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A b stract
This thesis describes some of the ways in which the coupling between closely 

spaced quantum wells may be used to enhance the performance of quantum well optical 
modulators. These are identified as having a useful role as electro-optic modulators 

for which operating voltage and contrast ratios are two crucial parameters.
The background to Airy function solutions offokrodinger’s equation using a matrix 

matching technique is outlined and absorption spectra calculated at various applied 

electric fields for a range of quantum well structures. Through a consideration of cou­

pling effects, the width of the barrier separating a pair of wells is optimised for optical 
modulation at room temperature and this is confirmed from photocurrent measure­
ments. The electric field changes required are shown to be smaller than comparable 
multiple quantum well devices. Based upon this and an experimental determination 
of the absorption coefficient an asymmetric Fabry Perot reflection modulator employ­

ing coupled quantum wells is designed and fabricated. This exhibits the expected zero 
field reflectivity and similar devices should operate at low voltages giving good contrast 
ratios.

A p-i-n diode with the wells in the intrinsic region is used to apply bias to these well 
structures. The diode has a built in voltage and for any low electric field device this can 
degrade performance. Allowance was made for this in the design of the device above 

by the use of an extra layer between the p and n regions. As a possible alternative, 
the use of a particular asymmetric well structure is investigated.

Finally, the use of barriers narrower than normal in multiple quantum wells is 
modelled taking coupling into account. Modelling and photocurrent results show that a 
reduction in operating voltage through a reduction in barrier width is possible without 
coupling worsening the optical modulation.
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N o ta tio n , co n sta n ts , u sefu l re la tio n s  and  
abbr e v ia t ions

A variable used in §2.2 algebra and separately in chapter 5

AFPM asymmetric Fabry Perot reflection modulator
Ai Airy function (see figure 2.2)
AlGaAs Aluminium Gallium Arsenide
a absorption coefficient

&e—h absorption coefficient due to electron-hole pair e — h
A Angstrom (10-10m)
B variable in Fabry Perot calculations

B e- h exciton binding energy for the electron hole pair e — h
Bi Airy function (see figure 2.2)
C coefficient in wavefunction expression
CCD charge coupled device
CDC control data corporation
CDQW coupled double quantum well
Cr:Au chrome gold (contacts to p-type region)
CV capacitance voltage
d thickness of absorber, or atomic nuclei separation (in chapter 1)
D coefficient in wavefunction expression
6 total optical phase shift after a cavity roundtrip
dB decibel =  10LOGio(Powerjn/Power0ut)
DOS density of states

ei first electron energy level
E carrier energy

Ei SQW energy level
A E2 separation of levels in a two well structure
eihhi transition between first electron and heavy hole energy levels

E b barrier material band gap

E b e binding energy of the exciton
E c depth of well in the conduction band
ECL emitter coupled logic

Ee electron energy with respect to GaAs conduction band

E e- h spectral transition energy for electron hole pair e — h

Eg  * E g ap energy gap
E h hole energy with respect to GaAs valence band

E P carrier energy at Breit Wigner resonance

*7 diode quantum efficiency
E v depth of well in the valence band
E w well material band gap

to dielectric constant (8.85419 x 10-12Fm - 1 )
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€r relative dielectric constant

f photon frequency
F electric field [10K V /cm =lV /m icron=0.1m eV /A ]

also used in Fabry Perot calculations in chapter 5
Ft transition field
FWHM full width at half maximum
GaAs Gallium Arsenide

9 (v ) density of states at angular frequency u

1 variable in Airy function approximation
r FWHM of absorption peak Lorentzian

r P FWHM of DOS Lorentzian at Breit-Wigner resonance
h Planck’s constant (6.626176 x 10-34 Js)
ij"
12 mn matrix element between energy levels m and n
h h / 2tt (1.054588664 x 10"34 JS )
hh heavy hole
I photocurrent
K used in trigonometric and exponential arguments
L box limits or Lorentzian function
L 2 x 2  matrix at left side of material layer
A wavelength [nm]=1239852/energy[meV]

L c length of FabTy Perot cavity
lh light hole

Li length of intrinsic region
L z well width
m* effective mass (in kg not units of m e)

m lh heavy-hole effective mass (in z  direction)

m *h light-hole effective mass (in z direction)
m*(zL) effective mass in material to left of interface

m*(zR) effective mass in material to right of interface
m e electron mass (9.109534 x 10”31 kg)

Me—h square of overlap integral for electron-hole pair e — h

M t transfer matrix across whole structure
MBE molecular beam epitaxy
meV milli electron volt (10“3 q [Joules])
micron 10-6 m
MLS multilayer stack
MOCVD metal organic chemical vapour deposition

MOS metal oxide semiconductor
MOVPE metal organic vapour phase epitaxy

MQW multiple quantum well

V symbol for 10~6 or reduced effective mass
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n number of states (chapter 2), number of wells (chapter 6)
N number of layer pairs in a MLS

Tlc cavity refractive index

Ni impurity concentration
Up number of coupled well units
OEIC optoelectronic integrated circuit
OMA optical multichannel analyser
UJ angular frequency =  2t /

P MQW period
P optical power

<t> phase shift
7T 3.141592654
PL photoluminescence
PLE photoluminescence excitation
ps picosecond (10~12 s)

carrier wavefunction
wavefunction to left of interface

R wavefunction to right of interface

Q carrier charge ( 1.6021892 X 10-19 C ) (negative for electrons)

T e — h ratio of exciton area to level of continuum
R intensity reflectivity
R 2 x 2  matrix at right side of material

R a used in Fabry Perot equations

Rb back reflectivity
R C resistance capacitance time constant
R S front reflectivity
Ry Rydberg

P density of states

Pq charge density
SEED self electro optic device
SERC Science and Engineering Research Council
SLM spatial light modulator
Sn:Au Tin gold (n-type contact)
SQW single quatum well
t matrix elements
T intensity transmission, or temperature
TMA trimethyl aluminium
TMG trimethyl gallium
TTL transistor-transistor logic (0-5V)
U ( z ,F ) overall potential experienced by carriers
V bias voltage

11



V \ z ) reflected potential =  V ( —z)
V(z) zero field one dimensional well/barrier potential

Vo potential energy of semi-infinite barriers at zero field

Vap applied voltage

vq potential due to charges

Vfabs rate of photon absorption

y Airy function argument
X mole fraction of aluminium in AlxG ai_xAs

£ variable in density of states calculation
z growth direction

Zi lower limit of overlap integral

Z2 upper limit of overlap integral
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P reface
This thesis will be concerned with the study of quantum well devices as elec­

tronically controlled optical modulators. Prior to a more detailed description I will 
summarise in this preface some of the motivating factors behind this research.

There is a desire for electronically controlled optical modulators that can act as 

the interface between electronics and optics. A major application for these devices is 
in the coding of optical signals from electronic data for telecommunications purposes 

where the trunk telecommunication medium is the fibre optic cable. The current and 

future requirements for high volume, high bit rate communications [Cochrane 1989, 
O’Mahony] are likely to enhance the need for electro-optic modulators,especially those 
showing low voltage operation for compatibility with electronic logic, and, good optical 
modulation.

Arrays of modulators formed into a spatial light modulator (SLM) can be used to 

switch parallel optical signals. In telecommunications this could be used to control the 

routing of data if a high contrast, high speed SLM could be fabricated. The control 
of this SLM by electronic logic could bring benefits over attem pts to use all optical 
control [Midwinter 1987].

In addition to data communication this optical switching could be used in com­
puters employing optics for parallel processing. Within these computers SLMs again 
can be used [McAulay 1987], this time as processing elements, for example in matrix 
multiplication, or as logic elements, a specific example using quantum well modulators 
being highlighted later in this preface.

Hence there are a number of roles for the electro-optic modulator of which quan­
tum well devices are one type. These are semiconductor devices and as such are 

applicable to optoelectronic integrated circuits (OEICs) in which optical and elec­
tronic devices are integrated onto one chip, hopefully yielding cost and size benefits 
(see Yariv (1984), Hutcheson (1986) and Miller D A B  (Jan 1989b) for more infor­
mation). This thesis will be concerned with the quantum well devices themselves and 

improvements in operating voltage and contrast ratio rather than their integration or 

application. However, many applications have already been reported and these are 
mentioned below.

In connection with fibre optic communications Wood et al (1986) demonstrated 

bidirectional fibre optic transmission using quantum wells as both modulator and de­
tector achieving speeds up to 600M bit/s . For OEICs, work is underway to exploit 
the benefits of both the optical properties of GaAs quantum wells and the electrical 
properties of silicon by integration of the two materials, see for example Barnes et 
al (1989) or Goossen et al (1989). As well as electro-optic modulators other devices 
useful for optoelectronics can be fabricated from quantum well material, for example 
semiconductor lasers, field effect transistors and optical gate switches [Ajisawa et al, 
Wada et al (1989)]. The construction of these from a common multiple quantum well 
structure on one chip is an attractive route to integration.
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For SLM applications a number of groups have reported results from arrays of 
quantum well modulators and Hsu et al (1988) produced a range of conceptual designs. 
In the InP/InGaAs material system Rejman-Greene et al (1990) have fabricated a 2x2 

array of multiple quantum well modulators (MQWs). Mcllvaney et al (1990) have 
demonstrated a 4x4 SLM array using matrix addressing of G aAs/AlG aAs quantum  
wells with matrix address lines allowing array elements to be selected line by line. 

Alternatively the addressing of multiple quantum well arrays by charge coupled device 
(CCD) can be used and considered by Goodhue et al (1986) and Singh et al (1988) and 
demonstrated by Nichols et al. In terms of speed Wood et al (1987) have produced a 
2x2 quantum well SLM with rise and fall times of roughly 400ps, short rise and fall 
times being desirable for high bit rate communications.

In addition to these results the self-electro-optic-effect device (SEED), first pro­
posed by Miller D A B et al (Jul. 1984), has received a large amount of attention. In 
the original SEED devices the MQWs were in series with a resistor. When the MQWs 

absorb light a photocurrent is generated, by placing the devices in series with a resistor 
the photocurrent changes the bias across the MQW region which alters its absorption 
and can lead to positive feedback and optical bistability. Various other configurations 

have been demonstrated, for example Wheatley et al (1987) placed the MQW region 
in series with a phototransistor to give optical gain (but not bistability). Another 
configuration which can give bistability is the symmetric SEED (s-SEED) [Lentine et 
al (1988)], here two identical SEEDs are placed in series each forming the load of the 
other. The pair and connections can be fabricated from one MQW structure and so 
the device is useful for integration as well as being able to function as a logic gate or 
optical memory element. To my knowledge this is the only configuration in commercial 
production and is available as a 64x32 array [Lentine et al 1990].

More recently this group has described a prototype all-optical switching network 
employing s-SEEDs [Cloonan et a/|, this arrangement of devices has potential applica­
tions in the interconnection networks envisaged as a part of future telecommunications 

systems or in optical computers. Although these devices are ‘all-optical’ in the sense 

that optical signals control optical output they are dependent upon the quantum well 
modulator’s current generating and electro absorption characteristics.

There is clearly an internationally recognised role for quantum well optical mod­
ulator devices. My PhD project was to develop a computer model to calculate the 

absorption spectrum of these devices at various electric fields. The parameters in the 
model would then be used to predict absorption spectra for devices that had not pre­
viously been studied and either optimise design or investigate new effects. The actual 
model developed drew upon and extended the most suitable aspects of other published 

calculations. It was applied to a wide range of structures with particular emphasis on 

coupling effects between quantum wells. It is principally this application of the model 
to structures useful for optical modulators that forms the novel aspect of this work.
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C h ap ter  1 In tro d u ctio n  to  o p tica l m o d u la to rs  
and th e  qu an tu m  w ell m od u la tor
§1.1 Optical Modulators

Intensity modulation of an optical beam can be achieved directly through changes 
in the absorption or reflection coefficient of a device. Alternatively a phase change 
can be introduced into one portion of the optical signal, upon recombination with the 
unaltered portion of the signal in a Mach Zender arrangement, interference results in 
intensity modulation [see for example Hecht and Zajac]. Direct intensity modulation is 

generally simpler to implement and it is this that is used in the quantum well devices 
considered in this thesis, To predict performance of both transmission and reflection 
devices it is necessary to calculate electroabsorption spectra, the reflection modulators 
discussed in chapter 5 fundamentally operate through changes in absorption within 
the device.

The “performance” parameters used to describe modulators are listed below. In 
order to achieve some change of absorption within a device a drive voltage, or bias, must 
be applied. This operating voltage should ideally be compatible with the electronic 
drive circuitry for ease of integration and generally low to decrease the power required 
as all devices contain capacitance and the charging of this capacitance requires a power 

proportional to the voltage squared. Transistor to transistor logic (TTL) operates 
between OV and 5V, CMOS between OV and 3V to 18V and the higher speed emitter 
coupled logic (ECL) between «  —0.9V and «  —1.8V for the logic levels [Sedra and 
Smith]. Reduction of operating voltages from over 5V forms a major part of this work.

The capacitance of the device affects the power dissipation and speed of operation, 
capacitance is a function of device size and is largely beyond the scope of this thesis. 
Boyd et al (1989) reported a 5.5GHz multiple quantum well reflection modulator, the 
speed of the device is limited by the R C  time constant, which in this case was 29ps, 
and it is generally R C  time constants that limit the speed of quantum well modulators. 
The range of wavelengths or optical bandwidth over which a given modulation occurs 

is also an important parameter. Finally, in a transmission or reflection device the 

modulation between the two biased states is described either in absolute percentage 

terms or by contrast ratio and insertion loss. Low insertion loss and high contrast 
ratios are desirable although there is often a trade off between the two, the exact 
balance acceptable depends upon the system requirement.

To set the quantum well modulator in context, some of the other modulation 
mechanisms available are summarised first. Waveguide devices require the optical 
signal to be guided usually by refractive index changes between a core and cladding, 
the modulation takes place in the guiding region where the interaction length may be 
long.

Liquid Crystal : These are widely used for display purposes and exhibit high 
contrast ratios but are slow due to their reliance on reorientation of molecules. The 

common nematic liquid crystals have switching times of the order of 1ms. Faster
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performances of the order 10“6s have been reported [Crossland et al 1990] but this is 
still slow in comparison with the quantum well modulator mentioned above.

Lithium Niobate : An electric field changes the refractive index giving a phase 
modulator, intensity modulation being achieved using a Mach Zender interferometer. 
Devices must be long (« lc m ) and are restricted to a waveguiding geometry. Dolfi et 
al fabricated an intensity modulator operating at speeds up to 40GHz with a 7.5V 
operating voltage and a 3.5dB optical insertion loss. There are commercially available 

devices.

Direct modulation of semiconductor lasers : This is the process currently used to 

provide coded optical signals. The UK fibre network’s highest bit rate is 565 M bit/s at 
present, but 2.4G bit/s is of interest [O’Mahony]. (For comparison a standard telephone 

operates at 64kbit/s and a video phone might need 70M bit/s [Kao].) However the range 
of distances over which the signal can be successfully transmitted is reduced at higher 

bit rates ( «  lG b it/s) because direct modulation of the semiconductor laser injection 

current results in changes of refractive index within the laser cavity. These changes 
alter the laser’s mode frequency and hence broaden the spectral line, limiting bit rate 
[Linke 1984] and the distance the pulse can travel due to dispersion spreading the 
pulses. External intensity modulation of the lasers output, for example by quantum 
wells, would eliminate this source o f ‘chirp’. Although an intensity modulator operating 
through changes in absorption results in some phase modulation due to the Kramers- 
Kronig relation and so inducing chirp, if a suitable waveform is used the effects can be 
minimised and benefits over direct laser modulation achieved [Koyama 1985, Okiyama 

1988].

Bulk semiconductor modulators : These suffer from low absorption coefficients 
and small changes of absorption upon application of an electric field (443 cm -1 for the 
maximum change of absorption coefficient in GaAs compared with changes of the order 
10000 cm-1 for 100A wide quantum wells [Jelley et al 1989]). In normal incidence (not 
a waveguide) Wight et al (1985) demonstrated a GaAs device showing a contrast ratio 

of l .ld B  , an insertion loss of 8.2 dB when operating at 5V.

Deformable Mirror Devices: These are thin reflective films on silicon MOS transis­
tors, they are suitable for formulating into arrays and are addressable by TTL circuitry. 
Switching times are of the order of microseconds. Devices give phase modulation, hence 

lenses are required for intensity modulation [see McAulay and references therein].

For comparison, GaAs based quantum well modulator performances in the litera­
ture around the time of the start of this project (October 87) were; 131ps modulation 
[Wood et al 1985], for an applied voltage of approximately 8V, the insertion loss was 

low (1.2dB) but the contrast ratio was poor ( «  1.7:1). Improved contrast ratios were 
achieved by using waveguide geometries, for example Wood et al (Aug 1985) who 
achieved 10:1 .(A review of quantum wells in waveguide modulators was written by 
Wood (1988) .) In 1988 Hsu et al achieved approximately a 10:1 contrast ratio in a 
transmission modulator (not a waveguide). They used a 4 micron thick MQW modula­

tor (thicknesses are usually 0.5 to 1 microns), however, the price was a high operating
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voltage of 20V and high insertion loss of 13dB. It was not until Whitehead et al (1989) 
used quantum wells within a Fabry-Perot cavity that contrast ratios increased dramat­
ically to greater than 100:1 for non waveguide devices. Throughout this time operating 

voltages remained generally in excess of 5V.
From the applications described in the preface and the description of quantum  

well and other modulators above it is clear that the quantum well modulator has 

a useful role to play. Liquid crystal devices show high contrast but are too slow 
for many applications, lithium niobate can only be used in a waveguide geometry, 
the modulation of semiconductor lasers could benefit from external modulation, bulk 
semiconductor devices show poor modulation and deformable mirror devices result 
in phase, rather than intensity modulation. Quantum well modulators have recently 

shown high contrast, they are suitable for array configurations and can operate at high 
speed.

The next section introduces the modulator device structure and the operation of 
the device.

§1.2 The quantum well modulator.
Quantum well modulators are fabricated from layers of different band gap semi­

conductor materials grown epitaxially. The materials GaAs and AlxG ai_xAs have the 
same lattice constant and the system is not strained, for x <  0.45 they are both ‘direct 
band gap’ so the potential experienced by an electron in the direction normal to the 

plane of the layers, usually z  the growth direction, varies from one layer to the next 
as in figure 1.1 .

In this thesis I will be concerned with GaAs and AlGaAs devices because of the 
greater availability of data and material. These devices operate at «0 .86  microns 
which is suitable for local area networks but is not suitable for long haul fibre optic 

communications where wavelengths in the 1.3 to 1.55 micron region are used for min­
imum signal loss or dispersion. The modelling work in this thesis should be readily 
applicable to the InP/InGaAs system which does operate in this wavelength range.

Growth of these material layers is typically by molecular beam epitaxy (M BE) 

or metal organic vapour phase epitaxy (M OVPE), otherwise known as ‘metal organic 

chemical vapour deposition’ (MOCVD) [for review papers on MBE see Gossard (1986) 

and for MOCVD Stringfellow (1985), more recent reviews appear in Stradling and 

Klipstein]. The relationship between waveguide and ‘transmission’ modes to the quan­
tum well layers is shown in figure 1.2.

In order to obtain an electric field across the wells the quantum well layers are 
grown in the intrinsic region of a p-i-n diode, see figure 1.3. Contacting to the p and n 

layers permits an electric field to be applied to the wells, the field strength being given 
approximately by VapfLi  where Vap is the applied voltage and L{ is the length of the 
intrinsic region. (The voltage appears only across the intrinsic region because the p 
and n layers have a relatively high conductivity.)

Potential wells and barriers are formed by the different band gap layers. These
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i Electron potential energy

A 1x G a l - x A s A 1x G a l - x A s

GaAs GaAs

i GaAs band gap A 1x G a l - x A s band
gap

Real space (growth direction) z

F igu re  1.1 Relation of material layers to well/barrier potential. Successive 
material layers are deposited in the growth direction. AlxG ai_xAs material has the 
larger band gap and forms the barrier material between GaAs wells.

potential wells are sufficiently thin such that quantum mechanics apply and Schrod- 
inger’s equation can be used to find the energy levels and wavefunctions of the carriers 
(electrons, heavy-holes and light-holes). This is discussed more fully in chapter 2.

The thickness of the barrier material layers determines some of the properties of 
quantum well devices, the terminology used is clarified here. For multiple quantum 
well structures (figure 1.4a) the wells are assumed to be sufficiently separate as to be 

independent, the potential term in Schrodinger’s equation need only contain one well 
and its adjacent barriers. Each well has its own carrier energy levels and wavefunctions. 
These wavefunctions are largely localised within the well material but do penetrate 
into the barrier material. If the barrier between two wells is made thin as in figure 
1.4b there is an interaction between the carrier wavefunctions of wells separated by
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Transmission mode

Waveguide mode

F igu re 1.2 showing schematically the relation between the direction of incident 
light and the quantum well layers. Short arrows denote the polarization of the light’s 
electric field. In transmission mode this polarization can only be parallel to the layers.

|  contact layerGaAs

AlGaAs V

MQW

AlGaAs

GaAs

GaAs substrate

F igu re  1.3 . Schematic representation of the basic diode structure. This is suit­
able for photocurrent measurements, a hole must be etched in the substrate to make 

a transmission device.

20



Figure 1.4 Schematic representations of,
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b Coupled Double Quantum Wells
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a narrow barrier - coupling is said to have taken place and we have a coupled double 
quantum well (CDQW). Provided the barriers between the pairs are large, a series of 
CDQWs can be modelled by just considering one pair. For narrow barriers separating 
all wells (figure 1.4c) a superlattice is formed. Here the carriers’ energies form bands 

in a manner analogous to the energy levels in a bulk semiconductor lattice.
The ' z-momenta of carriers in MQW and CDQW structures at zero field 

are quantised into energy levels. I label the energy levels e i , e2  etc as in figure 1.5 

which shows some of the other notation used later and gives approximate magnitudes 
of some quantities.

E 245meV c

E„ 1420meV

E v 130meV

E 30meV e

hf 1450meV (Ee+Eh+Eg-EQE)

. E h 7maV
■hh_ k

100  A growth direction ^

F igu re 1.5 showing some of the notation used and approximate values of some 

quantities for a GaAs well with Alo.3Gao.7As barriers.

Absorption of a photon incident upon the quantum well material may take place 

if the photon has the correct energy. This energy is approximately the GaAs band gap 
energy E g plus the energies Eh and E e of the hole and electron energy levels. In figure
1.5 E e corresponds to the energy of the level labelled e i. This results in an electron in 

the conduction band and a positively charged hole in the valence band. In MQWs this 
electron and hole pair are confined spatially to the well layer and hence are attracted 
by the Coulomb interaction, they bind together to form an exciton pair. (This is called 
an interband transition and is labelled by the electron and hole energy levels eg e ih h i, 
promotion of, say, an electron from the ground state to a higher excited electron state
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is termed an intersubband transition and typically occurs at wavelengths of the order 
of 10 microns [eg Harwit et al (1987)].)

The confinement of carriers in one dimension to distances of the order of 100A by 

the well/barrier potential ensures that the electron and hole forming the photogener­
ated pair are located spatially close together in the z  direction. Specifically they are 

closer than the Bohr diameter of the exciton in bulk GaAs («300A ). The consequence 
of this is that the absorption due to the quantum well exciton is greater than an ex­
citon in bulk material (especially at room temperature where excitonic absorption in 
bulk material is weak [Sturge 1962]) , furthermore, the exciton is still observed when 

an electric field is applied to the quantum well structure, unlike in bulk material where 

it rapidly vanishes [Miller et al (Nov 1984)]. The binding energy E b e  of the quantum  
well exciton (ie the difference in potential energy between a free and a bound electron 
hole pair) is about 7meV.

The details of the interaction of light with matter is beyond the scope of this 

thesis and the reader is asked to accept that this absorption can take place and that 
the photon energy necessary need only be E g +  E e -f Eh, — E b e  despite the implication 
that the photon knows about all the processes to come and ‘borrows’ energy before 
promoting an electron from the valence to conduction band and then forming a bound 
exciton. (If it is of any help, absorption and emission must occur at the same energy 

and if there are no energy sources or sinks it is relatively easy to visualise emission 

(due to recombination of electron and hole) at an energy of E g ■+- E e -f Eh — E b e -)

Calculation of the absorption coefficient is explained in more detail in section 
2.3, for now note that the absorption spectrum is the sum of the absorption from the 
creation of each possible electron and hole pair. The contribution from each pair has 
two components, a peak from the bound pair or excitonic contribution and a continuum 
from the unbound, free particle contribution. The spectral energy, h f ,  at which the 

peak occurs is given by E g +  E e +  Eh — E b e , the different peaks having different E e 
and/or Eh . The height of the peak is related to the overlap integral of the electron and 

hole wavefunctions. These wavefunctions are found by solving Schrodinger’s equation 

for the well and barrier potential.

