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Summary

Photonic integration is the fabrication of optical and optoelectronic 
semiconductor devices on the same substrate, so that light can be coupled 
between them. This dissertation describes the development of two technologies 
for photonic integration, and their demonstration through the fabrication of 
integrated devices.

The first technology was one to perform passive optical functions in a slab 
waveguide on an InP substrate. The optical operations were achieved by total 
internal reflection of the slab guided mode, from the vertical walls of 
appropriately shaped recesses. The recesses were defined by CH4 /H 2 reactive 
ion etching interposed with a novel oxygen plasma passivation scheme. The 
technology was demonstrated by the fabrication of a 2D demultiplexer on an 
InP substrate. The optical output from this device was almost diffraction 
limited and the dispersion was in good agreement with the calculated value. 
The loss on reflection from each vertical wall was between 2 and 2.5dB 
depending upon its function. It was the world's first InP based, slab 
waveguide demultiplexer.

The second technology was selective area MOCVD. The nature of this 
phenomenon was studied in a quantitative manner and a world-leading model 
of its behaviour was developed. The capability of the technology was then 
demonstrated by the integration of a laser and an electroabsorption modulator. 
This device was designed to be compatible with on-wafer testing technology. 
The loss in the selectively grown interface between the laser and the m odulator 
was <0.2dB and more than lOmW of optical power was coupled from the laser 
into the modulator. An open eye was obtained at 5G b/s and a pseudo random  
bit sequence was transmitted over 380km of standard fibre at 2.5Gb/s.
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Outline of this Dissertation

This dissertation describes the development of two integration technologies: 
one to perform passive optical functions on an InP substrate and the other to 
enable the integration of devices requiring different bandgaps. The 
technologies were demonstrated by the fabrication of a demultiplexer on an InP 
substrate and a laser integrated with an electroabsorption modulator.

The dissertation is constructed as follows. Chapter 1 describes the concept of 
photonic integration and the reasons why integrated devices may be desirable 
in the telecommunications industry. Chapters 2-5 deal w ith the technology 
development required for the demultiplexer. Chapters 6-10 describe that for 
the integrated laser modulator. Finally, chapter 11 outlines possible future 
developments in photonic integration. The blocks of chapters are broken dow n 
in the manner described below.

Chapter 2 reviews the performance that other workers had achieved with 
hybrid and integrated demultiplexing components at the time w hen we 
fabricated our device. (Subsequent developments are reviewed along w ith 
results from our device in chapter 5.)

Chapter 3 describes the demultiplexer fabricated at BNR Europe. This 
component was the concept and design of Robin Thompson. It was the first 
InP-based device to make use of two dimensional optics in a slab waveguide. 
It also contained a transmission echelon grating of unique design. My inputs to 
the design process were suggestions on how to make the device easier to 
manufacture and test.

Chapter 4 describes the development of the technology required for the 
demultiplexer. I developed the mirror etching process described in this chapter 
and used it to etch the mirrors and waveguides of the final demultiplexer. I 
also performed the analysis of the uniformity of the epitaxial growth.

Chapter 5 documents the fabrication of the demultiplexer, and my subsequent 
assessment of its performance. The chapter also discusses the design 
modifications and technology development required to make the perform ance



of the two dimensional demultiplexer competitive w ith that of its hybrid 
equivalents.

As mentioned above the second block of chapters deals w ith-the technology 
development required for the integrated laser modulator. The first chapter of 
this block is chapter 6, which reviews methods of integrating devices which 
require different bandgaps.

Chapter 7 describes a detailed experimental and theoretical study of the 
technology required for one of the integration m ethods reviewed in chapter 6 . 
The integration method studied was selective area MOCVD. There are a large 
number of publications on this topic but few authors have attem pted a 
comprehensive quantitative study of the type described in chapter 7. The 
quantitative data produced in this study enabled the development of a model 
to predict the behaviour of selective area MOCVD. I am only aware of one 
other report of such a model. I designed the experiments and perform ed most 
of the measurements described in the chapter, though some of the 
investigations involved working with experts in other areas. The m odel of 
selective area MOCVD was also my invention.

Chapter 8 describes the behaviour of the component parts of an integrated laser 
modulator. I designed and assessed the selectively grown lasers described in 
this chapter. However, Robin Thompson initially perform ed the calculation of 
interface efficiency.

The design, fabrication and performance of the laser-modulator produced at 
BNR Europe are documented in chapter 9. We were not the first group to 
publish on the fabrication of an integrated laser m odulator through the use of 
selective area epitaxy. However our work was already well advanced when 
M.Aoki of Hitachi and T.Kato of NEC reported their development of such 
devices. To the best of my knowledge, we were the first group to apply probe 
card testing to the fabrication of integrated laser m odulators, though IBM in 
Zurich had already reported on the use of such technology in low cost laser 
fabrication. I designed the integrated laser m odulator and  the 
photolithographic masks required to make it. It was m y idea to use probe card 
testing and I worked with Dave Boyle and Phil Davies to develop the required



apparatus. I also performed the continuous wave assessment of the first wafer 
of integrated laser modulators described in chapter 9. The systems part of this 
assessment was performed in collaboration with Mark Kimber, Bipin Patel and 
Pete Anslow. - ^

The work described in chapters 7 to 9 spaw ned further development of the 
integrated laser modulator at BNR Europe. The output of this development 
activity is outlined in chapter 10, as it was in this period that some of the seeds 
sown in the design of the device started to bear fruit. In this phase of the 
project the size of the development team grew to a maximum of about 12 
people. I co-ordinated this team, in conjunction with Chris Armistead. My 
technical input to the work described in this chapter was in the device design, 
the systems assessment and the analysis of test results. This chapter also 
compares the performance of laser modulators fabricated at BNR Europe with 
those fabricated at other laboratories.
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Chapter 1

Optoelectronic Devices for Future 
Telecommunications Systems

1.1. THE DEMAND FOR BANDWIDTH
Optical technology has made a significant impact on the communications 
industry, so that, to-day, much of the trunk route traffic is carried on optical 
fibre1/2. The dem and for capacity over this trunk network is growing. One 
reason is the steady growth in the number of telephone lines per head of the 
population3. The dem and for bandwidth is increased by the provision of new  
services over the existing telecommunications network. These include video 
conferencing, fax and data transmission4. Large capacities will soon also be 
required for subscriber links, as cable television and related interactive services 
start to make an impact in the United Kingdom4.

At present the large capacity required in trunk links is provided by using 
several fibres, and by time division multiplexing5 (TDM) a large num ber of 
channels onto the single wavelength carried by each fibre. In this situation an 
increase in the dem and for capacity can be satisfied by simply laying more 
optical fibres. However, this is often an expensive solution as the costs of 
laying cable are high. The alternative is to increase the data carrying capacity 
of each fibre. This can be achieved by:
a) increasing the bit rate so that more channels can be time division 

multiplexed onto a single wavelength.
b) increasing the num ber of wavelengths carried by each fibre.
The merits of each of these approaches are discussed below.

1.2. HIGH BIT RATE SYSTEMS
The maximum transmission rate in wide commercial use to-day is 2.5Gb/s. 
When one attempts to increase this bit rate one encounters a num ber of 
problems. These include:
a) the difficulty of obtaining reasonably priced electronic components w ith 

sufficient performance6/7.
b) the dispersion in conventional optical fibre.
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The difficulties created by fibre dispersion are described below.

Standard single mode silica fibre has a dispersion zero at a wavelength of 
1.3pm. However, most long haul transmission takes place at a wavelength of 
1.55pm, where the loss is lower. The dispersion at the latter wavelength is 
typically around 17ps/nm /km . The effect of this dispersion is that the 
different optical frequencies in the transmitted bit pattern travel at different 
speeds, so that adjacent bits are smeared into each other. The distance that one 
can transmit before this occurs decreases with increasing data rate. The 
maximum transmission distance is also dependent on the range of optical 
frequencies contained within the signal. Fourier theory indicates that there is a 
fundamental lower limit for this frequency range, which is determined by the 
bandwidth of the transmitted signal8. Consequently there is a limit on the 
maximum transmission distance that can be achieved in standard fibre with an 
ideal source. This distance9/10'11 is about 60km for modulation at lOGb/s.

One solution to the dispersion problem is to use dispersion shifted fibre12. This 
has a much smaller dispersion coefficient than standard fibre at 1.55pm. 
However, if standard fibre is already installed, one must lay new cables which, 
as mentioned above, can be expensive. In this situation, one can compensate 
for the dispersion in existing fibre by introducing a dispersive element w ith 
dispersion of the same magnitude and opposite sign to that in the fibre13'14'15. 
Another solution is to control carefully the frequency excursions of the source, 
so that the transmission distance is maximised. In practice the frequency 
excursions of the source need to be well controlled even when dispersion 
compensation techniques are employed, as the correction is rarely perfect.

The source used in most of to-day's commercial links is a semiconductor laser16. 
The data pattern for transmission is superimposed on the optical output from 
the laser by modulating the drive current supplied to it. This is a simple 
solution as there is only one optical component in the transmitter. However, 
the optical frequency generated by such a source tends to fluctuate as the drive 
current is m odulated17. These fluctuations in optical frequency are known as 
"chirp". The net result is that the range of optical frequencies contained in the 
signal are considerably in excess of the minimum imposed by Fourier theory8. 
Consequently transmission down dispersive fibre at high data rates is difficult 
to achieve with direct laser modulation.
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The transmitter chirp can be reduced by driving the laser w ith a constant 
current and modulating its output with an external m odulator18. In fact it is 
even possible to exceed the maximum transmission distance for an ideal zero 
chirp source with this arrangement19. This is achieved by driving the 
modulator to produce a higher than average optical frequency on the falling 
edge of a bit, and the converse on the rising edge. This frequency distribution 
causes pulse compression when combined with the dispersion in standard 
fibre. It is usually known as "negative chirp".

1.3. WAVELENGTH DIVISION MULTIPLEXED SYSTEMS
The data rate can also be increased by simultaneously transm itting on a 
number of wavelengths. This is known as wavelength division m ultiplexing 
(WDM)20'21. The advantage of this technique is that the electronics are easier to 
engineer than for an equivalent TDM system. Fibre dispersion is also less 
troublesome. In addition, wavelength division multiplexing opens up  the 
possibility of novel network architectures where, for example, the transm itting 
node can be identified by the wavelength on which it transmits22'23'24.

The disadvantage of a WDM system is that a num ber of transm itters and 
receivers are required. This tends to make WDM a more expensive option than 
TDM. An optical device to demultiplex the different wavelengths is also 
required25.

1.4. PHOTONIC INTEGRATION FOR HIGH CAPACITY SYSTEMS
The above types of system can both be implemented using components that are 
already on the market. However, these implementations involve m aking 
hybrid sources or detectors which contain a num ber of optical and 
optoelectronic components. Hybrid devices of this type are expensive as the 
components inside them must be individually aligned. The hybrid assembly 
m ust also be designed to withstand temperature and vibration over a long time 
period. The expense is probably not a serious issue for the highest capacity 
systems, as many of the components in such systems are expensive, and they 
are produced in relatively low volumes. However it does become a serious 
problem when such systems start being deployed in larger numbers. It is in 
this situation that photonic integration26 becomes attractive. Such integration

3



involves coupling light between optical and optoelectronic components 
monolithically integrated on the same chip.

The advantage of photonic integration is that the integrated components are 
rigidly aligned to each other by a common substrate. This alignm ent 
automatically takes place during the fabrication process. Integration also offers 
potential performance advantages when joining waveguide based devices. For 
example, there is often an improvement in the efficiency with which light is 
coupled from one device to the next. The optical polarisation is also 
automatically maintained as light passes between devices. However, 
integration is only a practical proposition if:
a) the performance of the integrated device is comparable to or better than that 

of its hybrid equivalent.
b) the devices are easy to make, so that the cost benefits in packaging are not 

negated by a more complicated and lower yield fabrication process.

1.5. FABRICATION TECHNOLOGIES FOR PHOTONIC INTEGRATION
If one considers the components that are required for WDM and TDM then it is 
apparent that two useful integration technologies are:
a) the ability to perform passive optical functions, such as diffraction, on an 

optical substrate which is compatible with active optoelectronic devices.
b) the ability to make an interface between devices with different bandgaps.

The work on which this dissertation is based involved developing technologies 
to perform both of the above functions. The objectives of this dissertation can 
be summarised as follows.

a) To illustrate how operations normally carried out by free space optics m ay 
be performed in two dimensions in a slab waveguide on an InP substrate. 
The viability of such technology is demonstrated by the fabrication of a 
grating spectrometer for use as a demultiplexer.

b) To demonstrate how devices requiring different epitaxial layer structures 
may be integrated together with m inimum additional fabrication 
complexity. The technology required for this is demonstrated by the 
integration of an electroabsorption m odulator w ith a DFB laser.
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Chapter 2

Component Technology for Wavelength 
Division Multiplex Systems

2.1. INTRODUCTION
As mentioned in chapter 1, a key component for WDM systems is a device 
which will either demultiplex the different wavelengths emerging from a fibre 
or perform the reverse operation. This chapter reviews the performance that 
other workers have achieved with hybrid and integrated demultiplexing 
components.

2.2. BULK OPTIC AND FIBRE BASED WDM COMPONENTS
It is quite possible to construct a demultiplexer using discrete optical 
components and technologies that are available today. For example Tekippe et 
al1 have demonstrated a fused fibre coupler in which the coupling length was 
adjusted so that it discriminated between wavelengths of 1320 and 1550 run. 
Insertion losses and crosstalk levels were of the order of 0.1 and 17 dB 
respectively. Fibre couplers are easy to make, and are stable to environmental 
fluctuations but it is impossible to separate more than two channels in each 
component, and difficult to separate channels which are closely spaced in 
wavelength2.

An alternative approach is to select the different wavelengths by means of 
dielectric thin film filters3. Hendricks and coworkers4 have dem onstrated such 
a dielectric filter device. In this device four channels at 10 nm wavelength 
spacings were demultiplexed with interchannel crosstalk levels of less than 
-28 dB. However when a large number of channels m ust be separated 
dielectric filter devices become somewhat complicated. The reason is that each 
filter must be illuminated in turn so that alignments become critical and the 
insertion losses increase. In these circumstances, a device based on a single 
dispersive element, such as a diffraction grating, becomes attractive. A num ber 
of such grating based devices have already been demonstrated. For example, 
Kanabar et al5 have recently tested a demultiplexer in which the output from a 
fibre was collimated onto a grating and then focused down onto an array of

7



photodiodes. Using this arrangement it was possible to separate sixteen 
channels of 2 nm bandwidth, with a channel spacing of 4 nm. Insertion losses 
were less than 3 dB and crosstalk, which was dom inated by interacting 
electrical rather than optical signals, was in the range of -23 to -27 dB.

2.3. HYBRID AND MONOLITHICALLY INTEGRATED WDM COMPONENTS
The results summarised in the preceding section indicate that it is already 
possible to construct demultiplexers which have adequate performance for use 
in a commercial digital communication system. However, all of these devices 
m ust be individually assembled and, with the exception of fused fibre couplers, 
carefully aligned. This not only increases their cost, thus restricting them to 
specialist application, but also opens questions about their stability w hen 
subject to vibration or temperature fluctuations. Monolithic integration is one 
way of overcoming these difficulties, as a large num ber of devices can be 
produced on one wafer, and all the alignments are simultaneously defined by  
means of photolithography. However such an approach will only be successful 
if the performance of integrated devices is at least comparable to that of the 
hybrid alternatives.

Integrated multiplexers and demultiplexers can be classified into groups 
which, perhaps not surprisingly, are closely related to the hybrid devices 
discussed above. For example, the integrated equivalent of the fused fibre 
coupler is the wavelength dependent coupler6'7'8/9/10, in which two waveguides 
are brought close together so that their evanescent fields interact w ith each 
other. In the same way, dielectric thin film filters can be compared w ith Bragg 
reflecting filters11'12'13'14'15, where the thin films are replaced by a periodic 
perturbation in the effective index of a waveguide. Integrated devices based on 
these two concepts may well be desirable if one only needs to separate a few  
channels but, as the num ber of channels increases the individual components 
must be cascaded16, so that the losses accumulate and a larger area of 
semiconductor is required. Once again, as in the bulk optic case, it seems 
desirable to use a single dispersive element, such as a two dimensional 
diffraction grating, to overcome these difficulties. A slab waveguide device, 
incorporating such a diffraction grating, has been demonstrated by Valette and  
coworkers17 in the silica on silicon system. In this device four channels at 
20 nm  wavelength spacings were demultiplexed with a fibre to fibre loss of 
about 12 dB. However it is not easy to monolithically integrate detectors w hich 
operate at a wavelength of 1.5 pm with the silica on silicon system, and hence it



is of interest to develop an equivalent device in the InGaAsP/InP m aterial 
system, where it is possible to integrate with active 
components18̂ 19'20/21/22'23'24'25. Chapter 3, 4 and 5 describe the design, 
fabrication and assessment of such a device.
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Chapter 3

Design of a 2D Grating 
Wavelength Demultiplexer

3.1. INTRODUCTION
The fabrication procedure for an integrated device can be simplified by using 
the same process to create components w ith different functions. This chapter 
describes how the above philosophy was applied to the design of the 2D 
demultiplexer. It also explains how the optical arrangem ent of the device was 
chosen to optimise its performance in its intended application.

3.2. DEVICE DESIGN
The design of the 2D grating wavelength demultiplexer is illustrated in 
Figure 3.1. The device was based on a single mode slab waveguide1 form ed by 
the epitaxial growth of a layer of GalnAsP on an InP substrate. All optical 
operations were perform ed by the total internal reflection of the slab-guided 
mode from semiconductor-air interfaces, which were produced by etching 
vertically sided recesses through the epitaxial layer into the substrate. This 
arrangement allowed use of conventional Fourier Transform optics2, bu t w ith 
the light confined in the vertical direction. Light was input to the device by 
means of a single-mode ridge waveguide1. The diverging output from this 
guide was collimated by a parabolic mirror (created by etching a recess w ith  an 
appropriately shaped wall), diffracted from a grating, and then focused dow n 
onto an output waveguide by a second curved mirror.

The diffraction efficiency of the grating was of param ount importance as, if an 
integrated demultiplexer is to be an economic proposition, the losses on 
diffraction m ust be controlled to values close to those of the bulk optical 
devices discussed in the preceding chapter. A large dispersion coefficient was 
also advantageous as it allowed one to reduce the size of a device, which in 
turn reduced the effects of any material non-uniformities (see section 4.2). A 
broad bandw idth, on the other hand, was less im portant as the device was 
intended for use w ith silica fibre. The low loss w indow  in silica fibre spans 
only a relatively small range of wavelengths3. A high degree of resolution was
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also unnecessary, as one only needs to collect light w ithin the range of 
wavelengths defined as the tolerance for a given channel.

The above performance objectives were added to the practical constraint that 
the grating elements had to be sufficiently large to enable accurate definition 
with conventional ultraviolet lithography.

The requirement for a high diffraction efficiency m eant that the grating had to 
operate by reflection from each element, rather than by the periodic removal of 
light from the input beam. One possible choice, by analogy w ith free space 
optics, was an echelon grating4 such as that shown in Figure 3.2. How ever this 
type of grating w ould not have been efficient when directly incorporated into 
an InP based waveguide as, for total internal reflection, the light m ust be 
incident at an angle of greater than ~18°. This difficulty could not be resolved 
by simply angling the incident beam. The reason was that angling the beam 
would have reduced the diffraction efficiency, because each element w ould 
have shaded the output from the adjacent one, in the manner show n in 
Figure 3.3. The problem  was overcome by fabricating a novel design of echelon 
grating (shown in Figure 3.4) that operated in transmission. This grating 
satisfied the efficiency requirement by transmitting all of the optical pow er in 
the incident beam.

The angular dispersion dA0/dA, of the grating shown in Figure 3.4 was 
calculated from

dA0 2 (  X d n \
ar^rndx}*” 01

where X was the free space wavelength and n was the effective index of the slab 
waveguide. The other parameters are defined in Figure 3.4 and the derivation 
of the above equation is given in Appendix A. The dispersion at the output 
facet of the device shown in Figure 3.1 was given by the product of the angular 
dispersion and the focal length of the final mirror. Consequently significant 
adjustments to the dispersion of the device could only be made by altering the 
angle of incidence at the grating or the focal length of the mirrors. It was 
desirable to keep the focal length of the mirrors w ithin reasonable bounds, so 
that the device did not become large enough to suffer from material uniformity 
problems. The adjustm ent range of the angle of incidence at the grating was 
also limited by the resolution limits of photolithography. The angle of 
incidence chosen for the final device was 45°. With this angle, and the
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Fig 3.2 Echelon grating under conventional illumination

Fig 3.3 Echelon grating under angled illumination



Fig 3.4 Echelon grating operating in transmission



specifications given in Appendix B, a theoretical dispersion of 0.94|im along the 
output facet per nm change in input wavelength was calculated.

The fact that there was a resolution limit for photolithography also m eant that it 
was advantageous to make each grating element as large as possible, so that the 
shapes of the grating elements on the device were almost identical to those on 
the photolithographic mask. However the derivation in Appendix A showed 
that the wavelength separation AX required to make adjacent diffraction orders 
superimpose was

where a was the grating pitch. Consequently, increasing the element size 
decreased the optical bandwidth that the device could tolerate before adjacent 
diffraction orders superimposed. The 14^un element separation adopted in the 
final device was a compromise between these conflicting requirements. This

diffraction order and had an optical bandwidth of ~31nm. The specifications of 
the slab waveguide required for this calculation are given in Appendix B.

The element separation also determined the element w idth presented to the 
incident optical beam. This in turn determined the extent of the diffraction 
pattern at the device output. Each element was essentially an aperture w ith 
sharp edges as shown in Figure 3.4. Consequently the electric field envelope 
function for the diffraction pattern was a sine function of the type described in 
Appendix A. The separation between adjacent minima of this sine function 
was identical to the separation between diffraction orders. This m eant that 
only the central diffraction order was transmitted w hen the grating was 
illuminated with light which diffracted at the blaze angle. The effect is 
illustrated in Figure 3.5. The result of this phenomenon was that almost all of 
the incident optical power was transmitted into one diffraction order for 
wavelengths diffracted close to the blaze angle. This was a useful feature in a 
device where efficiency was of great importance. The effect arose from the fact 
that the width of each grating element was closely related to the grating period.

The resolution of the grating was determined by its total w idth and the profile 
of the incident illumination. An approximate theoretical analysis of the grating 
resolution was made by assuming that it was illum inated w ith a Gaussian 
beam. Under this illumination arrangement each diffraction order was 
convoluted with the Fourier transform, F, of the Gaussian input truncated by

AX =

element spacing meant that the demultiplexer was operated around the 4 4 ^
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the grating width. In other words the electric field resolution function F was 
given by

2
V  .27tn.sin(A0)

2 1------------------------- -Y

e  w° . e   ̂ d y

2

where w0 was the w idth of the Gaussian beam m easured to its -1 /e2 intensity 
points and Wg was the w idth of the grating projected onto the incident wave 
front. B was a constant. The optical power resolution function F2 is plotted for 
several effective grating widths Wg in Figure 3.6. The technique used to 
calculate the curves shown in this figure is given in Appendix A. The grating 
resolution was derived from plots of this type and is shown in Figure 3.7. The 
results shown in the latter figure indicated that the wavelength resolution of 
the output (measured to the -20dB points) steadily im proved as the effective 
w idth of the grating wg was increased, until a point was reached when the 
effective grating w idth was about 1.5 times the w idth of the Gaussian beam w0. 
Further increases in wg had little effect on the wavelength resolution of the 
grating, but continued to reduce the intensity of subsidiary peaks in the 
diffraction pattern. In the final device the ratio of the effective w idth  of the 
grating to the w idth of beam (wg/w 0) was chosen to be about 1.5. The above 
analysis indicates that the subsidiary peaks in the diffraction pattern from a 
grating of this w idth should be suppressed by at least 30dB. This should be 
more than adequate for a digital communication link.
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Chapter 4

Enabling Technologies 
for Demultiplexer Fabrication

4.1. INTRODUCTION
Much of the technology required to fabricate the demultiplexer described in 
chapter 3 was already available at the time when work on the project started. 
However, the unusual nature of the device meant that two new technologies 
had to be developed. These were a self aligned lithography procedure, and an 
etching process to create the vertical walls required in the demultiplexer. The 
suitability of one old technology, that of MOCVD, also had to be assessed using 
new criteria. These development and assessment activities are described in the 
following text.

4.2. ASSESSMENT OF EPITAXIAL GROWTH
The GalnAsP waveguide layer for the device shown in Figure 3.1 w as grown 
by Metal Organic Chemical Vapour Deposition (MOCVD). This process can be 
very briefly described as one in which gaseous precursors are passed over a 
heated wafer at low pressure, as illustrated in Figure 4.1. For example, if one 
wishes to grow GalnAsP, common precursors are trimethyl indium, trimethyl 
gallium, arsine and phosphine. These precursors diffuse towards the wafer 
surface where they undergo pyrolysis reactions which ultimately yield 
semiconductor material of the appropriate composition. The chemistry of this 
process is complex and will not be discussed here. Detailed treatments can be 
found in the references1'2/3/4. The details of the MOCVD reactor used to grow 
the layer structure for the above device have also been published5.

One aspect of the growth which is worth considering further at this point, is the 
uniformity of the epitaxial layers. Such uniformity is of param ount importance 
in a device where the optical field is not laterally confined, as variations in the 
composition or thickness of the slab waveguide change its effective index. Such 
index changes cause the two dimensional beam to deviate from its intended 
course. An approximate estimate of the degree to which the composition and 
thickness need to be controlled, can be made by determining the gradient of the
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parameter in question required to give a set path difference between the most 
widely separated rays passing through the device. In the investigations below 
the path difference has been set to one fifth of a wavelength. The calculation in 
Appendix C indicates that such a path difference should correspond to a lateral 
shift of about 0.3pm in the position of the device output. A shift of this 
magnitude only corresponds to a coupling loss of about 0.08 dB6 between the 
slab mode and the ridge waveguide. It has even less effect if the waveguides 
are replaced by a monolithically integrated array of photodiodes.

