PICOSECOND SEMICONDUCTOR

SWITCHING DEVICES

Walter Margulis

A Thesis submitted for the Degree of
Doctor of Philosophy in the University
of London and for the Diploma of

Membership of Imperial College

Depar tment of Physics

Imperial College, London

August, 1981



Abstract

Picosecond semiconductor switching devices activated by mode-
locked laser pulses have been studied and used in ultrafast voltage
pulse generation. The properties of different semiconductors (Si,
GaAs, GaP) were investigated under a range of experimental conditions.
The risetime and recovery time of the devices were measured using

correlation methods and oscilloscopes.

High voltage pulses were obtained from a Si switch and the pico-
second synchronization to the activating laser pulse allowed greatly
reducing the jitter of streak cameras. Jitter as low as + l5ps was
consistently obtained at a writing speed of 2 x 1010cm/s. A gold
photocathode streak camera used in UV picosecond pulse studies was

also driven with Si switches.

Both semi-insulating GaAs and GaP devices were used to generate
trains of picosecond high voltage pulses which activated a Pockel's
cell modulating system, mode-locking a flashlamp pumped dye laser.
Trains with 1007 modulation and pulse durations of ~ 30ps were recorded,
at a wavelength region ~ 430-535nm. A similar arrangement was
employed to generate subnanosecond trains of pulses with a XeCl discharge

laser and the results were analysed with the help of a simple model.
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CHAPTER 1

GENERAL INTRODUCTION

Twenty years after its invention, the laser has been extensively
developed and exploited in many different applications in science,
engineering, medicine and others. One of the most interesting areas of
research which evolved during these two decades consists of the use of
high intensity laser pulses of picosecond durations obtained with the
technique of mode-locking. Very important physical processes are known
to happen in this ultrashort time scale, such as the initial stages of
photosynthesis and energy transfer mechanisms in biological systems.
Furthermore, several important phenomena, including excitation and
relaxation processes, the evolution of chemical reactions, and others
can be éxamined in detail with ultrashort light pulses and the techniques

which were developed simultaneously.

Another field of science which has expanded significantly in
recent years is elec;ronics. In particular, with the invention and
development of integrated circuits and their use in large and small
computers, the need arose for faster solid-state elements capable of
performing electronic operations in a faction of a nanosecond. Because
of the commercial interest and immediate applications envisaged, a
great effort is at present being made towards the development of faster
devices. At the same time, due to the enormous potential capabilities
of telecommunications by lasers, techniques and materials are being
extensively studied in order to allow the manipulation, transmissién and
detection of light signals. In such systems ultrafast modulation
techniques of the laser light are clearly of great importance. Typical

modulation systems rely on conventional high frequency oscillators, where
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voltage pulse durations of a few nanoseconds (and at best ~ 100ps) are
obtained. For the detection of ultrashort light pulses the fastest
photodiodes available have typical respense times of ~ 50ps, and there-
fore such detectors must be improved to allow the measurement of light

signals with picosecond resolution.

The advances in non-linear optics which followed the generation
of high intensity ultrashort duration laser pulses include the use of
electro—optical components such as Pockel's cells and Kerr cells, where
the presence of an intense electric field induces a change in the
refractive index of the non-linear medium. Since these effects happen
very rapidly, they have been used in ultrafast light gates, and to
fully exploit the capability of such devices, very short risetime electrical
signals are needed. Ultrafast risetime voltages are also necessary
for the opto—electronic imstruments which are employed to characterize
picosecond light pulses, such as sampling oscilloscopes and streak cameras.
Low voltage signals of short duration are used in sampling heads, which
at present have a time resolution of ~ 25ps, and it would be clearly
advantageous to reduce this limit to < lps. High voltage pulses of ultra-
fast risetime are required for the deflection system of streak cameras.
Although such instruments have at present a time resolution N lps, new
streak tubes are being developed to allow studies in the subpicosecond
range. Besides the margin for improvement in terms of synchronization
between the deflection and the light event under observation in the
commercially available streak cameras, faster sweep speeds will soon be

required.

It is therefore apparent that much can be gained if the picosecond
techniques developed with mode-locked lasers can be used in the generation

of ultrafast electrical signals.
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This thesis describes work done on semiconductor devices that,
when illuminated by ultrashort laser pulses, switch electrical signals
with picosecond risetimes. The solid-state switches were used to activate
Pockel's cells and to synchronize streak cameras, and properties of
different semiconductors were investigated under a range of experimenttal
conditions. It is shown that they embody a simple and useful tool in
the study of fundamental properties of the crystals employed, such as
photoconductivity and electronic transport processes. Furthermore, a
comparison between their performance to that of conventional elements
in terms of speed, high voltage capability, and synchronization of the
switching action to the laser pulse is carried out wherever possible,
and the advantages and difficulties of using the semiconductor devices

is underlined.

Picosecond techniques are now a well established field of
research but it is nevertheless convenient to introduce the terminology
employed throughout the thesis with a brief review of the methods of
generation and measurement of ultrashort laser pulses. In this context,
emphasis is only given to the aspects which are directly related to the
work that is described in greater detail later in the thesis, and is

far from being a comprehensive review of the subject,.

Although the work carried out was not restricted to high voltage
devices, the major applications demonstrated exploit the use of high
amplitude fast risetime signals. Therefore the review on semiconductor
switching devices describing the other relevant results published in
the literature which was also included, serves not only to introduce the
specific subject matter of this thesis, but mainly to exemplify the
variety of materials employed, studies which are carried out and the

techniques already developed.



The characterization and the construction of the devices used in
the experiments is described in some length, and several examples of
measurements that can be performed to greater detail are also
included. The major applications demonstrated include the synchronization
of streak cameras with picosecond precision, and the active mode-locking
of a dye laser and of an excimer laser using ultrashort duration voltage

"pulses from semiconductor switching devices.
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CHAPTER 2

INTRODUCTION TO PICOSECOND LASER TECHNIQUES

2.1 Lasers

Laser oscillators consist of an amplifying medium inside an
optical cavity. The amplification of light occurs as the photons
returning to the gain medium stimulate further emission of photons. The
optical flux builds up, and the fraction of the radiation leaving

the system (usually through one of the mirrors) consists the laser output.

To emit and amplify light, the gain medium has to be pumped by
an independent source of energy, which can be optical, electrical,
chemical, or of other nature. The characteristics of the laser are to
a great extent determined by the pumping means and the material providing
optical gain, which can be a solid, liquid or a gas. In some cases it
is possible to supply energy continuously to the amplifier, and sometimes
it is desirable or necessary to store a relatively large amount of energy
and then quickly discharge it on the gain medium. As a consequence, some
laser systems can be operated continuously (CW lasers), and others
generate short duration pulses of light (single-shot lasers), of
durations ranging from nanoseconds to miliseconds. Some single shot
lasers can be operated at high repetition rates (up to ~ 10° KHz), and
there are systems that can only be fired once every several minutes, OTr

even hours.

It is usual to place additional elements inside the cavity formed
by the mirrors, introducing losses of a particular kind. These elements
are for instance modulators, apertures and filters and they help in

defining the spatial, spectral and temporal properties of the laser
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beam, i.e., in determining the shape, range of frequencies and time
evolution of the light output. Some of these elements are described

in- detail later in this chapter.

Laser emission occurs between two energy states, and optical gain
can only exist when the excitation source 1s able to create a situation
where the number of atoms or molecules in the excited state is larger
than that of the state of lower energy (population inversion). This 1is
accomplished by different mechanisms, depending on the properties of the

active medium.

Of particular importance to this work are flashlamp pumped dye
iasers and Nd:glass lasers, which are briefly described in the following

sub-sections.

2.1.1 Dve Lasers

The complex energy level configuration of organic dye molecules
can be approximately described by a four level system [}]. The molecule
1s excited to a higher electronic state, quickly looses the excess
vibrational energy by collisions with the solvent (T ~ ps), and remains
on the upper laser level for a few nanoseconds. With the emission of a
photon, the molecule is taken to one of the several vibrational -
rotational states which comstitute the lower laser level, and collisions
with the solvent finally return it to the ground state. Because of the
great number of closely spaced rotational lines associated with the

electronic SO’ S. laser levels, the energy of the laser photons released

1
with the radiative decay can take a wide range of values, and the laser
can be tuned within a large bandwidth [2]. Due to the relatively short

lifetime of the excited state, dye lasers reach threshold easily but

do not sustain population inversion for long periods, and so the laser
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pulse profile closely follows that of the pump light.

Dye lasers are optically excited, either by a flashlamp or by
another laser system, which is often a Ruby, Nitrogen, excimer, argon iomn,
krypton ion or a frequency doubled neodymium laser. Except for the
important case of continuous wave excitation, picosecond pulses are
usually generated with flashlamp pumped lasers, where a large amount
(v KJ) of electrical energy is quickly deposited on one or a few linear
flashlamps (risetime ~ lps), and the optical gain exceeds the losses for

~ 1-2ps [3].

Because of its large stimulated emission cross section, tunability,
stability and relative low price, the Rhodamine 6G dye is frequently
emploved, being disolved in either water or alcohol. It can be tuned
from ~ 370nm (yellow) to ™~ 630nm (red), and typical optical energies
obtained with a flashlamp system are "~ 10%aJ. However, other dyes are
also available, covering the whole visible light region of the spectrum,

as well as some of the near ultra-violet and near infra-red [1].

2.1.2 Neodymium lasers

The other class of laser systems which is very often employed to
produce picosecond pulses in the mode-locked neodymium laser {}].
Neodymium atoms dopé a solid host which is usually a glass or Yitrium
Aluminium Garnate (YAG), and Nd3+ ions are formed, exhibiting an energy
level structure which allows fluorescent emission at 1.06um. Nd lasers
also operate as 4 level systems, but the long lifetime of the upper
laser level (T ~ ms) means that the population inversion can be maintained
for longer periods. As a consequence, the laser can store large amounts

of optical energy, and is capable of producing high power light pulses.



-8 - ch.2

Nd:glass lasers have a relatively 1érge spectral width (compared
with atomic gas or Nd:YAG lasers), and when mode-locked, are capable of
generating pulses of few picoseconds duraticn [5]. Typically, energies
of v 1lmJ can be obtained in a single ~ 5ps pulse with conventional flash-
lamp pumped Nd:glass systems, and the mode-locked train can consist of

~ 10-100 pulses.

The Nd rod is usually pumped with a helical flashlamp, since

the requirement of fast risetime is not stringent. In order to
accelerate the dissipation of heat, and particularly dué to the poor
thermal conductivity of the glass, a cooling jacket with flowing water
is provided [6]. However, heating of the rod imposes a serious
limitation on the repetition rate of the laser, which can be ~ 1 shot
per minute, or less. Also, non-linear effects on the refractive index
of the laser rod are very important because of the high powers available.
Besides the spatial, spectral and temporal deterioration of the pulses
due to phenomena such as selfi-phase modulation and self-focussing, there

is a considerable risk of permanently damaging the solid host with

self-focussing of the light beam [4].

The capability of efficient amplification of short duration laser
pulses by a series of light amplifiers consitutues a very important
asset of such systems, and for this reason Nd lasers are a major

candidate in laser fusion studies.

2.2 Mode-locking

A laser with a cavity length L defines a set of longitudinal
modes of oscillation (as in any standing wave system). If losses and

diffraction effects at the mirrors cam be neglected, the number of modes
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n present is given by

nA/2 = L,
Since A = ¢/v, the separation between these modes in frequency is

Avm = ¢/2L,
corresponding to a wavelength separation of Akuf A2/2L. The laser
spectral width is usually wuch larger than Avm, and therefore thousands
of longitudinal modes are permitted to oscillate. In a Rhodamine 6G
dye laser (where AAL v 5nm at v 0.6pm) with a 1m cavity length,
approximately 5 x 103 modes are supported, while for a Nd:glass laser

(with AAL A 10nm at v 1.06pym), ~ 3 x lO3 modes can exist [7].

It is possible to have a single longitudinagl mode oscillator,
either by using very short cavity lengths, or alternatively by introducing
filters in the cavity to reduce the bandwidth of the laser. This can be
accomplished in practice by using a few Fabry-Perot interferometers or
other dispersive elements, and single mode gas, semiconductor and dye

lasers are currently used, in for instance, high resolution spectroscopy(8].

It is also possible to lock the otherwise unrelated phase of
all the axial modes of the laser, which in this case is said to bg mode-—
locked [9]. The output of a mode-locked laser conmsists of a succession
of short duration light pulses, exactly separated by the cavity roundtrip
time. The individual pulse durations depend on the number of modes
existent, and on how close to the ideal mode-locked situation the laser
is operated. In general, flashlamp pumped dye lasers and Nd:glass lasers
reliably produce pulses as short as: a few picoseconds. When all the
modes are perfectly phase-locked, the duration of the pulses and the band-
width of the radiation are related through the uncertainty principle
(AvAt v~ H), and the pulses are said to be bandwidth (or Fourier transform)

limited.
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To understand the mechanisms leading to the generation of such
ultrashort pulses, it is possible to examine the system either in the
frequency domain or in its Fourier transform, the time domain. It is
much easier to visualize the physical aspects of the later. The
additional element introduced in the laser cavity allowing the locking
of the axial modes is an active or a passive loss modulator. Active
modulators require an external signal (either optical or more often
electrical) to alter its transmission function at a frequency equal
to the inverse of the roundtrip time of the cavity. Passive modulators
usually consist of a non-linear filter (dye) which absorbs light at the
laser wavelength and saturates at high intensities, so that its trans-—
mission approaches 1007 for very intense pulses. Passive mode-locking
usually produces shorter pulsewidths, although adequate saturable
absorbers are often not available to mode—lock the laser, because of

the wavelength, recovery time and absorption cross-section requirements.

In these cases, active modulators can be: emploved.

Different mechanisms are responsible for the generation of ultra-
short pulses, depending on the characteristics of the gain medium and
on the modulator. A comprehensive description of passively mode-locked
flashlamp pumped ruby and neodymium lasers can be found in [10] and on
references therein. It suffices here to relate the different stages
of the process: the laser reaches threshold following a long build-up
of the flashlamp (%lOOsus), and a period follows when the radiation
in the cavity suffers linear amplification at the gain medium and linear
losses at the saturable absorber. The output is relatively weak,
and consists of a nearly periodic noise structure, with spikes of a
fraction of a picosecond duration (at laser threshold) to a few pico-
seconds (at the end of the process). When the most intense spikes are

able to saturate the absorber, the combined action of the mode-locking
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dye and the depletion of the gain medium can lead, in a large percentage
of cases, to the preferential amplification of a single spike, at
expense of the others. The photon flux is then concentrated into a
single pulse which travels in space between the mirrors, and measures

v 1-3mm, A fraction of the energy leaves the cavity every time the
pulse reaches the output coupler, and the laser output then consists of
a succession (or the so—called train) of pulses, separated by the cavity

double transit time of the single pulse which is generated.

Passively mode—locked flashlamp pumped dye lasers have also
been extensively reviewed.[ll, 12, 13]. In this case threshold is
reached much more quickly than in Nd lasers. Because the recovery time
of the saturable absorber is relatively long (v IOOSps), after a few
passes the laser output consists of a burst of noise of duration "~ loosps.
With further amplification, the combination of the two shortening
mechanisms of saturation of the gain in the laser medium (when the
population inversion is severely depleted by the front part of the pulse,
so that the trailing edge does not experience as much gain), and
saturation of the absorber (when the front part of the pulse is
absorbed and saturates the mode-locking dye and is therefore attenuated)
leads to the formation of a picosecond pulse v 30 roundtrips after

threshold.

Both R6G dye and Nd:glass mode-locked lasers have been employed
in the activation of semiconductor switching devices, as described
later in the thesis, and further details about pulse evolution and the

mode-locking dyes are postponed until then.
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2.3 Non-Linear Optics Components

Mode-locked lasers allowed a fast development of non-linear
optics, because the high intensity light pulses available greatiy
enhanced effects that were too weak to be detected otherwise. The non-
linear phenomena exploited allowed the manipulation of the laser output
and at the same time the investigation of fundamental processes in
the interaction of radiation with matter. Non-linear optics is a complex
subject, which has a relatively extensive specialized literature (see
for instance [14] and [15]). 'Out of the several techniques which are
currently used in laser technology, two are of particular importance for
the work carried out, namely the second harmonic generation in crystals,

and the rotation of light polarization with the Pockel's effect.

The second harmonic generation was the first of the non-linear
effects that were reported following the invention of the laser [16].
The output beam of a ruby laser was directed to a quartz crystal and a
very weak signal at the double of the frequency of the input radiation
was detected with a photomultiplier. After this pioneer experiment,
the conversion efficiency of the two-photon process was increased by

several orders of magnitude with the phase matching technique.

The second harmonic is produced when two photons of the fundamental
radiation combine in the non-linear crystal, and therefore the generation
efficiency depends on the square of the light intensity. If the second
harmonic (2w) and fundamental (w) waves experience a different refractive
index as they travel in the medium, they become out of step and the inter-
ference that results tramsfers the energy from the 2w wave back to the
w wave after an even number of '"coherence lengths'". Consequently, the
conversion process is in general very inefficient. However, it 1is

possible to cut the birefringent crystal at an angle such that the
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ordinary refractive index for the fundamental is equal to the extraordinary
refractive index for the second harmonic component, and the 2w light

adds constructively throughout the thickness of the specimen. In this
case, the "phase-matching' condition is said to be satisfied, and the

conversion efficiency is appreciably enhanced.

Since the refractive indices are frequency angle and temperature
dependent, for a given laser wavelength it is possible to tune the crystal
into phase matching either by adjusting the directions at which it is
cut, or by varying its temperature. For the same reasons, lasers with
a broad bandwidth and with a large beam divergence produce the second
harmonic frequency with lower efficiency. In practice, commercially
available crystals (ADP, KDP, LiNb03) can show conversion efficiencies
of up to ~ 30%, although this value is usually somewhat lower (~10-20%

for flashlamp pumped dye and Nd laser systems, respectively).

The other non-linear phenomenum which is widely used in
conjunction with mode-locked lasers was discovered in the nineteenth
century, and is called the Pockel's effect [17]. It consists of a
change in the refractive index of the non-linear medium due to the
application of an electric field. A linearly polarized light beam
entering a crystal which exhibits the Pockel's effect can be described
in terms of two orthogonal components which experience different
refractive indices, depending on E. The phase difference between the
two components after having travelled through the "Pockel's cell” of
length L is proportional to the voltage applied (V = EL). It is
therefore possible to rotate the polarization of the light beam by
adjusting the amplitude of the voltage across the crystal, and the

voltages necessary for 45° and 90° rotation are denoted by V and VA

A4

respectively. The half-wave voltage V)\/2 is proportional to the laser

/2,

wavelength.
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The Pockel's effect takes place very quickly, i.e., the response
of the medium to the electric field happens in ~ ps. Therefore, an
ultrafast light gate can be materialized when such element 1is placed
between crossed polarizers. Initially no voltage is applied to the
cell and the second polarizer rejects all the incoming light. As the

Pockel's cell is activated by a voltage pulse of amplitude V the

x/2’
polarization of the light beam is rotated and becomes parallel to
the preferential direction of the second polarizer, being transmitted.

As the voltage applied drops to zero, the transmission of the light gate
is also reduced to zero. Such a set-up is widely employed in selecting
one or a few light pulses from a mode-locked train, and the duration of
the voltage pulse applied across the Pockel's cell is often a few
nanoseconds. Unfortunately, commercially available elements have typical
risetimes of ~ 100° ps, and half-wave voltages of several kilovolts (for
visible radiation), due to the relatively large crystal :hicknésses

necessary to produce an appraciable Pockel's effect.

2.4 Methods of Measurement

The development of mode—~locked lasers required an extension of
the techniques available for measuring optical phenomena in the picosecond
time scale. Several methods of measurement were demonstrated, and in
this section some of these techniques are outlined. Particular emphasis
is given to streak camera systems, which have been used in the

applications described in chapters 5, 6 and 7.

