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SUMMARY
This

thesis

semiconductor

covers

the

laser diodes.

main

aspects

of

the

dynamic

behaviour

of

The emphasis is on wide bandwidth analogue

modulation of 1.3pm laser diodes by direct modulation of the applied current.
The theoretical modelling includes a small signal analysis of the single mode
rate equations, followed by various large signal numerical solutions of the
multi-mode rate equations.

The major factors affecting the bandwidth of

semiconductor lasers are outlined, and high speed devices described.
Semiconductor laser diodes exhibit a second order modulation response,
the damping of which is extremely important. Several damping mechanisms are
described in this thesis, especially gain saturation mechanisms due to lateral and
longitudinal spatial hole burning, and spectral hole burning. Various theoretical
analyses are carried out to account for these phenomena.
The analyses are expanded to include the calculation of harmonic and
intermodulation distortion components. The effects of varying laser parameters on
the levels of distortion are also calculated.
Practical measurements on a high speed laser diode are described, and
compared with results of the theoretical analyses. It is found that gain saturation
due to both spectral

hole burning and spatial

hole burning are necessary to

obtain good agreement between practical and theoretical results.
The dynamics of an actively mode-locked laser diode are calculated
using a time domain analysis, including a spatial variation of electron and photon
densities, and a non-zero reflectivity for the anti-reflection coated facet.
results compare well

The

withstate of the art practical results by Bowers et al,

showing sub-picosecond mode locked pulses.
The effects of heating in laser diodes are shown throughout the thesis
to be important.

A

novel analysis to calculate heat generation and temperature

profiles is outlined, and applied to a high powersingle heterostructure laser.

CHAPTER 1
Introduction
Semiconductor laser diodes are devices of great importance for future
optoelectronic systems.

One of their major uses is as an optical source in fibre

optic systems, although they are finding more widespread use in compact disc
players, optical storage devices and laser printers.

They offer the advantages of

small size and ease of production, together with high output power densities
which are obtained by directly pumping the device with current. Semiconductor
lasers have high electrical/optical conversion efficiencies, and can be directly
modulated up to millimetre wave frequencies by modulating the drive current.
Furthermore, the emitting area of die laser facet is compatible with optical fibre
core sizes, leading to high coupling efficiencies, thus making the laser an ideal
source for fibre optic systems.
Fibre optic systems offer the advantages of optical fibres, such as very
low loss and high bandwidths.

The fibres themselves are lightweight and

flexible, and can be produced in lengths of tens of kilometres.

They are

therefore ideal for use in long distance communication systems, including
submarine links, and also as delay elements in fibre optic signal processing.
The fibres can be easily spliced to the many available fibre pigtailed components
such as lasers, detectors, modulators, couplers and attenuators, in order to
produce various system architectures.

Fibre optic links are more secure than

electrical links, as they do not pick up electromagnetic interference and cannot
easily be tampered with to tap off information.
The following sections describe the topics covered in this thesis,
followed by a description of the layout of the various chapters.

1.1

1.1 Fibre Optic Links
The use of a laser diode, optical fibre and detector forms the basic
building block of any fibre optic system.

This optical link can carry analogue

or digital information, from d.c. to tens of gigahertz, with appropriate choice of
components.
The uses of digital fibre optic links are numerous, the main one being
that of optical fibre communications.

This covers the use of optical fibres in

telecommunication trunk lines and also in computing networks. The advantages of
small size and a large bandwidth are the most important factors, allowing an
increased throughput of information using the original cable ducting.

On a

smaller scale, the use of high speed digital data buses in supercomputers and
even chip to chip communication using opto-electronics is now being considered.
In this thesis the emphasis is placed upon very wide bandwidth
analogue fibre optic links [1,2].

Analogue links can be used in many ways, the

modulation range being from d.c. to millimetre waves.

Applications at the lower

end of the frequency spectrum include conference broadcasting, the transmission
of T.V. channels and fibre optic signal processing.

Analogue systems can be

connected via a fibre optic link, thus becoming increasingly more useful as the
operating frequency increases.

In the microwave region fibre optic links offer a

tremendous advantage over the bulky waveguides previously needed to connect
various microwave systems or remote antennas.

The optical link can also be

used as a delay line element with a very wide bandwidth, and the addition of
fibre optic couplers and more complicated architectures leads to the creation of
fibre optic signal processing elements.
There is, therefore, considerable interest in the direct modulation of
semiconductor lasers at microwave frequencies for the transmission of microwave
signals over optical links.

The most important part of the link is the laser

diode, which ultimately dictates the available bandwidth and distortion levels of
1.2

the system [3-8].

Bandwidths of 31GHz [3] for pulsed, cooled devices and

22GHz [4] for room temperature c.w. operation have been obtained.

There has

been a great interest in measuring and simulating the operation of laser diodes
under direct modulation [9-22].
The dynamics of the laser diode and the effect of its parasitic
components must
high

frequency

therefore be fully understood.
characteristics,

including

distortion produced by the device.

the

This is especially true of the
harmonic

and

intermodulation

This thesis attempts to cover the whole

spectrum of direct modulation aspects of semiconductor laser diodes. The work
includes a small signal analysis of the equations governing the dynamics of laser
diodes.

This is

equations utilising

expanded into a number of large signal analyses of these
various numerical techniques in the solution.

The numerical

techniques allow the levels of harmonic and intermodulation distortion components
to be calculated.

Practical results from experiments using a wide bandwidth

1.3pm laser diode are then described and compared with the theoretical
predictions.
The basic system block diagram for a high bandwidth analogue link is
shown in figure 1.1.

The laser diode package usually

includes a low speed

monitor photodiode to

allow the optical bias level of the laser to be controlled,

and temperature sensing and control components to allow temperature stabilisation.
The d.c. bias current and R J7. input are combined by
resulting waveform used to drive the laser diode.

a bias ‘T* and the

The output from one facet of

the laser diode is coupled into an optical fibre, along which it propagates before
being coupled into a

detector.

The detector could be a p-i-n or avalanche

photodiode type, but at present only p-i-n detectors have been made to operate
at frequencies over 10GHz [23].

The detector bias is again applied using a bias

‘T’ arrangement, and the R.F. output is then usually amplified before being used.

1.3

Figure
1.1
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1.1.1 Fibre Optic System Design Considerations
The main design considerations for a fibre optic link are the bandwidth,
the dynamic range and the shape of the response.

The noise floor can be due

to noise from the laser diode, the detector, or the amplifier following the
detector.

The dynamic range is the difference between the largest and smallest

signal that can be transmitted along the link.

In the absence of distortion

signals, this can be defined as the difference between the largest signal and the
noise floor.

When distortion signals such as harmonic or intermodulation

products are present in the frequency band of interest, the dynamic range is
reduced to the difference between the largest signal and the distortion levels it
produces.

An optimum dynamic

range is found by reducing the level of the

largest signal until the maximum

distortion level equals the noise floor, as the

distortion levels do not vary linearly with signal level.
The bandwidth of the link depends on the individual bandwidths of the
various components.

Single mode fibre is preferable to reduce modal dispersion,

as also is the operation of the link at longer wavelengths (1.3pm, 1.55pm) to
reduce dispersion and loss in the fibre.

The detector bandwidth is chosen to be

large enough to have a flat response over the frequency band of interest.
However, a compromise is made between bandwidth and sensitivity so the device
should not have a bandwidth much larger than necessary.

The main limit on

the available bandwidth of the link is usually the laser diode, unless long fibre
lengths are necessary, so that dispersion becomes important
the available power,

orlight budget for the link, together

allowable modulation current and modulation efficiency.

The laser diode sets
with the maximum
It can also produce

large levels of distortion, due tothe interplay of electrons and photons in
device active region.

The simulation of the operation of the laser diode

therefore, very important in order to fully
bandwidth optical link.
1.4

the
is

understand the operation of a high

A small signal analysis of the modulation response of semiconductor
laser diodes is described in chapter 3.

This includes a derivation of the

spatially averaged rate equations from the travelling wave rate equations.

The

small signal response is described, and the effect of varying important laser
parameters is shown, together with the effect of parasitic components.
In chapters 4 and 5, a large signal analysis of the multi-mode rate
equations is described and the frequency response results compared with those of
the small signal analysis.

The numerical solution technique, including a Fourier

transform of the output waveform, allows the calculation of harmonic and
intermodulation distortion products. The effect of various laser parameters on the
levels of these distortion components are found.
The effect of gain saturation on the damping of the frequency response
of high speed lasers is included in the analyses.

In chapters 3 and 4 a simple

expression is used to account for this effect, which is expanded into a more
complex matrix expression in chapter 5.

The multi-mode output spectra for

C.W. operation and also during modulation are described in chapter 5, together
with the effects of fibre dispersion on the output waveform.
In chapter 6, various practical results from experiments on a high speed
laser diode are described.

These experiments were carried out at the University

of California at Santa Barbara, working with Professor John Bowers who
provided the device [5].

The results show the modulation response of the

device together with levels of harmonic and intermodulation distortion.

The

practical results are compared with the theoretical results of chapters 3-5.

1.2 Ultra Short Pulse Generation
The dynamics of high speed laser diodes are very important in the
rapidly expanding area of ultrafast optoelectronic devices.

The production of

extremely short, high power optical pulses by gain switching or mode locking
1.5

has

received much attention [24-29].

Applications

include the production of

pulse trains for ultrafast fibre optic communication systems, electro-optic samplers
[30]

and for ultrafast experiments on semiconductor materials.

In chapter 7 a

theoretical model is described and then used to try and explain some recent state
of the art results taken by Bowers et al [27,28] using an actively mode locked
high bandwidth laser diode.

1.3 Heating in Semiconductor Laser Diodes
Two of the major aims in designing

laser diodes are to produce higher

power and wider bandwidth laser diodes, which both require very high levels of
photon density in the active region of the device.

The main problem to be

combatted with such high photon densities is heating within the device.
The

rise in temperature that occurs changes the threshold current ofthe

device, which itself causes more heating if
constant

the optical outputpower is kept

This positive feedback leads to more and more heating, which will in

time degrade the performance of the device.

Changes in temperature will also

effect the output wavelength of the device, as well as the waveguiding and
therefore the near and far field patterns of the device.

Chapter 8 of this thesis

describes a novel modelling technique that can be used to calculate the
temperature profiles in laser diodes.

It is

applied to a high power pulsed

semiconductor laser to show the effects of different heating phenomena within
this device, and gives ways of optimising the device for particular operating
conditions.

1.4 Layout of Thesis
This thesis is split up into 9 chapters, the first being this introduction.
Chapter 2 gives a basic introduction to semiconductor laser diodes, and the other
components necessary to form an optical fibre link.
1.6

Chapters 3 to 5 include all the theoretical modelling of the frequency
response and harmonic and intermodulation products produced by high speed laser
diodes.

Practical results of experiments on a high speed laser diode are

described in Chapter 6, including a comparison with theoretical results.
Chapter 7 describes the methods of ultra-short pulse generation, together
with a theoretical model used to simulate active mode locking of a 1.3pm laser
diode.

The theoretical results are compared to practical measurements found by

Bowers et al [27,28].
A novel technique for calculating the dynamic temperature profile within
a laser diode is described in chapter 8, which is then applied to the high power
pulsed single-heterostructure laser.

Theoretical results show how the temperature

profile through the device changes under single and multi-pulse operation.
Conclusions from all the work are described in Chapter 9, together with
directions for future work.
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CHAPTER 2
Basic Theoretical Background
The basic theoretical concepts necessary to understand the operation of
laser diodes are described at length by many authors [1-6].
most

important

concepts

are

described,

to

allow

an

In this chapter the
understanding

semiconductor laser diodes and as an introduction to the rest of the thesis.

of
This

is followed by a brief description of optical fibres and photodetectors which are
the other necessary components of an optical fibre system.
The word LASER stands for ‘light amplification by stimulated emission
of

radiation’, which indicates the way in which the laser works, that is, the

device must amplify or have gain at optical frequencies.

2.1 Energy Transitions and Einstein Relations
A lasing device, either solid state (eg ruby), semiconductor (e.g. GaAs),
or gas (eg HeNe), provides an atomic system which can give rise to optical
gain under certain conditions. These atomic systems have energy levels which are
discrete in gases, but merge to form energy bands in solids.

An atom can

make transitions between energy levels, either giving out, or absorbing energy.
For a two level system as shown in figure 2.1, the energy absorbed or
transmitted is equal to the difference of the two states, i.e:

E *

E 2 - E1

2.1

If the atom falls from state 2 to state 1 then either a

radiative

transition causing the emission of a photon, or a non radiative transition occurs.
Non radiative transitions include Auger recombination in which the energy is
transferred into kinetic energy of free carriers, and other processes in which the
energy is dissipated within the lattice as vibrations.
2.1

It is obvious that materials

Figure 2.1 : Energy diagram of a two level atomic system

(a)

(b)

(c)

E

Figure 2.2 : Processes in a two level atomic system
(a) absorption, (b) spontaneous emission, (c) stimulated
emission

I(X)

i■

■
AX

Figure 2.3 : Beam of monochromatic light passing through
an absorbing material

that give rise to radiative transitions are needed for lasers.

The frequency of

the light transmitted from the laser, o, is obtained from:
E * ho

2. 2

where h - P la nck’ s constant = 6.62 x 10"34 JS

There are three processes that occur in the two level atomic system,
these are shown in figure 2.2, and are known as (a) absorption, (b) spontaneous
emission and (c) stimulated emission.

These processes can be described by three

simple equations and the three Einstein coefficients B12, B21, and A21.

2.1.1 Absorption
Energy is absorbed from the electromagnetic field within the device to
raise the atom from state 1 to state 2.

If the numbers of atoms in states 1 and

2 are N, and N2 respectively (called the population densities) and p(\)> is the
energy density of the electro-magnetic field at frequency *0 then:
dN, =

2.3

B, j N, p ( t »

2.12 Spontaneous Emission
Atoms in state 2 can decay spontaneously to state 1 and in the process
give up a photon.

The rate of spontaneous emission is proportional to the

number of atoms in state 2 and the coefficient A21:

2.1.3 Stimulated Emission
The atom gives up a photon of energy ho to the field, adding
coherently to

the

field

i.e.

the

polarisation and direction as the

emitted

photon has

the

same

frequency,

induced the atom to undergo the

transition:

<1N,
dt

2.5

= -B21 N2 p 0 »

The stimulated emission adding coherently to the electromagnetic field
gives rise to the properties of the laser.
The total number of transitions from state 2 to state 1 is equal to the
sum of spontaneous and stimulated emission.

In order to simplify these

equations, a specific case for a radiation field is taken as an example, in order
to obtain an expression for B12 and B21.

These two coefficients depend upon

the atoms and not the radiation field and so no generality is lost in this
solution.
The chosen case is that of a blackbody radiation field at temperature T,
with the atoms at thermal equilibrium.

The number of transitions in both

directions is therefore equal, which can be written as:

N2 [B21p(\>) + A21] = NtB12p(v)

2. 6

The radiation field is given by:
p( u)

=

8ft n 3ht>3

2.7

_____ 1
[ ehV/W ’ 1 I

The ratio for N2/N, can be expressed for atoms in thermal equilibrium
as:
N

e

-h»/kT

2.8

Using equations (2.7 and 2.8) in equation (2.6) gives:
A21
hV'*T . B„

=

2.9

8ftn3h\)3

C3 [e ^

- l]

which can only be satisfied when the following two conditions are met:
2.3

B ,2

=

A71

= 87m3h,o 3

B2

1

B„

2.10
2.11

cV 3

which were calculated by Einstein.

The induced transition rate per atom

from state 2-»l or state l->2 are equal, and can be written as:

Wj

* A c3
2 1

p(u) =*

8rcn3h\)3

c3

p(\)>

2.12

87m3h\)3TSp

where x Sp is the spontaneous l i f e t i m e .
This equation gives the induced transition rate per atom.

In order to

have gain at optical frequencies, the stimulated emission rate must be increased
relative to absorption and spontaneous emission. To achieve this, the number of
atoms in state N2 must be increased relative to N, to form what is called
Population Inversion.

2.2 Population Inversion
In order to see how population inversion is obtained, consider a
collimated beam of monochromatic light passing through an absorbing material.
Assume that only transitions between E, and E2 need to be taken into account.
Referring to figure 2.3, the change in optical flux density whilst travelling from
x to (x + Ax) is:

AI(x) = I (x + Ax) - I (x)

2.13

which, for a linear homogenous medium can be written as:

AI(x) * - a l (x)Ax

2.14

where a is the absorption coefficient This can be re-written as:
2.4

d l = - <xl(x)
dx

2.15

which can be solved to give:
I ( x ) - I 0e (-a*)

2.16

where ^ is the flux density of the incident beam.

The flux density, I,

equals the energy density multiplied by the speed of light in the material, so
that:

or

I = p(u)

c
n

2.17

I as Shu

c
n

2

where S is the number of photons, hi) the photon energy and n the
refractive index, therefore:
dS
or

=

dS =

dl
dl
dx

n
hue

2.19

Axn
hue

2.20

The rate of decay of photon density in a time interval of dt = Axn/c
is:
dS = d l
dt
3x

1

2.21

Eu

Substituting dl/dx from equation (2.15) and I(x) from equation (2.17):
dS

37

= -al(x)

1 =

Eu

-ap(u) c 1
n Eu

2.22

By considering the Einstein coefficients, an expression for the net rate
of loss of photons can be derived. The spontaneous emission term is ignored as
the major contribution to a collimated beam is from stimulated emission, so:

2.5

-dS = NlP(\))B12 - N2p('0)B21

2.23

d t Using the Einstein relation (equation 2.10) gives:
dS = (N, - N2)
dt

p(b) B12

Substituting for

2.24

from equation (2.22) and rearranging gives:

a = (N, - N2) _ B 21
c

hvn

2 2$

If a , the absorption coefficient, can be made negative then amplification
is obtained. This condition for amplification is called population inversion and
occurs when:

N2 > N1

2.26

To achieve population inversion, energy is given to the system (called
pumping) to excite atoms to the upper energy level E2.
ensures that the system has

gain,but

Population inversion

to overcome losses in the system (e.g.

Non-radiative transitions, scattering and end face losses) a positive feedback
system is employed to give sufficiently high gain for lasing to occur.

2.3 Optical Feedback
A positive feedback system is obtained by placing the active material
between two mirrors.

This forms an optical cavity or Fabry-Perot Resonator

(Figure 2.4).
Using g as the gain of the material (g= -a) and including all the losses
in

thematerial (except transmission loss at the mirrors) in a term a p gives an

effective gain coefficient (g-ocj).For lasing to

occur, the round trip gain G,

which is the total gain seen whilst passing around the cavity, must equal unity.
2.6
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Figure 2.4 : Fabry-Perot resonator
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Figure 2.6 : Lineshape including broadening mechanisms

If the gain across the cavity of length L is exp [(g-otj)L] and the reflectivities
of the mirrors are Rt and R2 then the round trip gain G is:

G = R, R2 exp [(g-otj)2L]

2.27

At the threshold of lasing G=l, so the required active medium gain, g^,
is:
g t h = oii +

where

1
2L

1
2L

Ln

2.28

R1R2

Ln f 1
lRtR2

the losses from the two mirrors, which is the useful output power of the laser.
The value of g^ corresponds to a threshold value of population inversion Ny, =
(Na - N,) from

equation (2.25). At threshold, the

These losses can be described bythe inverse photon

gain g^ equals the losses.
lifetime of the cavity, 1^,

which is therefore:
_L
TP

= 8th* S

where gA is

=

^ (a i + otm)

2.29

multiplied by the group velocity, c3 „

In practice a small amount of spontaneous emission is coupled into the
output beam, it is this spontaneous emission that is amplified which starts off
the oscillations. The laser stimulated output is therefore amplified spontaneous
emission, and the device works as a noise amplifier.
is made up of

Because part of the output

spontaneous emission, the necessary round trip gain,

G, is

actually slightly less than unity.
The conditions for optical gain have now been found, but it is also
2.7

important to find out the form of the optical output.

2.4 Lineshape
Previously the material

gain has been assumed to be at a single

frequency given by E=ho, which would give a spectral response as in figure 2.5.
However, this response is broadened in frequency due to various mechanisms, so
that the actual spectral response or lineshape has a finite width, as shown in
figure 2.6.
There are two classes of broadening mechanisms called homogeneous
and inhomogeneous broadening.

If all the atoms in the active medium have the

same spectral response, that is the same centre frequency and resonance
lineshape, then the broadening is termed homogeneous.

If individual atoms have

a slightly different resonance frequency or lineshape for the same transition, the
broadening is termed inhomogeneous.

In this case the observed overall lineshape

is the average of all the individual lineshapes.
One example of a homogeneous
broadening.

mechanism

is

that

of collision

In this case each atom has the same lineshape, but a collision

ocurring as the atom emits a photon changes the phase of theemitted photon.
This phase

change causes a broadening of the output spectrum.

In general, semiconductor lasers are termed as homogeneously broadened,
but in

some cases they have certain amounts of inhomogeneous broadening.

This is described in more detail in Chapter 5, together with implications on the
operation of the device.

2.5 Laser Modes
The active material provides gain over a range of optical frequencies
(see figure

2.6) due to the finite spectral width of the lineshape. The cavity in

which the

active region is placed gives rise to modes in which the laser can
2.8

operate.

These modes are classified as either axial (longitudinal) modes or

transverse modes.

2.5.1 Axial Modes
Standing wave patterns are set up between the two mirrors of the
optical cavity as shown in figure 2.7.

The condition for a standing wave in a

cavity of length L is given by:
mX = L
2

2.30

where m is an integer and X is the wavelength within the cavity.

Each

value of m gives rise to an axial mode of the cavity. Since m is generally large
then many axial modes can occur for a small change in wavelength.

A possible

output spectrum for the laser can be found from the gain curve and the plot of
axial modes as shown in figure 2.8.

The frequency separation Ax> between

adjacent modes is given by:
A\>

=

c
2nL

where n is the

2.31

refractive index within the cavity.

Only the axial

modes that lie under the gain curve have a chance to lase.

2.5.2 Transverse Modes
Axial modes travel along the axis of the laser cavity.

The distribution

of the optical field in directions perpendicular to this axis are determined by the
waveguiding of thespecific

laser structure.

This

is calculated by finding

solutions of Maxwell’s Equations for the electromagnetic field distributions subject
to the boundary conditions of the laser cavity.
transverse mode

for thecavity, which

Each solution gives a different

gives rise to a
2.9

different shape of the

NJ

L

Figure 2.7 : Axial modes of the cavity
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Figure 2.8 : Output spectrum of the laser (c) is found
from the gain curve (a) and the axial cavity modes (b)

optical output at the laser output mirror. Transverse modes are often called
Transverse Electromagnetic Modes in gas lasers, characterised by two integers
which are the number of minima as the beam is scanned in first the horizontal
and then the vertical directions.
transverse

modes

are

shown

The end face light intensity plots of different
in

figure

2.9,

together

with

their

TEMxy

classifications.

2.6 Semiconductor Laser Diodes
The semiconductor laser is constructed from a forward biased p-n
junction enclosed between two reflecting surfaces. Population inversion is obtained
by passing a current through the diode, this creates an excess of carriers out of
thermal equilibrium in the active region of the diode. The reflecting surfaces are
two opposite sides of the crystal which are cleaved to give natural, parallel,
mirrors.

This simple form of laser is shown in figure 2.10a.

Radiative

recombination takes place in the active region which is at the junction of the
diode.

The thickness of the active region is determined by diffusion processes

in the material and is typically about 1pm.
For stimulated emission to occur in a semiconductor it can be shown
[1-6] that the separation of the quasi-fermi levels (Ec* and Ev’) must be greater
than the energy E of emitted photons.

This means that Ec’ must be in the

conduction band and Ev’ in the valence band, as shown in the energy diagram
of figure 2.10b.

2.6.1 Stripe Geometry
In the simple laser (figure 2.10) the light output will appear as ‘blobs’
or filaments at different places along the active region of the emitting facet.

To

ensure that only one filament occurs, a stripe contact is used on the top of the
device.

The carrier density within the device is then a function of distance
2.10
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Figure 2.10 : A simple semiconductor laser (a) and energy
diagram for lasing action (b)

along the end facet.

A stripe geometry laser is shown in figure 2.11a with the

carrier density in the active region across the end facet shown in figure 2.11b.
The carriers move out from below the stripe contact due to diffusion in
the active region and current spreading in other layers. The stripe contact
confines the carrier density in the ‘x’ or lateral dimension, this therefore confines
the optical field in the ‘x’ direction, and also reduces the total current needed
for the device to lase. This in turn reduces the heating effects within the device.
Heating effects are a major problem in the semiconductor laser, as this
type of laser is capable of generating very large amounts of power, and
therefore heat, per unit volume (see chapter 8). The heating depends on the
current passing through the device. The simple laser is called a homojunction
laser because the material on either side of the junction is the same, although
the doping is different. The homojunction laser needs 35-100kA/cm2 to lase, and
because of heating effects associated with such high currents will
at room temperature.

not

lase

This kind of device must be operated in pulsed mode at

liquid nitrogen temperatures. The active region thickness in a homojunction laser
is about l|im thick.

In order to reduce the threshold current density the active

region thickness needs to be reduced, this is accomplished by the use of
heterostructures.

2.6.2 Heterostructures
The use of heterostructures confines the carriers and the optical field to
a much thinner active region, and, coupled with the effect of using a stripe
contact has allowed the room temperature continuous operation of semiconductor
laser diodes.

A heterostructure laser has a barrier at the edge of the active

region for confinement.

This barrier is formed by growing a layer of a

different material either above or below the active region, or both.
called

either

single

or

double

heterostructure
2.11

devices,

with

These are
the

double

Stripe Contact

LIGHT OUTPUT
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Figure 2.11 : A stripe geometry laser (a), and carrier
density across the end face (b)

heterostructure being the most efficient at confining the active region in the
transverse direction.
For a GaAs laser, the heterostructure barriers are usually made of
AlGaAs. This material has a larger band gap than GaAs, hence forming a barrier
to the carriers. GaAs laser diodes emit light at a wavelength of around 850nm.
Longer wavelength lasers made of InGaAsP with heterostructures of InP are used
to emit light at 1300nm and 1550nm.

The material used for the heterostructure

barrier must have a good lattice match with the material of the active region to
reduce strains between the materials.

This is a very important factor in

determining the reliability of the device, as strains lead to dislocations in the
device which cause gradual degradation of operation.
has a very close lattice match with GaAs.

It is found that AlGaAs

It is possible to exactly lattice

match InGaAsP to InP over a range of output wavelengths from 1.1Jim to
1.7|im.
The energy diagram of a double heterostructure laser under forward bias,
together with a diagram of the layers of a typical stripe geometry double
heterostructure GaAs laser are shown in figure 2.12.

The GaAs capping layer is

used for ease of applying a contact to die laser.
The use of double heterostructures have reduced the current densities
required for the device to lase, and have allowed room temperature continuous
wave operation of semiconductor lasers.
carriers, and

also

to

the

increased

This is due to the confinement of

confinement

of

the

optical

field

that

heterostructures provide.

2.6.3 Optical confinement
In the homojunction laser the optical confinement is poor, with much of
the light leaking out of the active region into the outer ’lossy’ region.

In

contrast, the double heterostructure laser behaves as an optical waveguide,
2.12
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Figure 2.12 : The energy diagram (a) and schematic
diagram (b) of a double heterostructure laser

confining the light to the active region.

This is due to the refractive index

differences of the active region and heterostructure barriers, with the active
region having a higher refractive index than the barriers and therefore forming an
optical waveguide.

The active region thickness of a double heterostructure laser

is usually picked to be between 0.1pm and 0.3pm.

If it is reduced any more,

the waveguiding properties and optical losses increase dramatically, if it is
increased the threshold current density will also increase.
The two heterostructures provide a strong index guide in the transverse
direction (y), but in the lateral direction (x) the optical field is only guided by
the gain profile of the device. The optical mode will in general occur at the
point of maximum gain. The injected carriers modify the refractive index profile
in the lateral direction.

An increase in carrier density reduces the real part of

the refractive index whilst increasing the imaginary part The decrease in the real
part will tend to de-stabilise the
effect.

optical mode by

reducing the waveguiding

Increasing the imaginery part helps stabilise the mode, and

gain guiding.
complicated

is known as

The competition between these two guiding mechanisms is
to analyse, and leads to an output which does not have a stable

lateral mode structure as the bias current is varied.
In order to couple the light from a laser diode into a fibre, the TEM^,
mode is required.

Also a dispersion penalty is incurred if several lateral modes

oscillate, as they will have different frequencies.
laser diodes

It is therefore necessary for

which are to be used in communication systems to have a single

lateral and transverse mode output

This requires the creation of a strong index

waveguide in both transverse and

lateral directions.

incorporating
such as in

This can be achieved by

a change in material around the active region in

both directions

the buried heterostructure device (figure 2.13) or by changing the

effective refractive index in the lateral direction by varying the thickness of the
heterostructure below it as in the channelled substrate planar device (CSP) (figure
2.13

AlGaAs
AlGaAs

IGaAs1

AlGaAs

AlGaAs

Figure 2.13 : Buried heterostructure semiconductor laser

AlGaAs
GaAs

Effective
Index in
Active
Region

Figure 2.14 : Channelled substrate planar laser (a) and
refractive index profile of active region (b)

2.14).
The buried heterostructure

geometry, whilst being more difficult

to

fabricate than the CSP device, provides the best device for use in optical fibre
systems because the confinement of carriers and the optical mode are stronger
and the threshold current is therefore lower. This is especially true for devices
designed for high speed operation, which require very strong optical confinement
in both transverse and lateral directions, and low threshold currents.

2.6.3.1 Waveguiding in Strongly Index Guided Lasers
The waveguiding structure
considered as a

central rectangle

of the buried heterostructure laser can

be

of high refractive index (the active region)

surrounded by a lower refractive index material. This is shown in figure 2.15.
The mathematical description of the transverse and lateral modes is based upon
solutions of the time-independent wave equation, where E is the electric

field

vector:
V2E + € (x ,y ) k 0 2 E = 0
where

2.32

the harmonic time variation at the lasing frequency, co,

assumed, and e (x,y) is the complex dielectric constant.

is

For a strongly index

guided laser the effect of gain or loss on the passive cavity modes can

be

ignored, so that the dielectric constant can be taken as real and having one vaue
foreach of

the regions shown in figure 2.15. This two dimensional problem

cannot be solved analytically, but an alternative approach can be used which
splits the problem into two one-dimensional parts, whose solutions are relatively
easy to find.

This approach is called the effective index approximation.

There

are two families of modes which can be supported, these are the

TE and TM modes.

For TE modes the electric field E is polarised in the

lateral direction,

whilst for TM modes it is the magnetic field H which is

polarised in the

lateral direction.

In heterstructure lasers TE modes dominate
2.14
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Figure 2.15 : Waveguiding structure of a buried hetero
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Figure 2.16 : Near field pattern of a buried hetero
structure laser

because the facet reflectivity is higher for TE modes.
Using the effective index approximation, the TE modes are found by
first solving the slab waveguide problem in the transverse direction for each x
position, then the resulting solution for the effective index in the lateral direction
can be used to solve for lateral modes.

2.6.3.2 Near and Far Field Patterns
The near field pattern of a laser is the profile of the electromagnetic
field intensity measured at the facet of the laser. The shape of the near field is
determined by the waveguiding properties of the laser.

Laser diodes for use in

optical communication systems are designed to operate in the TEM^, mode by
correct design of the laser geometry.

An example of the near field pattern of a

buried heterostructure laser is shown in figure 2.16. The shape of the optical
intensity profile follows a cos2(x) shape in the active region with exponential
tails into the cladding layers.

The same shape is seen for both the transverse

and lateral directions, although due to the small thickness of the active region
much of the field in the transverse direction is outside the active region.
The confinement factor, T, describes the proportion of the optical
intensity which is enclosed within the active region.

It is the product of the

confinement factors in the transverse and lateral directions, which are given by:

rT

=

|_ d /2

|“
rL -

dy

2.33

|0|J (y) dy

|

|f r ( x ) dx

\2

W2(x) dx
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where the electric field is given by a separation of variables solution:

E = e M y ) ¥(x) exp (j(Jz)
2.15
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Figure 2.18 : I/L characteristics for (a) the ideal and
(b) the practical case

where e is the unit vector in the direction

in which the mode

is

polarised, 0 (y) is the transverse field profile, 'F(x) the lateral field profile and
P the propagation constant of the mode.
The far field (radiation) pattern is measured at a distance away from the
laser.

The light beam diverges as it leaves the laser because of the small size

of the emitted beam (i.e. 0.2pm x 2pm).

This diffraction effect, coupled with

the change in refractive index from the laser to

air, gives a large angle

of

divergence, which is about 45* for the transverse direction and 10P for the lateral
direction (see

figure 2.17). The far field pattern

can be calculated from

the

Fourier transform of the near field.

2.6.4

\[ L

Characteristics

The light output intensity (L) versus current (I) characteristic of a laser
diode can be calculated from the simple rate equations for carriers and photons.
These are two house-keeping equations to account

for the supply and loss of

electrons and photons in the active region of the laser. The carrier rate equation
is written:

dN =
dt

J ed

R Sp 0 n

- Rgtim

2.36

where N is the carrier density, J is the injected current density, e the electronic
charge, d the active layer thickness, R ,^ = spontaneous transitions and Rstim =
stimulated transitions. The number of carriers lost to spontaneous transitions is
found by dividing the number of carriers, N, by the electron lifetime,

Those

lost to stimulated transitions which add photons to the optical field are found by
the expression g . (N-N,)S.

This means that the stimulated emission rate is

proportional to the photon density, S, multiplied by the carrier density above a
value, Nj, multiplied by the gain coefficient, g. N, is called the transparency
2.16

electron density and is the value of electron density required for the gain, g, to
be zero.

The carrier density rate equation can therefore be written as:
dN =

J

arr

S3

assumes

- N - g.(N-Nt ) S

™

2.37

a small value of d, over which the electron density,

N, is uniform.
A similar rate equation for the photon density can be written:

dS

= g.(N-Nt ) S - S

dt

2.38

Tp

where xp is the photon lifetime give by equation (2.29). The photon
density rate equation has the same stimulated emission term which adds to the
optical field, minus the carriers lost from the cavity, which are accounted for by
the photon density divided by the photon lifetime.
The two rate equations shown in equations (2.37) and (2.38) can be
solved under steady state conditions to find how the photon density varies with
applied current density, J.

By setting the derivatives to zero and substituting the

stimulated emission term in equation (2.37) for the expression S/xp found from
equation (2.38), the photon density is given by:

At threshold, S=0, and from equation (2.38) the threshold current
density, Jth, is:

ed

xn

The value of N is clamped at a particular value above threshold, which
is shown from equation (2.38). From this, under steady state conditions N is
equal to (N, +

VgXp).

The photon density can therefore be written as:
2.17

S

*

Tg ( J - J th )

2.41

S is zero below a certain threshold condition given by J - JA, and for
higher current density

levels

S

increases

characteristic is plottedin figure 2.18a.

linearly

with J.

This

ideal

I/L

In practice the change at threshold will

not be so sharp, due to spontaneous emission entering the lasing mode, and at
higher current values the slope will decrease due to heating and saturation
effects.

This practical I/L characteristic is shown in figure 2.18b.
The linearity of the light output versus injectioncurrent graph makes the

laser diode

ideal for direct modulation of the light output by varying

injection current

the

This is shown schematically in figure 2.19. The laser diode is

biased at a particular optical output level by the application of a d.c. bias
current.

The modulation signal is then added to the bias current and the optical

output waveform

follows

this

signal.

In

order

to

obtain

the

maximum

modulation depth of the optical output waveform the d.c. bias current is chosen
so that the optical bias level equals half of the maximum allowable output level.
In this way 100% modulaton depth can be achieved, but the nonlinearities in the
I/L characteristics at low and high output powers lead to distortion in the output
signal.
The basic description of direct modulation of semiconductor lasers
obtained from this steady state solution of the rate equations is only applicable
for slowly varying modulation waveforms. At high modulation speeds the
interaction between electron and photon populations gives rise to a more
complicated behaviour.

The solution of the rate equations by both analytic

(section 3) and numerical techniques (chapters 4,5 and 7) form the basis of this
thesis, and allow the dynamic properties of semiconductor lasers to be analysed.
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Figure 2.19 : Direct modulation of a semiconductor laser

2.7 Optical Fibres
The general requirement is for a glass fibre with sufficiently low loss at
the required wavelength, which is formed so that the core refractive index is
greater than that of the cladding. This low-high-low refractive index profile
provides an optical waveguide for the light. The core refractive index profile
may be step index or graded index (i.e. a continuously varying index profile).
Considering a step index fibre of core radius a, the parameter
V2 =

(27ca)2 ( n 22- n , 2)
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determines the number of modes supported by the fibre, and the number
of modes is approximately equal to 0.4V2.

Hence to obtain single mode fibre

requires either small radius, a, or a small index difference, such that:
a J ( n 2 * - n , 2) » \

1

2 43

(2H)2 T574

Thus, monomode fibres have thin core diameters (8pm) and small index changes,
Also, launching optical power into thin cores can be difficult
Multimode fibres have thicker cores (50pm) and greater index changes,
and are therefore easier to use and have better waveguiding.

2.7.1 Dispersion in Fibres
As an optical pulse or signal propagates along a fibre it is spread out
due to dispersion effects in the fibre. This implies a reduction in the information
carrying capacity of the system.
In multimode fibres the main effect is due to the different transit times
for the different paths through the fibre.
ray dispersion (or intermodal dispersion).
2.19

Dispersion due to this effect is called

The use of single mode fibres is widespread in high speed fibre optic
links because of their higher information carrying capacity.
dispersion in this case

is

due

to the

dependant upon the wavelength.

refractive index

The main cause of
of the

fibre

being

This is called material dispersion. For a

multi-longitudinal mode laser the various modes will be at different wavelengths
and so will travel at different speeds through the fibre.

A single longitudinal

mode laser is preferable to stop this effect, but then the finite spectral width of
this longitudinal mode will incur a dispersion penalty.
The pulse spreading
laser travelling along a fibre

due to dispersion for a single longitudinal mode
with an index profilen (X)

can be calculated. The

transit time of the pulse is given by:

Z
c

nc o r e ^ ) * ^
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ax

where Z is the fibre length. The pulse spreading due to material
dispersion can then be given by:
t d = 3 t 8X = ZX | d 2n(X) I 6X

ax

c I dX2I
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A typical graph of d2n(X)/(j^2 against wavelength is shown in figure
2.20a.

It may be arranged for d2n(X)/d^2 to be zero at a particular wavelength

as shown in figure 2.20a, in which this zero dispersion wavelength is at 1.3pm.
This wavelength, therefore, has obvious attractions for fibre optic systems.
As well as the effect of dispersion, the attenuation of a fibre versus
wavelength is very important as it can dictate the maximum fibre length that can
be used in a system. A typical graph of fibre attenuation versus wavelength is
shown in figure 2.20b. This shows that minima in the attenuation curve occur at
1.3pm and 1.55pm, so that operation at these wavelengths is necessary for long
haul optical links.

9 7n

(b)

Attenuation
dB/km

Wavelength,um

s ? - 10'
71

wavelength

Figure 2.20 : Characteristic attenuation (a) and
dispersion (b) curves for silica optical fibres

2.8 Photodetectors
The final component necessary to make an optical link is the detector.
This is the receiving device at the output end of an optical transmission line,
which converts the information carried on the optical signal into an electrical
signal.

The photodetector senses the optical power falling upon it and converts

the variation in this optical power into a corresponding varying electrical current.
Since the optical signal is generally weakened and distorted when it emerges
from the end of the fibre, the photodetector must meet very high performance
requirements. Among the foremost of these requirements is a high response or
sensitivity in the emission wavelength range of the optical source being used, a
minimum addition of noise to the system, and fast response speed.
Several different types of photodetectors are in existence.
are

photomultipliers,

pyroelectric

detectors,

and

Among these

semiconductor

based

photoconductors, phototransitors and photodiodes. The photodiode is the most
suitable and is used almost exclusively for fibre optic systems. There are two
main types of photodiodes in use, these are the p-i-n photodiode and avalanche
photodiode (APD).

2.8.1 The P -I-N Photodetector
The most common semiconductor photodiode is the p-i-n photodiode
shown schematically in figure 2.21.

The device structure consists of p and n

regions separated by a very lightly doped intrinsic region. In normal operation a
sufficiently large reverse bias voltage is applied across the device so that the
intrinsic region is fully depleted of carriers.
When an incident photon has an energy greater than or equal to the
bandgap energy of the semiconductor material, the photon can give up its energy
and excite an electron from the valence band (VB) to the conduction band (CB).
This process generates free electron hole pairs, and the photodetector is designed
2.21
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Figure 2.21 : P-I-N photodiode in circuit configuration (a)
and energy diagram (b)
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Figure 2.22 : Schematic of an avalanche photodiode

so that these

carriers are generated mainly in the depletion region.

The high

electric field present in the depletion region causes the carriers to separate and
be collected
recombine.

across the reversebiased junction

before they have time to

This gives rise to a current flow in the external circuit, with one

electron flowing for every carrier pair generated.
The ultimate sensitivity of a photodiode is determined by the random
voltage and current fluctuations that occur at its output terminals, both in the
presence and

in the absence of an optical signal.

statistical nature of the quantum detection process.
photodetector

current, I , always

These are inherent in the
The result is that an average

shows a random fluctuation about this mean

value and this is known as 'shot noise’.

The mean square value of the

variation is proportional to I and to the photodiode bandwidth, Af, so that:

Ishot - (2eIAf) i
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A certain level of photodiode current is present even when there is no
intended optical signal.

This too has shot noise associated with it

Although

this is referred to as the ‘dark current’, it may comprise some photogenerated
current, resulting from background radiation entering the diode in addition to the
junction saturation current

Three components make up the saturation current,

there are carriers generated in the depletion region, those which diffuse into the
depletion layer from the p+ and n+ regions, and any surface currents that are
set up under the action of the bias field.

2.8.2 Avalanche Photodiode Detectors
When using a p-i-n diode detector, the shot noise, which originates from
the incoming signal and the dark current, is usually totally dominated by the
additional electronic noise introduced into the system by the load resistor and the
rest of the amplifer circuits.

It would therefore benefit the signal to noise ratio
2.22

if the signal could be multiplied within the detector itself.
would be multiplied as well, but the proportional effect of the

The shot noise
additional noise

sources would be reduced. The opportunity to do this is afforded by the carrier
avalanche

excitation process that occurs in semiconductors athigh values of

electric field.

The multiplication process is not totally free of noise, due to its

statistical nature. The result is that, whereas the signal current is multiplied by a
factor M, the rjn.s.

noise level increases by MFi.

The noise factor,

always greater than unity, and is an increasing function of M.

F, is

For any given

APD in a particular receiver there is an optimum value of M which gives the
best overall signal to noise ratio.
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CHAPTER 3
Rate Equations and small signal analysis
The dynamics of semiconductor laser diodes are well described by the
coupled rate equations, which are local photon and injected-carrier conservation
equations [1-2].

3.1

The Travelling Wave Rate Equations

The basic travelling-wave rate equations can be written as, [3-6].

9S+
37

+ c 3S+ =
n
3Z

dS~
cTt

- c a s- =
n
3Z

c GNS+

+

n

c GNSn

BN

3.1

Tn

+

PN
xn

9N = J - N - cGN(S+ + S -)
37
ed
tn n

3 .2

3.3

where S+ and S" are forward and backward propagating photon densities,
(proportional to the light intensities)
c/n
G
p
N
xn
J
e
d

= group velocity, where n is the group refractive index.
= optical gain constant
= fraction of spontaneous emission entering the lasing
mode
= electron density
= electron density
= injected current density
= electronic charge
= active layer thickness

The Z direction is along the optical axis of the laser cavity.
These equations describe the photon densities S+ and S" travelling in
opposite directions in the laser cavity as shown in figure 3.1.
The electron lifetime is used to describe the carrier loss processes in the
3.1

gain

-L/2

-L/2

Z=0

Z=0

L/2

L/2

l

Figure 3 .1

Photon density variations within the laser
cavity

active region such as spontaneous emission and non-radiative transitions.