A constant electric field applied to the well and barrier potential causes the wave­
functions to localise, the energy levels to shift and the wavefunction overlaps to change. 
This shifts the heights and spectral energies of the peaks in the absorption spectrum  
as depicted schematically in figure 1.6. This is the so-called ‘quantum confined Stark 
effect’ (QGSE) because the well confinement ensures that the exciton is still observed 

after the application of an electric field but its spectral energy has changed, or Stark 
shifted.

Hence we have the basis of an electroabsorption modulator. The absorption spec­
trum changes when the electric field changes, there is no delay associated with molec­
ular reorientation or carrier dynamics. From an engineering point of view we have 

to make these changes in absorption large and change the electric field rapidly and
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easily. The purpose of this being to achieve good optical modulation at low operating 

voltages, preferably compatible with high speed logic circuits.

§1.3 Outline for the PhD project
The original direction for this PhD was to undertake theoretical modelling to opti­

mise the properties of G aAs/AlGaAs multiple quantum well optical modulators [SERC 
proposal]. At the outset (October 1987) results had been published on different well 
shapes, obtainable by varying the aluminium concentration, specifically parabolic wells 

[Miller R C et al (March 1984)] and graded gap quantum wells [Hiroshima et al (1987), 
Nishi et al (1987) and Hong et al (June 1987)], the latter group also considered wells 

with asymmetric barrier heights on either side of the well. However, few attem pts had 
been made to study systematically how the structure of the MQW system  could be 
optimised to give the best possible performance (although Newson et al (1987) had 

considered the effect of residual doping in the intrinsic region on the number of wells 
to include in a multiple quantum well.) The flexibility available in design, ie number of 

wells, well width, barrier width, composition of wells and barriers and electric field ef­
fects provided a good incentive to model theoretically the performance of these devices 
so that the parameters listed above might be optimised. A model was developed to 
calculate absorption spectra but I chose to focus upon the possible benefits of coupling 
between wells rather than an optimisation of complete MQW structures. This choice 
was made because I found it more interesting and there was the hope of using coupling 

to give large improvements in device performance rather than the smaller improve­
ments likely to come from optimisation. During the course of my work a number of 
papers were published on MQW optimisation and these are listed next. Experimen­
tally measured absorption coefficients for different well widths and for various electric 
fields were made by the Siemens research group [Jelley et al (1988), Jelley et al (1989) 

and Lengyel et al (1990)], the latter paper demonstrating how optimum values of some 
parameters may be chosen. A theoretical comparison between a selection of structures 

with different combinations of well widths, barrier widths and aluminium concentra­
tions in the barriers was made by Cho et al (1989). Nojima et al (1988) optimized well 
widths and band gaps in the InGaAsP/ZnP and InGaAlAs/InAlAs material systems 

to achieve the largest ratio of the change in absorption coefficient to its zero field value. 

Stevens et al (1989) investigated the limits to normal incidence electroabsorption in 

GaAs based multiple quantum wells with particular reference to telecommunications.
In the previous paragraph I mentioned that coupling might be used to give large 

improvements in device performance, this is outlined below and discussed more fully 
in chapter 4.

If two quantum wells are formed in close proximity as in figure 1.4b the carrier 
wavefunctions are solutions to Schrodinger’s equation for the whole, two well system. 
For certain barrier widths separating these coupled wells, when an electric field is 
applied the changes in energy levels and wavefunction localisation occur more rapidly 

than in comparable single quantum wells. From figure 1.3 one can see that if the
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F igu re 1.6 showing: top, the calculated lowest electron and hole wavefunctions 
(ei and hhi) at OkV/cm and 40kV/cm  overlaid upon the potential of a 115A wide GaAs 

well; bottom, the calculated absorption spectra for this structure, solid line OkV/cm, 
dashed 40kV/cm . The electric field tilts the potential and the wavefunctions polarise 

towards opposite corners of the well. The energy separation of the levels decrease from 
Eo to E p  ( ‘Stark shift’) resulting in a shift of the eihhi absorption peak from Ao to 
\ p .  The polarisation of ei and hhi wavefunctions with field reduces their overlap and 
the eihhi absorption peak height falls. The other features in the spectrum are from 
light holes (e ilh i) and the next heavy hole energy level (hh2 ).
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field required for a given absorption change is lower in coupled double wells than 
multiple quantum wells with similar lengths of intrinsic region, Li,  then the operating 

voltage Vap can be reduced. In uncoupled MQW structures the barrier material is not 
absorbing yet it contributes to the intrinsic region length L{. Reducing the barrier 

width to a minimum and hence reducing L{ would enable operating voltages to be 

reduced without affecting absorption.
In summary, I set out to develop a model of the quantum well electroabsorption 

to cope with a wide range of quantum well structures, the purpose being to improve 

theoretically the performance of these modulators. When it became clear that the 
study of coupling could yield useful results I focussed my work in this direction, the 

aim being to model electroabsorption for coupled well structures, in particular to look 

for trends as, say, barrier width is changed. Thus the emphasis was on developing and 
using a model to predict useful device structures rather than an exact modelling of the 
complete absorption spectrum.
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C h ap ter 2 
M od ellin g  th e  e lec tro a b so rp tio n  sp e c tr u m

In order to assess modulator performance I need to be able to model absorption 
spectra for a range of coupled and uncoupled structures both with and without electric 
field applied. To do this the calculations can be broken into two distinct areas - the 

evaluation of carrier energies and wavefunctions, and, the calculation from these of the 

absorption spectrum.

§2.1 Introduction and literature review 

§2.1.1 Evaluation of carrier energy levels and wavefunctions
Materials with different band gaps grown epitaxially cause carriers to experience 

a potential energy of wells and barriers, V ( z ), varying in the one dimensional growth 
direction (z ), see figures 2.1 and 1.1.

V(z)

/ N

Vo

0

F igu re  2.1 depicts the function V( z )  for a coupled double quantum well. The 

origin of z  is at the centre of the structure, the origin of V( z )  is at the bottom  of the 
GaAs wells. Numeric labels are used in the text to explain the calculations.

With electric field (F)  applied across the structure in the growth direction, this 
one dimensional potential tilts to slope linearly with distance as in figure 1.6 . The 

overall carrier potential energy is given by V(z ,  F ) =  V(z)  — qFz  where q is the charge 

of the carrier. Evaluation of energy levels and wavefunctions is based upon the solution 

of the time independent, one dimensional, Schrodinger’s equation using the potential 

U( z , F) .

- h 2 <Pil)(z,E,F)
2 m*(z) d z2

+  U ( z , F )  1 > ( z , E , F ) = E i / > ( z , E , F ) (2.1)
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where m*( z ) is the effective mass in the well or barrier and t l ) ( z ,E,F)  is the carrier 

wavefunction at the energy E.

Many solutions have been reported in the literature and some of those applicable 

to quantum wells are summarised here. One should bear in mind that the solution 
technique adopted here should be able to cope with coupled wells both with and 
without electric field, 

a) Perturbation theory.

(i) Variational calculations eg Bastard et al (1983). A functional form for the 
carrier wavefunction is assumed. This functional form should contain at least 
one variational parameter which when varied changes the shape of the wavefunc­
tion. The best guess to the exact wavefunction and energy level occurs when 
the variational parameter is such that the expectation value of the Hamiltonian 
is at a minimum with respect to the variational parameter. The method relies 
for its accuracy upon a good guess at the functional form of the wavefunction. 
This is difficult to extend from the relatively simple ground state energy levels 

(e i, hhi and lh i) of a single quantum well to coupled wells and to states other 
than the ground state because the shape of the wavefunction for coupled wells 
and non-groundstate energy levels is complicated. Furthermore, the technique is 
inaccurate at high electric fields [see Austin et al (1985)].

(ii) Lengyel et al (1990) express perturbed wavefunctions (due to the electric 
field perturbation) as a sum of unperturbed wavefunctions and find coefficients 
numerically. They perform the calculation only for ground states. It is likely that 
extension to coupled wells and high energy levels would be complex because of 
the complicated shape of the wavefunctions and rapid changes in shape of coupled 
well wavefunctions with field (described later).

b) Approximation of the potential U(z,  F ) in a ‘piecewise-constant’ manner. With 
field applied U ( z , F )  slopes with distance, in this technique the sloping potential is 
divided into many flat steps, for example Harwit et al (1986), Stevens et al (1988) 

and Ghatak et al (1988). Calculation of tunnelling resonance peaks may then be 

used to give energy levels. This method is computationally simple to implement as it 
involves only exponential, sine and cosine functions to describe the wavefunction, can 
be used for arbitrary potential shapes, and is accurate if the potential is broken onto a 

sufficient number of steps. It has the disadvantage that a matrix multiplication must 

be undertaken at each of the many step edges resulting in slow computation times.

c) Exact solutions. The zero electric field solution is fairly simple and described for 

a single well in many undergraduate texts eg Rae chapter 2. A more general solution 
for an arbitrary number of wells is described later in §2 .2 .

W ith constant field applied, the qFz  term in U ( z , F )  gives potentials that slope 

linearly with distance. By transforming variables, Schrodinger’s equation can be ex­
pressed as a differential equation with Airy function solutions, eg Austin et al (1986). 
This is not an approximation and to find the solution requires a matrix matching only
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at the well and barrier interfaces lending itself to many-well calculations. This is the 
method I chose to adopt and is described in more detail in §2 .2 . Similar matrix match­
ing techniques involving Airy functions have been published, see for example Brennan 

et al (1987), Hutchings (1989), Mcllroy (1986) and Campi et al (1989). There are 
differences between the last 4 methods in determining the exact positions of energy 

levels. This will be addressed in §2.2. The exact Airy functions also form the basis of 

Chiba et a/’s work.

Airy function solutions are valid only for linearly sloping potentials. If the well 
shape V ( z ) is, for example, parabolic or the electric field is not constant over a well 
then a hybrid approach may be taken. In this case the well potential is divided into 

many steps of linearly varying potentials eg Tan et al (1990).

d) Numerical solutions to the Schrodinger differential equation. A Monte Carlo 
approach, eg Singh (1986) and Singh et al (1986), this has the advantage of being 
readily applicable to any potential profile, can include the Coulomb interaction between 

the electron and hole and the final solution is independent of a trial wavefunction. 
However Monte Carlo techniques are notoriously slow due to the large number of 
iterations needed (of the order 1 0 4  here) to achieve convergence of the solution.

A finite element method has been used for a two-dimensional quantum-confined 

structure [Kojima et al 1989] which the authors state is also applicable to a one dimen­
sional potential. Bloss (1989) has developed the methods of ‘shooting’ and ‘relaxing’ 
which use, respectively, the Runge Kutta method and a form of finite difference to  
solve Schrodinger’s equation. These were applied to a coupled well structure [Bloss 
(1990)] but the wavefunction boundary conditions need careful consideration (see Bloss 

(1989) and mentioned in §2.2).

e) Analogies with optical waveguide theory. The mathematics of optical waveguide 
theory is directly analogous to quantum wells; the optical amplitude being the carrier 

wavefunction and the refractive index the potential experienced by the carrier. Chuang 
et al 1987 use a strong coupling of modes approach for coupled quantum wells drawing 
direct analogies with coupled optical waveguides. Kim et al (1990) use the beam prop­
agation method although this requires fast Fourier transform algorithms. Yariv et al 
(1985) draw analogies from optical directional couplers and use a linear combination of 
well wavefunctions calculating wavefunctions for coupled quantum wells. These analo­

gies with optical waveguide theory tend to consider only zero electric field situations 
(an electric field would be represented by a ‘waveguide’ with a continuously varying 
refractive index).

f) Analogies with semiconductor theory. Bleuse et al (Jan 1988) apply tight- 

binding theory to calculations of energy levels in superlattices. Variations on the 
Kronig Penney model have been applied to the calculation of superlattice bands [Bas­
tard (1981) or Yuh et al (Dec 1988)]. Marsh et al (1986) have used a scattering matrix 

approach (which is not restricted to periodic structures). Fiorentini (1990) has pub­
lished a self-consistent density functional theory but this does not lend itself to simple
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absorption spectrum calculations. These techniques generally tend to be applicable 
more to superlattices as these are composed of repeated potential wells (like a bulk 

semiconductor but on a different scale).
It is generally assumed that these solutions of the t ime independent  Schrodinger 

equation are valid provided the measurement time is shorter than the tunnelling time.
I have listed above some of the techniques that have been employed in the solution 

of Schrodinger’s equation. All have their advantages and disadvantages but as far as 
I was concerned, the perturbation theory approaches could not be used because of 
their complexity for coupled structures and non-groundstate energy levels; numerical 
solutions would probably be too slow or complex; the analogies with optical waveguide 

theory and semiconductor theory do not easily address the problem of electric field 

or small numbers of coupled wells respectively, the ‘piecewise-constant’ approximation 
requires many matrix multiplications especially for coupled well structures but was 
otherwise an attractive option. Exact solutions can be obtained very quickly on a 
computer system with Airy function algorithms, for many different forms of V(z) .  I 
use the Numerical Algorithms Group routines running on a CDC Cyber 960 computer 
at Imperial College, London.

§2.1.2 Evaluation of the absorption spectrum
The second half of the absorption spectrum calculation is discussed next. All the 

methods described below require prior determination of energy levels and wavefunc­

tions by one of the techniques above and some assumption as to the lineshape of the 
excitonic absorption and broadening.

Stevens et al (1988) calculate absorption peak wavelengths from energy levels, ex- 
citon binding energy and assumed strain shifts. The absorption spectrum is composed 
of Lorentzian peaks with heights proportional to the square of the electron-hole wave­
function overlap integral and of a continuum contribution representing the unbound 

electron-hole pairs. This is the method used in this thesis and is described in more 

detail in §2.3 . Lee et al (1989) use a similar technique but with a more complete 
treatment of excitons.

Klipstein et al (1986) also use a similar method of Lorentzians and continua but 
show in more detail the physics behind this ie. indicating how absorption can be calcu­

lated from polarisability which can be determined from Maxwell’s equations. They do 

not, however, include the change of overlap integral with applied field in their model.
Masselink et al (1985), Hong et al (Dec 1987), Ahn (1989) and others have calcu­

lated absolute quantum well absorption coefficients by including explicitly the interac­
tion of the optical radiation with the electron hole dipole and by including the Bloch 

states in the wavefunction overlap. I do not do this because I believed it would be 

more fruitful to devote my time to studying changes in the absorption spectra rather 

than the exact values of the absorption coefficient. The calculations in this thesis give 

scaled absorption coefficients proportional to their absolute value. The scaling constant 
is dependent upon the factors mentioned above and I fit the value from experimental
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data. (My work does account for the different momentum matrix elements for heavy 
and light holes).

In summary, I adopt a method similar to Stevens et al (1988) for calculating 
absorption spectra given the energy levels and wavefunctions because this is relatively 
simple to implement yet shows the changes in absorption coefficient necessary for 

optical modulation. The wavelengths of interest for optical modulation are those close 

( «  ±30nm ) to the absorption edge of the material at which application of an electric 

field can result in large absolute and percentage changes in absorption.

§2.2 Details of the energy level and wavefunction calculation
Schrodinger’s equation (2.1) must be solved. The chosen method in the previous 

section was that of exact solutions. The effective mass m*{z ) is independent of energy 
E  if band non-parabolicities are neglected. Stevens et al (1988) show that the inclusion 
of band non-parabolicity gives a small shift of absorption peaks, for ground state 
levels in a single quantum well, of the order of ImeV. I decided to neglect band non- 
parabolicity initially but make the effective mass a value returned by a function in 
my programs so that I left myself the option of including this effect later if necessary 
by making the mass energy dependent. I also neglected light and heavy hole mixing 
because there is usually a reasonable separation between the major heavy and light 
hole exciton peaks at the wavelengths of interest for optical modulation in chapters 
4 and 5. Furthermore, Andrews et al (1989) suggest that band mixing in a similar 
structure to that in chapters 4 and 5 results in little change of exciton transition 

energies but the exciton linewidths are affected at 5K. All modelling in this thesis of 
optical modulators is for room temperature where thermal broadening dominates. The 
wavefunctions and energy levels found in this section are for free electrons and holes 
- the Coulomb attraction has been omitted. In the absorption coefficient calculations 
of §2.3 allowance is made for these excitonic effects.

Equation (2 .1 ) has the zero field solutions below.
In regions where E < V ( z )

V>(z , E)  =  C ( E )  exp[—k( E,  z )z) +  D ( E )  exp[tt(E, z)z]  (2.2)

the argument F  of t p(z , e ,F)  and of the coefficients C ( E , F )  and D ( E , F ), is dropped
when I am considering only one particular field, and, in regions where E  >  V( z )

ip(z, E ) =  C ( E )  sin[«:(^, z)z]  +  D { E ) cos[/c(i?, z)z]  (2.3)

where

< E , z )  =  \ j  V ; V  ; (2. 4)
f2m*(z)  |( V( z )  -  E )|

ft3
The z  dependence of m*( z ) and V( z )  is through the composition of the well 

material. At each interface we must have continuity of wavefunction and particle flux 
(for example Schiff 1981). Wavefunction continuity requires

L(z%nt, E,  F)  =  ipR(zint, E , F)  (2.5)
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is the wavefunction to the left of the interface at Z{nt and is the wavefunction to 
the right. Particle flux conservation and wavefunction continuity lead to the following 

condition on the wavefunction derivative:

1 dipL(z int, E , F ) 1 (hi>R(z inUE , F )
— (2.6)

m*(zL) dz  rn*(zR) dz

where tti*(z l ) is the effective mass of the carrier in material to the left of the 
interface and m*(zR) is to the right [verified for G aAs/AlGaAs by Galbraith et al
(1988)]. In regions where E < V ( z )  we have from equation (2.2)

(  4 1 \  =  (  exP[_ '? Z1 exP[K Z1 'l ( C’( £ ) '\  (2 71
V - S F  exP[-K  *] ^  exp[ft z ] J ( D ( E ) )

(dropping the arguments for clarity) and where E > V( z )  from equation (2.3)

(  /  * )  =  (  « 8fa(7 ) , “ Ŝ f } , )  (  n i l l )  (2.8)\ - ^ < ^ os(k z ) - ^ s m ( / «  z ) )  \ D { E ) )

Equations (2.5) and (2.6) can be used to match the matrices in (2.7) and (2.8). 
For example at the interface between materials 1 and 2 (see figure 2.1) we write

r^ ) ( S S ) ) = l^ ) ( S ((S ) <2-9>
where R i  denotes the relevant 2 x 2  matrix from equation (2.7) or (2.8) for the right 
hand side of material 1 , with z  being the value of the interface between 1  and 2  and 
m*(z)  evaluated for material 1. Similarly L 2  denotes the relevant matrix for the left 
hand side of material 2. Likewise at the boundary between 2 and 3 the matrix equation 
is R2(£KSS))=L3(£)(S!§) ( 2 - 1 0 )

hence (£8 ))=Ri_1(£) Mij) k *~1 { e )  u { E ) (§S!) (2 -n )

and over the whole structure of figure 2 . 1

(o lcE )) = Rl_1(£ ) L*(£ )

L3( £ )  R 3- \ E )  L4 (E ) m ~ ' ( E )  U ( E )  (2 -12)

where the multiplied matrices can be expressed as one matrix M t ( £ )  and

M’ <£>- ( ! ; : $  3 3 )  <2-i3>
This is readily extendible to a large number of interfaces and applies to structures 
containing layers of AlxG ai_xAs with differing values of x.
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At zero field the solutions are bound, that is to say, i p(z ,E)  —> 0 as z —► ± 0 0  

hence C \ ( E ) =  0 and D$(E)  =  0. In order that this is true t u ( E )  must be zero. This 
occurs only at the energies E  which are valid solutions.

Hence by varying E  I can locate the roots of t u ( E )  =  0 giving the zero field 

energy levels. From these all the coefficients C ( E )  and D ( E)  can be calculated and 
hence the wavefunctions.

I will now turn to the with field case. With electric field (F ) applied the qFz  term 
in Schrodinger’s equation is non zero and the equation is transformed into a differential 
equation with Airy function solutions.

The substituted variable y (Austin et al 1985) is,

y i z , E , F ) = ( ^ p ^ . )
1/3 V i z )  -  E  - z +  v '

qF
(2.14)

As 2  is varied, V( z )  and m*(z ) are both constant throughout a material until an 
interface is reached. At each interface the conditions of continuity of wavefunction and 

particle flux must be applied and hence in the differentiation of y  with respect to z  , 
V( z )  and m*(z)  can be treated as constants. From equation (2.14),

dy _  ^ 2Fm*q ĵ 1 / 3

dz  \

By the chain rule, 

Hence,

Using equation (2.15)

(2.15)

(2.16)
u£ uy

d2ip _  d2y dtp 
dz2 dz2

dip dy dip
dz dz  dy

d2ip ^ ^ 2 F m * q ^ 2 3̂ d2ip

Now, from equation (2.14),
zi-H-rv w (21*1

( 2 F m ' q \ ~ 1/3 V - E
2 = - 4 t J  + —  ( 2 - 1 9 )

and by substituting this and equation (2.18) into Schrodinger’s equation,

h2 d2ip 
2 m* dz2

the differential equation below results.

d2ip 
dy2

This is the standard differential equation with Airy function solutions:

+  ( V -  qFz  -  E)ip =  0 (2.20)

- y  =  0 (2.21)

ip =  C  Ai (y)  +  D Bi ( y)  (2.22)
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F igu re 2 . 2  The Airy functions.

where Ai  and Bi  are Airy functions (see figure 2.2) and the omitted dependencies are, 
rl> =  E,  F ), C  =  C (F , F ), D  =  D( E,  F ) and y =  y ( z , F , F ).

The asymptotic Airy functions for large |y| are:

Ai(y)  ft 

J?*'(y)

2 0 F

1

- 1 /4 exp

y ?
y 1//4exp

- V /23 s

- y 3 / 2
3

where

A i { - y )  ft 1 / 4  sin 7

V *

B i ( - y )  ft -^=y - 1 / 4 cos 7  

V 71”

7  = V /2 + ~3 4

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

derived from Abramowitz and Stegun, chapter 10.
The general solution to Schrodinger’s equation with a linearly varying potential 

is equation (2.22). With no wells present ie V ( z ) =  0 equation (2.22) is the solution 
to Schrodinger’s equation for all z. Hence in this case D =  0 in order that Bi (y)  does
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not become very large as 2  —► — 00 (y —► + 00 ). At large positive z (large negative y ), 
the wavefunction behaves like equation (2.25).

0  oc -^=y - 1 / 4  sin 7  (2.28)
y/TC

To determine energy levels the phase shift of the wavefunction between solutions 
for a linearly varying potential, q F z , and the true potential V( z )  — qFz  is required.
For the true potential the same continuity conditions apply as the zero field case
and similar matrix matching equations can be formed. W ith a positive field applied, 

positively charged holes move in the direction of positive z, so for 2  —► — 00 (y —► + 00 )
the Bi  coefficient must be zero. Hence D\  =  0 and I set C\  =  1, the normalisation of
the wavefunction takes care of an arbitrary factor.

At the positive z side of a double well structure, such as that shown in figure 2.1,

0 5 =  C 5Ai(y)  +  D 5Bi (y)  . (2.29)

Here y is large and negative and 05 can be written

05 =  - 7 =y~ 1 / 4  (C 5 s in 7  +  D 5 COS7 ) (2.30)
aA

writing 0 5 as

05 =  -^=y“ 1 / 4 A sin ( 7  +  0) (2.31)

so that 0  is a phase shift representing the difference in phase of the wavefunction at
large z between the potential inserted case and the no wells case (equations 2.31 and
2.28 respectively).

Hence,

05 =  —r=y- 1 / 4  A (sin 7  cos0  +  cos 7  sin 0) (2.32)
aA

Equating coefficients of sin 7  gives

A c o s0  =  C 5 (2.33)

A  sin 0  =  1 ^ 5  (2.34)

therefore,

tan fh( F.\ =
C5(E)

tan 0 ( £ )  =  ) (2.35)

putting in the E  dependencies.
In order to determine the density of states (DO S), box limits on the wavefunction 

are imposed. If the potential structure is inserted in a large ID box extending from 

z =  — L to z =  -\-L the wavefunction at — L is negligible due to the exp [—| y3 2̂] factor 

in Ai(y) .  Equation (2.31) is used to set the wavefunction to zero at z  =  L,  in this case 

7 (z=l) +  0  must be an integral number of tt, ie,

7 (z=L) +  0  =  riTr (2.36)

36



where n is an integer and is equivalent to the number of energy levels at energy 

E  in the large box between — L and + L .  Hence the density of states p ( E ) can be 

determined:
Art

(2.37)/ \ dn
=  IE

n( F \ -  2  dH ‘=L) 2 d<t> 
P(E) -  * ^ E ~  +  x d E

(2.38)

inserting a factor 2 for spin degeneracy. Using (2.14), the expression for y, and (2.27), 
the expression for 7  gives,

3/2
2 L  /  V - E \

7(2=+L) — 3 ^ V  +  qF  / .