An effective index gradient in the direction in Figure 4.2 has the largest effect 
on the position of the device output; the beam  propagates in such a way that 
the effects of a gradient in the perpendicular direction alm ost cancel. Taking 
this dominant gradient, one can then allow for the divergence and convergence 
of the beam at the ends of its optical path, and the angles at which it 
propagates, by representing the two most w idely separated beams as shown in 
Figure 4.3. Applying the X/5  criterion to this indicates that the maximum 
tolerable gradient in the effective index is given by

|2- = —  = 1.54.10"6 tun' (4.1)
ox 5pd

where X is the free space wavelength (assumed to be 1.51pm), d  is the w idth of 
the beam (175pm), and p is the effective path  length as show n in Figure 4.3.

Having established the maximum permissible gradient in the effective index, 
the next problem is to relate this to parameters that can be m easured. As stated 
above the two parameters that will determine the uniformity of the effective 
index are the compositional, and layer thickness, uniform ity of the GalnAsP 
quaternary. Dealing with the compositional uniformity first, let's assume to 
start with that the quaternary layer is perfectly lattice m atched to the InP 
substrate. (The effects of strain are considered below.) In this situation the 
effective index of the slab waveguide will be determ ined by:
a) the refractive index of the waveguide layer.
b) the degree to which light is confined to the waveguide layer.

The refractive index of the waveguide can be related to its bandgap via the 
Afromowitz Modified Single Oscillator M odel7'8'9. The degree of confinement 
can be accurately calculated using the waveguide equations10. Consequently 
the effective index of the waveguide can be determ ined as a function of the
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photoluminescence wavelength of the quaternary layer11. The results of such 
calculations, based on the layer specifications given in Appendix B, are shown 
in the following table (Computer program to do this by courtesy of Dr J.E.A.
Whiteaway).

Table 4.1 Compositional uniformity required 
to meet X I 5 benchmark

____________All unquoted parameters as in Appendix B
TE TM

Change in effective index per pm change in 
guide layer photoluminescence wavelength

0.46 0.42

Maximum allowable gradient in A,PL which still 
meets criterion in equation (4.1)
(pm change in X Pl /  pm displacement)

3.3.1 O'6 3.7.1 O'6

Maximum allowable change in X PL over 5mm 
(nm)

16 18

Combining these results with the X / 5  criterion indicates that the maximum 
permissible gradient in the photoluminescence wavelength is 3.3.10*6, as shown 
in the above table. This gradient corresponds to a 17 nm change in the 
photoluminescence wavelength as one scans a distance of 5 mm across the 
epitaxial layer, if one assumes that the variations in the bandgap are smooth 
and long range. The above number can be directly compared with the 
photoluminescence map of the wafer used to make the final device, which is 
shown in Figure 4.4 (Data points are on a 5 mm grid). From this figure it can 
be seen that, over the bulk of the wafer, the variations in photoluminescence 
wavelength are less than half the 17 nm tolerance required to meet the X / 5  
benchmark.

As mentioned above, we also need to consider the effects of strain before 
deciding whether the compositional uniformity is satisfactory. This strain 
arises when the lattice constant of the GalnAsP waveguide layer is not matched 
to that of the InP substrate. The net result is that the waveguide layer is left 
under biaxial tension or compression. This deformation can be represented as 
the sum of a hydrostatic compression and an axial strain12/13, as shown in 
Appendix D. The effect of the former distortion on the bandgap structure is to 
increase the energy of the conduction band V  minimum by about 100 meV/% 
lattice mismatch. The latter distortion splits the heavy and light hole valence 
band maxima equally about their original position, with the magnitude of the
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Fig 4.4 Photoluminescence wavelength of wafer C324 in jim



split being about 60 meV/% lattice mismatch. We can place an upper limit on 
the change in the refractive index of the strained layer using these figures and 
the Afromowitz model. The reason is that the Kramers-Kronig 
relationships14'15 indicate that changes in the energy levels of bands far away 
from the bandgap will have little effect on the refractive index. If we use this 
approach, where the changes in refractive index are determ ined solely by 
changes in the bandgap, we find that the effect of strain on theiindex seen by 
the TE mode has already been accounted for in the map of photoluminescence 
wavelength. However there is a complication, which relates to the fact that the 
TM mode of the slab waveguide only interacts w ith the light hole band (at the 
valence band maximum), while the TE m ode interacts predom inantly w ith the 
heavy hole band. Our photoluminescence apparatus operates at room 
temperature and is configured so that it measures the bandgap associated with 
the TE mode provided that the lattice mismatch is not less than -5000ppm. 
Consequently we need to confirm that strain does not cause excessive 
additional variations in the effective index of the TM mode. This can be done 
by analysing the X-ray m ap of lattice mismatch for the wafer used to make the 
final device. The map of mismatch, with data points on a 5mm grid, is shown 
in Figure 4.5. The map indicates that, if wafer edge effects are ignored, the 
lattice mismatch varies by less than 200 ppm  between adjacent data points. 
This corresponds to a 1.2 meV change in the separation of the light and heavy 
hole valence band maxima, which in turn corresponds to a 1.6 nm  shift in the 
photoluminescence wavelength. Adding this correction to the 
photoluminescence wavelength m ap does not shift the variations in wavelength 
outside the 17 nm  required to meet the X/ 5  criterion. This means that we can 
conclude that the compositional uniformity of the GalnAsP layer is satisfactory 
for both the TE and the TM modes.

The final uniformity problem to consider is that associated w ith variations in 
the thickness of the waveguide layer. The effect of these variations on the 
effective index can be accurately described by the waveguide equations. The 
results of calculations based on these equations, and the waveguide parameters 
of the final device, are shown in Table 4.2.
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Table 4.2 Thickness Uniformity Required to Meet X/5 Benchmark
____________ All unquoted parameters as in Appendix B_____________

TE TM
Change in effective index per pm change in 
guide layer thickness

0.23 0.30

Maximum allowable gradient in thickness which 
still meets criterion in equation (4.1)
(pm change in thickness /  pm displacement)

6.7.1 O'6 5.1.lO"6

Maximum allowable change in guide layer 
thickness over 5mm (pm)

0.033 0.026

The calculations indicate that, if the X/5  benchmark is to be satisfied, the layer 
thickness should vary by less than 26 nm over a distance of 5 mm. This 
corresponds to a 4% change in the thickness of the epitaxial layer. 
Unfortunately it is difficult to determine the degree to which this criterion is 
met as layer thickness is measured by ball cratering16. This technique is only 
accurate to within about ±5%. It is also destructive so data has to be gathered 
from a similar wafer, such as that shown in Figure 4.6. Looking at this plot it 
seems likely that the X/5  criterion will be met, but the measurement errors are 
so large that it is difficult to say so with complete certainty. However there is 
no doubt that the benchmark will be satisfied if it is relaxed by a factor of 2 to 
X/2.5.

In conclusion it appears that the only parameter that m ay not quite reach the 
required tolerance is the thickness uniformity and, even with this param eter, 
the problem is more likely to be one of measurement than one of growth 
control.

4.3. SELF-ALIGNED LITHOGRAPHY
The demultiplexer shown in Figure 3.1 will only perform as anticipated if the 
mirrors and waveguides are accurately located with respect to each other. This 
indicated that they should both be defined in a single lithographic step, so that 
the positional accuracy on the wafer approached that on the original mask. 
Such "self-aligned" procedures are common in the electronics industry17. 
However, in this case there was an additional complication, in that the m irrors 
had to be etched right through the guide layer while, if the ridge waveguides 
were to remain single mode, the channels defining them could only be etched
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through a fraction of this layer (see Figure 4.7). This was achieved by 
protecting the channels that defined the waveguides with a second level mask 
for the bulk of the mirror etch. Ideally, this second level mask should  have 
been both resistant to the etching system used to make the mirrors, and  soluble 
in an etchant that did not attack either the first level mask or the semiconductor 
underneath. Unfortunately, it was difficult to satisfy both of these 
requirements simultaneously. For example, one natural choiea w ould have 
been a silicon dioxide and photoresist combination, as it was possible to 
remove resist without damaging the underlying layers. However, it was soon 
discovered that resists could not survive prolonged exposure to the 
me thane/hydrogen plasma that was used to etch the mirror recesses. The final 
solution adopted was to use the double silicon dioxide masking system shown 
in Figure 4.7. The bottom layer was deposited by plasma enhanced chemical 
vapour deposition (PECVD), and the top one by a thermal deposition process. 
Both of these layers were resistant to attack by the m ethane/hydrogen plasma, 
but there was no truly selective etchant that would remove the upper oxide 
layer without attacking the lower one. Fortunately, it was possible to achieve 
some selectivity, as the thermally deposited mask etched about twice as fast in 
buffered hydrofluoric acid (BHF). By making use of this difference in etch rate, 
and by arranging for the upper Si02 layer to be relatively thin, it w as possible 
to achieve a situation where the upper layer could be removed in BHF without 
significantly affecting the edge definition of the lower one.

The double layer system can be seen in the optical micrograph of a partially 
processed device shown in Figure 4.8. The darkest areas were regions in which 
both Si02 layers were present; the grey areas were only protected by one layer; 
and the light areas were regions of exposed semiconductor. The lower S i02 
layer defined the mirrors and the waveguide channels as shown in the figure. 
The upper layer was completely opaque, save for the rectangular w indow s 
which were opened up around each mirror and grating patch.

One final point which is worth considering is the accuracy w ith which the 
features were placed on the original chrome mask. The masks for the device 
illustrated in Figure 3.1 were written by electron beam lithography at BNR 
Europe. In this system the position of the electron beam is ultimately calibrated 
against a laser interferometer, which is mounted on the stage that carries the 
wafer. This arrangement allows one to accurately correct for problems such as 
lens aberrations, and distortion introduced by beam deflection. The details of 
this correction procedure can be found in the references18. On the finished
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mask the largest positional errors usually occur at the comers of the units or 
"fields" in which the pattern is written as, even after correction, the distortions 
are greatest in the regions where the beam deflection is at its m aximum value. 
Typically these errors are about 50 nm. This should not significantly affect the 
performance of the demultiplexer discussed above.

4.4. MIRROR DESIGN AND FABRICATION

4.4.1. Tolerance on Mirror Design
The insertion losses in bulk optic grating based devices are typically around 
3dB (see section 2.2). Consequently, if integrated devices are to be competitive, 
their insertion losses m ust be reduced to about this level. If the input coupling 
loss is ignored (it is considered in section 5.5), the insertion loss in a 
demultiplexer can be attributed to a combination of the loss of the ridge and 
slab waveguides, and the loss on reflection from each mirror. There is a 
considerable amount of evidence in the literature that it is possible to produce 
low loss waveguides on material grown by MOCVD19. This was confirmed by 
the fact that ridge waveguides fabricated on the same wafer as the 
demultiplexer exhibited average losses of 0.9 dB /cm 20. The optical path  length 
in the demultiplexer was much shorter than 1 cm, and hence waveguide losses 
should have been almost insignificant. However it is considerably more 
difficult to fabricate low loss etched mirrors. In principle the losses on 
reflection from the semiconductor-air interfaces of such mirrors can be 
attributed to:
a) lack of wall verticality
b) insufficient mirror depth
c) etched wall roughness
In the following text the losses associated w ith each of these problems are 
considered in turn.

An estimate of the loss on reflection from an off vertical interface can be m ade 
by approximating the slab guided mode to a Gaussian beam of the same optical 
w idth, and performing an overlap integral6. This integration indicates that one 
w ould anticipate a loss of a  dB given by

(4.2)
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when a Gaussian beam of radius co is reflected from a mirror inclined at 0 
radians, in a waveguide of effective index n. For example, one w ould expect a 
loss of about 0.5 dB on reflection from a mirror inclined at 4° in a slab 
waveguide of the specifications given in Appendix B. This loss increases as the 
square of the wall angle, and hence it is imperative that the wall angle should 
be within a few degrees of vertical.

The depth of the mirror should be sufficient to reflect the bulk of the evanescent 
wave below the quaternary guiding layer. An estimate of the depth required 
for a given reflection coefficient can be m ade by overlap integration, with the 
near field immediately after reflection assumed to be that of the slab 
waveguide, but truncated by the depth of the mirror. A plot of the theoretical 
power reflection coefficient as a function of the mirror depth in the final device 
is shown in Figure 4.9. The analysis indicated that the mirrors needed to be 
etched to a depth of at least 1.1 ^im if one wished to obtain a reflection 
coefficient of greater than 99%.

The effects of mirror roughness are not easy to determine, as they are both 
difficult to measure and to calculate. An approximate analysis has been made 
by Iga et al21'22 but in this model the phase of the reflected wave was adjusted 
according to the deviation of the mirror wall from its average position. The 
resulting wave was then overlapped with the incoming one. Unfortunately it 
was difficult to extend this analysis to cover our application. The reason was 
that much of the roughness observed on our mirrors was of such short 
periodicity, that it could only have coupled the incoming field to evanescent 
modes. These modes could not have carried power away from the m irror 
surface and hence would not have affected the m agnitude of the reflection 
coefficient.

4.4.2. Reactive Ion Etching
It is difficult to use wet chemical etching to define a mirror which is both 
curved in plan view, as shown in Figure 3.1, and near vertical, as the [0 1 1] and 
[0-1 1] directions in InP based semiconductors are not crystallographically 
identical. Consequently, wet etchants which can produce recesses w ith near 
vertical walls only do so when this wall is aligned to a particular crystal 
orientation. This means that one is unlikely to make much progress by relying 
on the different etching properties of different crystal planes when the crystal is 
exposed to an essentially isotropic etch. Fortunately alternative etching
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systems exist in which the etching process is directional, and the crystal 
behaves in an almost isotropic manner. These systems are gaseous and rely on 
the acceleration of charged particles to produce the required directional flux at 
the wafer surface23'24. One such system is that for Reactive Ion Etching (RIE) 
which can be schematically represented as shown in Figure 4.10. The 
semiconductor is removed as a gaseous product after reaction w ith appropriate 
free radicals, which diffuse to the wafer surface from the plasma^above it. The 
activation energy for the rate limiting step of the adsorption, reaction, 
desorption process illustrated in Figure 4.10, is provided by positive ions which 
bombard the wafer surface. This ion flux is predominantly vertical and hence 
the etching process is directional.

The apparatus in which appropriate conditions for RIE are obtained is 
schematically represented in Figure 4.11. The free radicals which react w ith the 
semiconductor are generated by collision processes in the plasma. Electrons 
and ions are also generated by collisions in this plasma, and hence the plasma 
is an equipotential, as the electrons have a very small mass and can rapidly 
respond to any fluctuations in potential. However, when a probe or an 
electrode is placed in contact with the plasma, a current-voltage characteristic 
similar to that shown in Figure 4.12 is obtained. The reason for the non-linear 
shape of this characteristic is that, on average, the electrons in the plasm a have 
much higher kinetic energies than the ions. This means that:
a) The saturated electron current to the electrode is greater than the saturated 

ion current, as the electron mean speed is greater.
b) The electrons can overcome a greater potential barrier than the ions, and 

hence the electrode must be negatively biased with respect to the plasm a if 
one is to obtain zero net current flow. The amount of negative bias required 
is known as the floating potential, Vf.

The current-voltage characteristic for an r.f. excitation is not identical to that 
shown in Figure 4.12. The reason is that the ions cannot respond to fields w ith 
frequencies greater than about 1MHz. Consequently they see an average 
potential. However, the electrons, which are lighter, can still follow the 
changing field and, as their contribution to the current-voltage characteristic is 
m uch greater than that of the ions, its shape is little changed.

In practice the applied r.f. potential is considerably greater than the floating 
potential Vf. This means that the floating potential can be ignored and the 
system can be represented by the equivalent circuit shown in Figure 4.13. If an
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oscillating potential is applied to the terminals of this circuit one can see that 
the net current flow m ust average to zero, as charge cannot pass through the 
blocking capacitor. This condition must also be satisfied at each of the sheaths 
between the plasma and the electrodes. However these regions also behave 
like diodes, and hence the plasma becomes positively biased w ith respect to the 
electrodes. It is this bias which provides the accelerating potential for the 
positive ions which bombard the wafer surface. The bias also reduces the 
electron density next to the electrode surface so that the sheath glows less than 
the bulk of the plasma.

The r.f. driving voltage is divided across the blocking capacitor and the plasma 
sheaths at the upper and lower electrodes in the inverse ratios of their 
capacitances. As might be expected, the capacitance of a plasm a sheath is 
proportional to the area of the associated electrode. However it also depends 
on the sheath thickness, which decreases as the voltage between the plasm a and 
the electrode is reduced. The net result is that the ratio of the voltages across 
the two sheaths is superlinearly dependant on the ratio of the electrode areas. 
The exact form of this relationship is a m atter of some debate bu t it can be 
approximately represented as

fv0 fA’lv\ y 2 j J

where A and V are respectively the area of, and sheath voltage at, a given 
electrode, a  is a parameter whose value lies between 1 and 4. One 
consequence of the larger potential across the sheath next to the smaller 
electrode, is that the ions bombarding this electrode are more energetic than 
those which bombard the larger one. It is for this reason that the sam ple is 
placed on the smaller electrode in RIE systems, while in plasma etching, which 
is essentially a chemical process, it is placed on the larger one.

In practice RIE is a difficult process to analyse exactly, as a change in any one of 
the parameters that can be easily controlled, such as gas pressure or 
composition, will cause a number of changes to the physics and chemistry of 
the plasma in the chamber. There is a considerable am ount of effort 
throughout the world to comprehend these changes but, at present, they are not 
fully understood. Consequently the approach of most research w orkers has 
been fairly empirical, and this was the procedure adopted in studying the 
optimum conditions for mirror definition.
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The mirrors for the demultiplexer were etched using the CH4/H 2 RIE system 
that was first described by Niggebrugge et al25'26'27'28'29. When this system is 
used to etch InP one finds that phosphorous is still removed even when the 
plasma is solely based on hydrogen, but that precursors based on methane are 
required to remove indium in a volatile form. This type of chemistry is 
reminiscent of MOCVD in reverse, though the analogy should not be stretched 
too far as the two processes operate under very different conditions.

Other workers have demonstrated, and we have confirmed that, at a constant 
r.f. power input, the InP etch rate initially increases with the partial pressure of 
methane in the reaction chamber. The rate eventually reaches a peak at a 
partial pressure of about 25 mx. The etch rate decreases again w ith further 
increases in the partial pressure of methane, owing to the deposition of a 
hydrocarbon polymer on the etching surface. The polymer is deposited on the 
mask at all methane partial pressures, thus preventing mask erosion. This 
means that the process is highly selective, so that only a thin mask is required 
even when etching to considerable depths. The polymer is conventionally 
removed in an oxygen plasma at the end of the etching process, so that it does 
not interfere with subsequent processing.

The RIE experiments described below were conducted in a Plasma Technology 
"Plasmalab pP" (see Figure 4.11) which was evacuated by a roots-rotary 
pum ping combination. The upper and lower electrodes were of 452 and 227 
cm2 in area respectively and were temperature controlled by a recirculating 
heater-chiller unit. The sample was placed on a silica plate which covered the 
entire lower electrode, thus preventing backsputtering of the electrode 
material. The methane and hydrogen process gases were fed into the chamber 
through a shower head in the upper electrode, after passing through mass flow 
controllers. A hydrogen plasma was used to recondition the chamber after the 
polymer described above had been removed in an oxygen plasma.

The samples were patterned with an Si02 mask of - 1000A in thickness which 
was deposited by PECVD. Initial trials indicated that the process suffered from 
loading effects30 (i.e. the etch rate was dependant on the area of semiconductor 
exposed). Consequently, subsequent experiments were conducted with a dark 
field mask, so that relatively little semiconductor was exposed, and w ith 
samples of approximately constant area (50 mm2). Fortunately, in most real 
applications where RIE could be used to etch mirrors, the masks are also dark
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field, and hence loading should not significantly upset the process so long as 
the wafers are not too large.

It was also discovered that the etch rate was dependant on the position of the 
sample on the electrode, though there was a central region in which the etch 
rate was fairly constant as shown in Figure 4.14. All subsequent experiments 
were conducted with the sample in this region.

The typical profile produced in InP by the standard etching conditions of the 
time (lOOmx chamber pressure, 100 seem total flow rate, 20% methane ,157 W rf 
power, base electrode at 11°C) is shown in Figures 4.15 and 4.16. The majority 
of the etched wall was 13° off vertical, and heavy polym er deposition was 
observed on top of the mask. The bulk of this polymer could be rem oved in an 
oxygen plasma, but it was difficult to dislodge when it w as sheltered from  ion 
bombardment by the eaves of the undercut mask. The etched walls were also 
undesirably rough, possibly as a consequence of uneven polymer deposition. 
The profile was reproducible over a period of at least several months, provided 
that the etcher was maintained in a clean condition.

The effect of progressively reducing the methane content was to give a 
corresponding reduction in the etch rate, off vertical angle, undercut, edge 
roughness and polymer deposition rate. For example, a change in the methane 
content from 20 to 10% (see Figure 4.17) reduced the etch rate by 20% and the 
off-vertical angle from 13 to 8°.

Lowering the chamber pressure had similar consequences with, for example, a 
pressure reduction from 100 to 25 mx giving a 44% reduction in the etch rate 
and a decrease in the off-vertical angle from 13 to 5° as show n in Figure 4.18.

Etching at a lower temperature did not cause dram atic changes in either the 
etch rate or the wall angle, though a drop in the base electrode tem perature 
from 25 to 0°C did marginally reduce the off-vertical angle. However, it should 
be noted that the temperature of the wafer was probably considerably higher 
than that of the base electrode, owing to the poor thermal conductivity of the 
silica coverplate.

Unfortunately it was not possible to transfer these results directly from InP to 
its lattice matched GalnAsP derivatives. For example, the etching conditions 
that produced the smallest off-vertical angle of 5° in InP, produced a profile
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with an off-vertical angle of 14° in GalnAsP quaternary material with a 
photoluminescence wavelength of 1.3 pm (see Figure 4.19). The etch rate of the 
latter material was only 45% of that for InP.

The profiles shown in the above figures are of similar general shape to those 
reported by other workers, though accurate data on wall angles is only 
reported in a few cases. The origin of the characteristic undercut profile with a 
gently rising channel floor next to the mask is not fully understood at present. 
The two most likely explanations for its shape appear to be:
a) That there is a slow essentially chemical sideways etching process at the 

same time as the more rapid ion assisted downwards one. Evidence for this 
mechanism has been found by Thomas et al30, in that the wall angle and the 
self bias potential differ in their dependence on the partial pressure of 
methane in the chamber.

b) That the bombarding ions are scattered by collision processes in the plasma 
sheath, so that they have a distribution of angular velocities. Shaqfeh et al 
have devised a model31'32 which shows that the interaction of this 
distribution with the topology of the etching surface can be used to explain 
the type of profile that we observe. In this model the rising channel floor 
next to the mask is attributed to the obstruction of incoming ions from 
certain angles by the adjacent mesa. Similarly the overhanging eave of 
material under the mask is caused by the small number of ions which 
approach at an extreme angle of incidence.

Unfortunately, at the time of device fabrication, the scope for further reductions 
in the wall angle through adjustment of the process parameters appeared to be 
limited, as the use of lower pressures or methane contents would not only have 
placed demanding stability requirements on the mass flow controllers, but 
would also have lead to impracticably long etch times. However, it was 
discovered that it was possible to achieve the desired reduction in the angle of 
the wall, by interleaving the methane-hydrogen plasma with an oxygen one. 
The oxygen plasma appeared to passivate the wall against further attack, 
possibly through the formation of an oxide on the exposed surface. The 
completed wall consisted of a series of profiles corresponding to each etching 
stage, stacked on top of each other. A profile of this type is shown in 
Figure 4.20(a). This development meant that I was able to trade a profile w ith a 
finite wall angle for a series of mini-profiles, each with the same wall angle. 
Such an exchange seemed desirable, as the optical loss on reflection from a
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mirror is related to the total variation in phase across the reflected wavefront, 
rather than the absolute mirror angle.

It was possible to reduce the magnitude of the ripple on the m ulti-step etched 
wall by:
a) reducing the chamber pressure so that the off-vertical wall angle on each of 

the mini-profiles was reduced.
b) increasing the number of etching steps.
Unfortunately, the total number of etching steps was limited by a problem  w ith 
mask erosion which caused an overcut profile as shown in Figure 4.20(b). This 
erosion problem was probably associated with the fact that the edge of the S i0 2 
mask was tapered rather than vertical. It m ight be possible to eliminate it in the 
future by adjustment of the photolithographic and oxide etching processes. 
However, the mirrors for the device on which results are reported below, were 
etched using a compromise solution, in which only three etching steps were 
employed so that mask erosion was not excessive. The plasma conditions 
employed (25mx, 50sccm flow, 20%CH4, 157W, 25°C) were those that gave the 
best wall angle in a single stage etch. A scanning electron m icrograph of the 
resulting wall, which was -4° off vertical, is shown in Figure 4.21.
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Chapter 5 

Demultiplexer Fabrication and Measurement

5.1. INTRODUCTION
The details of individual fabrication processes used in the construction of the 
demultiplexer have already been described in the chapter 4. This chapter 
explains how they were fitted together to form the final processing scheme. It 
also documents the assessment of the device, and the findings of this 
assessment.

5.2. DEMULTIPLEXER PROCESS OUTLINE
The processing scheme used for the demultiplexer can be summarised as 
follows.
a) Grow GalnAsP (A,PL =1.3|im) on an InP substrate by MOCVD.
b) Deposit a layer of S i02 on the wafer by PECVD.
c) Transfer the mirror and waveguide pattern into the Si02 layer by 

pho toli thography.
d) Deposit of a second layer of S i02 by thermal deposition.
e) Pattern the second layer to open windows over the grating and mirror 

regions.
f) Etch the mirrors by CH4/H 2 RIE.
g) Remove the second Si02 layer in BHF.
h) Etch the waveguides by CH4/H 2 RIE.
i) Remove the first Si02 layer in BHF.
j) Cleave the wafer to separate the devices.
A summary of the specifications of the final wafer of devices is given in 
Appendix B. An optical micrograph of a complete demultiplexer, and scanning 
electron micrographs of its component parts are shown in Figure 5.1.