This

term may be replaced by the more representative equation:

N /Xn = AN +

BN2

+ CN3

3 .4

In this case the electron lifetime is not constant but a function of N.
AN accounts for non-radiative recombination, BN 2

is due to spontaneous

recombination in which an electron in the conduction band recombines with a
hole in the valence band and a photon is spontaneously emitted, and the cubic
term,

CN3, accounts

for Auger recombination

which plays a

particularly

important role in long wavelength (1.3pm, 1.55pm) lasers.
The fraction of spontaneous emission entering the lasing mode, p, can
be calculated for a particular laser structure [7], however there is disagreement
overits numerical value.
InGaAsP lasers

is in

In practicea typical numericalvalue for index
the

range 10- 4- 10"5,

guided

with highervaluesfor gainguided

lasers due to wavefront curvature and subsequent guiding of the spontaneous
emission.

The value of p is inversley proportional to the active layer volume,

so that it is smaller for long cavity devices, and also devices with external
mirrors and therefore larger effective cavities.
The injected current density, J, can be any arbitrary waveform, and is
then used to drive the coupled rate equations.
In the derivation of the travelling wave rate equations (3.1 - 3.3) the
following simplifying assumptions are made:
a)

S+ and S- represent the photon densities at a given position in the
cavity at time t integrated over the lasing linewidth of the mode of
oscillation, which is assumed to be much narrower than the
homogeneously broadened laser transition-line profile.

b)

The optical gain is a linear function of the injected carrier density N.

c)

Variations of the carrier and photon densities in the lateral dimension
are not significant.
3.2

d)

Diffusion of carriers can be ignored.

Assumptions (a) and (b) are very reasonable and can be deduced from
detailed analyses [8-10].

The representation of the semiconductor laser as a

homogeneously broadened system has also been derived theoretically and shown
experimentally [11,12]

for

GaAs

devices.

The

use

of

long

wavelength

quartemary lasers has led to the inclusion of a gain saturation term in the rate
equations to account for any inhomogenous broadening and spectral hole buring
that occurs.

(See section 5.1)

The spatial variation of carriers in the lateral direction, together with
diffusion of carries, will depend upon the kind of carrier confinement and on the
active region width.

High speed laser diodes are invariably buried heterostructure

geometries with small active region widths (lpm) so that carriers are tightly
confined, and this width is less than the carrier diffusion length.
lead to a carrier density profile that

is almost uniform.

These factors

The effect of stimulated

emission can lead to spatial hole burning, in which the carrier density is reduced
at the peak of the optical mode by stimulated transitions.

However, spatial hole

burning effects also depend on the active region width and carrier diffusion, and
therefore for very narrow active region widths the effect is small.
effects of spatial hole

burning

The possible

areexplained fully in section 4.1.3 where an

anlaysis of the rate equations including this factor is carried out.
The shape of

the optical mode is found from an analysis of the

waveguiding of the laser structure.

For a strong index guide most of the field

is confined to the active region in the lateral direction.

The effect of the shape

of the optical field and carrier diffusion on the device dynamics is calculated in
section 4.1.3.
The travelling wave rate equations, including the dependence in the z
direction, can be solved subject to boundary conditions at the two ends of the
3.3

laser.

Unfortunately they constitute a set of three coupled nonlinear differential

equations in two variables, which do not allow for an easy solution.

In some

cases, such as that of active mode locking described in Chapter 7, it is
necessary to solve the equations including the z dependence, but in general a
simplified form of the equations is sufficient.

3.2 Spatially Averaged Rate Equations
It is possible to simplify the travelling wave rate equations significantly
by integrating the spatial variable over the length of the laser. [5]
The carrier density equation (3.3) can be integrated to give;
dN* = j - n* - cG(NS)*
dt
ed xn n

- ^

where the asterisk denotes the spatial average;
l /2
F (z)* =

[F ( z ) dZ
L

3 .6

- L /2

and S = S+ + S" is the total local photon density.

The injected current density

is assumed constant in the z direction, t n is also assumed to

be

constant.

To integrate the photon density equations (3.1) and (3.2) the following
boundary conditions are used;

S’ (JL ) = RS+ (JL)

3.7

S+ (-JL ) = RS- (-JL )

3.8

where L is the length of the laser cavity and R the reflectivity of the end
mirrors.

Integrating the equations and taking their sum yields:
3.4

dS* + 2c (1-R )S (l / 2 ) - c G(NS)* +
dt

L(l+R)

PN*

2

n

tn

If two factors f t and f 2 are introduced as;

f , = (NS)*
3.10
N*S*
f 2 = S (iL )
3.11
S* (1+R)
the spatially averaged rate equations can be written:
dS* - c G. f tN*S* - 2c ( l- R ) f 2S*+ 2fN*
dt

n

n

L

Tn

dN* = J - N* - c Of,N*S*
dt

ed

xn

3.12

3.13

n

which become the commonly used rate equations(3.17 and 3.18) if the following
conditions are met:
ft = 1

3.14

f 2 - - \ Ln (R)
(T ^T -R )

3,15

The first condition (3.14) requires that the spatial average of the product
of N and S equals the product of their spatial averages.

This will be true if

the electron density, N, is uniform, which occurs when the reflectivity, R,
approaches unity.

Condition (3.15) requires that the photon loss rate is inversely

proportional to the photon lifetime 1^, which is given by:

This condition is also met as R approaches unity.

It is obvious that

the value of R strongly effects the validity of the spatially averaged rate
equations.

This can best be seen by plotting the functions f 1 and Vf2 from

equations (3.14) and (3.15) and comparing them with exact solutions of the
travelling wave rate equations [5].

The plot in figure 3.2 shows these curves

using a calculation assuming that the laser is biased above threshold.

The figure

shows that the approximations in equations (3.14) and (3.15) hold for values of
R greater than 0.2.

In figure 3.3, lfl1 is plotted as a function of the total

unsaturated gain, gL (proportional to the pumping level), for various values of R
and spontaneous emission factor p.

It shows that the assumptions (3.14 and

3.15) are invalid below lasing threshold, as well as for low reflectivities or a
low spontaneous emission factor p.
The spatially averaged rate equations are therefore valid for end mirror
reflectivities greater than 0.2 and with the laser above threshold.

They can be

written as:

dN =
dt
dS ^
where N and S

J -_N
ed t n
oNS

- otNS

3.17

-_S + PN
^p
Tn

3.18

are now the averaged electron and photon densities, a = c/n.G,

and the spontaneous emission factor

P in equation (3.18) is twice the value of

that defined in equations (3.1 and 3.2) as it includes photons propagating in both
directions.

Common semiconductor laser diodes have mirrors formed by cleaving

the device along crystal planes, mirrors thus formed have reflectivities of over
0.3 and therefore easily satisfy the condition of R greater than 0.2.
The validity of the spatially uniform assumption also
timescale ofevents that are occuring.
of

depends on the

When phenomena occuron the timescale

thecavity transit time (approx 3ps generally), the concepts of cavity lifetime
3.6
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and cavity modes are no longer applicable.

The spatially averaged rate equations

are therefore not valid for describing phenomena shorter than approximately 5ps
or at modulation frequencies above 60GHz.
The rate equations described so far assume that the total optical field is
within the active region of the device, whereas in practice much of that field
extends beyond the active region into the confining layers.
factor,

r,

The confinement

is the fraction of the optical mode lying inside the active region, and

can be placed into the rate equations as follows;

dN - J_ - N_ - oNS
dt
ed
Tn

3.19

dS = ToNS -_S + rpN
d*
^p
xn

3.20

Intuitively, T should also be placed in the carrier density rate equation,
but by converting 3.19 and 3.20 to rate equations for the total number of
electrons and photons, they can be shown to be correct

The spatially averaged

rate equations shown in 3.19 and 3.20 form the basis of the small signal
analysis in section 3.3 and the large signal numerical analyses in chapters 4 and
5.

3.3

Small Signal Analysis of the Single Mode Rate
Equations.
The terms in the rate equations (3.19, 3.20) can be modified to provide

more detailed explanations of laser diode dynamics. The gain term a is often
expanded to;

<xN = g.(N - Nt )

3.2.1

3.7

where g is the gain coefficient, N is the electron density in the active
region and Nt is the electron density required for optical transparency of the
lasing material.

The optical gain therefore keeps its linear dependance on carrier

density, but now the electron density must be greater than the transparency value
for gain to occur, below this level the semiconductor absorbs.

Another important

modification to the gain term for InGaAsP devices is the addition of a saturation
term, which describes how the gain reduces as the photon density increases.
The various phenomena related to this gain saturation are described in detail in
section 5.1.

Assuming a linear gain saturation effect the full gain term takes

the form:
aN - g (N - Nt ) (1

- eS)

3.22

where € is the gain saturation coefficient
The rate equations (3.19 and 3.20) describe the dynamics of the electron
and photon densities when the current density waveform J(t) is applied.

In

semiconductor lasers various longitudinal modes can oscillate, each seeing a
different value of gain.

In order to fully describe the dynamics of a laser with

multiple longitudinal modes, the multi-mode rate equations are used.
described in section 4.1.

These are

It is, however, possible to apply equations (3.19 and

3.20) to the dominant mode of the laser to calculate its dynamic response, in
this case the equations are described as single mode rate equations.

It has been

found that a small signal analysis of the single mode rate equations can agree
well with experimental results, provided that the parameters are picked to fit the
experimental curves.

Much of the theoretical work so far on the dynamics of

high speed laser diodes has been of this form.
The single mode rate equations including a linear gain saturation term
can be written as:
dN = J
Jt
i3

- g (N-N*) (1-eS) S
3.8

- N
t“
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dS = Tg.(N-Nt ) ( 1 -eS) S - S + T(3N

3.24

The photon lifetime expression has been expanded to include the internal
absorption of the laser cavity:

(0 4

where

is the internal loss of the laser cavity, including free carrier

04

+

3.25

Tp“l = c
n

1. Ln O ) )
L
R

absorption and scattering loss.

The term 1/L Ln (1/R) is often called the mirror

loss, a m, which has been distributed throughout the laser cavity by the spatial
averaging process.
The full derivation of a small signal analysis on equations (3.23 and
3.24) is shown in Appendix A.

The applied current density, J, electron density,

N, and photon density, S, are assumed to take the form of a d.c. and sinusoidal
component, i.e.
I = I Q+ ie j ® 1

N = N0 + ne j ® 1

S = S0 + s e i ® 1

3.26

(Using I instead of J for current density to avoid confusion with the
complex operator j).

These terms are placed into the rate equations, which are

then split up into equations with d.c. terms only, and equations with sinusoidal
components only.

The higher order terms are neglected.

This process leads to

the following four equations:
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dSo = r g (N0 _Nt ) ( l - € S 0 )S0 - 3q+ rgNa a r
3.9

0

3.28

j con = i - g (N0 - Nt ) (l-2e So)s - g ( l - e S 0 )S0n - n
ed

3.29

j©s = Tg (N0 - Nt ) (1-2€S0 )s + r g ( l . € S 0 )S0n - s + I jn 3.30
Tp
Tn
which can be rearranged into the form

3.31
©2

where A -

+ j©B + C

- T ( g ( l - e S 0 )S 0 + p / t n)
ed

3.32

B = Tg(N0 - Nt ) ( l - 2 e S 0 ) - g ( 1 - 6 S 0 ) - 1 - 1
Tn Tp
C = r g (N 0 - Nt ) ( l - 2 eS0 )

i - P - g ( l - 6 Sn )Sn -_1_
Tp

and No - Nt =

1

[ S^- rpNt
Tp
Tn
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3.34

TpTn
3.35

1- eS 0 +

g st
The magnitude and phase frequency responses ar e then;
3.36
1

1

0

*

/ (cd2 + C) 2
tan

+ (B© ) 2

f - ©B
I©2 + <

3.37

Various analytic expressions can also be found for important features of
the response, such as the frequency at which the response reaches its peak value
fP:

fp =_J_ /

-c - b2

3.38

2n

This equation can be simplified by noting that N0 - Nt * (gPi^ )-1 and
3.10

neglecting gS0 compared to !/xp- The expression becomes
fp -_ 1

/ gS0 ( l - e S n ) ~

2k J

3.39

Tp

It should be noted that the value of (l-eS 0) is normally almost unity
and so has a small effect on the resonance peak frequency, although it has a
much stronger effect on the damping of the response.

The final simplified

equation for fp is therefore:

fp -

1
2n

j

/“

sS
xp

3 40

which gives a great insight into the ways of optimising lasers for a high
resonance frequency.

The gain coefficient, g, is a material constant which

cannot be easily changed, although cooling of the device will increase the gain
[13,14]. Recent advances in materials growth techniques have led to the use of
multi-quantum well active regions [16,17] which offer higher values of gain
coefficient, and therefore higher resonance frequences.

It has also been shown

[15] that doping the active region can increase the gain coefficient, but a
compromise is necessary as this also raises threshold currents and so reduces the
maximum attainable output power.
The photon density in the active region should be raised as high as
possible.

This calls for tight confinement of the optical field by using buried

heterostructure devices.
densities (see chapter
the order of l|im .

Problems of heating occuring with such high photon
8)

lead to the use of very small active region widths of

When using GaAs as an active region, the photon density

may be limited by the catastrophic damage limit of the facets.

This problem

constrained initial work on high speed devices until window-structure devices
were used [18].

These devices use a transparent window of AlGaAs at the
3.11

laser facets because this allows operation at higher photon densities.

InP/

InGaAsP lasers do not have the same problem because the catastrophic damage
limit is much higher than for GaAs devices, due to a lower level of surface
recombination at the facets.
It is clear from equation (3.40) that to increase the resonance frequency
the photon lifetime should be reduced.
the cavity length of the device.

This can best be achieved by reducing

However, a compromise is needed as this also

leads to an increase in threshold current density and therefore heating in the
device and an associated reduction in gain.
The frequency response of the laser is that of a second order dynamic
system as described by equation (3.31), which can be re-written in the following
form:
s

=

Q>n2 _____________

K .

i

(j®)^ +

2 §j©on
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+ ©n2

where K is a constant, co^ is the resonant frequency and £ the damping
coefficient.

By a simple matching of terms the resonant frequency and damping

factor are found to be:
©n -

/T ~ C

§ * - B
— j® ;

3.42

2

* - B
/~ T c"
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The level of damping is of great importance as it effects the height of
the resonance peak.

If a response exhibits a strong relaxation resonance the

usable bandwidth of the device in a system is reduced.

Unfortunately, the

responses of most laser diodes are found to be underdamped, and show
appreciable resonance peaks.

Various phenomena have been used to explain the

damping found in GaAs devices such as the spontaneous emission into the lasing
mode and lateral carrier diffusion.

These effects are described in section 4.1.
3.12

For InGaAsp devices a much stronger damping effect has been found, which has
been attributed to some form of gain saturation.

The causes of gain saturation

are described in detail in section S.l.

3.4

Results of the Small Signal Analysis
The magnitude and phase response of a laser diode can be calculated

from equations (3.36) and (3.37) with the modulation frequency as the variable.
For the magnitude frequency response the electrical received power in dB is
plotted against modulation frequency.

This, in effect, gives the same trace as

would be seen in practice on a microwave spectrum analyser connected to a
photodector with a flat frequency response, so that theoretical and practical
results can be compared.

Each trace is normalised to its value at low frequency

so that they start at OdB, this allows easy comparison of the response shapes.
Various values can be used for the parameters

of the particular device

to be modelled, some typical values of these parameters for a high speed
InGaAsP laser diode are shown in table 3.1.

Using these values the magnitude

frequency response of the device is shown in figure 3.4a for various optical bias
levels of lmW, 5mW, lOmW and 20mW output per facet

The corresponding

phase responses are shown in figure 3.4b.
The output power from the laser can be calculated by considering the
photon loss term $/Tp from the rateequations.

This term gives the number of

photons lost per second to internal and mirror losses.
the useful output power.

P0 = 1
2

1

r

where E is

The mirror losses form

The power from one facet is them

S.V.
Tp

Om . E
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( d j + On)

the energyof one photon

volume, which equals WxdxL,

where W
3.13

and V is

is the active

the active region

region width, d

the

TABLE 3.1
General Case Parameter Values for a 1.3pm InGaAsP laser

Cavity Length

150pm

Active Region Thickness

0 . 15pm

Active Region Width

1 . 0 pm

Confinement Factor

0.34

I n te r n a l Losses

25cm- 1

Optical Bias Level

lOmW

Gain C o e f f i c i e n t

1.8 x 10

E l e c t r o n Lifetime

lnS

Gain S a t u r a t i o n C o e f f i c i e n t

1

P

1 0 -4

Nt

1 .2

*6

cm3 S-

x 10-17 cm^

x 1018 cm“3

0

5

10
15
Frequency

20
GHz

Frequency

GHz

25

30

degrees

Figure 3 . 4 : (a) Magnitude and (b) phase r e s p o n s e f o r b i a s
l e v e l s o f (1 ) lmW, (2) 5mW, ( 3 ) lOmW and (4 ) 20mW

thickness and L the length.
P0 = 1. S. W.d.c
2 T
n

Replacing ^ by J (0 ,-kx^) the equation becomes:
Ln ( 1).E
R
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which is used to calculate the photon density at a particular output
power.
A typical second order system response is seen in figure 3.4a showing
a resonance peak then subsequent drop in response as the frequency is increased.
The effect of increasing the optical bias level is clearly shown, and the
resonance peaks move up in frequency with increased bias.

It is noticeable that

the damping of the response also increases with increased bias, with the
calculated damping factors being 0.104 (lmW), 0.184 (5mW), 0.258 (lOmW) and
0.375 (20mW).

The critical damping factor for a second order system is 0.5,

which leads to an almost flat frequency response.

The responses in figure 3.4a

are therefore under-damped, especially at low optical bias levels.

The phase

response is also typical of a second order system, with the phase at high
frequencies dropping to almost 18CP behind that at very low frequencies.

At the

higher bias levels the phase in figure 3.4b has not dropped so far due to the
increased resonance frequency, but it will eventually approach -18GP.

The

damping of the response affects the linearity of the phase characteristics, with a
large resonance peak (as for lmW bias) exhibiting a sharp change of phase at
around the resonance frequency.

The larger bias levels are seen, therefore, to

flatten both the magnitude and phase response and make them more suitable for
use in systems.
Gain saturation is believed to be responsible for most of the damping in
InGaAsP laser diodes.

Various values of the gain saturation coefficient € have

been quoted, but in general this parameter has been curve fitted to practical
results to provide a suitable value.

In figure 3.5 this coefficient has been varied

to provide traces for e = 0 , 0.5x 10-17, 1 x 10-17 and 3 x 1(>17.
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The trace for
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Figure 3.5 : Magnitude responses for gain saturation
coefficients of (1) 0, (2) 5.0 E-18, (3) 1.0 E-17 and
(4) 3.0 E-17
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Fig ure 3 . 6 : Magnitude r e s p o n s e s f o r c a v i t y l e n g t h s o f
(1) 75um, (2 ) 150um and (3) 300um

e

o

1

x lO 17 shows a response with similar (lamping to various practical

results and so is taken as a typical value in the other calculations.

The strong

effect of this parameter on the damping of the system can easily be seen.
Calculated damping factors are 0.055 (e =0 ), 0.154 (€ =5xl018), 0.258 (e = 1 0 -17)
and 0.735 (e= 3xl017).

With e set to zero a resonance peak of almost 20db

occurs, which is reduced as € is increased until the system is overdamped as in
the case of e=3xlO I7.

The frequency at which the response peaks, fp, is seen

to reduce as e is increased, as is the -3dB point of the response.

This agrees

with equation (3.38) for ip, which shows a decrease in the frequency of the
peak in the response as the damping factor is increased.
The effect of varying the length of the laser cavity on the magnitude
response is shown in figure 3.6.

Changing the length affects the photon lifetime

(equation 3.25) which in turn has a strong effect on the resonance peak
frequency fp given by equation (3.40).

These effects are seenin figure 3.6

which shows that both the resonance frequency and the damping factor increase
as the cavity length is reduced.

It is therefore possible to tailor the frequency

response to be flat at a particular optical bias level by optimising the cavity
length. This

may however lead to very short devices, in which the

practical

considerations of threshold and operating current densities, and most importantly
heating in the device, (see Chapter

8 ),

play an important role.

It is therefore

necessary to compromise between cavity length and heating in a practical device.
The values of the damping factors for the various cavity lengths are 0.309
(L»75pm), 0.258 (L=*150pm) and 0.23 (L=300pm).
In figure 3.7 traces of the magnitude frequency response are shown for
values of the gain coefficient of 1x10* x 1.8x10* and 3x10*.

The resonance

peaks move to higher frequencies as the gain is increased, as expected from
equation (3.40).

Unfortuntely, unlike increasing the bias optical output power,

the damping factor actuallydecreases as

the gain is increased.
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This leads to
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Figure 3.7 : Magnitude responses for gain coefficients of
(1) 1.0 E-6, (2) 1.8 E-6 and (3) 3.0 E-6

dB
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Frequency
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F ig u re 3 . 8 : Magnitude r e s p o n s e s f o r i n t e r n a l l o s s v a l u e s
o f (1) 25cm”1 and (2) 60cm”’

larger resonance peaks in the response and therefore more of a problem when
trying to use the device in a system.

The values of damping factor for the

different values of gain are 0.317 (g=lxlO^) 0.258 (g= 1.8x10^) and 0.224
(g=3xl0-6).

The use of cooled devices, active regions of quantum wells or other

ways of increasing the gain constant may lead to higher bandwidth devices, but
the dynamic response of such devices will be more underdamped.
The equation for photon lifetime (3.25) includes a term for the internal
loss of the laser

(tX j).

It would seem that by increasing the value of oe,, the

photon lifetime will be decreased.

This is of course true, and the traces in

figure 3.8 show that an increased value for the internal loss gives a higher
resonance frequency.

The damping factor is also seen to rise slightly from

0.258 (ai=25cnr1) to 0.284 (ai=60cnr1).

In practice, any increase in the internal

loss raises the threshold current of the device, and therefore heating in the
device.

In fact, any decrease in the photon-lifetime, due to changing the laser

length, mirror reflectivities or internal loss will increase the laser threshold, as
the threshold gain value must equal the losses of the cavity.

The threshold gain

can be written as:

8

th

3

<*m+ a i ■

H- I
c tp
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The work so far in this chapter has been for an idealised laser device
and has only considered the intrinsic response of the diode.

The practical

implications of these results together with the important effect of the parasitics
of the device will

be discussed in section 3.5.

3.5 Design of High Bandwidth Laser Diodes
The small signal analysis of laser diodes yields the important design
equation (3.40);
3.16

giving three parameters to be optimised for a maximum value of
resonance frequency.

The optical gain coefficient is a material constant, which

can be increased by increasing the active layer doping, using quantum wells, or
cooling the device.

The increase in temperature of die device has a detrimental

effect on the gain coefficient and so the optimisation of S0 and tp must be a
compromise so as not to reduce the gain constant too much.
The photon density can be increased most effectively, without raising the
heating too far, by having tight confinement of electrons and the optical field,
and a small active volume. This leads to the use of the buried heterostructure
geometry, with small active region dimensions (e.g. 150pm x 1pm x 0.15pm).
ForGaAs

devices

the

high

photon

densities

would

lead

to

catastrophic

degradation of the facets unless higher band gap AlGaAs windows are grown at
the ends of the active region.
The photon lifetime can be most effectively reduced by shortening the
laser cavity length, which together with the other active region dimensions forms
the main variables that a device designer can change to alter the intrinsic laser
diode response.

In most practically available laser diodes, the limit on the high

speed performance is actually due to the parasitic components of the laser diode
and its package. This is therefore the main area where the device/package
designer can improve the high speed performance of the packaged laser diode.

3.5.1 Parasitic Components
A typical fixture used to mount and test high speed laser diodes is
shown in figure 3.9.

This simple and effective design incorporates a copper

block for good heat sinking and
connector (e.g. SMA, WiltronJC).

ground contact, and a high bandwidth
The laser diode is mounted at one edge of
3.17

High speed
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Diode

Figure 3.9 : A typical high speed laser diode mount
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Figure 3.10 : Equivalent circuit of a high speed laser
diode and mount
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Figure 3.11 : A high speed constricted mesa laser diode

the copper block to allow easy access to one of the output facets, and the
connector is fixed to the block so that its pin is close to the top of the laser
diode.

A lead is then connected from the connector to the laser diode, or in

some cases from the connector to a metalised glass bonding pad then onto the
laser.

The use of an intermediate bonding pad can lead to reduced stresses on

the laser dode and therefore an increased lifetime.

In some cases a gold braid

can be used as this decreases the inductance of the lead.
for this arrangement is shown in figure 3.10.

The equivalent circuit

The intrinsic laser device can be

taken as a short circuit in comparison to the larger device parasitics, so that the
overall device can be seen as a resistance in parallel with a capacitance.

The

resistace, R, is basically the series resistance of the various semiconductor layers
of the device.

The capacitance,

C, is made up of a bonding pad capacitance,

plus the capacitive effect of theconfining layer junctions and
junction.

the active layer

The inductance, L, is due to the bond wire between the laser diode

and connector.

The capacitance of the laser chip is

importance to the designer of high frequency

therefore of greatest

laser diodes.

Typical commercially available devices have values of around 20pF,
which is largely due to the junction capacitance of the confining layers.

This

can be greatly reduced by utilising geometries such as that shown in figure 3.11
[14].

In this device the confining layer homojunction is reduced from covering

almost the full width of the device to just a thin layer at the edge of the active
region, this small layer being to aid confinement of the optical field and reduce
the scattering loss.

The bond

pad capacitance is reduced by a layer of

polyimide, and also by keeping its area as small aspossible (i.eXength
50|im).

x

The series resistance can be modified by the choice of doping level of

the various semiconductor layers

in the device. The effect of free carrier

absorption at high doping levels must be weighed against the reduction in series
resistance in order to optimise the doping concentrations.
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The inductance of the

bond wire can be reduced by using the shortest possible wire, or using gold
braid.
The effect of the parasitics on the frequency response of the device can
be found by considering the equivalent circuit.

The device is assumed to be

driven by a voltage source, which is true of microwave signal generators, with
the source resistance, Rs, being 50£2.

It is useful to calculate the current

passing through the lasing diode, so the response T| - I/Vj is calculated as:

T] = I/Vi = 1

Yq_

R

VQ =

’ Vi

1 + joCR
Ro + jcoL +

R
i + J

v0 =
Vi

T|

cdcr

R
(j®)^

LCR +

jo

(CRRg + L ) + R + Rj

= ----------------- — ----------------------(jfl))^ + j(o(CRRg + L) + R + Rg
LCR
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LCR

This is the response of a second order system in the form of equation
(3.41) with the resonant frequency and damping factor given by:

fn = 1
2k

/

+
// rR LCR
+ 3Rfi

3.48

CRRg + L

2 /LCR. (R + Rs )
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The magnitude and phase response for this equivalent circuit with the
typical parameters for a high speed laser diode <of O l.OpF, R= 7Q and
L=0.2nH are shown in figure 3.12, together with a trace for C =5pF, R=5f2 and
3 .1 9
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Figure 3.12 : (a) Magnitude and (b) phase responses of the
parasitic components for values of (1) C=lpF, R =7,n_, L=0.2nH
and (2) C=5pF, R =5lot L =0.5nH

L = 0.5nH.

The larger values are used to show the effects of parasitics on a

device which has not been properly optimised for high frequency modulation.
Both responses roll off as the frequency is increased, their damping factors being
large, 0.97 for the high speed parameters and 1.06 for the other parameters.
The equivalent circuit is a second order low pass network, and the resonance
frequencies are calculated as 32.1GHz for the high speed case and 10.56GHz for
the other case. The phase repsonse is seen to be more linear for the high speed
laser parameters
The analytic solutions to the parasitic equivalent circuit and the small
signal analysis yield two linear system responses which can be cascaded to give
an overall system response.
power

at a

This response therefore relates the received electrical

photodetector to the microwave voltage source strength. The

magnitude and phase frequency response for the overall system are shown in
figures 3.13 a, b.

The traces use the typical laser parameters shown in table

3.1, with the previous two sets of parasitic component parameters, and one trace
with the parasitic effect removed from the analysis to allow a comparison.
The inclusion of high frequency laser diode parameters for the parasitic
components shows a small but definite drop in overall frequency response, with
the often quoted values of the -3dB point of the response being more than
1GHz

lowerthan the trace with no parasitic components. Hie second set of

parasitic component values show a very strong effect on the response of the
overall device. The drop in response of the parasitics is cancelled out by the
resonance peak of the intrinsic diode response until just below 10GHz when the
whole response drops dramatically.

It should be noted that this set of parasitic

component values, whilst being larger than those of a properly designed high
frequency device, are much smaller than those of most available commercial
devices.
The simple equivalent circuit for the laser diode parasitics is valid for
3.20
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F igure 3 . 1 3 : (a) Magnitude and (b) phase r e s p o n s e s o f the
o v e r a l l s y s t e m f o r (1 ) z e r o p a r a s i t i c s , (2 ) C=lpF, R=7n.,
L=0. 2nH and ( 3 ) C=5pF, R=bn, L=0.5nH

high speed laser diodes and packages, but other devices may have more
complicated equivalent circuits due to extra bonding blocks and wires which add
another capacitance and inductance.

Devices with large areas of homojunction

capacitances between the confining layers of the buried heterostructure will have
to include a capitance that varies with bias current, and also the effect of
leakage currents through these barriers.

In the high speed devices such as

shown in figure 3.11, the homojunction area is kept to a minimum, so that the
capacitance it creates is much smaller than that due to the bond pad capacitance,
in this case the overall variation of capacitance with bias current can therefore
be ignored.

3.6 Conclusions
In this section the commonly used spatially averaged rate equations were
derived from the travelling wave rate equations.

The resulting equations were

shown to be valid for mirror reflectivities of over 0.2 and with the laser diode
above threshold.

The timescale of events occuring must also be larger than the

laser diode cavity transit time, giving a minimum timescale of around 5pS or
modulation frequencies up to 60GHz.
A small signal analysis of the single mode spatially averaged rate
equations was carried out and the effect of changing various device parameters
and the bias level shown.

A simplified equation for the frequency at which the

resonance peak occurs was found (equation 3.40) and the ways of optimising the
three parameters (optical gain, photon density and photon lifetime) described.
Buried beterostructure devices with tight optical confinement and small active
region dimensions were shown to be necessary to reduce heating effects at high
photon densities.
The frequency response was shown to be, in general, an underdamped
second order response with a strong resonance peak.
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The phase lag reaches

180° at high frequencies, with its deviation from linearity being much greater for
responses with large resonance peaks.
Increasing the optical bias level was shown to increase the resonance
frequency, and also the value of the damping factor.

In practice, the maximum

optical bias level that can be reached depends on the catastrophic damage limit
for GaAs devices or heating in InP/InGaAsP devices, although the use of
AlGaAs windows allows GaAs devices to be operated up to higher photon
densities. The inclusion of a linear gain saturation term was shown to have a
very strong effect on the damping factor and therefore the size of the resonance
peak. The effect of varying the laser cavity length on the photon lifetime and
therefore the frequency response was shown to be important

The use of shorter

cavity devices leads to higher resonance frequencies and larger damping factors,
although in practice shorter cavity devices have higher threshold and operating
current densities so heating becomes important
be reached.

Therefore, a compromise must

The optical gain coefficient can be raised by cooling the device,

doping the active region or using quantum wells. The effect of this increased
gain is to move the resonance peaks to higher frequencies, but in this case the
damping factor is reduced as the gain increases.
It was shown that in theory, increasing die internal loss of the device
will increase the resonance frequency and damping factor, but for real devices
the associated increase in heating would nullify any gains in modulation
response.
The effect of the parasitic components of a laser diode and its bond
wire were shown in section 3.5.1.

The reduction of device capacitance is the

major obstacle to producing high bandwidth laser diodes, with the main solutions,
being to reduce the area of homojunctions due to the confining layers on each
side of the active layer, and reduce the bonding pad capacitance by reducing its
size and using a thick dielectric layer below it.
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The response of a typical 1.3pm InGaAsP laser diode and its parasitics
was descrbed, and the necessity of reducing parasitic component values in order
to achieve high modulation frequencies was shown.

Typical values of the

parasitic components necessary for high frequency operation being C = lpF, L =
0.2nH and R=7Q
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CHAPTER 4
Large Signal Analysis of the Multi-Mode Rate Equations
The previous chapter derived the common rate equations (3.19, 3.20),
before carrying out a small signal analysis of the single mode rate equations.
The single mode rate equations assume that only one longitudinal mode is
oscillating, which, in general, is incorrect.

In GaAs laser diodes the output

spectrum is usually single mode when the laser is not being modulated, but the
application of a modulation waveform, especially of large amplitude, will lead to
a multimode output spectrum [1].

It is, however, true to say that GaAs lasers

have their output spectra dominated by a single longitudinal mode at low
modulation depths.
larger mode spacing.

This is particularly true for short cavity devices due to the
In this case the single mode rate equations will give an

accurate simulation of the device operation.
InGaAsP laser diodes, however, have a multi-mode output spectrum and
so (for most cases of modulation) the single mode

assumption is incorrect

In

this case the single mode rate equations can only

be used with the hope that

the operation of the multimode InGaAsP laser will be similar to that predicted
by these equations.

It has been found [2-6] that the operation of such devices

can be adequately described by a small signal analysis of the single mode rate
equations, although the method of doing so is to curve fit the practical results
by varying parameters in the rate equations.

This method may lead to a good

fit, but

can lead to values being found for the various parameters which in fact

are not

correct, but only effective values used to overcome the inadequacies of

the analysis.
The single mode

rate equations can be expanded to

become the

multi-mode rate equations by allowing multiple longitudinal modes to oscillate.
This isaccomplished by

replacing the stimulated recombination term in the
4.1

carrier rate equation by a summation over all the longitudinal modes, and having
a separate rate equation for each longitudinal mode. The gain seen by each
mode is different due to the shape of the gain curve.
The multi-mode rate equations provide a more thorough simulation of
the operation of a laser diode than the single mode equivalent.
better understanding of how the device operates.

This leads to a

Because of their complexity,

they must be solved numerically, although analytic descriptions can be found if
various simplifying assumptions are tolerated.

The multi-mode rate equations can

give the output spectrum of the device both with and without modulation, and
the solutions can represent instantaneous or averaged values if they are solved by
numerical techniques.

The problem of propagating the multi-mode output along

an optical fibre can then also be tackled.

This is described in Chapter 5.

numerical analysis can be used to simulate the

The

operation of the device under

large signal modulation, and with any arbitrary waveform, which is most
important for systems designers who will usually be modulating the device with
large signal waveforms.
This

section describes both the multi-mode rate equations and a

numerical technique used to solve them to produce the magnitude and phase
frequency response.

In section 4.1

these rate

equations are applied to GaAs

devices, and the effects of the spontaneous emission into

the lasing mode and

lateral carrier diffusion on the damping of the response are described.

The rate

equations are modified in section 4.2 to allow the simulaton of InGaAsP devices
and these results are compared to the small signal analysis of Chapter 3.
section 4.3

harmonic

and

intermodulation

distortion and

described. The simulation for InGaAsP devicesis enlarged

their effects
to include

In
are
these

distortions, and the effects of varying certain parameters on the results is
described.

Conclusions are drawn from the results in section 4.4.

4.2

4.1

The Multi-Mode Rate Equations for GaAs Devices
The single mode rate equations defined by equations (3.19) and (3.20)

together with the gain term described in equation (3.21) can easily be modified
to allow the simulation of a multi-longitudinal mode device.

The number of

modes allowed in the simulation (k) must be greater or equal to the number of
significant modes oscillating in the device.

The multi-mode equations are;

k
dN = J - BN2- V g - ( f j N - Nt )S|
at
ed
i« l
dSi = Tg^fjN - Nt )S|
dt

4.1

- Sjl + Tp . BN2
xp

4.2

where Sj is the photon density in mode i, and the electron lifetime %
has been replaced by 1/gjsj where B is the Bimolecular recombination coefficient.
This term ‘BN2* gives a more accurate simulation of recombination processes.
Of the other possible terms that could be added, (see equation 3.4), ’AN’ can
be

ignored well above threshold, and ’CN3'

is only necessary in longwavelength

(1.3pm, 1.55pm) lasers where Auger recombination has a-noticeable effect.
The function, fj is the gain lineshape function and is used to control
the gain seen by each longitudinal mode. The gain lineshape of the laser is
Lorentzian so the function f} takes the following form;

fi

"

1

- (0[ j 2
FWHm

r© r»

+

1

where co0 is the frequency at which the gain is maximum, C0 j is the
frequency of mode i and FWHM is the full width at half maximum of the gain
lineshape.

4.3

4.1.1 Numerical Solution of the Multi-Mode Rate Equations
These multimode rate equations can be solved by numerical techniques
such as the 4th order Runge Kutta, which is used in this work.

A basic

outline of the computer program used is shown in the flow chart in figure 4.1.
At the start of each run, after the parameters are initialised, various values and
arrays are calculated, such as the cavity mirror losses and the photon lifetime.
These are then used to calculate the threshold current density and threshold
current. The gain lineshape function, fj, is calculated using the required cavity
parameters. Once the initial conditions are set-up, a modulation frequency is
chosen, and the effect of parasitic components is calculated using the analysis
described in section 3.5.1.

The Runge Kutta routine is then used to calculate a

time series of carrier density and total photon density, where the total photon
density is the sum of the photon densities in each mode.

The length of the

time series is such as to allow the response to reach a steady solution.

Once a

stable solution is found, the final part of the time series is used in the Fourier
transform which

splits

up

the

output

waveform

into

its

various

Fourier

components. The result of the Fourier transform give the magnitude and phase
components of the output waveform at the modulation frequency.

The program

repeats this process for a series of modulation frequencies to provide sufficient
points to adequately describe the magnitude and phase frequency response of the
device being simulated.
The time values of the points used in this Fourier transform are chosen
so as to pick the required resolution bandwidth of the transform, in most cases
this is chosen as 50MHz.

There is a compromise between the resolution

bandwidth, which in general should be as small as possible, and the time taken
to compute the extra values needed by the transform.
In order to look at the frequency response of the laser diode, a
4.4

C alculate:
Laser Losses
Photon L ifetim e
Threshold C a r r i e r D ensity
Threshold C urrent D ensity

Setup I n i t i a l C o nditio ns
and Modulation Frequency

Set Bias to achieve
r e q u i r e d O p tic a l Bias Level

C a t u l a t e Applied C u rren t Density
C a l c u l a t e N and Si

Repeat f o r r e q u i r e d time

Take Fourier Transform of the
Final Part of the Output Waveform

W rite r e q u i r e d r e s u l t s t o f i l e

Repeat for all modulation frequencies

END
Figure 4.1 : Flow chart for numerical .solution of multimode rate equations

modulating signal consisting of a d.c. bias plus one sinusoidal signal is used.
The modulation depth is chosen to be the electrical modulation depth above
threshold:
ri =

f-- t o ------JDC - JTH

4 .4

where the modulating signal is given by:
J = ^DC +

• s *n

+ 0(©))

4.5

P(cd) and 0 (co) take into account the parasitic components of the laser
diode and its bond wire.

The model described in section 3.5.1 for the parasitic

equivalent circuit is used in the calculations.

By using the above definition of

modulation depth, the effect of the parasitic components is to decrease the
optical modulation depth [7] as the frequency is increased, which allows the
results to be compared with practical modulation results in which this effect
occurs.

If the parasitic components are reduced to zero the definition for

electrical modulation depth above threshold becomes equivalent to that for the
optical modulation depth.
The results of

the Fourier transform for one particular modulation

frequency can be plotted to show the magnitude of the microwave frequency
components in the light output of the laser.

The components of interest are

those at the modulation frequency and its harmonics. An example
result is shown in figure 4.2.

of such a

The trace shows the received electrical power

versus frequency assuming that the ‘photodetector’ used has a flat frequency
response for a greater bandwidth than the Fourier transform looks at.
result, therefore, mimics the trace that would

This

be expected to be seen on a

microwave spectrum analyser. This trace shows the strength of the numerical
techniques used in the solution, the dynamic range being over 150dB, the
limiting factor being numerical noise.

In practice such a large dynamic range is
4.5

-

0------ 23

i
FREQUBlCr - 6Hz

st

10-1 21-f t-1 71-20

Figure 4.2 : Example of a result of the Fourier transform

impossible to see, as the noise from the laser and detector will swamp these
low level signals.

The computed results can therefore give more insight into the

dynamic behaviour of the devices than practical measurements.
The relevant results of

the Fourier transform ateach

frequency are

stored in a file so that plots can then be made of different parameters versus
modulation frequency.
important being

the

A great variety of graphs can be plotted, the most
laser

magnitude

signal/distortion plots which will

4.1.2

and phase

frequency responses,

and

beexplained in depth in Section 4.3.

Results for GaAs Devices without Lateral

Carrier

Diffusion
The general case parameters used for GaAs devices are shown in table
4.1

The results for magnitude and phase frequency responses using these

parameters for optical bias levels

of 1, 2, 3 and 4mW areshown in figure 4.3.

The optical power density at the

facet for a bias level of4mWis 1.3MW/CIH2

which is over the approximate catastrophic damage limit of GaAs of 1MW/cm2
therefore driving the laser at this level may cause a reduced lifetime or facet
damage.

The results show very strong relaxation resonances, with the height of

the resonance peak rising as the bias level is increased.

The measured heights

of the resonance peaks at die various bias levels are 14dB (lmW), 16.3dB
(2mW), 19.4dB (3mW) and 20.7dB (4mW).

It is therefore obvious that the

damping of the resonance peak

is reduced as the bias level is increased. This

agrees with the assumption that

the spontaneous emission coupling into the lasing

mode provides a damping mechanism on the laser frequency response [12],

The

ratio of spontaneous to stimulated photons in the lasing mode is reduced as the
bias is increased, so reducing the damping effect.
The traces in figure 4.3a rise in magnitude as the bias level increases,
this is to be expected as the modulation depth is kept constant so the input RF
4.6

Table 4.1

General Case Parameter Values for a GaAs laser.
Cavity Length
Active Region Thickness
Active Region Width
Confinement Factor
Internal Losses
Optical Bias Level
Gain Coefficient
Bimolecular Recombination Coeff

P
Nt
Leff

150pm
0.15pm
1 .0 pm
0.5
40cm*1
4mW
3x10* cm3s*1
lO 10 cm3s*1
10*
1 .2 x l 0 18 cm*3
2 pm

Parasitic Component Values Used
R
L
C

70
0.2nH

V
Table 4.2

General Case Parameter Values for an InGaAsP 1.3pm Laser
Cavity Length
Active Region Thickness
Active Region Width
Confinement Factor
Internal Losses
Optical Bias Level
Gain Coefficient
Bimolecular Recombination Coeff
Auger Recombination Coeff
P
Nt
Gain Saturation Coefficient
Parasitic Component Values Used
R
70
L 0.2nH
C lpF

150pm
0.15pm
1.0pm
0.34
25cnrl
lOmW
1.8x10* cm3 s’1
lO 10 cm3s_1
2 x 1029
10*
1.2xl018 cm*3
3 x 10 17
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F igure 4 . 3 : (a ) Magnitude and (b) phase r e s p o n s e s f o r
b i a s l e v e l s o f (1) lmW, (2) 2mW, (3 ) 3mW and (4) 4mW

J

power is also being increased.
The modulation bandwidth of a laser diode can be quoted as either the
resonance peak frequency, or the frequency at which the response has dropped
by 3dB from its value at low frequency.

In this thesis the value quoted will be

the -3dB frequency, which in figure 4.3a is 13.6GHz for a 4mW optical bias
level.

The phase response for this device is shown in figure 4.3b.

The drop in

phase around the resonance frequency is very sharp, which corresponds to the
large size of the resonance peaks.

It is therefore obvious that if the phase

response of an optical link using this device is important, the usable bandwidth
will be restricted to some value below the resonance peak frequency.
The effect of the amount of spontaneous emission coupling into the
lasing mode on the damping of the relaxation resonance is shown in figures 4.4a
and 4.4b.

At the higher bias level of 4mW (4.4a) the spontaneous emission

factor,p, is seen to have almost no effect on the frequency response.
for p =

0 , 1 0 *s

The traces

and IQ4 are almost indistinguishable, and when p is increased

to Iff3, which is unpractically high, the change in the damping of the response
is minimal.

In figure 4.4b the optical bias level is only lmW and the effect of

varying p on the damping of the response can be seen.
resonance peak is reduced from
(p a lfr4) and 12JdB (p * 1 0 -3).

The height of the

18.1dB (p *0) to 17JdB (p -lfr 3), 14.1dB
It is therefore obvious that p can have some

effect on the damping of the frequency response, but only at lower bias levels,
and especially around threshold.

At the high bias levels used for wide

bandwidth devices the effect of p is minimal.

