 

losses from free carrier absorption can also be reduced by increasing the doping 

offset layer thickness, but this is done at the expense of increased resistance. 

Secondly, at the same time the design goal for the grating coupling factor K should 

be met. Making the waveguide thicker increases the confinement, but reduces the 

overlap with the grating layer. This makes it necessary to increase the grating etch 

depth, which in tum increases scattering losses. Using one-dimensional slab 
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waveguide analysis, the waveguide confmement factor, effective index and grating 

confmement factor were calculated as function of waveguide thickness and grating 

etch depth. Using the following relationship [I], the grating coefficient can be 

calculated: 

where ng is average grating layer index, n- is the effective index, A. is the 

wavelength, r g is the grating layer confinement and 6ng is the grating layer index 

perturbation. 

The results are shown in Figure 3.2. Based on this a waveguide thickness of 3000 

A and a grating etch depth of 500 A were used to achieve a grating coupling 

coefficient of 150 cm -I . 

Next the thicknesses of the doping offset layers are determined. With this basic 

structure as starting point, it is possible to calculate the propagation losses due to 

free-carrier absorption in the p- and n-cladding layers. Figure 3.3 shows the loss 

in the p-cladding and the resistance of the p-ridge vs. the doping offset thickness. 

The design trade-off here is the compromise between low loss and low forward 

series resistance in the device. Since the primary goal of this work is the 

development of very narrowband filters and ADMs, a relatively thick doping off-

set layer was chosen, a value of 0.3J.lm was used, corresponding to a loss 

contribution of -o.5cm-l . Free-carrier absorption in the n-Iayers is significantly 
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smaller; on the n-side an offset thickness of 0.2 f,lm was used, corresponding to a 

loss-contribution of less than 0. 1 cm·l . Note that the calculated resistance is based 

on 7e1 7  p-doping in the doped part of the p-cladding. A different value or different 

doping profile will obviously yield another value of resistance for a given doping 

offset, but since the resistance in this calculation is dominated by the undoped 

layers, the results will not change substantially with a different p-doping level. 
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Fil1lre 3.2 Grating coupling coefficient as a function of waveguide thickness with 

grating depth as parameter. Grating depths from 100 A to 600 A are shown from 

bottom to top in steps of 50 A. 
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Figure 3.3 Ridge resistance and loss contribution due to free-carrier absorption in 

pee/adding as functions of the p-doping offset layer thickness. The contact area is 

J 50pm x 2.5 pm, and doping in the upper e/adding is assumed 7eJ 7 cm-J• 

To finalize the waveguide design, the waveguide width is set to the maximum 

width where the waveguide remains single-mode. This width is -2.5J1m. Keeping 

the waveguide as wide as possible, maximizes the tuning range and minimized the 

effect of imperfect waveguide definition. The third concern when deciding the 

waveguide width is the coupler sensitivity to fabrication tolerances and variations. 

Using a commercial 3-0 beam propagation software package (BeamPROP), the 

coupling length was calculated as function of waveguide width and spacing. With 
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a waveguide width of 2.5 Jim and spacing of I Jim, the coupling length is 

relatively insensitive to small variations in waveguide width, as long as the center

to-center distance is kept constant. At the same time, the total length is kept at a 

reasonable 1200 Jim. The photolithographic definition of the waveguides and the 

waveguide etch may vary slightly from the photo mask design, due to under- or 

over-develop or variations in etch undercut, but in all cases the center-to-center 

spacing stays constant. Shorter coupling length requires smaller waveguide 

spacing. which is hard to process uniformly and reproducibly. 

The calculations described above yield a coupling length of 1 182 Jim when the 

gradual coupling in the S-bends is neglected. In the final design, beam propagation 

calculations are used to adjust the coupler length to account for the S-bends. 

To summarize the waveguide design, the fmal structure has a 3000 A thick 1 .3J1m 

bandgap wavelength undoped InGaAsP waveguide. with a soo A thick grating 

layer of the same material. The doping offset is 0.3J1m on the p-side and 0.2 Jim on 

the n-side. giving an expected contribution to propagation loss from free-carrier 

absorption of 0.6 cm·l . The waveguide width is set to 2.S Jim, with a waveguide 

spacing of I Jim in the coupler, to obtain a design that is robust against fabrication 

tolerances and variations. 

With a waveguide spacing in the coupler section of I Jim, the smallest practical 

spacing for fabrication, the coupling length becomes 1 182 Jim. S-bends with 
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lateral shift of 123.5 J.Lm are used to separate the waveguides by 250 J.Lm at the 

input and output. 

Finally, in general the S-bend radius of curvature is determined by minimizing the 

sum of background propagation loss (increasing with radius) and radiation loss 

(decreasing with increasing radius). This procedure obviously requires a known 

value for the background propagation loss. Since a main objective in this work is 

minimizing the waveguide loss, a low value of 1 .5 cm-' for propagation loss was 

used to optimize the S-bends. BeamPROP was used to calculate the transmission 

through the S-bend versus the radius of curvature; this optimization yielded a 

design with 1 700J.Lm radius in the S-bends for a lateral displacement of 123.5 J.Lm. 

In this initial design, a constant radius of curvature circle arc was used. Using a 

tapered, adiabatic design optimized with a measured value of propagation loss 

would be an improvement for future designs [2]. 

3.3 Grating fabrication 

The DBR gratings in the filters and ADMs in this work are fabricated using a far

field holography process described below. A1temativ� methods include near-field 

holography using proximity exposure with a phase mask [3, 4], and direct write e

beam lithography_ Compared to far-field holography, both of these methods are 

better suited for fabrication of )J4-shifted gratings_ Unfortunately, near-field 
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holography was not available or feasible at UCSB, and direct-write e-beam is time 

consuming, expensive and currently not a reliable option either. The problems 

using far-field holography will be described below, along with the solution. 

The far-field holography process is illustrated in Figure 3.4. A thin layer of photo 

resist is spun uniformly over the entire sample. In this work diluted Shipley 1 805 

was used. Applied at 6000 rpm, this positive resist is -600A thick. Using the set-

up in Figure 3.4 the resist is exposed with an interference pattern. The set-up 

consists of a HeCd laser with an emission wavelength of 325 run, a beam expander 

and sample holder mounted on a rotation stage. The beam from the laser is 

expanded and collimated before hitting the mount, as shown. The mount is a 9()0 

fixture with the sample holder on one side, and a UV mirror on the other. Part of 

the beam hits the sample directly, while another part of the collimated beam 

bounces of the mirror before hitting the sample. The two beams interfere on the 

sample surface and create a periodic pattern that exposes the resist. The period of 

the interference pattern is given by: 

A = Avv 
2sin(a) 

where A is the period, A.uv is the wavelength of the exposure laser, and a is the 

rotation angle of the sample mount, as defmed in Figure 3.4. 
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Figure 3.4 Far-fleld holography exposure set-up for grating!abrication 

The grating pattern period can be verified by observing the diffraction angle of the 

first order diffraction from the surface after development. By using this method 

and running calibration runs before the actual sample, the desired grating pitch can 

be achieved with high accuracy. More detail on the far-field holography method of 

grating fabrication can be found in [5]. 