7T

+  4
(2.39)

(setting f  =  (2Fm*q/ h2) ). Therefore,

dl(z=L) =  _ J _  
dE qF

Z [ - L  +
V - E  

~ q F ~

1/2
7r 

+  4
(2.40)

At z =  +X, 2: is a long way into the barrier material so V =  Vq (see figure 2.1) and 
d ,y(z= L ) / d E  does not depend on E  if

V0 - E
L >

qF
(2.41),

a condition I ensure. Hence the energies at which there are peaks in p { E ) are given by 
the maxima in A p{E)  where

2 d<f>(E)
A p ( E)  =

7r dE
(2.42)

For very highly confined levels (ie low electric fields and/or energy levels deep in 
the well) the energy levels, or resonances (a term from scattering theory) are extremely 
narrow in energy and become difficult to handle computationally. This and other 

problems are elaborated upon in chapter 3. For example, for a 100A wide single 

quantum well of GaAs/Alo.3 Gao.7 As the lowest-energy heavy-hole level has a width of 

10-116meV at a field of 5kV/cm  (assumed data is: valence band well depth 225meV, 

heavy hole mass in the well 0.34m e and in the barrier 0.46m e ). In comparison, the 
lowest heavy hole state of Ino.5 3 Gao.4 7 A s/InP occurs with a width of 10- l l o meV at 
a field as large as 35kV/cm  (assumed data is: valence band well depth 300meV, well 
mass 0.5m e and barrier mass 0.56m e). To determine these widths a Breit-Wigner 
parameterisation was applied to the phase shift. Close to a narrow energy level E p, 
Callaway (1976) writes

tan^p(JF) =
2 ( E „ - E )

Using this expression to give 4>{E) and substituting into equation 2.42 gives

A  p( E)  =
_ ( E - E p?  +  Tl/4_

(2.43)

(2.44)
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where Tp is the width of the resonance. This has its basis in scattering theory, see 
Callaway (1976) and Newton for more details.

Hence there are two methods used for finding energy levels. At moderate and high 
electric fields the DOS can be plotted using equations (2.42) and (2.35), and, the energy 

levels found by locating the peaks in DOS and their widths by measuring the Full Width 
Half Maximum (FWHM). At low electric fields the Breit-Wigner parameterisation is 
applied when the phase shift increases by ?r/2 as the energy E  goes through E p from 
below. Densities of states are calculated at energies on either side of the peak and the 

Lorentzian of equation (2.44) is fitted. I have compared the values calculated from the 

two methods at an intermediate field and there is good agreement.

In these methods energy levels are taken to be at the maxima in the density of 
states which appears to be a physically reasonable thing to do. Some authors have 
taken energy levels to be at the maxima in the tunnelling resonance coefficient - see for 

example Stevens et al (1988), Hutchings (1989) and Miller et al (1985) (Appendix C). 
There appears to be little difference between the results of the two methods [Trzeci- 
akowski et al (1989) and Pandey et al (1990)]. Computationally both methods require 
peak finding routines and neither appears easier than the other.

The physical basis for these calculations arises because if the well or coupled wells 
are assumed to exist in an infinite extent of barrier material, then with field applied, 
there is always a part of the structure at a lower potential energy than a carrier in 
the well. Hence carriers in the well have a finite probability of tunnelling out of the 
well - there are no truly bound (discrete) solutions, as there are in the zero field case, 
and all energies are valid solutions to Schrodinger’s equation. (The energy levels are 
broadened, the width of the levels being inversely related to the tunnelling time.) 
Because there are no discrete solutions a peak in the DOS must be found, this is 
computationally harder than the simple root finding problem at zero field.

One alternative is to force there to be bound solutions by assuming the wells are 

infinitely deep. This is applied to a single quantum well [Miller D A B et al (May 

1986) and one of the options used by Miller D A B et al (July 1985)], the energy levels 

are correct only if the well width is changed to an ‘effective well width’. I find this 

boundary condition unphysical and it could not be applied to a coupled well structure 
where the whole point is that there is coupling through a finite barrier. Another 

trick is to put the well/barrier potential structure inside an infinitely deep box with 
walls judiciously placed away from the true structure such that energy levels are not 
significantly affected [eg Bloss (1989), Lee et al\. Care must be taken to ensure that 
the box walls do not affect the true structure’s energy levels and also that the states 

of the artificial box do not interact with the true states [Bloss (1989)]. Alternatively, 
McHroy (1986) set the potentials to be constant at some distance from the structure. 

This latter method provides bound solutions for all energies lower than the lower of 
the constant potentials, one must be careful not to apply too great an electric field.

The Airy function method gives exact wavefunctions which must be normalised to
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a length. Calculation of the electron-hole overlap integral also requires length limits. 
The overlap limits were chosen such that they do not go beyond the z values where 
electron or hole wavefunctions become insignificant. For example, with a positive 

electric field applied, holes become free at large positive z  and their wavefunctions are 

oscillatory; at large negative z  their wavefunction decays (conversely for electrons) - 
see figure 2.3 . The chosen limit for evaluation of the overlap integral in the positive 

z  direction, in this case, would be z  ̂ where the electron wavefunction has become 

insignificant and in the negative z  direction z\  where the hole wavefunction has become 
insignificant. The normalisation limits for the individual hole wavefunctions are where 

the wavefunction has decayed to an insignificant amount in the negative z  direction 
and also in the positive z  direction unless the oscillatory portion of the wavefunction 

commences close to the wells. In this case the chosen limit is where the wavefunction 
first crosses zero beyond the positive z  side of the structure. Conversely for electrons 
- see figure 2.3 . Hence this somewhat arbitrary fixing of normalisation limit can 
introduce a small error in the wavefunction normalisation, and consequently the overlap 
integral. This is only the case in energy levels that are less well bound ie those close to  
the top of the well. These levels are involved in spectral transitions at energies above 
and away from the absorption edge, furthermore their overlap integral with the other 
carrier wavefunction is generally small in comparison with the transitions close to the 
absorption edge. Hence this approximation can lead to small errors in the spectrum  
at energies well above the absorption edge. (The errors in wavefunction normalisation 
relevant to the situations considered in chapters 4 and 5 for optical modulators, are 
less than 1 % because the applied fields are so low).

§2.3 Calculation Of Optical Absorption Spectra
A photon incident upon the structure can be absorbed by promoting an electron 

from the valence to conduction band, creating an electron-hole pair. This pair can 
be bound together - an exciton, or unbound in free-particle states. There is only 

significant probability of creating a carrier pair where their density of states are high 
(Fermi’s Golden Rule) i.e. at the energy levels.

Optical absorption was modelled as the sum of absorption from the creation of 
different electron-hole pairs. With field applied, all the energy levels were considered 
that arise from states originally within the well at zero field. In this way all the 

observable electron-hole pairs were considered both with and without applied electric 

field. Hence this work accounts for all so-called ‘forbidden transitions’. The absorption 

from all electron-hole pairs was summed to give the final absorption spectrum at a given 
field [Stevens et al (1988)].

(*totai{hf, =  aei ~hh> \  ae* ~lh' F ) (2.45)

where a  is proportional to the absorption coefficient, h f  is the spectral energy, et- 
denotes the ith electron energy level, hhj  denotes the j th  heavy-hole level and Ihi
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F igu re 2 .3  Wavefunctions against z  for ei (upper) and hh3  (lower) carriers 

demonstrating normalisation limits (short vertical solid lines), and, overlap limits 

z\  and Z2 . Short dashed lines indicate the material interfaces. The electric field is 

50kV/cm applied across a 50A GaAs /15A Alo.3 Gao.7 As /50A GaAs CDQW. Note 
the I1I13 wavefunction oscillates close to the CDQW.

denotes the /th light-hole level. The calculated absorption coefficient is proportional 
to its true value as mentioned in §2 . 1 . 2  . The constant of proportionality is determined 
once by experimental fit.

An optical beam is considered incident normal to the plane of the layers (po­
larization parallel to these layers) as in the transmission mode of figure 1.2. In this 

configuration the different angular momentum components of the heavy and light hole
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bands result in the heavy hole to conduction band transition being three times more 

probable than the light hole transition between the subband edges [Yamanishi et al 
1984]. Hence the factor 1/3 before the light hole contribution in equation (2.45). This 
is only strictly true at the spectral energy of each subband transition [Yamanishi et al 
1984], at higher energies the heavy hole transition probability decreases with respect 
to the light hole, although this is ignored here. I have also neglected the decrease of 

the Sommerfeld factor [Shinada et al 1966] with higher spectral energy. Both these 
factors vary on a scale of tens of meV from each subband transition ie a few tens of nm 
in wavelength. This will have little effect upon calculated spectra near the absorption 
edge but may lead to my calculations giving too high an absorption at high spectral 
energies.

For MQWs, phonon broadening is a significant broadening mechanism, especially 
at low fields [Stevens et al 1988]. This homogeneous phonon broadening was accounted 
for by expressing the bound excitonic contribution as a Lorentzian and the unbound 
states as an integral of Lorentzians. The bound electron-hole pair exists in quantised 
levels analogous to the hydrogen atom. I have only considered the IS exciton because 

the oscillator strength falls off rapidly with higher bound states [Klipstein et al 1986]. 
The 2S exciton is only observed in very good quality material at low temperatures eg. 
Dawson et al 1986 .

W ith the wells in the intrinsic region of a p-i-n diode structure (figure 1.3) , unin­
tentional background doping of the intrinsic region results in an electric field variation 

across this region. Here I have considered only a single well or a single pair of cou­
pled wells and so the field variation across the one well or pair is very small. For 
transverse (non-waveguide) devices there are many, isolated, wells or pairs of coupled 
wells in the intrinsic region. This work is readily extendible to include electric field 
variations across the intrinsic region and variations in well width and barrier width. 
These will increase the amount of broadening observed. In reality broadening is also 

dependent upon material quality and growth. Here, all broadening was quantified by 
the FWHM of the Lorentzian and was taken to be constant with the applied field and 
the structure considered. The room temperature value of FWHM chosen was 8.5 meV 
taken from experimental data on 1 0 0 A wide MQWs (Stevens et al 1988). This value 

is in agreement with data in Jelley et al (1989) and is shown by them to be valid for 

well widths from «  75A to «  200A. This broadening is predominantly due to phonon 
interactions which I have assumed to be of a similar value in coupled and uncoupled 

quantum wells. Fluctuations in the width of the coupling barriers are considered in 
chapter 4. The absorption expression used for the creation of each electron-hole pair 
was from Stevens et al (1988):

<*e-k(hf ,F)  =  M e- h( F)  x L [ h f , ( E e. h(F)  -  B e. h)\ +  
1

 — M e. h( F ) L ( h f , E ' ) d E '  (2.46)
r e - h t t y  J E e- k ( F )
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where
•22

m , _  , ; '

^ 1

- h( F)  =  I r e( z , E e, F )  i ,k( z , E h, F )  dz
\J Z-i

(2.47)

z\  and Z2 are the limits of wavefunction normalisation discussed earlier; ij> are 

normalised wavefunctions; r e-h  is the ratio of exciton area to the level of the continuum 
[Klipstein et al 1986]; E e- h ( F ) =  E e( F ) + E h ( F ) + E gap , E e(F)  is the electron subband 
energy, Eh(F)  is the hole subband energy and E gap is the band gap of GaAs; R y is 
the Rydberg and is given by,

<2-48>
where fi is the reduced mass calculated as in Stevens et al (1988), cr is the relative 

dielectric constant, Co is the dielectric constant and ;

i  (ft /, £ ' )  =  — .----------T~— ----------- f  (2.49)
2w [(ft/ — E')2 +  T2/4

where T is the FWHM of the Lorentzian L(hf ,  E'),  B e-h  is the exciton binding energy 
and E f is a dummy variable.

The integral over E 1 is comparatively large at spectral energies, h f , above the 
band edge and small below it giving the absorption edge contribution. The first term  

in equation (2.46) is a single Lorentzian superimposing a peak upon the free particle 
spectrum calculated in the second term. The binding energy of the exciton shifts 
the centre of the Lorentzian with respect to the absorption edge.

In summary, Schrodinger’s equation is solved to give energy levels. The carrier 
wavefunctions at these energies are then calculated and hence the overlap integrals 
are determined. The height of the exciton peak is directly related to the overlap 

integral. The complete absorption spectrum is the addition of all exciton peaks and 

the continuum contributions (figure 2.4).

The carrier effective masses in the wells and the barriers were calculated for the 

stated aluminium concentration, x , using the following linear interpolations; electron 

0.0667 +  0.0835x, heavy-hole 0.34 +  0.412x and light-hole 0.094 +  0.066x [Miller R C 
et al (June 1984)] in units of the real electron mass. The conduction:valence band 

offset ratio was taken to be 65:35 (=1.857) [Duggan et al (1985)] . The values of 
the band gap energies in eV were calculated from 1.424 +  1.247x (Adachi 1985). The 

rate of change with temperature of the AlxG ai_xAs band gap was ( —3.95 — 1.15s) in 
units of 10- 4  eV /deg  [Adachi 1985]. The formula for the temperature variation of the 

GaAs band E gap{ T ) was that in J.S. Blakemore Egap(T)  =  1519 — 540.5T 2/ ( T  +  204) 

in meV. The dielectric constants for GaAs and AlxG ai_xAs were calculated using 
the formula e =  eo(13.1 — 3x) (see Yamanishi et al 1988). In the case of coupled 
wells a weighted average was used because some of the wavefunction penetrates into 
the barrier. In practice it makes no significant difference to the modulation results 
predicted in chapter 4 of this thesis if the average value of e or its value for x =  0
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F igu re 2 .4  Summary of calculation. Top, density of states for a 50A wide single 

quantum well at a field of lOOkV/cm. Energy is measured from the centre of electron 

or heavy-hole well. The peaks in the densities of states occur at the carrier energy 

levels. These values are used to calculate wavefunctions - see middle figure. The 
overlap integral between the wavefunctions gives the Lorentzian peak height in the 
lower figure. This shows the Lorentzian and continuum contributions to the total 
absorption spectrum. The spectral energy of an absorption peak is determined by the 
energy level separation and the binding energy.
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(GaAs) is used but it turns out to be more important in chapter 6  where wide barriers 
are included in the model. Room temperature and an aluminium concentration of 30% 
were used in all cases except the comparison with experimental data where the stated  

values were used.

The fitted parameters are the ratio, re-/*, the FWHM T of the Lorentzian and the 

absolute value of the absorption coefficient all derived from experimental MQW data.

The exciton binding energy B e-h  in a CDQW has been calculated by Andrews et 
al (1988) and by Galbraith and Duggan (1989). The latter studied a CDQW structure 

consisting of two 50A GaAs wells separated by an Alo.6 7 Gao.3 3 As barrier of variable 
thickness. They calculate that this can decrease the heavy hole binding energy by 
approximately 2.5 meV for their structure. The change in binding energy with field 
was studied by Andrews et al and by Galbraith et al. Andrews et al consider a 15A 
barrier CDQW with 50A wells and with 30% aluminium concentration in the barriers 

- a situation closer to my modelled structures than Galbraith and Duggan’s. Andrews 

et al find a decrease of binding energy of up to approximately 1.5meV, with fields up 
to 40kV /cm , for both heavy and light hole excitons.

For all transitions and at all electric fields fixed light and heavy hole binding 
energies of 8.3 and 7.3 meV respectively are used. These were taken from the IOOA 
wide MQWs comparison in Stevens et al (1988). Thus I have taken a simplistic stand 
ignoring the variation of binding energy with barrier thickness and with field. The 
works mentioned above suggest that in chapter 4 1 could be over-estimating the binding 
energy by up to approximately 4meV (the largest field considered there is 40 kV /cm )

The ratio, r e_h,  is linked to binding energy because both depend upon the di­
mensionality of the exciton, varying between 2D and 3D limits [Klipstein et al (1986)]. 
I used the binding energy corresponding to the dimensionality in a single 1 0 0 A well 
and hence I used the value 6  for the ratio, obtained from a single 1 0 0 A well spectrum  

fit [Stevens et al (1988)] allowing for a factor 2  as these authors use a Sommerfeld 
factor. The value of 6  is in reasonable agreement with Klipstein et  a/’s value of 5. 
The wavefunction calculation neglects the Coulomb interaction between electrons and 
holes which can cause the mixing of energy levels that are separated by approximately 
one exciton binding energy [Galbraith et al (1989)]. I suspect that for spectral peaks 

with a separation of approximately one binding energy (which is approximately one 
FWHM) then there may be a reduction in the height of the combined peak due to 

mixing of wavefunctions by the Coulomb interaction. This applies only to peaks about 
one binding energy apart.

In this chapter I have described the computational model used to calculate elec­
troabsorption spectra. The matrix multiplication was developed independently by 
myself, the phase shift technique follows work by Austin et al (1985) who had pre­
viously calculated energy levels and wavefunctions from a coupled well structure but 
did not go on to calculate absorption spectra. My handling of wavefunction normali­
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sation and overlap limits had not been published before [Atkinson et al (1990)] . The 
calculation of absorption spectra from energy levels and wavefunctions was adopted 

from Stevens et al (1988). These authors had previously modelled MQWs and I have 
extended this to coupled quantum wells. It is the application of the modelling in the 
subsequent chapters rather than the model itself that forms the majority of the novel 
work in this thesis.
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C hapter 3 M o d el te s t in g , p rob lem s and early  
ap p lica tion s.
§3.1 Testing the model.

The model developed in chapter 2 is tested in this section against existing pub­
lished data. The purpose of this is to detect any errors in the computation and also 

to give an indication of how accurate the model is. The wavefunction calculation is 
tested first against published data, then the model is tested against uncoupled wells 

and finally for coupled structures the model is tested against itself and published ex­
perimental data.

Firstly the wavefunction calculation was compared with published data. The most 
suitable data for comparison was that for four coupled wells with and without electric 
field applied. There are (at least) two papers fulfilling these criteria - Mcllroy (1986) 
and Austin et al (1987). Mcllroy’s calculation method differs more from mine than 

Austin et aPs so I have reproduced here the comparison with Mcllroy, see figure 3.1. 
The good agreement provides considerable evidence that this aspect of the calculation 
works correctly.

Secondly the absorption spectrum calculation was tested. Multiple quantum wells 
in which there is no significant interwell coupling were compared first. Figure 3.2 
shows the comparison with Stevens et al (1988) who give absorption derived from 
photocurrent measurements, and figure 3.3 shows comparison with Lengyel et aPs 
absorption measurements on wells with similar widths ( « 1 0 0 A). The difference in 
material parameters between the two is that Stevens et al use 98A wells with a 40% 
aluminium concentration in the barriers and Lengyel et al use 105A wells with 32% 
aluminium barriers. Jelley et aPs (1989) absorption measurements on 35A wells are 
also included for comparison in figure 3.4. The Lengyel et al and Jelley et al data is 
particularly useful as they measure absorption directly, minimise Fabry Perot effects 
by using an antireflection coating and estimate electric fields within their device. The 
axes of the calculated spectra are scaled to give my data, and that published, the same 

aspect ratio to aid visual comparison.

The modelling in this thesis goes beyond that of Stevens et al (1988) in that ‘forbid­
den transitions’ are included and not just the eihhi and eilh i transitions. (Forbidden 

transitions are those for which the overlap integral (2.47) is zero at zero electric field, 
but not at higher fields.) Consequently the peaks observed experimentally at around 

840nm in figure 3.2a appear in the model. For modelling optical modulation in MQW  
material this is not very significant, however, it is crucial in coupled well modelling. 
In my modelling I have not found it necessary to introduce a drop in voltage of 1.4V 

somewhere in the device as Stevens et al did, nor have the curves been shifted in wave­
length. The data in figure 3.2b assumes a Lorentzian broadening of constant width 

(FW HM =8.5m eV). This gives good agreement for the zero bias spectrum but as field 
is applied it is evident that the experimental absorption peaks broaden. This field de­
pendent broadening is largely due to unintentional background doping in the intrinsic
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F igu re 3 .1a  Wavefunctions reproduced from Mcllroy (1986) figure 1. Structure 

is four 25A GaAs wells separated by three 50A Alo.3Gao.7As barriers. Electric fields 
are lOkV/cm (right) and OkV/cm (left). Upper wavefunctions are electrons, lower are 
heavy holes.

F igu re 3 .1b  Wavefunctions modelled here for comparison with Mcllroy’s. The 
same parameters as figure 3.1a were used.

region of the p-i-n diode (discussed in more detail later) . It is, therefore, dependent 
upon material quality. The results published by Lengyel et al show little sign of field 

induced broadening (although one should note that the maximum field in their figure 

is 68.5kV/cm as opposed to Stevens et a t s maximum of «100 kV /cm ). Figure 3.3b 
shows the spectra calculated to correspond to Lengyel et aVs measured data (repro­
duced in figure 3.3a). This time the modelled growth of the peak at «843nm  does not 
appear to be observed experimentally, the calculated and experimental peaks disagree 
in wavelength by about 8 nm, the model being the higher and the calculated Stark shift 
is greater than that observed. (The latter two points are consistent with an inaccuracy 
in well width, the fit should be improved if a narrower well was modelled.)

The comparison with Jelley et aVs 35A data in figure 3.4 is good in terms of 

relative peak heights and relative peak shifts. However the peaks in the model occur 

at wavelengths about 12nm above those measured. In order to obtain the spectra in 

figure 3.4b I have used a Lorentzian FWHM of 17.0 and a ratio r e-h of 10 compared
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F igu re  3 .2a  Absortion spectra reproduced from Steven’s et al (1988) figure 10. 
1 0 0 A wide GaAs wells between barriers of Alo.4 Gao.6 As. Dashed curves are experi­
mental, continuous are calculated by Stevens et al, they assume a 1.4V drop in the 
device when the theory calculates the field at the wells. Upper curves 6 V, middle 3V 

and lower OV.
F igu re  3 .2 b  My modelling of the structure in figure 3.2a. Data as for figure 3.2a. 

Electric fields used are 96kV/cm (upper curve), 48kV/cm  (middle curve) and OkV/cm 
(lower curve). Fields calculated from applied bias in figure 3.2a divided by the length 
of the intrinsic region.
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105A wide GaAs wells between barriers of Alo.3 2 Gao. 6 8 As.
F igu re 3 .3b  My modelling of figure 3.3a.
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F igu re 3 .4a  Absorption spectra reproduced from Jelley et al (1989) figure 1 for 

35A GaAs wells and Alo.3 3 Gao.6 7 As barriers.
F igu re 3 .4b  My modelling of figure 3.4a assuming a ratio, re-/i, of 10 and a 

Lorentzian FWHM of 17.0meV
F igu re  3 .4c  As figure 3.4b but with re-h  =  6  and a FWHM of 8.5meV, the 

values used for the modelling of wider wells.
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with the previously used values of 8.5meV and 6  respectively. Jelley et al show that 
the Lorenztian FWHM increases rapidly for well widths below about 60A, and the 

calculations for figure 3.4b use their value of 17.0 meV. The increase in ratio r e_h can 

be justified on the grounds that the 35A wide well is narrower than the 1 0 0 A and hence 
the exciton will be more two dimensional. The theoretical limits for the values of re-h  

are 2 in the 3D case and 16 in the 2D case, the binding energy should also increase as 
r 2J*h (Klipstein et al 1986), this corresponds to an increase in binding energy of about 
3meV or a shift in the absorption peaks of about 5.5nm to shorter wavelengths, this is 
not included in the model. Figure 3.4c shows the result of keeping the ratio at 6  and 
the FWHM at 8.5meV for the 35A wide well.

Turning now to coupled wells, in order to test the self-consistency of the model 
I compared the calculated spectra of a wide barrier CDQW with a single quantum  

well (SQW) of width the same as each well in the CDQW. The barrier width chosen 

was 70A and the well widths 50A . The CDQW and SQW spectra were very similar 
and almost identical at wavelengths around the eihhi peak and higher, both with and 

without field applied (doubling the single well spectra to allow for there being twice 
the amount of absorbing material in the double well case). The result is not quite as 
trivial as it may appear at first sight because there are twice as many energy levels and 
four times as many overlap integrals and peaks in the CDQW spectra than the SQW  
spectra. Also, I compared a narrow barrier ( lA ) CDQW with the spectra calculated 
for a single well of width 1 0 0 A - twice that of one of the wells in the CDQW , again 
there was good agreement between double and single well calculated spectra, both 
with and without field applied.

These results provide confidence that the calculations of energy levels, wavefunc- 
tions, and overlap integrals are not suffering accuracy or other computer related prob­
lems.

Further credence and an insight into the model’s validity is given by compari­
son of calculated spectra with those measured experimentally by Dingle et al (1975) 
and Debbar et al (1989). In both cases I used the well structure, composition and 

temperature quoted in their papers.