In a digital system biased around

threshold the effect of p will be to increase the damping of the initial transient
response to a pulse of current

4.1.3 The Effect of Lateral Carrier Diffusion
In the previous Section the effect of the amount of spontaneous
emission entering the lasing mode (P) was discussed as a damping mechanism of
4.7
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Figure 4.4 : Effect of spontaneous emission factor for
(a) 4mW bias and (b) lmW bias for values of B of (1) 0,
(2) 1.0 E-5, (3) 1.0 E-4 and (4) 1.0 E-3

the laser frequency response.

Unfortunately, the damping effect for reasonable

values of (5 is not sufficient to agree with the practical results of many GaAs
lasers, especially at higher bias levels.

Lateral carrier diffusion has been

proposed [8-11] as a damping mechanism of the frequency response.

The

analysis presented below follows that of Furuya [11] and Tucker [8 ] in order to
provide a simple addition to the rate equations to take account of lateral carrier
diffusion. The full derivation of this analysis is shown in Appendix B.
The photon and electron densities across the active region are assumed
to take the form:

S (x) = 2S0 cos2

4. 6

(tcx)

W
N(x) = N0 - Njcos ( 2 tcx)
W

4.7

which are shown pictorially in figure 4.5. S(x) and N(x) are placed into
the rate equations to give:

dS(x) * rg(N(x)-Nt )S(x) - S(x) + IB

N(x)

4.8

----------

aN(x) = J ( x ) - N(x) - g (N(x)-Nt )S(x)
37
eel
xn

+ L e ff 2 . 92 N(x) 4.9
tn

The term for lateral carrier diffusion has been added to the carrier
density rate equation, where Leff is the effective carrier diffusion length.

The

injected current density, J(x), is assumed uniform across the activeregion

width

which is reasonable for a buried heterostructure device with a narrow active
region.

Equation (4.8) is integrated across the active region from -W/2 to W/2
to give:
4.8

s

s

-W/2

0

W/2

Figure 4.5 : Profiles of (a) photon and (b) electron
density across the active region

4.10

dSjj = rgC N o-N i-N O So- So_+rg_ N0

dt

-tp

2

tn

The carrier diffusion term in equation (4.9) can be differentiated twice
to become:
Nl
Tn

27cLeff
W

2

cos

2 ?rx

4.11

W

This is placed in the carrier density rate equation which is integrated
across the active region to give:

4.12

dNo = I _ - Nq- g (N0 - N l- Nt ) S0
dt

ed

t

n

The carrier density rate equation (4.9) is differentiated with respect to x
to leave the terms that vary in x.

This leaves a rate equation for N, which is

divided by sin (2ttx/W) and integrated across the active region width to give

dNl - g (N0 - Nj - Nt )SQ - N l . 1 + (2rcLeff ) 2

dt

W

Tn

4.13

There are now three rate equations, one each for SQ, Nc and Nr

In

order to simplify the method of solution it is useful to simplify equation (4.13)
to leave N, as a variable with no differential equation. This is accomplished by
considering the term with the electron lifetime in it.
to give an effective electron lifetime

1_

Tne

=

t

If this term is rearranged

by using:

1 + ( 2nLeff ) 2
W
Ln

4.4

the effective electron lifetime is now found to be much smaller than the
4.9

usual electron lifetime.

For example, if Leff = 2pm, W = 1pm and xn = Ins,

the vaue of Tne is 6.3pS.

It is therefore possible to assume that the derivative

term is zero when this effective lifetime is short compared to the changes in the
modulation waveform. With the derivative set to zero an equation for Np can be
derived as:

4.15

NX = 2e (N0 - Nt ) S0
(1 +
where

e =

2 eS0 )

gxn
4.16
2 (1 + f2*Leff ] 2 )
I
W I

If typical values for e and S0 are considered, the term (1 + 2eS0) can
be seen to be almost unity and so the equation for Nj can be reduced further
to give:

Nj = 2e

(N0 - Nt ) S0

4.17

which can be placed into equations (4.10 and 4.12) to give:
dS0
dt

=r8

dNc
dT

(No - Nt ) (1 - eS0) S0 - J ip
Tp

= J_- Nq
ed xn

+rgNQ
tn

- g (N0 - N, ) (1 - <=S0) S0

4.18

4.19

which can be seen to be the common rate equations with a linear gain
saturation term.

This gain saturation

term takes account of lateral

carrier

diffusion in buried heterstructure lasers with narrowactive regions, and allows
for

an

easy solution by the numericaltechniques previously

described(section

4.1).
The multimode rate equations including the effect of lateral
4.10

carrier

diffusion as an equivalent gain saturation term can be

written as in equations

(4.1) and (4.2), but with the gain term expanded to incude the saturation effect.
It should be noted that the value of photon density used in the saturation term
should be the

total photon density, Sp and not the photon density of the

particular mode being considered.

This is because the

lateral carrier diffusion

effect is due to the shape of the total photon density.
The multimode rate equations including gain saturation can then be
written:

dN = J
eft
ed

dSi
dt

- BN2

k
V g ( f tN - Nt ) ( l - e S T)Sj
. i=l

-

= rg ( f i N - Nt ) ( 1 -eST) Si

S i + rp . BN2

4.20

4.21

TP
ST -

k
I si
i=l

4.22

The effect of varying the ratio of Leff/W on the magnitude and phase
frequency response of a GaAs laser using the parameters in table 4.1 is shown
in figures 4.6a and 4.6b.

The

effective diffusion lengthwill depend upon the

carrier concentration and material quality.

A typical value for Leff in GaAs is

taken as 2pm.

With the active region width W being 1pm the ratio of Leff/W

is varied from

1

(Leff/W=<x>).

to

5,

and compared to a trace neglecting carrier diffusion.

The traces in figure 4.6a show that varying the ratio of Leff/W

has a strong effect on the damping of the laser frequency response. The height
of the resonance peak is reduced from 20.7dB for no diffusion damping to 2dB
for Leff/W=l, with the generalcase value of Leff/W=2 giving a

value

of

11.2dB. The resonance peak frequency and -3dB point are both reduced slightly
as the ratio is decreased. The

traces shown in figure 4.6b show how
4.11
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Figure 4.6 : (a) Magnitude and (b) phase responses for
values or L ^ / W of (l)oo, (2) 5,(3) 2 and (4)1
erf

increased damping effect smoothes out the phase response, with a less abrupt
change occuring around the resonance frequency.
saturation parameter e

The value of the effective gain

given by equation (4.16) is 1.88 x Iff17, using the

general case parameters of table 4.1, and xa = 2ns.

4.1.4

Results for GaAs Devices including Lateral Carrier
Diffusion
The effect of varying the cavity length of the laser diode is shown in

figure 4.7 for cavity lengths of 75pm, 150pm and 300pm.

The resonance peak

is seen to shift to higher frequency as the length is decreased and the damping
of the response is seen to increase.

The height of the resonance peak reduces

from 11.5dB to 9.4dB as the length is decreased from 300pm to 75pm, although
this is partly due to the parasitic components.

The effect of reducing the cavity

length is to decrease the photon lifetime, which is given by:

V 1 “ £n

<Xj + 1 Ln (1)
E
K

4.23

As the photon lifetime is reduced the resonance peak frequency
increases, from the simplified equation for Ij, derived in Section 3.3:

The decrease in cavity length and its effect on the frequency response
is obviously a very important issue in the design of high frequency laser diodes,
leading to higher bandwidth devices. This was shown experimentally by Lau et
al [13].
The optical gain constant is affected by temperature and can also be
increased by the use of multi-quantum well active regions or doping the active
4.12
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Figure 4.7 : Magnitude responses for cavity lengths of
(15 30Oum, (2) 150um and (3) 75um
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Figure 4.8 : Magnitude responses for optical gain values
of (1) 1.0 E-6, (2) 3.0 E-6 and (3) 6.0 E-6

region. The effect of changing this value on the frequency response is shown in
figure 4.8.

As expected from equation (4.24), the resonance peak frequency rises

with the square root of the gain constant, with the resonance peak frequencies
being 5.1GHz (g=10*), 9GHz (g=3 x 10*) and 12.5GHz (g= 6 x 10*). The
damping of the frequency response is seen to increase as the gain constant is
increased, the resonance peak values being 13.5dB (g= 10*), ll.ldB (g= 3 x
10*) and 7.7dB (g= 6 x 10*).

In the case of GaAs lasers, therefore, an increase

in gain constant both increases the bandwidth and the damping of the response.
One of the most important parameters to vary is the modulation depth
of the current waveform to the laser.

This cannot be found from a small signal

analysis (by definition), and, together with the need for a multi-mode analysis is
the main reason why a large signal numerical analysis is necessary. The effects
of varying the modulation depth (T|) are shown in figure 4.9, with traces for T|
= 0.01, 0.1, 0.3, 0.6 and 1.0.

The received power rises by 20dB when r\ is

raised from 0.01 to 0.1, which is as expected as the input R.F. power to the
laser is also raised by 20dB.The received power is therefore proportional
T|2, this also being observed in
increased up to

0 .6 ,

the

general for the other values of r|.

to

As T) is

frequency response remains a similar shape, although

the resonance peak becomes broader, less pronounced, and starts moving down in
frequency.

When

equals unity, the response around the resonance frequency is

seen to saturate and flatten out whilst at frequencies away from the resonance
the response shape stays similar to that at lower modulation depths.

The effect

of varying the modulation depth is therefore to change the received electrical
power by ri2, i.e, the optical received power varies as r\.
around
flattens.

0 .6

Above a value of

the shape of the frequency response distorts and the resonance peak
This may at first look useful, but it is expected that appreciable

amounts of distortion will accompany it.

4.13

6Vte

Magnitude responses for modulation de
0 . 1 , ( 3 ) 0 . 3 , ( 4 ) 0 . 6 and ( 5 ) 1 . 0

4.2

The Multi-Mode Rate Equations for InGaAsP/InP
Devices
The multimode rate equations

used

to simulate the operation of

quaternary 1.3pm and 1.55pm lasers are essentially the same as used for GaAs
devices. The term used to describe carrier loss processes (BN2) must be
expanded to include the effects of Auger recombination, which is much stronger
at these longer wavelengths.
(e.g 1 electron, 3 holes).
valence band and

the

Auger recombination involves four particle states
An electron makes a transition from conduction to

energy

is

transferred

to

either anelectron

conduction band or a hole in the light hole or split-off bands.

in

the

In each case,

the energy is not used to produce a photon, but is lost to the crystal.

Auger

recombination can be included in the carrier loss process equation by adding a
CN3 term, where C is the Auger recombination coefficient.
It is also necessary to add a gain saturation term to the rate equations,
which allows the gain to be reduced for a particular mode as the photon density
in that mode increases.The various phenomena related to this gain saturation are
described in section 5.1.

It has already been shown in Section 4.1.1 that the

effect of lateral carrier diffusion can be simulated by a linear gain saturation
term.

Various other phenomena which can also lead to gain saturation are

described in detail in Section 5.1, with their effects for InGaAsP lasers being
stronger than that of Lateral Carrier Diffusion.

At present, the gain saturation

term is assumed to include all the possible mechanisms, and is described by a
gain term of the form:

Gainmode i

=

g(fiN - Nt ) (1 -eS i)

where e is the gain saturation coefficient.

4.14

4.25

The multimode rate equations for quaternary lasers can then be written:

dN =_J - BN2 - CN3 dt
ed

k
V g ( fj N - Nt ) ( l - e S i )Si
. -

4.26

i=l

dSi= Tg ( fj N - Nt ) ( l - e S i ) S i dt
Tp

+ Tp . BN2

4.27

4.2.1 Magnitude and Phase Frequency Responses
Using the parameters in table 4.2, the magnitude and phase frequency
response can be calculated as described in section 4.1.

The parameters have

been chosen to have the same values as those used in the small signal analysis
in Section 3.3. The important parameter, for which various values have been
quoted, is the gain saturation coefficient. This term has the effect of moving
power from a higher power central mode to the lower power side modes by
reducing the gain seen by the central mode.

This kind of interplay between

modes is not considered by the single mode analysis. The single mode analysis
also assumes that all the photons are in one high power mode, so that the effect
of the gain saturation is much larger than actually seen by any one mode.

The

effect is to provide a much stronger damping in the single mode analysis than
in the multi-mode equivalent for

the same value of gain saturation coefficient.

This is fully illustrated in figure 4.10a which shows traces for values of the
gain saturation coefficient of 0,0.5 x 1047 1.0 x 10-17, 3 x 1047 and

6

x 1047.

A comparison can be made of these traces and trace (2) of figure 3.13a, which
shows the response (after a small signal single mode analysis) using the common
parameters and including the same parasitic components, but with a value for e
of 1.0 x 1047. : The height of

the resonance peak in the single mode small

signal analysis is 5.3dB whereas

for the same value of e
4.15

in the multi-mode
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Figure 4.10 : (a) Magnitude and (b) phase responses for
gain saturation coefficients of (1) 0, (2) 0.5 E-17,
(3) 1.0 E-17, (4) 3.0 E-17 and (5) 6.0 E-17

analysis the height is 10.8dB.

Using the multi-mode analysis, even a value for

€ of 3 x lO 17 gives a 6.1dB resonance peak, showing that the results of the
two analyses are incompatible when the same values of e are used.

As the

multi-mode analysis provides a more realistic analysis of laser diode operation, it
must be concluded that the gain saturation coefficient found by fitting these
responses to practical measurements is correct The value found by fitting to a
single

mode

analysis

is,

therefore,

only

an

effective

value

due

to

the

inadequacies of the analysis.
The response in figure 4.10a with the closest fit to
results is that for e
analyses.

= 3 x

1 0 17,

various practical

so this value is used in the following

The results should therefore be comparable with those of the small

signal analysis shown in figures 3.4 to 3.8, although the parasitic components are
not included in these small signal results.
The phase responses for the various values of € are shown in figure
4.10b, these show how the increase in gain saturation smoothes out the phase
response of the laser.
The difference between the multi-mode and single-mode analysis is
highlighted in figure 4.11.

This shows the normal multi-mode trace which

allows seven modes in the analysis, and a trace using the same analysis but
restricting the number of modes to one. The gain saturation coefficient, e , is 3
x

10~17

in both cases but the large

differencein responsesis apparent. The

single mode case shows an overdamped response, which agrees with the small
signal single mode analysis, whilst the multi-mode case has a 6.1dB resonance
peak. The phase response for the same cases (figure 4.11b) shows a much
smoother, almost linear response for the single

mode case which could be

misleading to a designer using this information for systems design.
The traces in figure 4.12 are for valuesof the optical bias power of
5mW, lOmW and 20mW. Hie frequencies at the resonance peaks are 7.4GHz
4.16
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Figure 4.12 : Magnitude responses for optical bias levels
of (1) 5mW, (2) lOmW and (3) 20mW
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F ig u re 4 . 1 3 : Magnitude r e s p o n s e s f o r c a v i t y l e n g t h s o f
Cl) 300um, (2 ) 150um and ( 3 ) 75um

(5mW), 10.15GHz (10mW) and 13.8GHz (20mW).

These values areclose

to

the expected variations in resonance peak frequency where
fr a / PQ, but as the power increases the resonance peaks drop to slightly lower
frequencies than expected from equation (4.24).

In the case

of strong gain

saturation then equation (3.39) better describes how the resonance peak should
decrease in frequency than that expected from equation (4.24):

fp

-

!_

/

2* J

g S p (l-eS 0 )

4.28

tp

The damping is also seen to increase as the optical bias level is raised.
This offers both the desired effects of increasing the bandwidth and the damping
level.
The effect of varying the cavity length of a device is increased when
strong gain saturation also occurs. This is because a shorter cavity device has a
wider mode spacing and therefore the central mode is more dominant than in the
case of a longer cavity laser.
leads

The high photon density in the central mode

to a higher level of gain saturation and therefore more damping of the

response.

This effect is seen in figure 4.13, in which traces are shown for

cavity lengths of

7 5 fim,

150pm and 300pm. The damping effect is seen to

increase dramatically as the cavity length is shortened, an observation that is not
seen nearly so strongly in the results of the small signal single mode analysis.
This result, therefore, shows another example of the deficiences of the small
signal

single mode analysis when applied to multi-mode lasers with appreciable

gain saturation. This shows that not only is the gain saturation coefficient found
from a single mode analysis an effective value, but that it should vary with
cavity length (or mode spacing).
In figure 4.14 the tracesshow the responses for values of the optical
gain constant of 106, 1.8x 106 and 3 x 10*.
4.17

The frequencies at the resonance

■\

•

deP

peaks are 7.55 GHz (g=10*), 10.2GHz (g=1.8 x 106) and 13.1GHz (g= 3x1a6),
this variation agrees well with the design equation (3.40) which gives fr a /g.
The size of the resonance peaks does not vary appreciably, whereas the small
signal analysis showed a definite trend towards a smaller damping factor as the
gain is increased.

4.2.2

The effect of Modulation Depth on the Magnitude
Response
The effect of varying the modulation depth, T|, is shown in figure 4.15.

Traces are shown for r) * 0.01, 0.1, 0.3, 0.6, 1.0, 2.0 and 3.0.
modulation depths up to

0 .6

The traces for

look similar in shape, and the rise in magnitude as

r| is increased is proportional to i f , or the RF power into the laser.
however noticeable that for q *

0 .6

the response is starting to flatten around the

resonance frequency, with the peak moving towards a lower frequency.
modulation
response is

depth is

It is,

increased further, up to very large

seen to flatten and saturate.

As the

signal values, the

The rise in the magnitude response

fails to keep up with the i f variation at frequencies up to and just beyond the
resonance frequency.

At high frequencies the response keeps rising with the i f

variation even up to a modulation depth of 3.

This is easily understood when

the effects of the parasitic components are considered, their effect being to
reduce the modulation depth applied to the intrinsic laser device as the frequency
is increased.

This means that the actual modulation depth of current flowing

through the active region is lower as the frequency is increased. This makes the
simulation closer to the practical situation in which this effect occurs.

The

saturation and distortion of the frequency response shape at high modulation
depths is expected to give rise to increased levels of distortion in the output
waveform of the device.
In

order to appreciate how the
4.18

response saturates as the modulation

depth is increased, various traces have been plotted for a particular frequency
with the modulation depth as a variable.

In a practical situation the input RF

power to the laser is varied, so the plots in figure 4.16 show the input power
to the device versus the electrical received power at a photodetector. The input
power is defined as:

P in - 10 lo g 1 0 Ol2 )

(dB)

4.29

so that OdB is the power for a modulation depth of 1.0, the range of
modulation depths is therefore from 0.01 to 10.0.

Four different values of

frequency have been chosen, one at a low frequency (1GHz), one at the
resonance peak, one at half resonance and the final one at a frequency above
the resonance peak (15GHz).

The four traces in figure 4.16 show how the

response at each of these frequencies saturates as the input power is increased.
At lower input powers, the response at the resonance peak gives the largest
output power, as expected, followed by that at half resonance, the 1GHz trace
and then the 15GHz trace.

The output power rises at the same rate as the

input power in all traces until just before the input power reaches OdB.

At this

point the response at the resonance peak frequency saturates, and the trace kinks,
before starting to rise again in a linear way, but with the output power rising
less than the equivalent increment in input power.
A similar, but less strong kink is seen for the response at half the
resonance frequency, but this occurs at an input power of just over Odb, slight
kinks are also seen in the responses at 1GHz and 15GHz.
At the maximum input power of 20dB the responses at all the
frequencies are getting much closer to the same value of output power, which
for the response at the resonance frequency is 11.2dB lower than would be
expected if the output power increased in pace with the input power.

The next

section deals with the calculation of distortion signals and how different laser
4.19
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Figure 4.16 : Output power versus input power for
modulation at (1) 1GHz, (2) half resonance frequency,
(3) resonance frequency and (4) 15GHz

parameters affect the levels of distortion.

4.3

Harmonic and Intermodulation Distortion in 1.3|xm
InGaAsp Laser Diodes
The numerical technique described in Section 4.1 for calculating the

magnitude and phase frequency response of a multi-mode
expanded to allow the calculation of distortion.

laser can easily be

Harmonic and intermodulation

distortion are two crucial performance parameters of laser diodes in determining
their utility in wide bandwidth analogue links.

Previous investigations into the

distortion introduced by laser diodes have mainly been concerned with harmonic
distortion in GaAs laser diodes [14-17].

Lau and Yariv [18] looked practically

at intermodulation distortion in GaAs lasers and tied in these results with a
small signal solution of therate equations. Similar work

was carried out on

1.3pm InGaAsP laser diodes [19] using the same small signal single mode
approach. The large signal nonlinear distortions from a single mode GaAs laser
have also been simulated using an equivalent circuit model. [2 0 ].
If a single sinusoid is applied to the laser diode with a frequency f,,
then harmonics of this frequency will be generated by the laser at

2 f,

(2 nd

harmonic), 3ft, (3rd Harmonic) etc. These harmonics may lie in the frequency
band over which the system is designed to operate, so it is necessary that the
level of harmonic distortion
designed.

to be expected is known when a system is being

It is also possible to find the crucial parameters which affect

harmonic distortion by running a simulation with various parameter values.
Intermodulation distortion occurs when two or more sinusoidal signals
are applied to a device.

The output waveform includes harmonics, sum and

difference signals at ^ - fj and f^ + ft, and also third order products at
f, and 2ft - f2.

These signals are shown schematically in figure 4.17.

2*2

-

In the

analysis to calculate intermodulation distortion, two sinusoidal components of
4.20
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Figure 4.17 : Schematics of (a) two modulation signals and
(b) the distortion components generated

equal magnitude are added to the d.c bias.
has been used,

A frequency spacing of 100MHz

so that with the 50MHz resolution bandwidth of the Fourier

transform the two signals can be separated in plots of the output spectrum.
Various other spacings from 50MHz to 400MHz were tried and the results in
each case were found to be the same. The modulation depth quoted

for the

intermodulation distortion in this thesis is that of one sinusoid only, but because
two sinusoids of this magnitude are present the modulation depth value could be
doubled.
Fourier

Four examples of the magnitude Fourier spectra produced
transform

are

shown

modulations depths each of 0.1

in figures

4.18a-d for

two

by the

sinusoids

with

(a,c) and 1.0 (b,d). The traces are taken for

ft=2GHz, f2=2.1GHz (a,b) and fj=10GHz, fj* 10.1GHz (c,d), and show how the
distortion products increase as the modulation depth is increased. The third order
intermodulation products at

2^

- fp and

2 fj

- fj are the ones of interest, as

they will in general be within the frequency band of interest if the two
sinusoidal components at fj and ^ are close together. The traces show that many
higher orders ofintermodulatioQ products are
modulation depth

produced by the laser as

the

is increased. The computed results give a great insight into

intermodulation distortion products (intermods) that cannot be seen in a practical
set-up as the noise level will swamp the low level signals.
Using the results from the Fourier transform, the frequency components
of interest, such

as harmonics and intermods, can be stored in a file.

As

before, the file holds the values of these frequency components as the driving
signal is varied in frequency from 1GHz to 25GHz.

It is then possible to

calculate ratios such as the signal/2nd Harmonic, signal/3rd harmonic etc and
signal/mtermod.

The values of these ratios can then be plotted to give graphs

of signatyharmonic distortion and signal/intennod distortion against frequency.
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Figure 4.18 : Fourier spectra of distortion components for
modulation at 2GHz and 2.1GHz, and modulation depths of
(a) 0.1 and (b) 1.0
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Figure 4.18 : Fourier spectra of distortion components for
modulation at 10GHz and 10.1GHz, and modulation depths of
( c ) 0 . 1 and (d) 1 .0

4.3.1 Signal/Distortion Frequency Responses
Using the
table

typical parameter values for a 1.3pm laser diode given in

4.2 the traces in figure 4.19a show

harmonic and signal/4th harmonic ratios.

the signal/2nd harmonic, signal/3rd
The second harmonic is seen to be

60dB below the fundamental at a modulation frequency of 1GHz, this falls to a
minimum of

2 0 dB

at just over half the resonance frequency, rises slightly then

falls to another minimum of 20dB at the resonance frequency.
resonance frequency the curve rises up towards 45dB at 25GHz.

Above the
Similar shaped

traces are seen for the signal to 3rd and 4th harmonics, although the first
minimum is stretched towards lower frequencies, and in the case of the 4th
harmonic splits into two minima.
It can be expected that minima in the signal/harmonic distortion curves
will occur for modulation at 1/3 fr for the 3rd harmonic, and at }fr and £fr for
the 4th harmonic as the harmonic components are coincident with the resonant
peak.

In the case of modulation at £fr, the 2nd harmonic is at the resonance

frequency, and

will

therefore excite the 4thharmonic. This agrees well with the

theoretical results.

It is noticeable that the 2nd harmonic level is high (-20dBc)

from around

resonance

half

to

above

the

resonance

frequency

with

the

modulation depth being only 0.1. This high level of harmonic distortion is of
major concern to designers of wide-band systems in which harmonics of signals
at the lower end of the band may be within the upper limits of the band.
example is the commonly used military band from

6 GHz

One

to 18GHz, in which

harmonics of signals from 6-9GHz will be within the band.
In figure 4.19b traces are shown for the signal to second harmonic
distortion for cases of (a) multi-mode oscillation and (b) restricting the number
of modes to one. The very large effect of the single mode assumption is
evident, with distortion levels in this case reduced from -23dBC to -37dBC.
The shape of the curve has also changed, it is now much smoother with one
4.22
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Figure 4.19a : Traces of (1) signal/2nd harmonic ratio,
(2) signal/3rd harmonic ratio and (3) signal/4th harmonic
ratio versus modulation frequency
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Figure 4.19b : Traces of signal/2nd harmonic ratio versus
frequency for (1) multi-mode oscillation and (2) single
mode operation

minima at just over the half resonance frequency.

This result is due to the

overdamped response found by using the single mode assumption with the same
vaue of gain saturation as used in the multi-mode case.
The signal/intermod distortion trace for the general case parameters is
shown in figure 4.20, together with the result after restricting the number of
modes

in

the

calculation

to

one.

The

general

case

trace

has

a

high

signal/intermod ratio (83dB) at low frequency, which decreases linearly to a
minimum of 54dB at around half of the resonance frequency.
slightly then drops down to a second minimum

The ratio flattens

(40dB) at the resonance

frequency above which the ratio rises to 90dB at 25GHz.

The shape of the

signal/intermod ratio therefore has its first, smaller minimum, at half the
resonance frequency and a much larger

m in im u m

at the resonance frequency.

In

contrast, the signal/harmonic distortion ratio has two minima of equal magnitude
at these frequencies. The single mode assumption has a similar effect on the
signal/intermod ratio as in the harmonic case, smoothing the curve and reducing
the distortion level appreciably.
The effect of varying the gain saturation coefficient, € ,

on the

magnitude and phase response of the device was shown in figures 4.10a,b.

The

corresponding curves for signal/harmonic distortion and signal/intermod distortion
are shown in figures 4.21a,b.

When the value of e is set to zero, the traces

show very pronounced peaks in distortion at the resonance and half resonance
frequencies.

As €

is increased the responses become smoother and the

distortion decreases. For the signal/harmonic case, the low values of e lead to a
definite two peaked response, which becomes one large minimum as e increases.
The value of the signal/intermod distortion ratio at the resonance frequency
undergoes a very large change as € is varied. For e= 0 a ratio of 7.9dB occurs,
which increases to 41.5dB as € is increased to

6

x Iff17.

The level of gain

saturation therefore has a great effect on the distortion levels of laser diodes.
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Figure 4,20 : Traces of signal/intermod ratio versus
frequency for (1) multi-mode operation and (2) single mode
operation
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Figure 4.21 : Traces of (a) signal/2nd harmonic ratio and
(b)signal/intermod ratio versus frequency for values of
the gain saturation coefficient of (1) 0.0, (2) 0.5 E-17,
(3) 1.0 E-17, (4) 3.0 E-17 and (5) 6.0 E-17

the case of GaAs lasers which are not seen to exhibit such a gain saturation
(unless considering lateral carrier diffusion as a gain saturation), and in general
have responses with larger resonance peaks than InGaAsP lasers, the levels of
distortion are expectedto be higher, especially at the resonance

and half

resonance frequencies.
Varying the optical bias level is the simplest way of changing the
frequency response of a high bandwidth laser (figure 4.12).
on the signal/distortion

The effect of this

responses are shown in figures 4.22a,b for the same

optical bias levels of 5mW, lOmW and 20mW. These traces show that a slight
improvement in signal/distortion ratio is seen at the resonance and half resonance
frequencies due to an increased level of damping with increasing bias. At the
lower frequencies a large change in signal/distortion ratio is seen. This is
because the increase in bias pulls the response shape up to higher frequencies,
leaving lower distortion levels at low frequencies. The opposite is, however, true
at frequencies above the resonance frequency which see higher distortion levels
for the same reason.

Using this information it would be possible to design a

narrowband analogue transmission system at, say 5GHz, and calculate what bias
level is necessary to give the required signal/intermod distortion ratio.
One major design parameter that can easily be altered is the laser cavity
length, and the large effect that this has on the magnitude frequency response of
the device is shown in figure 4.13. The signal/distortion ratio responses are
shown in figures 4.23a,b.

The reduction of cavity length is seen to considerably

improve

response around

the

distortion

the resonance

and

half resonance

frequencies and at low frequencies. Above the resonance frequency the response
becomes worse for a shorter laser. The effects of reducing the cavity length are
therefore to increase the bandwidth of the device, reduce the resonance peak in
the magnitude response and reduce the levels of harmonic and intermodulation
distortion.

In the traces shown in figures 4.23a,b the worst case signal/2nd
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Fig u re 4 . 2 2 : Traces o f (a ) s i g n a l / 2 n d harmonic r a t i o and
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Figure 4.23 : Traces of (a) signal/2nd harmonic ratio and
(b) signal/intermod ratio versus frequency for cavity
lengths of (1) 300um, (2) 150um and (3) 75um

harmonic ratio is shown to increase by 6.4dB as the length is reduced from
300pm to
20.3dB.

7 5 |im,

whilst the signal/intermod distortion ratio is reduced

by

The reduced distortion levels are due in part to an increased gain

saturation effect This occurs because of a higher photon density in the dominant
central mode, which is itself due to the larger mode spacing of a short cavity
device.

The gain saturation term (l-€ Sj) is dependant upon the photon density

in the longitudinal mode of interest, and so the saturation seen by the central
mode of a short cavity laser is stronger than for a longer device.
When the optical gain coefficient, g, is varied (figure 4.24 a,b) the
effect on the shape of the signal/distortion responses is small.

Increasing g

leads to a higher resonance frequency, so the response shape is pulled up in
frequency, therefore, leaving lower distortion levels at low frequencies
increasing distortion above the resonance frequency.

and

The worst case values of

the signal/distortion responses are found at the resonance and half resonance
frequencies for

2 nd

harmonic distortion and at the resonance frequency

intermodulation distortion.

for

These worst case values are almost the same for each

value of gain, being slightly better for the lowest value of gain used (1 .0 x
10*). The effect of raising the optical gain constant is, therefore, to increase the
bandwidth of the device with little effect on the shape of the signal/distortion
responses, apart from a shift up to higher frequencies.

4.3.2

The Effect of Modulation Depthon Signal/Distortion
Responses
A

depth, r).

very importantparameter to systems designers is the modulation
A thorough understanding of the effect of this parameter on harmonic

and intermodulation distortion is needed before fibre optic links can be designed.
In

figures

4.25a,b

traces

are

shown

ofthe

signal/2nd

harmonic

signal/intermod distortion for various values of the modulation depth
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Figure 4.24 : Traces of (a) signal/2nd harmonic ratio and
(b) signal/intermod ratio versus frequency for optical
gain values of (1) 1.0 E-6, (2) 1.8 E-6 and (3) 3.0 E-6

shape of both curves remain similar for values of q up to about

0 .6 ,

with this

shape moving down the graph as the modulation depth is increased.

As the

modulation

depthis increased from

reduces by 20dB.

The value

0 .0 1

to

0 .1

the

signal/2 nd harmonic ratio

of the signal will increaseby 20dB in this case, so

the 2nd harmonic component must rise by 40dB to give an overall decrease in
the ratio of 20dB. This means that, whilst the signal power level increase is
proportional to r\2, the

2 nd

harmonic distortion component rises proportional to

r)4, and therefore, the signal/2 nd harmonic distortion ratio decreases in proportion
to T}2. When

the

modulation

depth

is

increased

to

unity

and

above,

the

signal/2 nd harmonic ratio stops reducing as fast as expected, and saturates at a
value above OdB.
The signal/intermod distortion traces shown in figure 4.25b have a
similar shape for modulation depths up to 0.3, with the trace for T|=0.6 showing
marked differences. The ratio decreases by 40dB as r| is increased from 0.01 to
0 .1 ,

showing that the intermodulation products rise proportional to rtf whilst the

signal/intermod distortion ratio decreases in proportion to rf.
distortion ratio saturates at a value of about 20dB at

The signal/intermod

frequencies above the

resonance frequency and below the half resonance frequency.
The changes in the signal/distortion ratios as the modulation depth is
varied are

againillustrated in figures 4.26-4.28 which show graphs of these

ratios versus the input power to the laser as described by equation (4.29).
figure 4.26 the signal/2nd harmonic ratio is plotted

In

versus input power for

frequencies of 1GHz, half resonance frequency, resonance frequency and above
the resonance frequency (15GHz).

The most dramatic change in the ratio is

seen in the low frequency (1GHz) trace, which falls linearly as the input power
rises to about -2dB, at which point the ratio is 45dB, it then falls down to
16dB (29dB drop) for an increase in input power of only
very large increase in

2 nd

6 dB.

This sudden,

harmonic level must prohibit the use of modulation
4.26
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Figure 4.25 : Traces of (a) signal/2nd harmonic ratio and
(b) signal/intermod ratio versus frequency for modulation
depths of (1) 0.01, (2) 0.1, (3) 0.3, (4) 0.6, (5) 1.0,
(6) 2.0 and (7) 3.0
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Figure 4.26 : Traces of signal/2nd harmonic ratio versus
input power (OdB = modulation depth of 1.0) at modulation
frequencies of (1) 1GHz, (2) half resonance frequency,
(3) resonance frequency and (4) 15GHz

depths of 0.7 (-3dB) or over in an optical link that requires low levels of 2nd
harmonic distortion.

The lowest values of the signal/2nd harmonic ratio are seen

for the traces at the resonance and half resonance frequencies, which follow the
same linear curve until the input power almost reaches OdB. The trace for the
resonance frequency then flattens out, whilst the trace for the half resonance
frequency continues linearly downwards until the input power reaches +4dB, then
the trace actually goes back up slightly.

The high frequency trace (15GHz)

follows the same linear fall (proportional to r)2) as the other traces for low input
powers.

When the input power reaches +3dB the slope of this trace flattens out

slightly but remains linear up to +20dB input power. These results show that the
2 nd

harmonic distortion level rises linearly with input power until a modulation

depth of around 0.7.

In this case the amount of distortion can be estimated by

sliding the signal/2 nd harmonic distortion versus frequency curve
4.25a) up or down the graph by an amount proportional to Tp.

shape (figure
For modulation

depths above 0.7 it is necessary to calculate the response at many points and
show the results graphically (as in figure 4.26).
The levels of the higher order 3rd or 4th harmonics may also be of
interest to systems designers.

In figures 4.27a-d the signal/2nd harmonic,

signal/3rd harmonic and signal/4th harmonic ratios are plotted against the input
power to the laser at

1GHz

(a), half resonance frequency (b),

frequency (c) and above resonance (15GHz) (d).

resonance

From the traces it is found

that the second harmonic level varies proportional to T p , the third harmonic r |6
and the fourth harmonic T p .

The signal level varies proportional to T p so

therefore the signal/2nd harmonic level changes proportional to r p , signal/3rd
harmonic proportional to

tp and signal/4th harmonic proportional to Tp.

linear variation of harmonic power to input power level occurs until
the 1GHz graph (figure 4.27a)
components is equal.

at which point the level of the 3

11* 0 .7

This
for

harmonic

The signal/harmonic ratios then stay equal and drop about
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Figure 4.27 : Traces for modulation at (a) 1GHz and
(b) half resonance frequency of (1) signal/2nd harmonic
ratio, (2) signal/3rd harmonic ratio and (3) signal/4th
harmonic ratio
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Figure 4.27 : Traces for modulation at (c) the resonance
frequency and (d) 15GHz of (1) signal/2nd harmonic ratio,
(2) signal/3rd harmonic ratio and (3) signal/4th harmonic
ratio

30dB whilst the input power varies only 6 dB, then the signal/2nd harmonic ratio
reduces slightly and flattens out whilst the other two ratios rise slightly.

For

the signal/harmonic ratios at the other three frequencies the results are similar
(figures 4.27 b-d).

The traces fall linearly, as described earlier, until at a level

of input power of around 4dB (b & d) or OdB (c) the traces change slope, and
in the case of the half resonance frequency the traces rise up slightly.

In

figures 4.27 b-d, the traces for signal/2nd harmonic, signal/3rd harmonic

and

signal/4th harmonic ratios do not overlap as in the 1GHz traces, and do not
exhibit the large drop in signal/harmonic ratio that is also seen in this case. The
previous results of signal/harmonic distortion ratios versus input power show a
linear rise in harmonic power with input power up to a certain level, above
which the level of harmonic power seems to saturate.

This is true of frequency

values at half resonance, the resonance frequency, and above, but the response at
low frequency (1GHz) shows a dramatic drop in signal/harmonic ratio at input
powers from -2dB to 4dB.
The signal/intermod distortion versus input power responses at 1GHz,
half resonance frequency, resonance frequency and above resonance (15GHz) are
shown in figure 4.28.

The most dramatic effect is, again, seen in the trace for

a modulation frequency of 1GHz.

All the traces drop linearly at a rate

proportional to ij4 for input powers of less than -7dB, showing that the
intermodulation signals must vary in proportion to rf .

At about -7dB the trace

for 1GHz begins a sudden drop of 38.5dB for a raise in input power of only
8.2dB. This

is

a

similar

change

signal/harmonic ratios at 1GHz.

to

that

seen

in

figure

for

the

It must be noted that for intermodulation results

the input power is calculated from

the value of one sinusoid only, at the OdB

point the modulation depths of the applied sinusoids are both
power could be called +3dB.

4.26

1 .0 ,

so the total

Similarly, at -7dB the modulation depths of both

sinusoids are 0.45, but the effective modulation depth of the resultant of the two
4.28
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Figure 4.28 : Traces of signal/intermod ratio versus input
power at modulation frequencies of (1) 1GHz, (2) half
resonance frequency, (3) resonance frequency and (4) 15GHz

sinusoids is 0.63.

The sudden drop in signal/intermod distortion at 1GHz for

modulation depths of greater than 0.45 will in practice limit the levels of signals
allowable in fibre optic systems where intermodulation distortion is important
The four traces in figure 4.28 undergo various kinks as the power is raised from
-7dB to +20dB.

The trace at high frequency (15GHz) actually gives the worst

value of signal/intermod distortion at +20dB, showing that as the input power
rises to very high levels, frequencies above resonance give poor intermodulation
results, whereas below resonance the values of the ratio are higher.

It is

possible to use graphs such as in figure 4.28 and 4.26 as design curves when
working out the feasibility of a fibre-optic system, together with the various
other results shown in this section.
In this section the rise in harmonic and intermodulation distortion signals
has been described in terms of the modulation depth

T|.

If the

actual input

power to the laser (Pin) from equation (4.29) is used, the output power at the
modulation frequency is found to vary in proportion to Pin for lower values of
input power.

The 2nd harmonic level varies in proportion to Pin2, the 3rd

harmonic, Pin3 and the fourth, Pin*, whilst the level of intermodulation distortion
varies in

proportion

to

Pin?.

(NB:

The

components of

interest

intermodulation distortion are the 3rd order signals at 2co^ - co^ and

2 oc^-

for
co,.

The 3rd harmonic is also a 3rd order signal and, as expected, varies in the
same way as the intermodulation distortion.)

The signal/2nd harmonic therefore

varies in proportion to Pin, signal/3rd harmonic, Pis?, signal/4th harmonic, Pis?,
and signal/intermod ratio, Pin2.

4.4 Conclusions
In this chapter the multimode

rate equations have been derived and

applied to both GaAs and 1.3pm InGaAsP laser diodes. These equations are
solved using numerical

techniques tosimulate the operation of the device,
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followed by a Fourier transform to separate the various frequency components in
the output of the device.

The basic magnitude frequency response of the device

shows a second order response, which is underdamped and therefore exhibits a
peak in the response at the resonance frequency.

The value of the damping

constant, and the physical mechanisms behind it are of great importance in the
design of such devices, in order to optimise the response shape.
For GaAs devices, the spontaneous emission coupling into the lasing
mode is shown to exhibit a damping effect on the frequency response, but the
effect is quite weak, especially at high bias levels.

The effect of lateral carrier

diffusion and spatial hole burning can be expressed as a linear gain saturation
term after various simplifying assumptions are made.

This then leads to a

strong damping effect, which depends on the effective diffusion length in the
active region and the active region width.

Shortening the cavity length or

increasing the gain or optical bias level increases the resonance frequency of the
device.

The increase in gain brings also an increase in the damping level of

the response, whereas shortening the device has little effect on the damping.

As

the modulation depth is increased the received power varies in proportion to xf
(or Power input), up to a value of about

tj-0 .6 ,

above which the resonance peak

becomes broadened and flattened and moves down in frequency.
The rate equations for InGaAsP laser diodes include a gain saturation
term, with the saturation coefficient, e , being a fitting parameter when comparing
practical and theoretical results.

The multi-mode analysis gives a higher value

for € than an equivalent single mode analysis, due to the inherent inadequacies
of the single mode analysis.

The saturation is much stronger in the single mode

case because all the photons are assumed to be in one mode, therefore the term
*€ S’ is larger than seen by any one mode in the multi-mode anlysis.

The

effect of multi-longitudianl modes, and the power distribution between them, on
the gain saturation and therefore damping of the response cannot be modelled by
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the single-mode rate equations.

This effect is confirmed in figure 4.13 in which

the cavity length is varied.

As the cavity length

is

shortened, the mode

spacing is enlarged, this leads to a larger amount of power in the dominant
central mode and therefore a stronger damping effect for shorter devices.

In the

single mode analysis this is not modelled, so the fitting parameter e should
therefore be a function of cavity length - which no author has yet used.

As

the optical bias level is increased the damping also increases due to larger gain
saturation effects.

Varying the gain constant does not appreciably alter the

heights of the resonance peaks, whereas the small signal single mode analysis
shows the heights increasing (and damping reducing) as the gain is increased.
The input

to output power graph, with frequency as a parameter (figure 4.16),

showshow

the

approaches unity.

output power

starts

to

saturate

as

the

modulation

depth

The trace at the resonance frequency saturates first at about

-5.2dB (r|=0J5) followed by the other traces at around OdB (11= 1 .0 ).

The four

traces eventually start to rise again, but at a lower slope efficiency than for r)
less than unity.
The levels of harmonic and intermodulationdistortion are calculated in
Section 4.3 for 1.3pm InGaAsP laser diodes. The trace of the signal/2nd
harmonic response versus frequency has two equal minima at resonance and half
resonance frequencies as shown in figure 4.19b, whilst the signal/intermod
distortion ratio has a largeminima at the resonance
one at the half resonance frequency (figure 4.20).

frequency with a smaller

An increase in gain saturation

(or any damping mechanism) reduces the levels of distortion and smoothes out
the signal/distortion curves.

The increase in optical bias level or the decrease in

cavity length both increase the resonance frequency and reduce the levels of
distortion produced by the device.
As the modulation depth is increased, the 2nd harmonic power level
rises in proportion to r f , 3rd harmonic, Tf and 4th harmonic, i f .
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The 3rd

order intermodulation distortion level rises in proportion to T)6 as does the 3rd
order harmonic.

When the modulation depth approaches unity the linear

variation in signal/distortion ratios stops and various kinks and curves are seen,
(figures 4.26-4.28).

The most interesting result occurs at low frequency (1GHz),

the frequency range many current systems are using.

The signal/distortion ratio

values start very high at 1GHz for low input powers, and reduce linearly as the
input power

is

increased.

At

a

value

of

input

power

of

-2dB

the

signal/harmonic ratios drop dramatically for only a small increase in power,
similarly the signal/intermod distortion ratio drops dramatically for input powers
above -7dB.

This will put a limit on input power levels in a system in which

low levels of harmonic or intermodulation distortion are needed.
In the next section the various phenomena leading to gain saturation in
InGaAsP laser devices are described, and a more complete expression used to
calculate the effect of gain saturation.
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CHAPTER 5
Gain Saturation, Mode Spectra and Fibre Propagation
In the previous two chapters a gain saturation effect has been included
in the rate equations to account for the damping of the frequency response of
laser diodes seen in experimental results.