The periodic resist pattern formed in the manner described above can be 

transferred to the semiconductor by either wet or dry etch. For the first process run 

in this work, using the structure labeled ""design 1" in Figure 3.1 ,  the grating was 

wet etched, using a saturated bromine water (S8W) based etch. Using this 

approach, the etch was typically very non-uniform over the sample area. Also, the 

etch rate was not reproducible from one etch to another, making careful calibration 
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necessary before every etch. To avoid these problems, the gratings for "design 2" 

were etched using a combination of dry and wet etch. 

For the dry etch process, a mask is required to protect areas without grating. For 

this mask, a thin layer of SiN is used. It is imperative to keep this layer as thin as 

possible, while still maintaining a sufficient thickness to last the entire etch. If the 

SiN mask is too thick, the thin resist for the grating process will spin non

uniformly and build up at the edges of the mask. After several calibrations it was 

determined that a SiN mask of 200 A was sufficient for a grating etch depth of 500 

A, while still thin enough to avoid uniformity problems when spinning the resist. 

The SiN is deposited in PECVD and patterned using standard photolithography 

and SF6 RIE etch. 

After forming the SiN mask and cleaning the sample thoroughly, the resist for the 

grating process is applied and exposed as described above. The exposure and 

development is followed by a hard bake to harden the resist before the dry etch. 

Before the etch, the sample is also cleaned very briefly in 02 plasma. This cleaning 

step is critical to obtain uniform, consistent gratings. 

The gratings are etched in Methane/Hydrogen/ Argon RIE. The process is a multi

step process, usually very reproducible if certain precautions are taken. First, the 

etch will slowly attack the photo resist mask, and eventually remove it completely. 

To minimize this effect, the first minute of the etch is done at low voltage, where 

the etch rate is very small and a layer of polymer is deposited on the photo resist. 
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This polymer layer serves to protect the photo resist when the etch voltage is 

increased. Secondly, the etch rate is dependent on loading effects. Near the edges 

of the sample, the etch rate is higher than at the center, furthermore the etch rate 

depends on how big a fraction of the sample surface is etched and how much is 

masked. With the devices in this work, most of the sample surface is masked, 

therefore the etch rate variation is minimal. To further reduce this problem, the 

chamber can be loaded with sacrificial InP wafers around the actual device sample 

[6]. With these precautions and by using the same sample size and loading 

conditions every time, the process was highly reproducible. 

The gratings are slightly under-etched in the RIE etch; ideally the etch is stopped 

as close as possible to the InP stop etch layer without exposing it. After the dry 

etch, the sample is etched very briefly in H2S04:H202:H20 etch. This etch is 

selective, and will remove the remaining InGaAsP in the grating, but stop on the 

InP surface. The brief wet etch also removes crystal damage from the heavy Argon 

ions in the RIE etch [7]. This damage layer is very thin, but can contribute to 

waveguide propagation losses and reduced carrier lifetime. resulting in decreased 

tuning efficiency. particularly at low tuning currents. If the dry etch was over

etched, and the InP stop etch layer partly etched. the wet etch will not remove the 

etch damage. The grating process is concluded with a thorough clean to remove 

remaining polymer and photo resist. Finally the SiN mask is removed, and the 
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sample is prepared for MOCVD regrowth. Figure 3.S shows a SEM picture of the 

etched grating. 

Figure 3.S SEM picture of etched first-order DBR grating before regrowth 

3.4 Fabrication of grating quarterwave-shift 

The far-field holographic method of grating fabrication described above does not 

allow for easy fabrication of quarterwave-shifted gratings, since the entire sample 

is exposed simultaneously with a continuous interference pattern. Complicated 

two-layer resist processes can be used with far-field holography to produce the 

phase-shift in the grating [8], but this is a difficult process with poor 

reproducibility. In particular, achieving uniformity in grating coupling coefficient 

(grating depth and duty cycle) over the entire sample is problematic. In this work a 

different approach was used, where the phase-shift is applied to the optical field 

instead of to the grating pattern. 
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In a ridge waveguide structure9 the effective index of propagation depends on the 

width of the waveguide, shown in Figure 3.6 for the structure in "design 2". 
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Figure 3.6 Effective index vs. waveguide width for waveguide without grating. 

Also shown is the average effective index for the grating section 

By inserting a shon length of waveguide with a different width between two 

sections of DBR grating, as illustrated in Figure 3.7, the optical field experiences a 

phase-shift relative to the grating phase. By proper design of the waveguide 

sections, a Al4-shift can be obtained by satisfying the requirement: 

tr Ao L · �p = p- <=> L = p-
2 4An 
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where L is the length of waveguide between the two grating section, AP is the 

change in propagation constant, A.o is the free-space wavelength, An- is the 

difference in effective index of propagation between the two waveguide widths, 

and p is an odd integer. With a waveguide width of 2.SJim in the grating sections. 

and 3Jim in the phase-shift section. a quarterwave shift corresponds to a length of 

41  Jim. 

Figure 3.7 Waveguide with phase section 

The described method for obtaining a phase-shift has an additional advantage. 

With a regular A.l4-shifted DBR grating, tuning takes place by injecting carriers in 

the entire grating length. thereby changing the index and shifting the filter 

characteristics including the notch exactly at resonance. With the approach used in 

this work, tuning can take place by injecting carriers in the phase section only, 
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shifting the position of the filter notch without changing the stopband position. 

This maximizes the usable spectrum and total channel coun� and reduces the 

interference of the switching action on the express channels. At the same time, 

tuning the 4 1  J.1m phase-section requires less current compared to tuning the entire 

300J.1M grating. Since carrier injection causes not only a change in index, but also 

an increase in propagation loss, tuning the phase-shift section causes lower loss 

than tuning the entire grating. A final advantage is the possibility of including gain 

in the DBR sections to compensate for waveguide loss. This will be discussed in 

the Future Work section of Chapter s. 

