
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Investigation of Low Voltage Fabry-Perot Modulators for Optical
Interconnect Applications

By
Declan James Byrne

A thesis submitted for the degree of 
Doctor of Philosophy 

in the University of Dublin

Under the supervision of 
Prof. John Hegarty 

Department of Physics 
Trinity College Dublin 

October 2000
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Summary

O ptical interconnect technology is one o f the proposed solutions to the fast approaching com m unication 

bottleneck in electronic digital systems, arising from the bandwidth lim itations o f  electrical interconnects. 

O ptical m odulators are a key technology in optical interconnect systems that can potentially provide the 

terabit (lO '^) per second data rates required by future electronic systems. The optical technology used in 

such optical systems must fulfil many requirem ents for operation in what is a com plex environm ent. One 

possible solution is an epitaxially grown sem iconductor modulator structure, consisting o f  multiple 

quantum  wells with an optical m irror or mirrors to form a modulator. Current devices with one back mirror 

operate sufficiently at current electronic supply voltages (=5V) but operation at low er voltage required by 

falling electronic supply voltages (=1V) does not produce the modulation depth required by digital systems 

to differentiate between digital logic values. The addition o f a second m irror to this structure to form a 

Fabry-Perot m odulator changes the physics o f  the device operation and has been shown to allow lower 

voltage operation to be possible.

The use o f an resonant structure strongly influences the device characteristics such as its spectral 

bandwidth, angular range o f  operation, sensitivity to changing am bient temperature, optical saturation, and 

most im portantly its sensitivity to variations in optical cavity thickness that determ ines the possible device 

arrays size. In this thesis the potential for low voltage operation o f these m odulator devices is explored 

particularly with reference to the InGaAs system and the resulting impact on the device operating 

tolerances is calculated. This work is part o f a project to construct a working optical interconnect system 

and the operating tolerances are com pared to the requirem ents o f a real system. The approach taken is to 

develop a numerical model com bined with experim ental m easurem ents to sim ulate the optical 

characteristics o f the devices allowing the potential limits o f operation o f such devices to be explored.

Fabry-Perot modulators using a metal mirror and Bragg m irror are first exam ined revealing the 

main param eters that govern the modulation achievable in a cavity structure and the device structure 

required at lower voltage operation. This work also revealed the lim itations on the m odulation achievable 

using a metal coating as an optical mirror, especially when it must also function as an electrical contact. 

Fabry-Perot modulators using two Bragg mirrors to form the optical cavity are shown to be necessary at 

very low voltages and show the back m irror reflectivity is critical to these devices. A lthough very low 

voltage operation is shown to be possible, an investigation of the device tolerances reveals poor results due 

to the high cavity finesse and long optical cavity length. The poor tolerances are shown to be improved by 

the use o f  a short optical cavity, a so called ‘m icrocavity m odulator’ device reveals the device tolerances 

and sensitivity to cavity thickness variation can be dram atically improved at very short cavity lengths o f  the 

order o f  a few wavelengths in size. The tolerances of these devices are exam ined with respect to the 

potential o f  existing technologies. Finally the lowest possible operating voltage using InGaAs m odulator 

devices is concluded and an ideal device structure for low voltage operation is sum m arised.
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Chapter 1: Motivation and Thesis overview

1.1 Introduction

Silicon integrated circuits (IC) have revolutionised our ability to process inform ation and 

sem iconductor optoelectronic devices have also had a major impact in inform ation com m unications 

and storage, however it is only very recently that these com plem entary technologies have been 

integrated. Since the arrival o f the first m icroprocessor in 1971 produced by Intel the processing 

capacity has grown exponentially with the number o f instructions perform ed in one second, roughly 

doubling every 18 months [1]. In order to fully utilise this processing ability in digital electronic 

systems, inform ation needs to be moved between ICs, ideally at a rate that avoids any latency. This 

interconnection is currently achieved using electrical metal lines but there are physical lim itations to 

the am ount o f inform ation these metal tracks can carry [2]. As the processing ability o f  IC increases 

there is a need for increased com m unication in/out o f the IC achieved via input/output pins, which also 

must increase in number, taking up valuable areas o f the silicon IC. Recent predictions by the 

sem iconductor industry [3] on the ‘interconnect technology’ required in future systems show that up to 

the year 2005 electrical interconnects will continue to fulfil the interconnection role due to the use of 

higher conductivity metals and dielectric material o f lower dielectric constant. Beyond 2005 a new 

approach for interconnection is necessary and research is required to find a solution. Opto-electronics 

interconnects are suggested as one o f the possible solutions. In this field o f research there has long been 

an interest in optical com puting and since the developm ent o f crystal growth techniques much progress 

has been made in opto-electronic devices and in devices that perform  logic functions optically [4], 

Initial devices were not suitable for integration to electronic chips due to their high pow er consum ption 

but advances in devices with low power consum ption such a vertical cavity surface em itting lasers 

(VCSELs) and multiple quantum well (M QW ) m odulators means integration is now possible. A lot o f 

current research in optical com puting has moved towards using the com m unication advantages o f 

optics that has long been exploited in optical fibre for long-distance com m unications (also developed 

due to the lim itations o f electrical wires) but now applied to shorter distance interconnection. The use 

o f optics in com puting could allow the processing abilities o f electronics to continue to scale to higher 

speed and capacity avoiding the limits imposed by electrical interconnection.
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In this thesis one of the opto-electronic devices currently favoured for use in optical 

interconnect, the MQW modulator device is investigated and developed with a view to lowering its 

operating voltage for compatible operation with future CMOS voltages [3] and future optical 

interconnects. In the remainder of this chapter the problems associated with electrical interconnects and 

the benefits of using light as the mode of communication are discussed. The approaches possible to 

implement optical interconnection are summarised as well as the various characteristics of devices 

short-listed for use in these systems. Finally following a brief history of the MQW modulator and an 

overview of the work presented in this thesis will be given.

1.2 Electrical and optical interconnection

The ability to integrate more transistors on a tiny piece of silicon IC has grown tremendously in the last 

two decades. Predictions for last year [3] were 21 million transistors rising to 1.4 billion in 2012. 

Correspondingly the on-chip clock frequency is predicted to increase from 1.2 Gbs ' to 3 Gbs ‘. This 

improvement in clock frequency is a result of shrinking feature size dramatically increasing the number 

of transistors. The reduced gate size results in faster switch times due to shorter device distances and 

thus a reduced signal travel time. The relationship between the number of transistors and the number of 

required input/output (I/O) pins on a chip is approximately given by Rent’s rule [5] C=(N/K)" and the 

number of pins (N) required increases with the processing ability (C) of the chip where K is a constant, 

approximately 2.5 for high performance applications and n also a constant, ranges from 1.5 to 3.0. The 

predicted required number of I/O pins for 2012 is 5500 and the required off chip frequency prediction 

of 3 Gbs ' results in a total aggregate data rate of 4.1 Tbs '. It is currently unknown how this will be 

implemented, large chip sizes are unfavourable as increasing the interconnection delay affects the chip 

cost, performance and speed [6], opening the possibility to an alternative approach to the current 

electronic packaging technologies used.

The weakness of high density and functionality silicon ICs lies in its electrical interconnection 

and is only related to the silicon devices themselves through their increasing demand for higher 

bandwidth. The physical reasons for the limited bandwidth of electrical interconnects have been studied 

[7,8] and are related to the resistance and capacitance of the metal line as well as signal loss at high 

frequencies due to the skin effect. As a result there is a general formula that sets a fundamental 

limitation on the maximum number of bits B^ax a simple electrical line can carry before frequency 

dependent losses and distortion lead to interference between bits of information, given by

= B o W i ’ ) ( I D
where A is the total cross sectional area of a line(s) o f length L. Bq is a constant = lO'^ bits s ' for on- 

chip lines and = lO'^ bits s ' for inter-chip lines. The ratio of the cross sectional area to the line length 

is known as the aspect ratio and means that using many small wires at low bit rates or large wires at 

higher bit rates leaves the total capacity unchanged. Scale invariance also means that miniaturisation 

does not bring any improvements. It is believed this limit will become problematic when data rates of 

Tbit s ' are required to and from IC. This limit is not a fundamental limit to electrical interconnects as 

repeaters could be used or other means such as frequency response line equalisation [9] to solve the
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above limit o f  a simple digital wire. This allows the limit to be stretched but not overcom e. There: are 

also other problem s encountered when using electrical interconnects.

Electrical cross talk becom es more significant at higher frequencies as the lines start to act like 

transm ission and receiving antennas, term ination resistors must be used for impedance m atching to 

avoid reflections. There is also the problem  o f loss related distortion m aking extraction o f tim ing 

signals more difficult and is problem atic when com m unicating the system clock signal. A lthough these 

additional concerns are not fundamental lim its they do have to be accounted for in the design o f  these 

lines.

The physical properties o f light give it an advantage for use as an optical interconnect [10]. 

The high optical frequency of =500 THz com pared to = lOMHz to lOGHz for electronics means that 

there is no frequency dependent loss and there is no aspect ratio lim it for optical interconnections. 

Because the carrier frequency is so high light can be m odulated at much higher frequencies than is 

possible electrically. Impedance matching is relatively simple and can be achieved using anti reflection 

coatings. The short wavelength o f light =500 nm com pared to = 3cm to 30m for electrical electronics 

means small waveguides (optica! fibre) can be used for light guiding. It is also possible to image 

thousands o f light beams in free space to sizes the order o f the wavelength, passing through one another 

as there is no cross talk and immunity to electrom agnetic interference, thus exploiting the parallelism  of 

light. The short wavelength also means thousands o f opto-electronic devices could be placed on the 

surface of an IC and occupying a much smaller area than occupied by an electrical I/O pin. The fact 

that light has a large energy quantum (le V  com pared to = 40neV to 40|xeV) means it is generated and 

detected quantum mechanically. There needs to be no direct electrical connection between em itter and 

detector in order to detect photons, allowing perfect electrical isolation. Due to the high capacitance 

and low impedance o f electrical transm ission lines high electrical power is consum ed (10 -lOOm W  per 

line) and they occupy a significant area o f the chip. Opto-electronic devices are available with lower 

electrical power consum ption [11] and once the optical signal is generated it can be sent large distance 

with little loss. The power consum ed is used to drive the optical transm itters and receivers. The power 

consum ption for an optical interconnect is expected to be an order o f magnitude less com pared to the 

electrical interconnect when used to connect CM OS ICs [12].

To summ arise, as silicon integrated circuits increase in processing ability their com m unication 

requirem ents becom e more dem anding and calculations show that significant lim its exist to the 

electrical bandwidth possible without using a large area o f the silicon. There is thus an expected 

com m unications bottleneck. The physical properties o f light make it a favourable solution to this 

com m unications problem.

1.3 Optical interconnect technology

There are a number o f technologies considered to implement optical interconnections to VLSI 

electronics and an overview  can be found in [12]. At a cabinet to cabinet and board to board level, 

optical fibre based interconnections are already used in high perform ance system s using m ultiplexing 

to exploit the parallelism  offered by optics to achieve high bandwidths. At a chip to chip level or

12



interm odule level within a board optical fibre technology is not suitable [13] although there has been 

som e progress using plastic optical fibre [14]. The approach taken is to integrate optoelectronic 

interfaces directly with the chip itself using a large num ber o f channels running a lower speeds in 

com bination with free space optics. The surface o f the chip itself can be used to integrate the optical 

inputs and outputs with the VLSI electronics. The optoelectronic interfaces can be integrated 

m onolithically or in a hybrid fashion.

Flip-Chip Flip-Chip
Bonding Done

InGaAs InGaAs

SI-CMOS

SI-CMOS

Figure 1.1: Flip-chip bonding o f InGaAs optoelectronic devices to CM OS.

Silicon itself is an indirect band sem iconductor and thus a very inefficient light em itter. It can be used 

as an optical detector and devices have been fabricated in silicon CM OS [15] but at the 850nm (or 

longer) em itter operating wavelengths currently being used for optical interconnects, the detector 

response is slow for devices made in silicon CM OS due to the long absorption length. Efforts to 

improve the speed generally result in reduced responsivity [16]. A nother approach is to epitaxially 

grow the optoelectronic devices on silicon and has been achieved using m odulators and light emitting 

diodes (LEDs) [17,18]. The higher growth tem peratures o f optoelectronic devices (=800°C) means that 

interconnect metalisation o f the CM OS cannot occur before the growth o f the optoelectronic devices as 

it results in degradation o f the lines. This is invasive to the electronics and research into low 

tem perature epitaxial growth [19] is being investigated to allow  the electronics to be fully fabricated 

before integration. The ideal situation is where the electronics and optoelectronic interface can be 

developed and optim ised separately and then integrated. This can be achieved in the case o f hybrid 

integration. One o f the most prom ising technique is flip-chip bonding. This has found wide application 

in electronics since first introduced by IBM [19,20]. Figure 1.1 shows the basis o f  the technique. A
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controllable volume of solder is confined between a wetable pad on the IC and the optoelectronic 

interface being surrounded by a non-wetable region. W hen the tem perature is raised to the m elting 

point o f the solder, surface tension brings the structures into alignm ent [21]. The meltmg point 

tem perature is below =200°C and does not affect the electronic interconnect lines. Figure 1.2 shows 

solder bum ps on an optoelectronic interface containing arrays o f  detectors and M QW  modulators on 

20|im  diam eter bond pads prior to integration [22].

Figure 1.2: Scanning electron microscope image o f  solder bumps on an optoelectronic interface 

containing arrays o f detectors and M QW  modulators. The solder bond pad diam eter is 20txm [22].

G ood mechanical and electrical properties are achieved as well as very high yield generally greater 

than the device yield [23]. Bond pads are =20|im^ in size allowing thousands o f optoelectronic devices 

to be integrated to the electronics. The work carried out in this thesis is part o f a project to dem onstrate 

Tbs ' com m unication to silicon electronics using this technique. The primary objective of the Smart 

Pixel OptoElectronic connections (SPOEC) project is to investigate three-dim ensional optical 

interconnects based on free-space connections. The functionality o f the system involves an 8 x 8 optical 

crossbar in which the 64 inputs can be routed to any one o f the 64 outputs. This has been achieved 

using a hybrid III-V sem iconductor - Silicon CM OS flip-chip bonded technology as the main optical 

switching chip and this will have 4096 detectors (and 128 m odulators) configured as a 64 x 64 array, 

each operating at >200 M bs '. Figure 1.3 shows the system schematic.
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Figure 1.3; Optical scheme of SPOEC Demonstrator.

A detailed account o f the system operation and com ponents can be found in [24]. The 

m odulator/detector optoelectronic devices on the switching chip are InGaA s-G aAs strain-balanced 

devices grown by molecular beam epitaxial (M BE). Arrays of detectors receive the input optical data 

via an 8x8 V CSEL array that has been optically fanned out 64 tim es using diffractive optical elements 

(DOE). The InGaAs/CM OS chip contains 8x8 blocks called ‘super pixels’ and each one receives all the 

input data. The underlying CMOS electronics convert the data to an electrical signal that will undertake 

path decoding before routing the signal that contains the address header o f that ‘super pixels’ to its 

m odulator output channel. The m odulator then sends the data to its dedicated detector in an 8x8 

detector array. In this way the 64 inputs can be routed to any one o f the 64 outputs. In achieving this 

goal the system  dem onstrates 64x64x250M bs' = ITbs ' I/O to CM OS electronics. A num ber o f 

experim ental dem onstrators have been constructed with potential terabit per second optical interfaces 

[25J but com plete operation has not yet been achieved.

Tck Run 1 OOMVs Av?r«9(>

Figure 1.4: Data switch through the SPOEC system shown in figure 1.3.
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Figure 1.4 shows one o f  the first measurem ents from the SPOEC system showing the input data on top 

with its address header and on the bottom, the data switched through the InGaAs/CM OS chip outputed 

by the ‘super p ixel’ m odulator with that address. The system is currently in the process o f  being tested 

and a data throughput o f  0.2 Tbs ' I/O to CM OS electronics has been dem onstrated. A review o f  smart 

pixel technology can be found in [26] and a roadmap for optoelectronic-VLSI technology in [27]. The 

M Q W  m odulator structures used in this technology is the subject o f this thesis. The optoelectronic 

devices currently favoured for used in interconnect systems are now presented.

1.4 Optical interconnect devices

O poelectronic interconnects naturally require both input and output devices. Large dense arrays of 

these devices are required and individual devices should be capable o f at least running at the clock 

speed o f  the electronics. The detectors generally used are m etal-sem iconductor-m etal (M SM ) or p-i-n 

detectors due to the problem s m entioned above in using silicon itself as the detection material. These 

detectors can achieve high speeds in the GHz range [28]. LEDs, Vertical Cavity Surface Emitting 

Lasers (V C SELs) and modulators are the three possible candidates for output devices, each one having 

its own advantages and disadvantages. Basic requirem ents include light em ission from the top of the 

device (as oppose to edge em ission) or ‘surface norm al’ operation, as well as fabrication in large two- 

dim ensional arrays (>1000 channels) with acceptable power dissipation (< lm W  per channel) and 

bandw idth > lG b s  ' [29],

L E D s: The main advantage of LEDs lie in their high temperature tolerance and low power 

consum ption due to the absence o f a threshold current. Large arrays are possible with high yields. 

Recent advances in m icrocavity LEDs [30] and non-resonant LEDs [31] have shown improved 

quantum  efficiencies and modulation rates. A narrower em ission pattern due to tailoring by the optical 

cavity im proves the coupling efficiency to detectors by better matching to the num erical aperture of 

fibre or lens. Their main disadvantages lie in their relatively lower modulation speeds com pared to 

V CSELs or m odulators with a maximum of 1-2 GHz speeds predicted in the near future [29], and their 

relatively low er output pow ers (=400^W ).

V C S E L s: are considered a prom ising em itter for use in optical interconnects but are still in a 

developm ent stage and arrays have only very recently been flip-chip bonded and operated through 

CM OS [32]. Their main advantage lies in the fact that they can be m odulated at high speeds with bias- 

free operation at 2.5 Gbs ' dem onstrated [33], Low beam divergence allows efficient collection of the 

light. O utput pow ers (= lm W ) are possible allowing optical fan-out to be achieved and individual 

oxide-confined devices with wall plug efficiencies greater than 50% at this output pow er have been 

dem onstrated [34]. 64 to 144 element arrays having good uniform ity and yield have been fabricated 

[24,35,36]. Their biggest issue is pow er dissipation and the resulting therm al problem s especially when 

used in large dense arrays. Power dissipation in an individual device can be higher than an edge

16



emitting laser [37] and results in problems such as reduced power output, higher current thresholds and 

changes in emission wavelength.

Modulators: Multiple quantum well (MQW) modulators based on the Quantum Confined Stark Effect 

(QCSE) are a mature technology and have been extensively investigated in two dimensional arrays as 

large as 256x256 elements [38]. They have been used in a number of experimental systems involving 

optical interconnection to silicon [39,25]. The modulator device is essentially a pin diode and can also 

be used as a good detector, thus allowing arrays of modulators and detectors to be fabricated 

simultaneously. The modulator device has no threshold current and can potentially operate at voltages 

less than the material band-gap. Its speed of operation is largely dependent only on device and driver 

parasitic capacitance and individual devices have shown modulation bandwidths of 37GHz [40]. 

Reverse bias device operation results in small power dissipation (<lm W  compared to =14mW for 

VCSELs [29]) and thus very large arrays are possible. The modulator needs read beams to be aligned 

with it and the reflected light to be sent to a detector. This makes the system optics and optomechanics 

more bulky as can be seen in figure 1.3, and is one of the disadvantages of using modulator devices. 

Other disadvantages include the device sensitivity to temperature changes because of changes of the 

band-edge absorption wavelength and absorption saturation that can occur at high optical incident 

powers however this is not expected to be a major problem for the optical powers used in optical 

interconnects. The modulator contrast (the starting reflectivity value divided by the final reflectivity 

value) is also limited typically being =2:1. There are two approaches to this issue. By using an optical 

cavity to create a Fabry-Perot modulator device, the contrast has been improved (22:1) and arrays have 

been fabricated and demonstrated [41 j. The other method of dealing with low device contrast is to use 

pairs of modulators and operate differentially. In this case it is the signal difference that decides the 

logic state i.e. whether the first beam produces a larger voltage than the second at the detector. This has 

been the approach taken in the majority of the digital systems used to date [24,25,26,39,42]. 

Modulators operate sufficiently well at 5V but lower voltage operation is problematic for reasons 

intrinsic to the QCSE and MQW absorption. For lower voltage operation (compatible with future 

CMOS voltages) a new modulator structure will most likely be required. The issue of low device 

contrast and lower voltage operation for modulator devices operating in optical interconnect digital 

systems is the subject of this thesis and is introduced further in the following section.

Further information comparing modulators and VCSEL devices for use in optical 

interconnects can be found in [12,43,44].

1.5 MQW Modulators

Optical modulator devices ‘print’ information on light by changing the polarisation, phase or amplitude 

of the light. This can be achieved in many ways e.g. electro-optic, photorefractive, electro-absorption, 

magneto-optic and an overview of spatial light modulators can be found in [45]. Spatial light 

modulators can be fabricated from ferroelectric liquid crystals and 256x256 arrays have been fabricated 

on silicon [46] but their relatively low bandwidths as is the case with liquid crystal devices make them
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unsuitable for optical interconnects. Sem iconductor based devices have the advantage that a large 

num ber o f  well developed sem iconductor processing techniques can be used for their fabrication and 

modern sem iconductor growth can fabricate M QW s that have large absorption changes upon 

application o f an electric field. An efficient way o f applying an electric field across the M QW  is by 

incorporating the M QW  region into the intrinsic region o f a pin  diode. The optical absorption near the 

band-edge changes upon application o f a reverse bias voltage allow ing am plitude modulation o f the 

incident light. The initial work was done by M iller et al. [47] and the initial devices operated in 

transm ission through G aA s/A lG aAs quantum wells [48], By adding a back m irror to these devices the 

interaction with the absorbing M QW s is doubled and improved contrast ratios were obtained for 

devices operating in reflection [49]. Typical contrasts of 2:1 and reflectivity changes 60%  to 30% are 

achievable from double pass devices. Devices fabricated in G aA s/A lGaAs operated at 850nm and 

required the absorbing GaAs substrate to be removed. Due to the availability o f high power laser 

sources at 1047nm (Nd:YLF) and 1064nm (Nd:YAG) that could be fanned out to large arrays o f 

devices, fabrication was pursued in the InGaAs material system and had the benefit that the GaAs 

substrate was non-absorbing at these wavelengths. The recent im pressive progress in high power laser 

diodes [50] means that future m odulator devices in optical interconnects will most likely be fabricated 

using GaA s/A lG aAs materials where high optical powers are available.

Following the work by M iller et al. there was developm ent o f  all optical devices called SEEDs 

(self electrooptic effect device) using M QW s pin  diodes, where an incident light beam  is used to 

generate the electric field which alters the device response to either the original or a secondary beam 

[51]. There were a wide variety o f  various functionality devices that evolved in corporating M QW  

diodes for use in optical sw itching and com puting systems and a review  can be found in ref. [52]. The 

incorporation o f the M QW  pin  diodes in an optical cavity by adding a second top m irror to the 

reflection m odulator brought about a new device called a Fabry-Perot modulator. Device operation was 

due to interference between light reflected from the front and back mirrors, where the effective back 

mirror reflectivity could be controlled by changing the absorption in the optical cavity upon application 

o f an electric field across the M QW s. W hen the reflected m irror am plitudes were close in value, 

extrem ely low reflectivity could be obtained and thus much higher contrasts were achieved (>100:1) 

[53,54] but initially operating voltages were high typically being >10V. The optical cavity effectively 

increases the interaction length o f  the light with the absorbing region and thus fewer M QW s could be 

used, allowing the optical cavity to compensate. The reduction in M Q W s m eant that lower voltages 

could be used to achieve the sam e electric field across the M QW s. Lower voltage operation was 

subsequently shown using G aA s/A lG aAs M QW  Fabry Perot m odulators, with the low est operating 

voltage decreasing to =2V [55,56 ,57jT)ut most had operating voltages =5V. The trade-offs between the 

various operating param eters o f  these devices were explored mostly for GaAs/A lG aAs devices and can 

be found in [58,59,60]. Follow ing these achievements m odulator devices were fabricated in 

InGaAs/AlGaAs for operation at the 1047nm and 1064nm high power laser lines. Although good 

results were also achieved the perform ance generally was not as good as G aAs/A lGaAs devices and 

operating voltages o f these devices rem ained quite high, typically >8V [61].
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The work presented in this thesis investigates the possible low voltage operation o f 

InGaA s/A lG aA s M QW s Fabry-Perot structures for use in optical interconnects. The starting point is 

the reflection modulator currently being used in the SPOEC system (figure 1.3) and by the addition o f  a 

front Bragg m irror a Fabry-Perot structure is created. The approach taken is to optim ise the device 

structure for operation in differential pairs. Thus the device reflectivity change is optim ised, not the 

device contrast that the majority o f previous work has concentrated on, and has shown the device 

contrast to be very sensitive to cavity thickness changes and the production o f large arrays o f these 

devices to be difficult [62]. The fact that this work is part o f a project to dem onstrate a working 

interconnect system allows various tolerances for device operation in a real system to be assessed and 

benchm arks to be set. In this work the Fabry-Perot device tolerances are assessed and com parisons 

made either to the existing double-pass m odulator used in the SPOEC system or to the tolerance set by 

the system itself e.g. the angular range that light is incident on the modulator by the system  optics. The 

m otivation for investigating low voltage operating is to assess com patibility with future CM OS 

operating voltages, which are predicted to fall to =1V by 2006 [3]. W ork to date investigating lower 

voltage operation o f M QW  m odulator structures based on the QCSE includes work done by Goossen et 

al. using a nipin  (the M QW s placed in the intrinsic region) where the M QW s are stacked electrically in 

parallel and optically in series [63]. The M QW  intrinsic regions use roughly half the num ber o f M QW s 

normally used allowing low er voltages to be applied across the M QW s and there is no loss in 

absorption as the total num ber o f  M QW s in the structure has not changed. The results were good with 

reflectivity changes o f 56%  obtained at 0 to 6V operation and AR =40% for a 20nm  range, but further 

work is required into this approach for operation at much lower voltages. Recent work by Ryvkin et al. 

into a novel device proposes using carrier heating to shift the absorption edge in bulk material and 

initial calculations predict that <1V operation with fast switching times may be possible [65]. There has 

also been some work into circuit design to give higher voltage swings using the CM OS supply voltages 

[66]. The approach taken in this thesis is to investigate the potential o f low voltage operation using an 

optical cavity structure. A transfer matrix model is developed to model the device structure and 

com bined with experim ental measurem ents to strengthen and verify its predictions. Com bining these 

methods o f  investigation allows the ultimate limits o f operation to be exam ined. G iven the com plexity 

involved in fabricating large arrays of modulators devices and integrating them into an interconnect 

system, the approach taken was to always minimise changes to the existing single m irror m odulator 

structure that has been used successfully. This is done in order to avoid adding any more processing 

steps than is already necessary, and to keep any changes within the capabilities o f  the existing device 

fabrication and processing abilities thus perm itting modulator structures to be fabricated with existing 

technology. The work in this thesis, although specifically aimed at device operation using 

InGaAs/AlGaAs sem iconductor material and for application in interconnect system, is kept as generic 

as possible in order to allow  the results to be adopted to other material systems or applications.
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1.6 Thesis overview

The work presented in this thesis was perform ed at Trinity College Dublin as part o f  the Sm art Pixel 

O ptoElectronic Connections project (SPOEC) which was a 42 month collaboration funded by the 

European union under the ESPRIT microelectronics advanced research initiative (M EL-ARI) Opto 

cluster. This collaboration brought together partners with a wide expertise in VCSEL and m odulator 

devices, optical system architectures, diffractive optics and optomechanical assem blies, as well IC 

design and mixed (analogue and digital) circuit design. The principle goal was to build a dem onstrator 

system that would show the capability o f optical interconnects to com m unicate terabit per second data 

rates to silicon CM OS. The work perform ed in Trinity College and presented in this thesis involved 

investigating Fabry-Perot modulator devices for this system to obtain an improved perform ance over 

the existing 5V-reflection m odulator and to explore the possibility o f lower voltage operation. The 

results are presented in this thesis as follows.

In Chapter 2 the basic physics o f  M QW s showing large electroabsorption changes are 

presented as well as the differences in electroabsorption between InGaAs/AlGaAs and GaA s/A lG aAs 

quantum wells. The properties o f an optical cavity are outlined and the different modes o f device 

operation when a pin  M QW  diode is inserted into the cavity are presented. The transfer matrix model 

that is used to model the optical characteristics o f these devices in this thesis is introduced along with 

the assum ptions made and the data sources used in the model. Chapter 3 begins with an analysis o f the 

device structure and requirem ents for maximising the device reflectivity change. The developed 

transfer matrix model is used to investigate the potential o f InGaAs/AlGaAs M QW  m odulator devices. 

The double-pass reflection modulator is first investigated for operation with results confirm ing the 

lim itations o f these devices at lower voltage operation. An optical cavity device is then m odelled 

formed by adding a front Bragg m irror to the device and using the existing gold coating as the back 

m irror o f the cavity. This device showed low voltage operation but with limited modulation values. The 

impact o f the optical cavity on the spectral bandwidth o f this structure is calculated along with device 

tolerance to epitaxial growth changes, changes in am bient temperature and the device angular 

acceptance. The im pact o f the optical cavity on the device speed is examined as well as its sensitivity to 

the increase in optical power in the cavity. Based on the modelling results in this chapter a Fabry-Perot 

device structure was fabricated and m easurem ents are presented in Chapter 4. Two separate wafers 

were fabricated, one consisting o f a double-pass reflection m odulator and the other a Fabry-Perot 

structure. M easurem ents from these wafers are presented and com parison is made with the m odelling 

assum ptions and predictions to^ W iidate the transfer matrix model developed in this work. 

M easurem ents from these devices showed various problem s associated with using metal coatings on 

sem iconductor material simultaneously as an optical mirror and an electrical contact. M easurem ents are 

presented on the optical properties o f different gold deposition m ethods and the associated electrical 

properties are summarised. In Chapter 5 the strengthened model is used to investigate an alternative 

structure using a Bragg or Bragg/Au back mirror, allowing much larger back m irror reflectivities to be 

investigated and showing how critical this m irror is for very low voltage operation. The m axim um
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reflectivity change possible is examined and the optimum device structure presented. The operation 

tolerances of this alternative structure for use in a real system are also examined showing the potential 

problems of the device. Chapter 6 briefly presents some of the benefits of short optical cavities to light 

emitting diodes (microcavity LEDs) and the modelling results of the benefits of a short optical cavity to 

a microcavity modulator are examined, showing dramatic improvements to the device tolerance and 

sensitivity to growth non-uniformities. Finally Chapter 7 brings the results and conclusions of the 

previous chapters together to present the optimum Fabry-Perot structure permitting low voltage 

operation and use in an optical interconnect system.
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Chapter 2: 

Fabry-Perot MQW modulator:Physics and Basic Concepts

2.1 introduction

The aim o f  this chapter is to present in a qualitative way the physics o f the Fabry-Perot M QW  

m odulator structure and to introduce how the device physics can be simulated. This quantitative 

understanding allows the physical device operation to be modelled using a com puter program , 

perm itting the boundaries o f device operating to be explored much faster than would be possible solely 

with experim ental exploration. This leads to Chapter 3 where the application o f this model allows the 

principal goal o f  this thesis to be pursued. In Chapter 2 the electrical and optical properties of multiple 

quantum  wells are first reviewed. The effect of an electric field on these properties then shows why 

these structures are used as devices for am plitude light modulation upon incorporation in a p-i-n  

structure. By including the p-i-n  structure in an optical cavity yielding the Fabry-Perot modulator 

structure, increased sensitivity to changes in device reflectivity is obtained, achieving larger am plitude 

modulation. Finally the Transfer matrix model used to simulate these devices is detailed.
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2.2 Low dimensional devices

Many o f the successful applications o f sem iconductor multilayer hetcrostructures exploit the optical 

properties o f quantum wells. Dramatic improvements in sem iconductor materials, as well as a deeper 

understanding o f the underlying physics due to extensive research into their optical properties [ 1 ] has 

led to a wide variety o f  devices including the E lectro-absorption modulator. The optical properties of 

bulk sem iconductors are due to the interaction o f a continuum o f electron states and a continuum  o f 

photon states having matching energy and momentum. The energy continuum  o f electron states or band 

structure is shown in Figure 2.1 for GaAs.

Conduction band

Valence band

Split-off Band

Figure 2.1; Energy-m om entum  plot o f GaAs band structure

This continuum o f electron states can be altered and made discrete by confining the electron in one 

direction to a region o f space using a quantum well, thus changing the electron properties and the 

allowed electron energies. This approach is well established. Photons can also be confined in one 

dim ension by a planar optical cavity allowing only certain optical energies to propagate. Additional 

modifications to the free space bulk"sem iconductor case result in interesting consequences and have 

been the subject o f extensive research. Confinem ent o f electrons in 2 dim ensions (quantum  wires) and 

3 dim ensions (quantum  boxes), as well as optical confinem ent in 2 dim ensions (waveguides) and 3 

dim ensions (photonic band gaps) is possible and produce interesting consequences. Technological 

problem s in the fabrication o f these devices have hindered research although much progress has been 

made in recent years [2]. The devices o f interest in this thesis use confinem ent o f  electrons and photons 

to (quasi) two dimensions.
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2.3 Epitaxial Growth

Large progress has been achieved in epitaxial growth o f sem iconductor crystals since the beginning of 

epitaxial growth techniques in the 1960s. The introduction o f M olecular Beam Epitaxy (M BE) and 

M etal-O rganic Chem ical Vapour Deposition (M OCVD) allowed control o f the chem ical com position 

and the level o f doping to thicknesses that approach an atomic monolayer. The sem iconductor devices 

used in this work were grown by M BE by Prof. Colin Stanley at the University o f  G lasgow. This 

technique involves placing various sem iconductor materials in various cells which are heated by an 

oven above their various melting points in a ultra high vacuum. Each cell has a shutter that can be 

opened and closed in less than 0.1 s. The duration for which each shutter is open and the tem perature of 

the cell determ ines the flux o f atoms exiting and falling upon the growth substrate. The crystal integrity 

o f the growing crystal can be monitored by in-situ techniques such as reflection high-energy electron 

diffraction (RHEED). In-situ optical reflectance monitoring can m onitor the crystal layer growth rate. 

This technique is very important for the growth optical cavities and thickness accuracies o f 0.2%  o f the 

desired thickness are currently achievable [3]. Using this growth technique layer thickness can be 

grown to accuracies o f a few nanometers and hetero-interface widths o f the order o f  a m onolayer at 

growth rates typically l|im  hr '. W afer uniformity is reasonable with typical layer thickness 

fluctuations from the centre thickness o f 1 to 1.5% across the m ajority o f  a 2-inch wafer [4]. It is this 

non-uniform ity that currently limits the usable wafer area for fabrication o f large arrays o f  devices 

incorporating an optical cavity. A more detailed account o f M BE growth techniques can be found in 

[5]. This growth technique allows the growth of high quality thin films o f sem iconductor material 

having different energy band gaps allowing sem iconductor quantum well structures to be grown with 

properties not seen in bulk material [6]. It also allows high quality distributed Bragg mirrors to be 

grown epitaxially with chosen reflectivities up to 99.9% [7]. Thus the interesting properties o f photon 

and electron confinem ent can be monolithically integrated in one device.

2.4 Properties o f quantum wells

An epitaxially grown multiple quantum well structure consisting o f alternating high and low energy 

band gap sem iconductor material is shown in Figure 2.2. Electrons (and holes in the valence band) in 

the lower band gap material are confined to a potential well due to the discontinuity in the conduction 

(and valence) band energy profiles at the different layer interfaces. The potential barrier can be 

engineered to be sufficiently large~so a carrier cannot escape due to gained therm al energy or 

interaction with lattice vibrations. If  the well width is then reduced so the electrons and holes are not in 

an infinitely thick material then the electron and hole are confined to a potential well in the growth 

direction. Quantum size effects now become important and have a large influence on the electronic and 

optical properties of the semiconductor. Their energies now become quantised and can be calculated 

from  the quantum  physics of a particle in a potential well. Since confinem ent only occurs in the growth
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direction there is no confinem ent in the other two directions and the electron and hole properties remain 

sim ilar to the bulk case in these directions.

High and low energy band gap semiconductor
Conduction

        Band

IZZZZl IZZZZl [ZZZZl IZZZZl Valence
Band

 ►

Growth direction

Figure 2.2: M ultiple quantum  well structure consisting o f alternating high and low energy band gap 

sem iconductor material.

2.4.1 Electron confinem ent in one dimension

As a first approxim ation the electron and hole confined in the quantum  well can be considered as a 

particle in an infinite potential well [8]. Taking the potential energy inside the quantum  well o f length 

L j to be zero and to be infinite at the well/barrier interface, the general solution to the time independent 

one dimensional Schrodinger equation

d^Yiz) > r -  /  N 
- T  j ^  +  V(z )  = Ey / i z )

dz
(2 . 1)

is given by

W here

(//■(z) = A sin(fe) + Bcos(kz)
(2 .2 )

(2 .3)
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and A,B are constants. Assuming the centre of the quantum well is at z=0, then v|/(z)=0 at ±  Lj/2 from 

equation (2.2) this is possible when

2 5 c o s ( — = 0  
2

2A sin (— =  0  
2

(2.4)
and gives solutions to the one dimensional Schrodinger equation in the form

=  B cos (k z ) COS( —) =  0
2

(2.5)
and

ij/iz) =  Asin(kz ) s i n ( ^ )  = 0 
2

(2 .6)

The allowed values for k from equation (2.5) and (2.6) are thus

k
nK

n= 1,2,3,4 (2.7)

Thus equation (2.3) and (2.7) give the allowed energy o f an electron or hole inside a 
quantum well as

where m̂ ff is the effective mass o f the electron or hole. The allowed electron and hole energies in the 

quantum well given by Equation (2.8) are shown in Figure 2.3 where there are a number o f interesting

conduction band edge value. For Lz=10nm and taking the electron effective mass in GaAs as 

meff=0.067me the lowest electron energy level is Ec +56meV. This comprises o f -4%  o f the GaAs 

bandgap. Thus absorption and emission is possible at energies greater than the bandgap and can be

value is ~5nm [9]. In the quantum, well formed in the valence band quantised energies are also present. 

The degeneracy between the light and heavy hole seen in Figure 2.1 for the bulk case is lifted due to 

the difference in hole effective mass. For a GaAs quantum well with Lz=10nm the energy separation is 

-lO m eV . Thus as shown in Figure 2.3 we now have electron confined energies Eei, Ee2 and heavy hole 

and light hole confined states Ehhiand Ek,i. We will shortly see that it is absorption between these levels 

that dominate the absorption spectra o f MQWs near the band gap energies. In reality the potential 

barrier is never infinite and the number of bound states in the quantum will decrease with decreasing

(2 .8 )

points. Firstly the lowest allowed electron energy (n = l) is given by Ec + (7i^hV2meffLz^) where Ec is the

tuned by altering the thickness o f quantum well as E oc 1/ Lz .̂ There is o f course a limit to the minimum 

barrier thickness below which tunnelling will occur. For a compound semiconductor with Eg ~ l e V  this
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potential barrier. S in ce  the quantum  num bers o f  interest to us are sm all n = l ,2  the in fin ite w ell 

app roxim ation  can  be used  for a quantum  w ell w ith a fin ite potentia l barrier.

Conduction
Band

E,

E ,

N/

Valence 
Band Ev ElIhl

Quantum 
Well

< - EIhl

Figure 2.3: A llo w e d  e lectro n  and h o le  en erg ies in a quantum  w ell g iv en  by eq u ation  (2 .8 )

2 .4 .2  D en s ity  o f  sta tes

T he absorption c o e ff ic ie n t  a  for optical absorption b etw een  the va len ce  and con d u ctio n  band at a 

particular en ergy  is  d irec tly  proportional to the d en sity  o f  states. T hus any c h a n g e s  w ill d irectly  be seen  

in the absorption sp ectru m  o f  the M Q W s. T he co n fin em en t o f  an e lectron  and h o le  in a quantum  w ell 

a lso  m o d ifies  the bu lk  three-d im en sion a l den sity  o f  states p 3 o  g iv en  by

to a tw o -d im en sio n a l va lu e  p (2 D )

V2 I—

7t n

(2-10)
7t h

for a quantised  en erg y  E„ in an infin ite potentia l w e ll. B oth  are p lotted  in figu re  2 .4 .

T he tw o  d im en sio n a l d en sity  o f  states p 2 D=P3 D(En)Lz and are equal at e n e rg ie s  E„. It is  im portant to 

note here that w h ereas the three d im en sion a l d en sity  o f  states tends tow ards zero  the tw o -d im en sio n a l  

c a se  rem ains fin ite . T h is  step  like d en sity  o f  states is  seen  in the m easured M Q W  absorption  spectrum  

sh o w n  in F igu re 2 .5 .
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3D
n=2
n=l

n=l
Light hole

Heavy hole2D

p (density of states)

F igure  2.4: 2D  step  like density  o f  sta tes as seen in the m easured  M Q W  absorp tion  spectrum  show n in 

F igure  2.5.

2.5 E xcitons

T he abso rp tion  spectrum  o f  a M Q W  w ould solely  contain  step-like op tical tran sitions each  consisting  

o f  the a llow ed  transitions betw een the En,i, E(,hi and Eei, as expected  from  F igure (2 .3) and  (2 .4 ) bu t for 

the form ation  o f  excitons. E xcitons are  e lec tron -ho le  pairs that have a  hydrogen  atom  like structure, 

draw n together due to their cou lom b attraction . E xciton  form ation  in a  quan tum  w ell and  its reaction  to 

an e lec tric  field  form  the basis o f  operation  o f  a M Q W  E lectro -absorp tion  m odulator. T he exciton  

b ind ing  energy  can  be ca lcu lated  by d raw ing  an analogy  w ith the B ohr atom  and the IS  exciton  state, 

the exciton  b ind ing  energy  in 3D  is g iven  by

, 4

R ex3D (2 . 11)
2(4ne^£ )̂a

W here  Er is the d ie lec tric  constan t fo r the sem iconducto r m aterial and  a the B ohr rad ius o f  the exciton  

g iven by [1]

a =
4Kê ê h‘

lUe
(2 . 12)

w here |a is the reduced  m ass o f  the e lec tron  and hole.

W hen  the exciton  is confined  to tw o d im ensions as in a  quan tum  w ell the exciton  b ind ing  energy  is 

g iven by [10] ---------

^ e x 2 D  ~  ] /  2 ^  (2-13)

T hus the b ind ing  energy  o f  the IS  exciton  is increased  by a fac to r o f  4  w hen confined  to  tw o- 

d im ensions. In bulk  G aA s the low est exciton  b inding energy  is ~ 4 .4m eV , hav ing  a B oh r rad ius o f  

~20nm . T herm al energy  at room  tem peratu re  is m uch g reater than the b ind ing  energy  so  phonon  

sca ttering  hav ing  energ ies ~36m eV  can d issociate  the exciton  state. T he abso rp tion  spectrum  for the
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bulk  case  a t room  tem peratu re  barely  reso lves the exciton  abso rp tion  and  appears  p art o f  the absorption  

co n tinuum  [11]. In bulk  m aterial the exciton  only becom es c lea r at low  tem pera tu res. T he  situation  is 

d ram atica lly  a lte red  in a  quantum  well. T he idea! 2D  lim it is never reached  bu t as the quan tum  well 

w idth  is red u ced  to  the o rder o f  the exciton  rad ius and sm aller, the exc iton  rad ius decreases  and the 

b ind ing  en erg y  increases [1]. The increased  overlap  o f  the e lec tron  and  ho le  w avefunctions also 

increases the o sc illa to r streng th  and absorp tion  coeffic ien t [10]. T he w ell w idth can n o t be reduced 

in fin ite ly  due  to  penetra tion  o f  the e lec tron  and hole w avefunction  in to  the barrie r thus decreas ing  their 

overlap  and  the abso rp tion  coeffic ien t. T hus there is an op tim um  th ickness, fo r G aA s this is for 

L z~5nm  and  fo r Ino.5 3 Gao.4 7 A s L z~ 8 nm . T he co rrespond ing  exciton  b ind ing  energy  is no rm ally  a  factor 

o f  2-3 g rea te r than  the bulk  case. T his la rger exciton  b inding energ ies  in quan tum  w ells a llow s exciton 

effec ts to  d o m in a te  the room  tem peratu re  op tical p roperties [12]. T h is  leads to  som e in teresting  

ap p lica tions such  as four w ave m ixing and op tical b istability .
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F igure 2.5: R oom  tem peratu re  abso rp tion  spectrum  for 50 M Q W s having  a G aA s w ell th ickness 

L^^=8.5nm and  a  A lG aA s barrie r th ickness L e= 6 nm [13].

T he room  tem p era tu re  absorp tion  spectrum  is show n (OV thick  line) in figure 2.5 fo r 50  M Q W s having 

a  G aA s w ell th ick n ess  Lw=8.5nm aiiff ah A lG aA s barrier th ickness L e= 6 nm. T he abso rp tion  spectrum  

at energ ies  c lo se  to  the bandgap  energy  is dom inated  by IS excitons form ed by the E|hi, Ehhi to  Eei 

tran sitions (n = l subband). T he excitons form ed by the n=2 subband  have a large linew id th  due to 

phonon  sca tte rin g  and  fluctuations in quan tum  w ell w idth. T his resu lts  in the ex c ito n s being broadened  

and u n reso lvab le . T he step  like density  o f  states (n = l,2 )  p red ic ted  in section  2 .4 .2  can clearly  be seen.
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2.6 Effect o f an electric field on exciton absorption

In bulk sem iconductors the change in absorption due to the presence o f an electric field is known as the 

Franz-Keldysh effect. The semiconductor energy bands in the presence o f  an electric field are tilted and 

tunnelling o f the electron and hole wavefunctions into the bandgap region results in light at energies 

less than the band gap energy being absorbed. At larger electric fields the spatial overlap o f  the electron 

and hole wavefunctions is decreased and this results in a smoothing o f  the absorption spectrum  around 

the band edge [14]. The role o f excitons in bulk material is small and thus this effect is lim ited in bulk 

material. In quantum  wells the situation is quite different when an electric field is applied in the growth 

direction perpendicular to the quantum wells [15]. In this case the tilted energy bands in the quantum 

well cause the electron and hole states to move closer in energy (Figure 2.6).

E F e= 0 Ff>0

Figure 2.6: Tilted energy bands in the quantum well under the influence of an electric field cause the 

electron and hole states to move closer in energy. The electron and hole wavefunctions are also shown.

In the presence o f an electric field the quantum well is far more effective at keeping the electron and 

hole in close proxim ity and although their wavefunctions move to opposite sides in the quantum  well 

they remain overlapped and large exciton absorption is possible at much higher electric fields. Thus 

when an electric field is applied the M QW  absorption spectrum consists o f strong exciton absorption 

shifting to shorter wavelengths, this is the Quantum Confined Stark Effect (QCSE). This can be seen in 

Figure 2.5 for different voltages applied across the M QW s up to lOV. Exciton absorption can still be 

resolved at an electric field o f Eg = [lOV / (50 x 8.5nm+6nm)] = 1.4x 10^ Vm '. There is a reduction in 

the overlap o f the electron and hole wavefunction with increasing electric field resulting in the exciton 

absorption decreasing as seen in Figure 2.5 but exciton dissociation occurs at much higher fields 

com pared to the bulk case. In bulk GaAs exciton features disappear at electric fields = 10  ̂ Vm '. 

Exciton peak absorption changes up to 50 times greater are possible in M QW s. There is also a 

broadening o f the exciton linewidth as an electric field is applied. This is most probably due to 

inhom ogenities in the electric field due to residual doping fluctuations or fluctuations in the quantum
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well and barrier thickness. Surface roughness can also contribute as wavefunctions become localised 

towards the edges of the quantum wells. A full analysis of the effect o f an electric field on MQWs can 

be found in [14,16].

2.7 MQW engineering

In using QCSE to form an electroabsorption device there are two operating positions in the wavelength 

spectrum in Figure 2.5. Large absorption changes occur at the hhl exciton wavelength where an 

initially large absorption at zero bias decreases upon application of an electric field. This is normally 

called the 7̂  position. Large absorption changes also occur at longer wavelengths to the hhl exciton 

wavelength (~860nm in Figure 2.5) where the initial absorption is small at zero bias and increases upon 

application of the electric field. This is known as the X,| position. It is this operation point which is 

chosen for the devices being considered in this thesis and the reasons why will become clearer in 

Chapter 3. For a weak electric field Fe and uniform symmetric wells the change in energy of the 

conduction and valence subband level Ei (figure 2.3) is given by [17]

A £ | (2.14)

The shift in wavelength seen in Figure 2.5 is thus quadratic with applied electric field. At much larger 

electric fields this quadratic behaviour weakens due to a build up of carriers in one side of the quantum 

well. Carriers will eventually escape through tunnelling at large fields. In designing MQW structures 

there are compromises between parameters. The wavelength shift is dependent on the well width Lz, 

thus thicker wells produce larger shifts but also reduce carrier confinement so there is a compromise 

well thickness typically 5-15nm for III-V semiconductors. The exciton peak absorption in GaAs 

quantum wells was measured in ref. [18] for various well widths and was shown to increase for 

decreasing well widths down to ~5nm. Competing against this is the reduced wavelength shift at 

shorter well widths (Equation 2.14) and increased exciton linewidth proportional to \fLz due to 

phonon broadening. The measured absorption change at the A-i wavelength position decreased as the 

exciton linewidth increased at thinner quantum wells <5nm.

Of principal concern in this thesis is the operation of these devices at low voltages (<5V) and there are 

a number of options available to reduce the operating voltage.

a) The electric field Fe is inversely dependent on the total thickness t of the number of MQWs 

(FE=Volt/t). Using short well widths (=10nm) allows the operating voltage to be reduced. This 

results in a reduced exciton wavelength shift but relatively large absorption changes are still 

possible at ^i.

b) The total number of MQWs can be reduced thus reducing the operating voltage. The reduction in 

absorption can be compensated by increasing the optical mirror reflectivities (Section 2.11) [19], 

The disadvantage in this case is that high reflectivity mirrors reduce the device operating 

tolerances i.e. optical bandwidth, temperature sensitivity etc.
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c) U sing  w ider w ell w idths (=15nm ) results in a larger exciton  w avelength  sh ift bu t larger linew id th  

due  to poorer confinem ent. By operating  at the X q position  re latively  large absorp tion  ch an g es 

(estim ated  from  =1.3x10 '' cm  ' to  0 .4  xlO'* cm  ' [22]) are  possib le  at re la tive ly  low  elec tric  fie lds 

and thus low er voltages.

T he  freedom  allow ed  in M Q W  design  sum m arised  above is no t en joyed  in the case  o f  InG aA s w ells 

g row n  on G aA s substrates. F or the w avelength  o f  in terest in th is w ork at 1047nm  the Ino.22Gao.78A s 

w ell is lattice m ism atched  to G aA s by 1.7% for a lO nm  w ell [21]. T he stra ined  ac tive reg ion  is 

ba lanced  by g row ing  a  buffer layer on top o f  the substrate  and is d iscussed  fu rth er in the nex t section . 

T hus the ease  o f  lattice m atched quantum  well varia tions sum m arised  above is no t stra igh tfo rw ard  in 

s tra ined  m aterial. T he increased exciton  linew idth  due to  alloy b roaden ing  and  g row th  im perfec tions 

re su lts  in the abso rp tion  coeffic ien t o f  longer w avelength  M Q W s being  reduced  by around  a fac to r o f  

tw o com pared  to  the G aA s/A lG aA s system  [22], T he strained active reg ion  increases the exciton  

linew id th  further. T he room  tem perature  absorp tion  spectrum  fo r 95 M Q W s having  an Ino.22Gao.7sAs 

w ell th ickness Lw=8 .8 nm  and an Alo.25Gao.7,‘iAs barrier th ickness L e= 5 .54nm  is p resen ted  in figure 2.7 

[23]. C om pared  to  F igure 2.5 the reduced  and b roadened  exciton  abso rp tion  is clear. In this thesis  we 

have  not investigated  changes to the w ell and barrier th ickness to  m ax im ise  the abso rp tion  change 

possib le . E arlier w ork w as done by S tanley  and W alke r et al. [21] to  balance the strain  in these w ells 

(sec tion  2 .8) and the abso rp tion  spectra  m easured  from  the best quality  M Q W  structu res w ere used 

(figu re  2.7).