5.3. MASK DESIGN
A series of devices of progressively increasing complexity was fabricated 
alongside each complete demultiplexer, so that the performance of the
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component parts of the latter could be deduced. The range of devices within 
each unit cell can be seen in Figure 5.2. This range consisted of:
a) A pair of ridge waveguides.
b) Two parabolic mirrors in a periscope formation. These were arranged to 

collect light from an input waveguide and focus it onto a cleaved edge. The 
mirrors were separated by 250pm.

c) A periscope like b) except focusing light onto an output wavcrguide.
d) A periscope like c) except with the mirrors separated by 710pm. This 

corresponded to the optical path between the mirrors in the demultiplexer.
e) A complete demultiplexer as shown in Figure 3.1 except w ith the output 

focused onto a cleaved edge instead of an array of waveguides.
f) A complete demultiplexer as shown in Figure 3.1.

Each device was provided with three input and, where applicable, five output 
waveguides, arranged as shown in Figure 5.3. This combination allowed one 
to measure the performance of the grating at 1 /8  of an order intervals and 
ensured that, for any wavelength, there was a response close to the direction for 
which the grating was blazed. Crosstalk between these closely spaced groups 
of waveguides was minimised by making them of different w idths, alternately 
large and small, to offset their respective phase velocities. Calculations1 
showed that the intensity coupling between any two of these waveguides was 
less than 4%. The waveguides were created by etching two channels on either 
side of the ridge. This meant that the top of the ridge was flush w ith the slab 
waveguide at the point where the lateral guiding was removed. There should 
be virtually no coupling loss at this type of termination.

The groups of waveguides were placed centrally between deep trenches which 
were etched at the same time as the mirror recesses. These trenches extended 
across the intended cleave position as shown in Figure 5.2. They were used as 
reference marks to determine the exact location of device outputs. The cleaves, 
which defined the image plane for devices without output waveguides, all 
propagated within 5pm of the desired location. This degree of offset should 
not significantly affect the observed width of near fields.

5.4. DEVICE ASSESSMENT
An initial assessment of the near fields produced by the above devices was 
m ade by illuminating the input waveguides with 1.51pm radiation from a DFB
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laser2. The apparatus is shown in Figure 5.4. The device outputs were imaged 
onto an infra-red camera and are shown in Figure 5.5.

The image from the periscope focused onto the cleaved edge was similar to that 
from the input waveguide, and was never more than 1pm from the desired 
position. The demultiplexer focused onto the cleaved edge also produced a 
similar output, though the near field contained one or two diffraction orders 
depending on which one of the input guides was illuminated.

Near field relative power measurements were then made by dum ping a \ideo 
line, which was aligned to the slab waveguide, onto a chart recorder. The non
linear response of the camera was calibrated by reference to a photodiode. The 
results confirmed that the outputs from the periscope and the spectrometer 
were close to the diffraction limit. (Equivalent Gaussian spot radii for the 
waveguide, periscope, and spectrometer were 2.3, 2.5 and 3.0pm respectively.) 
However the measured signal to noise ratios for both the periscope and the 
spectrometer were only 15-20 dB (see for example Figure 5.6). Earlier 
theoretical calculations, such as those discussed in section 3.2, had indicated 
that the main signal should be at least 30 dB above subsidiary peaks. It is 
suspected that the background level arose from coupling losses when light was 
launched into the input waveguide, as its intensity rose rapidly when the input 
was slightly decoupled. In future it should be possible to eliminate some of 
this noise by incorporating a two dimensional iris into the structure.

The optical losses of the demultiplexer components were measured by direct 
comparison of the power transmitted through the uninterrupted waveguides, 
with that through each device. The loss in each 1.8mm long uninterrupted 
waveguide is unlikely to have been large, as identical waveguides on the same 
wafer exhibited losses3 of 0.9 dB/cm. All the transmitted powers were 
measured with both a DFB laser, and a FP laser of similar wavelength, in order 
to determine the influence of Fabry-Perot fringes between the cleaved facets. 
The data from these two sets of measurements was virtually identical, thus 
confirming that such fringes were suppressed by broadening of the DFB 
linewidth associated with optical feedback from the demultiplexer facet. This 
finding agreed with previous experience, when it was necessary to insert about 
20 dB of additional attenuation between the laser and the waveguide to 
measure waveguide losses by the Fabry-Perot technique. A summary of the 
m easured losses is given in the following table.
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Table 5.1 Losses of Dem ultiplexer Com ponents

Device O utput
collected
via

Excess loss 
over straight 
gu ide/dB

Two parabolic mirrors separated 
by 250 pm

Cleaved edge 4.2±0.5

Two parabolic mirrors separated 
by 250 pm

Waveguide 4.1 ±0.3

Two parabolic mirrors separated 
by 710 pm

Waveguide 4.7±0.3

Integrated spectrometer (two 
mirrors 710 pm apart and a 
grating)

Cleaved edge 7.2±0.3

Integrated spectrometer as above Waveguide 7.6±0.3

Periscopes with long and short path lengths exhibited losses of 4.7±0.3 and 
4.1 ±0.3 dB respectively. This indicated that most of the loss was occurring at 
the reflecting surfaces, with about 2 dB being lost per reflection. Lack of perfect 
mirror verticality only accounts for about 0.5 dB of this, so the rem ainder m ust 
have originated from other causes such as roughness.

The demultiplexer focused onto the cleaved edge showed a loss of 7.2±0.3 dB. 
This meant that the additional loss caused by the insertion of the grating was 
about 2.5 dB. This figure is only 0.5 dB greater than the loss caused by the 
insertion of a mirror, and indicates that the diffraction efficiency was high.

The additional loss on coupling light from the periscope with the 250pm path 
length back into a waveguide was insignificant. This confirmed the accurate 
positioning and quality of the near fields described above.

The dispersive properties of the grating were m easured by using a colour 
centre laser to excite the central input waveguide of the demultiplexer focused 
onto the cleaved edge. The device output was then imaged onto the infra-red 
camera, so that its position could be monitored while the laser wavelength was 
tuned from 1.51 to 1.55pm, in 5nm steps. A plot of the location of this ou tpu t as 
a function of the input wavelength is shown in Figure 5.7. The series of lines 
corresponds to the progression of diffraction orders that became visible as the 
wavelength was altered. The separation between adjacent diffraction orders at 
a given wavelength was (29.6±0.8)pm. Calculations based on the Afromowitz
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modified single oscillator model for refractive index4/5'6, and the w aveguide 
equations7, indicated that the anticipated theoretical spacing was 29.0 pm. The 
measured dispersion of (0.94±0.4)pm along the cleaved edge, per nm  change in 
input wavelength, was also in good agreement with the theoretical prediction 
of 0.94pm/nm. Details of the theoretical calculations are given in A ppendix A.

The polarisation sensitivity of the demultiplexer was tested by-illum inating its 
input with radiation from a DFB laser which was angled at 45° to the slab 
waveguide. The output of the device was then imaged onto the infra-red 
camera. It is shown in Figure 5.8. The separation between the images form ed 
by the TE and TM modes was (10±l)pm. This was obviously unsatisfactory in 
a device where adjacent diffraction orders were separated by 29pm. The 
separation of the polarisations was a consequence of the different effective 
indices for the TE and TM modes. Theoretically the m agnitude of this 
separation d is given by

d = 1.—  (5.1)
e

where Ae is the difference in the effective relative permittivities for the TE and 
TM modes and e is the mean effective relative permittivity. 1 is the m irror focal 
length. Calculations based on the above equation, the Afromowitz single 
oscillator model, the waveguide equations, and the device specifications given 
in Appendix B, indicated that the theoretical separation was (8.6±1.8)pm. This 
figure was in reasonable agreement with the experimental result. These 
calculations also indicated that the polarisation discrimination could be 
reduced by:

a) increasing the thickness of the guide layer.
b) moving from a single to a double heterostructure.
c) reducing the photoluminescence wavelength of the guide layer.

as all of these changes decreased the value of Ae. The m agnitudes of the 
improvements that could be obtained with each of these modifications are 
shown in Tables 5.2 and 5.3. The numbers in the tables indicated that the 
polarisation discrimination could be reduced to a manageable value by, for 
example, moving to a guide layer with a photoluminescence wavelength of 1.05 
pm and a double heterostructure waveguide.
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Table 5.2 Effect of guide layer thickness 
on polarisation discrim ination

Single heterostructure slab waveguide 
Guide layer
Material GalnAsP
XPL 1.31 pm
Probe wavelength 1.51 |im ^
All other parameters, except those quoted below, as in Appendix B

Guide layer thickness 
(pm)

Separation between the 
two polarisations at the 
output facet (pm)

Equivalent w avelength 1 
difference to achieve I 
same separation (nm) |

0.5 11.2 11.9 I
0.6 8.6 9 2
0.7 6.5 6.9
0.8 5.0 5.3 |

Table 5.3 Effect of guide layer composition 
on polarisation discrimination

Guide layer material GalnAsP
Probe wavelength 1.51 pm
All other parameters, except those quoted below, as in Appendix B

Guide layer composition A,PL (pm) 1.27 1.18 1.10 1.05 I

Single
hetero
structure

Layer thickness (pm)
(max for single mode operation)

0.89 1.03 1.24 1.45 1

Separation between the two 
polarisations at the output facet (pm)

3.8 2.7 1.8 0.89

Equivalent wavelength difference to 
achieve same separation (nm)

4.0 3.0 2.0 1.0

Double
hetero
structure

Layer thickness (pm)
(max for single mode operation)

0.64 0.74 0.88 1.02

Separation between the two 
polarisations at the output facet (pm)

1.8 1.2 0.59 0.36

Equivalent wavelength difference to 
achieve same separation (nm)

1.9 1.3 0.67 0.41
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The modifications which reduce the polarisation sensitivity of the 
demultiplexer also increase the optical w idth of the slab guided m ode. This 
places more stringent demands on the m irror angle. The reason is that the 
phase difference between the top and bottom of the mirror determ ines the loss 
on reflection, rather than the absolute angle of the wall. Consequently, as even 
the 2 dB loss per reflection measured above was excessive, the m irror 
fabrication technology had to be improved if 2D optics w a ^  to become a 
practical proposition.

5.5. COUPLING EFFICIENCY
One aspect of the demultiplexer which has not yet been considered is the input 
coupling efficiency. This was not measured in the apparatus described above, 
as, in a real application, light would probably be coupled to the device via a 
lensed fibre. However, it was possible to estimate the lensed fibre coupling 
efficiency, as, to a first approximation, such a fibre can be considered to em it a 
Gaussian beam with a waist diameter of ~5|im. The far field of the w aveguide 
can also be approximated to a Gaussian beam, so that a simple overlap integral 
can be performed8. The results of such calculations indicated that, for a device 
of the specifications given in Appendix B with anti-reflection coated facets, one 
w ould expect an input coupling loss of about 5 dB. This is greater than the 
entire insertion loss in some of the bulk optical devices discussed in the 
section 2 .2.

Fortunately, the measures to reduce polarisation discrimination discussed in 
section 5.4 would also improve the input coupling efficiency. For example one 
w ould expect an input coupling loss of 2-3 dB if one used a "1.05" GalnAsP 
double heterostructure waveguide. In the future it m ay be possible to reduce 
this loss even further by making use of waveguide tapers to adiabatically 
couple the optical mode from the fibre to the dispersive element. W aveguide 
tapers of this type have already been shown to improve the coupling efficiency 
between a laser and an optical fibre.9/10'11

5.6. DISCUSSION
In the period since the completion of the above work there have been a num ber 
of reports of demultiplexers on InP substrates. The m ost active groups w orking 
on grating based demultiplexers have been led by J.B.Soole of
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Bellcore12̂ 13/14'15/16 and C.Cremer of Siemens17'18. These groups have used 
vertical etching processes to create reflection echelon gratings of the type 
shown in Figure 5.9. As mentioned in section 3.2, this type of grating suffers 
from ~5dB of excess optical loss, as a result of incomplete reflection of the slab 
guided mode. Both groups have observed this loss in practice. They are now  
developing methods of placing reflective metal coats on the etched walls to 
reduce its magnitude.

Soole and Cremer have both used curved gratings which sim ultaneously 
diffract and focus the output beam. This has made the design of the grating 
more complicated, but has reduced the num ber of etched mirrors in the optical 
path. Such an approach is advantageous when there is a significant optical loss 
at each etched wall.

The development of the BNR grating demultiplexer has also continued19'20, 
though I have only been involved in an advisory capacity. In this work the 
difficulties with polarisation were overcome by the use of a double 
heterostructure as described in section 5.3. The losses on reflection from an 
etched mirror have been reduced to ~ldB by using a methane, hydrogen and 
carbon dioxide mixture in the reactive ion etcher. It is believed that the oxygen 
radicals generated from the breakdown of carbon dioxide may passivate the 
etched wall in the same manner as the oxygen plasma described in 
section 4.4.2. The mask design has also been modified to reduce the grating 
period, increase the angle of incidence at the grating and increase the focal 
length of the final mirror. As a result the device can now carry 8 channels at a 
4nm spacing rather than 4 channels at an 8nm  spacing.

In period since the completion of the above work there have also been reports 
of a new design of InP based demultiplexer. This type of device is constructed 
from an array of waveguides and two star couplers. An illustration is shown in 
Figure 5.10. The wavelength selectivity is obtained from the fact that there is a 
constant length difference, and hence a wavelength dependent phase shift, 
between each pair of adjacent arms of the waveguide array. Three active 
workers in the development of such devices are H.Bissessur of Alcatel21, 
M.Zirngibl of AT&T22 and M.R.Amersfoot23 of Delft University.

The best results achieved by each of the above groups are summarised in the 
following table.
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Table 5.4 Performance of InP based dem ultiplexers
Author Thompson Soole Cremer Bissessur Amers-

foort
Location BNR Bellcore Siemens Alcatel Delft
Device type Grating Phased array
No. of channels 8 32, 6514 30 16 4
Channel spacing 
(nm)

4 1 3.7 1.8 2

TE/TM
discrimination
(nm)

<1 0.23 0.5 0.48 4

Nearest 
neighbour 
crosstalk (dB)

-30 -19 -27 <-9 <-18

Losses on the 
chip (dB)

6.5 (TE) 
8 (TM)

16* 14+1018 7-12 4-5

Mirror angle off 
vertical

<1° 3° 5° n /a n /a

Device size (mm) 2x2 11x1.6 3x2 28x2.9 3.3x3.9
Reference unless 
otherwise stated

20 12 17 21 23

“B efo re  u s e  o f re f le c tiv e  c o a tin g  w h ic h  sh o u ld  r e d u c e  lo s s  b y  5 dB . 

+ A ssu m e s  th a t  g r a t in g  is re f le c tio n  c o a te d . E s tim a te  o n ly .

Looking at the above table one can see that a larger num ber of channels and a 
smaller channel spacing have been obtained with grating based devices. 
However, one should note that a very long device is required to support closely 
spaced channels. Long devices introduce concerns about material uniformity 
and hence optical loss. The nearest neighbour crosstalk also tends to be 
superior for grating based devices, but the lowest loss has been obtained w ith a 
phased array device. The fabrication complexity of the two components is 
similar. In practice the type of device deployed will probably depend on the 
application.

As mentioned in section 2.3, the object of working on an InP substrate is to 
enable monolithic integration of the demultiplexer w ith photodetectors. 
Indeed, if one does not intend to do this, then it is preferable to work with a 
material system such as silica on silicon, where the waveguide dimensions can 
be closely matched to those of a single mode fibre. The first hurdle to be
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overcome when integrating a passive waveguide based device w ith an array of 
detectors, is that of efficiently coupling light from material of one bandgap to 
that of another. This is the subject is discussed in the rem ainder of the 
dissertation.
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Chapter 6

The Integration of Devices with Different 
Epitaxial Layer Structures

6.1. Introduction
As mentioned at the end of chapter 5, the InP based 2D demultiplexer m ust be 
integrated with photodiodes, or other optoelectronic devices, if it is to become a 
practical component for optical communications systems. One major problem 
to be overcome when integrating such a passive waveguide w ith optoelectronic 
devices, is that of efficiently coupling light from material of one bandgap to 
that of another. There are several ways to produce such an "active-passive" 
interface. These interfaces have a number of applications in addition to the 
integration of 2D optical components with photodetectors. Examples include 
the fabrication of tuneable lasers and the monolithic integration of lasers and 
modulators. The remainder of this dissertation describes a study of one type of 
active-passive interface, and its demonstration through the fabrication of an 
integrated laser-modulator.

6.2. Types of Active-Passive Interface
A summary of some of the more popular ways to couple light from material of
one bandgap to that of another is given below.

6.2.1. Butt Joint
The butt coupling technique is illustrated in Figure 6.1. The details of the
fabrication schemes used to make butt interfaces vary from laboratory to
laboratory but a general outline is given below.
a) Grow material of bandgap 1.
b) Protect the material of bandgap 1 in the required areas with an appropriate 

mask.
c) Etch away the material of bandgap 1 in the areas not protected by the mask.
d) Grow material of bandgap 2 in the regions where the material of bandgap 1 

has been removed.
e) Remove the mask and overgrow with material of appropriate bandgap and 

doping.
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Several early butt interfaces were fabricated using liquid phase epitaxy (LPE)1. 
For example, Tohmori, then at the Tokyo Institute of Technology, fabricated 
DBR lasers with two active-passive interfaces using three LPE growths2. In the 
manufacture of these devices, the mask was removed before the second 
epitaxial growth. Consequently, the material of bandgap 2 was grown on top 
of the material of bandgap 1, as well as elsewhere. The success of this 
procedure was assisted by the fact that surface of the material being grown by 
LPE tended to become more planar as the growth progressed3. The lasers that 
Tohmori fabricated had a threshold current of 28mA and a differential 
quantum  efficiency of 10.8%/facet. The length of the active region was 100pm.

The planarising properties of LPE were exploited further by Lesterlin4, who 
fabricated DBR lasers with one active-passive interface. Once again the mask 
was removed before the growth of the material of bandgap 2 by LPE. 
However, on this occasion the material of bandgap 2 was grown until it was 
considerably thicker than required, so that the growing surface became 
completely planar. The excess material was then etched away to create a 
interface with an almost ideal cross section. The DBR devices fabricated in this 
m anner were 400pm long and had a 200pm long active section. The differential 
quantum  efficiencies from the cleaved and the DBR facets of these devices were 
24 and 11% respectively. The mean pulsed threshold current was 10mA. 
Similar threshold currents were obtained for 150pm long devices containing the 
active region only. The above figures indicated that the losses at the active- 
passive interface and in the passive waveguide were <3dB. It is likely that 
waveguide loss accounted for a significant proportion of this figure and hence 
the interface m ust have been fairly efficient.

LPE based butt coupling has also been used in the manufacture of integrated 
laser-modulators by Soda of Fujitsu5'6/2. In these devices the butt joint was 
formed on top of a quaternary guiding layer which was continuous throughout 
the device. The mask was not removed before the second epitaxial growth. 
Consequently the material of bandgap 2 was not deposited on top of that of 
bandgap 1, as the mask inhibited deposition in this region. The authors 
reported that the optimisation of the growth at the laser-modulator interface 
was difficult. It was achieved by adjusting the shape of the selectively etched 
facet exposed at the butt joint and the thicknesses of the regrown layers. The 
reported efficiency of the interface was 80% and the ex-facet power output was 
17mW at a laser drive current of 150mA.
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Butt coupling with an all MOCVD process has also been dem onstrated by a 
num ber of workers. For example, when Tohmori moved to NTT he continued 
to fabricate DBR devices with two active passive interfaces, but using the 
MOCVD growth process8. These devices were 1mm long with a 200pm long 
active section. They exhibited thresholds of 20mA and a single m ode output 
power of 7mW.

MOCVD based butt coupling has also been used in the fabrication of 
laser-modulators by Oshiba of Oki9, Ojala of Ericsson10, Suzuki and Tanaka of 
KDD11/12'13 and Kuindersma of Philips14. All of these groups, save Suzuki's, left 
the mask on the material of bandgap 1 during the second epitaxial growth. The 
mask inhibited the deposition of the material of bandgap 2 on top of the 
material of bandgap 1 and thus removed a selective etching step from the 
integrated laser modulator fabrication process. Ojala reported the largest 
ex-facet power output of 15mW at a drive current of 150mA. The only 
researcher to comment on the interface efficiency was Oshiba, who stated that 
the laser m odulator interface coupling loss was <3dB.

The advantage of the butt coupling approach is that, in principle, it allows one 
to couple together two devices with arbitrary layer structures. In addition, 
overlap integration15 calculations indicate that the theoretical coupling 
efficiency of this type of interface is typically in the region of 80 to 90%16. It 
seems possible that interface coupling efficiencies close to the above value have 
been achieved when the interface is grown by LPE4. However, LPE has now 
been superseded by MOCVD in most laboratories and, unfortunately, it seems 
that the high theoretical coupling efficiency is difficult to achieve when the butt 
joint is fabricated by this growth technique17. It seems likely that this difficulty 
is related to the fact that the material of bandgap 2 must be grown over a step 
at the butt joint. In real devices this material usually consists of a multilayer 
stack of GalnAsP layers with different compositions. The growth of each of 
these quaternary layers is complicated as a num ber of crystal facets develop in 
the region next to the step18'19'20'21. The type and area of each facet exposed 
depends on the crystallographic orientation of the step, the growth conditions, 
the composition of the GalnAsP layer and the time elapsed since the start of 
deposition19'21. This means that the multilayer stack is in general not planar in 
the region adjacent to the butt joint. The difficulty is compounded by the fact 
that the composition of GalnAsP alloy deposited from a given source mixture, 
depends on the crystallographic orientation of the facet on which it is 
deposited19. Consequently the material deposited in the region of the butt joint
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may not be lattice matched to the substrate. The effects of such compositional 
variations are discussed in Appendix E.

In principle all the above of the above difficulties can be overcome by 
developing an adequate understanding of the behaviour of epitaxial deposition 
over contoured surfaces. However the complexity of the problem means that a 
substantial amount of effort would have to be invested in such arr activity.

The second disadvantage of butt coupling is the fact that an additional epitaxial 
growth run is required to grow the material of bandgap 2 . It is difficult to 
maintain wafer cleanliness to the standards required for the growth of this 
material. An indication of the reason for this difficulty can be obtained by 
observing that high quality quaternary multilayer structures are normally 
grown on top of a thick InP buffer layer. Indeed, at BNR Europe we have 
experimental evidence that the surface morphology of quaternary and ternary 
layers deteriorates as the thickness of the InP buffer layer decreases. In 
addition, substrates are usually prepared for the growth of quaternary 
multilayer structures by removing several microns of material. This procedure 
ensures that deposition takes place on a surface with minimal contamination. 
The use of such aggressive etching techniques, and the growth of a thick InP 
buffer layer, are difficult when one is growing a second set of epitaxial layers 
on a partially processed wafer. This does not mean that the use of multiple 
growth fabrication processes is uncommon in the III-V optoelectronics industry; 
in fact the reverse is true22'23'24'25. However almost all of the secondary 
epitaxial growth runs in to-day's industrial processes, involve growing a thick 
layer of InP before growing any ternary or quaternary material.

6.2.2. Growth of Multilayer Structures over a  S tep
This approach involves growing the material of bandgap 1, a spacer layer of 
InP and then the material of bandgap 2. The layer structure is grown over a 
substrate in which steps have been etched prior to epitaxial growth. The 
waveguides containing the material of different bandgaps align in the vicinity 
of the steps, as shown in Figure 6.2.

The technique was pioneered in the GaAs/AlGaAs material system by Azoulay 
of CNET26. Azoulay demonstrated the feasibility of the approach by 
fabricating FP devices containing active-passive interfaces. The coupling 
efficiency between the active and passive sections was deduced to be 70% by
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comparison of the differential quantum efficiencies of devices w ith different 
numbers of interfaces.

The technique was applied to the InP/InGaAsP material system by Rose, also 
at CNET27. Rose used atmospheric pressure MOCVD to fabricate buried ridge 
structure FP devices containing active-passive interfaces. The threshold current 
of 1.5mm long devices with a 250|im long active region w a s  25mA. The 
average coupling coefficient between the active and passive regions was 50%. 
Coupled cavity effects28 were observed in these devices as a result of the weak 
reflection from the active-passive interface29.

The advantage of this approach over the butt joint process is the fact that no 
additional epitaxial growth runs are required. A thin InP buffer layer can also 
be used to help obtain quaternary material with sufficient epitaxial quality. 
However the problems with epitaxial composition and uniformity in the 
vicinity of a step are still present (see section 6.2.1). In addition, the material of 
both bandgaps is present in the layer structures of each device. This imposes 
restrictions on the device doping profiles, which in turn imposes constraints on 
the types of devices that can be coupled together. To give an example, one 
could use this technique to couple a laser to a passive waveguide, bu t not a 
laser to a modulator.

6.2.3. Evanescent Coupling
This technique involves growing the material with the smaller bandgap 
directly on top of that of the larger bandgap. The material of the smaller 
bandgap can then be removed where it is not required by means of selective 
etching. The procedure is sometimes known as "evanescent coupling". A 
schematic of a longitudinal section through such an interface is shown in 
Figure 6.3.

Murata of NEC30 and Koch of AT&T31/32 have both used the evanescent 
coupling technique to fabricate tuneable lasers with passive tuning regions. In 
these devices the active layers were removed from the grating regions so that 
the gain, and the nature of the feedback, could be independently controlled. 
The active layers of Koch's devices were only 0.08pm thick as they consisted of 
four GalnAs quantum wells separated by lOnm GalnAsP barriers. As a result 
the coupling efficiency across the interface where the active layer was 
terminated was high.
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Koren, also at AT&T, has applied the evanescent coupling technique to the 
integration of lasers and amplifiers33. Koren's devices contained two active- 
passive interfaces, one between the laser active and grating regions, and the 
other between the laser and the amplifier. If the amplifier was held at zero bias 
while current was injected into the laser a photocurrent was detected in the 
former component. The differential current transfer efficiency between the two 
components was 33%. This is a high value when one considers that it includes 
the laser and amplifier quantum efficiencies, as well as the interface coupling 
losses.

Brosson of AAR has calculated the coupling efficiency of an evanescent 
interface in which a 0.09[im thick GalnAsP active layer (>,pL=1.53|im) 1S 
removed from the top of a 0.14pm thick GalnAsP waveguide layer (A,pL=1.3ji 
m)34. The calculation was performed by overlap integration15 and gave an 
interface coupling efficiency of 90%.