2.4.1 Indirect Methods

There are several indirect methods of measurement of ultrashort

pulses, and time resolutions as good as < O.lps have been achieved [18].
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In most cases (e.g., SHG and TPF) they rely on a multiphoton process which
takes place when two or more light pulse components overlap on a non-
linear medium. The records obtained provide information about the

length of the pulse (and consequently about its time duration), but

its intensity profile is not displayed directly. From the measurement,
one obtains a correlation function of the electric field associated

with the light pulse, the order of the correlation function depending on

the particular technique employed.

The first of the non-linear methods of measurement proposed
and demonstrated was the second harmonic generation (SHG) technique
[19, 20, 21, 22]. The laser pulse is divided into two components at
an interferometer, one arm of which has an adjustable position. The
two beams are then directed to a SHG crystal where they may or may not
temporally overlap, depending on the light paths. The second harmonic
signal detected is maximum when the two components arrive simultaneously
at the crystal and decreases as one is delayed in relation to the other.
In order to obtain the complete auto-correlation curve, the delay has
to be adjusted to several different values, and this is a severe draw-
back in the case of single-shot lasers, because of the pulse fluctuations
from shot—to—shot and the amount of time required. On the other hand,
due to its relative simplicity, low cost and good time resclution, the
SHG technique is widely used for the diagnostic of pulses from CW mode-

locked laser systems.

The complete intensity correlation function can be obtained on
a single shot from the two-photon fluorescence (TPF) method of
measurement [23, 24, 25]. In the most common experimental arrangement,
the laser pulses are split into two identical components which overlap

at the centre of a cell containing a substance that only fluoresces
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when two or more photons are absorbed. The record obtained from the
side of the cell (e.g. by photography [26] or by using photoelectric
detection [27])yie1ds information about the pulse duratiom, but great
care has to be taken about the signal to background ratio. It has been
shown that a free running laser yields a contrast ratio of 3:2,
compared to 3:1 for a perfectly mode-locked laser [28]. Besides being
fairly insensitive to the amount of energy in the pulses as compared to
the background energy [24, 25], TPF measurements depend critically on
the aligmment of the two light components overlapping at the cell [24].
However, because of its simplicity, this technique has been extensively

used in characterizing picosecond pulses from single-shot lasers.

Both the SHG and the TPF measurements provide the intensity auto-
correlation funection [9, 29] defined as

5 ool I(e) T (e-mide
G (1) =

_mfmlz(t)dt

which is always symetrical, regardless of the pulse shape. 4s a
consequence, the intensity profile of the pulse can not be determined
unambiguously nor its precise duration. Also, due to the relatively

high intensities necessary to induce two-photon processes, TPF and SHG

techniques are not suitable for studying non-laser events.

Another indirect method for ultrashort pulse measurement is the
ultrafast gate using the optical Kerr effect. An intense polarized light
pulse induces birefringence in a Kerr medium [30], which 1is placed
between crossed polarizers. A weaker pulse arrives at different delays
in relation to the pump (gating) pulse, and probes the transmission of
the medium [31]. When cs, is used, such system can have a time resolution

of ~ 2ps, and it has been employed in several measurements [29]. It can

be shown [32] that such techmique yields the third order correlation
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function if the gating and probing pulses have the same wavelength, or
fourth order if the second harmonic of one of the components is used.
By pumping the Kerr medium from the side so that the gating and probe
beams are perpendicular, it is possible to improve the signal-to-noise
ratio of the measurement, and this technique has been used in several

experiments [33].

Other indirect methods of measurement of ultrashort pulses have
been demonstrated, and correlation functions of up to the fifth order
have been obtained [34]. From all these, it is worth mentioning the TPC
method suggested by Lee and Jayaraman [35], which consisted of the photo-
conductive counterpart of the TPF.  The fluorescingdye cell is
replaced by a semiconductor which has its conductivity altered when the
two light components temporally overlap. The pulse durations can be
inferred from the photoconductivity measurements, and the time resolution
of the system used was v 2ps, More details of this arrangement are
given later (section 3.3.4), because of its relation with the work

described in this thesis.

2.4.2 Direct techniques

Direct measurements of ultrashort pulse durations and their shape
consist of obtaining a plot of the evolution of the pulse as a function

of time, There are at least two systems which provide such measurements,

namely the photodiode - oscilloscope and the streak camera.

2.4.2.1 Oscilloscope Measurements

The simplest way to investigate light pulses from a mode-locked
laser is by converting the optical information into an electrical signal,

and displaying it on a fast oscilloscope. Such instruments can have a
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bandwidth of a few GHz, corresponding to risetimes of ~ 100ps [36].

The conversion of the light signal to an electrical signal is done at

a photodiode, making use of photoelectric or photoconductive processes.
Photodiodes are capable of delivering voltage which are proportional

to the intensity of the light, and are extremely valuable for examining
slowly varying events, such as unmode-locked laser pulses. For
ultrashort pulse measurements, the bandwidth of commercially available
photodiodes has considerably improved recently, and risetimes of v 30ps

(50ps FWHM) have been demonstrated [37].

For CW mode-locked laser applications, since the light events are
repetitive, sampling systems can be used where the time evolving pulse
. e on . . 5 .
is sampled at different points at a high rate (v 107Hz). Conventional

sampling heads can have a time resolution of 25ps [38].

From the above figures it is clear that at present, oscilloscope-
photodiode systems are not capable of yielding direct measurements of
light pulses on a picosecond or subpicosecond time scale. The direct
diagnostic of mode—locked laser pulses and the study of ultrafast non-
laser events requires another measurement technique, such as the electron-
optical chronoscopy. However, non-conventional sampling systems with an
overall time resolution of ~ 10 ps have been developed with the use of
ultrafast semiconductor switches [39, 40]. Because such devices are
closely related to the work described in later chapters, this
application is discussed in more detail in chapter 3. It suffices to
point out here that it is likely that ultrafast amorphous semiconductor
devices will replace both photodiodes and the conventional fast electrical
sampling circuitry, allowing the direct study of recurrent light pulses

with time resolutions approaching ~ 1 ps.
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2.4.2.2 Electron—-Optical Chronoscopy

2.4.2.2,1 Streak Cameras

The idea of using electron-optical chronoscopy to study ultra-
fast light events was proposed by Zavoisky and Fanchenko [41] even
before the invention of lasers. The basic elements of a conventional
streak tube [42, 43, 44] are a photocathode, a mesh, accelerating and
focussing electrodes, deflection plates and a phosphor screen. The
operation of the streak camera can be described as follows: the light
pulse to be studied is directed to an input slit, which is imaged on the
photocathode by focussing lens. The number of photoelectrons produced
at each instant is proportional to the intensity of the light falling
on the photocathode, so that the information about the evolution in
time of the optical event is carried by the nhotocurrent. The
photoelectrons are accelerated and focussed on to the output screen, and
the streaking occurs by applying a fast voltage ramp to the deflection
plates. The passage of the electrons between the plates is synchronized

with the sweep ramp, so that

CATHODE photoelectrons arriving at
A

different instants experience

different deflecting fields, and

the time information is presented

MESH CONE PHOSPHOR
streak camera as a spatial image of the

phosphor screen. Streak records

consist of transversely swept images of the slit, so rhat the intensity

of the light falling on the cathode at each instant is reproduced at a

different position on the output phosphor, and the time evolution of the

event can be examined directly. A d.c. bias applied to the deflection

plates throughout the operation of the camera ensures that the sweep
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covers the full screen size, and deflects photoelectrons emited before
the start of the voltage ramp away from the output phosphor. Typically
a 2.5KV bias is used, and the amplitude of the ramp is 5KV, applied so
that the difference of potential between the deflection plates changes
from +2.5KV to =2.5KV. 1In the work described later (chapters 5 and 6)
the voltage pulses were supplied to one of the plates, so that only
asymetric deflection was investigated. The duration of the sweep is

v 10—95 for picosecond time resolution, and ultrafast switching
components are necessary for such high writing speeds. In practice the
voltage switched often has slow start and end, and is only linear omn
the central (and faster portion). Therefore, in order to ensure that
the time evolution is represented linearly on the output screen, only
the central part of the ramp (typically from + 750V to -750V) is

actually used, being sufficient for a full screen size sweep.

The large pnotocurrents associated with ultrashort ilight pulses
give rise to space—charge effects, causing loss of spatial and temporal
information. In order to minimize these effects, it is necessary to
couple an image intensifier to single—shot streak cameras. In this case,
the sensitivity of the instrument is greatly increased and weaker light
events can be examined, so that the photocurrents in the tube are
reduced. Modern intensifiers are fiber-optics coupled to the streak
tube and the output records are often displayed directly on an optical
multichannel analiser, simplifying the interpretation of the results,

otherwise obtained by photography, which require densitometry.

The theoretical limit for the time resolution of electron-optical

. -14
streak cameras 1s v 10

s[&l], but at present the experimental systems
have a resolution of ~ lps [45]. Because it is often necessary to

operate the streak camera near this limit, it is important to consider

the minimum pulsewidth that can be recorded on the phosphor screen,
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which depends on three factors : (1) the actual light pulse duration,
tp. (2) The time necessary to sweep through a resolution element on the
phosphor screen, ts. (3) The transit time spread of the photoelectrous,

t The combination of the three factors is a good approximation given

4
by

t. = »/td2+t2+t2,
r |3 S (2.1)

for assumed Gaussian pulse shapes.

The minimum time required to scan a line pair on the screen
(also called technical or streak-limited resolution) depends on the sweep
(or writing) speed v, and on the spatial resolution under dymamic

conditions, and is given by
£, = 1/v.n (2.2)

where n 1s measured in number of line pairs per centimetre. Typical

10 -1

values for Photochron II systems are v = 10 “"cm s and n = 10 1p rnm-l

’

yielding t_ = lps.

The resolution of streak cameras is also limited by the
difference of transit time that photoelectrons exhibit for travelling
from the photocathode to the deflection plates. This time dispersion
depends on the energy distribution near the photocathode, and the transit
time spread is greatly reduced by quickly accelerating the photoelectrons
with an intense electric field [41]. The introduction of a fine mesh
near the photocathode provides the necessary field strengths [46], and
this is adopted in most streak tubes (although a proximity focussed
image converter was also developed, where the mesh is replaced by a
microchannel plate [47, 48]). The expression that relates the time
dispersion to the initial energy distribution and the electric field is

[49] .
e, - 2.34 E 100 Vae 2.3)
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where Ae is expressed in electron-volts, E in volts per centimetre and
td in seconds. Typical values are, Ae v leV, E ~ ZOKch—l, and in this

case t = 1.2ps.

From expressions (2.1), (2.2) and (2.3) it is seen that the
resolution of the streak camera depends not only on the operating conditions
of the instrument (such as writing speed and electric field at the photo—.
cathode), but also on the particular wavelength of the radiation studied.
Nevertheless, the camera instrumental resolution t. is usually defined
as

e =/ et (2.4)

Since the shortest laser pulses obtained are < 100fs [50], efforts are
being made to improve the resolution of streak cameras, so that tc
becomes smaller than the pulse durations and the streak records
acﬁurately reprasent the pulse evolution. At present, the best time
resoluticn reported for a streak—-camera system was t = 700fs [45],

and new streak tubes of resolution v 200-300fs are being developed [51].

2.4,2.2.2 Framing Cameras

Streak cameras are potentially capable of recording the
temporal evolution of light events, maintaining the spatial information
in one dimension (which is displayed along the slit). This feature can
be used, for instance, in time resolved spectroscopic studies, where the
spectral information is spread along the slit by a dispersive element,
such as a grating. However, two dimensional pictures can also be

obtained if the streak tube is operated in the framing mode.

A typical framing tube [52] is very similar to the streak
tube, except that it is provided with two additional pairs of deflection

plates and an aperture. The input slit is not used and the light event
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is focussed directly on the photocathode. The photoelectrons are
accelerated, swept by the deflection plates DF, and an aperture defines
the time window of the seep. An
identical voltage ramp is applied
to the compensating plates in the

opposite direction, so that the

sweeping action is cancelled,

framing camera

and the two dimensional image
appearing on the screen is not
blurred. The record obtained in this way is a two dimensional photograph
and the exposure time is defined by the writing speed of the ramp

applied to the deflection plates., More than one frame can be obtained

by applying a staircase—like voltage to the third pair of plates, which
is perpendicular to the other two. They deflect the frames sideways,

and provided the steps of voltage have sufficient amplitude, consecutive
frames do not overlap on the screen. Because of synchronization difficulties
framing cameras are usually operated at slow writing speeds (driven by
recurrent sinosoidal voltages) and therefore the exposure of each frame

is > 100ps-—lns.

Other framing cameras have also been demonstrated, some very
simple [53] as for instance the proximity focussed tube (consisting of
a photocathode and a phosphor screen), others quite complex with several

deflection plates and compensating systems [54].

2.4.2.2.3 Synchroscan

One of the most successful applications of streak cameras in
their use in conjunction with CW mode—locked lasers in a recurrent mcde
of operation [7]. The voltage ramp is applied to the deflection plates

in synchronism with the roundtrip of the laser, so that consecutive
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streak records superpose on the phosphor screen for a large number of
pulses. The traces obtained in this manner have a very high signal-to-
noise ratio, aad accurate measurements can be carried out for low
intensity light levels. Synchroscan is therefore very convenient to
measure light phenomena in a picosecond time scale when the sample
must not be illuminated by intense beams. Although it was first
demonstrated in conjunction with a single-shot laser [55], it is with
CW systems that most experiments have been performed, because it is
relatively easy to synchronize the light pulses with the sweep ramp
[56, 57, 58]. A high voltage sine wave is generated at exactly the
frequency of the laser (or its multiple), and the most linear part is
used for the deflection. The linearity of the sweep obtained is typically
v 47, but writing speeds are limited to ~ 5 x 109cms—1. The best time

resolution reported was "2.5ps [59].



- 25 - ch.2

References - Chapter 2

1]
2]

— —
~4
—

[10]
[11]
[12]

Dye Lasers; ed. F.P. Schafer, Springer-Verlag, Berlin (1973)

F.P. Schafer, W. Schmidt, J. Volze; Appl. Phys. Lett. 9, 306
(1966)

E.G. Arthurs, D.J. Bradley, A.G. Roddie; Appl. Phys. Lett., 20

125 (1972)

W. Koechner; Solid-State Laser Engineering, Springer-Verlag,

NY (1976)

A.J. DeMaria, D.A. Sletser, H. Heynan; Appl. Phys. Lett., 8,

174 (1966)

R.B. Chesler, J.E. Geusic; Section B2 in Laser Handbook 1, ed.

by F.T. Arecchi and E.D. Shultz-Dubois, North-Holland, Amsterdam
(1972) p. 325.

W. Sibbett; PhD Thesis, The Queen's Univ. of 3elfast (1973)

G.M. Gale; Opt. Commun., 7, 86 (1973)

See for instance D.J. Bradley, G.H.C. New; Proc. of the IEEE,

p. 313 (1974)

G.H.C. New; Proc. IEEE EZJ 380 (1979)

J.R. Taylor; I D Thesis, The Queen's Univ. of Belfast (1974)

W.H. Lowdermile; Section Bl in Laser Handbook 3, ed. by M.L. Stitch,
North-Holland, Amsterdam (1979) p. 361

D.J. Bradley; Chapter 2 in Ultrashort Light Pulses, ed. by .
S.L. Shapiro, Topics in Appl. Phys. vol 18, Springer-Verlag, Berlin,
(1977).

D. Hon; Section B2 in Laser Handbook 3, ed. by M.L. Stitch, North-
Holland, Amsterdam (1979)p. 423.

D.H. Auston; Chapter 4 in Ultrashort Light Pulses, ed. by S.L.Shapiro

Topics in Appl. Phys. Vol 18, Springer-Verlag, Berlin, (1977)



- 26 - ch.2

[16] P.A. Franken, A.E. Hill, C.W. Peters, G. Weinreich; Phys. Rev. Lett
7, 118 (1961).

[17] M. Borm, E. Wolf;Principles of Optics, Pergamon Press, Oxford (1975)

[18] J.C. Diels, J. Menders, H. Sallaba; in Picosecond Phenomena II,
ed. by R.M. Hochstrasser, W. Kaiser, C.V. Shank, Springer-Verlag,
Berlin, p.41 (1980).

[19] J.A. Armstrong; Appl. Phys. Lett., 10, 16 (1967)

[20] H.P. Weber; J. Appl. Phys., 38, 2231 (1967)

[21] M. Maier, W. Kaiser, J.A. Giordamaine; Phys. Rev. Lett., 17, 1275
(1966)

[22] Spectra-Physics 409 Rapid Scanning Autocorrelator Technical
Specification.

(23] J.A. Giordmaine, P.M. Rentzepis, S.L. Shapiro, K.W. Wecht; Appl.
Phys. Lett., 11, 216 (1967)

[24] A.J. DeMaria, W.H. Glenn, M.J. Brienza, M.E. Mack; Proc. IEEE 57,

2 (1969)
[25] D. Von der Linde; IEEE J. Quantum. Elect.;, QE8, 328 (1972)
[26] D.J. Bradley, G.H.C. New, S.J. Caughey; Phys. Lett 304, 78 (1969)
[27] s.L. Shapiro, M.A. Duguay; Phys. Lett., 284, 698 (1968)
(28] H.P. Weber; Phys. Lett., 27A. 321 (1968)
[29] E.P. Ippen, C.V. Shank; Chapter 3 in Ultrashort Light Pulses,

ed by S.L. Shapiro, Topics in Appl. Phys. vol 18, Springer-Verlag,
Berlin (1977). |

[30] G. Mayer, F. Gires; Compt. Rend de 1'Academie des Sciences 258,
2039 (1964)

[31] M. Duguay, J.W Hansen; Appl. Phys. Lett., 15, 192 (1969)

[32] M.A. Duguay, A.T. Mattick; Appl. Opt. 10, 2162 (1971)

[33] See for instance M.M. Malley, P.M. Rentzepis; Chem.Phys. Lett,, 3,
534 (1969)

[34] D.H. Auston; Appl. Phys. Lett., 18, 249 (1971)



[35]
[36]

[37]
[38]
[39]
[40]

[41]

[54]

- 27 - ch.2

Chi H. Lee, S. Jayaraman;Opto-Electromics 6, 115 (1974)

See for instance A. Antonetti,M.M. Malley, G. Mourou, A. Orzag;

Opt. Commun., 23, 435 (1977)

Spectra—-Physics 403B Photodiode Technical Specification

Tektronics S4 sampling-head Technical specification

A.J. Low; PhD Thesis, Univ. of Cambridge (1978)

D.H. Auston, A.M. Johnson, P.R. Smith, J.C. Bean; Appl. Phys. Lett.,
37, 371 (1980)

E.K. Zavoisky, S.D. Fanchenko; Appl. Optics 4, 1155 (1965), and
refs. therein.