T he abso rp tion  changes possib le  are m uch reduced  com pared  to  the G aA s/A lG aA s system  due 

to the linew id th  broaden ing  and the low er absorp tion  coeffic ien t. F or low  voltage opera tion  option  b) 

w as found  to g ive the m axim um  reflectiv ity  change at low  voltage opera tion  and w ill be addressed  

fu rth er in C hap ter 3. T he w ork presen ted  in th is thesis p rim arily  concerns absorp tion  changes due to  

InG aA s M Q W s bu t results are generally  app licab le  to o ther m aterial system s.

2.8 S trained  M Q W  structures

A s m en tioned  above the w avelength  o f  in terest in this w ork at 1047nm  requ ires an Ino.22Gao.78A s 

qu an tu m  well and is lattice m ism atched  to G aA s by 1.7% for a lOnm w ell [21]. In o rd e r to  g row  the 

ac tive  reg ion  on a  G aA s substrate , an Inj(A lo.i5GaO,75)i.zAs buffer layer is grow n on the G aA s w here z 

is linearly  graded  from  z=0 up to z = 0 .17. The ac tive  reg ion  hav ing  w ells in com pression  and  barriers 

in ten s ion  have an average lattice constan t m atch ing  the top o f  the linearly  g raded  buffer layer and are  

g ro w n  on this p seudo-substra te  [24]. L attice  m ism atch  in the m ateria l generally  reduces and b roadens 

the ex c iton  peak  at high elec tric  fields and p roduces a larger sh ift o f  the exciton  peak , possib ly  due  to 

de fec ts  a rising  from  lattice  relaxation  [21]. The m easured  abso rp tion  da ta  in F igure 2.7 show s a w ell 

d e fin ed  exciton  peak  at 25V  ind icating  the m aterial quality  is good and  w ith no s ign ifican t la ttice  

m ism atch  or layer relaxation . T he layer com positions for the B ragg  m irro r are chosen  to  have a lattice 

co n stan t m atch ing  the graded  buffer layer. The exciton  line w idth  in th is m ateria l system  is increased  

co n siderab ly  relative to G aA s w ells and is accom pan ied  by a reduced  abso rp tion  coeffic ien t. T he
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increased linewidtii is believed to be due to inhomogenities such as alloy broadening and quantum well 

thickness variations and is also a natural result o f a lower band-gap energy. In this case there is also a 

contribution due to strain non-uniformity that shifts the bandgap by varying amounts [24]. This results 

in smaller absorption changes in this material and thus it is expected that higher reflectivity mirrors 

may be required to compensate.
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Figure 2.7: Room temperature absorption spectrum for 95 MQWs having an InGaAs well thickness 

L„=8.8nm and a AlGaAs barrier thickness LB=5.54nm [23].

2.9 The multiple quantum well p-i-n  diode

An efficient way o f applying an electric field across the MQWs is to incorporate the MQWs as the 

intrinsic region o f a p-i-n  diode [25]. By reverse biasing the diode, a large electrical field appears 

across the intrinsic MQWs and the QCSE allows light incident on the device to be variably attenuated. 

The device can operate in transmission [25], in reflection from a single back mirror, effectively 

doubling the MQW  absorption (double-pass device) [26], or as an optical cavity device sandwiching 

the MQWs between two mirrors (section 2.10). In all these cases light is incident perpendicular to the 

growth direction as shown in figure .2Ji and large 2-dimensional arrays can be produced. Operation in a 

waveguide format is also widely used and often grown integrated to semiconductor laser sources [27]. 

For these devices operation at very low voltages is possible due to the larger interaction length. 

Unfortunately light coupling is more d ifficu lt and much larger arrays with easier light coupling are 

possible for surface normal incidence.

As the device operates in reverse bias, very small currents flow  through the device thus 

allowing very large arrays with high efficiency, very low power dissipation and reduced thermal effects 

compared to light emitting devices. The device can also be operated as a detector facilitating the
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production  o f  large arrays o f  de tec to rs and m odu la to rs on a  sing le  w afer. In reverse  b ias the in trin sic  

reg ion  is dep le ted  o f  carriers and the pho to -genera ted  carriers are  sw ep t ou t and detec ted  in an ex ternal 

circuit. H igh in ternal quantum  effic iency  (=1) and responsiv ity  is p o ss ib le  [14]. H igh-speed  detec tion  is 

lim ited  by the sw eep  ou t tim e o f  the carriers and c ircu it capac itance  [8]. F igure 2.8 show s the layer 

structure  o f  the single back  m irror reflection  (doub le-pass) m odu la to r be ing  used in the SP O E C  system  

(section  1.3). G o ld  m etal con tac ts are deposited  to form  the e lec trica l connection  to the p  and  n  doped  

layers. T he gold  m etal con tac t on the p -d o p ed  layer also  ac ts as the back  m irro r o f  the device .

Gold mirror

P++

P+

MOW

n+

Graded Buffer

Substrate layer

Anti-reflection
Coating

F igure 2.8: layer struc tu re  o f  a  reflec tion  (doub le-pass) m odu la to r used in the S P O E C  system  (section  

1.3). T he gold  m etal con tac t on the p -doped  layer also  acts as the back  m irro r o f  the dev ice . The 

average  elec tric  field  F e across the M Q W s is a lso  show n.

A lso  show n in figure 2.8 is a typical p lo t o f  the elec trical field  across the dev ice . T he  rev erse  bias 

vo ltage is d ropped  across the in trinsic M Q W s and the resu lting  average  e lec tric  fie ld  F e is g iven by

v+v
F In tr in sic  / «  t c \

E = -------------------- (2 .15)
^ In tr in s ic

w here V is the app lied  reverse  voltage, Vintnnsic's the bu ilt in vo ltage across the in trinsic  reg ion  and 

tinirinsic's the th ickness o f  the in trinsic  reg ion  i.e. the total th ickness o f  the M Q W s. Vini,i„sic is d ep enden t 

on the p and n type dop ing  concen tra tions and is typ ically  1-1.5V . T he bu ilt in vo ltage  w ill p lay  an 

im portan t ro le  in low  voltage operation  o f  these devices. It cou ld  be used as a bu ilt in p re-b ias o r the
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device could be forward biased by an amount equal to Vin^nsic to achieve modulation. The average 

electric field across the MQWs in figure 2.8 is shown as a flat line. In reality there is residual doping Nj 

in the intrinsic region which results in fluctuations in the electric field across the MQWs, depending on 

whether the impurity is p-type or n-type. Residual doping Nj w ill result in different quantum wells 

experiencing different electric fields and broadening o f the exciton absorption [28]. High values o f 

residual doping N| also reduce the diode breakdown voltage.

2.10 Summary

So far in this chapter the effect o f electron and hole confinement in quantum wells on the linear optical 

properties have been presented. The resulting large absorption change upon application o f an electric 

field allows amplitude modulation to be achieved at wavelengths around the quantum well material 

bandgap. Devices can be formed by incorporating the MQWs in a pin  diode structure. By placing the 

diode in an optical cavity, photon confinement is now also possible and the resulting optical properties 

o f such a device called a Fabry-Perot modulator are presented next.
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2 .11 The Fabry-Perot optical cavity

The optical characteristics of a cavity formed by two parallel mirrors arise from multiple beam 

interference between light reflected from the back mirror interfering with light reflected from the front 

mirror. Figure 2.9 shows an optical cavity consisting of a back mirror of reflectivity Rb and a front 

mirror of reflectivity Rp separed by a spacer layer of thickness Lo having a refractive index n.

t f t f F b  T f  t f t f l ' b

Figure 2.9; Fabry-Perot etalon of thickness L„ and refractive index n consisting of a front mirror of 

amplitude reflectance ff and a back mirror of amplitude reflectance tb. The incident reflected and 

transmitted waves are shown along with the amplitude coefficients for the reflected waves that are 

summed to find the total reflectance.

These characteristics can be found by considering a plane electromagnetic wave of amplitude Eq 

incident upon the cavity at an angle %.  A  fraction of the incident amplitude Tf is reflected at the front 

mirror where rf is the amplitude reflectance coefficient. The remaining fraction tf is transmitted and 

undergoes multiple reflections inside the optical cavity from the front and back mirrors. Interference 

will occur if the coherence length of the incident light is long compared to the cavity length Lq. The 

resultant reflected wave amplitude Er can be found by summing all the reflected waves as shown in 

Figure 2.9 where the Stokes relations [29,30] r= -r and tt= l-r^ are used. It is assumed the cavity is 

absorbing and attenuates the light by e '“^ for each double pass and L=Lo(cos6i)where Go is related to 6i 

through Snell’s law. The phase change of a wave is given by e '* upon each traversal of the cavity 

where 5 is the phase thickness given by
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2k  nL cos 0,

A
(2.16)

The resultant wave am plitude E r is thus given by

~  + ^ / f /  'V ^ 2oL ^^i5 _l_

m 'm-] -m a t  ^ -2 m iS  \e e
(2.17)

which is a geometric series that converges to give the reflected am plitude r =E r/Eq

r — (2.18)

and the reflected intensity is given by R - |r | .

Using trigonometric identities [29,30,31] the reflected intensity can be written incorporating the Airy 

function

^  +  F  sin  ̂ 5

1 +  F s i n ^  (5
(2.19)

where /? 0  “

f  P  
1 - ^  

R .

l - R .

-oL

(2.20)

(2 .2 1 )

F =  « « (2 .22 )

F is known as the coefficient o f finesse. The cavity finesse 3  defined as the ratio o f  the separation o f 

adjacent resonances to the half width o f the individual resonance is given by

k 4 f
3  =  - (2.23)

If  the m irror reflectivities increase, the cavity finesse also increases according to Equation 2.22. For a 

fixed cavity length Lo the separation o f adjacent resonances will be unchanged, thus as the finesse

41



increases the half width of an individual resonance will decrease. This has important implications for 

the spectral bandwidth of Fabry-Perot modulators.

Similarly the transmittance is given by

T = -----------------^ (2.24)
1 + F sin  <5

To =  ^ ^ -------  (2.25)

Some simple calculations using these equations give an insight into the properties of an optical cavity 

and are presented in the next section. Finally returning to Equation 2.16, resonant modes are achieved 

when 5=m7r=(27rnLoCos6)/X,, where m is an integer. Differentiating across, if the cavity thickness Lq 

changes by an amount AL due to error in growth, assuming a constant refractive index value and 

incident angle, then this leads to a change in the resonance position given by

M  AL
 =   (2.26)
A K

As a result of this equation the percentage change in wavelength from the desired wavelength is given

by the percentage change in cavity thickness from the required thickness. This equation has important

consequences for the epitaxial growth of large arrays of Fabry-Perot devices.

2.12 Fabry-Perot reflectance spectra

Using Equation 2.19 the reflectance spectrum for an optical cavity over a short wavelength range is 

plotted in Figure 2.10. The reflectance spectrum is plotted for a cavity having equal (Rf=Rb=40%) and 

unequal reflectivities (Rp=40%, Rb=95%). First the case where there is no absorption in the cavity is 

considered. From equation 2.19 resonances occur every time (Equation 2.16) 5=0 or m7i where m is an 

integer called the cavity order or at wavelengths given by

2nL COS0,A = ------  ̂ (2.27)
m

For the situation where Rf=Rb=40% the cavity is symmetric and at wavelengths given by equation 2.26 

the light reflected from the back mirror and the front mirror is equal in amplitude and k out of phase 

and thus complete cancellation/destructive interference occurs. Since we assumed no absorption, all 

light at this wavelength is thus transmitted as T-i-R+A=I. For the situation where Rp=40%, Re=95% the 

cavity is asymmetric and light reflected from the back and front mirrors have unequal amplitudes 

resulting in only partial cancellation and about 80% of the light is reflected. The more asymmetric the 

mirror reflectivities the greater the amount of light reflected back. If absorption a  is introduced into the 

optical cavity the effective back mirror reflectivity is given by

42



• (2.28)

Thus if M QW  absorption is introduced into the cavity and the cavity resonance wavelength is placed at 

Ao or X\ (section 2.7), the cavity reflectance can be controlled by the applied electric field across the 

M QW s.

— R p = 4 0 %, R 3 = 4 0 %  

—o— Rp=40%,R^=95%

CD
Oc
COo
Q
o3
QC

Wavelength(nm)

Figure 2.10: R eflectance spectrum plotted over a short w avelength range, using equation 2 .19  for a 

cavity having equal (R f=R b=40% ) and unequal reflectivities (Rf=40%, Rb=95%) and no absorption in 

the optical cavity. Lo=5000nm ,n=l and 9o=0.

W hen RB(efT)=RF the cavity changes from being asymmetric to being symm etric and the cavity 

reflectance is zero due to com plete destructive interference. This is known as the ‘im pedance matching 

condition’ and occurs when

a  =
2L

-In (2 .29)

The advantage o f using such a structure is that the interaction length o f the light with the absorbing 

region can greatly be increased com pared to a double-pass or transm ission structure m aking the cavity 

reflectance far more sensitive to absorption changes. The reflectance from a double-pass modulator 

decreases only exponentially to zero as the absorption is increased. For low voltage operation Equation 

2.15 requires the total absorption to reduce. Using an optical cavity can com pensate for the reduced 

absorption and much lower voltage operation is expected for cavity devices.
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Figure 2.11: Reflectance spectra calculated using a transfer matrix model (see section 2.14) showing 

operation at the Aoand operating positions.

Figure 2.11 shows the reflectance spectra calculated using a transfer matrix model (see section 2.14) 

showing operation at the A<i and Xq operating positions where device operation generally occurs. The 

absorption data from Figure 2.7 is used in the calculation. The top graph in figure 2.11 shows typical 

spectra when the Fabry-Perot resonance is placed at the A,] position. The absorption at X\ is in itia lly  

small at OV and the effective back m irror reflectivity is much higher than the front and thus the initial 

cavity reflectance is high/on. This is known as a normally ‘on’ device. When a voltage o f lOV is 

applied the exciton shifts in wavelength and the absorption increases at X]. The effective back m irror 

reflectivity is much closer in value m  fhe front mirror and large cancellation occurs resulting in a low 

reflectance value from the optical cavity. Thus amplitude modulation is possible at A,|. The bottom 

graph shows operation when the Fabry-Perot resonance is at Xq- The front mirror reflectivity is chosen 

so the impedance matching condition (eqn.2.29) is fu lfilled at Xq and the starting reflectivity is close to 

zero (symmetric cavity). This device is known as a normally ‘o f f  device. When the voltage is turned 

on the exciton absorption shifts and reduces at Xg. The effective back mirror reflectivity increases

44



producing an asymmetric cavity and partial cancellation, making amplitude modulation possible at Xn. 

A detailed examination of these operating positions is presented in Chapter 3.

The device performance is normally evaluated in terms of the following parameters:

(i) Contrast ratio C = Ron/Rotr

(ii) Reflectivity change AR = Ron - Rotr

(iii) Insertion loss IL  = 1 - R^n

(iv) Spectral/optical bandwidth

(V) Operating voltage V

All the above parameters will be addressed in the following chapters. This section is concluded by 

presenting the mode of operation of the modulator devices being investigated in this work. In the 

SPOEC optical interconnect system [32] the modulator devices are differentially paired due to the 

limited contrast achievable with a double-pass modulator, two modulators are used, one carries the data 

while the other carries its logical complement. In this case it is the signal difference that decides the 

logic state i.e. whether the first beam produces a larger voltage than the second at the detector. Single 

ended operation can result in logic errors if the received optical power unintentionally changes above 

or below certain logic levels. Differential operation guards against these optical power fluctuations, 

minimising the potential error and allowing logical levels to be decided correctly. For differential 

operation it is the signal difference which decides the logic level and thus in this thesis devices are 

optimised to produce maximum reflectivity changes AR = R<,n-Roff. The mirrors used to form the 

optical cavity for a Fabry-Perot device are presented next.

2.13 Optical cavity mirrors

Fabry-Perot modulator structures can be constructed using various different mirrors. Metal coatings 

make good mirrors and the coating is normally deposited after epitaxial growth of the semiconductor 

layers. For the wavelength of interest, 1047nm in this work, a gold metal mirror is most suitable having 

a reflectivity of 94%. The mirror formed by the Fresnel reflection from a semiconductor/air interface, 

typically around 30% for GaAs is also used in some devices. Both of these mirrors have the advantage 

that the reflected light has minimal penetration, they are ‘hard’ mirrors and their reflectivity is large 

over a very wide angular range. Unfortunately their reflectivities are not easily variable and metal 

mirrors are limited to a theoretical maximum of 95% due to absorption [33]. The third type of mirror 

commonly used is a monolithically grown mirror formed by alternating high and low refractive index 

layers called a distributed Bragg reflector. This mirror has the advantage that its reflectivity is 

controllable being dependent on the number of layers grown and very high reflectivities >99% are 

possible. The Bragg layers can be electrically conducting, doped p-type or n-type in many material 

systems. Its disadvantage is a natural consequence of its operation, the reflected light penetrates into 

the mirror thus increasing the optical cavity length making extremely small cavities of the order of a 

wavelength difficult to achieve.
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A Bragg m irror in its simplest form consists o f  alternating high and low refractive index 

sem iconductor layers o f  thickness tH = ^Bragg/4nH, t t  = ^Bragg/4nt as shown in Figure 2.12, where ^Bragg

where S denotes the substrate, C the cavity medium, L,H the low and high index layers and N the 

num ber o f periods low and high index layers. The optical thickness o f each layer is thus A74 and light is

medium o f low refractive index to high refractive index is accounted for, all reflections are in phase 

and add constructively and the net phase change is zero in this case at the Bragg wavelength. The

Thus layer order is important when designing an optical cavity to obtain destructive interference 

between the light reflected from the front and back mirrors.

The reflectance of this multi-layer structure can be calculated using the transfer matrix model 

(Section 2.14) and at normal incidence the reflectance o f the layer structure shown in F igure 2.12 is 

given by

The reflectance o f the m irror is strongly dependent on the ratio o f ni /nH. Thus the larger the difference

different numbers o f Bragg periods where nL = 3.12 and nn = 3.42. Due to the relatively poor contrast 

o f the m irror n[/nH=0.91 and An=0.3, 30 periods are required to obtain a reflectance o f  99% . The 

asymptotic increase in reflectance with increasing number o f Bragg periods is typical o f  all Bragg 

mirrors. By using layers o f better contrast the number o f required periods can be considerably reduced. 

AlOx/GaAs layers give the highest contrast mirrors currently used in sem iconductor devices having n|_ 

= 1.7 and nH=3.5 at 1050nm [34,35]. The upper reflectance value achievable is limited by absorption, 

scattering or diffraction losses.

The reflectivity spectrum for the Bragg m irror shown in Figure 2.12 using the above refractive 

index values with ns=3.5 and nc=3.6 is plotted in Figure 2.13 at a Bragg wavelength o f  lOOOnm. High 

reflectivities are achievable but only over a certain wavelength range known as the stop band, clearly 

visible in Figure 2.13.

is the wavelength o f interest known as the Bragg wavelength. The layer order is given by S |(L(HL)'^|C

reflected at each interface due to the refractive index difference, travelling a phase thickness o f tz/ 2  for 

each single pass o f a X/4 layer. W hen the n phase change upon reflection o f light incident from  a

greater the num ber of Bragg periods the larger the reflectivity o f the mirror. If  the substrate refractive 

index is less than the refractive index o f  the first L layer (ns<nL) then a net phase change o f K results.

(2.30)

in refractive index between the Bragg layers the fewer periods that are required to obtain a high 

reflectivity. Figure 5.3 in Chapter 5 shows the reflectance o f an InAlAs /  InGaAs Bragg m irror for
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Figure 2.12: Bragg mirror in its simplest form consisting of alternating high and low refractive index 

semiconductor layers of thickness tn = A,Bragg/4nH, tL = ^Bragg/4nL. Operation is due to reflections from a 

series of interfaces adding constructively.
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Figure 2.13: Reflectivity spectrum for the Bragg mirror shown in Figure 2.12 with refractive index 

values n[ = 3.12, nn= 3.42, ns=3.5 and nc=3.6. X,Bragg=1000nm.
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The spectral width of the high reflectance stop band is given by [38,39]

+ 1

2  Kragg^ ^ -----  ^231)

^  ^ A v e r a g e

where naverage is the average refractive index of the Bragg mirror. Thus the width of the stop band 

increases as the refractive index difference of the Bragg mirror increases. The modulator structure can 

also be used as a photodetector operating side by side. In this case the resonant cavity detector will 

depend on the optical cavity to maintain high quantum efficiency due to the reduced number of MQWs 

and total absorption. Thus the stop-band must be sufficiently wide to give a high reflectivity at the 

detector wavelength as different modulator/detector operating wavelengths are used often used 

allowing wavelength dependent beam routing.

The reflectance of a Bragg mirror is also a function of incident angle. There are two principle 

factors involved. The Fresnel equations give the amplitude reflection coefficients for light incident at 

an angle 0 and for different polarisations where n is the refractive index ratio the two media concerned 

[31].

COS0 -  vn^ - s i n ^  0  
T.E. r = --------------- . _ r (2.32)

C O S0 +  - s i n ^ 0

n  ̂cos6  -sin^0
T.M. r = ------------------- . (2.33)

cosd -sin^ 0
Thus as light is incident off-axis the amplitude reflectance from the Bragg interfaces changes. The 

phase thickness also changes and is given by 5=(27intcos0)/X, and the 7i/2 phase thickness changes as 

the incident angle increases. The apparent reduction in thickness due to cos0 dependence at oblique 

incidence moves ^Bragg to shorter wavelengths and the spectra shown in Figure 2.13 shifts to shorter 

wavelengths with increasing angle. The calculated angular dependence of the reflectance at Âgragg of 

the Bragg structure in Figure 2.13 is plotted in Figure 2.14. Similar to the wavelength case there is an 

angular stop-band of = 17°, which is also dependent on the contrast of the Bragg layers.

For the Bragg mirror of interest in this work, light is incident from air and the structure is anti­

reflection (AR) coated thus having a layer order AIR | AR | S |(L(HL)'^|C. In this case the Fresnel 

reflection at the air-AR coating interface has a stronger contribution to the total reflectance and a large 

angular tolerance is achieved for the Bragg mirror [38]. The position of the dip in reflectivity for TM 

polarised light is dependent on the refractive indices of the Bragg mirror. The Bragg mirror used in the 

modulator structure will thus have a sufficiently large angular tolerance.

Finally in this section, the penetration depth of the light into the Bragg mirror can be given by

[36,37]

48



X n,
Lp  = ------------- -̂------  (2.34)

2 2n Anaverage

Thus the penetration length for the Bragg mirror in Figure 2.13 is = 800nm increasing the total length 

o f the optical cavity as the mirror is effectively placed 800nm behind the first Bragg layer. In order to 

achieve short optical cavities where the behaviour o f the cavity device is altered dramatically it is 

necessary to use high contrast mirrors (small An) reducing the effective cavity length.

Light incident fron air (TE)

0 . 8 - Light incident fron air (TM)'

0)  0.6  -
o
c
«
o
CD

% 0 .4 -
□c

Bragg mirror in figure 2.13

0 .2 -

0.0
20 800 40 60

Incident angle (°) (from air)

Figure 2.14: Calculated angular dependence o f the reflectance at X.Bragg o f the Bragg structure in figure 

2 . 12.

2.14 Transfer Matrix Modelling

The optical characteristics o f a multilayer structure can be calculated using the approach taken in 

Section 2.11 where all the individual reflected and transmitted beams are summed. A  more efficient 

approach is taken in the transfer matrix method where all the individual beams are considered to be 

already summed and the resultant ekctric and magnetic fields must satisfy the boundary conditions 

required by Maxwells equations. A  summary o f the approach in [29,30] is presented here. Figure 2.15 

shows a beam o f light incident on a single layer o f thickness L  and refractive index nL surrounded by 

infinite media, a substrate o f refractive index nj and an incident medium o f refractive index no. The 

transfer matrix approach to calculating the optical characteristics o f this layer makes the following 

assumptions:
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(i) Each layer is homogeneous and isotropic.

(ii) The incident medium is non-absorbing.

(iii) The path difference between transmitted and reflected waves is small compared to the

coherence length of the light.

(iv) The width of the beam is large compared to any lateral displacement of the beam in the

medium.

A beam of light is incident at an angle 0i with its electric field vector in a direction perpendicular to the 

plane of incidence. The magnitudes of the electric and magnetic fields can be related by

f i =  —  =  (2.35)
V c

The direction of energy flow is given by the Poynting vector

S = £ qC^ExB (2.36)

The inset boxes shown in Figure 2.15 represent the summed magnitudes of the electric fields at the 

layer boundaries. Thus Eri represents the sum of all the reflected beams at interface a, E,2 represents the 

sum of all the transmitted beams moving into the substrate at interface b. In Figure 2.15, E is 

everywhere tangent to the interfaces a and b but B consists of a tangential component in y-direction 

and a perpendicular component in the x-direction.

By satisfying the boundary condition that the tangential components of the resultant electric and 

magnetic fields are continuous across interface a and b respectively we get

E,^E  ̂+ E^,^E,^+E.,  (2.37)

Eb=£,-2+ £ , 2  = £ ,2  (2.38)

cos, 6, -  cos 6 , = iS„ cos0„ -  f i , ,  cos, 6,  ̂ (2.39)

Bb= 5,2 COS 0,1 -  8 2̂ ^rl “  ^(2 (2-40)

and

Using the relation between electric and magnetic field in Equation 2.34, and using the fact that

-   ~
E „ = E , , e - ‘̂  (2.41)

/ I  ~  ^ r 2

where as before the phase thickness

E., =  E^,e-‘̂  (2.42)

(2.43)
A
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F igu re  2 .15 : L igh t inciden t on a sing le  layer o f  th ickness L  and  refractive index n t  su rrounded  by 

in fin ite  m edia, a  substrate  o f  refractive index ns and an in iden t m edium  o f  refrac tive  index no- The 

e lec tric  and  m agnetic  field  vectors are indicated  and each in terface show s the sum  o f  the elec tric  fields 

fo r all the m ultip le  reflected  /  transm itted  light.

E quation  2 .37 to  2 .39 can be w ritten respective ly  as

^a~yo(^0 ^ / 1  )

(2 .44)

(2 .45)

(2.46)

w here  the e ffec tiv e  index is

Y l  — n ^ C o s G j ^  for T E  po larisa tion  (F igure 2 .15)

Y l  — /  C o s d ^ ^  for T M  po larisation

(2.47)

(2.48)

S o lv in g  E quation  2.43 and 2.45 sim ultaneously  yields

y  L̂ h +

[ 27. (2 .49)
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En =
- i S (2.50)

and substituting these two equations into Equations 2.37 and 2.45 for boundary a gives the result

Ea =Ef , co^S + Bf,
/  . • c \jsmd

I r .

=Ef,(iy^ sinS) + B̂  cos6

(2.51)

(2.52)

where the following identities have been used 2cos8=e‘V e ‘* and 2i sin8=e'*-e ‘̂

These equations relate the fields at boundary a to the fields at boundary b and can be writen in a matrix 

representation as

X ‘

A .

COS 5 /sin 5 / 7  ̂
/7^sin<5 cos 5

(2.53)

This matrix is called the tranfer matrix M of that layer. This can be generalised for many layers in a 

multilayer structure giving

E .
B,.

=  M^M   Mjv

The multilayer structure can be represented by one matrix given by

M j  = M , M ^ M ^ .....

(2.54)

(2.55)

where the order of the matrices represents the order in which the incident light passes through them. 

The resulting matrix Mr will be of the form

= (2.56)

Further manipulation of Equations 2.37 and 2.44-2.46 produces the reflectance and transmission 

coefficients for the multilayer structure in terms of the transfer matrix elements in Equation 2.55, given 

by

2 /o

7 o ^ l l  + 7 o/5^*12 '* '^21  ■*'75^22
(2.57)
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^ _ 7a^w yoYS^\2  ^21 yS^22 

7o"*ll + 7 o7 5 " * 1 2 + '” 21 + 7 5 "J2 2
(2.58)

and the intensity reflectance and transm ission are given by

R =
2 . n . c o s d .

a n d  T =  ^  ^
Hq c o s O,

(2.59)

and the reflectance phase (p is given by (p=arg(r).

To calculate the reflectance or transm ittance o f  a multilayer structure the transfer matrix for each layer 

needs to be calculated. To do this the only inform ation required is the layer thickness and refractive 

index and the angle that the light propagates in this layer, simply found from Snell’s law. If one or 

more o f the layers in a multilayer system are absorbing then the refractive index o f that layer is written 

in its com plex form

fij = n j - i k j  (2.60)

where kj is the extinction coefficient and is related to the absorption coefficient o f the material at 

wavelength A, by k j = oc>. / 4ti. Thus M QW  absorption is easily incorporated into the transfer matrix 

calculation. The biggest advantage o f this method is the easy incorporation into a com puter program 

and the ease o f manipulation o f the layers and layer information.

2.15 Assumptions made in modelling o f m odulator structures

Transfer matrix modelling is used to model the modulator structures o f interest in this thesis. This 

numerical approach is very powerful. It allows all the reflectance dependent factors to be included in 

the model and the structure reflectance to be calculated accurately. The reflectance o f  the mirrors 

structures in Section 2.13 is naturally calculated and the penetration o f the light into the Bragg which 

makes up the effective cavity length is a naturally inherent to the model. All phase inform ation is 

accounted for and off-axis reflectance can easily be computed for both polarisation states.

The layer refractive index information is dependent on growth conditions as well as the layer 

structure and compostion. Refractive index data is taken from various publications containing the 

optical constants o f sem iconductors [33,34,39,40] and each layer in the m odulator structure includes 

dispersion data in the wavelength range o f interest. The M QW  absorption is measured (figure 2.7) and 

incorporated in the extinction coefficient using the com plex refractive index (fi j = n j - ik j). The real 

refractive index value can be determ ined from the absorption coefficient [8] using the Kram ers-K ronig 

relations and from published data. The strong exciton absorption peaks in M QW s result in sim ilar 

peaks in real refractive index spectra around the exciton absorption wavelength. In the transfer matrix 

model used in this work the actual refractive index value was not calculated and the bulk value was 

used instead. This will introduce an inaccuracy into our model as the refractive index typically 

increases by = 3% in GaAs wells [41] around the exciton wavelength but is expected to be lower for
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InGaAs wells. The main effect will be for the model to position the cavity resonance at a slightly 

longer wavelength. The further away from the Xo operating position the smaller the variation from the 

bulk value.

The change in refractive index with applied electric field (Electro-refraction) is also 

unaccounted for in the model. The change in refractive index can be as large = 3% in GaAs wells [42] 

but can be positive or negative depending on the choice of operating wavelength. The further away 

from the Xq operating position the smaller the change in refractive index value. Results have shown 

electrorefraction to have little effect on the reflectivity change from a device for operation at the A,) 

position [42] which will be the operating position of the devices considered here as discussed in 

Chapter 3. Thus these factors are not expected to have a major impact on the accuracy of the model at 

the operating wavelength. The main error that will cause a difference between the predicted and 

measured device optical charateristics will be error in layer thickness growth, placing the cavity 

resonance at the wrong wavelength. Highest accuracies are about 0.2% with in-situ monitoring [43], 

and 1 %  without. The strained MQW structure also brings an uncertainty to the absortion spectra and 

the real refractive index values. There are often significant differences between grown wafers. Thus 

having a calculated dispersion curve for the data in Figure 2.7 would not ensure accurate modelling 

results at the X<) wavelength region. The approach taken was to obtain the best possible data from 

published data books and to improve these values where possible from reflectivity measurements taken 

from grown structures. The numerical calculations in this thesis were performed in MATLAB and can 

be found in appendix A.

2.16 Effect of light incident off-axis on Fabry-Perot resonance

The transfer matrix model will be used to model the operation of the Fabry-Perot modulator structure 

for light incident off-axis in Chapter 3. The Fabry-Perot resonance position is dependent on the phase 

thickness given in Equation 2.16

27t COS0,

Thus as light enters the optical cavity off normal incidence the cavity length effectively becomes 

L qC o sG and effectively reduces in size with increasing incident angle. The result is a shift in cavity 

resonance to shorter wavelength. The important point to remember concerning a modulator device is 

that the operating wavelength is fixed, so it is the behaviour of the cavity reflectance at that wavelength 

that determines the modulator angular behaviour. To illustrate this the reflectance spectra of a typical 

optical cavity are shown in Figure 2.16 calculated using Equation 2.19. Data are shown for a cavity 

having Rb=95%, Rp=40% and a cavity with Rb=95%, Rp==95%. The reflectivity is then plotted in 

Figure 2.17 plotted at the operating wavelength as a function of angle for the normal incidence 

resonance wavelength (lOOOnm). Figure 2.16 shows the data shifting to shorter wavelengths as 

expected from Equation 2.16 above. At the operating wavelength (A.= 1000nm) the reflectance of the 

lower finesse cavity (Rb=95%, Rf=40%) increases in value at an incident angle of 10°. The relatively
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narrower resonance of the higher finesse cavity means the reflectance increases at a much faster rate. 

The reflectance value at the operating wavelength of lOOOnm moves along the side of the Fabry-Perot 

resonance with increasing angle and the characteristic resonance shapes can be seen in Figure 2.17. 

The reflectance plots in Figure 2.16 are also similar to those of a modulator device operating in the 5ii 

position (see Figure 2.11). Thus subtracting the two curves in Figure 2.17 would yield a typical 

reflectivity change angular tolerance plot for this device. This example is thus allows some insight to 

the angular tolerance curves that will be presented later in Chapter 3. For small incident angles the 

tolerance is often flat due to the initial flat response in Figure 2.17. Then a sharp decrease occurs for 

larger angles until eventually the reflectivity change is zero occurring at 3° in Figure 2.17. This simple 

analysis shows how the angular tolerance is dependent on the spectral features and resonance widths of 

the device Ro„ and Roff reflectance curves.
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Figure 2.16: Reflectance spectra of a typical optical cavity calculated using Equation 2.19.
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Figure 2.17: The reflectance value at the operating wavelength o f  lOOOnm in figure 2.16 plotted with 

increasing angle.

2.17 Conclusions

In this chapter the basic physics behind the operation o f a Fabry-Perot MQW  m odulator device has 

been presented. The device takes advantage o f optical properties arising from electrical confinem ent in 

a quantum well and then uses optical confinem ent to make very efficient use o f these properties. The 

basic optical characteristics o f  the device were presented with the intent o f giving an insight into the 

device operation. W hen operating in a real system, there are many param eters that impact on device 

perform ance, due to changes in these basic properties. In later chapters the impact o f these various 

param eters will be related back to the basic characteristics presented here. The highly useful transfer 

matrix model was introduced and an insight given in its operation. In Chapter 3 the possibility o f low 

voltage operation of the Fabry-Perot modulator device is now investigated using this model along with 

the im pact o f the device structure on the device operating tolerances.
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Chapter 3: The Fabry-Perot Modulator Device

3.1 Introduction

In this chapter the device design characteristics o f InGaAs/AlGaAs Fabry-Perot M odulators, operating 

at low voltages and designed for maximum reflectivity change, are presented. Based on the device 

requirem ents for use in optical interconnects the optim um device structure is initially investigated using 

the Fabry-Perot equations (section 2.11). The InGaAs /A lG aA s M QW  absorption spectrum  is also 

examined revealing that for operation at a fixed voltage there is an optim um  num ber o f M Q W s and 

operating wavelength. It also reinforces the view that operation with a pre-bias voltage may be 

advantageous. The benefits gained from using a structure incorporating a Au back mirror which m ake it 

a favourable first choice are discussed. Com prehensive transfer matrix modelling results for this 

structure are then presented revealing the optimum structure to achieve maximum reflectivity change 

and the modulation achievable for 5V to IV operation. Since this device will be used in a real 

interconnect system, a full analysis o f the device operating tolerances reveals the impact o f  the optical 

cavity and the lowest possible operating voltage for practical operation o f this device structure.
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3.2 D evice requirem ents for use in optical interconnects

The im portant operating characteristics o f M QW  Fabry-Perot modulators are the reflectivity change 

AR = (Ron-Roff)> the contrast ratio C = (Ron/ the insertion loss IL  = (1-Ron) and the operating 

voltage V. Ron or ‘reflectivity on ’ is defm ed to be the high reflectivity o f the device prior to the 

application o f  the operating voltage. Roff or ‘reflectivity o f f  is defmed to be the low reflectivity o f the 

device after the application o f the operating voltage. W hen operated in this mode the device is said to 

operate as a ‘norm ally on ’ or ‘starting reflectivity on ’ device as explained in Chapter 2. Optim isation of 

these param eters has a direct consequence on the device operating tolerances such as the spectral 

bandw idth, tem perature sensitivity, M BE growth sensitivity, and angular acceptance. M uch work has 

been done addressing these operating characteristics and tolerances both individually and collectively, 

in different material systems and for different device structures [1-5]. The relative im portance and 

values o f  the above m odulator characteristics and tolerances will be set by the system application. Thus 

the system  application will dictate the device structure and design that is required.

There are two main operating characteristics that will shape the device design for modulators 

used in optical interconnects. The first is whether the device operates with m aximum contrast or 

m axim um  reflectivity change. The second is com patibility with CM OS operating voltages. In this work 

the insertion loss is not considered to be a major issue as in the intended system the m odulator output 

goes directly to an array o f detectors and the optical data is converted to an electrical format. Thus there 

is no cascaded use o f the optical signal, although a low insertion loss is important to minimise the 

required system  input power. In Chapter 5 we will see that as a consequence o f m axim ising the 

reflectivity change the insertion loss will also be minimised.

3.2.1 Reflectivity change (Ron-Roff) Vs. Contrast (Ro„/ Roff)

W hen used in optical interconnects, Electro-Absorption modulators can function as transm itting and 

receiving com ponents. These modulators currently operate in differential pairs due to the low device 

contrast and to guard against optical power fluctuations, under such operation the operating param eter 

to optim ise is the reflectivity change. The output o f this device is data in a binary form at so it is the 

signal difference between the on and o ff state levels that is o f prim e im portance. M uch work to date on 

Fabry Perot modulators has been airned towards design for high contrast [6]. The most im portant value 

to optim ise for high contrast is the Roff value. These devices are normally designed to achieve the 

im pedance matching condition which gives Roff =0 and extrem ely large contrast (C= R o„/ Roff)- For 

large reflectivity changes the values o f Roff and Ron are equally important, as high contrast does not 

necessarily result in the largest reflectivity change although large reflectivity changes are possible [7]. 

For Roff = 0 it is possible to have infinite contrast and still only have a few percent change in
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reflectivity. For this reason, device design for maximum contrast is different to device design for 

maximum reflectivity change.

This difference in device design can be illustrated i f  the reflectance o f the Fabry-Perot 

resonance is plotted using equation (2.19) for increasing absorption in the optical cavity as shown in 

Figure 3.1.
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Figure 3.1; Reflectivity o f the Fabry-Perot resonance is plotted using equation (2 .19) for increasing 

absorption in the optical cavity and different values o f Rf with Rb=95% .

The back mirror reflectivity Rb is 95% and results are plotted for three different front mirror 

reflectance. These values typically represent a ‘normally on’ device where Rg > Rp and the absorption 

increases when the operating voltage is applied to reduce the device reflectivity. Concentrating on the 

Rf = 0.5 curve, there is an initial rapid change in reflectance and the cavity reflectance is reduced as the 

absorption is increased. The rate o f change reduces dramatically as the reflectance o f the Fabry-Perot 

resonance approaches the impedance matching position. The initial thickness-absorption value o f 0 to 

0.2 changes the cavity reflectance by 0.7, the following thickness-absorption value o f 0.2 (0.2 to 0.4) 

changes the cavity reflectance by 0.04. This is a consequence o f the effective back mirror reflectance 

RB(eff)=RBe'^“^ (equation 2.28) where od. is the thickness-absorption product, which decreases 

exponentially. A t the impedance matching condition the resonance reflectance is zero as the effective 

back mirror reflectance equals Rf = ().5. As the absorption is increased further, Rf is now greater than 

Re(efo and the resonance reflectance value increases. As Recefo reduces exponentially, further increases 

in absorption reduce it by smaller amounts and the resonance reflectance increases accordingly in small 

amounts.
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This data shows a number o f important points. For device operation giving a large reflectivity 

change, absorption-thickness value changes below the impedance matching condition are most 

favourable. In this region the maximum reflectance changes are achieved when the absorption- 

thickness value changes from a value equal or close to zero to a value roughly one-half the im pedance 

matching condition. In comparison device design for maximum contrast would require the im pedance 

matching absorption-thickness value. The other point to note here, which we will return to shortly in 

Section 3.3.3 where the M QW  absorption spectrum is discussed, is the cavity reflectance change when 

the thickness-absorption product has a value greater than the impedance m atching value. 

Concentrating on the Rf = 0.5 curve there is roughly a linear change in cavity reflectance with 

thickness-absorption product. Thus device design will favour the initial change from  zero in thickness- 

absorption product where the cavity reflectance changes in an exponential behaviour.
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Figure 3.2: Reflectivity o f the Fabry-Perot resonance is plotted using equation (2.19) for increasing 

absorption in the optical cavity and different values of Rb with Rp=95%.

If the above m irror reflectivities are reversed i.e. the front m irror is 95%  and the back mirror 

reflectivity is given the variable values o f 25% to 95%, it is also possible to achieve m odulation as 

shown in Figure 3.2. Here the cavity reflectance now increases as the thickness absorption product 

increases. The effective back m irror reflectance RB(em=RBe'^“*' starts at a small reflectivity value R b and 

decreases exponentially towards zero. Thus the cavity reflectance effectively approaches the 

reflectivity value o f the front mirror. In this case the cavity reflectance changes most when the back and 

front m irror reflectivity values are W gh as seen in Figure 3.2 for the R b.Rf =95%. The closer these 

values are to 100% the greater the change in cavity reflectance. The finesse o f this optical cavity would 

be extrem ely large which reduces the device operating tolerances considerably and thus this structure is 

not favoured for the reflectivity change modulator. W e conclude from the above results that the 

reflectivity change m odulator structure should consist of a high R b value and a lower Rp value, and the 

absorption should change ideally from zero to a value roughly half that o f the impedance m atching 

condition or vice versa.
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The above issues can be summarised by looicing at reflectivity curves typical of a device 

turned on and off. We will shortly see that when using MQW absorption, optimum operation occurs at 

a wavelength in the absorption spectrum where the absorption increases with applied voltage. Due to 

the fabrication of large arrays of these devices, the device will normally be turned off when not in use 

to conserve electrical power and thus the starting absorption will start from a low value. In this project 

the MQW absorption is measured experimentally and the optical cavity is then chosen to optimise the 

device modulation. Using the above conclusions the reflectivity of the Fabry-Perot resonance is plotted 

using equation (2.19) for increasing front mirror reflectance and is shown in Figure 3.3. The back 

mirror reflectivity is 95% and results are plotted for three different cavity absorption values. This is 

representative of the approach being taken in this project.
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Figure 3.3: Reflectance of the Fabry-Perot resonance is plotted using equation (2 .19) for increasing 

front mirror reflectance and different values of oL with R b=95% .

Concentrating on the aL  = 0.1 curve, this is representative of the Fabry-Perot modulator before its 

operating voltage is turned on and the absorption is low. The behaviour of the cavity reflectance is 

roughly linear up to the impedance matching condition at Rp=78%. The aL  = 0.5 curve is 

representative of the Fabry-Perot modulator when the operating voltage is turned on and the absorption 

is high. The cavity reflectance reduces rapidly to zero at Rp=34%. For maximum contrast design 

Rp=34% would be the chosen reflectivity of the front mirror, but for maximum reflectivity change 

Rp=10% gives the largest AR=50%. TTis'also interesting to note that a reflectivity change of 50% is also 

possible at R f= 8 8 % , in this case the reflectivity changes from a low value to a high value, a ‘normally 

o f f  device. Once again the high reflectivity value of this front mirror makes it less attractive due to the 

negative impact on the device operating tolerances.

The above results from basic analysis using the Fabry-Perot equations have given an insight 

into the device structure designed for operation with maximum reflectivity change. It shows how this
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device design differs from the device structure that gives m aximum contrast. A full analysis using the 

transfer matrix model in the next section will reveal the optim um device structure.

3.2.2 Operation at CM OS voltages

The m odulator operating voltage is the second operating characteristic that determ ines the m odulator 

structure design. The M QW  absorption for 95 M QW s for various applied voltages are shown in figure 

2.7. The electric field across the M QW  region when a voltage V is applied across it is given by

V
F .  = --------------------- (3.1)

+ r „ )xN

where N is the num ber of M QW s, and tw.ts the thicknesses o f the well and barrier respectively. It 

follows from this that in order to shift the OV (or 0 Vm ')  exciton peak to longer wavelengths using the 

QCSE, the electric field across the M QW s must be increased. This can be done in two ways: by 

increasing the voltage or decreasing the thickness across which the voltage is being dropped. At lower 

voltage operation com patible with predicted future CM OS voltages [8], the voltage values will be 

fixed, thus in order to use the QCSE to achieve am plitude m odulation, the number o f M QW s must be 

reduced. There is an optim um electric field that gives maximum modulation. The aim is to find the 

voltage/thickness com bination that achieves that electric field. The operating voltage will thus 

influence the device design in setting the number o f M QW s that can be used, the lower the operating 

voltage the fewer the number of M QW s that can be used. The loss in absorption due to a reduced 

num ber of M QW s can be com pensated by the optical cavity. This can be seen in the sim ple case shown 

in Figure 3.3. The cavities with less absorption require higher reflectivity front mirrors and thus higher 

finesse to lower the Fabry-Perot resonance reflectivity. Thus the operating voltage will set the number 

o f M QW s which will thus set the finesse o f the cavity required for modulation in the structure. The 

exciton linewidth and wavelength shift due to the QCSE also influence the device structure and are 

examined in detail next.

3.3 Transfer M atrix modelling

The transfer matrix model successfully used in [7,9,24] and described in Section 2.14 is used to 

investigate thoroughly the optim um structure and the potential m odulation achievable from  these 

devices. The response o f these devices at low voltage operation is o f particular interest in this work. In 

this section the MQW  absorption is firstly discussed as well as the choice o f device mirrors. The 

transfer matrix modelling results and optim um  device structure are then presented.
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3.3.1 InGaAs M QW  QCSE absorption spectra

Com pared to the (Al)GaAs system (see Figure 2.5 or [1]) the exciton absorption in the InGaAs system  

is intrinsically weaker and broader as detailed in Section 2.1 and shown in Figure 2.8, but shifts more 

under the QCSE. These intrinsic properties bring about a modulator design particular to these M Q W  

absorption properties. The maximum absorption change is found by subtracting the OV curve from  the 

absorption curves at higher voltages (Figure 2.7). Figure 3.4 shows the resulting absorption changes.

o

X

'a

0)
o >
c
(0

co

o
(A
A<

0 .6 -

0.4

0.2

0.0

- 0.2

- 0.4

- 0.6

- 0.8
1

9 5 M 9 W a S « n ip le :B 4 9 9

14V -0V

22V -0V

Voltage E-field

-------- 2V-0V 1.46 X 10‘- 0 Vm '

-------- 4V-0V 2 . 9 x l 0 '- 0 V m '

-------- 6V-0V 4 .4 x 1 0 ‘- 0  Vm '

-------- 8V-0V 5 .8 x 1 0 * -0 V m '

-------- 10V-0V 7.3 X 10‘- 0 Vm ’

-------- 12V-0V 8.8 X 10‘- 0 Vm ’

14V-0V lO .a x lO '- O V m '

-------- 16V-0V 1 1 .7 x 1 0 ‘- 0 V m ’

-------- 18V-0V 13.1 x 1 0 ‘- 0 V m ’

-------- 20V-0V 14.6 X 10'- 0 Vm '

-------- 22V-0V 16.1 x IO '-O V m '

04  1.05 1.06  1.07  1.08  1.09

Wavelength(^m)
1.10 1.11

Figure 3.4: M aximum absorption changes found by subtracting the OV curve from  the absorption 

curves at higher voltages (Figure 2.7) for 95 MQW s.

The broad exciton and the large wavelength shift at higher electric fields result in the maxim um  

absorption change occurring at large (voltage values) electric field values. For 95 M QW s the maximum 

reflectivity change would occur for 0 to 14V operation around X=1070nm. Presum ing the voltage 

available is limited to CM OS voltages (5V to IV ), to access the large absorption changes the use o f  a 

bias voltage is o f possible benefit [10]. The current SPOEC system (Section 1.3) uses a 5V bias and 5V 

applied voltage for this reason, so operation is for a 5V to lOV voltage swing. The bias voltage and the 

applied voltage are the same and this will also be the approach taken here. Thus if a bias is used at IV  

operation, the bias voltage will be IV  and the voltage swing will be from IV  to 2V. The larger 

absorption changes (A a) at h ig h e r^ e c tr ic  fields can also be achieved by reducing the num ber of 

M QW s according to equation 3.1. Reducing the num ber o f M QW s will allow higher electric fields 

across the M QW s and large absorption changes to be achieved but the total am ount o f absorption is 

reduced. Thus for any given operating voltage there will be an optim um number o f M Q W s at which the 

best modulation will be achieved. This num ber will be a balance between having sufficient total 

absorption and a sufficient absorption change (Aa). Figure 3.4 also shows that the absorption change is
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wavelength dependent; large changes occur at A-=1070nm also at ^1 0 5 5 n m . All these factors will be 

accounted for in the transfer matrix modelling of these devices.

3.3.2 Optical cavity mirror choice

Devices are initially designed with an optical cavity formed by a high reflectivity of 94% Au back 

mirror and Bragg stack front mirror. The Bragg stack front mirror consists o f a A/4 InAlAs /  InGaAs 

layers. These layers are placed after the MQW strain balancing buffer layer (figure 2.8) to minimise the 

optical cavity length, which makes MBE growth of these devices easier (section 3.4.3). These material 

compositions are chosen so as to match the average lattice constant of the strained MQWs as explained 

in section 2.8. The back Au mirror deposited on the p++ InGaAs layer gives theoretically a back mirror 

reflectivity of 94%. This structure is the most favourable as the Au back mirror functions as the 

electrical contact to the p-region as well as the back mirror of the optica! cavity. The alternative would 

be to use another Bragg stack as the back mirror. The requirement of longer growth times, the added 

complexity of doping, or extra processing steps if direct contact is made to the p-region when a Bragg 

stack is used as the back mirror, make an Au mirror a preferred first option. From a systems point of 

view, for integration of the modulator to CMOS a ‘Flip-chip’ bonding technique is currently used 

successfully. This requires a metal deposition pad on the optical and CMOS surfaces and electrical 

contact is made through a tiny solder ball [11]. Using a gold mirror is also useful here for this process, 

acting as the metal pad on the modulator for this bridge. Thus for these reasons a device structure using 

a Au back mirror is first investigated as the preferred choice of structure from a fabrication and 

processing perspective.

3.3.3 Transfer Matrix modelling results

The transfer matrix model is used to investigate thoroughly the optimum structure and the potential 

modulation achievable from these devices. In Section 3.3.1 the InGaAs MQW QCSE absorption 

features were described. In modelling this active region of the modulator structure the operating voltage 

is fixed and the number of MQWs varied. The starting absorption data is from 95 MQWs at voltages 

from 0 to 25V (Figure 2.7). The absorption spectrum at a given field is extracted and we presume that 

the absorption coefficient for the 95 well structure can be linearly extrapolated down to fewer wells. 

The model thus uses the corresponding electric field absorption spectra and the absorption coefficient 

value for that number of MQWs. As the number of MQWs are reduced the physical length of the 

optical cavity shortens. The Fabry-Perot resonance is placed at the required wavelength by tuning the 

thickness of the InGaAs p+ layer inside the optical cavity, and in each case the physical length of the 

optical cavity is minimised. The optical cavity is formed using a front Bragg stack and back Au mirror. 

The reflectivity from the structure is first calculated for a double-pass device (no front mirror) and then 

for increasing Bragg stack periods/front mirror reflectivity. This is repeated at lower voltage values 

corresponding to future predicted CMOS operating voltages. Figure 3.4 also shows the wavelength 

dependence of the MQW absorption change. The optimum operating wavelength is investigated by
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repeating the above process with the cavity resonance placed at various wavelengths. This is achieved 

by tuning the thickness of the InGaAs p+ layer inside the optical cavity. The model was also used to 

determ ine whether operation with or without a bias voltage was most beneficial. Thus the model can be 

thought o f as working along a number o f different paths summ arised as follows:

a) Active region: for a given applied voltage and the device in its o ff state, V„ff, the num ber o f  M QW s

N is varied, and the corresponding absorption spectrum and absorption coefficient are calculated 

from the m easured data.

b) Optical cavity: at each number of M QW s, N, the cavity reflectivity spectrum is calculated and this 

is repeated for various mirror reflectivities o f the optical cavity.

c) Operating wavelength: b) is repeated for the optical cavity resonances placed at various operating

wavelengths in the optical spectrum shown in figure 2.7.

d) a) b) c) repeated at the value of applied voltage for the device in its on state V„„.