The evanescent coupling scheme has been applied to laser-m odulator 
integration by Sato of NTT35. In Sato's devices four laser quantum wells were 
grown on top of eight modulator ones by MOCVD. The two sets of quantum  
wells were separated by an InP layer so that the laser wells could be selectively 
removed in a wet etchant, thus creating the laser modulator interface. The 
coupling coefficient across the interface was calculated to be 90% by overlap 
integration15. This result agreed well with the experimental value of 92%. The 
latter number was derived from a measurement of the amount of stray light 
radiating into the substrate.

The merits of the evanescent coupling technique are that no additional epitaxial 
growth runs are required, and the preparation of the wafer for epitaxial grow th 
can be as rigorous as that for conventional discrete devices. In addition the 
interface coupling efficiency can be very high. The disadvantage is that the 
device which operates using the material of smaller bandgap must also contain 
the material of larger bandgap. This can compromise its performance. For 
example, if one attempts to integrate a laser and a modulator using the 
evanescent technique then the laser region m ust also contain the m odulator 
active region. The presence of the modulator active region has several effects 
on the performance of the laser:
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a) The coupling coefficient of the optical mode to the laser active region is less 
than can be achieved if the modulator active region is not present. This 
means that more gain is required to reach threshold, and hence the 
threshold current is higher.

b) Electrons bound for the laser active region must be injected through the 
undoped modulator active region which m ay contain quantum  wells.

c) The efficiency of the laser is reduced if the residual optical losses of the 
modulator region are significant.

Raybon of AT&T has demonstrated a method of laser m odulator integration 
which employs evanescent coupling but overcomes some of the above 
objections36. Raybon's devices contained two evanescent interfaces in which the 
laser and the modulator were separately coupled to a passive w aveguide which 
ran from one end of the device to the other. The disadvantage of Raybon's 
approach is that an extra epitaxial growth is required, as in the bu tt coupling 
scheme. However, the device does not contain an interface which was created 
by growing quaternary material over a step. Consequently this approach is an 
intermediate option between the butt and evanescent coupling schemes.

6.2.4. Local Adjustment of QW Layer Thickness
In this approach the bandgap is adjusted by making local adjustments to the 
growth rate, and hence the thickness of quantum  wells. A schematic of a 
longitudinal section through such an interface is shown in Figure 6.4. There are 
several ways in which the growth rate can be modified to create such an 
interface. These are summarised below.

In low pressure MBE type systems the growth rate can be locally enhanced by 
relying on surface migration off etched facets of a particular crystallographic 
orientation. Arent of IBM has shown that there is surface migration from 
(311)A facets to surrounding (100) surfaces during the growth of strained 
InGaAs on structured GaAs substrates37. The migration length of In was 
~25pm, while that of Ga was <l|im . This phenomenon reduced the bandgap of 
7nm wide Gain As quantum wells, grown on 10|im wide mesas next to (311) A 
crystal facets, by 60meV.

In higher pressure MOCVD type systems it is more difficult to make use of 
surface migration techniques, as the migration lengths tend to be m uch
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shorter38. However Koyama of AT&T has observed bandgap changes in 
strained GalnAs quantum wells grown on a structured InP substrate by 
atmospheric pressure MOCVD39. The m agnitude of the bandgap reduction, 
when the quantum wells were grown on 10pm wide mesas, was 31meV. The 
threshold current density of the quantum well material was not adversely 
affected by this bandgap change, and the technique was used to fabricate an 
integrated amplifier and electroabsorption modulator.

It is also possible to make local adjustments to the growth rate of MOCVD by 
increasing or decreasing the gas phase concentration of reactive species. Local 
increases in the growth rate are normally obtained by means of selective area 
epitaxy. In this process the gas phase concentration of reactive species is 
enhanced in the vicinity of dielectric masks, which inhibit the deposition of 
epitaxial material. Johnson of AT&T40, Aoki of Hitachi41 and Kato of NEC42 
have now all used this approach for laser-modulator integration. Johnson and 
Aoki fabricated conventional buried heterostructure devices from the material 
grown between widely separated selective growth masks. The length of the 
transition region between the laser and the modulator in these components was 
-70pm. Aoki reported that the loss of this transition region was less than 0.5dB 
and that the bandgap reduction employed for the laser region was 40meV. 
Kato used a different approach in which the material for the active region was 
grown between a pair of masks separated by only 2pm. The advantage of this 
approach was that the lateral optical confinement required for the laser 
modulator was automatically obtained from the nature of the selective growth 
in the narrow aperture. However the active regions of devices fabricated in 
this manner are bounded by epitaxial growth on unusual crystal planes. This 
raises concerns about lattice mismatch and reliability.

Local decreases in the growth rate can also be obtained by growing the QW 
material in a recess. Demeester of Gent University has demonstrated the 
feasibility of this technique by growing GaAs/AlGaAs quantum  wells in 
recesses with undercut side walls by atmospheric pressure MOCVD43'44. The 
growth velocity was reduced in these recesses because there was an increased 
local area on which deposition could take place. Surface migration may also 
have played a role. A 60meV increase in the emission wavelength of LEDs 
grown in 8pm wide recesses was observed. Unfortunately, it may be difficult 
to transfer this approach to the material system based on InP, as etchants w ith a 
very high selectively are required to remove the unwanted material at the top 
of the recess after growth.
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The advantages of the layer thickness adjustment techniques described above 
are that, no additional growth runs are required, and the layer thicknesses 
change smoothly and slowly so the coupling efficiency is close to 100%. The 
quality of the unperturbed material is almost as good as that grown for discrete 
devices as some etching of the substrate before growth is possible, and a thin 
InP buffer layer can be grown. However it is only possible-to adjust the 
bandgap of the quantum well material by a limited amount, before the quality 
of the perturbed material suffers. In addition, the devices to be integrated m ust 
have almost identical layer structures.

6.2.5. Quantum Well Intermixing
The bandgap of a quantum well stack can also be adjusted by processing the 
wafer so that local intermixing of the wells and barriers takes place. There are 
several ways to induce such intermixing. One method is to implant impurities 
into the quantum well region and then anneal the wafer to remove much of the 
damage caused by the implantation process45. It is believed that the 
implantation step creates defects, such as vacancies or interstitials, which 
increase the inter-diffusion rate of the matrix elements during the annealing 
part of the process. The direction and rate of the bandgap change can depend 
on the implanted impurity, the composition of the quantum  wells, the 
annealing conditions, the implantation conditions and the nature of the 
substrate on which the quantum wells are grown45. Much of the work on 
impurity induced disordering (IID) has involved implanting GaAs/AlGaAs 
quantum wells with Si or Zn. These dopants are electrically active after the 
process has been completed, thus causing problems with electrical isolation and 
waveguide loss in integrated devices. However O'Neill et al46 have 
demonstrated that boron and fluorine, which are electrically neutral, can be 
used to induce blue shifts in GaAs/AlGaAs quantum  wells. W aveguides 
fabricated from intermixed material in which a blue shift of 60meV was 
observed47 exhibited losses as low as 4.7dB/cm. Marsh et al48 have shown that 
the same impurities can be used to disorder GalnAs/GalnAsP quantum wells. 
Fluorine enhanced the blue shift normally seen when such material is annealed, 
while boron reduced it and even produced a red shift under some 
circumstances.

Andrew et al49 have used fluorine based im purity induced disordering to 
integrate a 600|im passive waveguide with a 600jim long active section. The 
material on which the devices were fabricated contained two GaAs quantum
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wells surrounded by GaAlAs barriers. The active-passive Fabry Perot lasers 
had threshold currents down to 60mA. This compared favourably with the 
threshold current of 55mA obtained from all-active 600|im long devices 
fabricated on the same wafer. These measurements suggested that the loss of 
the passive section was less than 2cm"l and that the interface coupling 
efficiency was close to 100%.

The disadvantages of impurity induced disordering are that, even neutral 
impurities introduce substantial changes in material resistivity, and the 
implantation damage raises concerns about device reliability. One alternative 
for active devices is to use impurity free vacancy disordering (IFVD). In this 
process QW disordering during an anneal is promoted or impeded by the 
presence or absence of appropriate dielectric caps. The mechanism is that the 
nature of the cap modifies the way in which defects, such as vacancies, are 
generated at the semiconductor surface. The procedure produces less damage 
than impurity induced disordering, though unfortunately the reproducibility is 
poor45. Beauvais et al50 have used this technique to fabricate extended cavity 
lasers in the GaAs/AlGaAs quantum well system. In the fabrication of these 
devices blue shift of the laser region was inhibited by the deposition of a SrF2 
cap. The blue shift of the passive waveguides was enhanced to 88meV by the 
use of a SiC>2 mask. The loss in the passive waveguide was only 17dB/cm.

Emery et al51 have used impurity free vacancy disordering to fabricate 
extended cavity lasers in the GalnAsP material system. In this case the blue 
shift normally observed when such quantum well material is annealed was 
selectively inhibited by the presence of a Si0 2  mask. The interface coupling 
efficiency and the passive waveguide loss were estimated to be ~100% and 
30cm" 1 respectively. A 30dB extinction ratio was obtained from a 400|im long 
modulator fabricated on material which had been blue shifted by 80nm.

Quantum wells in the GalnAsP material system can also be intermixed by 
photoabsorption-induced disordering45. The technique takes advantage of the 
limited thermal stability of the material system and induces intermixing using 
the absorption of laser light to heat the QW region. McLean et al52 have 
demonstrated that the intermixing can be localised with a spatial resolution of 
-lOOpm by patterning the surface of the material with a gold reflecting layer. 
McKee et al53 have demonstrated a 160nm shift in the emission wavelength of 
broad area lasers fabricated on such disordered material. This shift was only 
associated with a 20% increase in the threshold current, thus indicating that the
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intermixed material was still of reasonable quality. Finally Lullo et al54 have 
shown that extinction ratios of 27dB can still be obtained from m odulators 
fabricated on material blue shifted by 80nm. These reports indicate that the 
photoabsorption-induced disordering process is certainly compatible w ith the 
integration of active devices.

The advantages of quantum well intermixing are that the coupling efficiency 
between regions of different bandgap is close to 100% and no additional 
growth runs are required, though some additional processing is necessary. In 
addition, the quality of material disordered by the photoabsorption and 
capping processes is almost as good as that of unperturbed material. However, 
it is only possible to shift the bandgap by a limited amount, and the devices to 
be integrated must have identical layer structures. It is also w orth noting that 
intermixing processes are only just reaching the maturity required for the 
reproducible integration of several active components.

6.3. Choice of Integration Approach
In the first chapter I stated that photonic integration is only a practicable 
proposition if:
a) the performance of the integrated device is comparable to or better than that 

of its discrete equivalent.
b) the integrated device is relatively easy to make so that the cost benefits in 

packaging are not offset by a more complicated and lower yield fabrication 
process.

This philosophy can be summarised by stating that we should select the 
simplest process which can deliver the required device performance. However, 
when one reads the literature, one can see that the judgem ent of which process 
is most simple depends on the laboratory. I believe that these differences in 
judgement are related to the fact that one's chances of success are not only 
dependent on the interface design, but also on the skills and past experience of 
the fabrication team. Looking from the perspective of BNR Europe, I believe 
that the selective epitaxy integration process is the least complicated of the 
procedures described in section 6.2 .

The rest of this dissertation describes the application of selective area MOCVD 
to the integration of a laser and a modulator. The selective growth approach 
was chosen for this integration task because the laser and m odulator had very 
similar layer structures, and only required slightly different bandgaps.
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Consequently, the coupling technique which was likely to offer the best and 
most repeatable performance, was the one in which there was least interference 
with the optical waveguide between the laser and the m odulator. A 
contributing factor in this decision was the fact that we had a solid 
understanding of selective area MOCVD. The way in which we gained this 
understanding is described in Chapter 7, and its application to the fabrication 
of an integrated laser modulator is described in Chapters 8 and 9^
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Chapter 7 

Selective Area MOCVD

7.1. INTRODUCTION
The ability to grow epitaxial material on predeterm ined areas of a 
semiconductor substrate has a number of applications in the fabrication of 
advanced optoelectronic devices. It is possible to achieve such selective 
growth using CBE1/2/3, MOMBE4 and MOCVD4. The selectivity is obtained 
by patterning the wafer with a dielectric mask, which inhibits the 
deposition of epitaxial material.

The thickness and composition of epitaxial layers grown by CBE and 
MOMBE are, in general, not perturbed by the presence of a dielectric 
mask1. However, the composition and thickness of material grow n by 
MOCVD does change close to a mask, as some of the m aterial which 
would have grown on the mask is deposited in its vicinity4'5/6/7/8. 
Thickness and compositional changes of this type are a hindrance in  m any 
applications of selective growth, but there are situations where the changes 
can be used to one's advantage. One example is in the fabrication of m ode 
converters, where one can use selective area epitaxy to create waveguides 
which gradually taper in thickness9. The thickness change caused by 
selective growth can also be converted into a change in the position of a 
bandedge, by growing quantum well material10/11/12. Consequently one 
can simultaneously grow materials of different bandgap which are 
connected by smooth transition regions. The application of such quantum  
well selective growth to the integration of lasers and m odulators has 
already been demonstrated10.

The success of device fabrication procedures of the type described above 
depends upon a detailed knowledge of selective area epitaxy. In an 
attempt to gain such knowledge, the behaviour of selective growth at BNR 
Europe was initially investigated by examining the nature of selective

58



epitaxy over a complicated mask pattern13. The variety of features on this 
pattern allowed us to develop a qualitative understanding of selective area 
epitaxy as a function of mask density, feature shape and orientation. 
However, it was difficult to interpret our observations of selective grow th 
over this mask in a quantitative m anner, because the perturbations 
generated by adjacent features interacted with each other. This difficulty 
was of particular concern when light field areas (more exposed wafer than 
mask) were next to dark field ones (more mask than exposed wafer) as the 
extent of the perturbations generated by masked regions increased w ith 
their area.

In an attempt to overcome the above difficulty I designed a second m ask 
which was entirely light field and in which the individual features w ere so 
far apart that they were essentially isolated under our standard grow th 
conditions. This chapter describes quantitative observations and analysis 
of selective growth over the light field pattern.

7.2. EXPERIMENTAL
Experiments on the growth of GalnAsP and related materials were 
performed on (1 0 0) InP substrates in a low pressure MOCVD apparatus 
at 650 °C and 150 torr. A detailed description of the apparatus can be 
found in the references14. Trimethylindium (TMI), trimethylgallium 
(TMG), arsine and phosphine were used as the source materials and the 
gas velocity in the reactor tube was -1.6 m s'1. Growth rates varied 
between 2 and 5 p m /h r according to the composition of the epitaxial 
material.

A 3000A thick silicon dioxide film was used as the selective growth mask. 
The oxide film was deposited on InP substrates by plasma enhanced 
chemical vapour deposition and was patterned using conventional 
photolithographic techniques. The patterned substrates were not exposed 
to InP etchants before growth.
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The features on the mask pattern were so far apart that they w ere 
essentially isolated under our standard growth conditions. Each isolated 
feature consisted of an adjacent pair of rectangular m asked regions as 
shown in Figure 7.1. The rectangles, which were either 600 or 800pm in  
length, were much longer than the distance over which the''growth was 
perturbed. Consequently, the masks could be treated as if they were 
infinitely long, providing measurements were made near the central 
region. This arrangement eased assessment and subsequent theoretical 
analysis, as one could simply scan along a line perpendicular to the masks 
rather than mapping an area. The reduction in the num ber of dimensions 
that needed to be considered also proved useful when em ploying 
techniques which automatically map areas, such as spatially resolved 
secondary ion mass spectroscopy, as one could average the signal along a 
line parallel to the masks to reduce noise.

The pairs of rectangles were aligned to the [ Oi l ]  and [0-1 1] crystal 
directions in different regions of the pattern. The rectangle w idths were 
varied in a series of steps (3, 7, 11, 15, 20, 25 and 30 pm) across each cell of 
the pattern so that we could determine the influence of the m asking 
density on the epitaxial growth. The gap between these masks was also 
varied in three discrete steps (6, 16 and 30pm) in different regions of the 
pattern. A relatively large unperturbed area was left between each cell of 
the pattern to facilitate zero calibration of measurement systems.

Under some selective growth conditions polycrystalline deposition occurs 
on the masked regions4. It was not observed in any of the following 
experiments.

7.3. RESULTS

7.3.1. Selective G row thof InP
The quantitative behaviour of selective growth over the light field pattern 
was first investigated by growing undoped InP in growth run C804. The 
epitaxial layer thickness at unperturbed regions far away from any masks 
was 0.45pm and the unperturbed growth rate was 2.2pm /hr.
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After growth the epitaxial material was first examined by means of 
scanning electron microscopy. This examination revealed that the edges of 
the mesas of material which grew between the masks were defined by 
(1 1 1)B and (1 1 1)A type planes for features aligned to [0 1 lf*Hnd [0-1 1] 
respectively. A considerable amount of growth took place on (1 1 1)A type 
planes (1.8 pm in the most extreme circumstances) and consequently the 
edges of growing mesas defined by these planes progressively extended 
over the mask. Both the edges and the top surfaces of such mesas were 
uneven in this region of lateral growth. There was virtually no grow th on 
(1 1 1)B type planes and the material grown between masks aligned to 
[ Oi l ]  was well behaved in all but the two most extreme circumstances 
(6 pm gap widths, 25 and 30 pm mask widths). In these two cases fast 
growing regions developed next to either one or both mesa edges.

After this initial investigation the epitaxial material was further assessed 
by means of surface profiling with a Sloan Dektak II. A typical example of 
the output from this instrument is shown in Figure 7.2. The oxide mask 
was removed before measurement so that we could determine the 
unperturbed growth thickness a  in the manner shown in the figure. The 
excess growth thickness p was then deduced by comparison of the 
measured height at a given location, with that at a point far away from the 
previously masked regions. In the following analysis we have worked 
with the normalised excess thickness p / a  as this allows us to readily 
compare layers of different thickness and composition. In addition, all 
subsequent thickness profiles are folded around the central point 
illustrated in Figure 7.2, so that points at the same distance on either side 
of the central point are plotted at the same position on the x axis. This 
procedure should alert one to the presence of gas flow effects, as such 
effects will upset the symmetry of a purely diffusion based process.

The first regions of study were the areas in which the masks were aligned 
to [Oi l ]  and the gas flow. All profiles from these regions were 
symmetrical around the central point to within the error in the 
measurement and scans over identical mask patterns at different locations 
gave identical results. The normalised excess thickness at a given distance
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from the centre of a pattern containing two masks of a given w idth  was 
almost independent of the gap between them, as shown in Figure 7.3. 
However, the normalised excess thickness at a given distance from the 
centre of a pattern containing two masks separated by a given gap rose 
rapidly with the width of the masks on either side of the gap, Ite shown in 
Figure 7.4. Consequently, one can conclude that the extent of the 
perturbation generated by a masked region is determined predom inantly 
by its area and rises rapidly with this area.

The normalised excess growth rate at the central point between the two 
rectangular masks increased linearly with the mask w idth in the m anner 
shown in Figure 7.5.

Scans over features in regions where the masks were aligned to [0-1 1] and 
hence lay across the gas flow, were also symmetrical. This result indicated 
that gas flow effects were insignificant in the growth regime that we were 
investigating.

Profiles over identical patterns aligned to [0 1 1] and [0-1 1] were identical 
to within the error of the measurement. Hence, we were able to conclude 
that, on the scale measured by the Dektak, perturbations in growth were 
independent of both the orientation of the pattern w ith respect to the 
substrate and the direction of the gas flow.

7.3.2. Selective Growth of InGaAs
The growth of InP on a substrate patterned with the light field mask was 
followed by the growth of InGaAs on an identical wafer (run C809). The 
ternary material was grown at the same temperature, pressure and TMI 
flow as the binary. The unperturbed thickness of the epitaxial layer was 
0.49 pm and the growth rate was 4.5 pm /hr.

An initial assessment of the quality of the (1 0 0) surface of the InGaAs 
layer was made by Nomarski interference contrast microscopy. This 
technique indicated that the surface morphology, which was of high 
quality in regions of low masking density, deteriorated as the masking

62



Normalised
excess

thickness

C804

10

0.1

0.01

Masks aligned to [011] 

Mask width = 30 jam

30 jam gap width

6 jam gap width

20 40 60 80

Distance from centre (jam)

100

See Fig 7.1 
for definition of 
mask width and 

gap width

120

1992 AW9949-15

Fig 7.3 Effect of gap width on selective growth of InP



C804

Normalised
excess

thickness

10

Masks aligned to [011] 

Gap width = 16 jam

° 30 jam mask width 
o 25 jam mask width 
> 20 jam mask width 
* 15 jam mask width 
■h 11 jam mask width

40 60 80

Distance from centre (jam)

100

S e e  Fig 7.1 
for de fin it ion of  
m a s k  width an d  

g a p  width

120

1992 AW9949-16

Fig 7.4 Effect of mask width on selective growth of InP



Normalised 
excess 

thickness at 
centre of 

masks

Curves are calculated using D/k = 15/xm
Bars indicate measured data1.4

6 ixm gap
1.2

1.0

16 ju,m gap

0.6

0.4

0.2

Mask width (jam)

C804

r '

1992 AW9949-05

Fig 7.5 Increase in InP growth rate at centre of mask pattern



density increased. The morphology around identical patterns w as 
strongly dependent on their orientation, being much worse w hen the 
masks were aligned to [0-1 1],

After optical examination the selectively grown ternary m aterial w as 
further assessed by scanning electron microscopy of cleaved ( O i l )  and 
(0-1 1) surfaces. It was confirmed, by staining one specimen, that there 
were no significant mass transport effects occurring in the reactor heat up  
cycle before growth. As before, the m aterial growing on the exposed 
regions between the masks was bounded by planes of (1 1 1)A and ( 1 1 1)B 
type, as appropriate for the feature direction. There was some grow th on 
(1 1 1)A type planes but the growth rate of InGaAs on these planes w as 
much less than that of InP. This finding is in agreement w ith  those of 
Kayser4. The lateral growth on ( 1 1 1)A type planes w as associated w ith  
the development of a ragged edge on the side of the growing mesa.

There was virtually no growth on (1 1 1)B type planes and the m aterial 
grown between masks aligned to [0 1 1] was well behaved in all bu t the 
two most extreme circumstances.

The thickness of the selectively grown InGaAs layer was m easured by 
surface profiling with the Sloan Dektak II, in  the m anner described 
previously. The effects of varying mask width, gap and orientation w ere 
qualitatively similar to those described for InP. Once again no gas flow 
effects were observed.

Quantitative analysis revealed that the increase in the growth rate near the 
mask was slightly less for InGaAs than for InP. This difference can be seen 
when one compares Figure 7.6, which shows the relationship betw een the 
masking density and the excess thickness of InGaAs at the central point, 
with the corresponding figure for InP (Figure 7.5). The reduction in the 
magnitude of the perturbation in growth thickness was accompanied by an 
increase in the area over which it extended.

The profiles of normalised excess thickness for ternary m aterial m ust be a 
combination of the profiles for excess In and Ga, as it is the group III
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elements that determine the growth rate15'16. It is possible to derive a 
profile for the excess Ga in ternary material by comparing thickness 
measurements from ternary and binary material. However, such an 
analysis assumes that the movement of the In containing species is 
identical in the growth of InP and InGaAs. At the time of the above 
measurements it was not immediately obvious that this should be the case, 
so we set out to determine the profiles of excess In and Ga by measuring 
the composition of the selectively grown ternary material.

The material composition was first investigated by energy dispersive X-ray 
analysis in a scanning electron microscope (SEM-EDX). The electron beam 
energy was limited to 10 keV to prevent emission from the InP substrate. 
We confirmed that such emission was absent by monitoring the X-ray 
spectrum for a phosphorus signal. The spectrum was analysed using a 
standardless ZAF correction routine which was finely calibrated by 
adjusting the correction factors to make x (in In!_xGaxAs) equal to 0.47 in 
unperturbed regions far away from any masks. Different unperturbed 
areas were monitored on several occasions throughout the course of the 
experiment to check for drift. This set of calibration checks indicated that 
the standard deviation in the measurement of x was 0.2%. The arsenic 
signal was also monitored throughout the entire set of 32 measurements. 
The measured concentration of this element was (50.0±0.2) atomic percent. 
The area sampled for each measurement was 1 Vi Jim x 2 jxm.

The mismatch at the central point between the mask pairs increased with 
the masking density as shown in Figure 7.7. The deviation of x from its 
unperturbed value was independent of the orientation of the masks. 
Material grown between the masks was always indium  rich and hence 
positively mismatched but, as the distance from the masks increased, the 
ternary composition moved through that for lattice match, to become 
slightly Ga rich, before slowly decaying back to the lattice matched value 
far away from any masks. An example of this behaviour can be seen in 
Figure 7.8.

The bandgap of the ternary material was also measured by spatially 
resolved photoluminescence at 77K17. This technique gave similar results

64



C809

x in ln1

0.49
Bulk composition

Curves calculated using D/k (In)
D/k (Ga)0.47

0.45

0.43 30 jum gap
Ga„ As

0.41

16 jum gap

0.37

0.35

0.33
0 20 4010 30

Mask width (jum)

15ju,m
110jum

Fig 7.7 Composition of In ^ G a^s  at centre of mask pattern
(Sol id  error bars  r e p r e s e n t  m e a s u r e m e n t s  b e t w e e n  m a s k s  a l ig n e d  t o  [011])  
(Dotted error bars  r e p r e s e n t  m e a s u r e m e n t s  b e t w e e n  m a s k s  a l ig n e d  to  [0-11])



C809

0.49

0.47

0.45

0.43

0.41

0.39

0.37

0.35

Curve calculated using D/k (In)
D/k (Ga)

Masked region

20 40 60 80 100 120 140 160 180 200 220
Distance from centre (jam)

15jam
110jam

r t

Fig 7.8 In^G ajA s composition as a function of distance 
from centre of mask pattern

1992 AW9949-03



to those from the EDX measurements. An example of such a measurement 
is shown in Figure 7.9. In the case of this figure the scanning spot has been 
m oved across the gap at the end of a mask pair. It can be seen that the 
bandgap changes from its perturbed to its unperturbed value over a 
distance of about 100pm.