Hadland Photonics Ltd., 775-799 Streak Camera Technical Brochure
See for instance M. Ya. Schelev, M.C. Richardson, A.J. Alcock;

Appl. Phys. Lett 18, 354 (1971)

Hamamatzu Temporaldisperser C979 Technical Brochure

D.J. Bradley, W. Sibbett; appl. Phys. Lett., 27, 382 (1975)

D.J. Bradley, B. Liddy, W.E. Sleat; Opt. Commun., 2, 391 (1971)
A.Lieber; in Picosecond Phenomena, ed. by C.V. Shank, E.P. Ippen,
S.L. Shapiro-Springer-Verlag, Berlin, p. 178 (1978)

A.J. Lieber, R.F. Benjamin, H.D. Sutphin, C.B. Webb; Nucl. Inst.
Meth 27, 87 (1975)

V.V. Korobkin, A.A. Malyutin, M.Ya. Schelev; J. Photog. Sci. 17,

179 (1969)

R.L. Fork, B.I. Greene,C.V. Shank; Appl. Phys. Lett., 38, 671 (1981)
D.J. Bradley, K.W. Jones, W. Sibbett; High Speed Photog. and
Photonics, ed. S. Hyodo— Jap. Soc. Precision Eng. Tokyo, p.517 (1979)
Hadland Photonics Ltd., Framing Camera Technical Brochure

G. Clément, G. Eschard, J.P. Hazan, R. Polaert; in Proc. 9th Int.
Cong. High Speed Pﬁot; ed by W.G. Hyzer, W.G. Chace-Colorado, USA
(1970)p. 499

R. Kalibjan; Rev. Sci. Inst. 49, 891 (1978)



[57]
[56]

[59]

- 28 - ch.2

R. Haddland, K. Helbrough, A.E. Houston; Proc. llth Intern. Cong.
High Speed Photog., ed. P.J. Rolls, Chapman and Hall, London

p. 107 (1974)

W. Sibbett, J.R. Taylor, D. Welford; IEEE J. Quantum Elect. QEl7,
500 (1981) and refs. therein,

M.C. Adams, W. Sibbett, D.J. Bradley; Opt. Commun., 26, 273 (1978)
D.J. Bradley, M.B. Holbrook, W.E. Sleat; IEEE J. Quantum Elect.
QE17, 658 (1981)

M.C. Adams; PhD Thesis, Imperial College, Univ. of London (1979)



- 29 - ch.3

CHAPTER THREE

SEMTCONDUCTOR SWITCHES

3.1 Introduction

With the development of mode-locked lasers, optical pulses of
picosecond durations and several gigawatts peak power became available.
These intense pulses were used as sources of energy to investigate the
absorption and fluorescence characteristics of a wide range of samples
such as semiconductors [1], dyes [2], gases [3] and others, and methods
were developed to study such transient phenomena with picosecond
precision and resolution L&]. Optical pulses were also used to induce
non-liniar effects in crystals [S] which were examined in this ultrafast
time—-scale, and techniques were created to manipulate light pulses in

terms of their spatial, temporal and spectral properties.

In spite of the enormous technological interest, ultrafast
electronics did not develop to such an extent, since high speed electronic
elements have typical response times of 2 100ps and very few watts peak
power capability. The direct transformation of the energy of mode-locked
light pulses into high amplitude, picosecond electrical signals by means
of optical rectificationwas demonstrated [6, 7] . However, a much
simpler, more versatile and efficient technique to make use of the
energy carried by the mode-locked laser light to generate voltage pulses
was devised by Auston in 1975 [8] with semiconductor switches. These
devices have now been used in the switching of high voltage pulses of
v MW peak power with picosecond risetimes, capable of activating
Pockel's and Kerr cells and synchronizing streak cameras, in the
generation and detection of transient photocurrents with temporal
resolution < 10ps, and several other applications. Picosecond semi-

conductor switching devices (Auston switches) quickly became an area
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of active research because of the enormous interest and potential
capabilities of the technique, and constitute the subject matter of
this thesis. 1Ia this chapter, the most relevant results pubiished in

the literature are reviewed.

3.2 Description

The simplest energy level structure for electrons in a semi-
conductor crystal consists of a valence band and a conduction band
separated by an energy gap. For a pure (intrinsic) semiconductor at
room temperature, the number of electrons in the conduction band is
small. The valence band is then full, and the resistivity of the

crystal is large.

Electrons in the valence band can gain enough energy through inter-
action with photons from an extermal excitation source tc be promotad to
the conduction band. In this case they leave an empty state in the
valence band which is called a 'hole'. Electrons in the conduction
band and holes in the valence band can move freely through the crystal.
In the presence of an external electric field, these photoinduced
carriers are responsible for current flow. A single photon can promote
an electron from the valence to the conduction band if its energy exceeds

the energy gap. Multiphoton processes, although usually much less

efficient, can also lead to the generation of free carriers.

The time taken for electrons to absorb energy and become free is

-14 . ;
very short (v 10 " 's). For intense light sources, the large numbers of
photoinduced carriers can change the conductivity of the semiconductor

crystal by several orders of magnitude. Therefore photoconductivity is

an ultrafast effect, through which the conductance of a semiconductor
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can be significantly altered.

Picosecond semiconductor switches are simple photoconductive
devices. They basically consist of a piece of high resistivity semi-
conductor which is electrically connected to a transmission line, between
a power supply {(input) and a load (output). 1Initially the semiconductor
slab exhibits a very high (dark) impedance, which prevents voltage
from reaching the output, and the switch is said to be in its "off"
state. However, when the slab is illuminated by an intense ultrashort
laser pulse, the impedance of the semiconductor is significantly
reduced, due to the creation of electron-hole pairs. The device is
then said to be switched "on",since the continuity of the transmission

line is established, and voltage is transmitted to the load.

For efficient switching to take place, the impedance of the
device must become much lower than the characteristic impedance of the
line, which is typically 50Q. This defines a minimum amount of optical
energy necessary to fully activate the switch. An expression relating
the "on" impedance to the incident light pulse energy is derived in

section 3.4.

The fast switching speed is based on the extremely short times
during which photoinduced carriers are created. Therefore, the ultra-
short duration of the light pulses used to activate the switches is a
major requirement for picosecond risetimes. Other factors, such as the
bandwidth of the electronic configuration, and the thermalization time
of the carriers can also affect the maximum attainable speeds, as

discussed later.

Most of the experiments described in this thesis deal with pico-

second pulses as the excitation source for the semiconductor switches.
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When continuous or quasi-continuous light sources are used, long
duration voltage pulses are obtained and the devices operate in a
steady-state mode. In this case too, the basic properties of the semi-
conductor crystals can be studied, such as transport mechanisms and

steady-state photoconductivity.

When illuminated by intense light pulses generated by mode-locked
pulsed lasers, semiconductor devices have the capability of switching
high voltages, where the pulses generated have ultrafast risetimes and

are in picosecond synchronism with the activating light pulses.

The relatively easy construction of semiconductor switching
devices allows the fabrication of "home-made" prototypes. For their
simplicity and low cost, the results that can be obtained are very
encouraging. Furthermore, the use of various materials activated by a
range of mode—locked lasers has already been demonstrated. Picosecond
solid—-state switches are versatile devices that have many practical
applications, and a study of their operation can also assist in the

understanding of some of the basic properties of semiconductors.

3.3 Semiconductors

In order to describe the basic features and possible applications
of solid—state switching devices in further detail, it is useful to
individually examine the different semiconductors that have been or can
be used in particular configurations. Parameters such as resistivity,
recombination time and energy gap are important for a clear understanding
of the performance of the switches. In this section some of the
properties of the semiconductors used are outlined and the limitations

of the different materials that have been studies are also discussed.
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3.3.1 Silicon

The most widely used semiconductor is silicon. For over three
decades and particularly with the advent of integrated circuits and
microprocessors Si technology has been extensively developed. Nearly
intrinsic (i.e. high purity) silicon is commercially available at
relatively low cost, and these crystals exhibit resistivities as high

as v lO4 - losﬂcm.

Picosecond switches were first demonstrated by Auston [8] in
1975 using this semiconductor. His device consisted of a piece of high
resistivity Si (p ~ 104Qcm) on which a microstrip transmission line
structure was formed. A uniform Al coating covered the bottom surface
of the semiconductor chip which was maintained at earth potential. Two
Al strip electrodes were prepared on the top surface, separated by a
small gap. The input electrode was comnnected to a d.c. power supply
(v 20V), and the output taken to an oscilloscope via 50Q coaxial cables.
The high dark impedance across the gap initially prevented the trans-
mission of the voltage signal (T < 5%) . Auston's switch was activated
by a single N 5ps duratiom light pulse of 0.53um wavelength obtained by
frequency doubling the output of a mode-locked Nd:glass laser. Due to
the photoinduced electron-hole pairs, the impedance of the device was
reduced to a few ohms or less, and the voltage applied was efficiently

transmitted (T‘i 957) with picosecond risetime.

The recombination time of carriers in nearly intrinsic Si is
long (Tr v 1-10us) . Therefore the Si switch generated a voltage pulse
of duration typically f\»105—106 times greater than its risetime. There~
fore the shape of the electrical pulse on a picosecond and ﬁanosecond
time scale closely approached a step function. This is an advantage for

some applications, such as in streak camera synchronization for single



- 34 - ch.3

pulse operation (c.f. Chapter 5). Sometimes, however, it is desirable
to generate voltage pulses of ultrashort duration. In these cases an
independent means, other than recombination, must be provided to
terminate the switching action. Auston made use of the wavelength

dependent penetration depth of Si.

In figure 3.1 the trans-

mission of a 0.5mm thick Si
crystal is shown for different
o Si —60
T wavelengths. Photons of 0.53um
E ~50 wavelength (2.34eV) used to
g L0 activate the switch are strongly
m / absorbed in silicon, with an
é 30 absorption constant a=8 x 103cm_1
% -0 [9]. Therefore the activating
% light pulse created elecrron-—-
10 hole pairs on a very thin
[ ' (v Z.Sum) surface layer of the

708 9 101 1213 b

semiconductor. Green light

WAVELENGTH (Lm)
did not reach the bulk of the
FIG 3.1 Optical transmission of crystal and the "switch on"
0.5mm thick silicon crystal
for different wavelengths process was mainly due to

surface conductivity. However,
the fundamental radiation of the Nd:glass laser has a wavelength (1.06um)
which closely approaches the band edge of Si (ml.OSum.ﬂO]). The
absorption depth in this case is much longer (o = 7cm-1) and therefore,
when the infrared light pulse of 1.06um illuminated the device, carriers
were created throughout the thickness of the semiconductor. Bulk
conductivity was then responsible for a low resistance electrical path

between the input electrode on the top surface and the ground plane on
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the bottom surface of the semiconductor slab. The switch was in this

case shorted to earth by the infrared pulse.

Auston provided a mode-locked laser pulse of 0.53um to switch the
device on, and a delayed one of 1.06um wavelength to short it to ground
The voltage pulse generated had a duration which was primarily determined
by the delay between the two light pulses. The shorting, like the
switch-on process, relied on the creation of carriers by photons and
because of the ultrashort duration of the mode-locked pulses used, pico-
second rise and fall times were obtained. Auston demonstrated that
square voltage pulses of an adjustable duration in the range of many
nanoseconds to a few picoseconds could be generated by this type of

semiconductor switch.

The requirement of two light pulses having different wavelengths
to switch the Si devices on and off is rather incbnvenient, and this
shortcoming was overcome by the coplanar structure [ll, 12]. A third
electrode was preapred on the top surface of the semiconductor, and
grounded. The terminating action was accomplished by shorting the input
to earth via a high conductance layer formed on the top surface of the
switch by the second light pulse. In this case both mode-locked pulses
could have the same penetration depth and consequently a single wavelength
could be used. Several combinations of lasers and semi-conductors could
be employed to generate picosecond voltage pulses by this method, since
the coicidence of photon energy and energy gap that occured for Nd:glass

and Si was no longer necessary.

It was pointed out in [8] that a coaxial line initially at
voltage V discharging through a switch would also give rise to a square
voltage pulse. This is usually known as the discharge line configuration

and is widely used in pulse shaping networks. A schematic diagram of
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such an arrangement can be seen

\/ *)_d/’ in figure 3.2. The d.c. voltage V

F2 L. ES F2 charging the line can be described
- as a standing wave which is the
FIG 3.2 - ~ sum of two compomnents of amplitude

V/2 travelling in opposite directions. Initially the two components
are totally reflected at the extremes of the line, defined by the
charging resistor R and the switch S. When the device is activated,
only the component travelling forward reaches the output cable. The
other one has to be reflected at the charging resistor before it starts
propagating towards the output. In this way a square voltage pulse is
switched, having an amplitude V/2 and a duration T which is equal to the
double transit time of the electromagnetic wave travelling down the line.
If L is the length of the charged line and c, is the speed of propagation,

T = 2L/c .
1

In this configuration the second light pulse previously used to
switch the device off is no longer necessary, since the voltage applied
to the switch drops to zero when the line has fully discharged (assuming
that the charging time through the resistor R is very long). Due to the
picosecond risetime of the semiconductor device, the square voltage
pulses can have very sharp edges. By adjusting the length of the charged
line, square pulses of duratiomns v 101-106ps can be obtained in practice,.
This arrangement is particularly useful for long recovery time switching
because a single light pulse can be used to generate a square voltage
pulse of arbitrary duration. The ripple present on the voltage pulse
switched with the discharge line configuration is usually very small.

Its major disadvantage 1is that the maximum amplitude obtained is

limited to half of the d.c. voltage applied to the device.
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The use of crystalline Siin the construction of picosecond switches
is attractive not only because of its availability and low price. The
energy gap of Si is relatively low (vl.leV) and therefore the wave-
length of most of the mode-locked lasers is shorter than the absorption
edge of this semiconductor. As a consequence, a single photon has
enough energy to promote an electron from the valence to the conduction
band. This means that most mode-locked lasers can be used to activate
Si devices. Furthermore the mobility* of conduction electrons is high
(ue v o2 X 103cm2V_ls—1) and as discussed in section 3-4, this leads to
high switching efficiencies. The long recombination time of nearly
intrinsic Si renders its use attractive when long as well as short

duration voltage pulses are to be switched.

However, the repetition rate at which high purity Si switches
can be operated is low (5 1MHz). Because of the slowrecombination of carriers
a lowresistance electrical path remains becrween the input and output electrodes
for arelatively long period of time following the ultrashort irradiation pulse,
This happens in all of the configurationsdescribed above, and therefore nearly

intrinsic Si switches are not suitable for applications requiring high repetition
rates,

The resistivity of high purity Si crystals commercially available
does not exceed n 1059cm, and therefore the impedance of these devices is
relatively low (é 1069)t As a consequence, an applied d.c. bias gives
rise to considerable leakage current flow across the gap between electrodes.
The power dissipated as heat in the slab significantly decreases the
resistivity of the crystal due to thermal creation of carriers. The
dark impedance of the device then continues to drop, more current flows,
and this leads to more heat, until eventually the switch is no longer

*The mobility of a carrier is defined as the velocity it gains per unit
electric field applied, i.e., v = uE
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capable of holding off the applied voltage. This effect is of particular
importance for high voltage applications. Thermal problems prevent the
use o§ nearly intrinsic Si at room temperature when the voltage pulses

to be switched exceed 102V. This feature is further discussed in

section 5. 3.

3.3.2 Gallium Arsenide

The alternative of a ITI-V semiconductor instead of Si in the
construction of picosecond switching devices was demonstrated by Lee [13].
Commerciall& available semi-insulating chromium doped GaAs can exhibit
resistivities as high as ~ 1089cm. The amount of chromium doping
the c;ystals is chosen to exactly compensate for the impurities that
are undesirably introduced during the fabrication, and these are therefore
called compensated crystals. The semi-insulating (S.I.) GaAs devices
can have very high dark impedance, which implies good insulation between
the power supply and the output prior to the switching action. Also,
the leakage current when a d.c. bias is applied is very small and
consequently thermal stability is much better than for Si. High voltage
can be applied continuously without excessive heat generation of carriers.

This important feature is exploited in the application of GaAs devices

described in Chapter 7.

The most striking difference between GaAs and Si switches 1is the
recovery time. While nearly intrinsic Si devices generate voltage pulses
lasting for microseconds, semi-insulating GaAs switches have recovery
times of ~ 100ps. Photoinduced carriers recombine very quickly, and as
a consequence the repetition rate at which the devices can be operated
is very high. The low resistance path created between input aﬂd output

electrodes rapidly disappears, and the device is then ready for another
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switching action. The recombination time of carriers in GaAs can be
determined by correlation methods using semiconductor switches, as shown
in Chapter 4. A number of experiments have been carried out to measure
its value [14, 15, 16] and the results obtained showed recombination

times of "~ 50-150ps.

Soon after the demonstration of Si switches, Lawton and Scavannec
[17] reported the use of semi-insulating Cr-doped GaAs as an ultrafast
photodetector. Their device was activated by a mode-locked CW dye laser
and was capable of easily resolving consecutive pulses in the train.
The width of the voltage pulses displayed on a sampling oscilloscope was
~ 100ps. It was pointed out that the photodetector could be used as an
ultrafast optical switch, providing complete isolation of the gating
signal. When the device is used as a photodetector however, it should
be operated in a linear mode, and in order to avoid saturation only low
intensity light pulses should illuminate the gap. In contrast, if the
device is used as a switch, higher light energies are necessary for
efficient switching. In this case the number of optically excited
carriers must be high enough to reduce the impedance of the device to

a negligible value.

The energy gap of GaAs at room temperature is Eg = 1.4eV, correspond-
ing to an absorption edge of A = 0.9pm. Commonly used mode-locked
Rhodamine 6G dye lasers and frequency doubled Nd lasers are capable of
efficiently generating electron-hole pairs in a single photon process,
while switching with the fundamental radiation of Nd lasers relies on

mul tiphoton excitation (neglecting impurity states).

The most important carriers of current in GaAs switching devices
are electrons. When the electric field applied across the gap of the

. . .. -1 . .
switch 1s limited to E N 3KVem 7, electrons in the conduction band
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. iy 2
exhibit very high and approximately comstant mobility (ue ~ 1000°cm

-1.1

v ). The mobility of holes in the valence band is much lower (uh <

400cm2 V_ls-l). For weak electric fields, efficient cwitching is
achieved with light pulses of relatively modest energies. Also, for a
given illumination of the device, the voltage switched follows the

voltage applied. As the voltage applied is increased, the output voltage

also increases.

It was found, however, that in many cases as the field across the
gap exceeded v 3Kch—l, the voltage switched decreased as the applied
voltage was increased. This interesting transport phenomenum was first
observed for GaAs switching devices by Lee [13]. The switch shows
negative differential resistivity, and this is the same effect as used
in Gunn diodes. In order to understand the physical process taking place,

it is necessary to study the band structure of GaAs in further detail.

Figure 3.3 shows a

conduction simplified schematic diagram of
band

-
c

the energy bands in the K-space.

The conduction band has in fact

more than one minimum in energy.

1.4 Initially at room temperature, the

population of the conduction band

valence is negligible, and the switch
band
exhibits high impedance. When
photons of sufficient energy excite
FIG 3.3 Schematic diagram of the electrons from the valence to the
band structure of GaAs in
K-space conduction band, the conductivity

of the slab increases. Transitions involving photons of energy 1l.4eV <e
N 1.7eV take electrons to the central valley T of the conduction band.

These so called direct transitions involve relatively little momentum
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exchange with the lattice. Conduction electrons in the T valley exhibit

high mobility.

Negative differential resistivity arises in GaAs because the
mobility of electrons in the upper valley (L) is lower than in the central
valley (I') of the conduction band. Different mechanisms can be responsible
for populating the upper valley. Electrons can, for instance, be excited
from the valence band, absorbing a photon of energy greater than the sum
of the energy gap and the separation between valleys. The electroms
promoted to the conduction band in this way have an excess energy, i.e.
they are "hot electrons'. When exchange of momentum also takes place (by
phonon coupling with the lattice), the transitions are called indirect
and can take electrons to the upper valley L of the conduction band.

These electrons have high effective mass* and present low mobility.
However, they are not in thermal equilibrium with the semiconductor, and
therefore quickly loose the excess energy (vws). If no external mechanism
is present to maintain high populations in the upper valley L, these
electrons quickly thermalize to the central valley T of the conduction

band, until they recombine.

Following the activation of the switch and thermalization, electrons
populate mainly valley I and exhibit high mobility. Their interaction with

an external electric field happens very quickly (’fé lO—13

[18]). 1If the
accelerating field is strong enough, the electrons can reach high speeds
between successive collisions. When the kynetic energy gained exceeds

~ 0.36eV, scattering to the upper valley can take place and this process

is very efficient for electric fields 2 3Kch—1. This transfer of

#*Although subjected to quantum-mechanical forces, the average behaviour

of an electron in a semiconductor can still be described by Newton's law
it its mass is replaced by an effective mass which takes into account all
the interaction with the crystal, and is defined as m* = h2(d2¢/dK2).
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conduction electrons from valley T to L, competes with thermalization,
which brings electrons down from valley L to I'. However, significant
depletion of population from the lewer valley occurs, since the time
taken for electrons to gain the excess v~ 0.36 eV is comparable with
the thermalization time, but the density of states available in the L
valley is much greater than in the T wvalley. The total conductance of
the device is then significantly reduced. It is easy to see that this

problem is even more serious for higher electric fields.

