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'Face it. Curiosity
will not cause us to die -

only lack of it will.
Never to want to see

the other side of the hill
or that improbable country
where living is an idyll
(although a probable hell)
would kill us all.

Only the curious
have if they live a tale
worth telling at all.'

'Jeffhad gone through the long tunnel ofa PhD...
and his curiosity continued as alive as ever'

Alistair Reid
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Abstract

This thesis presents an investigation of gain dynamics in a semiconductor optical

amplifier (SOA). The motivation behind the work was the demand for ultrafast digital

signal processing for datacomms applications and the potential of SOA-based inter-

ferometric switches as key components in future all-optical networks. Using an SOA,

interferometric switching was achieved with ultrafast low energy pulses (~ 150 fj, 700

fs) at 1.5 /rm.

The study focused on a 1 mm long SOA, with AR-coated, angled-facets. Its active

region was a superlattice composed of InGaAs strained barriers/unstrained wells, giv¬

ing gain in both TE and TM modes. The gain over wavelengths from 1510 to 1610 nm

was investigated using amplified spontaneous emission spectra and optically-induced

changes injunction voltage.

Both continuous-wave light and 700 fs pulses, from an 80MHz Optical Parametric

Oscillator, were used to measure the small signal gain and saturation characteristics of
the device. The difference in output powers at 3 dB gain saturation was quantified for

both cases, and calculations were used to demonstrate that ultrafast processes, such as

carrier heating and spectral hole burning, dominate the saturation for such ultrashort

pulses (<10 ps).

Two and three beam pump-probe experiments were used to time-resolve gain and

phase changes respectively, as a function of electrical bias and optical pulse energy

at different wavelengths. Transmission measurements revealed strong ultrafast gain

dynamics (r ~1.2 ps), in addition to slow gain recovery. Phase measurements were

used to explore and optimise the switching window in the Terahertz Optical Asymmet¬

ric Demultiplexer (TOAD) configuration. In addition, wavelength shifts (AA±1 nm),

attributed to pump-induced refractive index changes, were observed in probe pulse

spectra. Phenomenological, rate-equation-based models were developed to clarify the

device behaviour with co- and counter-propagating pulses. The consequences of mea¬
sured amplitude gain and refractive index dynamics for interferometric switching ap¬

plications are discussed.
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Chapter 1

Background

1.1 Introduction

On ultra short timescales, the dynamics in a semiconductor subsequent to optical exci¬

tation are complex, involving many different nonlinear processes. There are numerous

mechanisms, some only identified in recent years, by which changes in the number

of carriers (electrons and holes) and their energy distribution may occur. An under¬

standing of these processes is necessary to account for the behaviour of semiconductor

optical amplifiers (SOAs) on ultra short timescales. The carrier dynamics are man¬

ifested by ultrafast changes in gain and refractive index; parameters which can be

investigated experimentally. This thesis is focused on measuring and analysing these

gain and refractive index dynamics in a particular SOA structure.

In order to be able to view the results in the context of the wide international interest

in SOAs it is helpful first to consider a range of the possible applications of this device.
This chapter begins with a review of applications of SOAs, applications which are

dependent on the semiconductor optical properties of the device.
Also in this chapter the general theory of propagation in optical media is reviewed.

The basic concepts and terminology being relevant to both the more detailed theory of

optical properties of semiconductors, introduced in Chapter 2, and to the operation and

monitoring of the pulse sources, described in Chapter 3.
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1.2 Optical processing and applications of SOAs
1.2.1 Trends in optical communications

Optical transmission of information is now commonplace. Almost all long distance

terrestrial telecommunications traffic in the UK is carried by optical fibre networks, as

is trans-Atlantic traffic, and optical interconnects are extensively used in Local Area

Networks. Such systems can handle very high bandwidths, beyond the capacity of

electronic networks. However, the high hopes of widespread use of all-optical signal

processing have not yet been realised; signals continue to be converted from the optical

to the electrical domain to effect, for example, regeneration. Consequently, it is the

speed of optoelectronic conversion and electronic processing at the end of fibre links
that are the prime capacity limitations of today's systems.

Electronic devices continue to be used since their production is economically vi¬

able and they are continually being made more efficient and faster. However the rate

of operation an electrical system is limited to approximately 100 Gbit/s, due to noise

problems (at such high data rates, the requirement for low values of noise necessary for

timing accuracy being compounded by the difficulty of achieving sufficient heat extrac¬

tion). In addition, by comparison to electrical, optical signals are inherently immune

to magnetic fields, propagate at high speeds and within a potentially huge bandwidth.

This optical bandwidth derives from the parallelism offered by light in space, polar¬

isation and optical wavelength. So far, the use of wavelength division multiplexing

(WDM), the sending of signals at different wavelengths down the same link simulta¬

neously, has enabled network providers to meet the transmission rates required. It is

proposed that time division multiplexing (TDM) at high line rates be used to enable

more of the total capacity of optical networks to be exploited [1]. Optical signal pro¬

cessing has the potential to be conducted at the very high rates that will be required for

TDM and moreover using less bulky, less complex devices [2]. However by compari¬

son to electricity, light is less readily guided and this means that optical systems have

a tendency to be more energy demanding.

A key technological challenge is to produce high speed switches which have mini¬
mal losses and low overall power consumption; achievements to date mean that further

2
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Figure 1.1: Schematic of power per bit versus delay time incurred in switching for
various switch types including opto-electronic, electronic, all-optical and Josephson
(following from [3], and references therein supplemented by recent results from the
literature)

improvements in this regard mean approaching physical limits. Figure 1.1 indicates

schematically the current status of all-optical switching technology with respect to

these parameters, and includes three other general categories of switch: electronic,

opto-electronic, and Josephson, for comparison.

Recently there has been considerable progress in the development of optical signal

processing devices using semiconductors. Semiconductor devices possess character¬

istics important for optical processing applications, namely sufficiently large nonlin¬

ear material responses to excitation in the bandwidths used for telecommunications

and, under certain conditions, fast recovery. This thesis focuses on one type of device
that exploits these nonlinearities, the Semiconductor Optical Amplifier (SOA) (alterna¬

tively known as a Semiconductor Laser Amplifier or Travelling Wave Amplifier). With

respect to other competing technologies, SOA-based switches are promising, gener¬

ally lying towards the high-speed, low-power side of the region covered by all-optical

switches, as indicated in figure 1.1.
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Type Switching
rate

Strengths Weaknesses

Opto-mechanical
(traditional)

> ms optical performance bulky, scalability
reliability, speed

MEMS ms or less size, scalability
low crosstalk

cost,

reliability
Thermo-optical
(traditional)

>ms integration power consumption,
scalability, speed

Bubble/gel-based < 10 ms modular scalability reliability,
insertion loss

Acousto-optic < ms size, speed optical performance
Liquid crystal
(traditional)

ms reliability scalability,
temperature dependent

Liquid crystal
in polymer

100 fis reliability scalability,
temperature dependent

Electro-optic
(dielectric)

ns speed,
reliability

loss, scalability
polarisation dependent

Fibre-based <ns speed,
loss compensation

latency, scalability
power consumption

EAM-based <ns speed scalability
SOA-based <ns speed,

loss compensation
noise,
scalability

Ferro-magnetic
(Faraday)

fs speed scalability
reliability not proven

Table 1.1: Characteristics of optical switching technologies

1.2.2 Types of optical switch
A host of options

The literature documents a plethora of approaches to achieving optical switching.

The main categories are opto-mechanical including micro electro-mechanical sys¬

tems (MEMS), thermo-optical including gel/oil based 'bubble' switches, liquid crystal

including liquid-crystal-in-polymer, electro-optical (using materials such as Lithium

Niobate), magneto-optic and schemes employing acousto-optic modulators (AOMs),

semiconductor optical amplifiers (SOAs), electro absorption modulators (EAMs) and

optical fibres or fibre amplifiers.

Table 1.1 summarises some of the factors critical in determining which of these

technologies may be adopted in real world systems (extracted from the literature, see

for example [1] and [3], and references therein). It is likely that different schemes

will fulfil different functions in future networks. Consider the following examples of
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applications:

• Packet switching: at the nodes of optical networks, which requires the handling

of high numbers of ports/channels with switching times on the order of nanosec¬

onds.

• Multiplexing: to add or drop specific wavelengths fromWDM and TDM signals,

with switching times sub-ms but generally for small numbers of ports.

• Protection switching: to restore optical paths in the event of failure of a link, with

switch reliability, as opposed to speed, being key (at least currently, since other

processes in the protection schemes are likely to take longer than the switching)

• Signal monitoring: to ease network management, which would need to be wave¬

length selective and with low requirements on optical power (since it would be

using small fraction of signal in each channel).

For example, traditional opto-mechanical switches, that deflect optical signals with

moveable mirrors, faced the drawback of limited lifetime. However the sub-category
of semiconductor-fabricatedMEMS have shown improved reliability in testing and can

be scaled to handle multiple ports whilst retaining small device size. Given the charac¬
teristics of low insertion loss and minimal cross-talk ofMEMS, they are an appealing

solution for most applications that do not demand sub-millisecond switching times and

where wavelength selectivity is not required. For protection switching, where wave¬

length sensitivity is necessary, other schemes operating on the millisecond time scale

such as magneto-optic or liquid crystal based switches may be implemented.

However the options for ultrafast switching are more limited. In particular a host of
interferometric switching topologies can be used at bit rates of the order of 100 Gbit/s,

especially for simple, repetitive operations such as demultiplexing. Whilst the jury is
still out, SOAs, with their potential to be operated at high rates and using low optical

energies, are a very promising devices for the nonlinear elements in these configura¬

tions.

5



Input signal v

Loop A

Figure 1.2: Schematic of the Nonlinear Optical Loop Mirror (NOLM) switching con¬
figuration based on a fibre loop

Configurations for interferometric switching

Fifteen years ago the nonlinear optical loop mirror (NOLM) was proposed as an in¬

terferometric optical switch. It boasted a simpler construction than earlier optical

switches, was robust and importantly it did not require interferometric alignment [4].
The NOLM configuration is essentially a Sagnac interferometer composed of a cou¬

pler spliced into a fibre loop, as shown in figure 1.2. Under linear conditions the loop
acts as a mirror: the signal input at A is split, the co- and counter-clockwise propagat¬

ing components follow identical paths, though in opposite directions, and recombine

constructively at the coupler, emerging again at A. However when the input inten¬

sity is sufficient and the splitting ratio unequal, the co- and counter-clockwise fields

propagate differently. Consequently the interferometric conditions at the coupler are

modified and, if the phase difference between the fields is a multiple of 7r, the signal

emerges at the other port, B.

In order to obtain good modulation, with a high contrast ratio between the on and

off states, the splitting ratio in the NOLM has to be close to 50:50. However this

must be balanced against the fact that to achieve switching with a smaller intensity
difference between co- and counter-clockwise components a longer length of fibre in

the loop or higher input energies are necessary.

The concept of the NOLM was extended to the nonlinear amplifying loop mirror

(NALM), in which a length of fiber amplifier was spliced into the loop asymmetrically

[5]. This permits more efficient exploitation of the fibre nonlinearities, with lower

optical powers (signal ~1 mW but also amplifier pump of 10 mW [5]). However it

was the idea of using the loop geometry with a semiconductor device as the nonlinear
element that enabled optical energy requirements for interferometric switches to be

6



Figure 1.3: Schematic of the Terahertz Optical Asymmetric Demultiplexer (TOAD)
switching configuration using an SOA in a fibre loop

dropped further. For example, with a loop containing both a semiconductor amplifier

and attenuator (a non-reciprocal pair) switching was demonstrated with the relatively

lower power requirement of hundreds of microwatts [6]. Note that in this configuration

the switching is based on phase changes due to the direction of propagation of the two

signal components, through the nonlinear elements, being different.

Ten years ago, the terahertz optical asymmetric demultiplexer (TOAD) configura¬

tion was demonstrated [7]. The TOAD comprises an SOA, as the nonlinear element,

offset from the centre of an optical loop mirror, hence the alternative name SLALOM

(from Semiconductor Laser Amplifier in a Loop Mirror). In this case, the switching

concept relies on a difference in the arrival time at the nonlinear element of the two

signal components, with respect to the arrival of a control signal. Figure 1.3 shows a

schematic of the TOAD configuration. Note that it retains the attractive feature of the

paths of the two components of the signal being intrinsically matched. Moreover, since
the length of the loop is irrelevant to the operation of the switch beyond the need to

accommodate the asymmetric positioning of the semiconductor device, it was for the
first time possible to conceive of a low-power, all-optical switch integrated on a single
substrate [8].
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1.2.3 SOA-based switches

Comparison nonlinear elements for interferometric switching

Whilst each of the interferometric configurations proposed to date have drawbacks, in¬
terferometric switches are so far the most promising optical switch type for fast opera¬

tion and with low energy requirements, particularly where a semiconductor nonlinear
element is used. The large nonlinearity of the semiconductor materials from which

SOAs are made can produce unwanted effects (e.g. cross-talk between channels or

pulse profile distortion) when SOAs are used as amplifiers in photonic networks [9].

Such nonlinear effects in SOAs, combined with the addition of noise from amplified

spontaneous emission and coupling losses, explain why fibre amplifiers are in general

favoured, over SOAs, for inline amplification. However it is the magnitude of the non-

linearity that makes the SOA attractive for switching and other processing applications.

Consider the following example.

With an SOA replacing the silica fibre, the TOAD configuration is based on

the same Sagnac interferometer principle as the nonlinear optical fibre loop mirror

(NOLM) and competes with this device for applications. However, the fibre NOLM

requires long lengths of fibre and high pulse powers, due to the nonlinearities in the

fibre being small. In addition to huge latency, a disadvantage of the long optical path

length of fibre switches is increased sensitivity to environmental disturbance, for ex¬

ample thermally induced variation in fibre length, and there may be group-velocity

walk-off between signal and switching pulses [9]. For a fibre NOLM to operate as a

switch, of the order of 1 km of fibre and peak optical pulse powers of 1 W would be

required [10]. By contrast, the higher nonlinearities of the semiconductor materials

mean that a 1 mm SOA based switch could be operated using optical powers of a 1

mW or less. Indeed TOAD operation has been demonstrated using switching pulse

energies below 200 fj (for example, [11]), which even at a bit rate in excess of 100

Gbit/s would correspond to much lower average power than required for a fibre device.

The TOAD

To set the context for discussion of SOA characteristics with respect to applications, it

is useful to consider the operation of an SOA-based switch in more detail. The example

8
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Figure 1.4: Change of carrier density induced by control pulse with respect to the
arrival time of co- and counter-propagating signal pulses. The recovery occurs more

rapidly than the spontaneous recombination time due to applied electrical bias.

of the TOAD is chosen since it raises issues common to many interferometric switching

configurations and it is this Sagnac interferometer configuration that has been used in

experiments, described in Chapter 8.

In the TOAD, shown in figure 1.3, the low power signal, input at A, is split by a

50:50 coupler and the two components are sent around the loop in opposite directions.

The resulting counter-propagating pulses both pass though the SOA but they do so at

different times. In the absence of any control pulses, the signal pulse pair interfere

constructively at the coupler and the signal appears reflected (output at A). To operate

the switch, a higher power control pulse is timed to arrive at the SOA between the two

components of the original signal pulse, hence effecting only the latter. If, by altering

the refractive index in the SOA, the control pulse causes the phase of second signal

component to be shifted by ir radians with respect to the phase of the first, the recom-

bined components will be transmitted through the loop (emerging at B). For subsequent

pairs of counter propagating signal pulses, both arriving after the control pulse, each

component accumulates approximately the same phase change. Consequently, they are

mostly reflected by the loop (emerging at A), similar to the case of pulse pairs arriv¬

ing before the control. (Note that the coupler can also be set up such that the pulse is
reflected when A0 = n and transmitted for no differential phase change.)

9



Figure 1.4 illustrates the evolution of the carrier density in the SOA, due to a train

of intense control pulses, with respect to the arrival time of weak clockwise and anti¬

clockwise propagating signal pulses. The curve is calculated using simple rate equa¬

tions (of the form detailed in Chapter 5) which describe optical depletion of the carrier

population in the SOA by intense control pulses and recovery through electrical injec¬
tion of carriers. On occasions when the control pulse arrives between a pair of signal

pulses the change in carrier density, and hence the phase difference induced between
the two components of the pair, is large. Under these circumstances, the signal would
be switched. Conversely when no control pulse arrives between the passing of the two

components, the phase difference induced between them is small and the signal is not
switched. In this way, depending on the pattern in the control pulse sequence, pulses
in the original signal train can be preserved or annulled. In particular, if the control

pulse train is periodic the TOAD is functioning as a demultiplexer. In order to be able

to separate the control pulses from the signal, the control can be either of the opposite
linear polarisation or at a different wavelength to the signal data.

Note that the carrier density change required to achieve a 7r phase change is small

compared to the typical carrier inversion in an SOA. Consider that the control-induced

refractive index change, An, gives a phase change, A0 = An 2-kL/X where L is the

path length in the device. For the SOA studied in this thesis the operating wavelength

is around 1.5 /j,m and the waveguide is 1 mm long. Consequently taking the rate of

change of index with electron-hole pair density to be approximately —2 x 10-20 [12],

the carrier density change corresponding to Acj) — tt is only ~ 1017 compared to an

equilibrium inversion density of ~ 1018. These relatively small modulations in car¬

rier density required for switching, combined with rapid rates of recovery of carrier

density under conditions of high electrical bias, explain why SOA-based interferomet-
ric configurations are capable of achieving fast switching. This analysis is based on

considering the simple picture of carrier density dependent index changes only; ultra-
fast carrier dynamics which may be associated with even larger and more rapid index

changes and tend to complicate this simple description are introduced in Chapter 2, in¬
cluded in the modelling described in Chapter 5 and discussed along with experimental

results in later chapters.

10



In addition, the condition for interferometric switching is a difference in phase (an

odd multiple of 7r) between the two components of the signal pulse; the device does

not necessarily need to recover fully between switching events. Consequently, perfor¬
mance of switching functions using interferometric switches is possible at rates even

faster than the recovery of gain in the semiconductor device [13] [14]. The establish¬

ment of a quasi-equilibrium, a regime of operation that can be used for such high rate

switching, is demonstrated in Chapter 5.

The overall duration of the switching window in a TOAD is determined by the

offset of the SOA from the point in the loop exactly opposite the coupler, and so can

readily be adjusted. This ability to tune the width of the switching window is common

to other SOA-based switching configurations [15] [16]. Note however that the charac¬

teristic shape of the switching window is device and configuration dependent [17], as

is discussed extensively with experimental results in Chapters 7 and 8.

Other SOA-based configurations

In recent years many other configurations for SOA-based interferometric switches,

without a loop structure, have been demonstrated. Several are based on the Mach-

Zender interferometer with two SOAs, one in each arm of the interferometer [18] [19].

Examples, shown schematically in figure 1.5, include the symmetric Mach-Zender

(SMZ) and the colliding pulse Mach-Zender (CPMZ) in which the control pulses co-
or counter-propagate relative to the signal respectively. In these two arm configura¬

tions external stabilisation is required (e.g. tuning of the electrical bias to each SOA

independently).

Partly in response to the complication of optimising configurations requiring two

SOA devices, several single arm interferometers have been proposed. These include

the polarisation-discriminating symmetric Mach-Zender switch (PD-SMZ) [20], the

uniaxial nonlinear interferometer (UNI) [21] and, specifically for wavelength conver¬

sion, the delayed interference signal-wavelength converter (DISC) [22]. These single

arm configurations function by differentially delaying two polarisation components of
the signal pulse; whilst the number of optical elements is reduced, these configurations
still require careful length matching.
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Figure 1.5: Schematics of (a) the Colliding Pulse Mach-Zender (CPMZ) and (b) the
Symmetric Mach-Zender (SMZ) switching configurations each using two SOAs one
in each arm of a two arm interferometer. Note that the required differential phase shift
between the two components of the signal are introduced via a spatial offset, Ax, in
path lengths and a temporal offset, At, between two control pulse trains in the CPMZ
and the SMZ respectively.
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Varied functions of SOA-based switches

The basic concept of the operation of a TOAD and other interferometric configurations
is that of switching out individual pulses from a stream of signal data. However op¬

eration of these configurations as single bit switches is not necessarily the best niche

they could occupy in the context of real world applications. Firstly, there are some

drawbacks to their operation as single bit switches and, secondly, many other desirable

functions have been successfully demonstrated.

Imperfect switching results from the fact that for signal pulses, subsequent to the
switched signal, the two components will not acquire exactly the same phase or expe¬
rience the same gain (see figure 1.4). The difference between the components becomes

less severe with each successive signal pulse pair, until the arrival of the next control

pulse. However, for as long the difference remains, there is amplitude modulation be¬

tween pulses in the non-switched signal data train. Moreover, if the data is random,

there may be a succession of l's in the control pulse sequence. This can result in

severe patterning of the switched signal data, since the device can not recover to the

same degree between switching events [12]. These problems are allayed if the device

can be made to recover more rapidly and various means of influencing the speed of

recovery are discussed in Chapter 2, and elsewhere in this thesis. However, in general,

the consensus has been to advance the use of configurations such as the TOAD for

demultiplexing (as its name implies) where the control pulse is periodic [13] [1].

An alternative use of these SOA-based switches is for the regeneration of pulses.

Not only can the optical field be amplified on passing through the SOA but quality of
the data train can be improved in other ways, for example, pulses can be re-shaped and

re-timed [10] [23], The distortion that may be manifested when an SOA is used for

direct amplification, due to nonlinear effects, can be compensated for when it is placed

within a TOAD [24].

Another range of proposed applications of SOAs are in the field of wavelength
conversion. If the control sequence is in fact the patterned data and the signal input to
the switch is replaced by a regular clock or CW signal at some different wavelength,

the pattern from the control can be imposed on this new wavelength. This can produce
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a high quality data train and moreover effects the transfer of data from one wavelength

channel to another, an important function forWDM network management [25].

In addition there are some reports in the literature of using an SOA to perform

logic functions [26]. Configurations involving SOAs in a loop have even been pro¬

posed as one answer to the thorny problem of achieving optical memory [27]. These

examples serve to illustrate the wide range of potential applications being envisaged

for SOAs; many of those cited are related to switching, but are above and beyond the

basic concept of switching a data bit from one channel to another.

1.2.4 Challenges in the optimisation of SOA-based switches

Key to minimising the power requirements and maximising stability of SOA-based

switches is integration of the interferometric configurations. Indeed the potential for

fully integrated switches is a major advantage of semiconductor-based optical pro¬

cessing devices over other bulkier switching mechanisms, e.g. MEMS. It remains a

challenge to minimise the cross-talk between channels in an integrated device, and the

growth and processing tends to be complex, but integrated switches have been demon¬

strated [28] [29] [30]. Clearly simplification of the fabrication such that they can be

produced at a progressively lower cost will increase the competitiveness of SOA-based

switches.

Beyond production costs, the implementation of optical switching in real world

systems depends on optimisation of the operating characteristics of the optical ele¬

ments. Factors of concern include deviation from the ideal of the characteristics of

components, such as the splitting ratio of couplers, tolerances on energy of the control

pulses and the degree of degradation of the signal to noise ratio by amplified sponta¬

neous emission (ASE) [31]. Losses are another a key issue. Clearly with a forward
biased device, such as an SOA, losses can be compensated for by gain. This ability to

provide amplification as necessary is highly desirable. However the use of high elec¬
trical bias currents pushes up total power requirements of the system and may result in

significant degradation of the signal if there is a large amount of ASE.

For switching, SOAs made from semiconductor materials such as InGaAsP and
InGaAs seem highly promising by commonly applied figures of merit [2] [9]. These
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are related to requirements of high device throughput and sufficiently large nonlinearity

relative to attenuation with increasing length through the material. However these

criteria form a bare minimum for acceptability.

For real applications, the switching process must satisfy the requirement of less
than one error in 109 bits, referred to as 'error free'. Error free operation has been

demonstrated using SOA-based switches for both demultiplexing and regeneration on

data streams of at least 40 Gbit/s [23]. However degradation in the BER has been ob¬

served when the TOAD configuration is used for demultiplexing at higher rates (100

Gbit/s data stream to a 12.5 Gbit/s [32]). The explanation proposed [32] is that the

switching pulse interacted with more than one data pulse due to the fact that transit
time through the SOA was longer than half the bit period. In this way, the length of the
nonlinear element limits the operational data rate in a TOAD, with the implication that

for faster rates it would be necessary to use ever shorter waveguides. Other configura¬

tions such as the UNI or SMZ in which signal and control pulses co-propagate through

the waveguide(s) can avoid this limitation. However, since in these configurations the

pulses do not propagate along the same optical path, they are not intrinsically balanced,

in contrast to the loop switches, making their implementation more complicated [33].
In the drive to develop devices for processing at high data rates it will be important

to consider different, possibly totally new, configurations or new modes of operation of

existing switches. One such concept is to use non-degenerate signal and control pulses.

This has proved effective in improving the performance SOA-based interferometric

configurations, producing higher contrast ratios by reduction of the noise added by

amplified spontaneous emission at the signal wavelength and minimising the amplitude

modulation of the output signal [34] [35].

Almost a decade ago, Ellis and Spirit [36] reported switching with TOADs of 10
GHz pulse trains. Specifically every fourth pulse was extracted from a 40 Gbit/s data

sequence. The following year a demonstration of demultiplexing from 160 Gbit/s to

10 Gbit/s was achieved using a semiconductor amplifier [37], these ever faster opera¬
tion rates being possible because of it not being necessary for the SOA to fully recover

between interferometric switching events. More recently demultiplexing to 10 Gbit/s
from extremely high rates has been demonstrated: from 640 Gbit/s with an NOLM [38]
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Figure 1.6: Schematic illustrating how timing jitter translates into amplitude modula¬
tion in the output from an interferometric switch.

and from 1.5 Tbit/s with a SMZ configuration including a semiconductor waveguide

[39]. The NOLM had the weakness of introducing high latency due to the long fibre

loop lengths and requiring relatively high optical powers and with the SMZ switch
ultrafast turn on/off was only shown separately from the high repetition rate demulti¬

plexing. Such results remain research laboratory demonstrations; their implementation
in real world applications still far from being realised. For example, whilst Yamamoto
et al. have successfully demonstrated a complete system with a 640 Gbit/s signal trans¬
mitted and subsequently demultiplexed, it was extremely complex and the maximum
transmission distance achieved was less than 100 km [40].

After propagation down significant lengths of optical fibre jitter can be a problem
even if the optical source was virtually jitter free. In particular at high rates where the

period between consecutive bits is short, jitter in the arrival time of the control pulse
with respect to the signal significantly degrades interferometric switching[18]. This is
illustrated schematically in figure 1.6. The use of shorter pulses makes high jitter lev¬
els still more problematic, since the opening of the switching window is steeper, and
the top of the switching window may not be flat or smooth [35] [41]. Experimental
measurements of the switching window with a TOAD-like configuration are reported
in Chapter 8. For practical devices the speed of switching and limits on the repetition

rate, determined by the response time of the device and its recovery, are key. However
other factors that have been mentioned are critical: for example, optimisation for op¬

eration with low optical energies may be more important than striving for ever faster
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operation rates [42],

The research for this thesis has been conducted in the context of these applica¬

tion requirements. At the same time, the physics behind the observed behaviour of

the device has been explored. A detailed study of the behaviour of an SOA under a

wide range of conditions, electrical and optical, is reported. Some characterisation was

undertaken using continuous wave light, however most measurements were conducted

using sub-picosecond pulses, at a variety of wavelengths and pulse energies. The prop¬

agation of single pulses through an SOA was investigated and subsequent experiments

were conducted with two and three pulse trains, with pulses both co- and counter-

propagating through the device. This has allowed for investigation of many of the
issues relevant to the applications discussed, and in particular the implications of ultra-
fast index and gain changes for achieving rapid, low energy interferometric switching.

The important semiconductor material processes behind observed behaviour of the de¬

vice are introduced in Chapter 2 and the experimental measurements of the optical

properties, including gain and index dynamics, are reported in subsequent chapters.

1.3 Introduction to propagation in optical media

For the discussion of the work reported in this thesis it is useful to introduce a gen¬

eral description of optical pulses and their propagation. In particular, propagation in

non-absorbing and absorbing media and under linear and nonlinear conditions will be
considered.

At weak intensities light propagates linearly; different wavelengths may propa¬

gate at different speeds or be differently absorbed, but there is no generation of a new

wavelength. Specifically, the linear regime corresponds to conditions under which the

response of the medium is linear with respect to the instantaneous value of the oscil¬

lating electric field, associated with the electromagnetic wave. On the contrary, at high

light intensities, the polarisation of the medium may demonstrate components propor¬

tional to the square, and higher powers, of the instantaneous electric field. Under these

conditions, light waves may interact with each other, as well as the medium they are

travelling through, and new frequencies may be generated.
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1.3.1 The wave equation

The wave equation deduced from Maxwell's equations, describing the propagation of

electromagnetic waves, may be written in Cartesian coordinates in the form

d2 d2 d2 n2 d2 \ d2

^ +W + E{x'y'z'() = ywp(z'z't] (u)
where n is the magnetic permeability, e is the dielectric constant, E represents the

electric field and P the polarisation.

Solutions of equation 1.1, for a propagating electric field with spatial and time

dependence, such as that associated with an optical pulse can be written

E(z,t) = E0exp^kz-Ut) (1.2)

where k is the wavevector, u> the angular frequency and z distance in the direction of

propagation.

1.3.2 Complex refractive index

In a non-absorbing medium the wavevector, k, is related to wavelength, A, refractive
index in the medium, n, and u through

27r ncu
k = -r~r — — (1-3)A/n c

For an absorbing medium equation 1.3 can be generalised by allowing the index,

n, to be complex, of the form

k = (n + in)— (1.4)
c

For an electromagnetic wave propagating through such a medium, changes in n corre¬

spond to changes in phase and changes in k correspond to absorption or amplification

of the field.

The absorption of light by a medium is usually quantified by a factor a per unit

distance travelled through the medium. The evolution of a field of intensity, I, then

expressed as

/ (z) = J0 exp~az (1.5)
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where z is distance in the medium and /0 is the intensity at 2: = 0. Given that the

intensity, I is proportional to the electric field, that is / oc \E(t)\2, it is possible to show
that the variables k and a are related [43].

2uJ 2?r
na = K— = K— (l.o)

c A

In general, as this would suggest, absorption is strongly dependent on wavelength.

Absorption in semiconductors relevant to the devices investigated in this project is
discussed further in Chapter 2.

1.3.3 Polarisation and susceptibilities

The optical properties of materials can be characterised through the real and imaginary

parts of the dielectric constant, e. The electric displacement, D, of the medium is

defined with respect to electric field, E, and polarisation, P, as

D — £qE + P (1.7)

where the constant e0 is the permittivity of free space. It is then possible to write

D — £q£tE (1-8)

where

P = eoxE (1.9)

and

er = l + X (1.10)

where x is the electric susceptibility of the medium. However in a nonlinear regime

a more general form of equations 1.9 and 1.10 is required since the polarisation is not
linear with respect to the electric field. In general the polarisation can be expressed as

P(E) = £J xE dE (1.11)
This is commonly approximated by a series expansion of the form

P = £0XWE + £0X{2)E2 + £OX{2)E3 + ... (1.12)
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where x^1' is the linear susceptibility and the higher (jth) order susceptibilities,

which are generally weaker. Each x is complex. The real parts give rise to frequency

mixing, effects such as self-phase modulation (SPM) and the nonlinear refractive in¬

dex, . The imaginary parts of x describe optical processes including two photon

absorption (TPA) and Raman scattering. Some of these processes, those most relevant

to this project, will be discussed further in section 1.3.5.

1.3.4 Linear propagation

For low intensities the higher order effects are insignificant, and the propagation

through an optical medium is governed by x^- This linear susceptibility gives rise
to linear effects such as refraction, diffraction and dispersion.

Linear refractive index

In this regime, the linear refractive index, n0 is related to the first order susceptibility

by

n0(A) = 1 + ^i?e[x(1)(A)] (1.13)
Away from optical resonances, the dependence of the refractive index, n, on wave¬

length, A may be expressed by an empirical Sellmeier equation of the form

n0(A) = 1 + x2 — £■ (1-14)
where the constants A and B are determined empirically by fitting the equation to

experimental data for a given optical material (see for example, [44] which gives equa¬

tions for a Lithium Niobate crystal of the sort used for the pulse generation outlined in

Chapter 3). This is generally possible for optical materials from the visible to the near

infrared; beyond these regions optical resonances reduce the accuracy of this type of

expression.

The phase change experienced by a pulse on propagation through a uniform
medium may expressed

<f>(w) = Re[k(u)]L = n^UL (1.15)
c

where L is the length of the medium. Physically, this phase change between the inci¬
dent and emitted radiation is due to the delay incurred by absorption and re-emission:
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the interaction of the radiation with a material which is responsible for the speed of

propagation being reduced with respect to propagation in free space.

Dispersion

The frequency dependent characteristic of the first order susceptibility and hence of

the linear refractive index of a material gives rise to dispersive effects.

Consider that in general the electromagnetic waves of different wavelengths prop¬

agate in a medium at different velocities given by c/n\ where n\ is the index of refrac¬
tion for each wavelength. In the case of an ultrashort pulse composed ofmany spectral

components this can result in significant broadening, or shortening, of the pulse tem¬

poral duration.

To quantify dispersion, consider the electric field variation associated with an opti¬

cal pulse written

E(z, t) = E(t) exp^(t) expia;oW (1.16)

where E(t) is the time varying electric field envelope, 0(f) represents the phase varia¬
tion across the pulse and u>0 is the optical carrier frequency. This expression (equation

1.16) uses the slowly-varying field approximation where the assumption is that the

pulse envelope changes only slowly with respect to the carrier frequency. It is conve¬

nient to expand the phase in a Taylor series about the central frequency of the pulse,

u>o as follows

0(cu) = 0o + — <^o] + 2]"^ — UJ°^'2 — •" (1-17)
where 0o = 0(^o)> 0' is the first order derivative of 0(tu) evaluated at u = cjo and so

on. The terms can be used to describe the behaviour of a pulse in a dispersive medium.

The first two terms do not affect the pulse profile. The term 0o is a phase delay of
the optical carrier and is related to the phase velocity of the pulse

(U8)

which is the speed at which the central carrier frequency travels through the medium.
The second term gives the group velocity, vg, which represents the speed at which the

21



pulse envelope will travel through the medium

doj
, du>

Vg = ~dk= ~d4> ( ' )
However the quadratic spectral phase, <$>", in the third term is related to the first

derivative of the group velocity, the group velocity dispersion (GVD) which leads to

spectral broadening. Mathematically these quantities are related by

GVD = p- = (1-20)du 27rc L

For most materials the value of GVD is positive at near infrared wavelengths, re¬

sulting in some degree of broadening of unchirped or positively chirped pulses (and

acting against the chirp of negatively chirped pulses). Higher order terms (4>"r, (f)""

etc.) result in more complex pulse distortion.
It is possible to control pulse distortion accumulated on propagation through a dis¬

persive medium by use of a material possessing different dispersive properties. For

example, in an optical cavity pulses may be passed through glass prisms in order that

the net dispersion in the cavity, arising from the prisms, together with the crystal and

other optical elements, can be controlled (as described in section 1.3.4).

1.3.5 Nonlinear effects

In an intense electromagnetic field the higher order susceptibilities become significant.
In some circumstances the resultant nonlinear effects may be exploited to practical

advantage, in others it is desirable to minimise them. In any case, it is unavoidable

that nonlinearities will be manifested when working with intense optical fields. Those

relevant to this project are reviewed here.

Second order processes

The x® term has zero effect in centrosymmetric crystalline materials due to the high

degree of symmetry in their structure [45]. In non-centrosymmetric crystals, this term

gives rise to an induced polarisation which is weak, but can under sufficiently intense

optical fields, give rise to the generation of new wavelengths. These x® non-resonant

nonlinear processes include difference-frequency mixing in which the frequencies are
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related by

U>3 — LUi — U>2 (1.21)

and second harmonic generation (SHG) in which the generated frequency is simply

twice the input frequency according to

and the intensity of the generated signal is related to the square of incident intensity,

4»by

where L is the length of propagation through the material.

In this project these effects are exploited in the optical sources, (Chapter 3 details
how optical parametric generation is used to produce pulses in the infrared wavelength

range) and in diagnostics, where SHG is used for the measurement of the pulse dura¬

tions (see section 3.5.2).

Third order processes

The third order susceptibility, x®, is correspondingly related to third harmonic gen¬

eration. In the context of this work however, the most evident effects of x® are on

nonlinear propagation. Indeed in non-centrosymmetric crystals, for which x® is zero,
the nonlinear polarisation response is dominated by x^-

Nonlinear refractive index

In general, in the nonlinear regime, the refractive index can be expressed in the form

CJ2 — -(- U>i — 2cui (1.22)

(1.23)

n = no + An (1.24)

where the index change, An is dependent on the electromagnetic field.

The Optical Kerr Effect

The real part ofx^ gives rise to a nonlinear refractive index change

3Rex^E2 2An = — U2eE
8n0

(1.25)
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where u2e is in units ofm2V~2 [45]. Usually this effect requires electric field strengths

that are extremely high (> 100kVcm~l). However the electric field associated with a

short optical pulse may be sufficiently large for a significant refractive index change to

occur. It is convenient to define the index change with respect to the optical intensity

An = n2//(f) (1-26)

where I{t) represents the intensity profile of the pulse and n2/ = in units of
m2W~l [45].

Self-phase modulation

Time and spatially dependent phase changes associated with the refractive index

changes can have distorting effects on the optical pulse itself [46] [47]. The phase

shift due to the Kerr effect may be expressed

A0(f) = = Zkzsm. (1.27)
A A

where L the propagation length through the material. Under these circumstances a

pulse is imposing a change on itself, an effect called self-phase modulation. The time

dependent phase change corresponds to an instantaneous frequency change of

= _ _2xinudHt)
at A at

Where n2/ is positive, the resultant pulse is spectrally broadened. Experienced together

with non-zero GVD, the temporal duration of a pulse may be significantly broadened
or shortened [45] [48].

Absorption and gain

In addition to the pulse shaping effects described, the resonant nonlinearities associated

with absorption and gain saturation are also due to and higher order susceptibili¬
ties. Absorption and gain processes in semiconductors are discussed Chapter 2.

1.4 Summary

In this chapter, types of switching for future optical networks have been discussed. In

particular, the principle of SOA-based interferometric switches, such as the Terahertz
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Asymmetric Optical Demultiplexer (TOAD), have been described in detail and a range

of issues that need to be addressed to enable the optimisation of these switches have

been presented. Relative to other optical switches, such SOA-based switches have the

potential to be operated at high repetition rates with ultrafast, low energy pulses. Fol¬

lowing on from this, Chapter 2 introduces the semiconductor optical properties which

underly the characteristics of SOAs to be exploited for such switching applications.

Also in this first chapter, a general description of optical pulse interactions with

optical media have been presented, including linear and nonlinear propagation. This

background is key to understanding the principles that underly the system for ultra¬

short optical pulse generation, described in Chapter 3, that is the source of pulses for

experiments detailed in later chapters. In addition, concepts are introduced which are

relevant to the description of semiconductor optical properties in Chapter 2 and the

modelling of these properties, described in Chapter 5.
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Chapter 2

Optical properties of semiconductor
devices

2.1 Introduction

This chapter serves as an introduction to the type of device studied for this project and

specifically to the active semiconductor material. The optical properties of semicon¬

ductor materials are introduced and the special properties of quantum confined struc¬

tures (quantum wells and superlattices) are discussed. Lastly, the range of nonlinear

interactions relevant to this project which can occur between light and semiconductor

materials are summarised.

2.2 SOA device design

The device type studied in this project was the semiconductor optical amplifier (SOA).

A schematic of the structure of a typical SOA is shown in figure 2.1. In the device

studied, the optical guiding was provided by a confinement heterostructure detailed in

section 4.2. Essentially the structure of the SOA is similar to that of a semiconductor

heterostructure laser. However, the gain efficiencies in heterostructures can be so high,
as discussed in section 2.4.2, that when such a structure is forward biased reflections

from the cleaved facets alone can provide sufficient feedback for the device to lase.

At low bias currents, below the threshold for lasing, such a device amplifies at the

Fabry-Perot modes of the cavity and is called a Fabry-Perot amplifier (FPA). However,

to access the amplification potential it is necessary to match the input signal with these

resonances; this is a considerable disadvantage for applications [1]. If the cavity is
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Figure 2.1: Schematic of the structure of an SOA

'spoiled' the light passes through the sample, extracting gain, only once. By contrast

to the FPA, this regime of operation does not depend on resonating with cavity modes

and has the advantage of offering gain over a broad bandwidth. In general 'spoiling'

of the cavity is achieved by depositing anti-reflection coatings on the end facets of

the sample and sometimes by cleaving the waveguide, from the as-grown wafer, at an

angle. Such amplifiers are often called travelling wave amplifiers (TWA), however in

this project the term SOA will be used to refer to this type of non-resonant amplifier,

unless specified otherwise.

For the study of optical processes, waveguide devices have an advantage over thin

samples in that, since effects can be cumulative with propagation distance, they en¬

able sensitive measurements of nonlinearities in semiconductors. Moreover, SOAs are

preferable to laser diode structures for several reasons [2]. Due to the inhibition of

lasing, very high carrier densities can be achieved by injection, without the level being

clamped by laser action. Under these conditions effects may be stronger and more

readily observed. In addition, the carrier density dependence of dynamics can be read¬

ily investigated since the density can be changed without fundamentally changing the

characteristics of the cavity. When feedback from end facets is successfully suppressed

(i.e. no cavity), there are no standing wave effects within the device and periodic gain

depletion (spatial hole burning) is avoided. Also under these conditions no interference

occurs between multiple trips of the optical beams, which are being used to investigate
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Figure 2.2: Schematic of dispersion relations for near the top of the valence band and
the bottom of the conduction band. The promotion of an electron from the valence to
the conduction band creates a hole in the valence band.

optical properties of the device. All these factors associated with SOAs are desirable

in that they avoid what could be further complications in the interpretation of data.
The device structure investigated in this project contained multiple quantum wells.

A benefit of using a QW device is that, compared to bulk materials, high gain is associ¬

ated even with levels at the bottom of the band, due to the step like nature of the density

of states, as discussed in section 2.6.2. Secondly, since the band gap of the material

is dependent on the thickness of the quantum wells, the operating wavelength region

may be chosen (within a certain range) at the growth stage. In this case, due to the in¬

tense current interest in SOAs for telecommunications application, the device focused

on was one optimised for operation in the 1.55 /rm region. The active material was
a QW superlattice in which the barriers were strained material; a design that helped
to minimise to some degree the polarisation dependence of the device, as discussed in

section 2.8 and further detailed in Chapter 4. Additionally, some measurements were

made on a device active in the other optical fibre window, ~1.3 fim.