3.5 Device processing 

In section 3.3, the fabrication of DBR gratings was described. This section 

describes the device fabrication after the wafer has been regrown with p-cladding 

and contact layer on top of the gratings. The complete process flow is shown in 

Figure 3.8, and the complete recipe can be found in Appendix A. 
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Figure 3.8 Process outline for fabrication of filters and ADMs 

From the two material designs, filters and ADMs were fabricated. The filters 

consisted of straight waveguides with embedded A.l4-shifted DBR gratings. The 

ADMs had two first-order A.l4-sbifted filters integrated with a directional coupler, 

as described in Chapter 2. 

67 



The first processing step following the regrowth is the definition and fabrication of 

the waveguides. For this step SiN was used as etch mask; the SiN was patterned 

using standard a standard photolithography process. and the photo resist pattern 

was transferred to the SiN by RIE SF6 etch. In the first process runs. the SiN was 

etched in CF4 plasma or RIE. but further characterization showed that the SF6-

chemistry yielded better definition. with cleaner lines in the longitudinal direction. 

This is important to minimize the scattering loss contribution to optical 

propagation losses. The SF6 etch also gave a cleaner field surface after the etch. 

Initially, the SiN mask was defined using regular contact photolithography. This 

approach was abandoned. and a s: 1 reduction stepper-aligner was used for the 

exposure instead. Besides improving reproducibility. the stepper aligner gave 

better waveguide definition, more controllable separation between the closely

spaced waveguide in the coupler section, and thanks to the improved resolution, 

the S-bends in the ADM devices were closer to the ideal smooth, curved shape. 

The device yield also improved significantly. Figure 3.9 shows a close up of the 

coupler section after the waveguides have been etched. 
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Figure 3.9 Close-up micrograph of etched waveguides in coupler section of ADM 

device. 

Using the SiN as etch mask, the waveguides were etched with a combination of 

wet and dry (RIE) etch. Using in-situ monitoring, Methane-Hydrogen-Argon RIE 

was used to etch through the top contact layer and the loP p-cladding, stopping 

approximately 1000 A before the InGaAsP waveguide layer. A quick wet etch in 

HCI removed the remaining loP and also served to clean up etch damage from the 

heavy Ar-ions. 

Between the waveguides in the coupler, spaced 1 Jim apart, the dry RIE etch profile 

is rough and non-uniform. Due to transport effects in the narrow gap, the sidewalls 

curve out, changing the coupling between the waveguides in an uncontrollable 

way. The HCI-etch removed this as well, to obtain nearly vertical sidewalls. At the 
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same time, it is essential to keep the final HCI-etch to a minimum to maintain 

smooth sidewalls in the S-bend sections. Stopping the RIE etch 1000 A before the 

waveguide and following this with IS  seconds etch in HCI proved to be the best 

compromise between the two concerns. Longer wet etches caused a significant 

degradation of the waveguide quality in the curved sections by exposing 

crystallographic planes, in addition to a decrease of waveguide width [9]. 

Following the etch of the waveguides, the SiN mask was removed in HF. The 

sample was planarized using a multilayer PMOI process. Several layers of PMOI 

were spun, curing each layer before spinning the next. At a total thickness of 

-4f.1m, the waveguides were completely buried in PMOI and the sample 

planarized. The PMOI was etched back until the tops of the waveguides were 

exposed. This could be done either by flood exposing and developing the PMOI 

repeatedly or by etching the PMGI in � RIE. The former approach was chosen for 

its simplicity, and to minimize the amount of plasma damage to the top InOaAs 

contact layer. 

Top TiIPtIAu p-contacts were deposited and patterned using a lift-off process, then 

annealed. Electrical isolation between contacts was achieved by a shallow dry etch 

between the contacts. By etching through the p+ [nOaAs layer and approximately 

4000 A of the p-cladding, an isolation of> lkn was obtained, while the etch was 

shallow enough to cause minimal perturbation to the optical mode. The wafer was 

thinned to lOOf.1m thickness and a Nil AuOelNiI Au n-contact was deposited and 
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annealed. Figure 3.10 shows micrographs of the tilter section and the curved 

waveguide transition from the coupler to the tilter. 

Figure 3.10 Micrographs of filter section (left) with separate contacts for tuning 

of the DBR sections and the 114-phase section, and the curved waveguide transition 

(right) between the filter and the coupler. 

After cleaving and screening, the best bars of devices were anti-reflection coated 

for further testing. The results are presented in Chapter 4. 

3.8 Tunability 

This section deals with the current tunability of the tilters and add-drop 

multiplexers. Injection of carriers in the waveguide layer will cause a change in the 

refractive index of the material through the plasma loading effect. Here a 

phenomenological description of the index change as a function of carrier density 
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will be used [10, 1 1] .  The model assumes linear relationship between carrier 

density change and index change, a reasonable assumption at low carrier densities. 

Using the linear model. the index change is given as: 

where l\n is the change in index. r is the confmement factor and dnldN is the slope 

of index change versus carrier density change. For the purpose of this section. an 

empirical value of _10-
20 cm3 is used. In the case of non-uniform carrier density. 

the expression above can be generalized to: 

dn I I l1n = -- E(x)�(x)dx 
dN d  

where d is the waveguide thickness, E(x) is the normalized optical field 

magnitude, and L\N(x) is the local change in carrier density. The integration is over 

the entire optical mode profile in the transverse direction. Lateral variations have 

been neglected. The local change in carrier density L\N(x) as a function of current 

can be calculated from the standard transport and continuity equations [ 10]. For 

the calculations here the "Sim Windows" application was used to determine band 

diagrams and carrier densities at different bias levels. The normalized optical field 

profile was calculated using a 1-0 mode solver. Figure 3.1 1 shows the band 

diagram at I 0mA current in the 411J11l 10ng phase shift section. The carrier density 

is ploued in Figure 3.12. 
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Figure 3.1 1  Band diagram in the phase section for lO rnA bias current. The heavy 

lines are the conduction and valence bands. The thin lines the quasi-formi levels 

for electrons and holes. 

From the change in index, the wavelength shift can easily be calculated as: 

Combining the carrier density calculations with the mode profile. and using the 

equations above, the wavelength shift of the resonance notch can be calculated. 