Submicron switching devices of different lengths have been used
to study the transport properties of GaAs [L9]. The gap of these
switches was such that the transit time between electrodes was either
smaller, comparable, or much larger than the thermalization time.
Different wavelengths were also employed, creating electrons near the
bottom of the central valley I', or in the upper valley L of the conduction
band. The conductance of the devices was systematically studied, and a
significant change in the mobility of hot electrons was infered to

explain the results obtained.

Intervalley scattering is an interesting phenomenom which finds
numerous applications, such as in Gunn oscillators [20] and in negative
differential resistivity devices [21]. In most cases, however, it is
desirable to obtain high switching efficiencies, and electrons transfer
to the lower mobility wvalley is an inconvenience. In particular, when
high voltage devices are used, the electric fields applied usually
exceed the threshold for intervalley scattering. In these cases, for
efficient switching to take place, the low mobility of hot electrons has
to be compensated by a large number density of carriers. High energy

light pulses are then necessary to fully saturate the devices.

A final but important feature of GaAs switches is that they can be
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activated by mode;locked semiconductor lasers. Preliminary studies using
" 20ps duration light pulses from a GaAlAs laser [22] were carried out
and electrical signals of few milivolts amplitude were generated, showing
risetimes of v 60ps. The possibility of incorporating GaAs switching
devices in integrated optic systems therefore seems feasible and is

potentially very promising.

3.3.3.Gallium Phosphide

Gallium phosphide is an additional crystaline semiconductor which
has been used in solid-state switching devices. It is a ITI-V compound
which exhibits in many cases similar properties to GaAs. GaP has an
energy gap of 2.35 eV and is an indirect semiconductor (see for instance
[23]), since the phonon—assisted transitions take electrons from the
top of the valence band to the bottom of the conduction band with
AK # 0. As in GaAs, the conduction band has more than one minimium, but
in GaP the electrons in the upper valley of the conduction band (lying
0.51eV above the minimum) exhibit a higher mobility than those lying in the
lower valley. Consequently, as the electric field across the gap is
increased and electrons begin to populate the upper valley, the conduct-
ivity also increases. Therefore, unlike GaAs, GaP should not exhibit
negative differential resistivity. The evaluation of the performance of
GaP switches for various electric field strengths in discussed in
greater detail in section 4.6 and the results confirm that the voltage
switched increases monotonically with the voltage applied, for electric

fields up to at least lOKch—l

The large energy gap of GaP requires the use of relatively
short wavelength light (A < 0.53um) for single-photon activation of the

switch. The fundamental radiation of Rhodamine 6G dye, ruby, Nd and
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GaAlAs lasers is not energetic enough to directly promote an electron
from the valence to the conduction band by single-photon excitation.
However, the energy of the 0.53um wavelength second harmonic radiation
of Nd lasers is nearly coincident with the energy gap of GaP, and this
coincidence can be used in the study of fundamental properties of the

semiconductor [24], such as band structure and exciton states [25] .

The long penetration depth of 0.53um radiation (v 0.Z2mm) renders
bulk conductivity dominant over surface conductivity. When the penetration
depth is long, the risetime of the switch can be slightly slower, due
to the propagation time of light inside the semiconductor [2@ , but this
effect is almost always negligible. On the other hand, bulk conductivity
can be an advantage, since unwanted imperfections on the top surface of

the crystal are also usually unavoidable.

If light is absorbed on a thin semiconductor layer high temperatures
can be produced. Very intense picosecond pulses can even render the top
surface of the crystal liquid for a short time P7] , Or permanently
amorphous [28]. When the electric field across the gap is strong, and in
particular, if the light pulse illuminating the device is spatially non-
uniform, heating can lead to surface electrical breakdown. When the
penetration depth is long, however, heating effects on the top surface are
less severe, and this is the case for GaP devices activated by 0.53um

radiation.

The semi-insulating GaP crystals (Cr-doped or undoped) which are
commercially available can have resistivities as high as 109Qcm.
Therefore the dark impedance of GaP switches is extremely high. Typically
when devices of 25um gap length were prepared on chips 3mm wide and O.5mm
thick, the impedances measured always exceeded 20MR2. TFor longer gap

lengths, even higher values were obtained. Also, because of the large
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energy gap of GaP, the population of thermally excited carriers in the
conduction band at room temperature is very small. As a consequence,
the dark current in semi-insulating CaP is usually negligible, and the

thermal stability of the switches is excellent.

Because of the fast recombination time of optically excited
carriers, GaP switching devices are capable of resolving consecutive
light pulses from a mode~locked laser train. Therefore they can be used
as photodetectors of very simple and cheap construction. DC bias can
be used, and the risetimes obtained are comparable with the duration of
the activating light pulses, which can be wps. 1In order to determine
the actual recovery time of GaP devices an electrical correlation scheme

was used, c.f. section 4.5.3.

The mobility of electrons and holes is approximately the same in
. . 2. -1 -1 . _
GaP, and is a relatively low value, ~ 120cm V s ~. Therefore the absence
of negative differential resistivity in GaP is somewhat overshadowed,

since comparatively intense mode-locked laser pulses have to be used for

efficient switching to take place.

3.3.4 Other Crystalline Semiconductors

3.3.4.1 Indium Phosphide

InP is the only other binary III-V semiconductor which has so far
been used as a picosecond optoelectronic switch [29]. Semi~insulating
InP is commercially available, and crystals with resistivity as high as
2.5 x IOSQcm have been employed. The samples used were Fe-doped, and
the gap of the device was very short (v 3um). As shown later in section

3.4, for a given illumination intensity, the "on impedance'" of the
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switch is proportional in the square of the gap length. By fabricating
an extremely short device, Leonberger and Moulton were capable of
obtaining reasonably high conductances {v 2 x 10_2mho) with only ~40pJ
light pulses. A good semiconductor metal junction was ensured by
providing the electrodes with semitransparent regions on either side of

the gap, which were also illuminated.

The recombination time of optically excited carriers in InP was
estimated to be w 50ps. Fast recovery photodetectors can, therefore, be
made with this semiconductor. A significant result obtained was the
demonstrated capability of activating InP switches with mode-locked
GaAlAs lasers, since the energy gap of InP is ~ 1.34eV at room tempera-
ture [10]. As for semi-insulating GaAs, the possibility of using InP
in integrated electroopical devices for laser telecommunication is very

attractive.

As an application, InP switches were used to sample a 68.9MHz
sine wave, activated by a laser  at 275MHz and 40dB signal-to-noise ratio
switching levels were obtained. Due to the fast recombination time of
photocarriers, the devices can be activated by multiplexed light pulses,

thereby yielding very high sampling rates.

3.3.4.2 Indium Gallium Arsenide

Recently, a termary compound In0.53GaO.47

fast photoconductive detector sensitive to radiation to wavelengths

As was employed as a

vl 7um [30]. The device was fabricated with p-type semiconductor and
relied on electron sweep—out to terminate the high conductivity state
resulting from irradiation. Because the gap was only 15um lomng, and the
peak drift velocity of electrons is.high (v 2.1 x 107cms_1) at fields of

N 3.5Kch—l, the electrical signals obtained had a relatively short
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duration of 70ps FWHM.

3.3.4.3 Cadmium Sulphur Selenide

The only II-VI compound which has so far been used in picosecond
switching devices was CdSO‘SSeO‘5[3l]. The search for new materials was
motivated by the poor thermal stability of Si, and the undesired
negative differential resistivity that most III-V compounds exhibit for

high electric fields.

The crystals used were compensated and had a resistivity p ~ lO7Qcm.
The solid solution employed had an emergy gap of 2.0eV. Carrier relax-
ation mechanisms in CdSO.SseO.S switches were investigated @2], with
plicosecond laser pulses of 0.53um and of 1.06um wavelength. For the
infrared pulses the penetration depth is long and bulk recombination is
dominant, while for the green light, surface recombination is more
important. At low light intensities (é 3MWcm_2), for both wavelengths
slow decay was observed (v 20ms). At high excitation levels (v 0.8GWcm_2),
the decay of the voltage pulses switched consisted of a fast component
(v 20ns) followed by a slow component thch lasted for several mili-
seconds. At high carrier densities red light was emitted by the crystal.
The fast recombination was attributed to stimulated radiative processes
taking place through a similar mechanism as had been reported earlier

for Cds [33].

The absence of negative differential resistivity was not shown
experimentally. However, the response of the switch for different light
intensities was plotted on a log-log scale, and the voltage output was
shown to increase linearly for at least four decades for 0.53um excitation,
with a slope 0.8. When 1.06um light pulses were used, the slope was

initially ~ 2.0 and then saturated for high intensities. The slope 2.0
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was attributed to two—photon carrier generation in the sample since it
indicated that the conductance of the switch varies: with the square of

the light intensity illuminating the device.

As mentioned in chapter 2, a CdS switch was used by Lee

0.5°%0.5
and Jayaraman to measure ultrashort optical pulses [34]. The technique
was based on the two-photon conductivity (TPC)[3S], which is similar to
the two-photon fluorescence (TPF) described in chapter 2. The conduct-
ivity of the semiconductor depended on the square of the light intensity.
This square law was used to measure the second order intensity correlation
function of the picosecond light pulses. A triangular arrangement,
similar to that commonly used in two—-photon~fluorescence experiments was
employed. The mode-locked pulse was split into two components which over-
lapped at the semiconductor. By slightly varying the light paths of

the two components for consecutive laser shots, the second order auto-
correlation of the light pulse was wapped out. This method to measure
picosecond light pulse durations has the advantages that the alignement

is much less critical than for TPF and no densitometry is required. A
later version of the device [36] included a stack of seven small switches.
They were mounted in such a way as to sample the autocorrelation curve

at seven different points for a single laser shot. Contrast ratios of

2.8-1 were obtained experimentally, and pulses of ~ 10ps duration were

measured.

By using a device in a charged line configuration voltage pulses

durations as short as ~ lns were obtained with CdS However

Se .
0.5 0.5
the repetition rate of the switch was rather poor. Also, since the

total mobility is relatively low (v 4 x 102cm2V—1cm_1), the CdSO 5Se0 5

devices are not very sensitive.
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3.3.5 Amorphous Semiconductors

When the recombination time of carriers is extremely short, the
switch can be used in the photoconductive mode as a picosecond light
detector. If the energy of the light pulses illuminating the gap is kept
low, the device shows a linear response. Such a high speed photodectector
using a thin film of amorphous silicon was demonstrated by Auston [37].

The devices constructed were very similar to those described for crystalline
Siin [8] . A0,5um thick filmof a—Si was deposited on fused silica, and had a
resistivity of 1O7Qcm. Microstrip transmission line structures were fabricated
on the a—Si, and gap lengths of 20-50um exhibited dark impedances of '\alOQQ.

The devices were d.c. biased to up 200V and the output of the devices was
connected to a sampling oscilloscope. The photodetectors were tested by Auston
with a CWRhodamine6G dye laser synchronously pumped by a mode-locked Ar laser.
The energy of the dye laser photons (Vv 2ev) was higher than the absorption

threshold of the semiconductor film (l.6eV).

The electrical pulses displayed on the 25ps risetime oscilloscope
showed FWHM durations of 40ps, clearly limited by the instrument. Since then
electronic correlation studies [38, 39]performed with similarly prepared
switches showed decay times <30ps. Ultrahigh-vacuumdeposited (UHV) a=SI
devices were also fabricated, and a comparisonwith the chemical vapour deposited
a~S1i switches showed that higher density of defects could be achieved by the

UHV technique. Even faster relaxation times were then measured (1 < 4ps).

Amorphous silicon devices have already been shown to be capable
of detecting ultrashort light pulses, generating FWHM.voltage signals
of ~ llps [38]. This is a significant improvement over the response
time of the fastest photodiodes currently available, which is typically
n 50ps. Even faster devices can be anticipated for the near future, with

response times which approach the time duration of the light pulses.
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Therefore, due to their simplicity, low price and remarkable performance,

a=-Si devices are very promising as ultrafast light detectors.

In order to maintain the ultrafast rise and fall times of the
voltage pulses throughout the detection system, broad-bandwidth trans-
mission lines and sampling heads are needed [40]. Conventional oscillo-
scopes do not exhibit the risetimes required. However, o=-Si devices
can be used as sampling gates. The gate opening time is given by the
duration of the "on-state" of the device, which can be ~ 5ps. This
technique was illustrated by the electrical correlation measurements.

A system incorporating an oscilloscope and such a sampling gate was used
to measure the response time of fast unknown materials [39]. High
signal-to~background ratio was obtained, and the jitter was minimal.

The system is also attractive for its high sampling rate capability, due

to the short recombination time of the a-Si gate.

The studies carried out by Auston and co-workers £for a-Si have
been extended to the measurement of physical properties of the semi-
conductor. The mobility of carriers and transport processes have been
investigated [41], and the initial (transient) mobility found was
N l—lOcmZV-ls_l, which is significantly lower than in crystalline samples.
This value did not change appreciably for samples prepared by chemical
vapour or ultra-high vacuum deposition, but was found to be considerably
higher in radiation damaged a-Si [42]. The relaxation rate

strongly depended on the density of defects.

High voltage a—-Si switches have not been demonstrated because the
high density of defects means that the carriers recombine very quickly,
before reaching the output electrode. As a consequence, small gaps
have to be used for relatively efficient collection of photocarriers.

Furthermore, the mobility of electrons is low, so the use of a-Si switches
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will be probably restricted to low voltage applicationms.

Although other amorphous materials have not been used so far,
it is expected that the techniques described by Auston for «-Si will

be employed for other semiconductors as well, in the near future.

3.4 Switching Efficiency

It is useful to have an analytical expression for the switching
efficiency in terms of different parameters which characterize the
laser, the semiconductor, and the experimental set-up. The exact
behaviour of the switches. can only be described by a complicated
formula which takes into account effects due to the electrodes, penetra-
tion depth, non-homogeneity of the light pulse and of the field across
the gap, and so on. Theoretical models describing the performance of
the switches when compared to systematic experimental data, can lead
to a better understanding of fundamental physical processes in semi-
conductors. Picosecond switching devices are a useful tool in the
study of photoconductivity, metal-semiconductor junctions, transport of
charge and relaxation mechanisms in different materials. The relevant
experimental parameters involved, however, must be known to a reasonable
degree of accuracy. These studies involve a great deal of time and
effort, and fall outside the scope of this thesis. What follows is a
simple expression which describes approximately the performance of the
devices, and explains qualitatively the experimental results obtained
during the work. When used to provide quantitative information, it
usually predicted values which agreed with those measured to within the

experimental errors.

For a high resistivity semiconductor irradiated by a mode-locked
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laser, the fraction of thermally excited carriers is very small,

compared to the total numbers of carriers created by light absorption.
Therefore, in order to determine the conductance of the gap it is
necessary to calculate the number density of photoinduced carriers.
Recombination is initially not taken into account, and it is assumed for
simplicity that all free electrons contribute equally to the conductivity.

Multiple reflections between layers of atoms is also neglected.
The conductivity of the semiconductor is given by

= +
o] e(neue npup)

where n,» np, ue and up are the number densities and mobilities of
electrons and holes, respecrively, and e the electronic charge.
Assuming that the number of electrons promoted to the conduction band

is equal to the number of holes in the valence band,

and therefore

= -+ .
o e(un up)n

When a light pulse of energy € illuminates the gap, part of the
energy is absorbed by the crystal and part is reflected. 1In the case
of normal incidence, the coefficient of light transmission from air into

the semiconductor is given by Fresnel's relation

4n
r

T =
(1+n)?
r
where o is the refractive index of the material [43]. Therefore the

total number of photons of energy hv that actually enter the crystal

1s

I = —X = (1)
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Referring to figure 3.4, let {(x,y,z)

hy represent the photon distribution

inside the semiconductor slab.

1<

‘\\\ The x axis corresponds to depth,

¢ y to width and z to length. If

\\\\ saturable absorption of light by

the crystal can be neglected, then

\ i(x,¥,2) = i(x)p(y,2z)
Z

FI1G 3.4 Assuming that the numbers of
photons absorbed at depth x is proportional to the number of photons
available at depth x, and calling io(y,z) the distribution at the top
surface of the semiconductor,

i(x,y,2z) = io(y,z)e_x/a

where o is a absorption constant. The normalization is expressed as

Io = fjlo(y,z)dydz
integrated over the gap area.

Different processes are responsible for the absorption of light
by the sample. The creation of electron—hole pairs is the most import-
ant one when thephoton energy exceeds the energy gap of the semiconductor.
In this case the quantum efficiency is approximately unity, and the
absorption of each photon can be attributed to the creation of an
electron-hole pair. For unity quantum efficiency, the number of carriers
created in a layer of thickness dx at depth x, is equal to the number of

photons absorbed as the light pulse passes through that layer.

—di(x) _io ~x/a

n(x) = dx o
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If v and z dependence is made explicit,

io(Ysz) —
n(x,y,z) = —— e

o

The conductivity of any element of the crystal between the electrodes
can therefore be expressed as

+

efu, * u) _ —x/a
G(X’Ysz) = lO(Y:z)e
a
The spatial intensity distribution Io(y,z) of the light pulse

illumipnating the gap is usually non-uniform. However, if the gap is much
smaller than the size of the beam, the simplifying approximation of
uniform beam intensity can be made. In practice the light pulse is often

considerably larger than the gap, to ensure proper activation of the

switch. 1In this case

I =51 =1
o i O(y,z) dydz o 7L

Hence from (1)

4nr € 1

i
° (1+n )2 hv w@
T
Finally, the total conductance across the gap is given by

G =~% [ o(x) dx,

and therefore, assuming that no light is transmitted through the whole

thickness of the slab (i.e 0 ¢ x & =),

4n ey +u) e 1
G = T ) e 5 p - (2)
(l+nr) ) hv Z

This expression gives the conductance (and impedance) of the
switch when illuminated by a picosecond pulse, before recombination starts
to take place. The choice of a particular semiconductor determines the

refractive index and the mobility of carriers, the choice of mode-locked
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laser defines the wavelength and the total energy of the activating pulse,
and the gap length is chosen when fabricating the device. As expected,
higher pulse energy and carrier mobility lead to higher conductance.

The impedance of the gap depends on the square of the gap length.
Therefore it is advantageous to have devices with the distance between

electrodes as short as possible, for efficient switching to occur.

For the discharge line arrangement shown in figure 3.2, the
amplitude Vm of the voltage pulse measured at the 502 oscilloscope (load)

is given by:

V =V X —m—— (3)

where the electrodes are assumed ideal. Therefore the conductance can
be determined experimentally, and expression (2) can be used to provide
information about the mobility of carriers in the semiconductor,
Conversely, if the mobility is known, the switch can be used to measure
the energy content of the light pulse. Since the capacitance of the

2

switching devices is small (~ 10~ —10—1 pF), the impedance is almost

entirely resistive, and Z = 1/G = R,

The switching efficiency n can be defined as the ratio between
the voltage actually switched by the semiconductor device and the
maximum that could be obtained for the particular configuration employed.,
For the discharge line configuration, expression (3) gives

v 100
no= v./2 100 + Z (4)

If the impedance Z becomes negligible compared to 1002, the efficiency
is unity and the voltage measured at the load equals half of the voltage

applied. TFor the travelling wave arrangement, since the bias is pulsed,
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Vm
_ 50
n= V. 50+ z (5)

where the impedance of the oscilloscope (load) is still assumed to be
50Q. In this case, the impedance Z of the device should become much
smaller than 50Q, since for this configuration twice as much current can
flow across the switch, and therefore more carriers are required for the
same switching efficiency. Expressions (2), (4) and (5) relate the
different parameters involved in the activation of the device to the

efficiency of the process.

Using equation (2), it is worthwhile to calculate the energy
necessary to activate a Si switch with 1.06um radiation. TFor a lmm gap
b - -
length, and with the values n_ = 3.6, U, + up =2 x 1O3cm"V 15 ! and

hv/e = 1.17V,

If a resistance of 3§ or less is to be obtained,
e > 2uJ.
A uJ

In practice the energy of the light pulse used should be at least ten
times greater to ensure fully covering the gap area with a laser pulse
of reasonable uniform intensity distribution and to saturate the

device.