2.3 Semiconductor basics

The behaviour of semiconductor materials is dominated by electrons in states near

the bottom of the conduction band and the top of the valence band, where the terms

conduction and valence band refer to the lowest unoccupied states and the highest

occupied states at absolute zero, respectively. For states close to the these minima
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and maxima in energy, the dispersion curve, E(k), can be taken to be parabolic, to a

reasonable approximation, see figure 2.2. Under this assumption, the energies for the

conduction and valence bands respectively can be expressed as

where Eq is the energy gap and the zero of potential energy is taken to be the top of
the valence band. Comparing these equations, 2.1 and 2.2, with the energy of a free

electron, the masses me and rrih can be seen to correspond to the effective masses of
the particles in the conduction and valence bands respectively [3]. In the case of the

conduction band the electrons behave like free particles with a positive mass, me, a

modified, effective electron mass. By the same reasoning, the valence band is taken

to be occupied by particles of negative mass equal to rrih. These fictitious particles,

corresponding to the vacancies left by absent electrons, are referred to as holes. (Note

that this convention facilitates calculations of the properties of semiconductors, by
contrast to the difficulty of working with the total distribution of electrons at lower

energies.)

2.3.1 Interband transitions

The transition of an electron from the valence to the conduction band corresponds to

an energy change of

This transition can occur due to the absorption of a photon of energy hujphoton = AE,
to satisfy the conservation of energy condition. In addition, momentum must be con¬

served. The photon momentum is very small, and for a vertical transition, as shown
in figure 2.2, ke & kh, hence the momentum condition can readily be satisfied and

strong absorption can occur. Transitions involving significant changes of momentum,

require the contribution of lattice vibrations, phonons, and hence are less likely. In
semiconductors where the maxima of the valence band and minima of the conduction

band do not occur at the same value of k, this type of diagonal transition (requiring a

h2k2
m = EG+^re (2.1)

(2.2)

(2.3)
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momentum change) is necessary even for the lowest energy transitions. Consequently,
in these so-called indirect band gap materials, the onset of absorption (with increasing

photon energy) is less strong. In general, the process of absorption results in the gen¬

eration of an electron-hole pair; an electron in the conduction band and a hole in the

valence band.

A transition in the opposite sense can occur if there are holes in the valence band

and electrons excited to the conduction band. This process, recombination, results in
the loss of an electron-hole pair. It can occur by a variety of mechanisms including
transitions via impurity states (discussed in the following paragraph) and at surfaces.

In some cases, so-called radiative recombination, the energy liberated is emitted as a

photon, where hu>photon = AE. In non-radiative recombination the energy contributes
towards the temperature of the system. In general following optical absorption or some

other excitation process, the distribution of the electrons and holes evolves towards a

steady state by interband recombination at a rate characteristic of the particular system

(see section 2.9.1).

Impurities (or dopants) can be added to semiconductor materials by substitution.

For example if arsenic is added to molten germanium, when it crystallises, some po¬

sitions normally occupied by a germanium atom are taken by arsenic atoms. The net

result of adding impurities is two fold. Firstly there are extra energy levels just above

the valence band and just below the conduction band edges, so-called impurity states.

Secondly there may be excess electrons or holes, such that the material is no longer

neutral. Material in which the number of electrons exceeds the number of holes is

known as n-type and where the converse is true it is called p-type.
The application of an electric field across the material corresponds to injection

of electrons and holes; they move in opposite directions and the net movements of
these particles, collectively usually called carriers, corresponds to the flow of electrical
current.

2.3.2 Fermi distributions and bulk density of states

The number of carriers at a particular energy is given by the combination a Fermi

distribution and the density of states in the conduction and valence bands (for this
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form of description of a semiconductor see for example [4], and references therein).

Specifically, the probability of an energy state, E, being occupied is given by the Fermi

function,

AE) = -^r (2.4)
e kBT + 1

where Ep is the Fermi level energy, which corresponds to the chemical potential for

temperature, T, and adjusted for the total number of carriers. The density of states per
unit volume for the conduction and valence band, respectively are

p(E) = Hw)'(E~Ea)* a5)
and

(2-6)

The number of electrons per unit volume in the conduction band can be calculated

by making the sum of the density of electrons across all states weighted by the corre¬

sponding Fermi functions
roc

n = / f(E)p(E)dE (2.7)JEa

Substituting in equations 2.4 and 2.5, and considering that for an electron in the con¬

duction band (E — EF) kBT, an approximate analytical expression of equation 2.7

may be obtained

n = Nee kBT (2.8)

where

Nc = j2JBnMT\
\ h2

The value of Nc corresponds to the effective number of levels per unit volume there

would be were they all concentrated at the bottom of the conduction band i.e. E = Eg-

Correspondingly, the number of holes per unit volume may be approximated by

p = Nye kB% (2.10)

where

Nv = 2^mMT\ (2U)
These approximations, equations 2.8 and 2.10, enable us to visualise the distribu¬

tion of the carriers as a function of energy and the changes in this distribution due to
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Figure 2.3: Schematic of a p-n junction, unbiased (a), reverse biased (b) and forward
biased (c).

temperature changes. This proves to be important in the understanding of the dynami¬

cal properties of a semiconductor material under excitation.

2.4 Semiconductor devices

2.4.1 The p-n junction

At the core of the useful behaviour of devices, such as the SOAs studied in this thesis,

is the concept of a p-n junction, a boundary where n-type and p-type materials are

brought together. Under equilibrium conditions, electrons will travel from the n-type

material into the p-type where they recombine with holes, with the result that there is
a region near the interface with very few carriers, the so-called depletion layer. The
electron energy level on the n side becomes lower and on the p side higher, as illustrated
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in figure 2.3 (a). It follows that, to achieve a uniform chemical potential, there is a

potential difference across the interface.

A p-n junction can be electrically biased by applying an additional potential differ¬
ence across it. Where the positive connection is applied to the n side, the junction is

said to be reverse biased, as shown schematically in figure 2.3 (b). In this case, there is

little net flow of current. If however electron-hole pairs are created near the interface

they are swept away from this central region and appear as an increased current flow.
In this regime, a p-n junction may be used as an optical detector, since if incident pho¬
tons excite electrons from the valence band to the conduction band, an electron-hole

pair is created and this is detectable as current (Iphotocurrent)•
On the other hand, if an electrical bias is applied in the opposite sense, with the

positive side applied to the p region, as shown in figure 2.3 (c), a net current readily

flows (Ibias)• This achieves the injection of electrons into the p-type region and holes

into the n-type. These excess carriers recombine and, if they do so by a radiative mech¬

anism, photons are emitted. When radiative recombination is prevalent the junction is

acting as a light source, such as in light emitting diodes.

It is possible to forward bias a junction to a sufficient degree that a population

inversion is achieved. A photon propagating through this region is more likely to cause

recombination, resulting in the stimulated emission of a second, coherent photon, than

to promote one of the valence band electrons and be absorbed. Consequently, the

junction amplifies an incident optical field; in this regime, the junction is said to be

operating in gain. Further more, if this process occurs in a cavity such that, rather

than escaping from the system, generated photons are reflected back into the junction

region, the coherent photon amplitude increases. This type of system with feedback
and emitting coherent photons is a p-n junction laser.

2.4.2 Heterostructures

In a simple p-n junction, it is possible to achieve gain, but very high applied electri¬
cal biases are required. The development of techniques for fabricating semiconductor

materials, such as molecular beam epitaxy (MBE), have made it possible to vary the

composition of a sample on atomic scales. In particular it became possible to grow
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Figure 2.4: A map of lattice constants and the corresponding energy gaps for the III-V
semiconductors used in the SOA

alternating layers of different compositions, so-called heterojunctions, where the layer

thicknesses were as small as some hundreds of nanometres [5],

The most dramatic benefit of a heterostructure, over the basic p-n junction concept,

is the addition of optical and electrical confinement. Optical waveguiding is achieved

by the central semiconductor layer having a higher refractive index than the layers

above and below, the cladding regions. The fact that band gap and refractive index

usually are inversely related, results in there also being potential barriers at the material

interfaces where there is an index change. Consequently, the lower index cladding

layers also tend to confine the electrically injected carriers to the same region as the

optical field; the so-called active region of the device.

The injected carriers and the optical field can additionally be confined in the lateral

direction by etching away the sides of the waveguide to realise a narrow raised bar

(a ridge waveguide), and by tailoring the shape of the electrical contact into a narrow

metal stripe.

With these improved structural properties, forward biased heterojunctions can have

much higher gain efficiencies by comparison with the simple p-n homojunctions. This
is evident, for example, from the fact that heterojuctions tend to have much lower

threshold currents for lasing. Indeed the devices lase very readily, with more than

sufficient feedback for lasing obtained from reflection only from the cleaved facets of
the material sample itself. Consequently, as mentioned in section 2.2, to ensure that an
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both localised in the well and b) type II heterostructures with the electrons and holes
localised in the well and the barrier respectively

SOA is a single pass amplifier it is necessary to obstruct this feedback by the addition
of antireflection coatings or cleaving angled facets.

Physically, the growing of one crystal composition directly on another, relies on

identifying compositions in which the mismatch between lattice dimensions is not too

severe. Too great a difference between the lattice constants results in dislocations in

the crystal and may cause the sample to fracture. Figure 2.4 is a map of lattice con¬

stants and energy gaps for the III-V semiconductors used in the SOA investigated in

this project. The device structure is grown from various compositions of these four
elements (as detailed in section 4.2): the substrate is InP and the active region is com¬

posed of quantum wells and barrier layers of different compositions of InGaAs. Even

slight mismatch between the lattice constants of adjacent layers causes strain and the

implications of this are discussed in section 2.8.

In a heterostructure, the electrons and holes can be localised either in the same

material layer, so called Type I heterostructures or in different layers, Type II struc¬

tures, as shown in figure 2.5. The spatial separation of electrons and holes in Type II

heterostructures results in greater tunability of the optical properties of the material,
however the properties of are still poorly understood and further experimental studies

are required [5].
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Figure 2.6: Band structure of GaAs, where the T point corresponds to the centre of the
Brillouin zone, where k — 0. The grey shaded area corresponds to the nearly parabolic
band structure around the band gap, of the form shown schematically in figure 2.7

2.5 The band structure of a III-V semiconductor

It has been sufficient so far to work with simple picture of the band structure illustrated
in figure 2.2, consisting of a conduction band and a valence band. The true band

structure of any semiconductor material is more complicated. For example, figure 2.6

illustrates the band structure of the compound GaAs, a III-V material.

By contrast to the simple picture illustrated in figure 2.2, the bands have a more

complicated shape and there are multiple valence bands. In GaAs, figure 2.6, a band

gap still occurs between the conduction and highest energy valence band at k = 0, i.e.

it is a direct gap across which transitions can occur without the mediation of phonons.

In this work, our interest is in transitions which occur across the band gap, for

relatively small values of k. This corresponds to the region around the centre of the
Brillouin zone (shaded grey in figure 2.6). In this region the bands remain approxi¬

mately symmetrical. Consequently it is reasonable here to consider a four-level band

structure, of the form illustrated in figure 2.7 (a). This model is typical of band struc¬

tures of III-Vmaterials near k = 0, where the valence bands are referred to as the heavy

hole, the light hole and the split-off hole bands. In bulk material, the heavy hole and
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Figure 2.7: Schematic of the band structure of a direct gap III-V material near k=0, for
(a) a bulk and (b) a QW structure. In both cases there are four bands, the conduction
band, and three valence bands: the heavy hole (hh), the light hole (lh) and the split-off
hole (so) bands. The degeneracy of the hh and lh bands around k — 0 in the bulk
material is lost in the case of the QW.

light hole are degenerate at k = 0. Moreover, whilst the split-off band has influence

on the calculation of optical properties, such as the gain, it lies at significantly lower

energy than the light hole and heavy hole bands. It is transitions involving the light

and heavy hole and the conduction bands which are of most relevance to the dynamic

optical properties investigated in this project.

2.6 Quantum wells

Advances in the methods of growing semiconductor samples have made it possible to

reduce the thickness of adjacent layers of semiconductor to such a degree that the prop¬

erties of the material become affected by quantisation. Quantum well (QW) structures,
are composed of a sandwich of layers some tens of angstroms thick.

As in the bulk heterostructures, the electrons and holes in quantum wells may be

localised in different layers (as shown in figure 2.5). In general with regards to the

designing of a device, the carriers are confined to the region of the quantum layers. It
is desirable also to confine the optical field to this active region, this can be achieved

by careful engineering of the structure. The confinement geometry used for the device
studied for this work is detailed in section 4.2.

More fundamentally however, the material properties of these two dimensional
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(2D) structures are significantly modified with respect to a three dimensional (3D)

material. This is, for example, reflected in the band structure: the degeneracy of light

and heavy hole valance bands that can be seen in bulk semiconductors is lost in 2D

confined systems (illustrated in figure 2.7).

2.6.1 Energy levels in a quantum confined system

The condition necessary for quantum behaviour is that the motion of the electrons is

restricted in (at least) one dimension to a distance comparable to or smaller than the

Bohr radius of the electron-hole pair. The result is that that the electron and the hole

behave like standing waves, as if they were trapped in a box. This can be understood

by considering the wavefunction of a particle in a box and its solutions.

For one dimension, Schrodinger's equation may be written

-h2 d2
;Vn(z) + V(z)Vn = EnVn(z) (2.12)

2m* dz2

where \I/ is the wavefunction of the particle, m* is the effective mass and V(z) is

potential. For the simplest case of an infinite square well potential, the solutions for
wave functions and the energy levels are of the form

r2~, _ . nirz
" = ,'zsmT7

and

En —

-h2
2m*

rnv

(2.13)

(2.14)
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where n is a positive integer.

However, in a real semiconductor QW structure the barriers are not infinite. Con¬

sequently, the wavefunctions penetrate into the barrier regions, exponentially decaying
with distance away from the edge of the well, as illustrated schematically in figure
2.8. The solution of equation 2.12 for a finite potential, V0, is obtained by applying

continuity conditions. The following transcendental equations are obtained

k (kL\ K
— tan I — ) = — (2.15)
m*a V 2 /

k (kL\ K
— cot ( — = (2.16)2 ) m*b

where k*a and kl are the effective masses in the confined well and the barrier regions

respectively, k2 = 2m*a/h2(En — V0) and K2 = 2Enm*a/h2. Since no analytical
solution exists to these equations, solutions are found numerically or graphically.

Note that in the plane of the layers the electrons are not affected by the confinement.

Consequently, the behaviour of electrons in the plane is similar to that in the bulk and

so near k=0, under the parabolic approximation, the electron energies in the conduction

band are of the form

<Z17)

In QW materials, in addition to the valence light and heavy hole bands ceasing

to be degenerate at k = 0, the bands are non-parabolic. This structure near k = 0

is commonly described by the Luttinger Hamiltonian [6] [7]. The nonparabolicity of

the bands is due to the strong coupling between heavy hole and light hole. The main

effects on the band structure of confinement of the carriers can be seen by comparing

schematics of a band structure for a QW structure, figure 2.7 (b) with that for bulk
material (a) (both schematics being typical for direct III-V materials).

2.6.2 QW density of states

The quantum confinement also causes the density of states to be modified with respect

to that for a 3D material (given by equation 2.5). The density of states for a quantum
well is expressed as

p(E) =~ (2.18)
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Figure 2.9: Schematic of the 2D and 3D density of states functions

where n is a positive integer and m* is the effective mass (of electron or hole). By

contrast with the 3D case, the 2D density of states does not depend on energy, nor does

it depend on the thickness of the layers in the quantum well. For comparison, the 2D

and 3D densities of states are shown schematically in figure 2.9.

2.6.3 Superlattices

In quantum well systems it is usually the case that the barriers are sufficiently broad that
there is no significant coupling between the QW layers and the quantised levels are well

defined in energy. However, in the limit of very thin barriers, down to a thickness of

only a few monolayers, the density of states changes significantly from that of an ideal
2-D system [8]. In particular, as the distance between wells is reduced, the overlap of

the wavefunctions increases with the result that the levels are broadened into bands [9].

Therefore the properties of a such a superlattice structure can be significantly different

from an ideal QWmaterial i.e. one in which the wells are spatially separated. Indeed in

some respects a superlattice structure may appear more like a continuous bulk material.

Results presented this thesis, in Chapter 4, illustrate a Type II optical transition that
is strong, contrary to what might be expected. The transition is indeed Type II in nature

in the sense that it is between energy levels derived from different material layers (as

illustrated in figure 2.5). However the active material in the SOA is a superlattice, the

layers being thin, so the position of the carriers is not well defined. Hence it could be
said that the transition is less strictly Type II and that, in this context, a strong transition
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Figure 2.10: In a superlattice the barrier layers are so narrow that there is significant
overlap between the wavefunctions in adjacent wells

is less surprising.

2.7 Optical transitions

The rates at which optical transitions occur can be expressed mathematically using
Fermi's golden rule in terms of the densities of states in the semiconductor and the ma¬

trix element for the transition in question. Specifically, the probabilities of particular

interband transitions actually occurring, between conduction and valence band states,

are determined by the degree of overlap of the conduction and valence band wavefunc¬

tions. For a transition to occur the overlap integral between two states must be non

zero.

Selection rules describing which optical transitions are allowed and the relative

strengths of the allowed transitions can be derived from the matrix elements (see for

example [10] and [11]). In general, from an initial state, i, to a final state, f, the matrix

element is of the form

/OO ^ f(r)^i(i)d3r (2.19)
-OO

where r\ is the polarisation vector associated with the electromagnetic wave.

For an infinite well only transitions between states with the same quantum number
would be allowed, due to the orthogonality of the wavefunctions. However in a real

material, with a finite quantum well, this condition does not hold rigidly: whilst tran¬

sitions for which An = 0 remain the strongest observed transitions, those for which
An 7^ 0 have finite probabilities of occurring.

In addition, to deduce the selection rules, the electric-dipole matrix element is con¬

sidered. This indicates the possibility of a transition between two given states with the
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Figure 2.11: The selection rules for bulk GaAs. The transition probabilities are shown
beside the corresponding transition.

required induced dipole; the polarisation direction of the absorption or radiation that

may occur necessarily being related to the orientation of this dipole (see for example

Figure 2.11 illustrates the selection rules for bulk GaAs. Right and left circularly

polarised light are indicated by a+ and a— respectively, and 7r represents linear polar¬
isation. The optical absorption strengths of different possible transitions are indicated
on the diagram.

2.7.1 Polarisation and QW selection rules

In 3-D bulk isotropic semiconductors x, y and z directions are equivalent. By contrast

in 2-D materials such as quantum wells, whilst x and y remain equivalent, the z direc¬
tion is different. Electrons and holes in the same subband have the same kz wavevector

and hence, in effect, the associated oscillator strength is 'concentrated' compared to the

3-D case. The lower dimensionality of the quantum well does not increase the oscilla¬
tor strength per electron-hole pair, rather the effect of the confinement is manifested in

polarisation dependence of certain transitions [13], as indicated in figure 2.12.
For the case of an SOA structure, of the type that this thesis is concerned with, the

propagation of light is parallel to the layers of the quantum wells. According to the
selection rules, the heavy hole transition can only occur with light polarised parallel to
the layer i.e. the TE mode (which is the horizontal polarisation in a horizontal waveg¬

uide). By contrast, the light hole transitions are allowed for both linear polarisations

[12]).
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hh (3/2, 3/2) hh (3/2, -3/2)

Ih (3/2, 1/2) lh (3/2, -1/2)

cb (1/2, 1/2) cb (1/2, -1/2)
b) TM component

7T 7T

2/3 2/3

hh (3/2, 3/2) hh (3/2, -3/2)

Ih (3/2, 1/2) lh (3/2, -1/2)

Figure 2.12: The selection rules for QW GaAs with the light propagating parallel to the
QW layers for the cases where the optical field has components of (a) TE and (b) TM
polarisations. Note that circularly polarised light can be considered to be composed of
linear components.

of the light i.e TE and TM modes.

However the relative strengths of the heavy hole and light hole transitions are not

reliably determined by simple analysis [9]. Indeed, the way in which these processes

are manifested in the polarisation dependence of the optical properties of complex
semiconductor structures merits investigation. Throughout the experiments reported in

this thesis measurements with linear polarised light revealed polarisation dependence

and the results are discussed in Chapters 4, 6 and 7.

2.7.2 Absorption and gain

In general, optical transitions may be associated with carrier generation (following

optical absorption) or light generation (due to carrier recombination). Henry, using a

derivation similar to that used by Einstein to derive his coefficients for transitions in a

two level system, derived expressions for emission and absorption in semiconductors

[14]. The key principle in this derivation being that emission and absorption processes

47



must lead to the same equilibrium values for optical density and population levels as

determined by statistical mechanics. The net absorption rate between state 1 (in the

valence band) and state 2 (in the conduction band) is the difference between the rate of

transitions upwards and downwards in energy. This is given by

fTP _ Rate12(fi -/2)Oi\E21) — 7 (2.20)c/n

wherefj is the Fermi probability of state j being occupied.
By consideration of the matrix elements, relevant statistical factors and continuity

conditions, absorption in a bulk semiconductor can be expressed as

&B = abo{\Pcv\2)(ftu ~ EG)^ (2.21)

where (\pcv\2) is the average of the squared matrix element for transition rates between
conduction and valence bands and

60 ~
2ire0cnmltfu ( }

where p~l = m~l + m^1 is the reduced mass [4], Note that this absorption, as ex¬

pressed by equation 2.21, is proportional to the bulk density of states function.
Likewise for quantum wells absorption is related to the appropriate density of states

function, so the expression for absorption includes the Heavyside step function, H(x).
The absorption spectrum in QW material is of the form

&QW = ^giuodPcul )CrnnAmn{fh fe)H(hu> Egmn) (2.23)

where Cmn accounts for selection rules, Arnn is the anisotropy factor for the quantum

confined system and
eV ^

(XqwO — ot2 t (2-24)
SqCTITTIQII (JJ±J

where L is the quantum well width [4], Under k-conservation the Fermi function fe,
for electrons, is of the form

AE)= ssl (2.25)
+ 7--EF

e kBT +1

where En is the energy of the nth subband, and for holes the expression is similar

(where an h is substituted for e) [4].
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a) Bulk b) Quantum well

Gain ' > Gain +

Figure 2.13: Schematic of ideal gain spectra (total gain for TE and TM modes) for (a)
bulk and (b) QW laser structures

Absorption being defined as the rate of decrease of photon flux per unit distance in

the direction of propagation, it follows that where the absorption coefficient is negative

there is gain. From equation 2.20, this could be expected to occur when/2 > /j.

Using the expressions for the Fermi probabilities, it can be shown that for gain, the

photon energy, tiu < Epe — Eph where Epe and Epe are the Fermi level energies
in the conduction and valence band respectively. Also the gain threshold occurs for

photon energies, huj — EG i.e. at the band gap; in bulk material gain maxima occur at

energies significantly away from the band gap, as illustrated in figure 2.13(a). Bringing

these together, the condition for gain in semiconductors expressed by the Bernard-

Durrafourg condition as

Analysis of the expression for absorption in quantum wells, equation 2.23, indi¬

cates that a is zero when fh = fe. Under the assumption that the injected electron
and hole densities are equal, this condition is satisfied for a particular carrier density.

For higher injected densities, fe > fh, and the Bernard-Durrafourg condition 2.26 is
satisfied i.e. the material has been biased into gain. From examining equation 2.25, it

can be deduced that the maximum of fe and minimum of fh occur at their respective
subband edges [4]. This suggests that, in contrast to the bulk case, the QW maximum

gain occurs at hu — Eq, as illustrated in figure 2.13(b).

In a real QW material, gain is broadened by comparison to that illustrated in fig¬

ure 2.13(b), in particular the band edge is not as sharp. A full model should consider

EG < huj < Epe — Eph (2.26)
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Figure 2.14: Schematic of typical gain spectra for QW laser structures detailing con¬
tributions from TM and TE polarisations and due to transitions involving first hh and
lh bands

the broadening effects of processes including intraband relaxation, carrier-carrier scat¬

tering and well width fluctuations. There may be band gap shrinkage as a result of

injected carriers and subband mixing may further complicate this simple picture. It re¬
mains the case that QW gain has different characteristics to that of a bulk material. In

particular, as can be expected from the density of states, in a QW the gain tends to start

at higher energies and it saturates at moderate values of carrier density, since all the

available electron and hole states become fully inverted. However, due to the selection

rules for transitions the value of Amn in the gain expression for quantum wells (equa¬

tion 2.23) is dependent on the light polarisation. Consequently the gain experienced

by TE and TM polarisations tends to be significantly different. For example the gain

for the two polarisations may be of the form illustrated schematically in figure 2.14

with a rise in TM gain with photon energy as the higher lh transition is accessed. Note

that, contrary to what would be expected by application of the selection rules, there

is a small component of gain for the TM mode even for energies below the allowed

lh transition. This is due to fact that the selection rules are only strictly valid around

k — 0. The reality is even more complex since the relative strengths of the gain for TE

and TM may be reversed completely in strained materials as discussed below.

2.8 Strained materials

In designing a multilayer structure it is necessary to consider the lattice constants of

adjacent layers. As noted in section 2.4.2, too large a difference between the lattice
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Figure 2.15: Schematic of the band structure of epitaxial layers (a) unstrained, (b)
under compressive strain (c) under tensile strain, illustrating the relative changes in the
light and heavy hole bands and a change in the band gap

constants can cause material defects and can even cause the sample to fracture. How¬

ever stable epitaxial layers, whose lattice constants are similar but not equal, can be

grown slowly, up to a critical thickness and maximum percentage strain [15]. This re¬

sults in coherent strain, rather than fractures and other defects [4]. The pressure due to

this strain, which can be compressive or tensile, effects the band structure and optical

properties of the material.

Even in bulk materials strain can be used to balance the material gain difference for

TE and TM polarisations, by introducing strain and at the same time as adjusting the

shape of the active region and hence the confinement factor [16]. In quantum confined

structures the wide choice of material compositions available, combined with the fact

that the resultant electronic structure will depend also on layer thickness, allows real

engineering of band structures [15] [17].

Band structure engineering can, for example, be used to move the band edge of the

sample [18]. So, since some nonlinear effects are stronger near band edge (such as

refractive index nonlinearities), the edge can be shifted to take advantage of, or avoid,

those effects.

Another influence of strain which is very significant in the case of QW and su-

perlattice structures is on the light and heavy hole bands. Depending whether the
conditions are of compression or tension the heavy hole or light hole band can become

higher with respect to the other [19][20][21]. This is illustrated in figure 2.15, where

the unstrained structure (a) is of of the general form shown in figure 2.7, and (b) and

(c) demonstrate the effects of strain. These changes in band structure influence the po-
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Figure 2.16: Schematic of the optical gain, G, for different material compositions re¬
sulting in material that is (a) unstrained, (b) under compressive strain (c) under tensile
strain, corresponding to the bandstructures illustrated in figure 2.15

larisation dependence of the optical properties of the quantum well [22] [23] [24] [17].
In figure 2.16 the shape of the gain is illustrated for band structures corresponding to

those in figure 2.15. The relative changes in the light and heavy hole bands, in figure

2.15, translate into relative changes in the strengths of the TE and TM gains, in figure

2.16; in both figures a change in band gap is also shown.

Using strain, selection rules and transition strengths, a device can be designed to

give strong emission of a particular polarisation, should this be desirable, for example

for lasers [25]. However for SOAs it is the converse, namely isotropic amplification,

that would have a premium for many optical processing applications [26] [27]. One of

the first polarisation insensitive SOAs was achieved in the 1.3 //m range by Tiemeijer
et al. [21] using different wells to provide the TE and TM gain. Reports of a plethora of

developments of this and other strategies to design polarisation independent amplifiers

have followed [28][29][30][31]. For example, structures with strong gain in both po¬

larisations can be designed, by the introduction of strain to the barrier layers or by the

use of alternating layers of compressive and tensile strain (see for example [18], [32]

and references therein). In addition, note that in a structure which gives both TE and

TM amplification, the modal TE and TM gain can be balanced by careful adjustment
of the optical confinement [23][33],
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2.9 Optical nonlinearities in semiconductors

The result of an optical transition occurring is a change in the number of carriers in

the conduction and valence bands. In the case of the SOA investigated in this project,
the device is usually electrically biased into gain and hence will amplify an incident

optical field, contrary to an unbiased sample of material which will tend to absorb

an optical field of the appropriate frequency. With an extremely weak optical field

incident on the device, there is little or no bleaching of the available transitions and

hence of the gain, even with the cumulative amplification of the light which occurs on

propagation through the SOA. However for a stronger signal, the density of carriers

can be significantly reduced, which has concomitant effects on the optical properties

of the material and hence on the operation of the device. This can be achieved with an

ultrashort pulse of moderate energies, less than 1 pj, as will be reported in subsequent

chapters.

Due to the optical interaction, the device is induced into a non-equilibrium state.

After the removal of the perturbing optical field the carrier population will tend to

recover towards equilibrium. In the case of an ultrashort pulse, as well as the peak and

average optical power, the central wavelength, bandwidth and temporal duration of the

optical pulse are all critical in determining the initial response of the device. A host

of different carrier relaxation mechanisms determine the subsequent carrier dynamics

and the observed changes in optical properties.

2.9.1 Nonlinear gain

At low energies the response of the material is generally linear, that is if the strength

of the optical field is doubled the magnitude of the response will also double. At some

point, as the strength of the optical field is increased, the response of the material

begins to saturate; the material behaviour becomes nonlinear.
For a general discussion of nonlinearities in semiconductors, the dimensionality of

the active region is not critically important. However some optical properties are subtly

different in quantum confined structures. In particular, although by use of strained
materials efforts have been made to design SOAs that can demonstrate polarisation
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independent operation (section 2.8), optical nonlinearities in devices will tend to be

affected by the polarisation of the optical field at least to some degree for some bias

levels and at some wavelengths [22] [34] [35]. This is discussed further along with

results in Chapters 6 and 7. Some other differences between bulk and QW SOAs will

be noted where relevant in the following summary of nonlinear processes.

Interband transitions and band filling

The Pauli exclusion principle dictates that in a system containing many electrons no

two electrons can be in states with identical quantum numbers. Consequently although

it would appear to be energetically favourable for all the population of electrons in the

conduction band to be located at the bottom of the band, this is not allowed. Rather the

electrons fill up the conduction band from the lowest available states.

When carriers are excited from the valence band into the conduction band, through

absorption of a photon, the free carriers created continue to fill the states inhibiting
further transitions to those states. This is the so-called state or band filling effect. In the

case of a forward biased SOA the analogous effect is that of gain depletion and eventual

gain saturation: incident photons stimulate the radiative recombination of electrons in
conduction band states, with holes in valence band states, thereby blocking a further

optical transition between those states. The observable effect is that the potential of
the SOA to amplify a subsequent pulse is reduced following this extraction of gain.

Any excess carriers recombine by radiative and non-radiative processes. The char¬

acteristic rate of spontaneous recombination due to the sum of these processes can be

expressed as

R(N) = AN + B(N)N2 + CN3 (2.27)

where N is carrier density, A is the non-radiative recombination rate at defects in the

lattice and at interfaces, B(N) is the radiative recombination rate and C is the coefficient

associated with the higher order non-radiative Auger effect [36]. The rate of recovery
of an SOA from gain depletion by carrier injection is also limited by this recombination

rate.

With high quality materials, as fabricated for active devices such as an SOA, coeffi¬

cient A may be small, reflecting the reduced recombination caused by defects. Indeed
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for modelling of devices it can be reasonable to take A fa 0 [2]. In particular in bi¬

ased devices since carrier densities can be extremely high, the terms in equation 2.27

dependent on coefficients B and, particularly, C tend to dominate [37] [29]. Moreover

the devices investigated in this project operate in the region of 1.3 /am and 1.5 jam and

the Auger coefficient, C, tends to be large in narrow band semiconductors [38].
The carrier population in the active material recovers from the bandfilling nonlin-

earity with a time constant given by

t -

m (2-28)
Typical values of r vary from approximately 1 ns, for absorption bleaching in bare

material samples, down to less than a hundred picoseconds, for gain depletion in biased

devices. This time constant, which corresponds to the lifetime of carriers in the upper

state, can be further reduced by carrier injection using very high electrical biases [39]

or by applying an optical field [40] [41]. The relationship between the observed gain

recovery of a device, the material parameters and electrical bias is further discussed

with analysis of the results in Chapter 7.

Intraband transitions

In addition to the relaxation of excited carriers by interband transitions between the

conduction and valence bands, carriers can also relax within the bands. It is these in¬

traband transitions that are responsible for broadening gain spectra, as noted in section

2.7.2. Mechanisms by which this relaxation can occur are carrier-carrier scattering and

carrier-phonon interactions [42].

Spectral hole burning

As has been mentioned, optical transitions occurring between specific states in the

conduction and valence band block further transitions between these states. In an in-

homogeneously broadened gain medium, light of a given wavelength stimulates tran¬

sitions only between certain states with an equivalent energy separation, not across the

entire range of energies over which absorption or gain could occur. The consequence

in semiconductor materials is that these transitions effectively burn a hole in the Fermi
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Figure 2.17: Schematic of the evolution of the carrier distribution when a hole is burnt
in the gain spectrum by stimulated emission due to an optical beam at with central
energy of Ephoton■ The initial distribution is smooth (1), spectral hole burning cre¬
ates a dip over a range of energies (2) and subsequently the carriers evolve to a new
distribution via carrier carrier scattering (3)

distribution. This is an effect called spectral hole burning (SHB). In an unbiased sam¬

ple, the absorption is bleached over a spectrally narrow range. When the material is
biased to transparency there are no net stimulated transitions, so in principle can be

no spectral hole burning, although with a spectrally broad input pulse carriers may be

more excited by some wavelengths and more depleted by others. In the gain regime

the stimulated transitions burn a hole in the available gain, as illustrated in figure 2.17.

The characteristics of this hole depend on several factors: assuming a spectrally

narrow optical excitation, the width of the hole will depend on the k-vector selectivity
and the dephasing rate, which is thought to be very rapid at high carrier densities (<50

fs), such as those found in a forward biased SOA. The spectral hole disappears due

to intraband carrier-carrier scattering, with a time constant of approximately 100-250

fs [2] [43], On this time scale a new Fermi distribution evolves, which under gain

conditions contains fewer carriers (as indicated by the dashed curve in figure 2.17)

since the stimulated transitions have caused a net removal of carriers. The character¬

istic timescale of SHB and the fact that its contribution to the dynamics changes sign

between the gain and absorption regimes, facilitate the identification of this process in
time resolved pump-probe studies [44] [45]. However, given the rapid time constants

associated with the thermalisation following SHB, its effects can only be expected to be

time-resolved in pump-probe studies with very short optical pulses (<300 fs), shorter
than those used in the experiments reported here.
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Figure 2.18: Schematic of the change of the carrier distribution when the temperature
of the carriers is increased.

Carrier heating

The changes in the carrier distribution caused by optical transitions result in another

nonlinearity due to the non-equilibrium carrier heating (CH) [46] [47], which can be

longer lived than spectral hole burning. The new Fermi distribution, which evolves

from carrier-carrier scattering (subsequent to SHB), may settle to a temperature which

is different from that of the lattice. As shown schematically in figure 2.18, increasing
the temperature reduces the gain at all energies [48]. Also at higher carrier tempera¬

tures, the peak of the gain moves to longer wavelengths, due to the strong temperature

dependence of the Fermi function (equation 2.4). Significant changes in the gain are

possible for moderate changes in the temperature of the carrier distribution (for exam¬

ple, a reduction of the gain by a quarter for a heating of 20 K [2]). This is illustrated

by figure 2.19 in which the gain is plotted as a function of temperature using gain

calculations for bulk InGaAs.

There are several mechanisms by which the carrier distribution can be changed.

Consider that carriers are 'hot' or 'cold' depending on whether their energy is above

or below the average energy of the distribution

SAE)p(E)EiE{E> ~ !AE)p(E)dE <129)
where p(E) is the density of states, f(E) is the Fermi function probability and the
denominator is equivalent to the carrier density. An optical beam incident on the semi¬
conductor material can add or remove carriers, as discussed. If by this action, hot

carriers are added or cold carriers are removed then the temperature of the distribution
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Figure 2.19: Calculated change in gain at a given energy near peak gain as a function
of temperature.

is heated; vice versa then the distribution is cooled.

Free carrier absorption (FCA) which creates high energy carriers and stimulated

emission (SE), by which cool carriers can be removed from low in the conduction

band, have both been identified as processes which cause carrier heating in SOAs

[49] [46] [50]. Stimulated transitions have a high probability of occurring relative to

FCA, but the latter changes the total energy of the distribution more per occurrence

[2]. Consequently is it not clear whether SE or FCA are more important. Generally,

the degree of carrier heating is highly dependent on the energy of the photons in the

optical beam.
An additional source of carrier heating which has been found in SOAs is the higher

order process two photon absorption (TPA) [51]. This can occur in parts of the waveg¬

uide other than the active region and in all regimes: absorption, transparency and gain.
The effect of TPA is always associated with a decrease in the available gain, how¬
ever only where the TPA changes the carrier population in the active region will it
contribute to the carrier heating dynamic. Whilst the behaviour of bulk and multiple

quantum well (MQW) devices has been observed to be qualitatively similar, TPA may

appear a more dominant component of the response in MQW SOAs [52]. This can be
attributed to the lower confinement of the optical beam to the active region in MQW

relative to bulk devices and TPA can occur strongly in cladding regions, whilst other

processes responsible for gain dynamics such as stimulated transitions are expected to
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Figure 2.20: Schematic summarising the evolution of the carrier distribution over time
following depletion by an optical pulse.

occur in the active region.

The characteristic time constants associated with carrier heating are of the order
of 500fs up to 2ps [2][51] [53][54], In this period the carrier distribution cools by the

emission of optical phonons [55], a much slower process than the initial thermalisation

to a new Fermi distribution by carrier-carrier scattering (following SHB).

Summary of carrier changes responsible for nonlinear gain

Figure 2.20 summarises the evolution of the carrier distribution subsequent to depletion

of the carriers by an optical pulse with central wavelength around the peak of the

gain. Initially the carrier population is reduced at the energies corresponding to the

optical pulse energy (SHB). The carriers rapidly evolve towards a Fermi distribution,

but at an elevated temperature with respect to the initial distribution. Subsequently the

carriers thermalise to the lattice temperature. Finally the carrier population recovers

by electrical injection of carriers.

2.9.2 Index nonlinearities

Long-lived and ultrafast refractive index changes

Along with the nonlinearities associated with changes in the carrier population there

are concomitant refractive index nonlinearities. Gain and refractive index may be re¬

lated mathematically using the Kramers-Kronig relation [56]

7T J LUU —
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where g0 is the linear gain. Also, ultrafast refractive index changes may be related to

ultrafast gain nonlinearities by

where Ag0 — g0(u>,Ni) — go(uj, N2) is a change in gain as a function of carrier den¬

sity, Ni. This formalism is useful to describe the index changes associated with given

changes in gain due to variations in the carrier population and its distribution. In gen¬

eral, the largest changes in index occur at energies around the band gap of the semi¬

conductor. For energies above, but near, the band-gap, decreasing the carrier density

increases the refractive index; conversely an increase in carrier density results in a

reduction in index [52] [57] [58].

Carrier temperature changes and spectral hole burning have also been found to in¬
duce refractive index changes. This can be understood in terms of these processes ef¬

fectively removing carriers from interaction with photons of certain energies. Specifi¬

cally, at energies above, but near, the band-gap, experiments have found that increasing

the carrier temperature and spectrally hole burning both have the effect of increasing

the refractive index [57][58][59].

Instantaneous index changes

In addition to refractive index changes associated with changes in carrier density, there

are also index changes attributed to rapid electronic or virtual processes [60], [61]. Ex¬

perimentally it is observed that this instantaneous effect is enhanced as the wavelength

is tuned towards and into the band and is reduced when the SOA is driven with higher

biases [53] [61]. These higher biases correspond to increasing the carrier density and

filling the states near band edge resulting in a shift of the absorption edge to higher en¬

ergies. A reduced instantaneous nonlinearity in these circumstances is consistent with

the theory of the optical Stark effect as manifested in SOAs [62], In this paper [62],

contributions from Raman transitions and two photon absorption (TPA), following the

pulse profile, are also cited as possible contributory processes.

Experimentally, an instantaneous refractive index change may be observed as chirp

added to a pulse which travels through an SOA. If the observed broadening of the pulse

(2.31)
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spectrum is wholly attributed to an instantaneous index nonlinearity that follows the

temporal profile of the pulse (the Kerr effect as described in section 1.3.5), measure¬

ment of the chirp may be used to calculate a value for the nonlinear refractive index

coefficient

where A is the centre wavelength of the pulse, I is the pulse intensity and L is the

length of the SOA [52][63]. Note that spectral broadening may not be translated in

a concomitant distortion of the temporal pulse profile, unless the device is very long,

since the group velocity dispersion (GVD) in SOAs tends to be low [64] [65].

Effects of index changes

Dynamic changes in refractive index have been observed to cause changes in frequency

[66] [67] [68]. The instantaneous central frequency of a pulse can be described by

where uj0 is the carrier frequency, L is length ofmaterial and n(t) is the time-dependent
refractive index [69].

Weak pulses can be affected by index changes imposed by more intense pulses

propagating through an SOA [52] [70] [71 ] [72]. If pulses are sufficiently intense, they

may significantly self distort by self-phase modulation (SPM) as introduced in section

1.3.5. To summarise the sources of SPM manifested in SOAs it is useful to consider

three types: firstly, 'slow' SPM related to interband carrier density changes; secondly,

that due to the carrier heating dynamic (following TPA, FCA, removal of cool carriers

etc.); and thirdly, SPM from the instantaneous n2 nonlinearity. The strength of all

types of SPM, but especially the latter two sources, depends strongly on the pulse

profile [65][73].

2.9.3 Link between gain and index effects

The amplitude gain and index, discussed so far in this chapter, correspond to the real

and imaginary parts of the complex refractive index of the material, as introduced in

section 1.3.2. The ratio of changes in gain, g and refractive index, n associated with

(2.33)
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changes in carrier density, N, are related through a linewidth enhancement factor, also

called Henry's a-factor [74][75]

dXR A- dn
a~ = ~IE = -Tl£ (234)

dN dN

where xr and xi are the real and imaginary parts of the complex susceptibility respec¬

tively and N is carrier density.
Values for the a-parameter can be derived experimentally, for example from

the differential changes in gain and index via mode wavelength shifts for measured

changes in applied current [76] [75] [77]. The value of a^ for MQW SOAs tends to

be in the range 1.5 to 3, however there are some reports of values over 10; for bulk

devices a^ is generally larger, 6 to 8 or above [25] [78] [75] [76].

The linewidth enhancement factor is so-called since for semiconductor lasers it de¬

termines the enhancement of the spectral width of the laser, consequently, the lowest

possible ajv may be the goal. In the case of an SOA to be used in an interferometric

switch aat is critical in determining the relative strength of amplitude gain and index

dynamics; higher values tend to reduce the pulse energy required for switching. Ad¬

ditional a-parameters can be used to quantify the index changes induced by ultrafast

gain changes. This approach is taken in modelling of the SOA described in Chapter 5.

2.9.4 Spatially dependent effects

In a complex structure such as an SOA the time it takes for carriers to diffuse from

where they are injected to the active region depends on many factors such as the size

of the active region and the confinement of the optical mode in the device. In anal¬

ysis of carrier dynamics it is important to consider whether carrier capture times can

be a limiting effect. It is not expected to be critical for the devices investigated in
this project since the interband recovery times measured are in excess of 200 ps (as

reported in Chapter 7) and ultrafast dynamics, such as carrier heating, can be consid¬

ered separately since they are independent of carrier injection and occur on distinctly
shorter timescales (<1 ps).

