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Abstract

Abstract.

The first part o f this work was involved with the study of 1.55pm distributed Bragg 

reflector stacks (DBRs). The operation of the stacks was introduced and perturbation of 

the spectra was discussed in order to facilitate the analysis o f the measured spectra. 

1.55 pm DBRs reported in the literature were surveyed and compared, and hence the 

stacks we chose to study in this work were introduced. This work included the study of  

a range of p-type low reflectance (i.e., having a reflectance o f less than 90%) stacks, 

such as would be likely to be used as the flront reflector o f a 1.55pm Fabry-Pérot 

modulator. It was concluded that both GaJni.xAsyPi.y/InP and (AlyGai. 

y).47ln.53As/A1.48ln.52As would provide a very similar refractive index difference of  

around 0.25, and hence the same reflectance for a given number of periods. The 

refractive index o f GaxIni-xAsyPi.y having been calculated to be 3.42 at 1.54pm and 

1.59pm with 75% arsenic. Whilst we calculated the index o f (AlyGai_y).4?In.53As as 

between 3.42 and 3.46 for 1.62pm to 1.56pm, for around 10% aluminium. However, 

the quaternary aluminium containing material warrants further study, since we felt that 

the refractive index may be increased if lower aluminium levels could be achieved.

We also looked into the possibility of using lattice matched Ga.47In.53As and utilising the 

band gap shift which occurs with n-type doping to reduce the absorption of this material 

at 1.55 pm. Transmission measurements carried out on doped Ga.47In.53As confirmed this 

band edge shift would occur with the sort of doping levels one would expect to use in 

the back reflector o f the modulator, (IxlO^^cm'^-lxlO^^cm'^). DBRs using 

Ga.47In.53As/InP were grown, and refractive indices of between 3.48 to 3.5 were 

calculated at 1.56pm to 1.58pm for doping levels o f mid to high lÔ ĉm'"* respectively. 

These n-doped stacks were therefore found to provide the highest refractive index 

difference of all the 1.55 pm materials studied, and we have therefore shown that over 

99% reflectance can be achieved with only 30 periods using this material. A stack using 

Ga.47In.53As / Al.48ln.52As was also studied, and in this mirror doping levels in the 

Ga.47In.53As were thought to be low lÔ ĉm'̂ . This material combination demonstrated 

the largest refractive index difference, but the peak reflectance was reduced as a result



Abstract

of absorption. Doping levels of around 3-4x1 were therefore found to be

optimum, since the higher the concentration o f dopants, the lower the refractive index of 

the material, whilst if the number of dopants is too low, the ternary layer will be 

absorbing.

Secondly, this work was involved with the study o f the multiple quantum well active 

regions which form the intrinsic cavity of the Fabry-Pérot modulator. Several aluminium 

based systems were studied, and it was shown that high quality materials could be 

grown at 1.55 pm which would provide sharp excitonic features and narrow (32nm, 

ITmeV FWHM room temperature) photoluminescence line widths. Absorption 

measurements were carried out, and an absorption coefficient o f 4.9xl0^cm'^ in the well 

at the operating voltage was calculated. Based on this figure, we concluded that only 

20-30 wells would be sufficient to provide a high contrast low insertion loss modulator, 

if a back mirror reflectance of around 99.5% was used, and we have already shown that 

this figure can be easily achieved if n-doped Ga^ylnssAs is used as the high index 

material in the back mirror.
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Chapter 1; Introduction

Chapter 1: Introduction.

The aim of this work is to investigate 1.55 pm asymmetric Fabry-Pérot multiple quantum 

well reflection modulators grown monolithically on indium phosphide substrates using 

III-V materials. The modulator is in essence a voltage controlled mirror, the reflectance 

of which is controlled using an externally applied bias. The devices are reverse biased p- 

i-n diodes. The mirrors, formed using distributed Bragg reflector stacks, make up the p 

and n regions, and a bias tuneable absorber is used in the intrinsic region which forms 

the Fabry-Pérot cavity. In these devices the absorber region consists of multiple 

quantum wells, the absorption of which is controlled via a band edge shift, referred to as 

the quantum confined Stark effect. In this chapter waveguide and transverse modulators 

will be introduced, and their operation discussed. Although this work is not involved 

with the fabrication o f waveguide devices, they are attractive devices for use in many 

areas of fibre optic communications, and have been extensively researched. Since it is 

necessary, in some instances, to compare the performance o f waveguide and transverse 

modulators, the former will be briefly introduced in section 1.2. An outline of the 

operation of transverse devices will follow, and finally we will discuss various systems 

applications for modulators, highlighting the areas in which transverse reflection devices 

could be used. This section is not intended as a detailed discussion of the systems 

applications of modulators, of which there are a great many. Only a few are mentioned 

here and to consider these in any detail would be beyond the scope o f this work. Rather, 

we have outlined a few main areas in which modulators may play a part. The following 

section will introduce the principle o f operation of transverse modulators as a 

foundation for the literature surveys, discussions and comparisons that follow in the 

remainder of the chapter. A detailed description o f the device operation will follow in 

the subsequent two chapters.

In chapter two the Fabry-Pérot cavity effect, in the context o f asymmetric Fabry-Pérot 

modulators, will be introduced, and the design considerations of the devices discussed. 

A discussion o f various aspects o f the multiple quantum well materials will also be 

presented in this chapter. Chapter three will be concerned with Bragg stacks, their 

operation, surveys of 1.55 pm stacks reported in the literature and aspects o f the

12



Chapter 1: Introduction

materials of interest for the growth of 1.55pm Bragg stacks. In chapter four we will 

present some results on Bragg stacks that we have developed and investigated. This will 

be followed in chapter five by results of our investigations on multiple quantum wells 

and Fabry-Pérot cavities. Finally chapter six will consist o f a summary of the work 

carried out, the conclusions thereby reached, and suggestions for the direction of future 

work in this area.

1.1 General Modulator Principles

Modulation refers to the alteration of some property o f the light wave, such as the 

polarisation, phase or intensity. In this work we are concerned with intensity 

modulators, since these promise to play a major role in the future of fibre optic 

communications. Intensity modulation can be achieved in many ways; for example, 

directly, by changing the absorption of the modulator through which the light is 

propagating, (this is the method we have used in our Fabry-Pérot devices), or indirectly, 

by changing the phase. This phase change leads to an intensity change in waveguide 

interferometric devices.

The modulation can be achieved by electro-absorption effects such as the Franz - 

Keldysh effect in bulk materials, (see, for example, Pankove, p46), the quantum 

confined Stark effect in multiple quantum wells or the Wannier-Stark effect in 

superlattices, [Esaki, 1986]. In our devices we utilise the quantum confined Stark effect 

[Weisbuch, 1987]. Basically, an externally applied electric field is used to change the 

absorption of the material at a given wavelength. The effect o f the field is to increase the 

tunnelling probability for energies below the band gap. That is, a lower energy photon 

can be absorbed by the material, and promote an electron into the conduction band, 

because the electric field has the effect of decreasing the distance an electron must 

tunnel to appear in the conduction band, and the overlap o f the electron and hole wave 

function tails in the forbidden gap is increased. This has the effect o f smearing out the 

band edge, with a resultant increase in absorption at energies below the band edge. The 

optical effects however are limited, since the field will have the effect of spatially 

separating the electrons and holes, and hence reducing the absorption. A multiple

13



Chapter I Introduction

quantum well, however, is made up of alternate layers of large and smaller band gap 

materials The electrons will tend to be in the smaller band gap material, and the band 

gaps of these materials will align themselves such that there is a potential offset between 

the layers, forming a potential well that confines the carriers In this quantum well holes 

and electrons are confined by the potential barriers, and an applied electric field does not 

dissociate the excitons, so that these excitons play a major role in the absorption 

spectrum An increase in the electric field has the effect of decreasing the optical energy 

at which the exciton can be formed, as in a bulk material, so that the absorption edge 

shifts to longer wavelengths However, although the field will polarise the electrons and 

holes, the potential barriers will prevent their dissociation up to fairly large fields, so that 

excitonic absorption remains high

Li

hole \

conduction band

potential
barriers

\ alence band
quantum
well

Fieure I .l Schematic representation of a multiple quantum well system.

These electro-absorption effects are, therefore, basically the shift in the band edge of the 

semiconductor on the application of an external bias. By choosing the appropriate 

semiconducting material, or by tailoring the material by altering the well width and/or 

composition of semiconductor alloys, we can ensure that the band edge is below the 

operating wavelength, hence introducing absorption at the wavelength of operation 

when a field is applied This is depicted schematically in the diagram below

absorption

increasing
bias

detuning \va\eleneth

>.i refers to the band edge wa\ elength. or 
exciton wavelength in the case of a multi 
quantum well sample. I? refers to the 
operating wav elength. 1 55pm in our case. 
The difference between these two 
wav elengths is referred to as the detuning. 
The diagram shows that at OV the 
absorption at the operating wav elength is 
small, and increases as a bias is applied. In 
a multi quantum well sample, the exciton 
absorption peak would be apparent at the 
band edge.

Fieure 1.2. Shift in band edse nith field
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Chapter 1: Introduction

(For a discussion of the optical properties of semiconductors and quantum wells , see 

for example, Gobel , 1990, Dingle, 1974, Chemla, 1985, Miller, 1984, Schmitt-Rink, 

1989).

The size of the shift, AE , is proportional to well width and applied field and is given 

approximately by, [Bastard, 1983], AE m̂ ê F̂ L”̂. Where E is the shift in energy of a 

particle in an infinitely deep well, m* is the effective mass, F is the external field and L 

the well width. The band edge shift is clearly greater for a larger bias, but has a heavy 

dependence on the well width. Wider wells will show a greater edge shift than narrow 

wells. This may appear to make it more attractive to use wider wells, especially in 

quaternary alloys, where the alloy composition can be altered to give a range of band 

gaps whilst still maintaining a lattice match, (see chapter two). However, a wider well 

also means a reduced overlap o f the electron and hole wave functions, and hence a 

reduced absorption. Martin et al, [ Martin 1993], discuss the various trade-offs involved 

in the design of well and barriers of multiple quantum wells for modulators.

The table below summarises some electro-absorption effects reported in the literature. In 

electro-absorption modulators, we are usually interested in the value o f the absorption 

beyond the band edge, that exists at the operating voltage. (The reasons for this will be 

discussed in more detail in chapter 2). Hence in the table below the absorption shown is 

that beyond the band edge.

reference effect material detuning
(meV)

absorption.
(cm‘̂ )

intrinsic region 
thickness (um)

bias(V)
/field

Tayebati,
1993

FK GaAs 16 900 1.9 20
105kV/cm

Kingston,
1979

FK InGaAsP
(1.03eV)

60 500 2.5 31
127kV/cm

Kniipfer,
1993

FK InGaAsP
(1.05eV)

25 1800 0.8 14
175kV/cm

Bar-Joseph,
1987

QCSE InGaAs
/InP

20 1400 2.3 20
87kV/cm

Chin, 1994 QCSE InGaAs
/InAlAs

17 2500 0.4 10
250kV/cm

Guy, 1989 QCSE InGaAs
/InP

25 1700 3 40
133kV/cm

Jelley, 1989 QCSE GaAs/
AlGaAs

16 22000 0.5 14
280kV/cm

Figure 1.3. Tabulated summary o f Franz Keldysh and Quantum Confined Stark Effect.
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Chapter 1 : Introduction

The table indicates that, in general, multiple quantum wells offer higher absorption 

coefficients with bias than bulk materials. But another very important difference between 

bulk and multiple quantum wells, which is not shown in the table, is the residual 

absorption at zero volts. Since the band edge tends to be broader in bulk, a much greater 

detuning is required if residual absorption is to be avoided. In the materials reported 

above, where the detuning is similar for both bulk and multiple quantum wells, the 

residual absorption in the bulk materials is around 300cm'% sufficient to seriously 

degrade the performance o f the device by increasing the insertion loss. If a greater 

detuning is used, then the final absorption coefficient will be much lower. Leeson et al 

[Leeson 1994] and Tipping et al [Tipping 1989] discuss the relative merits o f the Franz- 

Keldysh and quantum confined Stark effect devices, concluding that the quantum 

confined Stark effect offers greater potential due to lower possible insertion losses and 

the greater magnitude of the band edge shift. Zucker et al [Zucker 1989] report a 

25meV detuning in a 100Â InGaAsP well with lOOkV/cm, which can be compared with 

Knupfer et al, (see figure 1.3), who report the same amount of detuning with nearly 

double the field in bulk material.

Using electro-absorption effects we therefore have to tailor the band gap of the 

semiconductor through the alloy composition and/or the multiple quantum well width, in 

order to obtain operation at the desired wavelength. Hence we see the use of GaAs at 

around 0.85 pm, whereas for longer wavelengths, desirable in fibre optic 

communications, we must turn to materials such as alloys o f GaxIni-xAs, GaxIni.xAsyPi.y, 

or (AlyGai-y)xIni.xAs. (The materials aspects of this work will be discussed in chapters 2 

and 3).

That the absorption is as high as possible is o f course desirable in a modulator, since this 

allows for less absorbing material to be used, and improved device performance will 

result, as will be discussed in chapter 2. Low operating voltages are also required to 

conform with standard electronics.

16
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The second class of devices, in which the phase o f the light is altered, operate via 

electro-optic effects, that is, a change in the refractive index with field. These effects are 

used in LiNbOs waveguide devices, which have been extensively studied, and are 

available commercially, hence we have introduced them in section 1.2.2.1. Electro-optic 

effects will o f course occur where absorption changes are present, since the refractive 

index and absorption are related via the Kramers Kronig equation, (see for example 

Palik [Palikl991]). In a Fabry-Pérot modulator this effect should be taken into account 

in the design of the device, since a change in the refractive index will alter the optical 

path length, and can then effect the operation by destroying the phase matching of the 

reflected light. (See section 1.2.2.3).

l . L l  Operational Parameters.

In order to assess the behaviour of a modulator, whatever its type, several parameters 

can be used, as outlined below.

The modulation depth, MD, indicates how the intensity o f the light beam has been 

changed and is given by:

MD = W l o g ^ ^ ^ .  1

Where lo is the intensity of the unattenuated beam (the reflected or transmitted light at 

zero bias of a transverse device), and I is the intensity of the modulated light, (the 

reflected or transmitted light at the operating voltage of a transverse device). The 

maximum value of the modulation depth, when I has its minimum value is referred to as 

the extinction ratio. A similar parameter often used is the contrast ratio, CR, given by:

CT = 10Iog^ - 2

The extinction ratio and contrast ratio are often quoted in decibels or as a ratio, 

(although the extinction ratio in decibels is sometimes referred to as the degree of 

isolation).

17



Chapter 1; Introduction

The insertion loss, IL, represents the attenuation of optical power when the modulator is 

in its on state and is defined as:

/Z, = 10 log —̂  3
h

Where h represents the optical power incident on the device, and If the transmitted or 

reflected light when the modulator is in the on state, that is usually at zero bias.

1.2 Modulator Types.

1.2.1 Waveguide Modulators,

Since this research is not directly concerned with waveguide devices this section is 

intended simply as an overview o f these modulators in order to allow comparisons 

between the transverse and waveguide types to be made, and so that the applications can 

be discussed more fully, since waveguides are widely used in fibre optic 

communications. It is not meant as a comprehensive discussion of waveguide modulator 

properties or operation.

Waveguide devices can operate via electro-optic or electro-absorption effects. In 

electro-optic waveguide intensity modulators a change in refractive index can be used to 

either generate intensity modulation via interferometric methods, as in Mach Zehnder 

devices, by phase match control, in for example directional couplers, or to steer light 

from one exit port o f the waveguide to another, in for example intersectional switches.

Perhaps the most well known waveguide modulator is fabricated from titanium diffused 

lithium niobate, which is an attractive material due to its large electro-optic coefficient, 

up to ten times larger than that of III-V materials. Most LiNbOs electro-optic devices 

reported in the literature are Mach Zehnder interferometric intensity modulators. (See

18



Chapter 1 ; Introduction

for example, Alfemess,1984, Kawano, 1989, Wang 1992, Noguchi 1993,1994, Becker, 

1984, Gopaiakrishnan, 1992, Dolfi,1988). The literature shows that these modulators 

regularly give extinction ratios in excess of 20dB. Authors have also demonstrated that 

low operating voltages can be used, that is, less than 5V. Moreover, many o f these 

reports give modulation speeds o f up to 75Ghz. In addition, the insertion losses of the 

above mentioned devices does not exceed 7dB, and is quoted as being as low as 2.3dB .

Although LiNbOs technology is well established, these devices have the disadvantage 

that they cannot be integrated with semiconductor devices such as lasers or detectors. 

The possibility of integration offered by III-V devices, and their potential therefore for 

inclusion in optoelectronic integrated circuits, make them an interesting alternative to 

LiNbOs. The LiNbOs devices reported are also relatively large, over 2cm in some cases, 

and generally at least a few mm. This means that switch arrays, for example, would be 

large. Waveguide devices also do not lend themselves to the fabrication o f 2D arrays in 

which there is much interest due to their parallel processing capability and function in 

free space interconnects.

Electro-optic effects have also been used in III-V materials as a means of generating 

intensity modulation. For example, Fujiwara et al [Fujiwara, 1984] report a 22V 

switching voltage in a 8.6mm long GalnAsP bulk directional coupler. Zucker et al 

[Zucker, 1989] demonstrate that multiple quantum wells may be superior to bulk, since 

they can provide larger electro-refraction effects and report a switching voltage of 20V 

in a 600pm long directional coupler modulator. Mach Zehnder devices are attractive due 

to the possibility o f controlling the chirp [Koyama, T988] and III-V electro-optic Mach 

Zehnder modulators have also been studied. For example, Zucker et al obtain 14.1dB 

modulation depth in a 600pm multiple quantum well device with 3.5V [Zucker 1992]. 

Rolland et al show a lOdB contrast in a 1.55mm long modulator which operates at 

lOGbit/s with 2V peak to peak voltage [Rolland, 1993].

Waveguides fabricated using III-V semiconductors can also perform as modulators by 

using electro-absorption effects directly to attenuate light transmitted through the guide, 

as shown in figure 1.4.

19
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light 
in I

/
absorbing
region

light out 

external rev erse bias

Fisitre 1.4. Schematic representation o f an Electro-absorption Wavesuide Modulator. 

Some modulators of this type are summarised in the following table

Reference Materials Contrast Applied Insertion

Ratio (dB) Bias(V) Loss (dB)

Wakita. 1990 Al Gain As/Alin As 25 6 18

Wakita. 19X8 AlGalnAs/AllnAs 19 8 9

Dcvau.x. 1991 GalnAsP/lnP 10 2 3

Katoka. 1992 GalnAs/AllnAs 10 15 10

Bigan, 1990 GalnAs/AllnAs 18 6 4

Wakita. 19X6 GalnAs/AllnAs 15 9 10

Chen. 1992 GalnAsP/InP 14.5 10 20

Wood. 19X8 GalnAs/lnP 16 9 5

Koren. 1987 GalnAs/InP 17 20 2 9

Lullo. 1994 GalnAs/GalnAsP 20 2.5

Bigan. 1991 GalnAsP/GalnAsP 17 3.5 2

1991 GalnAs/AllnAs 11 0.7 5

Noda 1986 GalnAsP 20 4 5 10

1985 20 6 9.6

Soda. 1987 GalnAsP 20 8.5

Suzuki. 1992 GalnAsP 20 3 8

Figure 1.5. Tabulated survey o f some o f the IIl-V Electro-absorption Waveeuide Modulators

reported in the literature

The waveguide devices tabulated above operate at around 1 55pm The structural 

characteristics of the individual devices are not shown, (although these will affect 

various aspects of the device performance such as the drive voltage), both for reasons of
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clarity, and since we are simply trying to build up a picture of waveguide device 

performances that have been obtained.

oA
Many of the waveguides show high insertion losses, the resul^coupling, reflection and 

residual absorption losses. Reflection losses, of around 3dB, can be reduced by using an 

anti-reflection coating on both end facets of the guide, although this obviously 

complicates the device design. Residual absorption and scattering losses play a more 

important role in waveguides than in transverse devices, due to the much longer optical 

interaction lengths, usually around 100pm in a waveguide, whereas in transverse devices 

this can be as little as 0.5pm.

The table shows that waveguides with high contrast ratio at low operating voltages can 

be obtained in both bulk and multiple quantum well materials. Some of the devices 

reported contain superlattices as the absorbing medium, and operate via the Wannier 

Stark effect [Bigan, 1990, 1991]. In a superlattice the separation between the multiple 

quantum wells is very small, with a barrier thickness of, for example, 15Â. This means 

that the wave functions of the excitons in adjacent wells overlap and minibands are 

formed, as opposed to the discrete energy levels found in separate quantum wells, 

smearing out the band edge absorption. When a field is applied the absorption spectrum 

returns to a quantum well like spectrum, resulting in a blue shift as the absorption edge 

becomes sharper. These effects occur at very low fields, hence the low operating 

voltages reported for these devices.

One shortcoming o f multiple quantum well waveguides is their polarisation sensitivity, 

so that the contrast applies to either the TE or the TM mode of propagation, but is not 

the same for the both. This is because in multiple quantum wells the heavy and light 

holes are not degenerate as they are in bulk, with the light hole occurring further from 

the band edge than the heavy hole. The absorption spectra and electro-absorption effects 

will differ depending on whether the incoming light is polarised parallel (TE) or 

perpendicularly (TM) to the quantum well layers. However, there are reports in the 

literature of polarisation insensitive waveguides. Ravikumar et al [Ravikumar, 1992, 

1993], show that with 0.3% tensile strain in a GalnAs/InP multiple quantum well the
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change in absorption with field is identical for both modes. Wan et al [Wan, 1994] 

demonstrate polarisation insensitivity in the GalnAs/AlInAs system using 0.57% tensile 

strain in the wells. This work is also extended to polarisation insensitive waveguide 

modulators. Campi et al [Campi, 1994] use both narrow and wide unstrained multiple 

quantum wells o f GalnAsP and report no polarisation sensitivity below about 2V, and 

also at 5.5V, with only around 2dB o f sensitivity at intermediate voltages. They 

demonstrate a contrast ratio o f 20dB for 2V bias and an insertion loss below 2dB. Ido et 

al [Ido, 1994] have used 0.35% tensile strain in a GalnAs/AlInAs waveguide modulator, 

they report 9dB insertion loss and 15dB contrast with 1.2V in TE but nearer 1.8V in 

TM, however, contrast is around 36dB at 2.6V for both TE and TM modes.

Other modulation methods have been demonstrated including carrier induced refractive 

index changes, utilised in for example X branch waveguides, in which a current is used 

to inject carriers, [Ishida, 1987]. Alternatively, electron reservoirs can be used to inject 

carriers into a quantum well when a bias is applied, hence quenching the absorption and 

changing the refractive index, [Zucker, 1991]. Blum et al use this method to obtain a 

75:1 contrast ratio in a 490pm electro-absorption waveguide modulator at 864.5nm 

using 5V [Blum, 1991]. Zucker et al use the same method [Zucker, 1992] in a 457pm 

waveguide and obtain 21dB and 23 dB extinction ratio for TE and TM modes 

respectively for less than 5V applied bias. Chang et al use the refractive index changes 

resulting from electron injection fi'om electron reservoirs in a Mach Zehnder modulator 

and report a 22dB change in intensity for a 5V bias swing in a 1.04mm long device, 

[Change 1991].

1.2.2. Transverse Modulators.

This work is concerned with transverse devices, and hence this section will be more 

detailed than the previous discussion on waveguide devices. In transverse devices the 

light is incident normally on the crystal. The devices are designed to either attenuate a 

transmitted beam, or, with the incorporation of mirrors, a reflected beam, as shown in 

figure, 1.6. Since the field is applied perpendicular to the multiple quantum wells, a thin 

active region must be used in order to avoid the requirement for a high bias.
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consequently, the amount of absorbing material in transverse devices will be much less 

than that of waveguides, in which a only a few quantum wells may be used, but the 

optical path length, parallel to the layers, can be hundreds of microns A single pass 

transverse modulator, therefore, would not be expected to give as high contrast as a 

waveguide device The amount of absorbing material is increased by using reflection 

devices which double the path length, or Fabry-Pérot devices There are benefits to 

transverse devices, including their non-polarisation sensitivity, since both the TE and 

TM modes will propagate in the plane of the wells, their possibility for integration into 

arrays and the potential for infinite contrast obtained from Fabry-Pérot devices

incident light

absorbing region

substrate

incident light reflected light4̂
absorbing region \

reflector n

substrate

transmitted light

Figure 1.6.Schematic representaion o f tansverse modulation.

The devices with which this work is concerned are III-V semiconductor transverse 

modulators, and in the following sections the various possible modes of operation will 

be outlined

1.2.2.1. Tran.s\'erse Transmissiofi Modulators.

Here the electro-absorption effect is used to introduce absorption at the operating 

wavelength, and hence attenuate the optical beam, in a method similar to that used in 

III-V electro-absorption waveguides (The difference being that waveguide devices have 

a considerably longer interaction length) The transmitted intensity, T, will simply be 

given by

T - r „ e '“’ 4
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Where T and To are the transmitted and incident intensity, a  is the absorption 

coefficient of the intrinsic region and d is its thickness.

Since the light must pass through the substrate it would be advantageous if the substrate 

were transparent, as occurs in InP substrates at 1.55 pm. Otherwise large losses will 

occur unless the substrate is chemically removed, however this can lead to very fragile 

devices. Alternatively, the device could be used in reflection, as described in the next 

section.

Maximum attenuation in the transverse device will be accomplished if the absorption is 

large. (It should be remembered, however, that if the device length is greater than the 

absorption length, 1/a, then the additional absorption will have a reduced effect on the 

attenuation). In transverse devices the amount of absorption will often have to be traded 

off against the desired operating voltage, since the thicker the device, the larger the 

voltage required to develop the same field. It may also be necessary to take account of  

residual doping which will limit the possible depletion width, as we shall discuss in 

chapter 2.

The table below summarises some transmission modulators reported in the literature.

Reference Material and 
thickness

Modulation
depth

Bias Insertion
Loss

wavelength

Guy, 1988 1.5pm
GalnAs/InP

-1.35dB 40V 2.8dB 1600nm

Koren, 1987 1pm
GalnAs/InP

-3.46dB 30V 4.5dB 1600nm

Whitehead, 1988 0.5pm
GaAs/AlGaAs

-l.lTdB
-2.1dB

-1.25dB

8V
12V
20V

,2.6dB
3dB
IdB

860nm

Hsu, 1988 2pm
GaAs/AlGaAs

9dB 20V 13dB 850nm

Wood, 1984 0.5pm
GaAs/AGaAs

-0.5dB 8V 1.2dB 1450nm

Dobbelaere, 1988 0.4pm
GalnAs/GaAs

-5.2dB 6V 1.5dB 980nm

Leeson 2 pm
GaAs(bulk)

-3.1dB 20V 2.8dB 885nm

Fieure 1.7. Tabulated summary o f some o f the Transverse Transmission Electro-absorption

Modulators reyorted in the literature.

24



Chapter 1 Introduction

The table shows that relatively low modulation depths have been obtained in these 

transmission devices, which is probably due to the large amount of absorbing material 

that would be required (The amount of absorbing material indicates well material only 

in the case of the multiple quantum well devices) Hsu et al, who report a contrast ratio 

of 10 1, corresponding to a transmission change from around 5% to less than 1%, have 

used 2 pm of absorbing material in a 200 well GaAs/AlGaAs sample However, these 

authors also show a large insertion loss This is common to all the above devices, where 

low transmission states are difficult to achieve unless a large amount of absorbing 

material is used, although most authors do report large changes in transmission, up to 

27% in the case of Whitehead et al, which may be sufficient for some applications 

[Private comm, BT, 1995]

In order to increase the available amount of absorbing material, or avoid the problems of 

an absorbing substrate, reflection devices can be made.

/. 2.2.2. Reflection Modulators.

In these devices a mirror is incorporated into the design such that the incident light 

undergoes a double pass through the absorbing material, and re-exits from the same 

face There are generally two ways of achieving this The monolithic integration of a 

distributed Bragg reflector, (the operation of which will be described in chapter two), or 

the post growth addition of a gold coating, as shown in the diagram below.

gold coating

absorbing region

incident light

substrate

incident light reflected light

absorbing region

Bragg reflectc f

reflected light substrate

Fieure 1.8. Schematic representation of methods of reflection modulation.
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If a gold coating is added, it can be seen that incidence would have to be through the 

substrate, precluding the use o f absorbing substrates,however, it does easily provide a 

highly reflecting surface. An anti-reflection coating would also be required to prevent 

additional loss from the front surface, so that these devices require a large amount of 

post growth processing. The second design, which incorporates a distributed Bragg 

reflector within the device, are ideal for material which have absorbing substrates. The 

overall device design will be somewhat thicker, since a highly reflecting Bragg stack 

requires many periods. In either device the absorbing region thickness is instantly 

doubled.

The table below summarises reflection modulators reported in the literature.

Reference Material Modulation
Depth

Bias Insertion
Loss

wavelength

Pathak, 1994 2pm
GalnAs/InP

7dB 20V lOdB 1560nm

Kim, 1993 0.25pm
GalnAs/GaAsP

-6.3dB 7V 0.96dB 980nm

Boyd, 1987 0.4pm
GaAs/AlGaAs

-2.4 dB lOV 2.5dB 861nm

Bames, 1989 0.9pm
GaAs/AlGaAs

-5dB 8V 2.5dB 860nm

Fieure 1.9. Tabulated summary o f  some o f the Electro-absorption Reflection Modulators reported in

the literature.

The reflection modulators again show small modulation depths despite the effective 

doubling of the absorbing region. The absorption coefficients o f the semiconductor 

materials mean that a large amount of absorbing material is required to achieve large 

contrast ratios, even in a reflection device. Even with the high absorption coefficients 

reported by Jelly et al [Jelley 1989] of above 2xl0'^cm*\ around 2pm of well material 

would be required to give 20dB contrast. Moreover, this high absorption is obtained by 

using a narrow well, so large fields would be required.

If a modulator is required to work in reflection mode, perhaps the optimum performance 

can be achieved by using a resonant design, as described in the next section.