Finally, it should be pointed out that for fast recombination
time semiconductors, care must be taken when measuring the voltage
switched. For single shot oscilloscopes with risetimes " 1OOSps, the
voltage pulses displayed have lower amplitude than the voltage pulses
actually switched by for instance semi-insulating GaAs, GaP and InP
devices. The voltage pulses then appear integrated, and this fact

should be taken into account when the conductance of the device and the
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switching efficiency are determined.

3.5 High Voltage Switching

It was soon realized that in order to fully exploit the potential
capabilities of picosecond semiconductor switching devices, the range of
voltages switched should be extended. Large amplitude electrical signals
of picosecond risetime find numerous applicatioms in ultrafast pulse
technology and some of these applications are described in detail in
chapters 5, 6 and 7. In this section, a summary of the other results
obtained with picosecond high voltage devices reported in the literature

is presented.

The first kilovolt semiconductor switch demonstrated by Le Fur
and Auston [44]. A nearly intrinsic Si device was activated by a
single 0.53um wavelength light pulse. A bias of 1.5KV was used, but
it had to be pulsed, in order to prevent electrical breakdown across the
O.7mm gap. The voltage pulse applied lasted for 25ns. Unlike the
discharge line, with this travelling wave arrangement up to the full bias
amplitude can be switched and thus a 1.5KV pulse was produced with pico-
second risetime. It was applied to a microstrip transmission line
formed on a crystal of LiTaO3 used as a Pockel's cell. A linearly
polarized light pulse was diffused and illuminated entirely one of the

side faces of the crystal.

Initially all the light transmitted by the crystal was rejected
by an analysing polarizer. As the voltage pulse propagated along the
microstrip, the polarization of the diffuse light pulse was rotated by
the Pockel's cell. Some light passed then through the analysing

polarizer, and was recorded on film. The light pulse was delayed, and
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a sequence of photographs was taken for different delays, one for

each laser shot. In this way the propagation of the high voltage pulse
along the Pockel's cell could be studied. Each record showed a bright
region, which corresponded to the part of the crystal where voltage
was already applied, and a dark one, where no voltage was yet present.
The transition between the dark and bright regions represented the
risetime of the Pockel's cell, which was determined to be ~ 25ps. This
value is an upper limit for the risetime of the voltage pulses switched

by the Si device.

The results obtained by Le Fur and Auston proved that:

1. Semiconductor switching devices were capable of handling high
voltages.

2. The kilovolt pulse switched had picosecond risetime.

3. The high voltage pulse could be used to activate ultrafast electro-
optical components, such as Pockel's cells.

4. The overall risetime of the system was still of ~ picoseconds.

The experiment also showed that thermal effects in crystalline Si were

overcome by a pulsed bias lasting for few nanoseconds.

The undesirable therm.l effects observed for Si are greatly
reduced for semi-insulating GaAs. Lee[lB] used this semiconductor
biased to up to 5KV d.c. However, the highest voltage switched was 600V,
due to the reduction in switching efficiency for intense electric fields.
Since then, up to v 4KV voltage pulses have been switched by d.c.
biased GaAs devices, activated by energetic Nd:Yag laser pulses of
1.06um [45]. Voltages as high as 5KV have been obtained with travelling
pulse biased GaAs switches activated by a flashlamp pumped R6G dye

laser.

The d.c. hold off capability of other semi-insulating III-V
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compounds is also high, and therefore pulsed bias is usually not required.
As an illustration, high voltage switching by a GaP device is demonstrated

in figure 3.5. A d.c. bias of 2.8KV was applied to the 2mm gap switch.

FIG 3.5 Oscillogram showing the response of a GaP
switch to a mode-locked train of pulses of 0.53um
wavelength. The voltage and time scales are
1KV/div and 100mns/div, respectively.

The device was illuminated by the second harmonic of a mode-locked Nd:
phosphate glass laser. The individual pulses of the train can be

clearly resolved, which confirms the fast recovery time of the GaP switch-
The peak voltage in the oscillogram shown is V1 .4KV, which is the maximum that
can be switched for the particular configuration used. Typically a 2mm gap GaP
device will hold-off ad.c. bias voltage of 3KV, but if the bias is pulsed for

a few nanoseconds, much higher voltages canbe applied. Also the full amplitude
can be switched, compared to justhalf in a charged line configuration, as
pointed out earlier. Using a 7ns duration bias, up to 5KV picosecond voltage

pulses were switched with a 2mm gap device[46].

In order to apply d.c. high voltages to the solid-state iswitching devices,
the configuration described by Auston is no longer appropriate. Thin semiconductor
substrates are not capable of holding off several kilovolts, since breakdown
develops through the slab, between the input electrode and the ground plane.

It has been demonstrated [13] that an insulating substrate should be intro-

duced between the thin semiconductor chip and the ground plane. The switch
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then exhibited high voltage hold off, and the 50Q microstrip transmission
line structure could be maintained. This configuration was adopted in
all the high voltage experiments, and also in most of the locw voltage

applications described in the following chapters.

A coaxial structure has also been demonstrated. A section of
the center electrode of a conventional HN connector was replaced by a
cylindrical semiconductor piece. A window was provided on the connector
body, through which light illuminated the chip. The risetimes of these
coaxial devices were shown to be comparable to the risetimes measured
for the microstrip switches. Up to 10KV voltages have been held off
for a few nanoseconds, and efficiently switched by coaxial Si devices

[47].

It is apparent from the preceeding section that the gap between
the input and output electrodes of the switch should be as short as
possible for high switching efficiencies. However, short lengths have
associated high electric fields across the gap, leading in many cases
to electrical breakdown. This is a serious problem, particularly when
high voltages are required, or very weak laser pulses are available.

In order to maintain the electric field below the threshold value for
electric breakdown, long gaps have to be used for high voltage applica-
tions. The switching efficiency is then low, and energetic laser
pulses are required to activate the devices. Conversely, if weak
activating light pulses are used, the gap lengths have to be short, and
only low voltages can then be applied. The threshold for electric
breakdown will again determine the minimum gap length that can be used.
Typical values range from a few millimeters for high voltage devices,
to a few microns for applications in conjunction with CW mode-locked

lasers.
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Heat is the major cause for premature breakdown in nearly
intrinsic Si devices. Thermal problems, however, are greatly reduced
at cryogenic temperatures, c¢.f£. section 5.3. At room temperatures
thermal carrier generation can be avoided to a great extent by pulsing
the voltage bias for a short time. In some cases a short duration
bias pulse is not a serious limitation. 1In Chapter 5, a system is
discussed in which the bias of a Si switch lasts for only £ 1lOms
and the breakdown spark does not have time to develop. It has been
demonstrated, however, that Si switches with ~ mm gap lengths can hold
off a few kilovolts for several microseconds [45]. After this time
the resistivity of the slab is considerably reduced by thermally excited
carriers. 1t was observed that the risetime of the long voltage pulse
applied to the device should be slower than the dielectric relaxation
time, which is v 10-40mns for Si [48]. The synchronization of microsecond
long voltage pulses with the arrival of the light at the switch can be
easily achieved. Also, the amplitude of the bias can be very stable.
Systems incorporating Si switches with us duration bias can exhibit

excellent performance [49].

Recently picosecond switching devices have been extensively
used in conjunction with Kerr and Pockel's cells. The optical trans-
mission of a Kerr cell has been examined [50] and the risetime of
commercial Pockel's cells have been measured [45, 47]. A high voltage
GaAs switch was also used to drive a Pockel's cell in an active pulse
shaping technique [51]. The light pulse sliced had a risetime of 4Ops
and FWHM duration of 70ps. A high voltage Si device was employed to
drive three Pockel's cells in series [4 ]. The arrangement had
picosecond synchronization and showed a contrast ratio of 109. It was
used to suppress low light intensity preceeding the main laser pulse

for a laser fusion system. Other experiments reporting the use of high
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voltage picosecond switches to activate Pockel's cells [52, 53] will be

discussed in detail in chapter 7.

3.6 Conclusion

The most important parameters of different semiconductors that
have so far been demonstrated in picosecond switching device construction
are summarized in table 3.1. The resistivities quoted are typical values
at room temperature of samples obtained commercially, or as reported in
the literature. The recovery times are approximate because they depend
on many factors, such as doping of the crystal and light intensities
used. The mobility of carriers quoted for GaAs and InP is significantly

reduced for high electric fields.

It is now apparent that almost any crystalline semiconductor
showing high resistivity can be used in picosecond switching devices.
Depending on the particular application for which the devices are intended,
other parameters, such as recombination time and energy gap became
important. The choice of materials will have constraints imposed by the
mode—locked laser used to activate the switch, since the energy of the
laser pulse determines a minimum mobility of carriers for efficient
switching to take place, as discussed in section 3.4. Also, the wave-
length of the light pulses defines a maximum energy gap, in the choice
of semiconductor. Finally, but not least important, availability and

price of the materials have to be taken into consideration.

The extension of picosecond switching techniques to high voltage
devices greatly widened the possible applications of semiconductor
switches. Their compatibility with several different laser systems, and

"the intrinsic picosecond synchronization between light and voltage is
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exploited in the chapters that follow. Before then, however, an
evaluation of some characteristics of the switches, and a description

of their construction is presented in chapter 4.

TABLE 3.1
2. -1 -1
SEMICONDUCTOR egap(ev) p (fcm) T plem™ v “g )
intrinsic Si 1.1 " 104 ~ 10us ~ 2000
s.1. GaAs 1.4 " 107 ~v 100ps v 7000
s.i. GaP 2.3 N 1O9 v 100ps v 300
s.i. InP 1.3 N lO7 ~ 50ps
- 2.0 4y 107 20ns to 20ms v 400

S.1. CdSO.SseO.J
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CHAPTER 4

CONSTRUCTION AND EVALUATION

4.1 Introduction

There are two ways of tackling the problems posed by the construct-
ion of the semiconductor switches: either by carefully studying all the
possible limitations and difficulties that might occur in their
application, and deciding a priori on the best configuratioﬁ, so that
the switches actually constructed are as near to the ideal as possible;
or alternatively, choosing a configuration which is not perfect, but
allows a series of experiments to be readily carried out, and trying
to optimize the design of the devices only when serious limitatioms
are encountered. The choice of approach will depend on the objective
one has. If it is desired to reach the best possible performance with
a particular semiconductor switch, so as to be able to study the intrinsic
limitations imposed by e.g. the choice of semiconductor, the geometry,
the activating laser pulse, and others, the first approach should be
chosen. 1If, on the other hand, the major interest is to exemplify
different applications of solid-state switching devices, and in particular,
with a limited time period in mind, then a more pragmatic attitude must

prevail.

The switches were fabricated following a very simple procedure,
and the configuration was chosen as to allow maximum versatility in
their construction. The reasons leading to this approach are not only
the interest in different applications and the limited time available,
but also the ignorance of important facts which would otherwise have

prevented the construction of a nearly ideal device. For instance, the
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perfect semiconductor switch should have ohmic contacts, and to
fabricate ohmic semiconductor-metal junctions is not a trivial problem.
Also, as often happens, mecst major difficulties were only discovered much

after the experimental work had started.

Evaluating the performance of the switches can be best dome in the
actual experiments. However, it is of interest in many cases to
determine physically important parameters, such as the recombination time
of carriers in a particular semiconductor. In these instances, a

separate measurement was carried out.

In the following sections of this chapter, the fabrication of the
switches is described. An evaluation of the switching performance,
and some physical aspects of the photoconduction mechanisms involved in

the creation of carriers are also discussed.

4,2 Microstrip Configuration

As mentioned in sectiom 3.5, the configuration which was adopted
in nearly 21l experiments described in this thesis was originally
proposed by Lee [1]. A piece of semiconductor was mounted on an insulat-
ing substrate interrupting a 50Q transmission line. The substrate used
was double-sided printed circuit board (PCB), which is cheap, easily
available, easy to handle, allows a rapid and reproducible fabrication
of a 50Q microstrip, can hold-off several kilovolts, and allows direct
soldering of the input and output coaxial cables to the transmission
line, so that the impedance mismatch introduced is minimal. The main
disadvantage of PCB is that dispersion losses of very high frequency
Fourier components of the voltage pulses switched is higher than for

thinner substrates. In other words, the risetime of the voltage
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pulses obtained at the semiconductor becomes longer as the signal

propagates along the microstrip.
mission line that existed between
put cable was typically < lem, so

obtained.

However, the length of the trans-
the semiconductor chip and the out-

picosecond risetimes were still

An example of a semiconductor
switch can be seen in figure 4.1.
device shown has a chip of nearly
intrinsic Si, and the gap length is
1mm.

application described in chapter 5.

A similar switch was used in the

FIG 4.1

4.2.1 Impedance Matching

In order to obtain ultrafast risetimes it is important to match the

impedance of the switch to that of the input and output cables, which

was 50Q.

There are a number of expressions relating the different

parameters of a microstrip, such as width of the line W, thickness of

STRIP / /

CONDUCTOR

h
DIELECTRIC
SUBSTRATE GROUND
r PLANE

of the theory of microstrips [2, 3, 4].

the dielectric substrate h,
dielectric constant €. thickness
of the conductive strip t, and the
impedance Zo. The most accurate
relations are obtained semi-

empirically due to the complexity

The formulas which were used to

determine the appropriate width of the strip conductor that should be

used for a 509 impedance were obtained from the review on design of

microstrip lines by Bahl and Trivedi [5}.
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The dielectric constant of the double—sided printed circuit board was
4.8, and the thickness of the dielectric substrate was 1.64mm. The
ratio between the width of the line and the thickness of the insulator

is given by

Who o= Sexp (A) (1
exp (2A)-2

Zo gr-i-l Er-l
A = p i + =T (0.23+0.11/e ) -

Conversely, for a given ratio W/h, the impedance of the line can be

where

calculated with the expression
120mv/e
7 = eff (2)
O W/h+1.393+0.6671n(W/h+1.444)

where S iz is an effective dielectric constant which is lower than the

relative dielectric constant . of the material, and takes into

account the degree of confinement of the electromagnetic field inside

the substrate. € ff 1S related to e by
Er"'l Sr"l 21
- 2
€. ff > + ; (1 + 12 h/W)

In order to obtain an impedance of 509, from equatiom (1) A = 1.58,
W/h = 1.79, and therefore the width of the strip conductor should be

2.94mm.

Both the finite thickness of the strip conductor and dispersion in
the line were neglected in the above calculation, and it is worthwhile
to evaluate how serious these approximations are. TFor PCB, the
effective width of the line We can be calculated if the thickness of the

conductor (t) is known, according to the expression:
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W t 2h
= H +—(1+J2,n—t—)

W
£
h Th

For a copper thickness of O0.lmm, the effective width is 3.08mm, which
from (2) corresponds to an impedance of 49Q. More considerable is the
mismatch existent at the semiconductor chip. If a relatively thick
crystal is used, the impedance of the transmission line will no longer
be 500, even if the semiconductor is fully activated by the light pulse.
The effect of the thickness of a Si crystal on the impedance of the

line can be calculated, assumingrthat if is illuminated by an intense
pulse of 1.06um radiation, such that the entire bulk of the semiconductor
becomes conducting. For a O.3mm thick slab, We = 3.4mm, and the
corresponding impedance of the line is then 46Q. Therefore, even in this
case, the effect of the thickness of the slab is relatively small, and

can be neglected in a first approximation.

The problems caused by dispersion are much more serious. The
electrical signal which propagates along the transmission line can be
expressed in terms of its Fourier components, and for high frequencies
the dispersion becomes significant. Expresssions for the effective
dielectric constant and for the impedance of the line as a function of

the frequency f are also given in [S]:

£_-¢c
cepef) = & " —=t 2 (3)
1+G(f/f )
P
Z
where fp = -75;, G = 0.6+0.009 Zo’ and f is expressed in GHz and h in cm,
and 7 (£) = 377h
) Weff(f)ﬁeff(f} (4)

where the effective width of the line is given by
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W (0)-W
(£ = w2 (5)

W
eff 1+(f/fp)2

and Weff(O) can be obtained from equation (4), making £ = O. A simple
computer program was written, and the effect of the dispersion on €

eff

and on the impedance of the line was calculated for different values of f.
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FIG 4.2 Effect of dispersion on the microstrip impedance

rigure 4.2 shows a plot on a semi-log scale of the variation of the
impedance with the frequency of the signal travelling in the microstrip.
The impedance of the microstrip is nearly 50Q for frequencies ranging
from OHz(d.c.) to up to a few GHz, but at 20GHz it is already 7582. For

a 10ps risetime (corresponding to an upper frequency of ~40GHz), the
impedance experienced by different Fourier components will vary from 500
to 90Q. Therefore dispersion will play an important role in limiting
the fastest possible overall speed of the switch, and the length of the
microstrip transmission line should be kept short, in order to minimize
the loss of speed and sharpness of the leading edge of the voltage pulse
switched.#*

*(The dispersion relations (3),(4) and (5) should hold for substrates which
are thin in comparison with A(=cn/f)[6]. For a frequency ~“40GHz and cp=l.4 x
1OIOcms—1, A=3.5mm, and therefore the thickness of the substrate (1.64mm)
is not significantly smaller than A. Also, these semi~-impirical relations

have not been tested experimentally for frequencies much higher than 10GiHz.
As a consequence, no numerical estimate for the risetime should be derived,

but only qualitative conclusions should be drawn from the values calculated).
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According to [5], the accuracy of expressions (1) and (2) is better
than 17 provided dispersion can be neglected. Nevertheless, and inde-
pendent experimental test was carried out to verify that the impedance
of the microstrip constructed on the printed circuit board was in fact
50Q. A time domain reflectometer (Tektronix 152 sampling unit) with a
100ps time resolution was employed to test a ~“15cm long stripline of
3.0mm width, which was fabricated on PCB. Fine adjustments of impedance
were made, slightly altering the width of the conductive line with an
additional thin strip of silver paint in contact with the copper. The
results showed that a 3.0mm wide microstrip exhibited an impedance of
500 to within the experimental error of the measurement (< 5 %), and was
therefore the width of the microstrips constructed throughout the

work.

4.3 Preparation of the Semiconductor Switches

The fabrication of solid-state switching devices included the
preparation of the microstrip transmission line and of the semiconductor
chip (by cutting the crystal, polishing one or both faces, cleaning
the slab, evaporating the electrodes and subjecting it to thermal
treatment), and finally mounting it in the microstrip arrangement. Each

one of these processes is described separately.

4.3.1 Cutting

The semiconductors that were used throughout the work were
bought commercially (nearly intrinsic Si from Topsil Ltd, and semi-
insulating GaAs and GaP from MCP Electroniecs Ltd). The crystals

2 .
measured v 3-6cm and could therefore be cut into several slabs
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adequate for fabricating the opto-electronic switches. Although the
semiconductors were very brittle and could be cleaved, this process
required a knowledge of the crystallographic directions of the materials.
Furthermore, it was of interest to obtain slabs of nearly rectangular
shape and of selected length and width. Therefore the crystals were
waxed on to a thick block of glass, and cut with a diamond saw. The
width of the blade was 0.5mm, and as a consequence some material was
wasted. After cutting the semiconductor, the glass block was heated on
a hot-plate which melted the wax, the several slabs were carefully
removed with the use of twezers, and were finally immersed into a
solvent, such as acetone, or more usually ethanol. In most cases the

chips measured v 4-7mm x 4mm, although smaller sizes were sometimes used.

4.3.2 Polishing

The procedure adopted forpolishing varied from material to
materials and the quality of the polish depended on the application for

which the semiconductor was intended.

The crystals of GaAs were polished before being cut, and in some
cases the semiconductor purchased already had a polished face. 1In
general, however, the crystal was waxed to a flat disk of glass, and
ground with successively finer grades of Alumina grounding compound
(Linde A, C and B). The proces; was rather long, and it was done on a
pitch of wax. The coarsest scratches on the polished face which resulted

were thinner than Q.05um, and the thickness of the semiconductor was

reduced from O.5mm and O.25mm.

