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Abstract

This thesis discusses experiments that have been performed to investigate
ultrafast acoustoelectric effects in semiconductor devices. Current com-
monly employed techniques to generate ultrafast acoustic pulses and de-
tect them with spectral resolution require a powerful pulsed laser system
that is bulky, expensive and complicated. If the acoustic pulses could in-
stead be generated and detected by electrical methods, picosecond acoustic

techniques could become more readily available as a tool for other users.

This thesis focusses on the electrical detection of acoustic pulses with
spectral resolution. In many of the key experiments described in this thesis
a picosecond strain pulse was generated optically on the opposite face of the
sample to the semiconductor device of interest. The strain was generated
either in a thin Al film thermally deposited on the sample surface, or di-
rectly in the GaAs substrate. Acoustic phonons generated by this method
propagated across the substrate to the device. Transient voltages across
the semiconductor device caused by the incident phonons were detected

using a high frequency real-time oscilloscope.

The first evidence of heterodyne mixing of coherent acoustic phonons
with microwaves was obtained, for frequencies up to about 100 GHz. First,
it was confirmed that Schottky diodes can produce a fast transient voltage
in response to an incident acoustic wavepacket. The detection process
occurs at the semiconductor-metal interface, and is due to the deformation
potential. Bow-tie antenna fabricated directly onto the GaAs substrate
proved to be ineffective at coupling microwaves from free space to the
Schottky diode. A waveguide-coupled beam-lead Schottky diode provided
by e2v had a sufficient response to the incident microwaves to proceed with

the mixing experiments.



The microwave local oscillator signal was mixed with a tunable nar-
row frequency band acoustic signal that was produced using a Fabry-Perot
etalon external to the laser cavity. The intermediate frequency components
were in the range of 1-12 GHz, which could be detected on the oscilloscope.
Mixing was performed using both the fundamental frequency acoustic wave

and the second harmonic generated in the sample.

Semiconductor superlattices were also investigated as electrical detec-
tors for ultrafast acoustic pulses. In this case, the transient voltage mea-
sured across the device contained an unexpected contribution in the form
of a peak with a width of approximately 2 ns. This signal is too slow to
be caused by a strain pulse and too fast for a heat pulse. It is proposed
that this peak is caused by long-lived phonon modes from the centre of
the mini-Brillouin zone being confined in the superlattice due to Bragg

reflections.

The peak caused by confined phonons and the two peaks caused by heat
pulses also present in the detected signal were investigated for a range of
experimental conditions. This allowed comparisons to be made to previous
works. A similar superlattice structure had a very different response to
the incident acoustic wavepacket. The polarity of the transient voltage
detected was inverted and there was no evidence of an electronic response
to the confined phonon modes, which would have been present in both
samples. It is proposed that the barriers of the NU1727 superlattice sample
are thicker than expected, and this strongly affects the electron transport

through the structure.

This thesis shows that semiconductor devices can be suitable for the
electrical detection of ultrafast strain pulses. For this technique to reach its
full potential, it is also necessary to be able to generate these strain pulses
electrically. A step recovery diode has been considered for this purpose as

part of the suggested future work.
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Chapter 1

Introduction

With the introduction of optical methods of generating and detecting very
short strain pulses, the field of picosecond acoustics was created. A short
light pulse incident on an opaque material can be used to generate high
frequency coherent phonons in semiconductors and metals [1]. Another
short optical pulse can be used to detect the presence of these phonons
by observing changes in the reflectivity of the surface of the sample. This
technique is now commonly known as “optical pump-probe” and has be-
come a widely used tool to study many aspects of fundamental properties

of both acoustic pulses and the materials they propagate in.

Since the early work on the generation of very short strain pulses using
picosecond light pulses [1], the generation of strain by this method has been
studied in detail in both metals [2-5] and semiconductors [6-8]. The laser
energy is absorbed by the material a short distance into the sample. The
localised heating caused by the laser energy sets up a stress in the material
and the relaxation of the stress launches an associated strain pulse, which

can propagate away from the surface.

The detection process can either be in the same surface as the generation
process, or on the opposite face of the sample after the acoustic pulse has
propagated through the material and any structure present. The detection
mechanism relies on both the changes to the refractive index of the material
and the surface displacement caused by the strain pulse. These can be

measured either by detecting changes in the reflected probe laser beam [1,3],



or by an interferometric method [9,10].

Picosecond ultrasonics has proven to be an extremely useful experi-
mental tool, allowing the study of numerous properties of materials. These
include, but are not restricted to: determining the thickness and sound ve-
locity of thin films [11], studies of the bonding of thin films to the substrate
material [12], the attenuation [13], dispersion [14,15] and diffraction [16]
of acoustic pulses propagating through, and the formation of solitons in

crystalline material [17-19].

The technique is not just limited to crystalline solid materials. Pi-
cosecond acoustic measurements have also been performed on amorphous
solids [20], liquid surfaces [21], and even living cells [22]. They have also
been extremely useful in the observation and study of coherent vibrations

in multilayer structures formed in a variety of material systems [23-25].

Some of the more recent research has been more application driven,
with picosecond acoustic techniques being used to determine the presence
of interesting and potentially useful effects in nanostructures. Quantised
vibrational modes in thin polymer films have been detected [26] and the
frequencies of these modes change by a measurable amount when the film
is loaded, suggesting that they can be used for mass sensing [27]. The
shift of a semiconductor band gap due to the presence of strain has been
observed in heterostructures, which suggests that strain can be used to
control the electronic states in nanostructures [28]. Phonon amplification
has been observed in semiconductor superlattices, which is an important
step towards the fabrication of a sound equivalent to the laser [29]. This
type of device is often referred to as a SASER, which stands for sound

amplification due to the stimulated emission of acoustic radiation.

It is clear from the literature that picosecond acoustics can be an ex-
tremely valuable experimental tool. The main attractive features of this
technique are its non-destructive nature and the phonon frequencies in-
volved, allowing the study of fast temporal effects and small spatial mea-
surements. It is also very useful for the investigation of vibrational modes
at these frequencies. However, the current technique has limited potential
outside of the laboratory due to the size and expense of the high pow-

ered laser system and the external optics required, along with the expertise



necessary to operate such a system.

It would be beneficial to be able to generate and detect picosecond
acoustic pulses by an alternative method that does not involve the fem-
tosecond laser. It is proposed that one route would be to use electrical
methods. This could lead to more lab-on-a-chip type set-ups that would
make these techniques much more accessible to industry and other research
groups. This is the main driving force behind the work in this thesis: to de-
velop techniques that allow the electrical detection and generation of high

frequency acoustic signals.

One potential application is the acoustic probing of structures on the
nanometre scale, as a form of non-destructive testing. Much as ultrasound
techniques have become extremely useful as an imaging tool on the mil-
limetre scale, the higher frequencies and therefore smaller wavelengths of
the acoustic signals used in picosecond acoustic techniques would allow the
imaging of much smaller structures down to the nanometre scale. This tech-
nique would probably not become a mainstream diagnostic tool for mass
produced items, but it would certainly find uses in small scale semiconduc-
tor device manufacture and several research areas that do not have access
to powerful lasers. Another potential application is in the development of
devices that could be used in THz communications systems and sensors.
Existing methods of producing electromagnetic signals in the hundreds of
gigahertz frequency range for use as the local oscillator signal in such sys-
tems tend to be both expensive and complicated, as it is not possible to
generate the high frequency signal required with a single device. Instead,
a microwave source such as a Gunn diode oscillator is used, followed by a
chain of multipliers. Using an acoustic source for the local oscillator, such
as a SASER device, could provide a method of generating a signal with
a frequency of hundreds of gigahertz using a single device, which would

significantly reduce the complexity of such systems.

The combination of acoustics and electronics is far from new. The term
“acoustoelectric effect” was first used in the literature in the late 1950s to
describe the generation of a DC voltage in the propagation direction of an
acoustic wave travelling in a material that contained free carriers. Early
experiments observing this effect were performed on n-type germanium

[30,31]. Prior to this, acoustics were already being employed in existing



electronics systems in the form of acoustic delay lines in early computer
memory devices [32]. Tubes of mercury were used to store a train of acoustic
pulses that were generated by a speaker at one end and detected by a

microphone at the other.

Current devices that combine acoustics and electronics tend to use sur-
face acoustic waves (SAWs). An electrical signal can be converted into a
SAW, and vice versa, by an “interdigital transducer” formed of two inter-
leaved comb shaped contacts and the piezoelectric effect [33]. SAW filters
are commonly used in mobile telephones and other signal processing ap-
plications, but typically only at frequencies up to a few gigahertz [34, 35].
SAW devices are also used as sensors in a variety of applications includ-
ing gas and chemical sensors, which typically involve the incorporation of
the SAW device into an oscillator circuit [36,37], and detectors for re-
mote RF signals that can either be active, semi-active or passive [38,39].
Acoustically driven electron transport has been observed using SAWs in
a one-dimensional channel [40] and in a resonant tunnelling device [41],
but again only at frequencies up to a few gigahertz. To be able to use
electronic methods for picosecond acoustics, techniques and devices need
be be developed that can be used at higher frequencies in the hundreds of

gigahertz range.

It has recently been shown that the energy levels in semiconductor het-
erostructures can be modified on the ultrafast time scale by the presence
of propagating strain pulses [28]. This provides a possible route into devel-
oping the devices required to detect picosecond acoustic pulses electrically.
This was followed by further investigation of semiconductor devices that

are capable of responding to an ultrafast strain pulse.

It was shown that a picosecond strain pulse could drive a current through
both a thin semiconductor layer and a semiconductor heterostructure in the
absence of an applied electric field via the acoustoelectric effect [42], but
the speed of the detected response was strongly limited by the bandwidth of
the detection electronics. Different routes were then considered for devices

that could respond on a faster time scale.

Ultrafast acoustic wavepackets were detected by measuring the pho-

tocurrent generated in quantum wells embedded in p-i-n and undoped pla-



nar structures [43,44]. A laser was required to generate the carriers in the
well that formed the photocurrent, and changes in the photocurrent were
observed due to the strain induced modulation of the energy levels in the
quantum well. As a laser was still involved in the detection process, this
method is not a fully electrical detection mechanism. However, it provides
good evidence that strain can modify the currents present in semiconductor

heterostructures on a sufficiently short time scale.

In parallel, experiments were performed on p-n junctions [45,46], Schot-
tky diodes [47] and double-barrier resonant tunnelling diodes [48]. In these
studies the transient current through the devices caused by incident strain
pulses was detected by an electrical method that did not require use of a
laser. The work by Moss et al. on Schottky diodes is of particular relevance
to this thesis.

Semiconductor superlattices are another set of devices that have huge
potential as ultrafast acoustoelectric devices. Research into superlattice
structures is a large and ongoing field of research in itself, including studies
into both the fundamental properties of superlattices and the development
of devices for practical applications. Largely, the studies so far have in-
volved optical techniques [23,49,50], but there are some previous examples
of superlattices generating a transient electronic signal in response to an
incident heat pulse [51,52]. A more recent study has been published of a
semiconductor superlattice responding to a periodic train of strain pulses

with a transient voltage signal [53].

1.1 Thesis outline

A brief outline of the chapters in this thesis will now be provided. This
first chapter was intended to give a context for this thesis and to provide an
overview of the relevant literature. As stated, the main motivation of this
work is to extend the extremely useful technique of picosecond acoustics
by finding an electrical method to generate and detect strain pulses so
that these types of measurement can be performed without the need for

femtosecond laser systems.



Chapter 2 covers useful background information relevant to ultrafast
acoustoelectric effects. The existing methods of generation and detection
of high frequency strain pulses and heat pulses in semiconductors and metal
films are covered in more detail, followed by a discussion of some of the
effects observed when these acoustic pulses propagate though gallium ar-
senide. The relevant electron-phonon coupling mechanisms are presented,
and their relative contributions compared. The chapter is concluded by ex-
panding on the discussion of previous work on semiconductor devices that
produced an electronic signal in response to a picosecond strain pulse, as
this is directly relevant to this thesis. Recent work includes devices con-

taining quantum wells, Schottky diodes, and resonant tunnelling diodes.

In Chapter 3, the main experimental methods and sample processing
techniques are presented. Semiconductor wafers grown by molecular beam
epitaxy at the University of Nottingham were used in this work and had
to be fabricated into working devices. Many of the techniques used were
applicable to all devices. This is followed by some of the common set-ups
for experiments performed in the laboratory to obtain the results presented

in later chapters.

Chapters 4 and 5 contain experimental results and the discussions of
those results. Necessary background information relating to a specific de-

vice or experiment are contained in the relevant chapters.

Chapter 4 explores the use of a Schottky diode as a detector of ultra-
fast strain pulses, directly expanding on the work of Moss et al. [47]. It
is confirmed that the Schottky diode does indeed respond to picosecond
strain pulses with a transient voltage. This work is then advanced, as the
first evidence of heterodyne mixing of coherent acoustic phonons with W-
band microwaves using a Schottky diode is demonstrated. This allows the
frequencies present in a high frequency acoustic pulse to be determined
electrically as they are down converted to frequencies that are more easily

processed by currently available electronic instrumentation.

Chapter 5 investigates the electronic response of semiconductor super-
lattice devices to incident picosecond acoustic wavepackets. A transient
voltage is generated across the superlattice in response to the acoustic

pulse, and this detected signal shows possible evidence of confinement of



certain acoustic modes within the superlattice. This is investigated for a
range of conditions and the results presented are compared to other works

on similar structures that did not observe this effect.

Chapter 6 concludes this thesis and recalls key points made in the previ-
ous chapters. Suggestions for relevant further work are presented, including
the use of a step recovery diode as a possible device for the electrical gen-

eration of strain pulses to compliment the electrical detection techniques.



Chapter 2

Background

This chapter introduces some of the background material that is relevant
to the experiments performed in this thesis and the associated discussions.
This includes the optical generation of coherent strain pulses in metals,
bulk semiconductors and superlattice structures along with the generation
of incoherent heat pulses. This is followed by the propagation of these
phonons through a bulk semiconductor substrate, focussing on attenuation
and dispersion. Two existing and complimentary techniques for the de-
tection of phonons are then described: an optical method and the use of

superconducting bolometers.

The presence of strain in a semiconductor device affects the energy
levels of the electrons and holes within the structure. There are several
different potential mechanisms for this, and these are briefly considered.
The deformation potential dominates for longitudinal acoustic phonons,
while for transverse acoustic phonons the main coupling mechanism is the

piezoelectric effect.

The chapter is concluded by a more detailed description of the previous
work on semiconductor devices that are capable of producing a fast elec-
tronic response to a picosecond strain pulse. This includes quantum wells
embedded in both p-i-n diodes and undoped planar structures, Schottky

diodes and double-barrier resonant tunnelling diodes.



2.1 Generation, propagation and detection

of acoustic waves

2.1.1 Generation of strain pulses

The optical generation of very short, coherent strain pulses is a widely used

technique in picosecond acoustics and has been well documented [1,3,7,8].

Consider the case in which a short duration light pulse of energy FE is
incident on the free surface of an opaque film of thickness w, as discussed by
Thomsen et al. [1] and illustrated in figure 2.1. Assume that the absorption
length of the light, (, is short compared to the thickness of the film, w,
where ( is the distance into the material over which the light intensity is
reduced to 1/e of the intensity just inside the material. It is also assumed
that the linear dimensions of the area A illuminated by the light pulse
are large compared to w and (. The energy deposited into the film at a
distance z from the surface leads to a temperature rise in the film given by

Thomsen et al. as the following expression:

FE —z
ACoC exp (T) (2.1)

where 7 is the reflectivity and CYy is the specific heat per unit volume of the

AT(z)=(1-r)

film [1]. The temperature rise in the sample causes an isotropic thermal
stress given by
o = —3BBAT(z) (2.2)

where B is the bulk modulus of the film and § is the linear expansion

coefficient.

Since the stress depends only on z, the only motion is parallel to z
and longitudinal acoustic waves are generated that propagate along the
direction perpendicular to the surface of the film. A change in temperature
at any given point sets up acoustic waves that travel in both the positive
and negative z directions. The negative-going pulse is reflected from the
free surface of the film with a phase change of w. The total strain pulse is
the sum of the initial positive-going pulse and the inverted reflected pulse,
leading to a bipolar shaped strain pulse. The width of the strain pulse is
of the order of 2.
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Figure 2.1: Illustration of the optical generation of a bipolar strain pulse.
a) The heating of the sample as a function of the distance into the sample
z, where ( is the absorption length of the laser light in the material. b)
Acoustic waves generated at a given point propagate in both the positive
and negative z directions. ¢) The negative-going pulse experiences a 7 phase

shift upon reflection at the surface, forming a bipolar strain pulse.
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This model describes a macroscopic view of the system and makes sev-
eral assumptions. It has been assumed that the area heated by the light
pulse is very large compared to the thickness of the film. This allows the
assumption to be made that AT, o and the strain, n, depend only on the
distance from the surface, z. This is true for the “near-field” regime of
a distance of z ~ DT%, where Dy, is of the order of the diameter of the
laser focal spot size. Outside of the “near-field” regime the shape of the
strain pulse will change due to dispersion and attenuation. It has also been
assumed that the temperature rise in the film occurs instantaneously and

that the temperature remains constant after the initial rise. These latter

two assumptions will be discussed in more detail.

First, consider the assumption that the temperature rise in the film
occurs instantaneously. In reality, the laser pulse will not transfer all its
energy to the film instantaneously as it will have a finite time duration 7;.
During this time the strain pulse will move a distance v,7;, where vy is the
speed of sound in the film. If v,7; is very small compared to the spatial
length of the strain pulse, the finite duration of the laser pulse will not be
important. For this assumption to be applicable, the following condition
must be satisfied:

U5 << (2.3)

The shortest absorption lengths are those in metals, where ¢ can be as small
as 10 nm. A typical sound velocity is 4000 ms—!. Under these circumstances
the condition in equation 2.3 becomes 7, << 2.5 ps. The laser pulses used
in the experiments performed in this thesis typically had a time duration

<0.1 ps, and it is valid to neglect the finite duration of the laser pulse.

It was also assumed that the temperature of the film remains constant
after the initial rise, and this is related to heat flow in the film after the
laser light is absorbed. This heat flow affects the shape of the bipolar
strain pulse produced and depends heavily on the factor Dr/v,(, where
the thermal diffusivity Dy = K/Cy, where K is the thermal conductivity.
Values of Dy /vs( can vary over 3 orders of magnitude. The largest values
are in metals at room temperature, where the value is typically between
0.2 and 2, and heat conduction has the effect of broadening the shape of
the generated pulse. For dielectric glasses the value can be 0.01 or smaller

and heat conduction makes very little difference to the shape of the strain
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pulse.

By treating the process simply in terms of heating there are some effects
that have not been accounted for. The light pulse changes the electron
and phonon distribution functions and these changes also lead to a stress
generated in the sample. Several other effects need to be considered to

form a more accurate description, which will now be briefly outlined.

In metals, the energy of the light pulse is initially transferred to the
electrons, and the electron system will not be in equilibrium with the lattice.
The electrons can diffuse a significant distance into the metal film, up to
approximately 100 nm [3], before the energy is transferred to the lattice
by electron-phonon collisions. The energy from the light pulse is then
distributed over a thickness larger than ¢ and this leads to a broadening of

the strain pulse. This effect was investigated by Tas and Maris [3].

In semiconductors, the presence of the light pulse causes electron-hole
pairs to be formed. The excited carriers can generate a stress due to the
deformation potential [8]. Excited carriers relax to the band edge by pro-
ducing phonons and the presence of these phonons provides another con-
tribution to the stress in the material. In piezoelectric materials stress can
be generated by the spatial separation of electrons and holes creating a
transient electric field. These mechanisms for generating stress give rise to

further strain generated in the sample.

The spectrum of the generated strain pulse will be broad with an ap-
proximately Gaussian shape. Thomsen et al. [1] state that the spectrum
peaks at a frequency f of approximately ;’—2 To produce a broad spectrum
with high frequency components it is therefore typical to use a laser wave-
length that is strongly absorbed in the medium. In this way, the absorption
length ( is as short as possible.

2.1.2 Generation of strain in superlattices

Semiconductor superlattices (SLs) are layered structures formed of alter-
nating layers of two different materials. This new artificial periodicity is of

great interest scientifically and is discussed in greater detail in Chapter 5.
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Optical generation of high frequency, narrow bandwidth acoustic modes
within these layered structures has been observed using pump-probe reflec-
tivity measurements with the pump and probe beam focussed on the same

surface of the superlattice structure [23,54].

When using GaAs/AlAs semiconductor superlattices for this purpose, it
is common to use a laser with a frequency that is tuned to the first electron-
heavy hole transition in the GaAs wells [23,29,55,56], and the generation
process can be thought of in the following manner. Light absorption in
the GaAs wells generates additional carriers in the quantum wells and this
causes the layers of the structure to become strained. As the strained layers
relax, an acoustic wave is formed with a wavelength that is comparable to
the period of the superlattice. As the structure is periodic, waves generated
from each GaAs layer add in constructive superposition; this leads to the

generation of high frequency coherent phonons in a narrow frequency range.

It was first demonstrated that phonons generated in a SL could “leak”
out of the SL and propagate through the semiconductor substrate by using
an incoherent superconducting bolometer as a detector [56]. The coherence
of these generated phonons was later confirmed by Huynh et al. using an
optical pump-probe technique in which the two beams were focussed on
opposite sides of the semiconductor substrate to isolate the generation and

detection processes [49].

The generation of strain in a SL differs from the generation of strain
pulses in bulk semiconductors or thin metal films as the SL produces a
narrow frequency band of acoustic phonons instead of a broad spread of
frequencies. This can be useful for experiments in which a single-frequency
source is required. The disadvantage of this method is that the SL must
be grown by molecular beam epitaxy, and as it is a fixed structure the

generated frequency is not tunable.

2.1.3 Generation of heat pulses

Heat pulse experiments were performed long before picosecond strain pulse
measurements, with the earliest example of these type of experiments in
solids performed by von Gutfeld and Nethercot in 1964 [57]. This technique

13



was used extensively in the study of phonon focusing [58,59], but it has also

been used to study other effects such as electron-phonon interactions [60].

The most common method of generating heat pulses in non-metallic
crystals is by heating a thin metal film that has been thermally evaporated
onto the sample. The metal film can be heated either electrically with a
current pulse or optically with a pulsed laser [61]. Excited electrons in the
metal film relax by phonon emission and a pulse of phonons is generated
[62]. The heated metal film can be modelled as a Planck radiator, and as
such the emitted pulse of phonons has a broad Planckian spectrum with a
peak at a frequency f given approximately by the relationship hf = 3kgT,
where h and kg are the Planck and Boltzmann constants, respectively, and
T is the heater temperature [63]. This peak is at a much higher frequency
than for coherent phonons generated in a metal film [1], and the heat pulse
frequencies can extend up to a few terahertz [62]. Each point of the heater
acts as an independent source of propagating acoustic waves, leading to
incoherent phonons that are emitted isotropically from each point of the

source.

As heat pulses are formed when a metal film is heated by a laser, they
are also formed when generating picosecond strain pulses by the optical
method described in section 2.1.1, due to the relatively slow thermal relax-
ation of the film after the strain pulse has been launched [42]. The heat
pulses generated in this situation can often be ignored in experiments that
require the propagation of the acoustic pulse across a thick substrate, as
the heat pulses have a spread of propagating speeds due to dispersion and
scattering of the phonons within the substrate. As such, the average arrival

time for the heat pulse phonons is later than that of the strain pulse [64].

2.1.4 Propagation

After an acoustic pulse is generated either optically or electrically, it propa-
gates into the rest of the semiconductor sample. In most of the experiments
described in this thesis the acoustic pulse then had to travel across some

thickness of GaAs substrate before being detected on the other side.
During this propagation the magnitude and form of the acoustic pulse
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can change due to attenuation and dispersion of the phonon wavepacket
within the substrate. These effects are discussed in this section. At high
enough strain values non-linear effects become apparent and the formation
of acoustic solitons occurs. The key experiments described in this thesis
were performed using strain amplitudes small enough to remain in the

linear regime, and this effect is not discussed further.

There is a key difference between the propagation of the coherent strain
pulse and the incoherent heat pulse generated by the methods discussed.
The coherent strain pulse will propagate in a narrow collimated beam due
to the large area over which the heat is absorbed in comparison to the
absorption length [1]. In contrast, the incoherent heat pulse phonons are

emitted isotropically from each point in the source [63].

Attenuation

Attenuation of acoustic phonons as they propagate across a sample can be
problematic in experiments where the phonons travel a substantial distance
before detection, as the size of the detected signal can be severely reduced.
Two different theoretical approaches to the attenuation of sound waves
have been developed [65]. One treats the sound wave microscopically, and
considers collisions of individual acoustic phonons with thermal phonons
present in the substrate material. The other approach is macroscopic and
treats the strain pulse as a whole, which can act as a driving force on the

thermal phonon system.

In the latter case, the acoustic attenuation arises due to a relaxation
process. The acoustic phonons can be considered collectively as a strain
field, which shifts the frequencies of each thermal phonon. The thermal
phonon system is then disturbed from its equilibrium. The system tends

to return to equilibrium by collisions between the thermal phonons [13,65].

The temperature dependence of the attenuation of longitudinal phonons
with a frequency of 56 GHz propagating in GaAs was investigated in detail
by Chen et al. [13]. It was found that the attenuation had a significant
effect at room temperature, but the attenuation decreased strongly with

decreasing temperature. At temperatures of 70 K and below there was no
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discernible attenuation observed. For this reason, picosecond ultrasonics
experiments are generally performed at temperatures below 70 K to reduce

the attenuation [14].

Processes other than relaxation were also considered in the Chen paper.
One of these was the Herring process, which treats the attenuation in terms
of individual phonon collisions. The most important phonon collisions to
consider are three-phonon processes in which an acoustic phonon collides
with a thermal phonon to produce another phonon. It was found that the
Herring process led to an attenuation of the acoustic wave that was 2 orders
of magnitude smaller than the measured effect, and so was not a significant
contribution to the overall attenuation. This mechanism was expected to

become important at high frequencies, in excess of 500 GHz [13].

Chen et al. concluded that it was most appropriate to use the more
classical approach of treating the strain wave as a whole, when considering
the attenuation of an acoustic wave with a frequency of 56 GHz propagating
through GaAs. The dominant mechanism causing the attenuation of the
acoustic wave is then the transfer of energy from the strain field to the

thermal phonon bath.

For the experiments in this thesis, attenuation of the propagating acous-
tic wave did not have a big impact on the results. Experiments using
samples with thick substrates on the order of 300 pm were performed at
a temperature of 4 K in a continuous flow cryostat, so attenuation of the
phonon wavepacket in this case was negligible. Some experiments were per-
formed at room temperature, but in these cases the substrate was thin, in
the range of 11-17 pm. There is a substantial attenuation present at room
temperature, but the substrate was thin enough that a sufficient number

of phonons made it across the substrate to still perform the experiments.

Dispersion

Dispersion also affects acoustic wavepackets containing high frequency com-
ponents as they travel through a crystalline substrate. This effect arises
from different frequency components propagating through the material at

different speeds. The effect can be significant if the acoustic waves travel
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Figure 2.2: Phonon dispersion in the <100> direction in GaAs at room
temperature after Waugh and Dolling [66], where a is the lattice spacing
of GaAs. The four branches of the phonon dispersion are shown; two are
acoustic (A) and two are optical (O). These can be either longitudinal (L)
or transverse (T) in polarisation. The linear fits are the speed of sound for
the LA and TA phonons.

far enough through the substrate, with higher frequencies travelling slower
than the lower frequencies. This leads to an acoustic pulse with a dispersive

tail, with oscillations of increasing frequency towards the end of the tail.

This is evident when looking at the dispersion relation in GaAs mea-
sured by Waugh and Dolling using inelastic neutron scattering [66] and
shown in figure 2.2. In the long wavelength limit the dispersion relation-

ship is approximately linear for the acoustic phonon branches:
Wy = Usq (2.4)

where w, is the angular frequency of a phonon of wave vector ¢ and v, is the
phase velocity (speed of sound) for the appropriate acoustic phonons. This
is emphasised in figure 2.2 with the inclusion of straight lines showing the

appropriate speeds of sound for the different branches [67]. Low frequency
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phonons in this linear regime will not have any dispersion as they all have
the same group velocity, which is given by

d
vy = d%q (2.5)

Phonons with the same group velocity travel at the same speed, and no

dispersion is observed for acoustic pulses that only contain low frequencies.

As the phonon wave number ¢ increases, the dispersion relationships
for the acoustic phonon branches cease to be linear and instead become in-
creasingly sublinear. In this regime, phonons with larger frequencies have
smaller group velocities and so they travel across the substrate slower. For
large enough propagation distances this leads to a broadening of the de-
tected acoustic pulse and eventually an oscillatory tail. This was confirmed

experimentally by Hao and Maris in GaAs and other materials [15].

The frequency spectrum of heat pulses generated in a metal film ex-
tends to much higher frequencies than those present in the coherent strain
pulses generated in the same film [1,62]. The effects of dispersion are then
more significant for the heat pulses. When comparing longitudinal acoustic
and transverse acoustic phonon branches, the dispersion for LA phonons
continues to be approximately linear up to higher phonon frequencies when
compared to the TA phonons [66]. As such, dispersion will be more ap-
parent for the TA heat pulse as the dispersion starts to occur at a lower

frequency for TA phonons.

2.1.5 Detection

In existing optical pump-probe experiments, detection of the acoustic pulse
typically involves measuring changes in the optical reflectivity of the sam-
ple. One commonly used method is the observation of changes in the probe
beam reflected from the surface using a photodiode detector [1,3,13,28].
Alternatively, an interferometric method can be used that allows the in-
vestigation of both the amplitude and the phase changes of the reflected
beam caused by changes in the refractive index and the surface deflec-
tion [9,10,18,19].