This is of particular importance for

long wavelength quaternary lasers in which the damping effect is very strong.
The various mechanisms that can give rise to a gain saturation are described in
section 5.1.

These

include

spatial

hole

burning

in

both

the

lateral

and

longitudinal directions, spectral hole burning and non-linear absorption.
In this chapter the gain saturation mechanisms are described, followed
by an analysis of the rate equations using a gain saturation matrix.

The output

mode spectra of the device are described for both the different gain saturation
analyses.

These results are then used to find the effect of propagating the

output waveform along an optical fibre.

5.1 Gain Saturation Mechanisms
There has been much work on both the causes of non-linear gain and
gain saturation [1 - 10 ], and also on the effects they may have on the laser
operation [11-14].

These gain saturation effects should not be confused with the

basic gain saturation or gain clamping that occurs in all lasers, which is
described in the following paragraphs.
In the laser material the pumping mechanism will establish a population
inversion, which has a value No in the absence of an optical field.
presence of the optical field induces

2 ->l

The

and l ->2 transitions at rates proportional

to the carrier densities N2 and Nt of the two levels.

For population inversion,

N2 Nt, so more atoms are induced to undergo 2->l transitions than l->2.

The

new equilibrium population is therefore smaller than No due to the presence of
the optical field.

This reduction in population inversion and therefore of the

optical gain coefficient by the presence of an electromagnetic field is called gain
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saturation. This gain saturation keeps the round trip gain of the cavity to unity
so that steady state oscillation can occur.

The value of gain can be calculated

[15] for both the homogeneously (equation 5.1) and inhomogeneously (equation
5.2) broadened cases to be:
g (» ) =

g0>) =

gn 0>)
1 + I v / i s („)

5.1

gn W ______________________
/ (i+ I V/ I S(V)
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where g^u) is the unsaturated gain coefficient, Iv is the optical intensity
and ^(u) is the saturation intensity.

This gain saturation mechanism is due to

the reduction in carrier because of stimulated emission, and is fully described by
a solution of the normal rate equations. (3.19, 3.20).

The use of a gain

parameter of the form of equation (5.1) by Channin [16] in the rate equations to
include this effect was therefore inherently incorrect, although the results can be
taken to indicate the effect of other gain saturation mechanisms not accounted
for in the rate equations.
The gain

saturation mechanisms not included in the normal rate

equations are described in the following sections.

5.1.1 Spatial Hole Buring
In the active region of a laser diode the optical field has points at which it
reaches a maximum value.

At these points, a higher level of stimulated

emission therefore occurs, which leads to a local reduction in carrier density.
The effect of carrier diffusion is to try and keep the carrier distribution at a
constant level, but a steady state is reached in which a dip in carrier density
occurs at the maxima in the optical field. This effect is called spatial hole
burning, in which a hole or dip is burnt in the carrier density profile by the
optical field.
In the longitudinal direction, parallel to the optical axis of the device,
5 .2

the

standing wave nature of the optical mode leads to peaks

in the field.

Spatial hole burning in this context (figure 5.0) leads to a reduction in gain for
the mode in question, and therefore allows other modes to reach threshold.

This

process can therefore lead to multi-mode oscillation [17].
The

effect of spatial hole burning in the lateral dimension has

analysed in section 4.1.3.

been

The effect can be simulated by a gain saturation term

in the rate equations after various assumptions are made, and this term leads to
a damping of the frequency response.

(See section 4.1.4)

5.1.2 Spectral Hole Burning
In long wavelength InGaAsP laser diodes the damping of the frequency
response is much stronger than explained by spontaneous emission into the lasing
mode, or spatial hole burning.

The dominant mechanism of damping has been

attributed togain saturation due to spectral hole buring [9,11,18]
Spectral hole burning is related to the gain broadeningmechanism of
the active volume

material The two classes of broadeningmechanisms are

homogeneous and inhomogeneous broadening.

If the output radiation from a

laser is analysed, the spectral information will show that the radiation is not
strictly single frequency but occupies a finite frequency bandwidth.

The function

describing the distribution of emitted intensity versus frequency is the lineshape
function.

If all the atoms in the active medium have the same

centre frequency

and the same resonance lineshape then the broadening is termed homogeneous.
In the case where individual atoms have a slightly different resonance frequency
or lineshape for the same transition then the observed lineshape is the average of
the individual ones, and the broadening is termed inhomogeneous.
In lasers

that are homogeneously broadened the population inversion

cannot increase beyond the threshold value even with an increase in pumping
level.

The spectral lineshape function of each atom is considered identical, so,
5.3

Standing

Wave

Gain

Figure 5.0 : Spatial hole burning in the longitudinal
direction of the laser cavity

a)

23

(b)

X

Figure 5.1 : Shapes of gain curves for the (a) homogenous
and (b) inhomogenous cases for (1) below threshold,
(2) at threshold and (3) above threshold

as the pumping level is increased from below threshold the laser will begin
oscillating at the centre frequency.

This gain level is then clamped to equal the

cavity losses, so the gain at other frequencies will remain below threshold.
excess carriers are converted into photons at the lasing frequency.

The

Therefore, the

ideal homogeneously broadened laser will oscillate only at a single frequency.
The shapes of the gain curve below threshold, at threshold, and above threshold
for a homogeneously broadened laser are shown in figure 5.1a.
For an inhomogeneously broadened laser the atoms are considered to
behave differently from one another.

The population inversion and gain profile

can therefore increase above threshold at frequencies other than the centre
frequency as the pumping level is increased. The gain at the centre frequency
remains clamped at the threshold value due to normal gain saturation (section
5.1).

Further pumping increases the gain at other frequencies until the threshold

condition is met for another oscillating mode, which itself will then be clamped.
This process leads to a gain profile as shown in figure 5.1b in which the gain
is clamped at the threshold value at the oscillating frequencies, but rises above
this value at frequencies between them.

The gain profile therefore has ‘holes’ at

the lasing frequencies, which is referred to as spectral hole burning. When
spectral hole burning occurs it can be seen that the laser will become less
efficient, because more spontaneous radiation is emitted as the gain curve rises
and broadens.
Semiconductor

lasers

are

generally

assumed

to

be

homogeneously

broadened due to the extremely short intraband carrier scattering times.

These

allow carriers to redistribute themselves sufficiently quickly to replace carriers
involved in

stimulated

transitions.

At

high

laser

powers

the

stimulated

recombination time becomes sufficiently small (lps) that the peak gain decreases
because of partial spectral hole burning.

This is particularly important for high

frequency lasers in which the photon density is extremely high.
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Due to the

partial spectral hole burning, multiple longitudinal modes may oscillate at high
output powers.
The values of intraband carrier scattering times for InGaAsP lasers have
been found to

be

longer

(1.3fim:xc

=

300fs,

wavelength GaAs devices (xc=200fs, x^O fs) [9].

70fs)

than

for

shorter

This, together with the higher

power densities found in InGaAsP lasers agrees with practical results of the
output spectra of these devices which are generally single mode for GaAs
devices but multimode for InGaAsP devices.

Yamada and Suematsu [7] showed

that for relaxation times of 300fs and longer the gain shows hole burning, and
that single longitudinal mode operation in not obtained in such a strongly
inhomogeneous laser. For relaxation times of 200fs and less the gain is shown
to be almost homogeneous and single mode operation can occur.
It

is

homogeneously

obvious

that

broadened

although semiconductor

systems

at lower

powers,

lasers
they

can act
can

as

develop

inhomogeneities due to partial spectral hole burning at highpowers. This is more
prevalent in long wavelength InGaAsP lasers due tothe longer intraband
relaxation times.

In section 5.2, results of the model proposed by Agrawal [9]

are used to calcualte the effect of gain non-linearities on the modulation
performance of 1.3|im InGaAsP laser diodes.

5.1.3 Non-Linear Absorption
It was pointed out by Bowers et al [18] that a nonlinear absorption
term can be included in the photon rate equation. This absorption takes into
account two photon absorption, so takes the form <otrp.Sz* where oijp is the two
photon absorption coefficient

The inclusion of this absorption term in the rate

equations can give a similar damping effect to that. found for spectral hole
burning.
The results of Bowers et al cannot distinguish between spectral hole
5.5

burning and two photon absorption as damping mechanisms in 1.5pm InGaAsP
lasers.

The two photon absorption coefficient is smaller for 1.3pm lasers than

for 1.5pm due to the larger energy gap.

Subsequent work [9] for 1.3pm

InGaAsP lasers has concluded that spectral hole burning is the dominant damping
mechanism of the laser frequency response.

5.2 The Gain Saturation Matrix for Multi-Mode lasers
In previous chapters, gain saturation was included in the multi-mode rate
equations by the term

(1-eSj) or just (1-eS) for the single mode case.

This

implies that the gain of each particular longitudinal mode is saturated or reduced
by the presence of an optical wave at that frequency.

In these cases the gain

of a mode is reduced by the photon density in that mode, this is called self
saturation.
When spectral hole burning occurs, the presence of an optical wave will
not only affect the gain at that particular frequency, but also that of the adjacent
modes. Hie effect of the photon density in one mode on the other oscillating
modes is called cross saturation.
elements.

It is possible to set up a matrix of saturation

For ‘k’ modes this requires a *k x k* matrix in which the element

E,j accounts for saturation of mode i due to the photon density in mode j.

The

diagonal for i«j accounts for self saturation whilst the other elements account for
the various combinations of cross saturation.

In this way the saturation term

used in previous chapters would be almost equivalent to a matrix where
=€ and

(i*j) =

(i=j)

0.

The following analysis applies the results derived by Agrawal [9], who
used the density-matrix formalism to obtain an analytic expression for the
nonlinear gain in multi-mode semiconductor lasers. The gain term can be written
as:

5.6
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gT= ZL + 8NL

where gL is the linear gain term given by g(N-Nt) and g ^ is the
nonlinear gain term. The dominant

m e c h a n is m

for the gain nonlinearities in

semiconductor lasers was shown to be due to spectral hole burning [9 ]
For a multi-mode laser diode the effective gain is found to be:

k
gT(®i) = gL(ffli ) - gL(®o) 1

s ij s j

5 -4

j= l

where o>j is the frequency of the mode of interest, C0q is the frequency
of the dominant mode, Sj is the photon density of mode j and ejj is the
saturation matrix.

The equation used to calculate the saturation matrix for a

strongly index guided laser supporting only a single lateral and transverse mode
is:

=

0.7x106
8

i i 2 . T i n (Tc +Tv ) .

(2 + 9 i j )

e 0 fjnng

1+

T i/2

1+ (fl;j t i / 2 ) 2

• g(®i). ©o
g(©o)

where:
jx
Tjn
tc
tv

djj
e0
-h
n
ng
Cl‘Lj

= Transition dipole moment
= Polarisation relaxation time
= Intraband relaxation time - Conduction band
= Intraband relaxation time - Valence band
= 1 for i=j, 0 for i*j
= Permittivity of free space
= Reduced Planck’s constant
= Refractive index
= Group refractive index
= C0 J_-C0j = Beat frequencyof two modes

a ] is a dimensionless parameter related to the slope of the gain curve
at CQj :
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Ctj =

1 . g ’ (<Pj )

^ in

5 .6

g (®j)

Using the Lorentzian lineshape for the gain coefficient profile:

g(o>) =

8 (®n)

5.7

(0 - G)n 1 + 1

where C0p is the frequency at the peak of the gain curve and 2Aco is
the full width at half maximum (FWHM) of the gain curve.

The term

is

therefore:

5.8

•g(®p)
2 g(®j >

t inA®

The saturation matrix is calculated using the previous equations (5.4 5.8), examples of cxj and the gain—saturation coefficients matrix produced are
shown in tables 5.1 - 5.3.

Apart from

the material parameters such as the

relaxation times and gain FWHM the major parameter which can affect the
saturation

matrixcoefficients is the cavity

length.

This parameter affects the

gain of each mode, the aj term and the intermode spacing.

The results in

tables 5.1 and 5.2 show aj and the gain saturation matrix for cavity lengths of
150pm and 300pm respectively.

The aj term is negative for wavelengths below

the gain peak and positive for wavelengths above it.
to the coefficient matrix.
(therefore

The values of aj

This adds an asymmetry

are larger for shorter cavity

larger intermode spacing) lasers.The central value in the saturation

matrix is not affected by changes in the cavity length, but the other terms
reduce in value as the cavity length is made shorter.
The values of aj and the s^tgration matrix coefficients can also be

MODE

WAVELENGTH (um)

GAIN (E-6 )

1.2957
1.2971
1.2986
1.3000
1.3014
1.3029
1.3043

I.7351
1.7706
1.7926
1.8000
1.7926
1.7706
1.7351

1
2
3
4
5
6
7

ALPHA
-.1242
-.0845
-.0428
0.0000
0.0428
0.0845
0.1242

GAIN SATURATION COEFFICIENTS (xlO-17)

(b)
1

2

3

4

5

6

7

MODE

1

0.7228

0.4832

0.4759

0.4611

0.4402

0.4149

0.3865

MODE

2

0.4717

0.7375

0.4912

0.4819

0.4649

0.4417

0.4141

MODE

3

0.4533

0.4832

0.7467

0.4952

0.4838

0.4647

0.4393

MODE

4

0.4285

0.4662

0.4912

0.7498

0.4952

0.4817

0.4605

MODE

5

0.3990

0.4424

0.4759

0.4952

0.7467

0.4911

0.4757

MODE

6

0.3672

0.4138

0.4535

0.4819

0.4952

0.7375

0.4831

MODE

7

0.334b

0.3823

0.4259

0.4611

0.4838

0.4911

0.7228

Table 5. 1 : Example of ( a ) c » < j values and (b) the gain
saturation matrix for a cavity length of 150um

Ca )

MODE

WAVELENGTH Ium}

GAIN (E-6)

1

1.2978
1.2986
1.2993
1.3000
1.3007
1.3014
1.3022

1.7833
1.7926
1.7981
1.8000
1.7981
1.7926
1.7833

2
3
4
5
6
7

ALPHA
-.0638
-.0428
-.0215
0.0000
0.0215
0.0428
0.0638

GAIN SATURATION COEFFICIENTS (xlO-17)

1

Co

3

4

5

6

7

MODE

1

0.7429

0.4956

0.4937

0.4896

0.4834

0.4752

0.4653

MODE

2

0.4926

0.7467

0.4977

0.4952

0.4906

0.4838

0.4751

MODE

3

0.4876

0.4956

0.7490

0.4987

0.4958

0.4906

0.4833

MODE

4

0.4806

0.4912

0.4977

0.7498

0.4987

0.4952

0.4895

MODE

5

0.4715

0.4845

0.4937

0.4987

0.7490

0.4977

0.4937

MODE

6

0.4607

0.4759

0.4875

0.4952

0.4987

0.7467

0.4956

MODE

7

0.4484

0.4655

0.4794

0.4896

0.4958

0.4977

0.7429

Table 5.2 : Example of (a) °<j values and (b) the gain
saturation matrix for a cavity length of 300um

MODE

^

J

WAVELENGTH (urn)

GAIN (E-6)

ALPHA

1.2950
1.2964
1.2978
1.2993
1.3007
1.3022
1.3036

1.7129
1.7545
1.7833
1.7981
1.7981
1.7833
1.7545

-.1431
-.1047
-.0638
-.0215
0.0215
0.0638
0.1047

1
2
3
4
5
6
7

GAIN SATURATION COEFFICIENTS (xlO-17)

(b)
1

2

3

4

5

6

7

MODE

1

0.7146

0.4786

0.4723

0.4585

0.4387

0.4145

0.3873

MODE

2

0.4655

0.7320

0.4884

0.4801

0.4642

0.4422

0.4156

MODE

3

0.4466

0.4786

0.7440

0.4945

0.4841

0.4660

0.4417

MODE

4

0.4212

0.4609

0.4884

0.7502

0.4965

0.4841

0.4638

MODE

5

0.3915

0.4365

0.4723

0.4945

0.7502

0.4945

0.4799

MODE

6

0.3595

0.4073

0.4491

0.4801

0.4965

0.7440

0.4884

MODE

7

0.3269

0.3756

0.4209

0.4585

0.4841

0.4945

0.7320

Table 5.3 : Example of (a) cXj values and (b) the gain
saturation matrix for two modes equally spaced around the
gain peak

affected by the position of the dominant mode in relation to the gain peak.
Previous results have assumed that the central mode lies exactly on the gain
peak.

It is possible to shift the central mode away from the gain peak (from

equations 5.7 and 5.8), and the results of this on

an the saturation matrix are

shown in table 5.3 for one extreme case of two modes equally spaced around
the gain peak.

The two extreme cases of one mode at the gain peak and two

modes equally spaced around the gain peak can be used in the calculation of
dynamic response to see if they give different responses. This will give some
indication of how much the response can change if the modes in the practical
case move around the gain peak.

5.3

Frequency Response Results Using the Gain Saturation
Matrix.
The multimode rate equations for 1.3pm InGaAsP laser diodes including

the gain saturation matrix are:

k

k

dN = J-BNJ-CN3- J [ g(fiN-Nt ) - g ( f 0 N-N,)
dt

ed

i=l

e j j S j ] .S;

5.9

j= l
k

dSi = r
dt

g ( f i N-N,)_g(f 0 .N-Nt )£ EijSj
j= l

Sj-Si+rpBN *

5.10

Xn

where f0 is the lineshape function of the dominant laser mode.

These

equations are solved in a similar way to that described in section 4.1.1, with
extra computation necessary to repeatedly calculate the effect of the gain
saturation matrix.

The traces in figure 5.2a show the magnitude frquency

response using the typical values for a 1.3pm InGaAsP high speed laser diode
5.9
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Figure 5.2 : (a) Magnitude responses and (b) signal/2nd
harmonic ratio versus frequency for (1) the gain
saturation matrix and (2) a linear gain saturation
coefficient of 3.0 E-17

given in table 4.2. Trace (1) shows the result of using the gain saturation matrix
(table 5.1) whilst trace (2) is the result from chapter 4 which uses e=

3 x lfr 1

.

The two traces are similar in shape, with the trace for the matrix effect having
a slightly larger resonance peak (ldB larger).

The similarity is quite surprising

when considering the values of the matrix gain saturation elements which are
much smaller than 3 x 1017* The elements for which i=j have values between
0.72 x 10" 17

and 0.75 x 10*1 % whilst the cross saturation terms have even

smaller values of between 0.5 x 10"” and 0.3 x 10"’ \ If the matrix had only
the self saturation elements, with values of about 0.7x1O’’7, the expected
resonance peak value would be greater than 12dB (figure 4.10a).

The effect of

the cross saturation elements, even with their small values, is to reduce the
resonance peak height from over 12dB to around 7dB.

It must therefore be

concluded that the damping mechanism caused by including the cross saturation
terms is much stronger than that caused by the self saturation terms alone.
The signal/2nd harmonic and signal/intermodulation distortion results for
both the gain saturation matrix and self saturation only simulations are shown in
figures 5.2b,c.

As with the magnitude frequency response results, the two traces

are very similar in both cases, with slightly more distortion occuring in the
matrix results.
case, but the

This shows that the damping level is slightly less in the matrix

actual

form

of

the

results

are

similar.

However,

in

the

signal/intermodulation distortion results the distortion is worse at the resonance
peak for the matrix case, but almost the same at the half resonance frequency.
In both figures the signal/distortion ratio at 1GHz is seen to be larger for the
matrix case.
Using the multimode analysis it is posible to look at the output
waveform of each optical mode separately.

If the time series of photon density

in each mode passes through die Fourier transform routine separately, then the
frequency response of each individual mode can be calculated.
5.10
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Figure 5.2 : (c) Traces for signal/intermod ratio versus
frequency for (1) the gain saturation matrix and (2) a
linear gain saturation coefficient of 3.0 E-17
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frequency response of each of the seven modes in the simulation, using the
typical values and gain saturation matrix, are shown in figure 5.3a.

In this case

the central mode is assumed to be at the peak of the gain, so the power in this
mode is much larger than the two nearest side modes.

The top trace in figure

5.3a shows the frequency response of the summation of all of the modes, and is
very close in shape to that of the dominant mode.

The pairs of modes

(1,7),(2,6 ),(3,5) on either side of the central mode (4) have the same frequency
response, but the shape of the response varies from pair to pair.

Modes 3 and

5 show a drop in response at low frequency before rising to the resonance peak,
whereas the other sets of modes show a rise at low frequecy.
The signal/2nd harmonic and signal/intermodulation distortion results for
each mode and the summation of all modes are shown in figures 5.3b,c.

It is

interesting to see that in general at low o frequencies the signal/distortion ratio is
less when looking at each mode seperately than when looking at the summation
of all modes.

In particular, the dominant mode has a signal/2nd harmonic ratio

of 46dB at 1GHz whilst this ratio for the summation of the modes is ova
60dB.

This means that the energy in all of the modes is necessary in order to

recreate the modulation waveform with the most accuracy.

The response of the

first pair of side modes (3,5) has Iow a distortion ratios than the summation of
all modes at Iow a frequencies, but above this the signal/distortion ratio's become
greata

than

for

the

summation.

This

is

especially

true

in

the

signal/intennodulation distortion results in which the ratio for modes 3 and 5 is
higha than for the summation of modes from just o v a 5GHz up to 25GHz.
The normal magnitude frequency responses for the summation of all
modes at optical bias levels of lOmW and 20mW are shown in figure 5.4a, with
signal/2nd harmonic and signal/intermodulation distortion results in figures 5.4b,c.
The increase in bias level reduces the resonance peak by 2.3dB in the matrix
case compared to 1.9dB for the self saturation only case (see figures 4.12,
5.11
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Figure 5.3 : Traces for (b) signal/2nd harmonic ratio and
(c) signal/intermod ratio versus frequency for each of the
seven modes in the simulation
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4.22a,b).

Similarly the signal/distortion ratios at their minimum values increased

by more for the matrix case, 2.8dB compared to 1.76dB for signal/2nd harmonic,
and

6 .6 dB

compared to 5dB for signal/intermodulation distortion.

The increase

in optical bias level therefore seems to increase the damping of the response
more in the matrix case than for the self saturation only case.

This is because

in the matrix case more of the power is within the central mode, so that more
saturation occurs as the power level rises.
The effect of varying the cavity length on the magnitude frequency
response is shown in figure 5.5a.

The variation in resonance peak height is

much smaller in this case than for the self saturation case (figure 4.13).

For a

change in cavity length from 75pm to 300pm the resonance peak falls by 4.1dB
compared to 6.7dB for the self saturation case.

This again is because the

distribution of power betwen the modes in the matrix case does not change as
much as in the self saturation only case, as it is almost single mode at a cavity
length of 150pm.

The signal/2nd harmonic and signal/intermodulation distortion

results are shown in figures 5.5b,c.

These show the same trend as the

magnitude frequency response, that is, a smaller change in the signal/distortion
responses occurs compared to the self saturation only results.
It was pointed out earlier that the central mode of oscillation may not
actually be at the peak of the gain curve, but could be anything up to half a
mode spacing away from i t

By moving this dominant mode away from the

gain peak an assymmetric mode structure is set up, and the mode on the
opposite side of the gain peak will become larger.

The effect of sharing power

between two modes will lead to less of a damping effect on the magnitude
frequency response.

To check whether this effect will appreciably change the

magnitude frequency response of the device, three cases of central mode position
relative to the gain peak were simulated.

The resulting responses are shown in

figure 5.6, these show traces for the dominant mode on the gain peak, two
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modes equally spaced around the gain peak, and thedominantmode one
of a mode spacing away from the gain peak.

A drop indamping

for the two dominant mode case, but the total variation
these cases include the two extreme possibilities (i.e
and

2

1

quarter

factor is seen

is only 0.8dB.

As

mode on the gain peak

modes equally spaced around the gain peak) it is expected that whatever

mode structure occurs in practice, even if the mode pattern changes with time,
the magnitude frequency response will be between the
limiting cases.

two curves of these

The small change in resonance peak also means that only a

small error is incurred in simulating the operation of the device assuming the
central mode to be on the gain peak.

Signal/distortion curves for the same

three cases showed the same small variation as the mode structure was altered.

5.4

The effect of Moduation Depth on

Magnitude and

Signal/Distortion Responses
The input power to output power response of the device is shown in
figure 5.7.

The input power is described by:

P in =10 lo g 10 ( 112 )

(<JB)

5.11

so that OdB corresponds to a modulation depth of 1.0.

The traces in

figure 5.7 show the magnitude responses at various modulation frequencies of
1GHz, half resonance frequency, resonance frequency, and above resonance
frequency (15GHz).
saturation only case.

The responses are very similar to those seen for the self
The output power rises at the same rate as the input

power from low levels of input power up to some value just below OdB.

At

this pont the response at the resonance peak starts to saturate an the output
power stops rising in proportion to the input power. The responses at the half
5.13

0

5

10
FREQUENCY

15

20

25

GHz

Figure 5.6 : Magnitude responses for (1) the dominant mode
at the gain peak, (2) two modes equally spaced around the
gain peak and (3) the dominant mode a quarter mode spacing
from the gain peak
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Figure 5.7 : Output power versus input power for
modulation at (1) 1GHz, (2) half resonance frequency,
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Figure 5.8 : Traces for signal/2nd harmonic ratio versus
input power for modulation at (1) 1GHz, (2) half resonance
frequency, (3) resonance frequency and (4) 15GHz

resonance frequency and at 1GHz saturate slightly at a few dB, and a slight
kink is also seen in the 15GHz response curve. The four response curves move
closer together as the input power rises to high levels, and the slope of the
output/input power becomes less than one.
The effect of varying the input power on the signal/2nd harmonic
distortion ratio for the same four modulation frequencies is shown in figure 5.8.
As in the self saturation only case the most intersting case is the one at 1GHz.
All the traces fall in proportion to the input power at low signal levels, showing
that the 2nd harmonic level varies with Pin2.

For an input power level just

below OdB the signal/2nd harmonic ratio at 1GHz starts to fall dramatically,
placing an upper limit on input power in systems where the

2 nd

harmonic level

is important. The trace at the resonance frequency starts to flatten out for input
powers above OdB, whereas at the half resonance frequency the ratio carries on
decreasing linearly until the input power approaches 4.5dB, above which the ratio
rises slightly.

The trace at 15GHz falls almost linearly for input powers from

-40dB to +20dB, although a slight kink occurs at 3dB, after which the slope of
this trace becomes less.
The traces for signal to 2nd, 3rd and 4th harmonics versus input power
for the four modulation frequencies are shown in figures 5.9a-d.

They are,

again, similar to the responses found using the self saturation only model.

At

lower input powers the 2nd harmonic level varies in proportion to Pin2, the 3rd
harmonic in proportion to Pin3, and the 4th harmonic in proportion to Pin4.
The 1GHz curves show how the levels of the three harmonics become equal for
an input power of -2.5dB, and then these harmonic components all rise
dramatically as the input power rises up to 3dB.

This is a trend not seen at

the other modulation frequencies in which the signal/harmonic ratios decrease
linearly with input power until they saturate and the traces flatten out for power
levels of +3dB(b),-3dB(c) and +3dB(d).
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Figure 5.9 : Traces for modulation at (c) the resonance
frequency and (d) 15GHz of (1) signal/2nd harmonic ratio,
(2) signal/3rd harmonic ratio and (3) signal/4th harmonic
ratio versus input power

The signal/intermodulation distortion versus input power responses at the
four frequencies are shown in figure 5.10.

As in the self saturation only case,

the signal/intennod ratio for low input powers varies with Pin2, but as the input
power approaches OdB it then levels out at 20dB and various kinks and curves
in the traces occur.
levels.

The intermodulation products vary with Pin3 for low signal

As the input power level (NB of one sinusoid) reaches -9dB, the

signal/intermod ratio at 1GHz begins to drop dramatically for an increase in
input power. This ratio falls from 7OdB at an input level of -9dB, to 23dB for
OdB input power.

This is an extremely important factor that should be known

by anyone trying to design a system in which the level of intermodulation
distortion is important

The signal/intermod ratios at the other three modulation

frequencies fall linearly (proportional to Pin2) at lower input powers but the
traces kink, then flatten out at input power levels of

-9dB (resonance frequency),

- 3dB (half resonance frequency) and -2dB (15GHz).
So far in this chapter, it has been shown that using a self saturation
only analysis and using a gain saturation matrix analysis can give very similar
results of frequency response and signal/distortion response.

However, the two

analyses must have different effects on the simulated mode spectra of the device.
It is very important that the simulated mode spectra is actually close to the
practical situation so that the output of the laser simulation can be used in fibre
propagation simulations to see the effect of dispersion on frequency response and
signal/distortion response.

The next section describes the mode spectra found

using the two analyses both for d.c. operation and under high speed modulation.
The use of the full matrix of gain saturation coefficients includes the
effects of both self saturation and cross saturation.

The values of these

coefficients are therefore more realistic than in the self saturation only case when
compared with experimental results.
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Figure 5.10 : Traces of signal/intermod ratio versus input
power for modulation at (1) 1GHz, (2) half resonance
frequency, (3) resonance frequency and (4) 15 GHz

5.5 Predicted Mode Spectra
The numerical analysis allows the calculated mode spectra, or photon
density in each mode, to be found for both d.c. operation of the laser, or under
modulation.

This provides a very powerful tool in understanding the operation

of a device, and also allows the effect of fibre dispersion on the output of the
device

to be found.

The output spectra calculated by the gain saturation matrix

and the self saturation only analysis can be compared with each other and also
practical results, to give an insight into the saturation mechanisms at work in the
device.

The results in this section show the output spectra of the simulated

device.

The traces are proportional to the photon density in each longitudinal

mode and are all normalised so that the dominant mode is taken as unity.

5.5.1 D.C. Mode Spectra
The d.c. mode spectrum is calculated by applying a bias current to the
device in the simulation with no modulation current.

The analysis is allowed to

settle to a steady state result, as the initial dynamic response will include
relaxation oscillations due to the step nature of the applied bias current.
The mode spectra obtained using the general parameters for a high
speed 1.3pm laser diode are shown in figure 5.11
matrix and self saturation only analyses respectively.
output is dominated by an intense central mode.

,

for the gain saturation
For the matrix case the

One way of describing the

spectral nature of the output of a laser, which is used mainly in connection with
single longitudinal mode or nearly single longitudinal mode lasers, is the mode
suppression ratio (MSR).

This is defined as the ratio of the dominant mode

power to the power of the most intense side mode:
MSR = Po

5 12

5.16

(2)

Figure 5.11 : Output mode spectra for (1) the gain
saturation matrix and (2) the self saturation only
analyses, for a cavity length of 150um and lOmW optical
bias

(2)

Figure 5.12 : Output mode spectra for (1) the gain
saturation matrix and (2) the self saturation only
analyses, for a cavity length of 300um and lOmW optical
bias

The term ‘single mode operation’ implies a large value of MSR, an
exact value is a matter of definition, but

20

is often used for this purpose [2 0 ].

Using this definition the mode spectrum shown in figure 5.11
case is on the borderline of being a single frequency laser.

for the matrix

However, it should

be noted that this spectrum is taken with the dominant mode being exactly on
the

peak of the gain.

In practice the mode will not be exactly at this

frequency and therefore the largest side mode will carry more power.
In contrast, the mode spectrum produced using the self saturation only
analysis is very much multi-moded, with an MSR of only 1.25.

It is obvious

that although the two analyses can produce similar frequency responses, the
output spectra produced have striking differences.

This has major implications if

the device is to be used in any fibre optic system.

The dispersion in the fibre

will affect the output waveform differently in each case, depending on the mode
spectrum of the output

The propagation of the output waveform of both

analyses through an optical fibre is described in section 5.6.
The effect of increasing the cavity length of
the

mode spectrum is shown in

figure 5.12

the device to 300pm on
Forthe gain saturation matrix

case the MSR drops to 2.2, with three strong modes now oscillating.
self
the

In the

saturation only case there are now seven noticeable modes oscillating, with
MSR falling to 1.1.The increase

in the number of modes oscillating is

expected because the mode spacing is reduced by increasing the cavity length.
Theside modes are therefore
larger value of gain.

closer to the peak value of

gain and so see a

The mode spacing in frequency is given by:

Mode Spacing

=

c
2nL

5.13

where c/n is the group velocity and L is the cavity length.

The

reduction of cavity length is therefore important in providing the narrowest
5.17

possible spectral width in the output spectrum. This will lead to less dispersion
penalty when transmitting the output waveform through an optical fibre.
An important factor is the effect of increasing the optical bias power on
the output spectrum of the device.

In figure

5.13

the output spectra are

shown for an output power of 20mW for the two methods of analysis.

In both

cases the output becomes more multi-mode as the power level is increased, and
the MSR values drop.

This is because at higher bias powers the effects of

spectral hole burning become stronger, so reducing the gain of the dominant
mode and allowing side modes to develop.
As discussed previously, the shape of the mode spectrum will depend
upon the proximity of the cavity modes to the frequency at which the gain is
maximum. So far, the central cavity mode has been assumed to be at the peak
value of gain.

In figures 5.14

the output spectra are shown for two cases

of mode position around the gain peak, using the gain saturation matrix analysis.
In figure 5.14w two modes are equally spaced around the peak in gain and their
values are almost the same, although the longer wavelength mode is slightly
larger due to asymmetries in the gain spectra.

In figure 5.14w the dominant

mode is placed a quarter mode spacing from the peak in gain.
this case is 2.5.

The MSR in

In both cases there are only two modes which contribute

useful amounts of output power.

The case of two modes equally spaced around

the gain peak gives the limiting case of the most multi-moded output possible
whereas the case of the dominant mode on the peak in gain is the

other

limiting case. These

fibre

two

limiting cases

will

be

compared in

the

propagation section (5.6).
In the analysis in chapter 4 of high frequency GaAs laser diodes the
mode spectrum was found to be single moded in all cases. This means that the
single mode analysis often used to characterise
cases.

GaAs devices is valid in these

The output remainssingle mode becausethe allowable optical bias
5.18
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Figure 5.13 : Output mode spectra for (1) the gain
saturation matrix and (2) the self saturation only
analyses, for a cavity length of 150um and 20mW optical
bias
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Figure 5.14 : Output mode spectra for the gain saturation
matrix analysis for (1) two modes equally spaced around
the gain peak and (2) one mode a quarter mode spacing from
the gain peak

is smaller than for InGaAsP devices due to catastrophic damage of the facets.
Also, the intraband relaxation times in GaAs are shorter than in InGaAsP, so
that spectral hole burning effects are much smaller.

5.5.2 Dynamic Mode Spectra
The mode spectrum that is observed whilst the device
modulated can easily be found using the numerical techniques.

is being

The following

results show the spectra that occur at various times during the period of one
cycle of the device output, as shown in figure 5.15.
The dynamic mode spectra found using the gain saturation matrix
analysis for a modulation depth of 0.1 are shown in figure 5.16.

Four sets of

results are plotted, showing how the mode spectra changes during one period of
the output for modulation frequencies of (a) 1GHz, (b)half resonance frequency,
(c) resonance frequency and (d) 15GHz.

All the plots are normalised to the

same value so that relative strengths can be compared.
variation in

The expected sinusoidal

main mode power is seen during the output period.

The mode

spectra at half resonance and die resonance frequency show some distortion
because the final spectrum in each case *D’ does not have the same power as
‘B \ which

would be expected for a pure sinusoidal output

The level of die

side modesis not easy to see using the gain saturation analysis
much smaller than the dominant mode.

as they are

The ratio of dominant mode to side

mode power (MSR) varies between 24 and 15 during a period ( 1GHz).
If the modulation depth is raised to 1.0, the plots shown in figure 5.17
are found.

Very high levels of distortion are shown in these results at the

resonance and half resonance frequencies.
of a pulse

The output waveform becomes more

shape than sinusoidal, indicating that very high levels of harmonic

components are present.

As for the lower modulation depth, the MSR changes

most for modulation at 1GHz.

In this case the MSR varies from 40 to 9.3 at
5.19

Figure 5.15 : The four positions during the modulation
period used to show the dynamic mode spectra
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F igure 5.16 : Dynamic mode spectra for the gain saturation
matrix analysis for modulation at (a) 1GHz, (b) half
resonance frequency, (c) resonance frequency and
(d) 15GHz, with a modulation depth of 0.1

Figure 5,17 : Dynamic mode spectra for the gain saturation
matrix analysis for modulation at (a) 1GHz, (b) half
resonance frequency, (c) resonance frequency and
(d) 15GHz, with a modulation depth of 1.0

points ‘D’ and

‘B’ respectively.

The slower changes in modulation current

must allow the mode structure to alter more in this case.
Using the self saturation only analysis for a modulation depth of 0.1 the
plots in figure 5.18 are found.

The main mode power varies in a way similar

to that of the matrix analysis results.

The side mode power, whilst being

higher, follows the main mode power at this low modulation depth, so the MSR
value does not change much during a period.

The non sinusoidal behaviour of

the output is seen at the resonance and half resonance frequencies.
Figure 5.19 shows the mode spectra using the self saturation only
analysis for a modulation depth of 1.0.

The traces at 1GHz, half resonance and

resonance frequency show very high levels of distortion, having a pulse like
output waveform. The ratio of dominant mode to side mode power also changes
more during one cycle, the biggest change in MSR

occuring at the half

resonance frequency, 1.17 (‘B’) to 1.6 (*D’>.
The mode spectra described in this section show the dramatic difference
inoutput spectra found by using the two different analyses, even though the
frequency response results look similar.

This will have a very large effect on

the propagation of the output along an optical fibre.

The results also show that

theratioof

is

dominant

mode

to

side mode power

modulation, especially at higher modulation depths.
use a numerical analysis to

not

constant

during

It is, therefore, necessary to

calculate the mode spectra and output waveform

under transient conditions in order to have an accurate simulation of the laser
output

This output can then be propagated along an optical fibre, as described

in the following section.

5.6

Propagation through Optical fibres
When the output of a laser diode propagates along a single mode

optical fibre the output will deteriorate due to the dispersive nature of the fibre.
5.20
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Figure 5.18 : Dynamic mode spectra for the self saturation
only analysis for modulation at (a) 1GHz, (b) half
resonance frequency, (c) resonance frequency and
(d) 15GHz, with a modulation depth of 0.1
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Figure 5.19 : Dynamic mode spectra for the self saturation
only analysis for modulation at (a) 1GHz, (b) half
resonance frequency, (c) resonance frequency and
(d) 15GHz, with a modulation depth of 1.0

Because of dispersion the energy carried at different wavelengths will take
different times to propagate along a length of fibre, so that at the far end of
the fibre the various wavelength components add together out of synchronisation.
This leads to a ‘smearing’ of sharp changes in output waveform or a low pass
filter effect cutting out higher frequency components.
For a single frequencylaser the most

important parameters are the

linewidth of the lasing mode and the chirping that occurs during modulation.
The linewidth isdue to the finite
mode, and each
fibre.

spread of frequencies comprising the lasing

frequency will travel at a slightly different speed along the

Chirping is the movement of the spectral position of the cavity modes as

a result of modulation of the carrier density, which modulates the refractive
index.

Chirping is of major interest in optical fibre systems' [21-23].
For a multi-mode laser

the linewidth of each mode is not

important

because the dominant effect will be the relative time delay of each of the modes
after propagation
density will

through a fibre.

provide

multi-mode output

another

The chirping of the modes with the carrier

strong

effect

in

the

fibre

propagation

of a

The chirping shifts the wavelength of the modes at the

modulation frequency, so that a time averaged output spectrum [32] will show an
increased value of linewidth, this is often referred to as dynamic linewidth
broadening [33-33].
In this section, the effects of propagating a 1.3pm high speed laser
output along a single mode fibre
bedue to the

are described.

One large effect is expected to

relative time delay of each of the laser modes, and is described

in section 5.6.1.

The effect of chirping is included in section 5.6.2.

5.6.1 Effect of Time Delay between Longitudinal Modes
When a signal is transmitted along an optical fibre using a multi-mode
laser diode, the longitudinal modes will travel at a slightly different speed due to
5.21
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Figure 5.21 : Chromatic dispersion versus wavelength of a
single mode fibre

the change in refractive index with wavelength of the fibre.

The important

variable is therefore the relative group delay versus wavelength of a single mode
fibre.

This can be measured using a tuneable laser by propagating a short pulse

along a known length of fibre and plotting the results.

One example of such a

plot is shown in figure 5.20. The results are curve fitted by computer to provide
coefficients which describe the group delay at a particular wavelength as:

R e l a t i v e Group Delay (ns)= a + b + c + dX2 + eX4
J?

5.14

J ? _____________

Fibre Length (km)
Using this equation and results from a GEC single mode fibre, the
values for the coefficients are found to be:
a
b
c
d
e

- -276.716456
- 210.834384
=
15.393939
a
64.984412
»
2.911409

5.15

These values are used in the simulation of propagating a laser output
along an optical fibre.
The equation for relative group delay is used to calculate the fibre
chromatic dispersion versus wavelength results.

This is the pulse spread per unit

length per unit wavelength of a transmitted pulse with finite spectral width.

The

equation for chromatic dispersion is:

DISPERSION a

1
d (Group Delay)
Length ~dX

5.16

which, from 5.14 can be w r i t t e n :
DISPERSION = -2bX~ 3 - 4cX~s + 2dX + 4eX3
Length

5.17

Using the coefficients in (5.15) the graph of chromatic dispersion versus
wavelength is shown in figure 5.21. The wavelength of zero dispersion is found
to be X. a 1.32055pm.
5.22

In the simulation the wavelength of the dominant mode is taken as a
reference of zero time delay, and the relative time delay of the other modes are
calculated for a fibre length of 1km. During the simulation, for each chosen
fibre length, the photon density in each mode is time shifted relative to the
other modes to account for fibre propagation. The photon densities are then
added together to produce the output waveform from the fibre end.
The magnitude frequency responses found using the gain saturation
matrix analysis and typical parameters, assuming the central mode is at the peak
in gain, are shown in figure 5.22a for fibre lengths of 0, 100m, 1km and 5km.
The deviations from the zero fibre length trace are quite small, due to the
almost single mode nature of the output spectrum. The oscillatory nature of the
traces at higher frequencies are due to the relative phases of the microwave
signals superimposed on each mode moving in and out of phase with each other.
Because the trace is made up of discrete points, the oscillatory traces may not
pass through the exact maxima and minima which would be seen if a larger
number of points were used.

The trace for 1km of fibre shows a drop in

response around the resonance peak, whilst for 5km of fibre the response is
lower than for no fibre at frequencies below the resonance peak.
The corresponding signal/2nd harmonic distortion and signal/intermod
distortion results are shown in figures 5.22b,c.

The signal/2nd harmonic traces

are similar at frequencies up to the resonance peak, although the trace for 5km
of fibre does drop below the no fibre case at the half resonance and resonance
peaks.

At the higher frequencies the trace for 100m of fibre drops down below

the others, whilst the 1km and 5km traces oscillate around the no fibre trace.
The signal/intermod traces in figure 5.22c are more affected by the fibre
propagation, especially at lower frequencies. The ratio at low frequencies is
similar for

100m

of fibre and no fibre, but as the length is increased to

and 5km the ratio drops in value.

1km

The four traces are close together at around
5.23
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Figure 5.22 : (a) Magnitude responses and (b) signal/2nd
harmonic ratio versus frequency for the gain saturation
analysis for fibre lengths of (1) 0, (2) 100m, (3) 1km
and (4) 5km showing the effect of the time delay between
modes
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the resonance frequency, then above this the traces including fibres remain at
similar low levels and oscillate whilst in the no fibre case the distortion ratio
improves

considerably.

The

reduction

in

signal/intermod

distortion

with

increasing fibre length at low frequencies, is of particular interest because it may
limit the allowable fibre length in systems needing high signal/intermod ratios.
If the previous simulation is carried out using the worst case output
spectrum, that is, two modes equally spaced around the gain peak, the results in
figures 5.23a,b,c are found.

A dramatic difference in response is seen.

magnitude frequency response shows little change for

100m

The

of fibre, but the

lkm traces shows a very strong fall in response at around the resonance peak.
This in effect reduces the useable bandwidth of the laser/fibre pair due to
dispersion in the fibre. The 5km of fibre case is even more pronounced, showing
a sharp drop in response at about 5GHz, which reduces the useable bandwidth
of the link to this figure.
The effects on the signal/2nd harmonic ratio are shown in figure 5.23b.
Below the resonance frequency the traces for no fibre, 100m of fibre and lkm
of fibre are similar, whereas the ratio for 5km of fibre has a lower value.
Above the resonance frequency the traces including fibre oscillate and remain at
a low level, the 5km case has particularly dramatic changes in the ratio.