26



Chapter 1: Introduction

1.2.2.3. Fabrv-Pérot Modulator.

In these devices the absorbing region forms a Fabry-Pérot cavity, surrounded on either 

side by mirrors, which will be described in chapter 3. The mirrors form the p and n 

regions of the diode, whilst the absorbing region is “intrinsic”. Either both mirrors can 

be distributed Bragg reflector stacks, or one could be a Bragg stack, with the other a 

gold coating added after growth. These devices pose more of challenge, since accurate 

device operation, that is, at the specified wavelength, with maximum contrast and 

minimum insertion loss, depends on accurate layer thickness control in all the layers of 

the device. A transverse transmission modulator will function if the well thicknesses are 

such that the absorption length is below the operating wavelength, so that the 

application of a bias red shifts the absorption edge and introduces absorption. In a 

Fabry-Pérot design however, the thickness of the layers in the stacks must be accurate, 

so that peak reflectivity occurs at the operating wavelength and the cavity thickness 

must also be precise. So that whilst theoretically the Fabry-Pérot design is very 

promising in terms of high contrast reflection modulators, in practise they may be more 

difficult to realise unless extensive growth calibration is carried out.

In figure 1.10 below the design and operation o f a Fabry-Pérot type reflection modulator 

is represented schematically. The operation o f these devices will be described in chapter 

2, briefly, however, the absorbing material forms the intrinsic cavity, which has an 

optical thickness equivalent to a multiple o f a half wavelength. The top mirror stack is 

made up of layers o f alternately low and high refractive index materials, each having an 

optical thickness equivalent to a quarter of a wavelength. In this way, due to the 

differences in path length, the light reflected from the front and back mirror is totally out 

of phase.
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incident lieht

Bragg stack 
of low 
reflectance

multi
quantum
well
absorbing
region

highly
reflecting
Bragg
stack

substrate

reflected light is attenuated w hen 
extenal bias is applied

absorber region
I  thickness, t.
> is gi\ en by
S t=m>72n

external reverse bias

Fieure I . IO. Schematic reyresenation o f a Fabry-Pérot Reflection Modulator.

The back reflector will have as high a reflectance as possible, whilst the front mirror will 

be of lower reflectance, hence, with no absorption present, completely destructive 

interference will not occur, since the amplitudes of the reflected beams are not equal 

When a bias is applied and the absorption edge of the cavity material is shifted, 

absorption is introduced into the cavity at the operating wavelength. This absorption has 

the effect of attenuating the back mirror reflectance If the attenuation is such that the 

back mirror reflectance becomes equal to the value of the lower front mirror reflectance, 

then the beams will now interfere totally destructively, and there will be zero net 

reflectivity A Fabry-Pérot device will, therefore, theoretically give an infinite contrast 

ratio We are also interested in the insertion loss, and this will only be low if the back 

mirror reflectance is very high, and the front mirror reflectance is low, so that when 

destructive interference occurs at zero bias, the net reflectivity is still high (see chapter 2 

for device modelling). However, since we are using the absorption to attenuate the back 

mirror, this condition also implies sufficient absorption is required to reduce the back
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mirror reflectance to become equal to that of the front. As we shall see in later 

discussions, we may not be able to simultaneously meet all these conditions.

Reference Materials Modulation
Depth

Bias Insertion
Loss

wavelength 
of operation

Whitehead, GaAs/AlGaAs 20dB 9V 3.5dB 860nm
1989,1990 8dB 3.5V 3.2dB 860nm
Yan, 1989 GaAs/AlGaAs lOdB IIV 3.7dB 865nm

Yoffe, 1991 GaAs/AlGaAs 5dB 5V 4.3dB 859nm
Law, 1991 GaAs/AlGaAs 28dB 3V 1.65dB 767nm

, 1991 “ 00 4V 865nm
Tayebati, 1994 GaAs (bulk) 20dB 19V 5dB 872nm
Gerber, 1993 GaAs/AlGaAs 30dB 10.8V 2.4dB 859nm
Zouganeli,

1991
GaAs/AlGraAs 15dB 4.2V 3dB 860nm

Moseley, 1990 GalnAs/lnP O.ldB 5V 1.8dB 1600nm
Yoo, 1994 GalnAs

/AlGalnAs
15dB lOV 2.2dB 1550nm

Fritz, 1991 GalnAs/AllnAs 1.7dB 4V 2dB 1040nm
1993 4.7dB 4V 3dB 1330nm

Figure 1.11. Tabulated summary o f  some o f the Fabrv-Pérot Electro-absorption Reflection

Modulators reported in the lierature.

It is immediately obvious that the Fabry-Pérot devices offer higher contrast with lower 

insertion loss than the transmission or reflection devices, and all the multiple quantum 

well devices tabulated above use less than 1 pm of absorbing material. In the case of the 

transmission and double pass reflection devices previously reported, we saw that the 

modulation depth was positive only for those devices which used 2 pm of absorbing 

material.

The GaAs/AJGaAs devices listed mainly operate at around 860nm. Low insertion losses 

together with high contrast ratios have been obtained in this material system. The infinite 

contrast tabulated for Law et al represents a reflectivity change from 6 8 % to around 0% 

with 4V. The large contrast with fairly low voltage is attributed to the sharp exciton 

band edge achieved by replacing the AlGaAs barriers with an AlAs/GaAs short period 

superlattice. The device reported by Yoffe et al is interesting since they use a lift off 

technique to bond the multiple quantum wells onto a gold mirror, which also serves as a 

back contact, which was in turn a coating on a silicon wafer. This then allows the 

possibility o f integration with standard silicon circuitry. Recently Gerber et al report a
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very high contrast ratio with a low insertion loss for a GaAs based modulator operating 

at 859nm. Zouganeli et al report a high contrast with a low operating voltage and only 

32 periods. This was achieved by increasing the front mirror reflectivity, which means 

that less absorbing material is required in the cavity, (see chapter two). The modulator 

reported by Tayebati et al is a bulk device with 33% on state reflectivity, which reduces 

to 0.27% with 19V applied bias. 1.9pm of GaAs was used in the intrinsic region, so that 

perhaps with a higher front mirror reflectivity, less absorbing material could be used and 

a lower operating voltage could be achieved. Indeed, most of these devices used the air 

semiconductor interface to provide a top mirror o f 33% reflectivity, with the notable 

exceptions o f Law et al and Zouganeli et al, whose devices show some of the best 

characteristics. As we shall see later, the lower the front mirror reflectivity, the greater 

the absorbance of the cavity must be in order to achieve a high extinction ratio.

Accordingly, in the longer wavelength devices, which follow in the table, higher front 

mirror reflectances are reported. However, it can be seen that none of the device 

characteristics are as favourable as those reported for the GaAs/AlGaAs system, with 

the exception of the modulator reported by Fritz et al. This device operated at 1.06pm, 

whereas all the others are designed for 1.55 pm. The design of this device is rather 

unusual since the mirrors are strained with respect to the GaAs substrate. A strain relief 

buffer is used before the Bragg stacks are grown. The lattice constant of the mirror 

stacks matches that of the buffer, whilst the barrier lattice constant is the same as the 

substrate and the wells are compressively strained relative to the mirrors. The authors 

repeat a similar design for operation at 1.3 pm, using a different alloy composition in the 

multiple quantum wells for longer wavelength operation. Yoo et al report possibly the 

highest contrast in the 1.55pm devices, but use 80 multiple quantum wells to achieve the 

required absorption. This number could again be reduced by an increase in the front 

mirror reflectivity, since they use only the air semiconductor interface.

The structures used in the longer wavelength devices are quite varied, with Moseley et 

al using a gold coating on the top surface o f the device, a lower reflectivity stack 

between the intrinsic region and the substrate acting as the front mirror, incidence being 

through the substrate. These longer wavelength devices have the advantage that the
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indium phosphide substrate is not absorbing at 1.55 pm, allowing this geometry. This 

allows a reduction in the overall device thickness, since the high reflectivity mirror is 

supplied by gold, which gives over 98% reflectance in this wavelength regime, as 

opposed to using a large number of periods in a Bragg stack.

It can be seen that as yet none o f the reported devices operating at 1.55 pm matches the 

high performance characteristics obtained at shorter wavelengths. It is clear that it 

would be useful to know the absorption coefficients o f the longer wavelength materials 

in order to ascertain their expected performance characteristics, then we may be able to 

more clearly assess whether the poor performance achieved so far is a limit of the 

materials themselves, or due to the immature technology. That is, a result of incorrect 

design, cavities not being matched, cavity lengths not being an exact multiple o f a half 

wavelength, mirrors not having their peak reflectance at the design wavelength and so 

on.

The fact that longer wavelength materials have a lower effective mass, and hence a 

reduced density o f states means that absorption coefficients in the longer wavelength 

materials will be smaller. Up to 4xl0'^cm'  ̂ for the well material has been reported for 

GaAs/A1.33Ga.67As [Jelley et al 1989], whereas in Ga.47In.53As/InP absorption coefficients 

of less than Ix.lO'̂ cm'̂  in the well are demonstrated [Bar-Joseph 1987]. As we shall see 

in chapter two, higher absorption coefficients translate into lower insertion losses and 

allow narrower intrinsic regions. The reduced absorption coefficient at longer 

wavelengths is exacerbated by the need to use ternary and quaternary alloys, which 

result in exciton broadening and hence reduce the absorption coefficient still more. 

However, even if the absorption coefficient is low, the cavity should theoretically still 

be able to produce zero net reflectivity, and hence infinite contrast ratio, if the actual 

device is designed and grown correctly. This is where the longer wavelength devices are 

probably failing at the current time, a result o f a lack of knowledge of material 

parameters required for correct device design, an area in which more research is 

required and is beginning to be carried out.
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The Fabry-Pérot design has also been used to provide transmission modulators, but 

clearly, when the reflectivity of the device is low, a high transmission will result, and 

conversely, a low transmission will occur at high reflectances. One would not expect to 

see as high contrast ratios for these devices as reflection Fabry-Pérot modulators, since 

the zero transmission state is not possible. Fiowever, they may be useful if they could 

provide larger transmission changes and higher contrast with lower operating voltages 

than non-resonant devices. Lin et al [ Lin, 1995] report 34% transmittance change with 

7.4 :1  contrast with 9V using an 8 6  period GaAs/AlAs multiple quantum well device. 

Tomita et al [Tomita 1989] use 40 periods o f GalnAs/InP between two SiOz/amorphous 

Si dielectric mirrors. In this device a 5:1 contrast is achieved with 16V. Fritz et al [Fritz 

1993], use only 13 periods o f GalnAs/AllnAs and 3V to produce around 10% change in 

transmission.

1.3 Applications.

Modulators have many applications including the external modulation of lasers, pulse 

interleaving in optical time domain multiplexing, two dimensional arrays for routing, 

modulation and neural networks, high speed soliton pulse formation and regeneration 

and modulators for use in signal return in bi-directional links. In this section we will 

introduce some of the possible applications for modulators in order that we can consider 

the place o f transverse reflection modulators.

1.3,1. Ovtical Time Division Multiplexins.

Optical time division multiplexing refers to a method in which lower bit rate signals are 

interleaved to form an aggregate stream o f higher bit rate data. (See, for example. 

Tucker et al [Tucker 1988]), The situation is shown schematically in figure 1.12 below.

32



Chapter 1 ; Introduction

n  A f " :  A - —

multiplexed

A  A  A  A —

1 ; ; ; ; 1 
optical

1 . U . U . U . 1_____

pulses

Figure 1.12. Pulse multiplexing in Optical Time Division Multiplexing

The optical signals are generated and allocated a frame in the multiplexed channel. Each 

light pulse generating device then only has to operate at a fraction of the bit rate of the 

multiplexed channel, so that optical time division multiplexing allows high bit rate data 

transmission whilst relaxing the speed requirements on the individual components, such 

as lasers, modulators or detectors.

Tucker et al [Tucker 1987] demonstrate optical time division multiplexing in which a 

16Gbit/s signal is generated by four semiconductor lasers producing 15ps pulses, driven 

by a 4GHz clock. External LiNbOs modulators are then used to encode the data.

Ellis et al [Ellis 1994] use four LiNbOg modulators to multiplex a lOGHz signal output 

from a single laser source. An output pulse width o f 6.4ps is achieved after 80km 

transmission.

Moodie et al [Moodie 1995] present a multiple quantum well waveguide modulator 

providing 44dB modulation depth and producing pulses of 2.8ps pulse width with a duty 

ratio (ratio o f  pulse width to separation) o f 8 %, so that this device is suggested for use 

at 20Ghz in an 80Gbit/s system .

1.3.2 Bi-directional Fibre Links.

Bi-directional fibre links carry signals in both directions on the same fibre, hence 

reducing system hardware costs. These links are proposed for example for local area 

telephone networks, and also in systems carrying data of different bit rates in either
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direction where the problems of crosstalk will be reduced. These systems are proposed 

for the transmission of high bit rate video signals downstream with the return of low bit 

rate control signals upstream. Although links using separate sources have been 

suggested, [Hall 1985], and hence avoiding the problems of coherent Raleigh noise, the 

cost and complexity of these links can be further reduced by using only one light source 

and an optical modulator at the remote station, [Murphey 1988]. Authors have proposed 

using multiple quantum well reflection devices as both modulators and detectors, [Wood 

1986]. To receive downstream data the multiple quantum well device acts as a detector, 

whereas to transmit data the laser at source is operated in cw mode and the reflection 

device modulates and returns signals upstream. The polarisation insensitivity o f these 

devices is also attractive. Other authors describe how low bit rate signals can be 

imposed over the high bit rate data and integrated out at the source. Duthie et al [Duthie 

1986] use a LiNbOs reflection modulator to impose 34Mbit/s signals on a 565Mbit/s 

signal. Another author reports a polarisation insensitive LiNbOs reflection modulator 

[Ishikawa 1992]. To further increase the capacity of the system the literature also shows 

work on bi-directional fibre links that additionally use wavelength multiplexing 

[Hunwicks 1987, So 1989].

1.3.3. Arrays.

Two dimensional arrays o f optoelectronic devices promise to enhance digital 

interconnection systems, such as board to board interconnects or telecommunications 

switching and routing, by virtue o f their increased dimensionality relative to 

conventional planar electronics. These optoelectronic devices could be for example 

lasers, detectors or reflection or transmission modulators, depending on the function and 

application o f the array. Two dimensional arrays using free space interconnects are 

advantageous in high throughput applications, and may offer an interconnection 

alternative not available in purely electronic architectures.

Modulator arrays could be utilised in free space interconnects to perform routing 

operations, since the optical beam can be attenuated by the modulator to modify 

connections, or, by the integration o f modulators with detectors and electronics, as
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processing units. The use of modulators in this capacity as opposed to emitters may add 

to the complexity o f the system due to the requirement of an external light source, 

although this may have its advantages, such as reduced skew and reduced heat 

dissipation as a result o f off chip light generation.

This combination o f optoelectronic devices and electronics implies that the integration 

o f the devices with conventional silicon electronics is required. Since optoelectronics is 

mainly concerned with gallium arsenide or indium phosphide, this issue must be 

addressed. Although technologies such as lift off and flip-chip bonding have been shown 

to be successful, [Yoffe 1991, Moseley 1992, Goodwin 1991] the cost o f the large scale 

use o f such additional processing would be a consideration.

Arrays o f devices on gallium arsenide and indium phosphide have been demonstrated, 

although as yet the device performances have not matched those o f individual devices. 

Although gallium arsenide based modulators have shown very good performance 

characteristics, as device arrays and especially as individual modulators, much interest is 

being shown in indium phosphide based modulators since this material has the added 

advantage that the substrate is transparent at the wavelength o f operation of the device. 

This fact can reduce the complexity of the design by allowing transmission devices in 

which the substrate does not have to be removed and allows flip-chip bonding 

techniques to be considered, which require a transparent substrate .

Reference Materials Array
dimensions

Contrast
ratio

Insertion
Loss

Wood, 1987 GaAs/AlGaAs 2X2 1.5dB 3-6dB
Rejman-Greene, 1990 GalnAs/InP 2X2 2.2dB 3dB
Goodwin, 1991 GalnAs/InP 8X8 5.6dB 5.2dB
Bames, 1990 GalnAs/InP 4X4 1.5dB 2.6dB
Moseley, 1992 GalnAs/InP 8X8 3.5dB 7dB
Jennings, 1992 GaAs/AlGaAs 1X21 13.4dB 1.8dB

Figure 1.13. Tabulated summary o f some o f the modulator arrays reported in the literature.

The summary of some modulator arrays shown in figure 1.13 shows that Wood et al, 

Rejman-Greene et al and Bames et al have fabricated arrays o f transmission devices, 

whilst the others reported are asymmetric Fabry-Pérot reflection modulators. Since

35



Chapter 1: Introduction

Wood et al have used GaAs, the substrate has had to be removed in order that the 

device can work in transmission. The remaining two transmission arrays use indium 

phosphide substrates, so that this additional procedure is not required. Rejman-Greene 

et al report a double sided modulator array, that is, they have grown 1 0 0  multiple 

quantum well periods on both sides o f the substrate in order to provide higher 

absorption and larger contrast. Goodwin et al and Moseley et al have employed flipchip 

bonding to mount the arrays onto silicon, for potential integration with silicon 

electronics. Goodwin et al report a 12-14nm variation in wavelength across the array, 

but this is later improved upon in the array fabricated by Moseley et al in which only a 

3.3nm deviation is reported. Both these arrays show good uniformity o f contrast ratio 

across the wafer. Jennings et al report a very uniform linear array of GaAs asymmetric 

Fabry-Pérot reflection devices. The average insertion loss is only 1.8dB, with a mean 

deviation o f O.ldB, with an average contrast ratio o f 22:1 which has a mean deviation of 

1.8. The off state reflectance is reported to be below 3% and having a mean deviation of 

0.3%

1.3.4. Hish Speed Devices.

To fully exploit the bandwidth o f fibre optic cables high speed devices are required. We 

have seen that whilst optical time division multiplexing can relieve the requirements on 

devices for very high speed operation, modulation speeds of up to 20GHz were 

discussed. Direct modulation of semiconductor lasers at these speeds leads to a 

broadening o f the spectral line width, referred to as chirp, brought about by carrier 

induced refractive index changes [Linke, 1985, Koch, 1984, Carteledge, 1989, Hakki, 

1992]. This broadened line width, combined with the chromatic dispersion of fibres, 

around 0.16ps/nm/km, can limit the bit rate length product o f a system, and external 

modulation is considered as a viable option to reduce the chirp, and hence external 

modulation o f lasers is a potential application for modulators.

In many waveguide and transverse modulators an absorption change is used to modulate 

the light intensity. However, a refractive index change will accompany an absorption 

change via the Kramers Kronig equation. This means that there will be a change in the
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Optical path length and hence a phase change, so that chirp will also occur in 

modulators, [ Dorgeuille, 1994, Lin, 1989].

The chirp parameter, % is given by the ratio o f the changes in the real and imaginary 

parts of the refractive index,

ae=An/Ak 5

Where n is the refractive index and k is the extinction coefficient, related to the 

absorption as:

a=4îdi/X 6

These changes then lead to a frequency change given by.

Aw(t)=d(j3/dt= - ̂ A n /A k  dl/Idt

The change in refractive index calculated from the Kramers Kronig relationship shows a 

change in sign, and is zero at a particular energy for a given field. This implies that by 

tailoring the band gap and operating voltage of the modulator, the amount of chirp can 

be controlled, or even made zero. [Devaux, 1993, Trezza, 1993a, 1993b]. Gnauk et al 

comment that controlled chirp is attractive since it allows the exploitation o f pulse 

compression brought about by the negative group velocity o f silica fibres at 1.55 pm. 

That is, if the refractive index decreases with increasing absorption, a negative chirp 

parameter will result. This gives longer wavelengths on the leading edge of the pulse, 

which travel more slowly, and shorter wavelengths on the trailing edge, which travel 

faster, and hence pulse compression. In this way the dispersion limit can be extended, 

[Gnauk, 1991, Fells 1994 ].

We have not taken into account many aspects of high speed device design, since this 

was not the aim of this current work, however, these considerations would form a part 

of any future work, and may include for example, carrier effects and electrical contacts. 

Whilst in a modulator we are not actually concerned with collecting photocurrent, so 

that it may seem that transit time is not important, saturation at high light intensities, as
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may be required in soliton pulse generation for example, could degrade the performance 

of the device. It has been shown that the absorption of GalnAs/InP multiple quantum 

wells decreases as incident light intensity increases, and that the saturation intensity is 

lower than for bulk material [Fox, 1987]. Suzuki et al conclude that this is a result of the 

potential barriers faced by the carriers as they move through the material [Suzuki, 

1989]. Authors have also demonstrated that by reducing the valence band offsets, by 

the use o f quaternary barriers and also utilising the aluminium containing alloys, in which 

the offsets favour the conduction band, the saturation intensities in multiple quantum 

wells can be increased, [Wood, 1991].

The electrical contacts o f course play a major role in high speed device design. As 

opposed to the longer electro-optic LiNbOa waveguide devices, where speed is limited 

by the difference in velocities o f the microwaves and optical waves, smaller III-V 

electro-absorption devices will be RC time limited. Although capacitance can be 

decreased by increasing the intrinsic region thickness, this may be dependant on the 

maximum possible depletion width, dictated by the residual doping, so that in general 

thicker active regions imply higher switching voltages. In a transverse device especially, 

the contact size can be very small, limited by the efficiency of coupling light into the 

optical window, and hence contributing to maintaining a small capacitance.

1.3.4.1 Solitons.

Solitons are seen as a way to increase the transmission length o f optical communications 

systems and are o f potential importance in optically time division multiplexed systems. 

Solitons are formed due to the Kerr effect and negative group velocity o f silica fibres in 

conjunction with the overall positive dispersion in the fibre. The intensity of the electric 

fieldjvaries with time and hence its phase is modulated via the Kerr effect, i.e., the 

fi'equency of the leading edge of the wave becomes lower (shifts to shorter wavelengths) 

while that of the trailing edge becomes higher (shifts to longer wavelengths). Because 

silica fibres have negative group velocity dispersion above 1.3 pm (i.e., longer 

wavelengths travel more slowly), the pulse is compressed. But the temporal broadening 

due to the absolute value of the group velocity dispersion gives the net effect o f a stable
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pulse that can travel long distances through the fibre. Eventually the Rayleigh scattering 

in the fibre attenuates the pulse so that amplification is required. Solitons require high 

intensities of light for the Kerr effect to take place, hence the requirement for 

amplification, but it is important that the modulator will not saturate, which would 

reduce the absorption o f the device. There are several methods for soliton generation, 

but electro-absorption modulators have an application not only in generation but in pulse 

re-shaping. Pulse reshaping is required since solitons can shift their relative positions as 

they travel and interaction between them limits the transmission length o f the fibre. If 

the modulator pulse is superimposed over the soliton pulse then this jitter can be 

reduced. [Suzuki 1992] and soliton pulses must be separated by several pulse widths to 

minimise the non-linear interaction between successive pulses in the train, this pulse 

width to pulse separation is referred to as the duty ratio of the device.

The sinusoidal modulation of an electro-absorption device will cause a roughly sech^ 

pulse shape due to the non-linear absorption characteristics o f the modulator. 

(Extinction ratio in dB as ~  linear to applied bias). Increasing the DC bias applied to 

the pulse gives narrower pulses, [Suzuki 1993]. High extinction ratio (~ 20dB) soliton 

modulators have been reported. Suzuki et al have demonstrated 15GHz pulse trains with 

6 V peak to peak RF signal using bulk InGaAsP waveguide modulators, which benefit 

from their lack of polarisation sensitivity, [Suzuki 1992]. Other work has been carried 

out on GalnAs/AllnAs multiple quantum well waveguide modulators which have 

produced devices operating at similar speed, but at lower drive voltages, [Wakita 1993].

Monolithically integrated laser modulators have received much attention, and have been 

explored for soliton pulse generation. Authors have shown that pulses as narrow as 7ps 

at 20GHz can be achieved with 20dB contrast ratios and operating voltages of only 4V, 

[Froberg 1994, Suzuki 1993, Oshiba 1993, Wakita 1993]. These devices benefit from 

reduced optical coupling losses and of course a compact integrated design. Since they 

would however only produce a stream of pulses, some additional modulation would still 

be required in order to encode the generated pulse train.
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1.4. Summary.

In this chapter we have summarised the characteristics, performance and applications of 

modulators in telecommunications. We have discussed electro-optic interferometric 

LiNbOs and III-V intensity modulators as well as both transverse and waveguide III-V 

electro absorptive intensity modulators. We have seen that whilst some 850nm Fabry- 

Pérot reflection modulators have achieved high contrast ratios with low operating 

voltages, waveguide electro absorptive ni-V modulators are more developed, 

successfully achieving high speed operation with large extinction coefficients and low 

operating voltages, and can begin to match the operational characteristics o f the more 

extensively studied LiNbOs devices. We have also seen that in many o f the applications 

considered for modulators, it is waveguide devices which have been studied.

The question may then be asked, why do we want to consider III-V materials when 

LiNbOa devices are already available operating at high speeds with low voltages and 

without polarisation sensitivity? One answer lies in the possibility of integration of III-V 

devices, in addition to their smaller size and their use in the generation o f solitons, which 

promises to be the next stage in the enhancement of the transmission distance of fibre 

optic systems. We may then ask why we would want to study transverse devices when 

waveguide modulators are being successfully developed. The answer here may lie in 

some useful characteristics o f transverse devices, which are not easily achieved with 

waveguides, such as polarisation insensitivity, easy fabrication of arrays, which are seen 

as being essential for high throughput interconnects and switching.

Apart from bi-directional fibre links, in which reflection devices would appear to be 

ideal, 2D arrays would seem to be the most serious potential application for transverse 

modulators. Many arrays call for transmission devices, which might offer the simplest 

physical construction, although reflective arrays are also considered for interconnection. 

In either transmission or reflection arrays, Fabry-Pérot multiple quantum well 

modulators will be important since they can provide high contrast ratios with smaller 

active regions and hence lower operating voltages than bulk devices. It may be argued 

that vertical cavity surface emitting laser arrays, if successfully developed at 1.5 5 pm.
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might make modulator arrays redundant in some applications, but perhaps the simpler 

design o f a Fabry-Pérot modulator and the potential for off-chip light generation will 

still make its use attractive.

What has become clear is that since fibre optic communications are still in a 

developmental stage, the sort o f devices that are required is by no means decided. 

Additionally, it is evident that transverse devices offer some interesting alternative 

characteristics to waveguide modulators, and moreover, that at 1.5 5 pm, the best 

achievable performance of these devices is not yet known. We do not consider it part of 

this project, therefore, to present clearly defined applications for these devices, rather to 

be able to enhance the available knowledge o f their operation such that systems 

designers can have available a wider range o f devices at their disposal.

Accordingly, the initial aim of this project was the development and assessment of III-V 

Fabry-Pérot modulators. However, it soon became apparent that there were many 

hurdles to cross before this would be possible, both in the design and the growth of the 

modulators. Material parameters required for the design o f the devices have not as yet 

been widely studied or reported in the literature, and their measurement was largely 

beyond the scope of this work. Secondly, the growth by molecular beam epitaxy 

available to us is not a mature process, and presented several problems, such as high 

residual doping in the intrinsic materials, which is detrimental to the operation of the 

devices. The focus of the project therefore changed, and we decided that, firstly, it was 

important to carry out some analysis o f the Bragg stacks used as the mirrors 

surrounding the Fabry-Pérot cavity. We wanted to be able to ascertain whether there 

was a preferred material combination o f the many possible material combinations 

available in the construction o f these mirrors, and also to see if there was any scope for 

improving on the mirror designs and reflectances.

Secondly, we also decided to attempt to measure the absorption coefficients of the 

multiple quantum well regions, since this would not only allow us to more accurately 

design the devices, but also to enable us predict some of the ultimate expected 

performance characteristics.
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Finally, we hoped to be able to comment on the difficulties encountered in the 

fabrication of these devices, and ascertain their effects on the device performance, hence 

allowing us to separate the problems encountered in developing a new technology from 

those which are intrinsic to these devices.
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Chapter 2: Fabry-Pérot Effect and Transverse Modulators

2.1 Introduction

We have seen in chapter 1 that transverse modulators can be single pass transmission 

devices, double pass reflection devices, or Fabry-Pérot multiple pass devices. The 

transverse design limits the amount o f absorber material that can be used since only a 

limited amount can be depleted, depending on the residual doping o f the intrinsic region. 

The advantage of the Fabry-Pérot design is that it theoretically allows higher contrast 

ratios to be achieved, for the same amount o f absorber materials, than either single or 

double pass modulators. The fundamental operation o f the three devices is different in 

that single and double pass modulators rely on the absorption to attenuate the optical 

beam, whereas in a Fabry-Pérot modulator the absorption serves to attenuate the back 

mirror reflectance. We also discussed in chapter 1 some o f the operational parameters 

such as contrast ratio and insertion loss. In this chapter we will discuss the equations 

used to describe the reflectance o f the Fabry-Pérot modulator, and show how they lead 

to the equations for the contrast ratio and insertion loss. We will show how these factors 

depend on various properties o f the devices. We will discuss how maximum device 

performance can be achieved, and how in reality this is limited. There has been much 

work on all aspects o f Fabry-Pérot cavities, and so there is not much to be gained here 

by repeating this work. In this chapter we will therefore simply be highlighting certain 

aspects of this theory as it pertains to modulators, in order to facilitate the explanation 

of their operation.

2.2 Fabrv-Pérot Equations.

It can be shown that [MacCleod 1986, Bom and Wolf 1984 ] the reflectance of a Fabry- 

Pérot cavity is given by:
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R = ----------------------------------------------------------^  1
(1 -  Rp̂ '̂ R̂ '̂'̂ e-̂ ‘'Ÿ  + sin' ( | )

Where Rf and Rb are the front and back mirror reflectances, d is the cavity thickness, a  

is the absorption coefficient of the cavity material and ô is given by;

O j r

Ô - — {2ndcos^)

Where X is the incident light wavelength, n is the refractive index of the cavity material 

and 0  is the angle of incidence.