M odelling results for the non-cavity double-pass modulator structure having no front m irror are first 

presented.

3.3.3.1 Double-pass modulator modelling results

The transfer matrix model is used to model the reflectance change from the double-pass modulator 

structure. This device has no optical cavity, only a back gold mirror. The read beam enters the device 

through the anti-reflection coating, reflects o ff the back Au m irror and exits passing only twice through 

the structure. The current SPOEC interconnect switch incorporates these device structures operating at 

5V with a 5V bias voltage com patible with the 0.6|J.m silicon process. If  sufficient reflectance change 

were attainable from these structures they would be first choice for use in systems operating at lower 

voltages due to their proven record in real systems and relative ease o f  large array fabrication [12]. The 

devices were modelled as described above and the predicted reflectivity change at different num bers o f 

M QW s is presented in figure 3.5 for operation down to IV. In each case a bias voltage is used, the 

same as the operating voltage, and the results are at the optim um operating wavelength for that 

operating voltage. The actual R<,ff and Ron reflectivity spectra for the 5V and IV  m odulator device at the 

optim um  num ber o f M QW s of 85 and 42, respectively, is shown in figure 3.6. The optim um  operating 

wavelength A^1070.5nm for 5V operation and X =l064nm  for IV operation can be seen here. Using 95 

M QW s at 5V operation, greater than 30% modulation is achieved and is consistent with values reported 

for sim ilar structures in [13]. At this early stage our model predicts that a reduction to 85 M QW s can 

give a small im provem ent in device^modulation. The 30% reflectivity change value is the minimum 

modulation specifically required for the SPOEC system in order to maintain a good signal to noise ratio 

and is used as an operational bench mark in this work. For zero bias (not shown here) a modulation of 

only 26% at 5V operation is predicted; thus the reason for using a bias voltage. At lower voltage 

operation (with a bias voltage) when the voltage drops to 3.3V, a reflectance change value o f 22% is 

achievable. It decreases rapidly to a mere 6% by IV  operation. A t fixed lower voltage operation
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reducing the number of M QW s allows access to the larger absorption changes at higher electric fields 

(figure 3.4) that are required in order to achieve sufficient am plitude modulation.
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Figure 3.5: Transfer matrix modelling results for double pass modulators operating with a bias voltage.
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Figure 3.6: Reflectance values for 5V operation and IV operation for the optim um number o f M QW s 

85 and 42 respectively.
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But as the num ber o f  M QW s is reduced the total absorption is thus reduced and there is an optim um  

point reached between these two com peting factors. This can be seen in figure 3.7 where the absorption 

change A a  for the 5V device, as calculated by the transfer matrix model and described in Section 3.3.3 

above, is plotted for different numbers o f M QW s. This optim um point is reached for 85 M QW s. The 

reflectivity change for the 5V device shown in Figure 3.5 above is also plotted for com parison. It is 

clear from Figure 3.7 that the device reflectivity change follows closely the absorption change values 

A a. Here as expected the maximum reflectivity change occurs at 85 M QW s. At low er voltage 

operation the reduction in the num ber o f M QW s (and reduced total absorption) to achieve a sufficient 

change in absorption and amplitude modulation is fatal to these devices. The m odulation thus 

dim inishes rapidly and by IV  operation the modulation is very small and extinguished. It is clear from 

these results that an alternative device structure is required for lower voltage modulation.
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Figure 3.7: Absorption change A a for the 5V device, as calculated by the transfer matrix model and 

described in section 3.3.3 above, plotted for different numbers o f  M QW s at the optim um  operating 

wavelength ^ 1 0 7 0 .5 n m .

3.3.3.2 M QW  Fabry-Perot modulator m odelling results

The transfer matrix model is used to investigate thoroughly the optim um  structure and the potential 

modulation achievable from these devices when the M QW s are incorporated in an optical cavity. The 

response of these devices at low voltage operation is o f particular interest in this work. The model 

exam ines em pirically the optim um number o f  M QW s, the optim um  optical cavity structure and the 

optim um operating wavelength. It also exam ines the possible benefit o f using a bias voltage. The 

modelling results o f  an imm ense amount o f computational time are sum m arised in Table 3.1. At each 

operating voltage the optim um number o f M QW s and the corresponding electric field across these

70



M QW s is tabulated. The optim um front m irror reflectivity and the m aximum reflectivity change 

achievable for these optim ised values are also presented. These values represent modelling results 

when a bias voltage is used. The values presented in round brackets in each case represent the values 

when a bias voltage is not used. For com parison the modulation values achievable at these operating 

voltages for the double-pass m odulator device is presented in the final colum n. For operation with a 

bias voltage the optim um  operating wavelength for the m easured M QW  absorption spectra used in the 

model was 1077nm, and without a bias voltage it was 1068nm. Before analysing these results generally 

the optim um device structure predicted by the model is presented and analysed. Factors such as the 

optical cavity, the optim um  operating wavelength, and the num ber o f M QW s, which influence the 

resulting M QW  Fabry-Perot m odulator reflectivity change, are exam ined in detail.

Voltage 
(and bias) 

V

No. of 
MQWs

E-Field
Vm*

Rf
%

Max AR 
Fabry-Perot 

Device %

Max AR 
Double Pass 

Device %
5 56 (45) 5.77x10*’ 34 (45) 46 (44) 33

3.3 38 (29) 5.84x10'’ 45 (52) 36 (31) 22
2.5 28 (24) 5.73x10^ 66 (75) 28 (25) 17
2 24 (23) 5.71x10*’ 75 (75) 23 (18) 14

1.8 22 (15) 5.61x10” 75 (79) 19 (16) 11
1 12 (13) 5.63x10^ 88(88) 9 (6) 6

Table 3.1: Details o f the required front mirror reflectivities ( R b= 94% ),  the num ber o f M QW s, the 

electric field across the M QW s for each operating voltage for devices designed for maximum 

reflectivity change with a bias voltage. The values shown in brackets in each case is for operation 

without a bias voltage. For com parison the modulation predicted for a double pass m odulators is also 

presented.

3.3.3.3 Reflectance spectra

Figure 3.8 shows the actual reflectance spectra for the optim ally designed 5V and 2V modulator 

structures as summ arised in Table 3.1, operating with a bias voltage. In the case o f  the 5V m odulator 

Ron curve which represents the reflectivity before the device is turned on, the curve is a convolution of 

the Fabry-Perot dip at 1077nm and exciton absorption that has shifted in wavelength from 1054nm 

(figure 2.7) due to the 5V bias voltage to ~ l065nm . When the voltage is turned on the Q CSE shifts the 

exciton absorption peak towards the’> abry-P ero t resonance and the resultant reflectivity is shown by 

the 5V Roff curve. Relative to the 2V modulator the lower finesse cavity of this 5V structure shows how 

strongly the exciton absorption influences the reflectivity spectra ‘pulling’ the cavity resonance towards 

it [14]. The Rgff curve shows how the Fabry-Perot resonance appears to be closer to 1075nm than its 

true design position o f I077nm . The reflectivity at the operating wavelength changes from  60% to 14% 

giving AR = 46%  at the operating wavelength, as presented in Table 3.1. In direct contrast the 2V- 

modulator device has a higher front mirror reflectivity and thus a higher finesse cavity so the Fabry-

71



Perot resonance dominates the reflectivity spectra more. As a result the Fabry-Perot resonance is at the 

operating wavelength o f 1077nm in both the Roff and Ro„ curves, and the reflectivity changes from 43% 

to 20% giving AR = 23%.
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Figure 3.8: Reflectivity spectra for the optimally designed 5V and 2V-modulator structure.

3.3.3.4 Optimum operating wavelength

The optimum 5V-modulator MQW absorption spectra are shown m figure 3.9 at the 5V bias voltage 

and the 5V operating voltage. The absorption change Aa spectrum calculated by subtracting these two 

absorption curves is also shown. Looking closely at the Aa spectrum the choice o f operating 

wavelength can be narrowed down to wavelengths around either 1060nm or 1075nm, which correspond 

to the two peaks in the Aa spectrum. The absorption change at 1060nm is roughly the same magnitude 

as at 1075nm but a larger reflectivity change is achieved at 1075nm. The main reason for this can be 

seen in figure 3.1. When the absorption value is large there is roughly a linear change in cavity 

reflectance with absorption change. This is the case here where the absorption coefficient changes from 

5655cm ' to 2995cm 'at ^1060nm . Device design favours a change to/from zero or close to zero in 

absorption where the cavity reflectance changes in an exponential behaviour (figure 3.1). This is the 

case at ^1075nm . O f course there are more factors than the absorption coefficient alone that influence 

the reflectivity change o f a MQW Fabry-Perot device but empirical modelling results have shown the 

maximum reflectivity change to be achieved at the operating wavelength o f 1077nm, shown in figure 

3.9.
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abso rp tion  change A a  spectrum  is a lso  show n.

T he op tim um  num ber o f  M Q W s fo r operation  at a g iven vo ltage  can be seen in T ab le  3.1. A t each 

opera ting  voltage sum m arised  in T ab le  3.1 the optim um  num ber o f  w ells for a  g iven opera ting  voltage 

co rresponds to roughly  the sam e elec tric  field  in each  case. T hus the abso rp tion  spectrum  show n in 

figure 3.9 is rep resen ta tive  o f  the abso rp tion  spectrum  at opera ting  vo ltage (the abso lu te  absorp tion  

change values on the y -ax is be ing  sm aller at low er voltages). T hus system atic  m odelling  revea ls  that 

there is an optim um  elec tric  field  across the M Q W s that g ives the m ax im um  m odulation  a t each 

opera ting  voltage.

A t th is op tim um  elec tric  field  the op tim um  opera ting  w avelength  w as found  em p irica lly  using 

the transfer m atrix  m odel to  be at 1077nm. T he A a  spectrum  peaks at 1075nm . A t 1077nm  the A a  

value is sligh tly  sm aller. M ax im um  m odulation  is ach ieved  at th is 1077nm  because o f  the residual 

abso rp tion  value Oo show n in figure 3.9. T he residual absorp tion  Oq is the abso rp tion  that is p resen t due 

to  the b ias voltage. T h is  w ill d e term ine  the starting  reflectiv ity  Ro„ value fo r a  ‘norm ally  o n ’ dev ice 

(s tarting  reflectiv ity  high). T he b rcad -exc iton  linew id th  for InG aA s M Q W s m eans that the Oo value  is 

sign ifican t and p lays an im portan t ro le  in these devices. T he absorp tion  change A a  is the change in 

abso rp tion  from  cKq w hen the m odu lation  vo ltage is turned  on, and d eterm ines the final re flec tiv ity  Roff. 

T he m odulation  dep th  or reflectiv ity  change thus being  Ron-Roff- T he sm aller the value o f  ao , the larger 

Ron , the larger A a  the sm aller the value o f  Roff, thus m ax im ising  the Ro„-Roff value. T he reflectiv ity  

value Ron is m ore sensitive to  changes in ao than Roff is to changes in the A a  value. T h is  is due to  the 

exponen tia l decrease  in the effective back m irro r reflectiv ity  RB(efn=RBe'^“*' o f  the dev ice . B ecause  is
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a small value close to zero, the exponential dependence means that small changes in Oq result in larger 

changes to Recefo than similar changes in Aa. Thus in Figure 3.9 changing the operating wavelength 

from I075nm to I077nm reduces the Aa value slightly but it also reduces the Og value and the gain in 

reflectivity change (Ron-Roff) is made through a larger increase in Ro„ value compared to a much 

smaller increase in Roff. This gain in reflectivity change is not hugely significant being o f the order o f 

1% but it is important to understand why optimum operation is at 1077nm and not the maximum Aa 

value.

3.3.3.5 Front Bragg mirror reflectivity

The reflectance values for the optimum Fabry-Perot structure at 5V operation are shown in Figure 3.10 

for increasing front mirror periods/reflectivity. The Ro„ corre.sponds to the reflectance value when the 

device is turned off. A t the optimum 6 front Bragg periods Ro„ = 60% as stated previously, and the Roff 

value = 14%. This graph shows how the Roff and Ron values at the optimum operating wavelength as the 

front mirror reflectivity increases. Figure 3.8 is thus a snapshot o f fu ll reflectance spectra when the 

front mirror consists o f 6 Bragg periods (Rf =34%).
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Figure 3.10: Reflectance values for the optimum Fabry-Perot structure at 5V operation for increasing 

front mirror reflectivity at A-op= 107-7sffi. -

The Roff value and the Ro„ value decrease with increasing front m irror reflectivity similar to the 

behaviour o f the optical cavity predicted by the Fabry-Perot equations in figure 3.3. The maximum 

reflectivity change occurs when the front mirror reflectivity has a value o f 34% (6 periods). The 

maximum contrast (Ron/ Roff) occurs when the number o f front Bragg periods is 10 (R f=70% ) and Rotr 

=0. These modelling results confirm the conclusions drawn from the simple Fabry-Perot equation
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results. The device structures for operation with maximum reflectivity change require lower reflectivity 

front mirrors compared to device designs for maximum contrast. As also predicted in Figure 3.3 large 

reflectivity changes are again possible at larger front mirror reflectivities -99%  (=20 Bragg periods); 

here the device is operating as a ‘normally o ff  device because the front mirror reflectivity is now 

becoming greater than the effective back mirror reflectivity. As mentioned earlier this device operation 

is not favourable as the higher front mirror reflectivity required results in a higher cavity finesse which 

impacts negatively on device operating tolerances as will be seen later. Figure 3.10 only shows data for 

5V operation but similar results are achieved for lower voltage operation. Figure 3.10 shows the 

behaviour of the modulator device with various optical cavity front mirror reflectivities and how the 

transfer matrix model arrives at the optimum front mirror reflectivity in Table 3.1. The other critical 

parameters in the design of the optimum modulator structure are the MQW absorption.

3.3.3.6 Optimum number of MQWs

As mentioned above it has become clear from Table 3.1 that there is an optimum electric field across 

the MQWs that produced the maximum reflectivity change. There are many factors that determine this 

optimum electric field. The number of MQWs and its absorption spectrum are two of these principal 

factors. There is competition between the reducing number of MQWs that allows access to the larger 

absorption changes at higher electric fields (Figure 3.4) and the reduced the total absorption due to the 

reduction in MQWs. The fact that we are using a bias voltage and the exciton linewidth is broad means 

the residual absorption o„ has a strong influence and also means there is an optimum wavelength 

separation form the exciton absorption (Figure 3.9). Thus the optimum electric field must be a balance 

between all of the above. .Similar to earlier work [15] an effort was made to extract a figure of merit 

from the absorption spectrum data to assess whether we may predict empirically the optimum number 

of wells and wavelength at a given operating voltage, thus avoiding the large amount of modelling 

required to produce table 3.1. A simple figure of merit such as Acx/oco could not be found although a 

more complex one may exist. The double-pass modulator device followed closely the absorption 

change values A a at the operating wavelength for different numbers of MQWs (Figure 3.7). This is not 

the case when dealing with a MQW Fabry-Perot device. We have previously shown how the residual 

absorption a„ value influences the reflectivity change value, the larger the cavity finesse the greater the 

influence the cx̂  value has on the reflectivity change (see Section 5.4). Figure 3.10 shows how the 

reflectivity change is dependent on the cavity finesse and the strong influence of the exciton absorption 

on the Fabry-Perot resonance can clearly be seen in Figure 3.8 shifting it away from the device 

operating wavelength. Thus there are many more factors which contribute to the final reflectivity 

change when dealing with a MQW Fabry-Perot device. We conclude that a simple empirical model is 

difficult to achieve.

In the above analysis a correlation was found between the absorption change at the optimum  

operating wavelength 1077nm for different numbers of MQWs at 5V operation and the reflectivity 

change results of the optimum 5V structure. This data is shown in Figure 3.11. The influence of the 

changing A a value at different numbers of MQWs in the optical cavity can be seen in the reflectivity
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change curve. There is a large discrepancy at higher numbers o f M QW s due to the influence o f  the 

exciton absorption on the Fabry-Perot resonance, which is stronger at larger num bers o f  M Q W s due to 

the increased total absorption. At lower numbers o f M QW s in Figure 3.11, the exciton absorption is 

shifted towards the operating wavelength and the reflectivity change follows more the change in 

absorption values A a. This is illustrated in Figure 3.12 where the reflectance curves are plotted for 56 

M QW s as shown previously in figure 3.8 and for 68 MQW s. The important point here is that the 

stronger influence o f  the exciton absorption at 68 M QW s, which clearly shifts the Fabry-Perot 

resonance to shorter wavelengths, results in a reflectivity change at the operating wavelength o f 

1077nm much greater than expected if the absorption change value was solely considered (Figure 

3.11). 56 M QW s gives the largest absorption change A a at 1077nm, which also produces the largest 

reflectivity change. Figure 3.13 shows the absorption change A a  for operation at lower voltage 

operation with a bias voltage. Also in each case the num ber o f M QW s at which the maxim um  A a  is 

achieved correlates with optim um num ber o f M QW s giving the m aximum reflectivity change in Table 

3.1.
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Figure 3.11: Absorption change at the operating wavelength 1077nm for different num bers o f M QW s 

at 5V operation. The reflectivity change results at 1077nm for the optim um  5V structure are also shown 

for com parison.

W e conclude here that there are many factors that influence the achievable reflectivity change value 

from a M QW  Fabry-Perot modulator. The various intimate relationships between all these factors 

indicate how non-trivial it is to calculate the modulation achievable. All these intimate factors make an 

em pirical understanding difficult. Thus the sem i-em pirical models developed in [16,17] optim ising 

operation and tolerances o f double-pass modulators would be difficult to produce in the Fabry-Perot 

case. Analysis o f the device operation and tolerance requires more com prehensive m odelling and is the 

subject o f this thesis.
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3.3.3.7 Bias voltage operation

The factors that influence the reflectivity change of the MQW Fabry-Perot modulator just presented are 

for device operation with a bias voltage. For operation without a bias voltage the above conclusions 

also apply. The optimum operating wavelength is at a shorter wavelength of I068nm as expected. The 

use of a bias voltage means the exciton hh peak starts at a longer wavelength. Thus without a bias 

voltage the optimum wavelength is expected to be at a shorter wavelength. The optimum number of 

MQWs will also be different to the bias case due to the voltage swing o f OV to 5V. The closer 

proximity of the Fabry-Perot resonance to the strong absorption of the OV-exciton hh peak results in 

reflectivity spectra with behaviour similar to Figure 3.12, where the exciton absorption and Fabry-Perot 

resonance are strongly convoluted (68 MQWs). The reflectivity change results presented in Table 3.1 at 

various operating voltages indicate that roughly similar modulation values are achievable, with or 

without a bias voltage. Two of the main assumptions made in our transfer matrix model (Section 2.15) 

put a greater uncertainty upon the modelling results obtained for the no-bias case compared with the 

bias voltage case. When quantum wells are used, the exciton features give rise to a modification of their 

refractive index spectrum, both the real and imaginary parts, compared to their bulk spectrum [5,18]. 

The imaginary part we have measured experimentally but the real part was not. At wavelengths further 

away from the exciton peak wavelength this real refractive index modification is smaller and at longer 

wavelengths this value is similar to the bulk value. Using a bias voltage will eliminate this uncertainty 

but introduces an uncertainty due to electro-refractive effects [18]. The second assumption in our model 

concerns electro-refractive effects, the modification of the real refractive index with voltage. At longer 

wavelengths this effect is also minimised [5,18], thus operating with a bias voltage is favourable in this 

case. It is important to note here that it is very possible that modulation without a bias voltage could 

achieve the modulation values close to values predicted by the model or better. It is not being ruled out 

as a device structure, in fact it would be more favourable because of its lower electrical power 

consumption, especially when large arrays are involved. Electro-refraction effects can also be used in a 

positive way to increase the reflectivity change and spectral bandwidth [3]. To achieve more accurate 

modelling for operation without a bias voltage, further detailed dispersion measurements would be 

required from the quantum wells. Due to the strict timetable of the project an outside party was 

approached to do these measurements but no results were obtained. As the work done in this thesis is to 

explore the possibility and trade-offs associated with low voltage modulators, the findings and 

conclusions for bias operation will generally apply also to non-bias operation. The reason for choosing 

a bias voltage operation is to match the assumptions made in our transfer matrix model, which should 

yield more reliable and realistic predictions and allow the work to move forward.
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3.3.3.8 Lower voltage operation

The perform ance o f the M QW  Fabry-Perot modulator at lower voltage operation is o f principle interest 

in this project. The resulting reflectivity change and the optim um  device details for 5V to IV operation 

are summ arised in Table 3.1 above.
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Figure 3,14; Reflectivity change at each operating voltage as a function o f  the num ber of M QW s in the 

optical cavity at the optim um  front m irror reflectivity values and operating wavelength 1077nm.

Figure 3.14 shows the com plete m odelling results at each operating voltage as a function o f  the number 

o f M QW s in the optical cavity at the optim um  front mirror reflectivity values (Table 3.1) and operating 

wavelength. The factors that influence these curves have been discussed previously. Looking more 

closely at the predicted modulation from devices operating with a bias voltage, the first point to note is 

that the modulation achievable for a Fabry-Perot structure is better than that o f  a double pass structure 

at all operating voltages. At 5V operation there is a 40%  im provem ent in modulation when an optical 

cavity is used which requires only th^  growth o f a few extra Bragg layers. This im provem ent is due to 

the optical cavity making more efficient use of the M QW  absorption. This im provem ent in signal to 

noise ratio could be important if  the predicted very large arrays o f devices (128x128) are required [19] 

and if optical fan-out is used to address all o f these devices reducing significantly the incident optical 

read power per device. This extra modulation may also be traded for a gain in the device operating 

tolerances as will be shown in Chapter 5.

At lower voltage operation the num ber of M QW s is reduced to an optim um  num ber to attain 

the optim um  electric field discussed earlier. In the double-pass m odulator structure this reduction in
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overall absorption is fatal to the device modulation. In the case o f  the Fabry-Perot m odulator, as the 

operating voltage is reduced the front m irror reflectivity is seen to increase as expected to com pensate 

for the reduced total absorption. The light is trapped in the optical cavity to interact further with the 

reduced number o f MQWs. Thus the optical cavity can com pensate for the reduced absorption at lower 

voltage operation. This is consistent with experim ental results for GaAs wells in [2,20]. Unfortunately 

modelling results show the reflectance change decreases with reduced operating voltage. The im proved 

modulation com pared to the double pass device is expected but the rapid fall in modulation with 

reduced voltage is not. It turns out and will be discussed in full detail in Chapter 5 that the falling 

modulation is due to the reflectivity o f the front m irror having reflectivity values closer to the back Au 

mirror (94%) at lower voltage operation; thus the cavity reflectance value starts to approach zero. The 

back m irror reflectivity value is extrem ely critical to low voltage operation o f these device structures. 

To keep a sufficient signal to noise ratio the reflectivity change specifically required for the SPOEC 

system is 30%, and this maybe achieved down to =2.5V operation for the favoured device structure 

using an optical cavity with an Au back mirror. Below this the m odulation is not sufficient to m eet the 

30% requirem ent for this specific crossbar switch. O ther systems may possibly operate at lower 

modulation values, for a reflectivity change o f  20% modulation is possible for this structure down to 

2V. For a double pass structure it should be noted that operation at 30% is only possible at 5V. 20% 

modulation is only possible at voltages greater than 3.3V.

3.3.4 Conclusions of transfer matrix modelling

Transfer matrix modelling to find the optimum structure for maxim um  reflectance change has 

confirmed earlier conclusions taken from some simple analysis using the Fabry-Perot equations and 

some simple analysis o f the MQW absorption. Thorough device m odelling has found the optim um 

Fabry-Perot device structure to achieve maximum reflectivity change. M odelling predictions have 

shown how the reflectivity change from the double-pass m odulator structure dim inishes at lower 

voltage operation. Only greater than 30% modulation is achievable at 5V operation with a bias voltage. 

20% modulation is possible at 3.3V. At lower voltage operation the reflectivity change dim inishes 

rapidly. M odelling results for the Fabry-Perot modulator structure indicate that the device perform ance 

can be improved at 5V operation to 46%. At lower voltage operation 30% modulation is achievable at 

operating voltages o f 2.5V. Modulation changes o f greater than 20% are predicted for operation down 

to 2V. It must be stressed that these values are for a modulator device with a gold back m irror (94% ) 

and Bragg stack front mirror. This device structure is first investigated because o f the advantages the 

structure brings to device fabrication and processing in large arrays. It is clear from the m odelling 

results that this device structure cannot produce the required modulation when operating at future 

CM OS voltages [8] less than 2.5V. In Chapter 5 an alternative device structure is investigated where 

the back m irror reflectivity is not limited to 94%. The operation o f these devices without a bias voltage 

may also be possible but more dispersion data is required for the model to confirm  this. In this work the 

device structure operating with a bias voltage is investigated only due to the expected increased 

accuracy of the model predictions for this device. The modelling results are prom ising and operation at
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near future CM OS operating voltages is predicted to be possible from a modulation point o f  view for 

this device structure and material system. Operation o f these devices in a real optical interconnect 

means that the required modulation value must be achievable under different operating conditions. 

These conditions include changing am bient temperature and various incident angles. The increasing 

finesse o f  the optical cavity will also im pact on the device M BE growth tolerance and spectral 

bandwidth. These tolerances are addressed in the following sections.
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3.4 Device Tolerances

For practical operation o f these Fabry-Perot modulator devices in a real system, a broad spectral 

bandwidth is required as well as good tolerances to M BE growth lateral non-uniform ities for the 

production o f large arrays. Operation must be possible at a range o f incident angles due to the small 

device area and spot sizes required in large arrays. The optical cavity used in the Fabry-Perot structures 

above impacts on these operational parameters. The transfer m atrix model is used to investigate these 

tolerances in detail to see if  these devices could be used in a real working system. Com parison is made 

to the double-pass m odulator device that has been used successfully in optical interconnect systems 

[12,21]. The impact o f the cavity structure on the device electrical bandwidth, its sensitivity to optical 

pow er saturation and am bient tem perature change are also presented.

3.4.1 Spectral Tolerance

The device spectral bandwidth is the wavelength range over which a desired reflectivity change is 

achievable. It is calculated by subtracting the Roff spectrum from  the Rq,, spectrum. The wavelength 

range over which a precise AR value is achievable then defines the spectral bandwidth for this device. 

The spectral bandwidth impacts directly on the temperature sensitivity o f the device, the angular 

acceptance of the device and most importantly the M BE growth o f these devices. The larger the 

spectral bandwidth, the better the device tolerance to the above parameters. Each o f these tolerances 

will be dealt with individually in this section. The spectral bandwidth also sets the spectral range within 

which the modulator read laser wavelength must remain if the required modulation is to be achieved. 

Solid state lasers have good temperature stability and a relatively stable lasing wavelength. The SPOEC 

system uses a N d:Y lf solid state laser and has excellent tem perature stability and high optical power. A 

high pow er sem iconductor laser diode is a candidate for use in interconnect systems due to its small 

size but it has a poorer temperature stability. The change in bandgap energy with tem perature will 

influence its lasing wavelength and thus is expected to require some tem perature stabilisation such as a 

Peltier-cooler when used in a real system. Alternatively the sem iconductor laser wavelength can be 

stabilised by using an external cavity. The larger the m odulator spectral bandwidth the less sensitive it 

will be to changes of the read wavelength.

The reflectivity spectra for the optim um 5V and 2V m odulator devices giving 46%  and 23% 

reflection change respectively are shown in Figure 3.8. This shows clearly the reflectivity spectra 

narrowing at lower voltage operation. H igher finesse cavities result in a spectrally narrower Fabry- 

Perot resonance (Chapter 2) and fnuch reduced spectral bandwidth when the Roff and Ro„ values are 

subtracted. For operation at lower voltages Table 3.1 shows how the front reflectivities and thus the 

cavity finesse, increase as the operating voltage decreases. Thus the narrowing o f the Fabry-Perot 

resonance at lower voltage operation is expected to result in reduced spectral bandwidth. The spectral 

bandwidth was calculated for the devices summarised in Table 3.1 using the transfer m atrix model and 

the resulting spectra are plotted in Figure 3.15. In each case the physical cavity thickness has been 

reduced to a minimum size while keeping the Fabry-Perot resonance at the required wavelength.
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Figure 3.15: Spectral tolerance for 5V to IV  operation calculated using the transfer matrix model by 

subtracting the Ron and Roff reflectance curves plotted spectrally.

The predicted reduced spectral bandwidth at lower voltage operation is reflected in the full w idth half­

maximum FW HM  values in Figure 3.15. For a specific modulation o f  30% required by the SPOEC 

interconnect a FW HM  spectral bandwidth o f  lOnm is predicted for 5V operation and 5.6nm  for 3.3V 

operation. For the double pass device operating at 5V the spectral bandwidth is 4.8nm. This is a 

significant result, it shows that an optical cavity does not necessarily reduce the spectral bandwidth of 

this structure but actually enhances it at 5V and 3.3V operation. At 2.5V operation the reflectance 

change is close to 30% and thus operation could be possible in the SPOEC system but for the fact that 

at wavelengths away from Âop = 1077nm, the modulation falls o ff very quickly giving close to zero 

spectral tolerance. Thus operation o f  these structures at 2.5V is not practical which sets the minimum 

operation at 3.3V for this particular structure. The shape o f the spectral bandwidth curve is influenced 

mainly by the Fabry-Perot resonance. Larger spectral tolerances are achieved when a reflectance 

change value som ewhat greater than the required value (30%) is obtained at the operating wavelength. 

For lower AR values the corresponding spectral bandwidth values are much larger due to the shape of 

the Fabry-Perot resonance. For AR=20% the spectral bandwidth increases to 13.3nm for the 5V Fabry- 

Perot device. The choice of AR for a system is important as the modulation value can be traded for 

spectral bandwidth and other device tolerances, as we will see later.

These modelling results have shown that the use o f an optical cavity does not reduce the 

spectral bandwidth for operation at 5V and 3.3V at AR=30%. Although the 2.5V device produces
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AR=30%, practical operation o f the device in a real system is not possible due to its poor spectral 

bandwidth at this modulation value. O ther interconnect systems may tolerate lower AR operation and 

operation where AR=20% or less. In this case operation at 2.5V is possible and has a spectral 

bandwidth o f 6.5nm. The spectral bandwidth is intrinsically related to the angular tolerance o f these 

devices and is investigated next.

3.4.2 Angular acceptance

Electro-Absorption modulators traditionally operate at normal incidence and the majority of 

publications deal with only normal incidence operation. In optical interconnects like the one being 

assem bled in SPOEC and others [12], large arrays of these devices are used. 128x128 array sizes are 

predicted for use in optical interconnects in the near future [19]. The device sizes on these arrays are 

small typically having an area of 20-35|j.m^. These small device sizes require fast converging lenses to 

focus the read beam onto the device and light is incident at a range o f  angles o ff normal incidence. The 

lenses used to focus the light on the modulator devices in the SPOEC system lead to an angular width 

o f ±9° [22]. This requires the m odulator device to operate over this angular range i.e. AR=30% is 

required for light incident at angles as large as ±9°.
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Figure 3.16: calculated angular response of the optimum 5V double-pass m odulator structure.

Figure 3.16 shows the calculated angular response o f the optim um  5V double-pass m odulator structure. 

The angular response is principally determ ined by the angular properties o f the sem iconductor / gold 

interface and the deterioration of the anti-reflection coating at increasing incident angles. This produces 

the oscillations on the angular response curve as a large weak optical cavity (=10|xm) is formed 

between the front interface and the back gold mirror. The angular response o f the double-pass structure
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is very good having reasonably ‘fla t’ response and AR>30% up =60°. The angular response o f an 

optical cavity is very different to that o f the double-pass structure and the reason is explained in Section 

2.16. In this work our benchm ark is to at least match the angular w idth o f ±9° o f the optics specifically 

used in the SPOEC system. The com plex architecture of these system s puts tough design constraints on 

the design o f the free-space digital optics for the interconnect system s [23]. These Fabry-Perot devices 

should have a large enough angular range so as not to add further constraints on the design o f the 

system optics. This benchm ark is o f  course specific to this interconnect; other systems or applications 

may not require an angular tolerance o f this size. Thus the modelled results are presented in a general 

format.
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Figure 3.17: M odulation response for the optimum m odulator designs at each voltage, a polar form at is 

used with the reflectance change increasing radially from the centre.

Transfer matrix m odelling can once again be used to calculate the angular response o f these devices 

[24] at each operating voltage as outlined in section 2.14. These calculations allow for S and P type 

polarisation and the resultant reflectivity is found by taking the average o f the TE and TM  polarisation 

reflectivities. Figure 3.17 shows theTnOdulation response at various incident angles for the optim um  

m odulator designs at each operating voltage for the devices sum m arised in Table 3.1 plotted in a polar 

format. The reflectance change increases radially from the centre. The angular tolerance values were 

also calculated where the physical length of the cavity is minimised. As expected from Section 2.16 the 

increasing cavity finesse at lower voltage operation results in a decreasing angular acceptance. The 

reflectivity change in each case shows an initial ‘flat’ response to changing incident angle and then 

rapidly reduces to lower values. This makes the total modulation value easier to predict when light is
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incident at a range of angles rather than calculating a convolution of changing modulation values 

weighted by the Gaussian profile of the lens. The angular acceptance for a specific AR=30% is ±27° 

and ±18° for 5V and 3.3V operation respectively. At 2.5V the angular acceptance is also good. Due to 

the initial ‘flat’ response AR=28% is predicted for ±10°. For a reflectivity change of 20% the 2.5V, 

2.0V and 1.8V devices have an angular response of ±18°, ±15°, ±10° respectively. These modelling 

results indicate that the 5V and 3.3V have large enough angular acceptance angles to match the angle 

tolerance of the free-space digital optics used in the current interconnect. Good angular tolerances are 

also predicted at lower voltage operation for operation at AR=20%.

3.4.3 MBE lateral growth tolerance

The biggest obstacle to the realisation of large arrays of low voltage Fabry-Perot modulators is their 

tolerance to MBE growth non-uniformities. In this method of crystal growth the substrate is held in a 

high vacuum while collimated beams of atoms are directed into the vacuum towards the substrate 

surface. The substrate is set spinning in order to allow a consistent thickness to be grown across the full 

wafer area, as the incident atom beam may not have an even distribution of atoms. Although this does 

improve the layer thickness distribution it is not perfect and the resulting thickness variation across a 

wafer is ‘dome’ shaped, relatively flat from the centre but toward the wafer edge the thickness normally 

reduces rapidly. Typical accuracies currently are 1^1 .5%  [25] variations from the centre thickness for 

the majority of the wafer, towards the edge the thickness variation from the centre thickness can be up 

to 2-3%. Experimental measurements of thickness variation across a wafer grown by MBE as part of 

this project can be found in Section 4.4.2.2. Thickness variations across the wafer result in the optical 

cavity thickness changing and thus the Fabry-Perot resonance will shift in wavelength from the 

operating wavelength. A large device tolerance to this thickness change is required to allow the 

fabrication of large device arrays and to ensure that a large area of the wafer can be used for device 

processing. In structures grown by molecular beam epitaxy (MBE) or MOVPE there are two issues. 

One is the absolute accuracy of the thickness grown in the centre of the wafer. This can be addressed 

by in-situ growth monitoring [26] and/or post-growth processing of the wafer [27]. The second is non­

uniformity across a wafer mentioned above. This generally cannot be removed and must be tolerated. 

The double pass modulator structure has a very good tolerance to these thickness fluctuations. Once the 

quantum well/barrier thickness and composition are grown correctly and the exciton hh absorption 

peak is at the desired wavelength, devices can be processed from the majority of the wafer. The 

thickness fluctuations in well/barrier thicknesses are not cumulative (like the optical cavity) across the 

wafer and the shift of the exciton position in wavelength is small [28], measured to be 4nm across 

wafer 814 (Chapter 4). Thus it is possible to produce large arrays of these devices and to use the 

majority of the wafer for device processing.
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3.4.3.1 Absolute growth accuracy

W ithout the use of in-situ growth monitoring the accuracy o f  a layer growth thickness at the centre o f 

the wafer is close to ±1%  o f the thickness being grown, assum ing the layer being grown is not larger 

than =l^i.m [29]. This accuracy is poor and produces a ±1%  shift in wavelength (Eqn.2.26) o f  the 

Fabry-Perot resonance from the operating wavelength. W hen working with high finesse cavities and 

narrow spectral bandwidths this accuracy is not acceptable and makes growth o f  the device to the 

required wavelength difficult to achieve. In-situ growth m onitoring dram atically improves the growth 

accuracy o f the absolute thickness. The layer growth rate is m easured using reflectivity m easurem ents. 

Com m only used in VCSEL growth, accuracies o f  =±2nm o f the target operation wavelength have 

typically been achieved [26]. W ith a VCSEL structure the wavelength at which the cavity resonance is 

placed at is normally the wavelength at which light em ission occurs. W hen dealing with a modulator 

device the situation is different. Operation is fixed at a certain read wavelength. If  the specific 

operating wavelength does not fall within the spectral bandwidth o f the device, operation is only 

possible if the read wavelength is changed. This is problem atic when working with other optical 

com ponents such as microlenses and diffractive optical elements that are wavelength sensitive. Their 

efficiency and operation is largely reduced with small changes in the operating wavelength [30]. Using 

the VCSEL growth accuracy o f ±2nm  o f the target operation wavelength a minimum spectral 

bandwidth can be set. If the grown thickness of the optical cavity is such that the Fabry-Perot resonance 

is placed -i-2nm (in wavelength) above the target operation wavelength, then the resonance must be 

spectrally wide enough so the required modulation value e.g. 30% is still achieved at the operating 

wavelength. This means that the spectral half-width must be 2nm at 30% modulation. The same 

argum ent holds when the Fabry-Perot resonance is placed -Inm  from the target operation wavelength. 

Thus the overall full spectral bandwidth must be at a minimum o f 4nm at the required modulation value 

based on current epitaxial growth accuracies. The larger the spectral bandwidth the better, but any 

sm aller than this and it is most probable that device operation at the centre o f a wafer at the desired 

operating wavelength would not be possible. Referring back to Figure 3.15 for AR==30% the spectral 

bandwidth for the 5V and 3.3V operation is lOnm and 5.6nm respectively. At 2.5V the spectral 

bandwidth is 6.5nm for AR=20%. These values are larger than the minimum 4nm value set above and 

thus it should be possible to achieve accurate centre growth thickness for these devices.

Another important point that follows from this is related to the thickness non-uniform ity 

across a wafer. Figure 4.15 in chapter 4 shows the percentage change in cavity thickness across the 

wafer for wafer B814. The cavity thickness generally decreases on m oving away from the centre o f  the 

wafer, a result inherent to the growth process itself. Thus for this reason and for these devices it is 

advantageous to grow the cavity thickness too large, to a thickness which will still give the required 

modulation value. In doing this there will be a larger part o f the wafer from which to process devices as 

the cavity thickness will decrease moving towards the edge o f the wafer. M oving towards the wafer 

edge the shift in the exciton absorption wavelength across the wafer may be a concern but as m entioned 

earlier this shift is normally small, being only 4nm for wafer B814.
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3.4.3.2 Growth non-uniformity across a wafer

To study the modulator growth tolerance, the modulation was calculated when the actual physical 

thickness deviated from the ideal optical cavity thickness for each modulator structure.
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Figure 3.18: Resulting calculated modulation when the actual thickness deviated from the ideal cavity 

thickness for each modulator structure.

The modulation changes because the curves shown in Figure 3.15 above shift in wavelength from the 

fixed operating wavelength, as the cavity thickness increases or decreases from the ideal thickness (i.e. 

the thickness that places the resonance at the desired operating wavelength, 1077nm). Thickness 

fluctuations across the wafer also change the XIA layer thickness o f the Bragg mirror and change the 

effective cavity length due to light penetration into the mirror, but have only a minor effect on the 

m irror reflectivity, shifting only the central wavelength o f the Bragg mirror. The front m irror stop-band 

is spectrally wide so at the modulator operating wavelength the m irror reflectivity is relatively 

unchanged over the thickness fluctuations being considered here. In our modelling the physical cavity 

thickness has been reduced to a mfnmium size while keeping the Fabry-Perot resonance at the required 

wavelength. Figure 3.18 shows the resulting calculated modulation when the actual thickness deviated 

from the ideal cavity thickness o f the modulator structure. These results show that the lower voltage 

cavities are more sensitive to cavity thickness changes, the modulation values fall more rapidly at lower 

voltage operation and this is reflected in the FWHM values shown in the inset figure 3.18. There are a 

number o f factors that influence the resulting curves in Figure 3.18. These factors are addressed in 

detail in Section 5.5.2.2. As previously stated, the thickness change across a wafer varies as a



percentage o f the centre wafer thickness. Thus more reahstic picture o f the device sensitivity to 

thickness change is presented i f  the data in figure 3.18 are presented as a percentage change in the 

physical cavity thickness o f the modulator in question. The cavity thickness in each case is make up o f 

p and n doped layers, each having a minimum value o f 200nm, the total thickness o f the number of 

MQWs, and the penetration length into the front Bragg mirror (equation 2.34). Figure 3.19 shows the 

data in figure 3.18 presented in this format. For 30% modulation there is a good tolerance o f ±1.0% at 

5V operation and ±0.5% at 3.3V operation. For a 20% modulation value there is a predicted tolerance 

o f ±0.5% at 2.5 V operation. Devices are normally processed from the central area o f the wafer where a 

1-1.5% variation in growth thickness exists. The above values mean that relatively large arrays o f these 

Fabry-Perot devices can be fabricated from a large proportion o f the useful area o f the wafer. This 

assumes o f course that in-situ monitoring can grow the correct cavity thickness at the centre o f the 

wafer.
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Figure 3.19: Cavity thickness variation presented in figure 3.18 as a percentage thickness change o f the 

optical cavity thickness.
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3.4.4 Temperature sensitivity

The resonant nature of the Fabry-Perot modulator structure makes it sensitive to environmental changes 

such as changes in the ambient temperature. The temperature change results in the exciton absorption 

peak and the Fabry-Perot resonance shifting in wavelength at different rates and thus the modulation at 

the operating wavelength changes. Experimental investigations into the temperature sensitivity o f these 

devices can be found in [4,29,30]. Zouganeli et al. [4] examined in detail the effect of temperature 

change on both the on and off-state Fabry-Perot resonance and estimated its value from experimental 

measurements for AlGaAs/GaAs MQWs. As the temperature increases the following is expected:

a) The reflectivity on-state resonance (Ron) red shifts by a value larger than the thermo-optic 

effect [36] value of 0.083nm/°C. The increased real refractive index value of the MQW region 

as the exciton-resonance separation decreases, causes the on-state resonance (Ron) to shift by a 

larger value. From measurements the on-state resonance is estimated to change by 0.14nm/°C.

b) The reflectivity off-state resonance (Roff) red shifts by a smaller value than the on-state 

resonance with temperature. This is due to the increasingly negative QCSE induced refractive 

index change (electro-refraction) as the exciton-resonance separation decreases. From 

measurements the off-state resonance is estimated to change by 0.07nm/°C.

c) The exciton measured red shift due to the material band-gap dependence on temperature [32] 

was 0.4nm/“C.

For decreasing temperature it was assumed the device temperature dependence was a function of the 

band edge dependence only. Due to the difficulty in finding published material with these values for 

InGaAs/GaAs MQWs and the short lifetime of this project not permitting experimental measurement of 

these values, the above values are used in the transfer matrix model as an approximation of how the 

device would behave to temperature changes. The temperature coefficient of the band edge is 

approximately equal for both material systems. The values for the resonance shift are expected to be 

slightly different for InGaAs/GaAs MQWs. Without accurate values for InGaAs/GaAs MQWs the 

AlGaAs/GaAs values will allow us to model the device behaviour approximately and to see what effect 

lower voltage operation will have on the temperature sensitivity of the device. The modelling results 

using the AlGaAs/GaAs values are not expected to be largely different to that for InGaAs/GaAs 

MQWs.

The reflectivity change with temperature is investigated using the transfer matrix model by 

shifting the exciton hh peak and the on and off-state resonance according to the above values from the 

optimum exciton-resonance separation. The on and off-state resonances are shifted in wavelength by 

increasing or decreasing the cavity thickness. The Roff, Ron and thus the AR value are then calculated 

for a range of temperature changes at the operating wavelength. Figure 3.20 shows these modelling 

results for the temperature sensitivity of the 5V and 2V modulator devices. The results for the 5V-
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modulator device show the reflectivity change decreasing as the ambient temperature increases or 

decreases from the chosen operating temperature. The operating temperature of these devices must be 

predetermined before device growth due to the band gap dependence on temperature. The quantum 

well/barrier thickness and composition are then chosen so the exciton hh peak will be placed at the 

operating wavelength at this chosen operating temperature. The temperature change shown in Figure 

3.20 is the temperature change from this predetermined operating temperature.
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Figure 3.20: Modelled modulation change at the device operation wavelength due to changing ambient 

temperature for 5V and 2V operation. The calculated temperature sensitivity of the 5V Double-pass 

modulator is also shown for comparison.

As the ambient temperature decreases the modulation value also decreases at the operating wavelength. 

This is due to the exciton shifting to shorter wavelengths and moving away from the Fabry-Perot 

resonance and thus the Roff and R„n value increase at the operating wavelength. Thus the reflectivity 

change AR = (Ron-Roft) slowly decreases in value, as seen in Figure 3.20. As the ambient temperature 

increases the modulation value again decreases. In this case the exciton shifts to longer wavelengths 

towards the off-state resonance at a much faster rate than to the on-state resonance. The Roff value does 

not change significantly at the operating wavelength due to this increased absorption as it is already at a 

low reflectivity value as expected from Figure 3.1. The on-state resonance and exciton relative 

separation decreases and thus the Ro„ value decreases due to the increased exciton absorption. Thus the 

falling Ron value results in the reflectivity change AR = (Ron-Rofr) decreasing as seen above. The
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modelled behaviour o f the 5V-m odulator device is similar to the behaviour found experim entally in [4], 

The behaviour o f the 2V modulator is som ewhat different than the 5V m odulator and gives an 

interesting result. Figure 3.8 shows the Roff and Ro„ reflectivity curves for these m odulator devices. The 

Roff reflectivity has a value much higher than the 5V m odulator case. This is the reason the tem perature 

sensitivity initially increases from the 23% modulation value and then decreases sim ilar to the 5V 

curve. At increasing temperature the Roff value decreases significantly unlike in the 5V m odulator case 

and thus the reflectivity change AR = (Ron-Roff) increases initially. W hen the Roff value reaches lower 

reflectivity values it then behaves like the 5V m odulator and the AR value decreases. The tem perature 

range investigated here is larger than that studied in [4]. Thus the accuracy as m entioned previously is 

not expected to be perfect but the data in Figure 3.20 should give a reasonable indication o f  the 

tem perature behaviour. The device tolerance to temperature changes is predicted to be relatively large 

from the above modelling results for both the 5V and 2V m odulator devices. The low finesse cavity 

and the broad exciton result in a large tem perature tolerance for the 5V device, predicted to be 55°C. 

Unfortunately the tem perature range is not large enough to operate in a standard electronics 

environm ent (-30°C to +50°C) and operation with a temperature control unit such as a Peltier-cooler is 

required. Specifically in the SPOEC interconnect the Fabry-Perot modulators are the optical interface 

to the silicon integrated circuit. The silicon electronics must operate in required tem perature range for 

optim um perform ance and thus require a tem perature control system to handle the large electrical 

power dissipation to remove the generated heat. The Silicon IC in the SPOEC system is integrated to a 

Peltier-cooler for operation at the optim um  temperature [29] and thus the integrated m odulator devices 

will also be temperature stabilised by the Peltier-cooler. Thus once the m odulator devices are fabricated 

to operate at the required temperature the tem perature sensitivity indicated by the above modelling is 

good enough for operation with a Peltier-cooler. The device should be tolerant to normal am bient 

temperature changes and the time delay for the Peltier-cooler to adjust to the optim um operating 

temperature.

For com parison the tem perature sensitivity o f the 5V double-pass m odulator device is 

calculated using the transfer matrix model. In this case it is only the band-gap dependence on 

temperature that causes the modulation at the operating wavelength to change. The device modelled is 

the optim um 5V device shown in Figure 3.6 above and the operating wavelength is 1070.5nm where 

the maximum reflectivity change occurs. M odelling results show the modulation decreasing with 

changing tem perature as expected. The device is less sensitive to negative tem perature change due to 

the exciton shifting to shorter wavelengths and the reflectivity at the operating wavelength (1070.5nm ) 

m oving along the absorption tail o f the exciton where the absorption changes more gradually as shown 

in Figure 3.6. This influence of the exciton absorption on the tem perature sensitivity curve can also be 

seen in the 5V Fabry-Perot modulator curve although not as strongly. These results indicate that using 

an optical cavity at 5V operation does not make the modulator device more sensitive to tem perature 

changes relative to the double-pass structure. In fact it improves the tem perature sensitivity. For 

operation at 30% reflectivity change the sensitivity is dram atically improved from 7.5°C to 41°C. At 

AR= 20% the predicted temperature range is 30°C for the 5V double-pass device. This value com pares
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well to the m easured value o f  27°C for InGaA s/AlGaAs M Q W s in [13], The predicted tem perature 

range for the Fabry-Perot device is a factor o f two greater at AR= 20%.

3.4.5 Optical saturation

The exciton absorption in these m odulator devices is saturated or ‘bleached’ at high laser intensities. 

The principle physical sources o f this ‘bleaching’ o f the M QW s, which reduces the exciton oscillator 

strength, are band filling and renorm alisation o f the band gap [35]. Band filling arises from the Pauli 

exclusion principle. Carriers that are created in the quantum well will occupy the states at the bottom  o f 

the conduction band and the top o f the valence band. The Pauli exclusion principle implies that these 

states are now no longer available for further optical transitions. Under conditions o f high laser 

intensities this becom es continually the case. The exciton wavefunction is made up from these free 

particle states near the band edge (Chapter 2) and when these states becom e unavailable the result is a 

reduction in exciton oscillator strength. Band gap renorm alisation is a renorm alisation o f the energy o f 

the free particle states due to the presence o f electrons and holes that are generated at high laser 

intensities. This results in a reduction o f  the band gap. Exciton formation is extrem ely difficult because 

o f the excess num ber o f free carriers and large local electric fields present. This results in a dram atic 

reduction in exciton absorption. In a normally ‘o n ’ Fabry-Perot device the above mechanism as well as 

other effects such as field screening due to charge build-up and therm al effects modify the reflectivity 

change achievable at various optical powers prior to the exciton saturation power [36J. W e assume here 

that the limit o f operation o f the device is set by the occurrence o f exciton saturation.

A saturation irradiance value o f 80 kW/cm^ for GaAs M QW s is used [37]. Thus for a current 

interconnect device area of 121|0,m^ [19] the saturation limit is 100 mW. For the double pass m odulator 

structure the saturation limit is halved to 50mW  as the reflection from the back m irror effectively 

doubles the light intensity incident on the M QW s. When an optical cavity is used the light intensity 

also increases inside the M QW s, the higher the finesse o f the cavity the higher the intensity o f  the light 

inside the cavity. The electric field intensity at any point inside the optical cavity is a sum o f rays 

reflected from the front and back mirrors that interfere with each other. This produces a spatial 

variation in field am plitude inside the optical cavity. By summ ation o f electric field am plitudes inside 

the cavity in the same manner as in equation 2.18 a useful form ula for calculating the ratio o f in cavity 

intensity to incident intensity can be obtained [38]. The terms used are all defined in section 2.11.

/„ ccL,,' l + F s m \ 8 )

This formula can thus be used to find the average increase in electric field intensity inside the optical 

cavity. This inform ation can then be used to find the saturation lim it o f the m odulator devices in Table 

3.1. The transfer matrix model can also be used to calculate the increase in intensity inside the optical 

cavity and thus to investigate the reduction in the saturation limit due to the higher finesse cavities o f 

the low voltage modulator structures. In the transfer matrix approach for calculating the reflectivity

93



from a multi-layer structure [39], the electric (E) and magnetic field (B) at interface ‘a ’ is related to the 

electric and magnetic field at interface ‘b’ (see figure 3.21) by the following matrix

£ l _  cos(S)

b J “  ir , s in (« ) ^ [ b ,

(3.3)

Where the phase difference is given by

(3.4)

and

=  n, COS0
(3.5)

Hi being the refractive index and d the thickness of the layer, Xo the free space wavelength of the 

incident light.