Another type of spatial effect that can be of concern in some waveguide devices is

longitudinal hole burning. If standing waves were set up along the length of the device
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there would be sinusoidal variation in the carrier density. However there should not be
this type of spatial hole burning of the gain in the SOA device since it is designed to be

a travelling wave cavity, as described in section 2.2. That is not to say that longitudinal

phenomena are not of interest with this device, on the contrary, as highlighted at the

beginning of this chapter (section 2.2) nonlinear effects tend to be cumulative with

longitudinal propagation. The results of the simulations of counter-propagating pump-

probe measurements, reported in Chapter 7, highlight the importance of longitudinal
effects.

2.10 Summary

This chapter has introduced the semiconductor optical properties relevant to the un¬

derstanding of the behaviour of the device on which this thesis is focused: the semi¬

conductor optical amplifier. The SOA is a particularly interesting device with which

to investigate semiconductor optical processes, due to the fact that carrier density de¬

pendent optical properties can be altered by applying a range of electrical biases. This

is in contrast to bare material, with no electrical contacts, or a laser diode in which the

carrier density is clamped by the laser action.

The origin of optical amplification from interband carrier transitions has been out¬

lined. Additionally ultrafast processes, including spectral hole burning, carrier heating

and two-photon absorption, which modify the gain available for optical pulses propa¬

gating through the semiconductor have been introduced. The description presented in

this chapter highlights the fact that although the behaviour of the SOA is controllable

in some senses (e.g. the selection the initial level of gain for a particular wavelength

by varying the carrier density via the level of applied bias), the carrier dynamics and

associated changes in optical properties are highly complex.

Moreover, carrier dynamics originating from the same physical mechanism may

manifest themselves differently under various operating conditions and in devices com¬

posed of varying materials and structures. In order to establish a general picture that is
valid for a wide range of conditions, it is therefore necessary that experiments such as

those reported in this thesis are undertaken. It is also important to measure both am-
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plitude gain and index dynamics when investigating an SOA device, as it is the combi¬

nation of both parameters that determines the overall changes in ultrafast pulse prop¬

agating through an SOA. In terms of applications, small changes in these parameters

significantly affect the operation of SOA-based interferometric switches. Subsequent

chapters of this thesis report the characterisation of an SOA, experiments to measure

amplitude gain and phase changes on propagation through the device and modelling to
aid the understanding of these complex dynamics.

The complexities of the semiconductor nonlinearities combined with the effects of

propagation in a waveguide structure explain the interest in researching SOAs, work
that is substantially motivated by the critical importance of these effects for realising
reliable switches for telecommunications.
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Chapter 3

Optical sources: principles and
operation

3.1 Introduction

Ultrashort pulse sources were required for the study of the ultrafast dynamics in semi¬

conductor optical amplifiers conducted in this project. This chapter discusses the

sources used, in particular an all-solid state synchronously-pumped optical paramet¬

ric oscillator system, and the optimisation of this system.

The set-up for monitoring the sources, including the spectral and temporal char¬

acteristics of the pulses, is also detailed. This monitoring was critical in establishing

stable output and maintaining low noise and drift for experiments. Moreover it was

important to track the spectral and temporal profile of the input pulses during exper¬

iments and to be able to match changes in these parameters to measurements of the

output from the SOA.

3.2 Overview of optical sources

Infrared optical pulses were required for the measurement of dynamics in Semicon¬
ductor Optical Amplifiers (SOAs) that is described in this thesis. The major part of
the work has been carried out on devices operating around 1.5 )im. In addition, some

experiments have been carried out on devices in the region of 1.3 /xm. In both cases,

the pulses were provided by an Optical Parametric Oscillator (OPO).
For characterisation of the SOAs, as described in Chapter 4, tunable CW diode

lasers were also used.
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3.3 Optical Parametric Oscillators

Optical parametric oscillators (OPOs) have developed, particularly over the past

decade, to become highly versatile sources of tunable coherent light in the infrared.
The potential of OPOs, in which new wavelengths are generated through difference-

frequency mixing (introduced in section 1.3.5), was recognised more than 30 years ago

[1]. However, technical advances were necessary to facilitate the realisation of OPOs

as sources for a range of applications, from spectroscopy to biomedical research and

environmental monitoring. The critical developments included the ability to grow and

microengineer structures from a plethora of new optically nonlinear crystals, the im¬

proved stability and increased power of pump laser systems, and novel optical cavity

configurations for the OPOs themselves [2].

Usually OPOs involve coherent three-wave nonlinear optical processes and the gener¬

ation is resonated within an optical cavity, much like that of a laser. A high power, high

frequency pump wave is passed through a crystal generating two lower energy waves.

Conventionally, the high power wave is known as the pump wave, at frequency lop, and
the two other frequencies are designated the signal, centred at frequency u)s and the

the idler, at uji. These frequencies, according to the requirement for conservation of

energy in the system, must obey the following condition

The cavity resonance of the OPO is designed to correspond to an integral number
ofhalfwavelengths of the signal (and sometimes the idler as well, in a so-called doubly

resonant cavity). If the gain corresponding to the resonant frequency exceeds the losses
in the cavity, initial optical noise at that frequency will be amplified on successive
round trips, building up a coherent signal wave, and the associated idler.

For gain to be experienced at the frequencies us and u>i, the contributions from all
the three frequencies must add up constructively i.e. in phase. The criterion for this

phase matching is

3.3.1 The principle of the OPO

UJP = UJS +1Oi (3.1)

(3.2)
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where kp, ks and k{ represent the wavevectors in the nonlinear material for pump, signal
and idler, respectively, and where Ak is ideally zero. This condition corresponds to the

conservation ofmomentum. Using k = ^n, and taking Ak — 0, this can be expressed
as

ujpnp = usns + uJiUi (3.3)

where np, ns and n% are the refractive indices of the nonlinear medium at the pump,

signal and idler wavelengths, respectively.

For the new wavelengths, cus and u>i to be generated from top, and to be amplified,
the conditions expressed by equations 3.1 and 3.2, both need to be met. Maximum

intensity generation occurs when Ak = 0. The reduction in the efficiency of the
conversion process for a given system is expressed in terms of the phase mismatch

corresponding to the value of Ak I, where I is the length of the crystal.
In addition, in any given nonlinear medium, the magnitude of signal and idler gen¬

erated will depend on the pump frequency and on the dispersion characteristics of the

medium.

3.3.2 Phase matching and wavelength tuning

In general, different wavelengths propagate at different velocities in the crystal due to

dispersion. For the parametric process this results in a low conversion efficiency, since
the pump, signal and idler do not propagate together. As mentioned in section 3.3.1, the

efficiency of conversion in an OPO is determined by how closely the phase matching

condition is adhered to. As a consequence, the strengths and energies of signal and
idler can be adjusted by a number ofmethods related to changing the relative refractive
indices of the different waves in the direction of propagation.

A direct method is through changing the pump wavelength. Also changing the

temperature, pressure or electric field conditions of the crystal can be used to modify
the refractive index. Alternatively, by adjusting the angle of the crystal with respect to

the incident direction of the pump beam, crystal birefringence may be used to satisfy
the phase matching condition.

Birefringent phase matching exploits the different values of refractive index ex¬

perienced by orthogonal polarisations propagating in an arbitrary direction through a
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Figure 3.1: Second Harmonic Generation (SHG) under conditions of no phase match¬
ing, exact phase matching and quasi-phase matching

birefringent material. Phase matching using this effect is restricted in that it is depen¬

dent on achieving the right combination of polarisation and propagation direction. The

effective interaction length in the material is limited by the fact that the direction of

the wave vector, k, and that of the flow of energy through the crystal do not generally

coincide, an effect called Poynting vector walk-off. What is more, only a certain pair

of wavelengths can be phase matched for a given propagation direction and the range

of wavelengths which can be generated from a single material is limited. Overall bire¬

fringent phase matching is restrictive, since it is inherently dependent on the material

properties.

Significant advances, in recent years, in the fabrication and engineering of materi¬

als, have allowed quasi-phase matching to be used [3]. The concept of this technique

is modulation of the nonlinear coefficient of the material to periodically compensate

for the accumulating phase mismatch.

Consider the case of imperfect phase matching: the effect of the waves slipping
out of phase is that they will interact less strongly. The generated signal and idler

begin to back convert. If this process proceeds unchecked, the phase may revert to

favour forward conversion and the cycle repeats itself, with the result that the generated

power oscillates. In this cycle, the maximum for the generated wave is reached when

a phase difference of ir has accumulated. At this stage the gain is reduced by half and

the corresponding distance over which this occurs is known as the coherence length.
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In quasi-phase matching it is at this distance that the sign of the nonlinear coefficient

is reversed, which in turn reverses the sign of the phase mismatch. In this way, the

interaction is brought back into phase and the conversion efficiency can be substantially

improved, as illustrated by figure 3.1.

The condition for optimisation of the conversion is minimisation of phase mis¬

match defined as in equation 3.2, with an additional term due to the periodic nature of

the crystal structure

^kqpm — kp ks k{ — (3.4)

where A is the period of the modulation (grating period) and m the order of the inter¬

action.

It is possible to engineer crystals to achieve phase matching for a broad range of

wavelengths by selection of the grating period and nonlinear material, and addition¬

ally controlling conditions, such as temperature. This flexibility has allowed optical

generation with OPOs from interactions for which birefringent phase matching is im¬

possible.

3.3.3 Optical properties of the OPO crystal

The transparency, optical nonlinearity and refractive index are all important optical

properties of a crystal for optical parametric generation. In Niobates, Phosphates and

other ferroelectric materials it has been found that electric field poling can be used to

reverse the nonlinear coefficient, as required for quasi-phase matching. In the OPO

designed for the work in this thesis, a periodically poled Lithium Niobate (PPLN)

crystal has been used. Lithium Niobate has a broad range of transparency, extending
from 0.33 to 6.0 /im, and hence is suitable for generation in the mid-infrared.

To calculate the quasi-phase matching criteria in a crystal it is necessary to know
the precise refractive indices in the material as function of optical wavelength and

material temperature. The following Sellmier equation has been derived from mea¬

surements of PPLN [4], and is valid for the calculation of refractive indices for the

near infrared wavelengths of interest in this project

2 . t J--, - a2-\-b2F a4 + &4-F ,2n _ai+6iF+A2_(a3+isF)2+1j-^--o.A (3.5)
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Figure 3.2: Schematic of the PPLN crystal, illustrating schematically the periodic re¬
versal of the optical axis that that is imposed with a different period in each of the eight
grating layers.

where F = (T — T0)(T + T0 4- 546.32). The reference temperature T0 = 24.5°C and
the values of the constants are

Wavelength tuning curves for a given periodic structure crystal can be calculated

using this approximation (equation 3.5) for the refractive index combined with the

quasi-phase matching condition (equation 3.4). The phase matching condition can be

met for a range of signal wavelengths if the pump wavelength or the temperature of the

crystal are varied.

The PPLN crystal which produced the pulses used for most of the experiments

reported in this thesis is illustrated in the schematic in figure 3.2. It was 5 mm long
and has eight gratings with periods ranging from 21.0 to 22.4 ^m. The crystal was

mounted in an oven to allow temperature control, and the pump wavelength could be

changed. Figure 3.3 shows the calculated range of tuning of the signal wavelength for
the eight grating periods of this PPLN crystal. It can be seen that by changing the

pump wavelength by 30 nm and using the different gratings it is possible to generate

wavelengths from below 1350 nm to above 1550 nm, at a fixed crystal temperature.

ai = 5.35583, a2 = 0.100473, a3 = 0.20692

a4 = 100, a5 = 11.34927, a6 = 1.5334 x 10~2

by = 4.629 x 10~7, b2 = 3.862 x 10~8

b3 = -0.89 x 10~8, 63 = 2.657 x 10~5
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Allowing the crystal temperature also to be varied widens the possibilities for success¬

ful generation. Figure 3.4 illustrates range of signal wavelengths achievable using a

single pump wavelength of 840 nm and changing the temperature of a single grating

(in this case, with a period of 22 //m). Note that for the experiments reported in this

thesis the resonant signal was in the lower range of the tuning curve shown in figure

3.4; the idler was at the longer wavelengths of the upper part of the curve.

The variation in the value of refractive index with wavelength also has an impact

on the propagation velocity of an optical pulse. In the context of designing a crystal

for this OPO, it was important that the temporal overlap of signal and the pump pulses

was not lost as they propagated along the crystal, since high conversion efficiency in

this system relies on this overlap (as discussed in section 3.3.5). Setting a temporal

offset limit equal to half the pump pulse width leads to an expression for the maximum

crystal length, L of the form

L =
_n (3-6)2K 1 + v, )

where rp is the pump pulse duration (full-width half maximum) and up and us are the

group velocities of the pump and signal waves respectively. Using a longer crystal (>

L) will result in a reduction of the gain.

3.3.4 Dispersion compensation

The ultrashort (<1 ps) pulses propagating in the OPO are composed of a spread of

frequencies. Consequently, the crystal and other cavity elements may give rise to con¬

siderable dispersion of the pulses. (Note that the term dispersion may be used in the
context of describing the wavelength dependent properties of a crystal (material dis¬

persion) or, secondly, the degree of change of the characteristics of a particular optical

pulse.) This may result in a combination of pulse compression or broadening and
distortion.

In order to be able to control the characteristics of the output signal pulse, it is

necessary to include in an OPO cavity some means of compensating for this dispersion.
To this end various geometrical optical systems have been devised. These include
diffraction gratings, Gires-Tournois interferometers, chirped mirrors and systems of

prisms. The latter is the standard method of intracavity dispersion compensation in
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OPOs. Whilst the angular dispersion prisms provide is much smaller than that from a

grating, they can provide more than sufficient compensation for the OPO used and are

readily integrated into the design of an optical cavity of the dimensions of this OPO.

The concept of the technique is that by virtue of the different angles of refraction
of each wavelength on entering the glass, each spectral component of a pulse will

experience a different optical path length through the prism. By translating more or

less prism glass into the path of the beam, this difference can be adjusted so as to

recompress the temporal envelope of the pulse.
The OPO used in this work, was first operated (when constructed for a previous

project) with only a single prism to effect dispersion compensation. The prism was

placed in the cavity just before the output coupler. With this juxtaposition of the opti¬
cal elements, the signal output wavelength could readily be selected by changing the

angle of the output coupler since, after the prism, the different wavelengths were spa¬

tially divergent. However, the disadvantage of this configuration was that tuning the

wavelength also resulted in slightly altering the direction of the output beam from the

OPO.

By contrast, in some optical cavities a four prism sequence is used [5]. This results

in no deviation or dispersal of the beam spatially, which may, for example, be important
to sustain the broad bandwidth necessary for very short femtosecond pulses. However

in the OPO cavity in this project, zero dispersal of the optical path was not a critically

important factor in cavity design. In addition, retaining some spatial separation of the

wavelengths assists with wavelength tuning.
A compromise of inserting two prisms was chosen. With this configuration, the ap¬

proximately collinear spatial separation of wavelengths after the prisms was exploited
for wavelength selection by insertion of a slit (shown in the schematic of the cavity in

figure 3.5). The total dispersion in the cavity was calculated as the sum of contributions
from the PPLN crystal and the glass from two prisms with a given separation, using the
Sellmier equation for the PPLN (equation 3.5, following [4]) and second order phase
derivatives for the crystal and the prism glass (see for example [6]). Only the second
order dispersion was considered; the contribution of the third order dispersion being
assumed to be insignificant for the duration of pulses in this cavity (~700 fs).

78



The calculated distance between the prisms for which the total dispersion was zero

was used as a starting value for inserting the prisms in the cavity. Note however that the

calculation depended strongly not only on the material parameters but on the estimate
of the beam size, which was known only approximately. For example, at a crystal

temperature of 150°C and wavelength of 1.5 //m, changing the beam spot size by a

factor of 2 (from 1 mm to 0.5 mm) altered the result by ~8%, and using an alternative

empirical Sellmeier for PPLN [7] changed the length by ~12%. Fortunately, the degree
of dispersion contributed by the prisms was tunable by translating more or less prism

glass into the beam path. This had to be balanced by the fact that continuing to increase
the length of glass in the cavity introduced excessive losses. With the material used

being SF10 glass, the prisms were set 200 mm apart in the cavity and approximately 6
mm (half from each prism) was found to provide satisfactory dispersion compensation.

3.3.5 Synchronously pumped singly resonant OPO

For the nonlinear conversion which generates the signal and idler waves to resonate,

feedback is required. A plethora of different cavity configurations are possible for an

OPO, as with laser systems. In this project, the signal frequency, and not the idler, was
resonated. With this type of singly-resonant oscillator (SRO), it is generally possible
to achieve a higher quality of output pulse and greater stability, since cavity elements
can be adjusted more freely (only needing to favour a resonance of one wavelength).

When the single-pass gain experienced by the resonating wave exceeds the losses
in the cavity oscillation occurs. However when only one wave is resonated the overall

gain in the system is decreased (with respect to the case of there being both signal and
idler resonant). Consequently, the threshold conditions in a SRO are higher. Never¬

theless, the penalty of higher threshold was worth paying, since the superior output

qualities, cited above, were very important for the experiments for which the OPO

output was to be used.

The high threshold was overcome by intense pumping of the system. To this end,
the cavity was constructed in a way such that the resonant signal wave was synchronous
with the pulses of the pump laser. This design, called a synchronously pumped res¬

onator, requires precise matching of the optical lengths of the OPO and pulsed laser
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Figure 3.5: Cavity configuration of the OPO: the initial 'V' cavity (a) used for building
the OPO and the subsequent 'W' cavity (b) to which the prism pair were added (dashed
line) to complete the final OPO cavity.

cavities. In effect, the signal pulse is met by an arriving pump pulse on each round trip
such that the gain experienced by the signal is replenished each time it returns to the
OPO crystal. Commensurate with this, length matching of the OPO and laser cavities
was required to an accuracy of hundreds of microns or better i.e. in order that pulses
with durations 1 ps or less overlap in the crystal. Any mismatch leads to a reduction in
conversion efficiency and, when too large, to cessation of the oscillation. However this
sensitive operating criteria also corresponded to a tuning mechanism for the generated

signal wavelength.

The underlying cavity used for the OPO, shown in figure 3.5(a), was a three mirror
'V' configuration: from the second curved mirror (C2) to the output coupler (OC).
The PPLN crystal was situated between two focusing mirrors; the third mirror being
set at a distance such that the length of the cavity was extended to match that of the
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Figure 3.6: Photograph of the complete OPO cavity, as shown schematically in (b) in
figure 3.5

pump laser (approximately 1.83 m). With the pump pulses focused into the crystal,

frequency doubling occurs, generating blue light, which facilitates alignment of the

cavity elements. The OPO was initially built in this shape and the alignment of beam

expanding optics and focusing mirrors was optimised to maximise the signal power.

The PPLN crystal was antireflection coated for the pump wavelength, to maximise the

focused power in the PPLN; the pump light which passed through the crystal leaked

out of the curved mirror on the far side (C2).

Subsequently the cavity was folded into a 'W' configuration, as illustrated schemat¬

ically in figure 3.5(b). This final OPO cavity is shown in figure 3.6. The folding angles

were kept as small as possible (< 3°), to minimise astigmatism and losses at each

reflection. After folding, the footprint of the cavity was only ~1 m2, even with the
addition of the dispersion compensating prisms.

The prisms were added one at a time, each inserted at Brewster's angle to the beam

path, to keep the losses to a minimum. The first prism (PI in figure 3.5(b)) was used

to pick off just a small part of the beam and allow the existing cavity to remain above
threshold. The diverted beam could be used to align an output coupler in the new

position i.e. such that it sent the beam back along its incident path to the prism. Only
at this stage was the prism translated fully into the path of the beam. With the cavity

length re-adjusted to match that of the pump laser, the generation would resume. This

process was then repeated with the second prism (P2).
Once the cavity was assembled and access could be restricted, the OPO was boxed
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Figure 3.7: Calculated OPO tuning curve for grating 22.2 /rm: signal wavelength as a
function of temperature for pump wavelengths between 836 and 844 nm. Data points
(squares) indicate experimentally realised operation.

to minimise air currents, so improving stability. It was also important to reduce the

chance of dust particles being caught in the higher power focused beams and burnt

onto the optics.

3.3.6 Summary of methods for wavelength tuning

In the previous sections, a wide variety of mechanisms for tuning the wavelength of
the OPO signal have been mentioned. To highlight the flexibility of the system, these

mechanisms are reviewed.

As mentioned above, phase matching conditions can be altered by varying the tem¬

perature of the crystal and by adjusting the pump wavelength. In practice, these are

used to optimise operation of the OPO in windows within an overall range, dictated by

the chosen grating. For example, data points in figure 3.7 illustrate signal wavelengths
achieved with grating period of 22.2 /im, by adjustment of the temperature and pump

wavelength. The curves in figure 3.7 are the phase matched operating points of the

OPO calculated for the corresponding pump wavelengths and crystal temperatures.
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For substantial changes in signal wavelength, the prisms in the cavity could be

adjusted to maintain clean spectral and temporal characteristics of the pulse. Where

possible the prisms were set to achieve near transform limited operation.
In addition a slit was added between the second prism and the output coupler (indi¬

cated in figure 3.5(b)). Due to slight spatial separation of the paths of different wave¬

lengths, this gave an additional tuning mechanism. In particular using the slit it was
found to be possible to disrupt generation of certain strong modes, which made oper¬

ation at otherwise very weak modes sufficiently stable for the generated signal to be

used for experiments. This was a very significant benefit of the redesign and rebuild
of the OPO. In general, it is possible to tune to these 'difficult' wavelengths by other

means, i.e. without the use of a slit, however it would take more time, making the

acquisition of a set of data quickly, before other conditions change, hard to achieve.
In practice, small variations in wavelength were most readily achieved by alteration

of the cavity length. When other elements in optical cavity were aligned to permit the
oscillation of a range of wavelengths, the actual wavelength of operation could be

selected by translating the position of the output coupler as long as the phase-matching
criteria were maintained. Whilst the output power would tend to fall olf at the edges of

the range, tuning over tens of nanometres could be obtained. Since often the required

output was only a few milliwatts average power, this was useful for many experiments.

3.4 The pump laser system
3.4.1 Optical pumping of the OPO

Implementation of the type of pulsed OPO used in this project is critically dependent

on the availability of a stable, pulsed pump source. Indeed synchronous pumping of

parametric generation was first demonstrated in 1972 [1], but practical systems have

only been made possible by improvements in pulsed lasers. In this regard, the dis¬

covery of new techniques for modelocking, the mechanism for sustaining ultra short

pulse generation in lasers, was key. (An explanation of mechanisms for modelock¬

ing can be found in reference [8].) In particular, in the 1990s, the development of
self-modelocked Titanium:Sapphire lasers brought vastly improved stability [9]. In
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addition the realisation of OPO systems suitable for use as a research tool was facili¬
tated by the introduction, as the CW pump for the Ti:Sapphire, of all-solid-state lasers.

These boast improved beam quality with respect to the gas lasers (e.g. Argon ion) that

they replaced, and effect more efficient pumping of the Ti:Sapphire system.

The optical pulses to drive the OPOs used in this project were generated by a

commercial all-solid-state laser system. The pump pulses for the OPOs were from

a Titanium-Sapphire laser (Spectra-Physics Tsunami). This in turn was pumped by a

diode-pumped, CW frequency doubled Nd : YVO4 laser (Spectra-Physics Millennia
V and subsequently Millennia X).

At the beginning of the work only one OPO (that described in section 3.3) was in

operation. Although it was tunable to as low as 1.3 fim, this OPO was optimised for

working in the 1.5 /xm wavelength range. Having a threshold of approximately 700

mW, it was pumped with pulses with average optical power ofjust over 1 W, generated

by 5 W of CW pump (Millennia V). Subsequently, following the acquisition of a more

powerful CW pump (Millennia X), which gave 10 W of optical power, it was possible

to achieve 1.8 to 2.1 W of output from the Ti:Sapphire laser. This represented enough

power to pump two OPOs to above threshold, and a second OPO designed to operate

in the 1.3 /xm range was built. Average OPO output powers were tens of milliwatts

(< 80mVP), depending on the chosen operating wavelength.

3.4.2 The CW pump laser

The 5 W and 10 W versions of the CW pump laser, despite construction differences,
were based on the same diode-pumped four level laser system. The active medium was

a Yttrium Vanadate crystalline matrix doped with Nd3+ ions (Nd : YV04). This has

principal absorption bands in the red and near infrared, an accessible region for laser

diodes to be used as the primary pump. The Millennia V and Millennia X lasers use

custom designed laser diode bars (Spectra-Physics Fcbar™) to pump the absorption

band at approximately 815 nm. The 10 W output is achieved by doubling the power of

these diode pump bars.

In the Nd : YVO4, the excited electrons drop quickly to the upper level of the

lasing transition, the F3/2 level, where they remain for a relatively long time (approxi-
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mately 60 /is). From this inverted state, the most probable transition is by emission of

a photon at 1064 nm, to the Iy2 state. Cavity optics are used, in the Millennia lasers, to
limit lasing to this transition. The 1064 nm beam was frequency doubled, in a Lithium
Triborate crystal, to produce an output in the green, at 532 nm.

3.4.3 The Titanium:Sapphire pulsed laser

The crystal in the Ti:Sapphire laser (Spectra-Physics Tsunami) is made by introducing

TiiOi into a melt of AZ203, in order that some of the Tii+ ions are substituted for by
Al3+ ions. As a result, the electronic ground state is split into a pair of broad vibrational

levels. Absorption transitions in the crystal can occur over a wide range ofwavelengths
from 400 to 600 nm. In the case of using a Millennia laser, the absorption is pumped
at 532 nm. Subsequent fluorescence transitions occur from the vibrational levels of the

excited state to the upper vibrational levels of the ground state. The resultant emission

occurs in a range from 670 to 1100 nm. Due to the set ofmirrors chosen for the cavity,

lasing could be obtained in the range of 720 to 850 nm, however pulsed operation was

optimum for the longer wavelength part of this range.

Wavelength tuning is achieved by means of a birefringent filter. The filter consists
of a stack of crystalline quartz plates, which have been cut parallel to their optical axis.
The filter is placed in the laser cavity, at Brewster's angle, and birefringence of the

quartz causes the polarisation of the incident cavity beam to become, in general, ellip¬
tical. For a given thickness of the plates, a narrow range of wavelengths experience a

complete 180° polarisation rotation, or multiple thereof; these wavelengths remain lin¬

early polarised. All other wavelengths are left elliptically polarised and consequently
suffer losses at each Brewster angled surface in the cavity. Only those wavelengths
which remain linearly polarised, and as a result experience relatively lower losses on

each round trip through the cavity, reach lasing threshold. Altering the wavelength for
which these conditions are met was achieved by rotating the filter about an axis normal
to the plates.

The pulses are sustained through a modelocking process, assisted by an acousto-

optic modulator. For the experiments described in this thesis, the Ti:Sapphire laser was

configured to produce picosecond pulses (~1 ps). In this configuration, the negative
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group velocity dispersion (GVD), necessary to give sufficient dispersion compensation
to obtain near transform limited pulses, is provided by a Gires-Tournois interferome¬

ter (GTI). This is similar to a Fabry-Perot interferometer except that, instead of high

reflector, the first mirror in a GTI is a partial reflector. Consequently the GTI is highly

reflective over a broad spectral range, but still provides an optical phase shift which is

wavelength dependent. This was adjusted by changing the separation of the mirrors,

to optimise output pulse characteristics.

Due to the cavity length (~1.8 m), the repetition rate of the pulsed operation was

set at 81.3 MHz (corresponding to 12.3 ns between output pulses). The output of the
laser being linearly polarised vertically, due to the nature of its cavity, half-wave plates
were used to obtain the horizontal polarisation required for the OPOs. Also, an optical

isolator was placed directly after the Ti:Sapphire laser to prevent any instability caused

by feedback from the OPOs.

3.5 Diagnostics
3.5.1 Spectrum measurements

The spectrum of the pulses from both the Ti:Sapphire pump laser and the OPO could

be measured using a spectrometer (Rees Instruments, Laser A meter, spectral range
from 800 to 1600 nm). This was used for tuning the sources, since with the output of

the spectrometer connected to an oscilloscope a real time image of the spectrum could

be viewed. Ideally an approximately Gaussian spectrum was obtained. Asymmetry
in the pulse shape, side bands or other distortions were indicative of the pulse being

significantly chirped. Adjustments in the cavity, in particular of the amount of prism

glass, were made to improve the profile of the pulses.
For higher resolution measurement of spectra a scanning monochromator was

available, however due to the slower acquisition time this was mostly reserved for

single pulse spectral experiments (described in Chapter 6). However, the calibration of

the small spectrometer was checked against the higher resolution monochromator (and
data corrected accordingly).
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Figure 3.8: Schematic of the experimental configuration used to measure the autocor¬
relations.

3.5.2 Autocorrelation for temporal measurements

The choice of method used routinely for temporal measurements merits some discus¬
sion. In order to measure the duration of an event in time it is usual to compare it with

a shorter event. However ultrashort optical pulses are the fastest man-made events so

measuring them presents significant challenges.

Information about a train of pulses can be obtained using a photodiode and oscil¬

loscope, if the repetition rate is sufficiently slow. However, the fastest photodetectors

operate at 50 GHz giving too slow a response time to give temporal information about
actual pulses with durations of a less than several tens of picoseconds or shorter. Streak
cameras can provide direct linear measurements of pulses as short as 1 ps, or even 0.5

ps in single-shot mode. However it was imperative to have routine, preferably real

time, measurements of the pulses from the Ti:Sapphire pump laser which had dura¬
tions of around 1 ps and from the OPO from which pulses could be even shorter; for
this we used an autocorrelation technique. This is a simple technique that is widely
used and enables real-time pulse characterisation [10] [11] [12].

Mathematically an autocorrelation compares two copies of a data set with each

other, running one through the other and detecting the degree of correlation at each

point. In the case of an optical pulse, the signal is split into two copies and recombined
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with a variable delay between them. That is to say, since there is no readily harnessable
shorter event, a copy of the pulse is used as the reference in the measurement process.

This is a neat concept, but it does introduce an ambiguity: it is necessary to make

assumptions about the shape of the pulse being measured.
In practice the optical autocorrelation was performed using a Michelson type delay

arrangement, illustrated schematically in figure 3.8. The pulses were spilt equally at

a beamsplitter, one travelling to a fixed retroreflector (corner cube mirror) and the

other to a retroreflector mounted on an oscillating loud speaker cone. On reflection

the pulses recombined at the beamsplitter and were made to interfere on a nonlinear

detector, which due to the nonlinearity was very sensitive to the degree ofoverlap of the

pulses. When there was zero delay between the copies, there was a maximum detector

response; no overlap gave the minimum background level of signal. In this way, a

temporal measurement was transformed into a spatial measurement. For example,

a time of 1 ps, too fast to be measured by regular electronics, corresponds to light

covering a distance of 0.3 mm, a magnitude visible even to the naked eye and certainly

readily measurable.

The nonlinear detectors were constructed from crystals which gave a Second Har¬

monic Generation (SHG) signal, KDP and BBO for pump pulse and OPO output wave¬

lengths respectively [11][13]. Photomultiplier tubes, proceeded by filters, were used

after the crystals to increase sensitivity to the generated signal. This detector combi¬

nation remains the more sensitive, but semiconductor devices that can detect to two-

photon absorption of the OPO wavelength can be used for autocorrelation measure¬

ments and appropriate devices have become commercially available [14][15]. These
have been implemented as the nonlinear detector for the cross-correlation of pulses

input and output from the SOA. A practical advantage of moving to the use of semi¬
conductor two-photon detectors is that it obviates the use of the long photomultiplier

tubes, which means that diagnostics need not take up so much space on the optical

bench. Moreover, the semiconductor detectors for the near infrared are polarisation

insensitive and inexpensive, relative to the photomultiplier tube option.
In all cases, the signal from the optical detector was displayed on an oscilloscope,

triggered by the electrical signal driving the loudspeaker. The autocorrelator was cal-
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ibrated by translating the normally stationary mirror and observing the movement in
the autocorrelation trace on the oscilloscope display.

The type of autocorrelation recorded depends on the response time of the total

configuration. In order to understand this, consider that the electric field corresponding
to the two overlapping pulses may be expressed as

E{t) + E(t - r) (3.7)

where r is the delay of the second pulse with respect to the first and E(t) =

£(f) cos{ujQt 4- (f>{t)). The nonlinear signal, due to the overlap of the two pulses, is

given by

/CO \[E(t) + E(t-r)]2\2dt =
-OO

/CO |[£(f) cos(u0t + 4>(t)) + £(f - r) cos(cj0(t - r) + <f>(t - r))] |
-OO

dt

(3.8)

In the case of slow frequency response of the detection system, which was generally

the case, the rapidly varying terms in equation 3.8 cannot be resolved. Consequently
the autocorrelator records the time-averaged intensity autocorrelation described by

Gi(r) = l + 2g(r) (3.9)

where g(r) is the back-ground free intensity autocorrelation function defined by

f-oo{I(t) + I(t - T)]dt
=—izjm— (3J0)

Since these expressions, equations 3.9 and 3.10, are dependent only on intensity, no
information about the chirp of the pulse remains. In aligning the optical elements, care
is taken to achieve a ratio between the background and the peak as close as possible
to the ideal (3:1) since deviations from this correspond to degradation of the measure¬

ment.

The relationship between a measured intensity autocorrelation width Atj and the
full width half maximum (FWHM) pulse duration Atp is given by

A =^ (3.11)K>i
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Field envelope Intensity profile ki AtpAu
Gaussian exp(-£) \/2 ~ 1.414 0.441

Sech 2 sech(-£) 1.543 0.315

Table 3.1: Correction factors, kt, for autocorrelations of Gaussian and sech2 pulse
shapes

-100 -50 0 50

Time / fs
100 -100 -50 0 50 100

Time / fs

Figure 3.9: Ideal (a) intensity and (b) interferometric autocorrelation traces.

where ki is a constant depending on the pulse shape [16].

Since the autocorrelation is symmetric about r = 0 it contains no useful informa¬

tion about pulse shape. It is therefore necessary to assume a pulse shape and ki factors
for typical pulse shapes are shown in table 3.1. Simultaneous spectral information can

corroborate the assumed shape, through the time-bandwidth product associated with

different pulse shapes. It should be noted however that this gives only a qualitative
assessment of chirp of the pulse.

An autocorrelation in which the interference fringes are resolved, can be obtained

by improving the response time of the measurement system. This was achieved by

impedance matching the oscilloscope with the detector and photomultiplier tube. The

resulting signal, known as an interferometric autocorrelation is given by

f-oo ![£(£) cos(u;of + <P(t)) + - T) cos(w0(f - r) + <j>(t - r))]2\2dtGf(r) = 2

(3.12)

This corresponds to G(r) (given in equation 3.8) normalised to give a background
of one. For an unchirped pulse the contrast ratio, given by the envelope of the fringes,
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Figure 3.10: Typical autocorrelations of pulses from (a) the Titanium:Sapphire Laser
and (b) the Optical Parametric Oscillator. The pulse shortening in the OPO is such that
the Full Width Half Maximum of (b) is less than that of (a)

yields a contrast ratio of 8:1, in contrast to the 3:1 ratio for the intensity case. For

comparison ideal intensity and interferometric autocorrelations, for a Gaussian shaped

input pulse, are shown in figure 3.9.

The higher peak to background ratio, relative to the intensity measurement, and the

fact that phase information is not averaged out, make the interferometric measurement

more sensitive to pulse shape. Chirp can be manifested as interference between indi¬

vidual fringes, and interpreting the autocorrelation can be complicated. In addition,

due to the faster response time of the set-up the pulse-to-pulse stability also has more

influence on the trace. From time to time, the interferometric autocorrelations were set

up. In general however, since the OPO output was not power or directionally stable,

routine monitoring of pulse duration was performed using intensity autocorrelations.

Figure 3.10 shows typical autocorrelation traces for pulses from the Tita-

nium:Sapphire pump source (a), and from the OPO (b). In practice, the peak to back¬

ground ratio was not always ideal for the OPO trace used for monitoring. This was due

to the fact that the monitoring autocorrelation measurement was taken using a very

small fraction of the total OPO output power; the rest of the power being taken for

experiments. This adds a larger margin of uncertainly into the measurement of the
OPO pulse width. However it is believed that any additional error introduced in this

way was small since the low power monitoring measurements were compared with the
values obtained using all the output power of the OPO, and the pulse widths obtained
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were not significantly different.

In general, as illustrated in figure 3.10, the temporal width of the pulse from the

OPO is significantly shorter than that of the pulses with which it is pumped. Opti¬
misation of the cavity elements for operation at a particular wavelength determined

the degree of this pulse shortening effect. The OPO pulse duration, calculated from

an autocorrelation measurement with the assumption of Gaussian pulse shape, was

sometimes less than 400 fs, compared with pump pulses of ~1 ps.

3.5.3 Monitoring program

The knowledge of the output from OPO source was critical to the experimental analy¬

sis and unfortunately pulse characteristics could not be prevented from changing over

time. For example, the commercial systems (used as pump sources) claim a warm up

period of at least half an hour, during which time the optical power and beam direc¬

tion in particular are likely to change. Although the laboratory was air conditioned,

environmental factors seemed to cause such drift to continue at all times, to greater or

lesser degrees. Whilst the mode-locking of the pump laser was generally fairly stable,

on occasion it 'dropped out' leading to a momentary fall in power from the OPO. In

addition, variation in cavity length of the pump laser, attributed to thermal effects, was

apparent throughout operation. This caused changes in OPO wavelength by the same

mechanism as that exploited for tuning (described in section 3.3.6). There tended to

be a corresponding change in OPO output power, as phase-matching became non op¬

timal. Additionally, if the change brought the signal wavelength away from dispersion

compensated conditions the pulse became severely chirped.

For some measurements, for example single pulse propagation, information about

the source pulses at an instant could be sufficient. However for the pump-probe exper¬

iments, described in Chapter 7, more continuous information was required. Consider

that to monitor time dynamics over 500 ps took several minutes with a mirror moving

15 cm (the distance light travels in 500 ps) in micrometre steps, pausing at each step to

allow the signal to settle and the lock-in amplifier to obtain data. Moreover, if a series

of experiments is to be performed which might be highly dependent on input pulse

characteristics, it is critically important to determine if the input used is the same for
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Figure 3.11: The front panel of the program (VEE) for continual monitoring of the
characteristics of the pulses from the OPO, and the operating conditions of the CW
and pulse pump lasers.

each measurement.

Consequently, it proved very important to develop a system of monitoring the op¬

tical source. The front panel of the program used to view monitoring data, in near real

time, is shown in figure 3.11 and summarises the types of data recorded. The program

was written in Agilent VEE, a visual programming language, suitable for interfacing
with equipment through GPIB connections.

The data feed into the program was as follows:

• From the OPO: the spectrum, autocorrelation and corresponding trigger signals

• From the pulsed pump source: the signal from the internal photodiode monitor¬

ing the output signal

• From the CW pump source: currents drawn by the two diode bars and the optical

output power

All data was time stamped using the computer's internal clock. The clocks of the
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computers used for the collection of this monitoring data and for experiments were

regularly synchronised. This was performed using AboutTime [17], a program which

takes signals from a networked time server for synchronisation of networked comput¬

ers (with accuracy of ± 50 ms).

The signals from the spectrometer provided spectrum and calibration thereof. Ap¬

proximately every eight seconds (depending on the time taken to trigger correctly), the

peak wavelength, the spectral full-width half maximum (FWHM) and the integral of
the spectrum were calculated, displayed and saved to file. Likewise, the FWHM of the
autocorrelation and integral of the temporal pulse were displayed and recorded every

eight seconds. The signals from the autocorrelator were calibrated with respect to a

time delay incurred by introducing into the beam path a glass slide of known thick¬
ness and refractive index. Full spectrum and autocorrelation traces were only recorded

approximately four times per minute to reduce the total accumulation of data.

The spectral FWHM and temporal FWHM, with use of a factor for conversion to a

temporal pulse width, were used to calculate a time-bandwidth product. As discussed

above, the factor relating temporal FWHM to pulse width depends on the pulse pro¬

file. In post experiment analysis, the autocorrelation traces were fitted to decide which

factor to apply and usually the best fit was Gaussian. Variation in this estimate of the

time-bandwidth product was useful since it was indicative of changes in the chirp of

the pulses, during experiments. If the value was far from the transform limited value

it was indicative that the OPO was producing significantly chirped pulses and the dis¬

persion could be adjusted. Moreover, if this value was suddenly seen to change, it was

a warning that a trend appearing in an experiment at that point might be due to change
in pulse characteristics as opposed to any other parameter being purposefully varied.

Measurements could then be repeated, in order that a full data set was obtained under

stable input conditions.

The diode currents from the CW source primarily gave an indication of environ¬

mental changes. In particular, despite air conditioning, the main laboratory was not

immune to external conditions e.g. weather or settings of the heating system for the
entire building being altered. The currents were found to be a useful indicator of when

the influence of swings in temperature and humidity became so severe that stability
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in pulse characteristics, sufficient for use in experiments, could not be achieved. Also

very rapid increases in the currents indicated failure of the diode bar itself. Since the
lifetime of these components did not prove to be very reliable during the course of this

project, this was useful information; steps could be taken to prepare for the installation
of a replacement part, minimising downtime of the system.

The photodiode signal from the pulsed pump source increased as the laser warmed

up to full power. Over subsequent hours this signal indicated variations in the output

which could be due either to change in the beam direction or change in power. However

both changes represented a reduction of the power correctly focused into the OPO

crystal and a resultant fall in output from the OPO. Significant falls in this photodiode

signal tended to indicate that the Ti:Sapphire laser need to be realigned or cleaned. In

extremis, falls in this signal gave an early warning that the quality of the CW pump

beam was degrading e.g. the beam profile was changing (and this facilitated prompt

repairs, as noted above).

To facilitate use of the wealth of data from the monitoring during data analysis, a

program was written to select the monitoring data corresponding to a given window
of experimental time. For example, an experimental data file could be plotted on the

same time axis as peak wavelength, temporal pulse width and optical power (as indi¬

cated by the integral of the autocorrelation and spectral measurements). For this time

window, mean and standard deviation values of the monitoring data were automatically

calculated and displayed, as shown in figure 3.12.

A set of criteria could then be used for an experiment, such as requiring a standard

deviation of the peak wavelength no greater than 2 nm. This was particularly useful in
circumstances where each of several experiments yielded a single value for a parameter

(e.g. pump-probe traces fitted to ascertain a time constant). When using the data from
all experiments the trend in the parameter was often ambiguous; if data from those

experiments which did not meet the criteria, for stable pulse characteristics throughout
the measurement, were rejected, the subset of data retained tended to present a much

clear trend. In this way anomalous data could be discarded during processing, using

objective criteria.

The effort expended on setting up this monitoring system has paid off, by reducing
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the time spent trying to achieve experimentally usable output from the OPO, since it

was possible to rigorously assess the stability of the system at any time. Far fewer

excessively noisy data sets were acquired and even those that appeared dubious did

not need to be rejected outright since sufficient monitoring data was recorded to filter
out the unreliable experiments. As a check, even for data which appeared 'clean' the

pulse input characteristics were assessed using the data acquired using this monitoring

system. Most importantly then, the continual monitoring of the OPO pulses has made

possible a high degree of confidence that trends observed in the experimental data are

real, not due to systematic changes in the pulse source.