The

signal/intermod traces (figure 5.23c) follow the same trend at low frequencies as
previously in figure 5.22c. For lkm and 5km of fibre the ratio reduces in value
from that for no fibre and 100m of fibre. This is very noticeable at 1GHz,
where the ratio is 95dB for no fibre and 100m of fibre, but drops to 52dB for
lkm and 42dB for 5km of fibre.

At frequencies above the resonance frequency

the ratios fall down to very low values for all three fibre lengths, a minimum
value of only a few dB occuring in all cases.
The results using the self saturation only analysis are shown in figures
5.24a,b,c.

These are

sim ila r

in form to the gain saturation matrix case with two
5.24
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(c) signal/intermod ratio for the gain saturation analysis
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modes equally spaced around the gain peak, although the effects are even
stronger.

The 5km of fibre case shows an even sharper cut off in frequency

response

at 4GHz

accompanied by even higher levels of

distortion. The

signal/intermod distortion ratio even drops below OdB for the lkm and 5km of
fibre cases. The multi-mode nature of the output of this simulation therefore has
a very strong effect on the propagation characteristics of the output along an
optical fibre.

5.6.2

Effect of Chirping on Fibre Propagation
Whilst a laser diode is undergoing direct modulation by a sinusoidal

current, the electron density will be modulated by this current.

The change in

electron density causes the refractive index of the active region to change [30,31]
and so the cavity mode wavelengths will also change. The modes are said to
‘chirp* in wavelength, that is, their optical frequency is modulated by the
electron density, and therefore by the modulation current This effect is utilised
in frequency modulation (FM) systems.
If a chirped output waveform is transmitted along an optical fibre, the
slightly different frequencies of a mode, during one period of the modulation,
will travel at slightly different speeds along the optical fibre due to dispersion.
The result is that the waveform will be distorted due to the effect of the fibre.
In the program, the curve for relative group delay versus wavelength
(figure 5.20) is simplified in order to calculate the chirping effect with

a

m in im a l

increase in processing time. All the modes of the

simulated device

(centred

on 1.3pm) are at a lower wavelength than the minimum dispersion

wavelength (1.32pm), and so the relative group delay curve can be estimated by
a straight line. The slope of this line is calculated in the program as:

fADl = Group Delay (Mode 1) - Group Delay (Mode 7 )
l&ol

(I), - ©7

5.25

5.18

where 7 modes are included in the simulation, to, and co7 are the
angular frequencies of modes 1 and 7 respectively. The angular frequency

of

the modes not including chirping is known, so if the variation in angular
frequency during a period is known, the variation in group delay is also known
from;
Group Delay V a r i a tio n ■

rAD) Scd
Issl-

5.19

where 8 co is the variation in angular frequency.
This group delay variation can be added to the static group delay
difference between modes used in the previous sub-section, in order to calculate
the effect of fibre propagation on the output waveform.
The variation in angular frequency can be calculated from:
So * j-o Sn
~n

5 .2 0

where n is the group refractive index.

The change in refractive index

is related to the carrier density in the active region [30], so that equation (5.20)
can be written:
So - -o . -2 .8 x 1 0 - 2o (N-Nb IAS)
n

5.21

where N is the electron density and NBIAS is the electron density with
no applied modulation current

Equations (5.21) and (5.19) are used in the

program to include the effect of chirp.
The results in figures 5.25a,b,c show the effect of both chirping and the
group delay between modes for the gain saturation matrix analysis assuming that
the dominant mode is at the peak in gain.

They can be compared with figures

5.22a,b,c in which the chirping effect is not included. A very strange effect is
seen in the magnitude frequency response results in figure 5.25a. The effect of
chirp and fibre propagation is seen to increase the magnitude response above that
5.26
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Figure 5.25 : Traces of (b) signal/2nd harmonic ratio and
(c) signal/intermod ratio versus frequency for the gain
saturation matrix analysis for fibre lengths of (1) 0,
(2) 100m, (3) lkm and (4) 5km showing the effect of the
time delay between modes

seen with no fibre.

This

is especially true at higher frequencies where the

response after 5km of fibre propagation is 20dB higher than at 1GHz.
The signal/distortion responses infigures 5.25b,c give a clue to what is
happening. Whilst the signal level is increasing dramatically at higher frequencies
due to the effect of chirp and fibre propagation, the levels of distortion
components are rising even faster.

This effect is seen even more strongly when

comparing the signal/2nd, 3rd and 4th harmonic distortion for

the cases of no

fibre (figure 5.26a) and 5km of fibre (5.26b).

of each of the

The levels

harmonics became comparable to the signal level at the resonance frequency and
above. This is the kind of response that would occur if the sinusoidal waveform
became more pulse like.
The chirping, or frequency modulation (FM) of the output waveform
follows the. electron density waveform which is lagging the applied current
density waveform 90°. The effect of the fibre dispersion

on the chirped

waveform is to speed up one side of the chirped waveform and slow down the
other, so that the output starts to form into pulses.

This effect would occur for

a chirped laser diode output with the amplitude constant,

and lead to

the

waveform leaving a fibre with a dispersion induced amplitude variation. The
effect of the chirp/fibre will either add or subtract to the amplitude variation
already on the output due to the relative phase difference of the two effects.
The interaction of the amplitude modulation (modulation depth = 0.1) and the
chirp/fibre dispersion effect in the simulation produces a pulse like output with
much larger amplitude variation than applied by the amplitude modulation
only.
The effect of chirping on fibre propagation is therefore much stronger
than the effect of the group delay between modes when using the gain saturation
matrix analysis.
mode.

This is because the output spectrum is dominated by one large

If, however, the results including chirp are compared with those in
5.27
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Figure 5.26 : Traces of (1) signal/2nd harmonic ratio,
(2) signal/3rd harmonic ratio and (3) signal/4th harmonic
ratio versus frequency for the gain saturation matrix
analysis with (a) no fibre and (b) 5km of fibre showing
the effect of the time delay between modes and chirping

figures 5.23 a,b,c which is for two modes equally spaced around the gain peak,
a different conclusion is reached.

The effect of the group delay between modes

causes a roll off in frequency response at 5GHz, which is not found in the
chirped results, but the distention levels are all much higher for the chirped
results.
The results for the self saturation only analysis, assuming the central
mode at the peak of the gain, are shown in figures 5.27 a,b,c.
response (figure 5.27a) has a roll off

The magnitude

in frequency response at 4GHz with 5km

of fibre, this is due to the group delay beteen different modes.

At higher

frequencies, for longer fibre lengths, the magnitude response recovers slightly, and
in the 5km case the response becomes much larger than for the no fibre case.
The effect causing this is the same as described for the gain saturation matrix
case.

The signal/distortion responses

in

figures 5.27 b,c are worse than the

results without chirping (figures 5.24b,c), especially die harmonic levels which are
at certain frequencies higher than the actual signal levels.
The previous results for the gain saturation matrix and self saturation
only analyses show that for an output spectrum dominated by one large mode,
the effect of chirping is much stronger than the group delay difference between
two modes. The chirping effect is also seen to improve the magnitude frequency
response at higher frequencies. This
levels of distortion.

is,however, accompanied by

very large

Where the output power is divided between two or more

modes, the group delay difference between modes leads to a low frequency roll
off of the magnitude frequency response.

In this case the two effects combine

to give a response including features of both of the effects.

The effect of chirp

is expected to become even more important as the modulation depth is increased,
and therefore the variation in carrier density and chirping also increase.
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5.7 Conclusions
In this chapter, the m echanisms leading to saturation of the gain in the
device have been described. These gain saturation effects should not be confused
with the basic gain saturation or gain clamping that occurs in all lasers and is
already included in a solution of the rate equations.
saturation

Mechanisms leading to gain

include spatial hole burning in both the lateraland longitudinal

directions, spectral hole burning and non-linear or two photon absorption. The
main gain saturation mechanism in high speed 1.3pm laser diodes is attributed to
spectral hole burning.

This occurs at higher photon densities, particularly in

longer wavelength devices, as the broadening mechanisms become inhomogeneous
due to the finite intraband scattering times.

This leads to partial spectral hole

burning occurring.
The results of an analysis by Agrawal [9] are used to form a matrix of
gain saturation coefficients.

These coefficients account for both self saturation

and cross saturation of the gain for the various longitudinal modes in a
multi-mode anaysis.
saturation

The multi-mode rate equations are solved

including the gain

matrix, and similar results found for the magnitude frequency response

and signal/distortion responses as seen for the self saturation only analysis.

This

is surprising considering that the values of the matrix coeffiencients are much
smaller than used in the self
inclusion

of

cross

saturation

saturation only analysis, and shows that the
elements

causes a much

stronger damping

mechanism than that caused by the self saturation terms alone.
The magnitude frequency response and signal/distortion responses are
plotted separately for the power output of each mode.

This shows that the

signal/distortion ratio .is smaller when considering each mode separately than
when looking at the summation of all the modes.

In order to recreate

modulation waveform with most accuracy therefore, theenergy in all of
modes is required.
5.29

the
the

The increase in optical bias level increases the clamping level more in
the gain saturation matrix analysis than in the self saturation only case. This is
because more power is held in the central mode in the matrix approach, so that
as this power rises ever more, the gain saturation effect becomes even stronger.
When the cavity length is varied, the matrix case shows a smaller
variation in resonance peak height than for self saturation only.

This is because

the power distribution between the various modes does not change so much in
the matrix case and so the effect of gain saturation on the modes also does not
change so much.
The effect of having two modes equally spaced around the gain peak
instead of one dominant mode at the gain peak is shown.

The responses show

only a small drop (0.8dB) in the damping of the resonance peak and similar
small changes in signal/distortion responses.
When the input modulation power to the device is varied the results are
similar for the matrix case to those described in sections 4.2.2 and 4.3.2 for the
self saturation only case.

The most interesting result occurs at low frequency

(1GHz) where the signal/distortion responses show a dramatic fall as the input
power approaches OdB.
The gain saturation matrix and self saturation analyses are shown to
have similar frequency responses.

However, the two analyses give a very

different predicted mode spectrum, which has extremely important implications on
the propagation of the two predicted outputs through an optical fibre.

The d.c.

mode spectra for the two cases show an almost single mode output for the gain
saturation matrix analysis with an MSR of 20, whereas the self saturation only
analysis is very much multi-moded with an MSR of only 1.25.

The effect of

increasing the cavity length is to increase the number of modes oscillating due
to the decrease in mode spacing. The gain saturation matrix case has three
strong modes oscillating for a cavity length of 300pm.
5.30

At higher optical bias

levels both analyses give a more multi-moded output spectrum due to an increase
in gain saturation.
The dynamic results of the instantaneous spectra during modulation show
that the ratio of the dominant mode to side mode power is not constant during
a period of the output waveform, especially at higher modulation depths.

The

numerical analysis is, therefore, necessary to calculate the mode spectra under
transient conditions.

At high modulation depths, especially at the resonance and

half resonance frequencies, the output waveform is seen to become more
pulse-like.
The effects of propagating the output waveforms from the two analyses
along various lengths of optical fibre are described.

The two major effects of

the dispersive nature of the fibre are the relative group delay between the
various modes, and the chirping effect caused by variations in refractive index
due to changes in the carrier density. The results show that for the gain
saturation matrix analysis, which produces an output spectrum dominated by one
large mode, the effect of chirping is much stronger than the group delay
difference between

modes.

The effect of chirp is actually seen to improve the

magnitude frequency response at higher frequencies due to a dispersion induced
amplitude variation.

This is also accompanied by very large levels of distortion,

which may exceed the signal level for longer fibre lengths.

For the self

saturation analysis where the power is divided between two or more modes, the
two effects combine to give a response including features of both of the effects.
An increase in modulation depth causes a larger change in carrier density and so
the effect of chirp is expected to increase also.
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CHAPTER 6
Experimental Work
The initial aim of this part of the project was to design and fabricate
1.3pm InGaAsP laser diodes, to mount them on a suitably designed high speed
mount, and characterise them.
fabricating these devices.

To this end initial steps were taken towards

This included mask design, the mastery of basic

fabrication techniques, and the provision of new fabrication processes necessary to
fabricate the high speed devices.

The work was finally cancelled due to a lack

of any suitable 1.3pm lasing material.

The initial work did lead to an

understanding of device fabrication, together with a firm basis for analysing
various device geometries.
A high speed laser diode mount was designed and produced.

This was

used,together with a suitably designed holderincluding a peltier cooler, to test a
commercially produced ridge waveguide 1.3pm laser.
resonance peak frequencies up to 3.7GHz.

Initial results showed

The majority of the characterisation

of high speed laser diodes was carried out at the University of California at
Santa Barbara whilst working with Professor John Bowers.

The following

sections describe the high speed device provided by Professor Bowers, the
equipment and experimental set-ups used to characterise the device, and the
results.

6.1 D.C. Measurements
All the results described in this chapter are from a single device.
device is

a

This

‘High Speed Polyimide Based Semi-Insulating Planar Burried

Heterostructure' [1] laser fabricated by Professor Bowers whilst at AT & T Bell
Laboratories.

A schematic of this device is shown in figure 6.1.

The fabrication steps for the device are shown in figures 6.2 a-f.

The

base structure is an n type InP substrate with n InP and undoped InGaAsP

6.1
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Figure 6.1 : Schematic of a High Speed Polyimide Based
Semi-Insulating Planar Buried Heterostructure (SIPBH)
laser
InGaAsP
InP

(a)
InP

Figure 6 . 2 : -Fabrication steps for SIPBH laser, (a) base
structure of substrate and epitaxially grown layers and
(b) masking and wet etching
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V > I/ 7

/ / /
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Figure 6.2 : Fabrication steps for SIPBH laser,
(c) regrowth of semi-insulating and InP, InGaAs layers,
(d) masking and etching of mesas, (e) deposit SiC^
dielectric and (f) spin on polyimide and cure

layers grown epitaxially on it (6.2a).

A masking process and wet etching is

used to create the 2pm wide mesa shape shown in figure 6.2b. The structure is
then placed in an MOCVD reactor for regrowth of semi-insulating InP followed
by p+ InP and p+ InGaAs cap layers (6.2c).
to

The InGaAs cap layer is grown

enable a low resistance ohmic contact to be made.

The regrown cap layers

are etched, after a masking process, to provide 10 pm wide

mesas for contacting

(6.2d). A layer of Si02 dielectric is then put down (6.2e) after which polyimide
is spun on and cured (6.2f).
low capacitance value.

This thick dielectric layer gives the structure its

Finally, a gold contact layer is evaporated over the top

of the structure, and using a masking process, a
defined (figure 6.1).

1 0 0 pm

wide bonding pad is

The sample is cleaved into bars and then into individual

laser chips.

It

A high bandwidth mount isused for the device, as

shown in figure 6.3.

comprises a copper block with a 40GHz bandwidth

Witron K connector

mounted through it with its connecting pin sticking out of one side.
pin the laser submount is

connected.

Below this

The laser is mounted at the endge of the

submount in a p type up configuration.

A gold mesh connects the laser chip to

a gold plated glass block, which is then

connected to the Wiltron K connector

pin. The use of an intermediate connecting block is for increased lifetime of the
device.

The whole mount is then clamped into a jig, which includes a pelder

cooler for temperature control.
figure 6.4, in which the

This assembly is shown in the photograph in

Wiltron connector is jointed to a Bias ‘T’ and a

microwave cable.
The light output versus current graph (L/I) for this device is shown in
figure 6.5.

This shows a threshold current of 23.3mA and a maximum slope

dL/dl of 0.304 W/A.

The light output reaches lOmW for a current of 57mA.

The curve is stopped at17.1mW due to saturation of the
measure the output.

detector used to

The light output will actually exceed 20mW at currents of

6.2

Gold
Mesh
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Diode

Figure 6.3 : High bandwidth laser diode mount

Figure 6.4 : Photograph of laser diode holder assembly

over 100mA.

The L/I curve saturates slightly at higher current values due to

heating and gain saturation.

In the following high frequency tests bias currents

of 50mA, 60mA and 100mA are used, these correspond to values of optical bias
level of 7.6mW, 10.25mW and 19.2mW respectively.
The differential quantum efficiency (dL/dl) is plotted in figure

6 .6 .

It

shows its maximum value of 0.304 W/A at just above threshold and then
decreases as the current is increased, due to heating and gain saturation.
The mode spectra produced by the device at bias currents of 30mA,
40mA, 50mA, 60mA and 100mA are shown in figures 6.7a-e.
scale is arbitrary.
0.81nm.

The light output

The mode spacing is calculated from these spectra to be

Using a typcial value of 3.9 for the group refractive index the length

of the device can be calculated from:

Mode Spacing (Wavelength)

■ X2
2nL

6.1

to be 267.5pm, where the wavelength is 1.3pm.
The spectra are seen to exhibit a dominant mode with small side
modes, except for the 60mA case in which three large modes are seen.

The

spectra exhibit more lower power modes on the shorter wavelength side of the
dominant mode.

The dominant mode wavelength moves to longer wavelength as

the current is raised, as is seen in other 1.3pm InGaAsP laers [2].

The spectra

for the 40mA, 50mA and 60mA cases can easily be compared as they are on
the same wavelength scale.

The dominant mode for 40mA is at 1.2966pm, and

as the current is raised it moves slightly up in wavelength by 0.13nm for 50mA
and 0.23nm for 60mA.

This is the same cavity mode in each case but the

refractive index has changed slightly due to the change in electron density and
temperature.

In these three spectra (figures 6.7 b-d) the longer wavelength

modes are seen to build up into three large modes for the 60mA case. This
spectrum (60mA) is not representative of ~the general results, or of those seen by

18

10

q

fn T i

tii t i l 1 1 n iim fiuK 00000102020000010200000001020100000102001200
*

100

0

F igure 6.5 : Light output versus current

1

1.0

0.5

900102020400010202050001890102060001

lllfllffl
100

Figure 6.6 : Differential quantum efficiency versus
current

1.2889

1.2939

i .2909

1.2966

1.3016

(b)

A 1

-L A .

Mm

1.2916

Cc)

, II, II
1.2916

_UL

/im

JU

I

1.2966

L

1.3016

(d)

i
1.2916

1.2964

i_JL
a i

i

11

(im

»

l

J

I

L

1.2966

1 .3016

1.3014

1.3064

Figure 6.7 : Mode spectra at bias current levels of
(a) 30mA, (b) 40mA, (c) 50mA, (d) 60mA and (e) 100mA

other authors [2,3]-

The other spectra are therefore taken as the typical case,

with one dominant mode, and side modes with powers of up to about 20% of
the dominant mode power.

6.2 Experimental Set up
A schematic diagram of the main part of the experimental set up is
shown in figure

6 .8 .

All of the components on the schematic diagram are

firmly fixed on a thickaluminium slab
arrangement is shown in figure

for rigidity.

A photograph of this

6 .9 .

Following the photograph in figure 6.9, the microwave energy enters the
right of the photograph in an S.MA. cable and passes through a 3dB pad
(attenuator) before entering the bias *T\

The bias *T combines the microwave

signal with a d.c. bias, and applies them to the laser via the Wiltron connector.
This bias T* has a microwave pass band from 0.1 to 18GHz.

The bias ‘T’ is

mounted on a sturdy column to take any strain from the microwave cable
without pulling the laser

diode mount

The

3 dB

pad reduces the power of

reflections back from the

laser, which is a mismatch in a 50Q system.

This

should help stop oscillations building up in the microwave cable, and reduce the
level of power returning back into the signal sources or amplifiers.
The laser diode mount includes a peltier cooler which keeps the
temperature constant at 18PC throughout the experiments.

Below the peltier

cooler is another cooling device, which, when connected to a nitrogen gas line
can cool the

mount

still

more

to

take

results

at

-60*0

when

necessary.

However, this also requires the laser diode to be covered and kept in an
atmosphere without water vapour (i.e nitrogen) to stop condensation occuring on
the laser. The additional cooling stage is not used in the following experiments.
The output from the laser diode is collimated by a lens on an XYZ
stage and propagates along the optical axis of the arrangement to another lens,
6.4
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Figure 6.8 : Schematic diagram of the major part of the
experimental setup

F igu re 6 .9 : Photograph o f t h e o p t i c a l microwave l i n k

which focusses the beam onto a high speed photodetector (see figure 6.10).

The

photodetector is an InGaAs P.I.N. photodetector with a modulation response flat
up to over 25GHz, similar to that described by Bowers, Burras and McCoy [4].
The photodetector is connected to a bias ‘T’ with a 26.5GHz bandwidth which
applies the bias voltage to the detector.
It is necessary to check that the bias voltage stays sufficiently high to
stop the detector being saturated by the high signal level.

A high voltage

(>10V) can damage the detector if the light level is cut off (i.e. by obstructing
the laser beam), so the voltage was kept down to about 10V in most cases.
When the detector became saturated, at high laser powers, it was necessary to
de-focus the lens next to the detector to cut down the received light level.
The

microwave output of the bias ‘T’ leaves thearrangement via an

S.MA. lead. All the microwave leads and

pads etc arehigh quality

wide

bandwidth products which work well in the 0.1-20GHz frequency range used in
the experiments. Any fluctuations in response are calibrated out of the results by
a computer.
The arrangement described
microwave input and output

so

farprovides

an

optical

link

with

The characteristics of the link are those of the

laser diode, because the responses of all the other components are flat over the
band of interest, or calibrated out where necessary. This optical link is reduced
to a single box in the following schematic diagrams which describe the layouts
for various experiments.

6.3 Magnitude and Phase Frequency Response
The magnitude and phase frequency
the experimental layout shown in figure 6.11.

responses were characterised

using

In this, a Hewlett Packard (HP)

8510 network analyser was used to take the measurements.

An internal

computer subtracts the effects of the microwave cables connected to the optical
6.5

Figure 6.10 : Photograph of high speed detector
arrangement

HP 8510

Plotter
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Detector Bias
Optical
Link
Laser Bias

Figure 6.11 : Experimental setup for magnitude and phase
measurements

link to provide corrected results.
The magnitude frequency response of the link, and therefore of the
laser, is shown in figure 6.12a for bias currents to the laser of 50mA, 60mA
and 100mA.

These results show the increasing resonance frequency and damping

as the bias level is raised. The results are for small signal modulation as the
HP8510 only gives out a low signal level. The -3dB point of the traces are
7.72 GHz (50mA bias),

8.65GHz (60mA bias) and 11.13 GHZ (100mA bias),

whilst the frequencies at

the peak of each

response are 4.944GHz, 5.71 GHz and

7.81GHz respectively.

The microwave efficient of the link is seen to drop as

the bias is increased.

This is due to the fall in slope efficiency of the laser at

higher bias levels (see

figure

value at low frequency are
4.62dB for the 100mA case.

6 dB

6 .6 ).

Theheight of

the resonance peaks above the

for both the 50mA and

60mA cases, and

This is due to increased damping at the higher

bias level because of gain saturation.

The effect of parasitic components in this

device are expected to be extremely small due to their low values.

Quoted

values [1] are 0 0 .5 to 0.9pF, R=4fi for this device, which when coupled with
a low inductance bond wire of L =0.2nH gives a roll off frequency of 49.4GHz.
The phase responses of the device for d.c. bias levels of 50mA, 60mA
and 100mA are shown

in figure 6.12b. The

phase drops sharply around the

resonance peak of each response as predicted.

The phase in each case falls by

over 180° from the value at low frequency (1GHz) to that at 20GHz.

The

intrinsic laser diode response is expected to provide about 180° of phase lag
over this frequency range, so this result shows that the parasitic components
must have very little effect on the frequency response over this frequency range.
This confirm the low values of parasitic components quoted for the device.
This also provides an easy way to establish what effect, if any, parasitic
components have on the frquency response of a device.
possible to draw this from magnitude

It is not always

frequency responses as the height of the
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Figure 6.12 : (a) Magnitude and (b) phase responses for
bias currents of (1) 50mA (7.6mW), (2) 60mA (10.25mW) and
(3) 100mA (19.2mW)

resonance peak can vary depending on device geometry and bias level.

6.4 Harmonic Response
The harmonic response of the laser diode cannot be measured using a
network analyser.

It is necessary to use a spectrum analyser to look at the

output microwave spectrum of the optical link, and then to extract the signal
levels at the frequencies of interest.

A separate signal source and amplifier is

needed to provide the microwave input to the optical link.

The signal source is

set to a particular frequency and power level, an then the spectrum analyser is
used to examine the power levels of signals at the modulation frequency and at
higher harmonics.

The signal source is then set to another frequency and the

process repeated.

In the experimental set up shown schematically in figure 6.13

and in the photograph in figure 6.14, both the signal source and spectrum
analyser are controlled by a computer.

This allows each set of results to be

taken automatically, with the modulation frequency or the power level at a
particular frequency being swept over a range of values.
The output power from the signal source may vary, and the other
microwave components such as the leads, the microwave amplifier, connectors
and bias ‘T* will also affect the signal power level at different frequencies.

To

overcome this a correction program was written for the computer. The program
sets the frequency and power level at the signal source, and measures the power
level after the laser diode bias ‘T’ using the spectrum analyser. This assumes
that the calibrated spectrum analyser provides accurate measurements of power.
The program steps through all the frequency values, measuring the actual power
out of the bias ‘T* into the 5012 spectrum analyser input. Correction values are
calculated and the process repeated so that the actual measured values get closer
and closer to the required power level.
level is applied to the laser diode.

This ensures that the correct power

The output from the laser diode bias ‘T’ is
6.7
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Figure 6.13 : Experimental setup to measure harmonic
response

Figure 6 . 1 4 : Photograph o f o v e r a l l e x p e r i m e n t a l s e t u p

then connected to the detector bias *T* and microwave lead, which are measured
and correction values calculated.
The output frequency of the microwave source is not exactly at the
required frequency, and so the computer uses a searching algorithm to find the
necessary frequency components on the spectrum analyser.

A compromise is

made between the frequency scan width and the resolution bandwidth in order to
keep the overall scan time as small as possible.

This is particularly important

for low level signal components which may require a small resolution bandwidth
to raise them above the noise floor.

The program therefore does a coarse scan,

with a large scan width and large resolution bandwidth in order to identify the
main modulation frequency component

It then centres the display on this

frequency component and repeats the scan with a smaller scan width and
resolution bandwidth in order to measure the frequency and power level.

The

measured frequency is used to calculate where to look for the harmonic
components, then these are found using a 3kHz resolution bandwidth, small scan
widths, and a search routine.

It is necessary to find these components as

quickly as possible as the modulation frequency can drift slightly with time and
move the harmonic components out of the frequency windows being checked by
the spectrum analyser.

Various search routines, scan times and resolution

bandwidths were tried until the program proved dependable enough to carry out
tests automatically.
between

20

components.

Using this program each frequency sweep could take

minutes and

1

hour depending on the size of the harmonic

The small resolution bandwidths used when finding the harmonic

components allowed very low level signals to be found, which would be
extremely difficult to do manually.

This gives the results a large dynamic

range.

6.8

6.4.1 Harmonic Component Levels versus Frequency
During these experiments the laser d.c. bias and the r.f. power were set
at a particular level and the modulation frequency swept from 100MHz to
11GHz.

The amplifier (figure 6.13) was not used in the frequency swept

results, as its low

cut-off frequency was

100MHz would not have been possible.

2GHz, so measuremnts down

The highest frequency value of 11GHz

was chosen because the spectrum analysercould only

look at signals up

22GHz, which is the second harmonic when modulating at 11GHz.
floor level is due to the

to

to

The noise

spectrum analyser, not the detector or laser diode.

Results were taken for bias levels of 60mA and 100mA, and rT. power
levels of -lOdBm, OdBm and +6 dBm.

Without the amplifier it was not possible

to get a flat frequency sweep at power levels above +6 dBm.

The traces in

figure 6.15a show the signal levels at the modulation frequency, 2nd harmonic,
3rd harmonic and 4th harmonic for an rl. power of -lOdBm.
the modulation frequency is the magnitudefrequency response
showing a resonance peak at about

6 GHz.

The response at
of

the laser,

The response level is

just under

-40dBm at low frequency, showing a loss through the link of about 30dB, which
is reasonable for such a link which is not frilly optimised for the maximum
signal level.

The levels of the harmonics are plotted at the modulation

frequency that caused them, so that for modulation at 3GHz, the 2nd harmonic
at

6 GHz

is plotted etc.

The traces for 3rd and 4th harmonics, therefore, stop at

7.3GHz and 5.5GHz respectively, as they are then at the maximum frequency at
which they can be seen on the spectrum analyser.

The second harmonic level

starts at -90dBm for modulation frequencies below 1GHz, which gives a signal
to harmonic ratio of almost 50dB.

The harmonic level rises up to-60dBm at

about the half resonance frequency then flattens out
resonance frequency, with a slightincrease

at this value to above the

in level at the resonance frequency.

Above the resonance the harmonic level starts to drop again, down to -80dBm at
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Figure 6.15 : (1) Signal, (2) 2nd harmonic, (3) 3rd
harmonic and (4) 4th harmonic responses for a bias current
of 60mA and r.f. power levels of (a) -lOdBm and (b) OdBm
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Figure 6.15(c) : (1) Signal, (2) 2nd harmonic, (3) 3rd
harmonic and (4) 4th harmonic responses for a bias current
of 60mA and an r.f. power level of +6dBm

9GHz, the signal then levels out, but this is actually the noise floor of the
spectrum analyser at above 18GHz.

The third harmonic level starts in the noise

floor (-lOOdBm) for low modulation frequencies then rises to show peaks at the
half resonance and resonance frequencies, it then levels out at the noise floor
level.

At this power level (-lOdBm) the fourth harmonic level is not large

enough to give a real indication of how it varies with frequency.
The same responses are shown in figure 6.15b with the input r.f. power
level raised to OdBm.

The traces for the three harmonics all show two peaks

in harmonic levels at half resonance and resonance frequencies.

The harmonic

levels at low frequency (1GHz) and high frequency (10GHz) are considerably
lower than in the range between the half resonance and resonance frequencies.
In figure 6.15c the power level is increased again, up to +6 dBm.

The

resonance peak height of the magnitude frequency response is seen to flatten
slightly due to saturation.

The three harmonics follow the same shape as in the

previous graph, but at a higher level.

Over the modulation frequency range of

0.8GHz to 2.2GHz the level of the three harmonics are almost equal, but as the
frequency is increased the higher harmonics drop down to lower levels.

At low

(1GHz) and high (10GHz) frequencies the harmonic levels are still almost 30dB
below the level of the signal at the modulation frequency.
Using the stored data files of results it is possible to plot traces of
signal/harmonic distortion in a similar fashion to the theoretical results in
chapters 4 and 5.

These traces are shown in figure 6.16, which are plots of

signal/2nd harmonic distortion for a bias level of 60mA, with r.f. power levels
of-lOdBm, OdBm and

+6 dBm.

The

results

show

a

large

ratio

at

low

frequency, falling as the frequency is raised up to the half resonance frequency.
Two

m in im a

in

the signal/2nd harmonic ratio occur at the half resonance and

resonance frequencies, each being of a similar value.

At high frequency the

responses begin to flatten out, this is in part due to the harmonic component
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Figure 6.16 : Traces of signal/2nd harmonic ratio versus
frequency for a bias current of 60mA and r.f. power levels
of (1) -lOdBm, (2) OdBm and (3) +6dBm
dB

+60.0

+40. 0

+ 20.0

+0

. 0

10.0

0 . 0

Frequency

GHz

F ig u re 6 . 1 7 : T r a ce s o f s i g n a l / 2 n d harmonic r a t i o v e r s u s
fr e q u en cy f o r a b i a s c u r r e n t o f 100mA and r . f . power
l e v e l s o f (1 ) -lOdBm, ( 2 ) OdBm and (3 ) +6dBm

being close to the noise floor, but the results do seem to show a change in
slope.

This is also true at frequencies below 1GHz, which also show a

flattening of the signal/2 nd harmonic ratio.
At the higher bias level of 100mA the resonance peak moves up to
about 7.5GHz, and the response has a smaller resonance peak due to an
increased amount of gain saturation.

The harmonic levels now show one

maximum midway between the half resonance and resonance frequencies.

Figure

6.17 shows the signal/2nd harmonic distortion traces for r X power levels of
-lOdBm, OdBm and +6 dBm at a bias of 100mA.

The rX levels are the same

as used with 60mA bias, therefore the modulation depths will be smaller
100mA bias.

at

The levels of distortion are therefore expected to be smaller

(neglecting the increased gain saturation level) due to the lower modulation
depths.

This is true over the central frequency range between 2GHz and

but at frequencies below 2GHz and above
distortion traces are similar.

8 GHz

8 GHz,

the signal/2nd harmonic

This is particularly obvious in the low frequency

part of the 100mA bias results, in which case the traces flatten out at some
maximum value from 100MHz to 1.7GHz.

This maximum value is very similar

to the maximum values found in the 60mA case.

The effect which limits the

signal/2 nd harmonic level at low frequency, therefore, does not vary with bias
level, or modulation depth, but with the applied rX modulation power.

6.4.2 Harmonic Component Levels versus Power
During these experiments the laser d.c. bias and modulation frequency
were set to a particular value and the rX power level swept from -2 0 dBm to
+20dBm.

The amplifier shown in figure 6.13 was used to provide the high

signal levels at the laser diode.

Results were taken at a low frequency, half

resonance frequency, the resonance peak frequency, and a frequency above the
resonance peak. The low frequency was chosen to be 1.5GHz, because the
6.11

amplifier response (2-18GHz) would not allow sufficiently high powers at lower
frequencies.

The higher frequency was chosen as 10.5GHz, so that the 21GHz

2nd harmonic was well within the upper limit (22GHz) of the spectrum analyser.
The first bias level chosen was 60mA, which gives an optical bias level
of 10.25mW.

Figure 6.18a shows the power received at the spectrum analyser

at the modulation frequency, 2nd harmonic, 3rd harmonic and 4th harmonic for a
modulation frequency of 1.5GHz.
to +20dBm.

The input power level is raised from -20dBm

The output signal level is -55dBm for an input of -20dBm, and

rises linearly at the same rate as the input power until the input power reaches
+9dBm.

At this point the output signal power starts to saturate and the trace

flattens out

The three harmonic traces start at the level of the noise floor.

The 2nd harmonic trace exceeds the noise floor level for an input power level
of -15dBm and rises linearly from -97dBm to -63.5dBm, at an input power level
of +ldBm.

This, therefore, gives a variation of 33.5dB in the 2nd harmonic for

a variation of 16dB in the input signal level, or from the trace of the output
signal level, this component varies by 16.5dB.
variation of the

2 nd

squared (Pin2)-

This is close to the expected

harmonic power level proportional to the input power level

Similarly, the 3rd and 4th harmonic levels rise in close

agreement with the expected variation proportional to Pin* and Pin4.
A small kink is seen in the traces for the three harmonic components
between input powers of ldBm and 2dBm, but this can be corellated with a
small kink in the output signal power.
produced by

the

The kinks are, therefore, probably

test equipment, most likely the signal source switching

attenuation ranges.
At an input power level of +2dBm the three harmonic components are
all equal in power level and remain so as the input power level rises by a few
dB’s.

The 4th harmonic then has the highest power level of the harmonics as

the input level is raised, followed by die 3rd then 2nd harmonics.
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Figure 6.18(a) : (1) Signal, (2) 2nd harmonic, (3) 3rd
harmonic and (4) 4th harmonic responses for a bias current
of 60mA and modulation at 1.5GHz
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F ig u r e 6 . 18( b) : Traces o f ( 1 ) s i g n a l / 2 n d harmonic r a t i o ,
(2) s i g n a l / 3 r d harmonic r a t i o and (3) s i g n a l / 4 t h harmonic
r a t i o f o r a b i a s c u r r e n t o f 60mA and m odu la tio n a t 1 . 5GHz

the 2nd harmonic trace is seen to increase for these higher input levels.

As the

input power level is raised more, the harmonic components start to saturate and
the traces start to flatten out

This occurs at an input power of +6 dBm for the

4th and 3rd harmonics, and +7dBm for the 2nd harmonic.

The higher harmonic

traces (3rd and 4th) flatten out more than the 2nd harmonic, which keeps rising,
hut at a reduced rate.
The results

from

the

previous

figure

are

used

to

calculate

the

signal/harmonic distortion versus input power responses shown in figure 6.18b.
Where the level of any of the harmonics are below the noise floor, the trace
has not been plotted. The signal/2nd harmonic trace starts at 45dB for an input
power level of -15dBm.

The trace falls linearly until, at input powers of around

2dBm to 5dBm, the slope changes and the signal/2nd harmonic ratio falls at a
faster rate.

The slope gradually decreases as saturation sets in for input powers

above +7dBm.

The signal/3rd and 4th harmonics traces begin at input power

levels of -7dBm and -5dBm respectively, with input power levels below these
not exciting high enough levels of harmonics to be measured.

The ratios start

at 50dB, and fall linearly until they become saturated for input power levels of
greater than +6 dBm.

The traces then become almost flat as the power level is

increased.
In figures 6.19a,b the same results are shown for a modulation
frequency of 3GHz, which is the half resonance frequency of the device when
biased at 60mA.

The output signal level rises linearly for input power levels up

to +10dBm, above which the output power level saturates.

Similar responses are

seen for the harmonic components, which emerge from the noise floor, then rise
linearly for input power levels up to +9dBm.

The harmonic levels then saturate

and the traces flatten out, although the 3rd harmonic level rises more than the
other harmonics and actually equals the signal output level for high input powers
(18dBm-20dBm).

The harmonic levels do not become equal at an input power
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Figure 6.19(a) : (1) Signal, (2) 2nd harmonic, (3) 3rd
harmonic and (4) 4th harmonic responses for a bias current
of 60mA and modulation at 3.0GHz
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F ig u re 6 . 19( b) : Traces o f ( 1 ) s i g n a l / 2 n d harmonic r a t i o ,
(2) s i g n a l / 3 r d harmonic r a t i o and (3) s i g n a l / 4 t h harmonic
r a t i o f o r a b i a s c u r r e n t o f 60mA and m odu lation a t 3.0GHz

level below the saturation level, as seen at 1.5GHz.

The increased slope of the

2nd harmonic level seen at 1.5GHz above this crossing point is not seen at
3GHz.
The results for a modulation frquency of 6 GHz, which is the resonance
peak frequency, are shown in figures 6.20 a,b.

The output signal power trace is

seen to saturate at a lower input power level of +3dBm than seen in previous
cases. The harmonic levels rise proportional to Pin2 and Pin3 below the
saturation input power level, as seen in the other results.

The level of the 3rd

harmonic is lower than seen at the half resonance frequency, and because it
starts to saturate at a lower input power it is much smaller than the signal level
at high input power levels.

This is shown in the signal/2nd and 3rd harmonic

(races in figure 6.20b, in which the signal/3rd harmonic ratio never falls below
lOdB.
The results at 10.5GHz, which is above the resonance peak frequency,
are shown in

figures

6.21

a,b.

Only

the

2nd

harmonic

is

within

measurement range of the spectrum analyser at this modulation frequency.

the
The

signal level is lower than in the other results due to the poorer response of the
device at this frequency.

The 2nd harmonic level is also lower, only leaving

the noise floor at an input power of -2dBm.

Two of the measured points at

+18dBm an +19dBm are lower than expected.

This is probably due to

experimental errors in the power level applied to the laser diode, so conclusions
cannot be drawn from the results for power levels above +17dBm.
The same set of experiments was carried out at a bias level of 100mA,
which corresponds to an optical bias level of 19.2mW per facet.

The results are

shown in figures 6.22 a,b, 6.23 a,b, 6.24 a,b, and 6.25 a,b for modulation
frequencies of 1.5GHz, 3.75GHz (half resonance frequency), 7.5GHz (resonance
frequency) and 10.5GHz respectively.

The results are very similar in form to

those at 60mA bias, although the same input power level at 100mA bias gives a
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Figure 6.20(a) : (1) Signal, (2) 2nd harmonic and (3) 3rd
harmonic responses for a bias current of 60mA and
modulation at 6.0GHz
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Fig ure 6 . 2 0 ( b ) : T r a c e s o f ( 1 ) s i g n a l / 2 n d harmonic r a t i o
and (2) s i g n a l / 3 r d harmonic r a t i o f o r a b i a s c u r r e n t o f
60mA and m o d u l a ti o n a t 6.0GHz

dBm
- 2 0 .0

-40.0

-60.0

-80.0

-

100.0
-

2 0 . 0

-

1 0 . 0

0 . 0

Input Power

2 0 . 0

dB

Figure 6.21(a) : (1) Signal and (2) 2nd harmonic responses
for a bias current of 60mA and modulation at 10.5GHz
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F ig u re 6 . 2 1 ( b ) : Trace o f s i g n a l / 2 n d harmonic r a t i o f o r a
b i a s c u r r e n t o f 60mA and m odu lation a t 10.5GHz
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Figure 6.22(a) : (1) Signal, (2) 2nd harmonic, (3) 3rd
harmonic and C4) 4th harmonic responses for a bias current
of 100mA and modulation at 1.5GHz
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F ig u re 6 . 2 2 ( b ) : Traces o f (1 ) s i g n a l / 2 n d harmonic r a t i o ,
(2) s i g n a l / 3 r d harmonic r a t i o and (3 ) s i g n a l / 4 t h harmonic
r a t i o f o r a b i a s c u r r e n t o f 100mA and m odu lation a t 1.5GHz
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Figure 6.23(a) : (1) Signal, (2) 2nd harmonic, (3») 3rd
harmonic and (4) 4th harmonic responses for a bias current
of 100mA and modulation at 3.75GHz
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F ig u re 6 . 2 3 ( b ) : Traces o f (1 ) s i g n a l / 2 n d harmonic r a t i o ,
(2) s i g n a l / 3 r d harmonic r a t i o and (3 ) s i g n a l / 4 t h harmonic
r a t i o f o r a b i a s c u r r e n t o f 100mA and m od u la tio n a t 3.75GHz
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Figure 6.24(a) : (1) Signal and (2) 2nd harmonic responses
for a bias current of 100mA and modulation at 7.5GHz
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F ig u re 6 . 2 4 ( b ) : Trace o f s i g n a l / 2 n d harmonic r a t i o f o r a
b i a s c u r r e n t o f 100mA and m odu lation a t 7.5GHz
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Figure 6.25(a) : (1) Signal and (2) 2nd harmonic responses
for a bias current of 100mA and modulation at 10.5GHz
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F ig u r e 6 . 2 5 ( b ) : Trace o f s i g n a l / 2 n d harmonic r a t i o f o r a
b i a s c u r r e n t o f 100mA and modulation a t 10.5GHz

smaller modulation depth, and so the results at 100mA bias have lower harmonic
levels and higher saturation powers. The result at 1.5GHz does, however, differ
from the 60mA bias case. The three harmonic levels, whilst getting very close to
each other at input power levels around +12dBm, do not become exactly the
same over a range of input powers, as seen for the 60mA case. The 2nd
harmonic level does not saturate at all, whilst the output signal and the 3rd and
4th harmonics saturate at an input power level of +15dBm.

The results at other

frequencies are similar to those at the 60mA bias level, but shifted across to
higher input power levels.

The input power of +20dBm is, therefore, equivalent

to about -9dBm in the 60mA bias case, providing a similar modulation depth.
The harmonic levels are slightly smaller, for comparable modulation depths, at
the higher bias level, and the signal/harmonic ratios larger. This is due to more
damping of the response at the high bias level due to higher levels of gain
saturation.

6.5 Intermodulation Distortion Response
The experimental set-up used to measure intermodulation distortion
effects is shown in figure 6.26.

Two microwave signal sources are used, their

output’s being joined together in a wide band resistive coupler.

The

6 dB

pads

are placed between the sources and coupler to cut down the signal from one
source entering the output of the other source.

This is very crucial because if

too much power from one source enters the other it can degrade the output of
that source.

With lower value pads, the sources were seen to pull their output

frequencies closer together, and the power levels also fluctuated.

The output of

the coupler is amplified and then applied to the laser diode.
In order to measure intermodulation distortion one signal source is set at
a particular 'base* frequency, and the other source is set a particular frequency
deviation away from the first

In the automated experiments the second signal
6.15
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Figure 6.26 : Experimental setup used to measure inter
modulation distortion effects

source was set at 10MHz above the frequency of the first signal source.

The

spectrum analyser and computer search for the two signals and then the 3rd
order intermodulation products at 2f1 - f 2 and 2f2 -f1.