Figure 3.5 shows the spectrum calculated to correspond to Fig IB in Dingle et 
al and this experimental data itself. (Optical density is the logarithm, base 10, of 

the ratio of incident light to the transmitted light. For a given thickness it is, there­

fore, proportional to the absorption coefficient.) The structure comprises two 50A 
wells separated by a 15A barrier, (denoted 50A/15A/50A), at a temperature of 2 K. 
The model gives a spectrum with peaks at similar energies to Dingle et aVs and the 
agreement would be improved by assuming larger well widths. The peak heights are 
in approximate agreement although the modelled peaks tend to be more pronounced. 
This discrepancy might be explained by material quality as their SQW spectra peaks 
(not shown here) are not as pronounced as those observed today.

More recently Debbar et al (1989) have measured absorption spectra at different
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F igu re 3.5 Zero-field absorption spectra for a 50A/15A/50A CDQW with GaAs 
wells and Alo.1 9 Gao.8 i As barriers at 2K. The upper curve is reproduced from Dingle 

et aTs figure lb . The lower (dashed) curve is the calculated data.

applied voltages at a temperature of 10K. Figure 3.6 shows the results of calculations 
for the structure in their paper. The electric fields in figure 3.6 correspond approx­
imately to the voltages at which the measurements were taken, a built in field of 

approximately 5 kV/cm  and a Lorentzian FWHM of 3.5 meV were assumed. The 
model as a whole shows good agreement with experiment at wavelengths around the 
absorption edge - the usual region of interest for optical modulation. At higher spectral 
energies (approximately 1.62 eV) Debbar et al observe a light hole peak, my model 
places this at around 1.63 eV resulting in the observed discrepancy between experi­
ment and theory. The discrepancy might result from the omission from the model of an 
energy dependent effective light hole mass. Watanabe et al and Andrews et al (1989) 
have found it necessary to use an energy dependent light hole mass in their modelling. 
Fortunately the light hole peak does not contribute much to the absorption spectrum 
at wavelengths close to the absorption edge where optical modulator devices operate.

The choice of a (fixed width) Lorentzian to model broadening, rather than say a 

gaussian, affects predominantly the high wavelength side of the spectrum. It is evident 

from figures 3.3 and 3.4 that the calculated absorption is not zero at wavelengths 

greater than «25nm  from the eihhi exciton peak at zero field, yet the measured 
values are close to zero. Lorentzian lineshapes are used by many authors [eg Lee et 
al (1989) and Lengyel et al (1990)] because the dominant broadening mechanism is 
phonon broadening which applies to all carriers and is thus a homogeneous lifetime
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Alo.2 Gao.8 As, measurements taken at 10K. Right, the calculated absorption spectrum  
using this structure.

effect that should be characterised by a Lorentzian lineshape. Lengyel et al claim this 
gives a good fit to their data, however, Chemla et al (1984) claim a guassian gives 
a good fit. To add to the confusion Shields et al reported that a gaussian lineshape 
gives a good fit to electroreflectance spectra at room temperature and a Lorentzian at 
lower temperature, the latter effect being contrary to what one would expect. Some 
authors convolve gaussian and Lorentzian functions to account for both homogeneous 
and inhomogeneous broadening effects, for example Stevens et al (1988) and Bailey et 

al (1989).
It should be noted that it is only in the tails of the absorption where the Lorentzian 

or gaussian lineshapes differ markedly and I do not use the model to make quantita­
tive predictions in this region, nor do I consider waveguide devices where band tail 

absorption is important.

In conclusion, the model is good at predicting relative peak heights and shifts 
at wavelengths close to the absorption edge. The effects important for optical mod­
ulators, such as the absorption changes with electric field and consequent insertion 

loss and contrast ratio qualitatively appear to be modelled well. There is sometimes 
a discrepancy between the wavelengths at which absorption peaks are observed and 
modelled. There are sometimes discrepancies in the behaviour of absorption peaks at 
wavelengths sufficiently below the band edge to be of little concern for optical modu­
lators. Field dependent broadening is sometimes observed experimentally, this could 
be easily added to the model by using a variable width Lorentzian, however the extent 

of this broadening is material dependent.

§3.2 Problems encountered in modelling.
This section briefly covers some of the practical problems and solutions encoun­

tered in the course of the computer modelling. The program in its present form is 
comprised of a main controlling program and a library of subroutines, all written in
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FORTRAN. The more tedious, yet time consuming, problems I shall merely list here; 
network failures, mainframe downtime and congestion, enforced changes to the operat­
ing system and in the early days considerable inconvenience and delay obtaining hard 
copies of graphical output.

From a programming aspect the hardest part (and the section which now takes 
a significant portion of the running time) is the location of energy levels when the 
field is non zero. As mentioned in section 2.2 the energy levels can be as narrow as 

10-100meV whilst the well is hundreds of meV deep - a needle in a haystack. One 

can try to guess intelligently the position of the level based on its zero field energy 
(which is easy to compute) and the strength of the field applied . The guessing gets 
harder for energy levels above the groundstate where energy levels do not necessarily 

change in energy at the same rate as field is applied. The way around the problem 

is to look for the change in phase shift and apply a Breit-Wigner parameterisation as 

outlined in section 2.2 . This eases the problem but one has to be careful because as 
the FWHM (due to tunnelling) increases with field, or just due to higher energy levels 
being less confined. The Breit-Wigner parameterisation then becomes inaccurate and 
the peak in the density of states must be used. In the end I have used a ‘belt and 
braces’ approach, the entire well energy is scanned for peaks in the density of states 

and for Breit-Wigner resonances, the associated wavefunctions for all these energy 
levels are calculated and the nodal crossings within the confining structure counted. 
The ground state (n = l)  has no nodal crossings, the next state (n=2) has one etc. 
Thus missing levels can be identified and a more detailed scan at greater resolution 
commenced to find them, and, levels found twice (due to the two methods) can be 
sorted out. Once located in this way another subroutine zooms in on the energy value 
of the level stopping when the resolution is such that the program can properly resolve 
the peak (not just one grid point higher than its neighbours) or the peak is so narrow 

that a Breit-Wigner parameterisation is valid. Although I only require absorption 
peak positions to an accuracy of the order of one meV it is important to find energy 

level positions to considerably greater accuracy because the wavefunction (and hence 

overlap and absorption peak height) can be very sensitive to the energy used.

A scatter plot of peak positions may be used to guess the energies of energy levels 
not picked up in the scan by interpolating between peaks that have been found - see 

figure 3.7 . The scan can then be repeated over a narrower range but with greater 
resolution.

Zero field calculations are much easier but in the case of a pair of identical wells 
separated by a wide barrier the energy levels occur in pairs, the separation between 

levels in a pair being small (as an example in a CDQW with 50A GaAs wells and a 

50A Alo.3 Gao.7 As barrier the separation of the hhi and hh2 energy levels is 0.07meV). 
If the energy assigned to a level is not sufficiently accurate the wavefunctions will not 
be symmetric, as they should be. In this case I count nodal crossings as before and 
also check that the wavefunctions are symmetric.
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Holes and electrons have opposite charge but substitution of a negative charge 
into the expression for y in equation (2.14) causes an error due to the attempt to find 
the cube root of a negative number. Inspection of Schrodinger’s equation (2.1) shows 
that using a value of z that is the negative of its true value, yields the correct result 

(the qFz  term remains unchanged in sign when both q and z  have their signs changed) 
provided (a) the wavefunction is reflected afterwards, (b) a new potential V \ z ) is used 

in U such that V'(z)  =  V (—z), and (c) the position dependent effective masses are 
likewise reflected.

Effective masses and potentials change as step functions at material interfaces and 
it is at these interfaces where the matrix matching takes place so care must be taken 

that machine inaccuracies do not place the z  value under consideration just the wrong 
side of the interface.

§3.3 Applications of the model.
This section contains some of the ideas I had during the course of my work prior 

to the main coupled well modelling and a brief discussion about each of them.
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§3.3.1 Switch from no coupling to coupling in a MQW as the barrier width is decreased. 
The thought behind this was the following; the wavefunctions for essentially uncoupled 
MQWs and for coupled wells look radically different. If one imagines decreasing the 
barrier widths in the initially uncoupled case, is there a rapid shift to the wells being 

effectively strongly coupled? The transition might be rapid because coupling is closely 
allied to tunnelling through the barrier which has an exponential type dependence 

upon barrier width. Although in a given device the barrier width is fixed, perhaps 

the tilting action of an electric field changes the effective barrier width, bringing on 

a rapid effect. It turns out that the device modelled in chapter 4 does the reverse in 
that wavefunctions are delocalised at zero field and become more localised as field is 
applied. This is discussed more fully in chapter 4 and is known as the Wannier Stark 
effect.

§3.3.2 Variable well widths to compensate for the built in field. This work is not 
directly related to coupling between wells although had the conclusions been more 
positive it would have had applications to coupled well systems as well as uncoupled 
ones.

The unintentional background doping from impurities in the i region of a p-i-n 
diode results in the electric field varying across the intrinsic region. The variation of 
field across each individual well is small but from one end of the intrinsic region to the 
other there can be a significant change in field. (This later turns out to be a problem in 

experimental measurements.) The variation of field can be found by solving Poisson’s 
equation (Bleaney and Bleaney) :

^ r r  =  (3 -i)dz 2 €r€o

where Vq is the potential due to the charges from the impurity charge density p q . 
This leads to the following expression for the rate of change of electric field across the 

intrinsic region due to there being a density Ni  of impurities, each with charge q:

£  = 77 ™CLZ 6 j»6 q

For example, an intrinsic region 1 /mi long with a background doping of 101 5 cm “ 3  has 

a variation in field of 1.4 x 10- 6  V /m  =  14 kV /cm  (assuming a dielectric constant er 
of 13).

In order to relate this change of field to the electric field within a p-i-n diode two 
rules apply, a) If the field is non zero, its slope with distance in either the p, i or n 
region is given by (3.2). b) The area under the plot of field versus distance must equal 
the voltage across the p-i-n regions (from equations 3.1 and 3.2). These rules will be 
used later, for now it is the slope of field with distance that concerns us.

For bias absorbing operation (see figure 3.8 for definition) which is the most com­
mon mode of operation for MQW devices with well widths of the order 100A or less,
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F igu re 3 .8  Diagram showing ‘bias absorbing’ and ‘bias transmitting’ operation. 
The dashed curve represents absorption with electric field (bias) applied, solid curve 
is for no bias.

a voltage is applied to the device and the eihhi absorption peak shifts to a longer 
wavelength or lower spectral energy.

The variation of electric field due to doping in the nominally intrinsic region results 
in a range of electric fields across the intrinsic region, and, a range of wavelengths at 
which the eihhi peak maximum is seen. However, as figure 3.9 shows, the position of 
an eihhi absorption peak depends upon well width in addition to electric field.

Hence it is theoretically possible to keep the wavelength of the eihh i absorption 
peak constant at different electric fields by changing the well width. The practical 
situations considered were MQWs with wells of «35A  and «105A  and for background 
doping levels of 5 x 101 4 cm - 3  and 5 x 101 5 cm- 3 . The variations of electric field due 

to these doping levels in one micron of material are 7kV/cm and 70kV/cm respectively 
(from equation 3.2).

For the 35A wells the operating field with bias applied is 286kV/cm  in figure 

3.4a. A 5 X 101 5 cm - 3  background doping over one micron gives a field variation of 
251kV/cm  to 321kV/cm. Figure 3.10 shows the spectral energies of the eihhi peak for 

different well widths at fields of 251, 286 and 321 kV/cm . The horizontal dashed lines 
show the range of peak energies that would be present in a device if all wells were 35A 
wide across one micron of ‘intrinsic’ material.

This range is «9m eV , about half the FWHM (17.0meV) of the eihhi peak and 

so would yield some broadening. The continuous horizontal line at 1534meV is the 
‘ideal’ operating energy, to operate at this spectral energy when the field is 251 kV/cm
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F igu re 3 .9  Wavelength of the eihhi absorption peak as a function of well width 
at 0 and 50 kV/cm . Single GaAs quantum well with Alo.3 Gao.7 As barriers.

requires a well width of «34A  , and of «36A  when the field is 321kV/cm . So, to achieve 
a constant peak wavelength would require a gradual variation in well width of « 2 A 
from one side of the intrinsic region to the other. This is not a practical proposition 
as the thickness of one monolayer is 2.83A.

In the 105A well case figure 3.11 shows that there is a change in peak position 
of «3m eV around the operating energy of 1440meV when a doping of 5 x 101 4 cm “ 3  

is assumed. This could result in a small broadening of the spectral line (FW HM =  
8.5meV) and in order to compensate would require a total well width change of the 

order a monolayer. However, for 105A wells and a background doping of 5 x 1 0 1 5 cm - 3  

figure 3.12 shows that, uncorrected, there is a large (21meV) difference in peak position, 
to compensate a range of well widths in excess of 2 0 A is needed - a feasible range.

In conclusion, for 105A wells a background doping of 5 x 1 0 1 5 cm - 3  can be a real 
problem, but 5 x 101 4 cm ~ 3  is much less so. It would be possible to offset electric field 

variations in the wider well situation by varying the well width across a structure. 
Unfortunately, this requires prior knowledge of the background doping which is not 
always the case as it originates from impurities. Narrower 35A wide wells are less 

susceptible to field variations and this idea would not be applicable there.

§3.3.3 Superlattice and multiple quantum well at once. The differences in electron and 
hole effective masses result in the heavy-hole ground state being more confined than 

that for electrons (for example see figure 3.1). Hence it may be possible to design a 
structure in which the electrons are effectively strongly coupled and the heavy-holes 
uncoupled. I thought this might have novel properties or exhibit a cross between
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F igu re 3 .10  Spectral energies of the eihhi absorption peak as a function of well 
width for a narrow well and an intrinsic region doping of 5 X 101 5 cm - 3 . Of the three 
curves (not vertical or horizontal lines) upper is for a field of 251kV/cm , middle is 
for 286kV/cm and lower is for 321kV/cm. The long vertical and horizontal solid lines 
denote ‘ideal’ well width and spectral energy respectively. Dashed horizontal lines 
show range of energies over which peaks would occur if well width was fixed at 35A 
due to the field variation. Short solid vertical lines show range of well widths needed 
to keep the eihhi peak fixed at a spectral energy of 1534meV.

superlattice and multiple quantum well behaviour. The carrier transport properties 

could also be interesting because the less localised electrons are probably swept out of 

the wells faster than the holes by an electric field. Similar arguments can be applied 
to wells separated by barriers that effectively isolate groundstate (n = l)  energy levels 
but strongly couple the n=2 and higher states. In this case it would be intersubband 
transitions that would be of interest.

With hindsight I have never properly pursued this although my work went on to 
study the effects of different barrier widths on optical properties which is the first stage 

of following this up. I can now think of some problems for the electron superlattice, 
hole MQW structure; from a modulator point-of-view the confined heavy-holes would 

probably cause the exciton to be restricted to a region of the order of a well width, this 
situation is very similar to an ordinary MQW. The possible faster transport of electrons 

than heavy-holes might leave the heavy-holes in the wells, charge could accumulate and 
the potential due to the wells would be distorted. This may lead to a worsening of 
modulator performance, or, interesting non-linear effects.

Since I originally had these thoughts I have become aware of a few papers related

60



1 4 50

1 4 50 -

>
CD

E
>.p 1 430
a>
c

LU

2
I 4 20  -a

CDo.
C/5

105 .0100 .09 5 . 0

W ell W idth (Angstrom s)

F igu re 3 .11 Spectral energies of eihhi peak as a function of well width for a 

wide well and a doping of 5 x 101 4 cm- 3 . Electric fields are 56.5kV/cm  (top curve), 
60kV/cm (middle curve) and 63«5kV/cm (bottom curve). Dashed horizontal lines show 
range of spectral energies over which peaks would be seen if the well width was fixed 
at 105A. Range of well widths needed to compensate for field variation is shown by 
shorter vertical lines.

1 45 0

1 4 50  -

1 44 0

E?
CDa

LU

14 30 -

2
o
CD
C L

00

1 4 2 0  -

9 5 - 0 100 . 0 105 .0 1 1 0 . 0 1 1 5 . 0

W ell width (Angstrom s)

F igu re 3 .12  Spectral energies of eihhi peak as a function of well width for a wide 

well and a doping of 5 x 101 5 cm- 3 . Electric fields are 25kV/cm  (top curve), 60kV/cm  
(middle curve) and 95kV/cm (bottom curve). Dashed horizontal lines show range of 
spectral energies over which peaks would be seen if the well width was fixed at 105A. 
Range of well widths needed to compensate for field variation is greater than that 
shown here.

61



to these effects. Lang et al observed the ‘trapped’ heavy holes by using a capacitance- 
voltage measurement in an InGaAs/InP superlattice at temperatures below 100K. Ca- 
passo et al report large photocurrent amplification in an Alo.4 8 lno.5 2 A s/G ao.4 7 Ino. 5 3  As 
superlattice, an effect they attribute to ‘effective mass filtering’ due to the different 
tunnelling rates of electrons and holes. Sauer et al demonstrate from photolumines­
cence measurements the different electron and hole tunnelling times in asymmetric 

coupled quantum wells of Ino.5 3 Gao.4 7 A s/InP. The photoinduced space-charge build 
up is excitation dependent and they discuss the possibility of achieving optical bistabil­
ity. However, I am unaware of any study of these effects upon electro-optic modulators.

§3.3.4 Energy level repulsion. In my early evaluations of the positions of energy levels 
in double coupled well structures I noticed that the energy levels of a given carrier 

repel each other if they come close in energy (see figure 3.13) and that the repulsion 
is greater when the coupling between wells is greater. This is closely analogous to the 
mixing of states seen in atomic spectroscopy (for example figure 8 . 6  in W oodgate). 
When translated into a plot of spectral peak positions against field, the repulsion 
manifests itself as what I now know are called “anti-crossings” . At the time I hoped 

to exploit the enhanced shift of the eihh 2  exciton at the turn around point for the 
following reasons.

From figure 3.13 one can see that the energy separation between the ei and hhi 

energy levels rapidly decreases, at the same time their wavefunction overlap integral 
falls; consequently the eihhi absorption peak moves rapidly to high wavelengths and 
falls rapidly in height with applied field.

For fields below 15kV/cm in this structure the energy separation of ei and hh2 

changes little, both these levels are decreasing in energy with applied field. At the 
turn around of the hh2 energy level the eihh 2 spectral energy rapidly decreases (for 

fields greater than «40kV /cm ). It was this feature that created my interest in the 
avoided crossings - with the eihhi peak disappearing quickly it is possibly of no use 

for bias absorbing modulation, perhaps the turn around of hh2 could be used to move 
the eihh 2 peak’s wavelength and thus give bias absorbing modulation.

Energy level repulsions and anti-crossings are often observed in experimental data 

in the literature for example Golub et al (1988), Salvador et al (1990), and also in 

modelling work, for example, Yuh P-F et al (October 1988) and Fox et al (1990) but 
have received little attention with optical modulators specifically in mind. In chapter 
6  I will model a structure that exhibits an anti-crossing behaviour.

§3.4 Future directions
In this chapter I have demonstrated the use of the model for a range of structures. 

The model was used to evaluate the possibility of using graded well widths to overcome 
the problem associated with impurity dopants. The conclusions were that this was 

unlikely to be of practical use. This latter idea had not previously been reported. 
Other ideas all require a more detailed study of the coupling between wells and the
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most basic coupled structure upon which to start this investigation is a pair of identical 
wells - this forms the basis of chapter 4.
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C h ap ter  4 C oupled  W ell D ev ice s
§4.1 Introduction

In §3.1 I stated that there was a small difference between absorption spectra 

calculated for two 50A wells with a lA  barrier between them and a 100A wide single 
quantum well (this was used as a consistency check of the model). The coupling barrier 
width of lA  was not the first one chosen, initially I used a barrier of width 5A but 
found that even this narrow a barrier caused significant coupling effects to be observed 

see figure 4.1 .

0 . 4 0

0 kV/cm 
25 kV/cm

0 . 3 0  -
50/5/50 CDQW 105 SQW

0 . 2 0  -

Q.

o.oo 4 
8 2 0 . 830 . 840 . 8 5 0 . 8 6 0 . 8 9 0 .870 . 8 8 0 .

Wavelength (nm)

F igu re 4 .1  Absorption spectra calculated for a single 105A wide well and for a 
coupled well pair, each well being 50A wide and separated by a barrier of only 5A . 
(Well material is GaAs, barrier Alo.3 Gao.7 As.)

Because one monolayer has a width of 2.83A and the definition of a single mono­
layer is unclear when one is dealing with an alloy material (AlGaAs), the assumption 
that a «5A  barrier would be practically very hard to grow inspired further work into 
barriers wider than this. (However, it is interesting to note that since I started my work 

Onose et al have reported results in 1989 on coupled double quantum wells with AlAs 

barriers of 5.7A). The work in chapter 3, mentioned above, shows that narrow barriers 

can have significant effects upon electro-absorption for small electric field changes. At 
this time (Summer 1988) there were results in the literature demonstrating related 
aspects of the physics of coupled well pairs and these are summarised below.

Dingle et al (1974) measured the optical density from pairs of coupled wells and 
showed for the first time that coupling does take place in semiconductor quantum wells 
- see figure 3.5. Their work was for zero field only.
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Kawai et al (1985) observed the change of wavelength of the e ihh i exciton peak 
with changing barrier Alo.5Gao.5As widths in the range 12 to 40A between 30A GaAs 
wells. The measurements were performed using photoluminescence at zero electric field 

and room temperature.

Chen et al (1987) measured low temperature exciton energies using a variety of 
techniques - photoluminescence (PL), photoluminescence excitation (PLE) and pho­
tocurrent spectroscopies. (The application of the first two of these experimental meth­
ods to the measurement of quantum well parameters is reviewed in Orton et al (1987); 
photocurrent is a measure of the number of photogenerated carrier pairs at a given 

applied electric field and is closely related to absorption, see §4.6.3 for more details.) 

Chen et a/’s measurements demonstrated the effects of electric fields on the carrier 
energy levels and they state that coupling can enhance the quantum confined Stark 
effect over that of a single quantum well. They also infer carrier localisations from 
lifetime measurements, this is explored by them and other authors in Charbonneau 
et al (1988). These measurements all provided considerable evidence that the energy 
levels and wavefunctions behaved as expected. Both these authors report agreement 
with the theoretical work of Austin et al (1986) on carrier lifetimes and localisations 
in coupled wells.

Le et al (1987) presented photoluminescence excitation data from a sample at 2K 

containing an asymmetric pair of wells, one having a width of 105A and the other 
85A , separated by a 20A barrier. The movement of peaks with bias shows quite good 
agreement with their numerical calculation of peak energies with field.

Independently of Chen et al and Le et al, Islam et al published room tempera­
ture electroabsorption results in 1987 on a structure consisting of two pairs of 46A 
GaAs wells coupled by 11.5A Alo.3 Gao.7 As barriers. They reported a 14:1 modula­
tor operating with a change in bias of 3.5V, this was a waveguide device working in 
the polarization for which the electric field vector is perpendicular to the quantum 

well layers (ie the polarization unobtainable in transmission - see figure 1.2). They 
also showed electroabsorption data for the parallel polarisation. The shifts of lower 

energy absorption peaks and their changes in heights behave as they predict from a 
tunnelling resonance calculation but there is evidence that light and heavy hole mixing 
is occurring at higher energies.

Andrews et al published in 1988 the photoluminescence excitation spectra from 

two 48A GaAs wells separated by a 16A Alo.3 Gao.7 As barrier at 5K. Again rapid 
changes in the positions of peaks are seen for small electric fields («50k V /cm ).

Most of the authors cited above provide calculations of energy levels and often 

wavefunction overlaps as well. All these results provide useful confirmation of the phys­
ics of CDQWs, however their application to optical modulators receives less attention. 
There had been no modelling of the coupled-well-pair absorption spectrum that in­
cluded excitonic effects and forbidden transitions. There was little explanation of why 
the authors chose the particular structure except Islam et al who chose the coupled
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quantum well (CQW) structure giving a large absorption change (in the perpendicular 
polarization), this is an important aspect of modulator performance. The work in this 

chapter considers how best to exploit the low electric field performance of coupled 

wells to produce an electrooptic modulator showing reasonable modulation for small 
electric field changes at room temperature. Particular attention is paid to the barrier 
coupling the wells and growth fluctuations receive attention. Photocurrent spectra are 

presented showing clearly that at room temperature reasonable optical modulation 
should be achievable at low electric fields in the transmission mode of operation.