In both cases a laser beam is split into two parts to form the pump and
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the probe. The pump beam generates the acoustic wavepacket in either a
semiconductor or a metal film. The probe pulse is delayed in time relative
to the pump pulse, to coincide with the presence of the strain pulse near
the surface of the sample. One of the optical paths typically includes a
variable length optical delay line, which allows the acoustic wavepacket to
be probed at different times. For large strain propagation distances, the
optical delay required can become long enough to be impractical. In this
situation, techniques to use later laser pulses to introduce the time delay

can be employed [15].

The main mechanism exploited in this detection method is the strain
induced modulation of the refractive index of the material. This leads to a
change in the reflectivity of the sample when the strain is near the sample
surface. The strain at small distances from the surface, comparable to the
optical absorption length (, also has an effect on the reflectivity changes,
so this method effectively integrates the strain over the absorption length.
For this reason, the laser beam photon energy is typically larger than the
band gap energy of the semiconductor material, so that the laser energy
is absorbed in a thin layer of material near the surface. This reduces the
broadening of the detected signal caused by detecting the strain pulse over

a finite distance from the sample surface.

An alternative, incoherent method to detect phonon wavepackets af-
ter propagation across the sample uses a superconducting bolometer [56].
Superconducting bolometers are typically fabricated from a thin film of
aluminium, which is cooled such that it is held at its superconducting
transition. A slight change in the temperature of the bolometer caused by
incoming phonons pushes the bolometer up its transition, which leads to
a large change in the resistance of the device, as illustrated in figure 2.3.
A change in the bolometer temperature of just 0.1 K can lead to a change
in the resistance of the bolometer ~ 200 2. The bolometer is then very

sensitive to the phonon flux incident upon it.

This method is complimentary to the optical detection methods de-
scribed previously in this section, due to its simplicity, its sensitivity to
changes in phonon flux, and its ability to distinguish between different
phonon modes due to their different propagation speeds [64]. The su-

perconducting bolometer is a useful measurement device for time-of-flight
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Figure 2.3: Illustration of the superconducting transition of a typical
bolometer. A very small change in temperature of the bolometer ~ 0.1 K

leads to a large change in the resistance of the bolometer ~ 200 (2.

experiments [56, 68| and for comparing the power in a phonon pulse for

different generation conditions [60,69, 70].

2.2 Electron-phonon coupling mechanisms

This section will briefly address the different electron-phonon coupling
mechanisms that are relevant when considering the effects of strain on the
electronic properties of a semiconductor device. These include the deforma-
tion potential [71], the piezoelectric effect [72], the Pekar mechanism [73,74]
and the ripple effect [75].

The deformation potential and the piezeoelectric effect are the two dom-
inant effects in this work, and so this section will concentrate on these two.
The deformation potential is the main coupling mechanism for longitudinal
acoustic phonons, whereas in the case of transverse acoustic phonons it is

the piezoelectric effect.
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2.2.1 Deformation potential coupling

The term “deformation potential” was first introduced by Bardeen and
Shockley in 1950 for an effect that they described as a variation in the
position of the energy band boundary in the presence of an acoustic wave
[71]. The presence of strain within a semiconductor material modulates
the lattice spacing of the semiconductor, and the difference in the atomic
spacing changes the band gap of the bulk material. The energy shift of the
band edge 6 E,q4e caused by the deformation potential is

E.qqe = En) (2.6)

where = is the deformation potential in the material and 7 is the size of

the strain present.

Several different methods have been used to determine the deformation
potential of GaAs both theoretically and experimentally and these give a
spread of results depending on the exact method used and the assumptions
made in the fitting equation [76]. Typically for the conduction band in
GaAs the value of the deformation potential = ~ -10 eV [76-78], where
the negative sign represents the fact that the band gap increases when
the crystal is compressed. A more recent review paper has considered
the documented values and recommends the use of = = -7.17 eV for the
conduction band of GaAs [79].

At the I" point of GaAs, the deformation potential is an electron-phonon
interaction that only applies to longitudinal acoustic phonons. For symme-
try reasons the deformation potential constant for transverse waves is zero
at or close to the I' point, and coupling of TA phonons to electrons must

occur by another mechanism [76].

2.2.2 The piezoelectric effect

The piezoelectric effect is the generation of an electric field due to the
application of strain to a crystal that lacks an inversion symmetry [72].
In a material that possesses inversion symmetry, if one could change the
position of each particle to its inverse position relative to a defined origin,

the material would stay the same. The zincblende structure of GaAs does
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not have an inversion symmetry due to the position of the arsenic sites
relative to the gallium sites, and so GaAs is a piezoelectric material [80].
There are several reasons why piezoelectricity occurs: the displacement
of the ions that form the lattice structure, the displacement of electrons

within the material, and a change of ionicity of the material [81].

The cubic symmetry of the GaAs crystal only allows one value of the
piezeoelectric tensor to be non-zero. Shear strain is required to generate
piezoelectric coupling in GaAs grown in the <100> direction [72]. As such,
the piezoelectric effect is an important electron-phonon coupling mecha-
nism for transverse phonons, but it is not relevant for longitudinal phonons.
The values of the relevant piezoelectric constants of GaAs are well defined
as several groups found values that were in good agreement with one an-

other, unlike the value of the deformation potential [81].

2.3 Preliminary work on high frequency

acoustoelectric techniques

After the discovery that ultrafast strain could be used to shift the energy
levels in semiconductor heterostructures on the picosecond time scale via
the piezospectroscopic effect [28], the strain modulated electronic trans-
port has been investigated for several semiconductor devices. These de-
vices provide the first evidence that ultrafast strain pulses can be detected
electrically and it is the work in these papers that this thesis is intended

to build upon.

Experiments have been performed that investigated the probing of the
photocurrent in quantum wells embedded in both p-i-n and undoped planar
structures, and transient strain induced currents measured in epi-layers,
p-n diodes, Schottky diodes and double-barrier resonant tunnelling diodes.

Some of these works are reviewed in this section.
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2.3.1 Strain induced modulation of the photocurrent

in quantum well devices

It has been shown that ultrafast acoustic wavepackets can be detected by
probing the photocurrent in semiconductor devices containing quantum
wells. This was first demonstrated by Moss et al. using a p-i-n structure
with a quantum well (QW) embedded in the intrinsic region [43] and was
later extended to an undoped planar structure containing two QWs [44].
This technique relies on the change in the exciton energy in a quantum
well in the presence of uniaxial strain, also known as the piezospectroscopic
effect [28]. This method still requires a laser to generate the carriers that
form the photocurrent, and so it is not a technique that is independent of
the laser system. However, it is an important step forward in understanding
how ultrafast strain can be exploited to modify the electronic transport in

semiconductor devices.

A schematic diagram of the set-up used by Moss et al. is shown in
figure 2.4, and the experiment was performed as follows. The sample was
mounted in an optical access cryostat, and cooled to a temperature of 4.7 K.
The output from a femtosecond pulsed laser was split along two paths. One
part formed the pump beam, which generated a strain pulse in an Al film
that had been thermally evaporated onto the back face of the substrate.
The strain pulse then propagated across the substrate to the device. The
other part of the laser beam was delayed in time to probe the device at
approximately the same time as the strain pulse arrived. The probe beam
excited carriers in the quantum well, a significant proportion of which were
able to escape the well to form the photocurrent. The presence of the strain
pulse passing through the QW changed the exciton energy to bring it in
and out of resonance with the energy of the laser. This led to a change in
the number of carriers generated in the QW, and hence changed the size

of the photocurrent.

To clarify how the presence of strain in the QW affects the generated
photocurrent, the diagram in figure 2.5 can be considered. The photocur-
rent Ip depends on the difference between the laser photon energy Aw and
the exciton energy Fy. This detuning A changes with the presence of

strain in the QW, as the strain modulates the exciton energy. In the ex-
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Figure 2.4: Schematic diagram of the experimental set-up for Moss’ pho-
tocurrent experiment. The laser beam was split into two parts. One part
excited a strain pulse in a thin Al film thermally evaporated onto the back of
the substrate, and the other part excited a photocurrent in the quantum well
(QW) embedded in the p-i-n device. A typical photocurrent signal in the
absence of strain is shown. Strain pulses generated in the Al film crossed the
QW once on the way to the surface of the sample, and then a second time

after reflection from the top surface of the device with a m phase change.
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Figure 2.5: Diagrammatic representation of how strain modulates the pho-
tocurrent Ip in a quantum well for the case where the exciton energy Ej is
larger than the laser photon energy Aw. Iy and Ag are the photocurrent
and detuning, respectively, when there is no strain present (n = 0). The
inset graph shows how the size of the photocurrent varies for the 3 different

scenarios.

ample shown in figure 2.5 Ey > hw. Let Iy and Ay be the photocurrent
and detuning, respectively, when there is no strain present (n = 0). Under
compressive strain (n < 0), the exciton energy is increased, increasing the
detuning. As the exciton resonance is moved further from the laser energy
less carriers are generated in the QW and the photocurrent decreases. In
contrast, for the tensile part of the strain pulse ( > 0), the exciton energy
is decreased. This leads to a decrease in the detuning and the exciton res-
onance becomes closer to the energy of the laser. This allows more carriers
to be generated in the well and the photocurrent increases. Thus, the pho-
tocurrent follows the profile of the strain pulse propagating through the
QW.

For the p-i-n device with a single QW in the intrinsic region, the de-
tected photocurrent contained a bipolar pulse followed by an identical but
inverted bipolar pulse [43]. The first observed pulse is the change in the
photocurrent due to the strain pulse propagating through the QW on the

way to the surface of the device. Upon reaching the top surface of the
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device, the strain pulse experienced a 7 phase change and it was detected
again in the QW on the second pass. The timing between the two pulses
agrees closely with the expected time-of-flight for the strain pulse to travel

from the QW to the surface and back again.

The undoped planar device studied later contained two QWs of different
width [44]. The different widths led to a difference in exciton energy for
the two QWs, with the wider well having a lower exciton energy. For low
laser photon energy, where only the wider well exciton could be excited, the
results were very similar to those seen in the single QW experiment with two
bipolar pulses of opposite polarity present in the photocurrent. For higher
probe laser energies there were extra pulses present in the photocurrent
between these two pulses. These extra features were caused by the strain
induced modulation of the exciton energy of the thinner QW, which was
closer to the surface of the device. This provided further evidence that the

probing mechanism was due to the piezospectroscopic effect.

2.3.2 Electrical detection of strain pulses using a
Schottky diode

It has been demonstrated by Moss et al. that Schottky diodes can be
used to detect ultrafast strain pulses without the need for a laser as part
of the detection scheme [47]. This suggests that Schottky diodes are a
strong candidate as detection devices for all-electronic picosecond acoustics

experiments.

A 200 pm diameter Schottky contact was formed onto n-doped GaAs
using thermally evaporated Ti and Au layers, and this sample was mounted
in an optical access cryostat at a temperature of 5 K. An Al film had been
deposited on the back of the substrate and this was excited with optical
pulses from a femtosecond laser to generate strain pulses, which propagated
across the substrate to the Schottky diode. The device set-up is shown
schematically in figure 2.6. Changes in the current through a series resistor
were measured as a function of time. Moss saw a sharp pulse in the current
at a time t = ¢y corresponding to the time it took the strain pulse to reach

the Schottky diode. Subsequent peaks separated by a 2t; time interval
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Figure 2.6: Schematic diagram of the device and the strain pulses in Moss’
Schottky diode experiment. A pulsed laser was used to generated a strain
pulse in an Al film that propagated across the sample to the Schottky diode.
Upon reaching the free surface of the device the strain pulse underwent a 7
phase change as it was reflected back across the sample. W, is the width of

the Schottky diode depletion region.

were caused by reflections of the strain pulse after it propagated twice
across the sample before reaching the Schottky diode again. Each detected
pulse consisted of two positive peaks, separated in time on the order of
200 ps. As the negative bias across the Schottky diode was increased, the
initial peak arrived at earlier times and the later peak arrived at later times

as illustrated in figure 2.7.

The first peak was caused by the strain pulse passing through the Schot-
tky diode on the way to the surface of the device, and the second peak was
caused by the reflected strain pulse passing through the Schottky diode a
second time. At large enough applied bias, it is easier to resolve two sepa-
rate bipolar pulses in the transient current across the device, with the latter
having undergone a 7 phase shift at the surface of the sample. This is very
similar to the effect seen in the photocurrent in a QW in the presence of

propagating strain [43]. The incident and reflected strain pulses are shown
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Figure 2.7: Illustration of Moss’ results of the temporal response of the
Schottky diode to an ultrafast strain pulse [47]. For larger applied negative
bias the earlier peak arrived at earlier times and the later peak arrived at

later times.

in figure 2.6 for clarity.

The proposed detection mechanism in the case of the Schottky diode
is the deformation potential. The presence of strain in the semiconductor
causes a change to the band energies. This perturbation is partly screened
by electrons in the semiconductor redistributing and generating a displace-
ment current. When the strain passes through an electrically neutral re-
gion, the charge () is constant and so no current is produced. However, in
regions where () is not constant, the presence of strain causes a current to

flow.

The dominant detection region in the case of Moss’ work was the edge of
the depletion region. The width of the depletion region, W, depends on the
square root of the applied bias, as shown in equation 4.5. For larger negative
bias the depletion region gets wider, which is consistent with the changes
observed in the signal. The initial strain pulse reaches the edge of the
depletion region earlier when W, is larger. After reflecting from the surface
of the sample it takes longer for the strain pulse to reach the edge of the
depletion region on the second pass and the second peak appears at a later
time. Another contribution to the signal is from the semiconductor-metal
interface, but as the position of this interface is independent of applied bias

this part of the signal did not shift in time.
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2.3.3 Strain induced modulation of electron trans-

port in resonant tunnelling diodes

Another semiconductor device that has recently been demonstrated as a
sensitive detector of ultrafast strain pulses is the double-barrier resonant
tunnelling diode [48]. As with the Schottky diode, this detection method
does not require the use of a laser and so the resonant tunnelling diode
provides another candidate for electrical detection of picosecond acoustic

pulses.

The double-barrier resonant tunnelling device (RTD) used in the work
of Young et al. consisted of a GaAs quantum well, formed between two un-
doped Al 4GaggAs barriers, with GaAs emitter and collector layers present
on the two sides of this structure. A schematic representation of the con-
duction band energy of the RTD under applied bias is shown in figure 2.8

for two different biasing conditions.

The current-voltage characteristics of the RTD in the absence of an ap-
plied strain are very non-linear. Under applied bias, an energy difference
is formed between the emitter and collector regions of the RTD and elec-
trons become confined in the GaAs emitter region. As the applied bias is
increased it brings the ground state energy level of the quantum well (QW)
in line with the Fermi energy of the emitter Frg. This is the resonance
threshold condition shown in part a) of figure 2.8. At this point, electron
tunnelling begins to occur through the barriers in the device and a current
is observed. As the bias is increased, the tunnel current increases until
the resonant peak has been reached. For this to occur, the ground states
of the emitter and quantum well become aligned, as shown in part b) of
figure 2.8. This condition allows the maximum rate of electron tunnelling
through the RTD. As the bias is increased further still, the energy level of
the QW is brought out of resonance with the emitter again and the tunnel

current reduces to approximately zero.

In experiments performed by Young et al. a strain pulse was gener-
ated optically in an Al film on the opposite side of the substrate, and this
propagated to the RTD where it was detected electrically. The sample

was mounted in an optical access cryostat, and cooled to a temperature of
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Figure 2.8: Schematic band diagram of a double-barrier resonant tunnelling
diode biased a) near the threshold for resonance and b) at the resonant peak.
For certain applied biases the electrons confined in the emitter region can
tunnel through the barriers to the collector to form a current through the
RTD.
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4.7 K. The transient current changes caused by the propagating strain were
measured as a function of time for a range of applied bias. For applied bi-
ases above the resonance threshold bias a positive peak was observed in the
transient current when the stain reached the QW. For applied biases close
to the maximum tunnelling resonance, the peak in the current changed sign
to become negative. For a larger applied bias such that the RTD was out

of resonance the peak became positive again.

The presence of strain in the RTD shifts the energy levels in the emitter
and QW due to the piezospectroscopic effect [28]. This can bring the well
in and out of resonance with the emitter, changing the carrier tunnelling
rate through the device. Thus, the presence of the strain pulse affects the
charge transport through the device. As the strain pulse is of a similar
spatial dimension to the RTD structure it is possible for the compressive
part to be in the QW while the tensile part is in the emitter region. For
a detailed analysis of how the bipolar strain pulse affects the energy levels
in the RTD see reference [82].

2.4 Conclusion

This chapter has outlined some of the background material relevant to the
experiments performed in this thesis on ultrafast acoustoelectric effects in
semiconductor devices. Background material that relates only to a partic-

ular device or experiment is provided in the appropriate results chapter.

Existing methods of generating and detecting ultrafast acoustic pulses
have been presented, along with features of the propagation of these acous-
tic pulses through GaAs. Some of the previous works on semiconductor
heterostructures that produce a transient voltage in response to an incident
acoustic pulse have been described. These studies have directly influenced

the direction of this thesis.

The work on Schottky diodes has the potential to be expanded as part
of a heterodyne detection method that mixes high frequency acoustic waves
with microwaves. Another promising device for the electrical detection of

picosecond strain pulses is the semiconductor superlattice, which has not
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yet been studied specifically for this purpose. These themes are expanded

upon in the main body of this thesis.
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Chapter 3

Experimental techniques

This chapter describes the details of the experiments performed to obtain
the data presented in the following chapters. First, the general sample
processing methods, which are common for the fabrication of most of the
devices, will be described. This will be followed by general details of the
equipment and methods used in the experiments. Additional details specific
to the fabrication of a particular device or for a certain experimental set-up

are provided in the relevant chapters.

3.1 Device fabrication

Most of the samples used in the following experiments were processed from
gallium arsenide (GaAs) and aluminium arsenide (AlAs) based semiconduc-
tor wafers grown at the University of Nottingham by molecular beam epi-
taxy (MBE). The samples were grown on 2 inch diameter [100]-orientated
GaAs semi-insulating substrates by Dr R. P. Campion and Professor M.
Henini. These were then processed in the University’s clean room facility
by the methods described in the following sections. The beam lead Schot-
tky diode was fabricated by e2v at the Microwave Technology Centre based

in Lincoln and provided by them for use in the experiments.

Many of the processing steps are common to the fabrication of all of the

devices discussed in this thesis, and these common steps will be discussed
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in this section. Fabrication details specific to a given device will then be
described with the different device structures in the relevant chapter. For a
step-by-step list of the processes required for the devices fabricated within

the University clean room, see appendix A.

3.1.1 Cleaving and cleaning samples

Initially the semiconductor wafer was cleaved into smaller chips, typically
5 mm X 5 mm in size, before devices were processed from the material. To
cleave the semiconductor, the wafer was scored using a diamond scribe and

snapped along the score line.

The samples were initially cleaned using a four solvent clean to remove
organic and particle contaminants. The four solvents used were ethyl lac-
tate, acetone, methanol and isopropyl alcohol. The ethyl lactate was used
first as it is the best solvent of the four for degreasing the semiconduc-
tor wafer. The following solvent steps remove any residues left from the
previous solvent clean. Typically the sample was soaked in each solvent
at room temperature for 10 minutes, before being gently rinsed with the
appropriate solvent and then dried with pressurised nitrogen gas. An ex-
ception was made after the acetone step, as a residue can be left on the
surface after drying. The sample was transferred from the acetone to the

methanol without performing the drying step.

The samples had to be cleaned frequently during the fabrication process,
though only the latter three solvents were required for later processing
steps. The samples were dehydrated after cleaning to ensure good adhesion
of photoresists. To do so, the samples were placed on a hot plate with the

temperature set higher than that required to bake the photoresist.

3.1.2 Photolithography and etching

The samples were patterned using standard photolithography techniques.
A positive photoresist, BPRS 150, was spin coated onto the samples and
baked before a Karl Suss MJB3 mask aligner was used to expose the re-

quired areas to UV illumination. The exposed areas were then developed
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using AZ400K developer diluted in water.

The exposed and developed regions of the pattern were wet etched to
form mesas and to allow access to the bottom contact layer of the samples.
The etch depth was checked periodically on a KLLA Tencor D-120 AlphaStep
height profiler to ensure that the required total etch depth was obtained.
Several different etch solutions are available that can be used to etch GaAs
and AlAs. Typically a solution of 1:1:100 NH3:Hy049:H50O was used to etch

the samples with an etch rate of approximately 4 nm s™!.

3.1.3 Deposition of metals and insulating layers

Metal contacts and insulating oxide layers were deposited onto samples us-
ing an Edwards 306 coating system. The samples were patterned using the
photolithography techniques described in section 3.1.2. The required mate-
rial was deposited by thermal evaporation across the whole of the sample.
To remove the excess material, lift-off was performed using acetone. The
solvent removed the remaining resist and any material deposited on top of

the resist, leaving material deposited only in the required areas.

For metal contacts, it is important to have good electrical conduction
between the semiconductor and the metal. An oxide etch of 1:1 HCI and
water was used prior to loading the samples into the coating system. This
removes the native oxide that readily forms on the GaAs surface, ensuring

good adhesion of the layers and good electrical contacts.

To form ohmic contacts to different semiconductor materials an appro-
priate metal must be chosen that will diffuse into the semiconductor upon
annealing. Different metals are required to form good p-type and n-type
contacts. For n-type ohmic contacts a 50:50 by mass alloy of In and Ge
with a Au capping layer was used. When forming ohmic contacts on p-type

material, a layer of Mg was deposited followed by a Au capping layer.

Ohmic contacts were annealed using an AS-One rapid thermal processor
that allows precise control over the ramp and dwell times in addition to the
temperature. The temperature was slowly ramped to the desired anneal

temperature, held constant for a period of 30 s and then cooled back to
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room temperature. A purge gas of 5% Hs in Ar was used to reduce oxidation

of the contacts at high temperatures.

Schottky contacts require an abrupt barrier between the semiconductor
and metal and are not annealed. A thin Ti layer was first evaporated to

give good adhesion between the semiconductor and the Au contact.

Insulating SiO,, layers were deposited using a similar evaporation pro-
cess. These layers were prone to peeling off the sample during later parts
of the process, so extra care was required both in thoroughly cleaning the
sample before loading it into the evaporator and in not agitating the sample

too aggressively during lift-off.

3.1.4 Wafer polishing

The samples grown by Professor M. Henini were mounted in the MBE ma-
chine using indium on the back face of the sample. This form of sample
mounting left the back surface of the wafer both rough and contaminated
with indium, and this had to be removed to create a smooth, flat, contam-
inant free surface. If not, increased scattering of the incident laser light
would prevent the effective generation of acoustic signals in the sample.
A Multipol Metals Research lapping and polishing machine was typically
used for this purpose, but small quantities of material could be removed

quickly by polishing the sample by hand.

Initially, a mechanical lapping method, using a 14 pm diamond paste,
was used to quickly remove tens of nanometres of material to remove the
contamination and reduce the surface roughness. A sodium hypochlorite
chemical polish (Chemlox) was then used to give the sample a very smooth
surface, with a surface roughness on the order of a few nanometres. It was
important for the experiments that the two faces of the sample were parallel
after lapping, so optical methods were used to ensure that the sample was

mounted parallel to the face of the lapping jig.

The samples grown by Dr R. Campion were mounted in such a way
that the back surface remains of a high quality after the growth has been

completed, and so polishing of these samples was not required.
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3.1.5 Sample packaging

To perform electrical measurements on the devices, the samples were pack-
aged in such a way as to be able to connect them to standard electrical
cables. The samples were mounted onto copper plated printed circuit board
holders using a small quantity of GE varnish. The copper pattern on the
holder formed a ground plane and a 50 €2 strip line that was connected to
an SMA cable launcher.

The devices were electrically connected to the holder using a Kulicke
and Soffa Industries wedge bonder with Al wire. In wedge bonding, the wire
is held against the sample to be bonded by the wedge and a small amount
of ultrasonic excitation is applied to adhere the wire to the sample. A loop
of wire is fed out as the sample is moved and a second bond is made to the
holder. The smallest device diameter that can be reliably bonded with this
system is 50 pm using a 17.5 pm diameter wire. Devices of 100 pm diameter

and upwards can be bonded using a more robust 25 pm diameter wire.

3.2 Determining I-V characteristics of de-

vices

It is necessary to determine the current-voltage (I-V) characteristics of the
device before using the device for experiments. This can be obtained by
the simple set-up shown in figure 3.1. A voltage is applied to the device
under test via a small-value series resistor (R) using a digital voltage source
(DVS). The voltage across the resistor can then be measured by a digital
multi-meter (DMM) and the current through the device can be obtained
using Ohm’s law. When the device has a large resistance, the voltage drop
across the resistor is negligible. However, when the device resistance is
comparable to that of the series resistor the voltage drop across the resistor

must be accounted for when considering the voltage across the device.

The device voltage and current Vjeyice and [geyice, respectively, can be
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Figure 3.1: Set-up for I-V characteristic measurements. A bias is applied
to the device under test via a series resistor (R) using a digital voltage
source (DVS). The voltage across the resistor is measured using a digital
multi-meter (DMM) and can be used, along with the value of the resistor,

to determine the current flowing through the device.

determined using the following equations

Vievice = Vovs — Vomm (3.1)
V
[device - % (32)

where Vpyg is the voltage applied by the digital voltage source, Vppsas is
the voltage measured across the series resistor using the digital multi-meter

and R is the resistance of the series resistor, typically 10 2.

3.3 (Generating acoustic signals optically

3.3.1 Broad spectrum acoustic pulses

To generate acoustic signals optically, a Spectra-Physics amplified titanium-
sapphire laser system was used. A Tsunami Ti:sapphire laser generated
optical pulses that were amplified by a Spitfire Pro chirped amplifier. The
output of the Spitfire Pro consisted of optical pulses with a peak energy
of 1 mJ, a wavelength of 800 nm, 60 fs duration and a repetition rate of
5 kHz.

The optical pulses generated by the laser were incident on the sam-
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Figure 3.2: Illustration comparing a broad-frequency spectrum with a
quasi-monochromatic spectrum. The broad spectrum has a width on the
order of 10s of gigahertz, while the quasi-monochromatic signal has a width
of only 1-2 GHz.

ple, via a focussing lens, to generate the required acoustic signals by the
mechanisms discussed in section 2.1.1. The acoustic wavepacket could be
generated either directly in the GaAs itself, or in a thin Al film deposited
by thermal evaporation on the surface of the sample. A frequency doubler
followed by a suitable colour filter could be used to generate optical pulses

with a wavelength of 400 nm.

3.3.2 Narrow spectrum acoustic pulses

For frequency dependent experiments, such as the mixing experiments dis-
cussed in Chapter 4, the ability to generate an acoustic signal with a nar-
row frequency spectrum was required. A Fabry-Perot etalon, often re-
ferred to in this work as the “cavity”, was constructed to produce a quasi-

monochromatic acoustic signal.

Figure 3.2 illustrates the difference between a broad-frequency spectrum
and a quasi-monochromatic spectrum. The quasi-monochromatic spec-
trum contains significantly fewer frequency components than the broad-
frequency spectrum. It can not be defined as a single-frequency source, as
the width is on the order of 1-2 GHz, but it is still significantly narrower
than the broad-frequency spectrum generated by a single laser pulse, which

has a width in the 10s of gigahertz range.
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Fabry-Perot etalon design

As described in section 2.1.1, when a single laser pulse directly excites a
semiconductor or a thin metal film an acoustic wavepacket is generated that
contains a broad spectrum of frequency components. To generate quasi-
monochromatic acoustic signals for the mixing experiments a Fabry-Perot
etalon was constructed and a schematic diagram of its operation is shown
in figure 3.3. The initial laser pulse is aligned perpendicular to the mirrors,
however to illustrate the multiple pulses it is clearer to draw the diagram

with the reflections separated spatially.

A 95% reflectivity mirror and a 90% reflectivity mirror were mounted
parallel to each other, separated by a distance d. A single pulse from
the laser incident on the first cavity mirror is partially reflected multiple
times between the cavity mirrors to generate a train of optical pulses with
reducing amplitude. As one mirror is mounted on an adjustable translation
stage the distance between the cavity mirrors, and hence the frequency of

the pulses, can be adjusted.

The frequency of optical pulses generated by the cavity, fy, is related
to the cavity spacing, d, by the simple equation

fo= o (33)

where c is the speed of light.

The resulting comb of optical pulses incident on the GaAs sample gener-

ates a series of broad spectrum acoustic pulses separated by a time interval

1
fo

the optical pulses generated by the cavity. The spectrum of this acoustic

of 9 = <. This leads to an acoustic signal modulated at the frequency of
signal is narrower than that of the individual acoustic pulses and centred
around the frequency fy. If an infinite train of pulses was produced, the
width of the spectrum would be negligible. However, as only a finite num-
ber of optical pulses (~ 10) have the power required to generate an acoustic
signal in the sample, the spectrum of the modulated signal must also have

a finite width.

Several methods of generating narrow spectrum acoustic sources have

previously been used in this frequency range. Non-tunable sources exist
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Figure 3.3: Illustration of the operation of the Fabry-Perot etalon. The
Fabry-Perot etalon is constructed from two partially reflective mirrors. A
single laser pulse incident on the cavity is partially reflected multiple times
and partially transmitted, generating a series of pulses with decaying am-
plitude. The frequency of these pulses, fy, is inversely proportional to the

cavity spacing, d.
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that are typically created by using fixed, layered structures. It has been
demonstrated that semiconductor superlattices can be used for this purpose
[49], as the high frequency folded modes in the dispersion relation allow the
efficient coupling of light into high frequency coherent phonons. However,
these structures must be grown onto the sample to be investigated, which
is often not practical. Alternatively, external optical systems have been
used, such as in the work by Herzog et al. [83] in which a series of glass
layers alternated with spacers were used to generate multiple reflections of
a single laser pulse. This can be reused for a range of samples, but the fixed
frequency still limits the use of this system. A tunable, narrow frequency
system in the gigahertz range has been demonstrated by Choi et al. [84].
This set-up used a retroreflecting system with a custom beam splitter of
varying partial reflectivities to generate 7 optical pulses with a Gaussian
intensity profile. This train of pulses could then be used to generate a
quasi-monochromatic acoustic signal, tunable in the 2-2000 GHz range by
the movement of a single translation stage. This type of system provides
the most versatility, yet it is more complicated than this work requires so

a simple two mirror set-up was sufficient.