Figure 3.21: light incident at interface ‘a ’, entering a layer of thickness t and refractive index ni.

It can easily be shown that Eb=E, and Bb=yE,, E, being the amplitude of the electric field transmitted at 

interface ‘b’. Letting E, =1 allows the electric and magnetic field to be calculated at interface ‘a ’. The 

fields can then be normalised by multiplying by the amplitude transmission coefficient ‘t’ at interface 

‘b’, which can be calculated quite easily using the transfer matrix. To plot the fields through the entire 

layer, the layer of thickness t is divided into smaller thicknesses of the same refractive index and the 

above procedure repeated. Figure 3.22 shows the Electric field intensity calculated using the transfer 

matrix plotted through a 5V Fabry-Perot modulator device which was fabricated in this project 

(Chapter 4). The individual MQWs have been omitted here, and only the cavity region of the device 

plotted, for reasons of clarity. The figure clearly shows the expected exponential penetration into the 

metal gold mirror and the expected node/antinode at each interface of the )J4 layer Bragg stack mirror. 

The MQW region is zoomed in on and shown in Figure 3.23. The lines of larger separation represent a

a b

ni,d
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quantum well layer while the lines of shorter separation are barrier layers. The predicted positioning of 

the standing wave node/antinode in the MQW region using this approach can be tested by 

systematically placing the quantum wells at either one of these predicted node or antinode of the 

standing wave of the incident light. This is done using the transfer matrix and modelling results 

confirmed the absorption to be enhanced when the quantum wells were placed at the above predicted 

antinodes and suppressed when placed at a node. These small tests indicate that this method of 

calculating the electric field of the incident light inside the structure to be successful. We also found 

that the absolute value of the electric field value did not give the expected absolute value but the 

relative values through the device structure were changing in the expected manner. The data in Figure 

3.22 tells us the electric field intensity value inside the optical cavity and relates to electric field 

intensity value incident on the device. This allows the relative increase in intensity inside the optical 

cavity to be calculated and the saturation limit of the MQWs also to be calculated. The electric field 

intensity is calculated for the device structures presented in Table 3.1 at each operating voltage using 

the transfer matrix method and also equation 3.2 above. The results were found to be comparable and 

the saturation limit for each operating voltage was then calculated. The results are presented in Table 

3.2.

In the transfer matrix approach the above values are calculated by first calculating the electric 

field intensity for the double-pass modulator structure whose saturation limit is known to be half that of 

the bare MQWs. This is used as our reference point. The increase in intensity in the optical cavity is 

then calculated relative to the double-pass modulator device. The values obtained for the increase in 

cavity intensity relative to the incident intensity Iq gave good agreement with Equation 3.2. The 

saturation limit at lower voltage operation was calculated for a device area of 60|J.m^, assuming the 

expected minimum spot size the light would be focussed to is half the device area. The results 

summarised in Table 3.2 decrease as expected. The saturation limit is predicted to be a factor of 22 

lower than the double pass modulator device at 2V operation and a factor of 30 lower at IV operation. 

Thus the optical power of the incident read beam would be required to decrease to 2.25 mW and 

1.6mW respectively. The effect of these lower saturation limits are specific to each individual 

interconnect system. In the current SPOEC interconnect system the optical power incident on the 5V 

modulator devices is predicted to be 2.12 mW [30], This value is smaller than the predicted saturation 

limit for the 2V device of 2.25mW above.
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Figure 3.22: Electric field intensity calculated using the transfer matrix plotted through the 5V Fabry- 

Perot m odulator device fabricated in this project (chapter 4).
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Figure 3.23: Electric field intensity zoomed in on part o f  the M QW  section o f  the 5V device shown in 

figure 3.22 above. The solid lines of w ider separation represent the InGaAs quantum  well, narrower 

solid lines represent the AlGaAs barrier.
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Voltage 
(and bias) 

V

Cavity
Finesse Icav ity / lo

Saturation
Limit
(mW)

5 5.4 7.6 6.5
3.3 9.3 13.2 3.75
2.5 13 19.2 2.65
2 15.4 22.2 2.25

1.8 15.4 22.6 2.2
1 21 30.8 1.6

Table 3.2: Details o f the reduction in optical saturation power as the optical cavity finesse increases at 

low voltage operation for a spot size o f 60|im^.

The M icro ELectronics-Advanced Research Initiative (M EL-ARI) Opto-Electronic interconnect 

roadmap [19] summ arises the expected changes to these devices in future interconnect systems. 

M odulator device area is predicted to reduce to 49(im^ for IV  operation. Assuming the expected 

minimum spot size the light would be focussed to is half the device area, this reduces the above 

saturation values in Table 3.2 by more than one half. Counteracting this change array sizes are also 

expected to increase to 128 x 128 from 64 x 64, thus optical fan-out o f the read-laser to these device is 

expected to reduced the incident power by a factor o f four. This leaves Table 3.2 approxim ately 

unchanged. At this stage it would be useful to calculate a minimum value o f required optical power 

incident on these m odulator devices. In an interconnect system it is assumed that the modulated signals 

taken from the m odulator devices would be coupled to an array o f detectors. These detectors are most 

likely to be sem iconductor-based detectors integrated to silicon electronics to convert the data into an 

electrical format. If M QW  detectors are used sim ilar to those in the SPOEC sw itching-chip, the optical 

power reaching these detectors is o f critical importance to ensure sufficient photocurrent is available 

for the silicon receivers to operate correctly. An incident optical power o f 8.6|J.W is currently believed 

to be a sufficient value to stay above this minimum value and to perm it operation o f the silicon drivers. 

This value is dependent on the photocurrent am plifier sensitivity and future design may allow even less 

optical incident power [40]. The optical power incident on the modulator devices is 2.12m W  and when 

coupled to the detector at the output arm the optical power is predicted to drop to 0.3m W  due to losses 

from the interconnect routing optics. If the minimum incident power on the detector is 8.6|J.W this 

allows the minimum incident pow er on the m odulator itself to be 61|i.W. Thus the incident read power 

must not be smaller than this value or larger than the values shown in Table 3.2. W e conclude that the 

reduction in saturation limit shown in Table 3.2 should not have a m ajor impact on the device operation 

even at low voltage operation. The incident optical power on the m odulator devices can be reduced 

w ithout infringing on the operation of the m odulator device or the interconnect system.
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3.4.6 Device speed

The factors that influence the modulation bandwidth o f the Fabry-Perot pin  detector can be divided into 

an intrinsic factor and an extrinsic factor. The intrinsic factor depends on the carrier dynam ics o f the 

material, particularly the exciton formation and dissociation time as well as the tim e taken to remove 

the electrons and holes from the quantum  well. The external factor is the device RC time constant. The 

m odulator case is quite different since the photogenerated carriers do not have to be collected in order 

for the device to function and the intrinsic factor is not a fundamental factor to the device speed. The 

speed o f operation has been shown to be limited solely by its parasitic RC time constant [41] and 

device electrical bandwidths up to 37 GHz has been dem onstrated. It is the RC tim e constant o f the 

modulation bandwidth that is affected when the Fabry-Perot modulator structure is altered for lower 

voltage operation. The modulator device is a p-i-n diode and can be treated as a sim ple capacitor. Its 

total capacitance is normally made up o f the intrinsic layer capacitance given by

Cin tr in s ic  »

ds
(3.6)

(where A is the device area and d* is the thickness o f the intrinsic region) and the bond-pad capacitance 

which is given by

o  A
  o x  b o n d

^ b o n d  ”  ,do,
A-bond is the bond-pad area and dox is the thickness o f the oxide layer between the contact pad and 

sem iconductor surface. In the SPOEC interconnect the modulator devices are Flip-Chip bonded to 

analog silicon circuitry which are the drive electronics used to charge the m odulator capacitance. Here 

it is the time taken to charge the modulator capacitance by the drive electronics that actually lim its the 

speed of the m odulator device. M odulation bandwidths limited by m easurem ent equipm ent were 

m easured up to 500M bit/s for the M QW  modulators used in the optical interconnect which are sim ilar 

to those in the SPOEC system [21].

The m odulator intrinsic capacitance is calculated using equation 3.5 for a decreasing num ber 

o f intrinsic M QW s (well=8.8nm, barrier =5.54nm ) and a dielectric constant value o f 13 [34], Figure 

3.24 shows the resulting capacitance increase for the current SPOEC m odulator device. The device 

intrinsic capacitance for the 5V double-pass structure that contains 95 M QW s is calculated to be 83 fF. 

The Fabry-Perot 5V structure has a capacitance o f  131 fF (56 M QW s). For operation at 2V whose 

structure contains 22 M QW s the capacitance has increase by over a factor o f 4 to 353 fF. A t IV  

operation the increase is a factor o f 8 to 638fF for the Fabry-Perot device. The predicted reduction in 

device area in future interconnect systems predicted by the interconnect roadmap [19] must also be 

considered here. The device capacitance is again calculated but at the predicted reduced device area. 

The resulting capacitance is shown in figure 3.25. A device area of 15|J.m^ is predicted to operate at 

3.3V. The device capacitance is predicted here to be 47 fF for 39 M QW s. The device area o f 7|j.m^ is 

predicted to operate at I .OV and here the device capacitance is expected to be 33 fF. In both cases the
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predicted capacitance is lower than the calculated capacitance o f the current 5V double-pass modulator 

structure being used in the SPOEC system.

1600n —°—  SPOEC modulator 
Device diameter=35|im1400-
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Figure 3.24: Resulting capacitance for the current SPOEC modulator device calculated using equation 

3.5, for different number o f MQWs.
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Figure 3.25; Device capacitance for a modulator structure calculated using equation 3.5, using the 

predicted future device area [19].
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If the device area scales down in size according to the interconnect roadm ap then the device 

capacitance is not expected to increase at lower voltage operation and the modulation bandw idth will 

not be affected. In the SPOEC system the diffractive optical elem ent used to fan-out the 8x8 VCSEL 

array onto the 64x64-detector array was found to be one o f the main factors after the lens spot-size that 

determ ined the device area. Changes in VCSEL em ission wavelength across the array o f  AX = 0.3nm 

resulted in the 20|j,m spot size m oving by a maximum o f 5^m . The device diam eter was chosen to be 

35 |j.m after allowing for other factors such as m anufacturing tolerances. The im portant point here is 

that the m odulator and detector devices are fabricated on the same wafer and thus if the device area 

cannot be reduced the capacitance o f the detector scales according to Figure 3.24. To fully see the 

im pact o f this increase in capacitance the full device capacitance must be considered. The full device 

capacitance o f the current double-pass modulator, including bonding and drive circuitry capacitance is 

estim ated to be at least lOpF [42]. A t IV operation the 555 fF increase in capacitance is only a 6%  

increase in the total capacitance. The capacitance seems likely to be dom inated by the bond pad 

capacitance. Such a small percentage increase is not expected to impact on m odulator bandwidth 

significantly.

3.5 Conclusions for device tolerance

In this section the consequent changes to various device param eters due to the device alteration for 

operation at lower voltage operation were investigated. The optical cavity effects on the device spectral 

bandwidth, angular tolerance and M BE growth tolerance were calculated using the transfer matrix 

model. Predicted results indicate that the optical cavity does not seriously impede any o f  these 

parameters. Devices still have tolerances that are within the lim its required for use in a real interconnect 

system. The increase in optical power for this structure is not expected to limit device operation. The 

device temperature sensitivity is not expected to be increased to a detrimental level and the increased 

device capacitance is not expected to seriously impact on its electrical modulation speed.

3.6 Conclusions o f chapter 3

In this chapter the main operating characteristics which shape the InGaAs Fabry-Perot m odulator 

design for use in optical interconnects were investigated. The param eters that dictate the device 

structure are found to be the device reflectance change (Ro„ - Roff) and operating voltage V. Initial 

modelling o f a double pass m odulator structure showed why these structures have poor operation at 

lower voltage operation. Some simple analysis o f  a Fabry-Perot modulator indicating the optim um 

mode o f operation and device structure was verified by thorough m odelling using the developed 

transfer matrix model. Analysis o f these modelling results showed the many factors that are considered 

by the model and the difficulty in trying to predict empirically the expected modulation and optim um  

device structure. M odelling results for this preferred cavity structure using an Au back m irror revealed
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that there is an optimum electric field at a given voltage to be applied across the MQWs. The reduction 

in absorption at lower voltage operation is compensated by the optical cavity. Operation with a pre-bias 

voltage is chosen as modelling results are expected to be most accurate in this case. Modelling results 

predict that the modulation prerequisite of 30% or more is obtainable for operation at 5V, 3.3V and 

2.5V. At lower voltage operation the modulation reduces considerably but may be of use in other 

applications. This is investigated fully in chapter 5 where results will show the failure of the optical 

cavity to compensate the reduced absorption, due to the low reflectivity of the back Au mirror. For a 

non-cavity double pass structure 30% reflectance change is only possible at SVoperation. Modulation 

at lower voltage operation is reduced dramatically. With modulation predicted to be possible at lower 

voltages, sensitivity to device tolerances and operation that are critical for implementation in an 

operational system showed positive results. For 5V and 3.3V operation, spectral bandwidth and angular 

acceptance are of very acceptable values for practical operation. MBE growth tolerances for 5V 

operation are good but are reduced somewhat for 3.3V operation but still good enough for the 

fabrication of large arrays. 2.5V operation is problematic due to zero spectral tolerance but possible 

maybe for other systems with more tolerant systems parameters. Initial modelling of Fabry-Perot 

structures using specifically an Au back mirror, potential operation and systems operation down to 

3.3V is predicted to be possible.

In the following chapter experimental results are taken from devices based on the above 

modelling results to test and strengthen the developed transfer matrix model. This work revealed some 

interesting consequences of using Au mirrors in these devices. Following the insights gained in Chapter 

4, in Chapter 5 further modelling exploring will be presented looking at the potential limits of operation 

of these devices.
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Chapter 4: Modulator measurements for 5V operation

4.1 Introduction

In th:s chapter measurements from modulator devices fabricated by m olecular beam epitaxial growth are 

presented. The device structure is fabricated based on theoretical modelling using the transfer matrix model 

for operation at 5V as presented in Chapter 3 previously. Two types o f  structures are grown, one with an 

opticil cavity and the other a double-pass structure (single back mirror). Experimental reflectivity 

m easjrem ents are taken from these _stOLCtures for com parison with modelling predictions to exam ine the 

accuracy of the model and to develop it further. Problems encountered with gold-sem iconductor interfaces 

during this work lead to some additional work looking more closely at the electrical, optical and adhesive 

properties of this interface for various gold deposition methods. Experimental results from these interfaces 

are presented. The methods used to model such an interface as well as their impact on modulator 

performance are discussed.
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4.2 Device structure

In Chapter 3 transfer matrix modelling results for 5V operation predicted improved device perform ance for 

a Fabry-Perot modulator structure relative to a double pass m odulator device. The m odelled device 

tolerances such as the angular acceptance and spectral bandwidth indicated that practical operation in an 

optical interconnect architecture is possible. Good M BE growth tolerances also allows the growth o f large 

arrays (see Chapter 3). A device structure with 59 M QW s, a gold back m irror and a 16% front m irror was 

chosen. Although this is not the structure which will give the maximum reflectance change o f  46%  when 

the front m irror reflectivity is 34% (Table3.1), a 16% front m irror reflectivity will theoretically give a large 

modulation o f 42%  but also better growth tolerances due to its lower finesse (Section 3.4.3). The device 

schem atics shown in Figure 4.1(a) and (b) were grown by m olecular beam epitaxial growth on w afers B813 

and B814 respectively. These labels refer to the University o f G lasgow  categorising scheme.

P-Contact Au back Mirror(s

SI - InGaAs/AlGaAs MQW

■I Be-InGaAs

N-Contact to 
V Si-InGaAs

>
I Relaxation layer

jn-doped Gr;aded Com positic^ In(Al,Ga)As Buffer

. . . . . A . : . ' ,
;■ S.I.-GaAs S u b s t r a t r ^ ^ ^ ^ T

t -  ________ ___> ____ _______ 1 _  ^

Figure 4 .1 (a): Double pass 5V modulator structure (wafer B 8 13).
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Au back Mirror(s)
Be-InGaAs

N-Contact to 
V Si-InGaAsSI - InGaAs/AlGaAs MQW

un-doped InAlAs/InGaAs 'front mirror'

un-doped Graded Composition In(Al,Ga)As Buffer

S.I.-GaAs Substrate

A.R. Coating

Figure 4.1(b): Fabry Perot 5V m odulator structure (wafer B814).

The two structures are identical except that the first structure on wafer B813 does not have a front Bragg 

m irror and thus is a double-pass modulator structure, light enters through the anti-reflection coating reflects 

o ff the back mirror and exits (see position P2). The optical cavity is clearly shown in Figure 4(b). There are 

two optical cavities possible, one formed by the front Bragg m irror and the Au back m irror (P4 & P7) and 

the other by the front Bragg and the back mirror formed by the Be doped InGaAs-air interface which has a 

reflectivity o f =31% (P5 & P6). Devices were processed having windows o f 50^m^ for both of these optical 

cavities so measurem ent from both cavities could be possible. W et etching has been used to rem ove a small 

am ount of the p+ InGaAs cap layer in selected areas (P4 & P5). This will allow  two cavities with slightly 

different optical thicknesses to be evaluated.

Etch
boundary

Figure 4.2(a): SEM of mesa plateaux with different metallisations; sputtered gold (denoted by ‘P ’ and 

evaporated gold (denoted by ‘T ’). The area defined by the dashed rectangle is shown in greater detail in 

(b).
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Figure 4.2 shows a SEM  image of wafer B814 whose schematic is shown in Figure 4.1(b). In this part of 

the processed wafer there are four gold back m irror pads (50x50|im ) whereas only two are shown in the 

schematic. The shallow etch boundary o f the P+ Be doped InGaAs layer is shown in Figure 4.2(b). Also 

highlighted is the mesa edge where the P+ layer and the M QW s are etched away forming a sloping sidewall 

down to the N+ layer. The device processing steps are summ arised in Appendix A o f this thesis. The reason 

for using two different deposition types o f gold for the back m irror will be dealt with later in this chapter. 

Useful m easurem ents can also be taken from these two interfaces for B813 double pass structure (P2 & P3) 

as well as the air-n+ sem iconductor interface (P I) as indicated in Figure 4.1(a). The primary purpose of 

these m easurem ents is to test the accuracy o f the transfer matrix model predictions and to strengthen its 

input param eters such as the sem iconductor refractive indices where possible. The double-pass structure 

B813 will act as a benchm ark against which any improvements in perform ance resulting from the inclusion 

o f the Fabry-Perot in B814 can be gauged. The measurem ents indicated above should maximise the am ount 

o f inform ation that can be obtained form these wafers. O f course successful o f course these devices could 

also be used in the interconnect system.

4.3 Reflectivity measurem ents

Direct measurem ents o f the thickness o f the optical layers grown and o f  the layer refractive indices is 

possible but difficult. The modulator device can be cleaved and an electron m icroscope could be used to 

measure the thickness o f each layer. The refractive indices can be m easured using ellipsom etry. Knowing 

these values precisely would of course allow the reflectivity and positions o f  the Fabry-Perot resonances to 

be calculated. By Anti-reflection coating the as-grown wafer on both sides the M QW  absorption could also 

be assessed. The reflectivity change can be found by measuring directly the optical power reflected at the 

on and o ff device states. These different m easurem ent methods are difficult, expensive and can take a long 

time to complete. The approach taken here is to com bine reflectivity m easurem ents at a broad wavelength 

range from various parts o f the device mesa shown in Figure 4.1 above; and using this gathered inform ation 

with the transfer matrix model, a more com plete picture of the optical characteristics o f the device can be 

produced.

4 .3 .1 Reflectometry as a diagnostic tool

Reflectance m easurem ents are used to explore the differences between model predictions and grown 

structures. Initial measurem ents are taken from areas on the device mesa such as PI & P3, which provides 

real information for our model allowing the material refractive indices values to be fine-tuned to more 

realistic values. M easurem ents are also taken to find the refractive index contrast (An) and thus the 

reflectivity o f the front Bragg mirror on wafer B814 from positions P5 & P6. W hen this inform ation is 

obtained the model param eters are strengthened and the model predictions for the Fabry-Perot device can
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then be com pared to measurem ents taken from these devices at positions P4 & P7. The measured 

reflectance spectrum  will contain features resulting mainly from the exciton absorption and Fabry-Perot 

resonances. These resonances will be very nearly equally spaced in the spectral range of interest. At 

wavelengths below the hh exciton peak absorption features will dom inate the spectrum. At longer 

wavelengths the Fabry-Perot resonances are less influenced by the exciton absorption which reduces 

exponentially at longer wavelengths. Here reflectance values at resonance becom e dependent only on the 

front and back m irror reflectivities. If  one o f the m irror reflectivities is known the other can easily be found. 

This is the case for measurem ents taken from the cavity formed by the air-InGaAs sem iconductor interface 

on wafer B814 (P5 & P6), its reflectivity is known (as the refractive index o f the InGaAs layer is known to 

reasonable accuracy) so the reflectivity o f the front Bragg stack can be found. The number o f Bragg mirror 

periods grown is known so the m irror reflectivity is adjusted in the model by changing the refractive index 

period difference/contrast (An) o f the mirror. This is done until a satisfactory fit to the measured data is 

obtained. The starting point is o f course the originally calculated device structure. The Fabry-Perot 

resonance is placed at the required operating wavelength by adjusting the thickness of the P-i- layer 

essentially a spacer layer in the optical cavity. The mirror reflectivities are then found and set as an 

independent variable in our model from then on.

If the zero bias hh exciton is grown to the wrong wavelength but not too far (within=20nm ) from 

the measured absorption spectrum used in the model, the absorption spectrum is shifted in wavelength to 

the m easured wavelength. It is assum ed that this is done physically by changing the M QW  layer 

com positions and that the same electric field spectrum is attainable. The choice o f zero bias hh exciton 

wavelength is important, as once it is set, it will be the reference point from which reflectivity predictions 

are made at larger voltages. The zero bias value is chosen to avoid electro-refraction whose effects could 

result in the exciton position wavelength being slightly wrong. The modified M QW  refractive index 

spectrum at OV [ 1 ] may also produce an uncertainty in the true exciton wavelength. These uncertainties can 

occur due to the Fabry-Perot resonance being close in wavelength to the exciton causing the reflectivity 

spectrum to be convoluted and leading to a false choice o f exciton wavelength. However, this should not 

be a m ajor problem with optim um operation at a wavelength separation o f 23nm. The M QW  region is then 

set as an independent variable in our model. Now that our modelling param eters are optim ised the 

measured reflectivity at different applied voltages can then be com pared to the model predictions at these 

operating voltages allowing the accuracy o f the transfer matrix model to be tested.

4.3.2 M easurem ent system

The reflectom eter m easurem ent system used in this work which is fundam entally a M ichelson 

interferom eter is outlined in Figure 4.3.
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Figure 4.3; Reflectometer measurem ent system

The light source used is a lOOW OSRAM  tungsten-halogen lamp that is focused into a 50|am core diam eter 

silica fibre. This fibre is then the inpuiTu the reflectometer. The light exiting this fibre is collim ated in free 

space using a xlO microscope objective with a focal length o f 8.3mm and a matching numerical aperture. A 

cubic beamsplitter, which is essentially two com bined prisms, is used to split the collim ated beam into two 

arms at 90° to each other, a reference arm and the sample arm. To calculate the absolute reflectivity an 

optical power spectrum is taken from a reference m irror with a known reflectivity (a Newport protected 

silver metal mirror ER.2 which has a relatively flat reflectivity o f  97.5%  over the wavelength range of
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interest) while light reflected in the sample arm is blocked out. A  spectrum is then taken from the sample 

arm while the reference arm reflection is blocked out and is normalised by the reference measurement to 

give the absolute reflectivity value. Both arms contain a x20 microscope objective with a focal length o f 

14.8mm to focus the light to a theoretical spot size o f 28|im (8.3/14.8 x 50|im). Using identical lenses in 

both arms ensures both arms suffer the same losses.

MirrorsInput light \

Aperture

Collimating 
and focusing 

Optics

Transimpedance
Amplifier

Rotating
Diffraction

Grating

ADC

Photo-detector

Display

Figure 4.4: Diagram showing the basic layout o f the Hewlett Packard HP 71450 optical spectrum analyser. 

The above diagram and all quoted data are taken from the HP 71450 instrument reference book.

Prior to reflectivity measurements being taken identical reference mirrors are placed in both arms and an 

optical power spectrum is measured in each arm. This allows the unequal splitting by the beamsplitter to be 

calculated and is taken into account when the final absolute reflectivity is calculated. The optical power is 

typically a few nano-Watts in each arm, small enough to prevent intensity dependent optical nonlinearities 

or optical power saturation o f the exciton absorption.



The optical spectrum and power is measured using a Hewlett Packard HP 71450 optical spectrum analyser 

(OSA). This device is essentially a double-pass monochromator and a basic block diagram is shown in 

Figure 4.4. The input light is first collimated by the optical element and dispersed by the diffraction grating 

according to m^=dsin0 where d is the grating spacing, m the diffraction order and 0 the incident angle. 

This results in a spatial distribution of the light based on wavelength. The diffraction grating is positioned 

such that the desired wavelength X passes through the aperture. The width of this aperture determines the 

bandwidth of the wavelengths allowed to pass through to the detector. Various apertures are available 

allowing various resolution bandwidths between O.OSnm and lOnm to be achieved. Following the 

monochromator is the photo-detector, which acts as a power detector converting the optical power to an 

electrical current. This is converted to a voltage using a transimpedance amplifier and digital signal 

processing converts the signal to a digital format where it can be displayed and manipulated. The device 

operating range is from 600nm to I700nm with an absolute wavelength accuracy of ±0.5nm. As mentioned 

above the device FWHM wavelength resolution ranges from O.OSnm to lOnm, in this work measurements 

were taken at a resolution of 1 nm. This OSA can detect pico-Watts of power so our measurements have a 

good signal to noise ratio but the background signal is measured and accounted for in the absolute 

reflectivity calculation.

The optical power output from the white light source is very stable and the short coherence length 

of this source means that interference effects in the measured signal due to reflections from different optical 

surfaces in the measurement system are avoided. The input to the optical spectrum analyiser is by 62.5^m 

core diameter silica fibre, thus the reflected signals from the sample or reference mirror are finally focussed 

down into this fibre by a x 10 microscope objective. If a He-Ne laser is used, an interference pattern formed 

by the reflection in each arm can be observed on a screen placed just before this final lens. This is a useful 

alignment tool ensuring both collimated beams overlap precisely before being focussed into the collection 

fibre. This also ensures that light is incident normally on the sample being measured. The particular device 

that is selected for measurement is initially aligned by forward biasing the device. Light emission is 

collected and collimated by the lens in the sample arm and enters the OSA. The sample is moved using its 

XYZ translator until the signal received by the OSA is maximised. Finer adjustments are then made using 

the observed device reflection spectra displayed by the OSA and to the tilt o f the device using the 

interference pattern mentioned above. The devices are addressed optically and electrically from opposite 

sides. This is achieved by mounting the processed devices in a plate with a window for optical access and 

electrical contact is made using individual needle probes from the other side of the plate. The plate is then 

mounted on the translational stage, which has 3-dimensional movement and tilt adjustment.

Other light sources were also explored such as an Oriel 75W Xenon arc lamp and a GEC-Marconi 

LED whose output was centred at 1050nm. The Oriel Xenon arc lamp had many sharp emission peaks in 

the wavelength region of interest and thus the OSRAM tungsten-halogen lamp, which gave a relatively flat 

spectrum, was preferred. Measurements were also taken using the LED source having a FWHM of 50nm. 

These measurements are a useful comparison to the tungsten-halogen lamp as it allows a check o f the
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second order contribution o f the diffraction grating to the m easured data. Due to the broad emission o f the 

tungsten-halogen lamp at shorter wavelengths these wavelengths can appear in the wavelength range of 

interest (1000-1 lOOnm) due to the second order effect o f the diffraction grating. Because the LED does not 

have any em ission in the 500-550nm  range, measurem ents taken using this source do not suffer from this 

second order effect. Almost identical results were obtained in both cases indicating that the second order 

contribution to be negligible. O f course an optical filter can also be used but this would reduce the already 

small optical power o f the white light source further. For a broader spectrum range the tungsten-halogen 

lamp is preferable to the LED source.

4.3.3 Experimental error

There are a number o f sources o f experimental error in the reflectivity m easurem ents. These errors include 

errors in the wavelength measurem ent by the OSA due to a possible m iscalibration, and errors in the 

reference m irror reflectivity quoted by Newport. These errors are small with wavelength accuracy being 

quoted to ±0.5nm when the device is calibrated using the device internal calibration system, and mirror 

reflectivity quoted as ±0.5% . W e have found the main source o f error to come from chrom atic dispersion in 

the m icroscope objective lens, which is used to focus the light onto the reference mirror and wafer sample. 

M icroscope objective lenses are normally designed to counteract chrom atic aberration in the visible 

spectrum. They consist o f multiple refracting elem ents o f opposite refracting power, convex and concave 

lenses o f different glasses can be used, all cemented together to form a com pound lens that has a net focal 

length but a reduced dispersion over a certain portion of the visible spectrum [2]. The wavelengths of 

interest in our measurem ents are in the near infrared, this spectral region is on the outer edge o f  the visible 

spectrum where the chrom atic dispersion in these lenses is not corrected and becomes stronger at these and 

longer wavelengths. This is illustrated by measurem ents taken using different lenses placed only in the 

reference arm o f the reflectom eter in Figure 4.3. The light from the white light source is focussed onto the 

m irror o f a constant reflectivity value over the wavelengths o f interest, and a wavelength o f  1.060|J,m is 

brought into focus i.e. the optical power value at this wavelength is maximised. The lens distance from the 

m irror is controlled by an XY translator, which is manually adjusted until the chosen wavelength is brought 

into focus. The resulting measurem ents are shown in Figure 4.5. As a com parison the white light spectrum 

is also shown measured directly by the OSA, not passing through the reflectom eter lens. The white light 

spectrum measured directly is re la tiv e ly ‘flat’ so the ‘shaping’ o f  the white light spectrum  due to chromatic 

dispersion in the lenses can clearly be seen in figure 4.5. In the OSA arm there is also o f course a final lens 

that focuses the light into the fiberised input o f the OSA arm. This lens is com mon in all cases so 

differences between the lenses in the reference arm can still be observed.
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Figure 4.5: Spectral measurements taken from different lenses placed in the reference arm o f the 

reflectometer. The relatively ‘ fla t’ white light spectrum is shown as a reference.

Lens A is an E llio t Scientific C l lOTM-B with a design wavelength o f 780nm and a focal length o f 

6.24mm. At wavelengths either side o f 1060nm there is a steep slope indicating strong aberration which is 

possibly due to chromatic dispersion and/or spherical aberration. Lens B is a x20 Leitz Wetzlar microscope 

objective taken from a Leitz Wetzlar optical microscope and C is a Newport M -20X x20 microscope 

objective with a focal length o f 8.3mm. Both show a more flat wavelength response relative to lens A  but at 

longer wavelengths it gets progressively worse. Lens C has a slightly lesser slope to B and is thus used in 

the reflectometer measurement system.

The problem with such aberrations when the wavelength response is not flat is that it makes 

measuring absolute reflectivity values more d ifficult. For example i f  a spectrum is taken from the reference 

mirror in the reference arm focused to 1060nm, and then a spectrum is taken from the same reference 

mirror placed in the sample arm. Ideally the same signal should have been measured in both arms and the 

absolute reflectivity should be a constant flat value and the calculated absolute reflectivity should be equal 

to the reference mirror reflectivity value, 97.5% at all wavelengths. But a d ifficulty arises in bringing a 

particular wavelength into focus, the optical power at this wavelength is maximised but it tends to act like a 

‘saddle’ point. As the lens is moved slightly closer and further away the optical power at this wavelength 

has a maximum value and keeps a constant value while the optical powers at wavelengths above and below 

are still changing, oscillating about this point. Thus i f  the lens in the sample arm is not focussed/positioned
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at 1060nm identically to the reference arm then the curve seen in Figure 4.5 changes. This normally results 

in wavelengths on one side of the focal wavelength having less optical power and the other having more 

and the resulting absolute reflectivity having a lower value and a higher value respectively. (Of course the 

opposite can also be true). This error due to chromatic dispersion in the lens was found to be the principal 

source of error in our measurements. The purchase of an alternative lens designed for operation in near- 

infra red was considered but not carried out due to the large expense of these specialised lenses. Thus much 

care was taken to minimise this error experimentally, but it is extremely difficult to eliminate. To measure 

this error the reflectometer was used to take a spectrum from the reference mirror in the reference arm and 

from an identical reference mirror in the sample arm as mentioned above. In the sample arm the lens was 

focused to the identical wavelength as the reference arm at 1080nm and it was ensured that all wavelengths 

had equal optical powers in each arm. This is done using software to divide the spectra in real time and 

when both arms are focused identically a perfectly flat spectral response is obtained.
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Figure 4.6: Measured experimental error for the reflectometer measurement system.

The sample lens is then moved slightly away (error 1), and towards (error 2) the mirror by an amount 

depicting the accuracy believed to be possible under experimental conditions i.e. it is believed that the lens 

can be experimentally brought to position/focus between these two limits. The difference between these 

two spectra and the ideal perfectly flat spectrum can then be plotted as an experimental error and is shown
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in Figure 4.6. Tiie increased and decreased error around the focal wavelength (lOSOnm) is clear as expected 

from above. Around the modulator wavelength range of interest, 1030 to l 130nm, the experim ental error is 

o f an acceptable value. At 1030nm the error is -1 .9%  to +4% an average o f  ±3%  and at 1130nm it is -3%  

to +2%, an average of ±2.5% . At longer and shorter wavelength, either side of this window, experim ental 

error increases rapidly. It is assumed that the two arms when a m easurem ent is being taken can be focussed 

to within this predicted error and these are the largest errors that any absolute reflectivity m easurem ent will 

have due to chrom atic dispersion in the lenses within this wavelength range o f interest. The presentation of 

reflectivity results from wafers B813 and B814 will not show the experim ental error for reasons o f  clarity 

to keep the presentation of data comprehensible.

4.4 M easured results

The electrical properties o f these pin diodes measured at the University o f  G lasgow are first summ arised 

and then reflectivity measurements taken from wafers B813 and 38 1 4  at prime positions mdicated 

previously in figure 4.1 are presented. Figure 4.7 shows the grown device layer structure with details o f the 

intended growth thicknesses and refractive indices at the operating wavelength as used in the transfer 

matrix model. As well as giving detailed layer growth information this data is useful when analysing the 

reflectivity data from various parts o f device structures on wafers 3813 and 3814.

4x 2.5nm InQ j'̂ 5GaQ g^^^As/3e 5-doping= IxlO'^cnT^ 3.43

275.85nm Ing i^gGaQ gg5As:3 e(2xlO'^cm'^) 3.43

59x 5.54nm Alg 25GaQ 75AS/ 8.8nm Ino.22^^0.78^* 
+ lx  5.54nm Alo_25Gao.75As 3 .32 /3 .55

300nm Ihq ]i(5GaQ g(̂ 5As:Si (2xl0'^cm '^) 3.43

88.28nm Ino.i35Alo.865^s /75.78nm Ino.i35Gao.865^s 3.01 /  3.5

l|jm Ino.i 35A lo.i5Gao.7 i 5As 3.51

2MmInx(Alo.i5Gao.85)i.xAs 
linear graded buffer layer (x=0 to 0.17)

3.47

S.I. - GaAs substrate 3.46

Figure 4.7: Detailed layer Structure for 3814; 3813  is identical except for the om ission o f the m irror stack. 

The real refractive index values used to model the structure are also shown.
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4.4.1 Electrical properties

The measured diode I-V  characteristics show good electrical properties. Figure 4.8 shows the typical diode 

I -V  characteristics for both thermally evaporated and sputtered gold P-contact layers with a thickness o f 

200nm on wafer B814.

Evaporated gold
Sputtered gold

H 1-----------1-----------1-----------1-----------1-----------1---------- 1-----------1-----------1-----------1-----------1-----------1---------- 1-----------1-----------1

-10 -8 -6 -4 -2 0 2 4

Voltage(V)

Figure 4.8: I-V  diode characteristics for B814 with sputtered and evaporated gold p-contacts.

These two types o f gold depositions were chosen in order to compare their electrical, mechanical and 

optical properties and w ill be dealt with later in this chapter. The “ turn-on”  voltage is about +0.8 V for 

thermally evaporated gold and for sputtered gold it is slightly greater at +0.9 V. Reverse currents are 

generally about -1400nA at - lO V  in both cases. The contact resistance o f the unalloyed metal-p+- 

semiconductor have also been measured. A low contact resistance is important, as the modulation 

bandwidth is determined by the device RC time constant, as explained in Section 3.4.6. The resistance is 

measured from N+ and P+ gold contact pads o f varying separation. Resistance pad separation 

measurements are shown in Figure 4.9. The contact resistance is calculated by extrapolating the curves in 

Figure 4.8 back to zero separation and is estimated to be about an acceptable value o f 25Q for both 

evaporated and sputtered gold contacts.

1 18



1000 -

'■—  Evaporated gold  

• —  Sputtered gold
8 0 0 -

6 0 0 -

4 0 0 -

2 0 0 -

20 40 60 80 100 120 1400

Pad separation (^m)

Figure 4.9: Resistance characteristics o f B814, extrapolating to the contact resistance at a pad separation of 

zero give a contact resistance o f 25£2 for both gold deposition methods.

4.4.2 Optical properties

4 .4 .2 .1 Non-cavity structure

Referring back to Figure 4.1(a) reflectivity spectra were obtained from the three positions indicated, the n+ 

sem iconductor /  air interface (P I), the p+ sem iconductor / air interface (P3) and the full device structure 

from the high reflectivity back m irror p+ sem iconductor /  gold interface (P2). Figure 4.10 shows the 

m easured reflectivity spectrum and the predicted reflectivity spectrum from the transfer matrix model for 

the n+ sem iconductor /  air interface (P I). The modelled data is plotted from I040nm  onw ards as the 

measured M QW  absorption data used in the model to predict the reflectivity spectrum was m easured from 

this wavelength. The reflectivity data is measured from 900nm and initially increases in value with 

increasing wavelength due to absorption below the band gap wavelength o f the InGaAs (=1030nm ) and 

GaAs (=900nm) layers. The reflectiviTy levels off above this, being dependent only on the wavelength 

dependent refractive index values. The experimental error previously presented in Figure 4.6 is o f  course 

applicable to these values. The measured data ideally should be smooth but clearly has a modulation 

imprinted upon it. The source o f this modulation is due to an optical cavity formed by refractive index 

differences between layers. The primary reflections that cause this interference com e from the n+
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semiconductor / air interface and the interface between the GaAs substrate layer and the graded buffer layer 

(see Figure 4.7).
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Figure 4.10: Measured rellectivity spectra and the predicted transfer matrix model reflectivity spectra from 

the n+ semiconductor / air interface.

These are easily found using the transfer matrix model. The depth of modulation is found to be sensitive 

mainly to the refractive index step between the GaAs and graded buffer layer. The resonance separation is 

sensitive to the combined thickness of the graded buffer and relaxation layers (the present optical cavity), 

and the reflectivity level (y-axis) is sensitive to the refractive index of the n+ layer only. The initial starting 

layer thicknesses and refractive indices shown in Figure 4.7 had to be adjusted slightly to achieve the 

optimum fit to the measured data using the above information. The refractive index o f the buffer layer was 

changed from a value of 3.47 to 3.56, a change of only 2 .5 %. This is not surprising due to its complicated 

layer structure composition and estimation of its refractive index value from the literature [3]. The 

refractive index of the n+ layer was unchanged indicating that its estimated value is possibly close to the 

real value. The relaxation layer thiciruess was increased by 130nm to give the optimum resonance 

separation, this error in thickness growth is not unexpected for such a thick layer. The fit to the 

experimental data is very acceptable and deviations from the model predictions are within the expected 

experimental error.
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This m easurem ent is useful as it allows the fine-tuning of the layer thicknesses and refractive indices values 

closer to their real values, thus strengthening the model predictions.

M easurem ents taken from the p+ sem iconductor / air interface (P3) on B813 which pass through 

the M QW  region are now presented in Figure 4.11 below.
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Figure 4.11: M easured reflectivity spectra and the predicted transfer matrix model reflectivity spectra from 

the p+ sem iconductor / air interface through the M QW  region.

The exciton absorption is clearly seen from the data at with the hh exciton peak at 1046nm. The model fit 

to the measured data indicates that the predicted absorption value for 59 M QW s is close to what was 

expected. To be complete in our model analysis, the am ount o f absorption in the cavity was varied, but this 

did not yield any im provem ent and generally produced a worse fit to the data. The measured data once 

again has a modulation imprinted upon it. The principal source o f  this modulation is the interference 

formed by reflections from the GaAs .^-graded buffer interface and the p-i- sem iconductor /  air interface. To 

obtain the best fit to the data, the thickness o f the p+ layer was adjusted by lOnm to align the interference 

resonances. Small adjustm ents o f the refractive index of the p+ layer do not influence the data fit. It is 

difficult to know when taking this measurem ent whether it is from the etched or unetched region o f  the p+ 

InGaAs layer, so no additional inform ation is gained regarding the model param eters here. M easurem ents
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taken from the fu ll device structure on B813 from the back Au mirror (P2) are shown in Figure 4.12. It 

became clear from these measurements that there was a problem with this interface.
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Figure 4.12; Measured reflectivity spectra from the double-pass structure on wafer B813 at various 

voltages.

This result is typical o f all devices on B813. The low reflectivity values indicate that the light does not 

reflect from a gold interface at all. At longer wavelengths away from the exciton absorption (>1 lOOnm) the 

reflectivity values should be that for reflection from an Au / semiconductor interface which is expected to 

be 94%. It is clear that this is not the case, with reflectivity values being even less that that seen in Figure 

4.11 for the p+ semiconductor /  air interface. Having spoken with Dr. Adam Boyd at the University o f 

Glasgow who processed these devices. In his opinion the fact that all contacts failed indicates that it was 

not the contact anneal that damaged the devices (this is done to improve the mechanical robustness o f the 

contact), but the treatment before metalisation. During this process the devices may have been 

contaminated from resist and not cleaned properly, it is a d ifficu lt trade o ff between cleaning the surface 

and damaging it. As a result o f this there was a closer investigation o f the optical and electrical properties 

o f Au deposited on (In)GaAs, the results o f which are presented later in this chapter in Section 4.5.

The measured results do indicate the quantum well material is o f good quality and shows a good 

QCSE (Quantum Confined Stark Effect) shift. The exciton is 8nm short o f where we expected it to be from 

wafer B499 as both MQW compositions should be identical (Figure 2.7). Whether this arises from a
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compositional change in the material and/or a growth error in the well/barrier thickness is unknown. In the 

transfer matrix model the starting absorption data is from 95 MQWs at voltages from 0 to 25V as outlined 

in Chapter 3. The absorption spectrum at a given electric field is extracted from this data. Thus the 

assumption is made that the shift of the exciton hh peak in wavelength should be similar for similar electric 

fields applied across the MQW region. Comparing the exciton hh peak shift of the original 95 MQW data 

with the above 59 MQW data can test this assumption. Figure 4.13 shows the exciton hh peak shift in 

wavelength for 59MQWs measured from Figure 4.12 above and for 95 MQWs measured from Figure 2.7. 

This is plotted at the corresponding electric field value across the MQW region, calculated using Equation 

3.1.
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Figure 4.13: Exciton hh peak shift in wavelength for 59MQWs measured from figure 4.12 above and for 95 

MQWs measured from figure 2.7. This is plotted at the corresponding electric field value across the MQW 

region calculated using equation 3.1.

The resulting shift in wavelength of the exciton hh peak is comparable for both sets of MQWs justifying the 

assumption made in our model at this reduced number of MQWs. The slightly greater Stark shift for B813 

at higher electric fields may possibly be due to a number of factors, i) More accurate layer thickness growth 

due to a reduced number of MQWs or ii) different well and barrier compositions in both wafers producing 

different exciton confinement. It is most likely due to the larger influence of the built-in junction voltage 

that results in a larger field across the reduced number of MQWs. Despite the problems encountered with 

wafer B813 some useful results have been obtained from it, indicating that the developed transfer matrix
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model is valid and has been improved further by these measurements. This gives a good indication that 

model reflectivity predictions for the Fabry-Perot devices on wafer B814 should be close to the expected 

values. The problems encountered with the gold interfaces on B813 were also present for the Fabry-Perot 

devices on B814. Thus a new piece of the B814 wafer was then processed and Au mirrors deposited 

successfully. Reflectivity spectra from these devices are presented next.

4.4.2.2 Optical cavity structure

The biggest obstacle to the fabrication of large arrays of Fabry-Perot modulators lies in the device tolerance 

to MBE growth non-uniformities as outlined in Section 3.4.3. Thickness variations across the wafer result 

in the optical cavity thickness changing and thus the Fabry-Perot resonance will shift in wavelength from 

the operating wavelength. The equation that governs the shift AA, in wavelength from an operating 

wavelength X when the cavity thickness t changes by A t ,which is given by Equation 2.26, is given by

AA A t
—  =  —  . (4.1)

A t

The percentage change in cavity thickness causes the same percentage change in the resonance position 

wavelength from the operating wavelength X. By measuring the shift in wavelength Ak from the wafer edge 

to the wafer centre across wafer B814 the percentage change in cavity thickness across the wafer can be 

calculated. Figure 4.14 shows the reflectivity spectra measured from a piece of the unprocessed B814 

wafer. The spectra were measured at the edge of the wafer and at different positions moving towards the 

centre of the 2-inch wafer. The Fabry-Perot resonances are of course not at the expected operating 

wavelength due to the absence of the back gold mirror. Unfortunately the piece of the wafer from which 

these measurements were taken was only 18mm long and is short of the wafer centre. Figure 4.15 plots the 

resonance position wavelength marked in Figure 4.14 as it shifts when moving away from the wafer edge 

towards the wafer centre. From this data the resonance at the very centre of the wafer at 25.4mm from the 

wafer edge is extrapolated to be 1130nm. Using Equation 4.1 above, the percentage change in wavelength 

from this centre wavelength is calculated and presented also in Figure 4.15. As mentioned above this value 

also represents the percentage change in cavity thickness from the wafer centre to the wafer edge. These 

values have only been measured from one part of the wafer but generally MBE growth results in similar 

fluctuations across all parts of the wafer. Generally non-cavity devices are processed from the area of the 

wafer where less than 1% to 1.5% thickness changes occur [4]. For the above wafer this represents 41% to 

62% of the wafer area. Section 3.4 3-2 shows how the device modulation changes as a function of 

percentage thickness fluctuations across the wafer. The above values are useful as they give an indication 

of the area of the wafer that would be available for processing to these modulator structures. This available 

area will of course decide the number of possible array modules or the maximum possible array size that 

could be processed assuming the centre wafer thickness can be grown correctly.
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Figure 4.14 shows the reflectivity spectra measured from a piece o f the unprocessed B814 wafer. The 

spectra were measured at the edge o f the wafer and at different positions moving towards the centre o f the 

2-inch wafer.
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Figure 4.15: Plot o f the resonance position wavelength from the wafer edge marked in Figure 4.14 and the 

percentage change in wavelength (thickness) calculated from the predicted centre wavelength o f 1030nm 

and Equation 4.1.
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4 .4.23  Device results

Reflectivity spectra were obtained from the positions (P4-P7) indicated in Figure 4.1(b). The reflectivity 

spectra from the etched (P5) and unetched (P6) optical cavities formed by the p+ semiconductor / air 

interface and the Bragg front mirror are shown in Figure 4.16 along with the model fit to this data.

Unetched device measured 
Etched device measured 
Model fit etched device 
Model fit Unetched device

0)  20 -

1.00 1.05 1.10 1.15 1.20

Wavelength(iim)
1.25 1.30

Figure 4.16; Reflectivity spectra from the etched and unetched optical cavities formed by the p+ 

semiconductor / air interface and the Bragg front mirror as indicated in Figure 4.1(b). The transfer matrix 

model fit to this data is also shown with corrected data.

The measured reflectivity spectra show a large modulated signal that is dominated by the optical cavity 

resonances. The reflectivity o f the back mirror is low =31 % and the reflectivity o f the front m irror in fact, 

as we w ill shortly see is - 8%  (not 16% as expected). The broad Fabry-Perot resonances seen here are 

caused by this low finesse cavity and the large modulation and interference is due to the mirror 

reflectivities being small and close in value.

To compare the model prediction to this measured data the starting point is o f course the originally 

calculated device structure. This data fit had the correct shape in wavelength but the maximum and
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minimum reflectivity values were found to be too large and too low, respectively. As the optical cavity 

dom inates the reflectivity spectra shown in Figure 4.16, this discrepancy is thus most likely due to an error 

in the mirror reflectivities. The back m irror reflectivity is dependent on the refractive index o f the p+ layer 

only, the refractive index o f air being well known. This value taken from the literature [3] may not be 

perfectly known but is expected to be close to the real value and small differences will largely not influence 

the reflectivity o f this interface (30.5% ). Thus the most likely cause for the large difference is the 

reflectivity o f the Bragg front mirror. The front m irror consisted o f  a 2.5 period InAlAs /  InGaAs Bragg 

mirror. The refractive indices o f  both layers were varied system atically to give the best fit to these two 

m easurem ents (Figure 4.16) and a much better match to the experim ental data was achieved. The best fit 

was obtained when the refractive index o f the InAlAs layer was increased by only 3% and the refractive 

index o f the InGaAs layer was decreased by only 2.25%. However this has the effect o f  nearly halving the 

internal reflectivity o f the m irror as the refractive index step per period is significantly reduced from  0.49 to 

0.3. The internal reflectivity o f the front m irror falls in reflectivity from the expected 16% to 8%. Figure 

4.16 shows the best fit achievable when adjusting the refractive indices to match both sets o f experim ental 

data simultaneously.

The refractive index change o f the front m irror layers is small, only a few percent. It is quite 

possible that these changes are due to both strain effects [5] and to the source o f our refractive index data 

being slightly different to the actual values, which were measured from samples grown by V apour-Phase 

Epitaxy. The modelled data gives an acceptable fit to the experim ental data, because the changes in the 

refractive index values are so small and the fit to the experimental is good. It is believed that these new 

values are closer to the true values for our particular material. This result does not im pact on previously 

modelled reflectivity change results as presented in Chapter 3, only the num ber o f periods o f front Bragg 

m irror will be required to increase to achieve the required front m irror reflectivity. It does im pact on the 

reflectivity change achievable with this grown cavity structure. The original 16% front mirror reflectivity 

was expected to give a 42%  reflectivity change. The actual front m irror reflectivity o f 8% when modelled 

predicts a lower reflectivity change o f 37%. This is an unfortunate outcom e but the principal purpose of 

these measurem ents is to test the accuracy and validity o f the transfer matrix model predictions and to 

strengthen its input param eters such as the sem iconductor refractive indices where possible. This is 

achieved and tested with measurem ents from this device.

Reflectivity spectra measured from the full Fabry-Perot m odulator structure formed by the back 

gold mirror and the Bragg front m irror (P7) are now presented. As shown in Figure 4.16, different areas of 

the wafer have Fabry-Perot resonances at different wavelengths. Figure 4.17 shows reflectivity spectra at 

various voltages taken from a device on wafer B814 close to the centre o f the wafer. The optim um  

operating wavelength separation predicted by our model is 23nm to the longer wavelength side o f zero bias 

hh exciton wavelength. At this position on the wafer the Fabry-Perot resonance is much further than this 

away at 1095nm, a detuning o f about 50nm. Thus large modulation is not expected. In Figure 4.17 two 

cavity orders/resonances are clearly visible one at 1015nm and the next at 1095nm (free spectral range).
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The zero bias hh exciton wavelength is slightly shorter than wafer B813 at 1043.5nm which is most likely 

due to slight compositional variation between wafers. The measured results do indicate that the quantum 

well material is o f high quality, showing good exciton absorption and a good QCSE (Quantum Confined 

Stark Effect) shift.
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Figure 4.17: Reflectivity spectra at various voltages taken from a device on wafer B814 processed close to 

the wafer centre.