The result is shown in Figure 3.13, predicting a wavelength shift of8 nm at lOrnA 
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bias current, assuming 100% injection efficiency. This is compared to the ideal 

case with uniform carrier density in the waveguide and grating layers, where the 

shift is -10 nm at 1 0  mA bias current. 
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Figure 3.11 Electron density in phase section at J 0 mA bias current 

2 

The small difference between the wavelength shift assuming uniform carrier 

distribution and the shift in the design described here, indicates that the effect of 

the hole barrier fonned by the InP stop etch layer is minor. 
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Fipre 3.13 Theoretical device response to current tuning. Figure shows 

wavelength shift and free-carrier absorption loss vs. injection current in the phase 

section 

Two important effects have been neglected so far. First, the current injection will 

cause an increase in device temperature through Joule heating. The temperature 

increase in tum causes a shift to longer wavelength, counter-acting the shift caused 

by plasma loading. In Chapter 4 this effect is clearly visible in the experimental 

results. Secondly, the injected carriers cause not only a change in index, but also 

increases the optical losses through free-carrier absorption. Using a classical 

Drude-model for loss due to free-carrier absorption, the calculation of local carrier 

density and mode profile was used to calculate the increase in optical losses. The 
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results are also shown in Figure 3.13.  In Chapter 2 the importance of minimizing 

losses was discussed, and as the result in the figure demonstrate, the tuning range 

will be limited by the increase in loss to 4 om in the ideal case neglecting thermal 

effects and assuming a first-order filter with maximum acceptable loss of I .Scm·1 
• 

Chapter 4 contains experimental results investigating the available tuning range. 

3.7 Summary 

Chapter 3 covered the device design and fabrication, starting with waveguide 

design and device implementation of the filter designs obtained in Chapter 2. Two 

different structures were described, and their respective advantages and 

disadvantages were discussed. Experimental results will be presented in Chapter 4. 

One important fabrication issue was the implementation of a A.l4-shifted OBR 

grating. The far-field holographic method used for grating fabrication is not 

suitable for fabrication of conventional A.l4-shifted OBR, instead a design based on 

an alternative approach was shown. Besides overcoming the limitation of the far-

field holographic exposure method, the proposed phase-shift waveguide 

implementation had an advantage in terms of device tunability. This was the topic 

of the last section, where the expected tuning range was calculated, and the tuning 

range limits were discussed. The calculations yielded a predicted tuning range of 8 

om, assuming l OOOA. injection efficiency. 
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The chapter also described in some detail the device fabrication process, with 

particular focus on the critical steps with significant impact on device 

performance. 
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Chapter 4 Device characterization 

4. 1 lntroductlon 

This chapter contains the results of the characterization of the narrow band filters 

and add-drop multiplexers (ADMs). The characterization focuses on the static 

device performance and extraction of the parameters that were used to specify the 

design. Deviations from the response expected from theory will be discussed, and 

suggestions to improvements will be given. Some of these suggestions will be 

further expanded in the section on future work in Chapter S. 

The first section of the chapter covers waveguide characterization and the 

measurements on simple first-order notch filters. From the measured data, 

waveguide and filter parameters are extracted. The section also covers the tuning 

capabilities. 

The following section deals with the integrated ADMs consisting of directional 

couplers integrated with narrow band filters. As it will be seen, the performance of 

these devices was insufficient to obtain good low-noise measurements. A 

discussion of the problems and proposed solutions will be given. Finally, the 

chapter is concluded with a summary section. 
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4.2 Filter characterization 

The goal of this work is implementation of loP waveguide based integrated add

drop multiplexers, but for characterization purposes filters without couplers were 

also designed and fabricated. In addition to that, regular waveguides without filters 

were included to obtain information about the process and regrowth quality. This 

section covers the characterization of the filters and waveguides. The 

measurements are done using a HP tunable laser and a calibrated detector as 

shown in Figure 4. 1 .  The laser has a resolution of O. l nm (=12.S GHz at l .SS J.&m 

wavelength). The signal from the laser is coupled through a polarization controller 

to the waveguide using a lensed single mode fiber. On the output side, the signal is 

collected with another lensed 8M fiber. For the purpose of alignment and 

monitoring the mode shape, the fiber on the output side can be replaced by a 

microscope lens imaging the facet onto a CCO camera. A computer controls the 

tunable laser and the power meter for collection of data during wavelength scans. 
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Figure 4.1 Measurement set-up for filter and add-drop multiplexer 

characterization 

Since no attempt was made at designing a polarization independent device, all 

results presented here are for TE polarization. For applications in a communication 

system, polarization independence is imperative, and future work should include 

design improvements to achieve this. Chapter S will include a discussion about this 

topic. 

The device results in this section were from bars cleaved at approximately SSO-J,lm 

length, with two OBR gratings separated by a 41-J,lm phase-shift section. For 

comparison, filters without the )..14 shift were also characterized. In both cases the 

fiber-to-fiber loss was measured to be 22 dB or worse. To identifY the cause of the 

losses, transmission through 800 f.UIl long waveguides without gratings and anti-

reflection coatings was measured, shown in Figure 4.2. 

82 



1 -r----4II.--�------__, 

� 
:I Ii 0.75 

.... 

g :I 0.5 

E • c 0.25 � 
o �----------� 

1525 1 530 

Wav.length [nm] 

1535 

Figure 4.2 Transmission through uncoated SOO-pm waveguide Fabry-Perot 

cavity. 

The waveguide propagation loss ai. can be calculated from the measurements of 

the modulation resonances of the Fabry-Perot resonances: 

a = a +! In(�) ,. I 
L R 

F = lrexp(-a,.L I 2) 

l -exp(-a,.L) 

where ar is the effective distnouted loss coefficient. ai is the internal propagation 

loss coefficient. R is the facet power reflectivity. L is the cavity length. F is the 
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cavity finesse, and Imax and Imin are the peak transmission, respectively. Figure 4.3 

shows the modulation depth vs. propagation loss coefficient, for an uncoated FP 

cavity length of 800Jlm. 

4 ,-------------------------------, 

1 .5  

1 .�----�----------------------� 
o 2 4 6 8 1 0  

Propagation loa. [cm-1] 

Figure 4.3 Fabry-Perot modulation depth as jUnction of internal propagation loss 

coefficient for a 800Jlm long uncoated waveguide 

The measured modulation depth (Imaxllmin) is approximately 3 . 1 ,  corresponding to 

a propagation loss of 1 .9 cm-t• This waveguide had no grating, but was otherwise 

identical in process and structure to the DBR filter devices. In the uniform 

waveguide, the regrowth was InP on an InP surface; in the waveguide with grating, 

the horizontal surfaces in the grating are InP while the vertical sidewalls have 
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exposed InGaAsP. This difference is likely to cause higher losses in the DBR 

sections. Etch damage and scattering in the gratings also contribute to the 

propagation losses. With these qualifications in mind, the result shows that the 

design and fabrication of a low loss waveguide structure has been successful. In 

the discussion of the filter measurement results, the loss coefficient for the 

waveguides with grating is extracted from measurements. 