Testing the Fabry-Perot etalon

Optical pump-probe experiments were performed to test the function of
the Fabry-Perot etalon, using the set-up shown schematically in figure 3.4.
In pump-probe experiments the laser beam is split along two paths using
a beam splitter. In this case, the “pump” beam incident on one face of
the sample was used to generate an acoustic wavepacket in the sample.
The “probe” beam path length was designed such that the probe pulse was
incident on the far side of the sample at the same time as the acoustic signal
reached it after propagation across the sample. Changes in the reflectivity
of the surface, caused by the presence of the acoustic signal, were detected
using a BPX65 photodiode in a home made differential photodiode circuit
built by the electronics workshop in the School of Physics. By adjusting
the length of the pump path, the acoustic signal at different times could
be detected.

The laser system consisted of four different units, as shown in figure 3.4,

and these were all made by Spectra-Physics. The Tsunami is a Ti:Sapphire
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Figure 3.4: Set-up for pump-probe measurements to test the Fabry-Perot
etalon. The laser beam is split into two to form the “pump” and “probe”
beams. The pump beam passes through the Fabry-Perot etalon (cavity)
to generate modulated acoustic signals in the sample. The pump path has
variable length due to the movement of the retroreflector. The probe beam
passes through a frequency doubler and is reflected from the far side of the
sample onto a photodiode detector for reflectivity measurements. M denotes

a mirror and L represents a lens.
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laser that was used to produce the laser pulses. This was pumped using
the Millennia Pro continuous wave laser. The output from the Tsunami
was guided into the Spitfire Pro amplifier, which amplified the energy of
the laser pulses from nanojoules to millijoules. The amplifier also required
a pump laser, and the Empower was used for this purpose. The output
laser pulses from the Spitfire Pro amplifier, with a wavelength of 800 nm,

were then used to perform the experiments.

A small portion of the laser beam was directed onto a photodiode,
and the photodiode was used to trigger the fast oscilloscope in experiments
where it was required. Another small portion of the laser beam was directed
towards a spectrometer that could be used to observe the width of the laser
pulse. After this, the laser beam was then split into the two paths - the

pump beam and the probe beam.

The pump beam contained filters to reduce the laser power, so as not
to damage the sample. The A/2 plate could be altered to change the di-
rection of the linear polarisation of the laser beam. This, coupled with the
following polariser cube, provided variable attenuation of the laser beam.
The 800 nm wavelength pump laser beam passed through the Fabry-Perot
etalon before being focussed onto the GaAs sample with a lens. An acoustic
signal was generated directly in the GaAs. This acoustic signal then prop-

agated across the sample, which had a thickness of approximately 17 pm.

The probe laser beam was passed through a frequency doubler to pro-
duce a wavelength of 400 nm, and the remaining components at 800 nm
were removed using a colour filter. The probe beam was then aligned onto
the opposite side of the GaAs sample such that the reflected beam was in-
cident on a photodiode detector. It was this reflected beam that contained
the information about the strain pulse in the sample. The retroreflector in
the pump beam path allowed the difference between the two path lengths to

be changed, so that the acoustic signal could be probed at different times.

Some of the optical components were included to facilitate the obser-
vation of small signal changes measured by the photodiode. The optical
chopper was included to modulate the pump beam at a lower frequency
than the laser repetition rate. The chopper frequency was then used as a

reference frequency for a lock-in amplifier, so that changes in the detected
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Figure 3.5: Optical pump-probe results of the Fabry-Perot cavity function
at fo = 40 GHz. Clear oscillations can be observed in the measured acoustic
signal. The Fourier transform in the inset graph shows the presence of strong

components generated at 40 GHz by the cavity, along with higher harmonics.

signal at the frequency of the chopper could be observed. By this method,

only effects caused by the presence of the pump beam were included.

A beam splitter in the probe beam sent a portion of the probe beam,
which had not been incident on the GaAs sample, to another photodiode
detector. The two photodides were set up in a differential circuit, and this
reduced the noise in the measurements by comparing the signals between
the beam that had been reflected from the surface of the sample and the
one that hadn’t.

The cavity was tested for a range of spacing, d, to determine the spectral
components of the acoustic signal generated in GaAs. The results for when
the cavity was set to generate optical pulses at fy =~ 40 GHz is shown
in figure 3.5. There are clear oscillations present in the detected acoustic
signal with a period of ~ 25 ps. The Fourier transform of the signal is

shown in the inset graph, which shows clear peaks at both 40 GHz and
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80 GHz. A third peak is potentially present at 120 GHz, but the signal-to-
noise ratio for this peak is poor. The presence of these peaks demonstrates
that the cavity successfully modulates the acoustic signal at the desired
frequency and that higher harmonics are generated in the acoustic signal
too. Frequencies of up to at least 80 GHz, and possibly up to 120 GHz,
are generated by this method and, therefore, the acoustic signal generated

was suitable for use in the heterodyne mixing experiments.

3.4 Fast electrical measurements

To determine how devices respond electrically to a picosecond strain pulse
it is necessary to have an oscilloscope with sufficient time resolution to
capture the fast features in the signal. In this work a Tektronix DPO71254
12.5 GHz bandwidth real-time oscilloscope and a LeCroy WaveExpert 100
H sampling oscilloscope with a 30 GHz bandwidth sampling head and a
70 GHz bandwidth sampling head were used.

Acoustic signals were generated optically in the samples, as described
in section 3.3. The acoustic wavepackets propagated across the sample to
the device in use, such as a Schottky diode or a superlattice, as shown in
figure 3.6a. The electrical set-up in figure 3.6b allowed the oscilloscope to
measure the voltage across the device as a function of time. A bias tee
was used to provide a DC bias to the device, while preventing the bias
from reaching the oscilloscope. Two broadband 20 dB amplifiers (0.3 MHz
- 14 GHz) could be included between the device and the oscilloscope to

provide 10 times or 100 times amplification of small signals.

3.5 Measuring the microwave response of de-

vices

To determine if a sample would be suitable for use in the experiments to
mix acoustic phonons with microwaves, it was necessary to know if the

sample had a sufficient response to incident microwave radiation.
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Figure 3.6: Experimental set-up for fast electrical measurements. Laser
pulses incident on the substrate side of the sample generated a strain pulse
in the sample that propagated through the substrate to the device. The
device was connected to the fast oscilloscope via a bias tee and two optional

amplifiers.

Two different methods of coupling the microwave signal into the device
were utilised. The initial method involved coupling the microwaves to the
device from free space. For this, a bow-tie antenna was integrated into
the sample design in the form of large metal contact pads. A 94 GHz
Gunn diode oscillator provided by e2v was used in conjunction with a
waveguide-fed horn antenna to launch the microwaves into free space. The
microwaves propagated through free space and the glass cryostat windows

before reaching the device to be detected.

A second method of coupling the 94 GHz signal directly into the device
by waveguide was attempted with the e2v beam-lead Schottky diode. This
method was significantly more effective at coupling the microwave power
to the device. However, as it would be difficult to get a suitable waveguide
into the continuous flow cryostat, this method was only appropriate for

room temperature experiments.

To measure the microwave response of a device when the signal was
small, a lock-in amplifier and an optical chopper were used, as shown in
figure 3.7. For free space coupling of the microwaves, the chopper was

positioned between the Gunn diode oscillator horn and the cryostat window
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Figure 3.7: Experimental set-up to use a lock-in amplifier to measure the
microwave response of a device. The microwaves produced by the Gunn
diode oscillator were incident on the sample via free space. An optical chop-
per was used to modulated the microwaves at a known frequency that was
used as the reference frequency for the lock-in amplifier. The lock-in ampli-
fier detected electrical signals present that were modulated at the reference

frequency.

48



to modulate the microwave signal by alternately blocking and not blocking
its path. The frequency of the chopper provided the reference frequency for
the lock-in amplifier. In this way, any changes in the DC component across
the device due to the presence of the microwaves could be observed. The
circuit containing a 10 k{2 resistor and two capacitors was used to create
a constant current source for the device, and also to prevent the DC bias

from reaching the lock-in amplifier.

For samples with a larger response to the incident microwaves the chop-
per and lock-in amplifier were not required. It was possible to simply ob-
serve the change in current through the device caused by the presence of
microwaves as the Gunn diode oscillator was turned on and off. The I-V
measurements described in section 3.2 could be used to measure the current
as a function of applied bias to determine the effect of the microwaves at

different applied biases.
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Chapter 4

Heterodyne detection of
optically-generated coherent

acoustic waves using a
Schottky diode

This chapter discusses heterodyne detection of optically generated acoustic
waves using a Schottky diode. This technique would allow high frequency
acoustic waves to be detected electrically with spectral resolution, ruling

out the need for a picosecond laser as part of the detection process.

First, some background on the method of heterodyne mixing is pre-
sented. In heterodyne mixing, two signals with different frequencies are
mixed to produce an output signal that contains new frequency compo-
nents. This method can be used to convert high frequency signals to lower
frequencies that can be processed more easily with currently available elec-

tronic instrumentation.

This is followed by an introduction to Schottky diodes, the intended
mixer element. Some uses of Schottky diodes as mixers are discussed here,
as they are commonly used as microwave mixer devices for multipliers and
detectors. Schottky diodes have also been shown to detect picosecond
acoustic signals (see section 2.3.2), suggesting that they are suitable for

this purpose.
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Experimental results presented in this chapter involve Schottky diode
devices grown and fabricated in the School, and their response to acous-
tic and microwave signals. A beam-lead Schottky diode provided by e2v
technologies was a more promising candidate as a mixer element due to
its greatly improved response to incident microwaves. The first results of
heterodyne mixing of microwaves with optically-generated acoustic waves

are presented along with a discussion of the mechanism.

4.1 Heterodyne mixing

Heterodyne mixing is a common technique used to generate new frequen-
cies by combining two signals that have different frequencies. To achieve
this, the mixer element must have strong non-linear characteristics. Some
examples of commonly used non-linear mixers include Schottky diodes [85],
bipolar transistors, field effect transistors [86], hot electron bolometers and
Josephson junctions [87,88]. This method of combining signals generates
frequencies, amongst others, which are the sum of the two input frequen-
cies and the difference of the two. In general, only one of these frequencies
is required and the other frequency components present are removed with

filters.

The presence of the sum and difference frequency terms in the output
signal can be demonstrated simply as follows [89]. Assume that the current-
voltage characteristics of the non-linear mixer element can be expanded as

a power series
[:G1V+CL2V2+... (41)

where [ is the current, V' is the voltage, and a; » are constants. The higher

terms in the expansion are omitted for simplicity.

Assume that two sinusoidal signals with different frequencies are applied
to the mixer element. The total voltage across the mixer element is the

sum of the two applied voltages
V = Visinw;t + Vasinwot (4.2)

where V) o are peak voltage amplitudes, w; o are two different angular fre-

quencies and t is time. The current is found by substituting equation 4.2
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into equation 4.1 and expanding to get

I = a,Visinw;t + aq Vasinwst + a2V12$in2w1t + a2V22$in2w2t

+ 2a, V1 Vasinwy tsinwst  (4.3)

This can be rewritten using trigonometric identities and rearranged to give

I= %(Vf + V2 + ay (Visinw, t + Vosinwst) — %(Vfcos?wlt + VZcos2wst)

+ as Vi Vacos(wy — we)t — agViVacos(wy + we)t  (4.4)

The first term in equation 4.4 is a direct current, while the second
term contains the frequencies present in the initial signal. The third term
contains second harmonics of the input frequencies, and higher harmonics
would also be present if terms with higher powers of V' were included in
equation 4.1. This demonstrates that non-linear mixer elements can be used
to generate higher harmonics of an input signal. This effect is commonly
used in frequency multipliers to generate high frequency signals [90]. The
last two terms contain frequencies that are the sum and the difference of the
two initial frequencies, and it is the difference frequency that is of interest

in this work.

In many heterodyne mixing applications an incoming signal is mixed
with a local oscillator of a known, fixed frequency to generate a signal
known as the “intermediate frequency”. It is the intermediate frequency
signal that contains new frequency components and is further processed
with filters and amplifiers. As the local oscillator has a known frequency,
the frequency of the incoming signal can be obtained from the intermediate

frequency.

Heterodyne mixing is commonly used in microwave communications,
as most modern receivers will employ heterodyne mixing as a method to
reduce the transmitted signal to a lower frequency signal that is easier
to amplify and further process [86]. Heterodyne mixers are also used in
sensors at microwave frequencies for a variety of applications such as space
missions, earth sensing [90], fusion plasma diagnostics [88] and radar [91,
92].

For the experiments presented in this chapter, a 94 GHz Gunn diode

oscillator was used as the local oscillator and the frequency of the incident
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acoustic signal could be varied. The lower frequency component produced
during the mixing process was required as in this way, the high frequency
signal could be mixed to a frequency band that was within the bandwidth

of the oscilloscope.

4.2 Schottky diodes

4.2.1 General background

A Schottky diode is a metal-semiconductor junction that creates a potential
barrier at the interface [93], as demonstrated in figure 4.1. Consider the case
where e, > ep, for an n-type semiconductor [94], where the work function
€dm,s is the energy required to remove an electron from the Fermi level of
the metal (Eg,,) or the semiconductor (Ep;), respectively, to the vacuum
level. As the metal and semiconductor are brought together, charge must
be transferred so that the Fermi levels align at thermal equilibrium (EF).
Electrons from the n-type semiconductor conduction band (E¢) diffuse
into the metal, leaving behind positively charged donor ions. The Fermi
level in the semiconductor is lowered by an amount eVy = e(¢,, — ¢s),
where Vj is the equilibrium contact potential. This potential, and the
associated electric field, prevents further electrons from diffusing into the
metal. Another potential barrier, with height e¢p = e(p,, — x) stops
electron injection from the metal to the semiconductor. Here the electron
affinity, ey, is the energy required to remove an electron from the bottom of
the conduction band of the semiconductor to the vacuum level. A depletion
region, Wy, is formed in the semiconductor by the presence of the positively
charged donor ions. The built-in electric field occurs across this region,
along with an associated voltage drop. The width of the depletion region

can be calculated from the Poisson equation [93] as

2¢,€9 kgT
Wy = Vo—V — 4.5
d \/eND ( 0 e ) (4.5)

where €, is the relative permittivity of the semiconductor, €, is the per-

mittivity of free space, e is the charge of an electron, Np is the donor

concentration of the n-doped semiconductor, V' is the external bias applied
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Figure 4.1: Energy band diagrams of an n-type Schottky diode with
edm > eps, where edy, s is the work function of the metal or semiconduc-
tor, respectively. When the metal and the semiconductor are brought into
contact the Fermi levels must align at thermal equilibrium. This leads to
bending of the energy bands in the semiconductor by an amount eVj, the
formation of a potential barrier e¢pp and the formation of a depletion region
Wa4. Epm,s are the Fermi levels in the metal and the semiconductor when
separate, whereas Er is the Fermi level of the Schottky diode at equilibrium.
Ec,v are the conduction and valence bands in the semiconductor and gx is

the electron affinity of the semiconductor.

to the Schottky diode, kp is the Boltzmann constant and 7' is the tem-
perature. As such, the depletion width for any given Schottky junction is
dependent on the applied bias.

When a forward bias voltage V; is applied to the Schottky barrier,
defined as a positive bias being applied to the metal, the contact potential
is reduced from Vj to (Vo — Vy) as shown in figure 4.2. A reduction in the
contact potential allows more electrons from the semiconductor conduction
band to diffuse into the metal causing a forward current to flow. When a
reverse bias voltage V, is applied, the contact potential is increased to
(Vo + V,.) and the electron flow from the semiconductor to the metal is
reduced. As the potential barrier for the flow of electrons from the metal
to the semiconductor is independent of applied bias, it is possible to increase
current flow in the forward direction but not the reverse direction and the
junction behaves as a rectifier. For an ideal Schottky diode the relationship

between the current flowing through the device, I, and the applied bias,
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Figure 4.2: Energy band diagrams of an n-type Schottky diode under dif-
ferent biasing conditions. A bias applied across the Schottky diode changes
the size of the contact potential and so changes the amount of electrons that

are able to diffuse from the semiconductor into the metal.
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V', is given by the equation
[ = Ig(e?V/ksT _ 1) (4.6)

where Ig is the reverse saturation current [93]. The non-linearity of the
current-voltage relationship allows Schottky diodes to be utilised as non-

linear mixer elements.

To create a Schottky diode from a p-type semiconductor it is necessary
that ¢,, < ¢s. To align the Fermi levels at equilibrium, holes flow from the
semiconductor to the metal, creating a positive charge on the metal side and
a negative charge in the semiconductor. The depletion region is now caused
by the presence of negative acceptor ions in the p-type semiconductor. The
potential barrier that stops holes from diffusing from the semiconductor
into the metal is given by eV = e(¢ps — ¢,,). As with the n-type Schottky
diode, the application of bias across the Schottky junction changes the
potential barrier height, varying the current that can flow through the

device.

The two other types of ideal metal-semiconductor junction do not pro-
duce rectifying contacts, that is for n-type semiconductors with ¢,, < ¢
and for p-type semiconductors with ¢,, > ¢,. To align the Fermi levels in
these junctions majority carriers are injected from the metal to the semi-
conductor. The potential barrier that forms for current flow from the metal
to the semiconductor is small and only a small voltage is required to cause
current to flow in either direction through the junction. No depletion re-
gion occurs in the semiconductor as majority carriers are accumulated in
the semiconductor to align the Fermi levels. As these junctions do not

rectify currents they can be used to form ohmic contacts.

The discussion on Schottky diodes so far has been limited to the ideal
case. In reality, there are several reasons why Schottky diodes do not follow
this ideal. One effect is due to the finite size of the semiconductor crystal.
The edge of the semiconductor crystal contains surface states, for example
due to incomplete covalent bonds, and these states can trap charges at the
metal-semiconductor interface. Another contribution is from a thin inter-
facial layer between the semiconductor and the metal, as native oxides can
form rapidly on the semiconductor surface prior to metal deposition. Car-

riers are able to tunnel through the thin interfacial layer, however it does
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have an effect on the potential barrier. Furthermore, in some compound
semiconductors such as GaAs, the presence of the interfacial layer causes
states to be present in the semiconductor band gap. These states pin the
Fermi level at a fixed position. In this case the barrier height is indepen-
dent of the metal used to form the contact, as it is the pinned states that

determine the barrier height instead of the work function of the metal [94].

The relationship between the current flowing though a Schottky diode
and the applied bias given in equation 4.6 was for the case of an ideal metal-
semiconductor junction. In the case of realistic diodes this relationship can
deviate from the ideal behaviour. An ideality factor « is then included to

account for this, and the expression becomes
I = Ig(e?V/oksT ) (4.7)

where the ideality factor, «, can have a value between 1 and 2 [93]. For an
ideal diode o = 1 and equation 4.7 becomes identical to equation 4.6. There
are several mechanisms that can cause the deviation from the ideal case,
but the main one is the generation and recombination of carriers in the
depletion layer. In general the ideality factor is larger for p-n diodes, those
formed with a layer of n-doped material and a layer of p-doped material,
as these effects are much greater. For Schottky diodes it is typical for the

ideality factor to be closer to 1.

Schottky diodes are known as “majority carrier devices” as forward cur-
rent flow through the device is due to majority carriers from the semicon-
ductor being injected into the metal. Injection of majority carriers is faster
than that of minority carriers, so these types of device are often chosen for

fast switching speeds and therefore high frequency applications [94].

4.2.2 Schottky diodes used as microwave mixers

Schottky diodes have been used extensively as multipliers and mixers for
electromagnetic signals up to the terahertz range. They find uses in a
wide range of research fields such as astrophysics, atmospheric and plane-
tary monitoring applications [90] and plasma diagnostics in nuclear fusion
research [88]. Schottky diode detectors have been used on several space

missions, including the Herschel Space Observatory and the Rosetta mis-
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sion. A significant advantage of Schottky diodes over alternative mixer
elements such as superconductor-insulator-superconductor junctions and
hot electron bolometers is the ability to use them at ambient tempera-
ture. This avoids the expense, size and weight associated with cooling the
mixer to cryogenic temperatures, which is often critical on space missions
and satellites. Planar Schottky diodes are also compact and mechanically

robust, while being relatively simple to integrate into larger sub-systems.

Schottky diodes are used in both frequency multipliers and mixers in
this frequency range. It can be difficult to generate local oscillator signals
at the desired frequencies, so frequency multipliers are used to achieve high
frequencies by generating the higher harmonics of a microwave source such
as a Gunn diode oscillator [90]. Heterodyne mixers are used to down-

convert incoming signals to frequency bands that can be easily processed.

4.3 Preliminary work on Schottky diodes de-

tecting acoustic and microwave signals

Two sets of planar Schottky diode devices were fabricated from wafers
grown within the University of Nottingham by molecular beam epitaxy
(MBE). These were tested for their ability to detect both acoustic and
microwave signals. The two sets of devices produced qualitatively similar
results; the Schottky diodes successfully detected acoustic signals but had

a poor response to incident microwaves.

4.3.1 Device structures
Mn659 structure

The Mn659 sample comprised of a single 300 nm thick layer of n-doped
GaAs (n = 2 x 107 cm™3) grown by MBE on a semi-insulating GaAs
substrate, as shown schematically in figure 4.3. This layer was fabricated
into one mesa per device, shaped like a triangle with one rounded point,

as shown in the microscope image in figure 4.4. A large trapezium-shaped
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Figure 4.3: Schematic diagram of a Schottky diode fabricated from the
Mn659 wafer. Mesas were etched from the n-doped GaAs layer. An annealed
ohmic contact and an abrupt Schottky contact were both formed on the top
of the mesa. The undoped 18 period GaAs/AlAs superlattice on the back of

the substrate was protected during processing.

ohmic contact was made on top of each mesa and a small Schottky contact
was formed on the mesa at the curved end. The Schottky contact was
connected to a large truncated triangular metal pad to form the second
half of a bow-tie antenna, intended to couple in incident microwaves. A
superlattice was grown on the reverse of the sample, which was included
to act as a filter for acoustic frequencies generated at the back face of
the sample, to aid in producing a quasi-monochromatic acoustic signal
for mixing experiments. The superlattice was undoped, with 18 periods of
49 nm AlAs barriers and 13 nm GaAs wells. This superlattice was protected
with photoresist during processing to maintain a good quality surface for

optical generation of coherent phonons in later experiments.

Mn'744 structure

To make improvements to the Mn659 structure, a new sample was grown
by MBE and a new mask was designed to alter the fabrication process. A
schematic diagram of the Schottky diodes fabricated from Mn744 is shown
in figure 4.5. Two doped layers were grown on a semi-insulating GaAs
substrate. Initially 500 nm of n-doped GaAs (n = 5 x 10'® cm™3) was
grown onto the substrate, as the higher doping concentration allows for

the formation of a good ohmic contact. The second layer of 100 nm of
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Figure 4.4: Microscope image of a Schottky diode fabricated from the
Mn659 wafer. The mesa is visible as a black outline on the left-hand side
of the image with the small Schottky contact and larger annealed contact
formed on top of the mesa. The right-hand part of the antenna is deposited

on the semi-insulating GaAs substrate.

n-doped GaAs (n =5 x 10'7 cm™3) had a lower doping concentration for
the formation of the Schottky contact. In this structure the superlattice
used in the previous Mn659 sample was omitted for simplicity during the

initial characterisation of the devices.

The devices were formed by etching through both doped layers to create
one triangular mesa per device, in a similar method to the Mn659 devices
and shown schematically in figure 4.5. In this new structure, most of the top
layer was removed from each mesa to allow the ohmic contact to be formed
to the layer with higher doping concentration. A SiO, dielectric layer was
deposited in a thin film by thermal evaporation to electrically insulate
the etched side of the mesa before the Schottky contact and associated
triangular bonding pad were deposited. The mask was designed such that
Schottky contacts of 4 different diameters were created: 10pm, 30 pm,
60 pum and 100 pm. This was to allow the fabrication of devices with a
range of capacitances. A microscope image of a completed device is shown
in figure 4.6. The left-hand contact is the ohmic contact on top of the
mesa. The circular contact is the Schottky contact and the green area is

the SiO, insulating layer.
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Figure 4.5: Schematic diagram of a Schottky diode fabricated from the
Mn744 wafer. Mesas were etched such that an ohmic contact could be made
to the higher doped n-layer and a Schottky contact could be made to the
lower doped n-layer. A SiO, layer was deposited to insulate the edge of
the mesas and the contacts were fabricated as bow-tie antenna to couple in

incident microwaves.

Figure 4.6: Microscope image of a Schottky diode fabricated from the
Mn744 wafer. The left-hand part of the bow-tie antenna is the ohmic contact
and the 30 pm diameter Schottky contact is the circular area attached to the
right-hand part of the bow-tie antenna. The green coloured rectangle is the

SiO, insulating layer.
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4.3.2 Device characterisation

The current-voltage (I-V) characteristics of the Schottky diodes fabricated
from the Mn659 and Mn744 wafers were investigated by applying a voltage
to the device and measuring the voltage drop across a series resistor to
determine the current. These measurements were taken in a continuous
flow cryostat at a temperature of 4 K as later experiments required the
low temperature to reduce the scattering of acoustic phonons caused by

thermal phonons. The results of the I-V measurements are shown in figure

4.7.

The Mn659 device has a turn on voltage of ~ 0.7 V and a series resis-
tance of 175 2. The Mn744 device turns on at ~ 0.6 V and has a series
resistance of 37 2. The lower resistance for the Mn744 devices is likely
to be due to the improved ohmic contact. The reverse breakdown volt-
age differs most between the two diodes. The Mn659 device has a reverse
breakdown voltage of ~ -5 V, while the Mn744 diode is much more leaky,
with a reverse breakdown at ~ -2 V. This is in part probably due to the
reduced resistance of the device, while the different doping of the n-doped
semiconductor used to form the Schottky barrier and a difference in the
fabrication method could have made a change to the barrier height. In-
terface states can have a big effect on the characteristics of a Schottky
junction, and these states can vary greatly with surface preparation [95].
With mixing experiments performed in forward bias, the reduced reverse
breakdown of the Mn744 devices compared to the previous devices should

have little effect on the device’s ability to perform as a mixer element.

Devices fabricated from both wafers demonstrate a strongly non-linear
relationship between the current and the voltage, which is required for mix-
ing. The turn-on point in the forward bias regime has the most pronounced
non-linear feature in the characteristics shown in figure 4.7, and so gives the

best region of operation of these diodes for potentially observing mixing.
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Figure 4.7: 1-V characteristics of Schottky diodes fabricated from wafers
Mn659 and Mn744. Both devices display strongly non-linear characteristics,

which are essential for mixer elements.
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Figure 4.8: Acoustic signal detected by a Schottky diode fabricated from
the Mn744 wafer. The initial peak is the optical breakthrough, while the later
peaks are acoustic signals. Multiple peaks are observed due to reflections

within the sample.

4.3.3 Detecting acoustic signals

To test the response of both sets of Schottky diode to incident acoustic
signals, the samples were mounted in an optical access flow cryostat and
cooled to a temperature of 4 K. A pulsed femtosecond laser was used to
generate acoustic signals in an Al film thermally evaporated onto the back
of the substrate of the samples. The acoustic signal propagated across the
substrate of the sample to the Schottky diode. Changes in the voltage
across the device caused by the presence of the strain pulse were measured

by a fast oscilloscope as described in section 3.4.

The devices fabricated from the two different wafers behaved in quali-
tatively the same way, so results for only the Mn744 sample are presented
here. The main difference between the acoustic signals detected in the two

samples was the arrival time ¢, of the acoustic signal at the Schottky diode
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and this was due to the difference in thickness of the two samples. The
magnitudes of the detected signals for the two devices were very similar.
This is not surprising, based on the I-V characteristics. The resistances of
the two types of device were a little different, but largely the devices could

be expected to behave in the same way.

The acoustic signal detected by the Mn744 Schottky diode is shown
in figure 4.8. The initial peak is the optical breakthrough, caused by the
Schottky diode responding directly to the laser pulse. The peak at time
to = 73.7 ns later than the initial optical response is the first acoustic signal
after propagation across the substrate of the sample. With longitudinal
sound velocity in GaAs vggas = 4780 ms™? [68], this time corresponds to
an acoustic pulse crossing a thickness of approximately 352 pm of GaAs.
The following peaks are separated in time by 2ty intervals and this is due
to the acoustic wavepacket reflecting from the sample/air interfaces at the
top of the device and the back of the substrate to be detected again by the
Schottky diode. These reflections are expected and have been observed in

previous work [47].

To investigate the bias dependence of the acoustic signal a range of DC
voltages were applied to the Schottky diode via a bias tee, and the voltage
across the Schottky diode was recorded on a fast oscilloscope. The results
for the Mn744 sample with negative applied bias are shown in figure 4.9.
The shape of the detected acoustic signal is complicated due to the struc-
ture of the Mn744 device containing several layers, as shown schematically
(and not to scale) in figure 4.5. However, it is clear that there is little
change to the timing of the detected signal with applied bias, suggesting

that the strain-sensitive region of the device is fixed in position.