These results are stored

in a file and the base frequency increased before another result is taken. The
base frequency is swept from 2GHz to 18GHz in steps of 100MHz to produce
the results shown in this section.
It is possible to look at many intermodulation products at once on the
spectrum analyser by using a large span width. Some examples of this are
shown in figures 6.27 a-d, which show the various signal components produced
by two modulatingsignals at +12dBm,

separated by 100MHz. The laser is

biased at 60mA, so

these large signal powers produce high levels of distortion.

The results are for

base frequencies of 1GHz (figure 6.27a), half

resonance

frequency (figure 6.7b), resonance (figure 6.27c) and 10GHz (figure 6.7d).
distortion levels are

The

seen to be higher at the resonance and half resonance

frequencies, with many order of intermodulation distortion products being present
(23rd order at the resonance frequency).

6.S.1 Intermodulation Component Levels versus Frequency
The bias levels used in these experiments were 60mA and 100mA,
although some results were also taken at 50mA bias. The frequency of the first
signal source was swept from 2GHz to 18GHz in steps of 100MHz, with the
second signal source always 10MHz higher than the first

The computer was

used to control the sources and also correct the power levels at each frequency
so that a constant power sweep was applied to the laser.

The signal levels at

the spectrum analyser were found for both modulation frequencies and both 3rd
order intermodulation products (2f, -f2 and 2f2 - f , ).

Originally all four

component levels were plotted, but it was found that both signal levels were
equal and so were the intermodulation products, so it was only necessary to plot
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Figure 6.27 : Intermodulation distortion components for
modulating signals of +12dBm at (a) 1GHz and (b) half
resonance frequency
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Figure 6.27 : Intermodulation distortion components for
modulating signals of +12dBm at (c) the resonance
frequency and (d) 10GHz

the response of one signal and one intermodulation component (intermod).
The responses in figure 6.28a show the measured results for signal level
and intermod level versus frequency for a bias of 60mA and rX power level of
-lOdBm.

The intermod level starts at -lOOdBm at 2GHz then rises up to a

plateau at the half resonance frequency, rising up again to a maximum value of
-75dBm at the resonance frequency.
floor at 9GHz.

The trace then drops down below the noise

The response for an rX power level of OdBm is shown in

figure 6.28b. The inteimods are much higher (30dB) as expected for a lOdB
increase in input power. The trace shows two obvious maxima in the intermods
at the half resonance and resonance frequencies, falling down again below the
noise floor at frequencies above 12GHz.

As the rX input power is raised to

+10dBm (figure 6.28c) the double peaked response is smoothed out into one
maximum, at a frequency between the resonance and half resonance frequencies.
The response of the output signal power is seen to lose it’s resonance peak at
this high input power level providing a much flatter frequency response.
The intermod levels at frequencies above 12GHz are now higher than
the noise floor and can easily be seen.

The slope of the response at these high

frequencies does not carry on from the slope at 8-12GHz, but flattens out at
about -70dBm.

This effect is also seen in a similar result taken for a bias

level of 50mA.

The same effect is seen in the signal/2nd harmonic ratio results

shown in figures 6.16 and 6.17 in which the ratio rises up above the resonance
frequency but then flattens out for frequencies above
frequencies above 16GHz).

8 GHz

(or 2nd harmonic

It may be that harmonics produced by the signal

source provide the measured levels of

2 nd

harmonic components at high

frequencies, which are larger than those produced by the laser diode due to
modulation at that frequency.

Similarly, the intermods produced by the resistive

combiner may provide the signal components measured at high frequency and not
the intermodulation distortion produced by the laser.
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Figure 6.28 : (1) Signal and (2) intermod responses versus
frequency for a bias current of 60mA and r.f. power levels
of (a) -lOdBm and (b) OdBm

harmonic and intermods at these high frequencies tend to agree with the
hypothesis that these signals are produced before the laser diode or in the
spectrum analyser as they do not follow the second order response of the laser
in any way.

More measurements would be necessary to prove this hypothesis.

Some way of reducing the level of these distortion signals before applying them
to the laser would then be needed to allow the actual characteristics of the
device to be measured at these high frequencies.
flattening out of intermods (and

2 nd

It can be concluded that the

harmonic) at high frequencies is probably

due to the measurement system and not the laser diode.
The results

from

figures

6.28

a-c

signal/intermod traces shown in figure 6.29.
frequency axis up to 12GHz.

can be

used

to

calculate

the

The traces are only plotted on a

This is because for -lOdBm and -OdBm input

powers the intermods are below the noise floor at higher frequencies, and in the
case

of +10dBm

the results are possibly incorrect

explained in the previous paragraph.

above around 13GHz as

These traces show minima at resonance

and half resonance frequencies for the -lOdBm and OdBm input power cases,
with the larger minima occuring for OdBm.
+10dBm the trace

At the high input power level of

flattens out and shows an almost equal signal/intermod ratio

from below the half resonance frequency to above the resonance frequency, then
the ratio starts increasing as the frequency increases.

The general shape of the

traces for -lOdBm and -OdBm input powers are similar, with the shift in
signal/intermod level being about 20dB for the lOdB change in input power.
The trace for +10dBm input power saturates at a minimum level of about 12dB,
but frequencies below the half resonance frequency and above 10GHz show
about 20dB change from the OdBm trace.
The same
100mA.

experiment was carried

out with the laser diode biased at

In this case the same signal levels provide smaller modulation depths,

so the intermod levels are lower.

For this reason, results were not taken for an
6.18
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Figure 6.28(c) : (1) Signal and (2) intermod responses
versus frequency for a bias current of 60mA and an r.f.
power level of +10dBm
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input power of -lOdBm, as the intermod levels would be too low to measure.
The traces in figures 6.30 a,b show the output signal level and intermod level
versus frequency for input power levels of OdBm and +10dBm respectively.

In

figure 6.30a the intermod level trace shows two distinct maxima at the resonance
and half resonance frequencies and falls down into the noise below 3GHz and
above 12GHz.

The responses for +10dBm input power (figure 6.30b) show that

the output signal power trace has a smaller, flatter resonance peak, and the
intermod trace has less pronounced maxima.

The intermod trace flattens out

above 13GHz, probably due to the measurement system as explained previously.
The signal/intermod results calculated from the results in figures 6.30 a,b
are shown in figure 6.31.

Both traces show the usual double minima at the

half resonance and resonance frequencies, the lower value being at the resonance
frequency.

The trace for the higher input power of +10dBm is shifted slighting

to lower frequency in comparison to the OdBm case. This is due to the laser
becoming saturated at this high power and the output signal response showing a
smaller resonance peak and lower resonance peak frequency.

If the trace for

+10dBm is moved up in frequency so that the two minima coincide with those
of the OdBm trace, then the difference in signal/intermod ratio is about 20dB.
This is the expected difference for a change in input power level of lOdB.

6.5.2 Intermodulation Component Levels versus Input Power
For this series of experiments the d.c. bias current and modulation
frequency were set at particular values and the modulation power increased from
-20dBm to +15dBm in steps of ldBm.
intermod level were found.
100mA.

At each step the signal level and

The d.c. bias levels used were 50mA, 60mA and

The results for 50mA are included in this section to help show the

general trend of results, as the 60mA traces include some unusual effects.

The

traces were taken for frequencies of 1.5GHz, half resonance frequency, resonance
6.19
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Figure 6.30 : (1) Signal and (2) intermod responses versus
frequency for a bias current of 100mA and r.f. power
levels of (a) OdBm and (b) +10dBm
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Figure 6.31 : Traces of signal/intermod ratio versus
frequency for a bias current of 100mA and r.f. power
levels of (1) OdBm and (2) +10dBm

frequency and 10.5GHz.
The results for a 50mA dx. bias current are shown in figures 6.32-6.35.
In figure 6.32a, the signal and intermod levels received by the spectrum analyser
are shown versus the input power level.
an input power of +ldBm.

The signal level starts to saturate for

The intermod level is below the noise floor until an

input power of -8.5dBm, above which the intermod rises linearly whilst the input
power rises up to +3dBm.

The slope of the intermod trace is over four, which

is larger than expected from the theoretical results which find a value of three.
The intermod trace slope decreases for input power levels above +3dBm.
signal/intermod level trace is shown in figure 6.32b.
60dB

The

This trace starts at almost

for an inputlevel of -9dBm, falls linearly down to -20dB

and then

flattens out, although a dip is seen for input powers of 13-15dBm.
The results at the half resonance frequency are shown in figure 6.33.
The signal and intermod traces are shown in figure 6.33a.

Similar shaped traces

to those seen at 1.5GHz are seen, although the intermod trace is above the noise
floor for a lower input power, and the slope of the intermod trace is closer to
the expected value of three.
54dB

The signal/intermod trace (figure 6.33b) starts at

and falls at a lower rate than seen at 1.5GHz, although the traces are

very similar for input powers above the signal saturation level.
The results at the resonance frequency (figure 6.34) show much higher
levels of distortion. The signal trace starts to saturate at an input power level of
only -2dBm.

The intermod trace is above the noise floor for almost all of the

input power range, rising linearly at a slope of three until it saturates at the
same input power level as the signal saturates.

The signal/intermod trace starts

at 50dB for an input power level of -20dBm, then falls linearly as the input
power rises to -2dBm.

At this point the signal/intermod trace flattens out at a

value of 12dB at which it stays constant as the input power is raised all the
way to 15dBm.
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Figure 6.32 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 50mA and modulation at
1.5GHz
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Figure 6.33 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 50mA and modulation at
the half resonance frequency
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Figure 6.34 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 50mA and modulation at
the resonance frequency
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Figure 6.35 : (a) (I) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 50mA and modulation at
10.5GHz

The signal and intermod traces for a 10.5GHz modulation frequency are
shown in figure 6.35a.

The signal level rises linearly for input powers up to

+4dBm above which the trace becomes slightly sublinear.

The intermod trace

rises at a slope of almost three, apart from an unusual ‘hump* in the response
between input powers of

6 dBm

and 13dBm.

This is unexpected, but could be

due to reflections from the two focussing lenses or the photodetector, which
could affect the operation of the laser diode.

Reflections have been shown to

alter the spectral characteristics and cause instabilities in semiconductor laser
diodes [6,7].

The ‘hump' in the response is repeatable over several consecutive

measuremets.
The set of results for a d.c. bias level of 60mA are shown in figures
6.36 -6.39. The results follow the same general form as in the 50mA bias case,
although the intermod levels are lower because the same input power level gives
a smaller modulation depth at 60mA bias.

One interesting difference is seen in

the intermod traces for lower input powers, in which the intermod level forms a
’hump' before following a linear slope at higher input powers.

A pronounced

'hump* is seen for three of the four modulation frequencies, with just a slight
’kink’ being seen for modulation at the resonance frequency, although the
intermod level is much higher at this frequency anyway. The cause of this
increase in intermod level is unclear, although it is possible that reflections may
have some effect

The trace at 10.5GHz also has a ’hump’ at high input

powers, which is similar to that seen for 50mA bias at this same frequency.
The results for 100mA cLc. bias are shown in figures 6.40-6.43.

The

intermod levels are now quite small as the modulation depth for 100mA bias is
much smaller than in previous results.

The intermod trace for a 1.5GHz

modulation frequency rises at a very steep slope of almost nine.

The traces

at other modulation frequencies just show linear rises in the intermod level as
the input power is increased.

The slope of the intermod traces in these cases
6.21
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Figure 6.36 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 60mA and modulation at
1.5GHz
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Figure 6.37 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 60mA and modulation at
the half resonance frequency
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Figure 6.38 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 60mA and modulation at
the resonance frequency
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Figure 6.39 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 60mA and modulation at
10.5GHz
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Figure 6.40 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 100mA and modulation at
1.5GHz
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Figure 6.41 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 100mA and modulation at
the half resonance frequency
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Figure 6.42 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 100mA and modulation at
the resonance frequency
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Figure 6.43 : (a) (1) Signal and (2) intermod responses
versus input power and (b) signal/intermod ratio versus
input power for a bias current of 100mA and modulation at
10.5GHz

are closer to three although in the trace for the half resonance frequency the
value is nearer to four.
These results all show the general trend of the intermod level rising
linearly at a slope of almost three, and then saturating and leveling off above a
particular level of input power.

The traces for a 1.5GHz modulation frequency

all show a steeper rise in intermod levels than at other higher modulation
frequencies. Various ’kinks* and ’humps’ are seen in the intermod traces.

At

the 10.5GHz modulation frequency a hump is seen for high input power levels
in both the 50mA and 60mA bias cases.

The trace for 100mA bias does not

show this, but this trace is for a frequency much closer to the resonance
frequency than the other cases, and also the modulation depth is smaller for the
same input powers.
In the traces for a 60mA bias current, various ’humps* are seen in the
intermod results

for lower input powers.

These are unexpected, but like the

other ’humps’ seen in the 10.5GHz traces they may be due to reflections from
the focussing lenses and photodetector.

6.6 Comparison of Practical and Theoretical Results
In the theoretical simulations and results in chapters 3 and 4 the gain
saturation coefficient e was chosen to give an effect similar to those seen in
practical results.

In the small signal analysis section a value of lxlO ' 17 was

chosen, this corresponded to a value of about 3x10*7 in the multi-mode analysis,
although this value for the multi-mode analysis gave a slightly less

damping

effect. These values were chosen to show the effect of gain saturation on the
dynamic response of the laser and not to match exactly with any practical results
- which at thetime were not available.

On comparison with some

practical

results [8 ] the values used for the gain saturation parameter were a bit low, with
Bowers quoting a value for the small signal analysis of 1.2 x
6.22

10

*7.

This is

expected to give a value for the multi-mode analysis of between 4-5xlO,T.

All

the theoretical modelling is based upon a device such as described in [8 ] which
has an active region width of 1pm.
The theoretical section, which calculates exact values for the matrix of
gain saturation coefficients (chapter

6)

gave results which had a slightly smaller

damping effect than for the self saturation only analysis in chapter 5.

This

damping effect, although being quite strong, was therefore, not strong enough to
fully explain the damping seen in practical results [8 ].

It must be concluded

that, either the matrix gain saturation coefficients were too small, or other effects
were adding to those simulated by the matrix to give a stronger overall effect.
The matrix coefficients account for gain saturation due to spectral hole buring,
and their effect on the magnitude frequency response is similar to a small signal
analysis result with a value for € of just under 1 x 1017.
show a value for e of nearer to

The practical results

1 .2 x l 0 17

Another gain saturation mechanism which was analysed in section 4 is
that of

lateral carrier diffusion and spatial hole burning.

This mechanism was

used to account for damping of the magnitude frequency response of GaAs
lasers, but was expected to be much smaller than the effect of spectral hole
burning

in

1.3pm InGaAsP devices. The analysis provided a

simple gain

saturation term which took the form:

Gain

= g(N-Nt)(l-eSx )

6. 2

where Sx is the total photon density and the gain saturation coefficient
g

is given by

€

g*n
2jrLeff
2 (1+ [
W

6 .3

6.23

where

is the electron lifetime, Leff the effective diffusion length and

Tn

W is the active layer width.

Leff

~

The diffusion length can be calculated from:

(^nTn)^

6.4

where Dn is the diffusion coefficient given by:
Dn

= ftn^T
e

=

0 . 02591%

6.5

Typical values for InGaAsP give the effective diffusion length of
between 4fim and
;n

6 pm.

A value for % can be calculated from

1
BN + CN2

6. 6

where B is the bimolecular recombination coefficient, N the electron
density and C the Auger recombination coefficient. For a value of electron
density of 2 x 10l®, and typical values for B and C, % is found to be 3.57nS.
For an active region width of 1pm, the values calculated for e from equation
(6.3) are:

Leff
4pm
5pm
6 pm

€
0.51 x 10" 17
0.325 x 10- 1 7
0.23 x 10" ’ 7

These are smaller than the values calculated for the gain saturation
matrix, but cannot be directly compared as the gain saturation matrix includes
self saturation and cross saturation terms.

When compared to the single mode

small signal analysis the matrix approach is similar to a value for e of just
under 1 x 10“‘7.

The lateral carrier diffusion value of 0.325 x 10" ' 7 for L^ff =

5pm is expected to have almost the same effect as the same value in the single
6.24

modesmall signal analysis.

This is because the

saturation coefficient is

multiplied by the total photon density and not the photon density in a particular
mode.

It is therefore found that the spectral hole burning effect is

stronger than

lateral carrier diffusion for an active region

much

width of

lpm.

However, in order for the theoretical results to agree with practical measurements
the effects should both be included.

To first order this is achieved by adding

the two effective values of e corresponding to the single mode small signal
analysis.

This gives an

overallvalue for e of about 1.2 x 1017, which is the

value quoted by Bowers[8 ] which

agrees with his practical results for a lpm

wide cavity.
The lateral carrier diffusion saturation term is multiplied by the total
photon density. This means that as the cavity length is varied and the optical
power

is split differently between various longitudinal modes, the total

power

will be the same and so the damping effect provided by lateral carrier diffusion
will not vary.

This is a contrast to the spectral hole burning effect which

depends on the photon

density in each longitudinal

mode, and varies as

the

mode structure alters due to the cavity length being changed. The single mode
analysis does not allow this change in the gain saturation coefficient as the
cavity length varies and

so willnot model this effect.

This is expected to lead

to a difference between practical and theoretical results using this single mode
analysis.

If, however, the effect of lateral carrier diffusion becomes stronger

than that of spectral hole burning (for larger cavity widths) then this variation in
€ with cavity length will not be expected - which may account for some
practical results showing a good match with the single mode analysis.
The practical results described in this section are for a new planar laser
structure [1] in which the active region width is 2pm.
the narrower active region of
wider bandwidth operation.

1 pm

Future devices will use

to allow higher photon densities and therefore

The results of a numerical analysis using the gain
6.25

saturation matrix, for the parameters of the laser diode used in the experiment
show much larger resonance peaks than those measured.

One example for an

optical bias level of lOmW has a resonance peak height of 11.5dB, which is
almost twice as large as that measured for a bias level of 10.25mW (6 dB
resonance peak).

The gain saturation matrix, therefore, does not account for the

damping effect seen in these results.
If the gain saturation coefficients for lateral carrier diffusion are
calculated using equation (6.3) for various values of effective diffusion length,
they give:
LgfP
4pm
5pm
6 pm

e:
2 x 10“ ’ 7
1.3 x 10" 17
0.9 x 10“’ 7

which are four times larger than the coefficients calculated for a lpm
wide active region.

In this case the typical value for

of 5pm, a value also

used in reference [9], gives a value for € of 1.3 x 10~17.
the value found using the gain saturation matrix.

This is larger than

In order to simulate the

operation of this device it is therefore necessary to include both these gain
saturation mechanisms, so that the gain term used in the saturation matrix
analysis (equations 5.9 and 5.10) is modified as:
t

g(fiN-Nt)

where

g(fiN-NtXl-€dST)

6.7

is the lateral carrier diffusion gain saturation coefficient

(equation 6.3).
A single mode small signal analysis using the parameters of the laser
used in the experiments gives a value for € of
best fit the practical results.

1.8

x

10*17

in the results that

These results are shown in figure (6.45), which

has traces for the three optical bias levels of 7.6mW, 10.25mW and 19.2mW
6.26
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Figure 6.44 : Magnitude response for a bias level of lOmW
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Figure 6.45 : Magnitude responses from the small signal
analysis using a gain saturation coefficient of 1.8 E-17
for bias levels of (1) 7.6mW, (2) 10.25mW and (3) 19.2mW

used in the experiments.The theoretical resonance

peak heights are 6.76dB,

5.66dB and 3.2dB compared with practical results of

6 dB, 6 dB,

the three bias levels.

and 4.6dB for

These results are similar, although the single mode small

signal analysis does not
with optical bias level.

properly predict the change in resonance

peak height

This value of € is much higher than calculated from a

similar analysis for a lpm wide active region. [8 ]

The difference in the

analyses is the width of the active region, which will not effect the amount of
gain saturation due to spectral hole burning.

This result, therefore, shows that

lateral carrier diffusion plays a large part in the damping of the laser response
as the

active region width is

increased to 2pm.

This is because the gain

saturation coefficient calculated for the lateral carrier diffusion case is strongly
effected by the active region cavity width.
The large signal analysis using the gain saturation matrix was modified
to include the gain saturation due to lateral carrier diffusion shown in equation
(6.7). The magnitude frequency response found for an optical bias level of
10.25mW for a modulation depth of 0.1 is shown in figure 6.46a.

The traces

are for L^ff = 4pm, L^ff =6 pm, L^ff = 5pm and one for no lateral carrier
diffusion effect

The heights of the resonance peaks in each case are 3.13dB,

5.22dB, 6.77dB and 11.4dB.

The practical results show a value of about

which corresponds to an effective diffusion length of between 5pm and
The corresponding phase responses are shown in figure 6.46b.
overall

phase lag of around 200® at 20GHz,

measured phase responses in figure 6.12b.

6 dB,
6 pm.

These show an

which is similar to thepractically

The shorter diffusion lengths provide

stronger damping, which leads to a smoother phase response.
In order to

compare the theoretical and practical magnitude

responses, the two values for L^ff of 5pm and
calculated for the three
19.2mW.

6 pm

frequency

are used, and responses

practical optical bias levels of 7.6mW, 10.25mW and

The results for L^ff =* 5pm are shown in figure 6.47a, in which the
6.27
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Figure 6.47 : Magnitude responses for effective diffusion
lengths of (a) 5um and (b) 6um for bias levels of
(1) 7.6mW, (2) 10.25mW and (3) 19.2mW

resonance peak heights are 5.69dB, 5.22dB and 2.65dB for the 7.6mW, 10.25mW
and 19.2mW cases respectively.

For L^ff =

6 pm

(figure 6.47b) the resonance

peak heights are 7.23dB, 6.77dB and 4.25dB.

The practical results have

resonance peak heights in this range (6 dB,

4.62dB), although a slightly

6 dB,

higher value is measured at the highest bias level than predicted by the analysis.
The theoretical results for the magnitude and phase responses have now
been

shown to agree with practical measurements by using the gain saturation

matrix to include spectral hole burning effects, plus the effect of lateral carrier
diffusion using an effective diffusion length of about 5pm.

The importance of

this analysis is that it uses parameter values that are calculated and not just
curve fitted as used in a single mode small signal analysis.

6.6.1 Harmonic Response versus Frequency
The curves of signal/2nd harmonic responses for effective diffusion
lengths of 4pm, 5pm and

6 pm

and for no lateral carrier diffusion (L^ff = «*)

are shown in figure 6.48, for an optical bias level of 10.25mW.
can be compared with the practical results in figure 6.16.
modulation depth is

0 .1

These traces
The theoretical

which gives traces that compare with the lowest

practical modulation power of -lOdBm. The practical results give a minimum
value of signal/2nd harmonic ratio of about 20dB for -lOdBm modulation power,
whilst the curves for I^ff a 4-6pm give ratios of between 22dB and 27dB.
The theoretical results using r\= 0.1 must be equivalent to a modulation power
of about -13dBm.

It is not possible to measure results of this level of signal

easily, due to the low values of the distortion components, whereas the
theoretical model can predict the distortion component levels over a much larger
dynamic range.
The practical curve is very similar to thetheoretical curves for Lgff =
5pm

and

6 pm,

but shifted down on the graph by a few dB.
6.28
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Figure 6.48 : Traces of signal/2nd harmonic ratio versus
frequency for effective diffusion lengths of (l)oo,
(2) 6um, (3) 5um and (4) 4um
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f re qu en cy f o r b i a s l e v e l s o f (1 ) 7.6mW, ( 2 ) 10.25mW and
(3) 19.2mW f o r an e f f e c t i v e d i f f u s i o n l e n g t h o f 5um

harmonic ratio at 1GHz is about 50dB in both cases, falling down to minima of
about 20dB at the half resonance and resonance frequencies, and then both traces
rise up to about 30dB at

8 GHz.

The practical results have measurements below

1GHz which are not calculated in the theoretical case.

For the -lOdBm

modulation case the signal/2nd harmonic curve becomes flat below 1GHz.

This

flattening in the curve is expected to happen at some frequency, as the harmonic
level cannot keep decreasing indefinitely whilst the modulation frequency is
reduced.
At very low modulation frequencies the steady state light output versus
current (L/I) characteristics describe the device operation, with the output ramping
up and down this characteristic.

It is not necessary to calculate the dynamic

behaviour by solving the rate equations because the modulation current varies so
slowly that the photon population can follow the current

The distortion will be

due to the non-linearities of this steady state L/I characteristic.

The level of

distortion in this case will not vary with frequency as the output follows the
same L/I characteristic.

This sets a mmimiim level of distortion that can occur

at low frequencies, although thermally induced distortion occurs for frequencies
below about 10MHz [5].

Above 10MHz, therefore, the signal/2nd harmonic

response is expected to be level as the frequency is increased, until at some
frequency the dynamics of the device take over and start to add higher levels of
distortion.

This accounts for the flattening of the signal/2nd harmonic ratio

below 1GHz in figure 6.16 for the -lOdBm case.

Hie frequency at which the

ratio starts to decrease, after being level, will depend upon the modulation power
and device characteristics.

For higher modulation powers the dynamic behaviour

of the electron and photon densities will be expected to occur at lower
modulation frequencies, so that the distortion deviates from a constant value at a
lower frequency.

This is seen in figure 6.16 in the OdBm case, in which this

'break* frequency occurs at about 500MHz, whilst in the +6 dBm case the ‘break*
6.29

frequency is not seen, and so may occur at a frequency below the minimum
measured (100MHz).

It is expected that if the theoretical analysis is carried out

at lower frequencies this flattening out of the response will occur.
The practical results

deviate slightly from the theoretical ones at

frequencies above about 9GHz.

This is due to the harmonic levels approaching

the noise floor of the spectrum analyser, and could also be due to harmonics
generated by the test equipment used.
The following theoretical results all use a value of 5pm for the
effective diffusion length used to calculate lateral carrier diffusion effects.

This

value has been shown to provide reasonable agreement between practical and
theoretical results.
In figure 6.49 the traces show signal/2nd harmonic results for bias
levelsof

7.6mW,

10.25mW

and

measurements at these bias levels.

19.2mW

to

compare

with

the

practical

The 10.25mW case compares well with the

-lOdBm trace in figure 6.16, whilst the 19.2mW case is similar to the -lOdBm
case in figure 6.17.

This high bias level of 19.2mW gives a signal/2nd

harmonic trace with just one smoother minimum in both the practical and
theoretical cases.
The traces in figure 6.50 show the theoretical results of signal/2nd
harmonic, signal/3rd harmonic and signal/4th harmonic versus frequency.

These

cannot be compared with practical results as the values of the higher harmonics
are too low to be measured easily, and in some cases will be below the noise
level of the laser diode itself.

6.6.2

Magnitude and Harmonic Responses versus Input
Power
The following theoretical results are for an optical bias level of

10.25mW and can be compared with the practical results in figures 6.18-6.21.
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Figure 6.50 : Traces of signal/2nd harmonic ratio (1),
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Figure 6.51 : Output power versus input power for
modulation at (1) 1GHz, (2) half resonance frequency
(3) resonance frequency and (4) 11GHz

The first theoretical graph (figure 6.51) shows how the signal level at
the modulation frequency varies as the input power level is varied.

The input

power level in dB is equal to zero for a modulation depth of unity. The traces
are for modulation frequencies of 1GHz, half resonance

frequency, resonance

frequency and 11GHz. These

compared with the

theoretical results can be

practical results shown in figures 6.18a, 6.19a, 6,20a and 6.21a.

The input

power levels in the theoretical results are normalised to a modulation depth of
unity.

When comparing the results for signal/2nd harmonic distortion ratio it

was found that a theoretical modulation depth of

0 .1

was equivalent to a

practical modulation power of about -13dBm, so that a theoretical modulation
depth of 1.0 is equivalent to a modulation power of +7dBm, for an optical bias
level of 10.25mW.
power range from

The theoretical results, therefore, cover an actual input
-33dBm to +27dBm, which is larger

than the practically

measured power range at both low and high powers.
The theoretical traces of signal power versus input power in figure 6.51
show the relative signal levels at the various modulation frequencies, which also
agree with the magnitude frequency response levels at a particular input power
level.

The practical results of signal power versus input power level cannot be

used to compare relative signal levels at the various frequencies, as the loss
through the optical link varied between the different measurements due to
variations in the optical coupling with time.

The practical and theoretical traces

agree, in that they start to saturate at the same input power levels for the
different frequencies. That is, lOdBm at 1GHz, 9dBm at half resonance,
resonance and no real saturation at 11GHz.

3 dBm

at

The theoretical results go to higher

input power levels than practically measured (as these power levels would be too
large to apply to the device).

At these higher power levels it is seen that the

signal starts rising again after the kink/saturation, but at a lower slope than
before saturation.
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The curves for signal/2nd harmonic ratios at the same four frequencies
versus input power are shown in figure 6.52. These results show the same
shapes as the practically measured results.

The most interesting trace is

that at

1GHz, in which the ratio falls dramatically over the range from about +3dBm to
+lOdBm in the theoretical graph.

The practical result is measured at 1.5GHz

and so is not expected to be exactly the same, but this trace also shows a
change in slope of the signal/2 nd harmonic trace over the same input power
range, with this slope being much steeper than for lower input power levels.
The signal/2nd harmonic ratios at the resonance and half resonance frequencies
fall as the input power is raised, until the power reaches 4dBm and 9dBm
respectively, when the ratios saturate.

The trace at the resonance frequency is

much smoother for both practical and theoretical measurements than at the half
resonance frequency and does not exhibit such a strong ‘elbow’ as the trace
saturates.

These results are all similar to the practical results in figures 6.18b,

6.19b, 6.20b and 6.21b which are for similar frequencies, although the low
frequency measurement was taken at 1.5GHz which may account for some
difference between this measurement and the theoretical curve at 1GHz.

In both

the practical and theoretical curves for low frequency (1.5GHz and 1GHz) the
levels of

the

three

harmonics become equal for input powers of around3dBm,

whilst at the other modulation frequencies the harmonics do not overlap in this
way.
In general, the signal/harmonics ratios versus input power fall off
linearly as the power is increased, until some power level around a modulation
depth of unity, when the ratio saturates and stays at almost a constant level.
This trend is shown most strongly at 1GHz and the half resonance frequency,
with the curves at the resonance frequency being smoother around the saturation
point, which also occurs at a lower power level.

The 1GHz traces, however,

also show a dramatic rise in harmonic component power just before the
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Figure 6.52 : Traces of signal/2nd harmonic ratio versus
input power for modulation at (1) 1GHz, (2) half resonance
frequency, (3) resonance frequency and (4) 11GHz
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Figure 6.53 : Traces of (1) signal/2nd harmonic ratio,
(2) signal/3rd harmonic ratio and (3) signal/4th harmonic
ratio versus input power for modulation at (a) 1GHz and
(b) half resonance frequency
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Figure 6.53 : Traces of (1) signal/2nd harmonic ratio,
(2) signal/3rd harmonic ratio and (3) signal/4th harmonic
ratio versus frequency for modulation at (c) the resonance
frequency and (d) 11GHz

saturation point. This is seen in both the theoretical and practical results.

The

high frequency result at 11GHz shows only small signs of saturation, as the
traces change slope slightly for higher input powers.

6.6.3 Intermodulation Distortion Responses
The simulated curves for signal/intermods versus frequency for L^ff =
5pm at the two bias levels of 10.25mW and 19.2mW are shown in figure 6.54.
These curves are for a modulation depth of 0.1, which is similar to -13dBm
modulation in the 10.25mW case and about -lOdBm for 19.2mW bias. These
theoretical

results

can

be

compared

to

the

-1OdBm/10.25mW

practical

measurement shown in figure 6.29 and the OdBm/19.2mW practical measurement
shown in figure 6.31.
agree well in both

The 10.25mW results for practical and theoretical cases
the shape of the response and the

practical result has a minimum value about
which is expected

for

a

difference

signal/intermod ratio varies with

in

v-

6 dB

absolute values. The

lower than the theoretical result,

modulation

power

of

3dB

as

the

Both of these 10.25mW results show a

large minimum at the resonance frequency, with a slight 'bump* on the response
shape at half the resonance frequency.
The results

for the 19.2mW bias level do not

use the same power

levels (-lOdBm for theoretical and OdBm for practical), although as shown
earlier the results can be compared because die response varies linearly up to
power levels above

OdBm. The approximate power level difference of lOdB

means that the two results should differ by 20dB, if the ratio of signal/intermod
varies with P ^ 2.

This is seen in the results in which the ratio at the minimum

value of each curve are 38dB and 49.5dB.

The theoretical curve is smoother

than at the lower bias level, having one broader minimum at the resonance
frequency.

This is

due

to

the higher level of dampingas thebias level is

increased. The practical result, however, shows a second minimum at around
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F igu re 6 . 5 5 : T races o f s i g n a l/ i n t e r m o d r a t i o v e r s u s in p u t
power fo r m o d u la tio n a t (1 ) 1GHz, (2 ) h a l f r e so n a n c e
fr e q u en cy , (3 ) r e so n a n c e fre q u en cy and (4 ) 11GHz

5GHz, which is above the half resonance frequency where any second minima
would be expected to occur.

To check the validity of this second minimum the

practical results of signal/intermod ratio versus input power in figures 6.40 - 6.43
can be considered. These results show that at the half resonance frequency
(3.75GHz) for a modulation power of OdB the intermod level is on the noise
floor (-lOOdBm) giving a signal/intermod ratio of 60dB.

This is almost lOdB

less than seen in figure 6.31 for the measurement taken at OdBm varying the
modulation frequency.

However, the values of this ratio in figure 6.31 agree

with those in figures 6.40-6.43 at the resonance frequency, 10.5GHz and 1.5GHz.
It is, therefore, probable that the result in figure 6.31 below

6 GHz,

which show

this extra minimum in signal/intermod ratio, are incorrect and may be due to
similar problems that gave rise to 'humps* in the responses shown in figures
6.40-6.43.

(e.g. reflections).

If this extra part of the response up to

6 GHz

is

reduced to values indicated by figure 6.41, the second minima is taken away and
the response agrees with the theoretical result
The theoretical results for signal/intermod ratio versus input power for
modulation frequencies of 1GHz, half resonance frequency, resonance frequency
and 11GHz are shown in figure 6.55.

The optical bias level in this case is

10.25mW, so that OdB on the input power scale is equivalent to 7dBm in the
practical results.

These resultscan be compared with those in

figures 6.36-6.39.

The theoretical result at 1GHz shows the most interesting response, with a
dramatic change in slope from a value of

2

to a steeper slope, between input

powers of -2dBm and +5dBm. This agrees with the practical measurements at
1.5GHz, in which a steeper slope than expected is found.

The practical result

for a 10.25mW bias level shows a 'hump* at lower input powers followed by a
steep slope.

When compared to the theoretical results this 'hump' can be seen

to be the smaller slope at lower input powers (<-2dBm).

This cannot be fully

appreciated from the practical results alone because the maximum value for
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signal/intermod ratio that can be measured is about 60dB.

All of the practical

results measured at a modulation frequency of 1.5GHz showed this larger slope
value than expected (from signal/intermod a Pin2).
the

highest

bias

level

of

19.2mW,

signal/intermod trace was almost

8.

when

the

This was especially true at
measured slope

of

the

This once again validates the accuracy of

the theoretical analysis, which points out this dramatic change in slope for
modulation at 1GHz.
The

traces

for

modulation

at

the

half

resonance and

resonance

frequencies show the same fall in signal/intermod ratio followed by saturation of
this ratio for both the practical and theoretical results, although a ‘hump' in the
practical measurement at the half resonance frequency is seen.

The theoretical

trace for a 11GHz modulation frequency predicts that the signal/intermod ratio
will fall linearly until a high input signal level of over 15dBm.

The practical

measurements at this frequency are therefore expected to just show this linear
fall in the signal/intermod ratio.

This is not easily seen from the practical

measurements at 7.6mW and 10.25mW bias levels due to unusual 'bumps' in the
intermod level at high input powers. However, the signal/intermod trace for a
19.2mW bias level (figure 6.43b) shows this expected linear fall as the input
power is increased.

6.7 Conclusions
This chapter has described a high speed laser diode and its microwave
mount,

together with practical measurements

of the magnitude

and phase

response, and harmonic and intermodulation distortion components. These practical
measurements have been shown to be in good agreement with theoretical results
including the gain saturation matrix and lateral carrier diffusion effects.
The laser diode used is a 'High Speed Polymide Based Semi-Insulating
Planar Buried Heterstructure’ type [1] developed by Professor J.E. Bowers.
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The

fabrication steps necessary to produce this low capacitance device are described
in section 6.1.

This device is then placed onto a high speed mount using a

40GHz bandwidth Wiltron K connector to provide an electrical equivalent circuit
for the device plus mount with a roll off frequency of 49.4GHz.

The laser is

incorporated into a computer controlled experimental set-up in order to take the
various measurements.
The magnitude frequency response results show a maximum -3dB
bandwidth of 11.13GHz for the device biased at 19.2mW, which corresponds to
a resonance peak frequency of 7.81 GHz.

The microwave loss from the laser to

the spectrum analyser is about 30dB, which is reasonable for a link not
optimised for a minimum loss.

The microwave efficiency is seen to fall as the

bias level is increased to 19.2mW, due to the fall in slope efficiency caused by
heating and gain saturation.

The phase response is seen to drop sharply around

the resonance frequency down to a value of over 180s lagging the value at low
frequency (1GHz). The intrinsic laser diode itself provides almost 180° of this
lag for frequencies well above resonance, therefore the small contribution from
the parasitic elements ( 10 ° extremely small values.

2 0 °)

shows that these components do have

This' consideration of the phase lag at frequencies well

above resonance, therefore, provides a good insight into the relative effects of
the parasitic components on the laser diode operation.
The theoretical simulations of the magnitude and phase frequency
response using the gain saturation matrixanalysis were found to

produce

resonance peak heights almost twice as large as practically measured.

This is

due to the

previous

calculations.

active

layer

width

being

twice

as

big

as

used

in

It was found that the inclusion of gain saturation due to lateral

carrier diffusion accounts for the increase in gain saturation as the width is
increased from 1pm to 2pm.

This gain saturation coefficient e d increases four

times as the active layer width is doubled, and makes this gain saturation effect
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stronger than that due to spectral hole burning for the 2pm width.

For a 1pm

active width the spectral hole burning effect is much stronger, although the
inclusion of both effects is still necessary to produce results that agree with
practical measurements.

The theoretical analysis including both of these effects

is shown to give good agreement with practical results for an effective diffusion
length of between 5pm and

6 pm.

This analysis is then used to produce results

for harmonic and intermodulation distortion components.
The practical and theoretical results for harmonic distortion components
show good agreement

The signal/2nd harmonic ratio versus frequency curves

shown a high level at low frequency, dropping to a minimum at the half
resonance frequency then another equal minimum, at the resonance frequency.
Above the resonance frequency the ratio rises up again to a higher value. The
practical measurements have results for modulation frequencies below 1GHz
which have not been calculated by the theoretical analysis. These results show
that below a certain ‘break’ frequency the signal/2nd harmonic ratio becomes
constant

This a region in which it is not necessary to consider the dynamics

of the photon and electron populations found by solving the rate equations,
because the modulation current is slow enough for the photon population to
follow

it

The

characteristics.

distortion

is

therefore

due

to non-linearities

of

the

I/L

At frequencies below 10MHz thermally induced distortion is

expected to add to this effect [5].

The practical results also show a slight

flattening of the signal/2 nd harmonic response at high frequencies, but this is due
tothe

harmonic

components

reaching

the

noise

floor,

and

possibly

also

harmonics generated by the test equipment
The signal/2nd harmonic ratio versus frequency at the high bias level of
19.2mW shows a smoother response with a single minimum.

This is seen in

both the practical and theoretical results, and is due to the higher level of gain
saturation occuring for a higher bias power. The signal to higher order harmonic
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component ratios calculated from the theoretical analysis are shown, but these
component levels are two low to be measured practically to compare results.
The signal/harmonic component ratio versus input power curves for
practical and theoretical results are compared.

These results are taken at a low

frequency (1GHz for theoretical and 1.5GHz for practical), the half resonance
frequency, resonance frequency and a frequency above resonance (11GHz for
theoretical and 10.5GHz for practical).

In general, the signal/harmonics ratios

decrease linearly as the power is increased, until some power level at which this
ratio saturates and then stays constant

This saturation occurs for lower powers

at the resonance frequency, but in all cases occurs around the power for which
the modulation depth is 1.0.
slope from a value of

2

The results at low frequency show a change in

to a much steeper slope at a power level below the

saturation power. This quite dramatic effect is seen in both the practical and
theoretical results, and is therefore an important factor in the design of fibre
optic links.
The

practical

and

theoretical

results

for

signal/higher

harmonic

components ratios are also in good agreement. It is found that the three
harmonic (2nd, 3rd and 4th) components become equal over the power range
where the slope value is high.

This is seen at the low modulation frequency,

but at the higher frequencies the harmonic component levels do not overlap in
this way.
The practical results for 3rd order intermodulation distortion products
include various ‘humps' in the responses, especially for the results versus input
power level.

It is still possible to see the general shape of the responses from

the three sets of results shown.

The 'humps' may be due to reflections from

the optical components in the link or the photodetector, which can effect the
dynamics of the device. [6,7].
The signal/intermod ratio versus frequency curves show the same shape
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for both practical and theoretical results.

That is, a high level of the ratio at

low frequencies, falling to a slight minimum at half the resonance frequency and
then down to a strong minimum at the resonance frequency.
resonance frequency the ratio rises up again.

Above the

As with the signal/2nd harmonic

curves, the practical results for signal/intermod ratio at low frequencies flatten out
in some cases. This, as described previously, is the distortion level set by the
non-linearity of the L/I characteristic.
some cases

is

also

seen to

At high frequencies the intermod level in

flatten

out,

intermodulation components created by

but this

the resistive

is

probably

combiner

or

due

to

spectrum

analyser.
The practical and theoretical results for signal/intennod ratio versus
power

agree

well,

after the

measurements are discounted.

various

‘humps’ in

some

of the

practical

These show a slope of 2 as the power is

increased, which is the expected value proportional to v -

As with the

harmonic results, the signal/intermod ratios at the various frequencies fall until at
some power the ratio saturates and then stays approximately constant

The

saturation power is a few dB’s below the power at which the modulation depth
of each signal is 1.0.

At the low modulation frequency (1.5GHz and 1GHz) a

dramatic fall in signal/intermod ratio is seen below the saturation power for both
practical andtheoretical results. This

is similar to the effect seen

in the

signal/2 nd harmonic response versus power, and an important design consideration
for fibre optic systems.

At the higher modulation frequency (10.5GHz ad

11GHz) the signal/intennod ratio does not start to saturate until very high input
powers (greater than measured practically).
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CHAPTER 7
Ultra Short Pulse Generation and Active Mode Locking
The

generation

of

extremely

short,

high

power

pulses

from

semiconductor laser diodes has received much attention in recent years [1 -2 0 ].
Uses of such pulses are increasing rapidly, including the measurement and study
of

very

short

molecular and

electronic

phenomena,

ultrafast fibre

optic

communiction systems using external modulation, and electro-optic sampling
systems [9].

The methods used for generating ultra short pulses fall into two

main categories, the first relying on switching of the gain or cavity Q, and the
second being mode locking.

7.1

Methods of Ultra Short Pulse Generation
In this chapter the techniques for generating ultra short pulses are

briefly described, followed by an in depth theortetical study of active mode
locking.

The experimental setup required to achieve active mode locking of a

high bandwidth laser diode is described, together with recent results achieved by
Corzine et al [10] at AT & T Bell Laboratories, showing the shortest pulses
ever achieved using a semiconductor laser diode.

The theoretical model is used

to simulate these ultra short mode locked pulses including the effect of non zero
reflectivity of the anti-reflection coated facet.

Reflected pulses caused by this

effect are shown to stabilise the output pulse stream for high rJF. powers.

7.1.1 Gain Switching
Under large signal modulation the optical response of a laser diode to a
current pulse forms an intense narrow optical pulse followed by 'ringing' of the
output at the relaxation oscillation frequency.

An example of these damped

relaxation oscillations for a laser diode after the application of a pulse of current
7.1

is shown in figure 7.1.
pulse

Under optimum values of bias, modulation current and

width (or frequency for sinusoidal modulation) the first, most intense

relaxation oscillation, can be isolated from the following peaks. The output then
takes the form of a single gain switched pulse. Results of the order of lOps
have been obtained both experimentally [1 1 ] and from theoretical analyses [12,13]
for the full width at half maximum power [FWHM] of the pulses.

7.1.2 Q switching
In this technique the Q of the laser cavity is lowered to allow a much
higher carrier density, and therefore gain, to build up.