After making the above measurements, the decay lengths for excess In and 
Ga were separated by combining the thickness and compositional data. 
This analysis indicated that the decay length for excess Ga was about three 
times that for In. The hypothesis that the movement of In was the same in 
the growth of InGaAs and InP was then tested by plotting the graph 
shown in Figure 7.10. In this graph the normalised excess In deposition at 
a given location in the growth of InGaAs, is plotted against that at the 
same location in the growth of InP. The former data was deduced from 
compositional and thickness measurements on C809 (InGaAs) and the 
latter from thickness measurements on C804 (InP). The measurements 
came from points in a wide variety of locations w ith respect to the masking 
pattern and the range of excess deposition values arose from the fact that 
these locations lay in regions of different masking density. The plot 
confirmed that the In species did indeed move in an identical m anner 
during the growth of the two materials, in all but the two most extreme 
circumstances. The latter deviation is not surprising as these extreme 
circumstances correspond to the two most perturbed structures, where 
growth was rather irregular. The conclusion that the movement of In is 
similar in the growth of InP and InGaAs is similar to that reached by 
Caneau et al18.

The above X-ray and photoluminescence analyses implicitly assume that 
the composition of InGaAs growing at a particular location did not change 
during the course of the epitaxial growth. This surmise has been tested by 
spatially resolved secondary ion mass spectroscopy (SIMS). The 
measurements were made in a Cameca ims 3f machine equipped with a 
Charles Evans and Associates resistive anode encoder imaging system. 
Cs+ bom bardm ent and positive ion detection were used to monitor the 
matrix element signals 115In+ and 69Ga+ from 150 pm wide areas of the 
(1 0 0) surface. After the measurement, depth profiles of the concentrations
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of Ga and In at different locations were obtained by analysing the raw  data 
to find the signal for each ion in specified areas of the eroded region. The 
SIMS apparatus was not calibrated to measure the absolute concentrations 
of the matrix elements and hence all measurements w ere relative. 
However, the apparatus was certainly capable of observing the 
compositional perturbations seen in the SEM-EDX m easurements and we 
were able to confirm that the Ga to In ratio was independent of the depth 
at which it was measured. The relative error in this m easurem ent was 2% 
or less.

The optical emission properties of the selectively grown ternary layer were 
investigated by means of spatially resolved cathodoluminescence. The 
luminescent emission was not spectrally resolved, though optical emission 
from the InP substrate was blocked out with a filter. The silicon dioxide 
mask was removed before the measurements.

In regions of low masking density the emission from the ternary material 
was of uniform intensity, both between and around the regions which had 
been masked during growth. However, as the masking density increased 
dark line defects appeared between and, in some areas, outside the masks. 
These defects were clearly aligned to the [ Oi l ]  direction w hen the masks 
lay along [0-1 1]. The situation was not so clear when the masks were 
aligned to [ Oi l ]  as dark lines never appeared outside the region 
containing the masked pair of rectangles.

The defect density next to any given mask pattern was considerably 
greater when the masks were aligned to [0-1 1] and consequently features 
aligned to [ Oi l ]  could tolerate a much higher masking density before 
defects were observed. The data is summarised in the Table 7.1.
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Table 7.1

Mask
Orientation

Maximum mask width consistent with 
defect free structure (pm)

6 pm gap 16 pm gap 30 pm gap"

[Oi l ] 11 25 30
(i.e. defect free in 

all cases)

[0-1 1] Defects in all 
structures

7 N /A

These observations are consistent with those from the Nom arski - 
interference microscopy described earlier. However, as mentioned above, 
the EDX measurements indicated that the compositional variations over a 
given pattern did not depend on its orientation. Consequently one can 
conclude that material mismatched to a given degree contains a greater 
density of defects when bounded by (1 1 1)A planes than when bounded 
by (1 1 1)B ones.

7.3.3. Selective Growth of GalnAsP
After analysing the selectively grown InGaAs, the series of experiments 
was extended by growing GalnAsP over the light field pattern (run C968). 
In unperturbed regions far away from any masks the thickness of the 
epitaxial layer was 0.54pm and its photoluminescence emission 
wavelength was 1.18p.m. The unperturbed growth rate was 3.6pm /hr.

The characteristics of C968 were measured in the same manner as those of 
C809. The qualitative behaviour of the selectively grown quaternary 
material was very similar to that of the ternary: Dektak traces from the two 
wafers were of similar shape, the movement of excess In was similar to 
that in the growth of InP, the compositional variations over a given pattern 
did not depend on its orientation and material mismatched to a given 
degree contained a greater density of dislocations when bounded by
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(1 1 1)A planes than when bounded by (1 1 1)B planes. However, one 
observation of particular interest was that the As to P ratio was not 
perturbed by the presence of the dielectric mask. This behaviour is 
consistent with a model where the diffusion-limited supply of group III 
precursors controls the growth rate. The effect of the mask density on the 
composition of the quaternary material at the central point is illustrated in 
Figure 7.11.

7.3.4. Selective Growth of QW Material
The suitability of selective area epitaxy for the fabrication of integrated 
devices was assessed by growing a quantum  well structure over the light 
field mask (rim number C885). The layer structure (see Fig. 7.12a) was 
similar to that of a MQW semiconductor laser and contained 6 InGaAs 
quantum wells which were embedded in the centre of a GalnAsP 
waveguide. In unperturbed regions far away from any masks the total 
thickness of the waveguide layer was 0.38pm and its room tem perature 
photoluminescence wavelength was 1.18pm.

The bandgap of the MQW structure was investigated by means of 
spectrally and spatially resolved cathodoluminescence. The electron beam 
energy was 25 keV and the focused beam was continually rastered over an 
area of about VA pm x 2 pm during each spectral measurement. The mean 
peak emission wavelength of unperturbed regions far away from any 
masks was (1480±5)nm.

The emission wavelength at the central point between any two masks 
increased monotonically with the local masking density, as shown in 
Figure 7.12. Identical patterns aligned to [0 11] and [0-11] gave identical 
results to within the error in the measurement. At the ends of the mask 
pairs the emission wavelength relaxed back to its unperturbed value over a 
distance of about 100 pm in the manner shown in Figure 7.13. This 
distance was almost independent of the mask w idth and separation.

The optical quality of the selectively grown substructure was assessed by 
removing the spectrometer so that the cathodoluminescence was spatially,
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Layer Structure GROWTH\C885 2 2 . 1 . 9 1
Nominal Specification

Layer
thickness
(Mm)

Material Doping

Type Value 
(cm"3)

300 InP substrate S
0.2 InP buffer layer Si 5.101'
0.142 GalnAsP (A,pl=1 .18|im) 

lower waveguide
None

0.008 GalnAsP (A,pl=1 .18|im) 
barrier

MQWs
Cycle
x6

None

0.006 GalnAs well None u
0.15 GalnAsP (A,pl=1 .18fim) 

upper waveguide
None

0.1 InP cap None

Fig 7.12a Unperturbed layer structure of wafer C885
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but not spectrally, resolved. The emission properties of the perturbed 
regions were then deduced by comparison of the signal from the region 
between the masks, with that from the regions outside the masks. It was 
discovered that the emission wavelength of the MQW m aterial could be 
increased by '-TOO nm before such intensity reductions occurred**.

The crystallographic quality of the selectively grown MQW m aterial was 
further investigated by plan view transmission electron microscopy. The 
material examined was that grown in 30pm wide gaps between two 30pm 
wide masks, with the pairs of masks aligned to either [0-1 1] or [0 1 1].

In general, the selectively grown MQW m aterial was of high 
crystallographic quality. Any dislocations arising in the epilayers as a 
result of the perturbations caused by the masks were confined to the 
immediate vicinity of the masks. However, there was a difference in the 
density of dislocations found next to masks aligned to the two orientations. 
This difference can be seen in Figure 7.14, which contains g=<022> plan 
view micrographs of regions next to the mask edges. When the masks 
were aligned to [Oi l ]  only a few dislocation tangles were observed. 
These tangles were confined to within lOOnm of the mask edge. However, 
when the masks were aligned to the orthogonal orientation, a m uch greater 
density of dislocation tangles was observed. The latter tangles extended to 
a distance of approximately 0.4pm from the mask edge. Occasional 
threading dislocations extending up to 1pm  from the [0-1 1 ] m ask edges 
were also observed. These longer dislocations appeared to eventually 
bend upwards, through the quantum wells, to terminate at the surface of 
the epitaxial material.

The higher density of defects in material grown between masks aligned to 
[0-1 1] is consistent with the lower intensity of cathodoluminescence 
emission from such material.

7 .3 .5 .  M e c h a n i s m  o f  S e l e c t i v e  Growth

In the past, there has been some debate about whether the long range 
thickness perturbations observed in selective area epitaxy are caused by
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lateral diffusion of growth precursors in the gas, or on the wafer 
surface4'19'20'21. We have attempted to verify which of these mechanisms is 
responsible for the lateral transfer of material, by growing on wafers in 
which deep trenches have been etched in the vicinity of the light field 
mask pairs. A schematic cross section of such a wafer is illustrated in 
Figure 7.15. The trenches were etched to a depth of 55pm by a 
combination of methane-hydrogen reactive ion etching and wet etching in 
a HC1:H3P 0 4 mixture. The function of the InGaAs layer shown in the 
figure was to m ark the bottom of the selectively grown m aterial, so that we 
could monitor any surface height changes caused by mass transport before 
growth. The neck of the trench was only 4pm wide. This narrow  aperture 
should have only a small effect on the concentrations of growth precursors 
in the gas phase. Consequently, in a situation where lateral diffusion takes 
place predominantly in the gas above the wafer, the trench should only 
have a small effect on the profile of normalised excess thickness. 
However, it should have a major effect if lateral migration of reactant takes 
place predom inantly on the surface, as the excess growth precursors 
diffusing off the oxide mask would have to migrate over an extra 120pm  of 
semiconductor material to reach the far side of the trench. It seems 
unlikely that the precursors could cover such a distance w ithout being 
depleted by deposition on the semiconductor surface and hence, when 
surface m igration dominates, one would expect the profile over the 
structure shown in Figure 7.15 to be asymmetric.

The growth mechanism responsible for the lateral transfer of excess 
material was first tested by growing a layer of InP over the structure 
shown in Figure 7.15 (run Cl 179). The unperturbed thickness of the 
epitaxial layer was 0.56pm.

The profile of the epitaxial deposition over the different mask structures 
was measured with the Dektak. An example of such a m easurem ent is 
shown in Figure 7.16. The measured profiles were all symmetrical, thus 
indicating that lateral diffusion was taking place in the gas phase.

The experiment was repeated by growing 0.5pm of InGaAs over an 
identical structure (run C1267). The growth profiles were once again
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assessed by measurement with the Dektak. The results were similar to 
those for the InP growth above, save for the fact that there were small 
perturbations in the excess thickness extending about 5pm from each side 
of the trench. We believe that the small perturbations were caused by 
surface migration of precursors off the (1 1 1)B facets that term inated the 
epitaxial layer at the edges of the trench. However, as the profiles were 
symmetrical in all regions except in the immediate vicinity of the trench, 
we concluded that the long range lateral perturbations that we observe in 
InGaAs growth are predominantly caused by diffusion in the gas phase.

The above experiments do not indicate that surface migration is absent 
from the MOCVD growth process. Indeed there is evidence in the 
literature indicating that surface migration does occur during such 
epitaxial growth4'22̂23. We can only conclude that, under our grow th 
conditions, the lateral movement of material on the lO-lOOpm scales that 
we have investigated is caused by lateral diffusion in the gas phase. This 
conclusion is similar to those reached by Kayser4 and Colas24.

7.4. ANALYSIS OF GROWTH OVER LIGHT FIELD MASKS

7.4.1. Model of Selective Area MOCVD
The reactions and gas flows in an MOCVD reactor are extremely 
complicated and hence it is difficult to develop a complete model of the 
process25'26. We attempted to simplify the problem by developing a model 
which depended on those features of the growth which we believed were 
of direct relevance to selective area epitaxy. If such a model agrees w ith 
experimental data, it is not only of use in helping one gain understanding 
of the selective epitaxy process, but is also of great assistance in device 
design.

The model operated by calculating the concentration profiles of In and Ga~ 
species in the gas above the wafer surface. The profiles were determ ined 
by independently solving Laplace's equation for the two types of 
precursor27 in a window of width w and height d. This w indow  is
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illustrated in Figure 7.17. The boundary conditions at the edges of the 
window are also illustrated in Figure 7.17 and can be sum m arised as:

n = n0 at the surface z = d
3n—  = 0 at the vertical boundaries, x = 0 and x = w
dx

D—  = kn at the semiconductor surface, z = 0 
dz

—  = 0 at the mask surface z = 0
dz

n was the concentration of the group III species and D was the diffusion 
coefficient of the group III species in hydrogen, k was the rate of 
adsorption of the species on the semiconductor surface per unit 
concentration in the gas above the surface, no was a constant, z was the 
growth direction and x was perpendicular to both z and the long axes of 
the masks.

The boundary condition over the dielectric mask at the bottom of the 
calculation window was derived from Fick's law  and the fact that there 
was no deposition in this region. The boundary condition over the 
semiconductor surface was derived from a combination of Fick's law and 
the Langmuir isotherm15.

At the top of the window the boundary condition was described by a fixed 
concentration n0. We always worked with normalised growth rates and 
hence, for the purposes of the calculation, we adjusted the value of r^ to 
give a growth rate of unity in unperturbed regions far away from any 
masks. The height of the calculation window had to be sufficient to ensure 
that this fixed concentration did not disturb the perturbations in gas 
concentration over the masks. In practice, we confirmed that this condition 
was satisfied by checking that our solution was independent of d.

Having fixed rig, the only adjustable parameter left was D /k , the ratio of 
the diffusion coefficient to the rate of adsorption on the semiconductor 
surface. A decrease in the value of this parameter, which had dimensions 
of length, increased both the normalised excess rate of deposition next to a 
mask and the rate at which the normalised excess thickness decayed w ith
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distance from the mask. The effects of such adjustments are illustrated in 
Figure 7.18. In practice we found D /k  by adjusting its value until the 
modelled normalised excess thickness at the centre of a mask pattern fitted 
experimental data for that point. The validity of the model was then tested 
by noting the accuracy of theoretical predictions away from tKe centre of 
that particular pattern and on different patterns of the light field mask.

The equations were solved on a desk-top computer using an iterative 
Fourier method. This method is described in Appendix F.

The above analysis assumed that:

a) the lateral movement of material in selective area epitaxy took place in 
the gas phase. This assumption was based on the results of the deep 
trench experiments described previously.

b) the perturbations caused by selective area epitaxy were independent of 
the orientation of the mask with respect to the crystallographic axes of the 
wafer. We confirmed that this assumption was correct by surface profiling 
across identical features aligned to [0 1 1] and [0-1 1].

c) the effects of forced convection were insignificant. This assum ption was 
based on the fact that we never observed gas flow effects in our 
experimental data. Our observation was not universally consistent with 
those of other authors, as Caneau et al18 have observed flow effects in the 
selective growth of InP related materials. We believe that the discrepancy 
between our observations and those of Caneau was related to the fact that 
she was using masks which covered a much larger area.

d) the masks were infinitely long in the direction perpendicular to the 
plane of the paper in Figure 7.17. This assumption was useful in that it 
allowed one to model in two rather than three dimensions. We confirmed 
that it was valid by noting that the masked rectangles were much longer 
than the distance over which the growth was perturbed.
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e) the mask pattern was repeated periodically with a pitch of 2w, where w 
was the width of the calculation window. This pitch was derived from the 
fact that we assumed that the mask pattern was symmetrical around x=0 

and x=w to eliminate diffusion across these boundaries. The edge of the 
window at x=0 was almost a true centre of symmetry for our~rectangular 
patterns. The same was not always true for the edge at x=w but, as the 
features on the mask were essentially isolated, we could simply make w  
sufficiently large to make the normalised excess thickness at x=w very 
small.

f) the diffusion coefficient was constant over the calculation window. This 
assumption was similar to that made by Coronell and Jenson27. Strictly 
speaking it meant that we had also assumed that the temperature, T, was 
constant over the calculation window, as the diffusion coefficient15 varies 
approximately as T18. This assumption was invalid to some degree, as the 
gas entering the reaction chamber of an MOCVD reactor is not heated and 
hence, the temperature in the gas will decrease with altitude above the 
wafer surface. However, the dimensions of our masked features were 
small (<30|im) and hence, we believed that perturbations in the gas 
concentration occurred close to the wafer surface. It seemed plausible that 
the temperature in this small region was approximately constant. The only 
supporting evidence that we had for this assumption was the agreement 
between the theoretical and experimental data described below.

g) the rate at which species were adsorbed on the wafer surface was 
directly proportional to their concentration immediately above the surface. 
This assumption can be alternatively expressed by stating that we 
assumed, when using the Langmuir isotherm15, that the fraction of the 
wafer surface covered by adsorbed species was much less than one. We 
tested this assumption by extending the model so that it is was capable of 
handling situations where the surface coverage was approaching unity. 
However, in practice we found that the best fit to experimental data was 
obtained when the surface coverage was much less than one, as described 
in the analysis above.
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h) the group III precursors did not break down before they reached the 
semiconductor surface. Our level of understanding of MOCVD was not 
sufficient to enable us to decide whether such breakdown did or did not 
occur. However, our analysis may still have been valid in a situation 
where the precursors did break down above the wafer surface."' The ability 
of the above equations to cope with this situation was related to the fact 
that they were linear. Consequently, the concentration of the group III 
precursor which was ultimately adsorbed onto the wafer surface, could be 
represented as the sum of its unperturbed concentration and the 
perturbation introduced by the presence of a dielectric mask. The 
boundary conditions for the unperturbed part of the above sum depended 
on the manner in which the precursors broke down. However, the 
boundary conditions for the perturbation were identical, regardless of 
whether the precursors broke down in the gas or not, so long as the 
presence of the dielectric masks did not affect the altitude at which 
breakdown occurred. The fact that D /k  may have been different after the 
precursors had partially broken down did not matter as the value was 
obtained by fitting experimental data. Consequently, the above model 
may still have agreed with experimental data even if the group III 
precursors did break down before they reached the semiconductor surface.

7.4.2. Com parison of Model Predictions with Experim ent
We first tested the model by comparing theoretical predictions w ith the 
experimental data from our first selective growth of InP (C804). The value 
of D /k  used in this comparison was that required to fit the experimental 
normalised excess thickness at the centre of a 16jxm wide gap, between two 
25^im wide masks. The value of D /k  obtained in this fit was (15±3)pm. 
The validity of the model was assessed by using this value of D /k  to 
predict the normalised excess thicknesses around other features on the 
pattern. A comparison between the predicted and experimental 
normalised excess thickness values at the centres of the mask pairs is 
shown in Figure 7.5. The corresponding comparison between experiment 
and theory away from the centre of the mask pair chosen for the 
calibration is shown in Figure 7.19. In both plots, the experimental and
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theoretical normalised excess thickness values agreed to w ithin the error in 
the measurement.

We further tested the model by attempting to predict the thickness and 
compositional perturbations generated in the selective growth of InGaAs 
(run number C809). The values of D /k  for In and Ga were determ ined by 
independent fits to the experimental normalised excess concentrations of 
each element. The point chosen for these fits was the centre of the pattern 
with 25pm wide masks and a 16pm wide gap. The optim um  value of D /k  
for indium was (15±3)pm. The fact that this value is identical to that 
obtained for InP is not unexpected, when one recalls that we have already 
shown that the movement of In in the growth of InGaAs is identical to that 
in the growth of InP. The optimum value of D /k  for Ga was (110±30)pm.

We tested this model of ternary selective growth by using the above values 
of D /k  to predict the change in composition at the centre of all the other 
structures. We also predicted the change in composition as one m oved 
away from the centre of the calibration structure. These predictions are 
compared with experimental data in Figures 7. 7 and 7.8 respectively. 
Once again we achieved agreement between experiment and theory to 
within the error of the measurement.

The different values of D /k  for the In and Ga species were a quantitative 
representation of the different decay lengths for indium  and gallium  
described in section 7.3.2. The value of D /k  for the indium  species was 
relatively small and hence, these species were rapidly adsorbed as they 
diffused from regions over a mask to those over a surrounding 
semiconductor surface. Consequently, ternary or quaternary m aterial 
grown in the vicinity of a mask was indium  rich. The value of D /k  for 
gallium species was larger and hence, such species tended to move further 
from the mask before they were adsorbed. This meant that excess gallium  
was spread over a greater area than excess indium. Consequently ternary 
or quaternary material tended to be slightly gallium rich at interm ediate 
distances from a mask, as the vast majority of the excess indium  was 
deposited in the immediate vicinity of the mask. Far away from  any 
masks the deposition rates of both species returned to their normal values.
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7.4.3. SURFACE CHEMISTRY DURING MOCVD GROWTH
The values of D /k  derived from the fits above provide some-insight into 
the mechanism of MOCVD growth. For example, if one combines values 
of D /k  with estimates of the diffusion coefficient D, derived from the 
kinetic theory of gases, then one is able to determ ine the ratio of k for In to 
that for Ga. It is difficult to derive k from measurements on unperturbed 
epitaxial material, as the growth rate of such material is predom inantly 
controlled by the rate at which group III species diffuse through the gas 
and not by the rate at which they are adsorbed at the surface. 
Consequently, the effects of k are dominated by those of D. The advantage 
of using selective area epitaxy to probe the value of k, lies in the fact that 
the perturbations in gas concentration caused by selective growth occur 
close to the wafer surface.

If we proceed w ith the above analysis we find, from the kinetic theory of 
gases28, that the diffusion coefficient for one gas diffusing through another 
is given by

D = — 
8

7ckBT  m, +  m 2

2 m1m2 j
2 kBT

crP

where kB is Boltzmann's constant, T is the tem perature, m l and m2 are the 
masses of the two gas molecules, P is the total pressure and a  is the 
collision cross section. In the situation that we have considered above the 
temperature and pressure are constant throughout the region of interest. 
In addition, the masses of the metal-alkyl molecules used in MOCVD are 
much greater than those of hydrogen and hence the reduced mass in the 
above formula will be approximately equal to that of hydrogen. 
Consequently the differences in the diffusion coefficients of the metal-alkyl 
molecules will be predominantly related to the differences in their collision 
cross sections in collisions with hydrogen. The difference in the collision 
cross sections for TMI and TMG will be very small as the two molecules
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are of very similar size, and hence the two molecules will have almost 
identical diffusion coefficients.

When we combine this information with the values of D /k  derived from 
the growth of InGaAs in run C809, we can estimate the ratio o f  k for Ga to 
that for In.

= 0.14
ki.

Of course one species may diffuse as the trimethyl-metal and one as the 
dimethyl-metal but its seems unlikely that such a change w ould make 
kca/kin greater than unity. The fact that this ratio is less than one is 
consistent with the fact that the methyl-gallium bond is stronger than the 
methyl-indium bond15 and indicates that the energy required to break a 
metal-methyl bond may be the rate limiting step in the adsorption process.

The above diffusion equation is derived from an assumption that gas 
molecules behave as rigid elastic spheres when they collide. This is only 
an approximate description of what actually happens. More complicated 
equations can be obtained by making more realistic assumptions about the 
nature of intermolecular forces28. However using these advanced 
treatments does not change the nature of the argum ent given above.

7.5. SUMMARY

The conclusions drawn from the above work can be sum m arised as 

follows.

The deposition of epitaxial material by MOCVD can be inhibited by the 

presence of a silica mask. Epitaxial material deposited dose to such a 

mask grows faster than normal, as some of the material which w ould have 

grown on the masked area is deposited in its vicinity. The factor by which 

the growth rate is enhanced increases with the fraction of the surrounding 

substrate which is covered by the mask.
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At the edge of a mask, selectively grown material is bounded by an 

inclined facet. The growth rate on this facet depends on the orientation of 

the mask edge with respect to the crystallographic axes of the substrate. 

However, the behaviour of growth in the central region of an opening 

between two masks is independent of the crystallographic orientation of 

the pattern, provided that the fraction of the opening occupied by the 

facets is small. The behaviour of selective growth over our mask patterns 

is also independent of the orientation of the mask pattern with respect to 

the gas flow in the reaction chamber.

In general, ternary or quaternary material deposited next to a mask is 

indium rich with respect to that deposited far away from any masks. 

These compositional variations are caused by the fact that, under our 

growth conditions, the decay length of excess gallium is about three times 

that of excess indium. The lateral movement of excess In during selective 

growth is similar in the growth of InP, InGaAs and GalnAsP.

The arsenic to phosphorus ratio in quaternary materials is not affected by 

the proximity of dielectric masks. This observation is consistent w ith the 

fact that the group V precursors are in great excess in MOCVD.

The lateral movement of excess Group III precursors, over distances of the 

order of tens of microns, takes place in the gas phase. The way in which 

these precursors move can be predicted by a model based on Laplace's 

equation. When combined with experimental data, this simple model 

indicates that the activation energy for the adsorption of Ga species is 

greater than that for the adsorption of In species.

The cathodoluminescence emission wavelength of quantum  well material 

can be shifted by at least lOOnm, without degradation in emission 

efficiency, by selective growth techniques.
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Chapter 8

The Component Parts of an Integrated 
Laser-Modulator

8.1. INTRODUCTION
It is difficult to develop a satisfactory integrated device if one is not already 
confident in one's ability to fabricate its component parts. Consequently a 
sound knowledge of lasers and modulators is an almost essential prerequisite 
to laser modulator integration. In addition, the structure1 that one chooses for 
an integrated device is heavily influenced by the history of one's ow n 
laboratory. The reason is that one's chances of success depend on the skills and 
past experience of the fabrication team. It is for this reason that I designed a 
laser-modulator with a ridge waveguide structure and a phase shifted laser 
grating. In the interests of brevity, I have not attem pted to review the 
development of such lasers by my colleagues at BNR Europe. However in this 
chapter I have briefly summarised the aspects of these devices which are 
relevant to the integration of lasers and modulators. The principles of 
m odulator operation are summarised in more detail.