This data shows clearly the importance o f placing the Fabry-Perot resonance at the optimum operating 

wavelength. The Fabry-Perot and exciton are not close enough in wavelength to take advantage o f the 

optical cavity. A t lOV the exciton wavelength is too far away from the Fabry-Perot resonance at 1095nm to 

change the effective back mirror reflectivity (Recefn) and thus the cavity reflectivity does not change at that 

wavelength. A t higher voltages it is possible to shift the exciton absorption closer to 1095nm but it w ill 

have a further reduced absorption value and operation is at a fixed voltage o f 5V bias and 5V applied i.e. 

5V and lOV. Modulation o f = 16% is achieved at 5V operation at 1066nm, which is roughly the optimum 

operating wavelength predicted by'iiie -fliode l (exciton wavelength -i-23nm). This device is essentially 

operating as a double-pass modulator as the exciton is between Fabry-Perot modes where the cavity 

reflectivity is flat. The reflectivity values are representative o f the exciton absorption and looking closely at 

the 5V reflectivity curve the reflectivity is high at 1066nm indicating a relatively low Oo value. The 

reflectivity at lOV shows the exciton peak shifted to 1066nm, which indicates that the absorption change
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A a is largest around this wavelength. Both of these results indicate that the model prediction of using 59 

MQWs when designed to operate at 5V with a bias is correct.

As mentioned above the optimum operation is expected when the Fabry-Perot resonance is placed 

close to 1066nm. Figure 4.18 shows reflectivity spectra at various voltages taken from a device on wafer 

B814 closer to the wafer edge where the optical cavity is close to the optimum thickness and the cavity 

resonance = 1066nm.
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Figure 4.18: Reflectivity spectra at various voltages taken from a device on wafer B814 where the cavity 

resonance is near the optimum wavelength of 1066nm.

The change in reflectivity at the Fabry-Perot resonance at increasing voltages and thus increasing 

absorption values can clearly be seen, demonstrating the operating principle of these devices. The device 

from which these measurements were taken was processed from near the wafer’s edge, a region where the 

MBE lateral growth non-uniformities are at their greatest and layer thicknesses change most rapidly. Thus 

the hh exciton peak wavelength has miffed to a wavelength of 1039nm from 1043.5nm in Figure 4.17 

which was measured closer to the centre of the wafer. This means the optimum operating wavelength 

should be around I062nm. This is not what is observed in Figure 4.18. The Fabry-Perot resonance is 

‘pulled’ towards the exciton absorption and optimum operation occurs at 1058nm. The reason for this is 

once again due to a problem with the gold back mirror reflectivity and will be discussed further shortly. It is 

difficult to achieve the theoretical 94% and for the above device turns out to be around 78%. This reduced
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optical cavity finesse allows the exciton to have a greater influence on the Fabry-Perot resonance and thus 

is ‘pu lled’ to shorter wavelengths. The optim um operating wavelength thus shifts to 1058nm. The shortest 

wavelength position of a Fabry-Perot resonance on wafer B814 is 1057nm and data measured from such a 

device is presented later. The current Fabry-Perot resonance at 1066nm gives good modulation as shown in 

Figure 4.18 and fitting the model predictions to these spectra will equally test the model validity.

Figure 4.19 shows the above measured reflectivity for reverse bias voltages o f  OV, 5V and lOV 

only and the predicted model reflectivity spectra for these voltages. The model has been adjusted to take 

account o f the lower back m irror reflectivity. How this is done will be discussed shortly. The model gives a 

satisfactory fit to the measured data. D iscrepancies between the model prediction and measured data at 

shorter wavelengths are most likely due to variations in the M QW  material com position and width for this 

device, com pared to the M QW s the absorption data used in the model was taken from. These variations 

impact on the absorption coefficient and the linewidth o f the exciton. Even with sam ple to sample 

variations the model gives a reliable prediction o f the Stark shift and absorption coefficient.
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Figure 4.19: M easured reflectivity for reverse bias voltages o f OV, 5V and lOV only and the predicted 

model reflectivity spectra for these v o i c e s .

There are two main factors that are unaccounted for in the transfer matrix model, which will contribute to 

the spectra o f the measured data and cause discrepancies between the measured and modelled data. These 

factors are Electro-refraction (the change in refractive index with electric field) and the increase in the real 

refractive index value o f the M QW s around the exciton wavelength. The model fit at OV is good. W hen
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there is no voltage applied there are no electro-refractive effects. Thus the fit to the m easured data at 

wavelengths longer than 1050nm is good. The discrepancy at wavelengths around the exciton wavelength 

is most likely due to the unaccounted increase in refractive index value o f the M QW s at OV. The model 

uses the bulk refractive index value for the quantum well, but the real value around to the exciton 

wavelength for a quantum  well is normally a few percent different [1][6] to the bulk value. This would 

mostly affect the optical path length and thus the resonance position. The com bination o f the resonance 

position being far from the exciton wavelength at OV and the absence o f Electro-refractive effects may 

explain the best data fit at a OV bias. At 5V electro-refractive effects are present and the overestim ation of 

the QCSE by our model is a normal consequence o f not including this effect [1,6], the data fit is still 

acceptable at this applied voltage. At lOV the change in refractive index due to electro-refraction would be 

considerably reduced around the resonance wavelength. Thus a better fit is expected at this voltage than the 

fit presented in Figure 4.19. The model seems to underestimate the QCSE at lOV. The reason for this is 

possibly due to the stronger QCSE shift shown in Figure 4.13 for wafer B814 which results in the exciton 

shifting further in wavelength, com pared to B499 whose data is used in the transfer matrix model. The 

model gives a good prediction o f the coupling between the exciton and Fabry-Perot at the modulation 

voltages, thus yielding a satisfactory prediction o f the modulation achievable as shown in Figure 4.20.

M od el  Predic t ion  
M e a s u r e d  5V-1 OV40-1

3 0 -

2 0 -

CE
c .
c
o
(0
3

TJ
Os

-20  H  1---------- 1-----------1------------ 1------------------1-1------------------- <--1--------------------r-1-------------------- 1-1--------------------1-1------------------- 1--1--------------------1-1---------- 1-----------1

1.00  1.01  1.02  1.03  1.04  1.05  1.06  1.07  1.08  1.09  1.10

Wavelength(ixm)

Figure 4.20: M odulation (AR) for 5V —>10V (5V bias and 5V applied voltage). The curve shown is 

achieved by subtracting the 5V and lOV curves shown above in Figure 4.19.
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The modulation (AR) for this device for the design voltage of 5V—>10V (5V bias and 5V applied voltage) is 

presented here. The curve shown is achieved by subtracting the 5V and lOV curves shown above in Figure 

4.19. Although the model fit to the 5V and lOV measured data was not perfect, there is good agreement 

between the predicted and measured modulation shown in Figure 4.20. The slightly over and under 

estimation of the data fit at these voltages results in the measured modulafion being greater than what was 

predicted by our model.

Reflectivity measurements from a device processed close to the device in Figure 4.19, whose 

Fabry-Perot resonance at 1057nm is closer to the exciton hh peak, is presented in Figure 4.21. In this case 

the device reverse breakdown voltage was 8V so data up to 7V could only be obtained. The model 

parameters used to fit to the data are identical to Figure 4.19 above, the thickness of the p+ layer is reduced 

slightly to shift the Fabry-Perot resonance to I057nm. The model fit to the data is reasonably good but not 

as good as Figure 4.19. The reason for this is most likely due to electro-reaction effects and the modified 

refractive indices values around the excition peak at OV, which are unaccounted for in the model. The 

closer proximity of the Fabry-Peiot resonance to the exciton hh peak means greater discrepancies are 

expected between the measured and modelled data, particularly at wavelengths closer to the Fabry-Perot 

resonance as seen in Figure 4.21. This data indicates that our choice of operation with a bias voltage, which 

requires the operating wavelength to be further away from the exciton wavelength, yielding more accurate 

model predictions, is justified.
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Figure 4.21: Measured and modelled reflectivity spectrum for a device processed close to the device 

presented in figure 4.19 but with its Fabry-Perot resonance at 1057nm.
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M easured data from the devices shown in Figure 4.1 from various positions and interfaces have 

strengthened and validated the transfer matrix model developed in this work. Data from  the double-pass 

devices on wafer B813 has helped to improve the estim ated refractive indices closer to their actual values 

and shows how the model can predict the interference effects from interfaces which produce small 

reflections as seen in Figure 4.7. M easurem ents have also confirm ed some o f the model assum ptions made 

in chapter 3 to be true for a dcvice with 59 MQW s. The absorption coefficient for 95 M QW s can be 

linearly scaled down to fewer wells. The electric field spectrum at 95 M QW s can be extracted and sim ilar 

spectra are achieved at sim ilar fields for 59 M QW s. M easurem ents from the cavity structures on W afer 

B814 with the sem iconductor/air back m irror indicate the model can give a good prediction o f  the 

interference effects when the back m irror reflectivity is small and close in value to the front m irror 

reflectivity. Data from the full Fabry-Perot device gives a good prediction o f  the coupling between the 

exciton and Fabry-Perot and thus the modulation achievable. W orking with a bias voltage appears to be a 

good choice as results indicate that not including electro-refraction effects in our model introduces an 

uncertainty to the model predictions. This uncertainty is greater if the Fabry-Perot resonance is closer in 

w avelength to the exciton hh peak wavelength, using a bias voltage allows this uncertainty to be minimised. 

A t 5V operation the measured and modelled difference are currently acceptable when using a bias voltage. 

It follows from these results that the transfer matrix model developed has been validated. It is fair to say 

that its predictions are not absolutely perfect but these results indicate a high level o f accuracy. The main 

assum ptions made in Chapter 3 for designing a modulator to operate at low voltages have also been 

verified. The model can be used with a just degree o f confidence in its modulation prediction capabilities to 

explore the possibility o f low voltage Fabry-Perot modulators.

As stated in Chapter 3 the back gold mirror acts as an electrical contact and a high reflectivity 

mirror. The processing steps undertaken to achieve an ohmic contact with good, mechanically robust 

properties often result in a gold/sem iconductor interface with a lower reflectivity than the expected ideal 

value o f 94%. The fit to the data for the full 5V-m odulator devices shown previously in both cases can only 

be achieved if the reflectivity o f the back Au m irror is reduced to 78%. This is achieved in our model 

sim ply by increasing the real part o f the com plex refractive index value of the gold layer. The model 

originally assum es a perfect interface between the Au and sem iconductor which in reality is difficult to 

achieve. M odelling o f such an interface and further issues related to this interface are now addressed in the 

following section.

4.5 Gold deposition on semiconductor material

There are a number of ways o f  depositing gold on a sem iconductor surface. The two most com m on 

m ethods are sputtered gold deposition and evaporated gold deposition. The gold/sem iconductor interface 

functions as an electrical contact as well as a mirror and achieving both sim ultaneously is not trivial. Very
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often it is a trade off, achieving a good electrical contact may mean sacrificing som e o f the m irror’s 

reflectivity. The processing steps undertaken to achieve an ohmic contact with good ‘adhesive’ properties 

often results in the gold/sem iconductor interface with a lower reflectivity than the expected ideal 94%. The 

problem s encountered with this gold/sem iconductor interface early in this work led to some additional 

research alongside the main goal o f  this project. In coalition with the University o f G lasgow the electrical 

and optical properties o f various depositions o f gold on sem iconductor were assessed. The main results 

from these measurem ents are presented in Section 4.5.3. Firstly the reflectivity spectra from evaporated Au 

on sem iconductor material, which impacts on the modulation results previously presented are discussed.

4.5.1 Impact on Fabry-Perot m odulator device

Reflectivity measurem ents from evaporated A u/sem iconductor interfaces will be shown in Figure 4.25 in 

Section 4.5.3. The m easurem ents are taken from three different samples incorporating simply an AR 

coating deposited on one side o f a GaAs or InGaAs layer; evaporated, non-annealed gold was deposited on 

the opposite side identical to the gold deposited on the modulator devices m easured above. These results 

are typical of the reflectivity measured, for the majority o f interfaces across each sample in question. The 

results show a large variation in reflectivity from this interface for different samples, ranging from an 

almost perfect 92% to as low as 26%). The reason for the variations in reflectivity from sample to sample is 

at present unknown but is inherent to the gold deposition/device fabrication process itself.
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Figure 4.22: M easurem ents taken over a broad spectrum from G old/GaAs interfaces
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These results indicate that the ideal m irror reflectivity assumed by the model is not always present which 

vi'as also the case for m easurem ents taken from B814 above, where the interface reflectivity is thought to be 

78% . M easurem ents taken over a broader spectrum from these interfaces are shown below in Figure 4.22, 

revealing a stronger than expected reflectivity dependence on wavelength. In this wavelength range the 

reflectivity from this interface is theoretically expected to be relatively constant. The reflectivity values 

decrease sharply around 900nm due to GaAs band-gap absorption. M easurem ents from the evaporated 

gold/G aA s interfaces indicate there is a small increase in reflectivity with increasing wavelength. This 

small increase could be due to experimental error (Figure 4.4), thus this data from the evaporated Au 

interfaces does not give clear evidence for this wavelength dependence. Data m easured from the sputtered 

A u/G aA s interface dem onstrate clearer evidence and the reflectivity is seen to increase very quickly in the 

wavelength region where the experim ental error is smallest.

Reflectivity m easurem ents taken from wafer B814 that contains the Fabry-Perot modulator 

devices also suggest a reflectivity wavelength dependence for a sputtered gold interface. Data are taken 

from  devices with sputtered and evaporated gold back mirrors that are processed side by side on B814 and 

is shown in Figure 4.23 below. It must be stressed that the data here and in Figure 4.22 are measured from 

different wafers and their only relation is that they have evaporated and sputtered Au interfaces.
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Figure 4.23: Data taken from devices with sputtered and evaporated gold back mirrors that are processed 

side by side on B814.
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The difference in absolute interface reflectivity between these two gold depositions is clear from this data. 

The sputtered gold mirror reflectivity has a much lower value. The resulting Fabry-Perot modes are very 

clear and have lower reflectivity values compared to the evaporated gold. This is due to the back mirror 

reflectivity being closer in value to the front mirror and the reflectivity spectrum resembles more the data 

shown in Figure 4.16 for a low reflectivity back mirror. When the back m irror reflectivity has a high value 

and the difference in front and back mirror reflectivities is large, the Fabry-Perot dip is less pronounced as 

seen in the data for evaporated gold. The reflectivity values at the Fabry-Perol minima show large increases 

in value at longer wavelengths for the sputtered Au devices. This indicates that the back m irror reflectivity 

is increasing in value with increasing wavelength. I f  the back mirror reflectivity were relatively flat, the 

reflectivity values at the Fabry-Perot minima would also reflect the almost equal reflectivity behaviour seen 

at the Fabry-Perot minima in Figure 4.16. The data from the evaporated gold mirror indicates that the 

m irror reflectivity is lower than the expected 94%. I f  the back mirror had this value the reflectivity values 

at wavelengths above the exciton absorption would be extremely high. These data do not allow us to 

conclude anything about the back mirror reflectivity dependence on wavelength.
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Figure 4.24: Experimental data from Figure 4.17 along with the model fit to the data where the gold 

reflectivity is linearly increased from 50% at 1035nm to 76% at 1097nm.

The majority o f measurements for evaporated gold indicate that its reflectivity does not have strong 

wavelength dependence. The model fit to the experimental data in Figures 4.19 and 4.21 was achieved
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using a reduced but constant reflectivity value o f 78%. These m easurem ents were taken from devices, 

which were processed at the same time on the same piece o f wafer (B814) close to the edge o f the wafer. 

D ata shown in Figure 4.12 were taken from a separately cleaved piece from the centre o f B814 processed at 

a different time. In this case it is not possible to obtain an acceptable fit to the m easured data using a 

constant back m irror reflectivity value. A satisfactory data fit is only obtained if the gold reflectivity is 

linearly increased from 50% at 1035nm to 76% at 1097nm, the wavelength range o f the model data. The 

experim ental data from Figure 4.17 is shown in Figure 4.24 along with the model fitted to the data using 

these wavelength dependent reflectivity values. There was no real indication from basic interface 

m easurem ents that the evaporated gold interface reflectivity is strongly wavelength dependent. These 

results strongly suggest this is the case here and maybe unique to this processing run. The sputtered gold 

m easurem ents from the above processed sample from the centre o f  the wafer and the other processed 

sam ple from the wafer edge show sim ilar wavelength dependent reflectivity behaviour as figure 4.23 

above.

The reflectivity results above show the possible problems that can be encountered when using gold 

deposited on semiconductor material as an electrical contact and an optical mirror. The absolute reflectivity 

value can be reduced significantly and it can also be strongly wavelength dependent. The reason for this 

outcom e seems to be inherent to the gold deposition/device fabrication processes themselves. The resultant 

reflectivity change from a Fabry-Perot modulator device will be affected by the altered back mirror 

reflectivity. The data in Figure 4.23 indicate that the phase change o f  the light upon reflection is unaffected 

as the Fabry-Perot positions occur at the same wavelengths in both cases. Thus it is only the reduced 

absolute back mirror reflectivity that results in the overall device reflectivity being reduced. The reflectivity 

change is calculated from (Ron-Roff) and the reduced overall device reflectivity will affect mostly the Ro„ 

value. The higher the front mirror reflectivity, the more sensitive this value to back m irror reflectivity 

changes will be. M odelling o f the optim um  5V modulator design which has a relatively low front mirror 

reflectivity o f 40% , predicts that the 45%  modulation achievable with a perfect 94% back mirror 

reflectivity halves in value, falling to 25% for a back mirror reflectivity o f 78%  (Figure 4.20). A t 55% 

reflectivity the modulation is a mere 8%. In the case where the reflectivity o f the back m irror is changing 

with wavelength it is the reflectivity at the operating wavelength which is o f  most importance and the same 

behaviour predicted above applies. The modulation results shown in Figure 4.20 are quite good despite the 

back mirror reflectivity being only 78%, this is a result o f the front m irror reflectivity being very low in 

value at only 8% and thus the cavity reflectivity is less sensitive to back m irror reflectivity changes. For 

lower voltage operation where much higher front m irror reflectivities are required, the uncertainty with this 

interface becomes a very serious problem. The above predictions indicate the highly sensitive and critical 

nature of the back m irror reflectivity to these devices. It is extrem ely important when using Fabry-Perot 

devices that a high and predictable back mirror reflectivity can be produced.
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4.5.2 M odelling the optical properties o f a gold /sem iconductor interface

The lower reflectivity Au back m irror is modelled by changing the refractive index value o f the Au layer. 

Both real and imaginary parts that account for absorption in the layer are altered. The m agnitude o f the 

refractive index change is significant; being changed from an ideal value taken from the literature of 

0.2903-7.463i to 0.9203-6.263i which corresponds to a reflectivity change o f 95% to 78%. M ore dedicated 

research [7] investigating this specific problem suggests that the interface may be com posed o f a granular 

makeup of the Au atoms, em bedded as particles in the sem iconductor crystal. Results indicate that the 

interface can be modelled if the layer is represented as a mixture o f Au and a void [8], Taking this into 

consideration, altering the refractive index in such a significant manner may not be an unreasonable first 

approach for representing this interface.

4.5.3 M easured optical reflectivities

The three main characteristics required from a metal/sem iconductor interface when used as an optical 

mirror and electrical contact are

a) High reflectivity

b) Ohmic /-V characteristics with low contact resistance

c) High mechanical robustness

Earlier results have shown the implications o f reduced back mirror reflectivity on Fabry-Perot modulator 

devices. Ohmic I-V  characteristics with low contact resistance are essential for electrical operation o f the 

device, high currents reduce the device lifetime and low contact resistance is necessary to achieve high 

electrical bandwidths. The adhesion o f the gold to the sem iconductor is also critical, these devices must be 

able to survive a number o f processing cycles [9] and even more so if the devices are ‘flip-chip’ mounted to 

drive electronics. The gold adhesion is tested by the removal o f a piece o f ‘scotch tape’ placed on the gold 

contact. The adhesion and electrical properties were tested at the University o f Glasgow.

Three different gold depositions on GaAs/InGaAs with an anti-reflection coating on the opposite 

side were investigated. The first o f these depositions is evaporated pure gold deposited by therm ally 

evaporating Au and deposition occurs at a rate o f about 2 nm/sec. Evaporated gold contacts typically 

showed good electrical properties but poor adhesion. The sputtered gold deposition method is achieved by 

high-energy bom bardm ent o f the gold releasing clusters o f gold atoms and is deposited on the 

sem iconductor surface at a rate o f about 50 nm/min. M easurem ents showed this contact to have good 

electrical and adhesive properties and it is currently the preferred deposition for the double-pass 

modulators/detectors in the SPOEC project. The third deposition method is a therm ally evaporated mixture
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o f gold nickel and chromium. A lloying o f a metal-sem iconductor junction is normally required to produce 

Ohm ic I-V characteristics but the University o f Glasgow has produced good Ohmic l -V  characteristics 

w ithout alloying using sputtered deposition. The alloyed contacts typically also showed good electrical and 

adhesive properties. Additional wafers were also processed with each o f these depositions but the contacts 

were thermally annealed after the metal deposition. This is done as previous results have shown this to 

im prove the adhesive and electrical properties. Reflectivity m easurem ents taken from each o f  these 

depositions for annealed and unannealed devices are shown in the following Figures 4.25 to 4.27. These 

results are typical o f the reflectivity measured, for the majority of interfaces across each sample in question. 

W afer number A 1324 and A 1325 are GaAs wafers, B837 and B838 are GaAs wafers with InGaAs quantum 

wells. The reflectivity results in each case show a large variation in reflectivity for different wafer samples. 

The evaporated gold contacts show reflectivities ranging from an alm ost perfect 92% to as low as 26%.
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Figure 4.25: Reflectivity measurem ents taken from gold contacts/m irrors produced from evaporated gold 

deposition for annealed and unannealed devices.

The Au/Ni/Cr contact shows sim ilar tiTIctuations in reflectivity while the sputtered gold contacts are more 

consistent in reflectivity. The reason for the variations in reflectivity from sample to sample is at present 

unknown but are inherent to the gold deposition/device fabrication process it.self. The effect o f annealing 

the samples typically reduces the interface reflectivity by about 10%.
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Figure 4.26: Reflectivity measurements taken from gold contacts/mirrors produced from sputtered gold 

deposition for annealed and unannealed devices.
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Figure 4.27: Reflectivity measurements taken from gold contacts/mirrors produced from evaporated 

Au/N i/Cr deposition for annealed and unannealed devices.
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Evaporated gold shows the highest reflectivity value at 92%, as might be expected from pure evaporated 

gold, but results also show that when the process goes wrong it results in extrem ely small reflectivity values 

(26%). This was also experienced for devices processed on wafer B813 reported earlier in Section 4.4.2.1 

where the back m irror reflectivity appears to be about 26%, also from Figure 4.12. The A u/N i/Cr 

com bination shows a lower maximum reflectivity o f 70%. This reflectivity is expected to be lower than 

pure gold, due to the theoretically lower reflectivity o f Ni and Cr at these wavelengths. W hen com bined 

with gold the resulting reflectivity is expected to be lower. Sputtered gold shows a maximum value o f  70% 

and minimum o f 50%. The reflectivity o f this interface is more reproducible in this set o f  m easurem ents. 

The reduced reflectivity is believed to com e from the deposition process itself where the im pact o f the more 

energetic Au atoms results in more dam age to the optical interface. This may also produce the good 

adhesive qualities shown by these contacts.

Each o f the deposition methods has at least two o f the three required characteristics sum m arised 

above, but none have em erged as a clear favourite. Sputtered gold is currently the preferred choice o f 

deposition due to its good electrical and adhesive properties, reasonably high interface reflectivity o f  70%  

and its reproducibility. For a double-pass modulator device this reduced back m irror reflectivity does not 

impact on the device reflectivity change as seriously as it does for a Fabry-Perot device. In this case a back 

mirror reflectivity o f  70% is not sufficient. The main conclusion from the current results is that the function 

o f the m etal-sem iconductor p+ contact should be split into separate functions and not used as both an 

optical mirror and electrical contact. This may involve extra device processing but for operation o f  Fabry- 

Perot modulators it is necessary. Due to the unreliable nature o f this process the use o f Bragg stack mirrors 

for the back m irror may be a better option. This m irror would also require extra processing steps as well as 

longer growth times. It must be stressed that these conclusions and problem s are specific to this w ork and 

other device processors may have already solved this problem; although to the authors knowledge there is 

very little published literature suggesting a solution to this topic. Due to the finite lifetime o f  this project the 

initial work done above could not continue, leaving much work involving this issue uncompleted.

4.6 Conclusions

In this chapter the validity o f the transfer matrix model developed and presented in chapter 3 is tested 

against experimental reflectivity measurem ents taken from various devices and various interfaces along 

these device structures. The results o f this com parison have confirm ed the main assum ptions reached for 

device operation at low voltages. W hen reducing the MQW s from 95 to 59 the absorption coefficient can 

be extrapolated; the absorption spectrum and QCSE shift at a particular electric field can be extracted for 

95 M QW s and sim ilar results are achieved at sim ilar electric fields for 59 M QW s. Even with sam ple to 

sample variation, the modulation achieved is very sim ilar to the model prediction. It is expected at much 

lower voltage operation that there may possibly be some deviation o f  the above from what is predicted by 

our model. This is due to such effects as the built-in voltage having stronger influence (rem oving the need
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for an electrical bias line to the m odulator) or the electric field dropped across each M QW  will have a more 

uniform value (reducing exciton broadening). These effects will mean som e small allowances in m odulator 

design but the data presented in this chapter strongly indicates that the principal idea for low voltage 

operation holds true.

Data from the various interfaces without the gold m irror shows a good fit to the model predictions 

and data from the full Fabry-Perot device gives a good prediction of the coupling between the exciton and 

Fabry-Perot and thus the modulation achievable. W orking with a bias voltage appears to be a good choice 

m inim ising errors introduced by refractive index changing effects not accounted for in our m odel, the 

model predictions when using a bias voltage show good accuracy. The model has only been tested for a 

relatively low finesse cavity and front m irror reflectivity. H igher finesse cavities will be required at lower 

voltage operation. At higher finesses the Fabry-Perot resonance dom inates the reflectivity spectra and 

becomes more sensitive to refractive indices changes. The model is operating where these refractive indices 

changes are minimised and the M QW  absorption at the resonance wavelength should be predicted with 

reasonable accuracy. Taking these into account and the proven record of the transfer matrix model at 

predicting cavity reflectivity [10,11,12], the modulation predicted at higher finesse cavities should have an 

acceptable level o f accuracy.

M easurem ents from gold/sem iconductor interfaces for various gold deposition m ethods have 

shown the unreliable nature of our deposition/device fabrication process. Com m unication with various 

other people and semiconductor laboratories from around the world concludes that this is a com m on 

problem. The optimum solution to this problem may be to split the interface functions and use two separate 

interfaces, one deposited for the optical mirror and the other for the electrical contact. M easurem ents and 

m odelling results show that the back m irror reflectivity is critical to Fabry-Perot m odulator devices, the 

higher the cavity finesse, the more serious its impact on device operation. For low voltage operation this is 

a serious problem because of the high finesse cavities required, here a high reflectivity reproducible m irror 

such as a Bragg stack is required for use in large arrays or possibly a Bragg/metal m irror com bination. In 

chapter 5 the ideal low voltage m odulator design is investigated and the importance o f  the back mirror 

reflectivity to these Fabry-Perot modulator devices is addressed in detail.
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Chapter 5: Alternative modulator structure

5.1 Introduction

In this chapter the reduced modulation value (AR) predicted at lower voltage operation in Chapter 3 for the 

Fabry-Perot device structure using a back gold mirror is investigated further. M odelling indicates that the 

fixed reflectivity o f the gold / sem iconductor interface (94%) results in a reduced modulation at low er 

voltage, higher finesse cavities. H igher back m irror reflectivities having values between 95 to 99 .9 %  are 

found to make a critical difference to the modulation achievable at low voltage operation. M odelling results 

using higher back mirror reflectivities predict that modulation o f 58%  is possible at all voltages modelled 

for voltages from 5V to IV. The increasing cavity finesse of these Fabry-Perot devices has a serious im pact 

on the critical device operating tolerances. Tolerances such as the spectral bandwidth, acceptance angle and 

M BE growth non-uniformities are invested in detail. The impact on device speed, optical pow er saturation 

and tem perature sensitivity is also addressed. Taking account o f the above characteristics, the lowest 

possible operating voltage for this current device structure and material system for practical operation in an 

optical interconnect is determined.

144



5.2 Back m irror reflectivity

M odelling results sum m arised in table 3.1 predict that the modulation value (AR) decreases significantly at 

lower voltage operation for a Fabry-Perot device structure incorporating a back gold mirror and front Bragg 

stack no matter how high the front m irror reflectivity is. Com parison o f experim ental results and m odelling 

predictions in Chapter 4 have dem onstrated the validity o f  our model. It is now used to investigate in 

further detail this reduced modulation and to evaluate whether a larger modulation is possible and if these 

devices can be used in optical interconnects, at very low voltage operation.

5.2.1 Limited Gold m irror reflectivity

The preferred device structure previously modelled in Chapter 3 incorporates a front Bragg m irror and a 

back gold mirror. Figure 5.1 shows how the reflectivity of this Fabry-Perot cavity changes with increasing 

front mirror reflectivity, when there is no absorption in the cavity. As the reflectivity o f the front Bragg 

m irror increases relative to the back gold mirror, the Fabry-Perot dip appears and drops in reflectivity, 

going to zero when the front and back mirror have equal reflectivities allowing total destructive 

interference to take place.
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Figure 5.1: Typical plot o f  reflectivity for a device with a gold back mirror as the reflectivity o f  the front 

m irror increases when there is no absorption in the cavity.

145



In the optimised designs at each o f the operating voltages shown in Table 3.1 (Chapter 3), the front m irror 

reflectivity is increasing as the operating voltage is decreasing. This increasing front m irror reflectivity has 

a detrimental effect on modulation as it lowers the Fabry-Perot resonance reflectivity and lim its the 

ultimate reflectivity change possible. Figure 5.2 shows the actual reflectivity for the optimally designed 5V 

and 2V modulator structures in chapter 3. Looking at the 5V modulator Ron curves, this curve represents the 

reflectivity before the device is turned on, the curve is a convolution o f the Fabry-Perot dip at 1077nm and 

exciton absorption at ~1065nm. When the voltage is turned on, the QCSE shifts the exciton absorption peak 

towards the Fabry-Perot resonance and the resultant reflectivity is shown by the 5V Roff curve.
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Figure 5.2: Reflectivity for the optimally designed 5V and 2V-modulator structure.

The relatively lower finesse cavity o f this 5V structure shows how strongly the exciton absorption 

influences the reflectivity spectra, ‘pulling’ the cavity resonance towards it. The Roff curve shows how the 

Fabry-Perot resonance appears to be closer to 1075nm than its true design position 1077nm. The 

reflectivity at the operating wavelengtJi_changes from 60% to 14% giving AR 46% as presented in Table 

3.1. In direct contrast the 2V-modulator device has a higher finesse cavity and the Fabry-Perot resonance 

dominates more the reflectivity spectra. The Fabry-Perot resonance is at the operating wavelength o f 

I077nm in both the Roff and Ron curves, the reflectivity changes from 44% to 20% giving AR = 24%. The 

important point to note here is the reduced starting R^n reflectivity value at the operating wavelength for 

both devices. For the 5V device it has already dropped to 60% due to a combination o f the front m irror
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reflectivity and some residual exciton absorption. For the 2V device it has dropped to 44%  due to the 

higher again front mirror reflectivity. Since the reflectivity change is given by (Ron-Roff)> these numbers 

represent the maximum Ron value and maximum modulation potentially achievable for a “norm ally on” 

device. This upper value is difficult to actually achieve. To maximise the AR =(Ron-Roff) value the Roff 

value must be minimised. Thus in the case of the 5V device above, the AR value can be increased if  Roff can 

reduced further from 14%. Increasing the front m irror reflectivity can do this but this also reduces the 

starting Ron value. The spectra shown above are for the optim um  front m irror reflectivities for these 

operating voltages, thus there is no net increase in the reflectivity change AR when the front mirror 

reflectivity is increased further. This is also clearly illustrated in Figure 3.10 for the 5V -m odulator design.

In summary the reduced Ron value as the front m irror reflectivity increases relative to the fixed 

back gold mirror reflectivity o f 94% at lower voltage operation consequentially reduces the modulation 

AR=(Ron-Roff) achievable.

5.2.2 Higher reflectivity back mirror

To avoid limiting the modulation in this way the back m irror reflectivity must be increased. A higher mirror 

reflectivity than 94% can be achieved by using either a com bination o f an Au and Bragg stack mirror, or a 

sole Bragg stack mirror. Figure 5.3 shows the modelled reflectivity achievable for a Bragg stack InAlAs / 

InGaAs mirror and a mirror consisting o f a com bination of Au and InAlAs /  InGaAs Bragg stack periods, 

for increasing numbers o f Bragg periods. The realistic refractive index values for the periodic Bragg stack 

layers InAlAs / InGaAs extrapolated from the experim ental measurem ent in Chapter 4 Section 4.4.2.2 is 

used in this calculation. The refractive index step per period (An) is 0.3 and thus a high num ber o f Bragg 

periods is required to achieve reflectivities greater than 99%. This Bragg stack layer structure is chosen 

particularly for this current structure because the layer com position matches the lattice constant 

requirem ents for this particular com plex structure. The small refractive index step per period is unfortunate 

and will be seen to have a serious impact on device tolerances. This subject is investigated in detail in 

Chapter 6 when very high contrast/reflectivity Bragg mirrors with only a few periods are explored. For now 

the lim its o f the current device structure/m aterial system are investigated.
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Figure 5.3:Reflectivity o f a Bragg stack InAlAs / InGaAs mirror (An=0.3) and a m irror consisting o f a 

combination o f Au and an InAlAs / InGaAs Bragg stack, for increasing numbers o f Bragg periods

For the combination mirror o f Au and Bragg stack it can be seen that the reflectivity increases as expected 

from that o f bare gold (-94% ) approaching 100% as more and more Bragg periods are added. More than 30 

periods o f the sole Bragg mirror are required to achieve a reflectivity value o f 99%. While only 10 periods 

are required in combination with the gold mirror. The unreliable nature o f the gold m irror deposition was 

highlighted in Chapter 4 and thus applies here, but i f  a reliable and predictable fabrication process were 

developed, using a Bragg and gold combination would be ideal and has been used successfully in other 

devices. Using either o f these mirrors as the back mirror in the existing structure would require even longer 

M BE growth times and alternative and/or extra device processing. The Bragg stack would either have to be 

doped i f  it is also to perform as the P-contact, or the electrical contact would be make directly to the p- 

region by etching away part o f the Bragg layers. Both approaches do require additional fabrication and/or 

processing but have been achieved successfully for previous modulator structures. The additional growth 

time, although undesirable, is not foreseen to be a major problem.
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5.2.3 Impact on cavity resonance reflectivity

The impact o f the back m irror reflectance on the overall cavity resonance reflectance can be shown using 

the Fabry-Perot equations presented in chapter 2. W hen operating at the resonance wavelength and 

assum ing normal incidence Equation 2.19 reduces simply to

R ^ R o  (5.1)

W here Rq = Rp
R.

l - R .
(5.2)

And -at (5.3)

Equation 5.1 thus evaluates the reflectance o f the Fabry-Perot resonance at normal incidence and at the 

resonance wavelength. This is plotted for increasing front mirror reflectance Rp and for various back m irror 

reflectance values Rb when there is no absorption in the cavity in Figure 5.4. The behaviour o f the cavity 

reflectance is unexpected. The closer the back mirror reflectance is to 1, the higher the front mirror 

reflectance needs to be for significant destructive interference to take place. This unexpected behaviour is 

only significant at extremely high reflectance values of Rb {>-91% ). At Rb = 0.94 the cavity reflectance 

behaves in a more ‘traditional m anner’ where changes in the front mirror reflectance results in significant 

changes in the cavity resonance reflectance value. These results also show that when the effective back 

m irror reflectance (RB(em= RbC^”^) can only be changed by a small am ount due to the available absorption 

being low (e.g. from Rb = 0.998 to RB(efo= 0.977 in Figure 5.4) the cavity reflectance changes most when 

the front and back mirror reflectance are very high in value. This situation is typical o f  the low voltage 

operation condition where the available absorption is low and the effecUve back m irror reflectance can only 

be reduced by a small amount. This result suggests that increasing the back m irror reflectance will allow 

better modulation when the front m irror reflectance is high, as is the case at low voltage operation (Table 

3.1).
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Figure 5.4: Fabry-Perot resonance reflectance for increasing front m irror reflectivity for various back 

m irror reflectance values calculated using the Fabry-Perot equations.
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Figure 5.5: Reflectivity o f Fabry-Perot resonance for increasing front m irror reflectivity calculated using 

the transfer matrix model.
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As expected identical results are obtained using the transfer matrix model. Referring back to Figure 5.1, if 

the reflectivity at the Fabry-Perot resonance wavelength is plotted as a function o f increasing front mirror 

reflectivity, the plot shown in Figure 5.5 is obtained for different back mirror reflectivities using the 

transfer matrix model. These modelling results show once again the sensitivity to the reflectivity o f the 

back mirror. Small changes in its reflectivity can dramatically alter the behaviour o f the cavity. In Figure 

5.5 when the back mirror consists o f Au only, this curve is represented o f Figure 5.1. The resonance 

reflectivity is 0% when the front m irror reflectivity matches the back Au reflectivity (94%). The reflectivity 

o f the Fabry-Perot resonance decreases rapidly as the reflectivity o f the front mirror increases and 

approaches the impedance matching value. This is the reason why the modulation achievable in our initial 

m odulator design was dim inishing at lower operating voltages when the front mirror reflectivity was 

increasing relative to the fixed reflectivity value o f the Au mirror. The reflectivity value o f the Fabry-Perot 

resonance (Ron) sets the maximum modulation value achievable for any particular structure w orking as a 

“normally on” device. For the IV  m odulator design the reflectivity o f the front mirror is approaching 90%  

which meant the Fabry-Perot reflectivity Ro„ was close to 10% (see Figure 5.5) and the predicted 

modulation was 9% (Table 3.1). To avoid limiting the modulation in this way, the back m irror reflectivity 

must be increased. When the reflectivity of the back mirror is increased as shown in Figure 5.5, the Fabry- 

Perot reflectivity does not decrease as rapidly, rem aining at higher values until the front and back m irror 

reflectivities arc much closer in value. This result means the starting reflectivity value Ron can have a high 

value and reflectivity change (Ron-Roff) can thus have a large value. The loss in absorption due to the fewer 

num bers o f M QW s at lower voltage operation can be com pensated by a higher finesse cavity and good 

modulation should be achieved by using a higher reflectivity back mirror.

5.3 M odelled Fabry-Perot modulator results

The Fabry-Perot modulator structures (Figure 4.1(b)) modelled in Chapter 3 with a back gold m irror were 

rem odelled now incorporating a higher back m irror reflectivity. Figure 5.6 shows the predicted modulation 

for increasing back mirror reflectivity at each operating voltage. The front m irror reflectivity shown is the 

optim um  reflectivity for maximum reflectivity change.

As expected the 5V m odulator gives a modulation o f 46% when there are no back Bragg periods 

in front o f the Au and the back m irror reflectivity is 94%. The m odulation can be increased to 58% by 

adding Bragg stack periods to the Au mirror, increasing its reflectivity as seen in Figure 5.3. The interesting 

result here is for structures designed to operate at lower voltages. For all operating voltages, right down to 

1V, a recovery in modulation can clearly be seen as the back m irror reflectivity increases. The lower the 

operating voltage the stronger this recovery is. An upper limit o f 58% m odulation can be achieved at all 

operating voltages, the lower the operating voltage, the more back Bragg periods are required to achieve 

this upper limit. This is consistent with the results presented in Figure 5.5. Lower voltage devices have 

higher reflectivity front mirrors which require larger numbers o f  back Bragg periods to keep a high Ro„
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starting reflectivity. The reflectivity o f the back mirror is found to be extremely important for these Fabry- 

Perot devices. Small changes in reflectivity from 94% for that o f Au to 99.9% can increase the modulation 

at 2V and 1V by a factor o f 2.5 (24%—>58%) and 6.5 (9%—>58%) respectively.

5V Modulator (40%) 
3.3V Modulator (65%) 
2.5V Modulator (82%) 
2.0V Modulator (87%) 
1.8V Modulator (89%) 
1.0V Modulator (96%) 

( )  front mirror reflectivity

6 9 12 15 18 21 24
Au + No. of Back Bragg periods

30

Figure 5.6: Modulation predictions for optimised structures as the reflectivity o f the back m irror increases 

by increasing the number o f Bragg periods in front o f the gold mirror.

The modulation performance o f these devices is measured by the reflectivity change because they 

are optimally designed for differential operation, and it is this parameter that device modelling has sought 

to maximise. Differential operation is specific to certain applications and interconnect architectures such as 

the SPOEC interconnect, other architectures may require individual modulator operation and in this case 

device contrast can be a useful measure o f modulation performance. The reflectivity for the optimised 

devices shown in Figure 5.6 generally falls from Ron = 67% to Roff = 9%. This is generally true for each 

operating voltage from 5V to IV  and gives a device contrast usually close to 7.5:1. Although the device 

design for maximum contrast requires a different design as discussed in Section 3.2.1, the contrast 

attainable using the current reflectivity change designed structures is relatively good [1].
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5.3.1 Summary o f results

M odelling results and device structure details presented above in Figure 5.6 for the ideal Fabry-Perot 

modulator structure for the current device and material system are sum m arised in Table 5.1. These structure 

details are for maximum modulation and include the m irror reflectivities required at each operating voltage.

Voltage 
(and bias) 

V

No. of 
MQWs

E-Field
Vm'̂

R f
%

Rb
%

Max AR 
Fabry-Perot 

Device %
5 56 5.77x10*’ 40 99.7 58

3.3 38 5.84x10“ 65 99.7 58
2.5 28 5.73x10*’ 82 99.8 58
2 24 5.71x10*’ 87 99.9 58

1.8 22 5.61x10*’ 89 99.9 58
1 12 5.63x10*̂ 96 99.9 58

Table 5.1: Summary o f the m odelling results for operating voltages from 5V to IV  showing the reflectivity 

o f the front and back mirrors required to achieve maximum modulation at these operating voltages.

The main difference between the earlier results in Table 3.1 for the structure using a gold back m irror and 

these results is the increased back mirror reflectivity and thus the 58% modulation achievable at all 

voltages. The back m irror reflectivity values are very high but are typical o f  the values required and used in 

VCSEL devices. Achieving a mirror reflectivity o f 99.9%  is not a trivial task but current VCSEL structures 

already use good quality, high reflectivity mirrors o f this m agnitude that are produced in large arrays [2]. 

The ideal very low voltage m odulator structure resembles very much a typical V CSEL device structure. 

The impressive progress and results achieved in fabrication o f VCSEL devices [3] should be adaptable to 

Fabry-Perot modulator devices for device fabrication o f these low voltage structures.

The optim um numbers o f M QW s are identical to the structure that used a gold back m irror only in 

Chapter 3. This result is not unexpected. As we have just seen, the back Au m irror reflectivity was limiting 

the Ron value. W hen there is no absorption in the cavity, the R<,n value will have a definite value for a fixed 

Rf and R b value. So when different numbers o f M QW s are introduced into the cavity, the relative difference 

in reflectivity change AR for different numbers o f  M QW s would be expected to be the same when the gold 

m irror was used and when the higher reflectivity back mirror is used. The optim um num ber o f  M QW s for 

whatever back m irror reflectivity is used should give the best modulation and m odelling results in Table 3.1 

and 5.1 have shown this to be true.

5.3.2 Optical cavity formed using a Bragg stack front and back mirror

The device modelling for the 5V -m odulator design, but in the case that both front and back m irrors are 

Bragg stacks are shown in Figure 5.7.
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Figure 5.7: Resulting reflectivity change (AR) for the 5V optimised structure where the front and back 

mirrors are Bragg stack only.
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Figure 5.8: The complete picture o f the modulation achievable for the IV  modulator for different numbers 

o f front and back Bragg periods (Back mirror Bragg &  Au).
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In this case gold is not used in the bacic mirror. The result from the previous Figure 5.5 is also included for 

com parison. Once again 58% modulation can be achieved but when using a Bragg stack solely for the back 

mirror, a lot more periods are needed to reach this upper limit, as might be expected from Figure 5.3. This 

result shows that the recovery in modulation is due to the Fabry-Perot cavity reflectivities and not due to 

unusual phase changes or any other hidden effects associated with com bining a Bragg and Au mirror. It 

also shows that these m odulators could be designed using Bragg stack mirrors only for the front and back 

mirrors. The num ber o f periods required can be reduced if the refractive index contrast An could be 

increased. The effect on the strain balancing process in the M QW s (section 2.8) must o f course be 

considered in this case.

5.3.3 M odulation map o f  IV  m odulator device

Designing a Fabry-Perot structure to achieve a specific modulation value e.g. 30% can be done in more that 

one way. Figure 5.8 shows the com plete picture of the results presented in Figure 5.6 for the IV  modulation 

achievable for different com binations o f front and back Bragg periods (Back mirror Bragg & Au). The 

maximum modulation can be reached by using a front mirror consisting o f 24 periods and a back mirror 

consisting of an Au m irror and 29 Bragg periods as seen already in Figure 5.6. To achieve 30% m odulation, 

the minimum numbers o f back m irror periods required are 20 and 9 front m irror periods as seen in Figure 

5.8. It could alternatively be achieved in a number of other ways e.g. using 17 front Bragg periods and 13 

back Bragg periods. To maximise device tolerances, previous results have shown that it is better to design a 

structure with a modulation value som ewhat higher than the required value. Device tolerance results for the 

2.5V modulator presented in Section 3.4.1 dem onstrated this point. The modulation achievable was =30% 

but this resulted in a poor spectral and angular tolerance and practical operation was not possible if a 

m inimum 30% modulation is required. This is a consequence o f the unique spectral shape o f the Fabry- 

Perot resonance as explained in Section 3.4.1. Device tolerances of the current devices in Table 5.1 above 

are addressed in Section 5.5.

5.4 M aximum attainable reflectivity change

A maximum reflectivity change (AR) o f 58% is achieved at all operating voltages. Since the electric field 

applied across the M QW s is sim ilar (Table 5.1) at each operating voltage this means that the absorption 

spectrum at each operating voltage i.s lim ila r. The difference between devices as the operating voltage is 

reduced is simply that the overall absorption value is decreasing. The reduced overall absorption is 

com pensated for by a higher finesse cavity that stores the light in the cavity allow ing increased interaction 

with the reduced number o f M QW s, effectively increasing the overall absorption. This has been seen 

experim entally for G aAs/A lGaAs quantum wells/barriers. W hitehead et al. used 15 M QW s and obtained 

AR=40% for a 3.5V swing [4]. The device was operating at the hh exciton peak and thus a norm ally ‘o f f
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device. Tiie same author later showed a normally ‘on ’ device operating to the longer wavelength side o f the 

hh exciton peak with 24 M QW s (R b=99%, Rp=76%) and dem onstrated AR=55% for 3V operation [5], Yan 

et al. [6] measured AR=47% for a 2V swing also using 24 M QW s with R f=80% . The m easured data in this 

case shows a low Ro„ value and the AR value, although good, appears to be limited by a low back m irror 

reflectivity in this device. Progress in low voltage operation for InGaAs wells operating around lOOOnm has 

not been as good. The best results come from Fabry Perot strained layer superlattice structures where 

AR=40% is achieved at 0 to -4V operation [7,8]. O ther Fabry Perot devices having InGaAs M QW  active 

regions typically show reflectivity change values ranging from 40%  up to 11%  [9,10,11,12] but these 

devices all have large operating voltages (8V to 22V). The modelling results in Table 5.1 indicate that 

low er voltage operation should be possible.
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a=167cm"'
—  Ron

a=50cm '

1.065 1.070 1.075 1.080
Wavelength(ixm)

1.085

Figure 5.9; Reflectivity spectra o f the optim um  2V-m odulator structure. This device has a residual 

absorption value ao= l67cm  '. If  the 

reflectivity change increase by 20%.

absorption value ao= l67cm  '. If  the residual absorption is reduced to Oo=50cm‘' the Roff value and the

To maximise the reflectivity change AR = (Ron-Roff). Ron is the critical value and this is dependent on the 

relative front and back m irror reflectivities as shown in Figure 5.2. A t lower operating voltages where high 

reflectivity front mirrors are required to com pensate for the reduced total absorption, the back m irror 

reflectivity is increased accordingly to maintain a high R<,n starting reflectivity value and a large 

m odulation. As m entioned previously the reflectivity for the optim ised devices shown in Figure 5.5 

generally falls from Ro„ = 67% to Roff = 9% and is true for each operating voltage from  5V to IV . The
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residual absorption value Oo (Figure 3.9) and back mirror reflectivity sets the upper Ro„ = 67% value and 

the absorption change Aa then changes this value to Roff = 9%. I f  the modulation is to be improved it is 

clear that the residual absorption needs to be reduced, as this is where the majority o f potential modulation 

is lost (33%). I f  thought o f in terms o f mirror reflectivities, the Ron value is high when the effective back 

m irror reflectivity RB(effi=RBe'^“^ is as large as possible. Since Rb already has a value >0.99, decreasing the 

absorption value (a) can only increase the Reiefo value and thus the Ro„ value. The high residual absorption 

value, Oo, is a consequence o f the InGaAs material system and its relatively broad exciton linewidth as 

discussed in section 3.3.1. To achieve the ideal modulator structure the AlGaAs/GaAs system should 

possibly be better. Here the exciton linewidth is considerably reduced, resulting in a lower Oo value (Figure 

2.5) [13]. This allows a larger Ro„ value to be achieved. This point is illustrated in Figure 5.9, which shows 

the reflectivity spectra o f the optimum 2V-modulator structure. This device has a residual absorption value 

Oo=167cm ‘ at the operating wavelength. I f  the residual absorption is reduced to oco=50cm ' the increase in 

the Rotf value is dramatic and is shown also in Figure 5.9. There is a 20% increase in reflectivity and thus 

and 20% increase in reflectivity change. The device spectral bandwidth (see Section 5.5.1) also increases 

by 0.5nm.

The exciton absorption coefficient is larger in this material system compared to the InGaAs 

because o f the larger effective hole and electron masses [14] and the flexib ility  allowed in lattice matched 

quantum well design (Section 2.6). This brings the possibility o f a larger absorption change Aa value and 

thus the Roff value may also be reduced further than the 9% achievable above. This allows the Ron and R^ff 

values to be maximised and minimised respectively, thus maximising the modulation AR = (Ron-Roff) 

achievable. Previous work on Fabry-Perot modulator devices with the AIGaAs/GaAs material system has 

already demonstrated that very high reflectivity changes >90% are possible [15]. Our modelling results 

indicate that the AlGaAs/GaAs material system has the potential to produce the largest modulation values 

and may be the best semiconductor material to use in future low voltage interconnect systems. As we w ill 

see in Section 5.5 large modulation values also give good device tolerances due to the inherent shape o f the 

Fabry-Perot spectrum.

These modulation results are very promising. These results show that amplitude modulation that is 

o f sufficient value can be achieved by Fabry-Perot modulator devices at operating voltages that are 

compatible with current and future CMOS voltages. The possibility o f low voltage operation requires the 

use o f very high finesse cavities. Traditionally high finesse cavities have proved d ifficu lt to work with due 

to their poor practical operating tolerances. These and other critical operational tolerances are investigated 

in detail in Section 5.5 for the above'devices.
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5.5 Operating tolerances

For practical operation in an interconnect system these Fabry-Perot modulator devices must have good 

tolerances to MBE growth lateral non-uniformities, have a broad spectral bandwidth and operation must be 

possible over a reasonable range o f incident angles. The high finesse cavities required at lower voltage 

operation seriously impacts on these operational parameters. The longer effective cavity length due the use 

o f Bragg stack mirrors also deteriorates the growth tolerance. The transfer matrix model is used to 

investigate these tolerances in detail to see i f  these devices could be used in a real working system. The 

impact o f lower voltage operation on device modulation bandwidth, increased sensitivity to optical power 

saturation and ambient temperature change is also presented.