This is different to the previous work by Moss et al. in which they
observed a definite shift in time of the peaks in the acoustic signal due to
the applied negative bias [47]. The observed signal was simpler, due to
the reduced complexity of the Schottky diode device. The observed shift in
time of the acoustic signal was ~ 40 ps at -5 V applied bias, with the initial
part of the signal arriving earlier for larger applied negative bias and the
later part of the signal, that which had reflected back to the device from the
top surface of the sample, arriving later. This shift in time was attributed

to the change in width of the depletion region with applied bias, as given
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Figure 4.9: Bias dependence of the temporal response of the Mn744 Schot-
tky diode for a range of applied negative bias. The shape is complicated,
containing many peaks due to the complicated structure of the device with
multiple reflections of the acoustic pulse from different layers. Electrical
ringing is also present after the initial strain pulse. Applying a larger bias
reduces the magnitude of the acoustic signal but has little effect on the shape

or timing.

in equation 4.5. This lead to the conclusion that the main contribution
to the acoustic signal measured in the work by Moss et al. was from the

depletion region edge.

The Mn744 device discussed in this thesis is potentially detecting acous-
tic signals at two distinct fixed boundaries. The acoustic wavepacket prop-
agating across the substrate initially encounters the boundary between the
two different n-doped GaAs layers. These have an order of magnitude
difference in the nominal doping concentration, leading to a step change
in the carrier concentration between the two layers. Second, the acoustic
wavepacket encounters the semiconductor-metal interface of the Schottky
diode itself. These boundaries are separated by only 100 nm of GaAs.

Using vgqas = 4780 ms™! [68] the time for the acoustic signal to travel
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interfaces

Figure 4.10: Layers in the Mn744 structure that lead to reflections of
the acoustic wavepacket and the features observed in figure 4.9. The first
response ‘a’ occurs as the wavepacket travels towards the surface of the

sample. Reflections from different layers lead to further features in the signal.

100 nm in GaAs is only 21 ps. The difference in time is sufficiently small
that it is likely that the measurement system cannot resolve separate peaks
from these two interfaces and they are combined in the initial part of the
response seen at 73.7 ns in figure 4.9. Any change in the signal due to the
movement of the depletion region edge would be small, as it could only
vary by 100 nm before the top layer with the lower doping concentration

became fully depleted. This effect cannot be significant in this sample.

The proposed mechanism for detection is still the deformation potential
as in the work by Moss et al. [47]. The presence of strain in the semiconduc-
tor material causes a change to the lattice spacing and hence also changes
the band energies of the semiconductor. In a region of non-uniform charge
density the carriers redistribute spatially to screen the perturbation and

this leads to a transient current in the Schottky diode.

After the acoustic wavepacket has reached the top of the GaAs layer,
it will continue to propagate to the top of the device through the different
materials deposited on the GaAs as shown in figure 4.10. The area around
the Schottky contact has been coated with a dielectric layer, while the
Schottky contact itself is formed of a thicker layer of Ti/Au. Thus, there
are at least two possible times for the acoustic signal to reach the top of

the device and reflect back towards the detecting interfaces.
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The features around point ‘c’ in figure 4.9 are likely to be the reflection of
the initial signal at point ‘a’, after the acoustic wavepacket has reached the
top of the Au contact and been reflected back to the detecting region with a
7 phase shift. Using the speed of longitudinal sound in Au v, = 3360 ms™*
2], this time corresponds to a thickness of 650 nm of Au. During the Au
deposition the target thickness was >500 nm. As the deposition rate was
not accurately calibrated, it is reasonable to assume that the thickness of
the Ti/Au contact is indeed 650 nm.

For good electrical contact between the Schottky contact and its associ-
ated triangular bond pad, it was necessary that the metal contact layer was
thicker than the dielectric layer, which was estimated to be in the region of
300 nm thick. As the dielectric film is thinner than the metal layer and the
acoustic velocity is higher in the dielectric [2,96], the acoustic reflections
from the top of the dielectric layer would arrive back at the detecting region
earlier than those from the top of the Au layer, and account for some of
the structure seen between points ‘a’ and ‘c’. Due to the processing meth-
ods, there is also a region in which the metal layer was deposited over the
top of the dielectric. This region will contribute to some of the structure
observed after point ‘c’, along with any multiple reflections between the

various layers.

An intriguing effect is seen at point ‘b’, in which there appears to be
a change in sign in the signal between the zero bias trace and those with
negative applied bias. None of the other peaks exhibit this behaviour.
The timing of this feature at point ‘b’ is exactly half way between points
‘a’ and ‘c’, suggesting that this is due to the strain pulse reaching the free
surface of the Au. It is possible that the surface displacement caused by the
strain pulse is also leading to a carrier redistribution due to the deformation
potential. This effect has not been studied in detail here, but could lead

to an interesting study as part of further work.

4.3.4 Microwave response of devices

The microwave response of devices fabricated from both Mn659 and Mn744
was measured in the continuous flow cryostat at a temperature of 4 K. A

Gunn diode oscillator with a horn antenna acted as a source of 94 GHz
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microwaves, which propagated through free space to the Schottky diode
device via the optical access of the cryostat. As the measured signal was
only small, a lock-in amplifier and an optical chopper were required as
described in section 3.5. The signals observed on the lock-in amplifier were
on the order of tens of microvolts, which was insufficient to perform the

mixing experiments with a reasonable signal-to-noise ratio.

The poor response of these devices to incident microwaves is due to the
fact that the bow-tie antenna were fabricated directly onto the GaAs sub-
strate. GaAs has a high static dielectric constant of 12.5 [97]. At microwave
frequencies, high dielectric materials are not commonly used as substrates
for antenna. The large metal contact separated from a ground plane by
a dielectric leads to the formation of a parallel plane waveguide type of
structure. In this case, the ground plane was on the sample holder that
the devices were mounted to. The incident microwave signal coupled into
the antenna from free space is then largely converted to substrate modes
within the high dielectric substrate, and this makes the antenna ineffec-
tive at coupling the microwave signal into the circuit [98]. Patch antenna
for use at these frequencies are often made on materials such as quartz
or Teflon-based substrates with a much lower dielectric constant in the
range 2.6 - 3.5 [99,100], in which the substrate modes are less pronounced.
Examples of microstrip patch antenna fabricated on high dielectric mate-
rials such as Si (¢, = 11.7) do exist, but typically the substrate beneath
the antenna has been etched or machined away to create a lower effective
dielectric constant [101,102].

Alternative methods of creating an antenna were considered, such as
fabricating the antenna on a separate quartz substrate and coupling the
received microwave power into the device via bond wires. These fabri-
cation methods were more complicated, and were not certain to improve
performance due to other losses in the system, such as in the bond wires.
A significantly more effective way of coupling in the microwaves would be
through a waveguide, instead of via free space. However, the practical-
ities of getting an appropriate waveguide down the cryostat cabling is a
challenge. Performing the experiments at room temperature is not feasible
for the detection of the acoustic signal in these samples. With substrate
thicknesses in the region of 350 pm the attenuation of the acoustic phonons

would be too great at room temperature.
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4.4 Beam-lead Schottky diode

A beam-lead Schottky diode was provided by e2v, which had been designed
as a microwave mixer for use with a 94 GHz local oscillator. It was mounted
in a W-band waveguide circuit that provided a much better efficiency for
coupling microwaves into the device compared to coupling through free
space. The beam-lead Schottky diode was found to be sensitive to acoustic
signals, as well as having a large response to the incident microwaves. The
first results for mixing acoustic phonons with microwaves were obtained

and are presented in this chapter.

4.4.1 Device structure and characterisation

The beam-lead Schottky diode was provided by e2v at the Microwave
Technology Centre in Lincoln, and had the structure shown schemati-
cally in figure 4.11. The semiconductor sample consists of an n-doped
GaAs substrate (n = 3 x 10'® cm™3), a 4pm thick n-doped GaAs buffer
layer (n =4 x 10'® ¢cm™3) and a 120 nm thick n-doped GaAs active layer
(n =1 x 10" cm™3). As the semiconductor chip is only 100 pm x 100 pm
and it is also very thin, the device is contained in a glass moat for struc-
tural stability. The back surface of the substrate was etched until the GaAs
was thinner than the glass moat, leaving a total GaAs thickness typically
in the range 10-15pm. The Schottky and ohmic contacts were formed by
thermal evaporation of the contact metals and electroplated gold beam-
leads were fabricated. The Schottky contact has a diameter of 3 pm and
has been Au plated to approximately 2 pm thick. There is a 700 nm thick

Si0, passivation layer on the active surface of the device.

The basic characteristics of the beam-lead Schottky diode were mea-
sured by e2v. The junction capacitance is ~ 1 fF and the parasitic capac-
itance is &~ 20 fF, making the total capacitance of the device =~ 35 fF. The
series resistance of the device is 4 €2, and the ideality constant «, defined

in equation 4.7, is ~ 1.1.

A microscope image of the beam-lead Schottky diode is shown in figure

4.12a. The GaAs chip is the lighter square in the centre of the image,
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Figure 4.11: Schematic diagram of the beam-lead Schottky diode provided
by e2v. A thin n-GaAs substrate with n-GaAs epilayers was supported by
a glass moat. Ohmic and Schottky contacts were formed to different layers

of GaAs and the beam-leads were gold plated.

surrounded by a glass moat. The two gold contacts are gold plated beam-
leads that extend beyond the edges of the glass moat. The Schottky contact
is the smaller contact on the right-hand side of the image, while the ohmic

contact is the much larger contact on the left-hand side.

The Schottky diode was mounted in a microwave circuit, shown in fig-
ure 4.12b, with a W-band waveguide to allow for efficient coupling of mi-
crowaves to the device and an SMA port for DC and low frequency mea-

surements.

The I-V characteristics of the beam-lead Schottky diode were found
using a similar set-up to the one described in section 3.2. A 10 k2 resistor
was used as a current limiter to protect the diode from potentially damaging

currents and only the forward voltage characteristics were investigated.

The I-V characteristics shown in figure 4.13 were taken with the 94 GHz
microwave local oscillator (LO) source turned off and turned on. The LO
signal was incident on the sample via an attenuator, tuned to give an out-
put power of +10 dBm, followed by a W-band waveguide. With no L.O
present the device behaves as a typical diode with a turn on voltage of
~ 0.6 V. When the 94 GHz LO is applied to the device the I-V character-
istics are quite different, with a significant flow of current at biases below
the usual turn-on point of 0.6 V. This demonstrates the strong effect of

the microwaves on the behaviour of the diode. The presence of the L.O
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(a) Microscope image of the (b) Microwave circuit with
beam-lead Schottky diode. beam-lead  Schottky  diode

mounted.

Figure 4.12: The Schottky diode provided by e2v was formed on a square
chip of GaAs supported in a glass moat. The diode was mounted in a
microwave circuit with a W-band waveguide to couple in microwaves and an

SMA port for DC and low frequency signals.

causing a current to flow in the Schottky diode with no applied bias shows
that the diode is rectifying the LO signal. The I-V curve now extends into
the negative bias range, despite only applying a positive bias to the device
from the voltage source. This indicates how much negative bias must be
supplied by the voltage source to have zero current flowing in the Schottky

diode in the presence of the LO.

4.4.2 Detecting acoustic signals using a beam-lead
Schottky diode

The response of the beam-lead Schottky diode to picosecond acoustic sig-
nals was tested at room temperature using the method described in section
3.4. Initially, laser pulses with a wavelength of 800 nm were incident on
the back face of the GaAs sample with no cavity present. This generated
a broad frequency strain pulse that propagated across the thin substrate,
which was known to be in the region of 10-15pm due to the device fabri-
cation method. The strain pulse travelled to the Schottky diode and then
caused a change in the voltage across the diode that was measured on the

oscilloscope.
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Figure 4.13: I-V characteristics of the beam-lead Schottky diode with and
without the effect of the microwave local oscillator (LO). With the LO off,
the I-V characteristics are those of a typical Schottky diode. With the L.O
on, a current is induced in the circuit, demonstrating the large response of

this device to microwaves.
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The acoustic signal measured by the oscilloscope is shown in figure 4.14.
The large initial pulse (peak ‘a’) is the optical breakthrough, and is caused
by a fraction of the 800 nm light passing through the GaAs to be directly
detected by the Schottky diode. The following 3 signals (peaks ‘b’ - ‘d’)
are acoustic signals. The time between the pulses ¢y = 2.3 ns corresponds
to acoustic signals travelling approximately 11pm in GaAs, which falls
within the expected range of 10 - 15 um for the thickness of the sample.
This method of acoustically probing the sample allows the thickness of the

GaAs to be measured by a non-destructive method.

In the previous work by Moss et al. [47], and the results for the Mn744
Schottky diode presented in section 4.3.3, the initial acoustic signal was at
a time %y that corresponds to one trip across the substrate of the sample.
Subsequent reflections were observed at intervals of 2¢y as the acoustic
signal had to make a round trip of twice the thickness of the substrate
before being detected again by the Schottky diode. These samples had
substrate thicknesses in the range 350-380 pm.

With the beam-lead Schottky diode sample there are extra acoustic sig-
nals present, as a signal is observed at intervals of only ty. These unexpected
reflections (such as peak ‘c’ in figure 4.14) are caused by an acoustic pulse
that is generated on the far side of the sample. The combination of the thin
substrate of only 11 pm and the low absorption coefficient for 800 nm light
in GaAs allows a fraction of the incident laser light pulse to pass through
the sample. It was found that 1.5% of 800 nm light incident on a 17 um
thick piece of GaAs was transmitted through the entire thickness of the
sample. As the GaAs in the beam-lead sample is only 11 pm thick, a larger
fraction ~ 5% of incident light could be transmitted to the far side. As
such, an acoustic wavepacket is generated at the far side of the sample at
almost the same time as an acoustic wavepacket is generated at the near
side. Although only 5% of the laser light intensity reaches the metal at
the far side of the sample, generation of strain in metals is very efficient
allowing the production of a strain pulse that is comparable in size to the
one generated in the almost transparent GaAs. Acoustic signals are then
observed at even multiples of ¢y (peak ‘c’) as well as the expected ones at
odd multiples of ty (peaks ‘b’ and ‘d’). A similar effect was observed by
Tas and Maris [3], in work where strain pulses induced optically in a metal

film caused hot electrons to propagate to the far side of the film to generate
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Figure 4.14: Acoustic signal detected by the beam-lead Schottky diode
after propagation through the substrate. The initial pulse ‘a’ is the optical
breakthrough and the later pulses are acoustic signals. Peak ‘b’ is the initial
acoustic signal after propagation once across the substrate and peak ‘d’ is
due to the same acoustic pulse after a round trip of the substrate caused by
reflections at the surfaces. Peak ‘c’ is an unexpected peak due to an acoustic

signal generated at the Schottky diode side of the sample.
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Figure 4.15: Zoomed-in view of acoustic signal detected by the beam-lead
Schottky diode. The acoustic signal is the initial peak, with a width of 24 ps.
The following ringing is electrical ringing set up in the circuit. This ringing

comprises of 3 frequencies, as shown in the inset Fourier transform graph.

the additional acoustic wave at the film/substrate interface.

The acoustic signal detected by the beam-lead Schottky diode is shown
in greater detail in figure 4.15. A sampling oscilloscope with a 70 GHz
head was used for these measurements. The initial peak is the acoustic
signal, with a width of 24 ps. The ringing following the initial peak is
electrical ringing in the circuit, and the Fourier transform in the inset of
figure 4.15 shows that this ringing is comprised of three frequencies that
are harmonically related. This is probably due to a resonance or reflections

set up in the waveguide circuit and is not of interest in this work.

When generating the acoustic signal with 800 nm wavelength light di-
rectly in GaAs, the acoustic signal observed is not a bipolar signal, in con-
trast with much of the literature about generating acoustic signals [1,8,47].
In general, to generate short duration strain pulses it is typical to use radi-

ation that is weakly penetrating in the desired material, with penetration
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depths on the order of 10s of nanometers [1]. The acoustic wavepacket
is generated some distance into the sample and a portion travels back to
the sample/air interface where it is reflected with a phase-shift of m, which
causes the expected bipolar shape. By generating the acoustic wavepacket
directly in the GaAs substrate with 800 nm light, as in this case, the optical
radiation cannot be described as “weakly penetrating” as the penetration
depth is on the order of a micron [103]. Indeed, a fraction of 800 nm laser
light incident on a 17 pm thick piece of GaAs was detected after propaga-
tion through the entire sample. The strongly penetrating radiation will,
in general, give a low frequency acoustic signal due to the large area over
which the optical energy is absorbed. However, the dominant part of the
acoustic signal is caused by a sharp step change in the optical absorption
at the air/sample interface. The presence of this step change leads to the
generation of high frequency acoustic components. As these high frequency
components are only generated at the surface, they do not form a bipolar
signal. A very low frequency signal may be generated further into the ma-
terial, which is reflected from the sample/air interface to form a bipolar
pulse, but this is not observed in figure 4.15. It may be present, but with
too low an amplitude to be distinguished from the electrical ringing that

follows.

A comparison can be made to generation of the acoustic wavepacket
using weakly penetrating 400 nm wavelength light, as shown in figure 4.16.
The blue trace shows more of a bipolar characteristic, though this may be
partially masked by the large electrical ringing present. This more bipolar
shape is to be expected, as the strong absorption of this wavelength of light
in GaAs will allow the generation of a picosecond strain pulse at a small
distance into the sample that can then be reflected from the surface to
form a bipolar pulse. The peaks in the two different traces in figure 4.16
have almost identical widths, which are roughly the same as the widths
of the following electrical ringing peaks. This suggests that the rise time
of the signal from the beam-lead Schottky diode is being limited by the

measurement system.

Generating short duration acoustic signals with strongly penetrating
light has been investigated both theoretically and experimentally by Ba-
bilotte et al. [7]. High frequency acoustic components are always generated,

even in the case of strongly penetrating radiation, often providing only a
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Figure 4.16: Comparison of the acoustic signal detected by the beam-
lead Schottky diode when exciting the substrate with 800 nm and 400 nm
wavelength light. For generation with strongly penetrating 800 nm light the
signal is not bipolar. The weaker penetrating 400 nm light generates an

asymmetric bipolar signal.
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small contribution to the overall acoustic spectrum. The highest frequen-
cies are generally difficult to detect by conventional pump-probe methods
due to the penetration depth of the optical probe radiation causing the
detection of the acoustic signal to occur over an extended region of space,
leading to a broadening of very fast signals. As such, the probe radiation
needs to be very weakly penetrating to detect over the smallest range possi-
ble. Pump-probe experiments with pump wavelength of 780 nm and probe
wavelength of 390 nm produced roughly Gaussian signals with a width of
~ 6 ps. These are similar in shape, but with a narrower width, to the
signals observed with the beam-lead Schottky diode. As the width of the
acoustic pulse in figure 4.15 is limited by the measurement system the true

width of the peak could be much narrower.

The bias dependence of the acoustic signal detected by the beam-lead
Schottky diode was investigated in figure 4.17. As measurements were only
performed under the application of forward bias to avoid the possibility of
damaging the diode provided by e2v, it is then difficult to make a direct
comparison to previous published work that investigated the effect of re-
verse bias [47]. The observed signal from the beam-lead Schottky diode
contains a large amount of electrical ringing as already seen in figure 4.15
and the signal now appears further frequency limited by the measurement

system due to the inclusion of the bias tee.

There are no features in the observed signal caused by the acoustic
pulse reflecting from the top surface of the sample and passing through
the detection region a second time, in contrast with the complicated signal
obtained from the Mn744 Schottky diode sample. The beam-lead device
has 2.0£0.5 pm of electroplated Au on top of the Schottky contact, so a
reflection from the top surface of the sample would occur approximately
0.75-1.25 ns later than the initial signal, during the time window marked
by an arrow on figure 4.17. The Mn744 sample was mounted such that
the top surface of the device was free standing, and there is a very strong
mismatch between the acoustic impedance of Au and air or vacuum [104],
allowing strong reflections of the acoustic signal. The beam-lead Schottky
diode is mounted face down in the circuit with Au epoxy, but this is only
under the beam-leads themselves. The top surface of the plated Au is still

likely to be in contact with air.
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Figure 4.17: Bias dependence of the acoustic signal detected by the beam-
lead Schottky diode. No reflection from the top of the device is observed, the
time for this would be in the region marked with the arrow. A larger applied
forward bias leads to a reduction in signal magnitude for both the acoustic
signal and the following electrical ringing. The data is strongly rise-time

limited by the measurement system.
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The absence of an acoustic reflection in figure 4.17 could be attributed
to the surface of the Au plate over the beam-lead Schottky diode area. The
grain size in the electroplated Au gives the beam-lead sample a relatively
rough finish compared to that of the thermally evaporated Au on the Mn744
device. Without a smooth top surface to the Au it is possible that there
is no substantial specular reflection from the top surface of the Au plate
directly over the Schottky contact. The signals caused by reflections of the
acoustic pulses observed in figure 4.14 were probably due to the acoustic
pulse reflecting from the relatively smooth GaAs surface and not the rough

Au surface.

The application of bias has the effect of reducing the magnitude of
both the acoustic signal detected by the beam-lead Schottky diode and the
following electrical ringing. Little change in timing is observed with change
in applied bias, similar to the bias dependence of the Mn744 device. In
forward bias the depletion width is reduced as demonstrated in equation 4.5
and it is likely that the detection is taking place at the semiconductor-metal

interface of the Schottky diode, again due to the deformation potential.

The semiconductor-metal interface of the Schottky diode has a thickness
on the scale of atomic dimensions, that is ~ 5 A [93]. Therefore, the detec-
tion region in the Schottky diode is much smaller than that in most optical
pump-probe experiments, which is typically in the range 20-30 nm due to
the absorption length of the probe beam radiation in the sample [1,105]. As
such, it should be easier to detect the weak high frequency acoustic com-
ponents generated by strongly penetrating laser radiation using a Schottky
diode, as the acoustic signal is not broadened by detection over a relatively

large distance.

The limiting factors in the results presented in this thesis are the ex-
ternal circuit and the measurement system. As the signal detected by the
oscilloscope is clearly frequency limited, the internal processes of the device
are too fast for the existing measurement set-up to accurately reproduce.
This should not affect the heterodyne mixing experiments, as these utilise
the fast internal processes of the diode to mix the two applied signals to
produce an intermediate frequency signal in the frequency range that is

easily detected by the current measurement system.
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The effect of the presence of microwaves on the temporal profile of the
acoustic response was investigated by performing the same experiment with
the Gunn diode oscillator turned on, with the microwaves coupled to the
device via the W-band waveguide circuit. The only noticeable effect on
the voltage measured across the beam-lead Schottky diode was a slight
reduction of the magnitude of the acoustic response. This is consistent
with the fact that the rectification of the microwaves by the Schottky diode
causes a change in the operating point of the diode. This rectification of
the microwaves is equivalent to applying a larger bias across the Schottky
diode, which has been shown in figure 4.17 to reduce the magnitude of the

detected acoustic signal.

4.4.3 Heterodyne mixing of optically-generated acous-

tic waves using a beam-lead Schottky diode

Heterodyne mixing experiments were performed using the e2v beam-lead
Schottky diode at room temperature. Quasi-monochromatic acoustic sig-
nals, with centre-frequency fy, were generated by modulation of the laser
beam by the Fabry-Perot etalon as discussed in section 3.3.2. The elec-
tromagnetic local oscillator (LO) signal was provided by a Gunn diode
oscillator and coupled to the beam-lead Schottky diode via a waveguide.
The local oscillator frequency, fro, was 94 GHz. A constant DC bias was
applied to the Schottky diode via a bias tee. The voltage across the Schot-
tky diode was measured using a 12.5 GHz bandwidth real-time oscilloscope
and the Fourier transform of the signal was taken to determine the inter-

mediate frequency, frr, produced.

It was not possible to see evidence of mixing in the temporal signal as
the Gunn diode oscillator and the pulsed laser were not phase-locked. Any
IF' components present in the detected signal did not have a constant phase
relationship between signals produced by different laser pulses. Averaging
in the temporal regime caused the IF components to cancel out with one
another. Instead, the Fourier power spectrum of each temporal trace was

taken and these were averaged together.

To provide evidence of mixing, the distance between the cavity mirrors
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was adjusted to change the centre frequency (fy) of the narrow-band acous-
tic signal. With a fixed LO frequency this should cause a change in the
intermediate frequency detected, frr. To be able to detect f;r using the
12.5 GHz bandwidth real-time oscilloscope, the cavity spacing needs to be
set such that f;y is within the range

(fro —12.5 GHz) < mfy < (fro + 12.5 GHz) (4.8)

where m is an integer, all frequencies are in gigahertz and 12.5 GHz is due to
the bandwidth of the oscilloscope. As the acoustic wavepackets generated
include frequency components at the second harmonic with a reasonable
amplitude, it is possible to perform the mixing experiments with either the
fundamental frequency (m = 1) or the second harmonic frequency (m = 2).
The acoustic frequency m fy that is to be mixed with the LO must be within
12.5 GHz of fro such that the IF component generated at the difference
frequency will be within the bandwidth of the oscilloscope.

Results from these heterodyne mixing experiments are presented in fig-
ures 4.18 and 4.19. Two sets of data are discussed, one in which the second
harmonic of the acoustic signal generated in the sample was mixed with

the LO, and one for the fundamental acoustic frequency.

Mixing with the second harmonic acoustic frequency

The first evidence of mixing a quasi-monochromatic acoustic signal with
a microwave LO is demonstrated in figure 4.18. In this case, the cavity
spacing was set to generate frequencies fy from 41-52 GHz. This leads to
a strong frequency component in the acoustic signal in this range, but also
a significant component at the 2nd harmonic, 2f,. The frequency range of
the second harmonic is 82-104 GHz, which when mixed with the 94 GHz
LO signal produces intermediate frequencies, fir = (2fy — 94 GHz), which
fall within the bandwidth of the oscilloscope. The Fourier transform of
the intermediate frequency signal is plotted for different cavity spaces and

hence different values of fj.

A clear peak is observed in the IF signal that shifts in frequency for
different values of f;. The zero on the frequency axis corresponds to

2fo = fro = 94 GHz. Negative and positive intermediate frequencies cor-
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Figure 4.18: Results for heterodyne mixing of a microwave local oscilla-
tor signal of frequency 94 GHz, with the 2nd harmonic acoustic signal of
frequency 2fy using a beam-lead Schottky diode. The Fourier transform of
the IF signal measured across the Schottky diode is shown for a range of
acoustic frequencies 2 fy. The values of fy are marked on the corresponding

peaks.
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respond to an acoustic signal with centre frequency 2f, that is less than

and greater than the 94 GHz LO frequency, respectively.

The width of the peaks in the IF are &~ 1 GHz, and are fairly constant for
all values of fy. The amplitude of the peaks for different f;,, however, are not
constant. One effect accounting for this is the fact that the passband of the
measurement system will not be uniform. This includes the oscilloscope,
cabling, bias tee and amplifiers. The passband will behave as a low pass
filter, with the signal transmission rolling off towards higher frequencies.
The peaks for larger difference frequency are closer to the edge of the
system’s passband and so their amplitude is reduced relative to those with
a lower difference frequency. This can be seen quite clearly in figure 4.18,
with the peaks closer to zero having larger amplitude than those near to

the edges of the graph.

Another trend observed in the amplitude of the peaks is that for the
same |frp| the amplitude of the peaks are much larger for f;r < 0, com-
pared to those with f;r > 0. This corresponds to larger amplitudes of the
IF components for a smaller acoustic centre frequency fo. This is due to the
frequency spectrum of the individual, broad-frequency acoustic pulses that
form the train of pulses. A single acoustic wavepacket generated optically
in the GaAs will have a broad spread of frequency components, with the
contribution from a given frequency decreasing towards higher frequencies.
An example spectrum of an acoustic wavepacket generated with 780 nm is
given by Babilotte et al. [7] in which the amplitude of components around
100 GHz is roughly a factor of 10 smaller than components around 10 GHz.
The Fabry-Perot etalon forms a train of these broad-spectrum pulses, with
a time separation between pulses that corresponds to the centre frequency
of the quasi-monochromatic spectrum. However, to be able to modulate
the acoustic spectrum at a given frequency, that frequency must already
be present in the initial broad spectrum. So if the amplitude of a given
frequency is smaller in the broad-spectrum acoustic wavepacket, the am-

plitude available for the modulated signal will also have to be smaller.
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Figure 4.19: Results for heterodyne mixing of a microwave local oscillator
signal of frequency fro, with the fundamental frequency acoustic signal of
frequency fy using a beam-lead Schottky diode. The Fourier transform of
the IF signal measured across the Schottky diode is shown for a range of
acoustic frequencies fy. The values of fy are marked on the corresponding

peaks.

Mixing with the fundamental acoustic frequency

Evidence of mixing quasi-monochromatic acoustic waves with microwaves
was also obtained when the cavity was set to smaller spacings and fy was
in the range 83-103 GHz.
generated in the sample was mixed with the 94 GHz LO signal to produce
intermediate frequencies of fir = (fo — 94 GHz), which fall within the

In this situation, the fundamental frequency

bandwidth of the oscilloscope. The Fourier transform of the intermediate
frequency signal for different cavity spaces, and hence different values of

fo, are shown in figure 4.19.

Once again, there are peaks present in the Fourier transform of the IF

signal, which shift in frequency for different values of fy. The zero on the
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frequency axis corresponds to fo = fro = 94 GHz. Negative and positive
intermediate frequencies correspond to an acoustic signal with centre fre-
quency fo that is less than and greater than the 94 GHz LO frequency,
respectively. The widths of the peaks this time are ~ 1.5 GHz.

Similar observations about the variation of the amplitude of the peaks
can be made to those already discussed for the second harmonic. The am-
plitude of the peaks in the IF signal are again largest for smaller difference
frequencies due to the pass band of the measurement system rolling off at
higher frequencies. The amplitude of the peaks are also larger for f;p <0
when compared to f;r > 0, as the frequency spectrum of the individual
broad-spectrum acoustic wavepackets generated by individual laser pulses

contains more components at lower frequencies.