We want to operate the device normally, such that cosG is 1. Additionally, in the design 

of the devices we try to ensure that the cavity thickness d is given by:

, mXa = ----
2n

So that Ô is given by;

And hence the sine term becomes zero, and the cavity reflectance is simply given by:

We can now see that the reflectance depends on the front and back mirror reflectances 

and the absorption in the cavity. If no absorption is present, the back mirror reflectance 

will be just Rb , when absorption is present, the back mirror will have a reduced 

effective reflectance, Rb’ given by Rb’ = Rbc''”̂ .
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Equation 5 shows the cavity reflectance, R, will be zero if;

= Rg

We choose to design the devices such that initially there is no absorption in the cavity, 

that is, the exciton wavelength is less than the cavity wavelength. The back mirror 

reflectance is high whilst the front mirror has a low reflectance, therefore, although the 

light reflected from the front and back mirrors is out of phase, there is still a net 

reflectance, and the device is in the on state. A bias is applied, introducing absorption 

and attenuating the back mirror. If the attenuation is such that equation 6  is satisfied, 

then the net reflectance is zero, and the device is in the off state. We therefore design the 

devices such that the front mirror reflectance is given by:

7

This relationship between the front and back mirror reflectances and the absorption is 

referred to as the matching condition.

It is interesting to note here, that the operation o f these Fabry-Pérot devices differs 

slightly from that generally described in the texts referred to on page 44. In the literature 

we see that there is a phase difference between the two reflected rays, because the ray 

reflected by the front mirror suffers a K phase change, whilst that reflected from the back 

mirror does not. This is generally because the light is considered to be entering a solid 

block of material from air. The first ray is therefore incident from a low index medium to 

a high index medium, whilst the reverse is true for the ray reflected from the back 

surface of this block. Our case is different, in that both rays suffer an odd multiple o f n  

phase change on reflection at both the front and back mirrors. The path difference 

through the cavity being mX/2, giving a multiple o f 27C' phase change, it would appear 

that the two reflected beams would be in phase. However, we also have to consider that 

the path length of the ray reflected from the back mirror also includes the distance 

through the front mirror. In our devices, this front mirror is made up of an odd number 

of layers, each with an optical thickness o f a mX/4, the phase change through each layer 

is then 7t/2 , and so on a double pass through this mirror (before and after reflection), a 

ray will suffer a total phase change o f 2 p7t/2 , where p is odd. In addition, the phase
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change due to the double pass through the active region is 2mK, where m is any integer, 

and the phase change at the back mirror is an odd multiple o f 7C. Therefore we have;

Double pass Double pass On reflection 
through front through cavity at back mirror 
mirror

total phase changes 2 p7u/ 2  + 2 m7t + oddTC.

Since p is odd, 2 p% /2  will be odd, m is even and 2mK will be even, so that we have in 

effect; oddrc + evenTC + oddTi = evenTt. The light reflected from the front mirror will have 

a phase change of an odd multiple o f 7C, and hence the two reflected rays are out of 

phase.

In the graph o f figure 2.1 we have modelled the reflectance spectra of an ideal device 

with and without bias, that is with and without absorption. The back mirror reflectance 

is 99% and that of the front mirror 84%. An absorption coefficient o f 5120cm'  ̂ is 

assumed in 20 75Â wells. We have used a model by R Geels, available at UCL, which 

uses the transfer matrix approach, as described by Bom and Wolf. The model includes 

the absorption by using the complex refractive index. This does mean however that the 

absorption will be taken as constant across the entire wavelength range modelled. 

Similarly, no dispersion in the refractive index is accounted for. This device is ideal in 

the sense that ;

1) the mirrors not only have their peak reflectance at 1.5 5 pm, but would be p_erfectly 

matched, so that at 2 or 3 volts an absorption is reached at 1.55 pm which allows 

equation 7 to be satisfied,

2) because multiple quantum wells have a band gap greater than O.SeV and the band gap 

is shifting on the application o f the external voltage, reaching O.SeV at an absorption 

coefficient which satisfies the matching condition,

3) the refractive index at the operating voltage was correctly estimated so that the cavity 

length with bias satisfies equation 3.
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Fieure 2.1. Reflectance spectra of ideal device nith and nithout absorption.

The graph shows that the reflectance at the operating wavelength is reduced when an 

absorption of around 5000cm‘* is introduced into the cavity The on state reflectance in 

this model can be seen to be about 65%, because a high front mirror reflectance of 84% 

was used Ideally this reflectance should be as high as possible, so that the insertion loss 

of the device is reduced, and if a lower front mirror reflectance was used, this minimum 

would be seen to be less pronounced The off state for the device modelled above is 

around 5%, because the absorption used was too low, in other words, equation 7 is not 

exactly satisfied For a high contrast ratio this off state reflectance should be zero, and 

for a greater absorption, or greater front mirror reflectance, this minimum would be seen 

to be further reduced It has been seen that a zero off state can be achieved if the 

matching condition is satisfied. In the following sections we will represent equation 7 

graphically, and so highlight the design criteria for the modulators, in doing so we shall 

show how the device reflectance depends on the various parameters mentioned above.

2.3. Dependence of total reflectance on front and back mirror reflectance.

In the figure 2.2 we have plotted Rt, as given by equation 5, as a function of Rf and Rr 

We can use this graph to illustrate many important design parameters The graph shows 

that Rt = 0 when Rf = Rr This is referred to as the matching condition, as expressed by
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equation 7, and corresponds to the modulator off state The on state occurs when Rj is 

high, and the graph shows that this occurs when Ri Rr Since we can control the back 

mirror attenuation via the cavity absorption, the switch between these states occurs 

through a change in R r  From the graph we can see that the greater the difference in R̂  

and R r  the greater R i ,  and also that higher Ri will result from higher back mirror 

reflectance As far as device design is concerned then, from this figure, we can deduce 

that th e h igh est on state reflectance, and  h en ce th e low est insertion  losses will 

occu r if  w e m ake our back m irror reflectan ce as h igh as possib le The front mirror 

reflectance is then determined by the cavity absorption coefficient, and the higher the 

absorption, the lower R| can be, leading again to higher on state reflectance We have 

also seen that zero off state, and hence in fin ite  con trast, can be ach ieved  by 

sa tisfy in g  th e m atch ing con d ition

increasing Rb
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Fieure 2.2. Total reflectance as a function o f front and hack mirror reflectance.

As a matter of interest, we can see that theoretically we can achieve the same results by 

either initially having K\ = R r  and then introducing absorption in order to increase Ri, 

or by initially having R i < R r ,  and introducing absorption to decrease R t  If, for example, 

Rr = 95%, then reducing Rr' to 55% provides 70% Rj, similarly, if R r  = 95% then an Rr
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of 55% gives Rt of 70%. In the former case we must use both very high front and back 

mirror reflectances, which will increase the overall device size, and possibly exacerbate 

any growth nonlinearities, and so we have chosen to use the latter modulation method

We have said that Rp simply depends on the absorption coefficient in the cavity. 

However, equation 7 indicated that a lower Rp could be achieved through an increase in 

the cavity length, so that the ad product is greater. However, it is probably the case that 

the amount of absolution is fixed by the maximum amount of intrinsic material which 

can be depleted. The depletion width as a function of doping is shown in figure 2.3 

below.

creasing voltageO V i

o.

1E171E14 1E15

intrinsic region doping (cm ’')

1E16

Figure 2.3. Depletion wuMt as a function o f intrinsic resion dopins

The depletion width is given by:

2eV,
=

N

N . ( N .  + N , ) ,

2eV,
or x„ =

N
8,9.

Where Xp is the depletion width in a low p type material at a n p junction, and x„ is the 

depletion width in a low n type material at a p n junction. Vo is the applied bias, and Na 

and Nd are the concentration of acceptors and donors s is the permittivity of the 

“intrinsic” region and e is the electronic charge
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Figure 2.3 shows that doping levels below IxlO'^cm'  ̂ are highly desirable, since 

depletion of at least a micron of material with only a few volts is then possible If the 

residual doping is greater than lx l 0 ^^cm'\ then at least 8 V would be required to deplete 

a micron of absorbing material

Clearly, higher absorption coefficients are therefore beneficial since they will allow a 

higher ad, even if the intrinsic region width, d, is limited by the doping concentration 

And since a greater ad implies a lower Rf (from equation 6), they will lead to higher on 

state reflectances, as depicted in figure 2.4 The graph shows Ri as a function of Rb for 

different values of absorption The lower the absorption, the smaller the attenuation of 

R b, then the smaller the difference in R f and R b must be to satisfy equation 7, leading to 

lower on state reflectance, (from equation 5 when a  = 0).

absorption 5()()()cm'

0 9
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0 7

0.6
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0.90 09 2 0 9 4 0.96 0 9 8 1 00

Figure 2.4. Total reflectance as a function of hack mirror reflectance for different values of the

absorption coefficient in the cavity'.

The graph also reiterates the fact that for all absorption values, a higher back mirror 

results in a higher on state reflectance, and, importantly for this work, that if Rb is very  

high, for instance over 99%, then the insertion  loss for low  and h igh absorption  

coefficien ts becom es very sim ilar This is demonstrated in the table below, and it can
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be seen that if the back mirror reflectance is 99.5%, then the on state reflectance is only 

2 % less when the absorption coefficient is reduced by a factor of three for 0.5pm of 

absorbing material. This characteristic may be interesting for 1.55pm modulator design, 

where we expect the absorption coefficient to be small (see section 2.5.2), since it offers 

the possibility of achieving a similar device performance as that seen in devices operating 

around 800nm when the absorption is low and the cavity width is limited.

absorption Rb on state reflectance insertion loss
coefficient cm^

5000 95% 69% l-6dB
15000 95% 87%

5000 99% 92% 0-36dB
15000 99% 97% o-/3dB

5000 99.5% %% 0-l7dB
15000 99.5% 98% 009dB

Figure 2.5. Effect of back mirror reflectance on state reflectance and Insertion loss.

2.4. Perturbation of Reflectance Spectra.

We have discussed above some of the criteria which we aim to satisfy for optimum 

device performance. However, it is unlikely that a real device structure will be ideal. In 

this section we therefore model some of the perturbations that may occur in the 

reflectance spectrum if the device structure differs from the design.

2.4.1. Dependence o f total reflectance on cavity length.

If the cavity length does not satisfy equation 3, the reflectance will not become zero 

when the matching condition is reached. This implies that there will be a net reflectance 

in the off state, which will result in a reduction of the contrast ratio, since the off state 

will no longer be zero. Quite small changes in the cavity can quickly increase the 

off state reflectance and hence degenerate the contrast ratio. In figure 2.6 we have 

plotted the reflectance in the off state as a function of cavity length for R b = 9 9 %  and 

Rp=33%, 50% and 70%. When the cavity is 1.174pm the total reflectance is zero.
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since this width is calculated from equation 3 Any deviation from this leads to an 

increase in the cavity reflectance, and we can see that a 2 % increase in cavity leoj&can 

translate into a 20% increase in cavity reflectance The reflectance is also zero when the 

error is exactly 50% and 100%, since at these widths the sine  ̂ term will again be zero
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Fisure 2.6. Increase in o ff  state reflectance with deviation from optimum ccnnty width.

The graph also shows that the increase in the off state reflectance will be greater when 

the front mirror reflectance is greater, this is demonstrated in figure 2.7 we have plotted 

the off state reflectance for a 2 % error in cavity width as a function of the front mirror 

reflectance
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Figure 2 .7. Off state reflectance as a function o f front mirror reflectance.

For front mirrors with low reflectance values one can see that the attenuation of the off 

state is small, however the greater the value of the front mirror reflectance, as would 

occur for a small ad product, the greater the increase in the off state reflectance
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The variation in the cavity width may be due to an actual physical increase in the size of 

the cavity, or due to, for example, an error in the estimation of the refractive index of 

the cavity material. This will therefore change the optical cavity length. In either case, as 

the cavity width varied we would see a change in reflectance at the design wavelength,

as the wavelength of the reflectance minimum shifts to À =  ̂where d is the actual
m

cavity width. In figure 2.8 the shift of the Fabry-Pérot minimum as a result of a change 

in cavity width due to refractive index change is shown.
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2.4.2. Effect o f  Bras 2 Stacks on Reflectance Spectrum.

Another potential cause of perturbation in the reflectance spectrum is any deviation in 

the peak reflectance of the Bragg stacks surrounding the cavity. In figure 2.9 the graph 

in black depicts the desired spectrum. The graph in red shows the effect of a Inm 

increase in the thickness of the layers of the front stack whilst the graph in green shows 

a blue shift, which has occurred when we model the front stack layers as 3nm too thick 

whilst the layers of the back reflector are 3nm too thin. A shift to shorter wavelengths is 

likely to be a problem, since it may cause a coincidence of the zero bias exciton

54



Chapter 2; Fabr> -Pérot Effect and Trans\ erse Modulators

transition wavelength with the cavity minimum In the final graph each mirror layer has 

been made 6 nm thicker, an error of only 5%, which, as we shall see in chapter 3, is not 

unlikely, and we can see that the reflectance spectrum is destroyed
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Figure 2.9. Perturbation o f cavity reflectance due to errors in layer thickness in Braes stacks..

2.5. C avitv Materials for 1.55um Fabrv-Pérot modulators.

In considering materials for 1 55pm Fabry-Pérot modulator active regions we need to 

take into account several factors

We require the material band gap to be greater than 0.8eV, so that we can use 

the externally applied bias to shift the absorption to longer wavelengths Ideally 

we would like this bias to only be a few volts

We require the barrier material to have a band gap greater than that of the well

We would like both well and barrier to be approximately matched to the InP 

substrate
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(Materials with some strain can be used, although defects introduced as a result of 

relaxation may degrade the operation of the device However, strain balancing, that is, 

equal and opposite strain in well and barrier can be used to overcome this The effects of 

strain may also be usefully employed, as was discussed in chapter one, to enhance some 

operational parameters, such as reducing barrier offsets and increasing absorption or 

reducing polarization sensitivity, an effect which is useful in waveguide devices We may 

want to ask ourselves if these effects are necessary in transverse devices, and if so , can 

they be achieved in any other way, since the problems introduced as a result o f strain 

may negate any benefits)

We can use the diagram shown below to help identify possible material combinations for 

our multiple quantum well region

e A lA s3 0- GaP
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Fisure 2.10. Band sap asuinst lattice constant for III-V binary, ternary and Quaternary compounds.

Figure 2 1 0  plots the band gap of several binary compounds as a function of their lattice 

constants The band gap of the ternary alloy lies approximately on a line between its 

binary constituents, and that of a quaternary compound in the area between its binary 

and ternary constituents The relationship between band gap and lattice constant, or 

composition, is not in fact linear, but quadratic There are reports in the literature of 

empirical equations giving the band gap as a function of composition, these are shown in 

figure 2  11 below
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Material Empirical equation Author

GaxIni.xAs 0.36+0.629x+0.436x^ Nahory 1975

linear Baliga 1975

G.36+G.5Q5x+Q.555x^ Adachi 1982

AlxIni.xAs G.37+1.91+G.74x^ Wakefield 1984

G.357+2.29X Davies 1984

Gaxin 1 «X AsyP j.y 1.35-G.738y+G.138y^ Yamazoe 1981

1.35-G.883y+G.25>r Perea 198G

1.35+G.72y+G.12y^ Nahory 1978

Figure 2.11. Empirical equations for band eaps o f  III-V compounds which can be matched to InP.

Baliga et al found the change in band gap of GaJni-xAs to be linear with change in 

composition. The measurements were only made for 0-50% gallium, so that the linear 

dependence was only actually found over this compositional range. However, a linear 

relationship will result in an energy gap at least 0.1 eV greater than that predicted by 

Nahory et al or Adachi.

For AlJni-xAs, Davies et al and Wakefield et al measure the change in band gap over a 

small compositional range. Wakefield et al then add the band gaps of AlAs (3.02eV) and 

InAs (0.36eV), and fit all the data quadratically to give a relationship over the entire 

temay composition range. Davies et al do not attempt to fit their data over a wider 

range o f values, hence the difference in the two equations, but we can see that both 

equations give the same band gap for 48% aluminium, (lattice match to InP).

In the case o f the quaternary materials, the equations apply to the case of a lattice 

match. Ÿamazoe et al and Perea et al used an electroreflectance measurement technique 

[Schroder 1990] whereas Nahory et al use photoluminescence measurements. However, 

the band gap dependence found by Perea is always slightly lower than that of the other 

two authors for a given arsenic content.
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Figure 2.10 shows us that the well material could be GaxIrii.xAs, GaxIrii.xAsyPi.y or 

(AlyGai.y)xIni.xAs. While the barrier material could be AlxIrii-xAs, InP, GaxIni.xAsyPi.y or 

(AlyGai-y)xIni.xAs. Any choice o f well and barrier material combination will introduce 

certain considerations and properties into the active region. For example, a 

ternary/ternary or ternary/binary combination such as Ga.47In.53As/Al.48ln.52As or 

Ga.47In.53As/InP will not only be easier to grow, but will offer the highest confinement 

of electrons and holes since the band offsets will be greater. This in turn suggests that 

the exciton peaks will be sharper and the absorption will be greater. Also, that the sharp 

excitonic features will be maintained at higher fields, giving higher absorption with bias, 

which is an important consideration in these devices.

The band offsets in the phosphide system favour the valence band, whereas those in the 

aluminium system favour the conduction band. Lang et al [Lang 1987] measure the 

conduction band/valence band offset ratio in lattice matched Ga.47In.53As/InP to be 

42:58, giving valence and conduction band offsets o f 0.346eV and 0.25eV. Forrest et al 

[Forrest 1984] measure a conduction band offset o f 0.39AEg in GaxIni.xAsyPi.y/InP. In 

Ga.47In.53As/Al.4sIn.52As People et al [People 1983] measure conduction and valence 

band offsets o f 0.5eV and 0.2eV, giving a conduction/valence band offset ratio of 

71:29, similar values are found by Sandhu et al [Sandhu 1987] and Welsh et al [Welsh 

1984] for the aluminium based systems. We might therefore expect the absorption to be 

larger in the latter system. However, carrier escape times from the wells are an 

important consideration, since slow carrier escape and hence carrier build up in the 

wells, will lead to absorption saturation at high input light intensity and field screening, 

which will reduce the net field applied across the active region, and hence reduce the 

absorption. Carrier escape times are decreased if a) the barriers are thinner, since the 

tunneling rate will increase, b) as the temperature increases, since the thermionic 

emission will increase, c) with increasing, field, since both the thermionic emission and 

tunneling rate will increase, and d) if the band offsets are reduced, as this will lead to an 

increase again in both tunneling and thermionic emission rates, (see, for example. Fox et 

al [Fox 1991] or Wood et al [Wood 1990]).
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There has been much interest, therefore, in the use of quaternary materials, since by 

using these the band offsets can be varied. For example if we use Ga.47In.53As/GaJn1. 

xAsyPi-y as our well/barrier material combination, the offset can be varied from valence 

and conduction band offsets o f 0.346eV and 0.25eV, in the case of Ga.47In.53As/InP 

when y = 0, (and hence for a lattice match x also = 0 )̂, to zero when y = 1 

(Ga.47In.53As/Ga.47In.53As !). Wood et al [Wood 1991] show a 30 times greater 

saturation density when AlxIni.xAs barriers are replaced with (AlyGai.y)xIni.xAs. Moss et 

al [Moss 1994] show that GaxIni.xAs / GaxIni-xAsyPi.y has a faster response time than if 

AlxIni.xAs barriers are used, while Devaux et al [Devaux 1995] discuss the differences 

between strained GaxIni.xAs/AlxIni.xAs and GaxIni.xAsyPi.y/GaxIni.xAsyPi.y and find that 

the latter quaternary/quaternary system has a higher power handling capacity.

The variation in the conduction and valence band offsets for a Ga%Ini.xAsyPi.y well with 

an InP barrier are shown in figure 2.12. The gallium concentration in the well has been 

altered from 47% to 0, so that the well material is changing from Ga.47In.53As through 

GaxIni.xASyPi.y to InP at the extreme. In order to calculate the offset we have taken the 

average band gap of GaxIni.xASyPi.y from empirical equations o f Nahory et al and 

Yamazoe et al. We have then estimated the conduction/valence band offset ratio to be 

41:59, giving the conduction band offset, AEc, as

AEc = 0.41 (Eg(InP)-Eg(x)GaxIni.xASyPi.y). 10

Similarly the valence band offset, AEv, is given by:

AEv = 0 .59(Eg(InP)-Eg(x)GaxIni.xAsyPi.y). 11

We have also shown the change in offsets with composition for a quaternary phosphide 

system, Gaxlni.xAsyPi.y/GaxIni.xAsyPi.y where the well/barrier material is initially taken to 

be Ga.47In.53As/InP. The arsenic composition of the well is then reduced while the 

phosphorous content is increased, and the converse takes place in the barrier. The 

extreme case being a well/barrier combination of Ga.22ln.78As.5P.5/ Ga.22In.78As.5P.5. We

 ̂ remember that for a lattice match x = -0.19y/(0.01y-0.42).
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h a v e  in c lu d e d  p l o t s  fo r  t h e  o f f s e t s  o f  t h e  t e r n a r y /q u a t e r n a r y  a lu m in iu m  s y s t e m s ,  ( A ly G a i .  

y )x I n i.x A s /A l  48ln ,52A s  a s  t h e  w e l l /b a r r ie r  c o m b in a t io n  c h a n g e s  f r o m  

G a  47ln  53A s / A l  4g ln  52A S  t o  A l,48ln  5 2 A s /A 1.4 8 ln .52A s, a n d  a l s o  t h e  q u a t e r n a r y  /q u a te r n a r y  

(A ly G a i-y )x I n i .x A s  /(A ly G a i-y )x I n i-x A s  a s  t h e  m u l t ip le  q u a n t u m  w e l l  m a t e r ia l  c h a n g e s  f r o m  

G a .47l n 53A s / A l 48ln .52A s  t o  A l .21G a .26l n . 53A s /  A l .21G a .26l n . 53A s .  A n d  s im i la r ly  h a v e  

m o d e l le d  t h e  o f f s e t s  as:

AEc = 0.7(Eg(Al 48ln 52As) - Eg((AlyGai.y)xIni.xAs)) 

AEx = 0  3(Eg(Al 48ln 52As) - Eg((AlyGai.y)xIni.xAs))
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2.12. Chanse in conduction and valence band offsets with composition for some well and barrier

material combinations.

For each system shown the upper graph depicts the conduction band offset while the 

lower applies to the valence band The left hand side of the figure, where y = 1, will give 

the offsets for Ga47ln.53As/InP in the phosphorous based systems, and
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Ga.4 7 I11.5 3As/Al.4 8 ln 5 2 As in the aluminium based multiple quantum wells. The offsets 

decrease to zero as the well and barrier composition become identical.

The graph shows us that whilst the aluminium and phosphorous systems have similar 

valence band offsets, the conduction band offset is always greater in the former material. 

The graph also indicates that whether or not we use a quaternary material for the 

barrier, we can achieve the same band offsets by using a different material composition. 

For example, if we consider a valence band offset o f 0.1 eV, we can see that both the 

phosphorous quaternary/quaternary and quaternary/binary systems give a conduction 

band offset o f 0.13eV, the composition of the former being 

Ga. sin. 7 As. 7 ? . 3/Ga. u l n .  g? As . 3 P . 7 , whereas that of the latter would be 

Ga.i6ln.84As.35P.65/InP. Similarly, in the aluminium system, the same valence band offset 

would result in a conduction band offset of 0.23 for Al.12Ga.35In.53As/Al.35Ga.12In.53As or 

for Al.26Ga.22In.53As/Al.48ln.52As. But, the band gap o f the well material will be smaller 

in the quaternary/quaternary system, which means that less bias is required to operate 

the modulator and the absorption at the operating voltage will not be as greatly 

attenuated. However, we can also see that at a given composition, and hence band gap, 

the quaternary/quaternary systems will have smaller offsets. Therefore, for a similar 

exciton transition energy, the quaternary/quaternary system will show faster carrier 

escape times, larger Stark shifts, but possible lower absorption due to a reduced overlap 

integral.

Whatever material combination is chosen, for whatever reason, it will be necessary to 

ascertain certain properties of the system, as we mentioned in the previous section. It is 

possible to model some parameters, such as the band gap, if, for example, we know the 

effective masses of the carriers and the band offsets. However, modelling of this sort is 

by no means straightforward, and also depends on the accuracy of the parameters used 

within the model. In general, in the growth of these systems, it is the practice as part of 

the crystal growth process to grow calibration layers and so determine the band gap as a 

function of growth time, so that as long as we can approximate an initial well width, the 

growth process can itself be used to ensure the multiple quantum well transition energy 

is at the required wavelength. In the section below we have summarised the well widths
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and their corresponding transition wavelengths reported in the literature, in the hope that 

these can be used as a starting point for the multiple quantum well design. We have also 

plotted on these graphs the change in band gap with well width modelled by solving 

Schrodinger’s equation. This leads us to two transcendental equations which give us the 

additional energy in the valence and conduction band, Ee, Eh, due to the confinement.

tan
V

/
tan

2h

2h

Where AEc and AEv are the conduction and valence band offsets, Lw is the well width 

and me and mn are the electron and hole masses. By solving the above two equations for 

Ee and Eh at a given Lw , adding these to the bulk band gap and taking account of the 

exciton binding energy,

Ephoton -  E e+  Eh + Ebuik - exciton binding energy, 16

we can estimate the photon energy, Ephoton, at which excitonic absorption will occur. We 

do not suggest that the modelling will necessarily supply accurate results, since the 

calculated band gap will depend on the value used for the bulk band gap and the 

effective masses. However, in comparing such a model with empirical data we may be 

able to draw some conclusions as to the required well width and composition.

2.5.1. Chanse in hand sap ener^ o f L 5Sum multiple auantum well materials with 
well width.

For the design of the multiple quantum well active region we need to specify the well 

widths that are required to give a transition energy greater than 0.8eV. In order to 

estimate these well widths the following figures, 2.) 3 to 2.17, show the modelled band 

gap as a function of well width for Ga.^^In.;^v\s/ |̂.^Jn.^^As, Ga.^ În.^^As/InP,
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these figures is also shown some empirical data found in the literature as a comparison 

We do not expect the model to be accurate, but combined with the empirical data where 

available, we can use the graphs to provide a starting point for the design of the multiple 

quantum well systems
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Figure 2.13. Transition n'avelensth asainst well nidth for Ga. Jn.^̂ s/A l. Ĵ n. 4v.

In the graph above we have modelled the transition wavelength as a function of well 

width using offsets of 0 5 and 0 2eV and linearly interpolated effective masses We have 

also plotted on the graph some empirical data for the transition energies as a function of 

well width which can be found in the literature Although there looks to be a certain lack 

of clarity, with the modelled data giving generally a higher transition energy at each well 

width, it would appear that a well width of between 60Â and 70Â would be a good 

starting point for an exciton transition at a wavelength below 1.55pm.
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The modelled data again seems to provide longer transition wavelengths than that 

suggested by the empirical data reviewed, however, taking this into account, the graph 

would appear to imply that a well width of around 70Â would be a good starting point 

for the growth calibration

There is very little literature available as a comparison for calculated transition 

wavelengths in the Ga 47ln.53As/(AlyGai.y) 4?In 5?As system, and obviously the required 

well width would depend to some extent on the barrier composition We have modelled 

the transition wavelength against well width for Ga47ln 53As/(Al72Ga.28).47ln.53As, and 

compared it with data published by Chan, and also our work, for which the barrier 

composition was (Al 78Ga.22).47ln 53As
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Figure 2.15. Transition n’avelensth asainst well nidth for 

Ga^yln .

In the model we linearly interpolated the quaternary barrier band gap between 

Al4gIn52As and Ga47ln 53As and took the offsets as AEc=0.7AEg The graph would 

again suggest using a well width of perhaps 60-70Â, and as we would expect, this is 

similar to the well width we might choose in the Ga 4?In s^As/Al 48ln,52As system.
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For the (AlyGat-y).47ln 53AS /Ai 48lii 52As multiple quantum wells we can see that small 

aluminium concentrations are required in order to achieve a transition wavelength close 

to 1.55pm We can see that wider wells must be used, which in turn gives large Stark 

shifts The data suggests that well widths around 1 0 0  or 1 IOA would be required, with 

aluminium concentrations around 3%
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Fieure 2.17. Transition wavelength açainst well nidth for (ia J n ,^ S jP t^ n P .

For this system there is very little empirical data we can use as a comparison for the 

model shown above. However, the modelled data does imply that very wide wells would 

be required, around 1 1 0  or 1 2 0 Â could be a useful starting point for the growth 

calibration, and also that high arsenic concentrations are required, at least 85%, which 

would give a bulk band gap of around 1 5pm.

2,5.2. Absorption coefficient and refractive index o f  multiple auantum well 
materials.

In order to design the front mirror we have seen that we need to know the absorption at 

the operating voltage of the cavity As the field is applied the absorption will increase to 

a maximum value as the exciton wavelength becomes equal to 1.55pm The size o f the
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absorption at 1.55pm will depend on the materials used, the band offsets, the well width 

and the applied field. It is probably therefore advisable to characterise the particular 

multiple quantum well system to be used before it is incorporated into the Fabry-Pérot 

cavity. There are some reports in the literature of absorption in multiple quantum well 

materials. Guy et al [Guy 1988] measure 4890cm‘  ̂ in a Ga4 7 ln.5 3 As/InP system, 

reducing to 1590cm'  ̂ with the application of 40V. Similar figures are reported by Bar- 

Joseph et al [Bar-Joseph 1987] in the same material. Weiner et al [Weiner 1985] show 

an absorption o f around 4000cm"  ̂ in Ga4 7 ln.5 3 As/ Al.4 8 ln.5 2 As at zero volts and Adelabu 

et al [Adelabu 1988] report 2.3xl0"̂ cm"̂  in the well for a Ga.4 7 In.5 3 As/Al.4 8 ln.5 2 As 

multiple quantum well system. It can be seen that some further characterisation is 

required, since the figures reported above are only applicable to the zero bias state in the 

latter two cases, and in the former, the absorption with bias is reported at a much 

greater voltage than would ideally be used.