5.5.1 Spectral Bandwidth

The device spectral bandwidth is the wavelength range over which a desired reflectivity change is 

achievable. A reflectivity change value o f 30% corresponding specifically to the minimum modulation 

value required for the SPOEC interconnect system is used as the benchmark in this work. For a more 

general comparison between operation at different operating voltages the fu ll width half maximum 

(FW HM ) value is used.
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Figure 5.10: Reflectivity spectra for the optimum 5V and 2V modulator devices whose structure is outlined 

in Table 5.1, giving a maximum reflectivity change o f 58%.
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From Table 5.1 the modulation achievable at each operating voltage is 58% thus the spectral bandwidth 

value at FWHM and our benchmark are equivalent. The spectral bandwidth is calculated by subtracting the 

Roff spectrum from the Ro„ spectrum. The reflectivity spectra for the optimum 5V and 2V modulator 

devices giving 58% reflection change are shown in Figure 5.10. These can be directly compared to Figure 

5.2, which shows the same spectra but where the device structures in Figure 5.2 use a back mirror 

consisting o f gold only. This comparison w ill give an insight into how simply increasing the back mirror 

allows the reflectivity change to be improved and then the device spectral bandwidth is examined. The first 

noticeable difference between Figure 5.10 and 5.2 is the stronger influence on the reflectivity spectra o f the 

cavity finesse. The Fabry-Perot resonance in the 5V Roff curves is more defined around the resonance 

wavelength although the exciton absorption can still be seen around 1065nm and the resonance is being 

‘pulled’ to shorter wavelengths, but not as strongly as in Figure 5.2. The increased back m irror reflectivity 

o f 99.7% increases the Ro„ value to 66% from 60% as expected from Figure 5.5 above. The higher back 

m irror reflectivity permits a higher front mirror reflectivity to be used compared to Figure 5.2 and the Roff 

value thus decreases from 14% to 8% giving a final reflectivity change o f 58%. The most dramatic change 

is in the 2V R„ff curve. The higher back mirror reflectivity o f 99.9% allows the Ron value to increase to 66% 

from 44% and a higher front mirror reflectivity allows the R„ff value to fall to 8% from 20% giving a 

dramatic increase in modulation from 24% to 58%.
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Figure 5.11: Spectral bandwidth for the optimum 5V and 2V modulator devices whose structure is outlined 

in Table 5.1, giving a maximum reflectivity change o f 58%.
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The most noticeable feature that stands out when com paring Figure 5.9 and 5.2, is how the reflectivity 

spectra have narrowed. Higher finesse cavities result in spectrally more narrow Fabry-Perot resonances 

(Chapter 2) and thus much reduced spectral bandwidth when the Roff and Ro„ values are subtracted. For 

operation at lower voltages Table 5.1 shows how the front and back m irror reflectivities increase and thus 

the cavity finesse increases as the operating voltage decreases. The narrowing o f the Fabry-Perot resonance 

at lower voltage operation is expected to result in reduced spectral bandwidth. The spectral bandwidth for 

the device structures summarised in Table 5.1 is calculated and presented in Figure 5.11. In each case the 

physical cavity thickness has been reduced to a minimum size while keeping the Fabry-Perot resonance at 

the required wavelength. Shorter cavity thicknesses produce broader resonance widths and thus more 

spectral bandwidth, an issue which is addressed in detail in Chapter 6. In this case the results presented at 

each operating voltage give the maximum spectral bandwidth possible for the current device structure. The 

FW HM  spectral bandwidth at each operating voltage is shown on the right hand side o f  Figure 5.11. The 

Onm spectral bandwidth on the x-axis corresponds to the operating wavelength. A t 5V on average there is a 

half-width o f 4.8nm either side o f the operating wavelength within which greater than 29% reflectivity 

change is achievable. The spectral bandwidth goes to negative values to the left o f the Onm spectral 

bandwidth mark, this is due to operation as a ‘norm ally-on’ device at these shorter wavelengths as can be 

seen in Figure 5.9 above for 5V operation. This becomes less pronounced at lower voltage operation where 

the cavity absorption is much reduced and cavity finesse higher. The expected reduction in bandwidth as 

the operating voltage is reduced is clear. It becomes more serious as the operating voltage gets smaller. A 

factor o f 2 change in operating voltage from 5V —>2.5V results in only a factor o f 3 reduction in spectral 

bandwidth but a factor of 5 change in operating voltage from 5V —>1V results in a factor o f 16 reduction in 

spectral bandwidth. At operating voltages lower than 2V the spectral bandwidth decreases rapidly to very 

small values, making practical operation o f  these devices in a real system difficult.

The increasing cavity finesse required at lower voltage operation results in a reduction in the 

Fabry-Perot resonance width and thus a reduction in the device spectral bandwidth. If  a device is required 

to operate with a specific modulation value, such as 30% in the SPOEC system, the excess m odulation can 

be exchanged for some spectral bandwidth by decreasing the finesse o f  the optical cavity. Figure 5.12 

shows the modelled spectral bandwidth for the optimum 2V -m odulator structure with decreasing front 

m irror reflectivity values. For a required operation o f  30% modulation the spectral bandwidth increases 

from  2.5nm to 3nm for a reduction in front m irror reflectivity from 87% to 65%. M uch larger gains are 

m ade at lower reflectivity change values. For a required operation o f 20% modulation the spectral 

bandwidth increases from 3.3nm to 5.2nm for a reduction in front m irror reflectivity from 87% to 54% . At 

10% modulation the spectral bandwidth increases from 5.1nm to 9.3nm when the front m irror reflectivity is 

decreased from 87% to 26%. The shape o f the spectral bandwidth curve is a consequence o f  the shape of 

the Fabry-Perot resonance curve, which narrows sharply at higher reflectivity values.
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2V modulator structure
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Figure 5.12; Modelled spectral bandwidth for the optimum 2V-modulator structure with decreasing front 

m irror reflectivity values.

Thus the resultant spectral bandwidth curve, which is calculated from AR = (Rop-Roff). narrows at high 

reflectivity change values but becomes a lot broader at lower values and broadens further as the cavity 

finesse is lowered. Thus in going from a 30% modulation value to 10% the spectral bandwidth increases 

from 2.5nm to 9.3nm. These modelling results show that the modulation value required can be reduced and 

traded for spectral bandwidth. The modulation value required for a particular system must be given careful 

consideration. I f  this value is chosen optimally the device can be designed so it also operates with 

maximum spectral bandwidth. Similar modelling for operation at 5V to l.OV shows gains in spectral 

bandwidth when the front mirror reflectivity is optimised but the largest gains are made at higher operating 

voltages, which already have lower finesse cavities. Figure 5.10 shows how poor the bandwidth o f the IV  

modulator is at 0.6nm. When the front mirror reflectivity is reduced at 30% modulation this value increases 

only to 0.8nm. At 10% modulation the change is from 1.3nm to 3.2nm. The very high finesse cavity 

required for this very low voltage operation narrows the resonance width to such an extent that its spectral 

bandwidth is extremely small and small reductions in the front m irror reflectivity do not improve the 

spectral bandwidth significantly. Operation o f these devices at IV  operation looks difficult. A  spectral 

bandwidth o f 0.8nm is very small and the resulting tolerances o f the above factors are expected to be poor 

as w ill soon be seen. The use o f a semiconductor laser coupled to an external cavity was suggested to
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stabilise the wavelength o f the m odulator read laser but stability to 0.8nm  may limit the use of this method. 

A large spectral tolerance makes M BE growth o f these devices easier. M BE growth tolerance m odelling 

results are exam ined in the next section. Here a minimum required spectral bandwidth value is suggested 

which will ultimately set a value on the lowest operating voltage for these current devices.

In Section 5.5.1 the spectral bandwidth o f the m odulator devices has been exam ined for the 

current device and material system. M odelling results have shown the bandwidth to reduce dram atically at 

lower voltage operation. The spectral bandwidth can be increased som ewhat by designing the optical cavity 

to have the optim um  reflectivity mirrors to achieve a required modulation value. The shape o f  the Fabry- 

Perot resonance has shown that the reflectivity change value for a particular system must be chosen 

carefully. Values between 30% to 10% have dramatically increasing spectral bandwidth values, and thus 

choosing an excessive the modulation value results in much poorer spectral bandwidth tolerances. H aving a 

large spectral bandwidth is beneficial in many ways but most importantly to the device fabrication. The 

device M BE growth tolerances are now exam ined in detail.
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5.5.2 MBE growth tolerances

A major concern with Fabry-Perot modulator structures is their tolerance to changes in cavity thickness. 

The thickness o f the device structure changes from the centre o f  the wafer to the edge as discussed in 

Chapters 3 and 4. This causes the Fabry-Perot resonance to shift in wavelength from  the desired operating 

wavelength. A large device tolerance to this thickness change is required to allow  the fabrication o f large 

device arrays and to ensure a large area of the wafer can be used for device processing. As discussed in 

Section 3.4 for structures grown by m olecular beam epitaxy (M BE) or M OVPE there are two issues. One 

is the absolute accuracy o f the thickness grown in the centre o f the wafer. This can be addressed by in-situ 

growth monitoring and/or post-growth processing o f the wafer. The second is non-uniform ity across a 

wafer, resulting from growth geom etry as seen in Figure 4.15 for wafer B814. This generally cannot be 

removed and must be tolerated. In this section operation at a fixed wavelength is discussed where the 

structure is designed and grown to a fixed specified wavelength such as the 1047nm N d:Y lf laser line. This 

m odulator read wavelength is not tuneable around this wavelength and thus it is critical that the m odulator 

devices are grown correctly to this wavelength. The second case discussed is where the read wavelength is 

tuneable around a central wavelength, in this case device growth is targeted at this wavelength and if  grown 

slightly wrong the read laser can be tuned to the required wavelength. W e will prim arily consider operation 

at a fixed wavelength as the current and foreseeable wide spread use o f diffractive optics in interconnect 

system s imposes this requirement.

5.5.2.1 Absolute growth accuracy

The absolute accuracy of the thickness grown at the centre o f the wafer was discussed in Section 3.4.3. 

Here it was concluded that in-situ growth monitoring was essential to achieve high accuracy o f the absolute 

growth thickness at the wafer centre. It was also concluded from previous results for VCSEL and 

m odulator growth that the minimum allowed device spectral bandwidth is 4nm. The larger the spectral 

bandwidth the better, but any smaller than this and it is most probable that device operation at the centre o f 

a wafer at the desired operating wavelength would not be possible. This leads us to conclude from Figure 

5.11 that the minimum operating voltage for the current m odulator structure is =2.5V since it has a spectral 

bandwidth of 3.4nm. The other important point made in Section 3.4.3 is related to the thickness non­

uniform ity across a wafer. Figure 4.15 shows the percentage change in cavity thickness across the wafer for 

w afer B814. The cavity thickness geny^ally decreases moving away from the centre o f the wafer. Thus for 

this reason and for these devices it is advantageous to growth the cavity thickness too large, to a thickness 

w hich will still give the required modulation value o f 29% at A,op. In doing this there will be a larger part o f 

the wafer from which to process devices as the cavity thickness will decrease m oving towards the edge of 

the wafer with the modulation simultaneously increasing to 58% and then decreasing again. The larger the 

spectral bandwidth, the more area o f the wafer devices can be used. Reducing the finesse o f the cavity can
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also increase the spectral bandwidth of the device. The resulting improvement to lateral growth non­

uniformities from using a lower finesse cavity to the 2V-modulator device is shown later in Figure 5.18. 

This allows a greater percentage of the wafer to be processed and the possibility of larger device arrays.

5.5.2.2 Growth non-uniformity across a wafer

To study the modulator growth tolerance, the modulation was calculated when the actual physical thickness 

deviated from the ideal optical cavity thickness for each modulator structure. The modulation changes 

because the curves shown in Figure 5.11 above shift in wavelength from the fixed operating wavelength, as 

the cavity thickness increases or decreases from the ideal thickness. Thickness fluctuations across the wafer 

also change the XJA layer thickness of the Bragg mirror. In terms of mirror reflectivity this has only the 

minor effect of shifting only the central wavelength of the Bragg mirror. The Bragg mirror stop-band has 

sufficient spectral bandwidth so the mirror reflectivity is relatively unchanged at the operating wavelength. 

Figure 5.13 shows the resulting calculated modulation when the actual thickness deviated from the ideal 

cavity thickness for each modulator structure.
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Figure 5.13: Resulting calculated modulation when the actual thickness deviated from the ideal cavity 

thickness for each modulator structure.
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These results show that as might be expected, the lower voltage cavities are more sensitive to cavity 

thickness changes and thus is reflected in the FWHM values shown in Figure 5.13. There are a number of 

factors that influence the resulting curves in Figure 5.13 and that were not discussed in Section 3.4 but are 

dealt with here. The shift AA, in wavelength from the fixed operating wavelength X when the cavity 

thickness t changes by At is given by

AA A t
—  =  —  (5.4)

A t

According to this equation the percentage change in cavity thickness causes the same percentage change in 

the resonance position wavelength from the operating wavelength X. This equation means that shorter 

cavities are more sensitive to thickness changes. Using equation 5.4 above if a lA. cavity in air of thickness 

lOOOnm changes by lOnm, the resulting shift in resonance wavelength from lOOOnm will be lOnm (1%). 

But if a lA cavity in semiconductor (n=3.5) is used which has a shorter cavity thickness of (1000/3.5) 

285.7nm and it also changes by lOnm, then the resulting shift in resonance wavelength from lOOOnm will 

be 35nm (3.5%). This equation has a devastating effect on short optical cavities, resulting in much larger 

wavelength shifts. But this is not the complete picture. When the optical cavity gets shorter the spectral 

bandwidth of the Fabry-Perot resonance broadens. This is true at all thicknesses but is most dramatic when 

the cavity thickness is of wavelength size, this is the so called ‘microcavity effect’ and its benefits to these 

modulator devices are dealt with in detail in Chapter 6. If the resonance curves and thus the spectral 

bandwidth cures (Figure 5.11) are broader, then the modulation value will remain high for a greater 

thickness change. We now have the interesting situation of two competing factors. The shorter optical 

cavity shifts the resonance faster in wavelength (equation 5.2) reducing the modulation value more quickly. 

The increased spectral bandwidth due to this shorter cavity will keep the modulation value high for larger 

thickness changes.

To look more closely at these competing factors the transfer matrix model was used to model the 

tolerance to thickness change (as done in Figure 5.13) of the 2V-modulator structure for different physical 

cavity thicknesses. This was done by increasing the thickness of the p and n doped layers which are 

effectively used as spacers, but have the required thickness to operate at the device operating wavelength. 

The results for a physical cavity thickness of =750nm (24MQW and 400nm spacer) and a cavity thickness 

15 times larger of =11.6|im (24MQW and 11.3|j.m spacer) for the 2V-modulator are shown in Figure 5.14. 

The resulting tolerances to changes in cavity thickness are very similar for both cavity sizes. Thus the two 

competing factors above are effectively cancelling each other out. An interesting outcome of MBE growth 

of these devices is that the thickness Ciiarrge across a wafer is normally a percentage change of the centre 

wafer thickness (see Chapter 4). Previously Figure 4.15 showed the percentage change in centre thickness 

across wafer B814. A truer picture of the tolerance to thickness change across a wafer is produced if the 

thickness change in Figure 5.14 is represented as a percentage change in cavity thickness and is presented 

in Figure 5.15. It is clear from Figure 5.15 that having the shortest cavity thickness gives the greatest 

tolerance to percentage thickness change across a wafer.
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Figure 5.14: Modelling results for a cavity thickness o f =750nm (24MQW and 400nm spacer) and a cavity 

thickness 15 times larger o f = 11.6|i.m (24MQW and 11.3|im spacer) for the 2V-modulator.
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Figure 5.15: Tolerance to thickness change across a wafer when the thickness change in Figure 5.14 is 

represented as a percentage change in cavity thickness
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The maximum tolerance to thickness change across a wafer is achieved when the cavity length is 

minimised. The other factor that influences the device tolerance to thickness fluctuations across a wafer is 

the cavity finesse. Reducing the cavity finesse w ill also allow the growth tolerance to be improved. Devices 

are normally processed from the fu ll wafer area but the portion o f the wafer where the thickness change is 

typically 1%-1.5% o f the centre thickness. A  clearer picture o f the device tolerances to thickness change 

across the wafer is given i f  the thickness change in Figure 5.13 is represented as a percentage change in 

their optical cavity thickness. Figure 5.16 shows the resulting calculated modulation when the thickness 

change is plotted as a percentage deviation from the ideal cavity thickness for each modulator structure. 

The tolerances for the 5V and 3.3V modulator devices show a much poor tolerance to thickness variation 

across the wafer compared to the tolerances achieved with an Au back mirror in Figure 3.19. The 2V- 

modulator device has a fu ll width half-maximum value o f 0.25%, which is quite poor, only the very centre 

o f the wafer could be used for processing as is commonly done with VCSEL device processing.
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Figure 5.16 shows the resulting calculated modulation when the thickness change is plotted as a percentage 

deviation from the ideal cavity thickness for each modulator structure.

The poor tolerance shown here are a result o f the poor contrast o f the Bragg mirrors that results in a large 

penetration depth and makes up around 70% o f the total effective cavity length. Thus the tolerance shown
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in Figure 5.16 could be dramatically improved by reducing the penetration depth. This issue is addressed in 

full detail in Chapter 6 where modelling shows these tolerances can be much improved. Removing the p 

and n doped layers and using doped p-type and n-type Bragg mirrors would allow the cavity to be 

minimised but also introducing absorption into the Bragg mirrors reducing their reflectivity. The 

modulation achievable is already in excess of the 30% required, so this is possible, the slightly reduced 

cavity finesse due to this absorption will also have a positive effect on the spectral bandwidth and thus the 

growth tolerance. We will now briefly consider device operation assuming a tuneable read wavelength 

adjusted to match an operating wavelength that arises due to growth error. Such operation is problematic 

due to the wavelength sensitivity of diffractive optics in interconnect systems.

It is common to operate Fabry-Perot devices at wavelengths where a high power laser wavelength 

is available, especially if large arrays are involved and optical fan-out to the array is being used to read the 

modulators. A lot of progress has been made in high power semiconductor laser diodes [16]. It is possible 

in the future that these lasers could be considered for use in optical interconnects. A tuneable laser source 

allows the possibility of changing the operating wavelength if an error occurs in device growth and 

operation does not fall at the targeted wavelength at the centre of the wafer.
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Figure 5.17: Detuning required from the design wavelength to recover modulation for different cavity 

thickness variations for IV operation.
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The tolerance to cavity thickness variation for the 1 V -m odulator device shown in Figure 5.13 is very poor 

at the m odulator design wavelength. Variations in cavity thickness shift the optim um  operating wavelength 

to longer or shorter wavelengths depending on whether the cavity is grown too short or too long. The 

spectral bandwidth curve shown in Figure 5.11 moves away from the fixed operating wavelength but at the 

resonance wavelength itself, good modulation is still achieved. W hen this curve shifts in wavelength it is 

possible to get good modulation at a large range o f wavelengths, this wavelength range mostly depends 

only on the spectral range o f  the absorption change for the M QW s. Once the absorption change is large 

over a w ide spectral range, good modulation will be achieved at the wavelength the resonance shifts to. 

This spectral range turns out to be quite large for the InGaAs/(Al)GaAs system as material effects result in 

a broad exciton absorption. Figure 5.17 shows how much detuning o f the read wavelength from the design 

w avelength is required to recover the modulation for different cavity thickness variations, at IV 

m odulation. For 30% modulation there is a tuning range o f 13nm(-5 to +8nm) for a thickness variation of 

26nm (-10 to +16nm) which is a ±2.2%  fluctuation in the thickness of the optical cavity. This gives a good 

tolerance to incorrect growth of the absolute thickness at the centre o f the wafer, which usually has growth 

accuracy well inside this ±2.2%  fluctuation in thickness.

5.5.2.3 Summary

The sensitivity o f the Fabry-Perot modulator structure to optical cavity thickness changes at the centre of 

the wafer and across the wafer has been examined. To ensure accurate centre thickness growth o f  these 

devices, in-situ monitoring o f the device wafer growth is necessary. Based on V CSEL growth accuracy 

using in-situ monitoring, a minimum required spectral bandwidth o f 4nm FW HM  was determ ined. Based 

on this value of 4nm, the lowest operating voltage possible for the current device structure is around 2.5V 

having a maximum spectral bandwidth o f 3.4nm. The low voltage modulator structures were found to be 

most sensitive to optical thickness fluctuations. This is due to the higher finesse cavity required at lower 

voltage operation, which reduces their spectral bandwidth dramatically. Due to the fact that the change in 

cavity thickness across a wafer is a percentage o f the centre wafer thickness, this allows the growth 

tolerance to be maximised when the optical cavity length is minimised. The cavity size needs to be 

minim ised to maximise the area o f the wafer to be processed.
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5.5.3 Angular acceptance

A s discussed in section 3.4.2 electro-absorption modulators traditionally operate at normal incidence. W hen 

large arrays with device sizes o f the order o f 35|J,m are used in interconnect system s fast converging beams 

are required to focus the incident light onto the device. The lenses used to focus the light on the m odulator 

devices in the SPOEC system have an angular width o f ±9°. This requires the m odulator device to operate 

over this angular range. As outlined in Chapter 3, the angular response for the devices in Table 5.1 is 

calculated using the transfer matrix model. Figure 5.18 shows the modulation response for the optim um  

m odulator designs at each operating voltage plotted in a polar format.

Figure 5.18: M odulation response for the optim um modulator designs at each voltage, a polar form at is 

used with the reflectance change increasing radially from the centre.

The angular tolerance values are calculated where the physical length o f the cavity is minimised. Good 

angular tolerance is found for 5V operation, m odelling predicts a FW HM  acceptance angle o f ±25°. The 

modulation value stays very flat for initial angle values to ±10“ and then starts to rapidly fall off. At 

operating voltages down to as low as 2V good spectral bandwidth is predicted with the 2V device having a 

FW HM  angular tolerance o f ±9°, which is equal to the angular spread o f the incident angles o f  the current 

SPOEC interconnect system. The angular tolerance reduces at low er voltage operation due to the higher 

finesse cavity and the reduced spectral bandwidth in Figure 5.11. For IV  operation the angular acceptance
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is ±3.1°, this tolerance is very small and this would require lenses o f  long focal length and small angular 

spread. For operation in a real system this value is too small for practical operation. In Section 5.5.1 

reducing the front m irror reflectivity o f the optical cavity increased the spectral bandwidth o f  the devices. If 

the spectral bandwidth is increased the angular tolerance will also increase. Figure 5.19 shows the 

modelling results for the angular acceptance o f the 2V-m odulator device when the front mirror reflectivity 

is decreased.
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Figure 5.19 shows the modelling results for the angular acceptance o f the 2V -m odulator device when the 

front mirror reflectivity is decreased.

At 30% modulation the angular acceptance increases from 9° to 10.5° for a front m irror reflectivity change 

from 87% to 65%. At 20% modulation the angular acceptance increases from 1 l ° t o  15° for a front mirror 

reflectivity change from 87% to 54%. At 10% modulation the angular acceptance increases from 14° to 23° 

for a front m irror reflectivity change from 87% to 40%. As we have seen previously in the case o f the 

growth and spectral bandwidth tolerances and now with the angular acceptance, the devices are most 

sensitive to increases in these tolerances in the 30% to 10% modulation range. The tolerance values must 

also be considered when choosing the modulation value required for the interconnect system. The angular 

acceptance values for modulator devices to be used in a real system such as the SPOEC system are
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acceptable for operation down to 2V. Devices operating at less than 2V operation require increased values 

to be used in a practical system.

The m icrocavity benefits to these devices are explored in Chapter 6 and the benefits to the angular 

acceptance of these devices are exam ined in detail. Here we will see how the device angular tolerance can 

be increased a short cavity orders and by cavity detuning. The tem perature sensitivity o f  these devices is 

presented next

5.5.4 Tem perature sensitivity

The factors that influence the behaviour o f the Fabry-Perot m odulator device when the am bient tem perature 

changes as presented in Section 3.4.4. Similar m odelling using the data summ arised in Section 3.4.4 was 

done to explore the temperature sensitivity o f  the devices summ arised in Table 5.1. The modelling results 

are presented in Figure 5.20 below for devices with various operating voltages.
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Figure 5.20; M odelled modulation change at the device operation wavelength due to changing am bient 

tem perature for 5V to IV operation.

In Figure 3.20 when tem perature sensitivity o f the 5V double-pass m odulator was presented and the 

influence of the shape o f the exciton absorption on the curve was clear. This influence can be still seen in 

the above curves but to a lesser degree, as the cavity finesse increases at lower voltage operation and the
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Fabry-Perot resonance dominates more. Tem perature changes shift the wavelength o f the exciton 

absorption and the Fabry-Perot resonance (Chapter 3). At lower voltage operation the reduced spectral 

width of the resonance means that these devices will be more sensitive to tem perature changes when 

operating at a fixed wavelength and voltage. The m odelling results in Figure 5.20 verify this, the FW HM  

reduces from 50°C at 5V operation to 7°C at IV  operation. As discussed in Section 3.6.4 these results are 

not fully accurate but do give an insight into the behaviour o f these devices at lower voltage operation. At 

IV  operation the FWHM value of 7°C is com parable to the tolerance o f the double-pass m odulator 

structure for 30% modulation in Figure 3.20. Previous work in [17] extended the operating tem perature 

range o f the modulator device by changing the reverse bias voltage on the m odulator in correspondence to 

the change in temperature. At low voltage operation and operation at CM OS com patible voltages this 

option is not available to us. In optical interconnect systems these devices are expected to operate with 

som e form of temperature stabilisation such as a Peltier-cooler due to the integration o f these O pto­

electronic devices with silicon CMOS. Current and future silicon CM OS integrated circuits require a lot o f 

waste heat energy to be dissipated away from the integrated circuit itself [18]. This generated heat is much 

greater than that currently generated by Opto-electronic devices and is expected to stay this way in future 

technology. Thus temperature control systems are expected to be a required com ponent in the interconnect 

architecture to remove this excess heating. The relative increase in device sensitivity at lower voltage 

operation is thus not foreseen to be a major problem for these devices, as their operating tem perature will 

be controlled in the interconnect system. If these devices are tem perature stabilised so the device 

continually operates at the optimum temperature then the spectral bandwidth and angular tolerance 

prediction previously hold true. Otherwise the device must be considered as a dynam ic system  and more 

rigorous and complex modelling is required to examine the device spectral and angular tolerances.

5.5.5 Optical saturation

The M QW  exciton absorption in these Fabry-Perot m odulator devices is saturated or ‘b leached’ at lower 

laser intensities compared to devices operating in transm ission or a double-pass m odulator. This is due to 

the increase in the intensity o f the incident light inside the optical cavity. The im pact on the Fabry-Perot 

device operation was discussed earlier in Section 3.4.5. The increase in electric field intensity inside the 

optical cavity can be calculated using Equation 3.2 and using the transfer matrix model as discussed also in 

Section 3.4.5. Table 5.2 shows the calculated ratio o f  the electric field intensity inside the optical to the 

electric field outside the cavity. From this the resulting reduction in the optical saturation limit for the 

devices summarised in Table 5.1 above is calculated. A saturation irradiance value of 80 kW/cm^ for GaAs 

M QW s is again used [19] and the focussed beam spot size is taken to be 60|am^.
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Voltage 
(and bias) 

V

Cavity
Finesse Icavity  ! lo

Saturation
Limit
(mW)

5 6.7 11 4.55
3.3 14.5 20.4 2.45
2.5 31.3 40.6 1.23
2 44.8 58 0.86

1.8 53.4 69.2 0.72
1 154 193.2 0.26

Table 5.2: Details o f the reduction in optical saturation power as the optical cavity finesse increases at low 

voltage operation for a device area o f  60^i.m^.

The finesse o f these cavities is high, especially at less than 2V operation. This results in a large build-up in 

electric field intensity inside the optical cavity and the corresponding large reduction in the saturation limit. 

The reduction of a factor o f 194 at IV  operation is a significant change in the saturation limit. As 

m entioned in Section 3.4.5 the current SPOEC system has an optical power o f  2.12mW  incident on the 

m odulator devices. Looking at the above values this value would exceed the minimum allowed value at 

2.5V operation or less. The predicted changes to modulator device area and array size in future systems 

[20] cancel each other out and the above table remains relatively unchanged. In Section 3.4.5 based on data 

from the SPOEC interconnect system, a minimum value o f incident optical power on the m odulator of 

61(xW was calculated. Thus once the optical incident power is larger than 61|xW and less than the values 

shown in Table 5.2, device and system operation is possible. In conclusion, to avoid exciton saturation in 

the M QW s and to allow operation o f these low voltage Fabry-Perot to be possible, the incident optical 

pow er would have to reduce from the current SPOEC system value. Reducing the optical pow er o f the read 

beam is not foreseen to impact negatively on device or system operation and thus optical saturation is not 

seen as a significant problem for Fabry-Perot modulators used in future low voltage interconnect systems.

5.5.6 Device speed

The reduced number of M QW s at lower voltage operation effects the device capacitance and thus the 

modulation bandwidth. The required-sum bers o f M QW s at lower voltage operation in Table 5.1 are 

identical to the devices in Table 3.1. The impact o f the reduction in M QW s on modulation bandwidth is 

presented in Section 3.4.6.
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5 .6  Conclusions

In this chapter the dim inishing modulation achievable at lower voltage operation from the device structure 

studied in Chapter 3 was examined. M odelling has revealed the lim iting factor to be the finite reflectivity o f 

the back Au mirror. An alternative structure was then investigated in which the m irror reflectivity could be 

varied by using a Bragg and Au m irror com bination allowing reflectivities up 99 .9 %.  M odelling revealed 

the reflectivity range between 95%  and 99 .9%  to be extremely critical for low voltage operation o f  Fabry- 

Perot modulator structures. M odelling results predict 58% modulation at operation voltages down to IV  to 

be possible for this particular M QW  material and structure. M odelling results predict expected superior 

perform ance in the AlGaAs material system and this is verified in many publications. The increased finesse 

o f  these devices impacts unfavourably on the device operating tolerances that are required for system 

operation. For the current structure being investigated in this chapter a lower lim it o f 2.5V operation maybe 

possible after considering all these factors. The required reflectivity change has been shown to be 

achievable in this chapter but the poor device tolerance is impeding their use in interconnect system s, and 

the poor tolerance to growth non-uniform ities prevents the fabrication o f  very large arrays. Chapter 6 

investigates how these tolerances may be improved and the im pact o f an optical cavity having a short 

cavity order on these tolerances, using currently available technology.
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Chapter 6: 

Impact of Microcavity regime on Fabry-Perot Modulators

6.1 Introduction

In this chapter we investigate the so called ‘microcavity effect’, exploring the potential benefits to the 

modulator device of using a short optical cavity having a size approaching the operating wavelength. W ork 

to date has concentrated on the benefits to LED (light emitting diode) emission brought about by the 

inclusion of the active area in a short optical cavity are first summ arised. The sam e characteristics o f a 

short optical cavity are found to benefit Fabry-Perot modulators as those that benefit devices operating in 

em ission. These characteristics are presented, along with transfer matrix m odelling results showing the 

increased spectral bandwidth, angular accep tance and temperature tolerance achievable at shorter cavity 

orders. The impact o f a short cavity order on the device growth tolerances is also discussed further. From 

these results and the modulation results predicted in Chapter 5, a more com plete overall picture o f the 

optimal Fabry-Perot modulator structure for low voltage operation can be concluded. This device will have 

good modulation capability with sufficient device tolerances for operation in an optical interconnect.
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6.2 Benefits of a short optical cavity to LED emission

The modification of the spatial emission pattern and the rate of spontaneous emission when an emitting 

dipole is placed in an optical cavity having dimensions the order of the emission wavelength was 

investigated by Purcell [1] in 1946. He showed theoretically that altering the number of photon modes 

using a short optical cavity could alter the spontaneous emission rate, a field of study known as cavity 

quantum electrodynamics. Much of the basic theory was confirmed using Langmuir-Blodgett thin films [3]. 

The definition of a microcavity used here is adopted from the approach of Benisty et al. [10] and occurs 

when the cavity order m<2n^ (n being the cavity refractive index) and the cavity order is the number of 

half-wavelengths that fit into a cavity. Due to technological restrictions it is only in recent times [2] that the 

microcavity idea has been investigated in semiconductor light emitters. Since then placing an active region 

in a short optical cavity has shown that the LED linewidth can be narrowed, its brightness increased and 

more recently a considerable improvement in the light extraction efficiency [4] (light extracted from inside 

the optical cavity to the outside). The main benefits to light emission are now briefly discussed.

6.2.1 Spontaneous emission rate

An increased spontaneous emission rate is desirable in an emitter as the reduced electron-hole 

recombination time allows the device electrical modulation bandwidth to be increased. It also increases the 

emission efficiency as the non-radiative carrier lifetime becomes relatively less important. When an emitter 

is placed in a planar optical cavity there is optical confinement in one direction resulting in only two full 

degrees of freedom and a limited number of states in the confined dimension compared to the bulk 

semiconductor case. This results in an alteration of the normal free space density of photon states that can 

be emitted into, which can alter the spontaneous emission rate W governed by Fermi’s golden rule

Where |i> is the initial state with no photons and |f> the final state with one photon, H is the Hamiltonian 

interaction operator. p(E) is the density of final photon states, in this case the density of optical modes 

available to the emitted photon. The modification of the spontaneous emission rate has been demonstrated 

for atoms in planar microcavities in [5] and a maximum enhancement of three times the free space emission 

rate is predicted to occur for the optimum ' k J l  cavity with ideal mirrors [6]. The mirrors used in 

semiconductor structures are either mste! mirror and/or Bragg stack mirrors. Reflectivities greater than 95% 

are difficult to achieve at optical frequencies with metal mirrors and losses occur due to absorption in the 

metal. Although Bragg stack mirrors give higher reflectivities, the strong angular dependence of the mirror 

reflectivity results in mirror losses, making the above cavity with ideal mirrors difficult to achieve in 

reality. Thus the three dimensional density of optical modes available to the emitted photon is not fully 

altered to being entirely two dimensional. The predicted spontaneous emission enhancement for

(6 . 1)
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semiconductor microcavity structures is at best estimated to be ±20% [7]. More significant increases in the 

spontaneous emission rate are predicted and measured from structures with optical confinement in two or 

three dimensional structures [2,8].

6.2.2 Antinode factor

Although the two dimensional density of optical modes is not changed significantly in a semiconductor 

microcavity, the emission is also influenced by the standing optical wave set up along the normal of the 

cavity which is accounted for by the matrix element in Fermi’s golden rule (Eqn.6.1). The standing 

electromagnetic wave inside the cavity produces nodes where there is no coupling of the optical electric 

field to the emitter and antinodes where there is optimum coupling to the emitter. A standing wave 

produced in an optical cavity is shown in Chapter 3 in Figure 3.22. In this case it is a standing optical wave 

produced by our modulator structure but the situation is identical in emission. The antinode factor can 

generally be described by [9]

C„(z)  = 2sin^(fe) (6.2)

Where k is the wavevector in the z-direction normal to the cavity of length L given by k=7Cin/L and m is 

the cavity order i.e. the number of half-wavelengths (k!2) in the optical cavity. The maximum antinode 

value is 2 and minimum is zero. For large cavities the (kz) value in Eqn.6.2 will span more than k within in 

the layer and the averaged antinode factor in the z-direction is I . The emission in a microcavity is believed 

to be redistributed among the number of cavity orders m according to the antinode factor Once the 

cavity order m > 3 the antinode factor averages out to 1 and It is only at cavity orders <3 (of the

order of the emission wavelength) that the antinode factor can differ from 1 and emission can be favoured 

into these cavity modes. The fraction of emission r|j radiated into a given cavity mode i is then given by

(6.3)

Thus the fraction of emission r)i radiated into a given cavity mode i is the antinode factor / cavity order. 

Further analysis [9] leads to the conclusion that the overall extraction efficiency T) (light extracted from 

inside the optical cavity to the outside) of a semiconductor optical cavity is given by Ti=^o/ni- Where is 

the antinode factor of the extracted mcidc. (We will return to this point shortly) Thus the smaller the cavity 

order, m, the greater the extraction efficiency giving a maximum extraction efficiency of 2/m. For an 

emitter the microcavity regime is defined as the cavity order where the optical cavity extraction efficiency 

surpasses the extraction efficiency possible when only a single back mirror is used. The extraction 

efficiency for a single mirror is given by [10] l/2n^ thus the microcavity regime is defined by

m < 2 n ^  (6.4)
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assuming an average antinode factor value of 1 and n is the refractive index of the cavity medium.

6.2.3 Extraction efficiency

When an emitter is placed in an optical cavity there is also a spatial redistribution of the emitted light due to 

interference from light reflected from the back mirror interfering with light exiting the front mirror. The 

situation is illustrated in Figure 6.1. The back mirror amplitude reflectance is given by rb and front mirror 

given by Ff. The cavity thickness L=mX/2n where n is the refractive index of the cavity medium, m the 

cavity order and X  the resonant wavelength of the optical cavity at normal incidence. If the emission source 

is assumed to be an emitting dipole, its emission pattern into free space is typically given by Ev=EoSin^(6). 

If this emitting dipole is positioned at a distance d from the back mirror in the Fabry-Perot cavity in figure 

6.1 the resultant emission far field intensity is found by summing the series of reflected waves yielding [10]

I I I | 2

| £ » ,  = 1 ^ .1  < f )  -T-TT «>-5)

Where the wavevector in the z-direction is given by kz=2jcnCos(0)A.e. ^  being the emission wavelength 

and the antinode factor ^=l+rb^±2ri,Cos(2<t)) where ())=kzd.

Interference from the two reflected wave series

Figure 6.1; Optical cavity containing an emitting dipole. The far-field emission pattern is a result of 

interference between the two series of reflections indicated.
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The antinode factor takes account of the position of the emitter in the optical cavity and is a maximum 

when d corresponds to an antinode position. The ± term accounts for the reflectance phase of the back 

mirror and is taken to be positive and in the case considered below will introduce a phase shift of nJ2. The 

fmal term in equation 6.5 is just the airy factor seen earlier in Chapter 2, which accounts for the influence 

of the optical cavity on the emitted radiation.
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Figure 6.2: Emission far fields intensity calculated using equation 6.5 for three different cavity thicknesses.

This value is a maximum when the cavity thickness L,=mkJ2n is chosen so that constructive interference 

occurs between the reflected series of waves shown in Figure 6.1. The emission far field intensity is 

calculated using equation 6.5 and presented in Figure 6.2 for three different cavity thicknesses with the 

emitter placed at an antinode d=mX.e/4n. The dipole emission value Ev is normalised to 1 so the intensity 

values presented in Figure 6.2 represent the enhancement over the free space emission value. The front 

mirror reflectivity used was 80% and a back mirror reflectivity of 95%. The dipole emission was assumed 

to be at X,e =1000nm and for simplicity the cavity refractive index was taken to be 1, the cavity order m=2. 

The plotted intensity values in Figure 6.2 solely represent the redistribution of the free space emission when 

an emitter is placed in an optical cavity due to interference effects. This representation is very simplistic but 

extremely useful when explaining the improvement in extraction efficiency due to an optical cavity. The 

results in Figure 6.2 shows that, when L=A,e=1000nm, maximum constructive interference occurs and is 

centred on the cavity axis at 0°. The intensity has been enhanced in this direction by a factor 4 x 1- rf̂  / (1- 

Tf rb)  ̂ = 25. The intensity reduces with increasing angle due to the Cos(0) dependence of the phase
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difference ())=2 kjd = 2(27m C os(0 )/Xe)d = (27m L C os(0)/Xe) between the two series of reflected waves 

shown in Figure 6.1. For the case where the cavity length L>X,e a doubled lobed pattern is predicted and 

maximum intensity occurs at an angle. These lobes occur at an angle 0=Cos''(X.e/nL)=13.8° because the 

phase difference (() = (27tnL C os(0 )/Xe) at this angle becomes an integer multiple of n  at this angle and 

constructive interference occurs (positive phase change of tc/2 from the back mirror). For the case of L< 

the Cos(0) is <1 and thus the phase difference (j) can never be an integer multiple of 2n and the resulting 

emission is suppressed along the axis of the optical cavity as seen in Figure 6.2. This simple illustration 

shows how an optical cavity redistributes the light emitted into discrete angles and it is this property, as will 

be shown shortly, that allows the light extraction efficiency t) to be increased.

6.2.3.1 Emission in bulk material

Total internal reflection is the source of poor extraction efficiencies from bare semiconductor material. For 

emission in GaAs (n=3.54), the light extraction to air is only possible through an angular range given by the 

critical angle 0c=sin '(l/3.54)=16.4°. If the emitter is assumed to be isotropic the extraction efficiency can 

be defined as the ratio of the solid angle that escapes through the critical angle to the overall emission solid 

angle.

 ̂ ff sm(0)dy/d6 
(0) =.    = 27rĵ  sin(0)Ji/^ = 2;r(l -  cos(6»)) (6.6)

Thus the extraction efficiency is given by

^2,4 ( 16 .4 ")
T] =     = 0.02 (6.7)

Q̂ ^CISO")

Only 2% of the light is extracted from GaAs but the light also undergoes =30% reflection at the GaAs/air 

interface so even less than 2% is extracted. Commercial devices use a highly reflecting back mirror which 

doubles the emission in the forward direction and cover the device in a dome of epoxy having roughly a 

refractive index of 1.5. This increases the critical angle and the interface reflection achieving efficiencies of 

=9.5%.
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6.2.3.2 Optical cavity extraction

The redistribution o f the emitted light by the optical cavity was shown in Figure 6.2 above. The extraction 

efficiency can be increased by an optical cavity due to the light being redirected into the critical angular 

range or the escape cone between 0 and Ĝ . The wavevector scheme o f Figure 6.3 presented in [10] is useful 

when explaining light extraction. The elemental solid angle (ring) subtended by d0 around an emission 

angle 0 is given by dil=2n \  d(cos(0)) from equation 6.6 and is proportional to dkj=k x d(cos(0)). Thus the 

amount o f emission in the escape cone 0 to 0c to be extracted is proportional to the shaded integral below 

the A iry function in Figure 6.3 between kz=k and k2=kCos(0c).

Large cavity Microcavitv

;sonant Fabry-Perot 
extracted mode

Extracted 
to air

guided
modes

►Airy

Extracted 
to air

n\-
modes guided

modesm / .  ..  r.
>. ::

5 ^

►
Airy 0.

Figure 6.3: k-space plot showing the cavity modes, critical angle and the A iry  factor as a function o f [10] 

for a large cavity order and a cavity having a small order and few modes.

The fraction o f emission r], radiated into a given cavity mode i is the antinode factor /  cavity order 

(eqn.6.3). In the large cavity case in Figure 6.3 three cavity modes are extracted and emission in the 

remaining cavity modes is guided inside the semiconductor and probably reabsorbed. The ratio o f the 

number o f modes escaping to the number guided is small and most o f the emission is lost to guided modes 

and not extracted. In the short microcavity case this ratio is much improved and thus a greater fraction o f 

emission is extracted increasing the extraction efficiency. As mentioned previously the overall extraction 

efficiency "n o f a semiconductor o p tic^cav ity  is given by y\=<Ĉ Jm. Where is the antinode factor o f the 

extracted mode. Thus the smaller the cavity order m the greater the extraction efficiency giving a maximum 

extraction efficiency o f 2/m.

The amount o f emission in the escape cone, 0 to 0c, to be extracted is proportional to the shaded 

integral below the A iry  function in Figure 6.3 between k^=k and k2=kCos(0c). For maximum extraction 

there is typically one cavity mode in the escape cone. An optimised microcavity LED does not have its
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emission maximum at 0° (Figure 6.2) due to the fact that when light is emitted at larger angles, only half 

the Airy function would appear in the escape cone. Instead maximum extraction occurs when the emission 

maximum is detuned to oblique angles as seen in the case where L>X^ in Figure 6.2. This occurs when the 

Airy peak is centred in the escape window as shown in Figure 6.3 for the microcavity case and the shaded 

integral below the Airy factor in the escape cone is maximised. The resulting far field emission pattern is 

doubled lobed and is shown in figure 6.4 for a detuned microcavity LED [11]. A monochromatic source has 

of course been assumed in the above analysis. In reality exciton emission will have a spectral width but the 

above approach is still valid. The narrower the spectral width the larger the extraction efficiency possible 

due to the wavelength dependence of the Airy factor. Extraction efficiencies for semiconductor emitters as 

high as 20% have been reported using this approach [12].
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Figure 6.4: Measured far field emission pattern from a microcavity LED [11] whose optical cavity is 

detuned (cavity thickness slightly longer than L=mA/2n where X  is the emission wavelength) to achieve 

large extraction efficiency.

As well as improving the extraction efficiency an optical cavity also produces directional emission which 

can improve device coupling to optical fibre [4]. The optical cavity also leads to spectral filtering of the 

emission. This reduction in the emission linewidth is beneficial to the achievable transmission bandwidth in 

optical fibre due to the reduction in chromatic dispersion [13].

So far in this chapter the benefits to LED emission of using a short optical cavity have been 

summarised. The principle benefit o f a short optical cavity to a realistic semiconductor device is the 

improvement in extraction efficiency. The situation is quite different with respect to Fabry-Perot modulator 

devices since the light is incident upon the device and not originating from the high index medium and thus 

these devices do not suffer from total internal reflection limitation. The benefits of a short optical cavity to 

Fabry-Perot modulator devices are presented next which reveal similarities to emission case.
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6 .3  Im pact o f  short op tical cavity  on F abry -P ero t m odulators

T h e  factors p resen ted  p rev iously  that im pact on the p roperties o f  ligh t em ission  in a m icrocav ity  are 

ex p ec ted , by a sym m etrica l argum ent, to have an im pact on the absorp tion  p ropertie s o f  the 

sem ico n d u cto r m aterial.

6.3.1 A bsorp tion  rate

T h e  increase  in the spon taneous em ission rate  p red ic ted  w hen an em itte r is p laced  in a  short optical 

cav ity  w ould  also  benefit m odulator dev ices, as th is increase in o sc illa to r strength  w ould  in turn  be 

ex p ec ted  to result in an increase in the abso rp tion  rate. U nfo rtunate ly  this e ffec t is sm all for 

sem ico n d u cto r optical cav ities and no sign ifican t change in  abso rp tion  is expected  fo r m icrocavity  

m o d u la to r devices. D ue to  technological d ifficu lties, p rogress has been slow er in dev ices  w ith op tical 

co n fin em en t in tw o and three d im ensions. H ow ever any enhancem en ts to  the spon taneous em ission  rate 

by these structures m ay also  lead to an in terest in these structu res fo r use as low  voltage m odu la to r 

d ev ices , due to the possib le  enhancem ent o f  abso rp tion  in these structures.

6 .3 .2  A ntinode factor

T he an tinode factor m ust a lso  be considered  w ith respect to  the m odu la to r structure. T he 1 V -m odu la to r 

struc tu re  has the low est num ber o f M Q W s (12) in the active reg ion , w hich in teracts w ith the stand ing  

w ave optical field intensity . T hese 12 M Q W s m ake up a total th ickness o f  

( 12x(8 .8+ 5 .54))+ 5 .54= 177 .6nm . O ne w avelength  inside the op tical cav ity  co rresponds to  X/n 

=  1076nm y3.5=307nm , thus the 12 M Q W s occupy  a th ickness rough ly  X/2 in size. In th is case  the 

an tinode  factor averages to I no m atter w here the group  o f  12 M Q W s is p laced  in the optical cavity . 

T h is  is a lso  the case for operation  at larger voltages. T o  benefit from  the an tinode fac to r the num ber o f  

M Q W s needs to  be reduced  to =3 and the M Q W  absorp tion  w ould  increase by a  fac to r o f  2 equ ivalen t 

to 6  M Q W s. In the InG aA s m aterial system  the absorp tion  coeffic ien t is no t large enough  for su ffic ien t 

m odu la tion  to be achieved w ith 6 M Q W s at IV  operation , thus fo r the cu rren t InG aA s F ab ry -P ero t 

m odu la to r there is no benefit from  the an tinode factor. T he larger abso rp tion  coeffic ien t in the G aA s 

m ateria l system  m ay a llow  operation  to  be possib le  at IV  w ith 6 M Q W s. U sing  3 M Q W s positioned  at 

the an tinode  (equivalen t to 6 M Q W s) the dev ice  w ould  benefit from  poss ib ly  low er vo ltage  opera tion  

due to  the reduction  in ac tive layer th ickness and  the reduced cav ity  order.

6 .3 .3  S pectral and spatial properties

T he m ain benefits from  a short cavity  o rder com e from  changes to  the spectral and spatial p ropertie s  as 

in the em ission  case.
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6.3.3.1 Cavity order

The calculated reflectivity from a Fahry-Perot cavity over a broad wavelength range, calculated using 

equation 2.19 is presented in Figure 6.5 below. The cavity refractive index is taken to be n=I and the 

cavity is designed to be resonant at A.= 1000nm for normal incidence and has a cavity thickness of 

L=1500nm.
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Figure 6.5; Calculated reflectivity from a Fabry-Perot cavity over a broad wavelength range, calculated 

using equation 2.19. The refractive index of the cavity n=l and the cavity is designed to be resonant at 

X=10(X)nm for normal incidence and has a cavity thickness of L=1500nm. The front and back mirror 

reflectivities are 50% and 95% respectively.

The cavity order m can be found using equation (2.27)

nLcosA
m =

A/2
(6 .8)

Thus the cavity order can be thought of as the number of half-wavelengths that will fit into the optical 

cavity (and m=3 in the case of the example in Figure 6.5). Fabry-Perot resonances also occur at longer 

wavelengths ^=3000nm in the cavity corresponding to m =l, and at >^1500nm corresponding to m=;2. 

Cavity orders greater than m=3 all occur at shorter wavelengths, A^750nm corresponding to m=4 etc. 

The interesting point here is the spectral bandwidth of each cavity order. The cavity resonance clearly 

narrows as the cavity order increases. This is a result of the S in \8 ) dependence of the cavity 

reflectivity in Equation 2.19. A resonance (minimum) occurs every time 5=(7i)x[nL/(Xy2)] cycles 

through an integer multiple of n i.e. every cavity order (Eqn.6.8). The 1/A. dependence means that at 

smaller wavelength values this cycle occurs more often as seen in Figure 6.5 above. This results in the 

spectral bandwidth at higher orders being much reduced compared to low cavity orders. The Fabry- 

Perot reflectivity is now plotted in Figure 6.6 at wavelengths around the wavelength of interest 

X=1000nm for cavity thicknesses L=mAy2n corresponding to different cavity orders m. The increase in
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spectral bandwidth at low cavity orders is dramatic. The FWHM spectral bandwidth at A.= 1000nm 

initially increases slowly as the cavity order decreases from m=30 to 15, but as the cavity order reduces 

from m =l5 to 1 the spectral bandwidth dramatically increases. The full width half-maximum (FWHM) 

spectral bandwidth value in Figure 6.6 is plotted in Figure 6.7 for different cavity orders and clearly 

shows the dramatic increase at cavity orders m<15. From the above discussion regarding the resonance 

minima dependence on cavity order m (Figure 6.5), the equation y=A/x is found to give a good fit to 

the data. A is a constant found to be equal to the spectral bandwidth value for m =l. Also presented in 

Figure 6.7 is similar data for the optical cavity shown in Figure 6.6 but having a higher finesse with Rf 

=90% and Rb=95%. In this case the increase in spectral bandwidth at low cavity orders is not as 

dramatic. Once again the equation y=A/x gives a good fit to the data when reduced by a factor F r . F r 

turns out to be equal to the ratio of the cavity finesses (equafion 2.23) for the two cavities considered 

here and F r = 40.1/8.4= 4.7. In Chapter 5 modelling of the device operating tolerances have showed 

that a large spectral bandwidth is necessary to have good tolerance to off axis operation, good MBE 

growth tolerances and increased temperature sensitivity. The above results indicate that these 

tolerances can be maximised by having the shortest possible cavity order.

1. 0 0 -

Cavity order
0 .95-

a> 0 .9 0 - m=10
m=15
m=20« 0 .85 -
m=30

0 .8 0 -

0 .7 5 -

940 960 980 1000 1020

W avelength  (nm)

1040 1060

Figure 6.6: Fabry-Perot reflectivity plotted at wavelengths around the wavelength of interest 

^=10(X)nm for cavity thicknesses L=mAy2n corresponding to different orders m.
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Figure 6.7: FWHM spectral bandwidth at different cavity orders for the optical cavity presented in the 

previous figure having Rf =50% and Rb=95%. Also presented is data for a similar optical cavity but 

having a higher finesse with Rf=90% and Rb=95%. The equation y=A/x gives a good fit to the data in 

each case, A is a constant found to be equal to the spectral bandwidth value for m = l.