In both regimes, the graphs presented in this section show the produc-
tion of an intermediate frequency that varies in frequency as expected as
one of the input frequencies is adjusted. This represents good evidence of
heterodyne mixing of quasi-monochromatic acoustic waves with microwaves

using the beam-lead Schottky diode.

4.4.4 Further analysis of mixing results
Spectral width of the intermediate frequency peaks

No oscillator is perfectly monochromatic and the oscillator used to generate

the LO signal will have some defined spectral width due to the phase noise.

Phase noise has a Lorentzian spectrum defined as
1 712 Cose

L 3 —— osc
(f ff) m ( 330008(1)2 + f(?ff

where L(f,rr) is the phase noise expressed as a ratio, fos is the carrier

(4.9)

frequency, f,¢s is the offset frequency from the carrier and Cy,. is a scalar
constant relating to the phase noise of a particular oscillator [106]. The

spectral line width of the oscillator is determined using

fFWHM = 27'(']602860050 (410)

Combining equations 4.9 and 4.10 and solving for fry gy allows the spec-
tral width of the oscillator to be calculated. The Gunn diode oscillator
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phase noise specification is between -75 and -80 dBc/Hz at 100 kHz from
the centre frequency. This corresponds to a spectral width of the 94 GHz
LO signal of <20 MHz. The measured spectral width of the IF frequency
is &~ 1.5 GHz, and as this is much larger than the spectral width of the LO
it is expected that the spectral width of the IF is the same as that of the

acoustic signal component used in the mixing experiment.

Spectral components of the intermediate frequency

Let us assume that the strain evolution in the acoustic wavepacket at the
metal-semiconductor interface, s,,(t), is slower than the characteristic time
defined as f}—z, where vy is the sound velocity and [, is the screening length.
As the strain pulse propagates through the junction it changes the electric
field present in the device, and the charge carriers redistribute to oppose
this change. The screening length is the length scale over which this process
occurs. Outside of the screening length the changes caused by the strain
pulse are effectively screened by the moving carriers. The screening length,

ls, will be on the order of a few nanometres.

The voltage induced at the interface caused by the acoustic signals is

Vae(t) = :eeff $5s(2) (4.11)

where =, is the effective deformation potential in the metal and e is the
charge of an electron. The injection power of the local oscillator (LO) is
+10 dBm into 50 €2, corresponding to a peak LO amplitude of Vo =1 V.
As an applied bias of 1 V comfortably exceeds the diode turn on voltage, as
shown in figure 4.13, we can consider the case of a single-ended diode mixer
with high-level LO injection. Assuming that the diode junction capacitance
is sufficiently small that the reactive current contribution is negligible at
the frequencies of interest, the time dependent current in the diode can be

written as
i(t) = g(t)vac(?t) (4.12)

where ¢(t) is the time dependent part of the conductance of the diode
due to the presence of the LO. Consider a typical diode current-voltage
characteristic

I(V) = Ig(eV/oksT _q) (4.13)
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where [g is the reverse saturation current, e is the charge of an electron, «
is the diode ideality factor explained in section 4.2.1, kp is the Boltzmann
constant and 7' is the temperature. Following the approach of Professor
A. J. Kent (A. J. Kent, personal communication, February 2015) equation
4.13 can be expanded about the point (V,, + vio(t)), where V,, is any
applied DC bias, and v (t) = Vipcos(2m frot + ¢) is the local oscillator
signal. This leads to an expression for the change in current through the

device due to the presence of the acoustic signal of

(v0c) (d[) N <vgc) (dQI)
1\Vac) = Vac | 777 . q1/0
dv Va,p“l"ULO (t) 2 dV2 Vap+ULO (t)

v3 ) (d3l>
+ (ﬂ — +... (4.14)
6 dvs Vap"!‘ULO(t)

The voltage induced by the acoustic signal, v, is on the order of millivolts,
and this can be used to show that the first term in this expansion is much
larger than the others. It is then sufficient to consider just the first term
of the expansion, which can be divided by v,.(t) to produce an expression

for the conductivity as a function of time

g(t) = (£>
dv Vap+ULO (t)

_ Ige e (Vap+o20(1)) [0k T (4.15)
OékBT

I
_ se€ eeVap/akBTe

OékBT

eViocos(2r frot+)/akpT

The acoustic signal used in the mixing experiments was a train of strain
pulses generated by the optical output from the Fabry-Perot cavity. The
pulses were attenuated and delayed due to multiple reflections of the initial

laser pulse inside the cavity. This can be expressed as

Ee = m m
m=0

e Jo

where m is an integer, r; o are the reflection coefficients of the cavity mir-
rors, io is the time for a light pulse to complete a round trip of the cavity
and s.,() describes the shape of the acoustic signal produced by the first
optical pulse in the train (m = 0). Substituting equations 4.15 and 4.16

into equation 4.12 leads to the time dependent part of the diode current
it) = SkE_Beéfeeva,,/ak;BTeevLocos(zwaon)/akBT i(rlr2)m3zz(0) (t _ %)
" (4.17)
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The frequency spectrum of the current in the diode can be found by taking
the Fourier transform of equation 4.17. In the experiments performed, the
phase of the LO signal from the Gunn diode oscillator changed randomly
between measurements. To be able to average together multiple traces to
improve the signal-to-noise ratio the power spectrum |I(w)|?*R, was taken
and then averaged, where Ry is the load resistance. The actual strain
pulse shape, s..(, is difficult to determine quantitatively and the diode
characteristics deviate from the ideal form. As such, a full quantitative
analysis of the power spectrum is beyond the scope of this work. However,
by inspecting equation 4.17 the main experimental observations can be

accounted for.

First consider the spectrum of v,.(t). Let the Fourier transform of the
strain pulse shape s..) be S..(0). Applying the shift theorem and noting

that r1ro < 1 to take the sum of a geometric series leads to
Vie(w) o Z(Tlrg)mszz(o) (w)e~imw/fo
m=0 (418)
Szz(O) (w)

1 — ryrge~w/fo

The frequency spectrum of the strain induced voltage V,.(w) contains peaks
that correspond to harmonics of fy. If the spectrum of the strain pulse,
S.2(0)(w), contains sufficiently high frequency components, and these com-
ponents are not too strongly attenuated as the acoustic wavepacket crosses
the substrate of the sample, then V,. will contain harmonic terms propor-
tional to cos(2my7 fot), where m; is an integer. By expanding the expres-
sion ecVrocos@rfrot+e)/aksT in o Maclaurin series it can be shown that the
change in conductivity of the diode G(w), due to the LO contains terms of

cos™ (27 frot + ), where ms is an integer.

To investigate the frequency components produced in the mixing exper-
iments, the product of the terms cos(2m;m fot) and cos™? (27 frot + ¢) is
taken using m; = 2 and my = 1. This corresponds to the situation in which
the fundamental frequency of the LO is mixed with the second harmonic of
the cavity frequency. This leads to components at the difference frequency
(2fo — fro), which were detected in the experiment. Alternatively the use
of m; = 1 corresponds to using the fundamental frequency produced by
the cavity. Many other frequencies corresponding to other combinations
of my; and my are produced, but as they do not fall within the 12.5 GHz
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bandwidth of the oscilloscope they are not detected.

This analysis has been expanded upon by a collaborator, Dr B. A.
Glavin, to produce a theoretical calculation of the intermediate frequency
power spectral density P. The finite-value LO voltage was assumed and
the voltage due to the strain pulse was treated as a perturbation U"). The
IF power was defined as P = Rzl<|U (1)|2> where U™ denotes the Fourier
spectrum of the voltage perturbation and <> indicates averaging over the

phase ¢. The perturbation was expanded in a Fourier series to produce the

expression
P~ (A + BY) |S.2(0) (Wro + w)[?
2Ry 1+ 7213 — 2ryracos(2m(wro + w) /wo)

1S20) (wro — w)
R T ey

) (4.19)

where A; and B; are Fourier coefficients from the expansion, wy = 27 fy
is the angular frequency of the acoustic signal generated by the cavity,
and the remaining symbols have been defined previously. Only the sum
and difference frequency terms have been included here for simplicity, but
many other frequencies are generated. For riry close to unity and under
the condition Aw = (w — wro) << wy, the power spectral density P has a
Lorentz-like form

(A} + B})[Sz2(0) (2w0) | *wh ( 1 1 )

ST2R 1T lw — Aw|? +~2 + lw + Aw|? + 2
(4.20)

P~

where
. WQ(l — 7’17”2)

= 4.21
27'('\/?“17"2 ( )

Glavin calculated P using equation 4.20 while assuming ideal diode
characteristics and a Gaussian profile for S;.p). When mixing the second
harmonic acoustic signal with the fundamental frequency of the local os-
cillator Aw = (2wy — wro). The results obtained from this calculation are
presented in figure 4.20. This theoretical analysis produces narrow peaks
in the IF with centre frequencies that can be seen to closely match those
of the experimental data shown in figure 4.18. The width of the calcu-
lated peaks are ~ 1.5 GHz and so agree closely with the values obtained

experimentally.

Comparison of the magnitude of the peaks is difficult due to the un-
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Figure 4.20: Theoretical calculation of the IF spectrum for mixing of the
microwave LO with the 2nd harmonic acoustic signal, produced by B. A.

Glavin using the expression in equation 4.20.

certainty in several factors such as the size and shape of the initial strain
pulse, the value of the deformation potential, and phonon scattering in
the substrate of the sample. The external circuit also has an effect on the
magnitude of the observed peaks, as previously discussed. However, it is
possible to make a rough comparison of the magnitudes between the exper-
iment and the theoretical calculation. Consider the peak at fy = 44.7 GHz
in figure 4.18, as this peak is far from the edge of the bandwidth of the
measurement system. To compare amplitudes with those in figure 4.20 the
500 MHz resolution bandwidth of the oscilloscope spectrum analyser must
be taken into account. Thus, the experiment gives P = 10 pW /(500 x 10%)?
= 4 x 1072 W Hz 2, which roughly agrees to the order of magnitude with

the calculated result.

The tails of the Lorentz-like peaks are not observed in the experimental
mixing results. This is probably due to the broadband noise background

from the signal averaging obscuring the smaller amplitude tails. This noise
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background has been subtracted from the results presented in figures 4.18
and 4.19.

Comparison of mixing results using the fundamental frequency

and the second harmonic acoustic signal

It is interesting to directly compare the results between figures 4.18 and
4.19. The amplitude of the IF peaks in the Fourier transform is consistently
larger for the case in which the cavity spacing was smaller and the funda-
mental frequency of the acoustic signal was mixed with the LO. However,

the peak width is greater and the peaks are less well defined.

A simple simulation was generated in Matlab to compare the frequency
spectrum of the modulated acoustic wavepacket generated for the different
Fabry-Perot cavity spacings, d, used in the experiments described. A series
of delta functions, with spacing equal to the time between optical pulses
exiting the cavity, was generated with a decaying amplitude based on the
reflectivities of the cavity mirrors. It was assumed that only a finite num-
ber of optical pulses would generate an acoustic pulse in the sample with
reasonable amplitude; 20 pulses were used for the purpose of this simula-
tion. To represent the acoustic signal generated in the sample, the train
of optical pulses was then convolved with a Gaussian profile with a 6 ps
width [7] to represent the broad frequency acoustic pulse generated by a
single optical pulse. The fast Fourier transform was obtained to determine
the frequency spectrum of the acoustic wavepacket and the results for two

relevant cavity spacings are shown in figure 4.21.

A cavity spacing of d = 1.5 mm corresponds to generating 100 GHz com-
ponents as the fundamental frequency, while a cavity spacing of d = 3 mm
leads to a fundamental frequency of 50 GHz and a smaller contribution at
the second harmonic at 100 GHz. The calculated widths of the peaks are
not accurately represented, as both the width of the broad acoustic signal
and the number of pulses were estimated, but they agree with the observed
widths of the peaks within roughly a factor of two. No attempt has been
made to calculate the absolute magnitudes of the peaks as there are several
unknown variables to estimate, it is only the relative magnitudes that are

of interest here.
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Figure 4.21: Simulation results for frequency components present in the
modulated acoustic signal for two different values of the cavity spacing, d.
The amplitude of a given frequency component is larger when it is generated

as the fundamental frequency instead of as the second harmonic.
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The simulation results in figure 4.21 clearly show that the contribution
at 100 GHz is larger when the 100 GHz component is generated as the
fundamental frequency compared to the second harmonic, in agreement
with the observed relative amplitudes in the heterodyne mixing experi-
ments. This suggests that the generation of a particular frequency as the
fundamental frequency is more efficient than generating it as the second
harmonic. This is perhaps expected, as for the 3 mm cavity spacing the
signal will be strongly modulated at 50 GHz. As the signal is not a perfect
sine wave it can be constructed as a sum of harmonically related sine and
cosine waves, as in standard Fourier series [107], and there will be a compo-
nent at 100 GHz. This 100 GHz modulation is likely to be less pronounced
in the acoustic signal than the 50 GHz set by the cavity spacing.

The relative widths of the peaks from the simulation are also in agree-
ment with the experimental observation that the peaks were wider for
mixing with the fundamental frequency compared to that at the second
harmonic. In figure 4.21 the width of the peak at 100 GHz is larger for the
1.5 mm cavity spacing than for the 3 mm spacing. This is likely to be due
to the decay in time of the modulated acoustic signal. The train of optical
pulses from the Fabry-Perot has a decaying amplitude, due to the partial
reflectivity of the cavity mirrors. There will be some number of pulses after
which the amplitude of the laser pulse is too small to effectively generate
an acoustic signal in the sample. This number of pulses will be constant,
independent of the cavity spacing. However, the cavity spacing determines
the time separation of the optical pulses; for a larger cavity spacing there
is a longer time between pulses. This means that the decay constant of the
modulated acoustic signal is effectively longer for larger cavity spacings,

and the width of the peak in the Fourier transform is therefore narrower.

This simple simulation can also be used to investigate the high frequency
limit of this acoustic modulation technique. For a 6 ps width Gaussian
strain pulse, as assumed here, there is a strong component present in the
Fourier transform of the expected acoustic signal up until a frequency of
150 GHz. At this frequency the period of the optical pulses generated by
the cavity is comparable to the width of the strain pulse so there is limited

modulation of the acoustic signal.
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Figure 4.22: Laser pump power dependence of peak IF power at a fre-
quency of (2fy - 94 GHz) = -6.2 GHz. The red curve shows a power law fit
to the data of the form y = a1x%2, where a; = 4.7+ 0.9 and as = 2.1 £0.2.
The data deviates appreciably from this fit at laser powers above approxi-

mately 3.5 mW.

Laser power dependence of the intermediate frequency

It can be seen from equation 4.18 that the IF power (o V2) should be
proportional to the square of the amplitude of the strain, and hence pro-
portional to the square of the pump laser power. The peak power of the
IF produced was determined for a range of pump laser powers for an IF of
(2fo - 94 GHz) = -6.2 GHz. This is shown in figure 4.22, where the red
curve is a power law fit to the experimental data of the form y = a2z,
where a; = 4.7+£0.9 and ay = 2.1 +£0.2. This is close to being a square law
within the associated error, which is consistent with the earlier analysis.
The deviation observed at high pump power (> 3.5 mW) is probably due

to non-linear effects in the strain generation process.
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4.5 Conclusion

Schottky diodes have been investigated as the mixer element in the het-
erodyne mixing of optically generated coherent acoustic phonons with mi-

crowaves, and it has been shown that they are successful in this application.

Initially, Schottky diodes were fabricated from two semiconductor wafers
grown at the University of Nottingham for use in the heterodyne mixing
experiments. These device structures included bow-tie antenna to couple
in the incident microwaves from free space. The Schottky diodes responded
well to an incident acoustic signal, and were compared to previous Schottky
diodes that have been used to detect picosecond strain pulses. However,
their microwave response was poor, and this was due to the integrated an-
tenna being fabricated on high dielectric GaAs. The incident microwave
energy collected by the antenna was probably converted into substrate
modes in the GaAs instead of being effectively coupled to the Schottky
diode.

A beam-lead Schottky diode was provided by e2v mounted in a W-band
waveguide circuit. This arrangement was substantially better at coupling in
incident microwaves, and the first evidence of heterodyne mixing of quasi-
monochromatic acoustic phonons with microwaves was obtained. A fixed
frequency local oscillator signal was mixed with a tunable acoustic signal
to produce an intermediate frequency that was seen to shift in frequency as
expected. This was observed for both the fundamental acoustic frequency

and the second harmonic generated in the sample.

The Fabry-Perot cavity used to produce the quasi-monochromatic acous-
tic signals is effective up to a frequency of approximately 150 GHz. To
perform heterodyne mixing experiments at higher frequencies it would
be possible to employ a supperlattice transducer to generate the acous-
tic wavepacket. These are not tunable as they are a fixed structure, but
they offer a means to access higher frequency acoustic signals for use as an
acoustic local oscillator in a mixer detector for the detection of incoming

electromagnetic signals.
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Chapter 5

Electrical detection of
confinement of acoustic

phonons in a superlattice

This chapter includes details of the experiments performed to electrically
detect picosecond acoustic signals using a semiconductor superlattice (SL).
The detection of incoming acoustic phonons using superlattices has been
previously studied using incoherent heat pulse experiments [51] and coher-
ent optical methods [49]. The experiments discussed in this chapter used
a superlattice device to electrically detect coherent acoustic phonons and

investigate their effect on the electron transport in the superlattice.

First, some of the background on semiconductor superlattices and their
relevant properties are discussed. Superlattice research is a large and on-
going area of work and it cannot possibly all be covered in this chapter.
Only the information required to understand the results presented in this

chapter are included.

This is followed by the experimental results obtained from a 50 period
GaAs/AlAs superlattice sample. A range of Al thin film acoustical trans-
ducers were used on the opposite side of the substrate and transient voltages
were detected across the SL due to the incident acoustic wavepacket. The
case of the thinnest Al film showed an interesting effect, which was not

present for thicker Al films. This took the form of a peak with a width of
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2 ns, which is too slow to be a strain pulse and too fast to be a heat pulse.
It is proposed that this extra contribution to the signal is due to the con-
finement of phonon modes from the centre of the mini-Brillouin zone. This
effect was not observed in a 10 period SL with the same nominal growth

properties due to the lack of confinement in the short SL structure.

The size of the approximately 2 ns width peak was investigated as the
laser beam generating the acoustic wavepacket was tracked across the Al
film behind the device. The spatial range over which this peak was present
provides evidence that this extra peak is caused by coherent phonons and

distinguishes it from the longitudinal heat pulse.

The 2 ns width peak and both of the heat pulses also present were
observed for a range of applied bias and incident laser power. These are
discussed later in the chapter, taking into account the presence of confined
modes within the superlattice. These results are also compared to previous

work on similar superlattice structures.

5.1 Background of superlattices

Semiconductor superlattices are structures comprised of alternating layers
of semiconductor materials with different properties, as illustrated in figure
5.1. This artificial periodicity is much larger than the atomic spacing and
this leads to the formation of new periodic potentials within the material
[108]. The artificial periodicity is of great interest scientifically as it causes
fundamental changes to both the acoustic and electronic properties of the

structure compared to those in bulk materials.

There are different methods of creating an artificial periodicity in semi-
conductor samples, either by changing the doping density of the material
or by using two different materials that have different properties. In this
work the superlattices were created with alternating layers of GaAs and
AlAs, which is a commonly used material system for these types of device.
These two semiconductor materials have different band gaps and different
acoustic impedances. One property that does not differ greatly between

GaAs and AlAs is the lattice spacing, and this allows good-quality lattice-
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Figure 5.1: Schematic diagram of a superlattice structure. Alternating
layers of two materials A and B are stacked in the growth direction z. The
superlattice period dgy, is the artificially imposed period and a number of

periods m make up the length of the superlattice Lgy,.

matched structures to be grown by molecular beam epitaxy.

5.1.1 Electronic properties of superlattices

The difference in band gap between the GaAs and AlAs layers leads to a
change in the band energies of the semiconductor structure. Alternating
layers of AlAs and GaAs leads to the formation of a series of GaAs quan-
tum wells separated by AlAs barriers and this new periodic band structure

affects the electronic transport through the material.

The periodic square-well potential in the SL leads to the formation of
minibands in the SL band structure, as illustrated for the case of a small ap-
plied bias in part a) of figure 5.2. This was theoretically presented by Esaki
and Tsu in 1970 [109], and later demonstrated experimentally by Esaki and
Chang [110]. Transport of electrons through the SL device occurs in the
minibands for zero and small applied electric fields. The miniband width
A,, depends on the interwell coupling, with narrow minibands forming for

weak coupling between wells.

The application of sufficient bias across the SL, and hence a large enough
applied electric field strength, leads to a tilting of the band structure of
the SL. This leads to the splitting of the QW energy levels, causing the
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Figure 5.2: Different electron transport regimes in a semiconductor su-
perlattice. The energy E is shown as a function of growth direction z for
the 3 cases of a) miniband transport, b) hopping in a Wannier-Stark lad-
der and c) sequential tunnelling. Ag is the Stark splitting and Ayg is the

Wannier-Stark localisation length.
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minibands to be destroyed. Electron transport in the SL must then occur
by a different mechanism. The electron transport at larger applied bias can
fall into one of two different regimes: hopping in a Wannier-Stark ladder
or sequential tunnelling. These are shown schematically in parts b) and ¢)
of figure 5.2. Which regime a particular superlattice falls into depends on
the properties of the superlattice layers such as the coupling between wells,

the applied electric field and the scattering rates within the wells.

In the Wannier-Stark regime the application of bias across the su-
perlattice leads to the the localisation of the electron states on a scale
of \ws ~ Ag/eF, where A\ys is known as the Wannier-Stark localisa-
tion length, Ag is the Stark splitting, and F' is the applied electric field
strength [108]. For moderate electric fields the localisation can be spread
over a few periods of the SL, but for high fields the electronic states are
strongly localised in a single quantum well. Transport through the SL is
then due to the hopping of electrons between different wells via the absorp-

tion or emission of a phonon [111].

In the sequential tunnelling regime there are typically thick barriers
between the quantum wells, with sufficiently low coupling between adjacent
wells that they can be considered as separate quantum wells. FElectron
transport occurs via tunnelling through the barriers, which can be phonon-
assisted [111]. The energy states in the wells are often broadened due to

scattering.

It is not always clear in the literature which regime applies in a given
situation. Wacker and Jauho developed a quantitative theory to describe
all three regimes of electrical transport in a superlattice described in this
section [112,113]. They developed a full quantum transport theory based
on nonequilibrium Green’s functions that led to a result that could be

simplified to agree with each of the three regimes in different limiting cases.

The different regimes of transport in a superlattice have also been dis-
cussed at length by Bonilla and Grahn [114], who made a distinction be-
tween weakly and strongly coupled superlattices. For weakly coupled SLs
the widths of the barriers between wells are much larger than the elec-
tron wavefunction inside the barrier and the electronic properties can be

thought of in terms of the sub-band structure of isolated wells and resonant
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tunnelling across the barriers. For strongly coupled SLs the barriers are
thin and the electronic properties are described by extended states. Bonilla
and Grahn argue that any weakly coupled superlattice is in the sequential

tunnelling regime.

5.1.2 Acoustic properties of superlattices

The artificial periodic structure of the superlattice also leads to a change in
the dispersion of acoustic phonons travelling through the structure. Bragg
reflections occur, due to the alternating acoustic impedances of the two

different materials [59].

The condition required for Bragg reflections is given by
mA = 2dgycost (5.1)

where A is the phonon wavelength, dg; is the superlattice period, 6 is
the angle of incidence of the phonons measured from the normal of the
interfaces and m is an integer. Phonons that satisfy this condition are
reflected in an ideal superlattice, and dips in the transmission of high-
frequency phonons in superlattices have been observed experimentally since
1979 [115].

The artificial periodicity caused by the alternating layers on a scale
larger than the atomic spacing also leads to the folding of the acoustic
phonon dispersion curve into a mini-Brillouin zone, as demonstrated in
figure 5.3 [59]. Bragg reflections within the superlattice structure cause
energy gaps known as “stop bands” to open up at the mini-zone centre
and edge boundaries, with phonon wave vector ¢ = 0 and ¢ = 7/dsy,
respectively. These folded-phonon modes are of great interest and have

been the subject of numerous studies over the years [23,49, 50, 116].

5.1.3 Applications

Semiconductor superlattices have been used in a variety of different ap-
plications in the field of terahertz acoustics. They can be used as acous-

tic transducers that are capable of generating high-frequency narrow-band

103



1 1 | |

25 L

. 2.0-/-
%)
3
1%)

> 454 L
>
(&)
C
(0]

2 1.0 L
o

2 ] I

0.5 N

0.0 . T " T " T " . ,
0.0 02 0.4 0.6 0.8 1.0

Phonon wave vector n/dﬂ

Figure 5.3: Folded acoustic phonon dispersion for a semiconductor su-
perlattice. Stop bands open up at the zone centre and edge due to Bragg
reflections within the structure. v is the speed of sound in the superlattice

and dgy, is the superlattice period.

acoustic wavepackets and also as receivers that detect acoustic signals in a
sensitive and frequency selective manner [49]. Filters for acoustic frequen-
cies can also be formed from SLs due to the Bragg reflections of certain
frequencies based on the periodicity of the structure [115]. These Bragg
mirrors formed from SLs have been used to form acoustic cavities that allow

the study of other acoustic phenomena within the cavity [117].

One interesting application of superlattices in terahertz acoustics is in
the development of a SASER device, the acoustic analogue of the laser,
which uses sound amplification due to the stimulated emission of acoustic
radiation. It has been shown that sound amplification is indeed possible
in a semiconductor superlattice with the appropriate parameters under an
applied bias [29,118]. Detailed discussions can be found in other works

dedicated to this area [119,120].

Semiconductor superlattices have also been used in several applications
relating to terahertz electromagnetic signals. It has been demonstrated
that they can be used as millimeter-wave oscillators and amplifiers with

frequencies up to 70 GHz [121]. They have also been used as frequency
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multipliers, with frequency doubling and tripling of terahertz radiation
observed in SL structures [122]. It is also possible to use SLs as detectors

of terahertz radiation pulses [123].

5.2 Device structures

Two wafers grown using molecular beam epitaxy (MBE) at the Univer-
sity of Nottingham were used in the following experiments. Both samples
contained a GaAs/AlAs superlattice (SL) with 3.9 nm thick AlAs barriers
and 5.9 nm thick GaAs wells, but the number of periods of the SL dif-
fered between the two samples. The device structures for the two types
of device are shown in figure 5.4. Initially, a 500 nm thick n-doped GaAs
layer (n = 2 x 10'™® cm™3) was grown on top of a semi-insulating GaAs
substrate to form the bottom contact layer. This was followed by a 20 nm
undoped GaAs spacer layer before the SL was grown with an appropriate
number of periods doped at 2 x 10'¢ cm™3. NU1727 contained a 50 pe-
riod SL, while NU1778 contained a SL with only 10 periods. The SL was
followed by another undoped spacer layer and a final n-doped layer with

n =2 x 10'® cm™3 to form the top contact layer.

The undoped spacer layers were included to separate the high doping
concentration in the contact layers from the low doped SLs. In practise

this region had a graded doping so as not to act like a capacitor.

These samples were etched to the bottom contact layer to create cylin-
drical mesas, and ohmic contacts were formed to both the top and bottom
contact layers. A microscope image of the NU1727 sample is shown in
figure 5.5. The mask set used creates cylindrical mesas of different sizes.
The top contacts have a horse-shoe shape to allow optical access to the
semiconductor for experiments that require it, while the back contact is a

large grid common to all devices.

As the substrates had been mounted in the MBE machine using indium
during the growth process, the back surface of the substrate had to be
polished to remove contamination and provide an optically flat surface

to work with. Aluminium films with thicknesses ranging from 30 nm to
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Figure 5.4: Schematic diagram of superlattice devices fabricated from the
NU1727 and NU1778 wafers. Both structures contained a superlattice with
3.9 nm AlAs barriers and 5.9 nm GaAs wells. The NU1727 wafer had a 50
period superlattice, while the NU1778 wafer had only 10 periods. Both were
fabricated into cylindrical mesas with ohmic contacts formed to the two
n-doped contact layers. Undoped spacer layers were included to separate
the high doping concentration in the contact layers from the low doped

superlattice.
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Figure 5.5: Microscope image of superlattice devices fabricated from the
NU1727 wafer. Cylindrical mesas were etched from the material to form
the devices. Horse-shoe shaped ohmic contacts were formed to the tops of
the mesas while a larger grid-style back contact was formed to the bottom

contact layer.

300 nm were thermally evaporated onto the back of the samples.

5.3 Electrical measurements of acoustic sig-

nals in 50 period superlattice samples

5.3.1 Device characterisation
I-V characteristics

The current-voltage (I-V) characteristics of the 50 period NU1727 super-
lattice were investigated using the standard method described in section
3.2, in which a voltage was applied to the device via a series resistor and
the current through the device was determined from the voltage measured
across the resistor. Throughout the following experiments, several different

Al films with different thicknesses were thermally evaporated onto the back
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surface of the sample for use as acoustical transducers. For each new Al film
the SL device had to be electrically connected to the sample holder with
Al wire. Initially the same SL device was disconnected and reconnected
to make a direct comparison of the different Al films. Later, it was not
possible to use exactly the same SL device due to damage to the sample, so
the nearest neighbour devices were used to minimise any differences caused
by variations in the semiconductor wafer or the processing of the devices.
The I-V characteristics were then compared in each case, as shown in figure
5.6, to ensure that the devices bonded were comparable. 200 pm diameter

mesas were used for the following experiments.

Devices fabricated from this wafer have previously been used to in-
vestigate acoustic phonon-assisted tunnelling in SLs [51], and later sound
amplification in SLs [29,119]. The I-V characteristics shown in figure 5.6
agree closely with those observed in these previous studies. Small varia-
tions in the I-V characteristics between devices made at different times can

be expected due to differences in the processing, such as contact formation.