The results discussed above were obtained with the structure labeled as 'design 2' 

in Chapter 3.  The initial runs with design 1 had higher loss, best case was -12  cm·· 

waveguide loss in waveguides without grating. In the filters, the losses were much 

higher, and it was impossible to get good quantitative measurements of the filter 

characteristics. As described in Chapter 3, in 'design I '  the regrowth was InP 

directly on the InGaAsP waveguide, both in the grating sections and in the uniform 

waveguides. The high loss is most likely due to poor material quality at the 

regrowth interface. All the results below were obtained with the 'design 2' 

structure with separate grating layer. 

Based on the value for waveguide loss, the 22 dB tiber-to-fiber loss can be 

attributed to coupling losses between the waveguide and fibers. For a practical 

device in a communication system, this value of tiber-ta-tiber loss is clearly 

excessive and should be reduced. Substantial improvement can be achieved with 

integrated mode converters. 

Unfortunately, the high coupling loss between fiber and device also makes 

measurements complicated. For the purpose of filter characteristics, it is desirable 
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to measure both reflection and transmission, and in that way determine the device 

performance in terms of both the express channels and the drop channel. With a 

return loss of at least 22 dB, the reflected signal from the device is very weak, and 

on the same order of magnitude as reflections from imperfect facet coating and 

spurious reflections in the measurement set-up. Consequently, the measured 

reflected signal becomes a superposition of the device reflection signal and the 

spurious signals. The interference of these signals depends on optical path lengths 

in the fibers, which in turn vary due to temperature effects and mechanical 

instability. All the reflection measurements were very noise and showed unstable 

interference patterns, making reproducible measurements impossible. 

Figure 4.4 shows the device schematic of the filters characterized in this section. 

The device had two 1 50 IJm long DBR sections separated by a 4 1 -lJm long phase 

section. The filter had approximately 100 IJm of passive waveguide on each side, 

bringing the total device length to 550 IJm. Measurements were done at room 

temperature (20°C) on a temperature-controlled stage. 
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Figure 4.4 Filter device structure 

Figure 4.5 shows the measured transmission for the Al4-shifted filter. The center 

wavelength is at 1 532.2 nm, instead of the 1550 nm it was designed for. The cavity 

resonance is also shifted to a shorter wavelength. The shift is partly due to the fact 

that the waveguide layer was thinner than designed. This also explains the small 

misalignment of the Al4-cavity resonance from the center of the stop band. 
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Figure 4.6 Measured (- .-) and calculated (-) transmission of Al4-shifted DBR 

filter. Calculated response is based on extracted device parameters for resonance 

wavelength and grating coupling coefficient, and waveguide propagation loss as 

fitting parameter. 

The stop band bandwidth is measured to 3.7 nm, compared to the design value of 

4.0 DDl. The measured value corresponds to a grating coupling coefficient of 1 30 

em-I . The notch bandwidth is 38 GHz (0.3 nm), and the relative transmission at 

resonance is -l .SdB. The design goals were IS  GHz and full transmission, 

respectively. The isolation between reflected and transmitted channels is 13 dB. 

For comparison, similar loP DBR-based devices in the literature have achieved 

0.7om and -10dD isolation [I], 70m bandwidth and I ldB isolation [2], and 20m 
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bandwidth and 1 8dD isolation [3]. An apodized Si02-SiO-based device structure 

similar to the one described in this work, achieved l .5nm bandwidth and 30dB 

isolation [4]. As mentioned in Chapter 1 ,  the best result obtained from a loP DBR

grating based add-drop device is 0.4nm bandwidth and >20dB cross-talk isolation 

[5].  This device was based on a grating-assisted vertical coupler and tunable by 

heating with a Cr thin-film heater. 

The deviations from design targets in notch bandwidth and transmission can be 

explained by the propagation loss in the waveguide, which causes a decrease in the 

filter-Q, as discussed in Chapter 2. Figure 4.6 also shows a calculated response, 

using the correct center wavelength and coupling coefficient, and using waveguide 

loss as fitting parameter. The best fit is obtained with a loss value of 5 cm"l . 

Compared to the loss in a regular waveguide without gratings, the DBR grating 

has additional 3 cm"1 loss. 

The filter wavelength can be tuned by temperature. Figure 4.7 shows the notch 

wavelength as a function of the substrate temperature. The tuning rate is 0. 1 2  

nml°C over 5.4 Dm .  No significant degradation of the filter characteristic was 

observed over this tuning range. The measurement of the tuning range was limited 

by the capability of the temperature-controlled stage. 
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Figure 4.7 Temperature tuning of ).j4-shiftedfllter. 

In the introduction, the ability to tune the filters and ADMs by current injection 

was mentioned as an important advantage of implementing the devices using 

semiconductor technology. For that purpose the filters were designed and 

fabricated with electrical contacts for current injection, and the resonance 

wavelength was measured as a function of injection current. Figure 4.8 shows the 

shift in wavelength with increasing current. A tuning range of 2.2 nm (275 0Hz) 

was achieved with a bias current of 4 mA, corresponding to a current density of 

3kA1cm
2
• The 275 GHz tuning range is more than sufficient for switching between 

two channels spaced by 100 GHz. 
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Figure 4.8. Resonance wavelength vs. bias current for )./4-shifted DBR filter. 

Diamonds show measured response, the full and the dashed lines are theoretical 

characteristics for 100% and 20% injection efficiency, respectively. Heating 

efficts have been neglected in the theoretical results. 

Because injected carriers not only change the index of the semiconductor material, 

but also contribute to waveguide propagation loss, the tuning range is limited by 

deterioration of the filter response with increasing loss. Figure 4.9 shows the filter 

transmission response at 5 rnA current. The isolation has decreased to -9dB, and 

the pass-band notch bandwidth has broadened to O.9nm. 
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Figure 4.9 Filter transmission characteristics at 5 rnA current. 

Besides the increase in loss, the tuning range is also limited by the temperature 

increase due to Joule heating. As seen above in the temperature tuning experiment, 

an increase in temperature causes a shift to longer wavelength, the opposite 

direction of the shift from carrier injection. At higher current densities, the heating 

effects dominate, and cancel the shift from plasma loading. Increasing the 

available tuning range can be done by reducing the heating effects, most efficiently 

by changing the design to minimize the diode resistance, and the thereby reduce 

the Joule heating. Increasing the doping level in the p-ridge or reducing the doping 

offset layer thickness can achieve this. As discussed in Chapter 3, this is a trade-

off with the goal of maintaining a low-loss waveguide. One solution would be to 

base the design on the higher order Chebyshev or Butterworth filters, which are 
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less sensitive to waveguide loss. This would allow for a reduced doping offset 

layer thickness, and an increased tuning range. 