8.2. THE DFB LASER AT BNR EUROPE
A schematic of a typical distributed feedback (DFB) laser currently fabricated at 
BNR Europe2/3/4 is shown in Figure 8.1. The laser is based on a ridge 
waveguide1 which is aligned to the [ Oi l ]  crystal direction. The threshold 
currents of ridge lasers are usually higher than those of their buried 
heterostructure equivalents1. However ridge lasers are inherently more 
reliable5/6 than buried heterostructure devices, as one does not have to etch 
through the active layer. In addition, there are fewer epitaxial stages in the 
ridge laser fabrication process, and epitaxy over severely structured surfaces is 
not required1. The simpler fabrication process of ridge devices is helpful when 
one is adding the complications of an integration procedure.

Both facets of the BNR Europe DFB laser are anti-reflection coated. The 
required feedback for laser operation is provided by means of a grating w ith 
two X /8  phase shifts. The grating is written into the top of the laser waveguide 
by electron beam lithography7. The 2xX/8 structure was originally developed
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to combat the laser chirp seen in X/A phase shifted devices under high 
frequency modulation8. The chirp performance of the former lasers is superior 
because they have a more uniform distribution of optical pow er along the laser 
cavity. Consequently the amount of longitudinal spatial hole burning9 is 
reduced8. The 2xX/8  device is also more suitable for use as a d.c. source as the 
reduced amount of hole burning means that it is less likely to m ode hop as the 
operating current is increased. This fact makes it the more appfopriate device 
for integration with a modulator.

The fabrication process for our DFB laser is illustrated in Figure 8.2. It is also 
described in the following text. The sections in italics indicate the objective of 
the process step in which they are placed.

8.2.1. DFB Laser Fabrication Procedure
a) Grow appropriate active and waveguiding layers on an n doped InP

substrate10'11.
b) Spin resist onto the substructure grown in a) and write gratings by means of 

electron beam lithography7. Transfer the gratings into the w aveguide by 
wet etching. Remove the resist.

c) Overgrow the substructure with p-InP and p +-GaInAs.
d) Deposit silicon dioxide12'13 on the wafer. Pattern the oxide layer14'15'16 so 

that only one edge of the wafer is exposed.
e) Remove the p type layers from the edge of wafer by selective wet 

etching17'18'19 so that the gratings are left exposed in this region. Remove 
the oxide.

f) Deposit silicon dioxide again. Pattern the oxide w ith the ridge mask. The 
mask is aligned to the grating patches exposed in step e).

g) Remove the p type layers in the exposed regions of the wafer by  selective 
wet etching. Remove the oxide. This step creates the two channels on either side 
of each laser ridge shown in Figure 8.2.

h) Deposit silicon dioxide and pattern it with the contact w indow  m ask so that 
only the top of the ridge is left exposed. This step ensures that current will be 
injected into the ridge rather than the rest of the chip.

i) Deposit Ti, Pt and Au on top of the wafer by electron beam evaporation20'21.
j) Remove InP from the back surface of the wafer22 until it is 100pm thick.
k) Deposit Au and Sn on the back surface of the wafer by thermal evaporation 

and alloy the metals by heating23.
1) Cleave the wafer into bars
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m) Anti-reflection coat both facets of each bar by electron beam evaporation of 
a layer of Ti02 followed by a layer of SiC>224. 

n) Dice the bars into chips. Test the chips under low duty cycle pulsed 
conditions. The low duty cycle prevents excessive heating of the devices. 

o) Bond the devices on gold coated copper heat sinks.

8.3. THE ELECTROABSORPTION MODULATOR
As mentioned in chapter 1 the reason for using an external m odulator, rather 
than modulating the drive current to a laser, is to reduce chirp. A n external 
modulator is effective in reducing chirp because in such a set-up the laser is 
driven under dc conditions. This means that there are no fluctuations in laser 
carrier concentration and hence the effective index of the laser waveguide does 
not change with time. Consequently the laser operating wavelength, which is 
determined by the product of the grating pitch and the effective index of the 
laser waveguide, remains constant.

One should note, however, that external modulators can also cause chirp if the 
refractive index of the active modulator material changes at the same time as 
the absorption coefficient. The Kramers-Kronig relationships25/26 indicate that 
such index changes are almost inevitable, though the effects of such changes 
can be minimised by clever modulator design27. A small amount of negative 
chirp28/29 is actually advantageous in high capacity links over dispersive fibre 
as it works with the fibre dispersion to cause pulse compression.

The desirable features of a modulator destined for use as a transmitter in a 
digital communication link can be summarised as follows. The extinction of 
the device should sufficiently large (~13dB) so that it causes a negligible 
penalty to the system sensitivity. This extinction should be achieved w ith a 
moderate drive voltage (~2V) so that impractical demands are not placed on 
the high frequency electronic drive circuit. The modulator chirp should be 
tailored to the fibre deployed in the system and the insertion loss of the 
modulator should be as low as possible.

In the interests of brevity, I have not reviewed merits and drawbacks of the 
different types of modulator which can be used for digital transmission. 
Details of the behaviour and fabrication of these different devices can be found 
in the r e f e r e n c e s 27'30/31/32,33,34,35,36 However it is worth briefly describing the 
operation and design of the modulator which was used in our integrated
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device. This modulator operated using a phenomenon known as the quantum  
confined Stark effect (QCSE)37/38. The phenomenon is illustrated in Figure 8.3 
and can be briefly described as follows.

The position of an electron or hole in a known energy state in a typical 
quantum  well cannot be precisely determined, as this w ould defy the 
Heisenberg uncertainty principle39. The electrons and holes' Spend some of 
their time in the barriers with a probability distribution that can be determ ined 
from the Schrodinger equation39. The apparent bandgap of the QW is 
somewhere between that of the well and the barrier and can also be determ ined 
from the Schrodinger equation.

If an electric field is applied to the quantum well the electron and hole gain or 
loose potential energy as they travel in the direction of the field. This can be 
represented by tilting the bands as shown in  Figure 8.3. Under these 
circumstances the Schrodinger equation indicates that the electron and the hole, 
when in their ground states, both move to minimise their potential energies. 
Such behaviour is consistent with the correspondence principle39. However, 
the electron and hole have opposite charges and consequently their probability 
distributions move to opposite sides of the well. The movement of the 
probability distributions has two major effects34:
a) the overlap between the electron and hole ground state wave functions 

decreases.
b) the bandgap decreases as the electron and hole states have both m oved to 

lower their energy.

The latter change can be used to modulate light if the operating wavelength is 
positioned so that the quantum well material is transparent when no field is 
applied, and opaque when a field is applied. The change in absorption 
coefficient related to the movement of the bandgap occurs very rapidly, as it 
only depends on a rearrangement of the energy eigenstates of the QW. 
Consequently this is an appropriate operating mechanism for high data rate 
modulators.

In reality the electron and the hole are not isolated from each other but are 
bound together by Coulomb attraction to form an exciton38. The binding 
energy of this exciton decreases as the electric field is applied. However it is 
relatively small and has little impact on the argum ent above.
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The electric fields required for significant movement of the bandgap are large 
(~100kV/cm). Fortunately fields of this m agnitude can be obtained with low 
drive voltages in a pn junction. An example of photocurrent spectra40 taken 
from QWs fabricated in such a pn junction can be seen in Figure 8.4. The 
photocurrent generated in these measurements is proportional to the 
absorption coefficient in the quantum wells. The peak in the OV trace of these 
measurements is the exciton. It can be seen from the figure that the exciton 
moves to a longer wavelength, and is reduced in intensity (owing to a smaller 
electron hole overlap) as a reverse bias is applied to the pn junction. This 
behaviour is consistent with the theory described above.

The quantum confined Stark effect can only be deployed if a practical device 
structure can be developed. Fortunately, the laser structure illustrated in 
Figure 8.1 is almost ideal vehicle for this task, as it can contain QWs in the 
centre of a pn junction. In addition, the vertical waveguide in the laser 
structure ensures that the overlap between the QWs and the optical mode is as 
large as possible. The fact that the laser and modulator structures can be so 
similar is very helpful when one is attempting to integrate the two devices 
together. Indeed, the major difference between the two devices is not the w ay 
in which they are fabricated, but the way in which they are driven: the laser is 
driven in forward bias with a current; the m odulator is driven in reverse bias 
with a voltage.

The bandgap of the modulator quantum well active region depends on the 
polarisation of the input light, being smaller for the TE optical mode. This 
difference is caused by the fact that the TE mode interacts predom inantly w ith 
the heavy hole band, while the TM mode interacts only with the light hole 
band41/42. In practice QCSE modulators are normally operated in the TE mode. 
This input polarisation must be maintained if the system is to operate in a 
satisfactory manner. Such control can be difficult to achieve in a system 
containing a discrete modulator, as the polarisation state obtained from a 
standard fibre varies with small changes in the environmental conditions43. 
Polarisation control is not a problem for an integrated device as, in this case, the 
input polarisation is determined by the fact that the laser and the m odulator are 
on the same substrate.

In practice the maximum modulation rate of electroabsorption m odulators is 
usually determined by their capacitance34. This speed limitation derives from 
the fact that the modulator is normally placed in a 50Q circuit of the type
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shown in Figure 8.5. The 3dBe bandwidth of such a circuit occurs w hen the 
impedance of the modulator capacitance falls to 25Q. To give an example; a 
3dBe bandwidth of 10GHz will only be obtained when the m odulators 
capacitance is reduced to a value of 0.64pF.

The modulator capacitance is normally composed of two parts: the capacitance 
of the pn junction; and the stray capacitance associated w ith-the m odulator 
contact. It is difficult to do much about the former capacitance w ithout 
compromising the modulator performance. However size of the stray 
capacitance can be decreased by reducing the size of the m odulator bond pad  
and by placing a thick dielectric layer underneath it.

The performance of QCSE modulators is very dependent on the difference 
between the input photon energy and the modulator bandgap. As the 
difference between these two energies decreases the following changes occur:
a) The absorption per unit length of the modulator increases at all values of 

applied bias (see Figure 8.4). In practice this usually means that a shorter 
modulator (which has a lower capacitance) is required to obtain a given 
extinction ratio.

b) The insertion loss of a modulator with a fixed extinction ratio increases (see 
Figure 8.4). This means that the device output power decreases.

c) The chirp parameter becomes less positive and eventually becomes slightly 
negative44. This enhances transmission over standard fibre.

d) The modulator eventually saturates when the absorption per unit length 
becomes so large that not all of the photo-generated carriers can be 
extracted.
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8.4. THE PERFORMANCE OF SELECTIVELY GROWN LASERS
The fact that modulators operate with an input photon energy which is smaller 
than their bandgap means that it is the laser part of an integrated 
laser-modulator which m ust be fabricated on selectively grown material. Such 
a device will only be successful if the lasing performance is not severely 
degraded by the selective epitaxy.

8.4.1. Fabry Perot Lasers

8.4.1.1. Device Performance
The effect of selective growth on laser performance was assessed by fabricating 
Fabry-Perot (FP) lasers on material grown in the 30|im gaps of the light field 
mask described in section 7.2. The layer structure (E256, Fig. 8 .6a) contained 
6 GalnAs quantum wells embedded in the centre of a GalnAsP waveguide. In 
unperturbed regions far away from any masks the total thickness of the 
waveguide layer was 0.38nm. The room tem perature photoluminescence 
wavelength of the waveguide material was 1.18|im. The unperturbed 
photoluminescence emission wavelength of the QW stack was 1.502|im.

The selectively grown MQW substructure was processed into FP lasers by first 
removing the SiC>2 growth masks so that the wafer could be overgrown with 
p-InP and p+GaInAs. The wafer was then fabricated into lasers using the 
process described in section 8.2. A schematic cross section of such a laser is 
shown in Figure 8 .6.

The emission wavelengths and threshold currents of the selectively grown 
devices were measured under pulsed conditions. The results from these 
measurements were referenced to those from unperturbed control devices, 
which were interleaved with the selectively grown ones. The effect of the mask 
w idth on the laser threshold current and emission wavelength is show n in 
Figure 8.7 (data from wafer E256.C1091). In this case the emission wavelength 
was shifted from 1507 to 1626 nm  without any measurable degradation in 
threshold performance. The lasing wavelength correlated reasonably well with 
earlier cathodoluminescence measurements though there was some deviation at 
w ider mask widths.

The performance of selectively grown lasers was further assessed by m aking 
continuous wave (CW) measurements on FP devices from an identical 
wafer (C885.C942). Unfortunately it was not possible to derive a series of
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measurements of the type shown in Figure 8.7 from this material, owing to a 
contamination problem. However, in the unaffected areas, the threshold 
currents of perturbed and control devices were identical to within the error in 
the measurement. Light current characteristics from a control device, and one 
in which the active region was grown in a 30pm gap between two 20pm w ide 
masks, are shown in Figures 8.8 and 8.9 respectively. These light current 
characteristics are similar in spite of the fact that the emission wavelength was 
shifted by about 70nm. The corresponding spectra are shown in Figures 8.10 
and 8 .11.

8.4.1.2. Interface C oupling L o ss
The optical waveguide between a selectively grown laser and an 
electroabsorption modulator tapers in thickness, as the bandgap required for 
one component slowly changes to that required for the other. This tapered 
waveguide must be electrically pumped for at least some of its length, as laser 
active material is lossy when no drive current is supplied.

The losses of such tapered and pum ped waveguides were investigated by 
cleaving the interface regions between perturbed and  control devices out of one 
of the above wafers (E256.C1091). These devices were essentially 700pm long 
Fabry-Perot lasers. The laser ridges were fabricated on material grown 
between pairs of silica masks for 650pm of this device length, as shown in 
Figure 8 .12. The tapered transition region extended about 40pm on either side 
of the end of this region. The separation between the above silica masks was 
held constant at 30pm. However the width of these masks was varied from 3 to 
30pm, thus enabling investigation of tapers of progressively increasing severity.

The loss of the tapered waveguides was determined by measuring the 
threshold currents of the FP devices under pulsed conditions. The mean 
threshold current of all the devices was (26.7±0.8)mA. There was no correlation 
between the width of the selective growth mask and the device threshold 
current. This indicated that the loss of the tapered regions did not depend on 
the severity of the taper, for the range of tapers investigated. However, it d id  
not prove that the loss of any tapered region was insignificant. The reason was 
that the above threshold measurements could not be compared with those of 
700pm long control devices, as it was impossible to cleave such devices out of 
the wafer.
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The loss of the tapered waveguides was eventually determined by com paring 
the above threshold currents with those from 400pm long FP lasers cleaved out 
of the same wafer. The latter devices did not contain any regions in which the 
quantum well bandgap was perturbed via selective area epitaxy. The m ean 
threshold current of the 400pm long lasers was (32.8±0.8mA).

The devices of different length were compared by making use-ef the fact that 
the gain coefficient per well gw in our quantum  well material has been found 
to be related to the current density by the equation45

gw = g ( 1 + ln
V ^0 J )

where J0 is a constant related to the threshold current density of the material, 
Jw is the current density per well and g0 is (6.8±0.7)cm‘l. If the short and long 
devices described above have threshold current densities of Jw i  and JW2 
respectively, then the difference between the gains within these devices AG is 
given by

AG = G, - G 2 = ng0 In wl

J

where n is the number of quantum wells. The value of AG for the two sets of 
devices described above was (14.4±2)cm"l.

The loss of the waveguide taper can be determined by noting that the round 
trip gain in both laser cavities must be unity46, and hence, for example, in the 
700pm long device.

10"! .R .e°’L’ =1
R is the power reflection coefficient of the laser facet and T  is the loss of the 
taper in decibels. L2 is the length of the active region in the 700pm long device. 
This equation can be expressed in terms of AG by substitution of the round trip 
gain condition for the shorter device. One then finds that the loss of the 
tapered region is given by

10 r /' r ( u  1In -^ --1 - a g l 2
In 10 VLi )

JL

The length Lq of the active region of the shorter device was obviously 400pm. 
The length L2 of the active region of the longer device was not so obvious as it 
contained a transition region in which the bandgap changed. However, the 
threshold current of these devices was not dependent on the severity of the 
waveguide taper. Consequently it seemed reasonable to assume that these 
devices lased at wavelengths where gain was generated along the entire 700pm 
cavity. (If this was not true the value derived for the loss is an upper lim it on
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that loss.) Substituting these numbers and a facet reflectivity of 0.30 into the 
above equation one finds that the loss T  is given by

T = (-0.4±0.6)dB
This means that the loss of the waveguide taper is unlikely to be greater than 
0.2dB.

8 .4 .2 . DFB L a s e r s

The performance of selectively grown DFB lasers was assessed by fabricating 
DFB devices on wafer E256. The fabrication procedure was identical to that 
described for the FP devices, except for the fact that gratings were w ritten on 
the selectively grown material before it was overgrown. The wafer was 
cleaved so that the 500pm long devices included the transition region between 
the perturbed and unperturbed material. A schematic plan view of the chips is 
shown in Figure 8.13. The 2xX/8 phase shifted grating was 350pm long and 
was fabricated on material grown in a 30pm gap between a pair of silica masks. 
The widths of the masks on either side of this gap were varied from 3 to 20pm 
in different devices. The selective growth masks extended 50pm beyond the 
ends of the grating regions, thus ensuring that the grating was not fabricated on 
a waveguide of changing thickness and hence effective index. The grating 
pitches were adjusted so that each laser operated close to the gain peak (i.e. the 
changes in waveguide thickness and QW bandgap as a result of selective 
growth were taken into account). Both facets were AR coated. The grating and 
the planar regions were pumped through the same contact.

The devices were assessed by bonding them onto gold coated copper mounts so 
that their CW power output and spectral characteristics could be m easured, 
from both the planar and the grating ends. The results are sum m arised in the 
following table.
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Table 8.1 Performance of Selectively Grown DFB Lasers

M o 
u n t

M ask
w id th
(p m )

T h r e s 
h o ld
(m A )

a i5 *
(m A )

X

(n m )
O f f s e t  f r o m  g a in  |  
p e a k  (n m ) .
-v e  if  A.iflSP<A.p.a j n

G ra t in g  
e n d  (g)

P la n a r  
e n d  (p )

R a tio

P / 8

T a r 
g e t

A c t
u a l

T a r g e t A c tu a l

D F 9 48 3 23 106 41.5 0 .39 1513 1509 0 + 18
D F 9 49 7 32 89 60 0 .6 7 1553 1550 + 20 +51
D F 9 50 11 30 87 41 0 .4 7 1530 1528 -20 0
D F951 15 27 73 61 0.81 1565 1563 0 + 18
D F 952 20 30 N / A 86 N / A 1598 N / A + 20 N / A
* C u r r e n t  a b o v e  th r e s h o ld  r e q u i r e d  fo r  5 m W  p o w e r  o u t p u t

The spectral measurements were made by coupling the outputs from the 
devices into a double grating monochromator. These measurements indicated 
that all the devices lased in a single longitudinal mode with a side mode 
suppression greater than 45dB at the maximum drive current of 150mA. The 
position of the gain peak was determined by measuring the peak in the 
spontaneous emission spectrum from the grating end of each device.

The optical power measurements were made into a numerical aperture of 0.5. 
Typical light current characteristics from devices with mask widths of 3 and 15 
pm are shown in Figures 8.14 and 8.15 respectively. In all of these 
measurements more light was collected from the planar end than the grating 
end. However, the ratio of the power collected from the planar end to that 
from the grating end tended to decrease as the mask width increased. These 
observations were consistent with the fact that the planar region was acting as 
an amplifier. The gain of this amplifier decreased as the mask width, and 
hence the bandgap change across the transition, was increased. The higher 
power output from the planar ends of all the devices was consistent with the 
low transition loss calculated in section 8.4.1.2.

The above results indicated that the fabrication of DFB lasers on selectively 
grown material was a viable proposition. The next chapter describes how such 
selectively grown DFB lasers were integrated with electroabsorption 
modulators.
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Chapter 9

The Application of Selective Area MOCVD to 
Laser Modulator Integration

9.1. INTRODUCTION
Chapters 7 and 8 described the nature of selective area MOCVD, and the 
component parts of an integrated laser-modulator. This chapter describes how 
the technologies were combined to produce an integrated device.

9.2. DESIGN PHILOSOPHY
In the first chapter I stated that photonic integration was only a practical 
proposition if the integrated device was relatively easy to make, so that the cost 
benefits in packaging were not offset by a more complicated and lower yield 
fabrication process. Section 6.3 discussed the application of this philosophy to 
the design of the laser modulator interface. However, this interface is not the 
only area of concern in the design of an integrated device. One also has to 
consider the num ber and optimum arrangem ent of photolithography and 
etching stages. The number of these processing steps can, to some extent, be 
exchanged for complexity of photolithographic masks. The reason is that one 
can often make more than one type of structure w ith a given processing 
procedure. I believe that additional processing steps cause fewer difficulties 
than multiple growths, provided that each step has a high yield. However, if 
possible, it seems that these additional steps should be traded for complexity in 
the mask layout, as masks only need to be designed once and, if a process 
works in one area of a wafer, then it is likely to w ork everywhere else.

The fabrication process for laser-modulator components can be further 
simplified by making the preliminary testing procedures as rapid  as possible. 
This objective can be achieved by testinglhe wafer on a probe station before it 
is cleaved and facet coated1. The quality of the information obtained from  such 
probe card testing is enhanced if a back monitor is integrated w ith the DFB 
laser. A monitor of this type is also useful in the final package, as a discrete 
monitor photodiode is included in the packages of most optical transmitters on 
the market to-day. A back monitor can be integrated w ith a laser-modulator
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without any increase in the complexity of the fabrication process. This is 
achieved by incorporating QW material w ith the same bandgap as the laser 
into a device structure similar to that of the modulator.

9.3. DESIGN AND FABRICATION
A schematic of the integrated laser-modulator is shown in Figure 9.1. Cross 
sections through the laser and modulator regions of the device are show n in 
Figures 9.2 and 9.3 respectively. The device shown in these figures was 
fabricated in the following manner.

9.3.1. Fabrication Procedure
Si02 selective growth masks were deposited on an n-InP substrate by a 
combination of plasma enhanced chemical vapour deposition2 and 
conventional photolithography3. The pairs of rectangular m asked regions were 
sited on a 400pm pitch and the two masks forming each pair were separated by 
38pm. The rectangular masked areas were 9, 15 and 20pm wide in  different 
regions of the wafer. A MQW structure (see Fig 9.3a) containing 6 GalnAsP 
(A*L=1.58pm) quantum  wells surrounded by GalnAsP (^ = 1 .1 8pm) barriers was 
grown over the masked substrate by MOCVD4. The quantum  wells were 
embedded in a GalnAsP (V.=1.18pm) waveguide which was 0.46pm thick in 
unperturbed regions far removed from any masks. The room tem perature 
photoluminescence emission wavelength of unperturbed regions of the QW 
structure was 1500nm. The emission wavelengths at the centres of the 9 ,15 and 
20pm mask patterns were 1539,1558, and 1573nm respectively.

The S i02 regions were removed in hydrofluoric acid, and second order 2xX/8  
gratings5 were written into the top of the waveguide layer by a combination of 
electron beam lithography and wet etching. The grating pitches were adjusted 
to reflect the changes in waveguide thickness and quantum  well emission 
wavelength that occurred as the widths of the selective epitaxy masks were 
varied. The wafer was overgrown with p-InP and p +-InGaAs. The laser, 
m odulator and monitor ridges were then defined using a combination of 
methane-hydrogen reactive ion etching6/7/8/9 and selective wet etching in an 
HC1:H3P 0 4 m ixture10. A 1pm thick layer of S i02 was deposited over the wafer 
and contact w indows were opened to the separate components. The wafer was 
thinned to 150pm and a T i/P t/A u  contact was deposited on the p side followed
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Nominal Specification
Layer
thickness
(pm)

Material Doping

Type Value 
(cm"3)

300 InP substrate Sn
0.2 InP buffer layer Si 5 .1017
0.19 GalnAsP (A,PL=1.18pm) 

doped lower waveguide
Si 5 .1017

0.043 GalnAsP (X,PL=1.18pm) 
undoped lower waveguide

None

0 .007 GalnAsP (A,pl=1 .18pm) 
barrier

MQWs 
Cycle 
x 6

None

0 .0080 GalnAsP (^PL=1.58pm) well None
0 .14 GalnAsP (^PL=1.18pm) 

upper waveguide
None

o o X InP spacer layer None
0.010" GalnAsP (A.PL=1.18pm) etch stop None
0.2" InP zinc delay layer None
0.5 InP Zn 5.1017
1.0 InP Zn 2 .10l6
0.2 InGaAs contact layer Zn 2 .1019

* These layers were removed from the laser region before the substructure was 
overgrown with p type material.

Fig 9.3a Layer structure of the integrated laser modulator



by a A u/Sn contact on the n side. Finally the p metal was patterned by 
chemically assisted reactive ion beam etching (CARIBE)11.

9.3.2. Design Features of the  Integrated Laser Modulator
The laser and monitor ridges were 590 and 100pm long respectively. The 
monitor ridge was bent with a radius of 1000pm to reduce the effects of 
residual reflections from the back facet. The laser grating patch was 350pm 
long and was terminated 70pm before the end of the areas which had been 
masked during the selective growth. This ensured that the grating was not 
fabricated on a waveguide of varying thickness and hence refractive index. 
The laser contact window extended down the entire length of the laser ridge, so 
that both the DFB region, and the taper generated by the selective growth, 
were pum ped through one contact.

The mask for the CARIBE etching was designed so that a unique identification 
num ber was transferred into the metal layer beside each device.

A deep recess was etched through the quantum  wells into the substrate in the 
same etching step as that for the ridge channels. The function of this recess was 
to provide an n side contact on the top surface of the integrated device. The n 
side contact was used for probe station testing. It was also electrically 
connected to a short length of ridge between the laser and the modulator 
(see Figure 9.1). The short ridge section acted as a guard terminal to prevent 
electrical crosstalk between the laser and the modulator.

The guard terminal was not only useful in that it reduced electrical cross talk 
between the integrated components. The use of this structure also simplified 
the fabrication process. The reason was as follows.