The gain can rise to a

value much higher than possible with the normal laser cavity Q.

At some point

when the high value of gain and electron density is achieved, the Q is
'switched* back to its original value and an intense Q switched laser pulse is
emitted.

One theoretical model [14] has predicted pulses of 20pS FWHM with

several hundred milliwatts of power, at several gigahertz repetition frequencies.

7.1.3 Mode Locking
In a semiconductor laser in which multiplelongitudinal modes are
oscillating, the total optical field resulting can be written as:

e(t)

=

I

Ek exp j [ 0 »o + kO)‘ +

]

7.1

k
where

0>
o

is the frequency of the central mode, ft is the mode spacing

frequency, and 0n is the phase of the rf* mode.

It is found that e(t) is

periodic in T, the period, where:
T ■

2L_

7 .2

c
If the phases of the various modes are randomly orientated, the output
will vary randomly within the period T, but repeat itself every T seconds.
7.2

If

Time

S

(b )

Time

Figure 7.1 : Relaxation oscillations of (a) the electron
density and (b) the photon density after an applied
current pulse

the relative

phases

of

the

various

modes

are

fixed

together

a

coherent

superposition of the modes may be obtained. A particular case in which all the
phases

are made zero gives rise to the mode locking phenomena.

A simple

expression for the output waveform can be found, assuming there are N
oscillating modes with equal amplitude, then:

(N-l)
I exp J<«o + “ >t
k=-(N-l)

e (t) =

7.3

2

Using the solution of a geometric series:
l + q + q 2 +-

- qk-1 =

1 - qk

7.4

i - q

gives
e ( t ) = e-*®0 *

s in (

7.5

1

s in I[ lit
~ 2~
The laser power is proportional to ie(t)i2, which gives:
P(t)

a

f kilt |
sin1 I 0 1

sin"

7.6

[{It

The power is transmitted as a train of pulses with period T as shown
in figure 7.2.

The peak power is equal to k times the average power, where k

is the number of modes locked. The individual pulse width is given by:
x

=

T
k

7.7

so that for a higher number of modes locked together with the peak
power increases whilst the pulse width decreases.
lock as many modes as possible.

It is therefore desirable to

The number of modes that may oscillate can

be calculated by dividing the line width* of the laser gain spectrum by the
frequency separation of modes, so that: ^ ^

max

Figure 7.2 : Output pulse stream from a mode locked laser

d.c.

r.f.
Anti-Reflection Coating

Laser

------------1

.

Figure 7.3 : Schematic layout for active mode locking
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but :

t = T = 2k
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7.9

th e r e f o r e

:

7.10

t

= 2k = 1
5aj
So

where Ao is the linewidth of the laser gain.

It can be seen that the

product of pulse width and line width is equal to unity, in fact this product
depends upon the mode locked pulse shape and is equal to 0.31 for a
pulse shape.

sech2

This would predict minimum attainable pulse widths for 1.3pm

InGaAsP lasers of the orderof 40fs.
The two main mechanisms used to obtain mode locking are described as
active and passive mode locking.

7.1.3.1 Active Mode locking
For active mode locking the gain or loss of the cavity is modulated at
the round trip frequency of the cavity.
about 250pm
154GHz.

Semiconductor laser diodes are generally

long, which gives a frequency separation

for the

modes of

It would therefore require either large signal modulation at 154GHz,

(which is at present impossible), a very long laser diode or a laser diode with
an external cavity made of air and a mirror. This final method is most often
chosen, although results have been published for a 1.97mm long AlGaAs laser
by Lau [15].

A schematic of the experimental setup including an external cavity

is shown in figure 7.3.

The laser diode usually has an antireflection (AR)

coating on the facet near the coupling lens, so that the external mirror forms the
second mirror of the laser cavity.

The mode spacing can now be changed by

altering the length of the external cavity.

The mode frequency separation can be

made to be low

modulation

enough

to

allow direct

frequency.
7.4

of

the laser

at

that

The gain or loss of the laser diode varies with the round trip frequency
of the composite cavity.

This can be seen to have a shutter effect, in which

there is normally a loss in the cavity, although at one point, when the carrier
density reaches a peak, gain occurs.

For a pulse travelling around the cavity at

the round trip frequency coincident with this maximum in the modulation cycle,
this gain is seen and the pulse grows in power.
the cycle sees a loss and its power reduces.

A field at any other part of

The effect is therefore to orientate

the phases of the various modes to produce an output waveform which sees the
gain at the modulation peak, and therefore mode locked pulses occur.

7.1.3.2 Passive Mode Locking
In passive mode locking [16,17] a saturable absorber is placed in the
external cavity (or occurs in the laser diode itself).

This is a material that

absorbs strongly at a low intensity, but as the intensity builds up the absorption
decreases, so that at a high intensity the absorption is small.

The laser diode is

not modulated, but random fluctuations in the output occur, which pass through
the saturable absorber with less attenuation than the lower power output. These
fluctuations are

therefore

amplified

and

subsequent passes through the absorber.

so

see

even

less

attenuation

on

The high power short pulses, therefore,

build up from these initial fluctuations in output power to form mode locked
pulses.

7.2 Theoretical Model of Active Mode Locking
In general, most previous theoretical modelling of active mode locking
has used a frequency domain analysis of the problem [19,20].

These analyses

assume that the laser transit time is short compared to the mode locked
pulse-width, and therefore neglect the effect of the gain within the laser being
saturated during the transit of the pulse.
7.5

The analysis in this chapter is carried out in the time domain to include
the spatial variation of gain within the laser diode as the mode locked pulse
propagates through it

It also includes, for the first time, a reflection from the

antireflection coated facet, which gives rise to extra pulses in the output and a
stabilisation of the output at high r.f. input power levels [18].

The use of a

high speed laser diode allows efficient modulation at high frequencies, with
16GHz being the chosen frequency.
The model is based upon the travelling wave rate equations outlined in
Chapter 3 (equations 3.1-3.3), which can be written as:-
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where S+ and S" = forward and backward propagating photon densities
c/n= group velocity
g = optical gain constant
N = electron density
Nt = electron transparency density
J = injected current density
e = electronic charge
d = active layer thickness
B = bimolecular recombination coefficient
C = Auger recombination coefficient
04 = internal loss of laser cavity
T = optical confinement factor
M = number of external cavity modes oscillating
B = fraction of spontaneous emission entering the lasing
mode, p/2 adds to each of the two directions
The Z-direction is along the optical axis of the laser/air composite
cavity. These equations describe the photon densities, S+ and S", travelling in the
laser part of the composite cavity shown in figure 7.2.
of the composite cavity modes is given by:
7.6

The frequency separation

Af

58

2

7.14

c

(nid+lc )

where n is the group refractive index of the the

laser diode, l^j is the

length of the laser diode, and lc is the external cavity length.

The modulation

frequency must exactly match Af for mode locking to occur, so the external
cavity length is chosen

to

make Af

as closeas

possible

to

the

desired

modulation frequency.

The actual modulation frequency is then chosen to be

exactly equal to the mode spacing frequency.
The value used for thefraction of
lasing mode, p, is 5 x
lasers.

spontaneous emission entering the

10~5, a typical value for 1.3|im InGaAsP index guided

This valueis appropriate for the

laser without an external cavity, but

when the effect of

the external cavity is included the value of p reduces by

almost a factor of

ten.

This is due to an

increase in the effective cavity

volume, an effect not included by Demokan in his analysis [8 ].
The equations (7.11-7.14) are solved numerically using finite difference
formula, with appropriate boundary conditions at the laser facets to account for
reflections from both facets, and a reflection from the external cavity mirror.
The applied current waveform J(t) includes a d.c. bias term plus a
16GHz sinusoidal modulation. The modulation is large signal, and would take
J(t) far in the negative direction. The laser diode itself will not allow current to
flow in the negative direction, although carriers caught in the heterostructure well
can escape.

This can be estimated using solid state theory, and a maximum

negative current flow (assuming timescales shorter than the time constant of
approximately 20ns) of about 660A/cm2 is found [21].

Typical parameters used

in the program are a d.c. bias of 4mA above threshold, a modulation component
of 30mA multiplied by a sinusoidal waveform and an average output power of
about 0.9mW.

The step size necessary to give reliable results was found to be

0.25pm, giving a time step of 3.25fsy 7 This necessitates a large amount of
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-L/2

L/2
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^ e x t ~ ^ *^ e x t
c
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to external cavity

Flow-Diagram for Active Mode Locking Calculations

computing time to run the program, and therefore a relatively small number of
results.
The steady state gain saturation term used for the analysis of modulation
performance is not appropriate for the mode locking analysis.
of the timescales of these pheneomena.

This is because

The relaxation time of electrons in the

conduction band is 300fs, which is of a similar timescale to the optical pulse
width.
The broad spectrum of the laser output can be split up into external
cavity modes which are much closer spaced than the laser diode longitudinal
modes.

This reduces the possible effects of spectral hole burning because of the

proximity of cavity modes.

The gain will therefore be reduced more evenly

over the wavelength range as the optical field passes through the device, so that
no significant holes are burnt in the gain at particular frequencies. The lack of
significant spectral hole burning means that the major source of gain saturation is
not present
Before

the

results

of

this

analysis

are

described,

the

following

sub-section describes the experimental setup and results found by Bowers et al
[10,18], as these are the results which the theoretical analysis hopes to simulate.

7.3 Experimental Set Up and Results of Bowers et al
The experimental setup
actively

used by Bowers et al to create and measure

mode locked pulses isshown in figure 7.4.

The d.c.

bias and r.f.

modulation are combined at a bias ‘T’ and the current waveform applied to the
laser. The external cavity can be varied in length to achieve the required mode
spacing.

Initial pulses are viewed using a high speed photodetector and

sampling oscilloscope, until this pulse width is seen to be limited by the
sampling oscilloscope. The auto-corellator is then used to measure the pulse
width.
7.8

Figure 7.4 : Experimental setup
actively mode locked pulses
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The auto-corellator (Figure 7.4) corellates the output waveform with a
time delayed version of this waveform, to provide very accurate time resolution
for reasonable distance resolution in the delaying arm of the corellator.

This

measurement system is set up using a HeNe laser which allows optimal
alignment to be found relatively easily.

The beam is folded back on

itself

before passing through the two irises, so that the beam can be aligned without
moving the laser or its external cavity.

The beam is then split, with one arm

being delayed relative to the other, before the two beams overlap at the centre
of the frequency doubling crystal.

The beams enter this crystal at angles so that

each beam’s corellation with itself also emerges at this angle, whilst the
corellation of the two beams carries on perpendicular to the crystal face. This
output is measured using a photo-multiplier tube which gives out an average
power reading for each position of the retroreflector in the delaying arm.
The retroreflector is moved in and

out to provide a distance scan,

which can be related to a time scan on the auto-corellated output These outputs
are plotted to give intensity autocorelladon traces which can be used to calculate
expected

pulse

widths

of

the

pulses

causing

the

auto-corellation.

The

retroreflector is mounted on a speaker cone, so that large scans can be made
using an oscilloscope to show the real time results. Final scans are taken using
a motorised stage below the speaker cone, to give accuracy to the results.
motorised stage movement of

0 .1 pm

(NB:

(0 .2 pm path shortening) gives time steps of

0 .6 fs).

The results found by Bowers et al for a 16GHz modulation frequency
at +26dBm are shown in figures 7.5 a,b,c.

The auto-corellation trace is in

figure 7.5a, showing a central, large peak and two peaks on either side (one of
these not shown).

The multiple peaks are due to multiple pulses in the output

of the laser diode during each period. The time difference between these pulses
is equal to the laser diode cavity round trip
7.9

time of approximately 7ps. This
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Figure 7.5 : (a) Measured autocorellation trace and
(b) expected output pulse train from Bowers et al
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Figure 7.6 : Autocorellation trace for 16GHz mode locking,
giving a pulse width of 560fs

multi-pulse output stream has not previously been seen for an actively mode
locked laser diode. The expected output pulse stream which could produce the
auto-corellation trace in figure 7.5a is shown in figure 7.5b.

It is expected that

one high power mode locked pulse will occur first, followed by pulses which
are reflected off the anti-reflection coated facet and amplified on their passage
back through the laser diode.
The auto-corellation trace for just the central peak is expanded in figure
7.5c [10] in order to compare it
actual pulse width.

with expected pulse shapes and calculate the

In this trace a slowly varying background intensity, an order

of magnitude lower than the peak intensity, was subtracted from the trace to
make a more reasonable comparison between the measured curve and theory.
From the figure a sech2 fit is quite good whereas the gaussian fit does not
agree as well.

The reuslts show pulse widths of the order of 0.6 - 0.7ps, with

a minimum measured value of 560fs. The sechi2 fit was found better for broader
pulses of about 0.7ps, whereas for shorter 0.6ps pulses the tails are raised
slightly relative to the calculated curve.

The peak power of the large pulse was

calculated to be about 30mW.
The short pulses were only found over a range of rl. power levels of
24-28dBm.

The results shown in [18] by Bowen, Morton et al show a pulse

width of 560fs for 25dBm tS. power at 16GHz.

The autocorellation trace for

this result is shown in figure 7.6.

7.4 Results of the Theoretical Model
The aim of the theoretical model is to simulate the results described in
the previous section, that is, ultra short sub-picosecond pulse widths, with
multiple pulses in the output during each period. The following results were
found using the theoretical model described in section 7.2, for a step size of
0.25pm which corresponds to time steps of 3.25fs.
7.10

Extremely long run times

(many CPU hours) were necessary, and so only a limited number of results were
found.

These show how the ultra short pulses build up and also how extra,

reflected pulses form, but it was not possible to vary all the parameters in the
simulation to plot their effect on the pulse width and output power.

7.4.1 No Reflection from Anti-Reflection Coated Facet
The initial
anti-reflection (AR)
figure 7.2.

model did not include
coated facet It

an internal reflection from the

follows the experimental layout shown in

The laser diode has one facet AR coated with an assumed zero

reflectivity, whilst the opposite facet has areflective coating which gives a
reflectivity of 0.7.The collimating lens has

a coupling efficiency of 0.42, and

the external cavity mirror has a reflectivity of 0.7.

This gives a total coupling

coefficient for the external cavity of 0.1235, which, combined with the 0.7
reflectivity coating of the laser gives a similar threshold for the laser as seen in
the experiments.
The simulated laser diode is 260pm long, with an active region width
of 1pm and 0.15pm thickness.
active region width of

The actual laser used in the experiment had an

between 1pm and 2pm. This will only effect the values

calculated for thresholdcurrent and output power in

mA and mW.

The shape

of the results will be exactly the same, but a wider active region will require
more current, and produce a higher output power than specified.
The calculated

threshold current density of the device is

which gives approximately 4mA for the threshold current

1512A/cm2,

This is lower than

the experimentally measured value, due to non-radiative terms not included in the
rate equations that only effect the carrier density below threshold.

The d.c. bias

is chosen to be 4mA above threshold, this is comparable with the experimental
bias which was a similar amount above threshold. This gives a simulated average
output power of 0.9mW.
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The modulation signal is a 16GHz sinusoid, with the magnitude in mA
being the major parameter to vary.

The high frequency laser diode has a

response at 16GHz of 20dB higher than devices used in previous experiments.
This allows a much higher signal level to actually effect the intrinsic laser
device at this frequency, as 20dB gives 100 times the power, or ten times the
current level.

The current waveform applied to the device is givenby:

1(1)

■ IDC +

*RF

sin (fflt)

7

15

where 1 ^ and 1^ are in mA, and the effect of parasitic components is
taken into account by the choice of I
The first results are for 1^ , = 10mA, so that the injected carrier density
waveform (shown in figure 7.7a) goes slightly negative at one point in the cycle,
and is clipped to a maximum
section 7.2.

negative value of -660A/cm2 as explained in

The election density at the AR coated facet during the modulation

period is plotted in figure 7.7b.

This is the waveform after the simulation has

run for several hundred periods of modulation after which die results become
stable, and the same for each period. The corresponding light output waveform is
shown in figure 7.7c. This shows the light leaving the AR coated facet, so that
it can

be compared with the

electron density waveform.

The magnitude is

calculated as the output power in mW that will pass through the mirror of the
external cavity.
The electron density waveform is 90° lagging the injected carrier density
as expected from a simple solution of the carrier rate equation.
density rises up, then a kink occurs.

The electron

This is when the pulse of light returns

from the external cavity into the laser diode. The pulse has reduced in power
due to coupling losses and so does not have a large effect on the electron
density.

The pulse is amplified as it travels through the laser diode and on its

return to the AR coated facet is much larger.

The pulse depletes the electron

density very strongly as it passes through this final part of the laser diode
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Figure 7.7 : Traces of (c) light output and
(d) log(light output) versus time for zero facet
r e f l e c t i v i t y and I = 10mA
RF

before entering the external cavity.

The light output waveform therefore has a

short, intense pulse, at the same time as the electron density waveform drops
down in value.
After the pulse has left the laser diode the electron density continues
rising as electrons are still being pushed into the device. A maximum is reached
and then the electron density falls down again as the applied carrier density
becomes small and then negative. It must be noted that the percentage change
in electron density during the period is very small (1.5%).

This is because the

device has a very large reservoir of carriers and (N-Nt) is also very large, so
the large changes in optical output, therefore, only have a small effect on the
total number of carriers.
The light output waveform shows one pulse with a width of 1.78ps and
peak power of 6.9mW. The logarithm of the light output waveform is shown in
figure 7.7d. This shows the large mode locked pulse, but after this the light
output rises again because the electron density waveform also rises after the
pulse has left the laser. This second rise in light output is very small in this
case, but as the r.f. current is increased, the electron density rises after the first
pulse up to a level at which a second mode locked pulse can form.
The injected carrier density and electron density waveforms for an rf.
current of 20mA are shown in figures 7.8 a,b.
and log (light output)

waveforms are shown in

The corresponding light output
figures 7.8 c,d. These traces

show that after the first pulse the electron density rises up to a value at which
another pulse is formed. This pulse, as shown in the figures, is smaller than the
main pulse and occurs at a later time in the modulation cycle.
are for the four hundredth cycle of the modulation waveform.

These results

If the results of

the FWHM's and maximum powers of each pulse are considered after each
round trip, it is seen

that these results change

unstable.
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with time, and are therefore
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When the r.f. current is sufficiently small, ony one mode locked pulse
occurs as in figure 7.7c.

The pulse occurs after the electron density has risen

to some high value, so that for lower r.f. currents the pulse occurs later in the
modulation cycle.

As the r.f. current is increased, the single mode locked pulse

becomes narrower, higher in power and occurs at an earlier point in the
modulation cycle.

At some level of r.f. current, a second pulse will begin to

occur late in the modulation cycle. Results of various simulations show that as
the second, smaller mode locked pulse occurs the first pulse starts to lose power
and become broader again. The second pulse starts to increase in power,
decrease in width and starts moving to an earlier point in the modulation period.
As the second pulse grows in power the first one reduces.

Eventually the

second pulse takes over from the first at being the main mode locked pulse, the
original Erst pulse reduces to nothing and another pulse starts to form at a late
point in the modulation period.

This process is unstable, and repeats itself.

In

the practical situation this unstable result would lead to a time averaged
autocorellation trace that will not indicate that pulses are present, the result will
be broadened.
This process is described in figure 7.9, which shows the relative power
and position of pulses during the modulation period after various numbers of
cycles, for an rS. current of 30mA. This same process is also seen for an rX
current of 20mA, so that this simulation shows that unstable results are expected
for these values of moduation current

7.4.2 Results Including Reflection from AR Coated Facet
The instability of the initial results at higher r.f. currents stopped the
formation of sub-picosecond pulses.

The practical results (figures 7.5 and 7.6)

show extra pulses at the laser diode round trip transit time, and it is expected
that this occurs because of the finite reflection from the AR coated facet.
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Figure 7.9 : The unstable multi pulse output after various
time intervals showing pulse power and position in the
modulation period for zero facet reflectivity and I^p=30mA

order

to simulate the practical results it is therefore necessary to include this

reflection,
On consideration, it is also expected that these

reflected pulses will

reduce the electron density as they pass through the laser diode whilst being
amplified. This reduction in electron density will inhibit further
pulses from forming at a later point in the modulation period.
value the electron density can reach after the first pulse
reduced by the reflected pulses.

mode locked
The maximum

has left the laser is

The effects of the reflection from the AR

coated facet are, therefore, to provide a multiple pulse output and to allow a
stable output operation up to higher
widths.

tS

.

currents and thus

provide shorter pulse

It is still expected that above some rS. current level the electron

density will rise sufficiently between the initial, mode locked pulse, and the first
reflected pulse to allow a second mode locked pulse to occur.

This will lead to

the same unstable operation as seen in the previous sub-section, and so sets an
upper limit on the rI. current level for stable output operation.
The simulation results for an tS. current of 30mA are shown in figures
7.10a-d.

The electron density waveform at the AR coated facet is shown in

figure 7.10a, with the corresponding light output waveform in figure 7.10b.

The

light output trace shows an initial mode locked pulse with a 0.74ps FWHM,
followed by reflected

pulses after time intervals of multiples of the

round trip time.

large size of the reflected pulses is unexpected, due to the

The

small size of the reflection from the AR coating (0.005).

laser diode

The effect of the

reflected pulses on the electron density waveform is very strong, and stops the
electron density from rising to a level which would support a second mode
locked pulse during the modulation period. This is in contrast to the results
which did not include

the internal reflection, in which the result

shown in figure 7.9.

The pulse width in that case could onlyreduce to 1.4ps

before the second mode locked pulse occured.
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The light output waveform in figure 7.10b shows four main pulses,
whereas if the logarithm of the waveform is taken the trace in figure 7.10c is
found. This shows that the reflected pulses keep circulating within the laser
diode throughout most of the modulation period, even if not noticeable in the
light output trace.

In some practical situations it is necessary to have just one

output pulse per period, as further pulses may complicate the results of, say, an
electro-optic sampler.

For these short pulses, even though only one pulse can be

seen using an auto-corellator, it is possible that lower level reflected pulses may
be present
The

light output waveform can be

autocorellation function trace for the device.

used to calculate the expected
This autocorellation trace differs

from the practically measured results because it is an instantaneous result
corellating the output waveform with itself.

The practical result takes the

average of many round trip waveforms so that if the waveform changes with
time the autocorellation trace will be broadened.

This will be the case for an

unstable output waveform in which two mode locked pulses compete with each
other.

The

computed results must be crossreferenced with the values of

FHWM andpulse powers after each modulation period, to check that a stable
solution has been reached before the calculated autocorellation trace is accepted.
The autocorellation function central peak is expanded in figure 7.11.

In

Corzine’s paper [10] the autocorellation central peak was compared to theoretical
shapes to ascertain whether the actual pulse shape was sech2 or gaussian. The
width of the actual pulse was then calculated by multiplying the FWHM of the
autocorellation peak by the correct factor - 0.63 for sech2 pulse shape or 0.707
for gaussian. The practical results showed a good fit with the sech2 shape for
predicted pulse widths down to 0.7ps, but the tails of the shape of the
autocorellation trace started rising for shorter pulse widths.

The theoretical

results show both the actual pulse waveform and the autocorellation trace, and so
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Figure 7.11 : Central peak of autocorellation trace for
lRF=30mA

the pulse shape can be ascertained by comparing the ratio of the FWHM’s of
the two traces. The theoretical results also take out the ambiguity in the output
waveform,

which

always

exists

in

practical

results,

in

which

only

the

autocorellation function is known and the output waveform is summised.
The

results for the analysis notincluding reflected pulses show ratios

for the actual pulse width divided by the auto-corellation width of 0.65 and 0.62
for the 10mA stable, and 20mA unstable cases respectively. These values are
close to the 0.63 value expected for sech2 pulses, and therefore agree with that
observation from the practical results.

The value of this ratio for the case

including reflected pulses for 30mA rX current is only 0.597, and even lower
values are found for other simulations, with the ratio always less than 0.6. This
indicates that for the case of reflected pulses, the calculated autocorellation trace
central peak
locked pulse.

is wider than expected for the actual pulse width of the mode
This is due to the multiple pulse output, because each of the

reflected pulses will have some effect on the autocorellation shape. The reflected
pulses are always wider than the initial pulse and so the autocorellation trace is
also widened. This leads to extra ambiguity on the possible output waveform
pulse widths and powers calculated from practical results of the autocorellation
trace.

It is expected from this observation that the pulse widths calculated by

Bowers from the autocorellation trace may be longer than the actual width of
the initial mode locked pulse. The theoretical results, therefore, give a much
greater insight into the output waveform than can be summised from the
practical results, especially for the case of multiple output pulses during each
modulation period.
The results for an r.f. current of 40mA are shown in figures 7.12a-d.
The mode-locked pulse width is 0.6pS, with a peak power level of 30mW. The
light output waveform is seen to rise slightly, before the reflected pulses occur.
This is because the electron density is rising fast after the mode locked pulse
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RF

leaves the laser, and a second mode-locked pulse is seen to be just starting.
This is more visible in the log (light output) waveform as the leading edge of
the reflected pulses is enlarged.
When the r.f. current level is increased to 50mA, a second mode locked
pulse does occur.

This is shown in figures 7.13a -d, although this case is

expected to lead to the same unstable case as described for the 20mA case
without reflected pulses.

In figure 7.13b, the second mode locked pulse occurs

just before the first reflected pulse.

It is then expected to increase in power

and start moving in time towards the first mode locked pulse, whilst this initial
pulse will decrease in power as the two modes compete.

One way to inhibit

the second mode locked pulse from occuring until a higher r£ current level is
to reduce the cavity length of the device, so that the reflected pulses are closer
in time to the initial mode locked pulse.
The effect of increasing the coupling coefficient between the laser diode
and external cavity from 0.42 to 0.6 is shown in figures 7.14 a,b for an r.f.
current of 50mA.

These results can be compared with figures 7.12a,b in which

the coupling coefficient is 0.42.
for the coefficinet set at
above 0.6.

0 .6 ,

The optimum pulse width of 0.56ps is found

with longer pulses occuring for values below and

However, this value gives a definite second mode locked pulse, and

so the output is expected to be unstable.

These results, therefore, show how the

output pulse waveform is sensitive to the coupling coefficient For a set rT.
current level the result can go unstable over a certain range of coupling
coefficients. The increased coupling gives rise to a shorter pulse width and
higher peak power for the initial mode locked pulse.
One important parameter is the reflection from the AR coated facet
which has been taken as 0.005 in previous results.

The process of coating the

laser diode and then trying to evaluate the value of reflectivity is prone to
errors. Various simulations were carried out to see the effect of increasing and
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decreasing this reflectivity.

If the reflectivity is reduced to 0.0025 the width of

the mode locked pulse increases from 0.6ps to 0.7 lps, with a decrease in peak
power from 30mW to 26mW.

The first mode locked pulse occurs at an earlier

time in the modulation period with

this lower value of reflectivity, and the

leading edge of the first reflected pulse is larger, indicating the initial formation
of a second mode locked pulse.
If the reflectivity is increased from 0.005 to 0.01 the results shown in
figures 7.15a-c are found. The mode locked pulse occurs at a later time in the
modulation period than for smaller reflectivity values (see figures 7.12a-d).

This

initial pulse is 0.6ps wide, the same as for 0.005 reflectivity, but the peak
power is only 27mW compared with 30mW.
first

The interesting result is that the

reflected pulse is larger in peak power than the mode

locked pulse,

although its width has increased to 0.63ps. This is an unexpected output
waveform, as reflected pulses were assumed to be decaying versions of the
original mode locked pulse. The effect of the increased reflectivity is also to
hold back the formation of a second mode locked pulse.

This can be seen by

comparing the light output waveform and autocorellation functions for the two
results.

The formation of a second mode locked pulse leads to asymmetries of

the reflected pulse shapes, due to the mode locked pulses starting to form just
before the leading edge of the reflected pulse.
The shape of the autocorellation trace is similar for the cases of the
mode locked pulse having maximum peak power, and the first reflected pulse
being largest This means that the assumption made from the practical results
that the first pulse is largest may be incorrect, although it is not possible to
differentiate the two results from just the autocorellation trace.
Thevalue of reflection from the AR coated facet was
from 0.01 to 0.03.

increased again

The effect of this larger reflectivity was to stop the

formation of any mode locked pulses in the output waveform.
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This, therefore,
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means that there is an upper limit on the

allowable reflectivity of the AR facet

above which the formation of mode locked pulses are inhibited.
The results shown in this section have been found to be very similar to
the practically measured results, with pulse widths of around
pulses occuring.

0 .6 ps

and reflected

The shape of the practical autocorellation trace can be almost

matched with various of the theoretical results, but an exact match would require
many simulations to be run for different sets of parameter values.
The theoretical autocorellation traces do not dip down to zero between
the various peaks when reflected pulses are included in the simulation, although
the resultsnot including reflected pulses do go to

zero as expected.

Bowers

[10 ] observed a ’slowly varying background intensity an order of magnitude
lower thanthe peak intensity.

This d.c. base is part of the measured result, its

value will increase as the r.f. current increases, or coupling increases, and a
second mode locked pulse begins to form. This was also found in the practical
results as

it was observed that the tails of the central autocorellation peak

became larger for the minimum pulse widths measured.

The results of Bowers

et al shown in [18] (figure 7.6) included the base of the autocorellation function
and so the 0.89ps FWHM is correct in this case.

From the theoretical

comparison of mode locked pulse width to autocorellation central peak width, a
conversion factor for these multiple pulse outputs is likely to be closer to 0.58
than the 0.63 used for single sech2 pulses.

This leads to an estimated pulse

width for the practical mode locked pulse of only 516fs compared to the quoted
value of 560fs.
Results were found for the model incuding a finite reflection
AR coated

from the

facet for an r i. current of 10mA. This model produced a series of

pulses, with pulse widths and powers for the mode locked pulse and first two
reflections
respectively.

of

(3.53ps,

1.35mW),(3.65ps,

1.54mW)

and

(4.02ps,

0.67mW)

These results are very different to those produced from the model
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with no reflections, which found a pulse width of 1.78ps and power of
for the single mode locked pulse output

6 .8 8 mW

This shows that the model

not

including reflections does not produce accurate results in cases in which reflected
pulses have an effect.

7.5 Conclusions
Mode

locked semiconductor lasers can provide

a stable source

coherent sub-picosecond pulses, as shown by Bowers et al [10,18].

of

In this

chapter a time domain theoretical model is proposed to simulate the operation of
such devices. The model includes a spatial variation of the electron and photon
densities. This allows the spatial saturation of the gain in the device to shape
the optical waveform,
domain.

a process that cannot be modelled in the

frequency

The model also includes, for the first time, a reflection from the AR

coated facet of the laser.
The model assuming a zero reflectivity for the

AR coated facet

produced single mode locked pulses of 1.82pS FWHM for a 10mA r i. current
level.

As the r.f. current was increased to 20mA the output was

seen to go

unstable, with two mode locked pulses competing with each other.

The power

distribution switched from one mode to the other, and the pulse positions within
the modulation period moved around.
When the reflectivity of the AR coated facet was made non-zero the
output

waveform wasstabilised up to higher levels of rS. current.

This is

because the reflected pulses reduce the electron density as they propagate through
the device, and so stop it from rising up to a level that would support a second
mode

locked pulse.Using a higher reflectivity AR coated facet,

allows a higher

rl.

current

to

be

used

before

the

output

goes

therefore,
unstable.

Although there is a maximum limit of allowable reflectivity before the formation
of mode locked pulses is inhibited.

Shortening the cavity length is also
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expected to increase the allowable r.f. current density, as the reflected pulses
would occur closer in time to the original mode locked pulse.
The incusion of reflected pulses creates an autocorellation trace similar
to that measured in practical results [10,18].

A comparison of the mode locked

pulse width and the autocorellation central peak width gives a factor which is
less than 0.6 for all multiple pulse output waveforms. This compares to the
expected values of 0.63 for a sech2 pulse or 0.707 for a gaussian pulse.

This

shows that the inclusion of the reflected pulses widens the central autocorellation
peak, because the reflected pulses are wider than the mode locked pulse. This
also means that the quoted pulse width of 560fsby Bowers et al
longer than the
expected.

actual mode locked pulse width.

is probably

A value closer to 510fs is

The single pulse output waveforms produced by the analysis without

reflected pulses have ratios of 0.62 and 0.65, which are close to the expected
value of 0.63 for sech2 pulses.
The basic phenomena leading to the ultra-short pulses is the extremely
high current injection over a very short time perod. As the rI . current increases,
the output pulse width decreases, up to some maximum level of rT. current for
which a second mode locked pulse occurs and the output becomes unstable.
The level of allowable r i. current depends on the width of the ‘pulse like’
waveform applied to the

device.

At a 16GHz modulation rate the current

‘pulse’ is shorter than 30pS, allowing high current levels.

The effect of

reflected pulses is to stabilise the output waveform by continually reducing the
electron density as they recirculate, and so keeping the electron density low
enough not to support a second mode locked pulse.

There is still, however, a

maximum level of r.f. current above which a second mode locked pulse occurs,
just before the first reflected pulse.
A shorter cavity
levels of rJ. current will

device should provide shorter pulses,

because higher

be allowable as the reflected pulses will be closer
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together.

A higher modulation frequency will reduce the pulse width of the

applied current waveform.

This shorter width itself will not affect the formation

of a second mode locked pulse, as this pulse is formed just before the first
reflected pulse and not near the end of the period.

The higher modulation

frequency does, however, give a sharper rise time to the applied current
waveform which increases the electron density faster and is expected to give rise
to shorter pulses.

However, at a higher modulation frequency the period of the

applied pulse is shorter, so the current level needs to be higher to create the
same change in carrier density necessary to produce the shortest pulses. There is
obviously

some

compromise

to

be

reached upon the optimum

modulation

frequency to use.
If only a single output pulse per modulation period is necessary, the tI.
current must be reduced to a level at which the reflected pulses are not
noticeable.

In this case the AR coating should be made to have the lowest

possible reflectivity.

If the AR coating is sufficiently good, then the limit on

the maximum allowable rT. current is the pulse width

of the applied current

pulse before a second mode locked pulse occurs, and so the modulation
frequency should be increased.

It is possible to use a pulsed input waveform

instead of the sinusoidal modulation, but the applied current waveform produced
by 16GHz modulation provides a shorter pulse waveform than can be provided
by other means.
The

model

not

including

reflected

pulses

was

found

to

produce

inaccurate results when compared to the non zero reflectivity case. This is
because the effect of reflected pulses

on reducing the carrier density is

not

incuded, and so shorter pulse widths arepredicted.
The use of other mode locking geometries such as the ring cavity (see
figure 7.16) will reduce the reflected pulses because both facets will be AR
coated, giving a much smaller round trip gain.
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The limit on r.f. current level

will then be due to the width of the applied current pulse, as a second mode
locked pulse will occur near the end of the modulation period if the r.f. level is
raised too high. The basic ring cavity geometry also requires a higher rX level
as it is supporting pulses travelling in both directions.

The major use of the

ring cavity lies in the inclusion of a saturable absorber one third of the way
around the external cavity. This should synchronise the mode

locked pulses

travelling in both directions so that only half the number of pulses occur in
each direction as without the absorber. The saturable absorber should also help
to reduce the width of the mode locked pulses by shortening the rise time. The
saturable absorber is expected to reduce the formation of a second mode locked
pulse, as it will provide a much lower attenuation to the original mode locked
pulse.
The use of different cavity geometries, shorter laser diodes and high
modulation frequencies is hoped to be able to reduce the width of the mode
locked pulses from the recently measured 560fs [18] closer to the theoretical
minimum of around 125fs.
The

theoretical

results

have

been

shown to agree

with

practical

observations [10,18], and have been used to describe how sub-picosecond mode
locked pulses with reflections are generated.

The published value of the FWHM

for the mode locked pulse of 560fs is expected to be longer than the actual
pulse length.

The predicted output pulse train shape [10] shows the mode

locked pulse followed by smaller reflected pulses.

The theoretical calculations

show that the same autocorellation trace can also be found for a pulse train in
which the mode locked pulse is smaller than the first reflected pulse.
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CHAPTER 8
Heating Effects in Semiconductor Lasers
The effect of heating within semicoductor laser diodes has been of
major importance in the evolution of device geometries.

Increased temperatures

in the active region of devices leads to higher threshold currents (and therefore
more heating), lower output powers and shorter lifetimes. This is particularly
important for devices designed for high power operation, including high speed
laser diodes which have extremely high current and photon densities.
The use of high power pulsed semiconductor lasers in fields such as
optical radar (LIDAR) and the control of electric components

(e.g. power

thyristors) has led to a revival of single heterostructure and large optical cavity
lasers.

The high operating currents (40Amps typically) and large optical powers

give rise to problems of heating within the devices.
In this chapter a model for a single Heterostructure GaAs/AlGaAs laser
is proposed which calculates the contributions of various heating phenomena
within the laser.

Using this heat generation profile the temperature profile

through the device is calculated at various times either during a pulse, after a
cooling cycle or after many pulses. The heating effect of the laser bond wire is
also considered.
This technique for calculating temperature profiles can be easily adapted
to create solutions for other laser diode structures, such as devices for high
speed modulation.

8.1

8.1 High Power, Pulsed, Single Heterstmcture Laser Diodes
Semicoductor laser diodes offer the highest output power per unit
volume of any laser.

The main problems however are the extraction of heat

produced within such a small volume and the catastrophic damage of the laser
facets due to the large optical flux present

The need for a high power pulsed

semiconductor laser has led to a revival of the broad area single heterstructure
(SH) laser and similar structures such as the large optical cavity (LOC) laser.
These devices offer the highest pulse power of all semiconductor lasers because
the emitting area on the laser facet is much larger than that of conventional
double heterostructure lasers, so that higher powers can be produced before
catastrophic facet damage occurs.

Nevertheless, this increased output power is

only possible under pulsed conditions due to heating within the laser.
The more recently publicised phased array double heterostructure laser,
which is aimed at high power applications, cannot match the peak pulse power
of SH lasers.

The phased array laser can, however, be operated continuously

and is therefore more suited to applications such as free space communications.
The width of a SH laser dictates it’s output power and devices up to 1500jom
wide have been produced which give 100 Watts of peak power.

However, the

high operating current of such a device becomes prohibitive and other alternative
structures have been developed to reduce this current, including the stacking of 2
or 3 active regions in one device or by having a series array of similar devices.
The use of SH lasers with high pulse currents (40 Amps) leads to very
serious problems associated with heating in the device and it’s package.

In this

work different phenomena contributing to heating within semiconductor lasers are
isolated and the relative effect of each in high power SH lasers is discussed.

A

new model is then described which includes each heat source, and which is used
to simulate heating in a high power SH laser.

Although targeted at the SH

laser, the model may be adapted relatively easily to the case of other structures.
8.2

Work completed to date on thermal effects In semiconductor lasers has
mainly concentrated on DH lasers for CW operation.

Joyce and Dixon [1]

created a model having a stripe heat source in the active region of the laser and
considered two dimensional heat flow to calculate the steady state thermal
resistance of the device.

Kobayashi and Furukawa [2] used expressions for the

heat sources in the various layers of the laser, both below and above threshold,
to show that the position of the major heat source moves to the active region
when

the

device

lases.

These

theoretical

predictions

are

supported

experimental results, but again are for CW operaton of a DH laser.

by

Newman et

al [3] adapted the model of Joyce and Dixon to include more snipe heat sources
along the lines of Kobayashi.

Nakwaski looked at dynamic properties of stripe

geometry lasers and has produced papers on thermal properties of laser diodes
[4] which utilise a transformation to simplify the thermal conduction equation.
He uses similar heat generation equations to Kobayashi and solves the problem
analytically to give the temperature profiles at various times.
This work considers for the first time the problem of heating in a high
power pulsed SH laser diode with large (40Amp) operating currents.

The model

includes

nonradiative

absorption

recombination

within

andscattering
the

active

of

stimulated

emission,

region, absorption of spontaneous

emission

throughout the semiconductor and at the ohmic contacts, and ohmic heating in
all layers of the device.

The variation of parameters, such as

thermal and

electrical resistance, with

temperature, are included in the model,

which also

includes the variation of threshold current (and hence the level of stimulated and
spontaneous recombination) via a solution of the rate equations.
equations constituting the model are then solved numerically.

The nonlinear

This is necessary

because an anaytical solution would require many approximations and impose
severe restrictions on the versatility and range of validity of the model.

The packaging of the laser diode is also considered, and the effect of
8.3

heating in the gold bond wire is included.

This is shown to affect the

temperature in the laser and is proposed as the reason why commercially
available SH laser diodes do not match the performance predicted by the laser
only model after many pulses have been applied.
The computer simulation can produce a variety of results which are
summarised below;

1.

Temperatures profiles through the device at any time either during the
pulse or during the cooling part of the cycle.

2.

Variations of temperature, output power and wavelength during a pulse.

3.

For both ‘1’ and '2 ', results can be for one pulse only or for the
steady state case after many pulses.

4.

The program can
temperature profile.

5.

The effect of adding a gold bond wire to the model can be found for
cases #1 \ ‘2* and *3\

6.

All of the above results are obtained for both n-side and p-side down
mounted lasers.

calculate

the

continuous

operation

steady

state

Using these results and knowing the application of the laser diode (e.g.
repetition rate, output power etc), the different layer parameters can be optimised.
The reliability of the devices can also be increased by designing them to keep
the maximum temperature in the active region as low as possible.

8.2

Theoretical Model
The simulated device is a broad area single heterostructure laser diode,

length 440pm, width 230pm and an active region thickness of 2pm.

For this

kind of device the thermal conduction equation is solved in one dimension
perpendicular to the plane of the active layer.
are homogeneous in the other directions.

This is valid because the layers
This approach however, does not

account for edge effects and filamentation of the output.
8.4

In the model for the

laser device only, it is assumed that no heat flows out from the top or sides of
the laser i.e.

dT
3x

= 0
x=end

dT I = 0
dy ly=0,W

dTi = 0
3z lz= 0,L

8.1

As three dimensional heat spreading occurs in the heat sink, an effective
heat sink thickness in one dimension is calculated [5]

THs - W.Ln (4L/W)/2 jc - 74.5pm

8.2

where W is the width (230pm) and L is the length (440pm) of the laser.
The simulation also includes a linear variation of electrical and thermal
resistance with temperature, which is valid over the temperature ranges involved.
Table 8.1 shows the different layers of the device used in the model,
together with a brief description, their thickness, electrical resistance and thermal
diflusivity ‘a ’.

The program then solves the thermal conduction equation;

9 T (x ,t) ■ G r ( x ,t ) + o 9 2 j(Xtt)
(Ft
<)x2
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The most important term is G^, which is the heat generation term
within the laser.

In the simulation, a heat generation profile is calculated by

adding all contributions to heating, and then sampling the resulting profile at
discrete points. The spatial distribution of these heat sources through the structure
provides the key to an accurate simulation of practical devices.

The different

heat sources are described below.
In addition to single pulse operation, steady state pulsed operation (in
which the program runs through sufficient electrical injection pulses for steady
state results to occur) was simulated.

It was also possible to remove the

variation of parameters with tem peratu^ and run the simulation for continuous

Table 8.1
Layer Description

Gold c o n t a c t la y e r
Ohmic c o n t a c t
n GaAs s u b s t r a t e
n GaAs e p i l a y e r
p GaAs a c t i v e la y e r
p GaAs h e r e t o
barrier
p GaAs cap l a y e r
Ohmic c o n t a c t
Gold l a y e r
Indium s o l d e r
Copper h e a t s i n k

No Thickness
pm

Electrical
Resistance
ftcm

Thermal
Diffusivity
cm25*1

Cumulative
Thickness
pm

1
2
3
4
5

0. 5
0.1
80
2
2

2.35X10'6
1.0+
7 xlO"4
7 xlO’4
2.83xl0'3

1.266
1.267
0.262
0.26 2
0.26 2

0.5
0.6
80.6
82 .6
84 .6

6
7
8
9
10
11

1
3
0.1
0.2
5
74.5*

3.9 xlO-2
8 x 10-3
1.0+
2.35 xlO-6
8.37 xlO’ 6
1.67 xlO’ 6

0.07
0.262
1.267
1.266
0.479
1.157

85.6
88.6
88.7
88.9
93 .9
168.4

♦E ffective h e atsin k thickness
+ E f f e c t i v e r e s i s t a n c e over 0.1pm

operation; this allows an easy comparison of device structures regarding their
thermal resistance to be made.

8.2.1 Intrinsic Ohmic Heating
This heat source is due to current passing through the device, and
because of the large operating current, provides a very important contribution to
heating in the device.