Device design with better heat properties would also help to alleviate the problem. 

e.g. buried structures with lower thermal resistance. Finally. higher injection 

efficiency can increase the wavelength shift for a given tuning current. The 

injection efficiency can be improved by using lower band gap material in the 

waveguide [6, 7], again at the expense of increased propagation loss. More 

significant is the improvement in tuning efficiency of lower bandgap material. As 

an example, the tuning efficiency of 1 .4 IJm bandgap wavelength is SOO.4 higher 

than that of 1 .3 IJm bandgap wavelength material for a signal wavelength of I .5S 

f.&m [6]. 

4.3 Add-drop multiplexer characterization 

Having covered the experimental characterization of waveguides and filters in the 

previous section, attention is now turned to the measurements on the integrated 

Add-Drop Multiplexers. The measurement set-up and procedures are similar to 

those described in Section 4.2 and Figure 4. 1 .  

During the measurements on the ADMs several problems became apparent. Some 

were related to the measurements, some were device problems. The measurement 

problems will be discussed fllSt. 
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As with the filters9 the coupling losses were very high at -13 dB/facet. The total 

device loss was -IOd8. Consequently, at -36dB, the output signal was relatively 

weak, and signal to noise ratio for all the measurements was poor. The problem of 

interference between spurious reflections in the set-up and the device signal was 

also present in these measurements, further complicating the characterization. 

Finally, light transmitted through the substrate made measurements on the bar 

output particularly difficult. 

Turning to device issues, most important was the response of the directional 

coupler part of the device. The coupler was designed for 100% coupling at 

1 .55f.'m, but the measured devices had about 65% coupling to the bar output, and 

35% to the cross port. This is believed to be due to fabrication tolerances: 

Waveguide thickness and ridge width/spacing. 

Despite the problems with measurement noise and the coupler, the wavelength 

selectivity of the embedded rtIters was characterized. Figure 4.10  shows the output 

from the integrated coupler and filter at different wavelengths, as captured with an 

IR camera. 
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250 J,lm �I 
Fipre 4.10 Output from ADM captured with an IR camera. The cross port is to 

the left. bar to the right. 
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A couple of observations can be made from the measurements in Figure 4. 10. 

First, the pictures clearly illustrate the problem of spurious light at the bar port. 

However, the measurement qualitatively shows the function of the device. At 

1 526nm and 1 530nm light is passed through, and between these wavelengths light 

is reflected. At the center of this band, at 1 527.9 nm a narrow pass band can be 

observed. This was quantified by measuring the output from the cross port, shown 

in Figure 4. 1 1 .  

1 

""=' 
:I 0.75 · 

.!. 
j I 0.5 · 

1 
! 0.25 -

o ·�----�----�----�----� 

1 524 1 526 1 528 1 530 1532 

Wav.length [nm] 

Figure 4.11 Measured Iransmissionfrom inpul lo cross porI. 

Compared to the fllters measured in previous section, the stop band in the ADM is 

narrower, and the notch is wider and shallower. This can be due to higher 
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waveguide loss in the filter sections. The resonance wavelength is also shifted to a 

slightly shorter wavelength. Material non-uniformity and variations in waveguide 

width across the wafer can explain this. The fact that both the resonance 

wavelength and coupling between the waveguides were substantially different 

from the design value. points to problems with process control in the add-drop 

devices. The higher loss in the add-drops compared to the linear filters also point 

in that direction. 

4.4 Summa"Y 

In this chapter the experimental results for the narrow band notch filters and 

integrated Add-Drop Multiplexers were presented. Notch bandwidth of 0.3 nm (38 

GHz) and isolation of 13 dB were achieved with the filters. Bandwidth and 

isolation were both limited by waveguide propagation loss. The loss parameters 

derived from measurements were 2 cm-I and 5 cm-I in the sections without and 

with DBR grating. respectively. Both temperature and current tuning were 

characterized. With temperature tuning a tuning rate of 0. 12  nml°C over 5.4 nm 

was achieved. The measured tuning range was limited by the temperature control 

capabilities of the measurement set-up. With a waveguide band gap wavelength of 

1 .3 Jim. the band gap shrinkage due to the increased temperature will cause only a 

very small increase in waveguide losses. This should make the tuning range 

substantially larger than the 5.4 om measured here. 
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The current tuning range was 2.2 nm, at 4 mA current injection. The tuning range 

was limited by increased waveguide losses due to free-carrier absorption, at 4 mA 

the isolation had deteriorated to <IOdB, and rapidly decreasing with increasing 

current. Another limit is the heating effect, limiting the wavelength shift to 2.7 nm 

is this structure. 

The chapter also covered the characterization of the integrated ADMs. Several 

problems, both measurements problems and device issues, made a complete 

characterization impossible. First of all, the coupling length was not as designed. 

The filter part of the ADMs exhibited the right response qualitatively, but due to 

excess waveguide loss, the notch in the stop band is too broad and very shallow. 
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Chapter 5 Summary and future work 

5. 1 Summary 

The previous three chapters covered design, fabrication and characterization of 

quarterwave-shifted DBR tilters and optical add-drop multiplexers based on 

integrated tilters and horizontal directional couplers. In this chapter the results are 

summarized and suggestions for future improvements and development are 

discussed. 

Chapter 1 of this work discussed the applications for a recontigurable optical add

drop module, and compared a range of technologies and architectures available to 

achieve the required functionality. In terms of static tilter performance, the glass

based arrayed waveguide gratings are at the present clearly superior to competing 

technologies, but with the disadvantages of large size, slow recontiguration time 

and unsuitability for integration with active semiconductor devices. The proposed 

loP based device described in this work, or variations hereof, addresses all three of 

these concerns. The challenge for a DBR-tilter based semiconductor device is 

achieving sufficiently narrow tilter bandwidth under all operating conditions. As 

described in Chapter 2, this requirement precludes a tilter based on a simple one

section DBR grating - the device parameters necessary to achieve the narrow 

filter bandwidth are impractical, and the sensitivity to loss makes current tuning 

impossible. 
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Instead, the design of tirst- and higher-order A.l4-shifted DBR filters was proposed. 