6.3.3.2 Fabry-Perot modulator cavity order

In the above simple analysis the cavity order is calculated using equation 6.8 but this equation assumes 

that there is no penetration into the cavity mirrors and the cavity order is solely determined by the 

actual physical cavity thickness. In reality only a metal mirror approaches such as mirror, having very 

small penetration depths typically a few nanometers. Unfortunately as we have seen in Chapter 3 the 

reflectivities achievable with metal mirrors do not exceed 95% and are accompanied by significant 

absorption. For higher reflectivities Bragg mirror are required. When a Bragg stack mirror is used its 

operation principle depends on the summation of Fresnel reflections as the incident light penetrates the 

mirror. Thus the penetration of the incident light into the mirror must be accounted for when 

considering the cavity length/order. I f  the physical or bare cavity order is defined as mo=nL/(Xy2) and 

the additional cavity order due to the penetration length Lp into the Bragg mirror is Am<.=nLp I(kl2) the 

total cavity order for front and back Bragg stack mirrors is

nL 2nLp
m„ -I- 2Am^ =  — — H------- ;—  (6.9)

A/2 A/2

the penetration length can be calculated from [15]

A n,
 (6.10)
2 n^HfjAn
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where Hl , hh are the refractive indices o f the low and high Bragg mirror layers and An=nH-nL the 

mirror refractive index step, thus:

n,n„ n
Am^ = — --------  (6 . 11)

rifjn^An 2An

Equation 6.11 shows that the Bragg mirror refractive index step An=nn-nL plays a major role is 

determining the penetration depth into the m irror and the additional cavity order.

In the Fabry-Perot modulator case, the devices modelled in Chapter 5 at each operating 

voltage were modelled with a minimum cavity thickness. A t each operating voltage the minimum 

amount o f P+ layer thickness was used to place the Fabry-Perot resonance at the required operating 

wavelength. The modulator cavity order is given by m=mo+2Amc since Bragg mirrors are used for the 

front and back cavity mirrors. The physical cavity order rrio is reduced at lower voltage operation due to 

the reduced number o f MQWs in the optical cavity. This is only reduced by a small amount from mo=4 

at 5V to mo=2 at IV  operation due to the quantum well and barrier thicknesses being only 8.8nm and 

5.54nm respectively and a cavity order being o f thickness }J2n = 150nm. The contribution from the 

Bragg mirrors to the total cavity order is given by equation 6.11 and for the current device structure 

modelling in Chapter 5 nL=3.1, nn=3.42, An=0.32 giving a penetration order o f mc=5.4 per Bragg 

mirror. The total cavity order is m=17 at 5V reducing to m=14.9 at IV . Thus the Bragg mirrors 

contribution to the total cavity order = 70%. In order to take advantage o f the benefits o f a short cavity 

order to the device spectral bandwidth, (Figure 6.5) the choice o f mirrors for the optical cavity needs 

careful consideration. The InAlAs /  InGaAs Bragg mirror composition, used in the M BE grown 

modulator device in Chapter 4 and whose experimentally verified refractive indices values were used in 

the optimum device modelling in Chapter 5, was chosen to fu lfil lattice matching conditions and to co­

operate with strain balancing layers. A t this time the importance o f the cavity order was not realised 

and not considered. The use o f a higher refractive index contrast/step Bragg mirrors would reduce the 

cavity order and benefit the device tolerances. The benefits to the device operation tolerances are 

investigated using the transfer matrix model and presented in the next section.

6.4 Impact of short cavity order

The improved spectral bandwidth predicted above is firstly investigated using the transfer matrix model 

for the IV  and 2V modulator (see Table 5.1) whose spectral bandwidth (Figure 5.12) is the poorest for 

the current device structure having values o f 0.6nm and 2.1nm respectively. Improvements in spectral 

bandwidth also benefit the device angular acceptance, M BE growth tolerance and temperature 

sensitivity. The benefits to these tolerances are also examined

6.4.1 Spectral bandwidth

The improvement in modulator spectral bandwidth is investigated using the transfer matrix model for 

various cavity orders. The cavity order for the current modulator structure modelled in Chapter 5 is m

190



=  15. The contribution to this from the bare cavity is already minimised. To  reduce the total cavity order 

the refractive indices values o f the Bragg mirror layers are altered to achieve a larger refractive index 

step thus reducing the cavity order (eqn. 6.11). In reality the material composition and thus the 

refractive index values o f the Bragg mirror are decided by such factors as lattice matching and 

constraints minimising strain in the device; and thus can not be varied unlike parameters in this 

modelling. The layers chosen do coincide with current Bragg mirror technology and these modelling  

results are in general applicable to all material systems. In our modelling the cavity order is increased 

from  the current cavity order (m =15) by fixing the Bragg mirror parameters and increasing the physical 

cavity thickness and cavity order nio. M odelling has shown identical results regardless o f whether the 

cavity order is accounted for principally by nio or Anic. M odelling results are presented in Figure 6.8 

for the IV  and 2 V  modulator structure. As in Chapter 5 the spectral bandwidth is calculated for the 

reflectivity change AR at F W H M  (=30% ).

■ 1V Modulator
•  2V Modulator

y=(10/x)(3.7) 
 y=(10/x)

GaAs/AlO Bragg layersI  10

Current device order

Minimum required

0 5 10 15 20 25 30 35 40 45 50 55

Cavity order m

Figure 6.8: Modelling results for the IV  and 2 V  modulator structure whose spectral bandwidth for the 

current device (Figure 5.14) is 0.6nm and 2.1nm respectively. The spectral bandwidth is calculated for 

the reflectivity change at F W H M  (=30% ).

As expected from Figure 6.7 the spettral bandwidth increases as the cavity order reduces and the 2V  

modulator benefits more due to its lower finesse cavity. The lowest cavity order (w ith current 

technology) is achieved when the Bragg mirror consists o f G aAs/AlOx layers [15] (data points). The 

refractive index layers are taken to be 3.47 and 1.75 respectively [16] giving a Am<. 0.7 per Bragg 

mirror. The total cavity order in this case is m iv=3.3 at IV  and m2v= 4.3 at 2 V  and the resulting 

spectral bandwidth is much improved to 3.7nm and 8.4nm respectively. For a G aAs/A lAs Bragg mirror 

m iv =  10.1 and m2v =  1 1 and the resulting spectral bandwidth improves only slightly to 0.87nm  at IV ;
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but to 3.4nm at 2V which is approaching the required absolute growth tolerance value o f  4nm  as 

discussed in Chapter 5. The equation y=Ax is fitted to the data at IV  as done previously in F igure 6.7. 

The best fit was found when A=10 indicating that if a microcavity order of m =l was attainable the 

maximum spectral bandwidth achievable for the IV m odulator is lOnm. W hen multiplied by a factor 

equal to the ratio o f the IV modulator finesse to the 2V m odulator finesse (Fr= 3.7) the fit shown in 

Figure 6.8 is obtained for the 2V device. Thus a microcavity order o f  m =l would yield a spectral 

bandwidth achievable for the 2V modulator o f 10x3.7= 37nm. This relationship is useful as it allow s us 

to predict spectral bandwidth values at shorter cavity orders than it is possible to model using the 

transfer matrix model. The approach o f reducing the cavity order by increasing the refractive index step 

is eventually limited, as the optimum reflectivity o f the Bragg mirror cannot be achieved due to large 

increase in reflectivity per Bragg period. As mentioned above (Section 5.5.1) the minimum spectral 

bandwidth required concurring with current absolute growth accuracy is (±2nm) 4nm. From  the above 

predictions this would require a cavity order m=9 for 2V operation, which is realistically possible. 

Unfortunately for IV  operation a cavity order o f m=2 would be required to attain the required spectral 

bandwidth. Achieving a cavity order this small is currently not possible for our m odulator structure. 

This will make device growth at IV operation very difficult and im probable without undesirable post­

growth processing.

6.4.2 Angular acceptance

The angular acceptance o f these devices was modelled as described in Chapter 3 at different cavity 

orders, as outlined in Section 6.4.1 above. The angular acceptance at different cavity orders for the 

optim um IV and 2V modulators in Table 5.1 is presented in Figure 6.9. The angular acceptance value 

plotted is the half width half maximum (HW HM ) value o f the device reflectivity change AR (=30%).
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Current Cavity Order
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o
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<
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Figure 6.9; Calculated angular acceptance at different cavity orders for the IV and 2V modulators.
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The angular tolerance of the devices also improves at shorter cavity orders as expected from Figure 6.6. 

As previously stated the IV and 2V devices modelled in Chapter 5 have a cavity order m=15 and in 

this case the 2V-modulator structure actually meets the required angular tolerance of ±9°. The increase 

in angular acceptance at lower cavity orders is always beneficial and may allow more freedom in the 

design of the systems optics. At IV operation the required tolerance of +9°is achieved at the limits of 

the lowest cavity order currently achievable of m=3.3.

The angular acceptance can also be increased by detuning of the cavity resonance from the 

optimum operating wavelength to longer wavelengths. This approach is also used in microcavity LED 

emission to maximise light extraction as outlined in Section 6.2 above. The angular acceptance of the 

2V modulator device modelled in Section 5.5.3 is shown in figure 6.10 represented by the Onm 

detuning curve. Here the optical cavity thickness is chosen so as the Fabry-Perot resonance is placed at 

the optimum operation wavelength (X<,p) at which maximum reflectivity change occurs (about 23nm 

from the OV hh exciton peak as outlined in Chapter 3).
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Figure 6.10: Calculated angular acceptance for the 2V-modulator device as modelled in section 5.5.3. 

Data are also presented for the case where the optical cavity thickness is adjusted so the Fabry-Perot 

resonance occurs 1 nm longer and shorter than the optimum operating wavelength.

When the optical cavity thickness is increased so as the cavity resonance is placed Inm to the longer 

wavelength side of A,„p the angular, acceptance curve contains a doubled lobed feature often seen in 

emission for microcavity LEDs (Figure 6.4). The double lobed feature is again due to the Cos(0) 

dependence of the phase difference <t>=27t[LnCos(6i)A^p] (for each traversal of the cavity) between the 

two series of reflected waves that interfere as outlined in Chapter 2. In this case when the cavity 

thickness L=A,op destructive interference occurs between the two series of reflected waves and the 

Fabry-Perot resonance has a minima at X=^op- For the case where L>X̂ >p a doubled lobed pattern is 

predicted and these lobes or interference minima occur at an internal angle 0 i=C os"'(^p/Ln) which is
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related to the external incident angle through Snells law. At this angle the phase difference (]) = 

27i[LnCos(0|)A,op] becomes an integer multiple of n allowing full destructive interference to occur. 

Again for the case of L< the Cos(0) value is always <1 and thus the phase difference (]) can never 

be an integer multiple of n and the destructive interference minima cannot occur resulting in the overall 

reflectivity change being reduced as seen in Figure 6.10. This result shows a number of important 

points. Cavity detuning to longer wavelengths allows the angular acceptance to be increased. The 

angular range increases from ±9° at Onm detuning to ±13° for +l nm detuning at the FWHM value. The 

modulation value does decrease along the cavity axis at 0° but remains above the required minimum 

value of 30%. These results are for a cavity order m=15.5 and at lower cavity orders the angular 

acceptance values can also be increased from the Onm detuning values shown in Figure 6.9 above. The 

final point here concerns MBE growth of these devices. The above data shows that it is always better 

from an angular tolerance point of view to grow the optical cavity too long. Growing the cavity shorter 

than the optimum thickness will have a detrimental effect on the angular tolerance as seen for the - Inm 

detuning in Figure 6.10. The above results also must be considered when processing large arrays from a 

grown wafer as different areas of the wafer although yielding the required modulation may have 

different angular tolerances.

6.4.3 MBE Growth non-uniformities

To study the modulator growth tolerance, the modulation is calculated when the actual physical cavity 

thickness deviated from the ideal optical cavity thickness for each modulator structure as before. The 

modulation changes because the curves shown in Figure 5.11 shift in wavelength from the fixed 

operating wavelength, as the cavity thickness increases or decreases from the ideal thickness. The 

tolerance to non-uniform growth across a wafer was dealt with in detail in Section 5.5.2.2. The main 

factors that influence the growth tolerance across a wafer were the shift AX in wavelength from the 

fixed operating wavelength X when the cavity thickness t changes by At is given by

AA At
—  =  —  ( 6 . 12 )

A t

and the cavity finesse, which reduces the spectral bandwidth at lower voltage operafion giving poorer 

growth tolerances to changes in cavity thickness. From modelling results in section 5.5.2.2 and the fact 

that due to growth conditions the wafer thickness changes radially as a percentage of the centre wafer 

thickness, it was concluded that the tolerance to non-uniform growth was optimised when the cavity 

thickness is minimised. This means shorter cavities will have a smaller thickness difference between 

the wafer centre and wafer edge (eqn.6.12) and much improved tolerance to cavity thickness changes 

across the wafer.

One would initially expect the increase in spectral bandwidth as the cavity order m is reduced 

to benefit the tolerance to cavity thickness fluctuations. Spectrally wider curves (Figure 5.11) should 

allow the modulation value to remain at large values (above the FWHM value of 29%) for larger 

thickness changes than summarised in Figure 5.13. Thus the 2V-modulator structure was used to 

investigate the benefits of a short cavity order. As before, the cavity order is reduced by changing the
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refractive index step of the Bragg mirror and the modulator growth tolerance is examined by 

calculating the modulation when the actual physical cavity thickness deviated from the ideal optical 

cavity thickness. Modelling results are presented in Figure 6.11. For comparison data is shown for the 

2V structure of cavity order m=15.5 modelled in Chapter 5 (Figure 5.13). The modelling results at 

shorter cavity orders in Figure 6.11 show no improvement in tolerance to absolute cavity thickness 

fluctuations. A closer look at the modelling results revealed that as the cavity order is reduced the 

device spectral bandwidth increased as expected but the resonance wavelength position was found to 

shift more in wavelength cancelling the benefit of the increased spectral bandwidth. This behaviour is 

identical to modelling results in Figure 5.14 where changing the actual physical cavity thickness and 

thus mo produced nearly identical tolerances to cavity thickness changes. The results in Figure 5.14 are 

governed by Equation 6.12. When the total cavity order is changed by changing Ante in fact what is 

being changed is the penetration depth into the Bragg mirror. The cavity length L in Equation 6.12 

consists of the physical cavity length Lo and the penetration depth into each Bragg mirror Lp given by 

Equation 6.10. Thus it is not surprising that identical results to Figure 5.14 were obtained as in both 

cases it is just the effective cavity length that is being changed. Thus the conclusions made in Chapter 5 

to obtain maximum tolerance to thickness fluctuations still hold. To maximise these tolerances the 

cavity thickness L or order m, which must be minimised. If the results in Figure 6.11 are plotted as a 

percentage change of the total cavity thickness taking the reduced effective cavity length for the higher 

contrast Bragg mirrors into account the improvement to growth tolerance can be seen. These results are 

plotted in Figure 6.12.

The improvement to growth non-uniformities is clear to see. The cavity order of m=4.2 is the 

lowest currently possible. It assumes the p+ and n+ layers currently contained inside the optical cavity 

were removed and the Bragg mirrors doped p-type and n-type as done with current VCSEL structures. 

It also assumes the Bragg mirrors consist of high contrast GaAs/AlOx layers. This minimises the 

physical cavity thickness L. The tolerance increases to a FWHM value of 1.2%, which is a more 

acceptable value. For the production of very large arrays of these devices the reduction of the cavity 

length is essential.
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Figure 6 .11: Modelling results for the 2V-modulator device showing changes in the device modulation 

as the optimum cavity thickness changes, for different cavity orders.
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Figure 6.12: Modelling results presented in Figure 6.11 but plotted as a percentage change in the total 

cavity thickness (physical cavity length and m irror penetration lengths).
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If we assume the physical cavity thickness to be principally made up o f  the num ber o f M QW s 

in the optical cavity and thus L,, = 24(8.8+5.54) = 344nm. The m odulator cavity size is about 1^ 

typically the size o f the VCSEL optical cavity and thus the m odulator and VCSEL devices should have 

sim ilar absolute thickness changes across the wafer assum ing they will use identical doped Bragg 

mirrors. This is where the modulator structure gains an advantage over VCSEL devices. The FW HM  

±3nm  thickness change in Figure 6.11 represents the allowed change in thickness across a wafer, any 

greater thickness changes will mean the modulation achievable at the operating wavelength drops 

below a specific system value o f 30%. The important point here is the operating wavelength remains 

unchanged for modulator device. In the VSCEL case assum ing a sim ilar 1^ cavity (344nm), a ±3nm  

thickness change will change the em ission wavelength by ±  [(3nm/Lo+Lp) xlOO] = 0.6%. (from 

eqn.6.12) e.g. if  the emission wavelength is lOOOnm then AX=±6nm. A change o f  this m agnitude is 

intolerable to the system optics in the SPOEC system where a tolerance specification o f AA.=±1.0nm is 

required [17]. From this reasoning, much larger arrays should be possible using m odulator devices. To 

get an idea of the array size possible from Figure 4.13 a cavity thickness change o f ±0.6%  corresponds 

a distance from the centre of 25.4mm-12.5mm =12.9mm. Assuming the change in cavity thickness to be 

sym m etric radially from the wafer centre. Taking the device pitch used in the SPOEC routing chip of 

150|im and a square wafer area of (12.9) x (12.9) x 2 (for full wafer area) a sim plistic calculation gives 

an array size of = 170x170 devices ideally all operating with 30% modulation at 2V operation. This 

array size is com patible with the required array size at this operating voltage as predicted by the optical 

interconnect roadmap [18],

6.4.4 Tem perature sensitivity

The effect o f changing ambient tem perature on the exciton absorption and Fabry-Perot resonance is 

outlined in Chapter 3 Section 3.4.4. The temperature sensitivity at each operating voltage is presented 

in Figure 5.23. The reduced spectral bandwidth at lower voltage operation is believed to produce the 

poorer temperature tolerance predicted at low voltage operation. A broader spectral bandwidth is thus 

expected to give an improved tolerance to changes in am bient tem perature. The cavity order o f the 2V- 

m odulator was reduced by increasing the refractive index step o f its Bragg m irror to a cavity order of 

m=6. The temperature tolerance was then calculated as described in section 3.4.4 and the resulting 

tolerance to temperature changes is plotted in figure 6.12. The tem perature tolerance for the 2Vcavity 

order o f m=15.5 modelled in Chapter 5 is also presented for com parison. The tem perature range at 

which 30% modulation is possible increase from 26°C at m=15.5 to 40°C at m=6. The reflectivity 

change for m=6 is smaller than m=15.5 due to the large index step o f  the Bragg m irror for cavity order 

m =6 and the resulting difficulty is achieving the optim um Bragg m irror reflectivity. These results are 

prom ising although these devices would still require some form o f tem perature control for operation in 

a real system as discussed in section 5.5.4.
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Figure 6.12: Calculated temperature tolerance for the 2V-modulator device at cavity orders m=15.5 and 

at reduced cavity order m=6. The reduced cavity order shows an increased tolerance to temperature 

changes.

6.5 Conclusions

In this section the benefits o f a short optical cavity to the operation o f a Fabry-Perot modulator have 

been presented. Modelling has shown how the device spectral bandwidth increases as the optical cavity 

order decreases. The spectral bandwidth is proportional to 1/cavity order, thus a cavity order m=10 has 

a spectral bandwidth 10 times smaller than a cavity order o f m = l. The angular acceptance range is also 

increased at shorter cavity orders. The angular range can be increased even further by ‘detuning’ where 

the cavity resonance is placed at a longer wavelength to the optimum operating wavelength but with a 

reduction in modulation along the cavity axis. Modelling results also showed that detuning to the 

shorter wavelength results in a reduced angular tolerance. The increased spectral bandwidth w ill result 

in more tolerance to error in the absolute growth thickness at the wafer centre. Regarding growth non­

uniformities a short physical cavity order m„ is necessary to maximise the device tolerance to optical 

cavity thickness changes across a wafer and allow the production o f large area arrays. Modelling has 

also predicted that the increased spectral bandwidth also improves the temperature sensitivity o f these 

devices. It is d ifficult to compare devices in the literature to the modelled devices above due to devices 

have different finesses, structures and operating voltages. The devices that show the largest spectral 

bandwidths (and thus tolerances) operating at low voltages are devices that have high contrast doped 

Bragg mirrors and short cavity lengths [19,20,21,22]. The other important point is that normally ‘on’ 

devices operating with maximum reflectivity change having better tolerances relative to device 

operation with maximum contrast. The higher finesse cavity required at lower voltage operation 

narrows the R„ff curve and makes it more sensitive to environmental changes [19]. Since the device 

contrast is most sensitive to this value it results in poorer tolerances.
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At this point the principle factors that govern and influence the operation of this modulator 

device have been studied to a level that allows us to conclude the limits of operation possible with the 

current InGaAs/(Al)GaAs material system we have been working with. The majority of these results 

have general application and the principal findings and conclusions can be brought together to produce 

an overall picture of the main factors which impact on the device structure and operation in any 

material system. From these findings an optimum structure can be predicted and concluded in Chapter 

7.
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Chapter 7 Conclusions

7.1 Conclusions

This thesis has discussed and presented work related to the Fabry-Perot m odulator device with respect 

to the device physics and its developm ent for com patible operation in current and future digital optical 

interconnect systems. The results presented relate to low voltage operation com patible with future 

CM OS voltages while sim ultaneously achieving operating tolerances that are com patible in a working 

system. At this point the principal factors that govern and influence the operation o f a m odulator device 

have been studied to a level that firstly, allows us to conclude the probable limits o f  operation possible 

with the InGaAs/(Al)GaAs materiai“sys'tem we have been working with and produces a set o f  design 

guidelines that should perm it the fabrication o f an operational low voltage device. The principal 

findings and conclusions from the previous 4 chapters are now brought together to produce an overall 

picture o f the main factors which im pact on the device structure and operation. These factors have been 

discussed and optim ised individually throughout this thesis while considering the impact on other 

device perform ance param eters. Here they will be addressed in general terms. From these findings an 

optim um  structure can be concluded.
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The first key point m odelhng o f InGaAs/(Al)GaAs Fabry Perot m odulator structures in this 

study has revealed, is that there is an optim um  electric field across a given num ber o f M QW s that gives 

the maximum reflectivity change. Thus, for a fixed operating voltage, the optim um  operation is 

achieved when the number o f MQW s is altered to obtain that optim um  electric field. This consequently 

m eans that an optical cavity o f increasing finesse will be required for decreasing operating voltages.

The fact that an optical cavity is essential, the intimate relationship between the absorption 

available from the M QW s and the resulting m irror reflectivities required to produce maximum 

reflectivity change (amplitude modulation) was examined. Regarding the active M QW  region the most 

im portant parameters at the optimum operating wavelength are the absorption Oon and the residual 

absorption a,, and the absorption change Aa=ao„-ao, which determ ine the achievable reflectivity 

change. The Ron value is largely influenced by a„ and the R<,ff value by (Xon where the reflectivity 

change AR= Ro„-Roff. The oton value determ ines the front m irror reflectivity required to reduce the 

reflectivity Roff value to a value close to zero. The chosen front m irror reflectivity (Rp) value along with 

the residual absorption a„, then determine the Ron reflectivity value which can be increased by 

increasing the back mirror reflectivity Rb and thus maximising AR= Rop-Rotf (the Rp value may require 

some further small increases to obtain maximum AR). A t lower voltage operation the Oon value is 

reduced due to the lower number of M QW s and thus Rp is required to increase, thereby having a 

knock-on effect of increasing Rb, to maximise the reflectivity change possible and increasing, the 

overall cavity finesse. From the offset the M QW  absorption determ ines the optical cavity and device 

structure. The optical cavity finesse determ ines many o f the device operational param eters such as its 

spectral bandwidth and the angular range the device will operate at, its tolerance to epitaxial growth 

and its temperature sensitivity. The optical saturation power is also determ ined by the cavity finesse but 

m odelling has found it not to be of critical concern. The device electrical bandwidth is the sole 

operational parameter not directly determined by the optical cavity. Thorough modelling has shown 

how the above mentioned parameters deteriorate as the optical cavity finesse increases at lower voltage 

operation. The above conclusions are true regardless o f the optical cavity length and minim ising the 

cavity finesse is a key to low voltage operation. Due to the intimate relationship with the M QW  

absorption, this can be accomplished by minim ising the Oto value and maxim ising the Oo„ value. This 

currently makes the GaAs material system the optim um choice.

The other key factor for low voltage operation o f these devices is the use o f a short cavity size 

to produce a ‘microcavity m odulator’. The material system used will set the cavity finesse required for 

a given operating voltage. The device tolerances set by this finesse can be improved by using the 

shortest optical cavity length possib]e. A critical issue is the cavity mirrors used and it is most likely 

Bragg mirrors will be used due to the >95%  reflectivities required. It is essential this m irror has a high 

refractive index step per period to minimise the penetration length into the mirror. Ideally these mirrors 

should be doped to also minimise the physical cavity length. This technology is standard in VCSEL 

fabrication and can readily be adapted to Fabry-Perot modulator devices. M uch o f the previously 

published work on GaAs/AlGaAs m odulators used this approach. In minim ising the cavity length the 

key issue regarding these devices, the tolerances to growth variations across a wafer, can dram atically 

be improved allowing the production o f large arrays o f devices. As the VCSEL and modulator
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structures are almost identical, modulators should achieve the same non-uniform ity tolerances currently 

shown by VCSEL devices, and even larger m odulator arrays should be possible as outlined in Chapter 

6 .

The limitations o f the double-pass reflection m odulator were verified with results show ing the 

poor modulation response at operation voltages below 5V voltage swings and thus the m otivation for 

investigating an alternative structure. The Fabry-Perot structure incorporating a gold back m irror and a 

front Bragg stack was investigated. The use o f a back Au m irror allows the existing m odulator structure 

in the SPOEC system to be used. W ith only a minor modification, the growth o f an additional number 

of front Bragg periods. M odelling results revealed lower voltage operation to be possible down to 2.5V 

while still achieving the required 30% reflectivity change. At lower voltage operation the reflectivity 

change achievable from this structure reduced dramatically, no matter how high a front m irror 

reflectivity was used, and this was found to be due to the limited reflectivity o f the A u/sem iconductor 

mirror. An analysis o f the device tolerance revealed good tolerances at 5V and 3.3V operation with 

good tolerances to M BE growth non-uniformities due to the short optical cavity length achievable 

using a metal mirror. The tolerances at these voltages com pared well to the double-pass structure (for 

5V operation) and certainly show the potential for operation in a real system. Based on the predicted 

results for 5V operation Fabry-Perot device structures were fabricated. The measured results produced 

a lot o f useful information validating earlier assum ptions made as to device behaviour at low er voltage 

operation. Reflectivity measurements were used to improve the device layer param eters used in the 

transfer matrix model and device measurem ents confirmed the validity o f  using this approach to model 

these structures. M easurem ents also revealed the unpredictability o f using gold deposition on 

sem iconductor sim ultaneously as a m irror and electrical contact. Separating these functions when using 

a metal coating may be a better approach.

The use of a Bragg mirror or Bragg/gold mirror for the back m irror o f  the Fabry- 

Perot device revealed how critical the reflectivity o f  this m irror is to low voltage operation. Although 

low voltage operation was predicted to be possible with reflectivity changes o f alm ost 60% down to IV 

operation, the high finesse cavities required seriously impacts on the operating tolerances. O f most 

concern is the large effective cavity length, which results in poor tolerances to the production of large 

device arrays using epitaxial growth largely due to the poor contrast o f the chosen Bragg mirror 

structure. Equal reflectivity changes were predicted at all operating voltages and thus it is the device 

operating parameters that determine the lowest possible operating voltage for device operation in an 

optical interconnect system. The most important of these being the tolerance to the current epitaxial 

growth absolute thickness accuracy and non-uniformity across a wafer. Taking this and the other 

practical operational tolerance into'“account, 2V operation is probably the lowest operation voltage 

currently possible for JnGaAs/(Al)GaAs Fabry Perot modulators, assum ing the cavity length can be 

further reduced by using higher contrast Bragg mirrors improving the device growth tolerance. The 

relatively low value and the cXon value require finesses that are too high at lower than 2V operation, 

and the shortest cavity lengths currently achievable cannot com pensate. One possible solution maybe to 

use a coupled cavity structure that previous work has shown to improve the spectral bandwidth of 

Fabry-Perot devices. Although not pursued here, it may present another means to improve the device
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Appendix A: Processing steps for Fabry-Perot modulators

The following diagrams show the processing steps for the semiconductor 
structures presented in chapter 4.
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Appendix B: MATLAB code for transfer matrix model

The programming code written in MATLAB for the transfer matrix model 
used in this thesis is presented in the follow pages.



1 Program t o  c a l c u l a t e  r e f l e c t i v i t y  o f  m u l t i l a y e r  m o d u l a t o r  s t r u c t u r e  
!1 Declan B y r n e
i| program t o  c a l c u l a t e  r e f l e c t i v i t y  f o r  d i f e r e n t  i n c i d e n t  a n g l e s
jtRef. c a l c u l a t e d  f o r  TE a n d  TM a n d  a v e r a g e d
I T r i n i t y  C o l l e g e  D u b l i n
1 T r a n s f e r  m a t r i x  m o d e l
:lear
tic
Jisp ( '  w o r k i n g  ' )
!NANGLE=0;
!K=17;%:2:30
IIW=59;59;
INW= i n p u t  ( ' E n t e r  n u m b e r  o f  w e l l s  ? ' ) ;
HP=7;% s e t  t o  10 f o r  f i n d i n g  m in imum  
tBK=3; %
load ' b 4  9 9 d 4 '
I1LPHA2 ( : , 25 2 )  =0,•
J0=1;
tPl=2 . 7 1 2 0 e - 0 0 7 ; f o r  65 a d j u s t e d
ihile (N 0 - = 2 0 3 )  & (N0-  = 2 0 2 )  & (N 0 - = 2 0 4 )
15=1045.8+(0) ;% W S = in p u t  ( 'ENTER STARTING WAVELENGTH IN NANOMETRES ? ' ) ;

IF=1108.3+(0)  ; % W F = i n p u t C  ENTER FINISHING WAVELENGTH IN NANOMETRES ? ' )  
»F=WF*0 . 0 0 0 0 0 0 0 0 1 ;
II=. 1;%WI = i n p u t  ( 'ENTER INCREMENT IN NANOMETRES ? ' ) ;
!W=1076;%1003 . 5 ;  %BW=input ( 'ENTER DESIGN WAVELENGTH IN NANOMETRES ? ' ) ;  
INANGLE=0; %INANGLE= i n p u t  ( 'ENTER INCIDENT ANGLE IN DEGREES ? ' ) ;  
INANGLERAD=INANGLE*2*pi/360 ; % c o n v e r t  t o  r a d i a n s  
t REFRACTIVE INDICES INFORMATION

E IG D = 0 .2 9 0 3 - i* 7 . 4 6 3 ;
URL=3.510;
EIGB=3 . 4 7 3 ;
R I A l l = 3 . 1 2 7 8 ; % 3 . 0 1 + 0 . 0 9 ;  ; % l a y e r  I n A l A s
JIB11=3 . 4 2 9 5 ;  % l a y e r  In G a A s
nSUBl=3. 4 7 3 9 ;
n A R = R I S U B l ; % s q r t ( R I S U B l ) ;
IRIAR=1.86;
iIIM=RISUBl;
RIEM=1;

t LAYER THICKNESS INFORMATION

:B=BW/ (4 * R IB 1 1 )  ; 
tA=BW/ (4 *R IA 11)  ; 
tGD=180e-9; 
t P l l = 1 0 e - 9 ;  
t n l = 3 0 0 * l e - 9  
tRL=l. O e - 6 ; 
tGB=2. O e - 6 ; 
tSUB=200e-6; 
tAR=BW/ (4*RIAR) ;

S lo ad  i n  t h e  d i s p e r s i o n  d a t a

load ' d i s w e l l a d j '  
d i s p e r s i o n w e l l s  (1 ,  6 2 6 )  ;

load ' d i s b a r r i e r a d j  '

d i s p e r s i o n b a r r i e r s  ( 1 , 6 2 6 )  ;

load ' d i s d o p i n g a d j  '

d i s p e r s i o n d o p i n g s  ( 1 ,  62 6 )  ;

load ' d i s g a a s a d j  '

d i s p e r s i o n g a a s e s  (1 ,  62 6 )  ;

load ' d i s i n a l a s a d j  '

d i s p e r s i o n i n a l a s e s  (1 ,  6 26 )  ;

hold on
BIAS=252;%11; % OUR BIAS VOLTAGE 5V 
\ Starting t o  l o a d  i n  t h e  d a t a

%load  ' b 7 0 6 d 2 '
A1=ALPHA2;
[ Q , W ] = s i z e ( A l ) ;



% loop here for no. of front mirror periods

for FT = NP % # 4 
%figure(FT+200)

.‘or Y1=BIAS;%:APPLIEDV-BIAS:APPLIEDV; % #1 *****NOTE 'V HERE HAS TO BE DEFINED TO BE > THAN 1 
% TO PLOT FABRY PEROT MODE LET V=32 

WAVELENGTHl(1,:)=WS:WI:WF;
ALPHA4 99(;,Yl)=A1(:,Yl);

iCALING= (l.Oe+4/95) *NW; % 
t complex refractive index of well
I(:,l) = ( (ALPHA499 (: , Yl) . *WAVELENGTH1( 1, :) '*le+2) / (4*pi) )* SCALING;
!K(X) = ( (ALPHA*WAVELENGTH) / (4*pi) ) ;
ICRIQWl { : , 1) =RIQW-i*K( : , 1) ; 
t dispersion values for wells and barriers

lIW=dispersionwells (1, :) ' ;
!IBR=dispersionbarriers (1, :) ' ; 
lW=8.8e-9;
:BR=5.54e-9;
iIQW=sqrt ( { (RIW.^2) .*tW + (RIBR. ̂ 2) . *tBR) / (tBR+tW) ) ;
:QW=(NW*tW) + (NW*tBR)+tBR;
;CAV=tPll+tPl+tnl+tQW;
3lIQWl ( :,1)=RIQW-i*K(:,1) ;

3IPll=di8persiondopings (1, :) '-0.08;
JIPl=dispersiondopings (1, :) '-0.08;
!Inl=dispersiondopings (1, :) '-0.08;
!ISUB=dispersiongaases (1, ;) ' ;
JIA=dispersioninalases (1, :) '+0.09;
!IB=dispersiondopings (1, :) '-0.08;
I
K(:,1)=0;%((ALPHA499(:,Yl).*WAVELENGTH1(1,:)'*le+2) / (4*pi))*SCALING;%le+2 IS STILL SCALING TO BRIANS VALUES 
IK(X) = ( (ALPHA*WAVELENGTH) / (4*pi) ) ;
31IQW1 ( ; , 1) =RIQW-i*K{ : ,1) ;
iW(:,l) = (K(:,l) .*tQW) ./(NW.*tW) ; % abs in wells only
31IW(; , 1) =RIW-i*KW( : , 1) ; 
t CALCULATE BETA - INTERNAL ANGLES 
3ETAGD=asin(RIIM*sin(INANGLERAD) /RIGD) ;
3ETAPll=asin(RIIM.*sin(INANGLERAD) ./RIPll) ;
3ETAPl=asin(RIIM. *sin(INANGLERAD) ./RIPl) ;
3ETAnl=asin(RIIM.*sin(INANGLERAD) ./RInl) ;
3ETARL=asin(RIIM*sin(INANGLERAD) /RIRL) ;
3ETAGB=asin(RIIM*sin(INANGLERAD)/RIGB) ;
3ETAA=asin(RIIM.*sin(INANGLERAD) ./RIA) ;
3ETAB=asin(RIIM.*sin(INANGLERAD) ./RIB) ;
8ETASUB=asin(RIIM.*sin(INANGLERAD) ./RISUB) ;
BETAAR=asin(RIIM*sin(INANGLERAD) /RIAR) ;
BETAQW=asin(RIIM*sin(INANGLERAD) ./CRIQW1(:,1)) ;
3ETAW=asin(RIIM.*sin(INANGLERAD) ./CRIW(: , 1) ) ;
3ETABR=asin(RIIM.*sin(INANGLERAD) ./RIBR) ; 
i SET POLARISATION - S-POLARISATION 
IJGD=RIGD*cos (BETAGD) ;
UP11=RIP11. *COS (BETAPll) ;
UP1=RIP1. *COS (BETAPl) ;
Unl=RInl. *cos (BETAnl) ;
URL=RIRL*cos (BETARL) ;
UGB=RIGB*cos (BETAGB) ;
UA=RIA.*COS(BETAA) ;
IIB=RIB. *cos (BETAB) ;
USUB=RISUB . *cos (BETASUB) ;
UAR=RIAR*COS (BETAAR) ;
UQW=CRIQW1 { : , 1) . *cos (BETAQW ( : , 1) ) ;
UW=CRIW( : ,1) .*cos (BETAW{ : , 1) ) ;
UBR=RIBR. *COS (BETABR) ; 
k CALCULATE DELTA - PATH DIFFERENCES
DELTAGD=(2*pi*RIGD*tGD*cos(BETAGD))./WAVELENGTHl{1,:)';
DELTAP11=(2.*pi.*RIP11.*tPll.*COS(BETAPll))./WAVELENGTHl(1,:)';
DELTAP1=(2.*pi.*RIPl.*tPl.*COS(BETAPl))./WAVELENGTHl(1,:)' ;
DELTAnl=(2.*pi.*RInl.*tnl.*cos(BETAnl))./WAVELENGTHl(1,:)';
DELTARL=(2*pi*RIRL*tRL*COS(BETARL))./WAVELENGTHl(1,:)';
DELTAGB= (2*pi*RIGB*tGB*cos (BETAGB) ) ./WAVELENGTHK1, : ) ' ;
DELTAA= (2 . *pi . *RIA. *tA. *cos (BETAA) ) ./WAVELENGTHK 1, :) ';
DELTAB= (2 . *pi . *RIB. *tB. *cos (BETAB) ) . /WAVELENGTHK 1, :) ' ;
DELTASUB= (2 . *pi . *RISUB. *tSUB. *COS (BETASUB) ) ./WAVELENGTHK 1, :) ';
DELTAAR= (2*pi*RIAR*tAR*cos (BETAAR) ) . /WAVELENGTHK 1, : ) ' ;
DELTAQW= (2*pi. *CRIQW1 ( : , 1) .*tQW.*cos (BETAQW ( : , 1) ) ) ./WAVELENGTHK 1, : ) ' ;
DELTAW= (2 . *pi . *CRIW( : , 1) . *tW. *cos (BETAW( : , 1) ) ) ./WAVELENGTHl (1, :) ' ;
DELTABR= (2. *pi.*RIBR.*tBR.*COS (BETABR) ) ./WAVELENGTHK 1, :) ';
\ CALCULATE MATRIX 
HGDl=cos (DELTAGD ( : , 1) ) ;
HGD2= (i . /UGD) . *sin (DELTAGD {:,!));



»GD3 = i .* U G D .* s in (D E L T A G D ( : , 1) ) ; 
«GD4=COS (DELTAGD { : , 1) ) ;

»Plll=COS (D E LTA Pll ( : , ! ) ) ;  
» P 1 1 2 = ( i . /U P l l )  . * s i n  (D E L T A Pll ( : , 1 )  ) ; 
»Pll3 = i . * U P l l . * s i n ( D E L T A P l l  ( :  , 1) ) ; 
HPll4=COS (D ELTA Pll ( : , 1) ) ;

■HPll=COS (DELTAPl ( ; , 1) ) ;
H P l2 = ( i . /U P l )  .*  s i n  (DELTAPl ( ;  , 1 )  ) ;
«P13 = i . * U P l . * s i n  (DELTAPl ( :  , 1 )  ) ; 
HPl4=COS (DELTAPl ( : , 1) ) ;

in l l= c o s  (DELTAnl ( : , 1) ) ;
Hnl2= ( i . / U n l )  . * s i n  (DELTAnl ( : , 1) ) ; 
Hnl3=i . * U n l . * s i n  (DELTAnl ( :  , 1) ) ; 
Hnl4=COS {DELTAnl ( : , 1) ) ;

>IRLl=COS (DELTARL ( : , 1) ) ;
«RL2=(i./URL) .*  S i n  (DELTARL ( : , 1 )  ) ; 
«RL3=i . *URL. * s i n  {DELTARL ( :  , 1) ) ; 
«RL4=COS (DELTARL { : , 1) ) ;

NGBl=COS (DELTAGB ( : , 1) ) ;
HGB2= ( i  . /UGB) . * s i n  (DELTAGB ( : , 1) ) ;
«GB3 = i  .*UGB. * s i n  (DELTAGB ( : , 1) ) ; 
»GB4=cos (DELTAGB ( : , 1) ) ;

HAl=cos (DELTAA( ; , 1) ) ;
«A2=(i./UA) .* s in (D E L T A A (  : , 1 )  ) ;
MA3 = i .* U A .* s in (D E L T A A (  : , 1) ) ;
»A4=COS (DELTAA( : , 1) ) ;

HBl=COS (DELTAB ( ; , 1) ) ;
HB2= ( i . / U B )  .*  s i n  (DELTAB ( :  , 1) ) ;
HB3 = i .  * U B .* s i n  (DELTAB ( :  , 1) ) ;
MB4=cos (DELTAB ( : , 1 )  ) ;

HSUBl=cos (DELTASUB ( : , 1) ) ; 
MSUB2=(i./USUB) . * s i n  (DELTASUB ( :  , 1 )  ) ; 
«SUB3 = i .  * U S U B .* s in  {DELTASUB ( : , 1) ) ; 
HSUB4=COS (DELTASUB ( : , 1) ) ;

HARl=COS (DELTAAR ( : , 1) ) ;
HAR2={i./UAR) . * s i n  (DELTAAR { : , 1) ) ;
HAR3 = i . * U A R . * s  i n  {DELTAAR { : , 1) ) ; 
MAR4=COS {DELTAAR ( : , 1) ) ;

MQWl=cos (DELTAQW { : , 1) ) ;
M(JW2= ( i  . /UQW) . *sin{DELTAQW ( : , 1 )  ) ;
HQW3 = i .* U Q W .* s  i n  {DELTAQW ( : , 1) ) ; 
MQW4=COS {DELTAQW ( ;  , 1) ) ;

MWl=COS (DELTAW ( ; , 1) ) ;
MW2=(i./UW) . * s i n  (DELTAW ( : ,  1) ) ;
MW3 = i .* U W .* s in (D E L T A W ( : , 1 )  ) ;
HW4=COS (DELTAW { : , 1) ) ;

HBRl=cos (DELTABR(: , 1) ) ;
MBR2= ( i . /U B R )  .* s in (D E L T A B R ( : , 1) ) ;
HBR3 = i .* U B R .* s in (D E L T A B R (  : , 1) ) ; 
MBR4=COS (DELTABR ( : , 1) ) ;

4 T r a n s f e r  M a t r i x  

if FT==0

Ml= (MARI. *MSUB1) + (MAR2 . *MSUB3) 
H2= (MARI. *MSUB2) + (MAR2 . *MSUB4) 
M3= (MAR3 . *MSUB1) + (MAR4 . *MSUB3) 
M4= (MAR3 . *MSUB2) + (MAR4 . *MSUB4)

Mll= (M l . *MGB1) + (M2 . *MGB3) 
M21= (M l . *MGB2) + (M2 . *MGB4 ) 
M31= (M3 . *MGB1) + (M4 . *MGB3) 
M41= (M3 . *MGB2) + (M4 . *MGB4 )

M12= ( M i l . *MRL1) + (M 21. *MRL3) ; 
M22=(M11.*MRL2) + (M21.*MRL4) ; 
M32=(M31.*MRL1) + (M41.*MRL3) ; 
M42=(M31.*MRL2) + (M41.*MRL4) ;



M13 = 
M23 = 
M33 = 
M43 =

M14 = 
M24 = 
M34 = 
M44 =

M15 = 
M25 = 
M35 = 
M45 =

M16 = 
M26 = 
M36 = 
M46 =

M12.*Mnll)+ (M22.*Mnl3) 
M12.*Mnl2)+(M22.*Mnl4) 
M32.*Mnll)+ (M42.*Mnl3) 
M32.*Mnl2)+ (M42.*Mnl4)

M13.*MQW1)+(M23.*MQW3) 
M13.*MQW2)+ (M23.*MQW4) 
M33.*MQW1)+ (M43.*MQW3) 
M33.*MQW2)+ (M4 3 .*MQW4)

M14.*MP11)+ (M24.*MP13) 
M14.*MP12)+ (M24.*MPl4) 
M34.*MP11)+ (M44.*MP13) 
M34.*MP12)+ (M44.*MPl4)

M15.*MP111)+ (M25.*MP113) 
M15.*MP112)+ (M25.*MPll4) 
M35.*MP111) + (M45.*MP113 ) 
M35.*MP112)+ (M45.*MPll4)

% ******************************************** Bsclc

MBMirrorl(:,!)=(M16.*MA1)+ (M26.*MA3) 
MBMirror2{:,!)=(M16.*MA2)+ (M26.*MA4) 
MBMirror3{:,!)=(M36.*MA1)+ (M46.*MA3) 
MBMirror4(:,!)=(M36.*MA2)+ (M46.*MA4)

for loop=2:BK*2

if mod(loop,2)==0 % B
MBMirrorl(:,loop)= (MBMirrorl{:,loop-1).*MB1)+ (MBMirror2(:,loop-1).*MB3) 
MBMirror2(:,loop)= (MBMirrorl(:,loop-1).*MB2)+ (MBMirror2(:,loop-1).*MB4) 
MBMirror3(:,loop)= (MBMirror3(:,loop-1).*MB1)+ (MBMirror4(:,loop-1).*MB3) 
MBMirror4(:,loop)= (MBMirror3(:,loop-1).*MB2)+ (MBMirror4(:,loop-1).*MB4) 
end

if moddoop, 2) ==1 % A
MBMirrorl(:,loop)= (MBMirrorl(:,loop-1).*MA1)+ (MBMirror2(:,loop-1).*MA3) 
MBMirror2(:,loop)= {MBMirrorl(:,loop-1).*MA2)+ (MBMirror2{:,loop-1).*MA4) 
MBMirror3(:,loop)= (MBMirror3(:,loop-1).*MA1)+ (MBMirror4(:,loop-1).*MA3) 
MBMirror4(;,loop)= (MBMirror3(:,loop-1).*MA2)+ {MBMirror4(:,loop-1).*MA4)

end
end

% extra A
MBMirrorl(:,BK*2+1)= {MBMirrorl{:,BK*2).*MA1)+ (MBMirror2(:,BK*2).*MA3) 
MBMirror2(:,BK*2+1)= (MBMirrorl(:,BK*2).*MA2)+ (MBMirror2(:,BK*2).*MA4) 
MBMirror3(:,BK*2+1)= (MBMirrorS(:,BK*2).*MA1)+ (MBMirror4(:,BK*2).*MA3) 
MBMirror4(:,BK*2+1)= (MBMirror3(:,BK*2).*MA2)+ (MBMirror4(:,BK*2).*MA4)

% ************ end of Back Bragg

%MFl=MBMirrorl(:,BK*2+1);
%MF2=MBMirror2(:,BK*2+1);
%MF3=MBMirror3(:,BK*2+1);
%MF4=MBMirror4(:,BK*2+1);

MF1=(MBMirrorl(:,BK*2+1).*MGD1)+ (MBMirror2(:,BK*2+1).*MGD3); 
MF2={MBMirrorl(:,BK*2+1).*MGD2)+ (MBMirror2(:,BK*2+1).*MGD4); 
MF3=(MBMirror3{:,BK*2+1).*MGD1)+ (MBMirror4(:,BK*2+1).*MGD3); 
MF4=(MBMirror3{:,BK*2+1).*MGD2)+ (MBMirror4{:,BK*2+1).*MGD4);

%MF1=(M16.*MGD1)+(M26.*MGD3);
%MF2=(M16.*MGD2) + (M26.*MGD4) ;
%MF3=(M36.*MGD1)+ (M46.*MGD3);
%MF4=(M36.*MGD2)+(M46.*MGD4);

else if BK= = 0

M1=(MAR1.*MSUB1)+(MAR2.*MSUB3); 
H2= (MARI. *MSUB2) + (MAR2 . *MSUB4) ;
M3= (MAR3 . *MSUB1) + (MAR4 . *MSUB3) ;
H4= (MAR3 . *MSUB2) + (MAR4 . *MSUB4) ;

mi=(Ml.*MGBl)+(M2.*MGB3);



!21= (Ml. *MGB2) + (M2 . *MGB4 ) 
01=(M3.*MGB1)+(M4.*MGB3) 
141= (M3 . *MGB2) + (M4 . *MGB4)

!I12=(M11.*MRL1) + (M21.*MRL3) ;
!I22= (Mil. *MRL2) + (M21. *MRL4) ; 
,02=(M31.*MRL1) + (M41.*MRL3) ; 
»42=(M31.*MRL2) + (M41.*MRL4) ;

1 mirror layers

MGMirrorl(:,1)=(M12.*MA1)+ (M22.*MA3); 
MGMirror2(:,1)=(M12.*MA2)+ (M22.*MA4); 
MGMirror3(:,1)=(M32.*MA1)+(M42.*MA3); 
MGMirror4(:,1)=(M32.*MA2)+(M42.*MA4);

for loop=2:FT*2

if mod(loop,2)==0 % B
MGMirrorl(:,loop)= (MGMirrorl(:,loop-1).*MB1)+(MGMirror2(:,loop-1). 
MGMirror2(:,loop)=(MGMirrorl(:,loop-1).*MB2)+(MGMirror2(:,loop-1). 
MGMirror3(:,loop)= (MGMirror3(:,loop-1).*MB1)+(MGMirror4(:,loop-1). 
MGMirror4(:,loop)=(MGMirror3(:,loop-1).*MB2)+(MGMirror4(:,loop-1). 
end

if moddoop, 2) ==1 % A
MGMirrorl(:,loop)=(MGMirrorl(:,loop-1).*MA1)+ (MGMirror2(:,loop-1). 
MGMirror2(:,loop)= (MGMirrorl(:,loop-1).*MA2)+(MGMirror2(:,loop-1). 
MGMirror3(:,loop)= (MGMirror3(:,loop-1).*MA1)+(MGMirror4(:,loop-1). 
MGMirror4(:,loop)= (MGMirror3(:,loop-1).*MA2)+(MGMirror4(:,loop-1).

end
end

% extra A
MGMirrorl(:,FT*2+1)= (MGMirrorl(:,FT*2).*MA1)+(MGMirror2(:,FT*2).*MA3) 
MGMirror2(:,FT*2+1)= (MGMirrorl(:,FT*2).*MA2)+(MGMirror2(:,FT*2).*MA4) 
MGMirror3(;,FT*2+1)=(MGMirrorS(:,FT*2).*MA1)+(MGMirror4(:,FT*2).*MA3) 
MGMirror4(:,FT*2+1)=(MGMirror3(:,FT*2).*MA2)+(MGMirror4(:,FT*2).*MA4)

M18=(MGMirrorl(:,FT*2+1).*Mnll)+ (MGMirror2(:,FT*2+1).*Mnl3); 
M28=(MGMirrorl(:,FT*2+1).*Mnl2)+(MGMirror2(:,FT*2+1).*Mnl4); 
M38=(MGMirror3(:,FT*2+1).*Mnll)+(MGMirror4(:,FT*2+1).*Mnl3); 
M48=(MGMirrorS(:,FT*2+1).*Mnl2)+(MGMirror4(:,FT*2+1).*Mnl4);