The CARIBE process used to separate the device contacts was only effective at 
removing metal from a planar surface. This m eant that the laser bond pad 
could only be isolated from the modulator one if a bridge was left across the 
ridge channels as shown in Figure 9.1. If left in position, a bridge of this type 
would have electrically connected the ridge to the rest of the chip by 
conduction through the p type material that it contained. Consequently the 
laser and the modulator p contacts could only be isolated from the substrate by 
either:
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a) removing the p type material from the bridge structure, 
or
b) breaking the ridge at locations immediately adjacent to the bridge structure 

(to create the guard terminal).

The latter procedure was easy as it simply involved modifying the ridge mask 
so that the ridge was broken at the same time as the channels ware etched. The 
former process would have been more complicated as it would have required 
an additional process step in which the p type material was rem oved by a 
combination of dry and wet etching. The depth control of such a dry etch 
would have been critical. This would not have been easy to achieve in such a 
narrow aperture.

A number of test structures were fabricated alongside the laser modulators. 
The presence of these test structures did not complicate any part of the 
fabrication process save the mask design. The advantages of using such 
structures are summarised below:
a) Basic materials and processing related parameters can be assessed by probe 

card testing as soon as processing is complete. This helps one to rapidly 
identify and rectify fabrication problems before they have affected a large 
number of wafers.

b) On wafer measurements of test structures provide a good indication of the 
optimum m odulator length required at the cleaving stage.

c) The availability of basic materials measurements makes analysis of the 
laser-modulator performance easier.

d) The diversity of measurements obtained from test structures often allow one 
to estimate the benefits of potential design improvements.

The laser modulator mask layout included test structures to measure the 
absorption coefficient of the modulator, the modulator stray and junction 
capacitances, the sheet resistance of the p type material and the p side contact 
resistance.

An optical micrograph of a processed laser modulator is shown in Figure 9.4. 
A micrograph of a larger area of the wafer is shown in Figure 9.5.
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9.4. DEVICE PERFORMANCE
The quality of the wafer was first assessed by making contact to the integrated 
devices via a probe station. Preliminary pulsed measurements indicated that 
the heating effects associated with dc measurement were small, p rovided  that 
the laser current did not exceed 50mA. All subsequent m easurem ents w ere dc 
and were made using a Hewlett Packard 4145A semiconductor param eter 
analyser.

Each integrated device was first tested by measuring the current voltage 
characteristics of the laser, monitor and modulator. The performance of the 
DFB laser was then tested by measuring the photocurrent generated in  adjacent 
components as a function of laser drive current. A typical example of the 
photocurrent collected in a monitor as a function of the drive current in  the 
adjacent laser is shown in Figure 9.6. From this plot one can see that the dc 
threshold current of the laser was 22mA. The photocurrent collected from  the 
monitor tended to saturate with increasing laser drive current w hen the 
monitor bias voltage was low. This saturation problem was overcome by 
applying a reverse voltage of ~6V to increase the electric field across the 
monitor intrinsic region.

The performance of each modulator was investigated by m aking use of the fact 
that adjacent integrated devices on the wafer were rotated through 180°. Hence 
the modulator for one integrated device was continuous w ith that of the next 
and it was possible to reverse bias the neighbouring laser for use as a detector. 
An example of the photocurrent collected from such a detector as a function of 
the current supplied to the laser and the bias applied to the m odulator, is 
shown in Figure 9.7.

27 modulators and 39 lasers and back monitors were tested in the m anner 
described above. Only one laser and one m odulator were not operational. 
Reverse bias breakdown voltages (IO îA reverse current) for the monitors and  
modulators were typically in the region of 30V. The mean laser threshold 
current was 22mA. The standard deviation in the latter figure was only 1.5mA 
in spite of the fact that the DFB gratings had been written w ith target 
wavelengths spanning 60nm. The modulator insertion loss and extinction per 
unit applied voltage increased with decreasing laser wavelength in the m anner 
that one would anticipate.
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The electrical isolation between the lasers and the m odulators was assessed by 
measuring the difference in the laser current required to obtain 20|iA of 
photocurrent in the back monitor, with 0 and 4V applied to the m odulator. The 
differences were too small to be measured and were less than 10pA. This result 
indicated that the guard terminals were effective at isolating the lasers from the 
modulators.

After making the above measurements the wafer was cleaved to create 
integrated devices with 200pm and 440|im long m odulator regions. The 
integrated monitor was cleaved off some of the integrated devices so that light 
current characteristics from the laser and the m odulator ends could be 
compared. The devices were anti-reflection coated on both ends. Six devices 
were bonded, p-side up, onto high speed mounts and high speed packages. 
Both the mounts and the packages incorporated 50£2 matching resistors. The 
devices which were bonded down came from regions of the wafer where the 
selective epitaxy mask width was either 9 or 15|im. The reason w as that the 
modulation performance of devices between the 20pm  selective growth masks 
was inadequate as the laser operating wavelength was too far away from the 
modulator bandedge. Most of the data presented in the figures below comes 
from two of the bonded devices, RFDF13 and ILM3. The operating wavelength 
of the former device was positioned closer to the m odulator bandedge than that 
of the latter. Some parameters of interest for the two devices are listed in the 
following table.

Table 9.1 Characteristics of RFDF13 and ILM3

Parameter RFDF13 ILM3

Selective growth mask width (pm) 9 9
Operating wavelength (nm) 1532 1552
Wafer exciton peak (nm) 1480 1480
M odulator length (pm) 200 440
Modulator extinction at -4V, 20°C (dB) 23.5 24
Back monitor included No Yes

The performance of the bonded devices was first assessed by measuring light 
current characteristics into a single mode lens-ended fibre. The mean threshold 
current was similar to that measured on the probe station at (21.5±0.5)mA. It 
was possible to couple optical powers in the region of 3mW into the fibre when 
the lasers were driven with currents of 150mA. Modulator photocurrent
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measurements indicated that at least lOmW of optical power was coupled into 
the modulator at this laser bias current.

Light current characteristics from the laser ends of devices without back 
monitors were similar to those from conventional discrete 2xX/8 DFB devices. 
However, the light current characteristics from the m odulator ends showed 
more curvature just above threshold than those from the laser end. An 
example of this behaviour can be seen in Figure 9.8 which shows light current 
characteristics from the modulator end of device RFDF13.

The reason for the curvature was deduced by plotting the photocurrent 
collected from the modulator as a function of the optical power in the output 
fibre. An example of such a plot is shown in Figure 9.9. The photocurrent and 
power levels were adjusted by ramping the bias current passed through the 
laser. The measurements were made at several modulator bias voltages. The 
photocurrents and powers were normalised to those collected at a laser bias of 
150mA to enable easy comparison of the results obtained at different m odulator 
bias levels. The plots from these measurements showed that the photocurrent 
tended to saturate as the laser output power was increased. The corresponding 
curvature in the light current characteristics indicated that the absorption 
coefficient decreased when such saturation occurred. Subsequent work12 has 
suggested that the saturation was caused by an accumulation of holes in the 
quantum wells of the modulator. The space charge created by such holes 
reduced the electric field across the quantum well region, and hence the 
absorption coefficient.

The attenuation obtained on the application of a given voltage to the m odulator 
increased as the operating wavelength of the associated laser decreased. This 
behaviour is consistent with measurements of typical photocurrent spectra (see 
Figure 8.4 for an example of spectra from similar MQW material). The device 
with the shortest lasing wavelength (RFDF13) exhibited 23.5dB of extinction on 
the application of 4V.

The amount of extinction obtained on the application of a given voltage to the 
modulator decreased with increasing laser current. This behaviour is 
consistent with the saturation measurements described above. Plots of the 
extinction characteristics from device RFDF13 at laser currents of 50, 100 and 
150mA are shown in Figure 9.10.
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Spectra from the integrated devices were all similar to those from conventional 
2 x k /8  DFB lasers, though the absorption characteristic of the m odulator was 
superimposed on the amplified spontaneous emission spectrum of the laser. 
Side mode suppression ratios were all in excess of 47dB at laser drive currents 
of 100mA. An example of a spectrum from an integrated device is shown in 
Figure 9.11.

The high speed performance of device ILM3 was assessed by driving the 
m odulator with a 27-l bit pattern at 5 G b/s. The peak to peak voltage swing 
was 3V and the modulation signal was superimposed on a d.c. voltage using a 
bias Tee. An example of a 5 G b/s eye13 obtained with a 31mA laser drive 
current and a -2V mean modulator bias is show n in Figure 9.12. At higher laser 
drive currents the eye started to close as a result of the saturation problem 
described above.

The bit error rate14 performance of integrated laser modulator ILM3 was 
further assessed by transmitting a 2^-1 bit pattern down standard fibre at a 
data rate of 2.592 G b/s. The dispersion of the fibre was approximately 
17ps/nm /km . The modulator was driven w ith a peak to peak voltage swing of 
3V and a mean bias of -2V. The laser bias current was 31mA. The data was 
generated by an Anritsu MP1650A pattern generator and was detected by a 
commercial STC receiver based on an avalanche photodiode15. Erbium doped 
fibre amplifiers16 driven by 1480nm pump sources were used to compensate for 
the fibre loss. The spontaneous emission generated by these amplifiers was 
partially removed by a tuneable filter which was placed in front of the receiver. 
The system configuration employed and the results obtained are shown in 
Figures 9.13 and 9.14. The penalty for transmission over 380km of fibre was 
3dB.

9.5. DISCUSSION
The above results indicate that the integration procedure was successful, as 
more than lOmW of power was coupled into the modulator and the 
performance of the laser and the modulator were not compromised by the 
integration process. The problems arose from the fact that so much power was 
coupled into the modulator that it was operated in a regime not previously 
encountered. The result was hole accumulation in the modulator quantum  
wells, which caused saturation effects in its dc and rf response. In an attempt 
to combat the saturation problem the systems measurements were m ade using
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a device in which the modulator absorption coefficient was lower than ideally 
desirable. This was achieved by choosing a integrated device with an 
operating wavelength which was situated a long way from the m odulator band 
edge. One side effect of such an approach is that the m odulator tends to have 
relatively large and positive chirp17. It seems likely that this is the reason w hy 
the dispersion penalty for transmission over 380km was 3dB, rather than the
0.9dB that one would anticipate for an ideal zero chirp source.

The device results indicated that the saturation problem had to be solved before 
the integrated laser modulator would become a practical component for use in 
real systems. A solution to the saturation problem was in fact discovered in a 
later phase of the project. An outline of this solution is given in the next 
chapter.

The saturation behaviour of the integrated device was the only aspect of its 
performance which was not satisfactory. Given that this problem was solved it 
is then worth reviewing the costs and benefits of the integration process.

The advantages of fabricating the laser m odulator as an integrated device 
rather than as its discrete equivalents are as follows:
a) There is a reduction in the number of fibre or microlens alignments required 

in the manufacture of the transmitter.
b) There is an improvement in the coupling efficiency between the laser and 

the modulator, and hence an improvement in the transmitter power output.
c) The polarisation of light entering the m odulator is automatically aligned to 

the quantum well structure.
d) On wafer probe card testing using adjacent lasers and m odulators as 

transmitters and detectors is possible.
e) A back facet monitor can be integrated with the laser-modulator w ithout 

further complication of the fabrication process.

The costs of integration are all incurred in the wafer fabrication process. They 
can be illustrated by listing the additional steps which laser-modulator 
fabrication adds to the conventional DFB process. The DFB process is 
described in section 8.2.1. The additional fabrication steps are listed below.
a) An oxide pattern is deposited on the substrate before substructure growth.
b) The protective InP layer deposited on the top of the substructure is only 

removed from selected regions of the wafer rather than its entire area.
c) The DFB gratings must be aligned to the selectively grown regions.
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d) A double exposure of the ridge patterning resist is required to ensure 
complete development in the deep recess described in section 9.3.2.

e) A double exposure of the contact window patterning resist is required for 
the same reason as above.

f) The p side metal layer must be patterned.

The difficulty of each of these additional process steps can be-sum marised as 
follows.

Steps a and b involve conventional silicon dioxide deposition and patterning by 
photolithography. The grating alignment in step c took some time to 
implement, but most of the alignment is performed under computer control, 
and is now almost automatic. The double exposures in steps e and f involve 
exposing the resist through a second mask before development. The second 
exposure allows one to vary the dose given to different regions of the wafer 
and, with practice, only takes fifteen minutes.

The p side metal patterning is a greater complication as this is an entirely new 
process not required in the manufacture of DFB lasers. However, it is usually 
required for modulators, whether discrete or integrated, to help achieve the 
required capacitance18. The use of p side metal patterning also opens the 
opportunity for on wafer probe card testing and the use of test structures.

The overall success of the integration process can be measured by calculating 
the cost of a packaged integrated laser modulator, and comparing it w ith that 
of its packaged hybrid equivalent. In practice this calculation is not easy as it 
involves a knowledge of process costs and yields for the route which one has 
not taken, as well as those for the route which one has followed. The problem 
is complicated by the fact that it is difficult for companies to release yield and 
cost data for commercial reasons. However the potential cost advantage of the 
integrated laser modulator can be seen from the fact that the packaging of an 
integrated device, which only involves one optical alignment, typically costs 
more than the chip. In this situation it seems likely that the small cost benefits 
in the processing procedures for hybrid components would be greatly 
outweighed by the cost of the multiple alignments required in the packaging 
process.
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Chapter 10

Recent Developments 
in Laser Modulator Integration

10.1. INTRODUCTION
In the period since the completion of the work described in Chapter 9 there has 
been a considerable amount of work on laser modulators, both at BNR Europe 
and at other laboratories. In this chapter I have compared the reported 
performances of these devices, to see they were influenced by the interface 
design. I have also included a brief account of the development of the laser 
modulator at BNR Europe, as it was in this phase of the work that the seeds 
sown in the design of the device blossomed and started to bear fruit.

10.2. THE LASER-MODULATOR AT BNR
The performance of the first wafer of integrated laser m odulators 
(see chapter 9) indicated that the device was a promising candidate for use as a 
transmitter in 2.5 and lOGb/s transmission systems. As a result, a larger team 
of people was allocated to work on the device and develop it from a technology 
demonstration to a practical component for production.

The first problem tackled by this team was that of power saturation in the 
modulator. The problem was solved by:
a) using quantum wells and barriers under compressive and tensile strains 

respectively1.
b) placing the quantum well stack in the centre of the m odulator intrinsic 

region.
The former change reduced the barrier to hole escape. The latter reduced the 
effect of any residual hole accumulation on the electric field in the quantum  
well region.

The improvement in the saturation performance meant that the device could be 
operated in a regime where the absorption coefficient in the m odulator was 
higher. This allowed us to move the operating wavelength of the laser closer to 
the modulator bandedge, in an attempt to reduce the m agnitude of the
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modulator chirp2. As a result the penalty for transmission over 360km of 
standard fibre at 2.5Gb/s was reduced to ~0.4dB. A typical bit error rate plot 
of such performance is shown in Figure 10.1. Ironically, one side effect of the 
reduction in the separation between the lasing wavelength and the modulator 
bandedge was that selective area epitaxy was no longer necessary. The 
required lasing wavelength could be obtained by simply detuning the grating 
pitch from the gain peak. This change simplified the fabrication process and 
hence was adopted as the norm.

In the course of the development program the device processing was moved 
onto 2" wafers and the probe card testing procedures were automated. The 
probe card testing system can now test the 1500 or so devices on a single wafer 
in about 15 hours. This technique has increased the num ber of lasers that a 
small team can hope to test by at least an order of magnitude. The results of 
these tests can be analysed using statistical techniques to see trends that would 
be invisible with smaller device numbers. An example is shown in Figure 10.2, 
where histograms of the threshold currents of selectively grown strained MQW 
lasers are plotted for different mask widths. The small increase in threshold 
current as a result of the selective growth w ould be invisible if the sample size 
was smaller.

The fact that all the devices fabricated on a 2" wafer are tested means that one 
can m ap device parameters and correlate them with materials data, such as the 
photoluminescence wavelength and X-ray measurements. An example of a 
wafer map of threshold current is shown in Figure 10.3.

The test structures have also provided valuable information. For example, 
Figure 10.4 shows the extinction of a large num ber of 92pm long modulators as 
a function of the applied bias voltage. These plots show how the extinction 
changed as the difference between the modulator bandedge and the lasing 
wavelength was increased. The plots are in good qualitative agreement with 
photocurrent measurements. The data collected from the above test structures 
has also been analysed to provide information about the m agnitude and 
uniformity of the modulator insertion loss and the m odulator saturation 
performance.

As a result of the above improvements the integrated laser m odulator is now 
going into production at Northern Telecom's plant in Devon. An integrated 
laser modulator fabricated by Fujitsu is already on the market.

i l l



lo
gl

O
(B

ER
)

-3

-10

-11
10 errors; in 
gate time-12

-13

-14 no errorsin  g a te  tim e

-15

0 km

360 km

25 C,
100 mA,
2.0 V pp,
2.0 V bias, 
2A 31-1 PRf

-37 -36 -35 -34 -33 -32 -31 -30 -29 -28 -27 -26 -25 - -24
f t

Received power dBm

Fig 10.1 BER of strained QW integrated laser modulator at 2.592 Gb/s



Wafer E1242

Frequency

1 2  0  r Active material grown 
without use of selective 
area epitaxy . _

Active material grown 
in 72pm gap between 
two 7pm wide selective 
epitaxy masks

1

n

Active material grown 
in 72pm gap between 
two 14pm wide selective 
epitaxy masks

Threshold Current /mA

Fig 10.2 Effect of selective area epitaxy on the threshold 
currents of strained QW devices



1:\dataSmodulatr\on_uafer\el293\resall.dat ON WAFER TEST 

Laser Threshold Current (modulator end)
8.0

10 .0

12.0

14.0

16.0 

18.0 

20.0 

22 .0  

24.0

Max bin = 67.8 X 
1564 Deuices

Fig 10.3 Map of laser modulator threshold current from probe card testing system



Xrtn=1547nm

=> -3 esi

-4 -

-6 - -6 -

Vbias VbiasVbias

W afer E 1552U
-2 - -2

M easu rem ents m ade at lth+10mA
CM CMon

-4 - T ests  at different w avelen gth s m ade  
by adjusting grating pitch

-6 -

Vbias Vbias

Fig 10.4 Modulator extinction as a function of bias voltage. Measurements made at a series of
wavelengths and at 78 points across the wafer.



10.3. THE EFFECT OF THE LASER MODULATOR INTERFACE ON DEVICE 
PERFORMANCE

In the last few years there have been a number of reports on the use of 
integrated lasers and electroabsorption modulators for the transmission of NRZ 
data over digital communication links3'4'5'6'7'8'9'10'11'12. The J^ehaviour of a 
selection of these devices is compared in Table 10.1.

The data transmission performances of the laser-modulators in the above table 
have been compared by calculating the product of the maximum transmission 
distance over standard fibre, and the square of the bit rate . This figure of merit 
is crudely related to the chirp performance of each device13. An increase in the 
value of the figure of merit indicates that the chirp performance of the device 
has become more suitable for transmission over standard fibre. In addition, the 
figure of merit should remain approximately constant, for a device w ith a given 
chirp characteristic, as the bit rate is varied. This means that it can be used to 
compare the results of transmission experiments conducted at different bit 
rates.

The numbers the table should be regarded with some caution as there are many 
adjustable parameters in the fabrication and testing of laser-modulators and, 
inevitably, the conditions employed tend to depend on the laboratory. This is 
particularly true for bit error rate measurements, where a large num ber of 
factors can have an influence on measured dispersion penalty.

If one examines Table 10.1 one can see that there is no strong correlation 
between the type of laser modulator interface and the device output power. 
However, the highest reported output power was obtained from a device with 
an LPE grown butt coupled interface, rather than one grown by MOCVD. This 
observation is consistent with the fact that LPE growth over steps appears to be 
less troublesome than that of MOCVD (see section 6.2.1).

There is also no obvious connection between the laser modulator interface 
design and its data transmission performance. This is not surprising as the 
transmission performance is primarily determined by the chirp behaviour of 
the laser-modulator. Changing the design of the interface should not affect this 
behaviour, though devices with different interface efficiencies m ay exhibit 
different amounts of laser chirp as a result of different levels of optical 
feedback from the modulator facet14. However such feedback is also
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influenced by the facet reflectivity, the modulator insertion loss and the 
modulator length. Consequently the effect of this parameter cannot easily be 
extracted from the table.

The only parameter in the table which shows a clear correlation with the type 
of interface is the number of epitaxial growths required during device 
fabrication. This reason is that the butt coupling technique requires one more 
epitaxial growth than other methods of interface construction. The additional 
growth required for the butt coupling scheme is often troublesome if it is 
performed by MOCVD, for the reasons described in section 6.2.1. Hence the 
fabrication schemes for butt interfaces tend to be more arduous then those for 
other coupling techniques.

In practice some of the performance parameters that the laser m odulator 
interface design is likely to affect are difficult to measure. These param eters 
include the reliability of the device and the reproducibility of the fabrication 
process. Data on reliability inevitably takes some time to gather and often 
remains unpublished. Information on reproducibility is also rare as it can only 
be obtained by making a large number of measurements. Reliability and 
reproducibility will have a major influence on the success with which photonic 
integration can be applied to a particular application. However, 
comprehensive information on the effect of the interface design on these 
parameters is unlikely to be available for some time.

10.4. REFERENCES

1 I.K.Czajkowski, M.A.Gibbon, GH.B.Thompson, P.D.Greene, A.D.Smith 
and M.Silver, IEE Electronics Letters, 1994, 30, pp.900-901

2 J.E.Zucker, I.Bar-Joseph, B.I.Miller, U.Koren and D.S.Chemla, Applied 
Physics Letters, 1989, 54, pp. 10-12

3 H.Soda, M.Furutsu, K.Sato, N.Okazaki, S.Yamazaki, H.Nishimoto and 
H.Ishikawa, IEE Electronics Letters, 1990, 26, pp.9-10

4 H.Tanaka, M.Suzuki, H.Taga, S.Yamamoto and Y.Matsushima, IEE 
Electronics Letters, 1991, 27, pp.390-391

113



5 P.I.Kuindersma, P.P.G.Mols, G.L.A.v.d.Hofstad, G.Cuypers, M.Tomesen,
T.v.Dongen and J.J.M.Binsma, IEE Electronics Letters, 1993, 29,
pp.1876-1878

6 K.Sato, I.Kotaka, K.Wakita, Y.Kondo and M.Yamamoto, IEE Electronics 
Letters, 1993, 29, pp.1087-1088

7 K.Wakita, K.Sato, I.Kotaka, M.Yamamoto and T.Kataoka, IEE Electronics 
Letters, 1994, 30, pp.302-303

8 T.Kataoka, Y.Miyamoto, K.Hagimoto, K.Sato, I.Kotaka and K.Wakita, IEE
Electronics Letters, 1994, 30, pp.872-873

9 T.Kato, T.Sasaki, K.Komatsu and I.Mito, IEE Electronics Letters, 1992, 28, 
pp.153-154

10 K.Momatsu, T.Kato, M.Yamaguchi, T.Sasaki, S.Takano, H.Shimizu, 
N.Watanabe and M.Kitamura, Proceedings of the Optical Fibre Conference, 
1994, paper TuC3

11 J.E. Johnson, T.Tanbun-Ek, Y.K.Chen, D.A.Fishman, R.A.Logan, 
P.A.Morton, S.N.G.Chu, A.Tate, A.M.Sergent, P.F.Sciortino, Jr., and 
K.W.Wecht, Conference Digest of 14th IEEE International Semiconductor Laser 
Conference 1994, (IEEE Catalog Number 94CH3379-5), pp.41-42

12 M.Aoki, N.Kikuchi, K.Sekine, S.Sasaki, M.Suzuki, T.Taniwatari, Y.Okuno, 
A.Takai and T.Kawano, IEE Electronics Letters, 1993, 29, pp.1983-1984

13 F.Koyama and K.Iga, IEEE Journal of Lightwave Technology, 6, 1988, 
pp.87-93

14 J.A.J.Fells, M.A.Gibbon, G.H.B.Thompson, I.H.White, R.V.Penty, 
A.P.Wright, R.A.Saunders, C.J.Armistead and E.M.Kimber, "Improving 
the system performance of integrated m ultiquantum  well laser 
modulators with negative chirp", submitted to OFC'95

114



Chapter 11 

The Future for Photonic Integration

11.1. INTRODUCTION
The integrated laser and electroabsorption m odulator is likely to be one of the 
first cases of photonic integration that is successful in a commercial setting. 
One of the reasons for this probable success is the fact that a low chirp source of 
this type is desirable in long haul, high bit rate transmission systems. 
However, the fact that the laser and the m odulator have similar layer structures 
is also significant, as it has enabled the development of reliable devices that are 
manufactured using a simple and reproducible process.

There are a number of other situations, in addition to laser-modulator 
integration, where photonic integration could bring considerable benefits. This 
number is likely to increase with time, as the optical and optoelectronic parts of 
transmitters become more complicated, and their cost becomes more important. 
The challenge for these devices is to develop the device designs, and 
simultaneously tame the technology, until one reaches a point w here such 
integration becomes practical. This chapter describes some of the 
developments that are happening now, and some that may be possible in the 
future.

11.2. THE DEVELOPMENT OF INTEGRATION TECHNOLOGY
The development of new integration technologies and the investigation of 
existing ones is likely to be a productive, though boundless, task for some time 
to come. Some technology developments that would be particularly useful are 
summarised below.

11.2.1. Control of Selective Area MOCVD
Chapter 7 showed that the behaviour of selective area MOCVD under 
particular growth conditions could be predicted w ith reasonable accuracy. 
However, to date, these predictions have only been verified for devices with 
structure in two dimensions. It would be useful to extend this analysis to three 
dimensions to enable accurate design of, for example, chirped gratings and
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waveguide tapers. The mathematical extension of the current m odel to three 
dimensions would not be difficult. However, the way in which the solution 
was obtained would have to be modified if the result was to be obtained in a
reasonable time interval.

The data presented in chapter 7 also showed that excess Ga diffuses further 
away from the silica masks than excess In during selective-*'growth. The 
analysis in section 7.4.3 indicated that the different diffusion distances may be 
related to the fact that the methyl-gallium and m ethyl-indium bonds in the 
growth precursors have different strengths. It should be possible to 
deliberately engineer the strength of these bonds by developing new  types of 
precursor, such as some of those that are currently being developed for safety 
and other reasons1. This would allow one to make the diffusion lengths of the 
group III species equal to one another. The advantage of this developm ent 
would be the ability to obtain much greater variations in growth rate w ithout 
encountering problems with lattice mismatch.