It should be noted that ohmic heating is proportional to

the square of the current whereas other heating components are nearly linearly
proportional to the current, so that as operating currents rise the ohmic heating
becomes more important
One major source of ohmic heating is at the ohmic contacts.

In the

model, values of specific contact resistivity are used (103 Ocm2 being typical),
they are transformed to values in Ocm over a thickness of 0.1pm, which is the
minimum spacing used in the simulation.

The ohmic heat generation term is;

G0 * J 2 R/(*Cp )
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where J is the current density (A/cm2), R is the resistance (£2cm), O is the
density (g/cm3) and Cp is the specific heat capacity (J/gK).
In the second model the effect of ohmic heating in the gold bond wire
is added.

8.2.2 Heating due to Recombination
The carriers

injected into the active region recombine

to produce

stimulated emission, spontaneous emission and heat, the proportions of each can
be calculated from the rate equations.

The transient of the laser is very short

in comparison with the pulse length and therefore a steady state solution of the
rate equations is adequate.

The equations used are;
8.6

where N is the carrier density, J is the injected current density, e is the
electronic charge, d is the active layer thickness, g is the optical gain constant,
Nt is the carrier density for transparency, S is the photon density, Ta is the
electron lifetime, T is the optical confinement factor and

is the photon

lifetime given by;

*ph

8 .7

- ICg [«t + L' 1 ln(R- ’ ) ] } - 1

and
8. 8

a t * r aa a + r h°h+ r ea e + a s

where Cg is the optical group velocity, a, is the total bulk loss of the cavity, L
is the length of the laser, R is the reflectivity of the facet, Fa,h,e, and ofe,h,e
are the confinement and free carrier absorption values in the active region,
hetero-barrier and epi-layer respectively, and Og is the scattering loss.
The temperature dependence of the threshold current density is assumed
to have the form

■ J0 exp (T/To) where T is the temperature and the value

taken for the constant T 0 is 88K as verified experimentally for GaAs lasers.

At

threshold the steady state value Ngg/xn is calculated from;
8 .9

Similarly the steady state photon density Sss is calculated from;

8.10

Sgs ” ( J / ed " ^ s p ) * ^ a ,<lph
The term

Rgp

=

accounts

for

the

electrons

lost

due

to

spontaneous recombination, which can be split into the categories of nonradiative
8.7

and radiative recombination by the internal quantum efficiency at threshold
At threshold, stimulated emission is not present, so that r|j = ^/(Rf+Roj.) gives
the

split

of

the

spontaneous

recombination

between

radiative

(Rf)

and

non-radiative (Rjjj.) recombination processes.

8.2.2.1 Nonradiative Spontaneous Recombination
The nonradiative spontaneous recombination occurs only in the active
region and so gives a constant heating term across the active region of;
Gm

= ®-sp (1
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“ Tl i ,th ) f r ')/ ® C p

8.2.2.2 Radiative Spontaneous Recombination
The spontaneous radiation generated in the active region propagates in
all directions through the laser structure.

It is partially absorbed in the

semiconductor layers as a function of the calculated absorption coefficient of the
layer.

The remaining intensity is totally absorbed at the ohmic contacts because

of the broad area structure of the lasers.
The

amount of

spontaneous radiation passing

through the

AlGaAs

confining layer and GaAs capping layer is a fraction, f, of the total, with (1-f)
travelling down through the substrate.

The value of f is taken as 0.335 [6].

The intensity of the radiation propagating in these directions is therefore;

8.12

^substrate * ^ s p . ^ i , th -k * v .d (l-f)
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The heat generation term is then calculated from;

8.14

Grs * Ia/flCp
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where a is the absorption coefficient of the relevant laser layer and the optical
intensity is assumed to decrease as I = ^exp (-al), where 1 is the effective
distance travelled within that particular layer.
The absorption coefficient for spontaneous radiation is calculated by
adding the effects of free carrier and band-to-band absorption.

The free carrier

absorption is linearly dependent on the carrier density, with a minimum value of
10cm-1 for a layer doping less than 1018cm3 [7].

Band-to-Band absorption

must take into account the spontaneous radiation spectral shape and the variation
of the absorption coefficient with energy to give an effective absorption coeffient
cxgB-

This is calculated by convolving the spontaneous emission spectra, which

is Lorentzian in shape, with the absorption coefficient

For n type GaAs this is

given by;
<*br(E) -

Q 1C

104
1 + exp [(fegn - E) /E on]

where EgQ is the effective band-gap and is shown in reference [8] together with
Eqq.

A similar equation may be derived for p type GaAs material.
The

effective

band-to-band

absorption

coefficient

can

therefore

be

calculated for each layer at specific temperatures, and then be added to the free
carrier term to give the total effective absorption coefficient a .

8.2.2.3 Stimulated Recombination
The photon density calculated from the solution of the rate equations
gives an average value of photon density across the active region.

The spatial

distribution of the photon density in the transverse direction can be determined
by a waveguide analysis [9].

The intensity profile is then proportional to the

product of the average photon density Sss

and the normalised distribution

function SHAPE(x) which would have a cos2(Ax) distribution in the active

8.9

region and an exp(-Bx) distribution in the cladding layers where the value of the
decay constant B depends upon the layer type on either side of the active layer.
The heat generation term due to the absorption of stimulated emission is

■ Sss Cg hu.SHAPE(x) <*fc /<&Cp

where <Xfc is the free carrierabsorption term.
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Stimulated emission does not

undergo band-to-band absorption because the band-gaps of the confining layers
are larger than the energy of photons generated by stimulated emission.
The scattering loss is accounted for by adding the effect of scattered
photons to the spontaneous radiation, which is itself absorbed throughout the
device.

This is valid because scattered photons are deflected away from

the

active region and then travel in paths similar to those of spontaneously generated
photons.
The heat generation profiles for each of the above heating contributions
together with the total heating profile are shown in figure 8.1.

8.2.3 Verification
The program has a facility for calculating the heating in the whole of
the device in watts for each of the components described. These results can be
verified by considering the total heating due to recombination;

Recombination Heating + Total Output Power = I.Egp
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where Egp is the effective bandgap of the active layer and is given in reference
[8].

Egp/e is the voltage applied to the junction itself.

The output power from both facets of the laser is given by;

8.18

Pout s Sssh\).Cgln(l/R).W.d
8.10

KxlO

7

6r

Figure 8.1 : Heat generation around the active region for
(1) absorption of stimulated emission, (2) absorption of
spontaneous emission, (3) nonradiative heating, (4) ohmic
heating and (5) the total heating profile

The ohmic heating calculated in the program can be checked simply by
calculating the series resistance and multiplying by the square of the current
The

model was found to produce results in close agreement with

the above

calculations, and it was then used to simulate the operation of the laser diode.

8.2.4 Heating Due to Gold Bond Wire
It was considered that the gold bond wire used to make a contact to
the device may contribute to heating in the device because of its finite electrical
resistance.

This will only occur under multi pulse operation because during a

single pulse the heat from the bond wire does not have time to reach the active
layer. A separate program was created to calculate the steady state heat rise in
the laser and the bond wire.
and

The length of the bond wire was taken as 2mm,

ohmic heat generation was calculated for

two wire diameters (25pm and

50pm).
The second model including the bond
the practical situation

and

in

order to

wire is a simplified

maintain

the

version of

validity of the

one

dimensional heat flow assumption it was necessary to assume that the wire
thickness equalled that of the laser, with the heat generation and thermal
diffusivity

terms altered accordingly to give the

same thermal and electrical

resistance.

In practice, there will be three dimensional heat flow where the thin

bond wire contacts the laser, although the layer of gold on top of the laser will
actually spread the heat fairly evenly around the surface.
The laser depth was taken as 90pm, with an average heat
term used throughout the laser, the heatsink and
90pm thick.

generation

indium solder were taken as

A larger step size was used in this model for the numerical

solution, and the steady state temperatures at the top of the heatsink and top of
the laser were found for various pulse repetition frequencies (PRF) and pulse
lengths. These values of temperature were used as input to the initial model
8.11

which then simulated the output of the laser during one pulse - this corresponds
to the steady state pulse output with heating from the bond wire.

The steady

state program was executed for two bond wire sizes (25pm, 50pm) at various
PRF’s and pulse lengths.

8.3 Discussion of Results
A selection of results are shown in figures 8.2-8.6.

When the laser has

been mounted p-side down, the cumulative thickness column in table 8.1 shows
the position of the

various layers on the plots.

The n-side down results are

shifted by 79.5pm to the right, as the effective heat sink and indium solder are
placed on the left of the laser.
the laser plus heat

Some of the results show the total profile of

sink, whereas others are a 'zoom in* around

the active

region. In the zoom in plots the various layers are denoted by their numbers
which are shown in table 8.1.
In figure 8.1 the various heating components are shown on a 'zoom in*
plot of the active region and its surrounds.

The ohmic heating is strongest in

the AIGaAs buffer layer due to the poor conductivity of 'p* type AlGaAs.

It is

also reasonably high

in the GaAs capping layer as this is also a *p* type layer.

The ohmic contacts

show a large heating component, and if a contact is poorly

made this heating component can rise dramatically - this can in certain cases
lead to the contact solder melting or even the whole end of a laser chip. The
large ohmic heating component in the 'p* type AIGaAs (3.4 x 107 K/S) can
only

be reduced by increasing the doping concentration.

however,increase

free

carrier

absorption

and

the

This in turn will,

threshold

current

so

a

compromise must be reached.
The non-radiative heating component occurs only
itself and

is,

therefore,

very

important

as

this

is

temperature affects the operation of the device most
8.12

the

in the active region
region

where

the

It’s value is 1.9 x 107

K/S unifoimally across the active region, thus it has a strong effect

In a real

device the quality and uniformity of crystal growth will affect the value and
position of this heating component, so that in regions of the active region with
more non-radiative centres ‘hot spots’ may occur.

High quality crystal growth

should be able to avoid such non-uniformities in the expitaxial layers of the
device.
The

heating

effect

from

the

absorption

of

spontaneous

emission,

including also the scattered stimulated emission, is seen to have the smallest
effect on the total heating profile.

Heat is actually transferred away from the

active region by the spontaneously generated photons to be absorbed by the
various semiconductor layers, all photons reaching the ohmic contacts are totally
absorbed by them.

This heating component is highest in the highly doped

capping layer and the two ohmic contacts.
The absorption of stimulated emission occurs mainly in the active region
with two exponential ‘tails’ into the cladding layers. The cos2 (Ax) shape of the
intensity leads to a higher heating value at the centre of the active region of
2 . 3 x 1 0 7 K/S.

Added

to

the

1.9

x

107 K/S

heating

effect

of

the

non-radiative component, the total heating value in the active region becomes
larger than that due to ohmic heating in the AIGaAs layer.

The maximum

heating components occur at the ohmic contacts, but, as they are so thin, their
actual effect on the temperature in the device is not so strong.
Using the model, the effect of a single 200ns pulse on the temperature
profile within the device can be found.

The device is assumed to have a

uniform temperature distribution of 300K before the pulse. The temperature
profile for a ‘p ’ side down mounted device is shown in figure 8.2a with the
zoom in version in figure 8.2b. Similar results for an ‘n’ side down mounted
device are shown in figure 8.2c,d.

In the *p’ side down case the maximum

temperature rise of 5.9K is found at the interface between the active layer and
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Figure 8.2 : (a) Temperature profile and (b) 'zoom in'
temperature profile for a single 200ns pulse with the
device mounted 'p* side down
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Figure 8.2 : (c) Temperature profile and (d) 'zoom in’
temperature profile for a single 200ns pulse with the
device mounted 'n' side down

AIGaAs layer.
ohmic

The heat sink pulls down the temperature in the cap and ‘p’

contact layer by providing a sink for the heat.

whichdoes not have a heat

sink rises by over 5K.

The ‘n’ ohmic contact
In the n side

down

mounted case, the lack of a heat sink near the active region can be seen to
have an effect during just one pulse. The maximum temperature rise of 7.7K
occurs at the ‘p’ ohmic contact, which also helps to increase the temperature
rise in the active/AlGaAs layers to over 6K.
ohmic

Due to the heatsinking at the ‘n’

contact the temperature rise there is contained to

only2.8K

The

results

in figure 8.2, therefore, point out the advantage of mounting the device p side
down even during single pulse operation.

Whilst the temperature difference is

small, during a longer pulse it will be more exaggerated and give rise to a
larger decrease in output power and more chirping of the output wavelength for
the n side down mounted case.
In figure 8.3 the device is operated in 200ns pulses at repetition rates
of 1kHz, 5kHz and 10kHz. After a number of pulses, the temperature profile
reaches a steady state.

The steady state temperature profile at the end of a

200ns pulse is shown in figure 8.3a for
in result shown in figure 8.3b.
10kHz repetition frequencies.
n side down case.

the ‘p’ side down case, withthe zoom

The three curves are for 1kHz,

5kHz and

Similar cures are shown in figures 8.3c,d for the

In both cases the 1kHz repetition frequency gives a similar

result to that of a single pulse, therefore, the 1ms cooling period must be
sufficient for the device to return to its uniform starting temperature of 300K.
As the frequency is increased, the steady state profile rises as heat is stored in
the device. The temperature rise at the active layer/AlGaAs layer boundary
increases more in the ‘n’ side down mounting case, with the temperature rise
approching 8K whilst only reaching 6.4K in the ‘p’ side down case. It can be
seen from these results that SH devices should be able to run at, and in excess
of, 10kHz with little (2K) rises in active region temperature. This is not found
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operation at repetition rates of (1) 1kHz, (2) 5kHz and
(3) 10kHz with the device mounted 'n' side down

in practice and so the inclusion of heating by the laser bond wire is added to
reconcile the theoretical predictions and practical results.
The heat generation and flow in the laser is best illustrated by a three
dimensional plot.

In figure 8.4 two views are shown of a ‘p’ side down

mounted device during a 200ns pulse followed by a 5ps cooling period.

They

show the temperature rising

sharply around the active region and

‘n’ ohmic

contact during the pulse and

how the heat spreads into the bulk of the device

during the cooling period.
One way of comparing the thermal characteristics of two designs for the
device is to allow the simulation to run for continuous operation.
give the correct value of thermal

resistance for a particular

This will also
device, as the

definition of thermal resistance is the temperature rise in the active region
divided by the total heat dissipated within the device.

This value for the

thermal resistance will give a more accurate result than obtained when assuming
the heat source of the device to be located solely in the active region.

In order

to run the simulation for continuous operation the temperature variation of the
various laser parameters are removed
reached in these simulations. In one

because of the unrealistic temperatures
example thetemperature rise

in the ‘p’

side down case was 240.6K whilst in the ‘n’ side down case being 679.7K.
The total heating in this device was calculated in the programas 42.954 Watts
which gives thermal resistances of
5.6K/W for the ‘p’ side down case.

14.8K/W for the ‘n’ side

down case and

The definition of thermal resistance for

devices used in a pulsed mode is more complicated than for continuous mode
operation, as the value will depend on the pulse length and repetition frequency
used.

The continuous operation case is, therefore, more suitable to compare

various devices, but if a precise operating frequency and pulse length is desired
then the device may be optimised for its thermal resistance under those particular
conditions.
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Figure 8.4 : Three dimensional plots of temperature within
the device versus time for a device mounted 'p ’ side down

The model was expanded to include the effect of ohmic heating in the
bond wire. The plots in figure 8.5 show the steady state temperature reached
after many pulses, just before a pulse commences.
(25nm and 50fim) are used at various PRF’s.

Two bond wire thicknesses

The temperature at the end of

the bond wire away from the laser is assumed to be 300K. The results show
that the use of a thicker and,

therefore, higher conductivity bond wire will

reduce the steady state temperature rise in the laser.

The temperature rise in the

thin bond wire is shown to be very large when the PRF is increased to 5kHz,
reaching almost 250° C at its hottest point

In practical terms, thicker bond

wires, or the use of multi-bond wires is, therefore, preferable for these high
current devices.
The simulation can be used to calculate the temperature in the active
region continually throughout a pulse, as well as the power output of the device.
The rise in temperature can also be used to estimate the change in wavelength
of the output during the pulse.

In figures 8.6a-c, the temperature rise, output

power drop and wavelength shift respectively are shown for a lps pulse for both
‘n’ and

‘p’ side

down mounted

cases.

They showthe obvious advantage of

mounting the device ‘p’ side down if the output changes are needed to be kept
to a minimum.

8.4 Conclusions
A model has been proposed which can be used as a powerful tool in
understanding heating within semiconductor lasers.

The model differentiates the

various heating phenomena that occur in semiconductor lasers.

A heat generation

profile is then calculated and the heat flow equation solved to give temperature
profiles

within the

laser

device.

The

model

can

be

applied

to

any

semiconductor laser and solved to provide either static or transient temperature
profiles.

This allows changes in the output power, wavelength and also the
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effects of heating on waveguiding to be solved.

One important possibility is the

calculation of the effect of temperature variations on optical waveguiding and
thermal lensing in phased array or broad stripe lasers.
The model has been applied to high power pulsed single-heterostructure
laser diodes. It shows the relative strengths and positions of the various heating
phenomena, the total heat generation profile they produce and the temperature
distributions that occur in the device during operation.

The absorption of

stimulated emission and non-radiative heating are the dominant heat generation
components in the active region, but ohmic heating in the AlGaAs buffer is at a
higher level than either of these heating components, providing an overall heating
profile across the active layer and AlGaAs buffer of a similar level. The low
thermal conductivity of this buffer layer slows down the heat flow away from
the active region and so raises its temperature.
ohmic contacts.

Heating is also very high at the

If single long pulses are required the program can easily be

used to optimise the device to reduce the temperature rise in the active region.
It has been found that if the ‘p’ GaAs cap layer is increassed in thickness this
isolates the heat generated at the ohmic contact from the active region, so that
the temperature rise during a single pulse is reduced.

The advantages of

mounting the device ‘p’ side down have been shown, that is a reduction in
active region temperature during single and multi-pulse operation, and therefore a
reduction in output power drop and wavelength chirp during a pulse.

The

device reliability will also be increased by reducing the rise in active layer
temperature.
The heating in the gold bond wire joined to the laser diode is put
forward as a reason why practical devices do not operate as well as the model
for the laser diode only predicts under multi-pulse operation.

The model

including this effect shows that a thin bond wire can have a very large heating
effect on the laser.

It is also probable that the heat sinking provided for

8.17

practical devices also contributes to the rise in temperature during multi-pulse
operation.
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Chapter 9
Conclusions and Further Work
The major conclusions drawn from the rest of this thesis are outlined in
this chapter, together with recommendations of areas for further work.

This

chapter is split into four sections which deal with the main areas of work. The
first two sections cover the direct modulation of semiconductor laser diodes,
section 9.1 describes the theoretical modelling and section 9.2 compares the
practical results with the theoretical model.

The theory for the production of

sub-picosecond optical pulses by active mode locking of a high speed laser diode
is discussed in section 9.3, followed by conclusions from the chapter on heating
in semiconductor laser diodes in section 9.4.

9.1 Theoretical Modelling of Direct Modulation
The operation of semiconductor laser diodes can be found by solving
the travelling wave rate equations described in section 3.1.

Due to the

complication of solving these equations for transient conditions, they are

often

simplified to form the spatially averaged rate equations by the process shown in
section 3.2.

The resulting equations are valid for mirror reflectivities of over

0.2, and with the laser above threshold.
cleaved

These two conditions are satisfied by

facets with reflectivities of 0.3 and normal operation for high

modulation in which the device is biased well above threshold.

speed

The spatially

averaged rate equations are only valid for timescales longer than the laser diode
cavity transit time, giving a minimum timescale of about 5ps, or modulation
frequencies up to 60GHz.
A small signal analysis of the single mode rate equations was carried
out by substituting the variables (applied current density, electron density, photon
density) with a d.c. value plus a small signal sinusoid and solving for first order
terms.

The resulting response is,

in general, an underdamped second order

9.1

response with a strong resonance peak. The phase lag increases sharply around
the resonance frequency, reaching

180° at high frequencies.

A

simplified

equation for the frequency at which the resonance peak occurs is found (equation
3.40), which gives three main parameters to be optimised to produce high
bandwidth devices.

These are the optical gain and photon density, which must

be increased, and the photon lifetime which must be decreased to increase the
modulation bandwidth.

It was shown that buried heterostructure devices with

tight optical confinement and small active region dimensions are necessary to
reduce heating effects at high photon densities.
In practical terms, high photon densities are achieved
active volumes and biasing devices at high output powers.

by using small

The maximum bias

level is limited by catastrophic facet damage for GaAs devices, and heating in
InGaAsP devices, although the use of AlGaAs windows on GaAs devices allows
higher photon densities.
the

The optical gain coefficient can be raised by cooling

device, doping the active region or using quantum wells.

this is a material parameter, is not easy to vary.

However, since

The photonlifetime depends

on the laser cavity length, which is found to be a very important design
parameter, with shorter cavity lengths providing higher bandwidth devices.
One of the major obstacles to be overcome in producing high speed
laser diodes is to reduce the parasitic component values of the device and its
mount

A well designed high speed laser can be seen as a capacitance and

resistance in parallel.

The resistance is generally a few duns, and is due to

contact resistance and series resistance through the various semiconductor layers.
The major component to reduce is the capacitance, which is due mainly to bond
pad capacitance and the capacitance of confining homojunctions.

These can be

reduced by reducing the bond pad size and using a thick dielectric layer below
it, and reducing the area of homojunctions by the use of specialised laser
structures such as the mesa-structure laser. The device must then be fixed to a
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high frequency mount using a low inductance bond wire.

Typical values of the

parasitic components necessary for high frequency operation are C=lpF, R=7Q
and L=0.2nH.
The majority of the theoretical modelling is based upon a numerical
solution of the multi-mode

rate equations.

These equations

are solved in

the

time domain for a particular modulation current waveform, followed by a Fourier
transform of the resulting optical waveform to give information on the various
frequency components produced by the device. The results at various modulation
frequencies allow the magnitude and phase frequency response of the device to
be calculated. These show the same second order response found from the small
signal single mode analysis, with a strong resonance peak.

The amount of

damping of this resonance peak is of great importance in the design of high
speed devices, in

order to optimise the response shape.

The value of

the

damping constant,

and thephysical mechanisms behind it,

are therefore very

devices, a damping effect is exhibited

by including

important
For GaAs

the

spontaneous emission coupling into the lasing mode, but this effect is shown to
be weak, especially at higher bias levels.

The effect of lateral carrier diffusion

and spatial hole burning can be shown (section 4.1.3) to be expressed as a
linear gain saturation term in the rate equations, after some simplifying solutions.
This gain saturation leads to a strong damping effect on the frequency response
of the device, and depends upon the effective diffusion length of carriers and the
active region width. This effect is used to account for the damping of the
frequency response seen in practical results for GaAs lasers.

An increase in

gain or optical bias level, or shortening of the cavity length is shown to
increase the resonance frequency of the device. The increase in gain brings also
an increase in the damping level of the response, whereas shortening the device
has little effect on the damping.
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The multi-mode rate equations for 1.3pm InGaAsP laser diodes, as in
the small signal analysis, include a linear gain saturation term with the saturation
coefficient, g , being a fitting parameter when comparing practical and theoretical
results.

The single mode small signal analysis fmds a smaller value for

g

than

the equivalent multimode analysis due to inadequacies of the single mode
assumption.

The multi-mode results show a larger damping constant as the

cavity length is reduced. This is because a reduction in cavity length enlarges
the mode spacing, thus leading to a larger proportion of power in the dominant
central mode, and therefore a stronger gain saturation effect

The single mode

analysis cannot model this, and so it is expected that the fitting parameter,
will vary with cavity

length. Increasing the optical

damping effect due to more gain saturation.

bias level increases

g

,

the

Varying the gain constant is not

found to alter the damping appreciably, whereas the small signal analysis shows
a decrease in

damping

as

the gain

is

increased.

A

comparison

of

the

multi-mode and single mode analyses, therefore, shows that the single mode
analysis has shortcomings.

In general, parameters are just fitted to results in the

single mode case, and because the analysis does not account for any shift in
power level between different modes (due to, say, changing cavity length or gain
constant) these parameter values will vary under different conditions.
All the following results are from solutions of the multi-mode rate
equations for 1.3pm InGaAsP laser diodes.

The input to output power results

show how the output power from the device starts to saturate as the modulation
depth approaches unity.

The output power for modulation at the resonance

frequency saturates at a lower modulation depth (T|=0.55) than at the other
frequencies.
The numerical solution techniques including a Fourier transform allow
the calculation of harmonic and intermodulation distortion components.

The

traces for signal/2nd harmonic ratio versus frequency have two, equal, minima at
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resonance and half resonance frequencies, whilst the signal/intermod ratio has a
large minimum at the resonance frequency with a smaller one at the half
resonance frequency.

Any increase in the damping of the frequency response

(due to increased gain saturation etc) reduces the levels of distortion and
smoothes the signal/distortion curves.

Increasing the

optical bias

level or

decreasing the cavity length, therefore, increases the resonance frequency and
damping of the resonance peak and also reduces the levels of distortion produced
by the device.

Restricting the multi-mode analysis to single lonitudinal mode

operation (e.g. for a distributed feedback laser) also provides stronger gain
saturation and therefore more damping and less distortion.
The output power of the device is found to vary in proportion to the
input power Pin (q2), whereas the 2nd harmonic level rises in proportion to
Pin2, the 3rd harmonic in proportion to Pin? and the 4th harmonic in proportion
to Pin4.

The 3rd order

proportion to Pin3.

intermodulation products are also shown to vary in

For modulation depths approaching unity die linear variation

in signal/distortion ratios stops and the traces flatten out after various kinks and
curves. At low frequency (1GHz) the signal/distortion ratios fall linearly at the
expected rates for low input powers, but then a sudden drop in the ratios are
seen before the traces flatten out to a constant level.

This sudden reduction is

signal/distortion ratio is expected to put an upper limit on input power levels in
systems in which distortion levels are important
The mechanisms leading to damping of the frequency response are
described in section 3.1.
in all lasers is described
saturation mechanisms.

The basic gain saturation orgain clamping that occurs
so as not to be confused with other specific gain
This gain clamping effect is already included in a

solution of the simple rate equations and does not need any gain saturation
terms to be added to these equations.

Mechanisms leading to gain saturation

include spatial hole burning in both the lateral and longitudinal directions,
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spectral hole burning and non-linear absorption.

Spectral hole burning is

expected to be the dominant gain saturation mechanism in high speed 1.3pm
InGaAsP laser diodes, although a recent publication [1] has shown that non-linear
gain due to spatial hole burning in the longitudinal direction can have a large
effect on the damping factor.

It is, therefore, expected that all of the possible

gain saturation mechanisms will have an effect on the overall damping constant,
depending on the specific laser structure and operating conditions.
The spectral hole burning mechanism occurs at higher photon densities
when the effective broadening mechanism can become inhomogeneous due to
finite intraband scattering times.

This leads to partial spectral hole burning

occuring. A theoretical analysis by Agrawal [4] is used to form a matrix of gain
saturation coefficients to account for gain saturation by spectral hole burning.
This matrix includes coefficients for self saturation and cross saturation of gain.
The multi-mode rate equations

including this matrix

are solved, and similar

results to those for the simple linear gain saturation term are found, although the
damping in the

matrix

case

is

slightly

less.

The

values

of the

matrix

coefficients are much smaller than the linear gain saturation term, so the results
show that the inclusion of cross saturation elements causes a much stronger
damping mechanism than that caused by self saturation only.
Results of signal/distortion ratios plotted separately for the output power
of each longitudinal mode show that the ratio is smaller when considering modes
separately than when looking at
of mode partition noise, as the

the summation of the modes.
energy in all of the

This is the basis

laser modes is needed in

order to recreate the modulation waveform with most accuracy.
The numerical analysis, in general, assumes that the central mode is at
the peak in the gain curve.

The effect of having two modes equally spaced

around the peak in gain is found to give only a small change (0.8dB) in the
height of the resonance peak, with similar small changes in signal/distortion

9.6

responses.
The gain saturation matrix case and the linear saturation term case are
shown to have similar frequency responses and distortion responses.

An anlysis

of the predicted mode spectra of the two analyses, however, shows a marked
difference in the power distribution between the different lonitudinal modes. The
d.c. mode spectrum for the gain saturation matrix case shows an almost single
mode output with a mode suppression ration (MSR) of 20, with the linear
saturation case being multi-moded with an MSR of only

1.25.

This has

profound implications on the propagation of the laser output along an optical
fibre, with dispersion effects depending on the spectral shape of the output.
The instantaneous output spectrum can be found at any time during the
modulation period.

The ratio of power in the dominant central mode to that in

either side mode is found to vary during the modulation waveform, especially at
higher modulation depths.

This shows the necessity of the numerical multi-mode

analysis in calculating the mode spectra under transient conditions.

The output

waveform is seen to become more pulse like at high modulation depths.
The two main effects which alter the waveform of the output after
propagation
longitudinal

through an optical fibre are the relative group
modes, and chirping in the laser output

delay between

The gain saturation matrix

case produces a spectrum dominated by one large mode, and so the effect of
chirping is shown to be the largest

It is actually found that the chirp improves

the magnitude frequency response at

higher frequencies

due to a dispersion

induced amplitude variation, although large levels of distortion are also added.
The linear

gain saturation case has a multi-moded output and therefore suffers

from the effects of both chirping and the relative group delay.

An increase in

modulation depth causes a larger change in carrier density, so the effect of chirp
is also expected to increase.
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9.2 Comparison of Practical and Theoretical Results
In chapter 6 the high speed laser diode used in practical experiments is
described, together with its microwave mount.

Experimental results show a

maximum - 3dB bandwidth of 11.13 GHz for an optical bias of 19.2mW per
facet.

The microwave loss of

unoptimised link.

the link is about30dB, which

is good for an

The microwave efficiency is shown to fall with increasing

bias level, due to the fall in slope efficiency caused by heating and gain
saturation.
The theoretical simulation of the frequency response using the gain
saturation matrix was found to produce resonance
large as practically measured.

peak heights almost twice as

It was found that including the effect of lateral

carrier diffusion and spatial hole burning gave good agreement between practical
and theoretical results.

This effect increases four times as the active layer width

is increased from l|im to 2pm.

Initial theoretical results were for a 1pm active

region and so lateral carrier diffusion was a much smaller effect than spectral
hole burning, but the practical results used a laser with a 2pm active width in
which case the lateral carrier diffusion effect becomes dominant

The theoretical

results including lateral carrier diffusion with an effective diffusion length of
about 5pm show good agreement in all cases with the practical results.
The measured phase response of the device fell to a value of 180°
lagging the value at low frequency (1GHz), agreeing well with theory, and also
verifying the low values of parasitic components of the device.
The practical and theoretical results for signal/2nd harmonic ratio versus
frequency show a high value at low frequency, dropping to two equal minima at
half resonance and resonance frequencies then rising up again at high frequency.
The practical measurements include results for modulation frequencies below
1GHz which have not been calculated theoretically. These results show that
below a certain ‘break* frequency the signal/2nd harmonic ratio becomes constant.
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This is a region in which it is not necessary to consider the dynamics of the
photon and electron populations found by solving the rate equations, because the
modulation current is slow enough for the photon population to follow it

Hie

distortion is therefore due to non-linearities of the L/I characteristic.

At

frequencies below 10MHz thermally induced distortion is expected to add to this
effect.

The signal/2nd harmonic ratio versus frequency at the high bias level of

19.2mW shows a smoother response with a single minimum, this is due to the
higher level of gain saturation. The signal to higher order harmonic component
ratios

versus frequency are calculated theoretically, but

were

not measured

because the harmonic levels were too low.
The signal/harmonic component ratio versus input power measurements
taken for various modulation frequencies show, in general, a linear decrease as
the power is increased, until some power level at which this ratio saturates and
then stays constant

This saturation occurs for lower input powers at the

resonance frequency, but
modulation depth is 1.0.

in all

cases occurs around the

powerfor which the

The practical andtheoretical results

of signal/2nd

harmonic ratio at low frequency show a change in slope from the expected value
of 2 to a much steeper slope at a power level below the saturation power.
The signal/higher harmonic component ratios versus power are found to
agree well for both practical measurements and theoretical results.

At the low

modulation frequency the three harmonic levels are seen to be equal over the
power range where the slope value is high.
The signal/intermod ratio versus frequency results show a high level at
low frequency, falling to a slightminimum at

the half resonance frequency and

then a strong minimum at the resonance frequency.
frequency the ratio rises again.

Above

the resonance

As with the signal/2nd harmonic curves, the

practical results measured below1GHz flatten out in some cases.

As previously

described, this distortion is set by the nonlinearity of the L/I characteristic.
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The practical and theoretical results for signal/intermod ratio versus
power agree well after certain irregularities in the practical results are discounted.
The slope falls in proportion to Pin2, until at about the power at which the
modulation depth equals 1.0 the ratio saturates and then stays approximately
constant

At the low modulation frequency a sharp fall in signal/intermod ratio

is seen below the saturation power.

This is similar to the effect seen for

signal/2nd harmonic ratio, and is therefore very important for designers of fibre
optic systems.

This saturation effect occurs for lower powers at the resonance

frequency, and at the higher modulation frequency the saturation is only slightly
visible at very high input powers (greater than measured practically).
The

practical results have been shown to be in good agreement with

theoretical predictions using the gain saturation matrix plus the effect of lateral
carrier diffusion.

Further work on the theoretical model, combined with practical

experiments, should investigate the various mechanisms leading to damping of the
frequency response and gain saturation. The various theoretical analyses have
been shown to produce different predictions for the output spectra of the devices,
these should be compared with a complete set of practical measurements from
various devices, which can be accomplished without modulation of the devices.
This

will

allow

the

correct

gain

saturation

mechanisms

to

be

analysed

theoretically, to produce matching output spectra under various conditions and
with varying laser parameters.

The theoretical work may also be expanded to

include noise sources in the rate

equations, although restrictions on computing

time may not allow this.

model can be modified to look

The

at digital

waveforms, and then the associated problems of transmission through optical
fibres of the digital pulses.
Further practical measurements could be made to compare the responses
of different laser diodes. Particular features found from the previous results, such
as the sharp increase in distortion levels at low frequency (1GHz)
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modulation

before the saturation point could be examined more thoroughly.

Narrower band

measurements at this lower frequency would allow the use of a preamplifier after
the photodetector

to

give

a

larger

dynamic

range

to

measurements.

The

theoretical model could be applied to this lower frequency (<lGHz) to see if it
shows the flattening out of distortion levels seen in practical results.

9.3 Active Mode Locking
In chapter 7 a theoretical model is described and used to simulate the
active mode locking of a high speed laser diode.

The theoretical results are

shown to agree well with practical results by Bowers et al [2,3] in which stable,
sub-picosecond pulse

tra in s

are seen.

The theoretical model includes a spatial variation of the electron and
photon densities within the device.

This allows the optical waveform to be

shaped by a spatial saturation of gain, a process that cannot be modelled in the
frequency domain.

The model also includes a non-zero reflectivity for the AR

coated facet of the laser.
Initial results, assuming zero reflectivity from the AR coated facet,
produced single mode locked pulses of 1.82ps FWHM for a 10mA rX current
For an rX current of 20mA two competing mode locked pulses were seen.
These pulses competed for power and position within the modulation period, and
so the output became unstable.
The inclusion of a reflection from the AR coated facet stabilised the
output waveform up to higher rX current levels. This is due to the reflected
pulses reducing the electron density as they recirculate through the device, and
so stop it from rising to a level that would support a second mode locked
pulse.

Using a higher reflectivity for the AR coated facet, therefore, allows a

higher rX current to be used before the output goes unstable, although there is a
maximum reflectivity above which the formation of mode locked pulses is
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inhibited.
The results including reflected pulses produces
similar to that measured in practical results [2,3].

an autocorrelation trace

The conversion factor from

autocorellation width to actual pulse width is 0.63 for a sectf pulse and 0.707
for a gaussian pulse.

The theoretical conversion factors for the zero reflectivity

AR coating single pulse outputs were 0.62 and 0.65 which are close to the 0.63
value for sech2 pulses. The multi pulse outputs for the non-zero reflectivity AR
coating give conversion factors less than 0.6, due to a widening of the central
autocorellation peak because the reflected pulses are wider than the original mode
locked pulse.

Using this conversion factor the result by Bowers [2] gives an

actual pulse width of only 510fs.
The mechanism leading to sub-picosecond pulses is the extremely high
current injection over a very short time period.

The output pulse width

decreases as the tI . current increases, up to a level of r.f. current when a
second mode locked pulse occurs and the output because unstable.

The reflected

pulses stabilise the output waveform by continually reducing the electron density
as they recirculate. There is still, however, a ma*muim limit on rS. current
above which a second mode locked pulse occurs before the first reflected pulse.
The use of a shorter cavity should increase the maximum tS. current density,
because the reflected pulses would occur closer in time to the original mode
locked pulse.
A higher modulation frequency will reduce

the pulse width of the

applied current waveform, but this itself will not affect the formation of a
second mode locked pulse, as this pulse is formed just before the first reflected
pulse and not at the end of the modulation period.

Higher frequencies produce

a shorter rise time, which should give rise to shorter optical pulses, but the
period of the applied pulse is also shorter so a higher current level is needed to
create the same change in carrier density.
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There is, therefore, some compromise

to be reached to find the optimum modulation fireqeuency.
In order to obtain a single pulse output, the rX level must be reduced
until reflected

pulses are not noticeable.

For a sufficiently good AR coating, the

limit on the

maximum r.f. level depends on the pulse width of the

applied

current waveform before a second mode locked pulse occurs.
The results assuming a zero reflectivity for the AR coated facet were
found to produce inaccurate results when compared to the non-zero reflectivity
case under the same conditions.

It was also shown that the assumption that the

output pulse train shape [2,3] is a large mode locked pulse followed by smaller
reflections could be incorrect, as it is possible for the first reflected pulse to be
largest and yet the autocorellation trace still look the same.
Further work will include more results to be found from the theoretical
analysis, so that graphs can be drawn showing how varying different parameters
can affect the output waveform and pulse width.
look at different mode
addition of a

It will also be interesting to

locking geometries such as the ring cavity, andalso the

saturable absorber.

It would be useful to

obtain morepractical

results to compare with the theoretical analyses.

9.4 Heating in Semiconductor Laser Diodes
A theoretical model is described in Chapter 8 which can be used as a
powerful technique in understanding the heating mechanisms within semiconductor
laser diodes.

The model differentiates the various heating phenomena that occur

in these devices.

These include absorption and scattering of stimulated emission,

nonradiative recombination within the active region, absorption of spontaneous
emission throughout the semiconductor and at the ohmic contacts, and ohmic
heating in all layers of the device. The model also includes the variation of
parameters, such as thermal and electrical resistance, with temperature, and the
variation of threshold current (and hence the level of stimulated and spontaneous
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recombination) via a solution of the rate equations.
then calculated, and the heat flow

equation

A heat generation profile is

solvedtogive

temperature profiles

within the laser device.
The model can provide either static or transient temperature profiles.
This allows changes in the output power, wavelength and also the effects of
heating on waveguiding to be solved.

The model can be applied to any

semiconductor laser geometry, one important possibility being the calculation of
heating effects on optical waveguiding and thermallensing

in phased array or

broad stripe lasers.
The model is applied to a high power pulsed single-heterostructure (SH)
laser.

It shows the relative sizes of the various heating mechanisms and their

position within the device. A total heating profile is calculated, and from this
the temperature profiles that occur in the device during operation can be
calculated.

Due to the high current levels (40Amps) ohmic heating is an

important factor in the

heating

in

SH

devices

(NB

heating

a

P).

The

absorption of stimulated emission and nonradiative heating are the dominant heat
generation components in the active region, but ohmic heating in the AlGaAs
buffer is at a higher level than either of these heating components. Heating is
also very high at the ohmic contacts.
The program can be used to optimise the device structure for particular
operating conditions.

For single, long pulses, it is found that if the ‘p’ GaAs

cap layer thickness is increased this isolates the heat generated at the ohmic
contact from the active region.
down are to reduce

The advantages of mounting the device p side

the active region temperature rise during single

and

multi-pulse operation, and therefore a reduction in output power drop and
wavelength chirp during a pulse.

The device reliability is also increased by

reducing the active layer temperature rise.

The heating produced by the gold bond wire joined to the laser diode
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is proposed as a major source of heat under multi-pulse operation. The model
including a thin bond wire shows what a large heating effect this can have.
The imperfect heat sinking provided for practical devices is also expected to
contribute to the rise in temperature during multi-pulse operation.
Further work on this topic should include the comparison of results
from the theoretical model with practical measurements. The model should also
be applied to different laser structures to give a better understanding of heat
generation and temperature profiles in these devices.
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APPENDIX A
Small Signal Analysis of the Single Mode Rate Equations
The e q u a ti o n s a r e :
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where
N - electron density
I - Applied Current Density
e - Electronic Charge
d - Active Region Thickness
g - Gain Coefficient
Nt- Electron Transparency Density
€ - Gain Saturation Coefficient
S - Photon Density
xn- Electron Lifetime
T - Confinement Factor
Tp- Photon Lifetime
p - Spontaneous Emission entering the lasing mode
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Speed of Light in a vacuum
Group Refractive index
Internal losses of cavity
Cavity Length
Reflectivity of each laser facet

For the small signal analysis assume a d.c. and a sinusoidal component for the
applied current density, I, the electron density^, and the photon density,S, ie
I = Io + ieK°*
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which can be split into d.c. and sinusoidal components (ignoring higher order
terms)
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To calculate the magnitude and phase frequency response:
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To find the frequency at the resonance peak, fr:
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APPENDIX B

The Effect of Lateral Carrier Diffusion

Using the spatialy averaged rate equations but allowing a variation of N
and S in the lateral dimension and including carrier diffusion, the equations are:
dS(x)= r g ( N ( x ) - N t ) S ( x ) - S ( x ) + r p

B1

N(x)

3N(x) = J ( x ) - N(x) - g(N(x)-Nt )S(x) + Le f f 2 92n ( x )
dt

ed
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d°x 2
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The photon density shape in x is:
s ( x ) = 2S0c o s2 j kx
Iw
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and the e l e c t r o n d e n s i t y i s :
B4

N(x) = N0 - Nx cos ( 2 tcx/W)

The injected current density J(x) is assumed uniform across the active region.

Placing (B3) and (B4) into (Bl), and integrating across the
active region gives:
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so th a t (B5) becomes:
d §0 =
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Placing (B3) and (B4) i n t o (B2) g iv e s :
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Consider the last term in equation (B9), by differentiating this twice it becomes:
l e f f 2 d2 (Nn -Nicos(27rx>) -> N i . (27cle f f ) 2 ] cos (2tcx)
xn
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Now i n t e g r a t i n g (B9) w i t h r e s p e c t to x g i v e s :
d l ^ = J - Na - g (N0 - Nt ) S0 + gNjSo
dt
ed xn
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By substituting (Bll) into (B9) and taking the partial differential with respect to
x:
d Nisin(2rcx) = - N j s i n (2tcx) +g(N0 -Nt )S0 s i n (2 jc x ) -gNiS0 .
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Dividing by sin (2rcx/w) and integrating across the stripe

width gives:

B13

dNjL = -_Njl + g (No-Ni-N^So - Njl 2i rl ef f
dt
xn
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This gives a set of 3 rate equations (B8), (BIO) and (B13), which can be
re-written so as to be similar to the common rate equations with N replaced by
N0 - Nj_.
1

These equations are:

dSa = rg(N0 -_N! - Nt) s0 - Sq +rp/n0
dt
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*p

B14
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dNQ = J - g (N0 - Njl - Nt ) S0 - Nq
dt
ed
2
xn
< % = g (N0 - NX - Nt ) S0 - Nj,. (1 + [2icle f f l 2 )
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It is possible to simplify equation (B16) in order to allow the other two
equations to be solved more easily. By noting that the electron lifetime can be
seen as an effective lifetime by including the (1 + (27rleff/W)2 term in it, the
effective lifetime is much shorter.

When the effective lifetime is short compared

to the modulation waveform the derivative can be taken to be zero so that Nj
can be calculated:

Nj =
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Considering typical values of e and SQ, the term (1 + 2eS0) can be
taken to be almost unity, so that N, can be given by:
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B19

Nx = 2 gg (N0 - Nt ) S0
and replacing this into equations (B14) and (B15) gives:
d s0 = r g (N0 - N , ) ( l - € S 0 )S0 -_S0 + 1 ^ 0
31
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d«Q = j - Nq - g (No - Nt ) ( l - e S 0 )S0
dt
ed Tn
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which include the lateral carrier diffusion as an effective gain saturation
with the coefficient given by equation (B18)
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