§4.2 Coupled double quantum wells vs superlattices
Prior to discussing the thicknesses of the coupling barrier, the reason for choos­

ing coupled double quantum wells rather than a greater number of coupled wells is 
explained. Quantum well electro-optic modulators benefit from large changes in ab­
sorption and this is normally achieved by exploiting the excitonic nature of quantum  
well absorption. As indicated in chapter 1, to benefit from exciton absorption the 

carriers should be confined to distances of the order of 100A, this is less than the bulk 
Bohr diameter of «300A . For a suitably designed superlattice at zero field the car­
rier wavefunctions may theoretically be spread over many wells and many hundreds of 
angstroms ie ‘delocalised’ and the carriers would not be constrained to distances less 
than the bulk Bohr diameter, consequently there may be little excitonic absorption. 
By modelling coupled well pairs and not many wells all coupled together I was able 

to restrict carrier confinement to lengths of around 1 0 0 A in order that the excitonic 
features should be usable for optical modulation.

It occurred to me that there might also be the possibility of achieving good modu­
lation by using a superlattice between zero field and an applied field. When an electric 
field is applied, Wannier-Stark localisation of the wavefunction takes place (observed 

by Mendez et al 1988) in which the carriers effectively localise on individual wells. 
This is the so-called ‘Stark ladder’ and can be seen in the heavy-hole wavefunctions 
of figure 3.1. At zero field the four heavy-hole wavefunctions are spread over the four 
wells, with lOkV/cm applied each wavefunction localises on a different well in a ‘lad­
der’ formation. Hence with field applied the carriers may be constrained to lengths 
the order of a well width and the excitonic absorption should be recovered. I thought 

this had potential as a bias absorbing optical modulator because absorption goes from 

a low to high value as the wavefunctions change from bulk like to multiple quantum  
well like with electric field. I did not pursue this because unfortunately the carrier 

wavefunctions at zero field are only delocalised (ie bulk like) if all the wells are of 
very similar width and depth. Fluctuations in well width or barrier alloy composition 

can cause carriers to localise on a particular well or group of wells, this will enhance 

excitonic absorption at zero field and the advantages mentioned above may be lost.
There has been some modelling of this localisation in the literature, Littleton et 

al (1986) considered a 10 period superlattice in the InG aAsP/InP system and showed 
that variations of well width of «5% cause little significant shift of energy levels but
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cause carriers to localise strongly around the wider well. The effects of this have 
been observed experimentally by Moore et al (1990) in the InG aAs/G aAs system and 

by Pavesi et al (1989) in a deliberately disordered G aAs/AlG aAs superlattice. The 

‘problem’ can be lessened by increasing carrier coupling by using narrower and/or 
lower barriers and/or narrower wells (R. Lang et al). Nevertheless I decided to focus 

on coupled double quantum wells of total width less than the bulk Bohr diameter so 

that I could be sure of keeping excitonic features and not be too reliant on good quality 
growth and be restricted to strong coupling.

It is pertinent to note that Law et al (1990) have recently demonstrated a high con­
trast (greater than 60:1) asymmetric Fabry-Perot reflection modulator using Wannier- 
Stark localization in a 1 0 0  period 30A G aAs/30A Alo.3 Gao.7 As superlattice. Their 
device relies upon the blue shift associated with Wannier- Stark localisation to de­
crease absorption with field rather than the idea discussed above. (The zero field 
energy levels of a superlattice form a miniband of energies, approximately centred on 

the energy level of one of the wells if it were isolated, thus the superlattice band gap is 
smaller than that of the isolated quantum well. When field is applied the coupling is 
‘turned off’, Wannier-Stark localisation takes place, the miniband is lost resulting in 
an increase in the band gap ie a blue shift. This was investigated and demonstrated 
by Bleuse et al (Jan 1988 and Dec 1988) and Mendez et al (1988).)

§4.3 Choosing the barrier width for bias transmitting operation 

§4.3.1 Discussion
Having decided initially upon coupled double quantum wells to retain the benefits 

of excitonic absorption how wide should the coupling barrier between the wells be for 
a structure to give good optical modulation for low drive voltages?

Firstly consider bias transmitting operation as defined in figure 3.8. W ith no field 
across the wells the device is strongly absorbing at the wavelength of the e ih h i exciton 
peak (the operating wavelength). To achieve good modulation at this wavelength this 
peak must shift away rapidly in wavelength and/or decrease rapidly in height as field 

is applied. It is also necessary that no other absorption peaks move to this wavelength 
or increase rapidly in height in close proximity to this wavelength.

The effective mass of the electrons is lower than that of the heavy-holes by a factor 
of about 5, consequently the electrons are less confined and the separation in energy 

of ei and e2 is greater than that of hhi and hh2 . Hence the features in the absorption 

spectrum close to the absorption edge are transitions from the lower hole states to ei 
states (Other transitions e.g. e2hhi and e2 hli2  occur at higher photon energies.) The 

absorption spectrum calculations in this thesis include all transitions for accuracy but 
in this discussion I focus on eihhi and eihh 2 .

Figure 4.2 shows schematically the variation of e i , hhi and hh2  zero field energy 
levels with barrier width (and also how the energy levels tend to those of single quantum 
wells in the limit of very wide and very narrow barriers). The main point here is that
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the narrower the barrier the greater the separation of hhi and hh2 in energy and that 
as I will show, this is desirable.

—i i — —i i-----1 i— i n i i r
e n | | i i i i i 11 i i i
only

i i
U

wide barrier narrow barrier

F igu re 4 .2  Schematic representation of the energies of the e i, hhi and hh2 levels 
at zero field in four structures. All wells have the same width except the rightmost 
one which is double the width of the others. Note how as the barrier is widened the 
hhi to hh2 separation decreases and the energy levels tend to that of the isolated well.

Figure 4.3 depicts the behaviour of e i , hhi and hh2 wavefunctions when an electric 
field is applied. Note that with field applied to the coupled wells (figure 4.3 d) there 
is considerable localisation of all these wavefunctions.

e1

hh2  '

b

AA

d

F igu re 4 .3  Wavefuctions overlaid upon the potential profile for: (a) a 115A SQW 
at zero field, (b) at 25kV/cm , (c) a pair of 50A wells separated by a 15A barrier at 
zero field, and (d) at 25kV/cm. The zero of wavefunction is placed at the position of 

the corresponding energy level. Note the more rapid localisation of wavefunctions and 
larger changes in the hhi and hli2 energy levels for coupled wells with the same field.

The wavefunctions become ‘pinned’ to one well (see figure 4.4) and to a first
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approximation their energies change with field as the potential energy of the bottom  

of that well changes with field. The wider the barrier the greater the decrease in energy 

separation between ei and hhi as the applied field changes from zero to a given value; 
this is because these levels are pinned to opposite corners of the structure. So a wide 
barrier gives a large shift in wavelength of the eihhi peak, furthermore, the wider the 
barrier the greater the spatial separation of ei and hhi wavefunctions when field is 

applied and the quicker the overlap decreases and absorption peak height falls. Both 
this large wavelength shift and loss in peak height are desirable. However, the ei and 

hh2 wavefunctions become localised in the same well as field is applied initially and 
hence the wavelength of the eih li2 peak changes little at these low fields but their 
overlap integral increases so the corresponding absorption peak increases in height at 

a roughly constant wavelength. The wider the barrier, the closer this wavelength is to 
the operating wavelength.

F igu re 4 .4  Schematic representation of energy levels and their localisations in a 
coupled quantum well with field applied

To summarise, the narrower the barrier the greater is the eihhi and e ih h 2 peak 
separation, but, the wider the barrier the better the electric field performance. Hence
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there must exist an optimum barrier width, the optimum being dependent upon op­
erating wavelength, well widths, widths of absorption peaks and the electric field per­
formance acceptable.

§4.3.2 Determination of barrier width
To determine a good barrier width I chose to study two 50A GaAs wells separated 

by an Alo.3Gao.7As barrier. The aluminium concentration of 30% was used because 
this concentration had been established to be reliable in devices grown previously by 

the III-V group at the SERC central facility in Sheffield University. The well width of 

50A ensured that the total confining length was approximately 100A, as discussed in 

section 4.2 .

The FWHM of the Lorentzians used in calculating absorption peaks at room 
temperature in the model is 8.5meV, because each Lorentzian is multiplied by its 
corresponding electron-hole overlap integral, which lies between 0  and 1 , the apparent 
FWHM may be less than 8.5meV. (When considering absorption spectra it is useful to 

remember that at «830nm  an energy difference of 8.5meV is equivalent to a wavelength 
difference of « 15.5nm ). Consequently I would like the e ih h 2 peak to rise with field at 
a spectral energy different from the eihh i zero field spectral energy by about 4meV 
(«7nm ) to achieve a change in absorption coefficient of about 50% .

At the same time I require the eihhi peak to have shifted to a higher wavelength, 
in practice this results in a trough between the eihh 2 and eihhi peaks at an applied 

field and the trick is to choose the barrier width to place this trough at the same 
wavelength as the eihhi exciton at zero field.

Plots of absorption peak position against field for various barrier widths are shown 
in figure 4.5. The vertical lines denote operating wavelength, the horizontal lines denote 
a field of 25kV/cm . For the 5A barrier structure the eih h i peak is too close to the 

operating wavelength, for the 25A barrier structure the eihh 2 peak is too close to the 
operating wavelength. In trying to pick the structure for which the trough between the 
eihhi and eihh 2 peaks is at the operating wavelength I chose the 15A barrier because 

the operating wavelength is best centred between the eihh i and e ih h 2 peaks. This is 

only an estimate of the best structure because the exact location of the trough will 
depend upon relative peak heights as well as each peak’s separation in wavelength from 

the operating wavelength. It would appear from the figures that for barrier widths in 
the range 1 0  to 2 0  A the operating wavelength is fairly well centred between eihhi 
and e ih h 2 . This is encouraging because if growth calibrations are inaccurate and the 

barriers grown are consistently slightly less or greater than the 15A the device should 

still work, although at a different wavelength. Furthermore, over this range of barrier 

widths the eihh 2 peak moves away from the operating wavelength for electric fields 

from 25kV/cm  to at least 50kV/cm , implying that the good modulation is achievable 
for a range of electric fields.

§4.4 Absorption spectra
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Figure 4.5 Variation of absorption peak wavelengths with field for 5 different 
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The modelled spectra for the 15A barrier structure are shown in figure 4.6. Bias 

transmitting modulation occurs at «831nm  , the magnitude of which is similar for 

both 25kV/cm  and 40kV/cm electric fields. The trough in absorption at 25kV /cm  

occurs as predicted close to the eihhi zero field exciton wavelength of «831nm . For 
comparison, the modelled spectra of a 115A SQW and a 50A SQW are included in 
figures 4.7 and 4.8 . In all cases room temperature is assumed, the wells are GaAs and 
the barriers are Alo.3 Gao.7 As. The 115A SQW spectra were evaluated because a 115A 
SQW contains approximately the same amount of absorbing material as the CDQW.

A similar on/off ratio is obtained in the CDQW at 25kV/cm  as opposed to the 

115A SQW operating at 40kV/cm . The absorption data presented here are in arbi­
trary units linearly proportional to absorption coefficient measured in cm - 1  which is 

also proportional to intensity absorption in dB. Because there is a similar amount of 
absorbing material in the CDQW and the 115A SQW it was expected that the absorp­

tion scales would be similar in these two cases. Hence devices based on these CDQW's 
should be capable of operating at a lower drive voltage than those based on SQWs at 
room temperature. For comparison a zero and 40kV/ cm spectrum are shown in figure 
4.8 for a 50A SQW. In this case the field is too small to cause much useful shift of the 
absorption spectrum.

§4.4.1 Broadening of absorption spectra due to growth fluctua­
tions.

Growth of quantum well layers is not perfect in the sense that the layers are not 

always atomically flat. The narrow coupling barrier of 15A is both the smallest feature 
in the structure and very important in determining the electro-absorption features be­
cause it controls the coupling between wells. For these reasons, the effect of fluctuations 
in growth upon the width of the barrier is expected to be the most significant.

If the barrier width fluctuates rapidly in the plane of the layer (the x-y plane) on 

a scale smaller than the exciton diameter then the exciton will see an average barrier 
width. Fluctuations extending over the size of an exciton or greater can be viewed as 

regions in the x-y plane where the barrier width is different, the effective barrier width 

experienced by the excitons depends upon their size, the size of the fluctuation and 
the temperature. Temperature and related thermalisation effects change the effective 

well width seen by excitons in quantum wells [eg Orton et al (1987)] and one expects 

similar arguments to apply to barrier widths.

To obtain a qualitative feel for the effect of barrier width variation I averaged the 
spectra from three CDQWs with barriers of 13.58A, 15A and I6 .42A, see figure 4.9. 
This range gives a total fluctuation of one monolayer (2.83A ) in the coupling barrier 
width and is intended to represent the situation where excitons in different coupled 
well pairs experience different average barrier thicknesses, the total range being one 
monolayer. Similarly I averaged spectra for CDQWs with barriers of 1 2 A, 15A and 

18A, see figure 4.10 (the slight lumpiness of the zero field spectrum in figure 4.10 is 
due to averaging only three peaks).
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F igu re  4 .6  (top) showing calculated electroabsorption for two 50A GaAs wells 

coupled by a 15A Alo.3 Gao.7 As barrier at room temperature. The vertical line denotes 

the wavelength for ‘bias transmitting’ operation. F igu re  4 .7  (middle) as figure 4.6 
but a 115A SQW. F igu re 4 .8  (lower) as figure 4.6 but a 50A SQW.
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Figure 4.9 was encouraging as the spectra retained their general features although 
a worsening of the modulation can be seen. In figure 4.6 the ratio of absorption when 
the device is unbiased and biased is 2.5, in figure 4.9 it is 2.15. As the barrier width 
variation increases in figure 4.10 the modulation worsens again, the ratio above now 
being 1.54. This work showed that although growth fluctuations might decrease the 
amount of modulation observed, they need not render the device useless.

§4.5 Bias absorbing operation
Coupled double quantum wells offer more rapid movement of the eihhi peak 

with field than a SQW, as can be seen from figures 4.6 and 4.7, and as has been 
demonstrated in the literature (see §4.1). In the bias absorbing mode of operation, 
modulation normally takes place at a wavelength in the zero field absorption tail, 

with bias the eih h i peak shifts to this wavelength and absorption increases giving 
modulation. The wider the coupling barrier the more rapid is the shift in wavelength 

of this peak but the greater is its loss in height. In order to design a structure for an 
optical modulator device the minimum acceptable modulation and field performance 
must be known, and then the relevant barrier width can be chosen from a consideration 

of the variation of overlap integral or peak wavelength with barrier width.
Quantitative predictions of modulation are difficult to make from the model be­

cause of the inaccurate Lorentzian tail (§3.1). Furthermore, one of the applications of 
these electroabsorption effects is in an asymmetric Fabry Perot reflection modulator 
(AFPM ) [Whitehead et al (July 1989), Yan et al (1989) ], this forms the basis of chap­
ter 5, in these devices the product a d  of absorption coefficient and length of absorber, 
is important. The product ad  can reach a given value either by choosing a large a  
(bias transmitting) and less absorbing material, or, a smaller a  (bias absorbing) and 

a greater d. The disadvantage of the latter is that a larger d requires more absorbing 
material ie more wells, which increases the length of the intrinsic region and hence the 

voltage which must be applied to achieve a given change in electric field. The larger d 
increases the likelihood of greater broadening due to variations of electric field across 

the wells and growth non-uniformities within the well/barrier region. An AFPM  oper­
ating in bias transmitting mode has recently been reported by Whitehead et al (1990), 
using a MQW with 150A wide wells this exploits the larger value of a  to give an AFPM  
with a lower operating voltage (3.5V swing vs the more normal 9V). Bias transmitting 

mode has two further advantages, a) it is compatible with SEED devices and b) the 

operating wavelength is similar to that of readily available, commercial semiconductor 
lasers.

For these reasons and the reasonable modulation in figure 4.6 I concentrated on 
bias transmitting operation.

§4.6 Experimental Results 
§4.6.1 Growth and processing

To test the modelling above two structures were grown [by Dr John Roberts and
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Chris Button] at Sheffield University, in an MOVPE reactor and the wafers processed 
[by A. Rivers and A. Stride , University College London] into p-i-n diode mesa struc­
tures to allow photocurrent measurements to be taken (see figure 1.3).

The MOVPE growth technique is summarised here, more details of the work at 
Sheffield can be found in Roberts et al (1984) and Roberts et al (1988), a review of 
MOVPE growth is given in Stringfellow (1985) with more recent reviews appearing in 

Stradling and Klipstien. The essential feature is that gases which are compounds of 
Al, Ga and As enter a chamber and react chemically after being heated in the region 
around the substrate. The reactions result in the formation of GaAs or AlGaAs and 
this is deposited epitaxially on the substrate. Control of the gas flows gives control 
of the chemical compostion of the layer deposited and its thickness (through varying 

the time for epitaxial growth). In this case the arsenic originates from arsine (ASH3 ), 
the gallium from trimethylgallium (TMG) and aluminium from trimethylaluminium  
(TMA). Intentional doping is achieved by introducing silane to give an n-type region 
or dimethylzinc to give a p-type region. The background doping in the intrinsic region 
is p-type.

A typical layer design is shown in figure 4.11.

=100 A GaAs cap
+

P

=0.5(j.m
AlGaAs

+
P

AlGaAs i

N/inyv

AlGaAs i

=0.5|i.m AlGaAs
+

n

GaAs buffer (n-type) on substrate (semi ins), or, 
GaAs substrate (n-type)

F igu re  4 .11 Sketch of a typical layer structure (not to scale).

The GaAs substrate provides mechanical support for the quantum wells. Sub­
strates are available that can be either n-type or semi-insulating. On top of the sub­
strate a doped gallium arsenide buffer layer is grown, this is used for contacting and 
smooths roughness originating from the substrate surface. Then a doped layer of Al­
GaAs is deposited, on top of this an undoped AlGaAs layer may be grown to prevent

78



carrier diffusion from the highly doped region into the quantum wells above. Similarly 
above the quantum wells there may be another undoped AlGaAs region between the 
doped layer and the quantum wells. The upper AlGaAs layer is doped and capped with 
a layer of GaAs which is similarly doped. The purpose of the GaAs cap is to provide a 
material for contacting. Oxidation of AlGaAs makes successful contacting to it difficult 
so GaAs is used. It is important to note that ‘bulk’ GaAs is absorbing at wavelengths 

less than «870nm  (ie absorbing at the quantum well operating wavelengths) and so 
the GaAs capping layer must either be thin or etched away in processing to allow 

light to reach the quantum wells. Bulk AlGaAs is absorbing at wavelengths below the 
operating wavelength (for Alo.3 Gao.7 As absorption occurs below «690nm ).

The layer structure in figure 4.11 is then processed to produce a mesa structure, 
sketched in figure 4.12, the purpose of the mesa being to provide electrical isolation.

Top v i e w
Window

,Top c o n t a c tB o t t o m  c o n t a c t

S e c t i o n  AB
cap

bond w i r e
q u a n t u m

GaAs

F igu re 4 .12  Schematic view of the mesa structure used for photocurrent mea­
surements.
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In summary, the device processing involves laying down the Cr:Au top p+ contact, 
etching away a window in the p+ GaAs cap if necessary, then etching the mesa and 

finally laying down the Sn:Au contact. The Cr:Au contacts are composed of a thin layer 

of chrome followed by a thicker layer of gold. After alloying the chrome adheres to the 

p-type material and the gold gives a good electrical contact. Similarly for the Sn:Au 
n-type contact. The contact patterning and protection of parts of the device during 

etching of other parts is achieved using photoresists. Mesas are tested for electrical 
breakdown and dark current, and the good devices are mounted on a T 0 5  header and 
bond wires attached.

§4.6.2 Experimental apparatus 
§4.6.2.1 Photo current

Photocurrent measurements were taken using a grating monochromator. The light 
source was a current stabilised 1 0 0 W quartz halogen lamp, the output from which 
passes directly through a rotating wheel chopper and then into the monochromator. 
At the exit to the monochromator a filter removes second order light before the beam 

is focussed onto the mesa of the device. The linewidth of the light falling on the device 
is «0.6nm  [Mark Whitehead thesis].

The device is biased and the photocurrent determined by measuring the voltage 

across a lOOkll resistor placed in series with the device. A lock-in amplifier is used, 
the chopper providing the reference signal. Computer control of the monochromator’s 
wavelength and the bias voltage and acquisition of the lock-in output allows photocur­
rent spectra at various biases to be taken fairly easily.

§4.6.2.2 Doping profile
A computer controlled ‘LCZ’ meter was used to acquire capacitance-voltage mea­

surements [measurements taken by A. Rivers, software written by C. Tombling]. A 
DC reverse bias is applied to the device and the LCZ meter superimposes a 1MHz 
AC signal, from the out of phase current the capacitance is calculated. The change 
in capacitance with reverse bias can then be used to determine the doping profile [see 
Blood et al (1978) and Blood (1986) for reviews of this technique].

§4.6.3 Photo current and absorption
Photocurrent measurements are used here as a means of measuring absorption 

coefficient. The equation relating the photocurrent and absorption is given below; 
from Whitehead et al (Feb 1988)

J(V, A) =  P(A)(1 -  R j) ( \ e /h c ) r , (V ) . { l  - e x p [ - o ( V ,  A)d]} (4.1)

where I  is the photocurrent, V  is the bias voltage, A is the wavelength, P ( A) is 
the optical power falling on the device, R j  is the front surface reflectivity, e is the 
electronic charge, h  is Planck’s constant, c is the velocity of light, T ) ( V ) is the diode 

quantum efficiency, a  is the absorption coefficient of the absorbing material and d 
is the thickness of absorbing material. In all the photocurrent measurements in this
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thesis the quantum wells remain on the GaAs substrate, Fabry Perot effects can thus 

be neglected and the front reflectivity R f  assumed to be constant with wavelength. 
The diode quantum efficiency rj(V) is the fraction of photo generated carriers which 

reach the contacts and contribute to the measured photocurrent.
The equation above can thus be simplified :

I (V , A) =  constant x A77(V ) . { 1  — exp[—a (F , A)d]} (4.2)

where the photocurrent I  is now normalised to the power spectrum of the light 
source. Hence for a (F , A)d <  1 and over a short range of wavelengths, and with spectra 

scaled to allow for the variation of r){V),

I(V , A) =  constant x a(V,  A)d  (4.3)

ie the photocurrent is proportional to the absorption coefficient a .

§4.6.4 Experimental Results
The first of the two structures ordered had a well/barrier structure of 50 pairs of 

coupled wells, each pair separated by an 85A barrier of A l o .3 G a o .7 A s .  The coupled wells 

were two 50A GaAs wells separated by a coupling barrier of 15A of Alo.3 Gao.7 As. The 
85A barrier separating each pair was assumed to be wide enough to prevent coupling 
between coupled quantum well pairs. The second sample acted as a control, this was 

the same structure but with each coupled well pair replaced by a 115A well of GaAs. 
Thus the intention was to be able to make the direct comparison between figures 4.6 
and 4.7.

The first sample ordered (CB191) gave the photocurrent data in figure 4.13 , that 
of the control sample (CB194) gave the photocurrent data in figure 4.14. The data 

in these figures is NOT scaled to compensate for the different efficiencies of photogen­
erated carriers escaping from the quantum wells at different electric fields. This has 
the effect of giving spectra at low biases an ‘artificially’ low absorption coefficient if 

equation (4.3) is used.
In each case the eihh i exciton peak at 0V is observed close to the modelled 

wavelength, however the clarity of the features is poor, especially as bias is applied to 

the devices. Room temperature photocurrent measurements on multiple quantum wells 

with (uncoupled) wells of width wlOOA are fairly common [for example Whitehead et al 
(Feb 1988)] and comparison with the data here is poor in that there is very little shift of 
the exciton peak, just a loss of peak height. Because the results for the control are poor 
it is not surprising that the CQW results are also poor. (Mark Whitehead also had a 

sample grown at the same time (CB190) and this also exhibited poor characteristics, 
other diodes from these wafers showed similar behaviour). The cause of this was 
attributed to a high background doping in the ‘intrinsic’ region. The arsine source 
had been contaminated with impurities [C.Button private communication]. From C-V 

measurements the doping in CB191 and CB194 was calculated to be «  101 6 cm- 3 . The
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F igu re 4 .13  Photocurrent from CB191, a p-i-n diode containing CDQWs. Key 
shows the reverse bias (negative voltage) applied.
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F igu re 4 .14  Photocurrent from CB194, a control sample with uncoupled wells. 
Reverse biases as in figure 4.13.

effect of this is to give a very large variation of field with distance across the whole 
intrinsic region when sufficient reverse bias is applied and to give a smaller variation
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in field across about 40% of the wells with no bias applied, the remaining 60% of wells 
experiencing no electric field. This is depicted in figure 4.15.
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F igu re 4 .15  Calculated electric fields in CB191 and CB194. The quantum wells 
are located in the micron of material between the solid vertical lines. Reverse biases as 
in figure 4.13. Assumed background doping is 101 6 cm - 3  and built in voltage is 1.2V.