For low applied bias, up to ~ 50 mV in both directions, there is neg-
ligible current flow through the SL. Once the applied bias exceeds 50 mV
a current is seen to flow, and the current increases with increasing applied
bias. This threshold voltage, Vi, corresponds to the bias required to align
the Fermi energy of the emitter with that of the nearest quantum well [51].
The I-V characteristics then become asymmetric, with the current in the
device becoming self limiting at different biases in the forward and reverse
directions. It has been suggested that this difference is due to the difference
in the device contacts as the one on top of the mesa is small relative to the

large back contact, as shown in the microscope image in figure 5.5.

At high applied bias, a plateau is seen to form in the forward bias direc-
tion for V' > 610 mV, while several peaks are observed in the negative bias
direction for V' < —240 mV. These effects are both due to the formation of
electric field domains of significantly different electric field strengths that
are separated by a region of space charge [108,110]. The series of peaks in
the reverse directions is caused by the formation and expansion of stable
domains [51]. If the space charge present is not sufficient to form stable
domains, domains with unstable boundaries can be formed that propagate

through the SL causing oscillating currents. This leads to a plateau in the
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Figure 5.6: I-V characteristics of the 50 period superlattice sample NU1727
for the various devices used for the different Al film thickness measurements.
The four devices behave the same in the range of interest, with a threshold at
low biases before the current increases with increasing applied bias. At larger

biases the current plateaus due to the formation of electric field domains
within the SL.
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[-V characteristics as observed in the forward bias direction. The forma-
tion of the domains does not occur in a reproducible way, as seen by the
small variations between the four curves in figure 5.6. For this reason, the
experiments were performed in the predictable range between -0.2 V and
0.5 V.

The characteristics of the device used in the thick Al film experiments
deviates from the others at positive biases above 0.6 V. This is possibly
due to damage caused during the wedge bonding of the device. However,
as this occurs in the charge domain regime of the I-V characteristics this
falls outside the region of interest and should have no further consequence

on the experiments.

Calculated acoustic phonon dispersion

The dispersion of acoustic phonons within superlattices has previously been
calculated using several different models. One commonly used model is the
Rytov model, which is an elastic continuum model that considers alter-
nating layers of two isotropic substances and was used long before the
introduction of semiconductor superlattices [124]. This model was cho-
sen by Beardsley in previous work on the same superlattice wafer for the
ease of calculations [119]. As only the longitudinal acoustic modes were
required, it was considered unnecessary to spend time using other more
complicated models to also recreate the dispersion relationships for the

transverse acoustic and the optical modes.

The equation for the dispersion of longitudinal acoustic phonons in a
semiconductor superlattice obtained using the Rytov model, as given by

Tamura et al., is

2
cos(qdsy) = cos <%) cos (WdB) _1*0 sin (WdA> sin (%) (5.2)
vA UR 20 VA UB

where ¢ is the phonon wave vector and w is the phonon angular frequency

[59]. The superlattice period dg;, = d4 + dp, where dy and dp are the
thicknesses of the two different layers. The constant § = pava/ppvp is
the ratio of the acoustic impedances with p4 p and v4 p the densities and

sound velocities in layers A and B, respectively.
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Table 5.1: Layer parameters used to calculate the phonon dispersion for

the NU1727 superlattice, as given in reference [119].

Material Layer width Sound velocity  Elastic constant

GaAs 5.9 nm 4750 ms~! 11.90x 10 Nm~—2
AlAs 3.9 nm 5646 ms™! 12.02%x10'° Nm—2
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Figure 5.7: Calculated longitudinal acoustic phonon dispersion for the
NU1727 superlattice. A folded dispersion relationship was calculated using
the Rytov model [124] and the parameters in table 5.1 as given by Beardsley
[119]. Stop gaps open up at the mini-zone edge and centre in the frequency

ranges 246-270 GHz and 505-527 GHz, respectively.

The dispersion of the LA phonons has been calculated for the NU1727
sample using equation 5.2 and the parameters given in table 5.1 as used by
Beardsley. This calculation produced the folded dispersion relation shown
in figure 5.7. A mini-Brillouin zone is formed and stop gaps open up at the
mini-zone edge and centre where ¢ = 7/dgy, and g = 0, respectively. The
two lowest frequency stop gaps are at frequencies of 246-270 GHz at the
mini-zone edge and 505-527 GHz at the zone centre.

As the Rytov model uses an elastic continuum approach, it produces a
continuous dispersion curve. However, the discreet nature of the superlat-
tice leads to a quantisation of the dispersion not shown by this calculation.

This quantisation leads to a series of discreet states that sit on the cal-
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culated dispersion curve. The number of available states is linked to the

number of periods in the superlattice.

The calculated dispersion curve will not necessarily completely agree
with the observed phonon modes. The calculation assumes the properties
of an ideal superlattice and the thickness of the layers grown by MBE can
deviate from the nominal values. A change in 10% of the thickness of the
SL layers can lead to a shift in the stop gap frequencies of approximately
10%. The calculation does, however, give a good indication of the frequency

range in which the stop gaps can be expected to occur.

5.3.2 Acoustic signal with a thin Al film transducer

The superlattice sample initially had a thin (~ 30 nm thick) Al film ther-
mally evaporated onto the back of the substrate to function as a transducer
for acoustic signals. The 800 nm wavelength laser pulses were focussed onto
the Al film and a broad frequency acoustic pulse was launched into the
sample. The generation of coherent acoustic phonons in thin Al films was
described in section 2.1.1 and is well documented in the literature [1,3,8,44].
The acoustic wavepacket generated in the Al film then travelled across the
GaAs substrate to the SL device. The change of voltage across the device
was recorded on a 12.5 GHz bandwidth oscilloscope and is shown in fig-
ure 5.8. A bias tee and two 20 dB amplifiers were included to allow the

application of a DC bias and the amplification of small signals.

The initial pulse is the optical breakthrough caused by the SL device
directly responding to the incident laser light. This is quite long and fol-
lowed by a large amount of ringing due to the thin Al film used as the
transducer allowing a fraction of the light to pass though. The signal at
to = 76 ns is the signal caused by the acoustic wavepacket reaching the SL
for the first time after propagation across the GaAs substrate. The fol-
lowing peaks at 2t time intervals are caused by multiple reflections of the
acoustic wavepacket in the sample. It is not easy to determine ¢ = 0 from
the optical breakthrough, but the very regular time intervals between reflec-
tions allows an accurate calculation of the time for the acoustic phonons
to travel across the substrate. Using the speed of longitudinal acoustic
phonons in GaAs of 4780 ms™! [68] the thickness of the sample can be
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Figure 5.8: Acoustic signal detected by the 50 period superlattice sample
NU1727. The initial large signal is the optical response due to a fraction of
the incident laser light passing through the thin Al film used as the acoustic
transducer. The following peaks are acoustic signals caused by multiple

reflections of the acoustic wavepacket across the substrate of the sample.

calculated as 363£1 pm.

The acoustic signal obtained when using a thin Al film transducer is
shown in figure 5.9 for a range of applied bias. As the I-V characteristics
in figure 5.6 are asymmetric, a different size applied bias is required in
the forward and reverse directions to observe the same size effect on the
acoustic signal. It is important for these experiments that the applied bias
is not within the domains region of the I-V characteristics, as this can lead

to large current oscillations that are not reproducible.

There are two distinct peaks observed in the voltage measured across the
SL. The first pulse is the longitudinal acoustic (LA) phonon contribution
at t = 76 ns. The later peak is a heat pulse caused by transverse acoustic
(TA) phonons. These transverse phonons have a speed of 3340 ms™! in

GaAs [125]. Using this speed and the thickness of the sample obtained
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Figure 5.9: Acoustic signal detected by the 50 period superlattice sample
NU1727 for a range of applied bias. The first peak is due to the longitudinal
acoustic phonons and the later peak is a transverse heat pulse. The inset
graph shows an expanded view of the first pulse for a single trace with -0.2 V

bias applied to better display the initial fast part of the signal.

from the arrival time of the LA contribution, the TA heat pulse should
arrive at the SL at ¢ &~ 108 ns, in good agreement with the time of the

second peak in figure 5.9.

The inset graph provides a more detailed view of the initial peak caused
by longitudinal acoustic phonons. At the very beginning there is a fast
strain pulse component, which does not change in shape or magnitude
with applied bias. This is followed by a rise in the voltage measured across
the SL that forms a peak with a width of approximately 2 ns, followed by
a slower decay tail. This 2 ns part is too slow for a typical strain pulse [1]
and too fast to be a heat pulse, which is typically on the order of 10s of

nanoseconds when generated with a very short laser pulse [51].

Applying a positive bias to the SL via the bias tee leads to a negative

voltage response when the phonons are present at the SL. In comparison,
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the application of negative bias leads to a positive response in the voltage
across the SL. This trend is true for both the LA and TA contributions, as
demonstrated in figure 5.9. Based on the electrical arrangement of the bias
tee, SL device and oscilloscope the fact that the observed response has the
opposite polarity to the applied electrical bias suggests that the resistance

across the SL is decreasing in the presence of the incident phonons.

The electrical circuit for connecting the superlattice device, oscilloscope
and bias tee is shown in figure 5.10. The bias tee equivalent circuit is shown
in the box, and contains a capacitor (Cy) and an inductor (L) to block the
DC bias from the oscilloscope and the high frequency signals (RF) from
the DC power supply. Rscope is the input impedance of the oscilloscope and
this was set at 50 €2 for these experiments. Rye, is the resistance of the SL
device, and Cge, is the parasitic capacitance of the device. The parasitic
capacitance of the oscilloscope can be neglected, as the impedance of the
oscilloscope is small, even at high frequencies. This circuit can be simplified
for the DC and high frequency cases, as illustrated by the equivalent circuits
given in figure 5.11. These were obtained using the following expressions

for the reactance of the inductor and the capacitors

X, = 2nfL (5.3)
1
Xo = 2mfC (5.4)

where X and X¢ are the reactances of the inductor and capacitor, respec-

tively, f is the frequency, L is the inductance and C' is the capacitance.

Part a) of figure 5.11 shows the equivalent circuit for the DC case. When
f=0, X, — 0and X¢o — oo. The impedance of the decoupling capacitor
Cy becomes very large and prevents any DC voltages from entering the
oscilloscope. The impedance of the inductor becomes small enough to be
ignored. A change in the resistance of the device would lead to a change in
the current flowing through it, but the voltage across the oscilloscope would
remain constant. The parasitic capacitance of the device, Cqey, can also be
ignored, as the impedance becomes very large and the current preferentially
flows through the SL device. Considering only DC voltages is not realistic
as the transient phonon wavepacket will cause high frequency changes to

the superlattice properties.

The high frequency case shown in part b) of figure 5.11 is of greater in-

115



Bias tee

o DC bias

Cy

RF [ ]]

Cy

i

1

RF+DC

|::| Rscope

U Roew =

— Cdev

Figure 5.10: Electrical circuit connecting the superlattice device to the

oscilloscope via the bias tee.

A capacitor Co and an inductor L within

the bias tee block the DC bias from the oscilloscope and the high frequency

signals (RF) from the DC power supply. Rgey represents the device resistance

and Rgcope represents the resistance of the oscilloscope, which was set at 50 (2.

Cgev represents the parasitic capacitance of the device.
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Figure 5.11: Equivalent circuits for the ideal electrical set-up for the DC

and high frequency cases. The DC case is not very interesting as a change to

the device does not affect the oscilloscope. The high frequency case is more

applicable, and a change in the resistance of the superlattice will affect the

voltage measured with the oscilloscope.
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terest here, as it is more applicable. For high frequencies, when f is large,
X1 — oo and X — 0. The inductor then has a very large impedance and
effectively behaves as a constant current source. For large enough frequen-
cies the constant current tends towards zero current. The impedances of
the capacitors C; and Cy; become small enough that they can be treated
as short circuits, and the device and the oscilloscope are then connected in
parallel. The currents through the device and the oscilloscope are linked
in the equation

ldev iscope =0 (55)

where ¢4, and iscope are the currents through the device and oscilloscope,
respectively. As the device and oscilloscope are in parallel with one another,
the same voltage drop must be present across the two of them. The parasitic
capacitance of the device can be important at high frequencies as it will

have a low impedance.

For the high frequency case, if a change in the resistance of the super-
lattice device occurs it will have an affect on the voltage seen across the
oscilloscope. If the superlattice resistance Rge, decreases, as proposed, this
would lead to a negative change in the voltage across the SL device and
so a negative change in the voltage seen on the oscilloscope. This agrees
with the experimental observations and confirms that the resistance of this

superlattice decreases in the presence of the incident phonon wavepacket.

5.3.3 Comparison with other film thicknesses

These measurements were repeated for two other Al film thicknesses — 100
and 300 nm. The frequency spectrum of the broad acoustic wavepacket
generated in the Al film is dependent on the film thickness. Thin films
are required to generate acoustic pulses with the highest frequency compo-
nents as the broadening caused by hot electron diffusion is limited [3]. The
thicker films used in these measurements will generate fewer high frequency

components compared to the thin film used initially.

A comparison of the detected signal for the 3 different thickness Al
films is shown in figure 5.12, for an applied bias of -0.2 V. The data is

quite noisy as the signal is very small, leading to a poor signal-to-noise

117



0.06 — 30 nm Al film L

—— 100 nm Al film [

—— 300 nm Al film [
>
=
-
©
=
a
=
<

-0.06 A -

08+ 77
74 76 78 80 82 84 86

Time, ns

Figure 5.12: Effect of Al film transducer thickness on the acoustic sig-
nal detected by the 50 period superlattice sample NU1727 with -0.2 V bias
applied. Three different Al film thicknesses were investigated and an extra
contribution to the signal is observed for the thin Al film compared to the

two thicker films.
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Figure 5.13: Effect of Al film transducer thickness on the acoustic sig-
nal detected by the 50 period superlattice sample NU1727 with 0.5 V bias
applied. Three different Al film thicknesses were investigated and an extra
contribution to the signal is observed for the thin Al film compared to the

two thicker films.

ratio. This signal has been obtained by averaging the traces from many
laser pulses, and a background signal taken with the laser beam blocked
has been subtracted for clarity of the laser induced effects. All three traces
have a very similar initial fast strain pulse part such that the three curves
are almost indistinguishable on the graph. The curves for the two thicker
Al films appear to agree quite closely with one another over the whole time
range, while the thin Al film signal has an additional contribution in the
form of a larger amplitude but shorter duration peak. This additional peak
does not rapidly increase at t = 76 ns with the initial fast strain pulse; it

instead has a slower build-up over approximately 0.5 ns.

The same effect is also observed for positive applied bias, as demon-
strated in figure 5.13. The two thicker Al films lead to a very similar
transient change in the voltage across the SL, whereas the signal for the

thin Al film transducer is quite different. The two biases chosen were both
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large enough to give a noticeable effect due to the application of an exter-
nal bias, but small enough to have not entered the electric field domain
region of the I-V characteristics in figure 5.6. As these characteristics are
asymmetric a different magnitude bias must be applied in the forward and

reverse directions to achieve a similar size effect.

For all applied biases, little effect was seen on the size or shape of the
TA heat pulse signal at ¢ = 108 ns for strain generation in the 3 different
Al film thicknesses. This suggests that this extra contribution is due to an
effect that involves only the LA phonons detected in the initial pulse and

not the incoherent TA phonons.

The proposed cause of this extra contribution observed only in the case
of the thin Al film is confinement of particular long-lived phonon modes in
the superlattice. The confined phonon modes present in this SL structure
were investigated previously by optical pump-probe techniques by Beards-
ley et al. [50]. Phonon modes corresponding to the centre and the edge of
the mini-Brillouin zone were observed in this work at frequencies of approx-
imately 450 GHz and 240 GHz, respectively. The Brillouin backscattering
mode was detected at 45 GHz.

Normally, the experimentally observed modes are those with phonon
wave vector ¢ < 2k where k is the photon wave vector in the SL, as these
modes satisfy the conditions for momentum conservation in the photon-
phonon interactions. The photon momentum is defined as Pphoton = Nk
and the crystal momentum for the phonon is given by the expression
Pphonon = Ng. This condition tends to mean that only modes near the
mini-zone centre are detected. Those modes near the mini-zone edge with
q > 2k are not typically expected to be observed in optical pump-probe
experiments as they do not conserve momentum in these interactions. How-
ever, in the work by Beardsley the zone-edge mode was observed and it was
proposed that the presence of free carriers due to the intentional doping

with Si allowed momentum to be conserved.

The initial strain pulse propagating through the sample would contain
frequency components at the frequencies of the confined modes, and these
phonons would be trapped due to Bragg reflections within the structure. As

this is a finite SL structure with imperfect layers these phonons do escape
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over time. The lifetime of the modes observed by Beardsley are on the
right time scale for the ~ 2 ns width additional peak. The backscattering
Raman mode is expected to escape from the SL in approximately 200 ps

but the lifetimes of the zone centre and edge modes are in the 1-2 ns range.

These zone edge and centre modes are at the high frequency end of the
acoustic spectrum generated in an Al film transducer. For the thin Al film
transducer there would be a component present in the generated acoustic
wavepacket at these frequencies. However, when using the medium or thick
Al film transducers those frequency components would be strongly reduced
or entirely absent. This is consistent with the fact that the effect is only

observed when using the thin Al film.

5.3.4 Position dependence

The size of the peak in the signal caused by the longitudinal phonons was
investigated for different positions of the incident laser spot relative to the
superlattice device for the case of the thin Al film transducer. The acoustic
signal was generated in the Al film and the transient voltage changes across
the SL were detected by a fast oscilloscope, as in the previous experiments.
The signal on the oscilloscope was adjusted to find the maximum by moving
the sample relative to the laser beam, and this position of maximum signal
was defined as position zero. The laser beam was positioned such that it
was incident upon the Al to one side of the mesa of interest, as shown in
figure 5.14, and then the laser spot was moved laterally across the sample
in the x direction to traverse the Al film behind the mesa. A series of data
was recorded that shows the voltage measured across the SL for a range of

positions of the laser spot relative to the device.

The area under the curve was integrated over different time windows to
give a quantifiable measure of the size of the signal as a function of position,
and two of these relationships are shown in figure 5.15. The time windows
used are marked on the schematic diagram of a typical response shown in
the inset graph; these were chosen to determine if there was a different
spatial dependence for the 2 ns width peak and the slower decaying tail.
The amplitudes of the integrated areas are scaled to make direct comparison

of the two curves easier by eye.
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Figure 5.14: Schematic diagram of the position dependence experiment. A
laser was used to generate an acoustic pulse in the Al film, which then trav-
elled across the substrate of the sample. Coherent strain pulses propagate
directly across the substrate in a narrow collimated beam, while incoherent
heat pulses are emitted isotropically from the source. The laser beam was
moved in the z direction across the Al film directly opposite the device of
interest and the transient voltage changes across the device were recorded

for each laser spot position.
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Figure 5.15: Position dependence of the longitudinal acoustic peak in the
NU1727 signal for the thin Al film. The area under the curve was integrated
for the two different time windows T1 and T2 shown in the inset graph on
a schematic representation of the temporal response. The earlier part of the
peak in the temporal response occurs over a smaller spatial range than the
later part of the peak. The region of slower decay later in the temporal

response exhibits a double peak behaviour in the spatial domain.
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The earlier time window, T1, was intended to cover the 2 ns width peak
only present in the thin film traces. This part of the peak has a spatial
dependence with a well defined peak corresponding to when the laser spot
was incident on the Al film behind the device. It has a width of 200 pm,
which is the same size as the diameter of the mesa chosen. This suggests
that this is due to coherent phonons as they travel directly across the GaAs

substrate to the device in a narrow collimated beam [42].

The later time window, T2, covers the slower decaying tail to see how
the spatial dependence of this part differed from the 2 ns part of the peak
proposed to be due to the confinement of certain phonon modes within the
SL. The spatial dependence of this part of the signal also has a peak with
the same centre as that for T1 but a larger width of 310 pm. This is larger
than the 200 pm diameter mesa of the SL device. This would be consistent
with the slow tail response being caused by incoherent phonons, which are

emitted isotropically from each point of the source [42].

With the earlier part of the peak occurring over a smaller spatial region
than the later part of the peak, it is proposed that the earlier part is due
to coherent phonons while the later part is due to incoherent phonons,
similar to previous work by Fowler et al. [42]. This is consistent with the
suggestion that the 2 ns part of the peak is caused by phonons from the
initial strain pulse that are trapped in the SL due to Bragg reflections.
The slow decay following this is likely to be a longitudinal acoustic heat
pulse. The heat pulse phonons experience dispersion and scattering as
they propagate across the substrate and so they arrive at the device with
a spread of times. The two effects are superimposed on top of one another

other to create the signal shape observed on the oscilloscope.

The later part of the signal (T2) also appears to show a double peak
behaviour with position, whereas the earlier part (T1) only shows a single
peak. This is further evidence that the later part of the peak is a heat pulse
comprised of longitudinal acoustic phonons. The phonon focussing pattern
for these phonons, while weak, is stronger at certain angles. The focussing
effect peaks at 40° from the normal of the surface in [100]-oriented GaAs,
which leads to a ring pattern over a 2D area [59]. A line scan taken through
the phonon focusing results leads to a phonon intensity profile with a similar

double peak behaviour. This result is not expected to closely match the
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expected phonon focussing pattern as the phonon source, detector mesa and
thickness of the substrate are all of comparable sizes, but certain positions
of the laser spot relative to the detector device will still lead to an increased

phonon intensity compared to other positions.

5.3.5 Comparison with a superlattice with only 10

periods

The results presented so far were compared with those obtained from a
different wafer (NU1778) that had a superlattice structure with the same
nominal growth properties as NU1727 but only 10 periods instead of 50,
which was shown schematically in figure 5.4. For a superlattice with only

10 periods, the confinement of modes within the structure will be poor.

The experiments performed on the 50 period SL were repeated using
200 pm diameter devices fabricated from the 10 period SL wafer. The tran-
sient voltage across the device caused by an incident acoustic wavepacket
was recorded for a range of biases and Al film thicknesses. The initial fast
strain pulse component and the 2 ns width peak were not present for any
thickness of Al film transducer, while both the LA and TA heat pulses
were. This is consistent with the 2 ns width peak being caused by acous-
tic phonon modes confined within the 50 period superlattice structure, as
the 10 period SL does not have a sufficient number of periods to lead to a

strong confinement of modes.

5.4 Properties of the peak caused by con-

fined coherent modes

The response of the superlattice device to the incoming phonon wavepacket
is comprised of several parts, as shown in figure 5.9. There is an initial
fast strain pulse, a 2 ns width peak due to confined coherent phonons,
a longitudinal acoustic heat pulse and a transverse acoustic heat pulse.
The heat pulses will be considered in more detail in section 5.5, but for

this section the focus will be on the peak caused by the confined coherent
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phonon modes.

Over the course of the experiments, several different Al films with a
range of thicknesses were deposited on the back surface of the substrate.
Some of these Al film transducers led to a different sized heat pulse con-
tribution in the SL response. One of the films that had a smaller heat
pulse contribution was used for the following analysis. The analysis was
performed on the earlier part of the peak, labelled as T1 in the spatial
dependence data in figure 5.15, to avoid including the LA heat pulse.

5.4.1 Bias dependence

The response of the superlattice to the confined coherent phonon modes
was investigated for a range of applied bias. The Al film on the opposite
side of the substrate was excited with a femtosecond pulsed laser, in the
same set-up as for the previous experiments. The bias was applied to the SL
via a bias tee and the change in voltage across the SL device was recorded
on an oscilloscope. To get a measure of the size of the detected signal for
a given bias the area under the curve was integrated and this was plotted

against the applied bias in figure 5.16.

A peak is clearly visible in the negative part of the bias range investi-
gated, which is centred at approximately -0.18 V. It is proposed that the
presence of this peak occurs when the applied bias leads to a Stark split-
ting of the energy levels in the superlattice that is resonant with one of the

confined modes.

As the presence of the acoustic wavepacket travelling through the SL
device leads to a reduction of the resistance of the device, as discussed
in section 5.3.2, this means that there is an increase in current through
the device when the phonons are present and therefore increased electron
transport through the SL. As electron tunnelling through the structure
is a phonon-assisted process [113], the presence of incoming phonons will
trigger more electron hopping through the structure. This would be caused
by phonons with a spread of frequencies, but it could be expected that this
would be dominated by the phonons that are in resonance with the Stark

splitting.
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Figure 5.16: Bias dependence of the 2 ns part of the NU1727 signal caused
by confined coherent phonons using thin film number 2. A clear peak is

present at -0.18 V, with a possible negative peak at 0.4 V.
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The Stark splitting Ag can be estimated for a given applied bias V'

using the expression

Ye(V —Vy)
50

where T is the fraction of the applied bias that is dropped across the SL,

Ag = (5.6)

e is the electronic charge and V7 is the threshold voltage determined from
the I-V characteristics of the SL device. The division by 50 is due to the
50 periods in the superlattice.

It is difficult to accurately calculate the Stark splitting, as not all of
the applied bias is dropped across the superlattice. There are several parts
of the device that could contribute an additional resistance including bond
wires, ohmic contacts, the thick doped contact layers and the undoped
spacer layers within the structure. This leads to the inclusion of the pre-

factor T in equation 5.6.

From the I-V characteristics shown in figure 5.6, the threshold voltage
Vr =50 mV. It is estimated that 70-80% of the applied bias is dropped
over the SL itself. For an applied bias of -0.18 V, this leads to an energy
level splitting that would be resonant with modes with a frequency in the
range of 440-500 GHz.

Previous optical pump-probe experiments on this wafer detected zone-
edge and zone-centre modes at 240 GHz and 450 GHz, respectively [50].
As 450 GHz falls within the frequency range estimated from the Stark
splitting calculation, it then seems likely to be this zone-centre mode that
is causing the peak observed in figure 5.21, with the fraction of the applied
bias dropped across the SL T close to 70%.

The peak is quite broad, with a width of 100 mV. The Stark splitting in
the SL will not be perfectly defined due to broadening of the energy levels
caused by scattering of electrons within the quantum wells. The confined
mode would then be resonant with the energy level splitting over a range
of applied bias and lead to a broader peak, as observed. The peak is also
situated close to the rising edge and it is possible that the peak is not fully

resolved from the initial rising edge.

The 450 GHz zone-centre mode is not the lowest frequency mode ob-

served in this superlattice structure by optical pump-probe measurements,
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yet the 240 GHz zone-edge mode does not appear to lead to any features
in the bias dependence of the SL response to the incident strain pulse.
It is likely that we are simply unable to resolve any effect caused by this
mode. If the broadening of the energy levels is sufficiently great compared
to the energy level splitting for this lower frequency mode, electron trans-
port would occur through the SL at a similar rate for a range of applied
bias without a distinct peak at a particular bias. Also, as any peak caused
by this lower frequency mode would appear on the steeply rising edge in
the bias dependence, it would be difficult to resolve. There is not enough

resolution to observe the presence of a weak shoulder-type feature.

There is possibly also a peak for positive applied bias, but this is much
less clear than for the case of negative bias and it occurs at a larger bias of
0.4 V. This reflects the fact that the -V characteristic is strongly asym-
metric; it is likely that in the forward bias direction less of the applied bias
is dropped across the SL and it then requires a higher applied bias to form

the same amount of energy level splitting.

It is important to note that this bias dependence does not simply follow
the I-V characteristics of the device, or its derivative. The current threshold
is still present, with no appreciable current flow at low applied bias, followed
by an increase in current with increasing bias. However, the peak present
on the negative bias side when the phonons are present does not correspond
to a feature in the initial I-V characteristics, and so is an effect produced

by the incident phonon packet.

An attempt was made to investigate the width of the peak in the tempo-
ral trace for different applied bias to look for any evidence of amplification
of the confined phonons. This would lead to an increase in the width of
the peak for certain applied bias as the phonon population within the SL
structure would decay more slowly due to “feeding” of the mode by stimu-
lated emission. However, the signal-to-noise ratio was poor and there was
not sufficient resolution to determine if there was any change to the timing.
This would be an interesting study to be performed as part of future work

on this topic.
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Figure 5.17: Laser power dependence of the 2 ns part of the NU1727 signal
using thin film number 2. Logarithms of the data were taken to allow the
power law to be determined from the gradient of the straight line fit made

to the experimental data; a value of 1.38 4+ 0.02 was obtained.

5.4.2 Laser power dependence

The size of the signal caused by the confined coherent modes was also inves-
tigated for different laser powers incident upon the thin Al film transducer.
The area under the curve was integrated to get a measure of the size of the
signal for a range of laser power. To determine the power law, logarithms
were taken of both the area and the laser power and these are plotted in
figure 5.17.

The laser power dependence of the confined coherent modes is super-
linear, falling somewhere between a linear relationship and a square law.
Calculating the gradient of the linear fit to the log-log graph to determine
the power law leads to a value of 1.38 + 0.02.

Typically, when generating a strain pulse at low laser intensities the

magnitude of the strain generated is proportional to the applied laser power.
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At higher laser powers the generation becomes non-linear, but the laser
powers used in this work are below this limit. It seems reasonable to
assume that the observed non-linear effect is due to the response of the SL

to the incident acoustic wavepacket.

5.4.3 Comparison to previous work

In recent work by Poyser et al. [53], a superlattice device with the same
nominal growth structure but a higher doping density was seen to have an
electronic response to a high frequency train of strain pulses. In that work
it was found that the size of the signal should depend on the square of the
laser power. However, the theory in that paper is not applicable to this
situation as the strain pulses used in this work were not part of a train of

pulses and had a broad frequency spectrum.