Further investigation of the refractive index o f these materials, which will change at 

1.55 pm as the absorption of the well material at this wavelength increases, is also 

required. There is some empirical data available for the absorption o f some multiple 

quantum well systems, but the figures are not necessarily very useful unless we wish to 

use exactly the same materials, compositions, well widths and bias. There is very little 

data available on the magnitude of the change of the refractive index with bias, but 

Zucker et al [Zucker 1988] measure a change of up to 0.005 when 20V is applied across 

100Â Ga.4 7 In.5 3 As wells with 100Â InP barriers. Alping et al [Alping 1987] calculate 

changes o f at most 4x10'  ̂ for up to 600kV/cm in GalnAsP. A change o f this magnitude 

would result in about 3 A difference in the optical cavity length, which is within 

experimental error. However, confirmation of the magnitude of the refractive index 

change in other materials would be useful for future designs, but beyond the scope of 

this work.

2.6. Summary.

This chapter has demonstrated that the attraction of the Fabry-Pérot modulator lies in 

the potential for infinite contrast which can be achieved via the matching condition. The
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requirements for the structure of the device were discussed, and it was shown that if the 

cavity was designed such that equation 3 was satisfied, whilst the mirror design satisfied 

equation 7, then infinite contrast could be achieved. We emphasised that the required 

destructive inteference is not necessarily a result o f the difference in phase changes 

which can occur on reflection at the front and back mirrors, as is usually described in the 

literature, but may be due to the difference in path length of the two reflected rays.

We also showed that high absorption can help reduce the insertion loss by allowing a 

front mirror o f low reflectance to be used, but in any case, if a highly reflecting back 

mirror is used, a low insertion loss can also be attained. We saw that devices with low 

absorption, and more highly reflecting front mirrors might be more intolerant to errors in 

cavity length than their shorter wavelength counterparts, in which the absorption 

coefficients are greater.

Modelled data for the transition energy was compared with some empirical data 

reported in the literature, and a well width for some systems was implied, the fine tuning 

of which we suggested would be most accurately achieved via the growth calibration 

process. We saw that knowledge of the multiple quantum well material refractive index 

was scarce, but unfortunately essential, since errors in optical cavity length would 

translate into a reduction in contrast, especially if the absorption is low and therefore a 

high front mirror reflectance is used.

We discussed the fact that whilst, theoretically, the ad product could be increased in 

order to allow a lower front mirror reflectance, and hence reduced insertion loss, it 

might also be the case that the cavity width, d, would be limited by the maximum 

possible depletion width, which is in turn dependent on the doping levels within the 

active region.

It was seen that there was little information about the absorption coefficient of the 

multiple quantum well materials of interest, especially at the operating voltages we hope 

to use. However, knowledge o f the absorption at the operating voltage, as we discussed 

in chapter one, is essential, since not only does it allow the accurate design of the device.

68



Chapter 2; Fabry-Pérot Effect and Transverse Modulators

this figure we could calculate the potential insertion loss and required front and back 

mirror reflectance. This would be useful, since we have seen from the literature survey 

of these devices, that none as yet reported have matched the high contrast and low 

insertion loss reported at 850nm in GaAs based materials. We therefore attempted to 

make some measurements of the absorption, which are reported in chapter four.
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Chapter 3A : Distributed Bragg Reflector Stacks ; Introduction to 

Bragg Stack Operation, Modelling and Analysis.

3A.1 Introduction.

Distributed Bragg reflector stacks (DBRs) are alternate layers of high and low refractive 

index materials, which have an optical thickness o f a quarter of a wavelength, that is the 

thickness, t, is given by.

Where n is the refractive index o f the medium through which the ray is passing.

In this way, the phase of the light rays reflected from the layers are all exactly in phase, 

and constructive interference results. The magnitude of the total reflected light amplitude 

will be a function of the number of layers, since each layer will reflect a fraction of the 

incident light, and the refractive index difference of the layers in the stack, since this will 

determine the fraction of incident light that is reflected, by Fresnefs law.

" l + « 2

Where n% is the refractive index of the incident medium and nj the index of the medium 

from which the ray is partially reflected.

DBRs are of interest since they can be grown monolithically with the complete modulator, 

that is, they can be constructed from semiconducting materials with the same lattice 

constants as the substrate and active region o f the device. The requirements are then that 

we must use two III-V materials which are non-absorbing and are lattice matched to
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indium phosphide, and which have as large a refractive index difference as possible. In this 

chapter we will describe the way in which Bragg stacks work, and the equations used to 

predict their reflectivity. We will model the way in which various parameters affect the 

reflectance and we will also discuss the materials available for the construction of the 

stacks.

3A.2 Principle of Operation of Distributed Bragg Reflector Stacks.

The multilayer stack utilises the following properties o f light:

light incident from  a medium o f  low refractive index to one o f  higher 

refractive index suffers a jr phase change, whereas that incident from  a 

medium o f  high refractive index to one o f  a lower index undergoes no phase 

change;

the reflected rays will have an additional jiphase change due to their path 

length through the layers o f  the stack.

These properties can be used to ensure, by the correct design of the stack, that the 

reflected beams are in phase. This is done by considering the following:

(i) The phase change o f  the firs t reflected ray. This will he n i f  the 

incident medium is air, or zero i f  the incident medium is o f  higher 

refractive index.

(ii) The second ray will pass through one quarter layer, he reflected at the 

second interface, and travel hack through the quarter layer. Because the 

layers have an optical thickness equivalent to a quarter o f  a wavelength, 

the total phase change due to the path length will he tl
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(Hi) The second ray can also have an additional k phase change i f  the 

second interface is o f  higher refractive index.

(iv) The final ray will have a total path length o f  pA/4n before reflection 

(where p  is the number o f  layers in the stack), and again pA/4n after 

reflection, so that its total phase change will be pm

(v) The final ray may, or may not, have an additional phase change 

depending on the refractive index o f  the exit medium.

In general, in the design of DBRs for indium phosphide based asymmetric Fabry-Pérot 

modulators, there are two cases to be considered. Firstly, the front mirror, for which the 

incident medium will be air, and hence there will always be a 7i phase change on reflection 

at the first interface. The exit medium for this front mirror will usually be a cavity spacer 

which will have a large band gap, and probably be of similar material and have similar 

refractive index to the low index layers of the stack. By considering the points above, it 

can be seen that the reflected rays will be in phase if the stack has an odd number of 

layers, and if the initial, and hence the final, has the highest refractive index. This 

situation, ignoring multiple internal reflections, is depicted schematically below.

71/2

n h ig h

Fisure 3A. 1. Phase chanses on reflection at the interfaces o f a DBR stack.
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The initial ray, ro, will undergo a k phase change because the incident medium refractive 

index is lower than that o f the first layer of the stack. The ray reflected from the first 

interface, ri will undergo a tc phase change due to the double pass through the first layer 

tl, with no additional n  phase change if the refractive index o f the first layer, n% is higher 

than that of the second layer, nj, and so on throughout the stack; until we come to the 

final ray, rp, which will suffer p7t phase change due to the optical path length through the 

p layers, without an additional n phase change since the exit medium index is lower than 

that o f the final layer. Hence each o f these reflected rays is in phase and constructive 

interference will occur and result in high reflectance.

Secondly, in the case of the back mirror o f the Fabry-Pérot modulator, the incident 

medium will, in general, be o f the same material as the multiple quantum well barriers, 

that is, a large band gap, low index material. Similarly, the exit medium will usually be 

indium phosphide. Hence the design criteria for the front and back mirrors are the same, 

and both will be highly reflecting if the first layer is a high index material, and if they 

consist of an odd number of layers. This reiterates the point made in chapter two, that in 

these modulators, the phase change on reflection at both the fi’ont and back mirror might 

be the same, and hence the destructive interference in the cavity does not originate from a 

difference in phase change on reflection.

3A 3 Bragg Stack Design Equations

The high reflectance is a result of the addition o f the amplitude o f the light reflected from 

each interface within the stack. Bom and Wolf [Bom and Wolf 1984] show how a 

characteristic matrix relates the wave component amplitudes in each layer to those in the 

previous layer. By multiplying the characteristic matrix for each layer the reflectance of 

the stack can be calculated. The elements of the characteristic matrix are functions of the 

refractive index, layer thickness, incident wavelength and dielectric constant:

—j= sin{knz) cos{knz) 

cos{knz) iyfssm{knz)^
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Where n is the refractive index of the layer, z is the layer thickness, k is given by —  and
À

8  is the dielectric constant for that layer.

A simple program was written [see appendix I], which reads the material parameters of 

the two adjacent layers into the elements o f their respective matrices, performs a matrix 

multiplication, reads in the parameters of the next layer into the next matrix and multiplies 

this with the previous sum and so on. (The program written does not include the 

absorption, for the cases where the effect of absorption is considered a model written by 

R W Geels was used).

If we consider light incident at the design wavelength, where the optical thickness of the 

layers is a quarter wavelength, then the sum of the subsequent matrix multiplications gives 

the reflectance as:

/' / \2 /

R =
njio \ r i j

for an odd number of layers, or

R =

1 +
2 N , for an even number of layers.

Where Uq, Ug, n̂ , n̂ , are the refractive indices o f the incident and exit media, and the first 

and second layers of the stack respectively, and N is the number of periods, where a 

period is a pair of high and low index layers. We can see that the reflectance depends on; 

1) the number of periods, so that the greater N, the greater the reflectance; 2) the 

refractive index difference between the layers, since this increases the ratio ni/n2, and 3)

the coefficient for an odd number of layers or —  for an even number of layers.
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In the case o f the back mirror, the incident and exit medium will usually have the same 

refractive index difference so that the coefficient becomes -Ar, whereas for the front

yA
mirror, since no is unity, the coefficient is given by — , and hence, being larger, increases

the reflectance for a given refi'active index difference and number of periods. In the 

sections below we model the dependence of the reflectance on the number of periods, 

refractive index difference, incident and exit media, absorption and layer thickness 

fluctuations.

3A.4 Modelling Bragg stacks.

The reflectance spectrum oscillates about 30% reflectance, that is, that o f the first layer of 

the stack, until the wavelength approaches the design wavelength, (given by equation 1 ), 

for which the optical thickness o f the layers is a quarter o f a wavelength. Then the 

reflectance rises to a maximum, (given by equation 4), at the design wavelength, usually 

referred to as the Bragg wavelength. The reflectance then decreases again, the increase 

and decrease being symmetrical about the Bragg wavelength. In this next section we will 

show how the magnitude of the peak reflectance depends on the number of periods, the 

refractive index difference, the incident medium and any absorption which may occur in 

the layers. We will also discuss the phase o f the reflected light and the effect of layer 

thickness fluctuations on the spectrum. Finally we will discuss methods for analysing the 

measured spectra.

3A,4.1 Dependence o f  reflectance on number o f  periods

The graph below demonstrates that as the number of periods, N, increases, so does the 

reflectance at the design wavelength. The high reflectance band also becomes flatter, 

with a constant high reflectance being seen over a wider range o f wavelengths.
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increasing number of periods
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Figure 3A. 2. Reflectance spectra o f multi layer stack for different numbers o f periods.

Figure 3A.2 also shows that with an increasing number of periods the separation of the 

minima either side of the Bragg wavelength will decrease

If we consider a graph of reflectance against number of periods, where the reflectance is 

given by equation 1, so that we are only considering the design wavelength, we can see 

that initially the reflectance changes very quickly with an increase in the number of 

periods, but as the reflectance increases, the gradient of the curve reduces, making higher 

reflectance very difficult to achieve, that is, as th e reflectance increases, an increasin g  

n u m b er o f  periods is required  to g ive th e sam e reflectance ch an ge This is 

demonstrated in figure 3 A.3.

0 . 9 9
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■§ 0 . 9 5  

%  0 . 9 4  

0 . 9 3  

0 . 9 2  

0 . 9 1  

0 . 9

0 . 9  1  ‘
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0 . 7  I .

0 . 4

0 . 3

0.2 air incidence

Figure 3A.3.a Change in reflectance 
with number of periods at the Bragg 

wavelength for air and 
semiconductor incidence

Figure 3A.3.h. Change in reflectance with 
number o f periods at the Bragg waveiengti 

for air and semiconductor incidence 
for reflectance > 90%
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Figure 3 A. 3 shows the change in reflectance with number of periods at the design 

wavelength for air incidence, the higher reflectance curve, and for incidence from a 

medium with high refractive index, the lower reflectance curve. Figure 3A 3.a shows that 

a 5% reflectance increase from 60% to 65% requires only 1 extra period, however, from 

figure 3A.3 b we can see that a 1% increase from 98% to 99% would require 4 extra 

periods A further 4 periods would only achieve a 0.5% reflectance change' It is 

therefore important to decide how much benefit to the modulator performance may be 

achieved by increasing the reflectance of the back mirror. Since large numbers of periods 

can present growth problems, in terms of the time taken to grow the DBRs and 

maintaining static conditions over this extended period of time. We may therefore want to 

trade this off against small improvements in device performance

JÀ. 4.2 Dependence o f  reflectance on refractive index difference

We have said that the reflectance will increase as the refractive index difference increases, 

because the ratio ni/n? will increase This is demonstrated in the figure below The graph 

shows an increase in peak reflectance from 69% to over 99% as the refractive index 

difference between the layers increases from 0 1 to 0.5 in a 20 period stack with air 

incidence
increasing refractive 
index difference

o.u
0.8
0.7
0.6

0.3
0.2

Wavelength (gm)

Fifjure 3A.-1 Chanse in reflectance nùth refractive index difference.

This can be seen from equations 4 and 5. If ni/n; is denoted x and the coellicient. ni%sno is denoted a, then since

lim R = lint R
N  *  t '  V  .♦ no

- a x 2N\

ax
=  1
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It can be seen that the width of the high reflectance band also increases with increasing 

refractive index difference, since this is given by:

A. =
kX.

-1-1

cos -1 - n ,

Where Xo is the centre of the high reflectance band, and ^  is its width, ny and nL are the 

refractive indices o f the high and low index layers respectively.

In figure 3A. 5 below we consider only the reflectance at the design wavelength. The 

graph demonstrates that with a refractive index difference of 0.5, as might be found in for 

example the GaAs/AlAs system, 98% reflectance can be achieved vnth 14 periods, 

whereas with a refractive index difference of around 0.25, as has been reported for 

1.55pm Bragg stack materials (see chapter 3B) twice as many periods are required to 

achieve this reflectance value.

a  0.6
-increasing refractive 
index difference

10 20 30

- Number of periods

40

Figure 3A. 5 Change in reflectance with number o f periods for increasing refractive index difference.

In order to achieve the highest reflectance with the least number of periods, and 

hence reduce the overall device thickness, we must use those materials with the largest 

refractive index difference. However this choice is limited to those we can grow 

monolithically with InP substrates and the active region of the devices. Mirrors with small 

amounts of strain are possible but may degrade the performance of the device in terms of 

the surface they present for further growth and any electrical problems which may result
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from the strain, and so any improvement which may result in their use would need to be 

considered in terms of additional morphological or electrical problems.

3A. 4.3 Effect o f  incident medium.

We usually have to consider two cases, air incidence, or incidence from the active region. 

This will usually be from a large bandgap, small refractive index material, but obviously of 

much higher refractive index than air. The difference in reflectance, for a stack with 

indices of 3.5 and 3.2, is shown in figure 3A.7, the active region adjacent to the stack is 

taken to have a refractive index of 3.2.

1
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I  0.5 

0.4 
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0.2 
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X

/ /
/ / /

/ y
/ //
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y

V

0 5 10 15 20 25 30 35 40 45

number of periods

Fieure 3A. 7. Reflectance for air or semiconductor incidence.

The graph shows that the difference in reflectance is less for a stack with a larger number 

of periods. At 20 periods the difference being around 6 %, decreasing to 2.4% for 25 

periods and 1% for 30 periods. We must bear in mind the effect of the incident medium 

when considering our experimental results, and those reported in the literature, since the 

highly reflecting back mirror of the modulator may then require up to 1 0  additional 

periods to achieve the same reflectance as that obtained for air incidence.

3A. 4.4, Effect o f  absorption

The effect of absorption in the layers of the Bragg stack is to decrease the effective 

reflectance of the mirror stack. Absorption can generally be avoided by ensuring the band
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gap of the materials used are larger than that at the Bragg wavelength. In the graph below 

we show the effect of absorption in both layers over the whole spectrum.

1.0

0.8

0 6

0.2

0.0
1400 1500 1600 1700

wavelength(nm)

Figure 3A.8 Chanee in reflectance with absorption.

In the model we have used a 20 period stack with refractive indices o f 3.17 and 3.42 and 

assumed air incidence. The absorption in this model is equal over the whole wavelength 

range, and the effect is to reduce the peak reflectance and the magnitude of the 

oscillations in the side bands. It may be more common to encounter a material in which 

the band edge comes in at some wavelength vrithin the range of the measurement, which 

would have the effect of lending an asymmetry to the spectrum. These effects are only of 

importance if they occur within the passband, which is obviously the only region of 

interest to us.

Figure 3A.9 shows the effect of increasing absorption on the reflectance at the Bragg 

wavelength. The graph shows a reduction of about 0.008% in reflectance for every Icm'  ̂

of absorption in a stack with a refractive index difference o f 0.25. The graph also 

demonstrates that this change is dependant on the refractive index difference, so that for 

smaller differences the reduction in peak reflectance with absorption will be much greater.
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3A. 4.5. Effect o f  layer thickness variations

The layers are designed to be a quarter wavelength thick, that is, t -  However
4//

the actual layers may differ from this due to growth related problems, such as flux 

transients, or due to inaccurate knowledge of the refractive indices which inhibits accurate 

calculation of the required thickness

In figure 3A. 10 below we have modelled several different scenarios for a twenty period 

stack which has layers with refractive indices of 3.6 and 3.2 The legend shows the 

percentage change from the design layer thickness, the first and second numbers for each 

graph representing the percentage change for the high and low index layers respectively. 

The table below summarises the data used.

82



Chapter 3A : Distributed Bragg Reflector Stacks ; Introductions to Bragg Stack Operation. Modelling
and Analysis.

first layer 

refractive 

index

layer

thickness

4nt

(Hm)
perturbation 

from desired 

thickness

second

layer

refractive

index

layer

thickness

4nt

(pm)

perturbation 

from desired 

thickness

average

optical

thickness

(pm)

3.6 1076A 1.55 0 % 3.2 1211A 1.55 0% 1.55

3.6 1119A 1.61 +4% 3.2 1259Â 1.61 +4% 1.61

3.6 1140 A 1.64 + 6 % 3.2 1209A 1.547 -2 % 1.59

3.6 1119À 1.61 +4% 3.2 1163Â 1.488 -4% 1.55

3.6 1098A 1.58 + 2 % 3.2 1284Â 1.64 + 6 % 1.61

g
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Figure 3A.10. Chanee in reflectance with layer thickness.

The graph with no change ( 0 , 0  in the legend) has its peak reflectivity at 1.55pm. All the 

other graphs, which have some variation from the desired layer thickness, show a 

reduction in the value of the peak reflectance and a shift in wavelength of the reflectance 

maximum T he w avelength  o f  peak reflectance now  corresp on d in g to th e average  

op tica l th ickness o f  the perturbed  layers.
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3A.5 Phase of reflected light

The phase o f the reflected light is zero at the Bragg wavelength, away from this central 

wavelength there is a phase change upon reflection. The effects of this phase change may 

become important when the mirror is incorporated into a modulator structure where it 

will have the effect of increasing or decreasing the effective cavity length.

0.20.2

0.00.0 -

-0.

- 0.2- 0.2

\vavelenglh(n)

Ficurc 3A. I /. Change in phase with yvavdensth for hvo stacks nith difference refractive index

differences.

We can see from figure 3A 11 that there is a phase change on reflection away from the 

Bragg wavelength, being negative and positive for wavelengths less than or greater than 

the Bragg wavelength respectively Additionally, it is interesting to note that the phase 

shifts more quickly away from zero in the stack with smaller refractive index difference
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Figure 3A. / 2. Change in phase and reflectance for tu'o Brana stacks

Figure 3 A. 12 above shows the reflectance and phase change against wavelength for two 

stacks, one with a refractive index difference o f 0.5, the wider pass band, and one with a 

difference of 0 3, the narrower band. It can be seen that while the reflectance is above 

98% over a range of wavelengths, this range being larger the greater the refractive index 

difference, the phase immediately begins to shift from zero away from the Bragg 

wavelength This implies that if a stack was designed for 1 55pm operation in theory, but 

actually had layer thicknesses such that the peak reflectance occurred say 5 to 10 nm 

away from I 55pm, we may still obtain a sufficiently high reflectance for the mirror to be 

useful in a device, but the effects of the non-zero phase change on reflection may have to 

be considered Initially one might be tempted to say that the wide pass band width seen in 

the stack is useful since it offers a high reflectance over a wider range of wavelengths, 

increasing the tolerance of the device. However, when we look at the phase change we 

can see that this can be up to 0 05 in the high reflectance range, which could translate to 

about 8 nm change in the cavity length For a short cavity, say 0.5pm, this represents 

about 1.5% error, which can be sufficient to degrade the contrast ratio, especially if the 

front mirror reflectance is hiuh
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3A.6. Note on the analysis of measured spectra.

When we measure the spectra of our DBRs, we are unlikely to obtain a reading which 

exactly matches a modelled spectrum. Nevertheless, from this measured spectrum we 

would like to be able to judge the stack in terms o f the refractive index difference it 

provides. In measuring the spectrum, the data we have available is the peak reflectance 

and the number of periods. From this we can calculate the refractive index difference of 

the stack materials, even if we do not accurately know the refractive indices of each layer. 

This is demonstrated in figure 3A. 13 below. The graph shows the change in reflectance 

with number o f periods for stacks with the same refractive index difference but different 

refractive indices. In these models the lower refractive index is varied from 3.0 to 3.3, 

whilst the higher index changes from 3.4 to 3.7, hence maintaining a difference of 0.4.

1
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Figure 3A.13. Chanee in reflectance with number o f  periods for stacks with same refractive index

différence but different refractive indices.

The graphs show that there is less than 1% difference in the reflectance for these 

refractive index changes above 90%. This graph confirms that we can use only the peak 

reflectance value and the number of periods to calculate a refractive index difference by 

estimating the refractive index difference of the layers. This is important since with these
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long wavelength materials it is sometimes difficult to be sure o f the actual value o f the 

indices, and so if we make an estimate of one index, and vary the other in our model until 

the reflectance matches that o f our experimental results, hence giving us a refractive index 

difference for the materials, we can see that any errors introduced as a result o f the lack of 

knowledge of the index we have fixed, will be minimal. In chapter 3B we will see, for 

example, that there might be an error of 0 . 1  to 0 . 2  in the estimation of the refi’active 

index, and therefore, the errors will be considerably less than those suggested in the graph 

above. In some cases we may have a fairly accurate idea o f the index o f one layer, for 

instance, indium phosphide, and then we can use the peak reflectance and number of 

periods to calculate a refi’active index difference, which will allow us to estimate the 

refi'active index of the second material.

Another check on this calculation is the pass band width. The definition of pass band 

width not being that described by equation 6 , since we cannot measure the position o f Xq, 

instead we can consider the separation o f the minima either side o f the Bragg wavelength. 

This may be an important double check, since if the peak reflectance is reduced, by say 

experimental error or absorption in the layers, our estimation of the refractive index 

difference based on this peak reflectance will be inaccurate, however, the pass band width 

will not be reduced, and if we therefore find that the calculation of the refi’active index 

from the peak reflectance is not equal to that calculated from the pass band width, we can 

deduce that there is some error in the measurements, or some absorption in the material.

In the first figure over the page, 3 A. 14, it can be seen that the separation of the minima 

decreases with an increasing number of periods, the second, 3A.15, shows an 

increase in the separation of the minima with refractive index difference, whilst the 

third, 3 A. 16, shows that the separation of the minima is also dependant on the Bragg 

wavelength, and decreases with decreasing Bragg wavelength.

87



Chapter lA  Distributed Bragg Reflector Stacks . Introductions to Bragg Stack Operation. M odelling
and Analysis.

30 periods

20 piptlods

0 6

0 3

0 2

wldtti increasng as num bef of periods decreases
0 0

Figure 3A. /•/. Change in pass hand nidth nith number odd periods.

09

08

07

05

04

03  -

02

vvidth ixreasrg vv*h irxjBagrig re fia * «  irrter dlfererioe
00

13 14 15 1716 18

wavelength(|jTi)

Fieurc 3A. 15. Chanee in pass hand nidth 

with refractive index difference.

08

07
. ' lu m  I ;)iu i 

*i7Siiii Ik'IIi l:i\ci-s.06

05

04

03

02
147Ein 143UT1

L_
14

X _ L _
17

_ L _
1.8

J
1.6 19

Ficurc 3A. 16 Chanse in pass hand 

wiihh with Brace wavelencth

Since we have seen that the Bragg wavelength will depend on the optical thickness of 

each layer of the stack, can we be sure that the pass band width will be the same if for 

example, the Bragg wavelength of each layer is 1.55pm, or if the Bragg wavelength of 

each layer is different, and their average gives a peak reflectance at 1.55pm‘̂ In figure 

3 A. 16 we have plotted four graphs, using the same refractive index difference, but 

altering the optical thickness of the layers, so the reflectance maxima occur at 1.55pm, 

1.575pm and 1.6pm. Two models are shown which give a maximum at 1.575pm. In one 

the optical thickness of each layer corresponds to this wavelength, while in the other, one
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layer corresponds to 1.6pm and the other to 1.55pm, giving a peak at 1.575pm. We can 

see that the width of these two maxima is the same So that even if the optical thickness 

of the layers in the stack are not identical, we can use the pass band width to estimate the 

refractive index difference

Finally, figure 3 A. 17 below shows that even if the refractive indices are different, if the 

difference between them is the same, then so is the pass band width The graphs show two 

spectra with Bragg wavelengths at 1.55pm In one the refractive indices are 3.4 and 3.7, 

whilst in the other they are 3.2 and 3.5, so that each stack modelled has a refractive index 

difference of 0.3

0 9 An=0 3, n1=3 7 ,n 2= 34 
and n1=3 5, n2=3 2
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Figure 3A. 17. Pass hand nidth for different refractive indices, hut the same refractive index

difference.

W e can ihcre lbre conclude that w e can use the d istance betw een  the m in im a each  side  

o f  the B ragg w avelength  to m odel the refractive index d ifference in o iir stack s, even  

if  th e optica l layer th ickness are d ifferent for each layer and if  w e h ave to estim ate  

the ind iv idu al refractive ind ices o f  each layer
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3A.7. Summary.

In the first part o f this chapter we saw that alternate layers of high and low index 

material, each a quarter o f a wavelength thick, could be used to provide a highly reflecting 

mirror which could be grown monolithically with the complete modulator structure.

In order to obtain high reflectance we need to use many periods, but the value of the 

reflectivity and the number o f periods used may need to be traded off in order to reduce 

the overall thickness o f the device. We also require materials with a large refractive index 

difference, but we are limited in our choice to those that are lattice matched to InP 

substrates, or that have only a small amount of strain. We saw that absorption can reduce 

the reflectance by 8 %/lOOOcm'̂  in a stack with a refi'active index difference of 0.25, so we 

would like materials with a band gap greater than 0.8eV. This effect is greater for smaller 

index difference stacks, as we shall see is the case at 1.5 5 pm. We have also seen that if 

the Bragg wavelength o f the stacks varies from the design wavelength, o f 1.55 pm in our 

case, due to say layer thickness variation, then we may want to consider the phase change 

in the reflected light. Any variation in the layer thickness from the design parameters will 

also cause a shift in the wavelength o f peak reflectance, and a reduction in the value o f the 

peak reflectance.

We may see in our experimental results a shift in the wavelength o f peak reflectance from 

the design wavelength, which is due to incorrect layer thickness, either resulting from an 

inaccurate knowledge of refractive indices, or due to the problems of precise growth 

control. If we know one of the refractive indices o f the stack materials we can use the 

peak reflectance and number of periods to calculate the refi'active index of the second 

material. If we are unsure of both material indices, we can still use the number of periods 

and peak reflectance to calculate a refractive index difference by estimating an index for 

one layer. As a cross reference we can also use the separation o f the minima either side of 

the Bragg wavelength to calculate the refractive index difference of the stack materials, 

even if we have to estimate the individual indices or if we are unsure of the layer thickness 

of each layer of the stack.
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In this second chapter on Bragg stacks we will discuss various relevant aspects 

concerning the materials, such as possible material combinations and estimation of the 

composition of these materials and their refractive indices. A survey o f Bragg stacks 

reported in the literature is also included, and the effects of doping on the materials will 

also be discussed at the end o f the chapter.

3B.1. Materials for 1.55um Bragg Reflector Stacks

In considering the materials we may wish to use for the construction of the Bragg stack, 

we must bear several points in mind. We want to use materials which are both non

absorbing and lattice matched to indium phosphide. We would like to know the 

refractive indices o f the semiconductors so that we can both ensure a large reflectance 

with a small number o f periods, and so that we can calculate this reflectance, and also to 

enable us to calculate the layer thickness. There are several issues to be addressed here, 

firstly, the question o f what materials are available. It so happens that there are many 

binary, ternary and quaternary alloys which fulfil all the above criteria, leading to a 

variety of possible material combinations which could be used in the fabrication of 

1.55pm DBRs. We need to know how to see what these alloys are, how to decide upon 

the alloy compositions, especially since with qu atem ^  alloys it is possible to have a 

range o f compositions over which the alloy is lattice matched. The first section below 

describes how to discover which alloys can be used, and some crude calculations which 

can be used to assist in estimating their composition. We will then discuss in more detail 

the question of material parameters and the calculation of material parameters of the 

alloys of interest to us.
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3B. 1.1 Evaluation o f available materials

Figure 3B.1 below shows the refractive index of some binary compounds as a function 

of the lattice constant. The graphs tells us which binaries, ternaries or quaternaries we 

can use in the Bragg stack. The areas coloured represent the possible variation in lattice 

constant and refractive index available at different compositions for the quaternaries, 

GaxIni-xAsyPi-y and (AlyGai.y)xIni.xAs. The lines bordering these quaternary areas 

represent the change in refractive index with lattice constant o f the ternary compounds, 

such as AlxIni-xAs, GaxIni-xAs or GaAsyPi.y, some of which are shown on the diagram. A 

material with a lattice constant equal to that o f InP, depicted by the dashed line, can be 

used in our Bragg stack designs since ideally we would like to use unstrained materials, 

and we can see that these are, GaxIni-xAsyPi.y, GaxIni-xAs, AlxIni-xAs, (AlyGai.y^Ini.xAs 

and, o f course, InP.