The assumed diode built in voltage is 1.2V. This is close to the value of 1.3V used 
by Lengyel et al (1990) (deduced from their figure 6 ), who relate their bias voltages to 

electric fields for a room temperature p-i-n diode with Alo.32 Gao.68As barrier material 
doped to 5 x 1 0 1 7 cm - 3  - a situation similar to those in this thesis. An exact value of 
the built in voltage is not determined here but it is not simply the AlxG ai_xAs band 
gap (1.8eV for x =  0.3 at 300K) as one might expect from an equalisation of Fermi j
levels in a highly doped pn junction. Further evidence for this comes from Golub et i
al who used a value of 1.2V for barriers with x =  0.3 although the measurements are 
at 1 0 K where one could expect a larger band gap, and, Chen et al found the flat band
condition (0 field) to be a forward bias of 1.6V at 5K for barriers with x =  0.27; in 

both cases these voltages are less than the AlxG ai_xAs band gap.
Now consider first the coupled well results in figure 4.13. At zero bias both eihhi 

and eihh 2 are observed because some wells experience no field and some see a range of 

fields. From figure 4.6 it can be seen that the eihh 2 peak remains roughly at the same 
wavelength for a range of electric fields, whereas e ^ h i  does not. Consequently many 
of the coupled wells that experience different fields contribute to the eihh 2 peak at a 
similar wavelength but the eihhi contributions occur at different wavelengths. Hence 

the zero bias spectrum is composed of the zero field spectrum and eihh 2 contributions.
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When bias is applied fewer wells experience no field (flat band) but more see a range of 
fields, hence the eihh 2 peak begins to dominate the spectrum around the absorption 
edge.

For the uncoupled wells there are no peaks in figure 4.7 that remain roughly fixed 

in wavelength like the ei hh2 peak in the coupled wells case. Hence, as bias is applied 
one observes a decreasing proportion of the zero field spectrum and an increasing 

proportion of the ‘washed out’ spectrum due to the absorption peaks all being at 
different wavelengths because the wells in the depletion region all see different fields.

(Dark currents of «10nA  were observed at reverse biases of about 5V in these 
devices compared with about 20V reverse bias in similar devices showing better char­
acteristics [A. Rivers private communication] )

CB191 and CB194 were regrown as CB234 and CB235 respectively. Again the C-V 

measurements gave a doping of «  1 0 1 6 cm - 3  and the spectra showed similar behaviour 

except that the CB234’s eihhi zero field wavelength was 841nm - this receives more 

attention in §4.6.5 .

Background doping seemed to be a recurrent problem, but in order to test much of 

the theory I only needed photocurrent data from a few pairs of wells. A structure with 
only a few pairs of wells could not be made into a useful optical modulator because 
there is insufficient absorbing material but photocurrent spectra can still be taken. 
Consequently a structure with only 5 pairs of wells located approximately centrally in 
one micron of intrinsic material was requested (QT67). With only 5 pairs of wells the 
electric field variation over the wells is comparatively small (14kV/cm  for 101 6 cm ~ 3  

doping) when the field is non zero so the ‘washing out’ should not occur. Placing 
the wells in the centre of one micron of intrinsic material meant that with no applied 
bias the wells would hopefully be in a region where the electric field is zero, as bias is 
applied the depletion boundary moves through the wells and they experience an electric 
field. Hence the wells can be made to see both zero electric field and an approximately 

constant one when bias is applied - see figure 4.16.

The results for this sample (QT67) are shown in figure 4.17 together with a copy 
of figure 4.9 for comparison with the modelled data. The experimental data has been 

normalised to a reference spectrum and scaled to account for the poor quantum effi­
ciency 71 at low biases. The scaling factors used were « 1 0  for 0V, « 1 .2  for —2V and « 1  

for the rest. The data was scaled such that the photocurrent at 750nm is equal in all 
cases. The justification for this is that from calculations the absorption spectra should 
all have the same value around this wavelength. This effect is seen in many published 
absorption spectra (eg figures 3.3a) and is a consequence of the sum rules discussed by 

Miller D A B et al (Sep 1986) [Andrews et al (1988)]. Furthermore, the fact that the 
scaling factor is approximately 1  for the higher biases implies that this is the case and 
that we are genuinely dealing with a carrier escape problem. It is interesting to note 
that in figures 4.13 and 4.14 I have not applied scaling and the 0V spectrum does not 
suffer a factor 10 loss in quantum efficiency. This is probably because in these cases
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F igu re 4 .16  Calculated electric fields in QT67. Intrinsic region located between 
vertical dashed lines. Coupled wells located between solid vertical lines. Reverse biases 
are 0, 2, 3, 4 and 10V. Background doping is 2 x 101 6 cm- 3 . Note that the depletion 
boundary moves through the wells as bias is applied.

some wells always experience a field that can sweep out the carriers.

§4.6.5 Comments on experimental results
The thickness of absorber d in this case is approximately 5 x 115A and if the 

absorption coefficient is of the order 15000 cm- 1 , as it is in uncoupled quantum wells, 
then ad  has a value of «0.09 which is considerably less than 1. Hence one can consider 
the photocurrent (normalised and scaled) to be proportional to absorption coefficient 
a  (section 4.6.2.1). The most important conclusion to be drawn from the results in the 
previous section is that the shifts of peaks in terms of their wavelengths and heights 

agree well with theory, also the separation of absorption peaks is in good agreement. 

The ‘modulation’ observed at the wavelength of the zero bias eihhi exciton peak is 
the same as that predicted although this may be a little fortuitous given that the one 

monolayer barrier width fluctuation chosen was just an estimate. Nevertheless, the 
photocurrent measurements imply very strongly that the model is performing well in 
its aims of predicting useful structures and predicting shifts in peak wavelengths and 

heights. The assumptions of ignoring light and heavy hole mixing, band non parabol- 
icity and the change of binding energy with field do not appear to be causing problems. 
The fitted parameters appear to be correct. Bias absorbing modulation is better than 

that modelled because the Lorentzian lineshape gives too large an absorption tail 
(§3.1).
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photocurrent (lower) from QT67. To relate reverse biases to electric fields consult 
figure 4.16
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Device 1 Wavelength (nm) I Structure

CB191 1 831 I 50 CDQW units
CB234 1 841 1 50 CDQW units
CB294 1 826 1 32 CDQW units in complex structure
QT67 1 821 I 5 CDQW units in lpm
CB345 1 814 I 50 CDQW units, no p or n layers
QT133 1 829 I 14 CDQW units in ljim

T able 4 .1  showing device code, wavelength of the zero field eihhi exciton peak 

and the device structure. One CDQW unit is two 5()A GaAs wells separated by a 15A 
Alo.3 Gao.7 As barrier.

There is, however, a discrepancy in the wavelengths at which the modelled and 
measured peaks occur. In this instance the modelled eihhi zero field peak is at «831nm  

and the measured one is at «821nm . There are three possible explanations; a) an error 
in the modelling, b) the devices grown are not as specified, c) a combination of the 

two.

In the model testing of section 3.1 some of the modelled data similarly was at too 
high a wavelength. However, the table 4.1 lists the eihhi zero field wavelength from all 
the devices containing this CDQW structure grown by Sheffield University for us and 
there is a large variation in observed wavelengths. Possible reasons for the wavelength 
shift are; incorrect calibration of AlGaAs growth rate (affecting coupling barrier width), 
incorrect calibration of GaAs growth rate (affecting well widths), inaccurate AlGaAs 

concentrations in the barriers and AlGaAs contamination in the wells (affecting the 
band gap). A full investigation of these is out of the scope of this thesis but it should 
be noted that so long as the variations or inaccuracies are fixed for any given sample 
it is likely that the essential features of the model will work. In each case distinct 
excitons were observed implying that growth is consistent within that sample.

§4.7 Concluding remarks and related works
Similar structures have been investigated and some are listed below with more 

details on the earlier works in §4.1. I have excluded work on superlattices and optical 
non-linearities as these are not directly related to the results in this chapter. Work pub­
lished after Summer 1988 is independent of mine. The notation used for the structures 

is w e ll  w idth /  b a r r ie r  width (percentage x o f aluminium) /  w e ll  w idth .

Dingle et al (1975) measured the zero field optical density at 2K on a 50 /  15 
(19%) /  50 structure (see figure 3.5). Kawai et al  (1985) observed the eihhi photo­

luminescence peak at room temperature for 30/BW (50% )/30 structures with barrier 
widths in the range 1 2 A to 40A. Le et al (1987) took 2 K photoluminescence spectra 

on a 105/20/85 structure. Chen et al (1987) published 5K photoluminescence excita­
tion spectra for a 75/18(27% )/75 configuration. Andrews et al (1988) published PLE 
spectra on a 48/16(30% )/48 structure at 5I\ and various biases. Debbar et al (1989)
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measured absorption coefficients at 10K on a 35/30(20% )/35 structure (see figure 3.6). 
Onose et al (1989) observed photoconductivity at 77K on a 54/5.7(100% )/54 struc­
ture. Onose et a?s spectra agree qualitatively with those in this chapter in the rapid 
movement and fall of the eihhi peak and the growth of eihh 2  . The authors describe 
this as a ‘blue shift’ .Blue shifts can result in bias transmitting operation which is 
one of the criteria for SEED operation and consequently there has been some interest 
in this effect. In July 1989 Campi et al published calculations of energy levels and 
overlaps for a 31/35(30% )/31 arrangement at 0 and 50kV/cm  and pointed out that 
one can consider the growth of the eihh 2  peak as a blue shift. This group published 
electroreflectance spectra consistent with their earlier calculations [Cacciatore et al 
(1989)]. Tokuda et al (1989) measured 77K photocurrent on the asymmetric structure 

80/8(100% )/100. Lee et al (1989) calculated absorption coefficients at low temperature 

for various structures of the type - 75 +  6 /1 8 /7 5  — 6  where 6 =  0 , 1 0 A , .., 60A at zero 
field and for 6  =  0 , ± 1 0 A  with field applied, and, both PLE spectra and calculated 

absorption for a 64/15(29% )/64 structure.
All the above measurements are at low temperatures (77K or below) except the 

electroreflectance of Cacciatore et al (1989) and the photoluminescence of Kawai et 
al (1985). For these and many of the others the link with absorption coefficient is 
not as direct as the measurement of photocurrent in this thesis. However, Islam et al 
(1987) had previously measured electroabsorption from a 46 /11 .5(30% )/46 structure in 
a waveguide configuration, presumeably at room temperature. They have two pairs of 
CDQWs compared with the five in this thesis (50/15(30% )/15) and as such my work is 
more likely to reveal problems due to growth fluctuations from one CDQW to the next. 
More importantly, they do not observe the growth of the eihh 2 peak with increasing 
reverse bias, at variance with my and their own modelling. The authors suggest this 
may be due to mixing between the valence band states (lhi and hh2 ). The modelling 
and photocurrent work in this chapter does show a separation between the eilhi and 

e ih h 2 peaks and demonstrates the growth of the e ih h 2 peak. Furthermore, between 

fields of « 3  and 22kV/cm Islam et al record a ratio of absorption change of about 
0.8 (measured from + 1 V and +0.75V biases in their three dimensional figure), this 

value is considerably less than the ratio of « 2  seen in photocurrent measurements here 

between similar electric fields. Whilst Islam et aVs data is useful, particularly for the 
perpendicular polarization, and forms one of the ‘founding’ coupled well papers, my 

work has shown better agreement between modelled and experimental data.

In summary, the computer model was used to predict a structure giving good 
optical modulation at low electric fields and room temperature. The discussion of the 

choice of barrier width for bias transmitting operation between coupled wells had not 
previously been published, nor had fluctuations in barrier width due to growth been 

considered [Atkinson et al (1990)]. The only other calculated absorption spectra for 
coupled well pairs that include field effects, excitonic effects and forbidden transistions 
were published independently by Lee et al in 1989. Their work differs from that in this
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thesis in the calculation technique used, the temperatures considered and in emphasis 
(my work being on room temperature optical modulation).

Many authors have reported experimental measurements upon structures similar 
to the one I concluded would give good bias transmitting modulation. However, the 

room temperature photocurrent work in this chapter provides probably the best in­
dication of the performance of a room temperature, electroabsorption based, optical 
modulator.

From the results in this chapter it is highly likely that coupled wells can function 
in a practical optical modulator and this forms the basis of the next chapter.
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C h ap ter 5 
C ou p led  W ells in  A sy m m etr ic  Fabry P ero t  

R eflec tio n  M od u la tors
§5.1 Introduction

In chapter 4 it was demonstrated theoretically how one can choose a coupled 
double quantum well structure to give reasonable modulation at low electric fields. It 
was shown from photocurrent measurements that this interpretation was very probably 
correct. As a consequence attention now focuses upon trying to fabricate a working 

optical modulator.
In 1989 Whitehead et al (July 1989) and Yan et al independently demonstrated an 

asymmetric Fabry Perot reflection modulator exhibiting a large contrast ratio, greater 
than 100:1 in Whitehead’s case. This modulator used MQWs (uncoupled) and oper­
ated with an applied bias of 9V. Coupled wells operate at lower electric fields than 
comparable MQWs so there was the prospect of making a high contrast, low operating 
voltage device. A study of coupled wells in AFPMs forms the basis of this chapter.

At the time (October 1989) no work existed in the literature on the subject of 
coupled wells in AFPM s, now (September 1990) there are two papers, a theoretical 
one published by myself and co-workers (Atkinson et al 1990) and one by Law et al 
(May 1990) who achieve greater than 60:1 contrast ratio for an 8 V operating swing, 
this device has been mentioned previously in §4.2 and is based on Wannier-Stark 

localisation in a superlattice.

§5.2 Synopsis of AFPM  operation. 
§5.2.1 Explanation

Figure 5.1 demonstrates the physics of the AFPM .
The optical beam has been drawn off normal for clarity, in practice normal inci­

dence is used. An optical beam incident upon the front mirror is partly reflected as 

beam 1  and partly transmitted. The transmitted ray may experience multiple par­
tial reflections with some rays exiting the cavity and some making multiple traverses. 
With the correct cavity dimension all the rays exiting from the front surface are in 

phase with each other and can be summed to form a single beam, beam 2. This beam 
is 7r out of phase with beam 1. Hence it is possible to achieve complete destructive 

interference, in other words zero reflection, when the amplitude of beam 1  is the same 

as beam 2. The absorption in the cavity may be varied by biasing quantum wells, 
hence the amplitude of beam 2  can be altered, specifically it can be varied such that 

there is either complete destructive interference or incomplete destructive interference 
- a high contrast reflection modulator.

To a first approximation there is no change in refractive index of the cavity, the 
relative phases of beams 1  and 2  remain unchanged and the device is based entirely 
upon absorption changes. The front mirror is just the air-semiconductor interface and 
the back mirror is formed from a multilayer stack (MLS) composed of materials with
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F igu re 5.1 Operation of the asymmetric Fabry Perot reflection modulator. Rays 
have been drawn off normal for clarity only.

different refractive indices. Quantum wells form the absorbing material in a p-i-n diode 
arrangement as before.

§5.2.2 Formulae
A more detailed discussion of the AFPM may be found in Whitehead et al (Feb. 

1989) from which some equations are reproduced below. Derivation of the equations 
is closely analagous to that found in text books for the spectroscopic Fabry Perot 
etalon [eg Fowles, Hecht and Zajac] but more general in that different front and back 

reflectivities and absorption in the cavity are considered. Changes in refractive index 
due to changes in absorption have been ignored here because previous calculations 
that neglect this effect for low finesse type cavities, like those used here, have been 

successful [Whitehead private communication]. In the ‘normally-off’ device (minimum 
reflection at zero bias) the omission of index changes could lead to an understating 
of device performance provided the operating wavelength matches the Fabry Perot 
reflectivity minimum at zero field (as it should).

The general equations for reflectivity, R  and transmission, T, are;

R =

T  =

B  +  F  sin2 6  

1  +  F s in 2 6 / 2

A

(5.1)

1  +  F s in 2 6 / 2

where R  and T  refer to intensity (not amplitude) reflection and transmission, and

(5.2)

A =
( 1 - R f ) ( l - R b)e 

(1 -  Raf

—ad
(5.3)
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B  =  R ^ - R ° l * r f  (5.4)
(1 -  Raf

=  i R « (5 .5 )
(1 -  R a f

R a =  7 R jR le ~ ad (5.6)

and S is the total optical phase shift difference between successive output beams. It
is dependent upon cavity length L c, wavelength, A, the cavity refractive index n c and
any phase change upon reflection. (In the usual spectroscopic Fabry Perot all Rs  are 
equal and a  =  0 leading to A =  1 and B =  0). With the cavity ‘on resonance ’ ie,

sin 6  =  0 (5.7)

a reflection of zero can be achieved if,

B =  0 . (5.8)

The necessary condition for B  to be zero is that

a d  =  - l n ( ^ ) -  (5 '9)

For the AFPMs in this thesis ad  «  0.58 to give B = 0 .
In general for a cavity on resonaj>« the reflectivity is given by,

R ,[  1  -  ( R J R , ) ] 2

R  -  ( i  - r 7 ) ~ "  (5‘10)

At wavelengths above the quantum well absorption edge a  «  0 and equations 5.1
and 5.2 reduce to the following,

Tm a x  =  ( 1  ~  Rl)(J _ ^ R^ ) (5.11)

(1  - f  y / R f R b Y
T m i n  = (1 (5.12)

(1 -  y / R f R b )  

T m a x  coincides in wavelength with R m i n  when

R m a x  =  (- V R t  + ' ^ \  ( 5.13)
(1  +  y /  R f R b )

R m i n  = (- ' / R j  ~  (5 .1 4 )

S =  mir (5.15)
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where m  =  0 , ± 1 , ± 2 , ......  R m a x  coincides with Tm i n  when

S =  ^ l ,  (5.16)

Important equations for calculating reflectivities are:
For a multilayer stack composed of A/4 layers of material A and B, with indices 

ua and n# respectively, its reflectivity at the centre wavelength is given by,

.2 N' l  2
(5.17)R cen tre  —

where

x - y i

x =

x +  y 2N _

ref. index of medium from which light is incident
ref. index of exit medium  

and
n A

y =  —
ub

and N  is the number of layer pairs.
For a simple interface in which light is incident from material A into material B,

Rint —
n A — n B (5.18)
nA +  nB . 

from Fresnel’s equations.
The multilayer stack bandwidth is,

A ^ = 4 s.n . 1 / K - n i l \  ( 5 l 9 )
^centre \  "I” n A )

[Macleod]

§5.2.3 The cavity length
In calculating the cavity length, Zc, required, phase changes upon reflection must 

be accounted for. When light travelling through a medium is reflected from a higher 
refractive index medium its phase is changed by 7r (from equation 5.18). For the 
AFPM s studied here there is a phase change of 7r for beam 1 (see figure 5.1) with
respect to the incident beam and a change of 7r upon reflection within the cavity from

the back mirror if it is a multilayer stack. (It is assumed that there are no phase 

changes upon transmission). The optical phase shift after one return traverse of the 
cavity is,

47rncT c
6  =  — ^  +  7T (5.20)

In order that all the constituents of beam 2 are in phase it must be that

6  =  2wp (5.21)

where p  is an integer. By equating £s the cavity length L c must be an odd number of 
quarter wavelengths long;

=  (2p -  1)A 
4 n .
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Consequently all constituents of beam 2  are in phase (modulo 2 it) with the incident 
beam and thus beam 1  is 7r out of phase with respect to beam 2 .

In a later Fabry-Perot structure with no multilayer stack there is no 7r phase change 
upon reflection at the back mirror so the condition for the constituents of beam 2  to 

be in phase is that the cavity length is an integer multiple of a half wavelength in the 
cavity. This will also give destructive interference between beams 1 and 2.

§5.3 Fitting the absorption coefficient
As mentioned in chapter 2 the model produces absorption coefficients proportional 

to their absolute values in cm - 1  . It is necessary to fit one constant of proportionality by 
using experimental data. There are no published spectra for this or similar structures 
that give absorption coefficients in absolute units except for Islam et al (1987). Their 
data is for a waveguide device in which the CDQWs form less than 1% of the guiding 

core, it is not possible to compare their absorption coefficient with that for transverse 
modulators without a knowledge of the optical field strengths within their waveguide.

At the time I could not make an experimental measurement of a  on coupled wells 

because the only reasonably working device had only 5 pairs of wells. Consequently I 
made a determination of a  by assuming the scale from 115A of CDQWs is the same as 
that for a 115A of SQW because both contain a similar amount of absorbing material. 
Masumoto et al (1985) showed that the absorption coefficient at the continuum (ie at 
«832nm  in figure 4.7) varies to a good approximation as 1 / L z where L z is the well 
width. The modelled absorption at the continuum varies little with the FWHM cho­
sen for the Lorentzian broadening, in contrast to the absorption close to the exciton 
peaks, hence I fixed the absorption scale to the continuum absorption. From transmis­
sion data [Whitehead et al (Sep 1988)] for a MQW sample with 145A wide wells, 30%
Al barriers and an antireflection coating I obtained a continuum absorption coefficient 
of 7470cm-1 (this refers to well material only). Using the 1 / Lz dependence, the con­

tinuum absorption of 115A wide wells is 7470 x 145/115=9420cm -1 . This technique 

predicts a continuum absorption of 7470 x 145/105 =  10300cm-1 for 105A wide wells, 
very close to that measured by Lengyel et al more recently (see figure 3.3). So, the a  
scale for the 15A barrier CDQWs has been fitted, the e ih h i zero field exciton peak in  ̂

figure 4.9 has a value of « 13000cm- 1 .

§5.4 Design of an asymmetric Fabry Perot reflection modulator 
§5.4.1 The Mirrors

In the work of Whitehead et al (July 1989) the front mirror was formed by the 
air-semiconductor interface, the high refractive index mismatch of « 2 .5  resulting in a 

mirror reflectivity of «30%. The back mirror was formed from a multilayer stack of 12 
periods of AlAs and Alo.1 Gao.9 As giving a reflectivity o f «95%  at the centre wavelength 

and a bandwidth of 95nm over which the reflectivity is at least 91% (section 5.2.2). 
Their modulator operated at «860nm .

To employ CDQWs the operating wavelength is lower (eg 822nm in device QT67)
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Material
Wavelength (nm) 

775 | 800 | 814 820 822 860 900 917 950 991

GaAs undoped 13.652 |3.644 3.6415 3.640 3532 3573 3547 3.515

Alo.10Gao.90As 3.615 35547
Alo.12Gao.g8As 3591
Alo.15Gao.g5As 3549
Alo.3oGao.7oAs 3.4736 3.450 3.438 3.4321 3.427 3.4038 33811 3.3726 3358 3340
Alo.50Gao.50As 3.285 3.280 3276 3250 3262 3.213 3.193

AlAs 2.991 2.995 2.9767

Sapphire 1.7609 1.7597 1.7587 1.7577 1.7574 1.7566 1.7558

CB345 average 13.4929 3.4857 3.4679 3.4327 3.3847

Refractive index data for GaAs to Alo.3Gao.7As from Casey e t  al, Alo.5Gao.5As and AlAs from Pikhtin et al and sapphire from Melles Griot

T able 5.1 Refractive indices used in calculations

and all the cavity dimensions had to be redesigned because the semiconductor re­
fractive indices are wavelength dependent (see table 5.1). Furthermore, I decided to 
use Alo.1 2 Gao.8 8 As instead of Alo.1Gao.9As in the MLS because at room temperature 
Alo.1Gao.9As has a band gap corresponding to 801nm, fairly close to the operating 
wavelength, but Alo.^Gao.ssAs’s band gap is at 788nm.

Thus using Alo.1 2 Gao.8 sAs ensures that the AlGaAs absorption will be low in the 
MLS at 822nm. From these parameters the MLS reflectivity is 95% and at the centre 
wavelength of 822nm, the bandwidth is 95nm, data calculated from equations 5.17 and 

5.19 in section 5.2.2. The front mirror remains the air-semiconductor interface.

§5.4.2 The number of coupled wells to include in the AFPM .
After having fixed the absorption scale for the 15A barrier CDQW in section 5.3 

the absorption coefficient at the zero field exciton peak and at 25kV/cm  was determined 

from figure 4.9 (demonstrated in figure 4.17 to be correct). Using equation 5.10 the 
asymmetric Fabry Perot reflectivities were calculated for devices with varying numbers 
of coupled well units. The thickness of absorbing material d is the number of coupled 

well units np multiplied by their length (115A). Operating voltages were calculated by 
assuming that each coupled well pair was separated from its adjacent pair by a barrier 
of thickness 85A, the total length of the intrinsic region then being np x  2 0 0 A , hence 

the operating voltage is the product of this length and the applied field (25kV/cm ). 
Table 5.2 shows calculations based on the absorption changes in figure 4.9.