% MQWs layers

MGQWl(:,1)=(MIS.*MBR1)+(M28.*MBR3); 
MGQW2(:,1)=(M18.*MBR2)+(M28.*MBR4); 
MGQW3(:,1) = (M38.*MBR1) + (M48.*MBR3) ; 
MGQW4(:,1)=(M38.*MBR2)+(M48.*MBR4);

for loop=2:NW*2

if mod(loop,2)==0 % B
MGQWl(:,loop)= (MGQWl(;,loop-1).*MW1)+(MGQW2(:,loop-1).*MW3); 
MGQW2(:,loop)= (MGQWl(:,loop-1).*MW2)+ (MGQW2(:,loop-1).*MW4); 
MGQW3(:,loop)=(MGQW3(:,loop-1).*MW1)+(MGQW4(:,loop-1).*MW3); 
MGQW4(:,loop)= (MGQW3(:,loop-1).*MW2)+ (MGQW4(:,loop-1).*MW4); 
end

if mod(loop,2)==1 % A
MGQWl(:,loop)=(MGQWl(:,loop-1).*MBR1)+ (MGQW2(:,loop-1).*MBR3) 
MGQW2(:,loop)= (MGQWl(:,loop-1).*MBR2)+(MGQW2(:,loop-1).*MBR4) 
MGQW3(:,loop)= (MGQW3(:,loop-1).*MBR1)+ (MGQW4(:,loop-1).*MBR3) 
MGQW4(:,loop)=(MGQW3(:,loop-1).*MBR2)+(MGQW4(:,loop-1).*MBR4)

end
end

% extra BR
MGQWl(:,NW*2+1)= (MGQWl(:,NW*2),*MBR1)+(MGQW2(:,NW*2).*MBR3); 
MGQW2(;,NW*2+1)= (MGQWl(:,NW*2).*MBR2)+(MGQW2(;,NW*2).*MBR4); 
MGQW3(;,NW*2+1)= (MGQW3(:,NW*2).*MBR1)+ (MGQW4(:,NW*2).*MBR3);
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MGQW4(:,NW*2 + 1) = {MGQW3(:,NW*2) .*MBR2) + (MGQW4(:,NW*2) .*MBR4) ;

%M19=(M18.*MQW1)+ (M28.*MQW3);
%M29=(M18.*MQW2)+ (M28.*MQW4);
%M3 9={M38.*MQW1)+ (M4 8.*MQW3);
%M4 9= (M3 8 . *MQW2) + (M4 8 . *MQW4 ) ;

M110=(MGQWl{:,NW*2 + 1) .*MPll) + (MGQW2(:,NW*2 + 1) .*MP13) ; 
M210=(MGQWl(:,NW*2+1).*MP12)+ (MGQW2{:,NW*2+1).*MPl4); 
M310=(MGQW3(:,NW*2 + 1) .*MPll) + (MGQW4(:,NW*2 + 1) .*MP13) ; 
M410=(MGQW3{:,NW*2+1).*MP12)+(MGQW4{:,NW*2+1).*MPl4);

Mlll= (MHO . *MPlll) + (M210 . *MP113) ;
M211= (MHO . *MP112) + (M210 . *MPll4) ;
M311=(M310.*MP111)+ (M410.*MPll3);
M411=(M310.*MP112)+(M410.*MPll4);

MF1=(M111.*MGD1)+(M211.*MGD3);
MF2=(Mill.*MGD2)+ (M211.*MGD4);
MF3=(M311.*MGD1)+ (M411.*MGD3); 
MF4=(M311.*MGD2)+(M411.*MGD4);

else

Ml= (MARI. *MSUB1) + (MAR2 . *MSUB3) ;
H2= (MARI. *MSUB2) + (MAR2 . *MSUB4) ;
M3= (MAR3 . *MSUB1) + (MAR4 . *MSUB3) ;
M4= (MAR3 . *MSUB2) + (MAR4 . *MSUB4 ) ;

M11=(M1.*MGB1) + (M2.*MGB3) ;
H21=(M1.*MGB2) + (M2.*MGB4) ;
M31= (M3 . *MGB1) + (M4 . *MGB3) ;
M41= (M3 . *MGB2) + (M4 . *MGB4) ;

M12=(M11.*MRL1) + (M21.*MRL3) ; 
M22=(M11.*MRL2) + (M21.*MRL4) ;
M32= (M31. *MRL1) + (M41. *MRL3) ; 
M42=(M31.*MRL2) + (M41.*MRL4) ;

> mirror layers

MGMirrorl(:,!)=(M12.*MA1)+(M22.*MA3); 
MGMirror2(:,1)=(M12.*MA2)+(M22.*MA4); 
MGMirror3(:,!)=(M32.*MA1)+ (M42.*MA3); 
MGMirror4(:,1)=(M32.*MA2)+ (M42.*MA4);

for loop=2:FT*2

if mod(loop,2)==0 % B
MGMirrorl(:,loop)=(MGMirrorl(:,loop-1).*MB1)+ (MGMirror2(:,loop-1). 
MGMirror2(:,loop)=(MGMirrorl(:,loop-1).*MB2)+(MGMirror2(:,loop-1). 
MGMirror3(:,loop)=(MGMirror3(:,loop-1).*MB1)+(MGMirror4(:,loop-1). 
MGMirror4(:,loop)=(MGMirror3(:,loop-1).*MB2)+(MGMirror4(;,loop-1). 
end

if moddoop, 2) ==1 % A
MGMirrorl(:,loop)=(MGMirrorl(:,loop-1).*MA1)+(MGMirror2(:,loop-1). 
MGMirror2(:,loop)= (MGMirrorl(:,loop-1).*MA2)+(MGMirror2(:,loop-1). 
MGMirror3(:,loop)=(MGMirror3(:,loop-1).*MA1)+(MGMirror4(:,loop-1). 
MGMirror4(:,loop)=(MGMirror3(:,loop-1).*MA2)+(MGMirror4(:,loop-1).

end
end

% extra A
MGMirrorl(:,FT*2+1)={MGMirrorl(;,FT*2).*MA1)+(MGMirror2(:,FT*2).*MA3) 
MGMirror2(;,FT*2+1)=(MGMirrorl(:,FT*2).*MA2)+(MGMirror2(:,FT*2).*MA4) 
MGMirror3(:,FT*2+1)= (MGMirror3(:,FT*2).*MA1)+ (MGMirror4(:,FT*2).*MA3) 
MGMirror4(:,FT*2+1)=(MGMirror3(:,FT*2).*MA2)+(MGMirror4(:,FT*2).*MA4)

M18=(MGMirrorl(:,FT*2+1).*Mnll)+ (MGMirror2(:,FT*2+1).*Mnl3); 
M28=(MGMirrorl(:,FT*2+1).*Mnl2)+ (MGMirror2(:,FT*2+1).*Mnl4); 
M38=(MGMirror3(:,FT*2+1).*Mnll)+(MGMirror4(:,FT*2+1).*Mnl3); 
M48=(MGMirror3(:,FT*2+1).*Mnl2)+(MGMirror4(:,FT*2+1).*Mnl4);
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% MQWs layers

MGQWl(:,!)=(M18.*MBR1)+(M28.*MBR3); 
MGQW2(:,!)=(M18.*MBR2)+(M28.*MBR4); 
MGQW3(:,1)=(M38.*MBR1)+ (M48.*MBR3); 
MGQW4(:,1) = (M3 8.*MBR2) + (M4 8.*MBR4) ;

for loop=2:NW*2

if mod(loop,2)==0 % B
MGQWl(;,loop)=(MGQWl(:,loop-1).*MW1)+(MGQW2(:,loop-1).*MW3) 
MGQW2(:,loop)= (MGQWl(:,loop-1).*MW2)+ (MGQW2(:,loop-1).*MW4) 
MGQW3(:,loop)= (MGQW3(:,loop-1).*MW1)+(MGQW4(:,loop-1).*MW3) 
MGQW4(:,loop)= (MGQW3(:,loop-1).*MW2)+ (MGQW4(:,loop-1).*MW4) 
end

if mod(loop,2)==1 % A
MGQWl(:,loop)=(MGQWl(:,loop-1).*MBR1)+(MGQW2(:,loop-1).*MBR3) 
MGQW2(:,loop)=(MGQWl(:,loop-1).*MBR2)+(MGQW2(:,loop-1).*MBR4) 
MGQW3(:,loop)=(MGQW3(:,loop-1).*MBR1)+(MGQW4(:,loop-1).*MBR3) 
MGQW4(:,loop)=(MGQW3(:,loop-1).*MBR2)+(MGQW4(:,loop-1).*MBR4)

end
end

% extra BR
MGQWl(:,NW*2+1)= (MGQWl(:,NW*2).*MBR1)+ (MGQW2(:,NW*2).*MBR3); 
MGQW2(:,NW*2+1)=(MGQWl(:,NW*2).*MBR2)+(MGQW2(;,NW*2).*MBR4); 
MGQW3(:,NW*2+1)= (MGQW3(:,NW*2).*MBR1)+ (MGQW4(:,NW*2).*MBR3); 
MGQW4(:,NW*2+1)= (MGQW3(:,NW*2).*MBR2)+ (MGQW4(:,NW*2).*MBR4);

%M19=(M18.*MQW1)+(M28.*MQW3);
%M29=(M18.*MQW2)+(M28.*MQW4);
%M3 9=(M3 8.*MQW1) + (M4 8.*MQW3) ;
%M49=(M38.*MQW2)+ (M4 8.*MQW4);

M110=(MGQWl(:,NW*2+1).*MPll)+(MGQW2(:,NW*2+1).*MP13) 
M210=(MGQWl(:,NW*2+1).*MP12)+(MGQW2(:,NW*2+1).*MPl4) 
M310=(MGQW3(:,NW*2+1).*MPll)+(MGQW4(:,NW*2+1).*MP13) 
M410=(MGQW3(:,NW*2+1).*MP12)+(MGQW4(:,NW*2+1).*MPl4)

Mlll=(MllO.*MP111)+(M210.*MP113);
M211=(MllO.*MP112)+(M210.*MPll4);
M311=(M310.*MP111)+ (M410.*MP113);
M411=(M310.*MP112)+(M410.*MP114);

MBMirrorl(:,1)=(Mill.*MA1)+(M211.*MA3) 
MBMirror2(:,1)=(Mill.*MA2)+ (M211.*MA4) 
MBMirror3(:,1)=(M311.*MA1)+(M411.*MA3) 
MBMirror4(:,1)=(M311.*MA2)+(M411.*MA4)

for loop=2:BK*2

if mod(loop,2)==0 % B
MBMirrorl(;,loop)=(MBMirrorl(:,loop-1).*MB1)+(MBMirror2(:,loop-1 
MBMirror2(:,loop)=(MBMirrorl(:,loop-1).*MB2)+(MBMirror2(:,loop-1 
MBMirror3(:,loop)= (MBMirror3(;,loop-1).*MB1)+(MBMirror4(:,loop-1 
MBMirror4(:,loop)=(MBMirror3(:,loop-1).*MB2)+ (MBMirror4(:,loop-1 
end

if moddoop, 2) ==1 % A
MBMirrorl(:,loop)=(MBMirrorl(:,loop-1).*MA1)+(MBMirror2(:,loop-1 
MBMirror2(:,loop)=(MBMirrorl(:,loop-1).*MA2)+(MBMirror2(:,loop-1 
MBMirror3(:,loop)=(MBMirror3(:,loop-1).*MA1)+(MBMirror4(:,loop-1 
MBMirror4(:,loop)= (MBMirror3(;,loop-1).*MA2)+(MBMirror4(:,loop-1

end
end
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% extra A
MBMirrorl(:,BK*2+1)=(MBMirrorl(:,BK*2).*MA1)+(MBMirror2(:,BK*2).*MA3) 
MBMirror2(:,BK*2 + 1) = (MBMirrorl ( :,BK*2) .*MA2) + (MBMirror2(: ,BK*2) .*MA4)
MBMirror3{:,BK*2 + 1) = {MBMirror3(:,BK*2) .*MA1) + (MBMirror4{: ,BK*2) .*MA3)
MBMirror4(:,BK*2 + 1) = (MBMirrorS{:,BK*2) .*MA2) + (MBMirror4(: ,BK*2) .*MA4)

% ************ end of Back Bragg

%MFl=MBMirrorl{:,BK*2+1);
%MF2=MBMirror2(:,BK*2+1);
%MF3=MBMirror3(:,BK*2+1);
%MF4=MBMirror4(:,BK*2+1);

%MF1=(MBMirrorl(:,BK*2+1).*MGD1)+(MBMirror2(:,BK*2+1).*MGD3) 
%MF2=(MBMirrorl(:,BK*2+1).*MGD2)+(MBMirror2(:,BK*2+1).*MGD4) 
%MF3=(MBMirrorS(:,BK*2+1).*MGD1)+(MBMirror4(:,BK*2+1).*MGD3) 
%MF4=(MBMirror3(:,BK*2+1).*MGD2)+(MBMirror4(:,BK*2+1).*MGD4)

MF1=(Mill.*MGD1)+ (M211.*MGD3) 
MF2=(Mill.*MGD2)+(M211.*MGD4) 
MF3=(M311.*MGD1)+ (M411.*MGD3) 
MF4=(M311.*MGD2)+(M411.*MGD4)

end
end

i CALCULATE INTENSITY AND REFLECTION 

UI=RIIM*COS(INANGLERAD);

1; EXIT ANGLE
BETAO=asin(RIIM*sin(INANGLERAD)/RIEM);

UO=RIEM*cos(BETAO); 

i INTENSITY
r= (UI.*MF1+UI*U0.*MF2-MF3-UO.*MF4) ./ (UI.*MF1+UI.*U0.*MF2+MF3+UO.*MF4) ;

t REFLECTION 
R=abs ( (r) . ̂2) ;

k GRAPH

hold on 
figure(200)
plot (WAVELENGTHl(l,:),R,'r') 
xlabel('Wavelength(m)'); 
ylabel('Reflectance'); 
grid on 
zoom on 
pause(0.001)

%for n=l:length(R)
R1(FT+1,Y1,1:length(R))=R(1:length(R),1); 
?!end

end % from #1

disp('Processed data for front mirror period ');disp(FT)

end % from #4 end of front mirror loop

t=BIAS ;
check for min position 

I check for min position

fl=193:1:213; % cutting down on the spectral range to scan over for minima
R2=Rl(FT+l,t,fl) ;

SIZE=size (R2) ; 
min=2;



for D=1:SIZE(1,3)

if R2 (1,1,D) < min; 
min=R2(1,1,D);
NO=D+193; % Add back the 203 so the program continues as normal

end
end
\ adjusting thickness of graded buffer layer

if NO < 203;
if NO <= 175

tPl=tPl+le-8;
end
if NO <= 194 

tPl=tPl+le-9;
end
if NO <= 199

tPl=tPl+le-10;
end
if NO <= 201

tPl=tPl+le-ll;
end
if NO <= 202

tPl=tPl+le-12;
end

end

if NO > 203; 
if NO >=226

tPl=tPl-1.5e-8;
end
if NO >=217

tPl=tPl-1.5e-9;
end
if NO >= 207

tPl=tPl-1.5e-10;
end

if NO >=205
tPl=tPl-1.5e-ll;

end
if NO >=204

tPl=tPl-1.5e-12;
end

end

NO
tPl

end % end of while statement

TEST=1

for polarisation=0:1; 
count=0;
for INANGLE=0;%:1:90;%:1:90;

INANGLERAD=INANGLE*2*pi/360 ;%convert to radians

count=count+1;
store2(3,count)=INANGLE;

for BK=17;%:2:30

for NW=95:95

NP=1;



I * * * * * * * * * * * * * * * * * * * * * *

roLTl=0.1;%input{'Enter bias voltage ');

Length=tW+tBR;
tW=8.8e-9;
,tBR=5.54e-9;

Length=tW+tBR;

roltage=0:0.1:25;
EFIELDd, ;) =voltage/(95*Length) ;
lEFIELD=[0,0.367e+6,0.734e+6,1.101e+6,1.4 68e+6,1.8351e+6,2.2022e+6,2.5692e+6,2.9362e+6,3.3032e+6,3.67e+6,4.03 
Ie+6,4.4 04e+6,4.771e+6,5.138e+6,5.5053e+6,5.872e+6,6.23 9e+6,6.606e+6,6.9735e+6,7.34 05e+6,7.708e+6,8.075e+6,8. 
(42e+6,8.809e+6,9.1756e+6,9.5427e+6,9.9097e+6,10.2767e+6,10.644e+6,11.011e+6,11.3778e-6,11.7448e-6,12.1118e- 
S, 12.4788e-6,12.84596-6,13.2129e-6,13.5799a-6,13.9470e-6,14.3140e-6,14.68108-6,15.04 800-6,15.4151a- 
{,15.7821a-6,16.14 91e-6,16.5161a-6,16.8832a-6,17.2502a-6,17.6172a-6,17.9842e-6,18.3513e-6];

IEFIELD= [
0,0.0429,0.0859,0.1288,0.1717,0.2146,0.2576,0.3 005,0.3434,0.3864,0.4293,0.4722,0.5152,0.5581,0.6010,0.643 9,0. 
5869,0.7298,0.7727,0.8157,0.8586,0.9015,0.9444,0.9874,1.0303,1.0732 , 1.1162,1.1591,1.2020,1.2450,1.2879]*la+7; 
IEFIELD=[0, 367000,734000,1101000,1468000,1835100,2202200,2569200,2936200,3303200,3670000,4037000,4404000,4771 
000,5138000,55053 00,5872000,6239000,6606000,6973500,7340500,7708000,8075000,8442000,8809000,9175600,9542700,9 
909700,10276700,10644 000,11011000] ;
SIZEl=size (EFIELD) ;
HAX=V0LT1/ (NW*Length) ;

for S=1 rSIZEl (1, 2)

if MAX <= EFIELD(1,S) ,•
MAX=EFIELD(1,S) ;
N0(1,S)=S;
break

end

if MAX > EFIELD(1,S);

disp('No absorption curve found'); 
end

end
W0(1, S) =31;
NUMBER=N0(1,S) ;
DIFF1=EFIELD(1,NUMBER)- (VOLTl/(NW*Length));

DIFF2=(VOLTl/(NW*Length))-EFIELD(1,NUMBER-1);

if DIFF1<DIFF2;
VOLTAGE1=NUMBER;
disp('Absorption curve found');
VOLTAGE1;

end
if DIFF2<DIFF1;

VOLTAGE1=NUMBER-1;
disp{'Absorption curve found');
VOLTAGE1;

end

VOLTAGE1
EF {1, NW) = VOLTAGE 1;

VOLT2=10.0;%input('Enter OPERATIONAL voltage ');

Length=tW+tBR;
tW=8.8a-9;
tBR=5.54e-9;

Length=tW+tBR;

voltaga=0:0.1:25;
EFIELDd, :) =voltaga/(95*Length) ;

IEFIELD=[0,0.367a+6,0.734e+6,1.101e+6,1.468e+6,1.8351e+6,2.2022e+6,2.5692e+6,2.93 62a+6,3.3 032e+6,3.67e+6,4.03 
7e+6,4.4 04e+6,4.771e+6,5.138e+6,5.5053a+6,5.872a+6,6.23 9e+6,6.606e+6,6.9735e+6,7.34 05e+6,7.708e+6,8.075e+6,8. 
442e+6,8.809e+6,9.1756a+6,9.5427a+6,9.9097e+6,10.2767e+6,10.644e+6,11.011e+6,11.3778e-6,11.744 8e-6,12.1118e-
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6,12.4788e-6,12.8459e-6,13.212 9e-6,13.5799e-6,13.94 70e-6,14.314 0e-6,14.6810e-6,15.0480e-6,15.4151e- 
5,15.7821e-6,16.14 91e-6,16.5161e-6,16.8832e-6,17.2502e-6,17.6172e-6,17.9842e-6,18.3513e-6];

iEFIELD= [
0,0.0429,0.0859,0.1288,0.1717,0.2146,0.2576,0.3005,0.3434,0.3 864,0.4293,0.4722,0.5152,0.5581,0.6010,0.643 9,0 
6869,0.7298,0.7727,0.8157,0.8586,0.9015,0.9444,0.9874,1.0303,1.0732,1.1162,1.1591,1.2020,1.2450,1.2879]*le+7

SIZEl = size (EFIELD) ;
MAX=V0LT2/(NW*Length); %can go to llOnm and still get 44% reflectivity change

% 64 nm is what we think the real value is at lO'^lS doping 
% so i think this will give us 46% reflectivity change

for S=1:SIZE1 (1,2)

if MAX <= EFIELD(1,S);
MAX=EFIELD{1,S);
N0(1,S)=S; 
break

end

if MAX > EFIELD(1,S);

disp('No absorption curve found'); 
end

end
W0(1,S)=31;
NUMBER=N0(1,S);
DIFF1=EFIELD(1,NUMBER)- (V0LT2/(NW*Length));

DIFF2=(V0LT2/(NW*Length))-EFIELD(1,NUMBER-1);

if DIFF1<DIFF2;
V0LTAGE2 =NUMBER;
disp('Absorption curve found');
V0LTAGE2;

end
if DIFF2<DIFF1;

V0LTAGE2=NUMBER-1;
disp{'Absorption curve found');
V0LTAGE2;

end

V0LTAGE2

disp('Starting to calculate Reflectance specta now')

disp{ ' ' ) ;
disp('New run');
disp(date);
time=clock;
disp(' time :');
disp (time (1,4) ) , disp (time (1,5) )

WS=1045.8-(0);%WS=input('ENTER STARTING WAVELENGTH IN NANOMETRES ?'); 
WS=WS*0.000000001;
WF=1108.3-(0);%WF=input('ENTER FINISHING WAVELENGTH IN NANOMETRES ?'); 
WF=WF*0.000000001;
WI=.1;%WI=input('ENTER INCREMENT IN NANOMETRES ?');
WI=WI*0.000000001;
%BW=1003.5;%BW=input('ENTER DESIGN WAVELENGTH IN NANOMETRES ?'); 
BW=BW*0.000000001;

%INANGLE=0;%INANGLE=input('ENTER INCIDENT ANGLE IN DEGREES ?'); 
%INANGLERAD=INANGLE*2*pi/360 ;%convert to radians

hold on

% ENTER VOLTAGE SPECIFICATIONS HERE
% FOR APPLIED VOLTAGE ADD REAL BIAS VOLTAGE AND REAL APPLIED VOLTAGE TOGETHER 
% AND ENTER THE CORRESPONDING VALUE FOR THE TOTAL.
% ENTER THE BIAS AS NORMAL 
BI AS1=VOLTAGE1; % OUR BIAS VOLTAGE OV 
APPLIEDV1=V0LTAGE2 + (BIAS1-1);% 5V DIFFERENCE

%load 'b706d2' 
A1=ALPHA2;



[Q,W]=size(Al);
% loop here for no. of front mirror periods

for FT =NP;% 0:NP % # 4 
%figure(FT+1)

for Y1=BIAS1 :APPLIEDV1-BIAS1 rAPPLIEDVl; % #1 *****NOTE 'V HERE HAS TO BE DEFINED TO BE

WAVELENGTHl{1,:)=WS:WI:WF;

ALPHA499(:,Yl)=A1(:,Yl);

SCALING= (1. Oe+4/95) *NW; % 
i complex refractive index of well
S(: ,!) = ( (ALPHA499 ( : , Yl) . *WAVELENGTH1 (1, :) ' *le+2) / (4*pi) ) *SCALING; 
IK(X) = { (ALPHA*WAVELENGTH) / (4*pi) ) ;

CRIQWl ( : , 1) =RIQW-i*K( : , 1) ;

KW{: , 1) = (K( : , 1) . *tQW) . / (NW. *tW) ; % abs in wells only
CRIW( : , 1) =RIW-i*KW{ : ,1) ;

J CALCULATE BETA - INTERNAL ANGLES 
3ETAGD=asin{RIIM*sin(INANGLERAD)/RIGD);
BETAPll=asin (RUM. *sin (INANGLERAD) ./RIPll) ;
BETAPl=asin (RUM. *sin (INANGLERAD) ./RIPl) ;
BETAnl=asin (RUM. *sin(INANGLERAD) ./RInl) ;
BETARL=asin(RIIM*sin(INANGLERAD)/RIRL);
BETAGB=asin(RUM*sin {INANGLERAD) /RIGB) ;
BETAA=asin (RUM. *sin (INANGLERAD) ./RIA) ;
BETAB=asin(RIIM.*sin(INANGLERAD)./RIB);
BETASUB=asin (RUM. *sin(INANGLERAD) ./RISUB) ;
BETAAR=asin(RUM*sin (INANGLERAD) /RIAR) ;
BETAQW=asin(RIIM*sin(INANGLERAD)./CRIQWl(:,1));

BETAW=asin (RUM. * sin (INANGLERAD) . / CRIW( : , 1) ) ;
BETABR=asin (RUM. *sin (INANGLERAD) ./RIBR) ;

I: SET POLARISATION 
if polarisation==0

disp('TE polarisation')

UGD=RIGD*cos(BETAGD);
UP11=RIP11.*COS(BETAPll);
UP1=RIP1.*COS(BETAPl);
Unl=RInl.*cos(BETAnl);
URL=RIRL*COS(BETARL);
UGB=RIGB*cos(BETAGB);
UA=RIA.*cos(BETAA);
IJB=RIB . *cos (BETAB) ;
USUB=RISUB.*COS(BETASUB);
UAR=RIAR*COS(BETAAR);
UQW=CRIQW1(:,1).*COS(BETAQW(:,1));
UW=CRIW(:,1).*cos(BETAW(:,1));
UBR=RIBR.*cos(BETABR);
UI=RIIM*cos(INANGLERAD);

I EXIT ANGLE
BETAO=asin(RIIM*sin(INANGLERAD)/RIEM);

UO=RIEM*cos(BETAO); 
end

if polarisation==l

disp('TM polarisation')

UGD=RIGD./cos(BETAGD);
UP11=RIP11./cos(BETAPll);
UP1=RIP1./cos(BETAPl);
Unl=RInl./cos(BETAnl);
URL=RIRL/cos(BETARL);
UGB=RIGB/cos(BETAGB);
UA=RIA./cos(BETAA);
UB=RIB./cos(BETAB);
USUB=RISUB./cos(BETASUB);
UAR=RIAR/cos(BETAAR);
UQW=CRIQW1(:,1)./cos(BETAQW(:,1));

THAN 1

I



I=CRIW(: , 1 ) . / c o s ( B E T A W ( : , 1 ) ) ;
]BR=RIBR./cos (BETABR) ;

I I=RIIM/cos (INANGLERAD) ;

i EXIT ANGLE
3ETA0=as in (R UM *sin  {INANGLERAD) /RIEM) ;

JO=RIEM/cos (BETAO) ; 

end

\ CALCULATE DELTA - PATH DIFFERENCES

3ELTAGD=(2*pi*RIGD*tGD*COS(BETAGD)) . /WAVELENGTHl( 1 , : ) ' ;  
D E L T A P l l = ( 2 . * p i . * R I P l l . * t P l l . * C O s ( B E T A P l l ) ) . /WAVELENGTHl{ 1 , : ) ' ;  
DELTAP1=( 2 . * p i . * R I P l . * t P l . *COS(BETAPl)) . /WAVELENGTHl( 1 , ; ) '  ;
D E L T A n l = ( 2 . * p i . * R I n l . * t n l . * C O s ( B E T A n l ) ) . /WAVELENGTHl( 1 , : ) ' ;
DELTARL=( 2 *p i*R IR L* tR L*cos (B ETA R L)) . /WAVELENGTHl{ 1 , : ) ' ;
DELTAGB=(2*pi*RIGB*tGB*COS (BETAGB)) . /WAVELENGTHl(1,  :) ' ;
DELTAA=( 2 . * p i . * R I A .* t A .* c o s ( B E T A A ) ) . /WAVELENGTHl{ 1 , : ) ' ;  
D E L T A B = (2 .*p i .*R IB .* tB .*cos (B E T A B )) . /WAVELENGTHl( 1 , : ) ' ;
DELTASUB=( 2 . * p i . *RISUB.*tSUB.*COS(BETASUB)) . /WAVELENGTHl( 1 , : ) ' ;  
DELTAAR=(2*pi*RIAR*tAR*cos(BETAAR)) . /WAVELENGTHl( 1 , : ) ' ;
DELTAQW=(2*pi. *CRIQW1 ( : , 1 )  . *tQW.*cos(BETAQW(: , 1 ) ) )  . /WAVELENGTHl(1,

DELTAW=( 2 . * p i . * C R I W ( : , 1 ) .* tW .*cos (BETA W (: , 1 ) ) ) . /WAVELENGTHl( 1 , ; ) ' ;  
DELTABR=( 2 . * p i . *RIBR.*tBR.*COS(BETABR)) . /WAVELENGTHl( 1 , : ) ' ;

I CALCULATE MATRIX 
MGDl=cos (DELTAGD ( : , 1) ) ;
MGD2=(i./UGD) . * s i n  (DELTAGD ( : , 1 )  ) ;
MGD3 = i . * U G D . * s  i n  (DELTAGD (:  , 1 )  ) ;
MGD4=COS (DELTAGD ( : , 1) ) ;

H P l l l= cos  (DELTAPll (;  , 1) ) ;
M P 1 1 2 = ( i . / U P l l ) . * s i n ( D E L T A P l l ( : , 1 ) ) ;
H P l l 3 = i . * U P l l . * s i n ( D E L T A P l l ( : , 1 ) ) ;
MPll4=cos (DELTAPll ( : , 1) ) ;

MPll=cos(DELTAPl( : , 1 ) ) ;
M P 1 2 = ( i . / U P l ) . * s i n ( D E L T A P l ( : , 1 ) ) ;
H P l 3 = i . * U P l . * s i n ( D E L T A P l ( : , ! ) ) ;
MPl4=COS (DELTAPl ( : , 1) ) ;

Mnll=cos (DELTAnl ( : , 1) ) ;
Hnl2= ( i  . / U n i )  . * s i n  (DELTAnl ( : , 1) ) ;
Mnl3=i . * U n l . * s i n ( D E L T A n l ( ; , 1 ) ) ;
Mnl4=cos(DELTAnl( : , 1 ) ) ;

MRLl=COS(DELTARL( : , 1 ) ) ;
MRL2=(i . /URL). * s in(DELTARL( : , 1 ) ) ;
MRL3=i. *URL.*s in(DELTARL( : , ! ) ) ;
MRL4=cos(DELTARL( : , ! ) ) ;

MGBl=cos(DELTAGB( : , 1 ) ) ;
MGB2=(i. /UGB). *sin(DELTAGB( : , 1 ) ) ;
MGB3=i. *UGB. *s in(DELTAGB( : , 1 ) ) ;
MGB4=COS (DELTAGB ( : , 1) ) ;

MAl=cos (DELTAA(; , 1) ) ;
M A 2=( i . /UA ) .*s in (D ELTA A(: , 1 ) ) ;
MA3=i.*UA.*sin(DELTAA(: , 1 ) ) ;
MA4=COS (DELTAA(: , 1) ) ;

MBl=cos (DELTAB ( : , 1) ) ;
MB2=(i./UB) . * s i n  (DELTAB (:  , 1) ) ;
MB3 = i .*U B .  * s i n  (DELTAB (:  , 1) ) ;
MB4=COS(DELTAB( : , 1 ) )  ;

MSUBl=COS (DELTASUB { : , ! ) ) ;
MSUB2=(i./USUB). *sin(DELTASUB( : , 1 ) ) ;
MSUB3=i.*USUB.*sin(DELTASUB( : , 1 ) ) ;
MSUB4=cos (DELTASUB ( : , 1) ) ;

MARl=cos (DELTAAR ( : , 1) ) ;
MAR2=(i. /UAR) . *sin(DELTAAR( : , 1 ) ) ;
MAR3=i.*UAR.*sin(DELTAAR( ; , 1 ) ) ;
MAR4=cos(DELTAAR( : , 1 ) ) ;

MQWl=COS(DELTAQW( : , 1 ) ) ;
MQW2=(i. /UQW). *sin(DELTAQW( : , 1 ) ) ;
MQW3=i.*UQW.*sin(DELTAQW( : , 1 ) ) ;



!lQW4=COS (DELTAQW ( : , 1) ) ;

!!Wl=COS (DELTAW( : , 1) ) ;
P2=(i./UW).*sin(DELTAW(:,!));
!IW3 = i. *UW.*sin(DELTAW{ :,!)); 
!IW4=COS (DELTAW ( : , 1) ) ;

ffiRl=COS(DELTABR(:,1)); 
fflR2=(i./UBR).*sin{DELTABR(:,!)); 
)IBR3 = i.*UBR.*s in (DELTABR (: , 1) ) ; 
«BR4=cos (DELTABR ( : , 1) ) ;

> Transfer Matrix 

if FT= = 0

»1= (MARI. *MSUB1) + (MAR2 . *MSUB3 ) 
!I2= (MARI. *MSUB2) + (MAR2 . *MSUB4) 
0= (MAR3.*MSUB1) + (MAR4.*MSUB3) 
M= (MAR3.*MSUB2) + (MAR4.*MSUB4)

Hll= (Ml. *MGB1) + (M2 . *MGB3 ) 
H21= (Ml. *MGB2) + (M2 . *MGB4 ) 
H31= (M3 . *MGB1) + (M4 . *MGB3) 
H41= (M3 . *MGB2) + (M4 . *MGB4 )

H12=(M11.*MRL1) + (M21.*MRL3) ; 
K22=(M11.*MRL2) + (M21.*MRL4) ; 
M32=(M31.*MRL1) + (M41.*MRL3) ; 
H42= (M31. *MRL2) + (M41. *MRL4) ;

M13 = 
M23 = 
M33 = 
M43 =

M14 = 
M24 = 
M34 = 
M44 =

M15 = 
M25 = 
M35 = 
M45 =

M16 = 
M26 = 
M36 = 
M4 6=

M12.*Mnll)+ (M22.*Mnl3) 
M12.*Mnl2)+(M22.*Mnl4) 
M32.*Mnll)+ (M42.*Mnl3) 
M32.*Mnl2)+ (M42.*Mnl4)

M13.*MQW1)+ (M23.*MQW3) 
M13.*MQW2)+(M23.*MQW4) 
M33.*MQW1)+ (M43.*MQW3) 
M33.*MQW2)+ (M43.*MQW4)

M14.*MP11)+ (M24.*MP13) 
M14.*MP12)+ (M24.*MPl4) 
M34.*MP11)+ (M44.*MP13) 
M34.*MP12)+ (M44.*MPl4)

M15.*MP111)+ (M25.*MP113) 
M15.*MP112)+ (M25.*MPll4) 
M35.*MP111)+ (M4 5.*MP113) 
M35.*MP112)+ (M45.*MPll4)

MBMirrorl(:,!) = (M16.*MA1) + (M26.*MA3) ; 
MBMirror2(:,!)=(M16.*MA2)+(M26.*MA4); 
MBMirror3(:,!)=(M36.*MA1)+ (M46.*MA3); 
MBMirror4(:,!)=(M36.*MA2)+ (M46.*MA4);

for loop=2:BK*2

if mod(loop,2)==0 % B
MBMirrorl(:,loop)= {MBMirrorl{:,loop-1).*MB1)+ (MBMirror2(:,loop-1).*MB3) 
MBMirror2(:,loop)= {MBMirrorl(:,loop-1).*MB2)+ (MBMirror2{:,loop-1).*MB4) 
MBMirror3(:,loop)= (MBMirror3(:,loop-1).*MB1)+ (MBMirror4{:,loop-1).*MB3) 
MBMirror4(:,loop)= (MBMirror3(:,loop-1).*MB2)+ (MBMirror4(;,loop-1).*MB4) 
end

if moddoop, 2) ==1 % A
MBMirrorl(:,loop)= (MBMirrorl{:,loop-1).*MA1)+ (MBMirror2{:,loop-1).*MA3) 
MBMirror2(:,loop)= (MBMirrorl(:,loop-1).*MA2)+ (MBMirror2(:,loop-1).*MA4) 
MBMirror3(:,loop)= (MBMirror3(:,loop-1).*MA1)+ (MBMirror4(:,loop-1).*MA3) 
MBMirror4(:,loop)= (MBMirror3(:,loop-1).*MA2)+ (MBMirror4(:,loop-1).*MA4)

end
end

% extra A



MBMirrorl(:,BK*2+1)= (MBMirrorl(:,BK*2).*MA1)+{MBMirror2(:,BK*2).*MA3) 
MBMirror2(:,BK*2 + 1) = (MBMirrorl(:,BK*2) .*MA2) + (MBMirror2(: ,BK*2) .*MA4) 
MBMirror3{:,BK*2 + 1) = (MBMirror3(:,BK*2) .*MA1) + {MBMirror4(: ,BK*2) .*MA3) 
MBMirror4(:,BK*2+1)=(MBMirror3(:,BK*2).*MA2)+(MBMirror4(:,BK*2).*MA4)

% ************ end of Back Bragg

%MFl=MBMirrorl{;,BK*2+1);
%MF2=MBMirror2(:,BK*2+1);
%MF3=MBMirror3(:,BK*2+1);
%MF4=MBMirror4(:,BK*2+1);

%MF1=(MBMirrorl(:,BK*2 + 1) .*MGD1) + (MBMirror2(:,BK*2 + 1) .*MGD3) ; 
%MF2=(MBMirrorl(:,BK*2 + 1) .*MGD2) + (MBMirror2(: ,BK*2 + 1) .*MGD4); 
%MF3=(MBMirror3(:,BK*2 + 1) .*MGD1) + (MBMirror4(:,BK*2 + 1) .*MGD3) ; 
%MF4=(MBMirror3(:,BK*2+1).*MGD2)+(MBMirror4(:,BK*2+1).*MGD4);

MF1=(M16.*MGD1)+ (M26.*MGD3);
MF2=(M16.*MGD2)+ (M26.*MGD4);
MF3=(M36.*MGD1)+ (M46.*MGD3);
MF4=(M36.*MGD2)+(M4 6.*MGD4);

else

Ml= (MARI. *MSUB1) + (MAR2 . *MSUB3) ;
H2= (MARI. *MSUB2) + (MAR2 . *MSUB4) ; 
M3=(MAR3.*MSUB1) + (MAR4.*MSUB3) ;
M4= (MAR3 . *MSUB2) + (MAR4 . *MSUB4 ) ;

M11=(M1.*MGB1)+{M2.*MGB3);
M21=(Ml.*MGB2)+(M2.*MGB4); 
M31=(M3.*MGB1)+(M4.*MGB3);
M41=(M3.*MGB2)+(M4.*MGB4);

M12=(M11.*MRL1)+(M21.*MRL3); 
M22=(M11.*MRL2)+(M21.*MRL4);
M32=(M31.*MRL1)+(M41.*MRL3); 
M42=(M31.*MRL2) + (M41.*MRL4) ;

% mirror layers

MGMirrorl(:,1)=(M12.*MA1)+(M22.*MA3); 
MGMirror2(:,1)=(M12.*MA2)+(M22.*MA4); 
MGMirror3(:,1)=(M32.*MA1)+(M42.*MA3); 
MGMirror4(:,1)=(M32.*MA2)+ (M42.*MA4);

for loop=2:FT*2

if mod(loop,2)==0 % B
MGMirrorl(:,loop)= (MGMirrorl(:,loop-1).*MB1)+(MGMirror2(:,loop-1). 
MGMirror2(;,loop)= (MGMirrorl(:,loop-1).*MB2)+(MGMirror2(:,loop-1). 
MGMirror3(:,loop)= (MGMirror3(:,loop-1).*MB1)+ (MGMirror4(:,loop-1). 
MGMirror4(:,loop)= (MGMirror3(:,loop-1).*MB2)+(MGMirror4(:,loop-1). 
end

if mod(loop,2)==1 % A
MGMirrorl(:,loop)=(MGMirrorl(:,loop-1).*MA1)+(MGMirror2(:,loop-1). 
MGMirror2(:,loop)=(MGMirrorl(:,loop-1).*MA2)+ (MGMirror2(:,loop-1). 
MGMirror3(:,loop)= (MGMirror3(:,loop-1).*MA1)+(MGMirror4(:,loop-1). 
MGMirror4(:,loop)= (MGMirror3(:,loop-1).*MA2)+(MGMirror4(:,loop-1).

end
end

% extra A
MGMirrorl(:,FT*2+1)=(MGMirrorl(:,FT*2).*MA1)+(MGMirror2(:,FT*2).*MA3) 
MGMirror2(:,FT*2+1)= (MGMirrorl(:,FT*2).*MA2)+ (MGMirror2(:,FT*2).*MA4) 
MGMirror3(:,FT*2+1)=(MGMirror3(:,FT*2).*MA1)+(MGMirror4(:,FT*2).*MA3) 
MGMirror4(:,FT*2+1)= (MGMirror3(:,FT*2).*MA2)+(MGMirror4(:,FT*2).*MA4)

*MB3)
*MB4)
*MB3)
*MB4)

*MA3)
*MA4)
*MA3)
*MA4)

M18=(MGMirrorl(:,FT*2+1).*Mnll)+ (MGMirror2(:,FT*2+1).*Mnl3); 
M28=(MGMirrorl(:,FT*2+1).*Mnl2)+(MGMirror2(:,FT*2+1).*Mnl4); 
M38=(MGMirror3(;,FT*2+1).*Mnll)+(MGMirror4(:,FT*2+1).*Mnl3);



M48=(MGMirror3(:,FT*2 + 1) .*Mnl2) + (MGMirror4(: , FT*2 + 1) .*Mnl4);

% MQWs layers
% * ★ ★ ★ * * * ★ ★ * * ★ * ★ * * * ★ ★ * * * ★ * ★ ★ * * * ★ * * * ★ ★ ★ * ★ * ★ ★ ★ ★ * ★ * ★ ★ ★ * * * ★ * ★ * ★ *

MGQWl(:,!)=(M18.*MBR1)+(M28.*MBR3);
MGQW2{:,!)=(M18.*MBR2)+(M28.*MBR4);
MGQW3(:,!)={M38.*MBR1)+ (M48.*MBR3);
MGQW4(:,!)=(M38.*MBR2)+ (M48.*MBR4);

for loop=2:NW*2

if mod(loop,2)==0 % B
MGQWl(:,loop)= (MGQWl{:,loop-1).*MW1)+(MGQW2(:,loop-1).*MW3) 
MGQW2{:,loop) = (MGQWl(:,loop-1) .*MW2) + (MGQW2(:,loop-1) .*MW4)
MGQW3 ( : , loop) = (MGQW3(:,loop-1) .*MW1) + (MGQW4(:,loop-1) .*MW3)
MGQW4 ( : , loop) = (MGQW3(:,loop-1) .*MW2) + (MGQW4(:,loop-1) .*MW4)
end

if moddoop, 2) = = 1 % A
MGQWl(: , loop) = (MGQWl(:,loop-1) .*MBR1) + (MGQW2(:,loop-1) .*MBR3) 
MGQW2(: , loop) = (MGQWl(:,loop-1) .*MBR2) + (MGQW2(:,loop-1) .*MBR4) 
MGQW3(: , loop) = (MGQW3(:,loop-1) .*MBR1) + (MGQW4(:,loop-1) .*MBR3) 
MGQW4(: , loop) = (MGQW3(;,loop-1) .*MBR2) + (MGQW4(:,loop-1) .*MBR4)

end
end

% extra BR
MGQWl(: ,NW*2 + 1) = (MGQWl(:,NW*2) .*MBR1) + (MGQW2(:,NW*2) .*MBR3) ;
MGQW2(:,NW*2 + 1) = (MGQWl ( ; ,NW*2) .*MBR2) + (MGQW2(:,NW*2) .*MBR4);
MGQW3(:,NW*2 + 1) = (MGQW3 ( : ,NW*2) .*MBR1) + (MGQW4(:,NW*2) .*MBR3) ;
MGQW4(:,NW*2 + 1) = (MGQW3 ( : ,NW*2) .*MBR2) + (MGQW4(:,NW*2) .*MBR4) ;

I
%M19=(M18.*MQW1)+ (M28.*MQW3);
%M29=(M18.*MQW2)+(M28.*MQW4);
%M3 9=(M3 8.*MQW1)+ (M4 8.*MQW3);
%M4 9=(M38.*MQW2)+ (M4 8.*MQW4);

M110=(MGQWl(;,NW*2+1).*MPll)+(MGQW2(:,NW*2+1).*MP13);
M210=(MGQWl(:,NW*2+1).*MP12)+ (MGQW2(:,NW*2+1).*MPl4);
M310=(MGQW3(:,NW*2+1).*MPll)+(MGQW4(:,NW*2+1).*MP13);
M410=(MGQW3(:,NW*2+1).*MP12)+ (MGQW4(:,NW*2+1).*MPl4);

Mlll=(MllO.*MP111)+(M210.*MP113);
M211=(MllO.*MP112)+(M210.*MPll4);
M311=(M310.*MP111)+(M410.*MP113);
M411=(M310.*MP112)+(M410.*MPll4);

^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  B3.ck

MBMirrorl(:,1)=(Mill.*MA1)+ (M211.*MA3) 
MBMirror2(:,1)=(Mill.*MA2)+(M211.*MA4) 
MBMirror3(:,1)=(M311.*MA1)+(M411.*MA3) 
MBMirror4(:,1)=(M311.*MA2)+(M411.*MA4)

for loop=2:BK*2

if mod(loop,2)==0 % B
MBMirrorl(:,loop)= (MBMirrorl(;,loop-1).*MB1)+(MBMirror2(:,loop-1).*MB3) 
MBMirror2(:,loop)=(MBMirrorl(:,loop-1).*MB2)+(MBMirror2(:,loop-1).*MB4) 
MBMirror3(:,loop)= (MBMirror3(:,loop-1).*MB1)+(MBMirror4(:,loop-1).*MB3) 
MBMirror4(:,loop)= (MBMirror3(:,loop-1).*MB2)+ (MBMirror4(:,loop-1).*MB4) 
end

if moddoop, 2) ==1 % A
MBMirrorl(:,loop)=(MBMirrorl(:,loop-1).*MA1)+(MBMirror2(:,loop-1).*MA3) 
MBMirror2(:,loop)= (MBMirrorl(:,loop-1).*MA2)+ (MBMirror2(:,loop-1).*MA4) 
MBMirror3(:,loop)= (MBMirror3(:,loop-1).*MA1)+(MBMirror4(:,loop-1).*MA3) 
MBMirror4(:,loop)= (MBMirror3(:,loop-1).*MA2)+(MBMirror4(:,loop-1).*MA4)

end
end



% extra A
MBMirrorl(:,BK*2 + 1) = (MBMirrorl(:,BK*2) .*MA1) + (MBMirror2(:,BK*2) .*MA3) 
MBMirror2(:,BK*2 + 1) = (MBMirrorl{:,BK*2) .*MA2) + (MBMirror2(:,BK*2) .*MA4) 
MBMirror3(:,BK*2+1)= (MBMirrorS{:,BK*2).*MA1)+(MBMirror4(:,BK*2).*MA3) 
MBMirror4(:,BK*2 + 1) = (MBMirrorS(:,BK*2) .*MA2) + (MBMirror4{: ,BK*2) .*MA4)

% ************ end of Back Bragg

%MFl=MBMirrorl(:,BK*2+1); 
%MF2=MBMirror2(:,BK*2+1); 
%MF3=MBMirror3(:,BK*2+1); 
%MF4=MBMirror4(: ,BK*2 + 1) ;

%MF1=(MBMirrorl ( : ,BK*2 + 1) .*MGD1) + (MBMirror2(:,BK*2 + 1) .*MGD3)
%MF2=(MBMirrorl { : , BK*2 + 1) .*MGD2) + (MBMirror2(:,BK*2 + 1) .*MGD4)
%MF3=(MBMirror3 ( : ,BK*2 + 1) .*MGD1) + (MBMirror4(:,BK*2 + 1) .*MGD3)
%MF4=(MBMirrorB ( : ,BK*2 + 1) .*MGD2) + (MBMirror4(:,BK*2 + 1) .*MGD4)

MF1= (Mill.*MGD1) + (M211.*MGD3) 
MF2=(Mill.*MGD2)+ (M211.*MGD4) 
MF3=(M311.*MGD1)+ (M411.*MGD3) 
MF4=(M311.*MGD2)+(M411.*MGD4)

end

 ̂CALCULATE INTENSITY AND REFLECTION 

%UI=RIIM*C O S (INANGLERAD);

% EXIT ANGLE
%BETAO=asin(RIIM*sin(INANGLERAD)/RIEM) ;

%UO=RIEM*cos(BETAO);

% INTENSITY
r=(UI.*MF1+UI*U0.*MF2-MF3-UO.*MF4) ./ (UI.*MF1+UI.*U0.*MF2+MF3+UO.*MF4);

% REFLECTION 
R=abs((r).̂ 2) ;

% GRAPH 
hold on 
figure(FT+1)
plot(WAVELENGTHl(1,:),R,'b') 
xlabel('Wavelength(m) '); 
ylabel('Reflectance'); 
grid on 
zoom on

%for n=l:length(R)
R1(FT+1,Y1,1:length(R))=R(1:length(R),1);
%end

end % from #2 
pause(0.0001)

disp('Processed data for front mirror period ');disp(FT)

end % from #4 end of front mirror loop

% plot REFLECTIVITY CHANGE HERE

for FT = 0:NP 
if FT==0

%DELTAR(0+1,0+1,:)=(R1(0+1,BIASl,:))-(R1(0+1,APPLIEDVl,:)); 
DELTAR(0+1,0+1,:)=(R1(0+l,BIASl,:))-(R1(0+1,APPLIEDVl,:));

end
if FT~=0

%DELTAR(1 + FT,1+FT, :) = (R1(FT+1,BIAS1, : ) )-(R1(FT+1,APPLIEDVl, : )) ;
DELTAR{1+FT,1+FT,:)=(R1(FT+1,BIAS1,:))-(R1(FT+1,APPLIEDVl,:));
stored,count) = (Rl(FT+l,BIASl,302) ) ;
store(2,count)=(R1(FT+1,APPLIEDVl,302));
storel(1,polarisation+1,count)=(R1(FT+1,BIASl,302));
storel(2,polarisation+1,count)= (R1(FT+1,APPLIEDVl,302));

end



end

for FT = 0:NP 
if FT==0

for fifille=l:626
dec(1,fifille)=DELTAR{1,1,fifille);

end

end
if FT~=0

for fifille=l:626
dec(1 + FT,fifille)=DELTAR{1+FT,1 + FT,fifille) ;

end

end

end

for FT = 0:NP 
if FT==0
dis(1,1)=DELTAR(1,1,N0(1,1)) ; 
end
if FT-=0
dis{1, 1+FT)=DELTAR(1 + FT,1 + FT,N0(1,1)); 
end

end

datal(1,NW-(NW-1))=NW;

for FT = 0:NP 
if FT==0
data2(1,BK-(BK-1))=dis(1,1) ; 
end
if FT-=0
data2(1 + FT,BK-(BK-1))=dis(1,1+FT) ; 
end

end

datalO (1,NW) =NW;

for FT = 0:NP 
if FT==0
data30(1,count)=dis(1,1); 
end
if FT~=0
data30(1+FT,count)=dis(1,1+FT); 
end

end

figure(BK+2) 
hold on
xlabel('Angle');
ylabel(’TE & TM Reflectivity');
grid on
zoom on

plot(INANGLE,[(storel(1,polarisation+1,count)+storel(1,polarisation+1,count))./2],'or') 
plot(INANGLE,[(storel(2,polarisation+1,count)+storel(2,polarisation+1,count))./2],'*b')

end
end

% plot alpha here

Y1=BIAS1;APPLIEDVl-BIASl:APPLIEDVl ; 
figure(99) 
hold on
plot(WAVELENGTHl(1,:),ALPHA4 99(:,BIAS1)) 
plot(WAVELENGTHl(1,:),ALPHA4 99(:,APPLIEDVl)) 

xlabel('Wavelength(m)'); 
ylabel('alpha'); 
grid on

hold on
plot{WAVELENGTHl(1,:),(ALPHA499(:,APPLIEDV1)-ALPHA499(:,BIAS1))) 
xlabel('Wavelength(m)');



ylabel { ' a l p h a  ' ) ; 
grid on

end % a n g l e  l o o p

end % p o l a r i s a t i o n  l o o p

s t o r e2 (1,  :) = [ ( s t o r e l ( 1 , 1 ,  : ) + s t o r e l ( 1 , 2 ,  : ) )  . / 2]  ; 
store2 (2 , :) = [ ( s t o r e l  ( 2 , 1 ,  :) + s t o r e l  ( 2 , 2 ,  :) ) . / 2]  ;

f igure (BK+3) 
hold on
xlabel  ( ' A n g l e ' )  ;
y l a b e l ( ' Av e r ag e  R e f l e c t i v i t y ' ) ;  
grid on 
zoom on

p l o t ( s t o r e 2 ( 3 , : ) , s t o r e 2 ( 1 , : ) , ' o k ' ) % B i a s  V 
p l o t ( s t o r e 2 ( 3 , : ) , s t o r e 2 ( 2 , : ) , ' * k ' )  % a p p l i e d  V

S t o r e s (1,  :) = ( s t o r e 2 (1,  : ) - s t o r e 2 (2, :) ) ;

f igure (BK+4) 
hold on
x l a b e l ( ' A n g l e  ' ) ;
y l a b e l ( ' A v e r a g e  M o d u l a t i o n ' ) ;
g r i d  on
zoom on

p l o t ( s t o r e 2 ( 3 , : ) , S t o r e s ( 1 , : ) , ' o b ' ) % B i a s  V

toe