We would also like to use two materials with as large as possible a refractive index 

difference, figure 3B.1 shows us that the low index materials will be InP, AlxIni-xAs, for 

the high index materials we would choose the quaternaries or GaxIni.xAs. However, we 

also require that the material is not absorbing, and hence has a band gap greater than 

0.8eV. A similar graph, shown in figure 3B.2, at first glance implies that all the materials 

mentioned fulfil both these criteria, however, the relationship between the band gap and 

the lattice constant is not strictly linear. This means that the band gap o f the ternary 

material GaxIni.xAs is less than 0.8eV when it is lattice matched to InP, so in fact this 

material is not generally used in these Bragg stacks. The addition of aluminium or 

phosphorous, to form the two quaternary materials mentioned, whilst reducing the 

absorption, can also be seen the decrease the refractive index of the ternary, and hence 

the refractive index difference in the stack. An increased gallium content in the ternary 

can also be seen to increase the band gap, although the material will then be strained.
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3K  1.2 Estimation of ai lay compositions

We need to evaluate the material parameters of the ternaries and quaternaries we may 

decide to use in the stacks, such as their lattice constants or band gaps, as a function of 

their composition A ternary or quaternary compound will have a lattice constant, 

refractive index and band gap somewhere between that of its binary constituents, and a 

function of the proportion of the binaiy constituents making up the ternary or quaternary 

compound. The variation in lattice constant can be taken to be linear, that is, the lattice 

constant, a, will be given by,

a( \ ,B i .x O  = x[a( AC)]  ̂ ( l-x)[a(BC)1 7
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Where a(AC) denotes the lattice constant of the binary material AC, for example, we 

can write;

a(AlxIni.xAs) = x[a(AlAs)] + (l-x)[a(InAs)]. 8

Or, in the case o f a quaternary we can write either,

a(GaxIni.xAsyPi.y) = xy[a(GaAs)] + (l-x)y[a(InAs)] + x(l-y)[a(GaP) + (l-x)(l-y)[a(InP)] 9

Or,

a {( AlyGai.y)xIni_x As) = xy[a(AlAs)] + (l-y)x[a(GaAs)] + (l-x)[a(InAs)] 10

For refractive index or band gap, this law is not strictly true, so that if a linear 

interpolation is used, an error in the final value will result. However, if an empirical 

equation or tabulated data are unavailable, it is sometimes necessary to use these linear 

interpolations as initial estimates.

The composition o f the ternaries would simply be decided upon by calculating at which 

value of X a lattice match is achieved, for example, for AlxIni.xAs,

5.87 = x(5.66) + (l-x)(6.06) 11

Since 5.87, 5.66 and 6.06 are the lattice constants of InP, AlAs and InAs respectively.

Hence we obtain that x = 0.475 and so if we use the ternary material AlxIni-xAs we must 

use 475% AlAs and 525% InAs, or, Alo.48lno.52As. Similarly for lattice matched 

GaxIni-xAs we must use 47% gallium, or, Ga.47ln 53As. These are then the only 

compositions that will allow a lattice match to InP, but since Ga.47ln.53As has a band gap 

below 0.8eV we would not normally be able to use this ternary in the Bragg stacks.

In the case o f quaternary materials there are two parameters which we can vary, and 

hence we can achieve a lattice match over a range o f compositions. We decide on the 

required composition by setting the conditions that the lattice constant is equal to that of 

InP, and that the band gap is greater than 0.8eV, so that the material is non-absorbing at 

1.55pm, and hence we have several equations to satisfy simultaneously. For example, in 

the case of GaxIni-xAsyPi.y we have,

5.87 = xy(5.65) + (l-x)y(6.06) + x(l-y)(5.45) + (l-x)(l-y)(5.87) 12

and.
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0.8 < 1.35 - 0.72y+0.12ŷ

Where the above is an empirical equation for the band gap, (see section 2.5).

13

Equation 12 implies that for a lattice match we require a relationship between x and y 

such that

042%
0 .1 9  +  0.01%

14

Equation 13 tells us that in order for the quaternary to be transparent we require,

>'<0 859 15

These equations are plotted in figure 3B.3.

!l
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0 . 3 0 . 4 0.50.0 0.1 0.2

.■» 5
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Fieure 3B.3. Band sap, arsenic concentration required for lattice match and refractive index as a 

function o f calliunt concentration in (iaJn,.^ASyPuy .

The graphs show the arsenic concentration as a function of gallium concentration from 

equation 14, and the band gap and a linear interpolation of the refractive index as a 

function of the gallium concentration Since the quaternary will form the high index 

layer, we want as large a refractive index as possible and therefore a large gallium 

concentration However, if the quaternary is to be transparent, we must also ensure 

that the gallium concentration is below about 0.4. Therefore, in order to ensure that the
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refractive index is as large as possible, we must make x as large as possible, that is as 

close to 0  4 as possible We therefore decide on the quaternary composition by choosing 

a band gap as close to 0 8 eV as possible, say 0 85eV By fixing both the lattice constant 

and the band gap, we can calculate the alloy composition For 0 85eV then we would 

use 80% arsenic and hence 37% gallium concentration As we shall see in the next 

sections, this alloy composition may result in a refractive index of between 3 ,4 and 3 52

Using the same analysis for (AlyGa,.y)yln,.xAs, the lattice matching condition would be 

written,

5.87 = 5,66xy + 5.65x(l-y) + 6,06(l-x) 16

Reducing to the following relationship between x and y,

041-0.01 V

A linear interpolation for the band gap, with the condition that the band gap must be 

greater than 0 8 eV gives us that,

044
16>’+ 107

18

In the figure 3B 4 below we have plotted linear interpolations for the refractive index 

and the band gap as a ftinction of the aluminium composition

1 7

0  1 0 2 0  4 0 5II f)

Alim im tum  c o n c en tr a t io n

2 (I

Figure 3K.4. Chanse in hand nap and refractive index with sallium concentration for

(Al/ia,.y)Jn,.As
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The graph indicates that whilst we require a large aluminium concentration to ensure 

that the alloy is not absorbing, we also want to keep the content small in order to 

maintain as large a refractive index as possible. We would therefore set as small as 

possible an aluminium concentration, for example 5%. However, as we shall discuss in 

chapter 4, although it is clear that we want to minimise the aluminium content, we can 

be limited by the growth control.

We have described how the alloys o f use to us in the fabrication of 1.55 pm Bragg stacks 

can be found, and how one could estimate their compositions. In the case of ternary 

materials, this simply means calculating the compositions at which a lattice match to 

indium phosphide occurs, in the case o f quaternary alloys, we generally want to ensure 

the band gap is just greater than 0.8eV, so that whilst the material is transparent at 

1.55 pm a large refractive index is maintained. We have said that whilst the lattice 

constant may vary linearly with composition, this is not the case for the refractive index 

or band gap.

3B.1.3 Refractive indices.

The values of the refractive indices of the stack materials is essential to the design of the 

DBRs. Unless we are to measure the indices ourselves, we must find their values in the 

literature.

In the table below we summarise some refractive indices at 1.55 pm reported for the 

quaternary GaxIni.xAsyPi.y.

Reference Range of arsenic 
composition (y)

Range in 
refractive index

Chandra et al 1981 0.276<y<0.884 3.25<n<3.55
Burkhard et al 1982 0.54<v<l 3.45<n<3.55
Adachi 1982 0<y<l 3.15<n<3.55
Jensen et al 1983 0<y<0.8 3.Kn<3.6
Brobeig et al 1984 0<y<0.75 3.15<n<3.45
Henry et al 1985 0.34<y<0.86 3.3<n<3.55
Amiotti et al 1993 0.2<y<0.8 3.28<n<3.52

Figure 3B.5. Summary o f refractive index data for GaJni.YASyPi.y reported in the literature.
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There has been much work on this material system for many years, and it benefits from 

perhaps the most well explored refractive indices amongst the 1,55pm material systems. 

Some authors also give empirical and semi-empirical equations that can be used for 

calculating the refractive index in this system The values obtained are compared in the 

graph below

Burkhard 

Brobcrg 

I Icnrv 

linear

3.6

0.2 0.80.0 0.4 0.6

Arsenic concentraiKm

F'mure 3B.6. Change in refractive index nith arsenic concentration.

The graphs also contains, as a comparison, the refractive index obtained by a linear 

interpolation on the binary indices, and demonstrates that as the arsenic concentration 

increases the linear interpolation gives a lower value for refractive index than the other 

models. In all cases the quaternary is lattice matched, that is, as y, the arsenic 

concentration, increases, x, the gallium concentration and y are related by equation 14.

The models imply that at an arsenic concentration of about 75-80%, as suggested in 

section 3B 1.3, the refractive index will be between 3 45 and 3.53

For (AlyGai-y)xIni.xAs, Mondry et al [Mondry 1992] derive an empirical formula for the 

refractive index which is plotted below In this graph x represents the percentage of 

ternary ALxIn 5]As, so that we would write (Al 4xIn s2As)x(Ga 4?ln 5iAs),_x and hence the 

quaternary material maintains a lattice match to InP across the range of x We also plot 

the change in band gap with composition using an interpolation formula proposed by 

Krijn [Krijn 1991] In this formula the composition is represented slightly differently as
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AlxGaylni-x-yAs, and hence there are two x axes in the plot below, the upper for the 

refractive index and the lower for the band gap Clearly, since the formulation of Krijn 

cannot alloy an x value greater than 0.48 and still maintain a lattice match, the bottom 

axis shows x between 0 and 0 48, which corresponds to an x between 0 and 1 in 

Mondry’s alloy compositional representation

0 0
in'" "'.I-'"
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a
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3 4 -

n
3 3
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Figure 3H.6, Change in refractive index and hand sap u f/A composition of AlGalnAs

These models imply that for a band gap above 0.8eV we require greater than 5% 

aluminium content, whilst for a large refractive index we must use as small as possible 

an aluminium concentration For around 5% aluminium, as suggested in section 3B 1.3, 

the refractive index will be between 3.5 and 3.6 However, if larger aluminium 

concentrations occur, of say around 1 0 %, we might expect the refractive index to have 

been reduced to 3 45 This is also consistent with the data of Dinges et al [Dinges 1993] 

who measure an index of 3 44 for 1 1% aluminium at 1 55pm

The ternary materials of interest to us are Ga4?ln l̂As and AI ŵln 52AS Nojima et al 

[Nojima 1988] give values of 3 6  and 3 2 respectively for these alloys Finally, we may 

want to know the refractive indices of the binary’ alloys, GaAs, AlAs, InP, GaP and 

InAs For the first three of these the refractive indices are listed by Palik [Palik 1990] as 

follows
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GaAs 3.3737
AlAs 2.909
InP 3.167

Figure 3B. 7. Summary o f binary material refractive index data at 1.55pm from Palik

For InAs and GaP the refractive indices at 0 8 eV are not listed explicitly They can 

however be extrapolated from values listed at energies around 0.8eV. In the figures 

below the indices listed around 0.8eV for InAs and GaP are plotted. We have fitted 

these polynomially to extrapolate the refractive index back to 0 8 eV. The data suggests 

a refractive index of approximately 3 495 at 1 55pm for InAs and 3 053 for GaP

lOTdi«p{cV)

130-

100
06 0,8

Fifiure 3 U.S. Fit to rcfraclivc intlc.x for In As Figure Mi. 9. Fit In refractive index

as fisted hy Palik. data for GaP listed by Palik.

In the next section there follows a summary of 1.55pm Bragg stacks reported in the 
literature. These stacks will be compared and discussed.

3B.2. Literature survey of 1.55mn Bragg stacks.

In figure 38.10 we have summarised the work reported in the literature on long 

wavelength Bragg stacks
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Reference material refractive
indices
used

Layer
thickness
design/

(measured)

Wavelength 
of peak 

reflectance

Number
of

periods

Reflectance

Tai et al 
1987

Ga. 3 7 I11 63As.8P,2 
/InP

3.43/3.17 1130Â/1222Â
(1300Â/900Â)

1.46pm 19.5 92.5%

Moseley et 
al 1989

AlGalnAs
(Ee~1.3p)/InP

3.47 1090Â/1230Â
(1201Â/1302Â)

1.65pm 20 95%

Deppe et al 
1990

Ga.47lii 53AS/ 
InP both layers 
with different 
levels of n 
type doping

3.6/3.17 NS 1.64 pm 9 89%

ternary layers 
p-type, InP 
undoped

3.6/3.17 NS 1.64 pm 9 82%

both layers with 
different n-type 
doping levels

NS 1.7pm 25 97.8%

Imajo et al 
1990

GalnAsP
(E^~1.3pm)/InP
undoped

3.41/3.17 NS 1.493 pm various NS

n-type doping
NS 1.49pm 30 98%

Choa et al 
1991

GalnAsP 
(Eg~1.45pm) 
/InP (n-type)

NS 1216Â±15Â/13
48Â±18Â
(measured)

1.55pm 45 -100%

Kowalsky 
et al 1991

AlogGa 4211153/
A14gIn52As

3.5/3.2 1100Â/1200Â -1.52pm 5 70%

“ “ “ “ 10 83%
“ “ “ 20 96%
“ “ “ 1.65pm 30 >99%

Lambert et 
al 1994

Al28Ga.72Sb/
AlSb

3.7/3.2 1047Â/1209Â 1.55pm 10 97%

Shimomura 
et al 1994

GaPSb/AIPSb 3.579/3.03
7

1082Â/1267Â 1.55pm 8 84%

Figure 3B.10. Literature survey o f  1.55urn B rass stacks.

Figijre 3B.11, which plots the reflectance reported in the survey against the number o f  

periods used, shows that the stacks reported generally have a refractive index difference 

of between 0.2 and 0.3. (The modelled data of reflectance for increasing refractive index 

difference is indicated by the coloured lines, and show the reflectance against number of  

periods for refractive index differences o f 0.1, 0.2, 0.3, 0.4 and 0.5).
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F'mure 3H. 11. Reflectance versus number of periods for D/iRs reported in the literature.

T he su i^ey  show s that m ost o f  the research  carried ou t so far into 1.55pm  stacks has 

involved GaxIni.xASyPi.y, and also im plies that fo r m ost system s the refractive index 

difference obtainable will be betw een 0 2 and 0 3, w ith the exception o f  the  w ork 

rep o rted  in this thesis, that by D eppe et al, and for stacks using an tim onide based 

m aterials

Since m ost au tho rs show  a refractive index difference o f  0 2 to  0.3 for Gaxln,.xAsyP|.y, 

this w ould  give the quaternary  m aterial index as betw een  3 37 and 3 47, slightly low er 

than that suggested  by the data  sum m arised in figure 3 B 6 F or the ( AlyGai.y).4 7 Ïn .5 3 As 

contain ing  stacks the refractive index difference looks to  be closer to  0 3 In the  w ork 

rep o rted  by M oseley et al an alum inium  con ten t o f  around  14% has been used, w ith InP 

as the  low  index layer T he 95%  reflectance ob tained  suggests a re frac tive index 

difference o f  0.25 and hence a quaternary  m aterial index o f  3 42, in agreem ent w ith the 

values m easured by M ondry et al K ow alsky et ai use a low er alum inium  concen tra tion  

and AI 4 fiIn,5 2 As as the low  index layers. T he reflectance values repo rted  by these  au tho rs 

w ould  then imply a quaternary  m aterial index o f  a round  3.5 These values confirm  an 

index o f  betw een 3 4 and 3.6 for (AlyGa,.y).4 7 ln . 5 3 As, depending on the alum inium
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concentration, but for around 1 0 %, as we might be able to achieve in this work, a value 

between 3.42 and 3.5 might be expected.

It was discussed in section 313.1.1 that the highest index material would be GaxIni.xAs, 

but we also said that this material would be absorbing at 1.5pm when lattice matched to 

InP. Deppe et al use this ternary material in stacks with a Bragg wavelength around 

1.65 pm, where the absorption would be reduced, and we can see that this material does 

indeed provide a large refractive index difference o f about 0.4. In the next section we 

will discuss the effects of n-type doping, with a view to extending the work o f Deppe et 

al and reducing the absorption in GaxIni.xAs at 1.55pm by the addition o f dopants.

3B.3. Effects of doping

Doping can have the effect o f decreasing the absorption at the band edge, and shifting 

the effective band edge to shorter wavelengths. This occurs because as dopants are 

added, the probabihty that the lower energy states in the conduction band will be 

occupied increases, and hence the probabilities o f transitions to these states decreases. 

This effect is termed band filling, and the corresponding shift in the band edge is the well 

known Burnstein-Moss shift (see, for example, Abram et al [Abram 1978]). The 

reduced absorption with doping can be expressed as:

a(E) = ao(E)[l-fe(Ee)]. 19

Where Oo(E) is the intrinsic absorption of the semiconductor, and fe(Ec) is the 

probability that a conduction band energy Ec will be occupied and is given by:

f;(Ec) = [l+exp((Ec-EF)/kT)]-'. 20

Where k is Boltzman’s constant, and Ep is the Fermi energy, which will depend on the 

doping density.

Other effects o f doping, such as band gap shrinkage, may mitigate against the band 

filling effect. However, in III-V materials the band gap shrinkage is small, and 

proportional to the cube root o f the doping density, whereas the band edge shift due to 

band filling is proportional to the doping density to the power 2/3 .
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The band filling effect can be expressed via the density o f states, whence we can 

consider the amount of electrons, that is the doping density, n, required to fill the 

conduction band to an energy, E, above the band gap energy. So the shift in band edge, 

AE, due to band filling, for a degenerate bulk semiconductor can be written:

AE =
2 m e

21

Where m*e is the effective mass. The effect is more apparent in smaller band gap 

materials with a lower density of states, and there is more effect with n than p-type 

doping due to the lower density of states in the conduction band, (see, for example, 

Bennet et al [Rennet 1990]).

In figure 3B.12 we report some of the work that has been carried on the effects on 

doping on the optical properties of III-V semiconductors.

InSb GaAs InP GalnAsP
Bumstein, 1954 
Calculate the change in 
band gap due to band 
to be 0.23eV 5E18cm'^

Zoroofchi 1973,
Show 0.9% change in 
refractive index when 
n-type doping levels 
are increased to 6E18 
cm^

Stone 1982,
Measure a reduction in 
refractive index at the 
band edge as doping 
levels are increased

Dutta 1980, calculate a  
as fimction of doping, 
report an order of 
magnitude change in 
absorption as n-type 
doping increased to 
8E18 cm^ , but less 
than an order of 
magnitude change in a  
for the same levels of 
p-type doping

Hrostowski 1954, Show 
through transmission 
experiments a shift in 
band edge from 8pm to 
3 pm as doping 
changed from 5E15cm 
 ̂to IE 19 cm ^

Sell 1974,
Also look at refractive 
index and show similar 
changes to Zoroofchi.

Whalen 1982, Show 
that n increases at 
doping levels above 
IE 18 cm"̂  for energies 
greater than the band 
edge, but reduces for 
longer wavelengths

Beaumont 1983,
Report a shift in PL 
peak intensity It 1.8K 
from 1.2eV to 1.3eV as 
n-type doping changed 
from 3.8E18 cm‘̂  to 
5E19 cm ̂

Casey 1976,compare 
calculated band edge 
with e?q)erimental data, 
demonstrate up to an 
order of magnitude 
reduction in a  when n- 
type doping levels are 
6.7E18 cm ^

Bugalski 1985,
Show that absorption 
at the band edge is 
decreased by an order 
of magnitude as doping 
levels are increased to 
IE 19 cm ̂

Figure 3B.12. Tabulated summary o f  work carried out on effects o f  dopins in materials o f  interest
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We can see that many authors have demonstrated that n-type doping will result in a net 

shift of the band edge to shorter wavelengths. A 5 pm shift of the band edge is reported 

in InSb at doping concentrations of IxlO^^cm’̂ . Many authors report an order of 

magnitude reduction in absorption with doping, at concentrations o f 6.7x1 Ô ĉm'̂ , Ix 

lO^ ĉm’̂  and SxlO^̂ cm'̂  in GaAs, InP and GaxIni-xAsyPi-y respectively. Doping also 

appears to have an effect on the refractive index, with a reduction in the index being 

reported at wavelengths greater than the band edge. In the work of Deppe et al on 

Ga.4 7 In.5 3 As mirrors, (see fig 3B.10) transmission curves are also shown which 

demonstrate a ISOnm shift on the band edge as the doping is increased from 4xl0^*cm'  ̂

to TxlO^ ĉm'^

3B.4. Summary.

We have seen that in deciding on quaternary material compositions a pair of 

simultaneous equations can be generated which relate the composition to the lattice 

constant and the band gap. For Ga Îni.xASyPi.y this gives you that y=0.42x/(0.19+0.01x) 

and that y<0.859 and suggests around 80% arsenic content. For (AlyGai.y).4 7 ln.5 3 As we 

similarly obtained that x=0.19/(0.1-O.Oly) and x>0.44//( 1.6y+1.07), and found that 

about 5% aluminium content is required. For the ternary materials the lattice match 

condition alone provides the material composition. We also saw that precise knowledge 

of the refractive index is limited, with only a few values reported in the literature, which 

are not necessarily in agreement with each other, and perhaps not reported at 1.55 pm. 

In this work we have chosen to use the binary values quoted by Palik, interpolating them 

to 1.55pm when not specified at this wavelength. For Al.4 8 ln.5 2 As we have used 3.2 and 

3.6 for Ga.4 7 In.5 3 As. For (AlyGai.y).4 7 ln.5 3 As there is the data reported by Mondry which 

suggests 3.5 to 3.6 for low aluminium concentrations, but it should be noted that the 

aluminium concentrations of the quaternary measured by Mondry did not fall below 

14%, so that the value of this data for lower aluminium fractions is not known. For 

GaxIni-xAsyPi-y the various reports in the literature suggest values from 3.45 to 3.53, but 

as we shall see in section 3.10, there may also be some evidence to suggest lower 

values. Due to the paucity of information, and its general lack of consistency, in this 

work we decided, as an initial estimate to interpolate the refractive indices of the

106



Chapter 3B ; Distributed Bragg Reflector Stacks; Materials.

quaternary materials, and to use our own reflectance spectra to confirm the values we 

had obtained.

The literature survey tabulated in figure 3B.10 implies that many of the material 

available combinations for 1.55 pm DBRs will provide a similar refractive index 

difference, o f 0.2 to 0.3. Most o f the materials surveyed were n-doped or undoped, few 

used a p-type dopant, as you would expect to find in the front reflector of a Fabry-Pérot 

modulator. The survey suggested a refi-active index o f around 3.42 for GaxIni.xAsyPi.y 

at the composition we would choose to use in 1.55 pm stacks, and that the index of 

(AlyGai-y).4 7 ln.5 3 As would be slightly higher, at between 3.42 and 3.5. The survey also 

demonstrated that if the ternary material Ga.4 7In.5 3As could be used, a larger refractive 

index difference could be achieved, but this was only possible at greater than 1.55 pm, 

due to the absorption o f this material at the wavelength o f interest. It was explained in 

section 3B.3 that n-type doping will shift the band edge o f a semiconductor to shorter 

wavelengths, and figure 3B.12 summarised some o f the work reported in the literature 

concerning this effect. It was seen that doping concentrations of the order we would 

expect to see in the back mirror o f the modulator have been reported to have a 

noticeable effect on the absorption of GaAs, InP and GaxIni.xAsyPi.y, and transmission 

curves shown by Deppe et al reporting a band edge shift o f 150nm in Ga.4 7 In.5 3As at 

similar doping concentrations.

107



Chapter 4 ; Design, Growth and Analysis of Distributed Bragg Reflector Stacks.

Chapter 4 : Design, Growth and Analysis of Distributed Bragg Reflector 

Stacks.

4.1 Introduction. 109

4.2. D BR Designs. 110

4.3 Growth. 113

4.4. Reflectance Measurements - Experimental Set~Up. 114

4.4.1 M S38: Reflectance Spectra 117

4.4.2. M662: Reflectance Spectra 123

4.4.3. M569:Reflectance Spectra. 125

4.4.4. M6S2: Reflectan ce Spectra 128

4.4.5. M 787: Reflectance Spectra. 130

4.4.6. M788. Reflectance Spectra 131

4.4.7. M930. Reflectance Spectra 132

4.4.8. Doping O f Bulk Ga^jInssAs. 133

4.5. Summary 136

4.6. Conclusions 139

4.7. Future Work. 140

108



Chapter 4 : Design, Growth and Analysis of Distributed Bragg Reflector Stacks.

Chapter 4: Design, Growth and Analysis of Distributed Bragg Reflector 

Stacks.

4.1 Introduction.

We have seen in chapter 3B that many of the stacks reported in the literature provided a 

similar refractive index difference, and some of this work was involved in confirming this. 

However, since most o f the stacks reported used n-type dopants, or were undoped, some of 

the stacks we have investigated used p-type dopants, since these simulate the front reflector 

of the Fabry-Pérot modulator. In all cases beryllium was used as the p-type dopant.

We also discussed the possible increase in reflectance that might be obtained if  the ternary 

material Ga^vIn.ssAs could be used. It was seen than n-type doping will shift the band edge 

o f a semiconductor to shorter wavelengths, we would like to know if we can shift the band 

edge o f Ga.47In.53As sufficiently, so that it is no longer absorbing at 1.55 pm. In this way we 

would be able to avoid the use o f quaternary materials in at least one o f the stacks in the 

modulator, and possibly obtain a higher refractive index difference between the layers. Since 

the back mirror requires the highest reflectance, and hence greater number o f  layers, we 

would be interested both in reducing the number o f  layers, and using a ternary material 

over the long growth times required for the larger back mirror. Moreover, since the back 

mirror must be n-doped anyway, since the modulator is a p-i-n diode, the effects o f  the sort 

o f n-type doping levels to be used are o f interest. We also decided, therefore, to study n- 

doped Ga.47In.53As stacks. Silicon was used as the n-type dopant.

We also designed some stacks in which the ternary/ternary combination of GaxIni.xAs/ Alx 

Ini-xAs was used, however, neither material was lattice matched to InP. Instead the gallium 

and aluminium contents were reduced. In this wa we thought to decrease the absorption in 

the GaxIni.xAs, since as the gallium content increases, the band gap increases, as discussed 

in chapter three, section 3B.1.1. The strained stack designs are described first in the next
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section, followed by the remaining p-doped Bragg reflectors, and finally the n-doped stack 

designs are shown.

In the design of the stacks we used linearly interpolated values for the refractive indices, as 

discussed in chapter three, section 3B.4, and any reduction in the refractive index due to 

doping was not included in the original estimate. We were therefore expecting the 

calculated and measured spectra to differ, but we planned to use the peak reflectance and 

pass band width to calculate the actual indices, or index difference, to be found in our 

stacks.

Subsequently in this chapter we will present results of optical characterisation o f the DBRs 

we have studied in this work. These experiments basically consist of reflectance 

measurements on the stacks, as well as some transmission measurements on n-doped bulk 

Ga.47In.53As in order to determine the extent of any band edge shift. We will also discuss in 

this chapter some aspects of the growth, in order to more clearly understand some features 

of the reflectance spectra.

4.2. DBR designs.

M 538. This design consisted o f 12 periods of 

Ga.63In.37As/Al.65In.35As on a graded buffer 

and using an InP substrate. The stack is 

strained with respect to the substrate, 

however the graded buffer, which is made up 

o f  GaxIni-xAs layers in which the

Ga.63In.37As t =1130Â, n^ 3.43
Al.65In.35As t = 1240Â, n=

} x l 2Ga.63In.37As t =1130Â, n^ 3.43
graded layer buffer

InP semi insulating substrate

Figure 4.1. Schematic o f M538.

concentration is gradually altered from Ga.47In.53As to Ga.63In.37As. By doing this we hoped 

that any dislocations would occur in the buffer, and so not risk reducing the reflectance as a 

result of their occurance within the stack. However, it actually appeared that the wafer 

was bowed, indicating that the buffer has not completely relaxed. The intention was 

to use mismatched material compositions to increase the refractive index difference between
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the two ternaries, and to increase the band gap of the GaxIni-xAs; because as the gallium and 

aluminium content increases the refractive index difference will tend from around 0.4 

(roughly the value when both materials are matched to InP), to 0.63 (the difference for 

GaAs and AlAs) Similarly, the band gap of the GaxIni.xAs tends from 0.75 (for a lattice 

match) to that o f GaAs. The structure was doped p-type at around 3xl0^^cm' .̂

M662; This mirror was a repeat o f M538, but using 20 periods. We felt it may be 

interesting to look at the effects of the strain when the mirror used 2 0  periods since a back 

reflector would need a much greater number of periods to achieve the higher reflectance 

values required.

A1 osGa.sgIn 53AS t — 1133Â n —
Al4glii52As t —121 lA n — 3.2
A108GÜ.39I1153AS t — 1133Â n —
A108Ga.39lii53As buffer

InP semi insulating substrate

} x l 2

Figure 4.2. Schematic o f  M569.

M569: This was an aluminium based design using quaternary (AlyGai.y)xIni.xAs and 

Al.48ln.52As, both materials were lattice 

matched to InP and the stack doped p- 

type at around 3xlO^*cm' .̂ The idea in 

this stack is to attempt to keep the 

aluminium content in the quaternary as 

low as possible, so that the refractive 

index stays as close to that of Ga.47In.53As as possible (around 3.6, as discussed in chapter 

3B), whilst the band gap is increased sufficiently that the material is no longer absorbing. It 

was felt that the grov^h of less than 8 % aluminium would be difficult to control (see section 

4.3). Again, this stack used 12 periods. We generally used 12 periods in the p-type stacks 

since the idea was that these would form the top mirror o f the modulator, and so reflectance 

of below 90% would probably be required. We used the linear interpolated value of 3.42 for 

the refractive index of the quaternary material, Mondry et al suggest a value closer to 3.5. 

The higher index value would result in our stack showing a shift in the reflectance peak to 

around 1.58 pm.