In the majority of the cases, the Si switches were activated by
light pulses of 1.06um, and since at this wavelength the penetration

depth is quite long (c.f. figure 3.1), it is bulk rather than surface
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conductivity the most important mechanism for transport of current.
Therefore, it is doubtful that the top surface of the slab had to be
polished for proper operation and in fact no significant detrimental

effect was observed in early experiments, when the slab had rough surfaces.
However, in order to minimize the differences from slab-to-slab and to
allow the fabrication of better contacts, the Si crystals were also
polished, following a similar procedure to that for GaAs. The resulting
quality was not as good as for GaAs, due to the use of a paper pitch,

leaving the crystals with an "orange-peel' structure.

The GaP crystals were much softer than GaAs or Si, and could be
polished in < lhr. When water was used as a vehicle for the Linde
powder, a strong smell was produced, which could be due to a hazardous
compound. The replacement of water by parafin eliminated this problem,
and when both surfaces of the GaP crystal were polished, the semi-

conductor was transparent with an orange colour.

4.3.3 Cleaning

After the slabs had been cut and polished, all the oil (from the
diamond saw), wax and other contaminants where removed by a careful
cleaning procedure. 1In some cases this process was reduced to a simple
immersion of the semiconductor chip in ether, and then into either
ethanol or methanol. The steps involved in the complete cleaning
procedure are as follows: 1) Warm chip in Inhibisol for ~1 min; 2)Bring
to boiling point in absolute alcohol; 3) Place chip in a perforated
vessel of polythene, and immense it in a silver etch (0.52 of HF,0.5% of
HNO3, 100mg of AgNO3) for ~ 30s; 4) Wash chip thoroughly in distilled
water; 5) Bring to boiling point in absolute alcohol; 6) Store chip

in alcohol. Sometimes the semiconductor was immersed in ether and placed
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in an ultrasonic cleaner for a few minutes, prior to the steps described
above. This complete procedure E7] which was originally developed for

Si, was also sometimes used for GaAs.

4.3.4 Evaporation

The electrodes were usually prepared on the semiconductor by
evaporation. A chamber was evacuated to Vv 10_.5 - 10-'6 torr, and the
chip was placed v 30cm above the metal vapour source. In order to leave
a gap between the electrodes, a mask was used to prevent the deposition
of metal on part of the chip. It usually consisted of a copper wire,
the diameter of which defined the gap length. The width of the
metallic electrodes was also determined by masking, and was nearly always

3.0mm, so that the microstrip width did not change at the slab.

Various metals were evaporacted, depending on the semiconductor
used. Usually Al electrodes were employed, sometimes preceeded by a
thin layer of In which was depositied to improve the adhesion,
particularly for Si. When GaAs or GaP switches were prepared, a single
metal was evaporated (Al, Au or Ag). The technique used for the
deposition is standard, consisting in heating a sample of the metal to
be evaporated either on a tungsten wire (Al), platinum coated molybdenum
wire (Ag), tungsten spiral (Au), or on a molybdenum boat (In). The thick
1éyer of metal (except for In) was deposited quickly (3 15s), over the
substrate at room temperature. The evaporation procedure adopted was
simple, and the metal usually used (Al) was chosen for its availability

and low price.

In some cases the electrodes were prepared by depositing a layer
of conductive paint directly on the semiconductor. The quality of the

contacts formed in this way was poorer, but the switches could be



- 77 - ch.4

readily fabricated. The voltage hold-off across the gap was lower
(probably due to irregularities on the edge of the electrode), and the
contacts were non—ohmic. Related effects are discussed in further

detail in section 4.6.1.

4.3.5 Heat treatment

Following evaporation, the crystals were usually submitted to a heat
treatment at 300C for 90s. This procedure was used for all Si chips
which were coated with both In and Al. Although the heat treatment
can improve the adhesion between the metals and the semiconductor due to
diffusion, the temperature used was not high enough to allow the
creation of an alloy between the Al and the Si, which happens at 577C
[8, 9]. Also, because of the technological difficulties involved, the
Si crystals were not doped at the zlectrodes, and therefore the contacts

were not ohmic.

Some of the GaAs slabs provided with Al electrodes were also sub-
mitted to heat treatment of ~ 300C, and although this temperature is
relatively low, it is known that outdiffusion of Ga and indiffusion
of Al take place [10, 11], and more reproducible (yet still Schottky)

contacts are produced [12].

4.3.6 Mounting

Once the semiconductor chip was prepared, it was mounted on the
microstrip which had previously been prepared on a double sided printed
circuit board, typically measuring v 2-3cm X 2cm. The fabrication
of the microstrip on the board involved 4 steps. (1) The PCB was
cleaned, and had a 3.0mm wide protective strip of plastic transfer

applied along one face. The strip was interrupted at the centre for
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N 7mm, so as to allow the chip to be placed later. (2) The bottom face
of the board was totally covered by a layer of varnish and left to dry.
(3) The PCB was immersed in an etching solution (250mg Fe2C13, 50ml of
HC1 and 2.51 of HZO) for ~ 20 minutes. (4) After the etching had been
completed, the printed circuit was thoroughly washed, and the protection
for the copper was removed with ether and acetone. The width of the

microstrip formed by this process was usually accurate to within + 5%,

and its impedance was very nearly 50Q.

A small piece of optical wax was melted between the two copper
strips with a hot-air blower or by heating the board on a hot plate.
The semiconductor chip was placed on the melted wax with tweezers and
left to cool for a few minutes. Very thin layers of wax (v 1-10um) were
found to firmly secure the chip to the PCB, and when necessary the slab

could be easily removed.

The electric conmnection between the metallic electrodes on the
semiconductor and the copper strips of the board was made by a
conductive paint (JMC 1402) containing 707 of silver. This compound

dried in ~ lhr.

In order to launch the voltage pulses switched into 50Q coaxial
cables, commectors (such as BNC) were originally soldered to the copper
strips of the PCB. Since time-domain reflectometer (TDR) traces showed
that the mismatch was appreciable, the comnectors were removed and the
5092 coaxial cables were directly soldered to the PCB. The impedance
was then very well matched, provided the exposed length of coaxial
cable was $ 2mm. A comparison carried out with the time-domain reflecto-
meter showed that if the sémiconductor chip was fully saturated by the
light pulse, the overall mismatch introduced by the switch was smaller

than the one observed at a commerqial through BNC (F-F) connector.
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In a few applications when mode-locked CW lasers were used to
activate the switching devices, a much smaller configuration was employed.
The microstrip was fabricated directly on the semiconductor, and the
width of the line was reduced to a fraction of a mm, to account for the
different thickness of the substrate and different dielectric constant,
and maintain the 500 impedance. In these cases a commercial microstrip
wavequide launcher connected the device directly to the sampling

oscilloscope.

4.4 Evaluation of Risetime and Recovery time

It is of primary interest to characterize the performance of
semiconductor switches in terms of speed and recovery time, because this
information can assist in -the basic understanding of physical processes
involved in che switching and also in the comstruction of better devices.
In this section, the evaluation of the rise and fall times of the

solid-state switches is described.

4.4,1 Direct measurements

The most convenient instrument with which to directly observe the
time evolution of an electrical signal is the oscilloscope. Therefore,
"direct méasurements' of the switching characteristics are carried out
by comnecting the output of the device to a fast oscilloscope, and
monitoring the voltage switched as a function of time. One of such
measurements is shown in figure 4.3a, which is an oscillogram of the
signal switched by a nearly intrinsic Si device when illuminated by pico-
second light pulses. The time scale is 50ns/div, and it is clear that
the fast risetime is followed by a long recovery, because of the slow

decay of the electrical signal (v 1.5us FWHM). 1In this case it is



_80_

ch.4

apparent that oscilloscope measurements allow the direct determination

of the recombination time of carriers in the semiconductor, involving

a simple experimental set up.

FIG 4.3 Response of a Si switch

on 50ns/div{(A) and on 2ns/div

(B) time scale

Figure 4.3b shows the
voltage switched by a Si device
on a 2ns/div time scale, record-
ed on a Tektronix 519 oscillo-
scope (response time ~0.3ms).
It is apparent that it is not
possible to determine the rise-
time of the signal from the
oscillogram, since the response
of the switches is faster than
the risetime of the single-
shor oscilloscopes available.
In fact, even the measurement

of the recovery time of fast

semiconductor can be oscilloscope limited, as illustrated in figure

4.4, A single pulse from a frequency doubled Nd:Phosphate glass laser

was selected from the mode-locked train of pulses, and directed to a

biota 240

AR 2

FIG 4.4 Response of a GaP switch to

a single picosecond pulse on
a lns/div time scale

semi~insulating GaP switch, and
the output signal was recorded
on a storage oscilloscope
(Tektronix 7834). The FWHM of
the pulse is 0.70ns, and both
the rise and the fall times of
the signal displayed are
significantly degraded by the

limited frequency bandwidth of
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the measuring instrument.

Although the energy of the light pulses used to activate semi-
insluating GaAs or GaP switches was in several experiments high enough
to saturate the device, the amplitude of the voltage pulses observed on
the storage oscilloscope was always less than half of the d.c. applied,

due to the slow response of the measuring equipment.

In order to be able to evaluate the switching efficiency and to
estimate the .recovery time of ultrafast semiconductor switches from
oscilloscope measurements, a computer program was used to simulate the
performance of the detector system. Initially, it was attempted to
describe the oscilloscopes with a simple equivalent circuit, taking into
account the limited risetime, fall time and 500 impedance for signals in
a wide range of frequencies. However, it was found that a large number
of components had cto be introduced to approximateiy reproduce the shape
of the voltage pulses observed on the oscillograms, and the model
became so complicated that it lost its physical meaning. A different
approach was then used, in which the response F(t) of the instrument to
a step function applied at t = O was described mathmatically, taking
into account the shape of the trace displayed, and its risetime. The
response Vs(t) of the oscilloscope to an arbitrary signal H(t) was then

calculated numerically, by evaluating a convolution integral
v.(e) = f°F(emx) H'(®dx - F(OEO), (6)

where H' is the time derivative of H, and F(t) H(O) provide the intial

conditions[14].

Since the discharge line arrangement was widely used throughout
the work, 1t is important to find an analytical expression relating the

current delivered by the switch into a 50Q transmission line to the
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recombination time and the impedance of the semiconductor, following the
illumination of the gap. Assuming that one of the carriers has a much
more important contribution to the current than the other, that the
recombination can be described by a single exponential decay in the
number of free carriers, and that the risetime of the device can be

neglected compared with the recombination time,

n(t) = N e—t/T
o

Since the conductivity is proportional to the number of free carriers,
il.e.,

0 = eun,

it follows that the total conductance of the switch decays exponentially
in time,

G(t) =G e-t/T.
)

- . -1 L. . , .
Therefore, since Z2(t) = G (t), according to this model the impedance
of the switch increases exponentially [13], i.e.,

Z(t) =2 et/T
o

where Zo is the impedance of the device immediately after the impulse
activation. Using Ohm's law for the circuit, for a 500 oscilloscope it

is found that,

v

four iout(t) = ——-ELTa =TT > (D

_E }E[-Iq-fﬁ 100+Zoe

Z(t)
j[ Y] ) 500 where it is assumed that the length
app scope
= = of the cable conmnecting the switch
to the power supply is relatively
long (2% >> cnr). It can be seen that the current switched decreases

following the illumination, and for t >> t it becomes negligible,

The peak voltage that can be detected across the 502 load in this
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configuration is Vapp/z’ and the voltage H(t) applied to the oscilloscope
is given by: v
app

H(t) = Igg:;;;—ET; x 50.
Provided the impedance of the switch is always much larger than the 500
characteristic impedance of the circuit (i.e. for low light levels),
H(t) decreases exponentially. However, if the switch is saturated by
the activating pulse, the voltage applied to the oscilloscope is not
an exponential, particularly for t <ot This is illustrated on figure
4.5, where the current switched by a device with ZO = 1Q is shown for
five different values of t, during the first two nanoseconds following
the activation (still assuming negligible risetime). In this calculation
it was assumed that a d.c. bias of 2KV was applied to the device, and it

is seen that the peak voltage applied to the 500 oscilloscope is nearly

1KV for the various values of 7.

20 "CCC

—
U
I

- <00
{=2000s

CURRENT SWITCHED (AMPS)
VOLTAGE SWITCHED (VOLTS)

250

(Va}
T

0 500 1000 1500 2000
TIME (ps)

FIG 4.5 Voltage and current switched by a device withinitial impedance

Z =1, for different values of T.
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In order to obtain the output traces corresponding to such input
signals, it was assumed that the response of the oscilloscope to a unity
step function could be well approximated by the function

1

F(t) = 1 = ———r (8)
1+ae>t

which takes a value 1 for t -~ = and a very small value for t = 0, if A
is sufficiently small. Constants A and B were determined empirically,
so as .to reproduce the shape and the v 0.7ns risetime of the oscillograms
observed when Si switches were employed to provide the step function for
the oscilloscope, and the values chosen were A = 0.01 and B = 1/150ps.

By replacing these wvalues in (8), and using (7) and (6) it follows that

. 1 —':(zo/r)vanp &7 7
v(t) = ;o1 - - . 50 | dx
° 140.01e (E7¥) /150 (100+2_ X/ T2 J
i 1 v 50 ’
_ 1_ — anp
140.01e"/ 120 100+2, ]

Figure 4.6 shows the result of the above expression for the input
signals of figure 4.5, and the curves simulate oscillograms that would
be obtained for semiconductors of five different recombination times,
assuming %3 = 1Q. As can be seen, the curve obtained for the longest
recovery time switch has a risetime of 0.70mns, a profile very similar
to the oscilloscope traces observed experimentally, and a maximum
amplitude which is nearly half of the 2KV d.c. voltage bias, as should
be the case for the discharge line configuration. More important,
however, is the effect of the limited risetime of the instrument on the
peak voltage observed for ultrashort duration voltage pulses. TFor
semiconductors with a recombination time of 50ps for instance, the peak
voltage displayed would have been only ~ 300V, which is much inferior

to the 980V amplitude actually switched (at t = 0).
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FIG 4.5 Computer simulation of the voltage displayed on che oscilloscope

(Tektronix 7A19 amplifier) for the curresnt pulses shown in

FIG 4.5

These figures indicate that the switching efficiency of semi-

insulating GaAs and GaP devices can not be directly determined from the
peak voltage displayed on the oscillograms. However, provided the
recombination time of the semiconductor is known, curves similar to the
ones shown in figure 4.6 can be used to determine the value of the
impedance of the device immediately following the activation. A
computer program was written to generate such a set of curves, as seen
in figure 4.7, where the initial impedance Zo is related to the apparent
switching efficiency (measured on a 700ps risetime oscilloscope), for
four different values of . As an example, consider the conditions
prevailing in the application of semi-insulating GaAs devices described
in section 7.3. The switches were mounted on a discharge line arrange-

ment and biased to 700V d.c., so that the peak voltage switched measured
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FIG 4.7 Switching efficiency measured on the oscilloscope for
different values of the impedance following the activation.
The switch is saturated (to within 10%Z) for Zo < 5Q.

could have been 350V. The amplitude of the pulses observed on the

oscillograms was ~ 200V (i.e. an apparent switching efficiency of 60%)

which, assuming a recombination time of ~ 100ps, corresponds to an

impedance ZO = 1R, as determined from figure 4.7. The knowledge of

this value is important for the interpretation of the results discussed

in section 7.3.5.

Finally, it is clear that the switching efficiencies shown in
figure 4.7 differ significantly from unity even when the switches are
fully saturated (ZO < 1Q). Therefore, single-shot oscilloscopes can not
be regarded in these cases as a direct method of measurement of the

voltage pulses switched by the solid-state devices.

4.4.2 Indirect Techniques

From the preceeding discussion it is clear that while single shot
oscilloscopes can provide direct measurements of the time evolution of
slowly varying electrical signals, for ultrashort voltage pulses the

oscillogram shows a convolution of the signal with the response function
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of the instrument. The time resolution of commercially  available fast
. . S . ' .

single-shot oscilloscopes (v 100-ps) [15] is ~ 1-2 orders of magnitude

slower than the risetimes of the voltage pulses obtained with semi-

conductor switches.

Since direct techniques of measurement were not adequate to
resolve picosecond risetimes, indirect methods were used, in which the
voltage signal switched was correlated with the response of another
ultrafast element. The time resolution of such techniques greatly
exceeded that of the single~shot oscilloscope, and the switching speed

of the solid-state devices could be determined to a greater accuracy.

4.4.2.1 Electro-Optical Correlation

As mentioned in section 3.5, the leading edge of the high voltage
pulse cobtained with a Si device was examined by Le Fur and Auston [16]
with an ultrafast risetime Pockel's cell. The voltage pulse was applied
to a LiTaO3 crystal which was placed between crossed polarizers, and the
risetime of the electro-optical shutter was the correlation between the
response time of the Pockel's cell and that of the semiconductor switch.
The time resolution of this measuring technique was ~ 20ps, but it

involved the fabrication of a Pockel's cell in a microstrip configuration

and a relatively complicated experimental procedure.

4.4,2.2 Electrical Correlation — Theoretical Aspects

A much simpler method to determine ‘the switching speed of the
solid~state devices was demonstrated by Auston [17, 18]. A picosecond
light pulse is split into two components of equal intensity, one of
which is delayed in relation to the other by an adjustable time lag.

The two beams are focussed, and activate two different semiconductor
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switches which are driven in series, so that the output of the first
probes the transmission of the other for different delays. In Auston's
original experiment two sub-pulses illuminated each Si switch, the
second one (of 1.06um wavelength) shorting the devices to ground and
ensuring good time resolution. However, if fast recovery time semi-
conductors are used, or if alternative means are provided to terminate
rapidly the switching action, a single light pulse can activate each
device. The signal obtained, for identicalswitches subjected to the

same illumination levels is the autocorrelation function of the form

V(1) =_[ £ (e+1) £ (t)de,

and for single-shot lasers, the autocorrelation trace is obtained point
by point, by varying the delay t. By using different switches or

different light levels, the curveobtained is the cross correlation

V() = ;0 F. (e+7) £_(t)dt

— 1

The interpretation of the experimental results requires care,
because of the intrinsic ambiguity of correlation techniques, and there-
fore it is worthwhile to consider theoretical aspects of the method. A
simple model can be used to approximately describe the experimental

results obtained.

Assuming (a) that the recombi-—

nation of electrical carriers 1is

exponential and (b) that the rise-

time of the devices is negligible

compared to the recovery time of

both switches, it follows that

v
I(t) = 2pp (7D
1 1oo+zl(0)et/T1
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where Vapp is the d.c. voltage bias drop across the device on the left,
zl(O) is the initial impedance of the switch following the impulse
illumination, Tl is the recombination time of the carriers, and Il(t) is
the current flowing through the device (1) into the 509 transmission
line connected to the other switch (2). Provided the response of the
oscilloscope is slow (i Ins), for each delay AT, the signal detected

will be proportional to

1 1

ur) = £ x

t* (9

VOUT /Tl (t+At)/ rzd

100+2, et 100+, (0)e

It is difficult to solve analytically expression (9), except when the
denominators can be reduced to a single exponential term. Therefore, a
computer program was written to evaluate numerically the integral, for

and 1.

T 5+ Altering the initial

a range of parameters Zl(O), 22(0),
impedance corresponds, in the experiment, to changing the energy of
the light pulse which illuminates each device, and by varying B and T,

one can simulate the response of different semiconductors.

The (normalized) calculated correlation signal of two identical
semiconductor switches with a recombination time of 100Ops is shown in
figure 4.8a, for four different illumination levels. The curves are
symmetrical in relation to the origin, and each wing approachesa single
sided exponential for high initial impedances (low illumination levels).
In this case the 1/e point of both wings gives the recombination time
of carriers in the semiconductor. It is also clear that for low initial
impedances (high illumination levels) the wings are no longer well
approximated by exponentials, and the 1/e measurements do not correspond

to the recombination time.