The first-order filters are indeed able to achieve the narrow bandwidth required, 

but the filter shape is not appropriate for the applications, and the maximum 

tolerable value of waveguide loss severely limits the tuning range. In this aspect, 

the higher-order filters, based on Butterworth or Chebyshev filter shapes, show 

more promise. A fifth-order Butterworth filter can be designed with > 30dB cross

talk and 25GHz bandwidth, and with small sensitivity to waveguide propagation 

loss. It should be noted. that even though it may be possible to fabricate filters with 

extremely low loss, an increase in loss is inherent to tuning by current injection. 

This makes the robustness against propagation loss imperative, even for designs 

implemented in structures with low loss in the untuned state. 

In addition to the improved tolerance to loss, the higher-order filters have a filter 

response shape more suitable for applications in communication systems. The 

pass-band, selecting the 'drop'-channel, is wide enough to support variations in 

signal wavelength or small changes in device characteristics, e.g. due to 

environmental changes. The 25 GHz pass-band filter mentioned above, will 

maintain > 30dB isolation over 200Hz. 

One significant limitation of the A.l4-shifted filters, both first- and higher-order 

versions, is the limit in total number of channels the filter can support. The total 

wavelength span of all channels cannot be wider than the width of the DBR 

stopband; in the designs covered in this work this width is -800 GHz. More 

aggressive designs of bigher-order filters are capable of covering at least 1200 
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OHz, still much too narrow for most applications. The next section will outline 

suggestions for improvements or extensions to accommodate a substantially larger 

wavelength span. 

The section on device fabrication covered the critical design decisions and process 

steps necessary to obtain low-loss waveguides and reproducible gratings. The 

limitations to the far-field holography method for grating fabrication were 

circumvented by using a long phase section to apply the quarterwave shift to the 

optical field. The separate phase section also makes it possible to tune the notch 

tilter while leaving the OBR stop-band virtually unchanged. 

The results obtained from the fust-order tilters, presented in Chapter 4, were 

somewhat disappointing. Design I ,  with no separate grating layer and regrowth 

directly on the InGaAsP waveguide, had high waveguide loss, to the extent that the 

narrow-band notch was virtually gone. In addition, the total fiber-to-tiber loss was 

too high to make good quantitative measurements. 

The devices made from Design 2 epi, with a separate grating layer and InP stop

etch layer proved far better. A filter bandwidth of -380Hz was obtained, with -13  

dB cross-talk isolation. Using the waveguide loss as titting parameter, good 

agreement between calculations and measurements was achieved with a loss 

parameter of a = -Scm"l . As shown in Chapter 2, this value should be reduced to 

<1 .5 cm"1 to achieve 20 dB cross-talk isolation in a tirst-order filter. Both 

temperature and current tuning were demonstrated. For current tuning, the tuning 

range was limited by the carrier loss to 27S OHz, at which point the isolation had 
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degraded to <10 dB. This again underscores the need for a design that is more 

robust to waveguide loss. 

The integrated filter and coupler Add-Drop Multiplexers suffered from the same 

high fiber-to-fiber loss. The filter effect was demonstrated qualitatively, whereas 

the coupler did not perform as designed with only 65% coupled to the 'cross' 

waveguide. The most likely cause of this problem is poor process control with 

respect to the waveguide separation and width. 

In conclusion. the results from the filter, combined with modeled results from 

higher-order filters demonstrate both the potential and the limitations of this device 

structure. It is possible to design and fabricate filters with very narrow bandwidth 

(<200Hz), with several channels spacing of tuning range through current 

injection. However, although the isolation and bandwidth of these filters show 

little sensitivity to waveguide losses, the insertion loss is high and increases 

rapidly with increased waveguide loss from tuning current. For most practical 

applications, amplification is probably necessary to overcome this limitation. 

5.2 Suggestions for future work 
The purpose of this section is to point to a number of potential improvements or 

extensions to the device structure covered in this dissertation. The first part will 

discuss changes to improve on the existing structure and functionality. The second 

part will then focus on additions and extensions of the existing designs for added 

functionality. 
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The first step is clearly implementation of the higher-order filters that were 

designed in Chapter 2. As the theory pointed out - confirmed by subsequent 

measurements - the first-order filters are simply incapable of meeting the 

performance requirements of virtually any real application. The main problem, 

waveguide propagation loss, has much less impact on the fifth-order filters. In 

addition to this, even for small values of loss or completely without loss, the 

performance is clearly superior. 

The second obvious area in need of improvement is the coupling from fiber to 

chip. Appropriate lensed fibers in conjunction with integrated mode-converters on 

the chip have the potential of vastly improving the coupling efficiency. Further 

reduction in fiber-to-fiber loss can be achieved by monolithic integration of 

semiconductor optical amplifiers on the same chip as the filters or ADMs. The InP 

platform and device architecture lends itself very well to this integration. 

Finally, in this work switching speed was given marginal consideration. With 

carrier injection as the tuning mechanism. the inherent limit to switching time is in 

the ns-range, but to achieve this, more attention must be paid to the additional 

details of the device design. In particular. the contacts should be designed for low 

capacitance. and the series resistance reduced, in order to achieve electrical RC

bandwidth in the GHz-range. 

With this we tum to enhancements of the existing designs for devices with more 

functionality. 
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An important limitation with the Al4-shifted filters, both rust-order and higher-

order filters, is the capability to handle many channels over a wide wavelength 

span. This limitation, posed by the stopband bandwidth of the DBR grating, is in 

the range of 600-1200 OUZ. For applications in systems with wider bandwidth, 

this range can be extended by a two-stage approach, illustrated in Figure 5. 1 .  

"ttttttttt 
JL In 

Wideband 
filter 

tttt IE-----A.ldd 

Al4-shifted DBRIOADM 

Drop 

Figure 5.1. Wide-band, two-stage add-drop multiplexer. The a"ows symbolize the 

wavelength channel spectrum. 

Here the first stage is a wide bandwidth filter, e.g. an add-drop filter based on a 

single, apodized DBR filter. This multiplexer picks out a group of channels with a 

total wavelength span compatible with the capability of the narrowband ADM 

based on the Al4-shifted DBR filters described in this work. The main 

requirements to this first-stage filter are steep filter skirt, side-lobe suppression and 

low cross-talk. The narrow-band ADM then performs the add-drop operation on 

one channel, before the entire group of wavelengths is recombined with the 

channels that bypassed the second stage filter. This approach removes the 
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limitations on maximum bandwidth, at the expense of chip size and complexity. 

The stopband of the first stage must be narrower than that of the second stage, and 

it is necessary to use an apodized grating for the first filter, to suppress cross-talk 

due to side-lobes. 