I l l



Chapter 4 ; Design, Growth and Analysis of Distributed Bragg Reflector Stacks.

M682; This mirror stack was designed using phosphide based materials and again had 1 2  

periods and was p-doped at nominally 

3xlO^*cm' .̂ An empirical formula, and 

reported stacks in this material, suggest a 

refractive index value between 3.37 and 

3.47 for the quaternary material (see 

chapter 3B), in which case the design 

layer thickness will correspond to a peak 

reflectance of between 1.54pm and 1.586pm.

Ga 3 5 I11 6 sAs 7 5 ? 251 ~ 1143 À n — 3.4

InP t = 1222Ân = 3.17
}  X  12Ga3 5 ln 6 5 AS7 5 P 2 5  t = 1143Â n = 3.4

InP buffer

InP semi insulating substrate

Figure 4.3. Schematic o f M682.

M787; This was the first trial on an n-doped 

mirror stack. In this stack we used 20 

periods and doping levels of nominally 

IxlO^ ĉm'  ̂ using silicon as the dopant. The 

refractive index o f 3.6 was taken from 

Nojima et al (see chapter 3), and applies to 

undoped GaxIni.xAs.

G a .4 7 l n  5 3 A S t = 1076Â n = 3.6
InP t = 1222Ân 3.17

G a .4 7 l n  5 3 A S t = 1076Â n = 3.6 } x 2 0
InP buffer

InP n-H- substrate

Figure 4.4. Schematic o f  M 787.

M788: In this second n-doped stack we just increased the doping level to IxlO^ ĉm' .̂ In all 

other respects it was identical to M787. This was necessary since we wanted to check the 

level o f doping required to reduce the absorption in the Ga^vIn.ssAs. The same refractive 

indices were used in the design, but the higher doping concentrations might be expected to 

make a greater impact on the reduction of the refractive index.

M930. This is again an n-doped stack, but using 

aluminium based materials. We used a doping 

level of nominally 5xlO^*cm‘̂  and 2 1  periods. 

Refractive indices for the two ternary 

compounds were again taken from Nojima et al.

Ga. 47ln 5 3 A S t=1076Â n= 3.6
}x21A1.48ln52As t = 1211À n = 3.2

Ga Alin 5 3  As buffer
InP buffer

InP n++ substrate

Figure 4.5. Schematic o f M930.
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4.3 Growth.

In this section we will discuss briefly some aspects o f the molecular beam epitaxy (MBE) 

growth as they relate to our work. In other words, the sort of problems and errors we 

would expect to encounter in our particular growth system. All our materials were grown 

by Dr. Mark Hopkinson at Sheffield EPSRC III-V semiconductor facility using solid source 

MBE.

One important factor in DBR design is the layer thickness. We have already said that these 

are subject to error because we do not accurately know the refractive index of the materials. 

For example, an error o f 0.1 in the refractive index would translate to a layer thickness error 

of 3%. In addition to this, the nature of the growth and growth calibration process will 

introduce additional errors. The layer thickness calibration measurements (RHEED), are 

subject to 1-2% error in the case of binary materials and up to 4% in the case of 

quaternaries. This problem may be compounded by the flux transients which occur when the 

source cells are opened. In other words, when the cell shutter is opened, the cell initially 

cools down, regaining its temperature only after 3 or 4 minutes. Since the calibration 

measurements are carried out during this transient phase, when the growth rates are slower, 

a faster growth rate will be estimated as being required in order to compensate for this 

effect. The end result being that an over correction will lead to thinner layers being too thin, 

but the effect canceling out in thicker layers, and hence the thicker layers being fairly 

accurate. This effect will be more apparent in the aluminium layers, since aluminium 

requires much higher ce_\\ temperatures ( 1 2 0 0 °C), and the flux transients may increase 

the error in the aluminium containing quaternary layers to up to 6 %. Generally growth 

rates are between 3Âs'  ̂and 6 Âs'  ̂with substrate temperatures between 4G0°C and 500°C.

Another factor o f the growth can be a layer thickness gradient occurring across a wafer due 

to the source cell geometry and the position of the cells within the MBE machine, resulting 

in more material being incident upon certain areas o f the wafer, and leading to an 8-9% 

difference in aluminium composition across the wafer. We see this effect in some of the
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results presented in this chapter, and we expected this to be more apparent in the older 

samples, before a new aluminium crucible design was added to the machine. Some of the 

material systems we have used can present additional problems as regards compositional 

control due to the number of source cells available on this machine. The alloy composition 

is controlled by the relative fluxes o f the constituent elements of which it is composed. So 

that Al.48ln.52As for example will have very similar aluminium and indium fluxes. However, 

(AlyGai-y).47ln.53As, where a low aluminium content is required, as is the case in these 

mirror stacks, will require a lower aluminium flux than A l . 4 8 l n . 5 2 A s .  This can present 

complications in the growth o f (AlyGai-y).47ln.53As/AJ.48ln.52As if only one aluminium source 

cell is available. Since this is the case on the machine used, some errors were expected in 

the composition o f this system. Similar considerations would arise in the growth of a system 

such as GaxIni-xASyPi.y / GaxIni.xAsyPi.y.

We can see that the sort of DBR designs we wish to use for 1.55 pm stacks are demanding 

in terms of growth. The quaternary materials present problems in layer thickness calibration, 

the pair of materials used in a stack can be problematic in terms o f the number of source 

cells available. Aluminium itself is difficult due to its high flux transients. Once the materials 

are grown, it is difficult to know what exactly has been deposited. Photoluminescence might 

confirm the band gap, but not the composition, unless the lattice constant is also known x- 

ray analysis could be used to confirm lattice matching, but detailed x-ray analysis was not 

available at Sheffield, and the determination of band gap as a function of composition is not 

straightforward (as discussed in chapter 2 ).

4.4. Reflectance measurements - experimental set-up.

In order to measure the reflectance, chopped light from a quartz halogen lamp was passed 

through a monochromator and focused onto the mirror. The reflected light was taken via a 

beamsplitter to a germanium detector, the output of which was measured by a lock-in 

amplifier, The apparatus is shown schematically in figure 4.6.
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beam
splitter^

0 0
sample lenses

germanium
detector

0 0 « 
y

filter

monochromator

light 
source

chopper

Mock in amplifier chop)tei
driver

-  rc

power
supply

Figure -4.6. Experimental set-up for reflectance measurements.

The light is focused by the lenses onto the sample and detector, and the signal maximised by 

observing the lock in reading as the sample, lenses, beam splitter and detector positions 

along with the chopping frequency are adjusted. In order to normalise the reflectance 

reading, a reflectance scan o f a gold sample would be taken Gold is used since the 

reflectance changes by only a very small amount over the wavelength range o f interest, as 

shown in the graph below

0 985

0 980

0 «780 975

0 970

0 965

Figure V. 7. Reflectance o f gold in the infrared region.
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Between 1.265pm and 5pm the reflectance changes by 0.007%, and between 1.3pm and 

1.8pm by only 0.001%. The gold films did need to be freshly deposited however, since they 

did appear to degrade with time, presumably due to dust and dirt deposits on the surface, 

and due to damage of the films. For example gold slides that were a few months old 

produced up to 30% lower reflectance than newly deposited samples.

When taking readings there are several areas in which we can attempt to minimise errors. 

We would like the spot size of the beam falling on the sample and the gold to be equal, any 

change in the spot size will alter the output from the detector. It is therefore necessary to 

attempt to place the sample and the gold coated slide in the same position, that is, the same 

distance from the source. One way this can be almost achieved is by mounting a piece of the 

wafer to be measured onto a slide which is also partially coated with gold. In this way, by 

altering the lateral position of the slide only, we can ensure the beam falls either on the 

sample or the gold. If the sample is removed from a holder, and replaced with the gold, then 

the same mounts and holders can be used so that both materials are the same distance from 

the source.

We would ideally like the sample, gold, detector, and other optical components to all be 

exactly perpendicular to the beam, with the beam splitter at 45°. If this is the case, the 

alignment of the beam onto the sample, and of the reflected light onto the detector is 

simplified. If the light incidence is not normal then the reflected beam position on the 

detector will be different when the reflectance for the sample and the gold is measured, and 

hence the output will vary accordingly. It is possible to remaximise by adjusting the 

detector and/or sample position between reflectance scans : However, this situation is to be 

avoided since it causes loops where the reading is continuously remaximised. However, it is 

difficult to ensure that the components and sample(gold) are perpendicular to the beam, 

since our positioners do not allow this. Additionally, it is also difficult to affix the sample to 

a slide in such a way as to ensure it is flat.
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As an example of the errors which can occur, we have measured the signal reflected from a 

gold slide as the position of the slide is altered. We found that 1mm of forward movement 

could change the output by up to 2.6%, whilst a rotation of 1/3° can translate into up to 

4% change in the lock-in output. A change in the azimuth angle of less than 1/6° can cause 

up to 9% change in output. It is also noticeable that if the sample is tilted and the lock-in 

reading therefore reduced, the adjustment of the detector position alone will not restore the 

output to its original value, and hence relying on the detector positioning alone as a means 

of maximisation is not sufficient. The position of the detector is also critical, since 1mm of 

movement in the direction o f the beam can change the output by 2.4%, and 1mm of 

movement up or down can change the output by 1 1 .2 %.

More errors can be introduced by the opto-mechanical components, such as the lens 

holders, which can move slightly on the optical rails, and change the output by up to 2 0 %. 

It is important to ensure the signal is as large as possible, for example by reducing the 

amount of light scattered by having a narrowly focused beam, since then small errors can be 

negligible. It is also possible to saturate the germaniun detector, and obtain what appears to 

be a low reading, whereas in fact if the monochromator slit size in reduced, the lock in 

reading increases.

4.4.1 M538: Reflectance spectra.

The stacks were designed using refractive indices o f 3.43 and 3.126, obtained by linear 

interpolation of the binaries, however, linear interpolation from the ternaries would give 

3.45 and.3.01. The former indices give a peak reflectance of 87% with a pass band width of 

210nm, whilst the latter shows a peak reflectance of 96% with a pass band width' of 

260nm. The measured results across the wafer are shown in the following figures.

 ̂ As discussed in chapter 3, pass band width refers to distance between minima either side of Bragg 
wavelength.
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T he peak reflectance o f  M 538 varies from  82%  at 1 .57pm  at the w afer cen tre  to  60%  at 

1.525pm  at the  edges It w ould  appear at first g lance that a thinning o f  the layers o f  the 

stack and a change in m aterial com position  are causing the  shift in w avelength  o f  the 

reflectance m axim um , and also its reducing  value W e w ould  usually expect a change in the 

B ragg  w avelength  across the w afer, since a variation in flux leads to  a reduction  in layer 

th ickness, bu t such a m arked reduction  in the reflectance value w ould imply a large change 

in m aterial com position , w hich w ould be unlikely W e m ight therefo re  conclude that the 

reduction  in peak reflectance is e ither an experim ental erro r, and /o r w afer bow ing. At the 

tim e these  scans w here taken  there  w as no w ay to  adjust the tilt o f  the sam ple and w e have 

scon th is can lead to  very large erro rs  Also that the  ad justm ent o f  the ro ta tion  angle w as
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very crude. Added to this the effect introduced due to the bowing o f the wafer, and it can 

be seen that we could expect these results to be subject to large errors. However, scans 

repeated on the cleaved wafer some time later when the tilt and rotation could be maximised 

show the same reduction in reflectance at the edges.

08

0 7

0 6

0 5

0 4

0 3

0 2

1660 17001300 1360 1400 1450 1560 1600

Figure 4.12. Repeated reflectance scans of M538

If we normalise the scans as shown in the figure below, we can see that the pass band width 

is reduced by about 20nm at the wafer edges.

08

pass band width at centre 
25.1nm

pass band width at edge 
2.1 .*«11111

Fiaure 4.13. M53S. Normalised reflectance spectra across the n'ofer.
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At first glance w e m ight think th a t this reduction  in pass band w idth  im plied a reduced  

refractive index difference, and hence accoun ted  for the  reduction  in reflectance. H ow ever, 

w hen w e m odel the  results, and also include the  effect on  the pass band  w id th  o f  the 

reduction  in w avelength, w e can see that to  ob tain  th e  observed  reduction  o f  around  20nm , 

w e m ust m aintain the  sam e refractive index difference at the  cen tre  as the edges, and should 

th ere fo re  see the  sam e peak  reflectance.

1.0
n1^.48, n 2 = 3 .1 1 v # \^  

2Ê 1.586jjmand 1.S25fm

0.8

0.6

0.2

leSOnm 172Snm1472nm1415nm

1.45 1.50 1.55 1.60 1.85 1.70 1.75
VÆtuelength(nm)

Fieure 4.N. Modelled spectra o f M538 wafer centre and edges.

It is possible that the  reflectance could  be reduced  due to  scattering, and this w afer did have 

a surface m orphology that w as poor, as show n in the  SEM  picture show n below . It also 

appeared  milky to  the  eye. H ow ever, w he ther th e  m orpho logy  w as p o o re r at the  w afer 

edges, leading to  reduced  reflectance in that area w ould  be difficult to  say.
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Figure 4.15. SEM picture o f M538.
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It is possib le th a t the  reduction  in reflectance is due to  abso rp tion  A bsorp tion  in th e  G ayln,. 

xAs m ight o ccu r if  the gallium  content w as reduced  to  around  57% . T he band edge w ould  

then o ccu r at 1 5pm  If  w e look at the transm ittance o f  a section o f  the w afer, w e can see 

that som e absorp tion  may be occurring

reflectance

transmittance

1400 1500 1600 1700 18001300

wavBlength(nm)

Fisure -4.16. Transmittance and reflectance o f a section o f M53H.

T he dam ped transm ittance on the sho rter w avelength  side o f  the  B ragg  w avelength  

indicates som e absorp tion  is occurring. I f  w e m odel the spec tra  at the cen tre  and edges o f  

the w afer using refractive indices o f  3 .48 and 3 .11 and including absorp tion , w e can see that 

absorp tion  values o f  4 0 0 0 cm '’ and 12000cm  ’ w ould  reduce the peak reflectance values to  

82%  and 60%  respectively
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Fisures 4.17. and 4. IH. M53H Modelled spectrum at wafer centre and edses, includins absorption.
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Since the absorp tion  w ould  be d ropping  o ff  as the w avelength  increases, w e w ould expect 

to  see a m ixture o f  the tw o  spec tra  w ith and w ithou t absorp tion , lending an asym m etry to  

the  m easured  reflectance. O ur resu lts do show  an asym m etry and hence add w eight to  the 

argum ent that absorp tion  is occurring  in this stack.

4.4.2. M662: Reflectance spectra
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Figure -4.19. M662. Reflectance spectra across the wafer

In this second strained D B R  w ith 20 periods ra ther than  12, w e see a g rea ter peak 

reflectance o f  95%  occurring at 1 .68pm  at the w afer cen tre  and 91%  at 1.6pm  at the edges. 

As w ith the previous strained stack w e see a reduction  in the value o f  the peak reflectance

at the w afer edges.

ni=3.47 ni=.3.14 with 
Imax at 1.68nm  and 
1.6 pun
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Fif'iire 4.20. M662 Modelled spectra for n’afer centre and edges.
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In order to obtain a pass band width close to that which was measured, we have to use a 

slightly lower refractive index difference than was used in modelling M538, which could be 

a result of slightly different alloy compositions in this stack But again the same refractive 

index difference gives the slightly smaller pass band width seen at the wafer edges, and 

implies a peak reflectance of greater than 98% should have been measured across the wafer

There is not as marked a reduction in the peak reflectance in this sample, and could be due 

to absorption values of 1 0 0 0 cm ' at the wafer centre and 2 0 0 0 cm'‘ at the edges

0.9
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wavelength(nm)
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Fiffure 4.21. M662 modelled spectra at u'afcr centre and ed^cs with and n'ithout absorption.

If we are suggesting that the refractive index difference is less in these materials, then we 

are also implying that the gallium and/or aluminium contents may be reduced, which would 

mean that that the band gap of the Ga 4?fn $iAs should be approaching 0 8 eV, or 1.55pm, 

and that we might therefore expect to see a greater reduction in reflectance due to 

absorption However, since the peak reflectance in this stack occurs at 1.6 pm at the wafer 

edges, and at 1 6 8 pm at the wafer centre any effects due to absorption at 0 8 eV can be 

expected to be less noticeable at these wavelengths
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4.4.3. M569 : Reflectance spectra.

The stacks were designed using refractive indices o f 3.42 and 3.2 with 12 periods. This 

results in a peak reflectance of 79% at 1 55pm. The measured results for reflectance scans 

across the wafer are shown below
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t3BD1Œ1®-HDTO-HBfff iOT-raD
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Figure 4.22. M569 Reflectance at the wafer 
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Fieu re 4.23. M569 Reflectance off-centre
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Fleure 4.24. M569. Measured spectra near 

the wafer edees.

Fleure 4.25. M569. Measured 

spectrum at the wafer edee.
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Figure 4.26. M569. Reflectance spectra across the wafer

The m easured spectra  show  a decrease in the B ragg  w avelength  from  I 62pm  at the w afer 

cen tre  to  I 56pm  at the edges, accom panied by an increase in the peak reflectance from  

74%  to  90%  Again the decrease in B ragg  w avelength  is accoun ted  for by the expected  

reduction in the layer th icknesses H ow ever, the increase in reflectance w ould  imply an 

increase in refractive index difference, possibly due to  a change in m aterial com position  If  

this is occurring, it w ould probably be due to  a decrease in alum inium  conten t o f  the 

quaternary  layers As w as discussed in section 4 .3 . an alum inium  flux variation across the 

w afer is not unexpected A decrease in alum inium  con ten t w ould  transla te  to  an increase in 

the refractive index o f  the m aterial

The norm alised spectra, show n in figure 4 .27 , show s the 

cen tre  and edges o f  the w afer to  be 2 1 5nm

pass band w idths at bo th  the
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Fieure 4.27. M569 Normalised Spectra.

If we model these results, then in order to maintain the same width we must increase the 

refractive index difference at the wafer edges, resulting in an increased reflectance.
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Fieure 4.28. Modelled spectra at wafer centre and edees for M569
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We can see that the spectra modelled using refractive indices of 3.42 and 3.46 for the 

quaternary at the centre and edges respectively, and 3.2 for the Al.48ln.52As represent fairly 

accurately our measured results. If we compare the quaternary indices with the data 

measured by Mondry et al, we can also see that the change in index could be a result o f the 

dispersion of the refractive index between 1.56|im and 1 .62pm for a quaternary with 14% 

aluminium. If the aluminium content is as high as 14%, then concentrations of half this 

amount would result in an increase refractive index difference for these materials.

4.4.4. M682: Reflectance spectra
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Fieure 4.29. M682. Reflectance spectra across the wafer

This phosphorous based quaternary/binary stack shows very little shift in peak reflectance 

across the wafer, and only a few percent change in its value. The central area of the wafer 

gives a peak reflectance at around 1.59pm, whilst the edges give the peak value at 1.54pm 

Both the centre and edges of the wafer demonstrate reflectance values around 80%. The 

reflectance measured at the edges varying between 79% and 83%, and that at the centre 

between 79% and 8 1 % -This variation could easily be attributable to experimental error, 

and it is therefore possible that the actual reflectance is constant across the wafer. We can

128



Chapter 4 : Design, Growth and Analysis of Distributed Bragg Reflector Stacks.

model the measured spectra if we use refractive indices of 3.42 for the quaternary and 3.17 

for the InP at the wafer edges and centre, as shown in figure 4.30.

n1=3.42, n1=<3.17, with 
1.6tm and ^.^5^XT

0.8

0.6

0.4

Q2
1450nm 1i

1.501.45 1.60 1.651.40 1.70 1.75

Fieure 4.30. Modelled spectra for M682.

Since the value o f 3.17 is generally used for the refractive index of InP, we can conclude 

based on this that we have a refi-active index of 3.42 for the quaternary material in this 

stack. Experimental and theoretical calculation of the lattice constant of GaxIni.xAsyPi.y at 

1.55pm (see chapter 3) suggests that for a refractive index of 3.42 the arsenic composition 

could be as low as 50% or as high as 80%. (See specifically Amiotti et al [Amiotti 1993], 

where a summary o f eight authors shows that seven o f them give an arsenic concentration 

o f between 60% and 80% for a refractive index o f  3.42). However, these results appear to 

confirm our suggestion that this material combination will provide a refractive index 

difference of between 0.2 and 0.3.
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4.4.5. M787: Reflectance spectra.
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Fieure 4.31. 1M7S7. Reflectance spectra across the wafer

This was the first of the doped stacks, in which the nominal doping levels were designed to 

be around l-2 xlO'^cm'\ and measured at around this value, but in fact may have been 

slightly higher (see discussion of results in section 4 5). Peak reflectances o f 98% were 

measured occurring at 1 58pm at the wafer centre and 1 56pm at the wafer edges The 

measured results can be modelled very accurately if we use a refr active index of 3 5 for the 

ternary layer and 3 17 for the InP, as shown below.
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Figure 4.32. M7H7 Modelled spectra at wafer centre and edees.
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If we again use the value of 3,17 for InP, we can conclude that the doped Ga^In 53AS has a 

refractive index of 3 5 It is interesting to notice the slight damping of the side bands on the 

shorter wavelength side of the Bragg peak in the measured results as compared with the 

model, which can be an indication of absorption Although when measuring high 

reflectance values errors can become more pronounced, we can be certain from the width 

of the pass band, and its characteristic flattened peak, that the peak reflectance is going to 

be around 98%.

4.4.6. M788. Reflectance spectra
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Figure 4.33. M7HH Reflectance spectra across the n'afer

In the more highly doped stack, in which doping concentration was designed to be near 

IxlO’̂ cm"'̂  and measured at around SxlO’̂ cm*'̂ , we can see a shift in the Bragg wavelength 

from 1.55pm at the wafer centre to 1.536pm at the edges. The pass band width is slightly 

narrower than M787, and if we use a correspondingly lower refractive index difference we 

can model the measured spectra very accurately, as shown in figure 4.34.
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Figure 43-4. M7HH Modelled spectra for the u'afer educs and centre.

W e can conclude that the higher doped stack has, as w e might expect, (see chapter 3) a 

reduced retractive index in the ternary layer o f  3 48. The slight reduction in the refractive 

index difference translates into less than 1% change in the value o f  the peak reflectance and 

hence is not apparent in our results

4.4.7. M930. Reflectance spectra
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Fijjure 4.35. M930. Reflectance spectra across the wafer.
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In this doped stack we used AU^In 52AS rather than InP, and the measured spectra show a 

slightly lower reflectance of 95%, shifting from 1 585pm at the wafer centre to 1.52pm at 

the edges That the reflectance is slightly lower than either M787 or M788 could be 

attributed to the refractive index of Al48ln.52As, which being greater than that of InP, 

reduces the refractive index difference in this system. However, we notice that the pass 

band width is not narrower, implying a greater refractive index difference We also do not 

observe a sufficient reduction in the pass band width at the wafer edges accompanying the 

shift to shorter wavelengths, and have had to increase the refractive index difference in our 

model to match the pass band widths In modelling these results, shown in figure 4.35, we 

have to use a larger refractive index than we used for M787 and M788 for the Ga.47In.53As 

of 3.59 and 3.2 for the A1.48ln 52As.
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Finure 4.36. M930 Modelled spectra

With the refractive indices of 3.59 and 3.2 used in the model, we should be seeing 99% 

reflectance That we are not, if it is not due to experimental error, could be a result of 

absorption. Absorption coefficients of 1000 cm’’ to 2000cm’’ would reduce the reflectance 

to 95%. We would expect that the absorption would be greater at the wafer edges since the 

reflectance peak is occurring at 1.52pm, however, at 1.59pm we should expect a minimal
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absorp tion , as can be seen from figures 4 .37  and 4 .38 , if  the doping is g rea te r than 1-2 

xlO^^cm'^ T he doping  levels w ere not clear in this stack, the m easurem ents show ing an 

oscillatory behaviour, probably due to  the different ability o f  the  A14 %In 5 2 AS and 

G a 4 7 ln 5 ,^As to  take  up the dopan ts T he average dop ing  concen tration  looked  to  be around 

l - 2 x l 0 ’^ c n r  In which case, som e absorp tion  m ay occur, not only at the w afer edges, but 

also at the w afer cen tre , even though the B ragg w avelength  is longer in this area.

4.4.H. Dopins o f Hulk (ia4~1n ^lAs.

In o rder to  confirm  the reduction  in absorp tion  w ith doping  o f  G a 4 7 ln s.^As w e also looked  

at the  transm ittance  o f  th ree  1 pm  sam ples with different doping  levels T he doping  levels 

w ere m easured by CV  profiling as Ix lO '^ cn f ' and b x lO ’^cm'^ T he resu lts o f  these 

experim ents are  show n in the graphs below
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Fifîure 437. Transmittance o f doped Ga^ln  _^.v.

T he transm ission spectra  show  that the  absorp tion  at 1 55pm  is reduced  w hen n-type 

doping is increased. For doping concen tra tions o f  6 x l0 ’‘̂ cm’'̂  the transm ission o f  1 pm  o f  

Ga 4 7 I 11 S3 As is equal to  lhal o f  an InP SI substra te  at 1 5pm , so that w e w ould  expect that if 

the doping levels in ihc slack arc at least equal to  this value, then absorp tion  for B ragg 

w avelengths g rea te r than 1 5pm  will be minimal For doping  concen tration  o f  around
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the transmission through the Ga.47ln 53As is not approaching a maximum until 

around 1 .6 pm. So that for stacks with low doping levels, absorption will not be as greatly 

reduced at 1.55pm, but if the Bragg wavelength has shifted to longer wavelengths, then the 

effects of absorption may again be negligible.

Below we have plotted the band gap wavelength as a function of doping concentration for 

Ga47ln.53As. The value is simply calculated from the density of states function, but also 

suggests that doping levels of below 5 xlÔ ĉm'̂  would be sufficient to reduce the 

absorption at 1.55pm, which agrees with our transmission curves.
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Figure 4.38. Band gap wavelength as a function of doping concentration.

When considering the effects of doping on the reflectance spectra of the doped Bragg 

stacks we have to remember that as the doping levels are increased the band edge shifts to 

shorter wavelengths and the refractive index is reduced at wavelengths longer than the band 

edge. The higher the doping the greater the reduction in the refractive index. So that while 

a high doped stack will not show a reduced reflectance due to absorption, it may show 

reduced reflectance due to reduced refractive index difference.
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In the case of M787 and M788 then, the reflectance peak at the wafer edges occurs at

1.56pm and 1.54pm respectively. Since no marked reduction in the reflectance is seen to

occur, we can conclude that the band edge must be below these wavelengths in each

sample. The doping levels must be higher in M788 because the peak reflectance at the wafer

edges occurs at a shorter wavelength, and does not show any reduction which could be
are

attributed to absorption. This could mean that the doping level^ similar in both samples, 

however, in M787 a higher refractive index had to be used to accurately model the band 

width, hence implying a lower doping level. In the case of M930, the refractive index of the 

Ga.47In.53As used to model the band width observed in this stack was the highest, implying 

that the doping levels must have been the lowest. We could therefore expect some 

absorption to occur, not only at shorter wavelengths, but even at 1.58pm. However, CV 

measurements suggested similar doping levels in M930 and M787, and both stacks show a 

Bragg wavelength at the wafer centre o f 1.59pm. The fact that we are seeing reduced 

reflectance in M930 at this wavelength would imply that the doping levels in M787 are in 

fact slightly higher.

4.5. Summary

sample Bragg wavelength Peak Reflectance band width An periods

centre edge centre edge centre edge centre edge

M538 1.57pm 1.53pm 82% 60% 253nm 235nm 0.37 0.37 1 2

M569 1.62pm 1.56pm 74% 90% 215nm 215nm 0 . 2 2 0.26 1 2

M662 1 .6 8 pm 1 .6 pm 95% 91% 205nm 170nm 0.33 0.33 2 oys

M682 1.59pm 1.54pm 80% 80% 225nm 2 1 0 nm 0.25 0.25 1214

M787 1.58pm 1.56pm 98% 98% 165nm 162nm 0.33 0.33 2 0 K

M788 1.55pm 1.54pm 98% 98% 159nm 156nm 0.31 0.31 20!4

M930 1.58pm 1.52pm 95% - 95% 175nm 170nm 0.38 0.39 2 1

Fieure 4.39. Tabulated summary o f results.
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We can see that the wavelength of peak reflectance at the wafer centre varies greatly 

between samples, demonstrating the problems both in lack of knowledge o f refractive index 

and growth control. The greatest variation in wavelength across the wafers occurs in the 

aluminium based samples, as was suggested by Sheffield as being due to the aluminium cell 

design on the MBE machine. The least variation being shown in the GaxIni.xAsyPi.y / InP 

stack.

The greatest refractive index difference can be seen to be occurring in the Ga.47In.53As/ 

Al.48ln.52As systems, and was measured as being between 0.33 or 0.37 in the strained 

samples and 0.39 in the doped materials. The (AlyGai.y)xIni.xAs /AlxIni-xAs and the Gaxini. 

xAsyPi.y/InP DBRs demonstrated the smallest re&active index difference. The greatest peak 

reflectance was shown by the more highly doped samples, since although the refractive 

index o f the Ga.47In.53As was reduced, a reduction in the peak reflectance due to absorption 

was eliminated.

Variation in peak reflectance value was seen strongly in the first two 12 period samples. 

This was attributed to absorption at shorter wavelengths in the strained stack, which would 

be introduced if the gallium content were lower than the intended 63%. In M569 we saw an 

increase in reflectance at the wafer edges. Our modelled results suggest an increase in the 

quaternary refractive index from 3.42 to 3.46 from the wafer centre to edges, which would 

imply a change in aluminium concentration or could simply be due to the dispersion of the 

refractive index. We might also infer from the data that the aluminium content o f this wafer 

was above 10%, and possibly as high as 14% or 15%,

The second strained stack appeared to have a lower refractive index difference than the 

first, which could imply that the stack was not as strained in one or both materials. This 

would result in greater absorption at shorter wavelengths, however, since the Bragg 

wavelength was greater in this stack, the effects o f decreased strain may not be apparent in 

the reflectance spectra. The modelled refractive index difference does show that the 

observed peak reflectance should be greater; we also see a reduction in reflectance toward
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the wafer edges, the monotonie decrease of which is indicative of some property of the 

material rather than an error in the measurements themselves, and conclude that some 

absorption was present. The absorption is less than that seen in M538, but that would 

follow since the Bragg wavelength is longer. We saw that a combined refractive index 

difference of 0.33 and absorption coefficients of 1000 cm'̂  and 2000 cm'̂  modelled our 

observed spectra.