3.6 Summary

In this chapter, the development of the optical pulse sources, for experiments de¬

tailed in subsequent chapters, has been described. It was highlighted that advances
in both nonlinear materials and ultrashort pulse lasers, have been critical in realis¬

ing synchronously-pumped optical parametric oscillator systems suitable for studying

semiconductors, as well as many other applications. The OPO system was optimised to

give 10-80 mW average power, with pulse durations of 350-1000 fs, over wavelengths
from 1490 to 1580 nm. The use of a prism pair in the OPO cavity to control dispersion
of the pulses has been explained.

Measurement of the output pulses from the OPO, in spectral and temporal domains,
has also been described. Stability in these characteristics over the time necessary for

conducting experiments was critical, but was not readily obtained. The system that was
therefore developed to monitor the all of the key parameters of the pulse generation

system has been detailed. Lastly, the method by which the monitoring data was used
to certify that changes in the characteristics of the output pulses from the OPO were

within reasonable limits, and did not distort experimentally measured trends, has been
outlined.
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Chapter 4

Device characterisation

4.1 Introduction

This chapter reports a range of experiments undertaken to measure the spectral char¬
acteristics of the SOA device. The degree of difference in the device properties for TE
and TM polarisation directions is discussed, with reference to the band structure of the
active material, a strained InGaAs superlattice.

Measurements of the amplified spontaneous emission and transmission of a con¬

tinuous wave beam yield information about the wavelength and bias dependence of the

gain. More sensitive information about the state of the material, whether it is absorb¬

ing, amplifying or transparent to an optical beam, are obtained from measurements of
the electrical signal across the device. The wavelength and optical power dependence
of the electrical bias required for transparency are investigated.

4.2 Description of SOA structure

The SOA device focused on in this project is an InGaAs multiple quantum well (MQW)

superlattice structure. The substrate is InP and the active region consists of a stack
of 10 wells and 11 barriers of InGaAs: the wells are 4 nm of unstrained material

and the barriers are 6 nm with — 0.67% strain. This unstrained well/strained barrier

combination results in strong gain in the TM mode, whilst retaining significant gain
the TE mode, as is seen in the results discussed in this chapter.

Figure 4.1 shows the complex design of the SOA structure. The structure was

grown by atmospheric pressure metallo-organic vapour phase deposition (MOVPD)
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Figure 4.1: End view of the waveguide illustrating the buried heterostructure composed
of n- and p-type material. This provides electrical and optical confinement.

Figure 4.2: Calculated field, Ez for the TM mode in the SOA waveguide.

[1]. This pattern of n- and p-type material around the active region creates a separate

confinement heterostructure [2], which provides carrier and optical confinement to the

active region. Calculations demonstrate that light at 1.56 /jm is waveguided in a single
mode by the structure illustrated in figure 4.1, with the effective refractive index of the
active region taken to be between 3.2 and 3.4 and values for the cladding between 3.5

and 3.65. For example, figure 4.2 illustrates the field, Ez for the TM mode with the
indices for core set to 3.2 and the cladding to 3.6. These calcuations were carried out

by Michael Mazilu using Femlab (aMatlab based software package).

The waveguide, including the active region, is oriented at an angle of 10°. The

purpose of this orientation, which creates angled end facets to the waveguide, is to

inhibit lasing under conditions of forward electrical bias [2]. In addition, a single layer

antireflection coating was grown on the end facets to further optimise the device as a

travelling wave SOA [3].
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Figure 4.3: Schematic of the SOA on a Kyocera submount with bonding wires

4.3 Mounting of the device

To ensure thermal stability when the device was driven with high electrical currents,

and under intense optical pumping, a brass mount was designed to hold the SOA. A
Peltier cooler, driven by a temperature controller, was sandwiched between two electri¬

cally isolated layers of the brass mount and a thermistor was located close to the device
itself. A Kyocera submount was used as the base in direct contact with the device, pro¬

viding good thermal and electrical conductivity. Bonding wires were attached to the
submount and thence to the top of the device, as illustrated schematically in figure 4.3.
The Kyocera submount was coated with thermal paste and held in place in the brass

mount by a retaining plate to ensure good thermal contact.

A factory-aligned three-block waveguide manipulator was used for coupling light
in and collimating output from the device. The brass mount, holding the SOA de¬

vice, was secured to the central block which had x and y positioning and rotation.

Microlenses, used to couple light into the waveguide and collimate the output, were

mounted on each end block, with x, y and z adjustment. This complete set-up is shown

in figure 4.4.

For some experiments the light arrived at and left from the waveguide manipulator
as a free space beam. In other cases, as illustrated in figure 4.5, mounts for FC connec-

torised fibres and fibre couplers were added to the end blocks. There remained space,

in the centre of the end blocks, for half-wave plates to adjust the linear polarisation in
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Figure 4.4: Photograph of the mounting of the SOA

and out of the device.

Fibres were used to couple light out of the device into connectorised diagnostic

equipment, for example a spectrometer, and to isolate the coupling of the light into the

device from variation in the beam direction of the light from the OPO pump source.

The length of fibre used was 1 metre or less, and the dispersive effect of the fibre

was expected to be minimal. This was confirmed by comparison of the input and

output pulse characteristics, as illustrated in figure 4.6. In addition, the fibres used

were polarisation maintaining in order that the linear polarisations of the optical beams
used would be preserved. A strong advantage of using fibres was that the coupling
of light into the waveguide was isolated from changes in the direction of the beam
from the optical source, since the coupling of light into the device was independent of
the coupling into the fibre. This was particularly important when major adjustments
were made to the OPO cavity during a series of experiments, for example to tune the

wavelength by tens of nanometres.

4.4 Coupling efficiencies

Coupling efficiencies to the SOA were estimated using the amplified spontaneous

emission to assess the coupling of light between the fibre and the active region of
the device, combined with measurements of the coupling of the source light into

the fibre, as illustrated schematically in figure 4.7. The output coupling efficiency,
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Figure 4.5: Schematic illustrating the experimental set-up for coupling into the device.
Half-wave plates mounted on the waveguide manipulator enable the angle of the linear
polarisation to be rotated with respect to the device.

Figure 4.6: Comparison of the output spectra from 1 m of fibre with the input illus¬
trating the negligible pulse shaping effect of propagation through this short length of
fibre. The small difference is attributed to jitter in the OPO pulse source.
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Figure 4.7: Schematic illustrating the manner in which the coupling efficiencies were
assessed: coupling of OPO light into one end of the fibre and ASE light from the device
into the other end of the fibre.

Vdevice-to-fibre was calculated by

Pase
Hdevice—to—fibre — T-,n

"vase
(4.1)

where POase is the optical power of the ASE measured immediately after the mi-

crolens, which collects the light from the device, and Pase is the ASE power coupled

into the fibre.

The coupling of light into the other end of the fibre, 77freespace-to-fibre was given

by
Pinfibre ,,

Vfreespace—to—fibre — pp. v+-^7
freespace

where P0freespace is the optical power of the freespace input beam e.g. from the OPO,
and Pinfibre is the power coupled into the fibre.

It was assumed that rjfibre-to-device = Vdevice-to-fibre- The total input coupling

efficiency was then given by

T]total — Vfreespace—to— fibre T)fibre—to—device (4.3)

Using a 'x 40' microlens, it was found that Vdevice-to-fibre was generally only 10%.
With vfreespace-to-fibre of ~25%, the total coupling efficiency, 77, was typically 2.5%.

Similar methods are cited in the literature (see for example [4]). However one

should add the caveat that there remains a degree of uncertainly in this measurement

due, for example, to unknown losses such as power reflected from the device. It is
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Figure 4.8: Schematic of the experimental set-up used for the measurement of the ASE
spectra

reasonable to expect that reflections from the angled-facet device are low. Nevertheless

such inherent unknowns correspond to a margin of error for all power measurements.

Extreme care was taken to optimise the alignment of coupling optics at the beginning of

experiments to minimise additional potential losses due to relaxation of optical mounts.

Under conditions of forward electrical bias the spontaneous emission in the material is

amplified. In an SOA the total amplified spontaneous emission (ASE) can be signifi¬

cant since it is cumulative along the length of the device, in this case 1 mm.

4.5.2 Experimental set-up for ASE measurements

The power of the ASE from the SOA was measured as a function of electrical bias,

where the power meter (Melles Griot, Universal Optical Power Meter with a Germa¬

nium detector head) was calibrated for a wavelength in the centre of the spectral range

of the ASE.

To measure the ASE spectra a quarter metre scanning monochromator (CV7

Digikrom DK240) and large area Germanium detector (New Focus, Model 2033) were

used, as shown schematically in figure 4.8. A polarising beamsplitter cube and a

halfwave plate were used to resolve TE and TM components of the emission.

Spectrally integrated emission

The increase in total ASE power measured as the electrical bias was ramped up as

illustrated in figure 4.9. With increasing bias the difference in TE and TM emission

4.5 Amplified Spontaneous Emission
4.5.1 ASE from an SOA

4.5.3 ASE results
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Figure 4.9: The optical power of the ASE as a function of applied electrical bias for
TE (black circles) and TM (white triangles) polarisations

grew: at a bias of 35 mA the difference is only 0.3 dBm; by 100 mA the difference has
increased to 20 dBm.

It was necessary to work in the lower range of biases for some experiments, es¬

pecially during the latter stages of the research since the longitudinal modes appeared
more strongly, perhaps due to degradation of the AR coated facets. However, in gen¬

eral, the measurements demonstrate that the device provides significant amplification

across the range of biases from 50 to 120 mA. The amount of gain imparted to an

optical field propagating through the waveguide is quantified by the results reported in

Chapter 6.

ASE spectra

Figure 4.10 shows the broad spectral range over which there was significant ASE,
from approximately 1510 to 1610 nm. The TM emission was more intense than TE
over the full spectral range, as shown in figure 4.10. At the highest biases a narrow

peak can be seen to emerge from the TM spectra. This peak is attributed to an emerging

cavity mode, and suggests that if driven to higher biases the SOA would lase. Carrier

dynamics in the presence of lasing are very different to those in a device operating
as an amplifier and consequently in pump-probe experiments (described in Chapter 7)

very high biases were avoided.
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Figure 4.10: ASE spectra for TE (solid lines) and TM (dashed lines) as a function of
electrical bias. The bias increases in steps of 10 mA from 5 mA (lowest curves) to 95
mA (highest curves)
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Figure 4.11: The wavelength of the peak of the ASE for TE and TM emission as a
function of electrical bias. The TE peak occurs at shorter wavelengths than the TM.
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For both TE and TM the ASE spectra not only grow but also move with applied

bias as figure 4.11 illustrates. The observed peak shift is towards lower wavelengths,
as the bias is increased. This effect is commonly seen and is attributed to the band

filling effect (for example, [5]). These curves indicate the degree to which the peak

gain can be tuned by setting the applied bias level.
The peaks in the ASE for TE emission occur at slightly shorter wavelengths than

for TM. This characteristic could be due to some contribution to the TE gain coming

from a relatively higher energy transition than the TM gain. Evidence of this was found
from the transmission measurements, as discussed in section 4.6.3.

For higher biases, the spectral offset between TE and TM emission reduces, and

eventually the wavelength shift in the position of the peaks seems to saturate, as ex¬

pected for band filling. Note that at high biases, when the cavity modes are appearing,

the location of the peaks in ASE are more ambiguous. Consequently the marginal

crossover of TE and TM peaks under these conditions is not regarded as significant.

4.6 CW transmission measurements

4.6.1 Amplification of CW source

Whilst ASE spectra are very readily obtained, they differ from the true gain spectra

of a device [6]. There are a variety of methods by which the gain of a material can

be determined experimentally including measurements of the spontaneous emission

perpendicular to the waveguide propagation direction (through a top contact or a trans¬

parent substrate) [7], by using a segmented contact device [8] [9], the single-pass stripe

length method [10] and the Hakki-Paoli method [11][12][13] . However these meth¬
ods depend on the fabrication of a complex structure or having multiple samples of the
same wafer differently processed: for example, before and after antireflection coating,
different lengths of waveguide and windows etched to allow ASE out of the side of the

cavity. Since such samples were not available for the SOA studied in this work, mea¬
surements of the transmission as function of wavelength, made using a CW tunable

laser, were used to obtain additional information about the gain characteristics of the

SOA.
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Figure 4.12: Schematic of the experimental set-up used for the measurement of the
CW transmission

4.6.2 Experimental set-up for transmission measurements

The laser used for the transmission experiments was a 1.5 pm tunable diode laser

(Photonetics Tunics), giving CW light from 1480 to 1580 nm. These experiments were
undertaken in the Department of Electrical and Electronic Engineering in Glasgow

University (with assistance from Marc Sorel).

The beam from the diode laser was passed through a polarising beamsplitter to

ensure clean linear polarisation characteristics of the light. The system was calibrated

as a function of wavelength in order that the data could be corrected for the sensitivity

of the detector over this wavelength range.

The experimental set-up is shown schematically in figure 4.12. The light was cou¬

pled into the SOA and collected and collimated after it by microlenses. To distinguish
the amplified throughput from the ASE signal an optical chopper was used to modu¬

late the input beam and the signal from the detector (measuring the output) was passed

to a lock-in amplifier. Wavelength scanning of the laser was driven by a LabVIEW

(National Instruments) program which also recorded the signal from the lock-in.

4.6.3 CW transmission results

The relative strength of transmission as function of wavelength for TE and TM polari¬
sations at a range of input powers is shown in figure 4.13.

The transmission spectra are consistent with ASE spectra in that maximum am¬

plification is found to occur at similar wavelengths for the same biases as illustrated
in figure 4.14. However, by contrast to the smooth ASE spectra, figure 4.13 of the
transmission spectra demonstrates that the TE gain has two peaks occurring at differ-
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Figure 4.13: Intensity of the TE (solid lines) and TM (dotted lines) transmission of a
CW beam as a function of wavelength.
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Figure 4.14: The peak of transmission and ASE spectra for both TE and TM polari¬
sations, demonstrating the consistency of the two measurements. Note that this agree¬
ment is despite the ambiguity in defining a maxima of the transmission spectra, due to
their roughness as shown in figure 4.13.
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Figure 4.15: Schematic of the band structure of the SOA unstrained well/strained bar¬
rier superlattice.

ent wavelengths whilst the TM direction has a single peak and is broad. To explain

these more detailed characteristics of the transmission measurements it is necessary to

consider the theory of optical properties of semiconductors introduced in chapter 2.

Firstly, to understand the location of features of transmission spectra in figure 4.13

as function of energy, it is necessary to consider the form of the band structure of the

SOA active layer material. As discussed in section 2.8, the tensile strain causes the

heavy and light hole bands, which are degenerate at k = 0 in the unstrained material,

to separate; the light hole is shifted up with respect to the heavy hole (see figure 2.15).

Figure 4.15 illustrates schematically the band structure of the InGaAs unstrained well

and strained barrier superlattice which constitutes the active region of the SOA. This

is based on band structure calculations carried out by Jian Zhong Zhang and Ian Gal-

braith at HeriotWatt University, Edinburgh [14]. The valence band structure from such

calculations is shown in figure 4.16 (note that the parabolic band approximation agrees

with the k.p theory around k = 0). In both cases, the energy separation between the

first light and heavy bands is predicted to be of the order of 25 meV.

Secondly, as described in section 2.7.1, the selection rules for TE and TM polar¬

isations in a quantum confined material are different. For an SOA device, in which
the propagation direction is parallel with the quantum well layers, transitions between
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Figure 4.16: Calculated valence band structure for the SOA superlattice. The dashed
curves were calculated within the parabolic band approximation; the solid curves are
from k.p theory. As a result of the strain the light hole is higher than the heavy hole
[14].

the conduction band and light hole (lh) valence band are allowed for both TE and

TM polarisations, however transitions to the heavy hole (hh) are only allowed for the
TE mode. The strength of transitions is related to the dipole moments for the given
transitions.

Figures 4.17 and 4.18 show the results of dipole moment calculations carried out

for the strained InGaAs superlattice structure of the SOA by Zhang et al. Figure 4.17

illustrates that for the TM polarisation the only strong transition is to the lh band. In

contrast, figure 4.18 shows that, around k — 0 the dipole moment for the TE polari¬

sation is strong for both the first lh and first hh bands, and even the second hh band

appears to have a non negligible transition strength. Consequently, whilst the gain in
the TM direction is dominated by lhl transitions only, the TE gain is composed from

significant contributions from both lhl and hhl transitions.

Returning to consider the transmission spectra, figure 4.13, the experimental data
is found to be consistent in the light of the transition rules and the band structure

calculations. The two peak TE transmission is attributed to contributions from the lh
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Figure 4.17: The strength of the dipole moment for the TM polarisation calculated for
an InGaAs superlattice with the same specifications as the active material of the SOA
device. This indicates that only the light hole (lh) transition is strong [14].

Figure 4.18: The strength of the dipole moment for the TE polarisation for the same
material in figure 4.17. This indicates that both heavy hole (hh) and light hole (lh)
transitions are significant [14].
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Figure 4.19: Measured transmission of a CW beam in the TE mode as a function of
photon energy. The two peaks are attributed to light hole and heavy hole transitions,
both of which are allowed for the TE polarisation.

transition and, at higher energies, the hh transition. By contrast, the single TM peak
is consistent with the single allowed transition, that involving the lh; at low biases it
is centred over the same energy range as the lower energy TE peak, also thought to be

due to the lh transition.

Note that the TM transition is a quasi Type II transition in that it occurs between

a conduction band energy level in the well and the light hole valence band due to the
barrier material. However, as discussed in section 2.6.3, the layers are very thin and

the carriers are not tightly localised. Therefore transitions can occur, as suggested by
the vertical line in figure 4.15, in the region of overlap of the wavefunctions.

Figure 4.19 illustrates the TE transmission re-plotted as a function of photon en¬

ergy. The peaks shift with electrical bias but can be estimated to occur at energies of
~ 800±5 meV and ~ 788±5 meV. This suggests a lh to hh separation of 12± 10 meV.

This is less than the value from the band structure calculations, but the agreement is

reasonable, given sources of error, including the fact that the transmission peaks move
as a function of carrier density in the device (as controlled by the applied electrical

bias). Moreover, the actual level of strain in the material may differ from the value

of — 0.67% used in the calculations. Calculated offset energies of the heavy and light

hole bands as a function of Gallium content give a difference between the heavy and

light hole energies of between zero (unstrained case) and 37 meV (for 90% Gallium)
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[15]. The energy difference determined from the transmission measurements reported

here lies well within this range.

In general these results are consistent with both theory and experimental results

published for tensile-strained MQW structures [6] [15] [16]. Specifically, Okamoto et

al. [15] report single and two peak photoluminescence curves for a tensile-strained
barrier InGaAs SOA for the orthogonal polarisations, qualitatively similar to the trans¬

mission measurements presented here.

4.7 Photo-induced voltage

4.7.1 Three regimes: absorption, transmission and gain

The ASE and transmission experiments have provided information about the strength

of the gain and how it varies as a function of wavelength and polarisation. However

it is by looking at the electrical signal across the device that it is most readily ascer¬

tained whether the active material is absorbing or amplifying. The three regimes of

absorption, transparency and gain may be defined in terms of the photo-induced volt¬

age signal, also called the bias-lead or junction voltage [17].

The photo-induced voltage is the change in the potential difference across the de¬

vice from it being in a state of quasi-equilibrium to the state imposed by an incident

optical beam. When the SOA is unbiased or biased only very slightly, an optical beam
of sufficiently short wavelength is absorbed and carriers are thereby created. This in¬

crease in carriers is observed as an increase in the voltage across the SOA. On the

contrary, at higher biases when the device is in gain, the same incident optical beam

will be amplified as it propagates through the SOA. The stimulated emission removes

carriers and as a consequence the potential difference across the device is reduced. The

point at which there is sufficient bias to achieve balancing of gain and absorption is the

transparency point [18]. At transparency there is no net increase or decrease in carrier

density, consequently this condition is indicated by the photo-induced voltage signal

being zero.
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Figure 4.20: Schematic of the experimental configuration used for the photo-induced
voltage measurements. Both CW and pulsed optical sources were used

Figure 4.21: The photo-induced voltage signal as function of applied electrical bias
for 0.7ps pulses at 1565nm. The average optical power was 12.5 /iW, corresponding
to 150 fJ pulses at the repetition rate of 82 MHz

4.7.2 Experimental set-up for voltage measurements

Electrical connections are made across the device for the purpose of applying the elec¬

trical bias. The voltage signal across these connections corresponds to the potential
difference across the device, and this signal was fed to a lock-in amplifier, triggered at

the frequency of the optical chopper. Figure 4.20 illustrates this experimental set-up.
Measurements of the photo-induced voltage signal were made as a function of

applied electrical bias and at a range ofwavelengths, using both sub-picosecond pulses
from the OPO and a CW tunable diode laser.
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Figure 4.22: Schematic of the available gain/absorption as a function of optical energy.
The curves represent different carrier densities, where the interval between them is the
same in each case. Note however that the curves are not equally spaced.

4.7.3 Photo-induced voltage with pulses
Photo-induced voltage signal as a function of bias

The change in the photo-induced voltage (AV) as the applied electrical bias was in¬

creased is illustrated in figure 4.21 for optical pulses of 0.7 ps at 1565 nm, in the
middle region of the gain spectrum. The high positive AV values at low biases corre¬

spond to the SOA being in the absorption regime; the negative values correspond the

the SOA being in gain. At 17 mA applied bias the curve, in figure 4.21, crosses zero:

the transparency point.

The change of regime from absorption into gain for a particular optical frequency

corresponds to moving from A to B along the grey line in figure 4.22. This schematic
illustrates gain/absorption as a function of photon energy at different carrier densities;

changes in carrier density in this experiment being effected by varying the electrical
bias. With the application of forward bias the effect on the conduction and valence
bands is a reduction of the offset of the levels in the p-type layer with respect to those

n-type layers (as in figure 2.3). The rapid change in AV as the bias is increased from

zero, in figure 4.21, is consistent with the small applied potential difference that is

required to reach the flat band condition. This also corresponds to the changes between
curves in moving from A to B in figure 4.22: for equal changes in carrier density, the

vertical differences between the curves become progressively smaller as the device
moves from absorbing to amplifying.
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Voltage/ V

Figure 4.23: The I-V (current-voltage) curve for the SOA device with no optical bias
(black curve) and the condition of the device induced by an incident optical field at
a wavelength central to the gain, which corresponds to an offset by AI and AV with
respect to the case of no optical bias (black diamonds).

Once the device is in gain the AV signal (in figure 4.21) becomes more negative

very gradually, tending to a minimum at a bias of around 50 mA. This can be under¬

stood with reference to figure 4.23 which shows the optically biased state with respect

to the I-V curve for the SOA in the absence of light. The effect of light is to move the

device to a state offset from the state it is in under the zero light condition. However at

higher bias levels, the no-light and optically-biased states converge. Note that the cal¬

culated offset values are approximate and only reasonable for the range over which the

I-V curve is linear, since the AI values were calculated using the measured AV (due

to the optical signal) and a resistance calculated from the slope of the linear region of
the no-light I-V curve.

Lastly, increase in AV for still higher biases (in figure 4.21) implies a reduction in
the gain under these conditions and is attributed to a longitudinal effect. The AV signal

yields a measure of the state of the SOA averaged over the device. At high electrical

biases the optical signal is sufficiently strongly amplified to itself extract the available

gain and drive the device, on average, back towards the transparency condition. This
was the first manifestation of longitudinal saturation in this SOA, a phenomena that

was subsequently investigated with counter-propagating pump-probe experiments and

simulations, reported in Chapter 7.
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Figure 4.24: The variation in electrical bias required for transparency as determined
by the zero photo-induced voltage condition is plotted as function of wavelength and
optical pulse energy

The transparency condition

The transparency point of the SOA is investigated at different positions in the gain

spectrum using pulses of different energies. Figure 4.24 shows the experimentally
determined bias at transparency for a wide range of wavelengths and as a function of
the input pulse energy.

The range of pulse energies over which data was obtained was limited by the tun¬

ing characteristics of the OPO, especially since care was taken to preserve clean pulse

profiles. It was not always possible to obtain transform-limited pulses, but the pulse du¬

ration was kept at 700± 150 fs and the spectral profile and autocorrelation of the pulses
were maintained approximately Gaussian. This was important since the behaviour of
the device can be altered significantly due changes in the input pulse characteristics

It can be seen clearly from figure 4.25 (which is composed of selected data from

figure 4.24), that the transparency bias increases as a function of pulse energy. This
is attributed to the change in carrier density caused by the optical field and appears

linear for this range of pulse energies. Kao et al. [21] also report a power dependent

transparency condition: for a MQW amplifier they observe a nonlinear increase in the

[19] [20].
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Figure 4.25: The variation in electrical bias required for transparency as shown in fig¬
ure 4.24 for just three wavelengths to highlight the change in transparency conditions
as a function of input pulse energy.

bias required for transparency which they attribute to two photon absorption (TPA).

The data presented by Kao extends to high input pulse intensities, up to 10 pJ for 0.8

ps pulses. This is significantly more than the intensities available for the measurements

presented in this thesis and it is not possible to conclude definitively whether a nonlin¬
ear change in the transparency bias indicative ofTPA would have been seen had it been

possible to use higher pulse energies. What is clear however is that that the condition

of transparency has to be defined with respect to given operating conditions. It follows
that for a bias which corresponds to a regime significantly 'into gain' for a low power

input, the SOA may provide no significant gain to a pulse with an order of magnitude

higher energy.

Figure 4.26 shows the experimentally determined transparency biases for 300 fJ

pulses at a range of wavelengths. (This corresponds to a vertical slice through the
data shown in figure 4.24.) The variation of the transparency current as a function of

wavelength is very smooth; the characteristic has even been proposed as a method of

wavelength discrimination forWDM communication systems [22].
In order to compare the data presented in figure 4.26 with theoretical calculations of

transparency it is necessary to make an estimate of the carrier density as a function of

applied electrical bias. It is very difficult to know accurately the actual carrier densities
in the SOA. Here estimations are made on the basis of a simple rate equation that

describes the evolution of the carrier density (see Chapter 5 and equations therein).
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Figure 4.26: The variation in electrical bias required for transparency increases as
function of wavelength, for a constant input pulse energy of 300 fJ.

Under steady state conditions, the relationship between carrier density and current, J,

can be expressed approximately by

JT(J)N(J) = eV
(4.4)

where e is the electronic charge and V is the volume of the active region. The current

dependent carrier recombination time, r(J), is determined empirically from a fit to

experimental measurements of gain recovery (reported in chapter 7).

Simple gain calculations were carried out based on the equations introduced in sec¬

tion 2.7.2 (for analytical expressions see for example [23], [24], [25] and references

therein). Material parameters such as the effective masses and the energy gap for the

InGaAs active layer were taken from the literature ([26], [27], [28] and references

therein). The transparency point, which corresponds to the zero crossing point of the

gain spectra as shown in figure 4.27, is ascertained for different carrier densities. The

calculated carrier density at transparency was consistent with the trend found experi¬

mentally, that is for lower frequencies (longer wavelengths) it is necessary to apply a

higher electrical bias to reach the transparency condition. This trend is understandable

as a band filling effect: the higher energy photons are able to interact with carriers
further away from band edge and consequently it is necessary to fill up more states for
the material to appear transparent.
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Figure 4.27: Transition from gain to absorption, through a transparency point for car¬
rier densities from 1.4 to 2.6 x 1018 cm-3
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Figure 4.28: Carrier density at transparency as a function of photon energy. The di¬
amonds are the experimentally determined transparency points and the curve is the
calculated density for transparency from gain curves such as those illustrated in figure
4.27
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In figure 4.28, experimental data from figure 4.26 (converted to carrier density
and photon energy) is plotted together with the theoretical values for the transparency

condition, assuming a band gap of 0.78 meV, a reasonable value for the InGaAs com¬

positions in the device. Given the many approximations, the degree of agreement
between the experimental data and the simple model is astonishing. The behaviour is

qualitatively the same and the greater steepness of the theoretical curve may be due to

differences between the material parameters used and those in the actual device with
its complicated superlattice structure.

4.7.4 Photo-induced voltage with CW light

It was difficult to build up a three dimensional data set of the photo-induced voltage as

a function of bias and photon energy with the pulsed source, since the OPO had to be

tuned manually to different wavelengths. By contrast, this could be readily achieved

with a tunable CW source. Figure 4.29 (a) and (b) illustrate the photo-induced voltage

(AV) as a function of applied electrical bias and wavelength of the optical field, for

TM and TE polarisations respectively.

For the lowest biases, the device is absorbing or provides negligible gain

(red/orange); at higher biases the device moves progressively further into the gain

regime, AV moves to more negative values and correspondingly the surface curves

downwards (yellow to blue). The largest magnitude AV (most negative values) occurs

for the highest biases, as would be expected, and around 1560 nm, corresponding to

the spectral region of peak gain. At the longest wavelengths for which measurements

were taken, the AV starts to decrease. Indeed it would be expected that the photo-

induced signal would reduce in magnitude as the photon energy approached the band

edge; unfortunately it was not possible to tune the laser to still longer wavelengths to

clearly demonstrate this.

These 3-D plots illustrate how the voltage across the device is a guide to how al¬

tering conditions moves the state of the SOA through the wide parameter space of

gain/absorption as a function of bias, optical wavelength and polarisation; this is espe¬

cially the case in the region near transparency. Note however that two peaks found in

the TE transmission spectra are not found in TE voltage signal. This is attributed to
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Figure 4.29: The photo-induced voltage signal induced by a CW optical field in (a) the
TM and (b) the TE mode as a function of optical wavelength and electrical bias. The
maximum magnitude of signal (minimum of the surface) occurs for the highest biases
and wavelengths in the region of 1560 nm for both TM and TE. However the magnitude
of signal is larger (more negative) for TM, corresponding to the larger available gain
for this mode.
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Figure 4.30: Transmission spectra measured for (a) angled-facet travelling wave SOA
(the device focused on in this project) and (c) an AR coated laser. The photo-induced
voltage spectra, for the two devices respectively, are shown in (b) and (d).

the nonlinearity of the photo-induced voltage (for example, as demonstrated in figure

4.21): once the device is in gain AV does not vary in magnitude over a wide range so

it is understandable that the details of changes in gain with wavelength are obscured.

4.8 Oscillations in the spectra

As discussed in section 2.2, if no efforts are made to minimise feedback, SOAs demon¬

strate Fabry-Perot resonances. By contrast, travelling-wave amplifiers (TWA) have

angled facets as well as (or instead of) antireflection (AR) coatings to minimise reflec¬

tions. However, either due to residual reflections or even internal reflections, there may

be ripples in the gain of so-called TWAs.

Figure 4.30 shows the transmission through a device in which feedback has been

successfully suppressed (a) and one in which the Fabry-Perot resonances are still sig¬

nificantly modulating the transmission (c): the first was designed as a travelling wave
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Figure 4.31: Transmission (a) and photo-induced voltage (b) of the travelling wave
SOA as a function of wavelength with a step size of 0.05 nm

SOA, the second is an anti-reflecction (AR) coated laser. The difference is more vividly

illustrated by comparison of figure 4.30 (b) and (d) which show the photo-induced volt¬

age measurements for the same pair of devices. In the case of the AR coated laser the
modulation is very deep, by contrast with the angle-faceted and AR coated SOA de¬
vice.

The length, L, of the cavity giving the resonances is given by

where Am = mi — is the number of modes between wavelengths Ax and A2 and

rii is the effective index at those wavelengths [12]. The data in the 1.5 /xm region,

shown in (a) in figure 4.30 pertains to the device that is the focus of this thesis. Since
it is optimised as an SOA, the observed ripples are small and it is difficult to read the
location of the maxima directly from these graphs, in which the step size used for the
scan was 1 nm. To obtain greater accuracy additional wavelength scans were taken of
both transmission and photo-induced voltage with progressively smaller step sizes. In
the AV scans with a step size of 0.05 nm, shown in figure 4.31, ripples visible on the

long step size scans were clearly resolved, however a shorter period oscillation also
became visible. Consequently short scans were taken using even smaller step sizes.

Figure 4.32, illustrates oscillations in the AV signal over a very small portion of the

spectrum using a step size of 0.02 nm.

Am
(4.5)
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Figure 4.32: Transmission (a) and photo-induced voltage (b) of the travelling wave
SOA as a function of wavelength with a step size of 0.02 nm

Periods of these oscillations can be measured off the graphs. However, since the

strength of the resonances are weak and there appear to be two periods superimposed,
the data was Fast Fourier Transformed to identify the frequencies. The change in the

period with wavelength can be assumed to be small across this narrow range and the
slow overall curvature of the spectra falls at low frequencies (near zero). Peaks are

found which correspond to wavelength intervals AA = A2 — Ai, of 0.34±0.05 nm and

3.44 ± 0.05 nm.

With some assumptions, equation 4.5 can be used to calculate the lengths of the

cavity responsible for the resonances from the wavelength intervals. It is assumed that
for such a small wavelength range AiA2 ~ A^id where \mid is the central wavelength
of the data range. Also n\ — n2 with n between 3.17 and 3.57 (reasonable values for
a range of compositions of materials from InGaAsP to InGaAs and InP [28]). Using
these approximations, values of L obtained from the frequencies found by Fourier

transforming the data are 1080 ± 200 nm and 104 ± 10 nm; calculations using the

periods directly off the graphs also give cavity lengths which fall within this range.

The longer cavity, derived from the short period resonance, can be attributed to the

length of the device which is nominally 1 mm (noting that since the waveguide is

diagonal across the chip any geometrical correction to the optical path length would

yield a slightly longer length by a few percent).
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The strength of these oscillations due to the SOA cavity is so weak that they can

not be used as a means of quantifying the refractive index changes, due to changes in

carrier density imposed by current injection, a technique commonly used with Fabry-
Perot amplifiers [12] [29]. However, more importantly, it is clear that the measures

taken to reduce feedback from the natural cavity of the chip itself, namely angling the

waveguide and additionally applying antireflection coatings have been very successful,
at least for bias levels up to about 100 mA.

The origin of the longer period oscillation is less clear. The depth of this oscillation

does not appear to increase proportionally with electrical bias, which suggests that it is

due to a cavity external to the active region. Further spectral scans of the power, taken
in the absence of the device, also manifested this slow oscillation. These confirmed that

it is not a feature of the device and it is attributed to multiple reflections in the optical

set-up. Correction of the data using these power scans does not render the curves

completely smooth, but has some effect on reducing the amplitude of the oscillations

(this processing was carried out on the data shown in figure 4.13).

The strength of the oscillations in the AV signal, shown in figures 4.31 and 4.32,

illustrates the greater sensitivity ofphoto-induced voltage measurements to resonances,

compared to the transmission, under the same conditions, and the ASE spectra. Since

the gain ripples can seriously degrade the functioning of SOAs in high speed operation

(see for example the analysis in [30]), an additional conclusion is that in assessing the

characteristics of an SOA it is useful to measure not just ASE and transmission spectra

but also photo-induced voltage spectra.

4.9 Summary

In this chapter, spectral measurements that demonstrate the broad gain spectrum of the
SOA stretching from below 1520 to beyond 1600 nm have been presented. The total

gain is higher in the TM than the TE direction of polarisation. This difference diverges

rapidly for biases in excess of 100 mA. Moreover, at higher biases the gain increases

strongly at certain wavelengths, suggesting that it was nearing the threshold for lasing.

Consequently the optimum range of biases for this device ranges from about 50 mA to
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100 mA, and accordingly this range was used for most of the measurements reported

in later chapters.

Whilst the TM gain appeared smooth, the nature of the TE transmission spectra

suggested that it has contributions from more than one optical transition. Band struc¬

ture and dipole moment calculations of the InGaAs superlattice active material support
the conclusion that the TE gain originates from interband transitions involving both

the light and heavy hole valance bands. On the other hand, consistent with selection

rules, the only strong transition for the TM mode is between the conduction band and

the light hole band.

Also in this chapter, results from measurements of the photo-induced voltage across

the SOA circuitry by both ultrashort pulses and CW light has been reported. It is

demonstrated to be a very sensitive technique for assessing changes in the state of the

SOA as bias conditions are changed. It is clear that the SOA is most readily biased into

gain, requiring the lowest level of electrical injection to cross the transparency point, at

larger photon energies i.e. short wavelengths. Also the turn over of the photo-induced

voltage signal was an early indication of how readily the gain of the SOA could be

saturated by sub-picosecond pulses; gain saturation in this device was subsequently

investigated extensively as reported in Chapters 6 and 7.
In particular, the combination of spectral and photo-induced voltage results, pre¬

sented in this chapter, have demonstrated that oscillations in the gain as a function of

wavelength were small, over a moderate range of electrical biases (from ~20 to 100

mA). Such oscillations are a signature of feedback due to surface reflections from the

waveguide facets; their absence confirmed that the SOA was operating as a travelling

wave amplifier.
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Chapter 5

Modelling the SOA dynamics

5.1 Introduction

The SOA behaviour is highly complex and is sensitively dependent on a vast range of
factors: from precise material composition to the intensity of an incident optical field.
It is therefore instructive to explore the effects of varying given parameters within the

confines of a model.

In this chapter, different approaches to modelling the SOA are discussed. Various

types of model, with different structures and input parameters, prove to be useful for

investigating different questions. The development of two versions of a phenomeno-

logical, rate equation based description of the SOA is outlined. The former serves to

introduce the dynamic behaviour of the device; the latter version was designed to assist
with the interpretation of the experimental data and can be readily extended to include
ultrafast gain dynamics. The results of some calculations from the modelling are pre¬

sented in this chapter; others are deferred to later chapters for discussion along with

experimental results.

5.2 Different approaches: what is the model for?

Underlying the SOA interaction with light are the optical properties of its constituent
materials, InGaAs and InP. The characteristics of bulk compounds such as these, and in

general the changes of their properties with parameters such as temperature and optical

wavelength, are known following research over several decades (see for example, [1]

[2] [3]). However, as emphasised in Chapters 2 and 4, the SOA is not just composed of
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bulk material, rather it is a precisely engineered 3-D waveguide structure with a super-

lattice active region and it is a device that is electrically biased into gain. Moreover the

properties are changing dynamically due to fluctuations in the carrier population and,
the device being a waveguide, propagation effects are important. For these reasons, the
behaviour manifested by the SOA is highly complex.

One approach to understanding the interaction of a semiconductor device with light
is to start from a many-body description of the active material and calculate the effect

of an electro-magnetic wave propagating through it [4], In connection with the work

reported in this thesis, a collaboration has been developed with Jian Zhong Zhang,
Javier Molina Vazquez and Ian Galbraith, at HeriotWatt University. Zhang et al. have
been developing a many-body approach to modelling an SOA. Some results of the

initial calculations, shown in Chapter 4 (figures 4.16, 4.17 and 4.18), have proved use¬

ful in interpreting experimentally determined spectra, i.e. static characteristics of the

device [5]. Linear and nonlinear propagation in the superlattice (in one dimension)

are being simulated and other results are pending [6]. Comparing experimental mea¬

surements with the results of many-body models is important, to test the consistency

of explanations given for observations against the predictions of theory describing the

way fundamental processes are believed to be manifested. However a many-body de¬

scription of the SOA is beyond the scope of this thesis.

At the other extreme, models can focus on calculating the propagation of an optical

field in a given 3-D waveguide (for example, [7]). Such models are particularly valu¬

able for designing the device structure when, for example, fine tuning the geometry is

of prime importance. In this case, steady state solutions to equations describing the

electro-magnetic field in the waveguide may be satisfactory. On the other hand, in the

research reported in this thesis, dynamics are of key interest.

The approach to modelling the SOA adopted for this thesis was based on rate equa¬

tions that describe the dynamics phenomenologically. This modelling was intended to

assist with the understanding and analysis of experimental data; simplifying assump¬

tions, justified for the conditions under consideration, have been made, and it is not

claimed that the description of the SOA is theoretically complete.
In general, rate equation type descriptions of semiconductor carrier dynamics can
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be derived from semiclassical density matrix equations [8]. Such density matrix equa¬

tions are themselves obtained from treating the semiconductor as an inhomogeneously

broadened set of two-level systems (see for example, [9][10]). The evolution of the car¬

rier populations towards Fermi distributions is accounted for by modifying the equa¬

tions to include phenomenological time constants. This is valid so long as the devi¬

ations from the Fermi distribution are not too large, and results in a problem much

simpler than a full many-body description [11]. However the solution of the full set of

density matrix equations is still difficult and is beyond the scope of this thesis.

In particular, further simplifications are necessary to reach the concept of material

gain. By assuming that the polarisation dephasing time (~50 fs) is much shorter than

the pulse width, the off-diagonal elements in the matrices corresponding to atomic

polarisation can be eliminated adiabatically [12], This is reasonable since in all the

experiments detailed in this report, the pulses used had temporal durations of 350 fs or

longer. Also in the pump-probe experiments for which multiple pulse trains were used,

all the input pulses were from the same optical pulse source and so were centred on

the same wavelength. Since they therefore interact with the same carrier population,

further levels of simplification are justified. Rate equations for the carrier densities

can be obtained by summing over the diagonal elements in the density matrices which

correspond to transition energies in the region around the relevant photon energy [11],

Note that in this description of the SOA gain dynamics, any coherent interaction

between beams is neglected. The so-called coherent artifact between pump and probe

beams, when they overlap temporally, is negligible for beams of the same polarisa¬
tion [12]. In the experiments with multiple beams reported in this thesis orthogonal

polarisations were used. Under real experimental conditions, linear polarisations tend

to be marginally elliptical, due to imperfections in optical elements. Nevertheless, the
'leaked' collinear components of pump and probe were weak. Moreover, any coherent

artifact overlaps with ultrafast dynamics around zero delay, and along with spectral

hole burning would require a temporal resolution far higher than was available in the

experiments detailed in subsequent chapters [13].

It is assumed that the amplitude gain and refractive index changes in the material
are largely due to electron dynamics (equivalent to assuming that the electron and
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hole dynamics are the same). The equations describing carrier dynamics are therefore

implemented only for conduction band electrons.

If the dynamics of the occupation probabilities, from the full density matrices,

are retained the description includes ultrafast dynamics, such as carrier heating [12].

It is density matrix calculations of this form that support the way in which ultrafast

dynamics are included in the second version of rate equation based model, described

in this chapter, which is referred to as the sliced-propagation model.

5.3 A tale of two versions

The model has been implemented in two stages. Firstly, the set of rate equations de¬

scribing the evolution of the electric field (amplitude and phase) and the carrier popu¬

lation were defined. Solutions to this set of equations enabled the depletion of the gain

and concomitant amplification of the field with propagation to be investigated. The

evolution of the state of the SOA was simulated under conditions that corresponded

to those that can be used for interferometric switching. Single pulses and pulse trains

at variable repetition rates can readily be implemented. This version of the model

was used to explore the behaviour of the equations with realistic values for the input

parameters.