Another reason that the model is not applicable here is the strikingly
different behaviour of the two superlattice structures. In this work, the
observed transient voltage caused by the phonon wavepacket had the op-
posite polarity to the applied bias, as discussed in section 5.3.2, and it
can be shown that this is due to the device resistance decreasing in the
presence of the incident phonons. In the work by Poyser et al. the same
electrical set-up was used but the transient voltage had the same polarity
as the applied bias, which implies an increase in the superlattice device
resistance in the presence of phonons. It was also found that the equation
used by Poyser et al. to fit the -V characteristics is a very poor fit for the
NU1727 I-V characteristics. The higher-doped SL did not have a threshold
for current conduction through the device, and it had a different shape to
the rising edge and a large negative differential resistance effect in forward

bias.

It is not clear why the response seen by Poyser should be so different
to the response seen for the NU1727 SL used in this work. The growth
parameters were nominally the same, except for the increased doping level
in Poyser’s SL. It is possible that the carrier screening caused by the ad-
ditional doping was affecting the transport through the SL, but it was not

expected to have such a large effect.
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A more plausible explanation is the possible deviation of the thicknesses
of the layers grown from the nominal values. The calculated dispersion for
the NU1727 SL given in figure 5.7 does not give the same values for the
zone edge and centre modes as those observed by Beardsley et al. in optical
pump-probe measurements on the same wafer [50]. One way to account
for the discrepancy is to assume that the layers grown were thicker than
expected by approximately 12%, which leads to a calculated dispersion that
agrees closely with the frequencies observed by Beardsley. Unpublished
optical pump-probe experiments performed by Poyser on the SL structure
used in reference [53] give a zone-centre mode of approximately 500 GHz,
which agrees closely with the expected value based on the nominal layer

thicknesses.

It has been unclear exactly which transport regime this SL structure
should fall into under applied bias. In the past both the Wannier-Stark
hopping model and the sequential tunnelling model have been used to de-
scribe transport in this structure [52,118], but in the most recent papers the
sequential tunnelling model has become more strongly favoured [53,69]. It
is likely that the different layer thicknesses from the two different growths
can have a big effect on the charge transport in the device. A 12% increase
in the thickness of all of the SL layers grown would lead to thicker barriers
and therefore a reduced coupling between wells, while wider wells would
have an effect on the energy levels within the wells. Alternatively, if the
calibration error in the MBE growth was in the Al cell only the barriers
could be up to 35% wider than expected, leading to a much larger change
in the coupling between wells. The additional doping in the SL used by
Poyser et al. would also increase the scattering rates in the quantum wells.
These factors combined will all have an effect on the electronic transport
through the two different SL structures, and this in turn could explain the
difference seen in the I-V characteristics and the response to the incident

acoustic wavepacket.

Estimate of miniband widths for the different possible layer thick-

nesses

To make a quantitative comparison of the difference in the electron trans-

port caused by the possible differences in layer thicknesses, the coupling
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between the wells in the SL can be characterised in terms of the miniband

width. This can be estimated using the Kronig-Penney model [126].

In the Kronig-Penney model, the 1D Schrodinger equation is solved for a
square well potential using the boundary conditions that the wavefunction
and its derivative must be continuous between the wells and barriers. As
the suplerlattice is formed of two different materials a weighted effective
mass is used to satisfy the boundary conditions. Other models use different
boundary conditions that take into account the different effective masses in
the two materials, but as these do not improve the accuracy of the miniband

width calculation the simple Kronig-Penney model will suffice [108].

The equation that arises from the Kronig-Penney model that must be

solved to determine the miniband width is

/{32 _ ]{22
cos(ksrdsr) = ;k k “sinh(kydy)sin(k,dy,) + cosh(kydy)cos(kydy)  (5.7)
bhw

where kg, is the wave vector in the superlattice, dgy is the superlattice
period, kj ., are the wave vectors in the barriers and the wells, respectively,

and d,, are the widths of the barriers and wells, respectively [126].

Equation 5.7 is solved by a numerical method, by the substitution of
appropriate wavefunctions with trial energy values. Only solutions that
satisfy the condition |cos(ksrdsy)| < 1 are valid, as these solutions corre-
spond to travelling waves. For other energy values there are no travelling

wave solutions and forbidden gaps are formed.

The miniband widths were calculated for the GaAs/AlAs superlattices
using a weighted average of the effective masses in the two layers taken from
reference [79]. The energy gaps used for the two materials were 1.424 eV
and 2.949 eV for GaAs and AlAs, respectively [127], the appropriate values
for a type I superlattice at 10 K. The difference between type I and type I1
superlattices is shown in figure 5.18 [108], and is briefly outlined below. The

value of the conduction band offset used in the calculation was 0.45 [128].

Semiconductor superlattices can be divided into two different types,
called type I and type II [108]. In type I superlattices the conduction
band minima and the valence band maxima occur in the same layer of
the superlattice. This is illustrated in the energy band diagram in part

a) of figure 5.18. In Type II superlattices the conduction band minima
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Figure 5.18: Schematic energy diagrams of type I and type Il superlattice
structures. In type I structures the conduction band minima and the valence
band maxima occur in the same layer. In type II structures the conduction
band minima and valence band maxima are separated in both real and re-
ciprocal space. I' and X refer to different regions of reciprocal space, and z

shows the growth direction of the superlattice structure in real space.

and valence band maxima are separated in both real and reciprocal space.
This is illustrated in part b) of figure 5.18. A transition from the valence
band to the local minima of the conduction band at the I" point is direct,
however, the conduction band minima at the X point has a lower energy
than the minima at the I' point. This causes the electrons and holes to
be confined in different layers of the structure, and transitions are then
indirect. GaAs/AlAs superlattices can be either type I or type IT depending
on the thickness of the layers. The NU1727 superlattice has thick enough
layers that it is probably a type I superlattice structure.

The first miniband width was calculated for 3 different scenarios: the
nominal growth layers, which Poyser’s SL is likely to conform to; a SL in
which both the wells and barriers are 12% thicker; and a SL in which only
the barriers are thicker by 35%. The latter two scenarios lead to acoustic
phonon dispersion relationships that agree with the confined modes ob-
served by Beardsley in the NU1727 superlattice [50].

The outcome of these calculations is summarised in table 5.2. The

intended growth layers would have a first miniband width of approximately
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Table 5.2: Results of calculations of the miniband width for different pos-
sible layer thicknesses for the NU1727 superlattice.

Well width Barrier width Miniband width

5.90 nm 3.90 nm 0.71 mV
6.61 nm 4.37 nm 0.28 mV
5.90 nm 5.27 nm 0.09 mV

0.71 mW. For thicker barriers between the wells, the coupling is reduced
and the miniband becomes narrower. For the case where both the wells
and barriers are thicker by 12% the miniband width would be ~ 0.28 mV
and for 35% thicker barriers the miniband width would be &~ 0.09 mV.

As electron tunnelling depends exponentially on barrier width, a small
change in the barrier thickness leads to a large change in the miniband
width. A 12% increase in the thickness of all of the superlattice layers
leads to a 60% reduction in the miniband width, while a 35% increase
in the barrier thickness alone leads to an 87% reduction in the miniband
width. The possible differences in the layer thicknesses between the two
superlattice samples would make a huge difference to the miniband width,

and hence the electron transport through the superlattice.

For superlattices that are considered to be weakly coupled the miniband
width is less than the energy broadening due to scattering [114]. The energy

broadening due to scattering can be estimated using the following equation
h

Tscat

Escat ~

(5.8)

where A is the reduced Planck constant and 7., is the scattering time.
The main contributions to the electron scattering in the superlattice will be
ionised impurity scattering, surface roughness scattering from the different
layer boundaries and phonon scattering. At the low temperatures used
in these experiments phonon scattering is negligible, and the good growth
capabilities of molecular beam epitaxy mean that the surface roughness
scattering is also likely to be low. The ionised impurity scattering is then

the dominant scattering mechanism.

The scattering time associated with ionised impurity scattering can be
estimated from the average time an electron travels before colliding with

an impurity, using the Fermi velocity of the electrons and the average
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distance between the ionised impurities. For the nominal layer thicknesses
the estimated energy broadening is of the same order of magnitude as the
miniband width. It is then unclear exactly which electron transport regime
this superlattice should fall into. However, for the two scenarios in which
the barriers are thicker than expected, the scattering due to broadening
is an order of magnitude bigger than the miniband width. These two
structures are then firmly in the weakly coupled regime. The possible
differences in the layer thicknesses would have a big effect on the electron

transport.

Transitions contributing to the tunnel current

A decrease in the resistance of the superlattice device in the presence of
phonons can be linked to an increase in the rate of phonon assisted carrier
transport, while an increase in the device resistance implies a decrease in
carrier transport. For weakly coupled superlattices, with wide barriers be-
tween the quantum wells, the electron transport is dominated by transitions
between nearest neighbour wells. A “two well model” can then be used to
describe the electron transport, as considered by Tsu and Déhler [111].
This was expanded upon by Glavin et al. [129] and later applied to the
NU1727 superlattice structure by Cavill et al. [51].

There are two different basic mechanisms through which the incident
phonons can change the current through the superlattice. In one case,
the incident phonons cause interwell electron transitions. Electron hopping
between different wells directly leads to a change in the current through the
device. Alternatively, the nonequilibirum phonons cause intrawell electron
transitions. This leads to electron heating, which indirectly affects the

current through the SL device.

The angle of phonon incidence becomes important in determining if the
interwell or intrawell transitions are dominant. Let the angle 6 be defined
as the angle between the phonon wave vector g and the SL axis. Due to
the conservation of energy and momentum, it can be shown that intrawell
phonon transitions occur for phonons that satisfy the condition 6 > v /vg,
where v, is the speed of sound and wvp is the Fermi velocity [130]. For

coherent phonons generated optically in the metal film, § ~ 0 and interwell
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Figure 5.19: Illustration of one-phonon assisted tunnelling processes be-
tween two quantum wells with energies F; > F;11. There are four such
transitions of interest. T'wo processes involve the stimulated emission of a

phonon (1 and 3) and the other two are absorption processes (2 and 4).

transitions dominate.

There are four possible one-phonon assisted interwell tunnelling pro-
cesses that need to be included when considering the transient change in
current AJ. This is illustrated in figure 5.19. Two of the processes involve
the stimulated emission of a phonon (1 and 3), and two are absorption
processes (2 and 4). Spontaneous emission of phonons can be neglected

when considering the effects of an incident phonon pulse.

The transient change in the current Al can be calculated for the case
when the incident phonon energy £, > kgT., where T, is the electron
temperature, using the following equation modified from Cavill et al. [51]:

Al =eAY W(@)ga(@)(n(E,) — n(ksT.)) (5.9)

q
where A is the area of the superlattice device and g4(q) is the phonon
density of states. W (q) is the transition rate, which is the sum of the rates

of the four different transition processes:
Wi(q) =W, + Wy — Wt =W, (5.10)
where the superscripts + and — indicate phonon emission and absorption,
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respectively, and the subscript relates to the four different processes shown
in figure 5.19. The phonon occupation number is given as n; = a;n, where
a1 < 1 as not all the phonons are incident on the device if heat pulses are
considered, as in the work of Cavill et al. The —n;(kpT.) term is included
so that Al =0 when E, = kgTe.

The transition rate W (q) depends on the electron wave functions of the
initial and final states in the two wells involved in the tunnelling process.
The phonon matrix element between the two states depends on the energy
difference between the two wells, the coupling between the wells, the well
widths, and the superlattice period. It is likely that the transition rates
for the four phonon-assisted tunnelling processes are different in the two
superlattice samples, and this leads to the resistance decreasing in one

sample in the presence of phonons whereas it increases in the other.

5.5 Measuring the transient voltage across

the SL caused by incident heat pulses

It has previously been mentioned that some Al film transducers led to
a transient voltage signal across the SL with different sized heat pulse
responses. This is demonstrated graphically in figure 5.20, which shows the
LA peak for two different Al films that were both nominally 30 nm thick.
For the one labelled “Thin film 1”7 the LA heat pulse is more prominent,
which appears at later times as a shoulder that is not fully resolved from the
initial peak. For the one that is labelled as “Thin film 2” the peak that has
been attributed to confined coherent phonons has a smoother decay. The
data taken when using the film that produced a more prominent heat pulse

component was used to analyse the properties of the heat pulses detected
by the SL device.

As the film thicknesses were nominally 30 nm for both films in figure
5.20, it is unclear why the superlattice response should be so different. It is
proposed that this difference is due to variations in the Al film deposition.
The recent paper by Poyser et al. showed that different Al films could lead

to a very different SL response [53]. Over time the same semiconductor
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Figure 5.20: Comparing the superlattice response to an incident acous-
tic wavepacket generated in two different 30 nm Al transducer films. The
amplitudes have been scaled for easy comparison. Thin film 1 displays a
larger heat pulse contribution after the initial peak that is not present for
thin film 2.

chip has been repeatedly processed, with the old Al film having to be
removed before the application of a new one. Al films are very susceptible
to oxidation during the deposition process and the adhesion of thin films
depends heavily on surface preparation. Many factors could contribute to a
difference in the Al film and then lead to a different acoustic pulse launched

into the sample.

As the shape of the response of the SL to the propagating acoustic
wavepacket was not easily reproduced between different applications of the
Al film, further work is required to make the Al deposition more repeatable.
It would also be useful to understand how the Al deposition conditions

affect the composition of the acoustic wavepacket launched into the sample.

The transient voltage across the superlattice device was recorded for

a range of applied bias and incident laser power when using the Al film
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that produced a more prominent heat pulse. This allows an investigation
of traits displayed by both the LA and TA heat pulses detected by the
SL. This can be compared to previous work by Cavill et al. in which heat
pulse experiments were performed using the same superlattice structure as
a detector [51]. In that work, the heat pulses were generated by heating a
thin constantan film with either a relatively long 12 ns duration laser pulse

or an even longer duration electrical pulse in the 50-100 ns range.

5.5.1 Bias dependence

The bias dependences of the LA and TA heat pulses were investigated
by the method previously described in section 5.4.1. The area under the
transient voltage curve was integrated and this area was plotted against

the applied bias, as shown in figures 5.21 and 5.22 for the LA and TA heat

pulses, respectively.

In figure 5.21, the size of the detected LA heat pulse is shown for a
range of applied bias for both the thin and thick Al film transducers. As
seen for the bias dependence of the coherent confined phonons in section
5.4.1, a peak is present for negative applied bias at a value of -0.18 V.
The proposed mechanism for this is the same as the one for the coherent
phonons: the increased sensitivity of the superlatttice as a detector when
the Stark splitting of the energy levels in the SL is resonant with the con-
fined modes in the SL device. This bias corresponds to the zone-centre

mode at a frequency of 450 GHz.

This figure looks remarkably similar to the equivalent one for the co-
herent phonons in figure 5.16. In both cases a phonon wavepacket contain-
ing longitudinal acoustic phonons with a broad spread of frequencies has
travelled through the SL structure. Both wavepackets contained a com-
ponent at the frequency of the zone-centre mode that became trapped in
the structure due to Bragg reflections. The main difference between the
two situations is that the heat pulse phonons are incoherent whereas those

from the initial strain pulse are coherent.

The peak in the thick film bias dependence is less pronounced than that
for the case of the thin film Al transducer. This can be attributed to the
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Figure 5.21: Bias dependence of the LA heat pulse in the NU1727 signal.
A peak is present at -0.18 V, which is more pronounced for the thin Al film

transducer compared to the thick film.
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Figure 5.22: Bias dependence of the TA heat pulse in the NU1727 signal.
A peak is observed at -0.22 V, which is more pronounced for the thin Al film

transducer compared to the thick film.

spectrum of the heat pulse generated in the Al film. For thicker films the
incident laser energy is absorbed in a larger volume. This will cause the
heater temperature for the heat pulse generation to be lower and so less

frequency components in the range of the confined modes will be generated.

Figure 5.22 shows the equivalent data for the size of the TA heat pulse
for the same range of applied bias. Again, a peak is clearly present in the
negative part of the bias range, this time at approximately -0.22 V. The
same approach can be used as for the strain pulse in section 5.4.1 using
equation 5.6. The threshold voltage V; = 50 mV and the fraction of the
bias dropped across the SL itself, T, was estimated to be 70-80%. This
would lead to an energy level splitting that is resonant with phonons at

frequencies in the range 570-660 GHz.

The fraction of the applied bias that is dropped across the SL, T, will
not necessarily be constant under the application of different magnitude

biases. If some of the voltage drop was caused by a potential barrier, the
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Figure 5.23: Calculated dispersion for transverse acoustic phonons in the
NU1727 superlattice. The layer thicknesses have been assumed to be 12%
larger than specified based on Beardsley’s pump-probe results [50] as dis-
cussed in section 5.4.2. The stop gaps open up at lower frequencies than for

the LA phonons, with the first zone-centre gap at only 320-334 GHz.

barrier height could change with changing applied bias and this would alter
the fraction of the applied bias that was dropped across the superlattice.

Transverse acoustic phonons travel slower than longitudinal acoustic
phonons, and so the stop gaps in the dispersion open up at lower frequen-
cies. An example TA phonon dispersion is shown in figure 5.23 where it
has been assumed that the SL layers are 12% thicker than specified based
on Beardsley’s optical pump-probe measurements [50] and the discussion
in section 5.4.2. This should then lead to a peak in the bias dependence at
a smaller bias compared to the case of the LA heat pulse, but the peak is
instead observed at a larger applied bias. As discussed for the case of the
LA phonons, it is possible that the lower frequency modes are simply not
resolved in this experiment due to broadening of the energy levels and the

position of the peak relative to the large rising edge of the signal.

The peak observed in figure 5.22 could be due to a higher order trans-
verse mode that is trapped within the SL, as this would account for the

higher frequency. The second order zone-centre mode has a frequency of
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approximately 650 GHz, and this falls within the predicted frequency range
when assuming that T = 0.7-0.8. For phonons with a frequency of 650 GHz
to be resonant with the splitting of the energy levels in the SL, T ~ 0.8.
This is consistent with part of the bias being dropped across a potential

barrier that decreases in height as the applied bias is increased.

Coupling between phonons and electrons is typically different for the
LA and TA phonons. Using the traditional model that assumes an acous-
tic isotropy, only LA phonons can couple to electrons via the deformation
potential and TA phonons couple via the piezoelectric effect [72,76]. The
deformation potential interaction is proportional to the phonon wave vector
q, while the piezoelectric effect interaction is proportional to ¢=!. As such,
the deformation potential coupling is expected to dominate at high fre-
quencies and a TA phonon effect that is much smaller than the LA phonon
effect would be expected. Instead, the size of the signals are comparable
for the LA and TA phonons. This larger TA contribution can be attributed
to acoustic anisotropy in the crystal leading to quasitranverse modes that

are able to couple to electrons via the deformation potential [60].

5.5.2 Comparison to previous work

These experiments are similar to previous work by Cavill et al. in which
the same superlattice structure was used to detect heat pulses generated
in a constantan film [51]. Two generation methods were used: an optical
method and an electrical method. In the optical method a 12 ns duration
laser pulse was used to excite a heat pulse in an extended constantan film.
In the electrical method a 50-100 ns electrical pulse was used to generate
the heat pulse in a small area constantan heater. The arrival of the heat
pulses at the SL was detected by observing the transient current measured

in the SL device.

In both methods used by Cavill et al., the heat pulse generation in
the film was caused by a relatively long exciting pulse compared to the
femtosecond laser used in the work discussed in this thesis. With the longer
pulses it was difficult to resolve the separate longitudinal and transverse

contributions.
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The bias dependence of the change in the size of the tunnel current was
measured for a range of heater temperatures. It was found that there was a
peak at a bias value that increased with increasing heater temperature. The
Stark splitting Ag was estimated from the applied bias and the relationship
between the peak Stark splitting and the heater temperature was given by

Apmax = 0.7kgT), + 1.1meV (511)

when the applied bias V' < 0. Ay« is the splitting of the energy levels for
which the peak in the tunnel current response occurred at a given temper-

ature, kp is the Boltzmann constant and 7}, is the heater temperature.

An estimate of the heater temperature generated by the femtosecond
laser can be calculated for comparison using the volume of the film in which
the laser light is absorbed, the heat capacity of aluminium and the following

expression

E
p‘/olcm
where AT is the rise in temperature, F is the energy absorbed in the Al

AT =

(5.12)

film, p is the density of Al, V; is the volume in which the laser energy is
absorbed and C,, is the specific heat capacity of Al.

The laser output energy was 1 mJ per pulse, but after attenuation in the
optical set-up the energy incident on the Al film was ~ 1 1J per pulse. The
reflectivity of bulk Al is approximately 90%, however, for sufficiently thin
Al films a large fraction of incident light can be transmitted through the
entire film. For 800 nm wavelength light the penetration depth in Al is only
a few nanometres, so for a 30 nm film there will be some transmission of the
incident laser light, but the fraction will be small enough to ignore for the
purpose of this estimate. In practise, 30 nm thick Al films are often used for
acoustic transducers in picosecond acoustic experiments because the film
is thick enough to absorb most of the laser light that is not reflected, while
being thin enough to limit the broadening caused by hot electron diffusion
in the film [8,17,18,49]. Assuming that 10% of the incident laser light was
absorbed by the Al film, the energy E absorbed for a single laser pulse was
approximately 0.1 pJ. The femtosecond laser pulses are sufficiently short

that heat loss from the film on this time scale can be ignored.

The Al film thickness was 30 nm and the laser was focussed to a spot

with a diameter of ~ 100 pm leading to a volume V,; = 3 x 107¢ m3. With
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p = 2712 kg m3 and C,, = 0.91 kJ kg7'K~! for aluminium it can be esti-
mated that the temperature rise AT ~ 140 K. As the sample was mounted
in a continuous flow cryostat at a temperature of 4 K, this is approximately

equal to the heater temperature T},

With a heater temperature in the region of 140 K when using the ampli-
fied femtosecond laser, this is vastly different from the heater temperatures
investigated by Cavill et al., which were in the range of 5-20 K. Clearly the
regime discussed by Cavill et al. cannot be extrapolated to apply to the

results given in this thesis.

Cavill et al. assumed a black body spectrum for the heat pulse and
expected to see a gradient of the A, (kgT}) slope 4 times larger than the
gradient observed experimentally. It is probably not realistic to assume a
black body spectrum due to cooling of the film, along with phonon down
conversion and other scattering effects in the substrate. Importantly, the
confinement of phonon modes within the superlattice was not considered
in the Cavill work as there was no evidence for it in the temporal regime
due to the long duration heater pulses and the lack of resolution. In the
work presented in this thesis, the LA and TA components are well resolved
and the temporal resolution is sufficient to suggest that there is evidence

of confinement of phonons in the SL.

When considering the confined modes within the SL, changing the
heater temperature will change the amount of phonons present at the fre-
quency of the confined mode. If the confined modes have a significant
effect then this could be dominant over the frequency shift in the peak of
the black body spectrum.

5.5.3 Laser power dependence

The variation in the size of the LA and TA heat pulses was also investigated
as the incident laser power was changed. The area under the curve was
integrated for each heat pulse for a range of laser powers. The results of
this are shown for the case of the thin Al film transducer and an applied
bias of -0.14 V in figure 5.24. Both the LA and TA heat pulses show a

roughly linear dependence as demonstrated by the straight lines, which
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Figure 5.24: Laser power dependence of both the LA and TA heat pulses
in the NU1727 signal. The thin Al film transducer was used and a bias of
-0.14 V was applied. The sizes of both the LA and TA heat pulses have a
roughly linear dependence on the laser power, as shown by the linear fits
made to the the experimental data with the form y = aiz, where a; is a
constant and the line has been constrained to go through the origin to obtain

a physical result.

are linear fits to the experimental data of the form y = a;x, where a; is
a constant and the line has been constrained to go through the origin to

obtain a physical result.

A detailed evaluation of the heat pulse dependence on laser power is
quite complicated and it is necessary to accurately know the temperature
of the Al film transducer to determine the Planck distribution. This is rela-
tively simple for heat pulses generated with an electrical pulse [51], however
in the optical method there are many factors to consider to determine how
much of the incident laser light pulse is absorbed by the Al film. For this

work a simple estimate will suffice.

The number of phonons at a given frequency N(f) is described by a
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Planck distribution as
3
N(f)df mdf (5.13)
where f is the phonon frequency, h is Planck’s constant, kg is the Boltz-
mann constant and 7' is temperature. This can be simplified by mak-
ing the assumption that the temperature of the Al film is high such that
kgT >> hf. The heater temperature was estimated in section 5.5.2 to be
140 K, so for frequencies in the region of 500 GHz this approximation is
valid. The exponential term can then be expanded as a Taylor series and
equation 5.13 can be simplified to
[*kaT

N(f) o 22

(5.14)

Equation 5.14 shows that the number of phonons at a given frequency
is proportional to the temperature of the Al film. Let us assume that the
temperature the Al film reaches is proportional to the power dissipated in
the film. As the femtosecond laser pulse is extremely short, it is reasonable
to assume that the film reaches its peak temperature before the film has
time to radiate and cool. If this assumption is valid, then the number of
phonons at a given frequency is proportional to the incident laser power.

This agrees with the trend observed in figure 5.24.

5.6 Conclusion

This chapter explored the electrical detection of acoustic wavepackets with
a semiconductor superlattice structure after propagation of the phonons
across the substrate of the sample. A range of different thickness Al film
transducers were used to generate the acoustic wavepackets as this changes
the frequency spectrum of the incident phonons. The transient voltage

across the SL device was measured and recorded.

For a thin Al film transducer the response of the SL to the acoustic
wavepacket comprised of several parts: a fast strain pulse, a peak with a
width of 2 ns, a longitudinal acoustic heat pulse and a transverse acoustic
heat pulse. It is suggested that the 2 ns width peak is caused by electrical

detection of confined modes from the centre of the mini-Brillouin zone. The
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2 ns width peak was only present when using the thin Al film transducer,
which was the only film able to generate high enough frequencies to excite
these long-lived high-frequency modes. This effect was also only observed
using the 50 period SL, which has sufficient confinement of these modes.
The 10 period SL sample with the same nominal growth parameters did

not show this effect for any thickness of Al film transducer.

The effect of the position of the laser spot relative to the SL mesa was
investigated, which showed that the 2 ns width peak was caused by coherent
phonons and the following slow decay was an incoherent heat pulse. This
provides evidence that the 2 ns width peak is due to coherent confined
modes caused by the initial fast strain pulse as it travelled through the SL.
The bias and laser power dependence of different parts of the signal were
also investigated. A peak was observed in the bias dependence for both
the coherent and incoherent parts of the signal. This peak is thought to be
due to an increased sensitivity of the SL as a detector when the splitting

of the energy levels is resonant with the confined phonons in the SL.

The data taken was not of a sufficient quality to determine if there was
any increase in the width of the coherent peak for certain applied bias.
This could lead to evidence of phonon amplification of the confined modes.
This requires further experimental work to get both the required resolution

and signal-to-noise ratio.

A comparison was made to work performed by Poyser et al. on a sim-
ilar superlattice structure [53]. Poyser’s SL had nominally the same layer
thicknesses but a higher doping density. It is not clear why the doping
alone should cause the large differences observed between the two SL sam-
ples. It is suggested that the NU1727 layers are thicker than expected, and
the differences in the SL layer thicknesses can have a large effect on the

transport through the device.

There are plenty of opportunities for further work to be carried out in
the future. The discussions of some of the results presented in this chapter
are speculative in nature, as there is currently no quantitative theory to
confirm that the effects observed here are indeed due to the confinement of
phonons within the SL. Along with the development of a working theory

for the electrical detection of the confined modes, the striking difference
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between the response of the two different SLs with almost the same growth

parameters could be further investigated theoretically.

There are also several experimental details that need to be confirmed.
The transient voltages measured across the SL were not consistent between
Al transducers with the same nominal thickness; this could be repeated to
ensure that the effect is reproducible. It would also be very interesting if ex-
periments designed specifically to look for evidence of phonon amplification

were performed, as this would support previous work on this subject.
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Chapter 6

Conclusions and future work

This final chapter concludes this thesis by providing a summary of the ex-
periments performed on ultrafast acoustoelectric effects in semiconductor
devices, and by revisiting the main conclusions from the previous chapters.
Work on this topic is by no means complete as the interactions of ultra-
fast acoustics and electronic devices is a promising field of research with
great potential for practical applications. Some suggestions for possible

directions of future research are outlined in this chapter.

6.1 Conclusions

Schottky diodes were investigated as a possible device for the electrical
detection of ultrafast acoustic wavepackets. Previous work by Moss et al.
indicated that the Schottky diode would be a suitable device as it had pre-
viously shown a fast transient current in response to incident picosecond
strain pulses [47]. Specifically, the aim of this work was to perform hetero-
dyne mixing of the detected acoustic frequencies with a microwave local

oscillator.

Initially, devices grown and fabricated at the University of Nottingham
were used in these experiments. A strain pulse was generated using a
femtosecond pulsed laser focussed on an Al film thermally deposited on the

opposite face of the substrate. These devices showed a strong electronic
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response to the incident strain pulse after it had propagated across the
sample, and in contrast to the previous work by Moss et al. the main
detection region was the semiconductor-metal interface itself, as opposed
to the edge of the depletion layer. However, these devices had a poor
microwave response due to the necessity to couple the microwaves in via free
space. Bow-tie antenna were fabricated directly onto the GaAs substrate
and this was not an effective antenna structure due to the high dielectric

constant of GaAs.

A waveguide-mounted Schottky diode provided by e2v for use in these
experiments proved to be significantly more responsive to microwaves. Us-
ing this device, the first evidence of the heterodyne mixing of coherent
acoustic phonons with microwaves was obtained. A Fabry-Perot cavity was
used to form a train of optical pulses from a single femtosecond laser pulse.
When the train of optical pulses was incident upon the GaAs substrate of
the device it produced a quasi-monochromatic acoustic wavepacket with a
tunable centre frequency set by the cavity spacing. The narrow frequency
band acoustic wavepacket propagated across the substrate to the Schottky
diode where it was mixed with the 94 GHz local oscillator signal. Mixing
was performed with both the fundamental acoustic frequency generated in

the sample and the second harmonic.