Figure 4.8b shows the result of the integral of expression (9)

for two switches with identical impedance following the activation
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(Zo = 50Q), one with T = 100ps and the other with four different values

for the recombination time. The results shows that one of the wings

of the correlation curve remains constant while the other changes
dramatically, which indicates that each wing contains the information
about one semiconductor switch. For very long recovery time semiconductors,

the correlation curve shows a wing which is nearly horizontal.

Finally, it is worth demonstrating the ambiguity which arises
from such a method of measurement. In figure 4.8c two correlation
curves are shown, obtained by maintaining the parameters of one device

constant (ZZ(O) = 50Q, T, = 100ps), and evaluating the integral for the

pairs of wvalues (Zl(O) = 50Q, T, = 135ps) and (Zl(O) = 15Q, T

1 = 100ps).

1
The curves have identical FWHM and very similar shape, so in an
experimental situation it would be very difficult to distinguish between

them and determine the exact recombination time of the carriers in the

device (1), unless its initial impedance was known.

When hypothesis (b) does not hold, i.e. if the risetimes of the
switches are comparable to the recombination time of carriers and can
not be considered zero, each wing of the curve consists of two
components, ariging from the correlation of the response of one device
with both the rise and fall functions of the other. As a conmsequence,
the width of the curve in the actual experiment exceeds that of either
of the components and therefore gives an upper limit for both the rise-

time and the recombination time of the carriers in the semiconductor.

4,4.2.3 Electrical Correlation - Experimental Results

The correlation experiments carried out can be divided in three
groups, performed to determine: (1) the recombination time of carriers

in GaP; (2) the recovery time of GaAs devices; and (3) the risetime
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of Si switches. A separate description of these measurements follows.

(1) GaP. The attempts to determine the recovery time of GaP
switches with single shot oscilleoscopes were limited by the poor time

resolution of the instrument, as seen in figure 4.4. Therefore the correlation

scheme shown in figure 4.9 was used. A single pulse of the second-

harmonic from a Nd:Phosphate glass
mode-locked laser was directed to
a Michelson interferometer, which

provided two subpulses separated

by an adjustable time delay. One

of the subpulses had either double
FIG 4.9 or the same intensity as the other,
depending on whether it passed a second time through the 50%7 beam splitter
of the interferometer. Both subpulses were focussed, and directed to the
GaP switches. The voltage switched by the first device was monitored on

a 50Q storage oscilloscope for every laser shot, and the amplitude of

this signal was used to normalize the voltage that probed the response

of the second device., Furthermore, the existence of a 509 impedance load
connecting the switches to ground ensured that the d.c. voltage drop across
the second switch was minimal, which greatly improved the signal-to-noise
ratio of the measurement. Also, the initial impedance of the devices

was estimated ffom the amplitude of the voltage pulse switched, which is
important to unambiguously determine the recombination time of the

carriers in the semiconductor, as seen from the theoretical discussion.

It should be pointed out that although the interpretation of the results
is simpler for low light levels, signal-to-noise considerations require

- that the impedance of the semiconductors should fall to a relatively

low value following the activation, so that a voltage pulse of amplitude

significantly higher than the background noise is detected for every
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delay.

Figure 4-10a'shows a correlation curve obtained from such a measure-
ment. The widths at half maximum on either side of the peak are 136ps
and 240ps and at l/e, 200ps and 322ps, respectively. 1In order to relate
these values to the actual recombination time of carriers, the model
described in section 4.5.1 can be used. The average amplitude of the
voltage pulses probing the second device was ~ 25-30V for a 300V d.c
bias, which corresponds to a v 15-207 switching efficiency (for the
discharge line arrangement), measured on a Tektronics 7834 oscilloscope.
For a semiconductor with t = 200ps, such switching efficiency corresponds
to an impedance Z0 v 1009, immediately after the illumination of the
switches (c.f. figure 4.7). As can be seen from figure 4.8a, taking
into account this limited value of the impedance, the recombination time
of carriers in the semiconductor is found slightly above the 1/e point
of the correlation curve, and is 177ps. Using the same procedure,
the recombination time of carriers in the second device is determined
to be 298ps. This pair of devices is clearly not identical and most
probably differed in the number of recombination centres in the GaP
crystals. By carrying out similar measurements with several different
switches, recombination times as short as ~ 60ps and as long as " 500ps

have been observed.

The trace fitted to the experimental data in figure 4.10a is to be

compared with the calculated correlation curve shown in figure 4.10Db,

= 177 ps,

obtained when the following parameters are used: Zl(O) =100Q, Tl

ZZ(O) =200Q, T, = 298ps. Since the impedances were independently

2
determined from the voltages switched by the device (1), the only values
actually adjusted for the computer fitting were the recombination times

(and a normalizing constant). The agreement between the two curves is

relatively good, but the value of t derived seems to be slightly over-
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estimated ( the best fit found was for t,= 140 ps and 7T, = 240ps).

1 2

The results obtained by the correlation method are consistent
with those obtained with a CW mode-locked Ar' laser, with which ~ 100ps
optical pulses were used to activate 25-100um gap size switches. The
output voltage pulses monitored with a sampling oscilloscope showed
" durations as short as v~ 150ps FWHM, which corresponds to recombination

times v 110ps for the particular crystals employed.

(2) GaAs. Evaluating the duration of the voltage pulses obtained
with semi-insulating GaAs switches was important for several applications
which are described later, and therefore was the subject of a separate
experiment. Measurements performed with devices of 25um and 40um gap
sizes using sampling oscilloscopes (25ps time resolution) had shown that
durations of ~ 100-200 ps FWHM could be obtained, but the signals
monitored had an amplitude < 1V. Longer gap size devices were constructed,
and the correlation technique was used to study their recovery time
under conditions which were more closely related to the ones existent in

the active mode-locking experiments discussed in chapter 7.

A flashlamp pumped Rh6G dye laser provided a mode-locked train
of light pulses, six of which were used to activate two GaAs switches
connected in series. Voltage bias ranging from ~ 200V to 400V d.c. were
applied, and otherwise the set-up was similar to the one described for

the GaP studies.

Figuré 4.11 shows a correlation trace obtained under these
experimental conditions. The two wings are different, and subtracting a
constant background observed even when the second device was not
illuminated, the widths at 1/e of the peak are determined to be 23.5ps

and 97ps respectively. Such a result was reproduced a few times for
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FIG 4.11 Cross—correlation between two GaAs switches

this pair of devices, and the secondary peak seen on the left was also
systematically observed. The solid lines shown on the plot are the

exponentials:

-t/97

1.5 + 3.67 e for t(ps)20, and

¥
1}

+t/24

1.5 + 3.67 e for t(ps)x0.

«
)

There is good agreement between the experimental values and the exponential
wing on the right, which suggests that the recombination time of carriers
in the second device is 97ps. Poorer agreement exists between the data

and the exponential curve on the left where the 1/e width is 24ps,
particularly for the points of low amplitude. Although it is reasonable

to expect that the lifetime of photoexcited éarriers in the first

device is < 30ps, the ambiguity of this kind of measurement makes it

difficult to determine accurately the exact value.

It has been pointed out [19J that when the electric field applied
to semi-insulating GaAs devices is sufficiently high to induce inter-
valley scattering, much shorter duration voltage pulses are obtained.
This could explain the extremely fast recovery time observed, although
this feature needs further study. It should be also mentioned that the

width measured 24ps at 1/e or 17ps at half maximum is also an upper
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limit for the risetime of the second switch, which confirms that the
risetime can be neglected when compared with recombination times? 100ps,

as has been previously assumed.

(3) si. The recombination time of carriers in nearly
intrinsic Si can be determined directly from oscillograms, as shown in
figure 4.3a, but the measurement of the risetime requires picosecond
time resolution, and therefore a correlation scheme was employed.
Ideally, the response of the Si device should be probed for different
delays by a voltage pulse of negligible duration, and in this case the
correlation curve would have the shape of the transmission function of
the switch. However, it is difficult to generate voltage pulses of
negligible duration compared with the risetime of solid-state switching
devices, so the time resolution of the measurement was limited by the

duration of the probe voltage pulse.

HIGH
VOLTAGE 0SCILLOSCOPE
PULSE
NETWORK
De GaAs St
O | oS ==
DIODE
SINGLE
3 LIGHT
_l_rut.sr—: DoﬁC' E
, ° BS
MODE LOCKED P1 - e P2
LASER A:1001
A:100

FIG 4.12 Experimental set-up of cross—correlation to measure the
risetime of the Si switch

Since the measurements carried out with GaAs revealed that pulses
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of durations as short as < 30ps could be obtained, a cross—correlation
experiment was set—up, where a semi-insulating GaAs device provided

the voltage pulses that probed the transmission functions of a Si switch,
as seen in figure 4.12. A single light pulse was used to activate the
devices, and a cell of saturable absorber was introduced to reduce the
effect of weak light pulses leaking through the selector and illuminating
the Si device. Several combinations of switches were tested, and a
typical result of the measurements is shown in figure 4.13a, where the
time resolution is limited by the recombination time of carriers in

GaAs, rather than by the actual risetime of the Si switch. Sometimes,
however, correlation curves similar to the one shown in figure 4.13b
were obtained. For this particular measurement, more than 200 laser
shots were fired, and each point corresponds to the average of at

least 4 experimental results. The risetime obtained is in this case

a 33ps, although risetimes as fast as 24ps were also observed. These
values are only an upper limit for the actual risetime, and are

probably still determined by the duration of the probing voltage pulses.
Better time resolution is required, and could be obtained by switching
the first device off with a second light pulse, or more conveniently,

by discharging a short length charged line or by using a semiconductor

of even faster recovery time than semi-insulating GaAs, such as amorphous

S1.

4.5 Photoconduction Mechanisms

Solid-state switches closely resemble the devices used in photo-
conduction measurements, which have been performed even before the
invention of the laser. Therefore it is only natural that semiconductor

switches should be used to examine photoconductivity induced by pico-
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second light pulses. The demonstration of such technique was carried
out for semi-insulating GaP crystals, and the &xperiments helped to
improve the understanding of the photoconductive mechanisms involvad in

the switching.

The light pulse intensity that activated a 2mm gap switch with Al
electrodes was varied and the conductance of the switch was plotted,
for a constant d.c. bias. Both the fundamental at 1.05pym and the second
harmonic of 0.53um wavelength of a mode-locked Nd:Phosphate glass laser
were used. The energy of the 0.53um photons (2.35eV) is nearly coin-
cident with the minimum energy necessary to promote electrons from the
valence to the conduction band in GaP. Therefore, it was anticipated
that a very strong single-photon dependence would be observed. When
the fundamental radiation at 1.05um was used, then a two-photon

conductivity component was expected.

For both wavelengths the input train amplitude was monitored using
a linear response photodiode and displayed on a storage oscilloscope.
Another storage oscilloscope displayed the voltage switched by the GaP
switch under test, which had a d.c. bias of 2.8KV. When necessary,
calibrated electrical attenuators were introduced. The intensity of
the light pulses illuminating the switch was varied with a set of
calibrated neutral density filters. When the second harmonic was used,
an optical filter was introduced to prevent any fundamental radiation

from reaching the switch.

Figure 4.14 shows the behaviour of the GaP switch illuminated by
0.53um light pulses on a log-log scale. It is seen that the conductivity
increases linearly with the light intensity for almost five decades.

The slope obtained with a least squares fit was 1.1, i.e,

na 1l
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FIG 4.14 Conductance of a GaP switch for different intensities of
0.53um picosecond radiation

which implies that the photoconductivity is predominantly a single-

photon process for 0.53um radiation.

These results can be used to derive the mobility of carriers in

the semiconductor, according to the expression (2) derived in chapter 3,

2
(n + )=(nr+1) hv G 2
"n up 4nr £

where (nr +1)2/l+nr accounts for the fraction of the light absorbed by
the GaP crystal, hv/e is the energy of the photons in volts, and e is
the energy of the light pulse incident on the gap of length &. For

e =20uJ, G =5 x 10 %mho, 2 = 2m and n_ = 3.37 one finds
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_ 2
(un + up) = 330cm /V.s,

which is in reasonably good agreement with the vglue (un + up) = 24Ocm2/V.s
quoted in the literature for GaP [20, 21]. The higher value found

could be attributed to the difficulty in estimating the energy (20 *10pJ)
of the green light pulses incident on the semiconductor. This result

is an independent confirmation of the validity of equation (2) of chapter

3, within the experimental error of the measurement.
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FIG 4.15a Conductance of GaP switch for different light intensities
of 1.05um picosecond radiation
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Figure 4.15a shows how the conductivity changes as a function of the
1.05um light intensity again ona log-loggraph. It is seen that for light
intensities below '\JISMW/cm2 the curve can be very accurately approximated by a
straight line (B) with slope 0.99. As the light intensity increases, the
derivative also goes up, and at ZOOMW/cm2 the slope of the curve is 2.7.

This result indicates that for low light intensities the multiphoton
processes are not efficient, and the photoconductivity is mainly due to

impurity centres being excited by single photons of the 1.05um radiation
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FIG 4.15b Portion of fig 4.15a on an expanded scale
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For higher intensities of the light pulse, the efficiency of the multi-
photon process increases and consequently the contribution from impurity

centres becomes less important,

Figure 4.15b shows the result from the subtraction of the experimental
curve (A) and the straight line (B) with slope 0.99 extrapolated from
low light intensities. It is seen that the resulting curve (C) can be
approximated to a straight line with slope 2.5 for intensities below
l3OMW/cm2. The fact that the slope exceeds the value of 2 1s somewhat
unexpected, and suggests that for high light levels more than two photons

are used in the creation of each electron-hole pair.

4.6 Transport Properties

From the preceeding section it is clear that information about the
photoconductivity mechanisms is gained by examining the voltage switched
as a function of the illumination 1evé1, when the voltage bias applied
to the device was maintained constant. However, by altering the voltage
applied (and consequently the electric field) across the switch, and
measuring the signal output for a constant illumination level, one can
study the transport properties of carriers in the semiconductor. Such
characteristics are important not only from a physical point of view,
but also for techmological applications where there is a need for ultra-

fast electronic components, whose speed depend on transport processes.

To illustrate the potential application of semiconductor switches
in such studies, both Si and GaP devices have been used, and in order
to describe the experiments it is worthwhile considering some properties

of the electrodes of the devices.

The techniques used in the fabrication of the metal-semiconductor
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junctions were described in section 4.3. It is often desirable to

obtain ohmic contacts where the voltage drop across the function is
negligible compared to that across the actual semiconductor gap, so that
the contacts do not affect the L/V characteristic of the slab. Ohmic
contacts allow the injection of carriers from the electrodes, i.e. as

a carrier is collected at one side of the switch, another similar
carrier is injected at the other end, so that the number of carriers
available following the illumination depends only on the recombination
mechanisms in the semiconductor. However, it is also possible to fabric-
ate Schottky contacts, which when reversed hiased canprevent injection
from taking place. In this case the carriers will drift to the electrodes
following the illumination and, since they are not replenished at the
other end, the switching action finishes. It is possible in this way

to generate voltage pulses of durations determined by the transit time

of the carriers, rather then by the recombination time of the semi-

conductor [22].

As an illustration of such effect, the drift velocity of electrons
in a Si crystal was measured from the oscillogram on a 50ps/div shown
in figure 4.6. A CW synchronously mode-locked Oxazine 1 dye laser (round-
trip time ~ l4ns)was focussed,
and activated a 25um gap nearly
intrinsic sdilicon device biased
to 78V. The voltage pulse rise-
time is ~ 50ps, and because the
injection of carriers 1is small,

its duration at FWHM is ~ 200ps,

which is many orders of magnitude

FIG 4.16 Oscillogram of pulses inferior to the recombination
switched by a 25um gap Si
device. Time scale: 50ps/ time ~ 10ps. The pulse has a

div.
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width (at 1/e of the peak) of 311lps, and this corresponds to an average
drift velocity of 8.0 x106cm/s, which is in good agreement with the
values 6 x 106cm/s and 1 x 107cm/s quoted in the literature for Si under
similar electric fields [23, 24]. It was observed that under different
light focussing conditions much longer pulses were obtained, and the

d.c. level increased appreciably. This can be explained by the fact

that when light illuminates the junction, electron-hole pairs significantly
reduce space—charge effects which otherwise prevent the injection of
carriers. As a consequence, provided the light pulse illuminates the
electrodes, carrier replenishment will take place, and a relatively

ohmic behaviour will be insured. This was the case in the actual experi-
mental conditions existent when recording the oscillograms of figure 4.3,

and in the applications described in chapters 5, 6 and 7,

A very peculiar and dramatic effect was observed for several semi-
insulating GaP switches which had silver painted electrodes. The
amplitude of the voltage switched under relatively high electric fields
(% 1500V/cm) showed significant instability, which happened on a fast
time scale. This effect was observed when the switches were illuminated
by trains of intense mode-locked pulses (at 0.53um and 1.06um wavelength),
and also when CW laser light was used (at 0.514um and at 0.488um). Some
oscillograms illustrating this effect are shown in figure 4.17. When
the slabs were activated by the picosecond pulses (A, B, C) a photodiode
simul taneously monitored the mode-locked train, always showing a smooth
profile. When the CW Ar+ laser was used (D-I) a chopper was introduced
to prevent heating of the samples, and under these conditions the signal
detected on the oscilloscope should have the shape of a square voltage
pulse with slightly rounded edges. The expected behaviour of a semi-
insulating GaP switch activated by a mode-locked train of pulses of 0.53um

wavelength is shown in the oscillogram A. Instabilities are shown in
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FIG 4.17 Oscillograms showing switching instability of GaP devices with
silver painted electrodes, activated by (A-C) mode-locked laser
(D-I)CW Ar* laser (chopped).

(B) and (C), and it was determined that their incidence did not

necessarily coincide with the roundtrip of the laser. Figure (D)

consists of the superposition of five different exposures on a 100us/div

obtained when a Au electroded switch was activated by a chopped ar’

laser beam, subjected to a d.c. bias of 200V, 400V, 600V, 800V and

1000V, respectively. No instability is observed in this case, which is

in contrast with the oscillogram on a 50us/div of figures (E) and (F),

showing a signal of irregular shape obtained with a 1l.4mm gap silver painted
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electrodes device biased to 620V. The same device, subjected to 9oov;

and under different alignment conditions produced the signal seen on

the oscillogram of figure (G). Vhen examined on a faster time scale,
very fast risetime pulses were seen, sometimes of ultrashort duration,

as shown in figures (H) and (I). This effect was observed for several
semi-insulating GaP switches, using different power supplies, oscillo-
scopes and laser sources, at various wavelengths. The instabilities
'seemed to depend on the fact that the electrodes were prepared by
deposition of silver paint directly on the semiconductor, on a relatively
strong electric field, and on the alignment conditioms, which suggests
that the process is related to the space—charge effects at the semi-
conductor-metal junction. The erratic nature, and the fast risetime
exhibited by the voltage spikes could tentatively be attributed to electric
breakdown happening between the GaP crystal and the metal on small
regions of high electric field existing at the edges of the electrodes.
The sparks would give rise to a fast increase in the current switched,
and the devices should then show an ageing effect, which was observed in
pactice. Similar instaﬁilities were not seen on semi-insulating GaAs,
nearly intrinsic Si, or when the electrodes were prepared on the GaP

crystals by evaporation (of Al, In, Au or Ag).

In order to further characterize transport properties in semi-
insulating GaP, studies were carried out to determine whether this semi-
conductor exhibited negative differential resistivity which has been
observed for GaAs devices [l, 25]. Switches with electrodes prepared
by evaporation, and of gap sizes ranging from 25um to 2mm were
irradiated by a chopped CW Ar+ laser beam, and the voltage switched was
measured on a 502 oscilloscope (as seen in figure 4.17b). As the
electric field across the gap was increased to values as high as 10KV/cm,

the output voltage always increased monotonically. Figure 4,18 shows



the current switched by a gold electroded 2mm gap GaP device as a

function of the applied electric field, for two different average light

powers.
almost linearly with the voltage applied.

when picosecond pulses activated the devices, suggesting that GaP switches

_109_

No saturation is observed, and the voltage switched increases

Similar results were found

do not exhibit differential negative resistivity E26, 27, ZSJ for

electric fields as high as 10 KV/cm.
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FIG 4.18 Current switched by GaP device as a function of applied

electric field for 0.4W and 1.0W average light powers.