Secondly, a sliced propagation model, based on the rate equation description of the

SOA, was developed. With this structure ofmodel, detailed in section 5.6, the solutions

are not sought to the full set of differential equations, rather they are used to formulate
difference equations. The SOA is sliced into sections perpendicular to the direction of

propagation, and the evolution of the carrier population and optical field are calculated

iteratively. This facilitates the calculation of the evolution of pulses propagating in
both directions, which is important for the evaluation of the SOA's properties in the

context of proposed applications. For example in the TOAD interferometric switch

(described in section 1.2.3), one half of the optical signal propagates through the SOA
in the same direction as an intense control signal and the other half of the signal propa¬

gates in the opposite sense. There is a clear difference in dynamics observed with these
co- and counter-propagating pulses and it has a significant impact on switching. This
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Parameter Typical value Units Description
J 100 mA Electrical bias current

0.75 — Current efficiency
®int 15 cm-1 Internal loss
r 0.3 — Optical confinement factor
a 0.2 p,m? Active cross-sectional area

L 1000 1im Length of device
Ntr lel8 cm"3 Transparency carrier density
TN 500 ps Slow time constant

dN Ntr
2.4e-16 cm2 Differential gain

dn
dN nn

-2e-20 cm3 Differential index

ESatN 2 pj Slow saturation energy

Table 5.1: Input parameters for rate equations

issue is further discussed later in this chapter and along with relevant results in subse¬

quent chapters. In addition to assisting with the analysis of gain dynamics observed

with counter-propagating pulses, the sliced-propagation model is readily extended to

include the effects of ultrafast dynamics with those dynamics being described by phys¬

ically meaningful parameters, time constants and saturation energies.

The definition of the equations and the implementation of the model in Mathemat-
ica was carried out in collaboration with Michael Mazilu. Both versions of model

operate in one dimension only. In the limit of small slices, the results arrived at by

the two methods should be equivalent. Indeed comparison of results from the iterative

calculations with the solution of the simultaneous equations supports the validity of

the iterative method.

5.4 Introducing the rate equations
5.4.1 The basic set of rate equations

The rate of change of carrier density, in the SOA is defined as

= ( } r |2
ot eaL tn riujo

where tn is the time constant governing the recovery of carrier density following pop¬

ulation depletion and gN is the carrier density dependent gain described by

dg
9NM = dN (.N(z,t)-Ntr) (5.2)

Ntr
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where §§ is the differential carrier density dependent gain with respect to the car-
Ntr

rier density at transparency, Ntr and other parameters are as defined in table 5.1 (see

section 5.7 for discussion of the choice of input parameters).

The first term of equation 5.1 describes the increase in carrier density from current

injection (where e is electronic charge). This increase in carriers is always balanced

by recombination of the carriers, described by the second term. Finally, the last term
accounts for the interaction of the optical field, A(t), with the carrier population.

Under conditions of gain, the usual mode of operation of the SOA, the carrier

density is higher than its value at transparency, Ntr. Therefore N(z, t) — Ntr is positive
and it follows that an optical field (with photon energies within the gain bandwidth)

depletes the conduction band carrier population, by stimulating photon emission. On

travelling through the device such an optical field is amplified.

To describe the propagation of an optical field through the SOA, knowledge of the
refractive index of the material is also required, and it does not have a constant value

since there are index changes concomitant with the carrier dynamics. The refractive
index is taken to be of the form n(z, t) — n0 + An(z, t) (as in equation 1.24) where n0

is the background index at carrier equilibrium and the change in index due to dynamic

changes in the carrier population is given by

, / dnA»(*,*)= M AN (5.3)
no

where 4% is the refractive index change per carrier pair [14].°I no <-

For interferometric applications the changes in the phase of the optical field that

result from this refractive index change are of critical importance. It is therefore nec¬

essary to consider a complex optical field. However, separate rate equations can be
written for the evolution of the amplitude and phase [15]. A propagation equation for
the amplitude of the field can be defined as follows

oz c at

where A(z, t) = \f~P, with P being the optical power in the mode, and internal device
losses, accounted for by aint, balance the gain, g. A corresponding equation describing
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the evolution of the phase can be written in the following form

dcj)(z,t) n(z,t) dcp(z,t) dn (N(z,t) — No)
dz ' c dt = <9iV c

no

(5.5)

As a first approximation it is assumed that the gain changes are due solely to

changes in the carrier population (the addition of other gain dynamics is discussed

subsequently). It follows that

With this assumption, equations 5.1, 5.4 and 5.5 taken simultaneously form a complete
set describing the interaction of optical pulses with the SOA active material.

5.4.2 Implementing the rate equation model

For use in a computer model, these equations were re-expressed in a simpler form
which was arrived at by

• converting all parameters to appropriate units (ps, jum, pJ etc.) such that the

numbers were computationally manageable

• normalising the parameters with respect to the saturation energy, EsatN

• making a transformation into the moving frame of the pulse.

This latter simplification, the change of frame of reference, is equivalent to assum¬

ing that the pulse is stationary and has the effect of eliminating the explicit dependence
of the pulse amplitude and phase on time. Running the model in this moving frame
was computationally easier, and the results were readily transformed to the dynamics

that would be seen by a stationary observer, i.e. such that the pulse appears to take a

finite time to propagate through the device. This transformation is effected by a change
of variables as follows

where t is 'real time' and t' is the time in the frame moving with the pulse.

The numerical method used for computation is Runge-Kutta over z (space) and

then incrementing, by a two point finite difference method, through time. The results

g = 9N (5.6)

function(z, t) —> function(z, t') where t' = t + zn/c (5.7)
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Figure 5.1: The calculated depletion of the carrier population by an intense pulse and
subsequent recovery of the density towards its equilibrium value.

from this calculation were compared with the alternative procedure, that is applying

Runge-Kutta to calculate over t and then incrementing over z. The maximum differ¬

ence between the results by these two routes was less than 2% confirming the validity

of the calculation method.

5.5 Results from solving the rate equations
5.5.1 Interband recombination

Figure 5.1 illustrates the evolution of carrier density due to the arrival of an intense

pulse calculated using the set of simultaneous rate equations. The turn on of the carrier

change is rapid, following the pulse profile; the exponential recovery is slow, governed

by the time constant, tn • Typically tn in forward-biased SOAs is hundreds of picosec¬
onds or less, much faster than the spontaneous emission lifetime of the material, due to

carrier injection. Chapter 7 details the experimental measurement of the characteristic

recovery of the SOA studied as a function of electrical bias.

5.5.2 A quasi-equilibrium regime

The evolution of the carrier density towards a quasi-equilibrium regime, due to a train

of pulses, is illustrated in figure 5.2. The carrier density recovers between pulses but
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Figure 5.2: The carrier density changes calculated for a train of intense pulses, with
the period between them being shorter than the time recovered for full recovery of the
carrier population to the initial equilibrium value. Instead the carrier density settles to
a quasi-equilibrium value at which the amount of carrier depletion caused by one pulse
matches the carrier recovery achieved before the next pulse arrives.

Figure 5.3: The calculated amplitude of output from a train of low intensity input
pulses which arrive at the device relatively delayed by 15 ps but at the same repetition
rate as the train of pulses causing the carrier density changes plotted in figure 5.2.
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never to the initial equilibrium value since the interval between pulses is less than

the device recovery time. Initially, the magnitude of the depletion effected by each

pulse exceeds the degree of recovery between pulses; the carrier density is therefore

successively depleted. However from the fourth pulse onwards, the amount of re¬

covery exactly matches the amount of depletion i.e. the carrier population oscillates
within a fixed range. This quasi stable mode of operation is what is meant by a quasi-

equilibrium regime.
The pulse train effecting this depletion corresponds to the control pulse in an inter-

ferometric switch such as the TOAD (detailed in section 1.2.3). For the signal, a second

train of pulses is required at the same clock rate but sufficiently low input intensity that
the pulses do not induce significant changes in the carrier density.

During the initial stabilisation period, en route to quasi-equilibrium, the gain avail¬

able in the SOA immediately following each intense pulse is successively reduced,

eventually settling to a fixed value. Figure 5.3 shows this trend manifested in modu¬

lation in the output intensity of the train of weak pulses that follow the intense pulse

train through the device. Each successive pulse experiences less gain, with the output

intensity settling to a fixed value after the third pulse.
The establishment of a quasi-equilibrium can be effected by a low repetition rate

pulse train with high energy in each pulse or, equivalently, by a high repetition rate

pulse train whilst retaining low energy per pulse. The latter being exactly the con¬

ditions desirable for optical network applications i.e. high line rates and low optical

powers to avoid nonlinearities in transmission. The process of establishing a quasi-

equilibrium and the associated amplitude modulation lasts only as long as it would

take for the device to fully recover. Instead of limiting the maximum repetition rate of

operation, as would be the case if the device needed to recover fully between switch¬

ing events, the slow gain recovery dynamic only limits the turn on time for optimum

switching.
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5.6 Definition of the sliced propagation equations
5.6.1 The simplest equations - interband transitions only

The expression used in the sliced-propagation model to relate gain changes to carrier

population changes is derived from a rate equation describing the evolution of the car¬

rier population, of the form of equation 5.1. The assumption that the carrier density

dependent gain can be expressed in the form of equation 5.2 continues to apply. In¬

serting equation 5.2 into the rate equation for carrier density, equation 5.1, yields an

expression for the rate of change of carrier density dependent gain,^ of the form
dgN

_ go -9n
_ „ \A\2

r\, g 771 \
Ot Tm &satN

The slow saturation energy, EsatN, due to saturation of such carrier density changes
is given by

_ kujcr
EsatN — j (5-9)

SN\Ntr
The magnitude of the phase shifts associated with carrier density dependent gain

changes may be calculated through use of the a-parameter, the ratio of the rates of

change of the real and the imaginary susceptibilities (equation 2.34). It is thereby

possible to describe the carrier density dependent phase changes over distance A/ with
an expression of the form

A(p = —-a^gN Al (5.10)

This relates phase changes directly to gain changes instead of to carrier density changes
via refractive index changes quantified by the parameter (as in equation 5.3).

Considering only gain changes due to interband transitions g^ is the only contri¬
bution to the total gain, g i.e. at this stage it is assumed that equation 5.6 is still true.
However the form of equations 5.6 and 5.10 are readily extendable to account for am¬

plitude gain and phase changes due to processes other than interband carrier transitions
- as is demonstrated later in this chapter.

For propagation through a small slice of the SOA, of thickness AI, it is assumed
that the output amplitude, Aout is given by

Aout ~ Ainexp((Tg(zi,t) ~ aint + iTA0(^,f)) Al) (5.11)

where Zi is the position of the ith slice.
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5.6.2 Implementing the iterative calculations

Equations 5.6, 5.8, 5.10 and 5.11 constitute the sliced model in its simplest form,
with gain amplitude and phase changes being due only to interband transitions. These

equations enable the evolution of the optical field on propagation through the long SOA

waveguide to be calculated iteratively.
The gain in each slice is initialised at its equilibrium value and a Gaussian pulse

is incident on the first slice. The change in the complex gain of this first slice, due

to the passing of the input pulse, is calculated using equations 5.6, 5.8 and 5.10. The

output on the far side of the slice, of width dl, is then calculated using equation 5.11.
The output becomes the input to the next slice. This process is repeated to accumulate

propagation through the full length of the device. At any later time the complex gain
can also be calculated as the gain at the level it is immediately after the pulse passed,

modified by the degree to which is would have recovered during the time which has

elapsed since the optical field passed.

By introducing relative time delays, one or more additional optical pulses can be

arranged to be incident on the device at any time with respect to this first field. In the

case that these subsequent pulses are sufficiently weak (probes) that it can be assumed

that they do not themselves modify the gain, their evolution on propagating through
the SOA can be rapidly calculated. What is more, with this iterative model structure,

it is no more difficult to implement the calculations for this weak pulse propagating in

the opposite direction, through the stack of slices, to the initial, gain-change inducing

pulse, than it is to calculate for both fields co-propagating.

5.6.3 Including ultrafast dynamics
Contribution of different ultrafast processes

The equations presented so far in this chapter introduce the structure of the model, but
include no ultrafast dynamics. To date, as described in the next part of this chapter,
the model has been developed such that the effects of the ultrafast dynamics of carrier

heating (CH), spectral hole burning (SHB) and two-photon absorption (TPA) can be

considered. These processes are all of interest when discussing the behaviour of the
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SOA on which this study focuses for the following reasons.

Pump-probe transmission measurements, reported in Chapter 7, manifest an ul-

trafast dynamic gain change with the characteristics consistent with CH; the ultrafast

dynamic adds to that induced by carrier density changes and occurs on a time scale of
a few picoseconds. Consideration of the order of magnitude of time constant associ¬
ated with SHB (150 fs), with respect to the duration of pulses used in the experimental

work reported (~700 fs), would suggest that it would not be strongly manifested [16].

Indeed no clear signature of SHB is observed with even the shortest pulses used in the

experiments reported in this thesis (350 fs). It is, nevertheless, interesting to explore

the effect of an additional ultrafast dynamic with the characteristics of SHB, since it
has been suggested in the literature that a full understanding of the dynamics associated

with any pulses shorter than 10 ps may require the inclusion of SHB [17]. This is borne

out by the calculations of gain saturation, reported in Chapter 6. Lastly, experimental

results do not prove the role of TPA. However pulse energy dependent transparency

characteristics (reported in section 4.7.3) have previously been associated with TPA in

SOAs [18]. In addition, the strength of the ultrafast pump-probe transmission change

suggests that TPA may be significant in the device studied.

In practice, since the characteristic contributions of SHB and TPA with this device

have not been determined by experiments as yet, the model was generally run with

a single ultrafast dynamic, with the characteristics of carrier heating. SHB and TPA

were included to observe their effect and some examples of their potential influence on

gain dynamics are presented.

Amplitude gain changes

These ultrafast processes which alter the gain are added as additional terms to equation

5.6. Carrier heating (CH) and spectral hole burning (SHB) do not actually change
the number of carriers, rather they redistribute the population, potentially removing

carriers from the gain region accessible by the optical field under consideration. Hence

the contribution of these processes can be thought of through the concept of virtual

populations, which deplete or supplement the gain with respect to the contribution

from the real carrier population density. TPA directly reduces the available gain if it

144



Tt 1.2 ps CH time constant

tshb 0.2 ps SHB time constant

EsatT 0.5 pj CH saturation energy
EsatSHB 0.15 pj SHB saturation energy
ptpa 75 cmgw-1 TPA coefficient

Q:jv 8 — Slow a-parameter
o/.t 2 — CH a-parameter

OtSHB 0.1 — SHB cc-parameter
oltpa -2 — TPA cc-parameter

Table 5.2: Supplementary input parameters required for the sliced-propagation model.
As discussed in section 5.7, where possible parameters were determined from experi¬
ments, e.g. tt\ other values were taken from the literature.)

occurs in the active region of the device. The input parameters required to describe

these ultrafast dynamics are listed in table 5.2.

Including ultrafast effects, the total gain in the SOA may be defined as

9 = 9n + 9t + 9shb + 9tpa (5.12)

where gt, 9shb and grpa are additional contributions due to the processes of carrier

heating, spectral hole burning and two-photon absorption, respectively [12] [19] [20].

An expression to describe the evolution of the carrier heating contribution to the

gain is found by a method parallel to the derivation of the expression for the carrier

density gain (outlined above). Specifically, the carrier temperature gain, gt, is taken to

be given by

9T=% (5-13)
tl

where tl is the equilibrium temperature of the lattice. This expression is inserted into
a rate equation for carrier temperature, of the form

dt t — tl (dts
dt tt \du

du
crfcanhu) + ( - ec M (5,4)

nua

where uc is the carrier energy density [19]. The three terms in the square brackets
account for mechanisms by which the temperature of the carriers may be increased:

free carrier absorption (through the coefficient <7/ca), hot injected carriers (|^) and
stimulated emission taken to occur at band edge (Ec).

This yields an expression for the change in the carrier temperature dependent gain,
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^ of the form
(5.15)

dt tt EsatT

where a temperature saturation energy, Esatt is defined as

huoag
r w~\uc + (fv ~ Eo) 9]

A similar approach is taken to introducing dynamic gain changes due to the redis¬

tribution of carriers by spectral hole burning (SHB). The change of SHB dependent

gain is expressed as
dgsHB

_ 9SHB
_ \A\2

dt TSHB ^ EsatSHB
Note that the SHB saturation energy, EsatsHB would be expected to be wavelength

dependent, tending to zero at transparency; it is given values from the literature which
have been determined by experiments.

The effect on the gain of two-photon absorption is through the absorption of pho¬
tons from the optical field propagating through the SOA. The resultant reduction in the

gain is instantaneous and is proportional to the two-photon coefficient, firpa and the

square of the optical field. Hence it is reasonable to express the change in gain due to

TPA as

gTPA = -^A\A\2 (5.18)
<7

Refractive index and phase changes

To describe the relationship between changes in index and gain due to these ultrafast

processes further a-parameters are used. For carrier heating, a temperature parameter,

ax, has been defined (see for example [16] [21] [22])

47r dn/dT
oit = — (5.19)

Tl
A dg/dT

Values of aT quoted in the literature are of a similar order ofmagnitude to aN, 1.9 to 3

[16] [23]. In the same way phase changes due to SHB can be quantified with an SHB

a-parameter, with clshb <1, to account for its weak contribution to refractive index

dynamics [19].
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To account for the relative changes due to TPA, an oltpa is defined as

aTPA = ^-^L- (5.20)a ptpa

where n2i is the coefficient for the intensity dependent refractive index change (dis¬
cussed in section 2.9.2).

The total phase change is given by A<f> = ~^An where the change in index, An
is given by the sum of the contributions from carrier population changes, CH, SHB

and TPA. Substituting for An in terms of the gain factors and a-parameters, yields an

expression for the phase change over distance Al as a function of the different gain

changes

A4> = — ^ (aN9N + OLtQt + asHBdSHB + OITPAQTBA) A/ (5.21)

5.7 Defining the input parameters

For the results of calculations from the model to be a useful aid in interpreting the

experimental results, it was important to tie the behaviour of the model to experimental
observations. As outlined in this section, measured values for time constants and small

signal gain were used to determine reasonable values for associated input parameters.

The magnitude of the unsaturated gain and the input for which this gain was reduced

by 3 dB, with CW light and with pulses, were used to calibrate the powers/energies in

the model.

The a-parameters were not measured, but the values used in the model were ad¬

justed within the range of values reported in the literature for this type of SOA, to give

a ratio between the magnitude of the ultrafast and slow dynamics which corresponded
to that observed experimentally. Other input parameters were given values appropri¬

ate for an SOA with an active region consisting of MQWs, or a superlattice where

available, taken from the literature (including [12][14][19] [24][25][26][27] [28][29]).

5.7.1 Time constants

As described in Chapter 2, the rate of carrier recombination in a semiconductor is the
sum of contributions from radiative and non-radiative process, but it is reasonable to

consider that in an SOA biased into gain the dominant process is Auger recombination.
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However, as reported in Chapter 7, this assumption is found to break down at high
biases.

Consequently the value of the slow time constant, r^ for different biases is ascer¬

tained by fitting curves to the gain recovery observed in the pump-probe experiments.
An important caveat is that this was only possible over the parameter range corre¬

sponding to the experimental conditions for which experiments had been conducted.
However this was not problematically restrictive since the model is being used to ex¬

plore the dynamics associated with these same experimental conditions.
It also appeared from experiments that the fast time constant varies with bias cur¬

rent: contrary to the slow recovery by recombination, the experimental results suggest

that the rate of ultrafast recovery increases with bias. However the data is not conclu¬

sive, and in the modelling the ultrafast time constants are kept fixed. Specifically, tt is

given the average value from fits to the pump-probe data, 1.2 fs, and t$hb is set at 200

fs, which is reasonable given the range of values reported in the literature [19] [28].

5.7.2 Unsaturated gain as a function of current

Under steady state conditions and with no perturbing field (i.e. A = 0) equation 5.1

leads to the definition of an equilibrium carrier density, No of the form

N0 = (5.22)
qaL

It follows that unsaturated gain, g0, the so-called small signal gain, can be expressed as

dg
90 8N

n <*>-*•)-&Ntr
(—t- - Ntr) (5.23)

Ntr WL
This expression would result in an increase in the small signal gain value that is linear
with current, if it were not for the fact that recovery governed by rjv is not constant: at

higher currents the gain recovery is faster and the increase in g0 saturates.

It was decided to describe the small signal gain as a function of current by an

empirical equation of the form

JsNtr dg
go =

Ntr 7TX (5'24)Jtr ON

where Jtr, the current for which g0 = 0, and Js, the turn over point for the saturation,

are determined by fits to experimental measurements of small signal gain.
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Figure 5.4: The SOA small signal gain as a function of current of the form given by
the empirical expression in equation 5.24.

From measurements at several different wavelengths, Js was found to be approx¬

imately 180 mA, and Jtr approximately 40 mA. This is consistent with the trend in

magnitude of transmission changes observed with pump-probe measurements (section

7.4.1). However, in both cases the transparency current differs from the (lower) values

found by the dV measurements (reported in Chapter 4). The apparent discrepancy is
attributed to the fact that the gain and transmission measurements both include losses
the optical field experiences on coupling and propagation through the device (aint).

That is, the transparency currents (~10 to 25 mA) found from the dV measurements

do indeed put the material into a state of gain, however the amplification of the optical
field at levels of bias just above this material transparency are insufficient to overcome

the waveguide losses. Figure 5.4 illustrates the total small signal gain of the SOA

device as function of bias, including the waveguide losses, as given by equation 5.24.

5.7.3 Gain saturation as a function of the optical field

As discussed more extensively in Chapter 6, the strength of optical field necessary to

saturate the device differs substantially depending on whether the optical field is CW
or pulsed, and, if pulsed, on the pulse duration. To explore, with the sliced-propagation

model, the gain saturation with CW light, the steady state solutions were found to the

equations for pulses (equations 5.8 and 5.15).
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The level of the device gain as a function of the strength of the input field was

calculated for both CW and pulsed input to obtain the 3 dB saturation points. The

saturation energies, EsatN and EsatT were adjusted, within reasonable values, to

achieve agreement between the ratio of the calculated peak powers for 3dB of gain

saturation and the ratio determined experimentally. This was readily achieved since for

the short pulses the saturation behaviour was dominated by value given to the smaller

saturation energy, EsatT. Subsequently the larger saturation energy, EsatN was varied

to achieve the necessary ratio.

Finally, the relationship between the experimentally determined energies (for

pulses) and powers (for CW) for which the gain was saturated by 3 dB and the corre¬

sponding input coefficients, used in the model, were used to calibrate the model. The

energies (or powers) in and out of the device were thereby defined as a fraction or

multiple of the total experimentally determined saturation energy (or power).

5.8 Results from sliced propagation calculations

Sample results from calculations with the sliced-propagation model are presented in

this chapter to demonstrate the operation of the model and the type of calculations

that it has been used for. Further results however are deferred to be shown along with

discussion of experimental results in subsequent chapters. Unless stated otherwise,

input parameters were as defined in tables 5.1 and 5.2.

5.8.1 Pump-induced gain changes

The first stage of evaluating the model was to propagate a single pulse through the
device. For example, figure 5.5 illustrates the pulse amplitude at each slice through
the device (in this case, at intervals of 25 /im) firstly considering only gain dynamics

dependent on carrier density, gn and, secondly, including the influence on gain of
carrier temperature changes, gT- The same input pulse, with an energy of a tenth of the
saturation energy and duration of 700 fs, was used in both cases and the electrical bias
was fixed at 90 mA.

The energy of the pulse, with duration, rp, was obtained by integrating over the
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Figure 5.5: The pulse amplitude as it propagates through the SOA for gain dynamics
dependent only on carrier density changes (a - blue) and with the additional gain dy¬
namic of carrier heating (b - red). Note the depth corresponds to distance along the
waveguide, successive curves being the calculated output after each 25 gm slice.
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Figure 5.6: The growth in pulse energy through the SOA corresponding to the two
cases illustrated in figure 5.5.
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Figure 5.7: The accumulation of phase change on propagation through the SOA (after
each slice) with gain dynamics dependent only on carrier density changes (blue) and
with the additional gain dynamic of carrier heating (red).

pulse: from -7rp to 5rp, with wider bounds towards longer delays to allow for shift
in the peak of the pulse to later times due to the induced index change. Figure 5.6
illustrates the growth of this energy along the device for the pulses shown in figure 5.5.

The phase change accumulated by the pulse as it travels through the SOA is shown

in figure 5.7, for the two cases illustrated in figure 5.5. In both amplitude and phase,

the total change through the device is smaller for the case where carrier heating term

is included. This trend is shown more clearly by looking at the gain per unit length

experienced by the pulse at different places in the device.
The amplification experienced by the pulse on propagation through each slice was

calculated according to

G =
E,out
Ej,

(5.25)

Figure 5.8 illustrates the evolution of the gain per unit length along the device for

just gN and for the case of gT also included. It is clear from this plot that the gain is
saturated more rapidly where carrier heating is included. This is consistent with the
saturation for low input intensities that is found with ultrafast pulses - a characteristic
that is explored more extensively to understand the gain saturation results in Chap¬
ter 6. Subsequently the amplification per slice at different points along the length of
the device is investigated in more detail, in section 7.4.2, to explore the longitudinal
saturation observed with counter-propagating pump-probe experiments.
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Figure 5.8: The amplification given by the available gain as a function of distance
through the device with gain dynamics dependent only on carrier density changes
(blue) and with the additional gain dynamic of carrier heating (red).
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Figure 5.9: Device gain calculated using the sliced propagation model as function of
the number of slices used.
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The total gain experienced by a pulse on propagation through the SOA is given by

equation 5.25, where the input and output are the amplitude of the pulse input to the

first slice and output from the last slice. Keeping the length of the device constant, the

number of slices was increased until the value of this gain approached a constant, as

shown in figure 5.9. It was concluded that 40 slices, which for the 1 mm long waveg¬

uide corresponds to slices 25 ^m thick, was a reasonable balance between accuracy

and computation time. Using a higher number of slices does not qualitatively change

the solution. Under these conditions, if only slow carrier changes are considered the

results from the iterative calculations and solution of the set of rate equations are equiv¬

alent. Note, for comparison, that Blow et al. [30] in their calculations of propagation
in a 1 mm SOA with a sliced model found that calculations with 20 slices agreed well

with the exact result (from a non-iterative calculation) and therefore concluded that 20

slices were sufficient.

5.8.2 Co-propagating probe dynamics

Figure 5.10 illustrates the change in transmission of a probe, that propagates through
the SOA in the same direction as the pump (co-propagating), as a function of the probe

delay with respect to the pump. The SOA biased into gain with a current of 70 mA

and the different colour curves correspond to calculations including different dynamic

gain changing mechanisms, as indicated in the key. With only the carrier density de¬

pendent gain changes, g = gN (blue curves), the calculation reproduces the solution

to the rate equations for co-propagation (for example, figure 5.1). The gain contribu¬
tions gr, gsHB and grPA correspond to the ultrafast dynamics of carrier temperature

(carrier heating - CH), spectral hole burning (SHB) and two-photon absorption (TPA),

respectively.

The curves in figure 5.10 (a) illustrate the ultrafast dynamics adding to the mag¬

nitude of the ultrafast gain change, under conditions of gain (note that TPA always

contributes in the same sense and therefore subtracts from the other dynamics under

absorption). Under these gain conditions, the inclusion of first SHB, and subsequently

TPA, tend not to qualitatively change the nature of the trace with respect to the case

of including only carrier density and temperature changes. What is significant how-
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Figure 5.10: The calculated change of transmission of a probe co-propagating with the
pump as a function of the pump delay.
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Figure 5.11: The calculated change of transmission of a probe counter-propagating
with respect to the pump as a function of their relative delay.

ever is that the additional dynamics alter the ratio between the ultrafast and slowly

recovering portions of the gain change. Between (a) to (c) of figure 5.10 the energy

of the pump pulse is increased and the fraction of the change in transmission that is

long-lived increases is found to increase. Notably, the effect of including the additional
ultrafast contributions was to retain a more significant ultrafast component to the traces
even with a high pump pulse energy (10 Esat3dB). In particular, the contribution of
TPA increases with the strength of the pump pulse; this consideration is returned to

to explain pump-probe results in section 7.4.1. In general though, since the separate

contributions of each ultrafast process have not been identified experimentally, it is
not instructive to present simulations of all experimental results with multiple ultrafast

dynamics. Consequently, in the analysis that follows the ultrafast dynamic is given by
a single component, with characteristics consistent with the process of carrier heating.

5.8.3 Counter-propagating probe dynamics

Figure 5.11 illustrates the change in transmission of a probe counter-propagating with

respect to the pump (including carrier density and temperature gain changes). Note the
slow turn on of the changes, limited by time to propagate through the device. Plots
from further calculations of this counter-propagating pump-probe dynamic success¬

fully reproduce the experimental measurements and are shown in Chapter 7.
Since the difference in co- and counter-propagating experiments is only with re-
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Figure 5.12: The calculated change of transmission co- and counter-propagating
probes with respect to the pump as a function of the their relative delay.

spect to propagation through the device, the characteristic recovery should be the same

for both. This was confirmed by comparison of the calculated results: as illustrated in

figure 5.12 the co- and counter-propagating traces overlap at longer delays.

5.8.4 Interference signal

Pump-induced transmission changes can be detected directly, by measuring intensity

changes in the probe; this is not the case for phase changes. As described in Chapter 8,

phase changes can bemonitored experimentally with an additional probe, which passes

through the device at a different time, as a reference. Differential phase changes are

then related to changes in the strength of interference of the two probes.

Setting up the loop

The calculations with the sliced propagation model were tailored to correspond to the

actual experimental conditions. Specifically, with no differential phase introduced be¬
tween the probes by changes in the SOA, the signals transmitted through the loop
interfered destructively, and conversely those reflected interfered constructively. To
understand why this was, it is necessary to consider the effect of each reflection and

transmission from the beamsplitter, as follows.
With a 50:50 beamsplitter at 45° the coefficients of transmission and reflection are
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(a)

Figure 5.13: Schematic illustrating that for pulses to pass through the loop, input at
A and emerge at B, they must either be twice reflected (a) or twice transmitted (b)
through the beamsplitter.

nevertheless different as given by equations 5.26 and 5.27 respectively; reflection being

imaginary.

1
t=~7=y/2

1
r =

V2

(5.26)

(5.27)

The light which passes through the loop, illustrated schematically in figure 5.13,

has either been twice reflected or twice transmitted. In the context of the TOAD (de¬

scribed in detail in 1.2.3), the twice transmitted and twice reflected components corre¬

spond to the clockwise and anticlockwise probe pulses seen at the output port of the

loop (B). Their magnitudes are given by

1

"=2
1

rr - —

2

(5.28)

(5.29)

In contrast the components transmitted and then reflected, or reflected and then trans¬

mitted correspond to pulse re-emerging at the input to the loop (A) and their magni¬
tudes are

tr =

rt =

1

2
1

(5.30)

(5.31)

Hence in case of no differential effect of the SOA on the signal pulses (due to there

being no control pulse or all the pulses being so low in intensity that they do notmodify
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the carrier population), a high signal is seen in reflection. Under these conditions, the
transmitted intensity is low. It is only the ideal case of zero if the co- and counter-

propagating signals are of identical magnitude at the point where they interfere. This

corresponds to the practical requirement of using an ideal 50:50 beamsplitter and there

being no directional dependence to the losses on propagation through any other optical

components in the loop; in practice these two criteria tend not to be met exactly, so the
minimum is greater than zero, as discussed further in Chapter 8.

Interference equations

In general, for two degenerate complex pulses, Ei(z,t) and E2(z, t) the interference

signal at their point of overlap is merely their sum. However in the experiments re¬

ported here it is the case that these fields correspond to the components of a signal

pulse that have both passed through the SOA, but the interference takes place on the
far side of the beamsplitter. The preceding analysis of the transmission and reflec¬

tion coefficients has shown that in addition to the effect of propagating through the

SOA, they are necessarily shifted out of phase by the beamsplitter. It follows that the

interference signal resultant after the beamsplitter is given by

Ez(t) = £i(f) - E2(t) (5.32)

where the strength of the interference determines whether the signal appears switched

through the loop or annulled (having been reflected back to the input).

The power of this interference signal, Pout(t), can be expressed as

Pout(t) = ^ [Ai(t)2 + A2(t)2 - 2Ai(t)A2(t)cos(cf)1(t) - 02(f))] (5.33)
where A1j2 are the pulse amplitudes and 0i)2 their phase. The first maxima of Pout(t)
occurs when the difference in phase, Acp is n, since then cos(A0) = — 1 which reverses
the sign of last term in equation 5.33. Subsequent maxima occur for A0 = nir where

n = 3,5,7... i.e. an odd integer. Conversely, if the magnitudes of the pulses are equal

(|Ai(f)| = |A2(f)|)then Pout{t) = 0 if Acj) = tvk, where n = 0, 2,4... i.e. n is zero, the
case of no control pulse, or an even integer.

From this analysis it follows that the experimentally measured interference signal

can be expected to move from a minima to a maxima by increasing the pump energy
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Figure 5.14: The maximum interference signal (normalised) calculated as a function
of the pump pulse input energy with an electrical bias of (a) 70 mA and (b) 100 mA.
Note that a maximum in the interference signal, corresponds to A 4> = nn where n is
an odd integer and the first a maximum (n=l) occurs at a much lower energy for the
higher bias.

by an amount that induces a tt phase change. The intensity of the interference signal

switching between high and low, corresponds, for example, to switching the transmis¬

sion on and off in a TOAD demultiplexer.

In the ideal case of the amplitudes of the two probes being equal (|Ai(i)| = \A2(t)\
in equation 5.33), the maximum normalised interference signal is proportional to \{1 —

cos(A0)) [27]. Figure 5.14 illustrates the evolution of this signal as a function of
the energy of the pump pulse, where gain changes due to carrier density and carrier

temperature are included with an and aT given values of 10 and 2 respectively. The

probe pulse energy was fixed energy at 1 fJ. The calculations shown in figure 5.14
indicate that to achieve switching a pump pulse energy of between 10 fJ and a few pJ

would be required. The latter is high with respect to the energies available from the

optical pulse sources used in experiments.

Note also that the minimum pump energy to achieve a 7r phase change is reduced if
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the strength of the amplitude gain to phase coupling is increased, via the values given
to the ai-parameters. That is, the change between figure 5.14 (a) and (b) was due to

changing the electrical bias from 70 to 100 mA, but could also have been achieved by

changing the values used for the a-parameters.

Switching characteristics

Remembering the fields Ei(z,t) and E2(z,t) are the output fields from the SOA, it
is clear that the actual strength of the transmitted interference signal at any time, t,

depends on when they propagate through the SOA with respect to each other and with

respect to the intense control pulse, the pump. The three-dimensional plot shown at

the top of figure 5.15 illustrates the transmitted signal as a function of the two delays:
the delay between probe 1 and the pump and the delay between probe 1 and probe 2.

Since the nature of the interference is complex, in this 3D plot only slow gain

dynamics, due to carrier density changes, are considered i.e. g = (plots including
ultrafast processes are included with discussion of experimental results in Chapter 8).
The pump pulse energy is given a value such that the phase of the first probe is changed

by a maximum of 7r. The probe pulse input energies are equal, and less than one

hundredth the energy of the pump pulse i.e. the probes are in the linear, small signal

gain region by a safe margin (as required, since in the model the probes do not alter
the gain).

With a fixed delay between the two probes, the interference signal as a function of

pump delay corresponds to taking diagonal slices through the 3-D plot at the top of

figure 5.15, such that the intersection of the slice with the plane of the x and y axes

forms a line with a gradient of 1 with respect to those axes. The crossing points on the

x and y axes determine the relative arrival times of the two probes. For example, this

yields the curves shown in the lower part of figure 5.15. With the counter-propagating

probe preceding the co-propagating one (a), the less steep transition is from low to

high transmission rather than vice versa; with the co-propagating probe preceding the

counter-propagating one (c), these features are reversed. In the centre, where the delay
between the probes is very small (b), less than the time required for the full change in
transmission to occur, the window is reduced to a small triangle. These curves map
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Figure 5.15: At the top, the calculated interference signal as a function of the relative
delays of the two probes and the pump, where changes in gain and phase are due
to carrier density changes only (g = gN). Below, slices through this surface, which
correspond to the switching window: the interference signal as a function of pump
delay, with a fixed delay between the two probes.
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out the switching window for the TOAD interferometric switching configuration and

correspond to the measurements made in the three-beam pump-probe measurements

reported in Chapter 8. Note that, in the plots of the switching window, the peak values
reached are less than one and in some regions outside the 'window' the background

is greater than zero. The maximum is reduced by the fact that the second pulse ex¬

periences less amplitude gain in the device, consequently the magnitudes of the two

probes are not equal at the point that A(j) — 7r (as assumed in the calculations of the
ideal case, illustrated in figure 5.14); the magnitude of the maximum constructive in¬
terference is therefore reduced. Outside the window it is not necessarily the case that

Acj) = 0 so the destructive interference does not reduce the signal to zero. Optimisation
of the switching window, to maximise the contrast between the on and off states of the

interferometric switch, is discussed in more detail with experimental results in section

8.3.5.

5.9 Summary

This chapter has described the development and implementation of two versions of

rate-equation based models describing gain dynamics. The models assist with the

understanding of the complex behaviour of the SOA device.
In the first model, the solutions to a set of simultaneous equations describing the

evolution of the optical field (amplitude and phase) and the carrier population were

found. In particular, the establishment of a quasi-equilibrium regime, under which the
carrier density oscillates about a fixed level, has been demonstrated. This regime can

be used for high bit rate demultiplexing, using control pulse trains with an inter-pulse

period of less than the slow gain recovery time, so long as the gain change imposed

by the control and subsequent periodic gain recovery (i.e. between control pulses)

corresponds to a differential ir phase change.

The second model that has been presented is a sliced-propagation model. With

sufficiently small slices (<25 /im) this model produces the same device behaviour as
the solution based on a set of simultaneous equations. However the iterative structure

of the sliced-propagation model is designed to facilitate the calculation of the gain
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dynamics induced and experienced by pulses propagating in contrary directions, and

possibly crossing in the device. In particular it has been outlined how this model can be
used to calculate the strength of interference between two week pulses (probes) which

have counter-propagated through the SOA, where each experiences different degrees
of amplification and refractive index change due to the carrier dynamics induced by a

third (control or pump) pulse. This calculation corresponds to the switching function
in the TOAD configuration, introduced in Chapter 1, for which experimental results
are presented in Chapter 8.

In addition it has been described how ultrafast processes, that create rapidly chang¬

ing gain (in addition the to the slow carrier density dependent gain changes), can

be successively added to the sliced-propagation model. The timescales and relative

strengths of carrier heating, spectral hole burning and two-photon absorption are de¬
scribed by meaningful parameters such as time constants and saturation energies.

In this chapter, the complex behaviour of the SOA has been illustrated with sam¬

ple plots from this sliced-propagation model. Further results are presented along with

experimental results in subsequent chapters. In particular the model has been used to

calculate gain dynamics that correspond closely to the pump-probe and switching ex¬

periments reported in Chapters 7 and 8. The model is also used to support explanations
of the gain saturation characteristics reported in Chapter 6.

164



Bibliography for Chapter 5
[1] S Adachi. Material parameters of In\-xGaxAs\-yP and related binaries. J. Appl. Phys.,

53(12):8775-8792, 1982.

[2] B Broberg and S Lindgren. Refractive index of Ini-xGaxAsyP\-.y and InP in the transparent
wavelength region. J. Appl. Phys., 55(9):3376-3381, 1984.

[3] S Adachi. Optical properties of In\-xGaxAsyP\-y alloys. Phys. Rev. B, 39(17): 12612-12621,
1989.

[4] J V Moloney, R A Indik, J Hader, and S W Koch. Modeling semiconductor amplfiers and lasers:
from microscopic physics to device simulation. J. Opt. Soc. Am. B, 16(11):2023-2029, 1999.

[5] J-Z Zhang and I Galbraith. Private communication. Heriot Watt University, Edinburgh, 2002.

[6] J-Z Zhang, J M Vazquez, M Mazilu, A Miller, and I Galbraith. Dispersion induced ultrafast pulse
re-shaping in 1.55 pm InGaAs/InGaAsP optical amplifiers. IEEE J. Quantum Elect., submitted
2003.

[7] J Shim, J Kim, D Jang, Y Eo, and S Arai. Facet reflectivity of a spot-size-converter integrated
semiconductor optical amplifier. IEEE J. Quantum Elect., 38(6):665-673, 2002.

[8] J Mork and A Mecozzi. Theory of the ultrafast optical response of active semiconductor waveg¬
uides. J. Opt. Soc. Am. B, 13(8): 1803—1816, 1996.

[9] J Verdeyen. Laser electronics. Prentice-Hall, 1989.

[10] A Yariv. Quantum Electronics. Wiley, New York, 3rd edition, 1989.

[11] J Mark and J Mork. Subpicosecond gain dynamics in InGaAsP optical amplifiers: Experiment and
theory. Appl. Phys. Lett., 61(19):2281, 1992.

[12] MY Hong, Y H Chang, A Dienes, J P Heritage, P J Delfyett, S Dijaili, and F G Patterson.
Femtosecond self- and cross-phase modulation in semiconductor laser amplifiers. IEEE J. Sel.
Top. Quant., 2(3):523-539, 1996.

[13] P Borri, F Romstad, W Langbein, A E Kelly, J Mprk, and J M Hvam. Separation of coherent and
incoherent nonlinearlities in a heterodyne pump-probe experiment. Opt. Express, 7(3): 107-112,
2000.

[14] R J Manning, A D Ellis, A J Poustie, and K J Blow. Semiconductor laser amplifiers for ultrafast
all-optical signal processing. J. Opt. Soc. Am. B, 14(11):3204—3216, 1997.

[15] J M Tang, P S Spencer, and K A Shore. The influence of gain compression on picosecond optical
pulses in semiconductor optical amplifers. J. Mod. Optic., 45(6): 1211, 1998.

[16] MY Hong, Y H Chang, A Dienes, J P Heritage, and P J Delfyett. Subpicosecond pulse am¬

plification in semiconductor laser amplifiers: Theory and experiment. IEEE J. Quantum Elect.,
30(4): 1122—1131, 1994.

[17] A Uskov, J Mprk, and J Mark. Theory of short-pulse gain saturation in semiconductor laser
amplfiers. IEEE Photonic. Tech. L, 4(2):443—446, 1992.

165



[18] Y-H Kao, T J Xia, M N Islam, and G Raybon. Limitations on ultrafast optical switching in a
semiconductor laser amplifier operating at transparency. J. Appl. Phys., 86(9):4740-4747, 1999.

[19] R P Schreieck, M H Kwakernaak, H Jackel, and H Melchior. All-optical switching at multi-100-
Gb/s data rates with Mach-Zender interferometer switches. IEEE J. Quantum Elect., 38(8): 1053-
1061, 2002.

[20] G Toptchiski, S Randel, K Petermann, C Schubert, J Berger, and H G Weber. Characterisation
of switching windows of an 160 Gb/s all-optical demultiplexer with data rates of 10 and 40 Gb/s.
IEEE Photonic. Tech. L., 14(4):534—536, 2002.

[21] K L Hall, G Lenz, A M Darwish, and E P Ippen. Subpicosecond gain and index nonlinearities in
InGaAsP diode lasers. Opt. Commun., 111:589-612, 1994.

[22] A Dienes, J P Heritage, M Y Hong, and Y H Chang. Time- and spectral-domain evolution of
subpicosecond pulses in semiconductor optical amplifiers. Opt. Lett., 17(22): 1602-1604, 1992.