M682 was our study o f a phosphorous based quaternary stack and showed a uniform peak 

reflectance across the wafer. If we used 3.17 as the refractive index of InP then the 

quaternary material showed a refractive index of 3.42. Unfortunately, no other data was 

able to suggest exactly what alloy composition this refractive index related to, but a 

summary of the literature shows that the refractive index modelled could correspond to a 

quaternary material composition close to the design value.

The n-doped stacks showed a high refractive index difference, but in the GaxInj.xAs/InP 

stacks, no higher than that seen in our strained stacks. However, the observed peak 

reflectance was greater, which we attributed to lower absorption in the doped materials. 

Unexpectedly, the GaxIni-xAs/AlxIni-xAs stack gave the highest refractive index difference of 

all, implying very little reduction in the Ga^vInjsAs refractive index with doping. We 

decided that this stack must therefore have the lowest doping concentration. We would 

therefore expect that the band edge shift would be less, and some effects due to absorption 

might be observed, and indeed this stack did show a lower peak reflectance than the 

previous two doped DBRs, despite the apparently higher refractive index difference. These 

conclusions are at odds with the CV profiling measurements carried out at Sheffield by 

chemical etching to determine the doping levels, which suggested that the doping level in 

M930 was similar to M787. However, these measurements were not carried out 

consecutively, M930 having been grown some months after M787/8. Our own attempts to 

measure the doping (carried out by Neil Gardener at UCL using the mercury probe 

technique), suggested that M788 had a concentration approaching IxlO^ ĉm' ,̂ the 

concentration in M787 looked to be around 2-4 xlO^^cm’’’. M930 was difficult to measure.
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but many readings gave a high reading at the surface (at least IxlO^ ĉm' )̂, but this value 

reduced to 1 xlO’̂ cm'̂  within a tew tens of angstroms of the surface of the layer.

The reflectance as a function of number of periods is plotted in figure 4 40, for both air and 

non-air incidence, for the refractive index differences measured in this work. We can see 

that for all materials at least 25 periods are required for greater than 99% reflectance in the 

back mirror. We can also see that if we wish to achieve a higher back mirror reflectance of 

99 5% using less than 40 periods and without absorption, then the only solution lies in the 

use of doped GaxIni.xAs.
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4.6. Conclusions

In conclusion, we found that the doped and strained Bragg stacks offered the highest 

refractive index difference, and the lowest doped stack gave the greatest refractive index 

difference of all, second to this we(e the strained materials However, both the strained and 

the low doped stacks showed a reduction in peak reflectance due to absorption This leads 

us to conclude that Ga47ln 5.^As/InP stacks which are doped at concentrations of at least 

5xlO’*cm'̂  will provide the greatest refractive index difference, of 0.33 and therefore the
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highest reflectance with the least number of periods. Over 98% reflectance can be obtained 

with 26 periods, or over 99% with 30 periods and 99.5 with 33. This is an improvement 

over the traditional quaternary materials, which would require at least 35 periods for over 

98%, and could not provide 99.5% reflectance with less than 40 periods, and hence have an 

overall thickness o f at least 2  pm larger. One can see that these doped stacks show higher 

reflectance for the number of layers used than those reported in the literature, apart from 

the antimonide based layers, which have a substantially larger refractive index difference. 

There is some suggestion in these results, however, that the quaternary material, (AlyGai. 

y).47ln.53As, may provide a higher refractive index than we measured in this work if lower 

aluminium concentrations can be achieved.

4.7. Future Work.

In the analysis o f these results it became obvious that some additional work would enhance 

our knowledge o f these stacks, and make their analysis more straightforward. In retrospect 

it is perhaps more correct to say that this work should have been carried out initially, as a 

foundation on which the design and measurements o f the mirror stacks reported here could 

have been based.

The first area which should be addressed in future is the experimental set-up itself. Large 

errors introduced as a result of even the most minute o f movements o f the opto-mechanical 

apparatus demonstrate the potential for unreliability and non-repeatability of these results. 

Many of these potential sources of error could be eliminated if the individual components 

were such that they held the optics and samples exactly normal to the beam. This is not as 

straightforward as it sounds, and actually the entire optical set-up would require 

modification. Further, if this set-up was always maintained identically then one gold scan 

could always be used for normalisation so that the degradation of the sample would not be 

an issue. Alternatively, a multiple reflection power measurement method (see appendix II) 

could be used, which does require the use of a gold normalisation scan, and obtains the 

reflectance from a fit to several readings, and is hence potentially more accurate.
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Secondly, it was apparent that there were too many unknown parameters for the analysis to 

be conclusive. For example, since we do not know the refractive indices we cannot be sure 

of the layer thicknesses, and the peak reflectance value cannot be used to ascertain their 

value. Additionally we do not know the alloy compositions due to the difficulty associated 

with their measurement. Photoluminescence measurements can be carried out which will tell 

us the band gap, but since we do not know the composition of the material, these 

measurements are not necessarily very useful. However, even if we do not know an exact 

value o f an alloy composition, we could examine the band gap o f (AlyGai.y)xIni.xAs, for 

example, with relatively different aluminium concentrations. Of course, this analysis would 

be specific to our growth process, but would still allow us to minimise, say, the aluminium 

content in order to maximise the refractive index without introducing absorption. Similar 

analysis would be useful for the strained materials and Ga.47In.53As with different doping 

levels, rather than just the two concentrations we measured, with more rigorous 

confirmation of the doping levels.

Some measurement of refractive indices is also clearly called for, but presents a problem in 

that we need to know an accurate layer thickness. We can calculate the refractive index 

from reflectance measurements on a thin film by measuring the positions of maximum

reflectance, which occur at perhaps we could measure the thickness by a tally
m

step method if a suitable etch stop could be found, or possibly by using an SEM. 

Alternatively, we could calculate the index using a reflectance technique and Fresnel’s 

equations.
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Chapter 5 : Studies of Multiple Quantum Well Active and 1.55pm Fabry 

Perot Modulators.

5.1 Introduction.

In this chapter we will be discussing work carried out on designs for the active region of the 

modulators, and will include initial measurements on some complete modulator designs 

themselves. The multiple quantum well active regions will be described, and the results of 

optical and electrical experimental investigations will be presented. The experiments include 

photocurrent measurements, to assess exciton position and shift with field, IV 

measurements to determine diode breakdown and dark current, and transmission and 

reflection measurements on some devices which were used to measure the active region 

absorption. Photocurrent and the change in reflection with bias of some modulators will be 

shown at the end o f the chapter.

We saw in chapter two that there were many possible material combinations that could be 

used for the design o f 1.55 pm multiple quantum well active regions. Clearly in this work we 

would not be able to study them all, but have had to limit our studies to only a few. We 

therefore decided to include in our study the use o f quaternary materials for the wells or 

barriers, as we know that these materials allow the band offsets to be varied, which may be 

an important consideration for high power and high speed devices. As we discussed in 

chapter two, quaternary materials will also have a lower overlap integral, and therefore one 

aspect o f these materials we may want to study is their absorption, in order to assess their 

viability as an active region. Since we were aware that the required low aluminium 

concentration in the quaternary wells might be difficult to achieve, we decided instead to 

design the wells with higher aluminium levels, but to reduce the band gap by increasing the 

indium concentration. This would therefore imply the use o f strained wells.
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The samples examined consisted of one which utilised strained barriers, designed to be 

matched to the strained mirror stack, (M791). Another used a strained quaternary well to 

allow the higher aluminium concentrations, (M793). A third sample used a lattice matched 

ternary well with lattice matched quaternary barrier, (M792). And a final sample used a 

simple temary/temary well barrier system, (M l024). The two final samples were chosen as 

being perhaps the simplest multiple quantum well designs, and we hoped would therefore 

provide at least two samples with good characteristics, such as a well defined excitonic 

feature, which would also act as a comparison for the quaternary-containing systems.

5.2. Active region designs.

The active region designs studied in this work are shown below.

M 7 9 /

3000Â Al.4 8 ln.5 2As p^

1000A Ai 2 5Ga 3sln 37 As UD

8 5 A G a.4 7 In.5 3 As UD
100A A12sGa sgin 3 7As UD |x l 5

500A A12 sGa 3 8 ln 37 As UD

1 pm A1.25Ga.3sInj7As n"̂

2 pm graded G a j n i  ^As

3000Â AI.4 8 ÏH.5 2AS

1000A Ai 48ln 5 2AS UD

100A A14gln 5 2 AS

130Â Ai ooGa 27Ïn 6 4 AS LTD

500A Ai 4aln aTAs UD
3000Â A1 .«In „As

} xl5

3000Â A13 7 Ga iln 5 3AS p"̂

1000A Ai 37 Ga I 111 53 As UD

85A Ga 4?In 53AS UD
lOOA Ai 3 7 Ga I In 5 3AS UD

500Â Ai 3 7 G ajln 5 3AS UD

3000Â AI_37Ga.1In.53As n

} x l5

4000Â Al.4 8 ln.5 2As p

2000A Ai 4gln 5 2 AS A UD

80Â G a 4 7 ln  îgAs UD
80A Ai 4gln 5 2 AS UD |x 3 0

500A Ai 4gln 5 2As UD
3000À AI.4 8 ln.5 2As n^

Fisure 5.1. pin multiple quantum well restons investisated in this work.
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5.3. Processing and Growth

The growth discussion in chapter 3 also pertains to the multiple quantum well regions. Of 

course these samples are grown as p-i-n diodes allowing, a reverse bias to be applied and so 

generating an electric field across the wells, which will in turn result in the absorption 

changes we require for the operation o f the modulators, hence the p-doped cap and the n- 

doped substrate. The diodes were fabricated at Sheffield and UCL by etching mesas, 

applying a broad back contact and round window contacts of 50pm, 100pm and 200pm, to 

the top of the device.

5.4. Photocurrrent measurements

Photocurrent measurements allow the exciton wavelength to be measured. We can also 

look at the width o f the exciton peak, which together with the photoluminescence data 

usually supplied by Sheffield, give an indication as to the quality o f the material under 

investigation. For example, a sample with abrupt interfaces, low doping and high absorption 

can be expected to show a narrow photoluminescence line width, (<20meV FWHM) and 

sharp excitonic feature. We also use the photocurrent to examine the Stark shift o f the 

multiple quantum well sample. That is, on application o f a reverse bias, we can measure the 

shift in wavelength of the exciton. The photocurrent spectra will also give a feel for the 

potential o f the material by showing, for example, whether the exciton feature broadens 

rapidly with bias, indicating the potential for poor absorption- at the operating voltage. We 

can also see at what bias the photocurrent saturates, the higher this bias, the more highly 

doped the active region is likely to be, implying the device performance is probably going to 

be impaired. (See section 5.7.)
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5,4.1. Experimental set-uv.

A reverse bias is applied across the diode, and the voltage drop across a lOOkH resistor is 

measured using the lock-in amplifier, as shown in figure 5.2 below.

-Keithly Voltage source

voltage 
output to 
lockin

load^
resistor

\ device under 
investigation

Fieure 5.2. Reverse bias application to diode under investisation.

The experimental set-up used to apply the reverse bias and measure the photocurrent via the 

voltage drop across the load resistor is shown schematically below.

PC

Keithly Voltage Source

-"TV ^  0  0  0  0  \,
/  X  /sample objective /  filter 

lens lenses

monochromator

light
source

chopper

lock in amplifier .chot^r
driver

c

power
source

Fieure 5.3. Schematic representation o f photocurrent set-up.
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The light is focused by the lenses onto the sample, a microscope objective being used to 

obtain a small spot size. The light is centered on the sample by adjusting the position of the 

sample until the output signal is a maximum.

The header has a light tight cap which can be left on the devices so that dark current 

measurements can be taken. We usually measure the dark current using the Keithly before a 

photocurrent scan is taken. This tells us the reverse bias breakdown voltage, whether the 

photocurrent signal will be reduced as a result o f excess noise, and quite importantly, 

whether the device has already broken down or not. We found quite often the device yield 

was low. On a header with 11 contacted devices, it was common to find that 75% of these 

had broken down. The cause of this poor yield is not known, and warrants further 

investigation.

Since we are not attempting to make absolute measurements when we take photocurrent 

scans, errors in the absolute reading are not as important as in other measurements. 

Obviously we want to ensure that the reading is as high as possible, so that noise does not 

obscure the scan, and that the relative resistance o f the diode and resistance are such that 

most o f the applied voltage is dropped across the diode. The conditions were not 

maintained between scans of different devices, so that incident power is unlikely to be equal, 

and the relative magnitude o f the photocurrent will therefore be different, and this will 

therefore not necessarily be related to the nature o f the device. The unit o f the photocurrent 

scans shown can therefore be considered as arbitrary.

The following figures show the photocurrent, and change in photocurrent for the samples 

studied. The change in photocurrent is calculated from the voltage at which the 

photocurrent saturates, rather than from the zero bias photocurrent.
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5.4.2. Results o f  Photocurrent Measurements.
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We can see that all the diodes show some initial increase in photocurrent, followed by a red 

shift in the exciton position with further increase in applied bias. The initial increase is 

probably due to the active region not being fully depleted, and so the quantum efficiency is 

not at a maximum until two or three volts has been applied. The table below summarises the 

photocurrent measurements o f these four samples, together with other optical and electrical 

characteristics
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sample material No.
wells

Stark
shift

PL
width

break
down

peak X well
width

m791 Ga.47In.53As/A1.25Ga.38In.37As 15 15nm/V 73 nm lOV 1.52pm 85Â
m792 Ga.47In.53As/Al.37Ga.lIn.53 As 15 llnm /V 32nm 17V 1.58pm 85Â
m793 A1.09Ga.27In.64As/A1.48In.52As 15 13nm/V 48nm 19V 1.53 pm 130Â
ml024 Ga.47In.53As/A1.48In.52As 30 5nm/V 50nm 33V 1.55p 80Â

Figure 5.8. tabulated Summary o f  results four multiple quantum well active régions.

The table summarises the materials and the number o f wells in each sample. The shift is 

calculated from the voltage at which the photocurrent saturates. The largest shift being seen 

for M791, probably a reflection o f the small barrier offsets, and, as we would expect, M793 

giving a large shift due to the quaternary well. M l024 giving a smaller shift than M792 due 

to ternary barriers in the latter sample. Similarly, the maximum change in photocurrent 

occurs at lower voltages for the first three samples, at around 5 or 6 V and at lOV for the 

final sample. The PL data was provided by Sheffield, and the values here are for room 

temperature. We can see that in the case of M792 the PL line width is very narrow. We 

would expect a ternary well to give a narrower line width than a quaternary due to the 

reduction in alloy broadening, but here we can see that the line width was narrower than a 

later ternary/ternary sample. This could be a reflection of a very good quality sample in 

terms of constant well width uniformity and low doping concentration, both of which would 

tend to decrease the line width. Although studies reported in the literature do not always 

give figures for PL line widths, if we look at the graphs shown there we can see that our 

samples compare favorably. Line widths of 28nm and 25nm are seen in the work of Weiner 

et al and Davey et al for the ternary/ternary aluminium system GaxIni.xAs/ AlxIni.xAs.

The breakdown voltages quoted here are an example o f the breakdowns measured, and was 

defined as the voltage at which the dark current became equal to 1 pA. This value was 

simply chosen so that we knew that the value of the photocurrent was greater than that of 

the dark current. Not all diodes were measured, so that these values do not necessarily 

reflect the maximum or minimum breakdown for each material. As was mentioned earlier, 

the breakdown is a very variable aspect of these devices, and whilst you may find several 

breaking down below 5V, you can also come across devices with breakdowns in excess of 

20V. However, this aspect o f the electrical behaviour was not studied in this work.
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The exciton position occurs at the desired wavelength in M791 and M793, that is, several 

nanometers below 1.5 5 pm, so that there is little residual absorption occurring at 1.55 pm at 

zero bias, but the absorption can be increased with only a few volts by shifting the exciton 

to the operating voltage. Whereas in M792 and M l024 the exciton transition is occurring at 

too long a wavelength. The well widths would therefore have to be decreased in these 

materials. The widths quoted in the final column are the design widths, and not necessarily 

those actually occurring in the samples. In most cases the multiple quantum well period 

quoted by Sheffield from x-ray measurements is slightly longer than the design period. In 

the case of M792, for example, the period is given as at least 25Â greater, whereas in 

M l024 it is quoted as only 5Â greater. Here again we can see the issue that since we are 

not trying to study the relationship between the well v^dths and the exciton transition 

energy, it is not worth our while attempting detailed studies to try to ascertain the well 

width obtained. In this sort o f a project I feel it would be more beneficial for well widths, or 

rather, the growth time, needed to provide a certain exciton transition energy, to be 

ascertained at the growth stage.

From these measurements we can ascertain the exciton transition energy to assist 

calibrations are carried out at the growth stage, that is, the amount of shift we can expect to 

see for a given field, so that we can specify how far short o f 1550nm we would like the 

exciton transition to occur. The quality of the material from the photocurrent and 

photoluminescence line widths can also be observed. One very important factor, though, is 

the absorption coefficient of the sample, since this will play a large part in the modulator 

design.

5,5. Evaluation of the Absorption Coefficient.

When attempting to measure the absorption coefficient we have to take into account several 

aspects o f our experimental set-up, and consider the nature o f our materials. Since we 

cannot be sure that we are producing a spot size which is smaller than the device window, 

we do not know that all the incident optical power actually falls onto the diode, some may
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be reflected off by the surrounding contact. This means that if we measure incident optical 

power using a germanium detector, which has a device area of about 5mm, we do not know 

that the same power is also incident on our device. This means that using the photocurrent 

as measure of optical absorption is likely to be inaccurate. Moreover, since we have seen 

that our samples show an initial rise in photocurrent, we cannot assume that the quantum 

efficiency of the devices is unity, which again causes problems when trying to use the 

photocurrent to calculate absorption. We are also limited by the nature of our processing, 

which gives us a broad back gold contact and a device mounted on a non-transparent 

header, this means that we cannot measure the absorption with bias. There are various 

methods of measuring the absorption, both via the photocurrent and via reflection and 

transmission measurements. It is the latter method we have chosen to use, as will be 

described in the next section.

5.5.1. Calculatins the absorption coefficient from Reflectance and Transmittance 
measurements.

We can measure the transmittance, T and reflectance, R, from our samples, and we know 

that these are related, together with the absorptance. A, by;

T + R + A = 1 1

Where A is given by:

A = ( l - e ' “‘‘) 2

If we measure the transmittance through the entire sample, the light is attenuated due to 

absorption not only in the multiple quantum well region of interest, but also in other regions 

of the sample such as the substrate, which, taking into account the size of the substrate, 

might not be negligible. We therefore etched back our samples as shown in the diagram 

below.

buffer

substrate

Figure 5.9. Schematic representation o f etch step used to measure multiple auantum well absorption.
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By doing this we can compare the transmission of the unetched and etched sections, and so 

extract the transmission of the multiple quantum well region. The calculation process is 

shown schematically helow.

T,

To

R,

R?

Figure 5.10. Reflectance and transmission measurements taken to calculate absorption o f multiple

quantum well region

Since,

then.

Therefore,

T + R + A =  1.

T + R+ l - e “'=  I,

T + R = e'"',

From the diagram above, where T ,  , R, , Tz, Rz , are the measured transmittance and 

reflectance through the unetched or etched sections, we can write this as

and,

T] + R] — C

taking the logarithm of equations 6  and 7 and suhstracting.

In
Ti + Ri

The term aidi will include absorption terms for the substrate, buffer, multiple quantum well 

region and p cap. The term azdz will be composed of absorption terms for the multiple 

quantum well region and p cap alone. Hence by subtracting them one is left with the 

absorption of the multiple quantum well region and p cap. Since the cap is thin and its
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absorption low this term can be neglected and therefore aidi - aid] will be the absorption 

of the multiple quantum well region and we can write.

In =  a d .

T, + R,

and so the absorption coefficient of the multiple quantum well region, amqu , is given by:

10
Ti + Rj 7

Where d will be the thickness of the multiple quantum well region, giving the well/barrier 

absorption coefficient. For the multiple quantum well absorption alone, d is simply the 

multiple quantum well thickness multiplied by the number of wells in the sample. The 

experimental set up for these measurements is shown in the diagram below.

Igermanium 
detectors

0 0 \  0 0
sample lenses chopper

lock m amplifier chopper
driver

monochromator 
light source

■ Æ

power
supply

Fieure 5.11. Experimental set up for absorption measurements

We attempted to eliminate some errors by measuring reflectance and transmittance using 

two detectors, this allowed the minimum alteration of the set up between the measurements, 

and also, very importantly, that we were measuring the reflectance and the transmittance on 

exactly the same area of the sample, and with the same spot size. Since we are not 

eliminating scattering effects from the sample surface, any scattering that occurs will 

translate as an increase in the absorption coefficient. Since we might expect scattering from 

the etched surface to be greater, it would result in an overall reduction of the calculated 

absorption relative to the actual absorption. We have discussed in chapter three the 

problems associated with reflection measurements, and that discussion is relevant again in 

these experiments. We tried to reduce error by mounting the samples onto a gold slide, so
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that the difference in distance between the sample and the gold in the reflectance 

normalisation measurements was kept to a minimum. The slide and samples were held in a 

positioner which allowed their angle of rotation and tilt to be adjusted so that the 

maximisation o f the readings was simplified. The transmission scans were simply normalised 

by removing the sample from the light beam and taking a measurement We also placed the 

filters in front of the detectors, so that no adjustment of these elements was necessary 

during the measurements

5.5.2 Reflectance. Transmittance and Absorption Coefficient measurements.

Figure 5.12 shows the absorption calculated from several reflectance and transmittance 

measurements. Several measurements were taken non-consecutively in order to minimise 

errors. We chose to measure the absorption of sample M792, since this diode showed the 

best overall device and material characteristics.
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Figure 5.12. M792 Absorption.

The measurements give the absorption as 0.092510.0025 From the absorption, ad, we 

want to calculate the absorption coefficient, which will clearly depend on the amount of 

absorbing material through which the light has passed. In order to estimate this we must
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take into account the etch profile, which is not flat, but has a “pillowed’' shape, as depicted 

in the figure below.
approximate 
shape of

incident light

transmitted light

Figure 5.13. Etch profile and lisht transmission.

The transmission on the etched section would be carried out by moving the sample via a 

micrometer such that the incident light was no longer falling on the unetched part of the 

material During the process, the output from the germanium detector was noted, and when 

this reached a maximum value, the transmission on the etched section would be taken. In 

this way it was hoped that all of the incident light was now falling on the unetched portion 

A microscope objective lens was used to focus the light onto the sample, in order to 

minimise the non-uniformity of the area over which the light was falling and to reduce 

scattering In general it was noticed that obtaining a 200pm spot size using this lens was 

quite difficult. A fact which was apparent whenever light was focused onto 200pm 

windows. So, although, the beam width is probably not less than 2 0 0 pm, it is also unlikely 

to be greater than 400pm Since the etch step is not abrupt, it is likely that some of the light 

incident on the etched section, is also actually passing through some quantum well material, 

as shown in figure 5.13. The transmission measured will therefore be lower than it would be 

if the etch profile was flat, since it may also include some absorption due to the quantum 

wells. Hence the absorption of the substrate will appear to be greater than it in fact is. This 

will imply that our calculated absorption coefficient may be lower than the actual value for 

the well material.
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The thickness o f this region is 14xl00Â barriers and 15x85Â wells. The absorption 

coefticient of the well barrier material is then 0.0925/0.2675p = 3.46x1 Ô cm'% or 

7.25x1 Ô cm'' for the well material only.
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F’lQure 5.14. M792 Absorption Coefficient.

Figure 5.14 shows the zero bias absorption coefificient, but the important parameter for 

modulator design is the absorption coefficient at the operating voltage. As we have said, we 

cannot directly measure the absorption with an applied bias, but we can estimate its value 

from the change in photocurrent. We can do this by considering that the photocurrent is 

related to the absorption by;

12

Since ad is small, 1 - e'“‘‘ 5  ad, (considering the series expansion of the exponential), and so 

Iph will be proportional to the absorption. Hence, if we consider the ratio of the 

photocurrent at 2V (where the quantum efficiency approaches 1) to that at the operating 

voltage, then we can say that the ratio of the absorption coefficients will be the same, i.e.

pc .lV

pc.xl '

a
a

21 '

xl-

13
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All that has to be done is to calculate the operating voltage. For this calculation, we will 

choose the value at which the maximum change in photocurrent, and hence absorption, 

occurs. This is shown in the figure below.
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Figure 5.15. M792. Change in photocurrent n'ith bias.

Figure 5.15 shows the zero volts photocurrent, together with the change in photocurrent, 

which has been calculated by subtracting the photocurrent at 3V, 4V, 5V, 6 V, 7V and 8 V, 

( I p c . 2v  - Ipc,  3v-8v ) ,  from that at 2V. 2V has been chosen rather than zero volts, since it is at 

2V that the photocurrent saturates. From this it can be seen that the largest change in the 

photocurrent occurs for around 5V applied bias at 1645nm. At this wavelength the 

photocurrent is reduced to 67.6% of its value at the exciton peak at 2V. If the absorption 

coefficient is also reduced by 67.6%, it will become equal to 2.34xl0^cm"' for the well and 

barrier or 4.9x1 Ô cm"' for the well material alone.

Based on this measured absorption coefficient, a modulator using this multiple quantum 

well system in the active region, would need a front mirror of around 80% reflectance if 2 0  

- 30 wells were used. In this case the on state reflectance of the device would be heavily 

dependent on the back mirror reflectance, (see chapter 2, section 2.3.1) which would have
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to be 99% if 85% on state reflectance were to be achieved. 95% back mirror reflectance 

would reduce the on state reflectance to only 30%. If a larger active region can be used, o f  

up to 80 wells, then a 50% front reflector would be required, and the dependence on the 

back mirror is reduced. No other measurements on the absorption coefficients o f these 

materials could be found as a comparison, but the work of Yoo et al is very similar. They 

use an (AlyGai_y).47ln.53As/AlxIni_xAs active region in a transverse reflection modulator. 

They found that with 80 periods a 99% back mirror could be very nearly matched to a 27% 

front mirror, and go on to suggest that a 50 period fi"ont mirror would allow a higher 

contrast ratio to be achieved. We would expect to obtain a higher absorption coefficient if 

the exciton was seen to red shift as soon as a reverse bias was applied, i.e., if the material 

were lower doped. If this was the case less bias would be required, and hence less reduction 

in the absorption from the unbiased value. It should also be noted that in our calculations 

we used a worse case scenario, due to the non-uniform etch profile and the possibility o f  

reduced reflectance due to scattering o f the etched step, again suggesting that the sort of 

performance levels we have predicted here are conservative.

5.6. Summary and Conclusions

We have seen that these aluminium based multiple quantum well materials systems are a 

promising material system for 1.55 pm reflection modulators. The narrow PL line width 

obtained in the ternary/quaternary sample, M792 gives us an indication as to the quality o f  

material which is possible. We have seen that a small voltage is required to red shift 

excitons, and that there is also room for improvement in that none of out materials showed 

a red shift below 2V, implying that lower doped materials may be even more promising than 

we saw in these studies. Breakdown voltages were varied and the yield o f devices low, 

however, we found that low dark currents and high break downs were possible, with some 

devices showing breakdown voltages over 25V. We carried out absorption measurements 

on the ternary/quaternary lattice matched Ga 4 7 1 0 .53As/Al.svGa iln 53As materials, which to 

our knowledge are the only measurements o f absorption in these materials. We found in the 

worst case scenario that the absorption of the well material was 4.9x1 Ô cm'̂  at the
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operating voltage. These measurements show that these materials are suitable for low loss, 

high contrast 1.55pm reflection modulators. However, if the size of the active region were 

limited to 2 0  or 30 wells, these modulators would be highly dependent on the back mirror 

reflectance, which should be at least 99%. With a 99% back mirror however, infinite 

contrast and insertion loss less than IdB is theoretically possible.

5.7. Future Work

It has been mentioned that the material performance would be improved if the exciton red- 

shifted immediately a voltage was applied. Instead we tend to see some initial increase in 

photocurrent before the quantum confined Stark shift occurs. This work would be 

incomplete if it was not also mentioned that the results presented above were the best 

results obtained from this point of view, and represented only about half o f the materials 

actually examined. Many of the materials typically displayed a photocurrent spectrum 

similar to the one shown below.
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Figure 5.16. Sample M939 - Typical Photocurrent spectra.

In these samples no red shift was seen, the photocurrent simply increased as increasing 

reverse bias was applied to the diode. Since the magnitude of the photocurrent depends on 

the depletion width, a spectrum of this type is generally thought to indicate a highly doped
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active region, which is not flilly depleted at low voltages, and in the case above for example, 

is not fully depleted even after the application of 7V. Since the fields applied will be larger 

in this case, because the voltage is dropped across a smaller region, this would add to 

excitonic broadening, and contribute to the fact that we see no exciton feature at the band 

edge Materials of this type are unsuitable for the modulator active regions, since the 

absorption of the region will be reduced. The high doping is often attributed to beryllium 

back diffusion from the p cap, and some evidence of this be seen in CV profiles 

provided by Sheffield The first graph shows the profile of M939, which gave the 

photocurrent spectra shown above The second and third profiles are those of M791 and 

M792, the photocurrent spectra of which shows that the exciton does red shift at low 

voltages
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Figure 5.17. Dopins profiles o f some samples examined in this work

In M792 and M939 it can be seen that the p-type doping appears to extend to a depth of 

around 0.55pm, 0.2pm further than the p region. In the case of M939, this would mean that 

the p-n junction is within the active region, which is not necessarily a problem in itself, if 

both the p and n-type doping is low, however, the profile suggests high p-type doping is 

occurring over some of this region. In M792, where a wider cladding region was used, the 

p-type doping is very much more reduced, and the junction is in the vicinity of the 

cladding/multiple quantum well region boundary. In which case, we are only concerned that 

the n-type doping should be low. The profile for M791 implies a much lower p-type doping, 

which reduces very quickly beyond the cap The doping profiles may also suggest that the 

n-type doping is not at a minimum at the edges of the intrinsic region, so that the devices 

may be suffering as a result of high n and p residual doping.