A previously reported AFPM device [Whitehead et al (July 1989)] employing 
uncoupled multiple quantum wells was observed to give a very high contrast with 9V 
bias and ?s3.5dB insertion loss. Table 5.2 shows a considerably lower operating voltage 
(2.2V), but the insertion loss is worse (9.4dB) in the coupled well case. Recently Yan 
et al (Feb 1990) have demonstrated an AFPM with an operating voltage swing of
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No. of pairs Nominal Insertion
of wells Voltage Loss

14 0.7V 3.3dB
32 1.6 V 6.8dB
44 2.2V 9.4dB

Contrast Off-state On-state
Ratio reflection reflection

2.1 :1 22.6% 46.8%
10.1 :1 2.1% 21.0%
=oo : 1 0 % 11.5%

T able 5.2 Predicted performance of an AFPM with coupled quantum wells in 
the intrinsic region. In each case the electric field change is from 0 to 25kV/cm  and 
the ‘Nominal Voltage’ is the product of the applied field and the length of the wells 

and barriers. Calculation asssumes a cavity with reflectivities at the front of 30% and 
95% at the back, operating at its resonant wavelength.

only 2V achieving a change in reflection of 47 percentage points, however, the contrast 
ratio is low (~ 4 ). These results were obtained by using a high finesse cavity with a 
front mirror reflectivity of 80% rather than the 30% used here. They used essentially 
uncoupled wells and if this type of structure is desir able from a systems aspect the 
use of coupled wells could further reduce the operating voltage (high finesse cavities 

generally suffer from poor optical bandwidths and can be sensitive to temperature 
fluctuations which may not be acceptable in some systems). I shall concentrate on the 
lower finesse cavity.

The data in table 5.2 were calculated using figure 4.9 representing a one monolayer 
fluctuation in the barrier width as a guide to possible performance. Sample QT67 

demonstrated that this was a good estimate, at least for the five barriers in that 
sample. If a 6 A total fluctuation in barrier width is assumed then in order to achieve a 
contrast ratio of 10.4:1 the device needs 40 pairs of wells (an operating voltage of 2.0V) 
and the insertion loss is 11.6dB. To obtain a very large contrast ratio the operating 
voltage required is 2.4V and the insertion loss is 14.7dB.

§5.4.3 Background doping and built in voltages.
The voltages in table 5.2 assume a p-i-n diode with an intrinsic region composed 

only of coupled well units and 85A separating barriers, consequently the intrinsic region 

is short (in the case of 14 pairs of CDQWs it is 0.28//m long). Across a 0.28/xm intrinsic 

region a built in voltage of 1.2V represents a field of ?»40kV/cm. Hence the wells would 

already experience a field beyond their designed operating field before reverse bias is 
applied. Various methods of overcoming this are discussed below.

The constraints on the system are that 1) the wells/barriers must be fabricated 

from GaAs and AlGaAs, 2) it must be possible to control the electric field by applying 
a voltage and the voltage should appear across the wells - necessitating an intrinsic 
region with high resistance, 3) the wells/ barriers must be capable of experiencing zero 
field or ‘flat band’.

a) Alternatives to the p-i-n diode . There is no fundamental reason why p-i-n
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diodes should be used to apply field, other methods have been used, Andrews et al 
used indium tin oxide (ITO) to provide one contact to the wells and an n+ substrate 

to provide the other. ITO is transparent (commonly used in liquid crystal displays). 
However, this arrangement produces a Schottky barrier configuration with barrier 
heights of the order 0.9V in a similar fashion to pn diodes - see Parker for fuller 

discussion.

Similarly, Cacciatore et al (1989) evaporated a semi-transparent electrode of CU2 S 
onto the surface of the undoped material - this formed a Schottky barrier according 

to the authors that required a forward bias of 0.7V to achieve flat band. Both these 

approaches suffer the same fundamental problem as p-i-n diodes, a potential barrier is 

formed that drops a voltage across the i region.

b) Dead space in the intrinsic region. The intrinsic region may be lengthened by 
inserting extra material that does not contain wells. Because of the background doping 
the built in voltage can be dropped in this ‘dead space’. This was used in QT67 in 

§4.6.4

c) Extra Doping Layer. An extra layer may be inserted at the i-n boundary if 
the i region has p-type doping. This extra layer is p doped and the built in voltage is 
dropped in this layer, see figure 5.2 .

The thickness of the layer should be just sufficient to drop all the built in voltage 
within this layer. One has to be careful not to use too high a doping as the peak field 
may then exceed the breakdown field of the semiconductor which is about 300kV/cm  

[Craig Tombling private communication]. A doping concentration of 101 7 cm - 3  gives 
the most freedom in the control of dopants [John Roberts private communication] and 
it is this order of magnitude of doping that is considered later.

d) Forward biasing. The built in voltage can be at least partly offset by forward 

biasing the diode. At room temperature the built in voltage is thought to be ap­
proximately 1.2V in these samples (§4.6.4). In practice we find that the phase-locked 
photocurrent becomes unstable for forward biases greater than «0 .7V  although this 
value depends upon the sample. The instability in the phase locked signal is assumed 

to be due to the diode starting to pass a high forward current that the lock-in ampli­
fier finds difficult to distinguish from the chopped photocurrent. Many authors publish 

spectra with small forward biases but do not discuss the current being driven and some 
state that they believe they have achieved ‘flat band’ ie zero net electric field across 
the wells [For example some of these authors are listed below, the structures of the first 
three appearing in section 4.7. Andrews et al reached this condition for + 1.05 V for 
their sample which has an ITO contact, Islam et al appear to have gone +  0.5V beyond 

the forward bias needed achieve flat band, Chen et al applied +  1.6V to their sample at 
1.8K and Whitehead et al (1990) applied +  1.0V to a room temperature device (p-i-n 
diode with 30% aluminium in the barriers) fabricated in a similar way to those in this 

thesis]. Hence it would appear to be possible to considerably offset the built in voltage 

although in my samples this leads to problems with photocurrent.
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F igu re 5.2 Calculated electric fields in a device with an extra doping layer. Figure 
plots the variation of electric field at reverse biases of 0 ,1 ,2 ,3 and 4V across a p-i-n diode 
containing an extra p+ layer with a doping density of 101 7 cm- 3 . The intrinsic region 
boundaries are denoted by the solid vertical lines, the assumed doping concentration 
is 5 X 101 5 cm- 3 . Solid horizontal line shows a field of 25kV/cm. ‘Flat band’ at 0V 
bias and fields greater than 25kV/cm at 4V bias.

The Choice made. ITO or CU2 S electrodes would require development of process­
ing techniques and appear to offer only a small benefit in terms of the built in voltage. 
Forward biasing is possible although it would require an investigation of the forward 

bias I-V characteristics and their relation to the built in voltage and to the type and 
quality of material and contacts. This would have been too time consuming. One op­
tion would be to forward bias the device to, say, 0.5V and drop the remaining voltage 
across a dead space or extra doping layer (hereafter these are called the ‘extra layer’). 

The extra layer, when forward bias is used, need not be as long as if forward bias had 
not been used and the operating voltage swing could be reduced. However, calcula­
tion of the length of the extra layer required depends upon the background intrinsic 

doping concentration, if the doping concentration is lower than expected the depletion 
region will extend further into the portion of the intrinsic region containing the wells 

and barriers. It seems sensible not to aim at using both forward bias and an extra 
layer but to use an extra layer alone, if the doping turns out to be less than expected 
a forward bias could then be used to keep the depletion region out of the wells and 
barriers. (If the doping is higher than expected more bias is needed to achieve a given 

field across the wells.)
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The relative merits of a dead space and doping layer were investigated. I decided 
to include 32 CDQW pairs in the intrinsic region, this uses 0.64/zm of intrinsic material. 
The two electric field requirements are that the field must be a) zero across the wells 
at one bias and b) 25kV/cm or more at another bias. Fortunately the value of the field 
in the second condition is not critical so long as it is over 25kV/cm , see figure 4.6, also 

by reverse biasing QT67 up to 10V I confirmed that the modulation remains good up 

to a corresponding field of «100kV /cm  (see figure 4.16).
For a background doping of 5 x 101 5 cm-3 , a dead space of 0.6/mi is required to 

drop 1.2V (see figure 5.3). To achieve a minimum field of 25kV/cm  over the wells 
and barriers about 7V bias must be applied. Alternatively, if an extra doped layer of 
concentration 1 0 1 7 cm “ 3  with width 0.126/im is used, flat band can be achieved and 
4V reverse bias is required to give a minimum field of 25kV/cm  (see figure 5.2), in each 
case the maximum field across the wells is less than 80kV/cm . Hence both conditions 

a) and b) are fulfilled.
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F igu re  5 .3  Calculated electric fields across a p-i-n diode with ‘dead space’ . 
Reverse bias voltages are 0,2,4 , 6  and 8 V. Intrinsic region extends from 0 to 1.24//m, 
doping density assumed is 5 x 1 0 1 5 cm- 3 . The quantum wells are located between the 

solid vertical lines.

I decided to try inserting the extra doping layer to obtain 4V operation. I was told 
[John Roberts private communication 6  April 1990] that Sheffield had a calibration for 
a doping concentration of 4.8 x 101 6 cm - 3  so I specified this thickness concentration 
and a thickness of 182lA. If the grown doping is too high more bias will be needed to 
apply a field to the wells, if the doping is too low the devices will not experience flat
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band although a forward bias can be used to offset this. The thickness of the layer 
should not present any problems in growth.

§5.4.4 Structure Requested
The MLS is naturally p-doped and for this reason previous AFPM  devices had 

been grown n-i-p-MLS-substrate with the substrate being semi-insulating (no p-type 

substrate is available). Sheffield wanted to try heavily doping the MLS with donor 

impurities to make it n-type and then grow the device p-i-n-MLS-substrate with an 

n-type substrate. The layer structure requested is shown in figure 5.4 and was grown 
as CB294.

32x

1 2 x {

iooo A GaAs +
P

7124 A 30% AlGaAs
+

P

500A 30% AlGaAs i

85A 30% AlGaAs i

50A GaAs i

15A 30% AlGaAs i

50A GaAs i

ioo A 30% AlGaAs i

1821A 30% AlGaAs P+

4.8 x 10 16 cm

573A 12% AlGaAs
+

n

686A AlAs
+

n

GaAs
+

n

Buffer and substrate

CDQWs

Extra layer

MLS

F igu re 5 .4  Schematic of the requested layer structure of CB294.

§5.5 Experimental Results for CB294
Reflectivity and photocurrent measurements were taken. The reflectivity was 

determined using an optical multichannel analyser.

The Optical Multi Channel Analyser : White light from a tungsten lamp is col­

limated, reflected through 90° by a beam splitter and is focussed onto the device. 
The reflected light passes back without deflection through the beam splitter and is 
focussed onto a fibre bundle. The fibre bundle transmits the light to a spectrometer 
consisting of a grating and an array of photodetectors. Reflection spectra, corrected 

for background electrical noise are available in ‘real time’. These can be normalised
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to the reflectivity from a freshly deposited gold film assumed to have a constant 95% 

reflectivity at these wavelengths.
Photocurrent data is shown in figure 5.5. The large peaks are due to Fabry Perot 

effects. At OV and 2V reverse bias no photocurrent was observed on this photocurrent 
scale. Exciton peaks can be seen at around 820nm, their behaviour appears similar 
to QT67 although comparison is difficult due to the Fabry Perot effects. The biases 

required are above the 4V predicted in §5.4.3. A simple interpretation of CV measure­
ments to give doping profile is not valid because of the extra p doping layer. Reflectivity 
measurements were taken on the optical multi channel analyser (OMA) and are shown 

in figure 5.6.
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F igu re 5.5 Raw photocurrent data from CB294. The two large peaks at «770nm  

and «804nm  are due to Fabry Perot effects.

Very little change in reflectivity with bias was observed, by plotting the difference 

in reflectivity between the biased and unbiased cases small changes in reflection could 
be discerned from the background noise, for example at 10V reverse bias the largest 
change in reflection is 1 0  percentage points at «808nm .

It is commonly the case that variations in growth result in the thickness of a wafer 

varying across its area. Consequently the length of the Fabry Perot cavity changes 

and the wavelength of the Fabry Perot peaks vary. The thickness changes affect the 

wavelengths of the Fabry Perot peaks more than the excitonic peaks. A 5% increase 
in well and barrier width across the wafer represents a calculated shift of the exciton 

peak at zero field by 1 .8 nm. For a cavity that is 19 quarter wavelengths long a 5% 
increase is sufficient to change the interference from constructive to destructive at a
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F igu re 5 .6  Reflectivity from CB294 at reverse biases of 0,10,15 and 20V. The 4V
reflectivity shows no change from the 0V reflectivity.

given wavelength, this is much more significant than the 1.8nm shift. It is usual to 
‘map’ the 0V reflectivity of a 2 inch wafer prior to the processing into mesas in order 
to determine the portion of wafer with the correct cavity length. This process usually 
reveals exciton peaks distinctly but figure 5.7 shows OV reflection spectra at 3 places
on the wafer, exciton peaks are barely discernable at «828nm .

The problem of device yield from such wafers is one that may have to be addressed 
in the future, particularly for arrays of devices. However at present these fluctuations 
are somewhat fortuitous as they make it more likely that some part of the wafer will 
have the correct cavity length. Furthermore, because the operating wavelength is 

sample dependent (table 4.1) these fluctuations again help to ensure that a portion of 
the wafer will have a cavity resonance at the correct wavelength.

§5.5.1 Interpretation of experimental results
The device is not exhibiting the predicted voltage performance or giving the pre­

dicted modulator reflectivities. There are 4 explanations.

1 ) The heavily doped n-type MLS could be causing problems as it is the first 
time this has been grown. Fabry Perot resonances are clearly seen, so a cavity exists, 
however, they should be more distinct over only «95nm , the bandwidth of the MLS. 
The implication is that there is something wrong with the reflectivity of the MLS, I 
believe a full investigation would not be worthwhile bearing in mind the other problems 
below and that other devices have worked previously.

2) The fitted absorption in section 5.3 could be too high. In this situation the
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F igu re 5 .7  Zero bias reflectivities from CB294 at three different positions on the 
wafer.

actual absorption in the cavity would be too low, this could be the explanation for the 
lack of exciton features observed and prompted the work of section 5.6

3) The 1 0 0 0 A  GaAs cap did not have a window etched in it. At 830nm bulk 
GaAs has an absorption coefficient of 1.2 x 10- 4 cm - 1  (Sturge 1962). This corresponds 
to an ad  of 0.12 compared with the expected 0.42 from the 32 CDQWs at OkV/cm. 
This extra 0.12, whilst not in the design of table 5.1 should not prevent a change in 
reflection from being observed if field could be applied to the wells.

4) These measurements were taken in May 1990 but in July 1990 we learnt that 
the p-doped layer had an acceptor concentration of 3.75 x 101 7 cm- 3 . This is 8  times u 
that requested and used in the model. I believe this is the reason why the electrical 
performance is poor.

§5.6 Measuring the absorption coefficient of CDQWs.
The work above on CB294 implied that the absorption coefficient fitted in section 

5.3 may be too low. I could not previously measure absorption coefficients as all 
samples with more than 10 pairs of wells had a high background doping problem. The 

structure in figure 5.8 was requested (CB345), this is entirely undoped to avoid the pn 
junction voltage.

The sample was mounted on a sapphire disc and the substrate thinned and then 

etched away to the etch stop layer [by A. Stride, University College London]. Transmis­
sion and reflection measurements were taken using the OMA and are shown in figure
5.9. Transmission was normalised to no device present, ie it is the ratio of device in to 
device out, reflection was normalised to the reflection of a freshly deposited gold film.
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F igu re 5.8 Schematic of the layer structure CB345 used for absorption measure­
ments.
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F igu re 5 .9  Normalised reflection and transmission and their sum for CB345, 
measured using the OMA.

These results demonstrate qualitatively the physics of asymmetric Fabry Perot 
cavities. In this case the air-semiconductor interface forms one mirror and the semi­

conductor to sapphire interface forms the other mirror (the mounting glue is assumed 
to be either negligj b ly thin or have the same refractive index as sapphire).

The cavity formed by the sapphire disc is «0.5m m  thick, this would give Fabry 
Perot oscillations with a period of 0.5nm - much less than that from the semiconductor
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cavity. Figure 5.9 nicely demonstrates the following points:
1) For wavelengths greater than 860nm where absorption is approximately zero

* the maximum and minimum reflection and transmission are each constant.

2 ) R m a x  and T m i n  occur at the same wavelengths, R m i n  ajid T m a x  occur at the same 

wavelengths (but different from R m a x  a^d T m i n )-

3) Absorption in the cavity causes the reflectivity to fall.
This data is not very accurate, if it were, the sum of R and T should be 1 for wave­

lengths where a  =  0. The transmission data were retaken using the monochromator 
and lock-in amplifier. A standard BPX 65 photodiode was used as the detector. Mea­
surements were taken with the sample out of the beam (for normalisation purposes) 
and with the sample in the beam. When in the beam, the sample was placed close 
to the exit slit from the monochromator ensuring no light strayed around the sample. 
The normalised data is shown as a dashed line in figure 5.10.
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F igu re  5 .10 Normalised transmission of CB345 mounted on a sapphire disc 

(dashed) and the calculated transmission for this configuration for different values 
of absorption coefficient (solid curves). Calculation uses a fixed cavity refractive index 

of 3.4929 valid only at 814nm, an absorber length d of 0.575/zm, a cavity length of 
1.61/mi and absorption coefficient values of a) Ocm- 1 , b) 5750cm-1 , c) 11500cm-1 , 
d) 17250cm-1 and e) 23000cm-1 . Note that the calculated curve e) and the mea­
sured data agree at 814nm, also the maximum and minimum reflectivities in the low 
absorption region (high wavelengths) agree.

To gain a better understanding of the spectrum it is instructive to look at the solid 

curves which plot transmission spectra for different constant absorption coefficients 
from equation 5.2. Note that wavelengths are NOT DIRECTLY COMPARABLE
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with the experimental dashed curve away from 814nm because the calculations do not 
include the variations of refractive index with wavelength (nc at 814nm is used).

The front and back reflectivities of the cavity mirrors used are 30% and 9% and 

the loss at the air sapphire interface is 7.5%, calculated from equation 5.18 and using 
the relevant indices in table 5.1. Putting the front and back reflectivties into equations 

5.11 and 5.12 gives T m i n  and T m a x  of 47% and 91% respectively and taking into 
account the loss at the air sapphire interface gives T m a x  and T m i n  of 43% and 84% 
- very close to that observed.

At wavelengths above 860nm the oscillations seen are those for a  =  0 in figure
5.10. At wavelengths below 850nm absorption starts to increase and the observed 

transmission comes from successively lower solid curves as absorption increases. The 

spectral feature seen at 831nm is due to a combination of the increase of transmission 
due to Fabry Perot effects and decrease of transmission due to increased absorption.

At 814nm the exciton peak can be seen as a trough in transmission. This is 
the wavelength at which the exciton peak was observed in a photo voltage spectrum  
[Sheffield University]. In order to determine a , equation 5.2 must be used for which 
it is necessary to know sin ^ /2 . 8  is determined from the condition upon T m a x  ie 
that s in ^ / 2  =  0  where i denotes the zth T m a x • The notation here is such that as 
wavelength is increased, successive T m a x  are observed at the wavelengths A(t)
etc, the cavity has average refractive indices nc(i_i)> nc(i) at these wavelengths. To 
obtain T m a x  it must be that 8 { =  m*2 n and we know that Si =  A iz n ^ L c /X i  from 
§5.2.3, consequently the product m ^ X ^ / n ĉ  should be constant at 2L c and equal to 

(m(») +  l )A( ,_i ) /nc(t-i) from which m (*) can be determined, Just using the relation 
above involves dividing by the difference of similar wavelengths (991-917) and it is 
more accurate to find the value of m (*) that gives a constant product 2 L c for the 
T m a x  peaks (£), ( i — 1 ) and ( i — 2 ). This gives =  1 1  for Aj=991nm and a cavity 
length of 1.61/xm. From this a  at 814nm is calculated to be 23000cm-1 using equation
(5.2).

Inaccuracies in m(t) and the cavity length affect the calculation of 6 . However 

at high absorptions the transmisssion as a function of wavelength or 6  is almost flat 
(curve e in figure 5.10). Consequently the calculated value of 23000cm-1 for a  should 

be reasonably correct, a  is certainly greater than 17250cm-1 (curve d). Clearly an 
anti reflection coating would have aided these measurements.

The main points here are a)the absorption is higher than forecast in §5.3 b) inher­
ently poor absorption cannot be the explanation for lack of exciton features observed 
in CB294.

§5.7 Redesigned AFPM
W ith the increased absorption coefficient the figures in table 5.2 no longer hold. 

The difference is that fewer pairs of CDQWs will be needed to achieve a given value 

of ad. This has two benefits, 1) a shorter intrinsic region length therefore a lower 
operating voltage 2) the device is less susceptible to electric field changes. For a peak
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F igu re  5.11 Normalised reflectivity from QT133, an AFPM structure containing 
14 pairs of coupled quantum wells. Zero field only. The dip in reflection at 822nm is 
due to the coincidence in wavelength of the excitonic absorption and the Fabry Perot 
resonance.

absorption coefficient of 23000cm-1 the change in reflectivity of the 14 pair CDQW  
device is now expected to be 4% to 23% (from equation 5.10).

The AFPM was redesigned, this time 14 pairs of CDQWs were specified, the extra 
doping layer was omitted in favour of a dead space because this technique had worked 

before (QT67), for this number of wells the predicted operating voltages for an extra 

doped layer or a dead space are 1.75V and 3.75V respectively. The GaAs cap thickness 
was reduced to 1 0 0 A  and the structure grown with a p-type MLS as is more usual for 
these devices. The layers were grown as QT133, mapping of this wafer clearly showed 

an excitonic peak. The normalised reflectivity of a device taken from a ‘correct’ part 

of the wafer is shown in figure 5.11, the data being measured on the OMA.

The dip in reflectivity at 822nm to «10% is the off state reflectivity and in consis­
tent with an off state value of ad  of «0 .3  , corresponding to an absorption coefficient 
of 19000 cm - 1  , whilst the OMA data is not very accurate it is consistent ■with the 
findings in §5.6 that the absorption coefficient is greater than 17250 cm- 1 . Unfor­

tunately application of a reverse bias to the device made no measurable change to 

the reflectivity. A number of other devices from the wafer were bonded but exhibited 
similar behaviour. The photocurrent spectra show no shift of peaks with bias, just an 
increase in photocurrent with reverse bias, the currents were low compared with those 
from other devices and noisy.
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Sadly there has not been time to find the cause of this problem or repeat the 
growth and processing. It seems highly likely that the device will work as predicted 
because all aspects have been tested before; the modelling was verified from photocur­
rent measurements (chapter 4), a ‘dead space’ has been used previously (QT67), the 

absorption coefficient is high and the OV reflectivity is as expected.
In summary, the use of CDQWs in an AFPM  was predicted for the first time 

[Atkinson et al (1990)] based upon an estimate of the absorption coefficient. When a 

device failed to work the absorption coefficient at room temperature was determined 
experimentally to be greater than 17250cm-1 . There have been no previous measure­
ments of the value of the absorption coefficient for a similar device at room temperature 
and in a non-waveguide configuration. The AFPM  was redesigned and regrown, the 

new AFPM exhibited the expected zero field reflectivity. Although I have not suc­
ceeded in observing any change in reflectivity with applied bias, all the component 
mechanisms have been checked previously.
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C h ap ter  6 F urther D e v ic e  Im p rovem en ts
This chapter considers various ways of improving the performance of quantum  

well modulators. The first section uses the model developed in chapters 2 and 3 

to investigate the barrier between wells in ‘uncoupled’ multiple quantum wells. The 

second section models the absorption spectra from an asymmetric well potential, its 
application to optical modulators is discussed.

§6.1 Thin barriers in multiple quantum wells. 
§6.1.1 Introduction

The great majority of published modulator results involve structures containing 
multiple quantum wells. It has become standard to use barriers with widths of typically 
60A or greater. This barrier width is assumed to be sufficient to prevent significant 

coupling between carriers localised in different wells. There has not been a study of 
how narrow the barrier can be made without coupling effects changing the performance 

of these devices. It is generally desirable to have this barrier width as thin as possible, 
this permits the intrinsic region to be shorter for a given number of wells enabling 
lower operating voltages to be used for the same absorption change and resulting in a 
smaller field change across the wells due to background doping. Given that the work 
on coupling in chapters 4 and 5 revolved around barriers with widths of only 15A it 
appeared plausible that one might be able to use barriers in multiple quantum wells 
with widths less than 60A.