[23] P J Delfyett, A Dienes, J P Heritage, M Y Hong, and Y H Chang. Femtosecond hybrid mode-
locked semiconductor laser and amplifier dynamics. Appl. Phys. B, 58:183-195, 1994.

[24] G P Agrawal and N A Olsson. Self-phase modulation and spectral broadening of optical pulses in
semiconductor laser amplifiers. IEEE J. Quantum Elect., 25(11 ):2297, 1989.

[25] L F Tiemeijer, P J A Thijs, P J de Waard, J J M Binsma, and T B Dongen. Dependence of polari¬
sation, gain, linewidth enhancement factor, and K factor on the sign of the strain of InGaAsP/InP
strained-layer multiquantum well lasers. Appl. Phys. Lett., 58(24):2738-2740, 1991.

[26] M Eiselt. Optical loop mirror with semiconductor laser amplifier. Electron. Lett., 28(16): 1505-
1507, 1992.

[27] K J Blow, R J Manning, and A J Poustie. Nonlinear optical loop mirrors with feedback and a slow
nonlinearity. Opt. Commun., 134:43-48, 1997.

[28] S Bischoff, A Buxens, St Fisher, M Diilk, A T Clausen, H N Poulsen, and J Mprk. Comparison of
all-optical co- and counter-propagating high-speed signal processing in SOA-based Mach-Zender
interferometers. Opt. Quant. Electron., 33:907-926, 2001.

[29] L Occhi, Y Ito, H Kawaguchi, L Schares, J Eckner, and G Guekos. Intraband gain dynamics in
bulk semiconductor optical amplifiers: measurements and simulations. IEEE J. Quantum Elect.,
38(1):54—60, 2002.

[30] K J Blow, R J Manning, and A J Poustie. Model of longitudinal effects in semiconductor optical
amplifiers in a nonlinear loop mirror configuration. Opt. Commun., 148:31-35, 1998.

166



Chapter 6

Single pulse propagation

6.1 Introduction

This chapter reports investigation of the propagation of single pulses through the SOA.
In practice, a train of pulses is coupled into the SOA but the period between pulses is
12.3 ns, which is sufficiently long that the device has fully recovered by the time the

next pulse arrives (as confirmed by the recovery times reported in chapter 7).

Firstly, the small signal gain and saturation characteristics of the device are dis¬

cussed; measurements of the saturation with a CW beam are reported for compari¬

son. Also the difference in short pulse gain saturation for TE and TM polarisations is

demonstrated. Secondly, in this chapter, changes to the pulse profile on propagation

through the SOA are discussed.

6.2 Single pulse propagation
6.2.1 From the linear regime to gain saturation

If the optical power of an input beam is doubled, the output power after passing through
an SOA will also double, if and only if the optical powers are low. When exhibiting
this behaviour, the SOA is said to be in the linear gain regime. However, the gain

available at any given wavelength and bias level is determined by the size of the carrier

population accessible for stimulated emission, and is therefore limited. Increasing the

optical input power has the effect of the depleting the carrier population inversion in
the active region of the device. Whilst the population will recover under conditions
of forward bias in an SOA, the recovery is in competition with carrier recombination
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Figure 6.1: Gain as a function of pulse energy illustrating saturation of the gain with
respect to its small signal value

and is not instantaneous. Consequently, the available gain is progressively exhausted;

under these conditions the gain is said to be saturated.

From a simple rate equation model an expression can be derived for the material

gain per unit length in an active material of the form of

9
9o

(6.1)
l+I/hat

where g0 is the unsaturated gain coefficient, I is the optical intensity and hat is the

saturation intensity (for the derivation see for example [1] [2] [3] [4]). For a four level

system, the saturation intensity is given by

hu>
hat

Ztse
(6.2)

where tse is the carrier recombination time due to spontaneous emission and E is the
stimulated emission cross-section [4],

For pulses in an SOA, where the pulse repetition period is long with respect to the
device recovery time, a saturation energy can be defined as

huja
ESat. —

1gdT
(6.3)

where a is the cross-sectional area of the device, T is the mode confinement factor, and

gd is the semiconductor differential gain [5]. (Note that is equivalent to the saturation
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energy used in Chapter 5 to describe gain changes due to changes in carrier density,

ESatN^-

Gain saturation as a function of pulse energy takes a similar form to equation 6.1

describing saturation with intensity. Specifically, defined with respect to Esat, the level
of gain as a function of pulse energy, E, can be expressed as

'-rife (6'4)
Figure 6.1 illustrates saturation behaviour as expressed in equation 6.4.

Parameters that are more phenomenological than Psat and Esat, and which are

readily measurable are the 3 dB saturation power, P3dB and energy, E3dB for CW

signals and pulses respectively. The E3dB energy {Pmb power) is defined as the output

energy (power) for which the gain is reduced by a factor of 2 (i.e. by 3 dB) with respect
to its small signal value. The saturation energy, Esat, can be related to the E3dB by the

following expression

Emr —

1.38
Esat (6.5)

1 + ai/go_
where eg is the loss coefficient.

Experiments reported in the literature have demonstrated that these simple expres¬

sions are valid for CW optical beams and for long pulses (see for example [6] [7] and
references therein). Exceptionally, these same saturation characteristics may be found
with shorter pulses down to sub-picosecond full-width half-maximum durations, if the

pulses have certain temporal characteristics, for example if the pulses have a broad

pedestal, such that the power is distributed over a longer duration [2], However it has
been shown that, in general, shorter pulses will cause saturation at lower powers [8] [9]

[10] [11]. Calculations to explore these trends are presented with experimental results.

6.2.2 Pulse shaping under different conditions

The output pulse profiles were measured for a range of input pulses. Characteristics
that were changed included the pulse energy, the central wavelength (equivalent to

peak for clean, single peak pulses) and the temporal duration of the pulse. In all cases,
the spectral profile of the input was maintained approximately Gaussian. Unless stated

otherwise, in these single pulse train experiments the input polarisation was set at TM
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Figure 6.2: Schematic of an extreme case of gain and group velocity dispersion (GVD)
changes with respect to the frequency distribution within a short optical pulse.

i.e. the polarisation providing the strongest gain. The gain conditions were adjusted

by changing the applied electrical bias current.

With the pulse energy of only a few femtojoules and electrical bias just above its

value at transparency nonlinear effects are expected to be minimal. Under such linear

propagation conditions, it is assumed that the propagating field does not modify the

properties of the material. However the pulses are as short as 350 fs and consequently

are spectrally broad. For such pulses the gain and refractive index can potentially be

significantly different for different components of the pulse. Essentially, if the region

of the pulse that is most amplified also travels at a significantly different speed to other

spectral components of the pulse, the peak of the pulse will shift towards this spectral

region of high gain. An example of this is shown schematically in figure 6.2: there

is more gain available for the higher frequencies of the input pulse than the lower

frequencies and also, over the same range of frequencies, the GVD changes rapidly;

under these conditions a pulse may be spectrally shifted towards higher frequencies.

With higher input energies, especially amplified under conditions of higher gain,
the propagation of a pulse through an optical medium is nonlinear (as described in

section 1.3.5). In particular the pulse may be distorted due to self-phase modulation

(SPM) and dynamic changes in the refractive index may cause instantaneous frequency
shifts.
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Figure 6.3: Schematic of the experimental set-up used for gain saturation and spectral
measurements (the optical chopper was removed for the latter)

6.3 Input/output power experiments

A single train of pulses was coupled into the SOA and the output was collected by
a microscope objective and directed into a scanning monochromator (CVI Digikrom

DK240), as shown schematically in figure 6.3. In the free space path between the
SOA and lens focusing into the monochromator, a pin-hole was used to spatially filter

the output. This helped to remove the unguided light, for example that which had

propagated through the cladding. The output from the monochromator was collected

by a broad area Germanium detector.

For integrated power measurements, the monochromator was not scanned, rather it
was used as a spectral filter to remove as much of the ASE as possible. This was nec¬

essary because under conditions of high electrical bias and with intense input pulses,
as well as the input pulse experiencing progressively less gain, the amplification of the

spontaneous emission is suppressed [12]. With the ASE removed, saturation of the de¬
tector was also avoided. For slit widths which are large with respect to the resolution

of the monochromator, the bandpass is approximately given by

AA = dD (6.6)

where d is the slit width and D is the reciprocal linear dispersion. Consequently with

D = 3.2 nm/mm, the maximum slit width of 3 mm gives a bandpass larger than the

spectral width of the pulses (<7 nm).

In order to check the wavelength filtering, the electrical bias was set to zero, so that
there was no ASE, and the input pulse was set to a high intensity with the result that,

despite the device absorbing, a detectable signal reached the monochromator. With

the coupling optimised, the slit width was decreased and the alignment re-optimised
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(in case the slit had closed asymmetrically with respect to the optical beam) until nar¬

rowing it further was found to decrease the strength of the signal coupled through. As

expected, this was found to correspond to the spectral width of the pulse, as measured

by scanning the monochromator with a slit size of 50 fim. This configuration achieves
a compromise keeping low both the intensity of ASE reaching the detector and the

fraction of the output pulse intensity lost.
In addition, the input beam was chopped and the detector signal passed to a lock-

in amplifier triggered at the chopping frequency. The input power was measured with
both a powermeter and the detector used to measure the output. In this way the detector
was calibrated and the ratio of input and output signals yielded the gain. Note that

stating input and output powers requires estimation of the coupling efficiencies and, in

particular, the use of a monochromator as a spectral filter resulted in additional losses
en route from the output of the device to the detector. Careful optimisation of the

alignment eventually yielded repeatable values for the small signal gain using different

optical set-ups and on different days. This gave confidence in the reliability of the

measurements, at least to an accuracy of 20%.
The gain was measured using a beam of 700 fs pulses and CW light at different

wavelengths and bias levels for a wide range of input energies/powers (peak power

over the range ~ -20 to 20 dBm). Note that the gain would be clamped if the device

were to lase, however the saturation measurements were taken well away from the

bias levels at which lasing modes started to appear (as seen in ASE spectra). Indeed,

relatively low bias levels were used in order that the optical input intensities necessary

to cause saturation would not be too high. This meant that the level of power necessary

to cause over 3 dB of saturation was available from the OPO. Moreover, it avoided

concern of damaging the devices by the use of overly high optical intensities.

6.4 Results of gain measurements

6.4.1 Small signal gain

Figure 6.4 illustrates the values of small signal gain measured as function of wave¬

length for three different bias levels and both polarisations. As expected the small
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Figure 6.6: Output pulse energy as a function of input pulse energy. The electrical bias
to the device was 90 mA, the input pulses were centred at 1563 nm, TM polarised and
had a temporal duration of ~700fs.

signal gain increases with electrical bias. The highest gains are found in the spectral

region of 1565 nm to 1573 nm, and TM gains are higher than TE gains; both charac¬

teristics consistent with the ASE spectra and CW transmission measurements reported

in Chapter 4.

The differential gain, dg/dJ corresponds to the slope of the gain with electrical

bias, J, and this can be estimated from the data shown in figure 6.5. For the TM

polarisation this yields a value of between 4 and 6 cm-1 mA-1, and for TE from 3 to

5 cm"1 mA_1. These values are of a similar order of magnitude to data reported in

the literature, though considerably lower than in quantum well material optimised for
lasers [13] [14]. This is reasonable, since, in the case of an SOA device, what is required

is not high amplification, but large phase changes. As demonstrated by results in later

chapters, sufficient phase changes for interferometric switching can be achieved with
this SOA using low input pulse energies. (Data such as that in figure 6.5 was also used
to ascertain input parameters for the modelling.)

6.4.2 Pulsed gain saturation
Saturation as a function of pulse energy

For a fixed bias level, as the average input pulse energy was increased, the output pulse

energies grew, but by progressively smaller amounts, as illustrated in figure 6.6. The

input and output energies are used to calculate the total device gain and this is plotted
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Figure 6.7: Gain as a function for three different bias currents (50 mA, 70 mA and 90
mA) as a function (a) of input and (b) of output pulse energy. Input pulses characteris¬
tics as for the data in figure 6.6.

as a function of input or output pulse energy. An example of the former, gain as a

function of input pulse energy, is shown in figure 6.7(a) for three levels of bias. The

curves have the characteristic shape of saturation behaviour i.e. switching between

two linear limits. In the case of gain saturation, the curves are initially flat at some
value of gain (>0 dB), for the lowest pulse energies, curving down to lower gains with

increasing energy, and subsequently tailing off, tending again towards a flat line at the

highest input energies.

Note that the limit towards which the gain saturates in figure 6.7 is slightly lower

than 0 dB, i.e. less than an amplification factor of xl. This implies that despite the
electrical forward bias applied, the SOA is absorbing. This is contrary to what would
be expected, under the assumption that changes in gain were due to single photon
interband transitions alone (g = gN, in terms of the model), when it would be expected
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Figure 6.8: Calculated gain as a function for three different bias currents (50 mA, 70
mA and 90 mA) as a function (a) of input and (b) of output pulse energy, using the
sliced-propagation model.

that the device would be driven to transparency. However even a small amount of two

photon absorption could become significant at a critical input intensity level and take
the amplification factor to less than x 1.

The SOA device gain is reduced from its small signal level more easily, that is

by lower levels of input pulse energy, when the electrical bias is high. This is demon¬

strated in figure 6.7(a) in which the gain is reduced from its maximum level (that found
with low energy input pulses) sooner i.e. at lower energies, in the 90 mA curve than the
50 mA curve. What is not clear from the data plotted in this way is whether a higher

output power is achieved for the high bias case, where the high gain is compressed with
a lower input, or for the low bias case, when the maximum level of gain is available
for relatively higher energy inputs.

To this end, gain is plotted against output pulse energy. For example, figure 6.7(b)
illustrates the same data as in (a) but re-plotted as a function of output pulse energy

for a range of electrical bias currents. This has the effect of reducing the horizontal
offset between the three curves, with the implication that similarly high levels of output

power can be achieved with all three biases. Figure 6.8 illustrates that the sliced-

propagation model produces curves of the same form as the experimental results.
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Saturation as a function of bias current

In the literature it is reported that for a travelling wave amplifier the saturation output

power increases when the available gain is increased by ramping up the electrical bias

[5][15][16], This compares with the behaviour of laser amplifiers in which there is

significant feedback (e.g. FPAs): although they tend to provide higher gain at the

device resonances, this is at the price of the gain saturating at lower input energies

[6]. What is more, increasing the injected current to FPAs has been found to lower the

saturation energy still further [17] [18].

In the experiments conducted for this thesis, the trend of change of output satura¬

tion energy with bias was not clear. As illustrated in figure 6.7 (b), the curves stack ap¬

proximately one above the other; the saturation is neither offset significantly to higher

nor to lower energies. No strong trend was found from analysing data obtained for bias

currents of 50 to 90 mA at four different wavelengths across the gain spectrum.

The small ripples in the spectra in Chapter 4 confirm that the SOA is not an FPA;

the cavity modes have been successful suppressed by AR coatings and angled facets.

It is concluded that there was not a sufficiently large difference between the minimum

bias used (50 mA) and the maximum (90 mA) for the change in saturation energy to

be resolved.

The conclusion that the range of biases used was the reason for the lack of trend
is backed up by calculations using the sliced-propagation model. Figure 6.9 illustrates

the calculated peak power for 3 dB of saturation of the device gain as a function of

bias, for pulses of 700 fs and CW light (for which experimental results are presented
later in this chapter).

Over the range of 50 to 70 mA the saturation energy is relatively flat as a function

of bias. This is explained by the fact that, at these biases, increases in carrier density

(via changing the current) increase the small signal gain very nearly linearly. It is also
the case that, as the current density is increased, the rate of device recovery increases

approximately linearly (as illustrated by pump-probe results presented in Chapter 7).

Overall, it is expected that the power/energy to cause saturation of the gain would in¬
crease steeply only once the increase in gain with current becomes severely sublinear
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Figure 6.9: The calculated output power where the small signal gain has been com¬
pressed by 3 dB as a function bias, for 700 fs pulses using peak power (red curve) and
CW light (blue curve). Results from experimental measurements taken near peak gain
(~1560 nm) with 700 fs pulses and CW light are marked with red and blue crosses,
respectively

[5]. For the SOA used in these experiments the current for which this occurs is esti¬

mated to be of the order of 150 to 250 mA (the turn over point determined from the

fits to define an empirical expression for small signal gain, described in section 5.7.2),

a level of bias beyond what was used in the experiments (<90 mA). An applied cur¬

rent of 200 mA corresponds to a high current density of the order of 5 x 103 A cm~2

(depending on the current injection efficiency) for the 1 mm device used and in the
literature significant changes in saturation power/energy are reported for comparable
or higher current densities [5] [19] [20].

The curves in figure 6.9 were not extended further because the empirical descrip¬

tion of the small signal gain is limited to the range of biases that have so far been

investigated experimentally. It would be interesting to investigate these trends further

using the model over a wider range of carrier densities; in particular this would require
a description of device small signal gain and rate of device recovery covering the full

range of bias conditions.

Unfortunately to date, it has not been possible to conduct experiments over a wider
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Figure 6.10: Gain as a function of output pulse energy for TE and TM polarisations.
The electrical bias to the device was 90 mA, the input pulses were centred at 1572 nm
and had a temporal duration of ~800 fs.

range: for lower biases the signal levels were so low that the signal to noise became

very poor; for higher biases it was concluded that the ASE became too strong (such
that ASE became a significant component of the signal measured after the spectral filter

and thereby rendered the calculation of the gain by the experimental method being used

invalid).

Saturation with different polarisations

Differences in the gain for TE and TM modes were shown in the ASE, transmission

spectra and photo-induced voltage results presented in Chapter 4. The consequence

of this polarisation dependent gain, for the saturation characteristics of the SOA, is

clearly seen in figure 6.10, which shows the gain as a function of input pulse energy

for TE and TM modes. The small signal gain of the device was 5.5 dB and 8 dB for
the TE and TM modes respectively. For increasing input energy, the TM gain remains

greater than the TE, but the curves converge at high levels of saturation.
The difference between the E3dB energies of the TE and TM modes is not signif¬

icant (given the margin of experimental error). This lack of difference is likely to be
for similar reasons to that given for the lack of trend in E-idB with bias.
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Figure 6.11: An example of fit to gain versus output pulse energy with a curve of the
form of equation 6.4. (Note that the gain expressed as the raw multiplication factor,
instead of in dB.)

6.4.3 Comparison of saturation due to pulses and CW light

Figure 6.11 shows the experimentally measured gain saturation fit with the form of

equation 6.4. This yields saturation energies for TE of just 30 fJ; fits to other curves,

TE and TM at different wavelengths, yield values of the same order of magnitude, up

to about 150 fJ. This compares with a saturation energy, from equations 6.3 and 6.5, of
over 1 pj. This 'early' gain saturation, that is at lower pulse energies than predicted by

the simple theory, is attributed to gain compression by ultrafast processes.

For comparison with these results for sub-picosecond pulses, the saturation be¬

haviour of the device was also investigated using CW light. As demonstrated in figure

6.12 (a) the gain saturation with continuous wave (CW) light occurs at much higher

powers than the equivalent average power of the pulses used. There are several sources
of error in the measurement of the input and output powers (as noted previously), but
the difference between the CW and pulsed cases was much larger than the margin of
error: the measured gain saturation occurring at average powers of approximately 1
mW and 0.01 mW respectively, two orders of magnitude apart. This is a similar order
ofmagnitude of difference as between the saturation energy predicted by simple theory

(equation 6.3) and the saturation energies measured with sub-picosecond pulses.
In figure 6.12 (b), the data is re-plotted in terms of maximum output energy flux.

This is equivalent to the the CW power (no change) and the peak power for the pulses

(as opposed to the average power). Viewing the data in this way emphasises the com-
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Figure 6.12: Gain saturation of the SOA comparing the effect of CW light and 700 fs
pulses. The gain is plotted as a function of (a) average power and (b) peak power for
the pulses and CW power in both cases.

paratively low power required to cause saturation with the CW light (~1 mW), whilst

saturation using the 700 fs pulses required high peak powers (~100 mW). This ap¬

proach enables saturation with CW light and pulses with a range of durations to be

compared. Moreover, peak power for the pulses is independent of pulse repetition rate

and allows for the possibility of distorted temporal profiles (i.e. peak power is used not

just Ep/tp).

6.4.4 Calculations of saturation as a function of pulse duration

The experimental results demonstrate the very different saturation characteristic of the
SOA with 700 fs pulses and CW light; the sliced-propagation model reproduces this
trend. Using the model the gain of the device was calculated for CW input and pulses

with a range of different temporal durations. Figure 6.13 illustrates the calculated
saturation for CW light and pulses with durations of 200ps, 20 ps, 2 ps and 0.2ps
where carrier density and temperature changes are considered (g = gN + gT). Figure

6.14 compares the Pmb saturation points of the curves in figure 6.13. In general the
shorter the pulse, the higher the peak power at 3 dB of saturation; at the other extreme,
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Figure 6.13: Calculated gain saturation of the SOA as a function of peak (a) input and
(b) output power for pulses, with durations from 200 ps to 0.2 ps, compared to the
power for saturation with CW light.

Figure 6.14: Calculated peak output power at which the gain is saturated by 3 dB
with respect to its small signal value for different pulse durations, corresponding to
the curves in figure 6.13 with additional data points from intermediate pulse durations.
The CW 3 dB gain saturation output power is also plotted and is the limit for long
pulses.
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Figure 6.15: Calculated pulse energy for the gain to be saturated by 3 dB with respect
to its small signal value different pulse durations.

with long pulses the peak power at 3 dB of saturation tends to the level of CW power

at which the device gain is similarly saturated.

In the experiments reported in this thesis the pulse durations were ~700 fs. Mech¬

anisms associated with gain dynamics in SOAs include ultrafast carrier heating and

spectral hole burning in addition to slowly recovering, carrier density dependent

changes. Figure 6.15 illustrates the calculated saturation energy (assuming a Gaus¬

sian pulse profile) with the successive addition of gain dynamics with characteristics

of these processes. For the longest pulses illustrated, their duration (rp = 200ps) is

only slightly less than tm — 25Ops and all three curves converge. However for shorter

pulses their saturation energies calculated from the different expressions for gain di¬

verge; each additional process shifting the saturation to lower pulse energies. It be¬

comes necessary to include each gain process in the calculation as the pulse duration is
reduced towards the characteristic time constant of the process. Note that calculations

using the sliced-propagating model for shorter pulses are not valid with this model

because the pulse duration approaches the dephasing time (~50 fs) and the model is

based on equations from which polarisation has been eliminated.
This trend in the point of the 3 dB with shorter pulses has been discussed in the

literature [9] [11] [21] [22] [23]. A critical pulse width, To-u has been defined as the

point at which the 'slow' carrier density dependent and ultrafast processes, governing
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gain dynamics, contribute equally to gain saturation [11] [23]. The value of this critical

pulse width can be expressed as

Tcrit = 2772 4 (6-7)
Vu9 d.N Ntr

where 772 is a constant that depends on the pulse temporal shape, vg is the group ve¬

locity in the device, is the carrier density dependent differential gain, and e is
a parameter characterising the ultrafast response. For example, the contribution to e

from the ultrafast dynamic carrier heating is dependent on the associated characteristic
time constant, rT, and the carrier temperature dependent differential gain, %\T ■ (For
a full derivation of this expression for TCTit refer to [23]). Note that the pulse shape

is important because it is the spread of the pulse with respect to time constants asso¬

ciated with different gain dynamics that determines which of the processes makes the

dominant contribution to the saturation of the available gain.

The critical pulse duration can be estimated to be approximately 10 ps, for Gaus¬

sian pulses around 1.5 /zm. This value of 10 ps is consistent with the curves, plotted in

figure 6.15, in that at this pulse duration the curves including the ultrafast dynamics of
carrier heating and spectral hole burning diverge significantly from the carrier density

only solution. The pulses used for most experiments reported in this thesis are ~700
fs and approximately Gaussian, so it is reasonable to conclude that the main contribu¬
tion to the saturation energy is from these ultrafast dynamics, rather than the slowly

recovering carrier density gain changes. This role of ultrafast dynamics is the reason

that the saturation peak power for the pulses is so different from that required with

CW light. Further experiments to measure the saturation in this SOA as a function of

pulse duration would be interesting, since they could yield additional information on

the relative contributions of different ultrafast processes.
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Figure 6.16: Output spectra from the SOA, with and without the presence of input
pulses, for a range of electrical bias currents. The smooth curves (black) correspond to
ASE only and the distorted curves (coloured) to the ASE plus a pulse.

6.5 Pulse profile experiments
Spectral measurements

In the case of measuring the output spectra the monochromator input and output slits
were set much narrower, at 100 ^m. It was then scanned to measure the output signal as

a function ofwavelength. A 'fast scan' mode of operation was used in order that a full

spectrum was acquired and recorded in a few seconds. Also the optics were configured

such that a fraction of the input beam was also coupled into the monochromator and a

flip mirror was used to swap between the output and input beams. In this way, there

was less than 30 seconds of delay between acquisition of input and output beams,

and the continual monitoring of the source was used to confirm that the input pulse

characteristics had not changed significantly during this time.

The output pulse spectra overlap the ASE occurring at these wavelengths. For

example, if the input was modulated by an optical chopper the chopped pulse was

observed on a background of ASE. Taking a scan wider than the pulse spectral extent,

it was found that the ASE spectra, with and without input pulses, lay very nearly on

top on one another, as illustrated in figure 6.16.

The output pulse spectrum was taken to be the spectrum measured with the input
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pulse minus the spectrum measured without the input pulse that is

Ipulse I(pulse+ASE) 1ASE "h C (6.8)

where C was a constant offset. This assumption was felt to be justified since even

with the highest input energies used in these experiments the ASE change at any given

wavelength was a very small fraction of the total signal at that wavelength i.e. C was

very small. Note this is different from the issues encountered when attempting to mea¬

sure gain of a pulse propagating through the SOA (as described earlier in this chapter),
in which case the total change in ASE intensity, due to gain saturation induced by the

pulse, summed over all wavelengths, may be significant. In addition, the shape of the
ASE did not detectably change, so that C was taken to be a constant. This is equivalent
to saying that it appears that the gain saturation is approximately homogeneous. This

is expected for optical pumping with a CW beam and long pulses [3] [24] but even

for the sub-picosecond pulses (350 to 900 fs) used in this experiment, any SHB which

may be occurring is not time-resolved by this measurement.

Temporal measurements

Temporal changes in the pulse profile can be quantified using cross-correlation mea¬

surements [25]. This measurement is a development of the autocorrelation technique,

described in detail in Chapter 3. In a cross-correlation the pulses scanned through each

other are different pulses, one the input and the other the output pulse from the SOA,
in contrast to the autocorrelation in which two pulses are created by splitting a single

pulse. Cross-correlations can be measured even with one of the pulses being weak (in

this case the output from the SOA) by increasing the intensity of the reference pulse

(in this case the signal from the OPO).

Preliminary measurements indicate that the pulse profile is slightly broadened, but
not dramatically distorted in the temporal domain. This is consistent with published re¬

sults for other SOA structures [25] [26]. The weakness of the effect has been attributed

to the combination of a relatively low level of GVD in the SOA material and the fact
that the pulses are many hundreds of femtoseconds long. It is reasonable to expect that
for higher pulse powers and, more importantly in the context of applications, shorter
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pulse durations more significant temporal changes may be found [27] [28]. These ex¬

periments are ongoing.

6.6 Results of spectral measurements

6.6.1 Under linear conditions

With the pulse energies kept well below the 3 dB saturation point, no significant spec¬
tral shifts were detected for using pulses of durations from 350 fs to 800 fs, at wave¬

lengths from 1500 nm to 1580 nm. This is in contrast to the predictions of Zhang et

al. who have demonstrated theoretically that under purely linear propagation, the com¬

bination of gain and group velocity dispersion (GVD) changing fast across the pulse,

can result in large frequency shifts [29]. However the largest shifts were predicted for
the input pulse wavelength centred on the rising edge of the gain, near band edge.

The ASE and transmission spectra reported in Chapter 4 demonstrate that the gain

of the SOA (studied in this thesis) extends to wavelengths beyond 1580 nm. Unfortu¬

nately the pulse sources available do not extend beyond these wavelengths so it has not

been possible to investigate pulse profile changes under conditions comparable to those

which, according to the calculations of Zhang et al., should result in the strongest ef¬

fects. It is also the case that their simulations were conducted using 150 fs pulses so the

pulses sample a much wider bandwidth than the 350 fs pulses, which are the shortest

used in the experiments reported in this chapter.

Consequently, it is not ruled out that significant spectral shifts could be imparted on

pulses by the SOA used for the work reported in this thesis, under certain conditions.

However, it is concluded that for pulse durations >350 fs centred on wavelengths in the

spectral region 1510-1580 nm linear effects do not cause significant spectral changes
in this SOA. Specifically, the distortions manifested in the experimental results are not

attributed to the interplay between changes in gain and GVD across the pulse.

6.6.2 Under nonlinear conditions

Full spectral plots, especially contour plots, are helpful to visualise the detail of the

spectral distortions. The results are presented in this form first. However it is im-
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Figure 6.17: Input and output pulse spectra as a function of input energy. The electrical
bias was fixed 50 mA and the pulse width was 900 fs.

portant but more difficult to quantify the degree of spectral changes; this is addressed

subsequently.

Pulse energy dependence

As the energy of the input pulse was increased, the pulse was found to be first shifted
and subsequently strongly distorted. Figure 6.17 illustrates the evolution of the pulse

spectrum as a function of input pulse energy where red corresponds to high and blue
to low intensities. The input spectral shape, which was smooth and approximately

Gaussian, is shown in the lower curve.

Initially the output pulse was red-shifted with respect to the input, that is, the peak
moved to longer wavelengths. Subsequently the spectral profile broadened at shorter

wavelengths, on the side of the initial input. The red-shift is consistent with the carrier

density decreasing as the pulse is amplified, and the pulse broadening is attributed to

SPM [30],

Bias dependence

As would be expected, the magnitude of the spectral shift and appearance of distortions
is also affected by the level of electrical bias, since this influences the strength of the

gain. Figure 6.18, illustrates the spectral shift and pulse distortion for a high input pulse
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Figure 6.18: Input and output pulse spectra as a function of electrical bias. The input
pulse energy was fixed at 1 pJ and pulse width was 700 fs.
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Figure 6.19: Input and output pulse spectra as a function of electrical bias. The input
pulse energy was fixed at 100 fJ and pulse width of 700 fs (the same as for the data
shown in figure 6.18).
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Figure 6.20: Input and output pulse spectra for two different input pulse widths of 360
and 460 fs. The input pulse energy was fixed at 450 fJ and the electrical bias was 50
mA.

energy of 1 pJ as a function of bias. The trend is qualitatively the same as that observed

with increasing input pulse energy (figure 6.17): as the bias was increased, the pulse

was initially shifted to longer wavelengths and subsequently a shoulder emerged at

wavelengths close to the maxima of the input pulse. This shoulder grew into a new

peak, and eventually at the highest biases dominated the output; the longer wavelength

component having reduced in intensity.

Figure 6.19 demonstrates that for sufficiently high biases significant spectral shifts

can be observed even with much lower energy input pulses. The pulse energy was 150

fJ just at the top of the experimentally determined range of 3 dB saturation energies.

The central wavelength was slowly shifted as the bias was increased to 70 mA, and by

90 mA the pulse had begun to distort.

Pulse temporal width dependence

Figure 6.20 illustrates the input and output pulse spectra measured for two different

input pulse widths, 360 and 460 fs. The gain conditions, as controlled by the applied
electrical bias, the peak wavelength and the energy of the input pulses were set to be

the same, however the magnitude of the shift is significantly different. The larger shift
of the shorter, 360 fs, pulse is attributed to the stronger gain saturation observed with
shorter pulses due to ultrafast processes, such as carrier heating.
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Figure 6.21: The peak wavelength of the output pulse for a range of bias currents for
low (150 fJ) and higher (750 fJ) input pulse energies.

6.6.3 Analysis of spectral changes
Magnitude of wavelength shifts and SPM

A straightforward method to quantify the degree of change in the pulse profile is to

fit the spectra to ascertain the peak wavelength of the output with respect to the input

pulses. Figure 6.21 illustrates the change in peak wavelength with bias for two different

input energies. The trend in the maxima of the pulse becomes unclear for high biases,

when the pulse profile is severely distorted. Under these conditions, the pulse can

not be well described by a single parameter, in particular the peak is not likely to

correspond to the central wavelength. However the curve shows clearly that the initial

spectral shift saturates and that it does so at a bias of approximately 60 mA.

The maximum frequency deviation expected can be estimated as a function of the

maximum possible gain depletion and the pulse duration [31]. The maximum fre¬

quency deviation from the input is approximately

1 AgLAv =
27r 4t„

(6.9)

where tp is the pulse width and the single pass gain is exp(gL), which is up to ~20
dB in the SOA used for the experiments reported here. Note that the measured gain is
the intensity gain, the maximum electric field gain is therefore half this value. Due to
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the relative strengths of the real and imaginary part of the Kramers-Kronig relation i.e.

Xrmax = Ximax/2, the maximum phase change is another factor of 2 less. Hence the
factor of 4 in the denominator of equation 6.9.

For pulse widths from 1 ps down to 350 fs expression 6.9 gives frequency devia¬

tions from 180 GHz up to over 500 GHz. At a wavelength of 1565 nm these frequency
deviations correspond to maximum wavelength shifts of 1.5 nm to 4 nm. This is in

reasonable agreement with the magnitude of shifts observed with this SOA under high

gain conditions, for example figure 6.18. The expression, equation 6.9, is also consis¬
tent with the observed trend of larger shifts for shorter pulses but not with the size of
these shifts or the degree of change with pulse duration. As illustrated by the spectra

in figure 6.20, for a pulse duration of 460 fs, the shift was ~5 nm, and with a pulse of

360 fs this increased to ~15 nm.

This is perhaps not surprising since equation 6.9 takes no account of ultrafast dy¬

namics. It is proposed that the expression can be extended in a very simplistic way by

considering that the total gain change is not just due to changes in the carrier density,

but to changes in the carrier distribution. Along the lines of the approach developed in

the sliced-propagation model (described in section 5.6.3), the total gain change can be

expressed as

= Agw + AgT + ... (6.10)

Experiments reported in the next chapter indicate that, with the sub-picosecond

pulses and other conditions equivalent to those under which the spectral measurements

were taken, the magnitude of ultrafast gain changes are at least as large as or larger

than those due to the slowly recovering carrier population induced gain changes. Con¬

sequently estimates of maximum spectral shifts at least double when they are based on

a modified version of equation 6.9 which takes into account that there are at least two

significant mechanisms for gain change (equation 6.10).

In conclusion the magnitude of the spectral shifts is too great to be due solely to

gain changes from interband carrier transitions. The larger shifts are consistent with
the strong ultrafast gain compression that is revealed by the pump-probe experiments

reported in Chapter 7.
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Self-phase modulation

The spectral shape changes are highly complex and are attributed to the combination
of at least three different sources of SPM, due to carrier density changes, ultrafast

gain changes of the type caused by carrier heating, and the n2 nonlinearity [1] [32]

[33] [34] [35] [36]. In general, the two peak structure in the pulse spectrum can be

understood in terms of the instantaneous frequency becoming the same at two or more

points within the pulse temporal profile, and, depending on the relative phase between
these components, the optical fields interfere constructively or destructively.

Specifically, the shift towards longer wavelengths is consistent with the so-called
slow SPM due to the long lived index change due to interband carrier transitions with

the device in gain. Such an asymmetric shift towards longer wavelengths was seen

in the pulse distortions calculated by the theory of Agrawal and Olssen [30] which in¬

cludes only carrier depletion, but not the faster dynamic of carrier heating. The transfer
of power back to shorter wavelengths is however more in line with the model of Hong

et al. [37][38], which includes the SPM due to carrier heating and the instantaneous

n2. In order to consistently fit experimental data, for both 2 ps and 460 fs input pulses,

it was found by Hong et al. that it was necessary also to include two-photon absorption

(TPA) in their model. In the case of the data presented in this chapter, a significant role

of TPA in carrier heating is consistent with the large difference between the shifts seen

for 350 fs and 450 fs, i.e. the sensitivity of the pulse output to the pulse width. Spectral

shifts due to ultrafast gain changes are revisited with the analysis of the time-resolved

measurements of the probe spectrum, reported at the end of Chapter 8.

6.7 Summary

In this chapter gain saturation as a function of the strength of the optical input field
has been reported. Measurements were conducted using both pulses (~700 fs) and

continuous wave (CW) light. It was found possible to saturate the gain with average

powers two orders of magnitude less using the ultrashort pulses than with a CW optical

input. However, given the ultrashort duration and repetition rate of the pulses, this cor¬

responds to peak pulse powers much greater than the CW power (~100 mW compared
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with ~1 mW respectively). The degree of difference has been attributed to the role of
ultrafast gain compression mechanisms for pulses with durations below a critical width
of ~10 ps. This explanation is supported by calculations from the sliced-propagation

model, illustrating the pulse width dependence of the saturation energy. Calculations
have demonstrated that the peak pulse powers for saturation are marginally higher than

the CW power even with long pulses (>100 ps), but that the difference diverges for pro¬

gressively shorter pulses, as the pulse width approaches the time constants governing

the ultrafast processes. The fact that the saturation energy changes rapidly with pulse

duration for subpicosecond pulses highlights how important it is to fully characterise
such a device for the pulse durations intended to be used in any application.

High levels of gain (~17 dB at a bias of 90 mA) were found at wavelengths which

correspond to the peak of the gain. However the output power at which the gain re¬

duced by 3 dB with respect to the small signal gain, was approximately the same for
electrical biases from 50 to 90 mA. Equivalently, this corresponds to saying that the

total output achieved was not readily be increased by ramping up the electrical bias.

The lack of a trend with bias has been attributed to the change of gain with current not

being sufficiently sublinear over this range of biases. This conclusion is backed up by

calculations using the sliced-propagation model.

Also in this chapter, experiments to determine changes in the profile of pulses on

propagation through the SOA have been described. Results so far suggest that in the

temporal domain pulses are slightly broadened, consistent with reports in the literature.
The small magnitude of the change is attributed to low GVD in the waveguide, but this

would merit further investigation. Over the spectral range 1500 to 1580 nm, with

pulse durations of 350 to 800 fs, no spectral changes were found in the linear regime

(pulse energies low with respect to that required to cause 3 dB of gain saturation).

However with higher energy pulses, wavelength shifts and severe spectral distortions,

attributed to self-phase modulation, have been observed. In particular, spectral changes

became very strong for the shortest pulses and this is again attributed to the influence

of ultrafast dynamics. This poses a potentially serious problem with regards to using

SOAs with ever shorter pulses in WDM links in optical networks since the magnitude

of these unsolicited changes in the central wavelength of the pulse is inversely related
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to pulse duration and could be sufficient to cause a signal to swap between adjacent

wavelength channels.

Specifically in the context of interferometric switching, the energy of pulses at

which large spectral shifts (>6 nm) were observed was of the same order as that which

might be used for control pulses (>100 fJ). In some switching configurations, the con¬

trol pulse is separated from the signal with a spectral filter and care would need to be

taken in order that the self-phase modulation of the control did not cause it to leak

into the signal channel [39]. In Chapter 8, dynamic spectral changes in much lower

energy pulses (~1 fJ) are reported and these are also expected to degrade interfero¬

metric switching. Note however that by contrast to the experiments presented in this

chapter using high energy single pulses and for which changes are attributed to SPM,

the results reported in Chapter 8 are from measurements of probe pulses, which alone

propagate linearly, and the changes in their spectrum are attributed to cross-phase mod¬

ulation (due to an intense pump pulse).

Overall, the results presented in this chapter demonstrate that it is not valid to make

linear projections even for relatively small changes in pulse characteristics and oper¬

ating conditions; the effect of the ultrafast processes on the total gain experienced by

pulses and on their spectral profile has been shown to be very nonlinear indeed. Im¬

portantly the findings reported in this chapter inform the choice of pulse energies and

electrical bias currents for the two and three beam pump-probe experiments reported

in Chapters 7 and 8.
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Chapter 7

Pump-probe transmission experiments

7.1 Introduction

This chapter reports measurements of gain dynamics in an SOA, using two-beam

pump-probe experiments. In contrast to measurements reported in the previous chap¬

ter, in which the effects of separate nonlinearities are superimposed, these experiments

time resolve the response of the SOA, thereby differentiating ultrafast and long-lived

components of the dynamics. Characteristics of these dynamics under a wide range of

optical power and electrical bias conditions are presented.

7.2 Choice of experimental technique

The investigation of the dynamic response of the SOA to optical fields is key to ac¬

quiring sufficient understanding of the behaviour of the device to be able to optimise
it for applications. In particular the influence of ultrafast dynamics is critical, from

their impact on fundamental device characteristics such as gain saturation, to their

potential to improve or disrupt the operation of interferometric SOA-based switches.

Pump-probe experiments using ultrashort optical pulses facilitate the measuring of the

dynamic response of the SOA in the time domain, with a high resolution limited only

by the duration of the pulses themselves.

The principle of the pump-probe technique is to induce nonlinear effects in a ma¬

terial using a high intensity pump pulse, and monitor these effects via changes in the

transmission, through the material, of a low intensity probe pulse [1]. By varying the

time delay between the pulses in a controlled manner, pump-induced changes in the
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material properties can be mapped out over time. As with the autocorrelation tech¬

nique used for measuring ultrashort pulse durations, pump-probe experiments convert
the challenge of measuring times too short (sub-picosecond) to be ascertained using
conventional electronics, into the relatively easier task of measuring distances (mi¬

crometres), which can be readily accomplished with mechanical tools (calibrated delay

stages or differential screws).
In the case of bare semiconductor wafer samples this two beam pump-probe

method can be used to measure absorption dynamics; with an SOA device, forward
biased into gain, the regimes of gain depletion and recovery can be accessed. Refrac¬

tive index dynamics are manifested by changes in the phase of the probe beam and can

be measured by an interferometric pump-probe experiment, in which the two-beam

pump-probe concept is extended by the addition of a third, reference beam. Three-

beam pump-probe, phase measurements are the subject of Chapter 8; in the current

chapter the term pump-probe is used to refer to experiments using two pulse trains to

measure amplitude changes in transmission.

There are a variety of other types of experiments which yield information about the

optical response of a material in the time domain. For example, photoluminescence

(PL) measurements in which a sample is irradiated by an optical field, stimulating

absorption, and the subsequent emission of radiation is measured over time [2], PL

spectra are often used as an initial characterisation technique for material samples [3].

The measurement provides information about optical transition energies and rates, but

PL experiments are not used for the investigation of gain dynamics, there being a

continual amplified spontaneous emission signal in the gain regime.

Another popular method for investigating dynamics in semiconductors is measur¬

ing four-wave mixing (FWM), in which a nonlinear x® interaction between pump

and probe beams produces a transient signal, and this technique can be used in the gain

regime [4] [5], However the pump-probe concept provides a direct way of accessing the

temporal response of a sample, with the amplitude gain and refractive index dynamics

being readily separable. By contrast, in FWM experiments they are intertwined in a

complex way [6].
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7.3 Two beam pump-probe experiments
7.3.1 The principle

In general, what is required for a pump-probe experiment is a high intensity pump and

low intensity probe. In the experiments reported in this thesis, the pump and probe

were degenerate pulses. These were derived from the single high intensity optical

beam, from the OPO source described in Chapter 3. This beam was split into two,

unequally, to give a strong pump and weaker probe. The pump and probe travel on

different optical paths before reaching the sample, and one of the paths necessarily

includes a variable delay. On transmission through the semiconductor the pump inter¬
acts with the material altering the gain and refractive index, and the transmission of the

probe is affected accordingly.