The nature of the photocurrent spectra of these samples do suggest that there may be a 

problem with doping in these materials. However, the profiles shown above are by no 

means conclusive as regards the source of this problem, for instance, it should be bom in 

mind that errors in the profiling method, such as stray capacitance effects in p-i profiles or 

non-uniform etching area, will translate into errors in the calculation of the doping density. 

Such errors could lead one to assume that back diffusion is occuring. All the work 

attempted in this area, ( in which David Prescott of the UCL clean room staff attempted to
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etch back the p cap so that the mercury probe CV profiler could be used), were hindered by 

problems controlling the chemical etching process, and ih iS  is therefore another 

possible area for further study.

The absorption measurements carried out in this work held a large potential for error. The 

large spot size combined with the shape of the etch pit examined and the doping problems 

excluding the use o f photocurrent as another measure o f absorption, to allow the data to be 

checked against each other. If samples could be obtained which shift as soon as a voltage is 

applied, and if perhaps a dry etch process could be used to obtain a flatter surface for 

transmission reflection measurements, then it would probably be beneficial to repeat these 

experiments, and extend them to other 1.55 pm materials.

It was also mentioned that the headers tended to have a low yield of devices, with perhaps 

only two or three diodes for each eleven bonded devices. It would be interesting to 

investigate this further. One possible reason for this is often felt to lie with the ultrasonic 

bonding process, which may be damaging to these fragile materials. IV measurements 

carried out before and after bonding would therefore be a good place to start a study of this 

sort.

5.8. l.SSum Reflection Modulators.

5.8.1. Introduction

This work only finally involved the brief study o f a complete modulator structure. This 

structure was an InP based design, which was chosen initially after the success of the doped 

GaxIni.xAsAnP doped stacks. In this section we will present photocurrent and reflection 

measurements carried out on this device.
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5.8.2. Modulator Pesi2n
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Fiaure 5.18. 1.55mn InP/ Ga modulator desifjn.

The modulator uses a 14 period front mirror, based on the design of M682, which is 

expected to give around 85% reflectance. The back mirror uses 20 periods, based on M787, 

and should give about 95% reflectance. This design would then call for an absorption 

coefficient at the operating voltage o f 2.3xl0^cm'^ in order to match the cavity; a figure 

which suggests itself as being plausible from the work of, for example, Bar-Joseph et al 

[Bar-Joseph, 1987], Guy et al [Guy 1988] or Tai et al,-[Tai 1987]. The devices were mesa 

etched and 50pm, 100pm, and 200pm window contacts were used, exactly as with the 

multiple quantum well samples discussed in the previous chapter.

5.8.3. Experimental set-up

The experimental set-up used to measure the reflectance and photocurrent is similar to that 

which has been described in chapters 4 and 5. The difference being that we are attempting 

here to measure the reflectance from a small 2 0 0 pm window as the bias across the device is 

altered. A combination of the photocurrent and reflectance set up is therefore used, as
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shown below, and as small a spot size as possible is obtained, to reduce the amount of light 

reflected from the gold contact around the window. Any light reflected from the gold will 

increase the measured reflectance, but can be accounted for by comparing zero volt 

reflectance from the device, with that from the unprocessed material. These spectra, if taken 

from similar parts of the wafer should match. Additionally, the side bands away from the 

cavity reflectance, should oscillate around an average of approximately 30%. The light is 

focused onto the device by looking at the photocurrent response. When this is at a 

maximum, it can be assumed that as much as possible of the incident light is falling within 

the device window. When this occurs the reflectance measurements can be taken. 

Obviously the same set-up can be used to measure either the photocurrent or the 

reflectance, either by connecting the device out put, or the germanium detector to the lock- 

in amplifier respectively.

The experimental set up used to measure the reflectance with voltage is shown 

schematically in the diagram below.
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Fisure 5.19. Experimental setup for measurins reflectivity change with bias.
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5.8.4. Photocurrent and Reflectance measurements.
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5.8.5. Results, Discussion, Conclusions and Future Work.

The reflectance at zero volts shows that the resonator design does have a cavity around 

1550nm for certain areas on the wafer. IV measurements showed that between 10 and 20V 

could be applied to the devices before the dark current was in excess of 1 pA. The 

photocurrent spectrum also points toward a promising device, demonstrating a 1 0 0  fold 

increase in photocurrent at the cavity wavelength when the bias is increased to 13V. 

However, when we look at the change in reflectance with bias, we can see that there is 

some problem with the modulator. The reflectance decreases from 53% to 33% with the 

application of 2 1 V.

A small reflectance change is probably indicative of a small absorption coefficient in the 

cavity. This would most likely be due to the exciton wavelength being much less than the 

cavity wavelength, so that when a bias is applied the absorption increase is sufficient for a 

large change in photocurrent to be seen, but not enough to match the mirrors. The position
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of the exciton cannot be ascertained from the photocurrent spectra, the features of which 

are dominated by the reflectance o f the device. So that a large amount of speculation is 

involved in deciding why the modulator does not perform as expected. There are many 

possible sources of error, for example, the peak reflectance of one or both mirrors may not 

be at the design wavelength. The cavity length may not correspond to a multiple of A72, 

where X is the wavelength o f peak reflectance o f the Bragg stacks. The exciton transition 

wavelength may occur at a wavelength greater than the peak mirror reflectance, or very 

much less than this wavelength. The doping in the active region may be high, so that a bias 

depletes only a very small region, and so the absorption will be small. However, all these 

factors contribute to the measured reflectance spectra, and no one source o f error can be 

identified from the spectra on the complete device. This leads us to suggest that, since at the 

present time the design and growth o f these modulators is clearly imprecise, it may be 

beneficial to design them in such a way that their analysis is simplified.

We want to ascertain if the front and back mirrors have reflectance peaks at 1.5 5 pm, 

whether the cavity length is correct, and the position of the exciton. The spectrum of the 

back mirror can be seen if the device is grown without a front reflector. In this way, the 

destructive interference resulting from the reflection from the air semiconductor interface 

and the back mirror are not sufficient to reduce the reflectance. The cavity position cannot 

be seen, and the spectrum simply resembles that o f the back mirror alone. This gives us 

some information about the back mirror, but not about the cavity length or the exciton 

transition wavelength. Transmission would give some indication as to the exciton 

wavelength, but of course cannot be carried out due to the high back mirror reflectance. If 

an etching process could be controlled such that the substrate and back mirror were 

removed, then transmission experiments could be carried out, and if the exciton position is 

confirmed to be correct, a front mirror could be grown. The etching process might be 

difficult, since the etch depth would have to be carefully controlled. Alternatively, after the 

back mirror and cavity structure havG been examined, the front mirror could be 

simultaneously grown on the modulator structure, and a piece of substrate material. In this 

way the spectrum of the front mirror alone could be analysed. If this spectrum was found to
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be correct, then the device should only fail to operate correctly if the cavity length is 

incorrect, or the absorption too low. An incorrect cavity length would perturb the spectrum, 

whilst a reduced absorption would result in the reflectance value of the cavity minimum at 

the operating voltage being greater than the desired value. By carrying out the analysis of all 

the parts separately, the number of variables we now have to model, in order to ascertain 

the problem, would be reduced, however, problems o f regrowth may have to be addressed.

The lift-off process may also be an approach which merits serious consideration. This 

procedure would allow each part of the device to be grown and analysed separately, the 

mirror and active region would then be put together when they have been seen to be 

correct. If this process were to be used as a method o f confirming the operation o f future 

monolithically grown devices then the use o f the materials discussed in this work is justified. 

If, however, this process is suggested as a serious method of producing the modulators, 

then other materials would probably be used for the mirrors, which would supply higher 

reflectance with fewer periods.

It is worth pointing out here, that six modulator structures were actually attempted, one 

was a repeat of M840, the remainder being attempts at aluminium based designs, the above 

structure was the only one to show any change in reflectance, and hence we only include 

results on this structure. The spectra o f the remaining devices indicated that the 

wavelengths of the front and back mirrors were not matched, and that the cavity and 

exciton wavelengths were not correct. Which again points to the need, at this stage o f these 

studies, to be considering the possibility of analysing the parts of the modulator separately.
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Chapter 6 : Summary , Conclusions and Future Work.

6.1. Summary

In chapter one the potential for 1.55pm transverse reflection modulators was discussed. 

Whilst LiNbOs devices are commercially available, and III-V waveguide devices have been 

extensively studied, and show both high speed, low operating voltage operation, together 

with high contrast and low insertion loss, we saw that there was still room for the study of 

transverse devices. III-V devices offer the possibility o f integration, and the small size of 

transverse devices, with their lack of polarisation sensitivity and potential for integration 

into 2D arrays, all suggest that the potential o f these devices should be explored. Literature 

surveys contained in this chapter showed that very little work has been carried out on 

1.55pm Fabry-Pérot reflection modulators. Modulators designed for operation around 

850nm, using GaAs highlighted the fact that modulators based on this design could achieve 

practically infinite contrast at low operating voltages. However, only one author reports 

high contrast, o f 15dB with lOV, in a 1.55pm device, which uses an 80 period multiple 

quantum well region. These results do not, therefore, clearly demonstrate the potential o f 

1.55pm resonators, or whether it will be possible to match the operating parameters 

achieved in shorter wavelength devices, or waveguide type modulators. It was therefore 

pointed out that if we knew the absorption of the materials to be used, we could at least 

predict the contrast and insertion loss which could be achieved in 1.55pm Fabiy-Pérot 

devices, since it is important that we know whether these materials will be able to provide 

high contrast, low loss devices.

In chapter two we discussed the equations used to design these devices, and saw that 

infinite contrast was possible if the matching condition was reached. The modulator design 

therefore depends on knowledge of the absorption coefficient, which allows the front mirror 

reflectance to be made equal to the attenuated back mirror reflectance. It was seen that high 

absorption was preferable, since this allows a low front mirror reflectance to be used, which
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reduces insertion loss. We also saw in this chapter that the operation of the device is very 

sensitive to the accuracy of the design, with errors in cavity length translating into large 

increases in off state reflectance, and hence drastically reducing the contrast.

In this chapter we also discussed the materials which can be used to fabricate these devices. 

We summarised the empirical equations for the band gap which can be found in the 

literature, and discussed the effect o f the band offsets, and how they varied with the material 

system chosen. We saw that each possible material system had both advantages and 

disadvantages, for example, quaternary/quaternary systems offering great flexibility in the 

band offset engineering, which would allow small offsets and high carrier escape times, but 

conversely reduced overlap and absorption. The band gap as a function of well width was 

also summarised, with a view to ascertaining the well width which was required in each 

system for an exciton transition below 1.55 pm. The literature suggests 60-70Â in 

Ga.47In.53As /A1.4gIn.52As or Ga.47ln.53As/(AlyGai.y).47ln.53As systems, 70Â in Ga.47In.53As 

/InP, 100-110Â if (AlyGai-y).47ln.53As/A1.48ln.52As is used or 110-120Â in Ga l̂ni.xAsyPi.y 

/InP. We suggested however, that it would be advantageous to simply use these widths as a 

starting point, and to rely on the growth calibration as the method for engineering the 

exciton wavelength.

In the third chapter the distributed Bragg reflector stack theory was summarised. The 

relevant equations were quoted and the effect that various material parameters have on the 

reflectance spectrum was discussed. The necessity for a large refractive index difference 

was demonstrated, as was the importance of knowing the refractive index of the materials 

concerned. We saw that the materials which we could choose for the monolithic growth of 

1.55 pm III-V modulators however, could be expected to have a refractive index difference 

around 0.25, implying the use of around 40 periods in the back mirror of the device. There 

are a wide range of material combinations and compositions available, and choice of 

material systems can, at first, seem confusing. In this chapter we therefore discussed the 

evaluation of material combinations and compositions, and showed how the requirement 

for a large refractive index difference without absorption could be used to simplify the
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selection process. This process leads to the conclusion that if (AlyGai_y).47ln.53As is used the 

aluminium content must be as low as possible, to keep the refractive index high, whilst 

being greater than about 3%, to ensure there is no absorption. For GaJni.xASyPi.y we want 

a large gallium content for large refractive index, but no greater than 40% if the material is 

to be transparent. The refractive index data available in the literature was summarised, 

which showed a refractive index o f between 3.37 and 3.53 for GaxIni-xAsyPi-y lattice 

matched to InP with 80% arsenic. This alloy had the most available data, unfortunately, the 

wide variation in possible refractive index still leaves us with a design problem. For the 

remaining materials o f interest very little data could be found. Around 3.5 for (AlyGai. 

y).47ln.53As with 5-10% aluminium was suggested by Mondry et al, and 3.2 and 3.6 by 

Nojima et al for Al.48ln.52As and Ga.47ln.53AS respectively.

Other work on 1.55 pm DBRs was summarised in this chapter, and it was apparent that 

most studies had used GaxIni.xAsyPi.y/InP, with Choa et al reporting close to 100% 

reflectance with 45 periods. The survey did show that little difference in peak reflectance 

was found between the material systems, with all systems giving lower than expected 

reflectance. Although one area for potential improvement was discovered here. Both 

GaxIni-xAsyPi-y and (AlyGai.y).47ln.53As have the highest refractive index of 3.6 when the 

quaternary material tends to Ga.47In.53As. However, either aluminium or phosphorous is 

always added to increase the band gap so that the material is not absorbing. The work of 

Deppe et al indicated that the band gap o f the ternary might also be increased by the 

addition of n-type dopants. Since these are required in the back mirror anyway, it was 

decided that the effect of n-type doping on the band gap of Ga.47In.53As would be studied 

further, in the hope that sufficient dopants would increase the band gap above O.SeV, 

without a large reduction in the refractive index.

Chapter four contained the results of experiments carried out on 1.55pm Bragg stacks. 

These experiments confirmed our previous opinion, that there was very little difference in 

terms o f maximum obtainable reflectance between the various systems. The reflectance 

measurements suggested a refractive index o f 3.42 at 1.54 to 1.59pm for GaxIni.xAsyPi.y
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with around 75% arsenic. We also calculated a refractive index of 3.42 at 1.62pm to 3.46 at 

1.56pm for (AlyGai-y).47ln.53As, the variation in the value being due either to a change in 

material composition or to the dispersion of the index with wavelength. We suspected that 

this value applied to a quaternary with at least 1 0 % aluminium, so that the index of this 

material could be increased if lower aluminium concentrations were achieved. Most 

interestingly, these experiments showed that n-doped Ga47ln.53As could be used in 1.55 pm 

Bragg stacks, and a refractive index difference of 0.33 would result. Apart from the 

antimonide systems, gives the material system greatest reflectance the fewest

number o f periods those previously reported in the literature for use at 1.55 pm. It was seen 

that the doping levels were important, since a doping level o f 1 -2 x 1 0 *̂cm'̂  would not 

sufficiently reduce the absorption in the Ga47ln.53As, whilst doping levels close to IxlO^^cm'  ̂

will reduce the ternary material refractive index to 3.48, and so reduce the peak 

reflectance. A re&active index of 3.5 at 1.56pm to 1.58pm was calculated for G a . 4 7 I n . 5 3 As 

with n-type dopant concentrations between these values.

In chapter five, aluminium based multiple quantum well active regions were studied. All 

samples showed an initial increase in photocurrent, up to at least 2V, before any red shift 

was seen. This was thought to be due to residual doping in the active region of the device. 

As would be expected, the samples using quaternary wells or barriers showed a larger Stark 

shift than the ternary/ternary sample, which had its maximum change in photocurrent at 

lOV, whereas the other three samples showed a maximum change in photocurrent at about 

half this value. One sample in particular, M792, demonstrated that high quality multiple 

quantum well systems can be obtained in these materials. This sample showed a PL line 

width of only 32nm (17meV FHWM) at room temperature, the best so far obtained by 

Sheffield in these materials, and on a par with the best materials reported in the literature. 

We expect that these materials would demonstrate better characteristics, in terms of Stark 

shifts and strength of the exciton feature, if the photocurrent was saturated at OV. Using 

M792, absorption measurements were carried out, and an absorption coefficient in the well 

of 4.9xl0^cm'^ at the operating voltage was calculated. This figure was felt to be a worse 

case scenario, and it is therefore expected that the operating parameters assumed from this
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for the final modulator structure are highly likely to be obtainable. Based on this figure, it 

can be shown that only 20 or 30 wells need be used to provide infinite contrast with a front 

mirror reflectance of around 80%. For a low insertion loss the back mirror reflectance 

would have to be 99% in this case. We have seen in chapter 2 that a 99% back mirror can 

be easily obtained using doped G a . 4 7 I n . 5 3 As as the high index material using only 30 periods. 

From this measurement we can see that the absorption of the materials in itself will not 

inhibit the development o f high contras,t lov/ insertion loss reflection modulators at 1.55 pm.

As an addendum to this chapter we also presented some measurements carried out on a 

reflection modulator. Whilst the zero bias reflection appeared to indicate that the 

wavelength of peak reflectance o f the mirrors, and the cavity width, would be conducive to 

good contrast, the actual reflection change was only 20%. This was assumed to be a result 

of small absorption change in the cavity due to the exciton transition energy being too high. 

The failure of many o f the multiple quantum well samples to show a saturation in the 

photocurrent, and the difficulty in analysing the problems which were occurring when the 

modulator reflectance spectra differed from the expected spectra, and showed little or no 

change in reflectance with voltage, have been very important in demonstrating the areas in 

which this work needs further investigation, which will be discussed in the next section.

6.2. Future Work.

It was discussed in chapter five, that the possibility of high doping in the active region of the 

devices could account for the fact that many multiple quantum well materials did not show a 

saturation in the photocurrent. A lack of saturation in the photocurrent due to incomplete 

depletion of the active region would serve to reduce the absorption of the resonator cavity, 

and thereby reduce the contrast of the device. It is therefore very important to discover 

whether this is in fact happening, what the possible causes are, and if they can be avoided. 

Beryllium back diffusion was thought to be likely, with high intrinsic region doping as a 

result, and gradual, rather than abrupt, decrease in n-type doping levels, perhaps adding to 

the problems. If this is fact occurring, the problem can be easily remedied by the use of
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wider cladding regions surrounding the active region. This work suggested that further 

studies in this area are definitely required if repeatably working devices are to be grown. In 

future work, where high speed operation is also a consideration, a limit to the cavity width 

due to high residual doping is likely to be a serious drawback.

It was also apparent from this work, that the growth of a complete operating modulator 

structure was not straightforward, and that once the complete structure was obtained, 

discovering the actual problem with a non-working device was almost impossible. This 

suggests a different approach to the growth of the modulators at this stage of the work, in 

that they should be designed in such a way as to make the individual parts assessable, before 

they are put together to form a complete device. The method discussed to enable this 

analysis to be carried out included the growth of the modulator initially without the top 

mirror, to allow the back mirror spectrum to be measured, and the subsequent growth of 

the top mirror onto both the back-mirror/active region and onto substrate material alone. 

This would then allow separate analysis o f the top mirror, the only section o f the device 

which then might be difficult to analyse being the active region. However, if all other 

sections have been examined, it would be easy to model any unwanted effects in the total 

device spectrum, since these can then only be due to properties o f the cavity. The possibility 

of the chemical removal of the substrate and back mirror was discussed as a method for 

allowing the transmission of the multiple quantum well material to be examined, so that the 

exciton position could be ascertained.

It is clear from this study that the original thrust of this work, to design and monolithically 

grow Fabry-Pérot modulators, was not an accurate reflection on either the work that 

actually needed to be carried out, or the quality of materials which could be obtained. This 

project has therefore been invaluable in highlighting these areas. It became clear that further 

work on the assessment of materials alone needed to be carried out. Such as the 

measurement of refractive indices, absorption coefficients and doping levels. Without this 

information, neither the Bragg stacks, the multiple quantum well active regions, or the 

modulators as a whole can be designed. This then leads onto the problems associated with
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controllable growth. It was clear that the growth facility available to us could not repeatably 

produce the materials that were required. The peak reflectance of the mirrors could not be 

accurately controlled, neither could the transition wavelength of the multiple quantum wells, 

and the doping level in the wells was both not accurately knovm and probably too high. This 

is a result both of the lack of material parameters supplied to Sheffield, and the lack o f time 

available there for the calibration of the MBE equipment to deal specifically with these 

types o f materials. Taking this into account, it was clear in retrospect that, for example, 

more time should have been spent in the investigation of the lack of saturation o f the 

photocurrent, had the exact reason or reasons for this then been discovered, it may have 

then been the case that we could be sure that new designs would not suffer from this 

problem.

Not only was this work invaluable in that the problems encountered indicated areas where 

further study is required, but also in suggesting more work that should be carried out in 

clarification of the results obtained. For instance, it was seen that in the doped mirrors there 

is a trade off between using sufficient doping to reduce the absorption, while keeping the 

doping levels to a minimum so as not to reduce the refractive index. It would therefore be 

beneficial to measure the doping levels of more samples which have a smaller increment in 

the doping concentration, together with the refractive index and absorption, so that the 

optimum doping level can be found. We also saw that the refractive index of the quaternary 

material (AlyGai-y).47ln.53As needs further clarification, since it was potentially greater than 

the value we measured. Although we have said that analysis of material composition could 

be difficult, these studies could still be valuable, in that samples could be grown with 

increasing aluminium content and their refractive indices measured. If the band gap o f the 

material was also measured, then, although we may not know the exact composition of the 

material, we can optimise the quaternary in terms o f minimum absorption and maximum 

refractive index.

An extension of the multiple quantum well absorption measurements would also be 

beneficial. There is little information on the absorption of these materials at the operating
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voltage, and the measurement made here deserves clarification, not only because it 

contained some room for error, but also because it was a worst case scenario. The 

extension of this measurement to other materials would also be beneficial.

The measurements carried out in this work have led us to believe that a 30 period back 

mirror with 20 or 30 multiple quantum wells and an 80% front reflector would provide 

infinite contrast and low insertion loss. It would therefore be a clarification o f these 

assumptions if a design such as the one shown below were to be grown.

Top DBR. 80% reflectance using:
12 Vi periods Al.0 9 Ga3 8 ln.5 3 As/AI.4 8 ln.5 2 As

Active region using:
20/30 periods Ga.4 7 ln.5 3 As /A 1 .3 7 Ga iln 5 3 As 

cavity spacers of at least 500Â.

Back DBR 99% reflectance using: 
30*/2 periods G a 4 7 ln.5 3 As/A 1 .4 8 ln.5 2 As

Fiaure 6.1. Suggested modulator design.

6.3. Conclusions.

Transmission measurements carried out on doped Ga.4 7 In.5 3 As showed that n-type doping 

of between IxlO^^cm? and 1 x 1 0  cm'^ which are the levels used in the back mirror o f a 

modulator design, would be sufficient to reduce the absorption of this material at 1.55pm, 

and hence enable its use in DBR stacks at this wavelength. A level of around 5x10^* cm'̂  

looking to .be the ideal, but requiring some clarification. The confirmation that the 

absorption of this material can be reduced by the addition of dopants, therefore, not only 

allows the use of quaternary materials to be avoided in the back reflector, but provides a 

material system with a larger refractive index difference of 0.33, than that o f the other most 

commonly used systems at this wavelength. Refractive indices were calculated to be 3.5 to 

3.48 for Ga.4 7In.5 3 As, depending on the doping level. Reflection measurements on Ga^Ini. 

xAsyPi.y /InP, and (AlyGai.y). 4 7 I11.5 3 As/A1.4 8 ln.5 2 As mirrors showed them to provide similar
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refractive index differences of around 0.25, depending on the composition of the materials 

used.

Studies of multiple quantum well active regions demonstrated that good quality aluminium 

based active regions could be obtained, evident from the narrow PL line width measured. 

Absorption measurements suggest an absorption coefficient in the well of 4.9x10^cm'\ and 

hence show that these materials can be used to provide infinite contrast low, insertion loss 

(less than IdB) modulators with only 20 or 30 wells if a back mirror reflectance o f at least 

99% is used.

Further work is required into the reason for the lack of saturation of the photocurrent in 

many of the multiple quantum well samples, and more studies of the refractive indices, and 

absorption of the materials discussed in this work would be beneficial to the future 

development o f 1.55pm micro resonator modulators. Any further modulator studies should 

take into account the difficulty o f growing materials which closely match the design, and, 

where possible, design them to be grown in stages, which can be analysed individually, 

before the next section of the device is grown.
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Appendix I: Reflectance Spectrum Modelling.

PROGRAM reflect (input,output);
uses wincrt,windos;
type
matrixa = array [ 1.. 102] of double; 
matrixb = array[1..4] of double; 
var
x,count,counter,N,terminate:integer; 
b,c,answer,matrixl,matrix2,result;matrixb; 
outfile 1 ,outfile2 itext;
ref,pha,nl,n2,tl,t2,li,stepsize,no,ns;double; 
reflectivity,phase : matrixa;

^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^

procedure getdata(VAR none,nlwo,lone,ttwo,linil,slep,nin,noul;double; 
VAR layer:integer);

var
lb,lfinai; double;

BEGIN
writelnC first layer refractive index? '); 
readln(none);
wrilelnC second layer refractive index? '); 
readln(ntwo);
writelnC Bragg wavelength (p)? ');
readln(lb);
lb:=lb*le-6;
tone :=lb/(4 * none) ;
ttwo:=lb/(4*ntwo);
writelnC start wavelength (p)? ');
readln(linit);
linit:=linit*le-6;
writelnC end wavelength (p)? ');
readln(lfinal);
ifinal;=lfinal* le-6;
step:=(llinal-linit)/1 GO;
writelnC number of layers? ');
readln(layer);
writelnC incident medium refractive index? '); 
readln(nin);
writelnC exit medium refractive index? '); 
readln(nout);

END;

^************************************************************^
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procedure selk (11:double; 
var kkidouble);

BEGIN
kK:=2*pi/ll;

END;

^**************************************************^

procedure calcmatrix (nn,zz,w:double; 
var bb:matrixb);

var
arg,kk:double;

BEGIN
kk:=2*pi/w;
arg:=(nn*zz*kk);
bb[l]:=cos(arg);
bb[2]:=sin(arg)/nn;
bb[3] :=nn*sin(arg);
bb[4]:=bb[l];

END;

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * \

procedure multiply (bb,cc:matrixb; 
var ans.matrixb);

BEGIN
ans[l]:=bb[l]*cc[l]-bb[2]*cc[3]; 
ans[2]:=bb[l]*cc[2]+bb[2]*cc[4]; 
ans[3]:=bb[3]*cc[l]+bb[4]*cc[3]; 
ans[4] :=bb[4] *cc[4] -bb[3] *cc[2] ;

END;

^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^

procedure resetvars (ximatrixb; 
var yimatrixb);

var
uimatrixb;

BEGIN
u[l]:=x[l];y[l]:==u(l];
u[2]:=x[2];y[2]:=u[2];
u[3]:=x[31;y[3]:=u[3];
u[4]:=x[4];y[4]:=u[4];

END;

^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^
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procedure calcreJQeclivity (nO,nsub:double; 
bb :malrixb; 
var r,phi;double);

var
denom,numl,num2 :double; 
a,ee,c,d: double;

BEGIN
a:= bb[l]*n0-bb[4]*nsub ;
ee:= bb[2]*nsub*nO-bb[3];
c:= bb[ 1] *n0+bb[4] *nsub;
d:= bb[2]*nsub*nO+bb[3];
numl :=(a*c)+(ee*d);
num2 :=(ee*c)-(a*d);
denom;=sqr(c)+sqr(d);
r;= (sqr(numl)+sqr(num2))/sqr(denom);
phi:= (arclan(num2/numl))/(2*pi);

END;

^*********************************************^

procedure output (reflect,phas;matrixa);

var
xxiinteger;

BEGIN
for xx;=l to 101 do 
BEGIN

writeln(outfile 1 ,reflect[xx]); 
writeln(outfile2,phas[xx]);

END;
END;

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^

BEGIN
assign(outfilel,'c:\petra\out 1 .pm'); 
assign(outfile2 ,'c:\petra\out2 .pm'); 
re'write(outfilel); 
rewrite(outfile2 );
getdata(nl,n2,tl,t2,li,stepsize,no,ns,N); 
li:=li-stepsize; 
forcount:=l to 1 0 1  do 
BEGIN

li:=li+stepsize; 
calcmatrix(n 1,11, li,malrixl ) ; 

calcmalrix(n2,l2,li,matrix2); 
multiply(matrixl,malrix2,answer); 
resetvars(answer,result);
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terminate:=N-2;
for counler:= 1 TO terminale DO 
BEGIN

if odd(counter) then 
BEGIN

multiply(result,matrix 1,answer) ; 
resetvars(answer,result) ;

END
else
BEGIN

multiply(result,matrix2,answer); 
resetvars(answer,result) ;

END;
END;
calcreflectivity(no,ns,result,ref,pha); 
reflectivity[count] ;=ref; 
phase[count] :=pha; 
writeln(li,' ',ref,' ',pha);
END; 

writeln(tl,' ',t2); 
output(reflectivity,phase) ; 
close(outfilel); 
close(outfile2);
END.
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Appendix II ; Reflectance Measurement Using Multiple 
Reflectance Method.

Po

MEASUREMNET 1; INCIDENT POWER

B
MEASUREEMNT 2: POWER AFTER TWO REFLECTIONS

B
MEASUREMENT 3, POWER AFTER 4 REFLECTIONS.

Pn - incident power

Pi = r,f2Po

P: = r,T:To 

etc....

P/ P= r,r1 * 2

I P„

V = m X

/
=;ln{r,r2 ) . in —  =21n(r,r2) .e tc   In —  =x l n ( r , f 2 )

If a graph is plotted of the natural log of the ratio of the measured power to the incident pow er, against the 

number of reflections, the gradient of this graph, g. w ill be Inlrir:). If both mirrors are the DBR under 

examination, and we assume their reflectance is equal, then the mirror reflectance, R. will be ê .
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