This set-up has the potential to act as a detector of high frequency
acoustic waves that is capable of spectral resolution, as the acoustic fre-
quencies are down-converted to a lower range that is more easily processed
by currently available electronic instrumentation. Alternatively, an acous-
tic local oscillator could be used and this fixed acoustic frequency could be
mixed with an incoming electromagnetic signal. An acoustic source could
provide a simpler route to the generation of high frequencies for the local
oscillator signal, without the need for a complicated chain of several multi-
pliers. The SASER could be a suitable device for this purpose, which would
provide a narrow bandwidth, high frequency acoustic signal that would be

very stable over time and with a good phase noise [70].

Semiconductor superlattices were also investigated as a potential de-
vice to electrically detect acoustic wavepackets on the ultrafast time scale.
Strain pulses were generated optically in an Al film transducer before prop-

agating across the substrate of the sample to the superlattice device. A
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transient voltage was produced across the superlattice in response to the
incident acoustic pulse, and from the polarity of the detected voltage change
it was determined that the presence of the phonons increased the electron

transport through the superlattice.

The observed signal comprised of 4 different parts: a fast strain pulse,
an unexpected peak with a width of approximately 2 ns, a longitudinal
acoustic heat pulse and a transverse acoustic heat pulse. It is proposed that
the 2 ns width peak was caused by the confinement of long-lived phonon
modes from the centre of the mini-Brillouin zone. This peak was not present
when the strain pulse was generated in thicker Al film transducers, as the
acoustic wavepacket generated in the thicker films did not contain sufficient
high frequency components to populate the confined modes. The extra
peak was also not observed when using a superlattice with only 10 periods

as there were insufficient layers to form strong confinement of these modes.

The work was compared to previous studies on similar superlattice
structures. Poyser et al. used a superlattice device with the same nomi-
nal layer thicknesses to detect a high frequency train of strain pulses [53].
The transient voltage detected across Poyser’s superlattice did not show
any evidence of an electronic response to the confined phonon modes that
would have been present in both SLs. Indeed, the response from the two
superlattices were quite different, as the transient voltage generated by
the incident acoustic wavepacket had a different polarity for the two dif-
ferent superlattice samples. In the experiments performed for this thesis
the incident phonons caused an increase in the electron transport in the
superlattice, while in the work by Poyser et al. the electron transport in
that superlattice decreased in the presence of acoustic phonons. This sug-
gests that there is something very different in the phonon induced electron
transport in the two superlattice structures, despite their similar growth

parameters.

Optical pump-probe measurements performed by Beardsley [50] and
Poyser (C. L. Poyser, personal communication, August 2015) found that the
confined modes occur at different frequencies in the two superlattices. As
the dispersion relation is inherently linked to the thickness of the layers in
the superlattice, this led to the suggestion that the layers in the superlattice
used for the experiments described in this thesis could be up to 12% thicker
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than expected, or the barriers could even be 35% thicker than expected if
the calibration error was in the Al cell alone. Electron transport through
the superlattice depends heavily on the coupling between adjacent quantum
wells in the structure, so changing the thickness off the barriers will have an
effect on the electron transport. For the two devices discussed this change

seems to have had a particularly profound effect on the transport.

The heat pulses generated at the same time as the strain pulse also
produced transient changes in the voltage across the superlattice, and this
made it possible to compare this work to previous work by Cavill et al.
on the same superlattice structure [51]. In the heat pulse experiments
performed in the Cavill paper a longer duration excitation was used to
create the phonon pulse that propagated across the substrate to the device.
Confinement of phonon modes in the superlattice was not considered by
Cavill et al. as there was no evidence for it in the temporal regime due to

the lack of resolution caused by using a long excitation pulse.

6.2 Future work

This thesis has built upon existing work performed at the University of
Nottingham on semiconductor devices that may be suitable for use in ul-
trafast acoustoelectric techniques. Some of the experiments performed in
this thesis have generated new questions, and it would be interesting to see
some of these addressed. Alongside that, there are several other possible
options for combining ultrafast acoustics with electronic devices that have
yet to be explored. In this section, some suggestions are given for possible

areas of future work.

A very important topic has so far been neglected if picosecond acoustic
techniques are going to be feasible without the use of an expensive laser
system — the electrical generation of high frequency strain pulses. A pos-
sible method has been considered and early findings are shown in section
6.2.3.
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6.2.1 Mixing acoustic phonons with microwaves

Part of the initial motivation for investigating the response of the super-
lattice structure to incident ultrafast strain was to determine if the super-
lattice was a possible mixer element for the mixing of coherent acoustic
waves and microwaves. In this thesis it has been shown that the super-
lattice can produce a transient voltage in response to a short pulse of
acoustic waves. Other studies have successfully used microwave sources
to pump semiconductor superlattice structures for harmonic generation
and parametric oscillators, showing that superlattices can respond to in-
cident microwaves [131]. The current-voltage (I-V) characteristics of the
superlattice devices are non-linear, making them a suitable candidate for
a mixer element and previous work using superlattices as multipliers for
electromagnetic signals suggests that they could be more effective in this
role than Schottky diodes [132].

Some initial attempts were made to mix high frequency acoustic waves
with microwaves using existing superlattice samples. However, there were
difficulties based on the structure of the devices. As the substrate was thick
(~ 300 pm) the experiments had to be performed at cryogenic temperatures
to reduce the attenuation of the acoustic phonons as they travelled across
the GaAs substrate to the superlattice. Coupling microwaves into devices
in the cryostat through free space was problematic, as the initial attempts
used bow-tie antennas that were proved ineffective in the case of the Schot-

tky diode experiments.

There are several different options that could be implemented to im-
prove the coupling of the microwaves into the superlattice device. It could
be possible to fabricate new devices by a different process that includes
back thinning of the wafer. The beam-lead Schottky diode provided by e2v
had a substrate thickness of only 11 pm, which was thin enough to perform
the experiments at room temperature. With the device outside of the cryo-
stat it is relatively straightforward to couple the microwaves to the device
via waveguide, which provides a significant improvement in signal strength.
However, it is likely that designing and producing such devices would be a
lengthy process with some difficult device fabrication. Installing an appro-

priate waveguide structure along with the existing cryostat cabling is also
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likely to be complicated and impractical.

A more appropriate solution to attempt initially would be to couple the
microwave signal to the superlattice device via the existing cryostat cabling.
The current cable in the cryostat is only rated to 20 GHz but it was tested
on a vector network analyser and it was found that a large fraction of
microwave power was transmitted through the cable at frequencies above
20 GHz. Indeed, up to 50% of the input power at frequencies up to 40 GHz
was transmitted through the cable. If a different microwave source was
used, with a frequency in the range of approximately 30 GHz, a reasonable

microwave power could be coupled to the superlattice device in this manner.

Superlattices are capable of generating higher harmonics of an incident
microwave source due to their non-linear I-V characteristics. A 30 GHz
microwave source could be used as a local oscillator source for mixing
experiments, and the higher harmonics could be mixed with an acous-
tic wavepacket with a centre frequency in the region of 100 GHz. The
only remaining component required is a bias tee that allows the 30 GHz

microwaves to be coupled to the cryostat cabling.

6.2.2 Electrical detection of ultrafast acoustic pulses

using a superlattice

The work on the electrical detection of ultrafast acoustic pulses using semi-
conductor superlattice devices has created several avenues of possible fur-
ther work. The suggestion that the extra peak observed in the transient
voltage was caused by long-lived phonon modes confined in the superlat-
tice was based on the experimental observations. There have been no the-
oretical calculations performed to confirm or contradict this, and this is a
potential area of future work for a theoretician. Also, as the shape of the
detected signal varied with different Al film transducers of nominally the
same thickness it would be prudent if these experiments were repeated to

ensure that the observed effect is reproducible.

An attempt was made to determine if there was evidence of amplifica-
tion of the long-lived phonon modes, but it was unsuccessful due to the

poor signal-to-noise ratio. This superlattice structure has previously been
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shown to exhibit phonon amplification [29], and any further evidence of
this effect would compliment the existing results. If the signal-to-noise ra-
tio could be improved through experimental techniques, clearer data could

be obtained to perform the relevant analysis.

Another important area of possible future work arises from the striking
difference in the transient voltages observed across this superlattice struc-
ture and a similar one used by Poyser et al. [53]. For one superlattice, the
device resistance decreased in the presence of acoustic phonons, and for the
other superlattice the resistance increased. This suggests that the phonon-
induced electron transport is very different between the two superlattice

structures.

Based on their nominal growth parameters it is unclear why the elec-
tron transport should be so different for the two samples, but it is suggested
that the layers of the NU1727 superlattice were thicker than expected. The
different electron transport regimes in semiconductor superlattices is still
an ongoing field of research, and it would perhaps be interesting for a the-
oretician to investigate the difference in phonon-assisted electron transport

between these two superlattices.

6.2.3 Electrical generation of ultrafast strain pulses

While the electrical detection of high frequency coherent acoustic phonons
has the potential to be very useful in a range of applications, it is still lim-
ited as a technique if the phonons have to be generated using a femtosec-
ond laser system that is both expensive and complicated. One particularly
important area of future work then, is the generation of high frequency
coherent strain pulses by an alternative method. In keeping with the rest

of the work in this thesis an electrical method has been considered.

One possible device to consider is a step recovery diode. A step recovery
diode (SRD) is a p-i-n diode with a graded band gap intrinsic region [133].
Under the application of forward bias, carriers are stored in the intrinsic
region of the device. When the bias applied to the SRD is switched from
positive to negative, the stored carriers are very quickly swept out of the

junction. It is suggested that this fast movement of carriers could possibly
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Figure 6.1: Schematic diagram of a step recovery diode fabricated from the
Mn775 wafer. It is a p-i-n diode in which the intrinsic region has a variable

band-gap as determined by the value of x in the Al,Ga;_,As layer.

generate a strain pulse due to the deformation potential.

Some preliminary work has been performed on this topic as part of work
for this thesis. A wafer profile was designed based on the papers by Tan
et al. [134] and Ao et al. [135] and the nominal growth specifications are
shown in figure 6.1. A 300 nm n-doped GaAs layer (n =5 x 10'® cm™3)
was grown on a semi-insulating GaAs substrate to form the bottom con-
tact layer. This was followed by a 200 nm n-doped Aly3Gag7As layer
(n =5 x 10" cm™3), which would help in confining carriers to the charge
storage layer. The charge storage region is an intrinsic Al,Ga;_,As re-
gion in which z should ideally vary linearly from z = 0.15 to = = 0.00
in the direction of growth. This layer was followed by a 200 nm p-doped
Aly3Gag7As layer (p =5 x 1012 em™3), which was also intended to aid the
confinement of carriers to the charge storage region, and finally a 300 nm

p-doped GaAs (p =1 x 10?° cm™3) top contact layer.

In reality, the layers grown for the Mn775 wafer were altered slightly
from the suggested growth structure. The very high p-doping was not
available with the carbon cell installed on the MBE machine. Instead, the
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Figure 6.2: I-V characteristics of a 200 pm diameter step recovery diode
fabricated from wafer Mn775. The device has a typical diode-type character-
istic with a turn on voltage of approximately 1 V and a reverse breakdown at
a larger negative voltage than -11 V, although an appreciable reverse leakage

current is present from -11 V.

p-doping was made as high as possible with the existing carbon cell, and the
ratio between the doping concentrations of the two layers was unchanged.
Another deviation from the structure in figure 6.1 relates to the linear
variation of z within the Al,Ga;_,As layer. To do so is not trivial and it
was decided instead to ramp the temperature of the Al cell linearly, which

leads to a logarithmic change in flux.

Devices were fabricated from the Mn775 step recovery diode wafer by
etching to the bottom contact layer to create cylindrical mesas in a range
of sizes. A p-type ohmic contact was formed to the top of each mesa and a
large grid style n-type ohmic contact common to all devices was formed to
the bottom contact layer. An existing photolithography mask set was used
when processing the devices for these initial proof-of-principle type experi-
ments. The mask set was the same one that was used to process the NU1727

superlattice sample, as shown in the microscope image in figure 5.5.
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The I-V characteristics of the diodes fabricated from wafer Mn775 were
investigated by the method described in section 3.2, in which a bias is ap-
plied to the device and a small-value resistor in series and the current is
calculated from the voltage measured across the resistor. The I-V char-
acteristics of a 200 pm diameter device at room temperature are shown in
figure 6.2. The device characteristics are fairly typical for a diode, with a
sharp turn on at approximately 1 V. The diode has an appreciable reverse
leakage current from about -11 V, and reverse breakdown occurs at a larger

applied negative bias not shown in the figure.

Initial tests were performed to determine if the device behaved as a
step recovery diode. A positive bias was applied to the device and then the
applied bias was switched from positive to negative. The pulse sharpening
effect is expected to occur on the falling edge as the negative bias removes
the carriers from the charge storage region. An example of the results
obtained from this test is shown in figure 6.3 for a 200 pm diameter device.
The output of the device shows the characteristic shape of a poor step
recovery diode with the associated “slow tail” and “round off” portions,
marked as “a” and “c”, respectively [133]. Part of the output curve has
a steeper gradient compared to the input curve (part “b”), showing that
the device is capable of the quick movement of carriers. Overall the output
transition is no faster than the input transition due to the pronounced slow

tail and round off effects.

There are several aspects of the device processing that could be im-
proved to produce better SRDs. The process would greatly benefit from a
purpose designed mask set for the photolithography stages. Previous stud-
ies have used two etches to form the mesas, with one etch to the bottom
contact layer and another etch that stopped in the p-doped Aly3GagrAs
layer such that the top part of the mesa had a smaller diameter than the
bottom part. This was done to reduce surface current flow to the charge
storage region and so reduce the surface recombination current [134,135].
It would also be beneficial to be able to use significantly smaller mesas to
reduce the capacitance of the devices. The existing mask set is limited by

the size of mesa that can be contacted by Al wire using a wedge bonder.

It is also likely that the step recovery effect would be more pronounced

if a pulse generator with a faster rise time was used, as the input rise time
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Figure 6.3: Test for pulse sharpening using a 200 pm diameter step recovery
diode fabricated from wafer Mn775. The output trace shows the character-
istics of a poor step recovery diode with pronounced “slow tail” and “round
oftf” features marked as “a” and “c”, respectively. The fast transition at “b”

has a steeper gradient than the input pulse.

should ideally be less than the minority carrier lifetime in the intrinsic
layer [134]. A signal generator that can produce voltage pulses with a rise

time of <5 ns should be used for these experiments.

As there is a fast transition present in the response of the diode it is
possible that the internal workings of the diode are still sufficiently fast to
generate a strain pulse. It is likely that it is just the overall transition time

that is limited by the round off and slow tail portions of the signal.

Preliminary experiments were performed to see if the SRD could gen-
erate a strain pulse that would then propagate across the substrate of the
sample. A superconducting Al bolometer fabricated directly opposite the
SRD to be tested was used as the detector. The SRD was mounted in-
side a bath cryostat that had the temperature control required to hold the

bolometer on its superconducting transition. A voltage pulse was applied
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to the SRD, and the bolometer signal was observed at a time that would
correspond to phonons emitted from the SRD during the falling edge of
the voltage pulse reaching the bolometer on the other side of the substrate.
However, the bolometer signal was saturated due to heating caused by the
large voltage pulse needed to drive the SRD, and this made it impossible to
determine if there was an increase in the bolometer signal at the expected

time.

Instead, it should be possible to perform the experiment using a p-i-n
detector with a quantum well in the intrinsic region. It was shown by Moss
et al. that when probed with a suitable laser these devices produced a pho-
tocurrent that followed the transient ultrafast strain propagating through
the p-i-n detector [43,44]. For this experiment to be successful it is nec-
essary to be able to phase-lock the voltage pulses driving the SRD with
the laser pulses that form the photocurrent in the QW. A constant phase
relationship between the two pulses is required when averaging the signal

over multiple pulses to improve the signal-to-noise ratio.

6.3 Summary

In summary, the experiments performed in this thesis were successful in
the electrical detection of ultrafast acoustic pulses using semiconductor
devices. Heterodyne mixing of the acoustic frequency with that of a mi-
crowave source has been demonstrated using a Schottky diode as the mixer
element, and semiconductor superlattice structures also look promising for

this application.

There are several areas of research left open for future work, the most
important perhaps being the electrical generation of ultrafast strain pulses
to compliment the electrical detection techniques. The step recovery diode
is a potential candidate for this role, and some preliminary experiments

have been performed on these devices.
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Appendix A

Processing instructions

Several different semiconductor devices were fabricated in the clean room
within the School of Physics at the University of Nottingham for use in the
experiments described in this thesis. The processing steps for these devices
are outlined in this appendix. Four different processes will be described:
two Schottky diode structures, one set of superlattice devices and the step
recovery diodes. All four processes used different photolithography mask

sets.

A.1 Common processing steps

Many of the processing steps are common to all of the devices fabricated
within the university clean room. These will be outlined in this section,
and then simply referred to in the following sections where the process flows

for specific devices are outlined.

Four solvent clean: The sample was immersed in four different solvents
for 10 minutes each in the following order: ethyl lactate, acetone,
methanol and isopropyl alcohol. This was done at room temperature,
and the beaker was typically placed on a stirring plate for gentle ag-
itation. After the sample was removed from a solvent it was then
rinsed with the appropriate solvent and dried with pressurised nitro-

gen. The exception to this was after removing the sample from the
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acetone. Drying the sample after the acetone step can lead to leaving
deposited material on the sample, so the sample was transferred from

acetone to methanol without being dried.

Three solvent clean: After the initial clean, only the latter three sol-
vents were required for subsequent cleaning steps: acetone, methanol
and isopropyl alcohol. The same general method was followed as for

the four solvent clean, except that the first solvent used was acetone.

Dehydration: The sample was dehydrated after cleaning if the following
step was to involve resist work. Dehydration of the sample was per-
formed to drive off excess solvents and ensure good adhesion of the
resist. This was done at a temperature higher than the temperature
used to bake the resist. If the resist was to be baked in the oven, the
sample was dehydrated in the oven at 150°C for 10 minutes. If the
resist was to be baked on the hotplate, the sample was dehydrated
on the hotplate at 120°C for 10 minutes.

Spinning resist: The same positive resist, BPRS 150, was used for all
devices. This was applied using a pipette, ensuring that there were
no bubbles present in the resist. It was then spun at 4000 rpm for
30 s. This typically led to a resist thickness of 1.4-1.6 pm. Spinning
resist onto small rectangular samples leads to a large amount of edge-
bead building up in the resist, especially at the corners. A clean room
appropriate cotton bud can be used to remove the worst of the edge-
bead from the corners of the sample. If not removed, this edge-bead
can stick to the photolithography mask, making alignment tricky, or
it can prevent the mask from making good contact with the resist

and lead to a poorly defined pattern.

Baking resist: The BPRS 150 resist could either be baked in the oven
at 110°C for 30 minutes or on the hotplate at 90°C for 2 minutes.
Initially the resist was always baked in the oven, as it was suggested
that this method made the lift-off stage easier. In later processes the
hotplate was used, as it was found that it didn’t have a noticeable
detrimental effect during lift-off and it reduced the time of the resist

steps considerably.

Patterning the sample: After the resist was baked, it was patterned

using photolithography. The mask was aligned to any pre-existing
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pattern on the sample using a Karl Suss MJB3 mask aligner. The
sample was given a 6 s exposure of the UV light on the constant

intensity setting with an intensity of 10 mW cm~—2.

Developing the pattern: After patterning the sample using the mask
aligner, the pattern had to be developed. As the same resist was
used for all patterning steps, the same developing solution was also
used. The developer used was AZ400K diluted 1:8 with deionised
water. The sample was held in the developer using tweezers, and
moved forward and backward gently. The sample was removed from
the developer after a given time, rinsed with deionised water and
then dried with pressurised nitrogen. A typical development time was
between 30 s and 120 s. The pattern was checked under an optical
microscope after an initial 30 s, and if it looked under-developed it
was put back in the developing solution and checked again until it

appeared well-developed.

Etching to remove material: Before starting the etch process, the thick-
ness of the resist pattern was measured using a height profiler. This
was important to later determine how much material had been re-
moved. The etch solution was made fresh each time. The sample
was then held in the etch solution using tweezers and gently moved
forward and backward. After a given time the sample was removed
from the etch solution and placed in a beaker of deionised water,
before being rinsed with fresh deionised water and dried with pres-
surised nitrogen. The etch depth was measured on a height profiler.
Subtracting the resist thickness from the total step change measured
allowed the etch depth to be determined. An approximate etch rate
was calculated and the previous steps were repeated until the required

etch depth was reached.

The etch solution used was 1:1:100 hydrogen peroxide (Hy03), am-
monia (NHj3) and deionised water. This was used in previous work

by Ryan Beardsley and gave an average etch rate of 4 nm s—.

Resist removal: The BPRS 150 resist could be easily removed in ace-
tone. The sample was soaked in acetone at room temperature. This
was typically followed by a three solvent clean to remove any resist

residues.
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Oxide etch: To ensure the formation of good electrical contacts, an oxide
etch was performed on the sample before it was loaded into the ther-
mal evaporator. The etch solution was made up of 1:1 hydrochloric
acid (HCI) to water. The sample was held in the oxide etch us-
ing tweezers and gently agitated for 1 minute. It was then rinsed
with deionised water and dried with pressurised nitrogen before be-

ing loaded into the evaporator.

Metal deposition: The metals that were to be deposited onto the sample
needed to be cleaned prior to loading them into the evaporator. This
was done using the three solvent clean process, but the beaker was
placed in an ultrasonic bath to aid the cleaning process. Once loaded,
the evaporator was left to pump down to a suitable pressure. Ideally,
the lower the pressure the better, as there are less contaminants re-
maining within the bell jar. This was typically in the low 10~% mbar
to high 10~7 mbar range.

For n-type metal contacts, a layer of In/Ge 50:50 by mass and a layer
of Au were commonly deposited, following on from previous processes
performed by Ryan Beardsley. These metals were initially chosen as
the metals are thought to diffuse less far into the material compared
to the Ge Au Ni Au contact typically used within the School’s clean
room. This can be important for vertical transport devices, as you do
not want the contact metals to diffuse beyond the top contact layer.
For the NU1778 superlattice sample, the In/Ge evaporation was not
available as the evaporator used for this process had been removed
from the clean room. As In evaporations are considered a “dirty”

process, In was no longer used in any of the School evaporators.

For the p-type ohmic contact required in the Mn775 step recovery
diode process, Mg and Au were used to form the contact. This type

of contact had frequently been successfully used within the School.

Lift-off: The sample was soaked in a beaker of acetone to remove the resist
and the material deposited on top of the resist. This was typically

followed by a three solvent clean to remove any resist residues.
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A.2 Mn659 Schottky diodes

The Mn659 wafer had an n-doped GaAs layer grown on one side, as shown
in figure 4.3. This is the side that was used to create Schottky diodes.
The back face of the sample had a superlattice structure grown on it that

needed to be protected from being etched.

The mask set used for these devices was a printed acetate mask. It has
not been stored in the clean room, and would probably need replacing to

recreate these devices.

1. Scribe and cleave the sample into chips approximately 5 mm x 5 mm.
2. Four solvent clean and dehydrate.

3. Stick to a glass cover slip to protect the superlattice on the back face
during wet etching. Use BPRS 150 resist and a pipette tip to place
a small dot of resist on the glass cover slip. Place the sample on top
of the resist and bake on the hot plate at 90°C for 1 minute. Check
that there are no bubbles, especially near the edges of the sample.

4. Spin on resist and bake.

5. Pattern with the etch mask pattern and develop. This pattern creates
two mesas per device, so there were two triangles of resist left per
device after the developing stage. We only wanted one mesa per
device, so a second exposure was used. To do this, we covered the
row of resist triangles that we wanted to keep and exposed the ones

we didn’t. The sample was developed a second time.
6. Etch the mesas. Need to remove 500 nm.

7. Resist removal, followed by a three solvent clean and then dehydrate
the sample. Soaking the sample in acetone to remove the resist will

also free the sample from the glass cover slip.
8. Spin on resist and bake.

9. Pattern with the ohmic contact mask and develop. This mask creates
two slightly smaller triangles than the etch mask where the ohmic

contacts should be formed. As we only had one mesa per device, one
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

contact was the ohmic contact on top of the mesa and the other was
formed on the semi-insulating substrate. This second triangle will
later be connected to the Schottky contact to act as half of the bow-
tie antenna, but also to act as a large bonding pad for the Schottky

contact.
Oxide etch before loading the sample into the evaporator.

Thermally evaporate 40 nm of In/Ge 50:50 by mass followed by
110 nm of Au.

Lift-off and three solvent clean.

Anneal ohmic contact at 370°C for 30 s.
Three solvent clean and dehydrate.
Spin on resist and bake.

Pattern with the Schottky contact mask. This is a row of strips
of different width to connect the top of the mesa to the triangular

contact formed onto the substrate.
Oxide etch before loading the sample into the evaporator.
Thermally evaporate 20 nm of Ti followed by 120 nm of Au.

Lift-off and three solvent clean.

A.3 Mn744 Schottky diodes

The Mn744 structure comprised of two layers of n-doped GaAs on a semi-

insulating substrate as shown in figure 4.5. A photolithography mask set

was designed specifically for these devices.

1.

Cleave samples into chips approximately 8mm x 8mm. The chips
for these devices have to be larger than for some of the others as the
device size is very large, on the millimetre scale. If the chip is too
small you do not get many devices per chip. It is important to mark

which surface is the front as they appear identical to the eye.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Four solvent clean and dehydrate.

Spin on resist and bake.

Pattern with mask 1 and develop. This mask allows the mesas to be

formed.
Etch the mesas. Need to remove 700 nm.

Resist removal, followed by a three solvent clean and then dehydrate

the sample.
Spin on resist and bake.

Pattern with mask 2 and develop. This mask allows most of the top

n-doped layer to be removed from each mesa.
Etch to remove top layer. Need to remove 100 nm.

Resist removal, followed by a three solvent clean and then dehydrate

the sample.
Spin on resist and bake.

Pattern with mask 3 and develop. This mask allows the ohmic contact

to be formed.
Oxide etch before loading the sample into the evaporator.

Thermally evaporate 40 nm of In/Ge 50:50 by mass followed by
110 nm of Au.

Lift-off and three solvent clean.

Anneal ohmic contact at 370°C for 30 s.
Three solvent clean and dehydrate.
Spin on resist and bake.

Pattern with mask 4 and develop. This mask allows the deposition

of an oxide layer to protect the edge of the mesa.

Oxide etch before loading the sample into the evaporator. It is im-
portant that the sample surface is well prepared for this evaporation

as the SiO, layer is prone to peeling.
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21.

22.

23.

24.

25.

26.

27.

Thermally evaporate SiO,. The film thickness monitor was not well
calibrated in this evaporator. The film thickness monitor gave a read-
ing of 160 nm, but height profiler measurements showed that the

deposited layer was closer to 300 nm.

Lift-off, three solvent clean and dehydrate. It is important to treat
the sample very gently after the SiO, has been deposited as it is prone
to peeling.

Spin on resist and bake.

Pattern with mask 5 and develop. This mask allows the deposition

of the Schottky diode and the associated contact pad.
Oxide etch before loading the sample into the evaporator.

Thermally evaporate 20 nm of Ti followed by 500 nm of Au. This
Au layer needs to be thicker than the SiO, layer to ensure a good
electrical connection between the Schottky contact and the associated

triangular contact pad.

Lift-off and three solvent clean.

A.4 NU1778 superlattice devices

The NU1778 structure is shown in figure 5.4. These devices comprised of

an etched mesa with top and bottom contacts. The two layers that the

ohmic contacts were formed to were both n-type GaAs, so the same metal

deposition could be used for both contacts. The mask set used for this was

the one known as the “Robin Hood” mask, which has one etch mask and

one metallisation mask.

1.

2.

3.

4.

Scribe and cleave the sample into chips approximately 5 mm x 5 mm.
Four solvent clean and dehydrate.
Spin on resist and bake.

Pattern with the Robin Hood etch mask and develop.
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10.

11.

12.

. Etch the mesas. Need to remove 890 nm.

Resist removal, followed by a three solvent clean and then dehydrate

the sample.

Spin on resist and bake.

Pattern with the Robin Hood contact mask and develop.
Oxide etch before loading the sample into the evaporator.

Thermally evaporate 40 nm Ge, 60 nm Au, 30 nm Ni and 100 nm
Au, in that order.

Lift-off and three solvent clean.

Anneal at 360°C for 30 seconds.

A.5 Mn775 step recovery diodes

The Mn775 structure was a p-i-n structure in which the intrinsic region

had a graded band gap, as shown in figure 6.1. These devices comprised of

an etched mesa, with a top contact and a ground contact that were formed
from different metals. For this, the mask set known as the “Sheffield”

mask was used. This mask set provides optical access to the top of the

mesas, which was not required, but more importantly it allows the two

metallisations to be different.

Scribe and cleave the sample into chips approximately 5 mm x 5 mm.
It is important to mark the active side of the device as they both look

the same.
Four solvent clean and dehydrate.
Spin on resist and bake.

Pattern with the Sheffield etch mask and develop.

. Etch the mesas. Need to remove 1200 nm.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Resist removal, followed by a three solvent clean and then dehydrate

the sample.

Spin on resist and bake.

Pattern with the Sheffield top contact mask and develop.
Oxide etch before loading the sample into the evaporator.
Thermally evaporate 20 nm Mg followed by 100 nm Au.
Lift-off and three solvent clean.

Anneal at 420°C for 30 seconds.

Three solvent clean and dehydrate.

Spin on resist and bake.

Pattern with the Sheffield grid contact mask and develop.
Oxide etch before loading the sample into the evaporator.

Thermally evaporate 40 nm In/Ge 50:50 by mass followed by 110 nm
Au.

Lift-off and three solvent clean.

Anneal at 370°C for 30 seconds.
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