11.2.2. Butt Coupling
Butt coupling is a very attractive integration technology because of its great 
flexibility and high theoretical efficiency. Chapter 6 showed that low loss butt 
interfaces have probably been fabricated by LPE, but that there are still 
significant problems when this technique is combined with MOCVD. This is 
unfortunate as LPE has now been superseded by MOCVD in most laboratories. 
The reason is that the latter technique produces material w ith superior 
uniformity and sharper heterostructure interfaces.

The difficulties with MOCVD based butt coupling may well be related to the 
fact that the composition of GalnAsP deposited from a given source mixture 
depends on the crystallographic orientation of the facet on which it is 
deposited. A number of such crystal facets develop when conventional 
multilayer device structures are grown over contoured substrates2'3'4'5. The 
type and area of each facet exposed depends on, the crystallographic 
orientation of the step, the growth conditions, the composition of the GalnAsP 
layer and the time elapsed since the start of deposition3'5. A num ber of authors 
have made extensive qualitative studies of the way in which these 
crystallographic facets evolve under different conditions. However 
quantitative studies of the composition of such structures are rare3. Extensive 
compositional studies of this type may now be possible with the advent of 
techniques such as high resolution Auger analysis, and computer controlled
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focused ion beam milling followed by STEM-EDX3. The prospect of using 
these techniques to develop a general model of the behaviour of MOCVD on 
structured substrates is daunting, as the param eter space is very large. 
However, high resolution analysis techniques w ould be an invaluable aid to 
the optimisation of known structures, such as butt interfaces. A study of this 
type would involve mapping the compositional variations across a longitudinal 
section through the butt interface. The composition profile obtained would 
then be fed into a numerical model to calculate the effect of such variations on 
the propagation of the optical mode through the interface. Finally the result 
obtained would be used to guide adjustment of growth conditions, such as the 
composition of the gas in the reactor, and the facets exposed at the start of 
deposition.

Photonic integration by butt coupling m ay be easier w ith more recently 
developed epitaxial deposition processes, such as CBE. Selective growth by 
CBE is possible6'7/8, but relatively little is known about its behaviour. CBE 
growth over structured surfaces is likely to be different from that of MOCVD 
but, once again, data on this subject is very limited. A quantitative comparison 
of the integration abilities of the two technologies w ould be very useful.

11.2.3. Mirror Etching
Section 5.6 described how the loss on reflection from an etched m irror, such as 
one of those used in the two dimensional demultiplexer, has been reduced to 
~ldB. The reduction in loss was obtained through the addition of carbon 
dioxide to the methane-hydrogen reactive ion etching mixture9'10. The 
development of the etching technology to achieve such a loss is a significant 
achievement. However, it is desirable to reduce the m agnitude of the mirror 
losses to even lower levels if one wishes to fabricate complex devices. This 
would involve development of the existing etching technology or the use of a 
new completely new one.

The development of a technology to coat the walls of an etched recess with a 
reflective material would also be helpful. The availability of such a process 
would allow one to design devices in which m irror structures illum inated at 
normal incidence did not suffer from excessive losses. Soole of Bellcore and 
Cremer of Siemens have already developed metal coats for this application11'12.

117



1 1 .3 . DEVICES BASED ON THE INTEGRATED LASER MODULATOR
Much of this dissertation has described the developm ent of an integrated laser 
modulator for the transmission of NRZ data. However, the integrated-laser 
electroabsorption modulator also has a second application as a soliton13'14 pulse 
generator. The pulses are generated by applying a electrical signal, which is a 
combination of a negative dc bias and sine wave, to the modulator. These drive 
conditions produce short optical pulses because the m odulator-spends most of 
the sine wave period in deep extinction. The integrated laser m odulator is an 
attractive soliton generator because the pulse jitter of such a transm itter is 
simply determined by the stability of the sine wave from the electrical 
generator. It is also possible to integrate a second m odulator onto the chip, so 
that data can be modulated onto the train of pulses15.

It seems likely that the chirp requirements for transmission over long spans of 
standard fibre at lOGb/s will be difficult to meet with an electroabsorption 
modulator. However they may be satisfied by a Mach-Zehnder device16. The 
integration of such a modulator with a laser will offer the same benefits as 
laser-electroabsorption modulator integration. However, the integration 
procedure will be more difficult for the Mach-Zehnder device as the layer 
structures of the laser and the modulator will inevitably be more dissimilar 
than those of the device discussed in this dissertation.

A device which would be easier to make, w ould be one in which a laser was 
integrated with a Mach-Zehnder structure fabricated on material suitable for 
absorption modulation, rather than phase modulation. This approach would 
allow one to use the selective epitaxy integration scheme described in chapter 9. 
The modulator would be in the off condition when the same bias was applied 
to both arms, if the one arm of the Mach-Zehnder device was half a wavelength 
longer than the other. Applying a bias to one of the arms would then switch 
the device to its transmitting state. The advantage of this device over a 
conventional electroabsorption modulator is that the sign of the m odulator 
chirp is reversed. Consequently, it would be easier to operate in the negative 
chirp regime desirable for high bit rate transmission over standard fibre. It is 
difficult to obtain such chirp from conventional electroabsorption devices 
without incurring large insertion losses.
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11.4. DEVICES INCORPORATING 2D OPTICS
In section 5.6 I stated that the 2D demultiplexer had to be integrated w ith 
photodetectors if it was to become a useful com ponent The integration of a 
demultiplexer with an array of photodiodes has, in fact, recently been 
demonstrated at BNR Europe. The photodiode array was integrated w ith the 
slab waveguide using a method similar to the evanescent coupling technique 
described in section 6.2.3. Two dimensional grating demultiplexers integrated 
with photodiode arrays have also been demonstrated by Soole at al17 and 
Cremer at al18.

Cremer has taken the two dimensional optics technology one stage further by 
using butt coupling to integrate an amplifier with a demultiplexer and 
photodiode combination19. This advance makes the losses of the m irror based 
components much less important. The idea of placing an amplifier before a 
grating is attractive because the grating automatically filters the spontaneous 
emission from the former component, thus improving the sensitivity of the 
photodiode receivers.

The 2D optics technology has applications other than the development of an 
integrated demultiplexer-photodiode array. One example is the integration of 
a laser array with a 2D grating to produce a WDM source with well controlled 
wavelength spacing20. Hybrid21'22 and monolithically integrated23'24 versions 
of such a device have already been demonstrated.

One advantage of 2D optics is that the mirrors allow one to make major 
changes in the angle at which an optical beam is propagating with minimal 
loss. Consequently the 2D technology could be used to make a compact 
combiner for a large number of sources on the same chip. It could also be used 
to perform the reverse operation. It is difficult to guide light around such large 
angles in purely waveguide based components, w ithout either making the 
device very large, or incurring large losses.

11.5. DEVICES BASED ON SELECTIVE AREA EPITAXY
As mentioned in section 10.2, selective area epitaxy was not used in the final 
version of the integrated laser modulator. However it seems likely that it will 
find application in other areas. One example is the fabrication of waveguide 
tapers for mode conversion25. Tapers of this type could be used to expand the 
optical mode at the inputs and outputs of lasers26, modulators, amplifiers and

119



more complex optoelectronic devices. The expansion of the optical m ode in 
this manner increases the coupling efficiency between the device and 
conventional optical fibre. It also makes the coupling efficiency m ore tolerant 
of slight misalignments. Consequently mode expansion is particularly useful 
for low cost packaging technologies27'28 that rely on passive rather than active 
alignment.

Selective area epitaxy can also be used to integrate lasers w ith passive 
waveguides. One application of the latter integration procedure is in the 
development of high power lasers with non-absorbing facets to prevent
catastrophic optical damage29.

Finally, if the technology was sufficiently well controlled, selective area epitaxy 
could be used to create a low loss lens in a slab waveguide. The refraction in 
such a component would arise from the changes in thickness, and hence 
effective index, of the slab waveguide. The fact that the waveguide w ould be 
thicker next to the dielectric masks would make the optical function of such a 
component similar to that of a bi-concave lens in free space optics. One 
application would involve inserting the selectively grown region between an 
optical waveguide and a mirror designed to produce a collimated beam of a 
given width. This approach would reduce the distance between the waveguide 
output and the mirror, thus allowing one to produce wide collimated beams in 
a device of reasonable size.

11.6. REFERENCES

1 G.B.Stringfellow and J.J.Coleman, "Metalorganic vapour phase eptiaxy 1992 ", 
(North-Holland, The Netherlands, 1992), pp.64-158

2 H.Sugiura, A.Rudra, J.F.Carlin, H.J.Buhlmann, D.Araujo and M.Ilegems,
Semiconductor Science and Technology, 1993, 8, pp .1063-1068

3 E.J.Thrush, J.P.Stagg, M.A.Gibbon,^R.E.Mallard, B.Hamilton, J.M.Jowett
and E.M. Allen, Materials Science and Engineering, 1993, B21, pp.130-146

4 E.J.Thrush, M.A.Gibbon, J.P.Stagg, C.G.Cureton, C.J.Jones, R.E.Mallard,
A.G.Norman and G.R.Booker, Journal of Crystal Growth, 1992, 124, 
pp.249-254

120



5

6

7

8

9

10

11

12

13

14

15

16

17

18

B.Garrett and E.J.Thrush, J.Crystal Growth, 1989, 97, pp.273-284

Tsang W T, Yang L, Wu M C and Chan Y K 1991 Electron. Lett 27 3

Wang Y L, Feygenson A, Hamm R A, Ritter D, Weiner J S, Temkin H  and 
Panish M B 1991 Appl. Phys. Lett. 59 443

Andrews D A, Rejman-Greene M A Z, Wakefield B and Davies G J 1988
Appl. Phys. Lett. 53 97

S.M.Ojha, G.H.B.Thompson, C.G.Cureton, C.B.Roders, S.J.Clements, 
M.Asghari and I.H.White, IEE Electronics Letters, 1993,29, pp.805-807

G.H.B.Thompson, S.M.Ojha, S.Clements, I.H.White and M.Asghari,
Proceedings of the European Conference on Integrated Optics, (Switzerland, 
1993)

J.B.Soole, A.Scherer, Y.Silberberg, H.P.LeBlanc, N.C.Andreadakis,
C.Caneau and K.R.Poguntke, Electronics Letters, 1993, 29, pp.558-560

C.Cremer, N.Emeis, M.Schier, G.Heise and G.Ebbinghaus, IEE Proc. J, 
1993,140, pp.71-74

L.F.Mollenauer and R.H.Stolen, Fibreoptic Technology, April 1992, 
pp.193-198

M.Suzuki, H.Taga, N.Edagawa, H.Tanaka, S.Yamamoto and S.Akiba, IEE 
Electronics Letters, 1993, 29, pp .1643-1644

K.Sato, K.Wakita, I.Kotaka, Y.Kondo and M.Yamamoto, Proceedings of 19& 
European Conference on Optical Communication (ECOC93), (Druckerei 
Richterswil, Switzerland, 1993), pp.313-316

C.Rolland, R.S.Moore, F.Shepherd and G.Hillier, IEE Electronics Letters, 
1993, 29, pp.471-472

J.B.Soole, A.Scherer, Y.Silberberg, H.P.LeBlanc, N.C.Andreadakis, 
C.Caneau and K.R.Poguntke, Electronics Letters, 1993, 29, pp.558-560

C.Cremer, G.Ebbinghaus, G.Heise, R.Muller-Nawrath, M.Schienie and 
L.Stoll, Applied Physics Letters, 1991, 59, pp.627-629

121



19 C.Cremer, M.Schier, G.Baumeister, G.Ebbinghaus, H .Huber, W.Kunkel, 
J.G.Bauer, G.Kristen, J.Rieger, RSchimpe and R.Strzoda, IEE Electronics 
Letters, 1994, 30, pp.1625-1626

20 P. A.Kirkby, Journal of Lightwave Technology, 1990, 8, pp.202-211

21 K.O.Nyairo, I.H.White, P.A.Kirkby and C.J.Armistead, /£ £  Proc. /, 1991, 
138, pp.337-342

22 K.O.Nyairo, I.H.White, C.J.Armistead and P.A.Kirkby, IEE Electronics
Letters, 1992, 28, pp.261-263

23 J.B.D.Soole, K.Poguntke, A.Scherer, H.P.LeBlanc, C.Chang-Hasnain, 
J.R.Hayes, C.Caneau, R.Bhat and M.A.Koza, IEE Electronics Letters, 1992, 
28, pp .1805-1807

24 K.R.Poguntke, J.B.D.Soole, A.Scherer, H.P.LeBlanc, C.Caneau, R.Bhat and 
M.A.Koza, Applied Physics Letters, 1993, 62, pp.2024-2026

25 E.Colas, A.Shahar,T.B.Soole,W.J.Tomlinson,J.R.Hayes, C.Caneau and
R.Bhat, /. Crystal Grozoth, 1991,107, p.226

26 H.Kobayashi, H.Soda, M.Ekawa, N.Okazaki, S.Ogita and S.Yamazaki, 
Conference Digest of 14th IEEE International Semiconductor Laser Conference 
1994, (IEEE Catalog Number 94CH3379-5), pp.191-192

27 J.W.Parker, P.M.Harrison, P.J.Ayliffe, T.V.Clapp, M.C.Geear and
R.G.Peall, Microelectronic Engineering, 1992,19, pp.215-218

28 J.W.Parker, P.J.Ayliffe, T.V.Clapp, M.C.Geear, P.M.Harrison and
R.G.Peall, IEE Electronics Letters, 1992, 28, pp.801-803

29 G.P.Agrawal and N.K.Dutta, "Long wavelength semiconductor lasers", (Van 
Nostrand Reinhold, New York, 1986), pp.420-430

122



Appendix A

Grating Performance

Consider the situation shown below

For diffraction into the Nth order

N X  (A.l)
afsina +sin(a +A0)]=----

n

where X  is the free space wavelength, n is the effective index and a is the grating 
period. Differentiating with respect to X one finds that the dispersion along the 
output facet is then given by

«—.(1 — \tana  (A-2)
dX n  d X )

where 1 is the focal length of the focusing mirrors.

Similarly for diffraction into the (N+l)th order

a[sina +sin(a +Aa +A6)] = -̂— (A. 3)
n

where Aa is the angle between the Nth and (N+l)th orders. Subtracting (A.l)
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from (A.3) one finds that the separation between diffraction orders at the output
facet is given by

ZAa-— ——  (A.4)
an. cosa

If the grating is illuminated with light of two wavelengths then two sets of 
diffraction orders are generated. The wavelength s e p a ra tio n .^  required to 
make the diffraction orders of one wavelength superim pose with the adjacent 
orders of the other, is given by dividing the order separation (A.4) by the 
dispersion (A.2).

X2
=  ---------------------------------------  ( A  er>n (1 X d n \  . (A.5)

2an.\ 1   .since{ ndXJ
This formula is only valid for large N.

The extent of the diffraction pattern is determined by the effective w idth of each 
grating element. The series of grating elements can be regarded as a comb 
function convoluted with an element aperture. The diffracted beam is the 
Fourier transform of this arrangement. This is another comb function 
(representing the series of diffracted orders) m ultiplied by an envelope function 
which is the Fourier transform of the element aperture. The w idth of the 
element aperture presented to the incoming beam is a.cos a . Consequently the 
electric field envelope function E is given by

/
E - A sine — . tf.cosa. sin(A0)| (A.6)

where A is a constant.

The resolution of the grating is determined by its total w idth and the profile of 
the incident illumination. This can be expressed in terms of Fourier diffraction 
theory by stating that the Fourier transform of the illumination profile, truncated 

by the grating width, is convoluted with the comb function of output orders 
described above. An approximate analysis of the effect of the grating w idth on 
the wavelength resolution of the device, can be m ade by assuming that the 
grating is illuminated with a Gaussian beam. The electric field envelope
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function F to be convoluted with each diffraction order is then given by

F  =  B.
2nn.sm(A8)

(A.7)

2

w0 is the width of the Gaussian beam measured to the -1 /e2 intensity points, wg
is the width of the grating projected onto the incident wavefront and B is a 
constant. An approximate solution to the above equation can be found by 
turning the integration into a sum. This sum can either be regarded as a 

numerical solution to the above integral, or as the addition of the amplitude and 
phase components from each grating element. In practice the effective w idth of 
each grating element is ~w0/1 0  and hence this is an appropriate unit of division 
for the approximation of the integral. If one uses this approach then the electric 
field envelope function is given by

b
s jd n(A0) (A.8)

where b is the nearest integer to
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Appendix B

Device Specifications

Layer Structure 
Substrate 
Buffer layer

Material 
Thickness 

Guide layer
Material

P̂L
Thickness

Derived Parameters 
Effective relative permittivity (>.=1.51pm) 

TE mode 10.87±0.18 

TM mode 10.71±0.20

Lateral Guiding
Ridge waveguide

Rib depth 37 nm

Layout
Number of grating elements 
Grating spacing 
Angle of grating illumination 
Parabolic mirror focal length 
Mirror Width

16
14.087 or 14.248 pm 
45°
620 pm 
175 pm

InP (Fe doped)

InP (undoped)
1 pm

GalnAsP (undoped)
(1.31±0.01)pm
(0.6±0 .1)pm
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Appendix C

Effect of Non-Uniform Effective Index 

on Position of Device Output

As discussed in section 4.2 a gradient in the effective index will cause the 
collimated beam to deviate from its intended path. If such deviations occur 
before the final mirror, this mirror will be illuminated at an incorrect angle of 
incidence and the output will be displaced from the intended position as shown 
below.

Actual
output
position

Intended
output
position

Final ’ 
mirror

Effective index gradients after the final mirror will have less effect as their 
"optical leverage" is reduced.

The incorrect angle of incidence at the final mirror can be represented by an
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additional path difference between the light incident at the top and the bottom 
of this mirror. If we assume that all of the path difference is introduced before 
the final mirror (the worst case), and that its value is the X / 5  benchmark quoted 
in chapter 4, then the deviation of the output can be established from the 
diagram below.

yi-y\= - j /2+ ^ / 2 + “ -JC (C.l)

U  
5 d

(C.2)

so if ^=0.46pm, l=620pm and d=175pm then x~0.3|J,m
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Appendix D

Effect of Strain on Bandgap of InP and GalnAsP

(Data from references 12 and 13 of Chapter 4, and from private communication 
with Dr Eoin O'Reilly of the University of Surrey)

Consider a thin layer of GalnAsP grown on top of an thick InP substrate. If the 
lattice constant of the epitaxial layer differs from that of the substrate then it will 
be left under biaxial tension or compression. In this situation the components 
e of the strain tensor are given by

where y is the lattice mismatch, z is the growth direction and a  is Poisson's ratio. 
The deformation can be represented as the sum  of a hydrostatic volume change

(D.l)

and

ezz
(D.2)

(D .3)

and an axial strain (in which there is no volume change).



The former distortion increases the energy of the conduction band by -100 meV 
/%  strain. The latter deformation does not affect the position of the conduction 
band minimum but splits the light and heavy hole valence band maxima equally 
about their original locations with the magnitude of the separation being -60 
meV /%  strain. The combined effect of the two distortions on the T  point band 
structure is as shown below.

Conduction band minimum

I 100meV/% strain

Heavy hole maximum

1 60meV/%strain

Light hole maximum

Unstrained Biaxial com pression
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Appendix E

Effect of Compositional Variations on Butt Joint 
Coupling Efficiency

Section 6 .2.1 describes how the composition of a GalnAsP alloy-eleposi ted from 
a given MOCVD source mixture depends on the crystallographic orientation of 
the facet on which it is deposited. This phenomenon is likely to have an impact 
on the coupling efficiency of a butt joint. The reason is that alloys w ith 
different compositions will, in general, have different refractive indices. 
Unfortunately, the problem is complicated, as the type and area of each facet 
exposed depends on the nature of substrate, the growth conditions, the nominal 
composition of the GalnAsP alloy and the time elapsed since the start of 
growth. Consequently a full analysis would entail m apping the compositional 
variations across the interface region. As far as I am aware, nobody has 
reported such a comprehensive survey. However, Thrush et al have m easured 
the composition of a GalnAsP alloy deposited on two different crystal planes1. 
I have used this data to assess whether the compositional variations seen in 
such epitaxial growth are sufficient to cause significant losses in bu tt coupled 
interfaces. It should be emphasised that the calculation is very approximate, 
and that accurate analysis would require a great deal of further study.

Thrush et al observed that Ga0 ^Ino 85AS0.3P0.7 and Gao jlng 9AS0.5P0.5 were 
deposited on different crystallographic planes from the same source mixture1. 
I have used the above compositions to calculate that the bandgaps of the 
materials were 1144 and 920meV respectively2. These bandgaps were then 
converted into refractive indices for light of 1.55pm in wavelength. This was 
achieved by assuming that the refractive indices were the same as those of 
lattice matched GalnAsP alloys with identical bandgaps. The justification for 
this assumption was that the Kramers-Kronig relationships3/4 indicated that 
changes in the energy levels of bands far away from the bandgap w ould have 
little effect on the refractive index. The index calculation5 was performed 
using the Afromowitz modified single oscillator model6'7'8. The refractive 
indices for the two compositions were 3.27 and 3.41 respectively.

The effect of these variations in refractive index on the propagation of light 
through a butt interface was estimated as follows. It was assumed that the two 
regions of different refractive index grew next to the butt interface in the
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manner illustrated in Figure E.l. The angle of deflection for a ray propagating 
through the interface was then determined from Snell's law 9. The power 
transmission coefficient for the ray was also determ ined using the Fresnel 
coefficients10. The indices used in these computations were the effective indices 
of 0.4p,m thick waveguides clad with InP, and containing m aterial of the 
refractive indices calculated above. The reason for the use of the effective 
indices was that the compositional variations were onlyvfound in the 
waveguide layer, and not in the cladding around it.

The loss caused by the deflection of the waveguide mode was then 
approximately calculated by assuming that the optical mode had a Gaussian 
profile with a radius, w, which gave it the same optical w idth as the true 
waveguide mode. The loss T when one such Gaussian mode was coupled into 
another at an angle of 0 radians was given by

where X was the wavelength of light in the w aveguide11.

The combined interface transmission loss as a result of the reflection and 
deflection of the Gaussian mode was plotted as a function of the interface angle 
a. This plot is shown in Figure E.2.

The results shown in Figure E.2 indicated that the loss caused by the change in 
index was small, when a  was small. However, it rose rapidly as a  became 
large because the deflection of light passing through the interface, and the 
power reflection from it, both increased. In addition, when the m aterial of 
higher refractive index was placed next to the butt joint, the condition for total 
internal reflection was achieved when a  was greater than 76.9°.

The above calculations indicated that butt coupled interfaces may suffer from 
severe losses if the epitaxial material next to the butt joint is of unusual 
composition, and is deposited on planes slightly inclined to (100). The 
deposition of epitaxial material on planes slightly inclined to (100) is common 
in such regions12. However, I am not aware of any information on the 
composition of such material. It seems that this is an area worthy of further 
study.

(E.l)
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Appendix F

Iterative Fourier Method 
for Selective Growth Model

The physical model used for selective growth is described in section 7.4.1 and is 
shown in Figure 7.16. I am not aware of an analytic solution to this problem. 
Indeed the boundary conditions are fundamentally incompatible w ith any form 
of analytic Sturm-Liouville analysis1. However, when faced with the need to 
use a numerical method it seemed worthwhile to use a technique w hereby the 
iterative matching could be reduced to a line, rather than having to take place 
over the whole area covered by the problem. The reduction of the problem  w as 
achieved by separation of the variables as shown below.

If one looks at the problem in Fig 7.16 one can choose a solution of the form
n = n0 -X (x)Z (z) (F.l)

but
V2n = 0 (F.2)

therefore
V2X(x)Z(z) = 0 (F.3)

and the new boundary conditions are as shown in Fig F.l.
Now if we choose X(x) to be

X(x) = ° f  A . c o s f ^ )  (F.4)
So w )

then we have allowed X(x) to be any function that satisfies the lateral boundary 
conditions. The solution for Z(z) is now uniquely defined for each value of a  
so that

n = n 0 -  A0( d - z ) -  Y .A a c o s f^ ^ ls in h f— ( d - z ) l  (F.5)Zl V w J \  w )
and by differentiating we find that

c o s h ^ ^ - j  (F.6)

We can set A0 to one without loss of generality as it simply changes the 
unperturbed growth rate, and we are looking for changes in the norm alised 
growth rate. This decision defines the concentration r^ at the top of the 
window to be

n ° = ( l  + d ) (R7)

The model can be started by assuming that

3n a=« na
_dz_ z=0

II > o +
Jt

y > R — cos 
w I W )
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= diffusion coefficient z *

= rate of adsorption of precursors 
per unit precursor concentration 
above wafer surface X(x)Z(z) = 0

w

V2X(x)Z(z) = 0

s x =o
dx

j  I r 0 ™ - ' ' " i ,

d

t - #
/  Sem icondu ctor  

, f ] surface

Oxide \
\ Substrate mask .L

dx

Centre of 
symmetry

r ) 7
-D X —  = k(n0 -  XZ) 

dz
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Fig F.1 Geometry and boundary conditions used in MOCVD growth model



5n
dz

= 0 over the mask and 1 everywhere else (F.8)
z=0

The Fourier components Aa can be calculated from this function and equation 
F.6, by numerical integration. The calculated components can then be used to 
calculate the functional form of the concentration of the reactive species n, 
using equation F.5. This allows us to calculate the error E.

E =
D z=0

dn
dz

(F.9)
z=0

The boundary conditions in Figure F.l indicate that if we have the correct 
solution then E will be zero. However we started by assuming that there was 
no excess deposition next the mask (i.e. A0=l) and hence the concentration of 
reactive species n, in the gas next to the mask will be too large. Consequently E 
will be greater than zero and will decay slowly as we move away from the 
masks. We can start to rectify this situation by making

(F.10)
/ "3n~ \

= eE +
f dn \

V Bz. z=0 J sec ond_ iteration \ _dz_z=0 J

where s is a number between 0 and 1 chosen to make the method converge as 
fast as possible, without creating instabilities. The above process is repeated for 
a large number of iterations until E becomes smaller than a set value.
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