As with the single pulse experiments reported in the Chapter 6, the period between

successive input pulses was more than long enough for the SOA to fully recover be¬

tween pump pulses. With this condition met it follows that, if the probe precedes the

pump in time, its transmission is unchanged compared to the case of the pump signal

being blocked altogether. On the other hand, when the probe follows the pump in time,

the probe transmission is changed to a degree that depends on the strength of the initial

interaction, between the pump and the semiconductor material, and on how much time

has elapsed since the passing of the latest pump pulse, to allow the material to recover

to its equilibrium state.

It is necessary to distinguish the pump and probe signals after their propagation

through the sample, or at least to remove the pump. With measurements on thin sam¬

ples, in which pump and probe are focused to overlap in the material but can be incident

on the sample at different angles, the signals can be separated spatially [7]. However

this is not possible with waveguide devices, such as SOAs, since pump and probe

must propagate collinearly through the material. In the case of non-degenerate pump-

probe experiments, when pump and probe are different optical frequencies, the pump
can be blocked by filters. Also there is an alternative, more complex, method in which

pump and probe beams are nominally at the same wavelength, but can be distinguished

by heterodyne detection, pump and probe signals having been fractionally frequency
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shifted (by approximately 1 MHz) with respect to one another using an acousto-optic

modulator [8] [9]. However in the experiments reported in this chapter, pump and

probe beams were of orthogonal linear polarisations and therefore could be separated

in a straightforward manner using polarising beamsplitter cubes.

7.3.2 Operating conditions

The SOA device under investigation is primarily intended for use under conditions of

gain. In the context of applications, the amplification the device can provide is desir¬

able in that it compensates for signal loss, due for example to imperfect coupling. In

addition, the cumulative amplification with propagation along the waveguide means

that significant total changes in gain can be effected by moderately low energy input

pulses. Moreover, as demonstrated by the results that follow, in the gain regime the

behaviour of the device can be controlled by tuning the level of electrical bias. Conse¬

quently, the pump-probe experiments presented in this chapter focus on investigating

dynamics under gain conditions.

The concept of the pump-probe experiment relies on the probe monitoring the dy¬

namics initiated by the pump, whilst not itself causing significant modulation of the

carrier distribution. Consequently, it was ensured that the probe pulse energy was very

much lower than the pump and, moreover, that the probe was low enough that on its

own it propagated linearly. The maximum level of probe pulse energy for this linear

regime depended on the wavelength and bias conditions, and was ascertained with re¬

spect to the saturation measurements reported in Chapter 6. At minimum, the pump

energy was ten times that of the probe; in many cases the ratio was one or two orders

of magnitude higher than this.

7.3.3 Experimental configurations
Conventional collinear cross-polarised pump-probe

The experimental set-up used for the initial co-propagating pump-probe measurements

is shown schematically in figure 7.1. A half-wave plate was used to rotate the linear

polarisation of one of the beams, the pump (as in the figure) or equivalently the probe.
The beams were then brought together collinearly with a polarising beamsplitter cube.
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plate

Figure 7.1: Schematic of the experimental configuration used for the co-propagating
pump-probe measurements

Microlenses were used to couple the beams into the SOA and collect the light out (as

described in section 4.3). After the SOA, the signal from the pump beam was removed,

again using a polarising beamsplitter cube, before the probe light reached the detector.

The pump was chopped and the signal from the detector passed to a lock-in amplifier.

This signal corresponded to relative changes in probe transmission due to the presence

of the pump: a much more sensitive technique than measuring absolute changes in the

probe transmission.

In the first experiments, the pump polarisation was chosen to be in the polarisation

direction which had been measured to have higher gain i.e. the TIvI mode. This was

due to the fact that, since the pump is amplified as it propagates and hence cumulatively

depletes more gain along the length of the device, it was expected that the higher gain
mode would result in a much larger gain depletion and lead to change in transmission

that would be more readily detectable. Subsequently, once the set-up was optimised,
the polarisations were swapped and the changes in transmission due to pump prop¬

agating in the TE mode were investigated. The input polarisations could be readily

adjusted with respect to the waveguide axes using half-wave plates inserted between

the polarisation cubes and the microlenses.
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Figure 7.2: Schematic of the experimental configuration used for the counter-
propagating pump-probe measurements

Counter-propagating collinear pump-probe

As a step towards the configuration used for the three-beam experiments reported in

Chapter 8, a pump-probe experiment was set up with the pump and probe counter-

propagating through the device, as illustrated in figure 7.2. This measures a slightly

different transmission change since the concept of zero delay, a single point at which

the pump and probe arrive simultaneously at device, no longer exists. With the pump

and probe counter-propagating they can be made to overlap at different points along
the length of the device, by adjusting the difference between their optical path lengths.

7.3.4 Data acquisition and processing

The platform on the delay stage could be moved by 1 fim steps. Each such step cor¬

responds to a change in optical path of 7 fs, for a pulse that is reflected off a mirror
mounted on the platform (and hence sees the distance change twice). By comparison,
the temporal duration of the pulses was in the range 300 fs to 1.2 ps. Consequently,
the limiting factor on the time resolution of the measurement was the pulse duration.

The experimental traces map out the changes in probe transmission as a function
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of delay with respect to the pump pulse. These are fitted to extract the magnitudes of

the transmission changes and time constants which characterise the dynamic recovery

of the transmission towards its initial value (explanation of the type of fits used can be

found in the Appendix).

The signal from the lock-in amplifier was recorded using a program written in

Agilent VEE, which also controlled the movement of the delay stage and thereby the

path length for the pump beam. At each step along the delay the corresponding time

at which the data (the pump delay distance and corresponding lock-in signal) were

acquired was also recorded in the data file. This was critical to enable changes in

the probe signal to be compared with the input from the OPO, as recorded by the

monitoring system. For details of this system refer to section 3.5.3, but it is worth

emphasising here that the statistics describing changes in the OPO pulse characteristics

proved extremely effective in identifying anomalous results, and were a means of doing

so in an objective way. Rejection of data on the grounds of poor input pulse stability

during an experiment had the effect of reducing the noise on an accumulated set of

data considerably, and this was especially true in the case of the pump-probe scans

measuring gain recovery over some hundreds of picoseconds.

Although the polarising beamsplitter rejected most of the pump intensity, some

leaked through onto the detector. This is possible since although the pump and probe

are nominally of orthogonal polarisations, under real experimental conditions the lin¬

ear polarisations tend to contain small components of the opposite polarisation and

moreover the SOA has been shown to rotate the polarisation of an optical field [10].
rpi p j.1 1 -I* _ _ 1 _ xl . ' j _ ^ . • .1
iiic piesence u± uie icaKing pump was appaieiii by uie existence or a noil-zero signal

before zero delay. At this time, with the probe effectively arriving before the pump, the

differential probe signal would be expected to be zero. This assertion follows from the
initial condition that the pulse repetition rate is sufficiently slow to allow full recovery

between successive pump pulses. The verity of this is confirmed by the rate of recovery
revealed by these pump probe experiments: gain recovery occurs over a period of less
than 1 ns and the period between pulses is 12.3 ns. Consequently, the data can be offset

by the signal value at delays before zero delay. (To be sure of avoiding pump-induced

changes in the signal, the offset needed to be determined at a time several multiples of
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the pulse width before zero delay. In practice the signal used was a safe margin beyond

this: an average of the signal over a period of ~10 ps, from delays >10 ps before the

step change in the transmission signal.)
Around zero delay, the signal tended to be noisy. With higher powers it was some¬

times possible to observe an interference between leaking pump and probe. The os¬

cillating signal around zero delay can be removed from data during experiments by

using a vibrating mirror such that the signal is smoothed. In the experiments reported
in this thesis, an alternative approach was developed which is equivalent but reduces
the possibility of losing information. After an initial rapid scan to locate zero delay,

a slower scan was made for the data acquisition using a variable step size: between

1 and 5 /rm around zero delay, and a longer step, 40 to 100 /tm, during the period

of gain recovery, where the changes in signal were smooth. Subsequently, a running

average could be taken of the data around zero, which had the effect of smoothing out

the oscillations. Note however that for some of the initial experiments the step sizes

used were not sufficiently small to effect this averaging, hence spikes can be seen near

zero delay in some data (e.g. figure 7.5), whilst they are absent from later results (e.g.

figure 7.17 (b)).

On some occasions, when the alignment of the optics was not optimised, an os¬

cillation was observed at some distance away from zero delay. This was attributed to

interference from pump and probe pulses multiply reflected within the optical set-up.

The envelope of these oscillations was effectively a cross-correlation measurement.

The pulse widths suggested by these traces were, within reasonable experimental er¬

ror, the same as the autocorrelation measurements of the source which implied that the

pulses were not significantly temporally broadened on propagation through the set-up,

including the 1 m length of optical fibre.
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Figure 7.3: Change in transmission of the TE probe, AT, as a function of delay time
with respect to the TM pump for a range of applied electrical biases

7.4 Transmission change results and analysis

7.4.1 Co-propagation results
Qualitative description of dynamics

Figure 7.3 shows the dynamic change of a TE probe transmission due to a TM pump

over a range of electrical biases, with pulses of ~800 fs. As expected, there is sudden

change in probe transmission due to the arrival of the pump (at t = 0 ps). This 'step'

change in fact takes approximately the pulse duration to occur; the pump and probe

overlap, at the so-called zero delay point, in the middle of this change. The subsequent

changes in transmission observed are more complex than can be explained by just

interband carrier dynamics.

The transmitted probe intensity recovers to its original equilibrium value in two

stages: a fast recovery taking of the order of picoseconds or less, and a slower recovery

taking several hundred picoseconds. The slow gain recovery is attributed to carrier

injection that is balanced by carrier recombination. The fast dynamic does last longer

than the optical pulse width, so can not be wholly explained by an instantaneous effect

that follows the pulse profile, such as two-photon absorption. It is attributed to recovery
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Figure 7.4: The measured changes in probe transmission as a function of delay with
respect to the pump for a wide range of electrical bias currents. The central wavelength
of the pulses was 1550 nm and their temporal duration ~700 fs.

from carrier heating which, as discussed in Chapter 2, can be caused by a variety of
mechanisms including stimulated emission, free-carrier and two-photon absorption.

Another dynamical process that is expected to take place on ultrafast timescales
is spectral hole burning (SHB). However, as noted previously, SHB is reported to be
characterised by a time constant of the order of 100 to 250 fs. This is significantly
shorter than the ultrafast gain change observed in these experiments; the pulse dura¬

tions used (~700 fs) were too long to resolve such a fast dynamic [11] [12]. The same

resolution restriction applies to the so-called spectral artifact, due to the ultrafast dy¬

namic coupling of the gain and refractive index and, moreover, it is expected that the

spectral artifact in these experiments would be small since the gain does not change

very steeply across the spectral width of the pulse profile [13][14][15].

Dynamics as a function of applied electrical bias

For a fixed pump pulse input energy, the change in probe transmission increases with

bias, as illustrated by the data in figure 7.4. The step change at zero delay grows with
bias and the remaining change, after the ultrafast dynamic, is also larger.

These trends with bias can be explained via the action of a stronger pump pulse:

the increase in magnitude of the long-lived gain change being due to the pump having
been more amplified under conditions of increased bias. The pump is therefore able to

J* \
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Figure 7.5: The measured changes in probe transmission as a function of delay with
respect to the pump for a range of electrical bias currents. The central wavelength of
the pulses was 1560 nm and their temporal duration ~700 fs.

extract more gain, from interband carrier transitions, and the probe is less amplified.

Stronger stimulated emission results directly in a larger change in the average temper¬

ature of the carriers. It follows that with an increase in the magnitude of the long-lived

gain change there is a concomitant increase in the magnitude of the short-lived change

due to carrier heating. On top of this, the increased intensity of the optical field will

tend to increase the two photon absorption and its contribution to the heating of the

carrier distribution.

The large magnitude of the short-lived gain change is consistent with published

measurements of carrier heating and suggestions that that it may be especially strong in

strained devices [ 16] [ 17][ 18]. Both short and long-lived contributions to the magnitude

of the transmission change appear to increase less fast for the highest biases: this

signature of saturation is discussed further in section 7.4,1.

Another change in the pump-probe traces with increasing bias is that the slow gain

recovery occurs much faster with higher biases. This can be seen in figure 7.5, which
shows the evolution of the transmission changes over a much longer time than figure

7.5. The pump-probe traces converge at longer delays, despite the fact that the initial

step change in transmission is larger for the higher biases. The 'slow' recovery time

(as opposed that of the ultrafast dynamic) is plotted against applied electrical bias in

figure 7.6. The more rapid recovery of the probe transmission with higher biases is

intuitively understandable in that this slow recovery of the gain is due to the increase

ipiww i«I m" *
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Figure 7.6: The fitted slow gain recovery times as a function of electrical bias current
for several input wavelengths.

of the carrier density towards its equilibrium value which is directly related to the rate

of electrical carrier injection.

For conditions under which Auger recombination dominates the slow gain recovery
2

in the SOA, it is expected that the slow time constant, tn is proportional to J~ 3. For

derivation of this relation refer to the Appendix. This proportionality suggests a log

plot of the time constant as a function of current, J, should have a slope of—2/3 if the

key process governing gain recovery is Auger. Plotting the experimental results in this

way, for example as shown in figure 7.7, was found to yield gradients steeper than -2/3

(-1.32 and -1.72 respectively from graphs (a) and (c)). This corresponds to saying that

the measured time constant falls faster with applied bias than predicted for the case of

Auger dominated recombination. Note also that a straight line did not give a good fit
to the experimental data, in particular in figure 7.7 (c), even by eye the trend of the data

points is not convincingly linear.

Recombination in SOAs that is faster than that predicted by an Auger dominated

regime has been attributed to rapid carrier diffusion from reservoirs of carriers adjacent
to the active region [19]. However that rapid recovery was due to device design and
was bias independent. In the case of the SOAs investigated in this thesis, it is believed
that the faster recovery occurs due to fact that it is a long waveguide in which gain is
therefore significantly affected by the level ofASE [20] [21], In effect the ASE provides
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Figure 7.7: The log of slow gain recovery times as a function of the log of the electrical
bias current. For Auger dominated recombination, the relationship would be inversely
proportional with a slope of -2/3. Graphs (a) and (c) include the data from the full
range of bias currents, and yield slopes of -1.32 and -1.72 respectively. Graphs (b) and
(d) are a subset of the same data but with one and four data points respectively removed
from the higher range of electrical biases. Fits to these subsets of the data yield slopes
of -0.97 and -0.86 respectively. The data in (a) and (b) is for measurements taken at
1560 and that in (c) and (d) from 1570 nm.

a gain loss mechanism, which speeds up device recovery in a similar fashion to the
demonstrated effects ofholding or assist beams [22][23][24], It can be thought of in the

following manner: in the hypothetical case that there were no ASE the carrier density
to which the device would recover would be greater; in other words the recovery in the

presence of ASE reaches its limit sooner than it would otherwise and hence the rate of

recovery appears faster.

This reasoning is backed up by the fact that taking only a subset of the data, that
from lower biases where the ASE intensity is less strong, the experimentally deter¬

mined relationship between slow gain recovery and bias is closer to that predicted for

Auger, as illustrated in figure 7.7 (b) and (d). Also, the subset of data gives a better
linear fit (than when using all the data points, as in 7.7 (a) and (c)). It is concluded

that at moderate biases, up to about 60 mA, the device behaviour is consistent with
the Auger mechanism. However at higher biases the relationship between current and
device recovery is different: the gain recovers more rapidly and this is attributed to the
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Figure 7.8: The fitted fast gain recovery times as a function of electrical bias current
for several input wavelengths.

influence on the dynamics of ASE.

The characteristic decrease in recombination time with increased injection current

can be used to optimise SOAs for high repetition rate applications. By contrast, the

fast recovery appears to slow down as the applied bias is increased, as illustrated in

figure 7.8. This has also been reported by Occhi et al. [11]: they note that the curve

for the recovery time and the total gain compression follow the same trend, but do not

advance any further explanation. Changes in the ultrafast rate of the SOA recovery as

a function of applied bias merit further investigation and, to achieve higher resolution,

it would be desirable to use pulses with durations shorter than the ~700 fs pulses with
which the data in figure 7.8 was obtained.

Dynamics for different polarisations

The measurements reported in Chapters 4 and 6 revealed that the gain available to the

TM polarisation was significantly more than that available to the TE polarisation at

biases (>60 mA). Figure 7.9 shows pump-probe traces for identical bias conditions

and pulse energies, but with the pump and probe polarisation directions reversed. It

can be seen that the step change in transmission is significantly larger for TM pump

and TE probe than vice versa. This is expected, and has a parallel explanation to that

given for the larger transmission changes observed at higher bias levels: with the pump
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Figure 7.9: Probe transmission as a function of pump delay for pump in the TM and
probe in TE mode and vice versa, for a range of pump pulse powers. All pulses were
at a wavelength of 1565 nm and the electrical bias current was 60 mA.

in the TM direction it is more amplified, hence extracts more gain, leaving less for the

probe, and there is correspondingly larger change in probe transmission compared with

the case of the pump being in the TE mode.

Another feature of the pump-probe traces for the two polarisations, seen in figure

7.9, is that the curves converge, which appears to suggest that the rate of gain recovery
is different for the case of pump in TM and TE modes. Any polarisation of the carriers

due to the polarisation of the optical field would be expected to vanish very rapidly

(^50 fs) so this apparent difference between the time dynamics of the gain observed

with the exchange of polarisations was not expected. This issue is revisited, in the next

section, with the analysis of results obtained with different pump pulse energies.

Dynamics as a function of pump pulse energy

Figure 7.10 (a) and a zoom on the same data in (b), show typical pump-probe traces

from an experiment with pump and probe wavelengths in the central part of the gain

spectrum of the SOA, in this case 1565 nm, and the device sufficiently biased to be in

gain in this spectral region. For the data shown in figure 7.10 the pump was set to the
mode that gave the greatest gain, that is, with its polarisation in the TM direction; the
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Figure 7.10: Probe transmission as a function of pump delay for three different pump
pulse energies (a) and close up on times around zero delay (b). All pulses were at
a wavelength of 1565nm and the electrical bias current was 45 mA. Note that the
oscillation visible in figure (b) as the signal first starts to change, is thought to be due
to a stray reflected signal and the step size was not short enough for the signal to be
smoothed by the taking of a running average.

probe was cross-polarised, that is in the TE mode.

Under the conditions of constant electrical bias, the magnitude of the change in

probe transmission is found to increase as a function of pump pulse energy. This
trend holds both for maximum initial change in transmission, after zero delay, and the

remaining difference in transmission (with respect to the case of no pump) after the
initial rapid gain recovery. These increased transmission changes with pump energy

can again be understood with a similar logic to that applied to the larger step changes
under conditions of higher bias; essentially a stronger pump causes more gain deple¬

tion. Again, discussion of the limits on the amplitude of these observed gain changes
is deferred to section 7.4.1.

Figure 7.11 illustrates the time constants from curve fitting pump-probe traces for
different pump pulse energies: firstly from a direct exponential fit to the transmission

change, and secondly from an exponential fit to the natural log of the transmission

change. The former yields time constants that increase significantly with pump pulse

energy (black diamonds). Such a link between the SOA time dynamics and the strength

of optical pumping is not intuitive (contrast bias dependent changes in the rate of gain

recovery which are expected since the bias controls the carrier density). The latter form
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Figure 7.11: The time constant obtained from fits to pump-probe traces. When a simple
exponential increase in transmission is assumed longer time constants are found for
larger magnitudes of gain depletion (black); when fits were made to the natural log of
the transmission change there was no significant trend in time constant as a function of
pump pulse energy (red).

of fit is found to yield a time constant that does not change significantly with pump

pulse energy (red diamonds). This fit, to the log of the transmission change, allows

for the fact that the transmission change is dependent on a gain change which is itself

related to the characteristic time constant through two exponentials, i.e. the carrier

density recovery is exponential in time, but also the measured gain is exponential with

propagation distance through the waveguide. (This double exponential relationship

between the time constant and experimentally measured gain recovery is detailed in

the Appendix.)

Similarly, the differences between the recovery from gain depletion with pump in

TE and TM polarisations is attributed to the relative magnitudes of change in trans¬

mission, rather than to any change in the underlying characteristic time constant of

the recovery. There is no physical mechanism by which either changes in energy, or

polarisation of the gain-depleting optical field, influence the subsequent rate of gain

recovery, over hundreds of picoseconds. It is nevertheless true that the gain (both am¬

plitude and phase) takes longer to recover by a set amount (e.g. a change of phase of

it) when the active material is more saturated. This imposes a limit on the rate of oper¬
ation of interferometric switches, since recovery of pump-induced differential changes
between data pulses is critical. Therefore it can be concluded that for ultrafast optical
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Figure 7.12: The magnitude of the total change in transmission (total gain compres¬
sion), and separately the two components of this change corresponding to the slow and
fast dynamics, as a function of pump pulse energy. Data is shown for both pump in
TM (black) and pump in TE (white), with probe in the orthogonal polarisation in each
case.

switching applications, it is desirable not to operate the SOA with very high energy

control (pump) pulses which cause severe saturation of the gain.

Gain saturation

The phenomenon of gain saturation has been discussed in Chapter 6. Essentially as the

intensity of an input optical field is increased the available gain is exhausted. In the

context of the pump-probe experiment this is manifested by successive increases in the

pump pulse energy causing progressively smaller changes to the amount by which the

probe transmission is reduced.

Results presented so far, in this chapter, demonstrate that the magnitude of the
observed changes in transmission tends to increase with pump pulse energy and ap¬

plied electrical bias. Saturation is manifested when these parameters continue to be
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Figure 7.13: The ratio of the short-lived and long-lived components which make up the
total transmission change. Data is shown for both pump in TM and TE modes, with
probe in the orthogonal polarisation in each case.

increased. It is useful to consider the magnitude of the total step change and to define

its fast and slow components. These correspond to the short-lived change in trans¬

mission, from the minimum (just after zero delay) to the crossover point between the

fast and slow dynamics, and the remaining difference, after this initial fast recovery,

respectively. The point in mid recovery that was taken as this crossover between the

fast and slow dynamics was defined graphically: the logarithm of the transmission

change was plotted and the crossover delay corresponded to the time at which lines

fitted separately through the two recovery regimes intersected.

In figure 7.12 the total, fast and slow step changes in transmission are plotted as a

function ofpump pulse energy, for both TE and TM polarisations. It can be seen clearly

that with successive increases of pump pulse energy, the step changes in transmission

slow down and saturate. The TE polarisation seems to saturate at slightly lower pump

powers than the TM, for which the gain is higher.

Over most of the range of input energies, and for both TE and TM pump, the fast

component gives a larger contribution to the total gain compression than the slow. This

is shown clearly in figure 7.13 in which the ratio of fast to slow gain compression is

plotted as a function of bias. Note however that at the lowest input energies, the long-

lived compression was the larger component; only by a small fraction but in both TE

and TM data. The fact that the strength of the fast dynamic overtook the growth in
the magnitude of the long-lived gain change as the pump pulse energy was increased
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Figure 7.14: The reciprocal of the magnitude of the short-lived transmission change as
a function of the square of the pump intensity. Data is shown for both pump in TM and
TE modes, with probe in the orthogonal polarisation in each case.

suggests that two-photon absorption (TPA) was making a significant contribution to

the ultrafast dynamic. This suggestion is supported by the reciprocal of the ultrafast

transmission change becoming linear as a function of the pump intensity squared, a sig¬

nature of TPA, for the higher pump intensities as shown in figure 7.14 [25], The trend

would merit investigation over a wider range of pump intensities and wavelengths. It

is however concluded that it is likely that TPA is making a significant contribution to

the ultrafast response of this SOA, at photon energies in the region of peak gain.

Saturation of the step changes in transmission is also clearly manifested as a func¬

tion of bias, as illustrated in figure 7.15 which shows the total, fast and slow step

changes as a function of bias. The increment by which the step changes grow with

linear steps in bias becomes smaller at higher biases. This is a manifestation of the
maximum level of population inversion being reached - eventually no more carriers

can be injected because there are no more states to fill, and as this point is approached,

despite the higher levels of bias being applied, the amount by which the gain and hence

the transmission can be changed is limited. Note that at a bias of 40 mA the magni¬
tude of the step change is only just greater than zero, suggesting that the amount of

gain depletion by the pump was minimal and therefore corresponds to the device being
close to transparency. This agrees with the transparency indicated by the trend of small

signal gain measurements, and the difference with respect to the dV measurements of
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Figure 7.16: The magnitude of the total change in the transmission (total gain com¬
pression) as a function of pump pulse energy for a range of applied electrical biases.
The pump is in the TM polarisation direction and the wavelength was 1560 nm.
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Figure 7.17: Change in probe transmission as a function of delay with respect to
change in pump path length for the pulses counter-propagating (a). The electrical bias
was 60 mA, pulses were at a wavelength of 1565 nm, pump pulse energy was 180 fJ
and the probe 3 fJ. For comparison, the trace for the pump and probe co-propagating
through the SOA is shown in (b).

material transparency is attributed to the former two including waveguide losses (see

section 5.7.2).

Also note that with these pump-probe measurements, no strong trend as a function
of bias was found in the energy at which the pump-induced gain compression saturates.

For example, in figure 7.16, the curves do not flatten at distinctly different energies for
the three biases. This is consistent with the results reported in Chapter 6, in which no

clear trend in saturation energy with bias was observed and, likewise, is attributed to

the saturation energy being almost flat over biases from 40 to 90 mA (as illustrated by

figure 6.9).

7.4.2 Counter-propagation results
Counter-propagation transmission change

The nature of the transmission change measured with the pump and probe counter-

propagating through the device was observed to be significantly different to the co-

propagating case. Figure 7.17(a) illustrates the evolution of probe transmission as a

function of changes in the pump delay for the the pump and probe counter-propagating

through the device. For comparison, a trace for the co-propagating geometry over the
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same length of time is shown in (b).

The counter-propagating probe experiences pump-induced gain changes from only

the fraction of the device through which the pump has already travelled by the point

that they cross in the loop. This results in the transmission reaching its minimum value
much more slowly than in the co-propagating case. From the onset of reduced trans¬

mission, the full time taken to reach the point of minimum transmission is expected to

be twice the propagation time through the active region. This is InLjc where n is the
effective refractive index and L the length of the active region. The measured value

of 22 ps is consistent with the 1 mm device length and an effective refractive index of

approximately 3.4.

By comparison to the trace from the co-propagating geometry, figure 7.17 (b), the

ultrafast component in (a), is a very much smaller fraction of the total reduction in
transmission. This is consistent with the recovery time for this feature being ~1.2 ps,

which is much less than the propagation time through the device (22 ps). Consider that

the reduction in the counter-propagating trace occurs as the point where the pump and

probe overlap moves closer to the facet where the probe enters and the pump exits the

device. The minimum probe transmission is observed for the delay at which pump and

probe meet at this facet, since under this condition the pump has been allowed to induce

gain depletion along the full length of the device before the probe passes. However,

since ultrafast recovery occurs continually as the probe propagates through the device,
the ultrafast pump-induced gain changes at the opposite end of the waveguide, the exit

facet for the probe, have recovered before the probe arrives there.

The only region of the device in which the probe experiences the total effect of
the pump-induced gain depletion is that portion close to the point where it entered

the waveguide, since there it was propagating through the material immediately after
the pump. By contrast with the pump and probe co-propagating the probe can be

arranged to follow immediately behind the pump experiencing the maximum effect of
the ultrafast pump-induced gain compression all along the length of the waveguide:
the transmission change is cumulative with propagation and therefore large.

As expected the recovery of the device on longer timescales, subsequent to the fast

dynamic, is found to be the same as that measured using the co-propagating geome-
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Figure 7.18: Change in probe transmission with delay (i.e. with respect to change
in pump path length) for the pulses counter propagating for a range of pump pulse
energies. The probe pulse energy was constant at 10 fJ, the electrical bias was 60 mA
and pulses were at a wavelength of 1565 nm.

Pump energy / fJ

Figure 7.19: The slope of probe transmission change, over the section it was linear, as
a function of pump pulse energy. The experimental conditions were the same as those
listed in figure 7.18.
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try. All these characteristics of the counter-propagating pump-probe trace have been

successfully reproduced by the sliced propagation model (illustrated in figure 5.11 and

plots shown later in this chapter). Note the oscillation seen in the data at the beginning
of the transmission change is attributed to interference between the probe and a small

part of the fraction of the pump that is co-polarised with the probe being reflected at

the device facet.

Longitudinal dynamics

In the counter-propagating pump-probes, the change of probe transmission is not linear

through out the period over which it is reduced to its minimum value. This is visible
in figure 7.17(a) as the probe transmission deviating from the constant gradient (red

line). The initially slow and then accelerated rate of change of transmission occurs over

too long a time period to be due just to the pulse profile. The change of curvature is
attributed to the amplification of the pump as it propagates through the SOA; the further

through the device the pump has travelled by the point the probe passes it, the more the

pump has been amplified, extracted gain and hence compressed the probe transmission.
However in figure 7.17(a) the change of transmission rapidly tends towards a linear

function of delay.

The counter-propagating pump-probe trace was found to change with different

pump pulse input energies, as illustrated in figure 7.18. In particular, the gradient
of the linear fall in transmission was found to increase as a function of pump pulse

energy, as shown in figure 7.19. The change in slope appears to saturate with higher

pulse energies. The smaller magnitude of transmission change for a given change in

delay suggests that the amplified pump pulse is so intense that it is saturating the gain
available (as limited by the carrier population inversion due to the fixed level of applied

bias).

Figure 7.20 shows the data from 7.19 re-plotted with data from the single pulse

measurements of gain saturation reported in Chapter 6 and illustrates the consistency
of the saturation behaviour of the device as determined by the two techniques. Indeed

the the longitudinal gain saturation revealed by the counter-propagating pump-probe

experiments adds to the understanding of the characteristic saturation of the total de-
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Figure 7.20: Data from figure 7.19 re-plotted with single pulse saturation results from
the experiments reported in Chapter 6, where experiments were conducted at wave¬
lengths of 1565 nm and 1570 nm, respectively.

vice gain as obtained by measuring input and output powers. It would be very inter¬

esting to apply this technique to devices in which the nonlinear material (providing

gain or absorption) was localised or patterned within a waveguide e.g. an SOA with

different electrical contact regions or quantum dot embedded within a photonic band

gap material [26].

These conditions have been explored using the slice propagation model. Figure

7.21 shows a series of probe transmission curves, calculated for a range of pump input

energies. The curves in (a) reproduce the trend seen in the experimental curves in

figure 7.18. The corresponding curves for the counter-propagating probe are plotted in

(b), for comparison.

With the model it is possible to investigate the gain along the length of the SOA

corresponding to each of the pump input energies. The calculated amplification avail¬
able per unit length (i.e. per 25 fim slice) along the device is plotted in figure 7.22.

These curves reveal that for the lowest level of input (blue) the level of amplification

does not change steeply at the beginning and is only significantly reduced from its
initial value in the second half of the device. By contrast, in the case of the highest

energy pump (red), 10 Esat, the gain is strongly depleted from the beginning of the de¬

vice; by the end of the device the rate of reduction of gain slows and the amplification
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Figure 7.21: Calculated fractional change in probe transmission with delay for the
pulses (a) counter- and (b) co-propagating with the pump for three pump pulse energies
with respect to the 3 dB saturation energy.
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Figure 7.22: Calculated amplification (gain factor) per unit length travelled by the
pump pulse along the length of the device, for the same three pump energies as used
for the plots in figure 7.21.

225



(gain factor) approaches x 1 indicating that the material in this part of the waveguide is

being bleached towards transparency. Under the intermediate conditions (green), the

amplification per slice is reduced almost linearly through much of the device. These

curves mirror the characteristics of the counter-propagating pump probe traces from

calculations (figure 7.21) and experiments (figure 7.18).

7.5 Summary

In this chapter two beam pump-probe experiments have been reported. They have

revealed a two stage gain recovery. The slow, carrier density dependent gain recovery

in the SOA is characterised by time constants of hundreds of picoseconds for low biases

(tn 350 ps at 50 mA). However this 'slow' time constant falls rapidly with bias (to

~100 ps at 85 mA). At low to moderate biases (40 mA to 60 mA) the trend with bias

is consistent with Auger being the dominant mechanism of carrier recombination. For

higher biases, the rate of recovery increases and it is concluded that this is due to the

strong ASE in this long (1 mm) waveguide; an effect similar to that of a holding beam.

In addition to the slowly recovering gain change, a strong ultrafast dynamic is ob¬

served, and this is attributed to carrier heating and two-photon absorption. In contrast

to the increased rate of recovery of the carrier density dependent gain with bias, the

ultrafast recovery seems fastest for low biases (< 1 ps) with the change saturating for

higher biases (~1.5 ps). The trend in this ultrafast recovery time appears to be corre¬

lated with the saturation of the magnitude of the ultrafast gain compression. However

the governing mechanism has not yet been identified; this trend merits further investi¬

gation.

Saturation of the transmission change with increasing pump input pulse energy and

applied bias have been found to back up the single pulse results reported in Chapter

6. As with the single pulse data, there is no strong trend as a function of bias in the

energy at which the SOA saturates.

In addition to the classic co-propagating pump and probe transmission measure¬

ments, dynamics measured with counter- propagating pulses have been presented. The

counter-propagating probe has been shown to experience a slow fall in transmission,
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corresponding to twice the transit time through the SOA (22 ps), which compares

with the rapid transmission change following the pulse profile (~1 ps) observed with

the conventional co-propagating configuration. The implications of this difference for

switching configurations such as the TOAD in which pulses counter-propagate, are

explored in the next chapter. What has been focused on in this chapter is the use of

counter-propagating beams to explore dynamics within the SOA. In particular longitu¬
dinal gain saturation was identified. By contrast, there is no way by which the spatial

dynamics inside a processed waveguide can be monitored using co-propagating beams.

This additional information about longitudinal gain saturation, builds on the measure¬

ments of the saturation characteristics of total device gain reported in Chapter 4.
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Chapter 8

Phase changes and refractive index
dynamics

8.1 Introduction

Building on the two beam pump-probe experiments reported in the previous chapter,

this chapter reports experiments in which an additional third beam is introduced as a

reference probe. The interference signal between the two probes enables their relative

changes in phase, due to pump-induced refractive index changes, to be detected.

The three beam pump-probe set-up described in this chapter is equivalent to the

TOAD optical switching configuration. Experiments investigating the characteristics

of the interferometric optical switching achieved using this SOA are reported. Results
include contrast ratios and minimum switching energies ascertained as a function of

electrical bias and operating wavelength. The shape of the switching window obtained

under different operating conditions is also discussed.
Einnllif in fVtic or\tar mflopuramantr rvf «r/-*Ua rliifinrt o r\nmr\
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iment are reported. Dynamic changes in the probe wavelength are also a manifestation
of pump-induced refractive index changes.

8.2 Three beam pump-probe experiments
8.2.1 Experimental configuration

The set-up used for the interferometric measurements involved the simultaneous cou¬

pling into the SOA of the pump, and both the co- and counter-propagating probe

beams, used in pump-probe experiments described in Chapter 7. This combined con-
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Figure 8.1: Schematic of the experimental configuration used for the interferometric
measurements to determine changes in the probe phase at different delays with respect
to the pump pulse

figuration, illustrated schematically in figure 8.1, essentially corresponds to a TOAD

interferometric switch (introduced in Chapter 1) constructed from bulk optics.

The location of the SOA in the loop determines the optical path lengths and hence

the relative arrival times at the device of the two probes. For any asymmetric placement

of the SOA (i.e. such that it is not exactly half way round the loop, opposite the 50:50

beamsplitter), the probes necessarily arrive at different times with different delays with

respect to the pump. Consequently for a given pump path length, if one or both probes

arrives after the pump, each experiences the active material in a different state.
The state of SOA at the time they propagate through it determines the amount each

probe is amplified and also the degree by which the phase of each is altered. The

changes in phase being due to the fact that in addition to changing the available gain

(as measured in Chapter 7), the pump interaction with the carriers causes a concomitant
modulation of the refractive index of the material.

As shown in figure 8.1, after passing through the SOA the probes return to the
50:50 power beamsplitter and interfere. Note, the interference signal measured in
these experiments is that which passes through the loop, not the signal that appears
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reflected back along the direction of the original probe signal input. The reflection

and transmission through the beamsplitter is such that the null state of this interference

is destructive. (The mathematical expressions for this are detailed in section 5.8.4.)

Hence when there is no pump or the pump pulse energy is so low that the refractive in¬

dex is not significantly modified, the interference signal that reaches the detector from

the recombined probes is low. Changes in the relative phase of the probes will initially
result in increase of the strength of this signal.

Advantages of the TOAD-like set-up for experiments

It is the relative difference in phase that is critical for the use of SOAs interferomet-

ric switching applications. For measuring the differential changes in phase due to the

pump pulse, the set-up used in the experiments reported in this thesis has several ad¬

vantages. In particular parasitic changes in the index of refraction do not contribute

to the signal since all three pulses pass through the waveguide [1], Secondly, path

length changes due to thermal fluctuations between the probe and reference are neg¬

ligible since, although they propagate in different directions (clockwise and counter¬

clockwise), both follow the same path. Consequently active stabilisation of the inter¬

ferometer is not required.

8.2.2 Difference frequency lock-in detection

In practice it was found that there were reflections from some optical elements within

the loop and these enabled light to return to the beamsplitter without having passed

through the SOA. The background signal due to such reflections is minimised in an

integrated switching set-up. However, in these experiments, to distinguish the compo¬

nents of probe signal which had travelled completely around the loop lock-in detection

using a double optical chopper was implemented.

The chopper had different period patterns on the inner and outer halves of its disc.

This meant that the frequency of modulation of an optical beam depended on the radial
distance from the centre of the disc at which the beam was incident. The disc was

aligned on the optical bench, just after the 50:50 beamsplitter, such that the transmitted
and reflected probe beams both passed through the chopper; one through the inner
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Figure 8.2: The strength of signal when the difference frequency is used as the refer¬
ence frequency for the lock-in.

and one the outer pattern. The signal due to the interference of the co- and counter

propagating beams that had passed though the SOA, and thence around the whole

loop, had therefore been modulated at both frequencies.
The interference signal was measured using a large area Germanium detector and

a lock-in amplifier. The driving electronics of the double chopper could give a refer¬
ence frequency at either of the two frequencies or at the sum or difference frequency.
To check for the strongest detection of the interference the lock-in was programmed
to scan through the harmonics at each of these signals. As illustrated in figure 8.2, it
was discovered that a reference signal for which both clockwise and counter-clockwise

probes were independently detectable and balanced in strength, and where their com¬
bined interference signal was reasonably strong, was the first harmonic of the differ¬
ence frequency.

8.2.3 Interferometric experiments

As shown schematically in figure 8.3, the variable delay on the pump arm allowed the

pump to be scanned from before the short path probe pulse (time position 1) to arriving
after both of the probes (time position 3).
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Figure 8.3: Schematic of the relative delays of the pump and the two probes. The pump
can be scanned to arrive at times 1, 2 and 3 with respect to the two probes. The delay
between the two probes can also be varied, though over a smaller range.

Phase measurements

For the first type of measurement presented in this chapter (see figure 8.4), the short

path probe was taken to be the reference and the long path probe the signal. The slow

recovery time of the gain of the SOA has been measured to be hundreds of picosec¬

onds and the period between pulses from the OPO was more than 12 ns. Given these

timescales, the optical path lengths of the two probe pulses were adjusted in order that

the difference between their arrival times at the SOA was a few nanoseconds. This en¬

sured that if the pump was at zero delay with respect to the second (long path) probe,

the first (short path) probe would arrive before the pump and find the device in equi¬

librium, unperturbed by the pump-induced gain changes.

The strength of pulse interference was measured as the pump was scanned from

arriving just before the long path probe to many hundreds of picoseconds after it.

For long delays it was not important whether the signal probe was co- or counter-

propagating with the pump. However, in order to investigate the full magnitude of the

phase changes due to fast gain dynamics it is clear from the direction dependent trans¬

mission dynamics reported in Chapter 7 that it was necessary to ensure that the long

path probe was the one co-propagating with the pump.

Switching window measurements

With the pump delay reduced to the point at which it precedes both probes (time posi¬

tion 1 in figure 8.3) and then scanned to the point where it follows both (time position

3), the interference signal can be viewed in a different context: essentially it maps out
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Figure 8.4: Interference signal between the two probes as a function of pump delay
using probe energies of approximately 15 fJ and a pump pulse energy of 250 fJ. All
pulses are degenerate at 1572 nm

the shape of the switching window for this interferometric configuration. The later

measurements presented in this chapter correspond to this type of scan.

The variable delay within the loop, shown in figure 8.1, allowed the difference

between the arrival times at the SOA of the two probes to be changed. This enabled

the temporal width of the switching window to be varied. In addition, the strength of

the interference signal within the window was investigated for a variety of electrical
bias currents, pump pulse energies and at different wavelengths.

8.3 Interferometric results and analysis

8.3.1 Dynamics as function of pump delay

Figure 8.4 shows the interference signal, measured after the beamsplitter where the
two probes meet, as a function of pump delay. The step increase in the signal is rapid,

following the pump pulse profile, as seen in the co-propagating pump-probe transmis¬
sion measurements. The strength of signal reduces back to the pre-zero delay level
over a period of hundreds of picoseconds. Fits to this recovery yielded time constants

equivalent, within the limit of experimental error, to those found for amplitude gain

recovery under similar conditions.

The strength of the interference signal between the probe pulses must reflect the
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change in relative phase of the probes, caused by the pump. However, regardless of
the relative phase, their relative amplitudes impose limits on the minimum and maxi¬
mum strength of the interference signal. In effect this interference signal is an indirect

measure of relative amplitude changes of the probes.

Consider that the reference precedes the pump through the SOA so it encounters the
active medium totally unperturbed by the pump and experiences the maximum level

of gain. By contrast when the signal pulse arrives just after the pump, it experiences

significantly lower gain, with respect to that experienced by the reference. Therefore
at the point the probes interfere, when both have been through the SOA, the signal

pulse is much smaller in amplitude than the reference pulse. It follows that although

when Ac/) = it the interference signal will indeed increase from its minimum level,

it is also the case that even for small Acf> the interference signal will tend to increase

due to the destructive interference being degraded by the difference in amplitude be¬

tween the probes. For this reason, it is concluded that in measurements such as that

illustrated in figure 8.4 any modulations due to differential changes in probe phases,

as the SOA recovers, are dominated by the amplitude modulation of the signal probe

with respect to the reference probe. To quantify the magnitude of the phase change, it

was necessary to identify turning points in the magnitude of the interference signal as

the experimental conditions controlling the magnitude of the gain change were varied.

This concept was pursued in the experiments reported in the next section.