- 110 - ch.4

4.7 Conclusion

In this chapter the construction of the semiconductor switches
was described and it was shown that useful information about the semi-
conductor properties can be obtained from these studies. The technique
developed to fabricate solid-state devices was relatively simple
and versatile, and both low and high voltages were switched with pico-
second risetimes, obtained by using impedance matched microstrip trans-—

mission line structures of short lengths.

Fast oscilloscopes were employed to determine the response of the
switches, but since direct measurements are only obtained when the
signal is significantly slower than the risetime of the measuring
instrument, a computer model was developed to allow the interpretation
of the oscillograms, and is further used in the evaluation of the

switching 2fficiency of the devices described in chapter 7.

Because of the potential applications of Si devices to switch high
voltages with picosecond risetimes, and of semi-insulating III-V semi-
conductors to generate ultrashort duration high voltage pulses, the
recombination time of semi-insulating GaAs and GaP and an upper limit
for the risetime of a Si switch were determined by means of an electrical
correlation technique. The time resolution obtained was much better
than'that of single-shot oscilloscopes, and at least as good as that of
sampling systems. The results showed typical recombination times ~ 102ps
for both III-V semiconductors, and the risetime of Si switches was
found to be as low as < 24ps. These values obtained under single shot
laser excitation are consistent with those measured from sampling

oscilloscope traces used in conjunction with CW mode—locked laser sources.

Solid-state switches were also found to be useful tools in the
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investigation of single and multiphoton conductivity processes, as well

as in the observation of transport phenomena and of metal-semiconductor
junctions effects. From all these experiments, it is clear that pico-
second solid-state swtiches are valuable in the study of fundamental
properties of semiconductor crystals and also useful sources of ultra-
fast risetime and ultrashort duration voltage pulses, which find immediate

applications as described on the following chapters of this thesis.
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CHAPTER 5

STREAK CAMERA SYNCHRONIZATION

5.1 Introduction

With the development of mode-locking it became necessary to
extend the capabilities of ultrafast measuring techniques in oxrder to
fully characterize the picosecond light pulses available, and to study
luminous phenomena with the new time resolution required [1,2}. As
mentioned in chapter 2, the use of the electron-optical streak camera
became widespread. Because of its capability to directly register
the intensity of the light event as a function of time with pilcosecond
resolution, it provides unambiguous information about laser pulse
shape and background. When it is used in conjunction with an intensi-
fier system, extremely high semnsitivity to low light levels can be
obtained, and so streak cameras have been extensively employed in the

study of non-laser events such as fluorescence and luminescence [3].

In spite of the fact that picosecond time resolution of streak
cameras has be a achieved several years ago {4], their operation still
presents a limitation arising from the jitter. TFor reliable use of the
instrument to be possible, the application of the voltage ramp to the
deflection plates must be synchronized with the light.event under
observation. The lack of synchronization (jitter) makes the position
of the streak on the screen change from shot-to-shot. 1In the extreme
case, the photoelectrons miss the phosphor altogether, and the camera
fails to record the event. Jitter can be a serious problem when
fast writing speeds are used for good time resolution, and in particular
for slow repetition rate systems, where it is important to obtain a

result for every laser shot. If the streak camera is operated in the
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recurrent mode (synchroscan [5]) jitter would prevent the perfect
superposition of the streaks on the screen, therefore limiting the

temporal resolution of the instrument [6].

In order to obtain the fast risetimes required for the voltage
ramp, laser triggered spark-gaps, Krytrons and avalanche transistor
stacks are generally used. Typical jitter times of systems incorporating
these conventional elements are < 103—1OOSps, which is inconvenient

and sometimes unacceptably large for many streak camera applications.

Semiconductor switching devices have been shown to switch
several kilovolts with picosecond risetimes. Furthermore, picosecond
synchronism exists between the switching action and the illumination
of the gap by the light pulse. Therefore, solid-state switches should,
in principle, be capable of providing the voltage ramp for the deflection
plates of a streak camera. Unlike conventional switching elements, they
can not be triggered by noise. Also, besides being compatible with
streak camera systems today, the picosecond risetime could be also
used for improved time resolution tubes which are likely to be

developed and manufactured in the near future.

Therefore the possibility of reducing the jitter of streak
cameras by employing semiconductor switches without sacrificing either
time resolution or linearity of the sweep 1s attractive, and is the
subject of the following sections of this chapter. Before that, a
brief description of the construction and the performance of conventional

systems is given for comparison.
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5.2 Conventional Ramp Generators

The sweeping in conventional circuits is in general provided by
a stack of avalanche transistors, by a laser triggered spark gap, by
a hard valve, or by a Krytron. Each one of these has its advantages,

but also some limitations.

When stacks of avalanche transistors are employed to generate the
high voltage ramp for the streak camera, ~ 20 transistors are mounted
in series (so that the voltage is distributed between them), and as
one element is activated, the whole chain triggers at approximately
the same time. By carefully selecting the components used, the commer-
cial Hamamatzu image converter [7] exhibits a total jitter of + 50ps.
However, the writing speed of v 6.7 x 109cms_1 limits the time
resglution of the instrument to a few picoseconds. Another streak
camera system with similar time resolution was demonstrated [8], where
a high sensitivity tunnel diode triggers a stack of 24 specially
manufactured avalanche transistors, yielding a jitter of < 30ps at a
writing speed of ~ 6 x 109 cms_l. A solid-state deflection circuit
was also developed at the Lawrence Livermore Laboratories, where the
avalanche transistor chain was triggered when a picosecond light pulse
illuminated one of the components, which had its metal protection
removed. In this case, a jitter of ~ 100ps was achieved [9]. Although
these systems are adequate for several applications, they make use
of specially manufactured transistors which are not commercially
available, and furthermore do not provide enough sweep speed to ensure

subpicosecond time resolution which is at present already sometimes

required.

Hard valves operating in a linear conducting mode are used to

provide the deflection ramp for the Hadland streak cameras. Contrary
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to all other circuits described in this section, the planar triode
employed ( a modified version of the Eimac 8757 ) does not rely on an
intrinsically random avalanche breakdown process. As a consequence,
the jitter obtained is relatively low (v + 50ps), but the fastest

sweep speed is onlytwaxhﬁcms—l[lO].

Laser triggered spark gaps have also been frequently used in
providing the deflection ramp for streak cameras. In order to reduce
the jitter (which is typically » lns) and to control more accurately
the breakdown process, high levels of optical energy are necessary.
Furthermore relatively low writing speeds are usually obtained [ll],
although a Russian streak tube (UMI93ShS) was operated at a sweep speed
of 2.5 x 10ms™! [12] . A very 1low jitter of + 20ps over 300 laser
shots was reported [13]at a speed of ~ 1010cms_1, where the spark gap
had a thin dielectric introduced between the electrodes. However,
when a similar arrangement was tested to synchronize the Hadland
Imacon streak camera [14], it was found that the results were inferior
in terms of jitter and sweep speed to those obtained with the hybrid
avalanche transistor-Krytron circuit (which is shown in figure 6.2)[15].
This arrangement has been usad in several experiments (see for instance
[1]) and is usually adopted in Photochron streak camera applications
which require picosecond resolution. It comnsists of a Krytron (EGG KN22)
triggered by a stack of six avalanche transistors (BXZ61). The sweep
speed obtained can be as fast as v 2 x lolocms_l measured on the
phosphor screen, and at this speed subpicosecond resolution was
demonstrated [4]. However, although jitter as low as ~ + 50ps can be
achieved for brief periods of time [16], reliable performance can not
be maintained for longer time intervals. Further adjustments are
often necessary, and as a whole the system typically presents a jitter

v lOOSpS. Therefore, although the sweeping is sufficiently fast for
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most applications, the short and long term jitter restrict the use of

such a circuit when very good time resolution is necessary.

It is clear that a switching device capable of providing a
linear high voltage ramp which is automatically synchronized to the laser
pulse with picosecond precision could greatly improve the performance

of conventional deflection circuits.

5.3 The Choice of Semiconductor

The semiconductor chosen to provide the deflection voltage ramp
for the streak camera was silicon. This choice was made because at the
time when this work was started high voltage switching capability had
only been demonstrated for this semiconductor. However, as can be seen
on figure 4.3b, the shape of the voltage pulse obtained with Si devices
on a few nanoseconds time scale can closely approach a step rfunction,
and the leading edge of the voltage switched can be used as the
sweeping ramp. Because of the very long recovery time of nearly
intrinsic Si devices (3 lus), it should be possible to introduce
integrators to slow down the risetime of the ramp. The writing speeds
can then be conveniently altered, which is an important feature when
slow as well as fast sweeping is required. In this manner, streak
records with durations ranging from ~ 250ps to ~ 50-100mns should be

possible.

However, as mentioned in chapter 3, the resistivity of commercially
available n.i. Si crystals is relatively low (o < 1OSQcm). Therefore,
in the case of d.c. bias, heat dissipation leads to premature electrical
breakdown and ultimate destruction of the switch. There are two ways

of avoiding this problem and make the use of Si possible. One of
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them is to cool the semiconductor device to cryogenic temperatures

(e.g. 77K), and the other is to pulse the bias voltage for a short time.

Although it is always more convenient to work at room temperatures,
liquid nitrogen technology is widespread and relatively cheap. There-
fore it does not present any major problems. The strong (exponential)
temperature dependence of the number of thermally excited carriers in
the sample for intrinsic semiconductors, makes the resistivity of
Si increase by many orders of magnitude when the crystal is cooled
from 300K to 77K [17]. The effect of the temperature on the mobility
of the free carriers is not so pronounced, although in general, less
frequent collisions with the lattice give rise to higher mobilities.

In the case of Si, u « T-Z'S [18]and therefore, the sensitivity of the
device should increase as the temperature is lowered, since a higher
current is switched for the same input light intensity. Another inter-
esting process to be observed at low temperatures is avalanching,
although the discussion of possible applications of this effect is

postponed to chapter 8.

The use of Si switches at cryogenic temperatures has recently
been demonstrated, and excellent results were obtained [19, 20].
However, when commercially available nearly intrinsic Si crystals were
employed, electrical breakdown was observed for relatively low fields
(v~ 1000 chﬁl). This was attributed to the high kinetic energies gained
by the carriers along the increased mean free path, accelerated by the
electric field [19]. The semiconductor crystals were then doped with
gold impurities, which effectively acted as scattering centres for the
carriers. Unfortunately, special doping of semiconductors requires
high technology, and therefore the specially prepared crystals that
were employed in [20] are not as readily available as nearly intrinsic

Si.
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The way adopted to prevent electrical breakdown across the gap,
as suggested by Le Fur and Auston [21], was to pulse the bias voltage
on to the switch. It was determined experimentally that it takes
~ 8-10ns for surface breakdown to occur across a v lmm gap Si device
(p =1.7 x 104Qcm) at room temperature. Therefore if the bias pulse
duration is limited to < 10ns, and if the picosecond light pulse
necessary for the switching illuminates the gap during that period,
than a picosecond risetime voltage ramp will be switched. 1f for any
reason the light pulse does not activate the device, the duration of
the applied bias is sufficiently short to avoid a spark that would
damage the semiconductor surface. Furthermore, heating effects

caused by current leakage on a 10ns time scale are negligible.

In this case, care has to be taken to make sure that' the light
pulse illuminates the switch during the application of the bias. Since
the jicter of Xrytroms and other conventionai high voltage switching
elements can be as low as v lns, it should be possible to synchronize
the voltage bias lasting for ~ 1Ons with the arrival of the light

pulse at the switch.

It should be noted that pulsing the voltage for a few nano-
seconds introduces two limitations to the operation of the streak
camera: (1) Very slow sweeping is not possible because the voltage
pulse delivered to the deflection plates returns to zero when the bias
finishes. However, since for slow sweeps the jitter is usually not a
serious problem, conventional systems can be used in such cases;
(2) when the bias returns to zero, a second voltage ramp of opposite
direction to the first ramp is applied to thedeflectionplates (flyback).
Therefore, in order to obtain a unambiguous streak record on the phospor
screen, 1t is important to ensure that a single light event is studied

at a time, by selecting a single pulse with the pulse selector. It
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has been shown, however, as mentioned in section 3.5, that if the
voltage bias for the Si switch has a slow risetime (> 100mns), it can
have durations of several microseconds without causing premature
electrical breakdown [16]. In this case neither of the above mentioned

limitations exists.

5.4 Synchronization

5.4.1 Conventional Approach

An initial attempt was made to bias the Si device with a A 5ns
square voltage pulse generated by a Krytron in a charged line

configuration as shown in the schematic of figure 5.1. A flashlamp

)
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~
N

K1

LASER PT pc P2

FIG 5.1

pumped dye laser [12] (similar to the one described in sectiom 7.3.2.1)
was used to activate the switch. It delivered pulses of ~ 30uJ at
0.6um wavelength. The mode-locked train was monitored with a S20
biplanar vacuum photodiode (D) used in conjunction with a Tektromnix 519

oscilloscope . The gate signal from the oscilloscope simultaneously
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activated two stacks of six avalanche transistors, each stack triggering
one Krytron (KN22) hS]. The high voltage signal from the

first Krytron (K1 ) biased a Pockel's cell in a Blumlein arrangement

for single pulse selection. The second Krytron (K2 ) provided a

square high voltage bias pulse with small ripple (< 5Z) for the Si

switch.

When this experimental set—up was tested, it was found that
the subnanosecond jitter of Krytrons was difficult to achieve in
practice. All the unreliability encountered in circuits incorporating
a single high voltage fast switching element was much worse in this
case, where two Krytroms had to trigger synchronized to within ~ lns.
The dead time of the valves was not the same, and changed with the voltage
applied. Because the circuits had to be interconnected, they were much
more susceptible to electrical noise pick-up. As a consequence the

avalanche transistor stacks would sometimes trigger as the laser was
fired, before the gate signal from the oscilloscope was delivered. Noise
from one valve would also trigger the other, but several nanoseconds
later. As a whole, the system was unreliable, and in practice it was

very difficult to properly synchronize the bias for the switch to the

single pulse selector.

The solution found for this problem was to eliminate the need for
the second Krytron. For single pulse selection, the square voltage
pulse applied to the Pockel's cell should have a duration equal to the
roundtrip time of the laser, which is typically between 4 and 8 nano-
seconds. During this time, a ~ lmm gap Si switch should hold-off
the ~ 5KV bias pulse, since electrical breakdown does not have enough
time to develop. Therefore, the coincidence of the hold-off time for
Si and the roundtrip time of typical single shot mode-locked lasers

allows great simplification in the electronic circuitry. By modifying
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the Blumlein configuration, a fraction of the voltage provided for the
single pulse selector was also used for biasing the switch. Consequently,
a single Krytron was needed, and the voltage was applied to the switching

device automatically synchronized to the selection of the light pulse.

5.4.2 The Modified Arrangement

Before examing the new configuration, it is worth describing
the traditional Blumlein pulse forming network, which is schematically
shown in figure 5.2a. The Krytron (or other conventional high
voltage fast switching element) is represented by (K). The cable
impedance is usually 50Q. The impedance Z has a value chosen to be
twice that of the cable, and in practice consistsof a l00Q resistor.
The Pockel's cell is connected in parallel with Z, and does not
significantly alter the resistive character of the impedance. When

the Krytron is activated, a voltage pulse of amplitude VO is developed

across the impedance Z and
_JZZ therefore also across the
V o= £ D Pockel's cell. It lasts
\ L ;DCI L for 2L/C'n, where L is the
'-'l-' K A length * of each arm, and c
is the speed of the electro-
magnetic wave inside the coaxial
cable. The pulse shaping
L'] L2 mechanism of a Blumlein
;9_{? network is described in detail
\/ L_ _%-+? L_ J in [22] . Briefly, as the
.L PC Krytron switches, a negative
N P< ES voltage front travels along

FIG 5.2
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the left branch of the line until it reaches the discontinuity at the
Pockel's cell. Because of the impedance mismatch, half of the voltage
front is reflected and half is transmitted into the other 50 { branch,
leaving a difference of potential V across the cell. As the fronts
reach the end of the coaxial lines they are once more reflected with
a net m phase difference, and cancel each other as they arrive

simultaneously at the centre of the arrangement.

Figure 5.2b shows a schematic representation of the modified
arrangement, where the 100 Q resistor is replaced by two 50R coaxial
cables connected effectively in series (because a pulse switched by the
Krytron experiences their combined impedance). Therefore, when the
valve is triggered, a voltage pulse with the same amplitude and duration
as in the conventional configuration develops across the Pockel's cell.
As a consequence, this arrangement is equally capable of providing the

high voltage bias for the single pulse selector.

It can also be seen that two replicas of the voltage pulse
applied to the Pockel's cell travel down the coaxial lines of arbitrary
lengths L1 and L2. They have opposite signs, and due to the equal
impedance of the cables, they have half of the amplitude of the pulse
developed across the Pockel's cell. If the two lines are terminated in

509 loads,no reflections will appear at the ends.

The length of the lines L1 and L2 can be easily determined.
Therefore, the voltage pulses with amplitude VO/Z develop across the
loads RL]1 and RL2 with a known delay in relation to the opening time of
the light pulse selector. The uncertainty of the cable lengths
measurements lead to errors that correspond in time to N 100ps. When
one of the loads (e.g. RL2) is replaced by the Si switch, a careful

meagsurement of light path and length of cable ensures that the picosecond
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light pulse that activates the switch will arrive during the application

of the pulsed bias. Synchronization is thereby conveniently achieved.

The replacement of a 50Q termination load by a high resistance
semiconductor slab gives rise to some reflection. This can lead, in
the less favourable case, to a second weak light pulse being selected
by the Pockel's cell, a few nanoseconds after the main switching process.
This second pulse was never observed with the streak camera, in practice.
Therefore, no further attempts to properly impedance match the arrange-

ment were made.

The use of this set=up should not be
limited to this particular experiment. Further
changes can be made, according to the amplitude
of the voltage required at the load; £for imstance,
a square voltage pulse with the full amplitude
VO will be transmitted along a coaxial line of
100R impedance, if it replaces the two 50Q
cables L1 and L2. 1In this case, a series of

electro-optic components, such as semiconductor

switches or Pockel's cells [23], could be

activated in synchronism by a single Blumlein pulser.

The voltage bias for the switch and for
the Pockel's cell can be monitored if the

other 502 load (e.g. RL1) is replaced by a 508

high voltage probe-oscilloscope combination.
FIG 5.3 - Voltage

pulse developed. Figure 3a shows a voltage pulse lasting for 100ns
across the Pockel's

cell (top) and with 6KV amplitude developed across a 100Q

across the two

resistors (centre resistor, as in the conventional arrangement

and bottom)
of figure 5.2a. The oscillograms of figures
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5.3b and 5.3c show the corresponding voltage pulses that travel down
the coaxial lines L1 and L2, in the new scheme. They have half of
the amplitude (3KV each) with opposite signes, as expected. The
ripple observed is mainly due to noise pick—up by the high voltage
probe and by the oscilloscope, but it is also partly because of

imperfections in the Blumlein pulse-forming network.

5.5 The Experimental Set-up

When biasing the Si switch with a voltage pulse provided by the
same Krytron circuitry used for the single pulse selector, the
experimental set-up became much simpler. A schematic diagram is seen

in figure 5.4.

A Nd:Phosphate glass laser [24] was used instead of the dye

laser employed earlier. According to the expression (2) derived in
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FIG 5.4 Experimental arrangement
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section 3.4, the impedance of a lmm gap Si device becomes negligible

when it is irradiated by a few microjoules of optical energy. Losses
occur at the pulse selector, due to absorption and scattering, and at

the switch, due to misalignment and to the beam shape. Therefore,

the actual energy required to fully saturate the s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>