The last proposed enhancement illustrates the potential for integration on a 

semiconductor platform. As already discussed above, the architecture and platform 

is suitable for integration with active devices, such as amplifiers, lasers and 

waveguide detectors. Figure S.2 shows an example of this. The suggested device 

consists of an add-drop multiplexer, with a modulated laser source on the add-port 

and a detector on the drop port. This forms an integrated module with two fiber 

ports and two electrical ports, a one-chip channel-dropping network interface 

without the need for external optical components or active devices. A simpler 

version can be based on a filter, without the directional coupler, integrated with a 

detector, for a wavelength selective receiver module. 

� ........... 
In 

Out WG detector 

Figure 5.1. Integrated add-drop network access chip with an add-drop multiplexer 

for channel selection. a waveguide receiver detector and a modulated DBR laser 

transmitter 
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The examples given in this section highlights some of the potential for increased 

functionality of a semiconductor-based add-drop multiplexer. 

Compared to fiber or SiOl-on-Si based multiplexers, the semiconductor devices 

lend themselves very well to integration. In addition to this, the ability to tune by 

injection of carriers gives the potential for very short switching time, compatible 

with true packet switching in dynamically reconfigurable networks. At the same 

time, it is clear that ADMs based on DBR gratings in semiconductor can not rival 

the SiOl-Si arrayed waveguide gratings in terms of channel count, channel spacing 

or static filter performance. This means that the SiOl-Si based devices are more 

suitable for applications where fast switching is not required, but the static 

performance is important. However, the semiconductor-based ADMs are 

potentially very competitive in applications where fast switching, small size, or 

integration with active components is essential. Most notably in packet-switched 

optical networks, where presently no other alternative exists for all-optical 

switching at packet rates. 
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Appendix A 

Add-Drop Multiplexer deviee fabrieation 
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Add-Drop Multiplexer Device Process 

I. Grating pattern 

Remove InP cap layer: 

HF:DI (3 : 1 )  

Deposit SiN mask 

PECVD, 300 A 

Photolithography: 

Spin AZ 4 1 10, 4k, 30 secs 

Bake 95° hotplate, l '  

Mask expose, 8" 

Develop -50" 

Hardbake, 10' @ 1200C oven 

Descum 

20", plasma etcher, l OOW, 300 mTorr 

Etch SiN: 

RIE : SF 61'021 Ar : 5/3/10  secm 

20 mTorr, 250 V 

Etch time : l '  

Remove polymer 

Remove PR (Acetone) 

2. Grating process 

Solvent Clean 

Boiling Acetone (> 3mins) 

Isopropanol 

Rinse Iso, on spinner 

Nitrogen dry, on spinner 

Spin HMDS 

109 



6k rpm, 1 min. 

Spin Photoresist 

Shipley 1400-5a 

6k rpm, I '  

Bake on hotplate : 95°C - 1 minute 

Holographic Exposure 

30nA'min (Power reading should be -40nA photocurrent) 

Develop 

AZ400k:DI ( 1 :4), 12  sees, 

Bake 1200c1 10 min (oven) 

Deseum 02 plasma 

300W, l00mT, 5 secs 

Gratiag dry etch process: 

Chamber pre-clean: 

20 secm 02, 500V, 1 25 mT , 20 mins 

Chamber pre-coat: 

20/4/10 secm MHA, 500 V, 75 mT, 10 mins 

Load sample 

Sample coat: 

20/4/10 secm MHA, 200 V, 125 mT, 2 mins 

Etch: 

20/4/10  secm MHA, 500 V, 7S mT (etch rate oflnP - 700 Almin) 

Polymer removal: 

20 secm 02, 300 V, 125 mT, 1 '30" 

Remove photoresist w. Acetone 

Remove SiN in HF 

Prepare sample for regrowth 
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Solvent clean (Acetone, Isopropanol) 

02 -plasma, 300 mT, 100 W, 3 minutes 

UV -ozone, 30 minutes 

HF dip (immediately before loading sample in MOCVD reactor) 

3. Regrowth 

0.3J,lm uid InP 
1 .5 J,lm p-1nP (7e 17) 

O. I SJ,l p+-lnGaAs contact layer (2e 19) 

4. Ridge process 

Deposit SiN mask for waveguide definition 

Solvent clean 

PECVD : 3000A SiN" 

Photolithography (waveguide pattern): 

Stepper : 

Spin SPR-S I 0 , 4k, 30" 

Bake, 90°C, 3'  

Expose (Stepper), 1 .2" (mask layer GDS-4) 

Develop : Undiluted MF70l ,  40-45" 

Contact aligner: 

Spin AZ 4 1 10, 4k, 30 secs 

Bake 95° hotplate, I '  

Mask expose, 8" 

Develop -50" 

Hardbake, 10' @ 1200c oven 

Descum 

20", plasma etcher, lOOW, 300 mTorr 
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Etch SiN: 

RIE : SF6I'Ch/ Ar : 5/3/10 secm 

20 mTorr, 250 V 

Etch time : 2' 30" 

Remove polymer 

Remove PR (Acetone) 

Etch waveguide: 

RIE#2 : MHA 4/20/10 

Standard process (see grating etch section for conditions) 

Etch time : 10' (Etch depth should be 6500 -A) 
Polymer removal : 5' 

Photolithography 

As above - (mask layer GDS-5) 

Descum 

20", 100 W, 300 mTorr 

Etch SiN: 

As above 

Etch waveguide and isolation trenches: 

Etch time : 8'30" (Etch depth WG : 1 3,500 A ,  isolation : 5,300 A) 

Polymer removal : 4' 

Remove SiN 

HF:Dl dip 

5. Planarization process 

Planarization: 

Spin SFI5, 5k, 30" 

Dektak 

Retlow : 2500(: Hotplate, 2' 

Dektak 

1 12 



(Repeat until sample is planar - typically 3 layers) 

Deep UV exposure : 2' 

Develop in SAL 101 ,  10" steps until ridges are clear 

(watch for interference fringes) 

Repeat exposure if develop stops or slows significantly_ 

6. p-metal eontad 

Photolithography 

Lift-off process 

Evaporate p-contacts: 

TilPtI Au : 250Al300Al6000A 

Lift-off 

7. Pattern PMGI lor eleaviDI 

Pattern SFI 5: 

Deep UV expose : 2' 

Develop undiluted SAL 101  

Repeat until clean 

Anneal p-contact 

420°C, 15" (standard recipe) 

8. Backside process 

Thin substrate to -100tJm thickness 

Backside metal 

E-beam deposition ofNilAuGelNilAu : 100/1000/200/1 500 A 
Anneal 20 sees @ 3800c 
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