§6.1.2 Model Results.
All finite width barriers will cause some coupling in multiple quantum well struc­

tures. The series of wells should be thought of as one whole structure. In this structure 
there are many more levels than in one of the individual, isolated wells (in fact the 
number of levels is approximately the product of the number of wells and the number 

of energy levels in an isolated well). In the limit of very wide barriers the multiple 

quantum well levels are degenerate about isolated well levels, just as in figure 4.2 where 

the coupled well levels tended to those of the narrower single well. To investigate just 
how wide the barriers need to be one should ideally model electroabsorption spectra 

from the whole multiple quantum well structure. The large number of energy levels 

make computer modelling difficult because all these energy levels must be found as 

well as their corresponding wavefunctions. Furthermore, at large distances from the 

centre of the structure the argument of the Airy function (equation 2.14) becomes 
too large for the computer program. The latter point might be circumvented by a 
transformation of the distance variable z  because no physical parameter (eg energy or 
wavefunction) goes to infinity. However, the problem of many levels is a property of 
the system.

I decided to model one, two, three and four wells, if there was no significant dif­
ference between the spectra as more wells were added then I felt I could assume the 

spectra were valid for a larger number of wells. Some justification for this assump­
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tion comes from Kolbas et al who showed that as more wells are coupled together 

the width of the ‘band’ formed at zero field rapidly approaches the superlattice en­
ergy band width. In other words, if a single well has an energy level E i, then two 
of these wells coupled will have two energy levels separated by an energy A E 2  and 
centred approximately on E i; three wells coupled will have three energy levels with 
total separation A.E3  centred approximately on Ei etc. For n wells the width of the 

‘band’ is A E n. As n is increased from 2, A E n increases most at low n before rapidly 
approaching the superlattice limit AEqo, hence by modelling one, two and three wells 
one should be able to spot significant coupling effects.

The well widths used in this modelling were 95A because a) this is the same as 

that used in the successful AFPM work of Whitehead et al (Jul 1989) and close to that 
of Yan et al (1989), and b) for some time an ordinary p-i-n sample had been ordered 
from Sheffield by Mark Whitehead with fifty 95A GaAs wells and 40A Alo.3 Gao.7 As 
barriers. Some of the wavefunctions from a single 95A well are plotted in figure 6.1 for 
zero electric field. The two vertical lines denote the edges of the well. All the depicted 
wavefunctions except the II12 decay quite rapidly in the barrier, for example at 40A 
from the well/barrier interface the ei wavefunction has 2.5% of its maximum value. 
The implication of this figure is that by placing another well at about 5C)A or more 
away from this well, the interaction between wavefunctions will be weak, at least for 
the lower energy levels.
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F igu re 6 . 1  showing the normalised wavefunctions for all energy levels less than 

lOOmeV from the bottom of a 95A wide well. Vertical lines denote the well walls.

In figure 6 . 2  the energy levels for two 95A wells separated by a variable width
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barrier are plotted. As the barrier width is reduced from a large value the separation 
of the almost degenerate energy levels increases. The barrier width at which the 
splitting is observed depends upon the carrier due to the different confinements of 
the different carriers and is related to the spread of the wavefunction into the barrier 
material shown in figure 6 .1 . For a 40A barrier width the splittings (A E 2 ) of the lowest 
state are 1.84 meV for electrons, 0.04 meV for heavy holes and 2.27 meV for the light 

holes. The exciton FWHM used in the modelling is 8.5meV implying that for 40A 

barriers the coupling induced broadening is acceptable. (By comparison A.E3  is 2.59 

meV for electrons, 0.06 meV for heavy holes and 3.2meV for light holes and A E 4 is 
2.96 meV for electrons, 0.07 meV for heavy holes and 3.67meV for light holes.)

The results presented so far have all been for zero field. Next the results of 
calculations of absorption spectra on various structures are presented at fields of both 

zero and 77kV/cm . (This field was chosen to correspond to the 9V operating voltage 
in Whitehead et al (Jul 1989) .) Figure 6.3 illustrates spectra for a single 95A well, 
two 95A wells coupled with a 40A barrier, and three and four wells coupled with 40A 
barriers.

The calculations show little difference in the absorption spectra at the operating 
wavelength (859nm in the modelled data). If coupling between the wells were im­
portant then I would expect to observe the rapid movement of the eihhi peak and 

see absorption features at wavelengths other than those seen in the single quantum  
well case. There is not perfect agreement between spectra largely because of errors in 
the modelling. In the 77kV/cm  spectra, not all the energy levels that contribute to 
the lower wavelength peaks have been found to save time. As a result there is some 
discrepancy in the spectra at lower wavelengths. (This short cut was not used in the 
modelling of chapter 4.) For zero field no energy levels are neglected, the discrepan­
cies between the single and coupled well spectra are due to genuine coupling and to 

modelling errors. The extent to which coupling is causing the observed effect was de­
termined from modelling the 95 A /40  A /95  Adouble well structure and a 95A /70A /95A  

structure where coupling effects should certainly be negligible. The result of this is 

that there is closer agreement at the e ihh i exciton peak but there is still the discrep­
ancy at 800-850nm, this discrepancy is worse in the 70A barrier case. The cause of this 
was eventually traced to the computer routine that generates absorption spectra from 
the calculated overlaps. In order to calculate the Rydberg (equation 2.48) weighted 
averages were used for er and for the effective masses perpendicular to the well plane 
used in the calculation of the reduced mass fi. This is assumed to be valid for narrow 

barriers where there is a considerable portion of the wavefunctions in the barrier, fur­
thermore the effect of a weighted average will be small when the barrier width is small. 

When the system is essentially uncoupled the barrier material should not be included 
in the averaging.

In conclusion, this theoretical investigation of the coupling due to 40A barriers 
between 95A wells shows that one should not expect the bias absorbing modulation,
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Figure 6.2 Plot of energy levels for two 95A wide GaAs wells coupled by an 
Alo.3 Gao.7 As barrier of variable width. All energy levels for zero electric field.
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F igu re  6 .3  Calculated room temperature OkV/cm and 77kV/cm spectra for dif­
ferent numbers of 95A GaAs wells separated by 40A Alo.3 Gao.7 As barriers. Erroneous 
missing of energy levels results in poorer agreement of the 77kV/cm spectra.

at 859nm, to be significantly affected by coupling between wells.

The modelling is not exhaustive in that the spectra for other barrier widths have 

not been modelled, also only two electric fields are considered here.

§6.1.3 Experimental Results
The MQW structure with fifty 95A GaAs wells and 40A Alo.3 Gao.7 As barriers 

was grown as CB190, CB233 and CB288. The repeats were due to the problem of high 
background doping (see chapter 4). Photocurrent from CB288 is shown in figure 6.4. 
Photocurrent from CB190 is similar to CB288 and CB233 is similar to both of them  
except that the features are less distinct. It is not clear whether coupling is occurring 
with bias at wavelengths of 860nm or greater, or whether background doping is causing
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the broadening. In a similar fashion to QT67 a sample was grown with only 10 wells 
located centrally in a total of 1.135/xm of intrinsic material, this has the code name 
CB308. Photocurrent results are presented in figure 6.5 along with the calculated 
absorption spectra for a single 95A wide quantum well. Coupling is not occurring to 
a significant extent, the peaks are observed at the expected wavelengths and shift as 

expected for a series of uncoupled 95A wide wells.

1200

1000

600

o
Pu, 400

200

900880860840820800

Wavelength (nm)

F igu re  6 .4  Photocurrent data (raw) from CB288 for reverse biases from 0V to 

16V in steps of 2 V. The intrinsic region is 50 x (95A GaAs +  40A Alo.3 Gao.7 As) and 
400A of undoped Alo.3 Gao.7 As buffer next to the p region. Approximate background 
doping 1 0 1 6 cm- 3 .

§6.1.4 Future work
This type of analysis could be applied to multiple quantum wells with other well 

widths, indeed the study for the 95A well has not been exhaustive. The benefits of 

reducing the barrier width are more fruitful when the barrier material occupies a larger 
proportion of the intrinsic region, ie in the narrow well case.

The work of chapters 4 and 5 used 85A barriers between the coupled double well 
pairs, this barrier width was assumed to prevent coupling between the CDQW pairs 
and it is likely in view of the work in this chapter that this width could be reduced.

The analysis in this section required a considerable amount of computer time 

because of the large number of energy levels and wavefunctions that have to be found, 
for example in the four wells modelling the zero field spectrum is the sum of 192
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F igu re  6 .5  Raw photocurrent data from CB308 (upper graph) and calculated ab­
sorption spectra for a single 95A wide well (lower graph). CB308’s intrinsic region is

0.5//m of Alo. 3 2  Gao. 6 8 As, 10 x (95A GaAs +  40A Alo.3 2 Gao. 6 8 As) followed by a fur­
ther 0.5/rm of undoped Alo.3 2 Gao.6 8 As. All the photocurrent data has been scaled by 

the same amount in the vertical direction in order that the experimental and theoret­
ical spectra at the ‘continua’ (826nm for photocurrent, 820nm in the calculated data) 

have the same physical height in this diagram.
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absorption peaks and although most of the peaks have zero height, each energy level 
contributes to the spectrum at least once.

As a short cut to determining the minimum barrier width in a multiple quantum  
well I believe it may be sufficient just to find the barrier width that gives no significant 
difference between the single and double well zero field spectra. The reasons for this are 
that a) at zero field coupling effects are most noticeable in going from one to two wells 

(previous discussion) and b) with field applied Wannier-Stark localisation rapidly takes 
place in these structures compared to normal superlattices which have wider energy 

bands and narrower barriers. From Bleuse et al (Jan 1988) the condition for Wannier 
Stark localisation is F > A E nfep  where F  is the electric field after bias is applied, e 

is the electronic charge and p is the multiple quantum well period. If the zero field 

spectra from one and two wells are similar A E n should be less than about 8 meV (the 

exciton FWHM), the shortest period one might reasonably envisage is «60A  hence 
localisation should occur so long as the field is greater than 15kV/cm , which is usually 
the case.

There has been a general reluctance to use narrow wells (less than 60A) in multi­
ple quantum wells partly because the electric fields required to cause a given shift of 

the exciton peak are large (see figure 3.9). If, between different biases the absorption 

coefficient a  varies between olm ax  and cumin then Jelley et al (1989) showed experi­
mentally that large changes in absorption coefficient (olmax — cumin) and laxge values 
of the ratio c^m ax/^m in can be achieved with 35A to 50A wide wells at bias absorbing 
wavelengths (see figure 3.4 which reproduces Jelley et aVs 35A absorption spectrum). 
* The trade off between improved absorption and increased electric fields has gener­
ally favoured larger well widths, however Pezeshki et al have recently demonstrated an 
AFPM  operating with 5C)A multiple quantum wells, they obtained an insertion loss of 
only 1.2dB, a modulation ratio of 7.5:1 with a 5V operating bias. This low insertion 

loss is largely achieved because they have used a narrow well with a large value of 

the ratio olm ax/o lm in -  The well/barrier structure is nineteen 50A GaAs wells and 

75A Alo.3 3 Gao.6 7 As barriers. Application of the ideas mentioned above to 50A wells 
could yield thinner barriers and lower operating voltages, the benefits being greater for 
narrow wells where the barrier material occupies a larger proportion of the intrinsic 
region.

Figure 6.6 plots the calculated room temperature spectra for 50A wells separated 

by various barrier widths. To prevent the errors in §6.1.2 the averaging of er and 
effective masses in the Rydberg calculation has been suspended here and just the

* Much larger ratios can be obtained by working at low temperatures because the 

broadening of the absorption peak is small. Bailey et al (1989) demonstrated a trans­
mission device with one hundred 1 0 0 A  GaAs wells showing a ratio of biased to unbiased 
transmission of 1000:1 at 1.3K, this compares with a best value of 5.4:1 at room tem­
perature for the same device. I shall only be concerned here with room temperature 
operation.
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F igu re  6 .6 . Calculated room temperature zero field absorption spectra for six 
structures. The 50A single quantum well spectrum has been doubled to compare with 
the five double well structures. All wells are 50A GaAs, barrier widths vary from 30A 
to 70A and are composed of Alo.3 Gao.7 As.

GaAs values used. A 30A barrier clearly results in coupling and there is little evidence 
of coupling at 60A . By the arguments in the previous part of this section, 60A should 
be acceptable as a barrier between 50A wells.

It may be possible to use even thinner barriers if the operating wavelength is in 

the tail of the zero field eihhi peak ie. A >830nm. This is often the case in narrow 
wells because the eihhi exciton maintains its height well with field yielding the large 

values of \ x  ~ ®m in  and & m a x  / &MIN mentioned earlier.

The single 50A well and 50A /40A /50A  CDQW spectra in figure 6 . 6  have the same 
absorption coefficient at 830nm. When field is applied Wannier-Stark localisation will 
occur and the absorption coefficients should be the same. This idea should be qualified 
by noting that there is a significant difference in the spectra at lower wavelengths. 

The 50A /40A /50A  spectrum clearly shows two peaks (eihhi and e2 hli2 at 822nm and 

818nm respectively), for many wells one can expect a superlattice band width with a 

wider separation than this. The result could be increased qmin at ~835nm . However, 
to counter this it could be the case that the built in field causes localisation due to the 
Wannier-Stark effect even at zero bias and all behaviour at wavelengths greater than 
830nm is multiple quantum well like.

§6.1.5 Conclusion
The theoretical modelling and experimental photocurrent results have demon­
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strated that 40A Alo.3 Gao.7 As barriers between 95A GaAs wells do not affect the 
optical modulation. A reduction of barrier width from 60A to 40A yields a 13% de­
crease in the length of the intrinsic region. This should yield a reduction in operating 
voltage of a similar percentage, a 9V operating voltage would become 7.8V.

Modelling of coupled 50A GaAs wells implies that 60A Alo.3 Gao.7 As barriers could 

be used. It is possible that even narrower barriers would be acceptable for bias ab­

sorbing operation.

[Note added after completion of this work. Mcllvaney et al have published the 
transmission spectra from a device composed of 200 50A GaAs wells and 200 50A 
Alo.3 Gao.7 As barriers for use in a 2 x 2  array. The spectral features are clearly visible, a 
comparison with a wider barrier sample and with an antireflection coating to remove 

Fabry Perot effects would be useful.]

§6.2 Asymmetric Coupled Wells
The work so far in this thesis has concentrated upon symmetric coupled wells. 

In this section an asymmetric coupled well structure is considered ie pairs of wells of 
different width and/or depth coupled together. To facilitate this work the computer 
programs had to be generalised to allow for wells with different aluminium concentra­
tions (ie different depths), the mathematics of chapter 2  is unchanged.

§6.2.1 The Structure of Golub et al.

In December 1988 Golub et al published the calculated ‘electron-hole overlap’ 
[ie e ihh i overlap integral] as a function of field for the asymmetric structure of figure 
6.7a. The overlap remains close to its maximum value of 1 for fields from 0 to 30kV/cm  
whereupon it falls very sharply to zero for all higher fields, depicted schematically in 
figure 6.7b. This calculation is supported by similar behaviour of the 10K “Photolu- 
minescent yield for weak ( lW /c m 2) excitation at 633nm” .

This behaviour has the potential to be very useful for low voltage optical modula­
tors where there is a built in field present. It is possible to achieve background dopings 

of the order of 5 x 101 4 cm - 3  (eg Lengyel et at) for which the slope of field with distance 
across the intrinsic region of a p-i-n diode is fairly small (7kV/cm  across one micron). 
The built in field, however, is fundamental to the device. The attraction of the Golub 

results is that the peak height, which is directly related to the overlap integral (equa­
tion 2.47), maintains a high value up to a certain transition field strength ( F t ) after 
which it falls rapidly. The transition field is largely determined by the well/barrier 
structure and can be adjusted by design. If application of a reverse bias increases 

the field experienced by the wells through F t  (see figure 6.7c) then a rapid change 

in height of the eihhi peak could be achieved for a small change in voltage. Hence I 
believed this would be manifested by a large change in absorption for a small change 
in voltage.

I modelled the electroabsorption for this structure and the result is shown in figure 
6 .8 . This shows no useful electroabsorption changes.
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F igu re  6 .8  Calculated absorption coefficient for the structure in figure 6.7.

It is not that the model is in error, it predicts the rapid fall in eihhi overlap, 
at 20kV/cm the overlap is 0.96, at 30kV/cm it is 0.005. The fall of eihhi is almost 
exactly compensated by the rise of e2 hhi at an energy less than ImeV from the eihh i 
peak. This can be seen from the wavefunctions in figure 6.9.

In retrospect the absorption spectrum of figure 6.8 shows approximately the sum 
of the absorption spectra from the two wells isolated. The wide 36A barrier leads to a 
close anticrossing of the ei and e2 energy levels, hence the rapid fall in e ih h i, however, 
because the anticrossing is close, the ‘repulsion’ is small and e2 hhi grows at a similar 

wavelength. The photoluminescent yield fell in Golub’s paper because at 10K where 
kT  is 0.8meV the photoluminescent yield will show only the lowest energy transition 

and any within «0.8m eV of this. For fields up to 20kV/cm the overlap is high and the 

radiative lifetime will be short, resulting in a high photoluminescent yield [P. Dawson 

private communication]. At fields just above the anticrossing (where separation of ei 
and e2 is greater than «0.8m eV) the eihhi overlap is small and the radiative lifetime 
is long giving a low photoluminescent yield. Hence there is a rapid fall in overlap but 
it is probably not a cure for the built in field problem.

For electroabsorption modulators this structure with a wide barrier does not ap­
pear to have much to offer, I shall now briefly consider narrowing the barrier. At this 

point an analogy with the discussion in section §4.3.1 can be drawn. A wide barrier 
gives rapid field movement but does not widely separate the lower energy levels in 
the resonant condition. (The ‘resonant condition’ here means the field at which two 

energy levels come close together, in the Golub structure this is at the transition field
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F igu re  6 .9  showing the normalized e i, e2 and hhi wavefunctions at three dif­
ferent positive electric fields as a function of distance, vertical bars show material 
interfaces. Note the switch in localisations of ei and e2 between 20 and 30kV/cm  
while the transition energy remains approximately constant (102 — 1 «  114 — 14).
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Ft i in the symmetric double well it is at zero field.) A narrow barrier gives poorer 
field performance but separates the resonant levels. In chapter 4 there existed an opti­
mum width for modulation, in the asymmetric well case it is not clear without further 

modelling if an optimum exists or if it is useful. However, the symmetric pair is the 
only structure in which both electrons and holes can, in general, be at resonance at 
the same field (OkV/cm). As the rapid delocalisation of both electrons and holes plays 

a major part in the low field operation of the symmetric CDQW it seems likely that 
symmetric wells are preferable to asymmetric ones.

In conclusion, an asymmetric double well structure was studied because it was 
thought that the asymmetry might be used to offset the built in field in a p-i-n 

diode.(The asymmetry can in some ways be thought of as effectively a bias field.) 

For the structure studied no useful modulation was predicted although it is possible 
that with a narrower barrier more useful effects may be seen. Analogies with the study 

in chapter 4 of symmetric wells are made and further work is necessary but the general 
case of asymmetric quantum wells is fundamentally different in that one is not able 
to achieve resonance for all carriers at one value of field hence it is unlikely that there 
will be rapid changes in absorption with bias. It is unfortunate that in symmetric well 
devices this one field is zero, which presents some practical difficulties.
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C h ap ter  7 C onclusions
The relatively simple quantum mechanics in this thesis and in other published 

works is adequate for calculating energy levels and wavefunctions. W ith some empirical 
data the most fundamental parameter, absorption coefficient, can be reliably calculated 
for wavelengths in the region of the absorption edge. A simple effective mass model 
appears to suffice, there is no need to consider energy dependent effective masses, 
strain, Sommerfeld factors, band mixing and more complex band structure parameters, 

at least not in GaAs wells with AlGaAs barriers where the concentration of aluminium 
is less than 45%.

This theory appears valid for a wide range of well and barrier structures and 

the model developed during the course of this thesis was used to handle single wells, 
pairs of both symmetric and asymmetric wells coupled together and 3 and 4 coupled 
wells. It is important when modelling coupled wells to include all transitions and not 
just the ground states. The theory was applied in detail to one particular coupled 
well structure in chapter 4 and the barrier width optimised for optical modulation. 
From photocurrent measurements, absorption measurements and the zero field AFPM  

reflectivity in chapters 4 and 5 there is little doubt that these devices will function as 
optical modulators at room temperature. Futhermore the modelling should be readily 
applicable to other coupled well structures and to non rectangular well shapes.

Growth by MOVPE produces devices with remarkably consistent well and barrier 
widths within one sample. However, the reproducibility from sample to sample for 
coupled well structures has shown variation in the work for this thesis (see table 4.1). 
One further problem was that of unintentional background doping caused by impuri­
ties in the intrinsic region of the device. This leads to broadening of the absorption 

spectrum due to variations of the electric field. The reproducibility problems and level 
of background doping require further investigation. The scope for reducing broadening 
mechanisms at room temperature through growth improvements is limited so long as 
low doping is achieved in growth because the dominant broadening mechanism is then 

thermal (phonon) broadening. It may be that MBE is a more reliable growth tech­
nique although the economic considerations of this and device mass production are a 

separate topic.

The yield of suitable devices from a wafer is excellent for non resonant devices 

and has not presented us with any problems. However, for an AFPM  structure, the 

variation of layer thicknesses across a wafer sometimes results in only small areas of 

the wafer being usable. For arrays of devices that cover larger areas than single devices 
these fluctuations will in future need to be reduced.

Following the above comments on theory and growth some of the options available 
are discussed next. It should not be long before theoretical studies of GaAs based 
quantum wells will have looked comprehensively at the practical range of well widths, 

barrier widths, well and barrier material composition and number of wells for non 
resonant and AFPM  devices. In the latter case the effects of different cavity lengths
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and mirror reflectivities will additionally have been considered. Variations of all these 

parameters lead to trade offs between insertion loss, contrast ratio, operating voltage, 
intrinsic region length, capacitance, bandwidth and sensitivity to the built in voltage. 
The ideal compromise depends upon the system into which the device is to be applied. 
A study of the system requirements is beyond the scope of this thesis but if low 
voltage and a high contrast ratio at the expense of some insertion loss is desired 

the 50A/15A/50A CDQW operating in bias transmitting mode ( “normally-ofP for 

an AFPM ) may be used. This structure exhibits a ratio of maximum to minimum 
absorption coefficient of about 2:1 for a 25kV/cm  electric field. It is generally true 
that the larger the value of the ratio mentioned above, the better both the insertion 
loss and contrast ratio that can be obtained. The value of 2:1 in this particular 

CDQW is lower than most MQW devices but on the other hand the operating field is 
considerably reduced. Coupled well pairs with well widths other than 50A need to be 
studied to try to improve this ratio.

If low insertion loss, high contrast ratio applications that can support moderate 
drive voltages are required then such a situation lends itself towards MQW structures 

with narrower quantum wells. Here the ratio of maximum to minimum absorption is 
at its largest («6.5:1 for 50A wells [Jelley et al (1989)]), but, the electric fields required 
are higher. It is for these narrow well devices that reductions in the barrier width are 
likely to give the best improvements in operating voltage.

The use of narrow barriers between wells was shown theoretically and experi­

mentally to be practical for 95A wide wells (chapter 6). The result is that operating 
voltages can be reduced by narrowing the barriers at no expense to other performance 
(except perhaps capacitance). Because of the interest in narrower wells the reduction 
of barrier widths for MQWs with 50A wide wells was briefly modelled in chapter 6 
but more work should be undertaken in this direction. A careful consideration of the 
effects of coupling upon the absorption spectrum for a range of barrier widths should 
be studied. The barrier width might be narrowed such that coupling effects upon the 

whole eihhi exciton peak at zero field are just insignificant, or, for bias absorbing 

operation even narrower barriers might be used such that coupling does not affect the 
band tail of this peak.

Returning to coupled well pairs, I recommend that future work here should study 
symmetric coupled quantum wells with widths other than 50A and investigate the 

asymmetric well structures in more detail. Both of these directions could yield low 

voltage devices with better performance than that demonstrated in this thesis.

The devices above incorporate narrow barriers and the consequences of these upon 

carrier transport and device capacitance and speed need to be studied. Also as operat­
ing voltages are reduced the built in voltage within a p-i- n diode arrangement becomes 

more significant. Forward bias may be used to offset this and an understanding of the 
exact values of the built in voltage and the forward bias at which the diode passes too  
high a current would be beneficial. The use of asymmetric coupled wells to offset the
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built in field was studied in chapter 6, the particular structure proved not to be useful 
but more work is necessary although I am pessimistic as to its outcome.

To conclude, the impact of this thesis on future work upon quantum well optical 
modulators should be that the effects of coupling between quantum wells can be used 

to achieve lower operating voltages. A voltage reduction can be achieved in MQW  
structures through reductions in barrier width that permit only so much coupling as 
to not degrade performance. Alternatively devices may be fabricated that fully exploit 
the low electric field effects in truly coupled quantum wells.
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