Importantly, the fast dynamic that is found to be strong in two beam pump-probes,

was not manifested in these three beam interferometric measurements. Since the scan

of interference as a function of delay is thought to be dominated by the probe to probe

amplitude modulation it is surprising that there is not a spike corresponding to the

strong gain compression near zero delay. It is concluded that under the conditions

explored with these experiments and with this particular SOA, the coupling between

refractive index and carrier population distribution changes is weak. This issue is re¬

turned to with discussion of the switching window shapes in section 8.3.6.
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Figure 8.5: Change in the interference signal as a function of pump pulse energy. The
null (no pump) interference is destructive giving a low signal. Each peak in the signal
corresponds to the pump having induced an odd multiple of 7r phase difference between
the two probes.

8.3.2 Interference strength as a function of pump pulse energy

By measuring the interferometric signal as a function of pump pulse energy, at a fixed

delay, the evolution of the phase change can be observed. Figure 8.5 shows this signal

as a function of pump pulse energy. The interference signal increases to a maximum,

decreases and increases again. Maxima in the signal correspond to Acp = nn where n

is odd; minima to Acp = rmr where m is 0 or an even integer (as outlined in section

5.8.4).

Far from the change in phase increasing linearly with the strength of the optical

pumping, it actually takes exponentially larger increases in the pump energy to achieve

the similar incremental phase changes. To see the phase change of more than 37t,

shown in figure 8.5, it was necessary to move to delay close to zero delay (~ 2ps) and

use the maximum optical energy that the pulsed source could provide. This data was

noisy, which is attributed to timing and wavelength jitter in the optical pulse source.

However the curve illustrates the cycle of maxima and minima produced by changing
the pump pulse energy and corresponds well, qualitatively, to the change in the strength
of the interference as a function of pump pulse energy calculated for the ideal case with
the sliced-propagation model (illustrated in figure 5.14).

This interference measures the signal transmitted out of the loop after the beam-
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Figure 8.6: The interference signal, corresponding to the signal that is switched out of
the loop (transmitted) as a function of pump pulse energy for a range of electrical bias
currents. The input wavelengths of all pulses is 1567 nm

splitter, and corresponds to the transfer function of the switching configuration. Mov¬

ing from the signal minima to maxima and vice versa, by controlling the pump energy,

corresponds to turning the switching on and off. By comparison to the data shown in

figure 8.5, the noise was reduced when the maximum pump pulse energies required

were low enough that the pulse source did not have to be operated at the edge of its

stability. Also the contrast ratio between maxima and minima was improved by ad¬

justing the experimental conditions. These improvements are shown in the subsequent
results presented in this chapter.

8.3.3 The effect of changing the bias

Figure 8.6 shows the evolution of the interference of the probes (switched signal) as the

pump (control) pulse energy is increased for a range of electrical biases. The minimum

pump energy necessary for switching is defined to be that which causes a phase change,

A4> = 7r, and hence a maxima in probe interference. The energies for the first maxima,
taken from the data in figure 8.6, are plotted as a function of bias in figure 8.7.

It can be seen that the required switching energy can be reduced by increasing the
bias. This is consistent with the pump being more amplified under higher bias condi-
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Figure 8.7: The pump pulse energy necessary to induce -k phase difference between
the probes and hence achieve maximum switched signal as a function of electrical bias.
These values are taken from the data shown in figure 8.6

Figure 8.8: The extinction ratio between the null (no pump) probe interference signal
and the maximum switched signal as a function of electrical bias. These values are
taken from the data shown in figure 8.6
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tions, therefore extracting more gain as it propagates through the SOA and causing a

larger refractive index change in the material.

The extinction ratio between the on and off states of interferometric set-up is de¬

fined by

R=™ (8.1)
min

Figure 8.8 shows the extinction ratio as a function of bias; the maximum extinction
ratio is achieved at approximately 110 mA, for these operating conditions i.e. in the

middle of the gain. Thereafter, the improvement in extinction ratio appears to saturate.

This can be explained by the fact that the increase in gain with each step in bias has

become very small (as illustrated by figure 4.9). However, the improvement of the

extinction ratio with bias does not just slow, the curve in figure 8.8 becomes totally

flat and at the highest bias used in the experiment the measured extinction ratio gave

a slightly lower value. The significance of this last point is marginal, it appears to be

counter intuitive that there is no improvement in the contrast ratio when the gain is still

increasing, albeit by progressively smaller amounts, with each step up in bias. As the

ASE measurements warn, the high power of ASE at higher biases will tend to degrade

the signal-to-noise of the signal which passes through the SOA, and it is also possible

that the behaviour of the device is changed due to the emergence of cavity modes en

route to lasing. However measurements of the probe spectra point to another possible

contributory factor, namely degradation of the constructive interference by significant

cross-phase modulation between the pump and signal probe, and this is discussed in
the final section of this chapter.

240



3
c3

n3
C
bO

"0
a;

Q

%
CO

■ 1535 nm

♦ 1545 nm

1555 nm

1565 nm

• 1575 nm

tfttf * A

• •

•

1
• ••«* ♦

.**•+ •..

♦ hk. I'tfiuMfr
• • «
> ♦

10 100 1000 10000

Pump pulse energy / fJ

Figure 8.9: The interference signal, corresponding to the signal that is switched out of
the loop (transmitted) as a function of pump pulse energy for a range of input wave¬
lengths. The electrical bias used in all cases is 100 mA

8.3.4 Different operating wavelengths

The evolution of the interference with pump pulse energy was also investigated in

different parts of the gain spectrum. Figure 8.9 shows the interference signal up to

the first maxima as a function of pump pulse energy at five different wavelengths.

Corresponding to the first maxima of the curves in figure 8.9, the energy required
to achieve a 7r phase change was lowest for wavelengths in the middle of the gain

spectrum (minimum measured for 1565 nm), as shown in figure 8.10. The contrast

ratio was also found to vary with wavelength as illustrated in figure 8.11. The best

(highest) values of extinction ratios were found for wavelengths where there is high

gain, in the same range as the lowest switching energies.
It appears that the occurrence of the highest contrast ratios is marginally weighted

towards the long wavelength side of the maximum gain. An increase in contrast ra¬

tio as the wavelength is tuned towards band edge is consistent with results reported
in the literature [2]. This is attributed to the slightly lower amplitude gain at these

wavelengths leading to a reduction in the amplitude modulation between the co- and

counter-propagating components of the signal pulse, whilst there remains a signifi-
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Figure 8.12: The interference signal as the pump path length to the SOA is scanned
from shorter than the shortest probe path to longer than the longest probe path. This
corresponds to the time during which the probe signal is transmitted through the loop
i.e. the switching window. Note that the delay between the probes, fixed during this
experiment, is so long that the signal changes due to the slow recovery of the SOA.

cant refractive index change. These factors can result in better contrast between the

constructive maximum and destructive minimum of the interference.

8.3.5 Switching window
Wide and narrow windows

With the pump energy set such that it induces A4> & 7r, there is strong constructive

interference between the probes over the range of delays for which the pump arrives at

the device between the two probes (i.e. the central time period, 2 in figure 8.3). Figure
8.12 shows the interference signal as a function of pump delay for the pump scanning

past the points at which its arrival at the SOA is coincident with each of the probes (i.e.
from position 1 to position 3 in figure 8.3). The central increase in the interference

signal is the switching window. For this relatively long probe separation, it is possible
to see the recovery of the SOA during the window.

Also in figure 8.12, outside the window the signal is non-zero for short delays (po¬

sition 1 - both probes before the pump) and there is a pedestal at long delays (position 3
- both probes after the pump). Both are be due to imperfect destructive interference at

these points. The peak of the pedestal occurs at a time which corresponds to the second
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Figure 8.13: Switching window showing the asymmetric shape of the switching win¬
dow due to the difference in dynamics for the co- and counter-propagating probes.

probe experiencing its maximum pump-induced change, whilst the first probe experi¬

ences significantly recovered gain and index. Minimisation of these signals, which

tend to degrade the quality of switching, is discussed in the next section.

The experimentally measured window for a much shorter probe-probe path dif¬

ference, of approximately 15 ps, is shown in figure 8.13. In this case the top of the

window is essentially flat, since there is insufficient time for significant recovery of the
device. The pedestal is reduced to a small oscillation (on the right hand side of the

window, at a delay of ~50 ps). With the plot extending over a relatively small range

of delays (with respect to figure 8.12), it can be seen clearly how the different nature
of the dynamics for the co- and counter-propagating pulses defines the shape of the

switching window: the switch on is fast and the switch off is slow, corresponding to

the probes co- and counter-propagating with the pump, respectively. The time for the

counter-propagating switch off is 22 ps, which corresponds to twice the transit time

through the device, as discussed in Chapter 7.

Optimising the switching window

A criteria for high quality switching is the achievement of a high contrast ratio, be¬

tween the on and off states of the switch. To achieve a high contrast ratio, with this

interferometric configuration, it is critical to minimise the signal at delays outside the

switching window. Non-zero background level outside the window is attributed to
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Ratio of probe intensities

Figure 8.14: The calculated interference signal as a function of the ratio of probe input
powers, at negative delays with respect to the pump i.e. a point where both probes
precede the pump (e.g. X in figure 8.13). This corresponds to the background offset
signal outside the switching window.

• an offset occurring when both probes precede the pump through the SOA: the

magnitude depends on the relative difference between the input intensities of the

two probes

• a pedestal occurring when both probes propagate through the SOA after the

pump but they still do so at different times: the magnitude depends on inter-

probe delay, and also the pump pulse energy.

To address the first issue, the need to minimise the offset at short delays (where

both probes precede the pump through the device), it is necessary to adjust the split¬

ting ratio of the signal into two components to closely balance them. In the experiment

this was determined by the quality and alignment of the beamsplitter. Ideally the ra¬

tio is 1:1; the interference signal at the output at delays when both probes precede
the pump is then zero [3]. The effect of their ratio straying from this ideal is demon¬

strated by the calculations from the sliced-propagation model, shown in figure 8.14.
As the ratio becomes larger or smaller than 1:1, the background signal rapidly rises,

thereby degrading the contrast ratio. In the experiments, the beamsplitter was adjusted
to minimise the pre-pump interference signal between the probes. However complete
elimination of the background signal was not achieved; rather than the splitting ratio
not being balanced, this may be due to directionally dependent losses within the loop
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Figure 8.15: Experimentally measured switching window for three different delays
between the probes.

(e.g. non-symmetrical coupling). This highlights the degree to which optimisation of

alignment and the characteristics of each optical element in the switch is critical to the

quality of the interferometric switching.
The second issue raises an intrinsic problem which necessitates a trade off: some

degree of delay between the probes is necessary in order that the switching window

opens at all; too much delay results in the magnitude of the probes being significantly

different and the differential phase straying from ir at the closing side of the switching

window. Experimental data in figure 8.15 illustrate the change in the height of the

pedestal as the delay between the arrival of the probes at the SOA. The largest pedestal
occurred for the longest inter-probe delay, for which the greater degree of recovery
of the device between the probes is revealed by the curve (blue) being the lowest (of
the three curves) on the right hand side of the window. Correspondingly, the smallest

pedestal occurred for the shortest inter-probe delay, for which SOA (as experienced by
the first probe) had had the least time to recover by the time of arrival of the second

probe (orange curve).

To quantify this trend the pedestal was investigated with the sliced-propagation
model. Figure 8.16 shows the calculated shape of the window, taking into account

only the carrier density dependent gain changes, and this reproduces the characteristics
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Figure 8.16: Calculated switching window for different delays between the probes,
considering only carrier density dependent gain changes i.e. g = gN.

3 £
K-B
-a &

o
CO -+^
CL) .

£ S
3

(H
o
c

0.2 0.4 0.6 0.8 1 1.2

Inter-probe delay
(as mulitple of tjy)

Figure 8.17: The pedestal as a function of the inter-probe delay, expressed as a fraction
of the device slow recovery time constant, t#. The input parameters were the same as
those used for the curves in figure 8.16.
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to 13, 16, 19 and 22 % of the saturation energy, respectively for the curves from blue to
red along the arrow). The other parameters were the same as those used for the curves
in figure 8.16.

of the experimental traces. The peak magnitude of the pedestal from this calculated
window is shown in figure 8.17 as a function of delay between probes. This delay is

expressed as a function of the slow gain recovery time; it can be seen that as the inter-

probe delay approaches the recovery time, the pedestal grows towards an equivalent

strength to the maximum interference signal inside the window, and the contrast ratio
becomes totally eliminated.

The conditions for these calculations were an extreme case of wide windows, high

bias (100 mA) and rapid gain recovery; the pedestal is correspondingly worse than

manifested in the experimental data. However this analysis serves to demonstrate that
to minimise the pedestal it is necessary to reduce the width of the switching window.

The calculations suggest that to maintain the peak of the pedestal at less than 10%
of maximum interference signal, the switching window width needs to be <10% of
the gain recovery time. Alternatively, for a fixed inter-probe delay, electrical bias and

other operating conditions, the difference between the probes should be compensated
for by the introduction of a non-reciprocal phase shift the loop (i.e. phase dependent

on direction of propagation), for example, using a birefringent material [3],
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Optimisation of the contrast ratio of the switch also requires identifying the optimal
control pulse energy. It tends to be loosely said that for an interferometric switch it is

necessary 'to achieve a 7r phase change'. To optimise the switching it is arguably best

that the differential phase of 7r between the probes occurs at delays corresponding to

the centre of the switching window, rather than the maximum phase change induced

by the control pulse being 7r. This can be achieved by causing the maximum pump-

induced phase change to be greater than tt, i.e. using a marginally higher energy pump

pulse energy, as illustrated in figure 8.18.

For the lowest pump pulse energy (blue curve) the maximum change experienced

by the first probe is tx\ for the higher pump pulse energies, A(j>max > tt (green, yellow

and red curves). Too high a pump energy causes an overshoot which results in oscilla¬

tions within the switching window, however increasing the pump pulse energy by 19%
above the energy needed to achieve a maximum phase change of tt, yields a more sym¬

metrical window with a flatter top. This is desirable since a flat topped window makes

the switching less sensitive to jitter in the arrival time of the pulses, but the benefit has
to be balanced against a slightly increased pedestal.

For ultrafast switching a narrow window is required. Successive reductions in the

width of the window is limited in switching configurations such as the TOAD by the

slow gain change experienced by counter-propagating probes. In turn, this is deter¬

mined by the length of the SOA. A shorter device may be used, but will tend to require

higher electrical biases to achieve the necessary magnitude of gain changes. Alterna¬

tively the counter-propagating pump-probe results as a function of pump pulse energy

(e.g. figure 7.18) indicate that for a given device length the counter-propagating win¬

dow edge can be made to appear more steep, and thereby a narrower window made

possible, by operating the SOA in a highly saturated regime.

Overall the investigation of the optimisation of the interferometric switching win¬

dow, presented in this section, highlights the degree to which levels of electrical bias

current and the pump pulse energy are critical, and the way in which they need to be
tuned for different switching window widths.
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Figure 8.19: The calculated interference signal as a function of the relative delays of
the two probes and the pump, where in (b), (c) and (d) changes in gain and phase
are due to changes in carrier density and temperature (g — + Qt) for different
a-parameter ratios (a^ : aT)- For comparison, in (a) g = gN as in figure 5.15

8.3.6 Amplitude gain to refractive index coupling

In none of the interference experiments have ultrafast changes in the signal, of the sort

that might be expected as the signature of ultrafast dynamics, been observed. This was

in strong contrast to the amplitude transmission measurements, reported in Chapter 7,
which revealed strong ultrafast amplitude gain changes. The nature of the probe-probe

interference signal, under conditions where ultrafast gain was strong, was explored

using the sliced-propagation model.
In figure 8.19 (b), (c) and (d) the surface and curves were calculated assuming that

g = gN+gT i for comparison (a) was calculated with g = gN i.e. the case of no ultrafast

dynamics. The difference between (b), (c) and (d) is due changes in the ratio between

the carrier density gain to index and carrier heating to index coupling, as quantified by

aj\r and ax, respectively. Specifically, ax — 2 is fixed, and in apt is 10, 5 and 2 in (b),

(c) and (d) respectively. The saturation energies Esatn and Esatt which determine the

relative strength of the slow and ultrafast contributions to the gain compression were

fixed (at 2 pJ and 0.5 pJ, respectively). The pump input energy was altered, between

the plots, to achieve constmctive interference during the windows.

These plots serve to illustrate that even where ultrafast gain changes are occurring,
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the switching window is not necessarily qualitatively changed. In the case of the device

studied, despite the observation that its gain saturation and transmission pump-probe

characteristics are strongly influenced by ultrafast processes, ultrafast dynamics are not

seen in the interference measurements. The degree of influence on the switching win¬

dow shape of different gain change mechanisms is determined by the strength of the

coupling between the amplitude gain and the refractive index, as quantified by the rele¬

vant a-parameters. Strong coupling between ultrafast gain and index changes has been
found to degrade the switching [4] [5]. Correspondingly, the lack of ultrafast changes

in the interferometric measurements reported in this chapter, leads to the conclusion

that in the SOA device studied, the gain change to index coupling is weak for ultrafast
carrier heating and two-photon absorption processes, to which the ultrafast amplitude

transmission changes have been attributed.

Correspondingly, the lack of ultrafast changes in the interferometric measurements

reported in this chapter, leads to the conclusion that in the SOA device studied, the
ultrafast amplitude gain to index coupling is weak. In particular, it is concluded that the

Q-parameters for ultrafast processes of carrier heating, aT and two-photon absorption,

c*tpa, to which the ultrafast amplitude transmission changes have been attributed are

small, compared with a^, for the slow carrier density dependent gain changes. In

addition, given the low levels of pulse energy required to achieve the first it phase

change, it is estimated that an for this SOA is large, in the range of 6 to 10, which

published results indicate is reasonable. For example, Tiemeijer et al. [6] obtain values
from 1.5 to 11 for strained InGaAs/InP devices where the value depends on factors

including the strain in the material and the wavelength of operation.

8.4 Dynamic spectral shifts
8.4.1 Measurement of probe spectra

The wavelength of a probe after propagation through the SOA at different delays with

respect to the pump was measured. Note that this was a two beam experiment; probe

spectra were measured directly without reference to a second probe.
Results presented in Chapter 6 demonstrate the magnitude of wavelength shifts
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Figure 8.20: The peak wavelength of the probe output from the SOA (black diamonds)
as a function of delay with respect to the pump. The underlying curve (solid black line)
is the corresponding measured transmission changes.

observed with a single pulse propagating through an SOA due to carrier changes it,

itself, causes. This is so-called self phase modulation (SPM). The SPM resulted in

severe pulse distortion for high pulse energies (~1 pJ). By contrast in the experiment

reported in this section, the answer was sought as to whether spectral changes on a

weak probe pulse (~1 fJ) were observable due to the carrier dynamics caused by a

strong pump pulse: this would be cross-phase modulation.

8.4.2 Results of spectral measurements during pump-probe

Figure 8.20 shows the peak wavelength of a probe pulse (red diamonds) at different

stages during a pump-probe experiment. Quantifying of the change in the probe spec¬

trum by its peak wavelength was reasonable given that the pulse did not break up. The

probe was first blue-shifted, that is to shorter wavelengths, and then rapidly red-shifted.
From the curve of the concomitant transmission changes (black line) it can be seen that

the underlying rapid carrier dynamics are coincident with these spectral dynamics and
the spectral changes are attributed to these dynamics.

The degree of this cross-phase modulation imposed on the probe by the pump-

induced gain changes is significant: the probe wavelength is changed by > ±1 nm.

A reduction in spectral overlap of the probes may explain the observation (reported
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in section 8.3.3) that, beyond a certain point, contrast ratio and minimum switching

energies can not be further improved by continuing to ramp up the bias current.
Sutkus et al. [7] and more recently Schrieck et al. [8] report such spectral shifts

under pump-probe conditions. Sutkus et al. proposed a qualitative explanation for
the spectral shifts based on the time dynamics revealed in the pump-probe: in general
the blue shift is attributed to the rapid carrier heating dynamic and the red shift to the

longer-lived carrier population changes due to interband transitions.

The fact that ultrafast index dynamics are manifested in these spectral measure¬

ments, but not detected in the interferometric time resolved measurements, merits fur¬

ther investigation. It would be interesting to conduct more experiments measuring the

probe spectrum over a wide range of conditions. To more precisely correlate spectral

changes with the gain dynamics, it is necessary to use the full spectrum [9] (as opposed
to the peak wavelength). Further experiments would then need to be complemented by

the extension of the model to include a description of the spectral characteristics of the

pulse. Such a model would facilitate exploration of the influence of probe wavelength

changes on the quality of interferometric switching.

8.5 Summary

The aim of experiments described in this chapter experiments was to measure phase

changes and to characterise switching with the SOA. In particular, the device has been
used to demonstrate interferometric switching, in a TOAD-like configuration, with
control pulse energies as low as 100 fJ.

A range of approaches to optimising the switching window with the aim of realising
narrow flat-topped steep-sided switching windows have been investigated, experimen¬

tally and using the sliced-propagation model. The analysis has focused on the window
obtained with the TOAD switching configuration, however most of the results are more

generally applicable.

Calculations confirm the experimental observation that minimisation of the back¬

ground signal outside the intended switching window is critically dependent on achiev¬

ing a splitting ratio, for the two probes that later interfere, close to 1:1. It has been
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proposed that the use of a control pulse energy which effects a maximum differential

phase slightly higher than 7r be used to achieve a flatter top to the switching window.
Also the growth of a pedestal outside the switching window has been shown to be

correlated with the width of window with respect to the gain recovery of the device.

The switching energy was reduced to a minimum by increasing the bias current to 110

mA and the contrast ratio improved to 10 dB. This contrast ratio, though less than the

best reported, is comparable to values reported in the literature [10] [11]. It is possi¬

ble that the extinction ratio was deteriorated by unguided light i.e. any component of
the probes which did travel completely round the loop and reach the detector after the

beamsplitter, but which had not been coupled through the active region of the SOA

[12].

The asymmetric nature of the switching window of the TOAD, distinct from other

interferometric configurations, has been experimentally measured and reproduced with

the sliced-propagation model. For slow bit rate applications with pulse durations that

are long, with respect to the transit time through the SOA (22 ps), the difference be¬

tween co- and counter-propagating dynamics is not problematic. Further, switching

configurations using SOAs in which the control pulse counter-propagates with respect

to both signal components (such as the colliding pulse Mach-Zender interferometer)

may be desirable since the leak of control bits into the output signal stream is eas¬

ily avoided, without the need for a spectral filter [13] [14], However, in the drive for

high bit rate switching narrow switching windows are required. In this context, the

fact that, with counter-propagating geometries, the time for changes in transmission

(switch on/off) has a lower limit determined by the propagation through the device be¬

comes problematic. It has been shown that higher input pump pulse energies steepen

the slow (counter-propagating probe) transmission change. Alternatively, the limit can

be reduced by the use of shorter devices [15]. However neither strategy avoids the

fact that for the minimum 7r phase changes required for high quality interferometric

switching, the bias and/or optical input power requirements tend increase with narrow

switching windows.

It is necessary to conclude that whilst the TOAD-like switch has the advantage of

being inherently stable, it also has inherent disadvantages. Interferometric switches
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in which both probes co-propagate with the control pulse (e.g. the SMZ or DISC, in¬

troduced in section 1.2.3) avoid the device length limitation on the switching window.

On the other hand, these configurations have other disadvantages, in particular unlike

the TOAD loop with its single SOA, they are not intrinsically balanced. An alternative

strategy, to counter the problem of the asymmetry in the TOAD switching window,

would be to utilise a configuration employing two TOADs that succeeds in combining

from each TOAD just the steep side of their switching window. Overall this configura¬
tion yields a transmission change which switches rapidly both on and off [16]. Whilst

further complication of the switching configuration would appear undesirable, recent

reports of extremely high quality integrated fabrication of single TOADs render the

proposal of a double TOAD configuration a plausible solution [17]. To keep the total

power demands of the system low, with ever shorter windows and higher repetition

rates, it may be necessary to return to fundamental device properties e.g. changing

composition to maximise material response.

Finally, it has been demonstrated that the peak wavelength of a co-propagating

probe varies over a range of 2 nm during the ultrafast pump-induced dynamics. Such

spectral shifts are expected to be a contributing factor to the degradation of the contrast

ratio as the switching window is reduced for all SOA-based switching configurations.

Indeed it has been suggested that changes in the probe pulse profile in the spectral and

temporal domains are the key factors in determining the ultimate upper limit on the

speed of operation of interferometric switches [18]. This is a concern for the future.
However the coupling between the amplitude gain and refractive index dynamics with

the SOA studied is weak, and switching that is not disrupted by ultrafast dynamics has

been demonstrated with pulses as short as 600 fs.
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Chapter 9

Summary and Conclusions

9.1 Overall Summary

Research into the behaviour of SOAs and their applications is reviewed in Chapter 1.

Theory describing the material and its variations in gain and refractive index, on which
these applications depend, is described in Chapter 2. The design and monitoring of

the optical parametric oscillator, which provided the sub-picosecond pulses used in

subsequent experiments, is detailed in Chapter 3. Chapter 4 reports characterisation

of the SOA, in particular the relative gain at different wavelengths and as a function

of the electrical bias applied to the device. The development of a phenomenologi-

cal rate-equation based model of the SOA dynamics to complement understanding of

the experimentally observed device behaviour, is detailed in Chapter 5. The device

small signal gain is quantified by experiments in which a single pulse train is propa¬

gated through the SOA. This measurement and observed changes in the spectral profile

of pulses, on propagation through the device, are presented in Chapter 6. Chapter 7

reports time-resolved measurements of gain changes using pump-probe transmission

experiments, and Chapter 8 describes the investigation of the corresponding refractive
index changes, through interferometric phase measurements and changes in the probe

spectra as a function of pump delay. In particular, the interferometric experiments
allow for the investigation of interferometric switching using the SOA.
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9.2 Discussion and conclusions

The notion of exploiting the ultrafast carrier dynamics in SOAs for switching appli¬

cations has great appeal: whilst they are short-lived, the magnitude of the associ¬

ated ultrafast complex gain changes may be large. Depending on the value of the

^-parameters, which quantify the relative magnitude of refractive index to amplitude

gain changes, carrier density changes induced by an intense pulse may translate to large

phase changes in a trailing weak pulse. The implication is that by taking advantage
of ultrafast dynamics the necessary minimum phase change of ir for interferometric

switching may be achieved with lower energy pulses. Moreover since the dynamic is

short-lived, the same large phase change could be accessed repeatedly at short inter¬

vals.

Most existing optical networks use pulses of tens of picoseconds or longer, and

transition to the use of femtosecond pulses may not be implemented directly since it

would require technological leaps in pulse sources and dispersion control in optical

fibres. However the demands of telecommunications for faster signal processing mean

optical signal processing is already being introduced to real world systems, with pro¬

gressively shorter pulses being used. It is therefore important to ascertain which of the

ultrafast semiconductor nonlinearities that have been identified using ultrashort pulses

of ~ 150 fs duration (see for example [1] and references therein), are manifested with

pulses of durations from several hundred femtoseconds up to 1 ps, and how strongly.

Do these ultrafast processes modify the device behaviour as observed with pulses of

durations several times the characteristic time constants of the process? Trie results

presented in this thesis contribute to an understanding of these questions.

The role of ultrafast dynamics was found to be significant in several experiments.

For example, the saturation of the SOA with the 700 fs pulses occurred at optical

intensities two orders ofmagnitude different from the case ofCW light (as reported in

Chapter 6). This is attributed to the contribution to the saturation from ultrafast gain

dynamics, and calculations suggest that the saturation energy is dominated by ultrafast

processes, and changes rapidly for small changes in pulse duration, with pulses of less
than 10 ps. Moreover, strong ultrafast gain compression, attributed to carrier heating
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and two photon absorption, was measured in the amplitude pump-probe measurements

(in Chapter 7).

By contrast, ultrafast dynamics were not manifested strongly in time-resolved in-

terferometric measurements. In particular, in the experimental measurements of the

switching window (Chapter 8) ultrafast phase changes were not apparent. In particular

the window had the following features:

• the top of the switching window was not flat

• there was a pedestal outside the window at delays where the pump precedes both

probes through the device

Slow gain recovery during the window is sufficient to explain both of these distortions

to the window. It is not asserted that there is no influence from the ultrafast dynamics,

but simulations (presented in Chapter 8, using the sliced-propagation model detailed

in Chapter 5) illustrate that slow dynamics alone can produce switching windows with

the same qualitative features as the experimental data.

Evidence of refractive index dynamics in the SOA came from spectral measure¬

ments. Firstly, with single pulse experiments it was demonstrated that there was strong

self-phase modulation with pulse energies close to the saturation energy and above,

especially at high biases (Chapter 6). This strong SPM is consistent with reports in

the literature and was expected [2] [3], Secondly however, it was also found that the

spectrum of the probe pulse, which was four orders of magnitude below the satura¬

tion energy, was dynamically shifted, during the first few picoseconds after the intense

pump (Chapter 8). This suggests that despite the influence of ultrafast gain changes

not being strongly manifested in the interferometric measurements, there were signif¬

icant underlying refractive index changes. Are these spectral shifts strong enough to

degrade switching? The experiments conducted so far do not yield a definitive answer,

but it is suggested that this was a contributory factor to the limit on improvement of

the contrast ratio when ramping up the electrical bias (as discussed in Chapter 8).

It was noted in Chapter 1 that SOA-based interferometric switching configurations,
such as the TOAD, could be used for the key processing function of demultiplexing.

To achieve high quality demultiplexing it is necessary that
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• the gain depletion effected by each control pulse must cause there to be an odd

multiple of 7r differential phase between the clockwise and anticlockwise propa¬

gating components of the signal pulses

• either the control pulse repetition rate must be slow enough to allow the device

to fully recover between control pulses or the device must be operated in a quasi-

equilibrium regime

To effectively annul the switched pulses from the input train and to minimise amplitude

modulation in the switched pulse train both of these criteria need to be adhered to as

closely as possible.

Firstly, as demonstrated by the experimental results in Chapter 8, when biased to

only 70 mA, the 1 mm long SOA could effect a phase change of greater than 37t.

Moreover at a bias of 100 mA the first 7r change can be realised with a control pulse

input energy as low as 100 fJ.

Secondly, as shown by results in Chapter 7, the rate of recovery of the SOA can be

increased by applying a higher bias. For wide switching windows this tends to elimi¬

nate the flat region within the window and result in there being a significant pedestal

outside the window. Fortunately, though still a factor, these effects are less severe

for narrow windows. An alternative method of speeding up the device recovery, that

has been suggested in the literature [4] [5], is the use of a holding beam; however the

engineering complication entailed by the requirement for an extra input is undesir¬
able. At least for the demultiplexing function, the most attractive option is to operate

SOA-based interferometric switches in a quasi-equilibrium regime, in which full de¬

vice recovery between switching events is not required. Evolution of this regime has
been demonstrated with a simple rate equation model (Chapter 5).

All the modelling was phenomenological, based on rate-equations (detailed in

Chapter 5). The development of a sliced-propagation model, implemented by iterative

calculations of propagation through thin slices of the SOA, facilitated the evaluation

of dynamics of a probe which counter-propagates with respect to a pump pulse (in ad¬
dition to the evolution of co-propagating pulses). Using this model dynamic changes
inside the SOA were explored. For example, the counter-propagating pump-probe
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traces (presented in Chapter 7) suggested longitudinal gain saturation occurring at dif¬

ferent positions along the device depending on experimental conditions. Successfully

reproducing the features of these pump-probe traces with the model and subsequently

calculating the gain at different positions along the device, supported the attribution

of the changing characteristics of the experimental curves to longitudinal saturation.

To bring this process full circle it would be interesting to investigate a set of different

length devices (that were otherwise identical) such that a series of experiments could

be conducted and trends as a function of length compared with the model results. This

would give full confidence in the use of the model to assist with the analysis of future

experiments.

Throughout the interpretation of experimental data the modelling has proved a use¬

ful tool. In the light of experimental results in the spectral domain, and possible fur¬
ther measurements, the inclusion of spectral effects would be a useful extension of this

model for future work. A further extension would be to include ASE since it can have a

significant influence on device performance as noted in the literature (see for example

[6]) and it has already been implicated as the process behind experimentally measured

characteristics of the device studied (e.g. the speed up in gain recovery at high biases

discussed in Chapter 7).

The careful study of the InGaAs strained superlattice SOA focused on in this

project has given a detailed understanding of the device with pulses of ~ 700 ± 300

fs. Unfortunately duration of output pulses from the OPO source was not readily

tunable, and a key future experiment would be to implement tunable pulse stretch¬

ing/compression (for example, using a set of four prisms) to facilitate investigation of

trends in the SOA behaviour as a function of pulse width. Beyond this, two direc¬
tions to be pursued in future experiments with this device could be firstly to subject the

SOA-based switch to full systems testing and secondly to extend the detailed labora¬

tory experiments to measurements with shorter pulses, with full pulse characterisation.

The former would be interesting to compare how the operating conditions for opti¬
mum switching, as assessed by parameters from systems measurements such as Bit
Error Rate, compare with the optimum operating conditions identified in the study so

far [7] [8], The latter would be aimed at the identification of the role of different ultra-
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fast dynamics (carrier heating, spectral hole burning and two photon absorption). With

even shorter pulses, the spectral and temporal changes in pulse profile on propagation

through the SOA are expected to be even more complex, and it would therefore be

interesting to carry out full characterisation of the output pulses using a technique such

as Frequency Resolved Optical Gating (FROG) [9] [10].

Given the lack of ultrafast changes in interferometric measurements, it can be con¬

cluded that for the SOA device studied, the ultrafast gain change to index coupling

is relatively weak, for all the ultrafast processes under the conditions investigated.

However pump-induced changes in the probe spectra are evidence that ultrafast index

changes are occurring. To time resolve these index dynamics and to separately identify

ar, oishb and oltpa significantly shorter pulses (<300 fs) and possibly higher pulse

energies would be necessary. On the other hand, the interferometric experiments al¬

ready undertaken are a positive result in that they have demonstrated that the SOA can

be used for switching without severe disruption of the operation by ultrafast dynamics

with pulses as short at 600 fs.
In addition to further experiments with the same type of device, it would be in¬

teresting to subject different SOAs to the same range of experiments. Whilst the SOA

already studied has strengths, e.g. the high gain in the material and length of the waveg¬

uide enable the achievement of low energy switching, it also has weaknesses e.g. the

difference in the gain between TE and TM modes. More recently devices with much

lower polarisation sensitivity have been produced [11]. It would also be interesting

to look at SOAs based on new types of material whose dynamic properties have not

yet been thoroughly investigated. These include quantum dot structures and different
material compositions, such as a plethora of new nitride materials [12] [13]. Devices

with quantum dots in the active region have so far demonstrated dynamics with differ¬
ent characteristic time constants (compared to quantum well and bulk materials) and

offer the possibility of ultrafast gain recovery [14][15][16], An example of new Ni¬

tride materials are the dilute Nitrides: GalnNAs on GaAs, which have unusual band

structures and hence material properties [17] [18]. A key question would be the degree

to which these manifest ultrafast refractive index changes. The discovery of strong ul¬

trafast index dynamics presents new challenges, but also new opportunities; with ultra
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narrow switching windows, the interferometric switching would tend to be more jitter

sensitive, but operation at higher bit rates could be realised.

The measurements taken in this research, and modelling necessary to interpret

them, are intrinsically valuable to improve our understanding of the physical processes

that govern the material recovery, and are important to investigate SOAs potential as

processing devices for communications systems in the very near future [19] [20]. It is

impossible at this stage to predict even which switching technologies emerging from
research laboratories will make it onto the world market place, let alone the precise

device design adopted. However it is only armed with the experimental data of the

type reported here that SOAs can be assessed for the contribution that they could make
to the development of all-optical networks.
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Appendix

Relationship between carrier recombination and gain

Transmission pump-probe experiments measure the compression and subsequent re¬

covery of the gain in the SOA. The changes in transmission are commonly described

by characteristic gain recovery times. However there is an important difference be¬

tween quoting the time required for the gain of an SOA to recover (e.g. time for

recovery from 10 to 90% of the equilibrium gain, or for phase to recover by 7r [1])

and the value of the underlying carrier recombination time; a distinction sometimes

not made clear in the literature. To fully understand the experimental data it is useful

to consider the complexity of the relationship between carrier recombination and the

observed rate of gain recovery.

Carrier density as a function of time

After gain depletion, the slow recovery of the gain is driven by carrier injection bal¬

anced by carrier recombination. On shorter timescales faster processes are also signif¬

icant. However if at this stage only the slow recovery, remaining after pulse has passed

and not including the fast dynamics, is considered, the change in carrier density, N,
can be described by a simple rate equation of the form

dN 7

TS--S7-*W (101)
where J is the applied electrical bias, q is the carrier charge, V the active volume of the
device and R(N) is the carrier recombination of the device. To a first approximation
it is assumed that R(N) = N/tn where t/v is the characteristic carrier recovery time.
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Figure 10.1: Schematic of the change of carrier density and exponential recovery. At
time zero, the carrier density is reduced from its equilibrium value, N0, to the value Ns

From this and the rate equation the equilibrium carrier density, N0, can be expressed

as

No = 3-^r (10.2)ev

Note that equation 10.1 is equivalent to equation 5.1, defined at the outset in the mod¬

elling described in Chapter 5, under the assumption that there is no optical field. Also

note that the recombination rate is not in practice well described by a fixed time con¬

stant; the variation of as a function of current is discussed in the last section of this

Appendix.

To describe the evolution of carrier density as the material recovers from gain de¬

pletion, consider that the carrier density is reduced from its initial equilibrium value,

N0, to some saturated value, Ns, as illustrated schematically in figure 10.1. By sepa¬

rating the variables in equation 10.1 and integrating carrier density, from Ns the initial

carrier density to Nt after some time t, and time, from 0 to t, one obtains (after some

rearrangement) the expression

N(t) = (N0 - Ns)( 1 - exp-1'^) + Ns (10.3)

Equation 10.3 behaves as expected: in the limit t —> 0 the carrier density, N(t), tends

to the initial value of Ns; and as t —> oo the carrier density returns to its equilibrium

value, No.
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Figure 10.2: The calculated gain recovery from a depleted carrier density level, Ns, to
equilibrium carrier density, N0, for five values of Ns, using equation 10.6.

Device gain as a function of carrier density

The gain experienced on propagation through the SOA can be described simply by an

equation of the form

the differential gain and (N — Ntr) is the excess carrier density, with respect to trans¬

parency. However N is not constant. After gain depletion N(t) is given approximately

by equation 10.3. With this substitution into equation 10.4, the gain at t = 0, directly

after depletion, is given by

since iV(0) = Ns.
Hence finally, by substituting equation 10.5 into equation 10.4 and simplifying,

an expression for the evolution of the gain after depletion as a function of the carrier

recovery time is obtained

Figure 10.2 shows the calculated gain recovery from five different levels of gain

depletion. The equilibrium carrier density, Ar0 is set at 2.0 x 1018 cm~3 and the time

(10.5)

G(t) = G0expr^UrL^-N^-exp-t/T^ (10.6)

269



1000

CO
a 800-

a 600-
a3

g 400
o

jjj 200-
^

0 —

0.0

Initial change in carrier density / 1018 cm-3

Figure 10.3: The time constant obtained from fits to gain dynamics of the form il¬
lustrated in figure 10.2. When a simple exponential is assumed longer time constants
are found for larger magnitudes of gain depletion; when the form of gain expressed
in equation 10.6 is considered the constant input parameter time constant (150 ps) is
retrieved.

constant, tn is given the same value, 150 ps, for all five curves. This corresponds

experimentally to fixing the applied bias and changing the pump pulse energy. Note

that the curvature of the gain recovery changes from the least to the most depleted

cases.

The expression in equation 10.6 is an approximation, in two major respects. Firstly,
the gain accumulation would be properly described by integration over the length of the

device, not simply by a linear multiplication by the length, L (as assumed in equation

10.4). Secondly, the gain is influenced not just by the evolution of the magnitude of

the carrier population, N(t) as described by tn, but also by the distribution of that

population. It can be shown that including ultrafast gain processes equation 10.6 is
extended with additional term inside the square brackets [2][3]). For a single ultrafast

gain process with the characteristics of carrier heating the necessary term is of the

form —exp~t/TT, where tt is time constant governing the rate of recovery from carrier

heating [4],

Essentially the expression in equation 10.6 serves to demonstrate that, even without
the complexity of the ultrafast dynamics, a fit of the SOA gain recovery with a single

exponential does not yield the underlying time constant. Experimentally, both increas¬

ing pump pulse energy and changing the pump from TE to TM mode, the observed

exp fit to Gain
exp fit to In (Gain)
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Figure 10.4: Time constants from fits to pump-probe traces from experiments with
different energy pump pulses, electrical biases of 60 and 70 mA and both polarisations.
The fit used to obtain these time constants was a simple exponential of the form y =

y0 + aexp(—t/r). These fits found time constants that changed significantly as a
function of both pump pulse energy and polarisation, as well as electrical bias; only
the later was expected and has a clear physical explanation.

effect was an increase in the magnitude of transmission change seen by a probe. Such

a change corresponds to increasing the value of | N0 — Ns \ in equation 10.6 and thereby
the nature of the dynamic gain recovery is altered despite the fact that the underlying

time constant is fixed, as illustrated by the curves in figure 10.2. To illustrate this,

fits to generated curves like those in figure 10.2, are plotted in figure 10.3. A simple

exponential fit to the gain obtains a time constant that changes as a function of the

magnitude of the initial gain depletion (black curve). This compares with a fit to the

natural log of the gain dynamic which, as expected, recovers the input value of time
constant (150 ps) used to generate the curves, independent of degree of gain depletion

(red line).

Figure 10.4 is included as a caveat: it illustrates the results of a direct exponential
fits to experimentally measured transmission changes (rather than the logarithm of
the transmission change) which yield time constants dependent not only on bias, but
also on the pump pulse energy and polarisation. Since any polarisation of carriers is

expected to randomise after less than 100 fs, the later two parameters would only be

expected to influence the number of interband transitions and hence the magnitude of
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the transmission change: there is no clear mechanism for either to affect the subsequent

recovery.

Carrier lifetime as a function of applied bias

To understand the change in the rate of the SOA gain recovery with changes in the

level of electrical bias it is necessary to consider the relationship between static and

dynamic carrier lifetimes, carrier density and electrical bias current (see for example

[5]).

As outlined in Chapter 2, carrier recombination can occur by a range of processes
which occur with different characteristic rates. However it is reasonable to assume that

Auger is the dominant process at the high carrier densities in a biased SOA device and

so the full expression for the rate of recombination, equation 2.27, can be reduced to

R(N) ~ CN3 (10.7)

where C is the Auger coefficient. Under these conditions the equilibrium carrier den¬

sity, found from the carrier density rate equation (equation 10.1), can be expressed

as

N°=(10-8)

In experimental measurements what is actually measured is the dynamic differential

lifetime, that is

tn
dR(N) 00.9)
dN

For moderate gain compression the carrier density deviates only slightly from the equi¬

librium value and therefore, combining equations 10.7, 10.8 and 10.9, the time constant

can be related to applied bias current as follows

rN = U^r=Y (10.10)3 \VC
In conclusion, if Auger is the dominant process in the slow gain recovery of the SOA,

2

the slow gain recovery time constant is proportional to Jt .
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