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Abstract

In this thesis the work will focus on the development of wide band gap
radiation detectors for radiation hard, biological and monitoring applications.
Gallium nitride (GaN) was investigated as a radiation hard particle detector
and as an UV light detector while the properties of single crystal diamond
as a soft x-ray beam position monitor were assessed.

Photolithographic processes were used to produce Schottky pad detectors
of 1 mm diameter on three epitaxial GaN wafers grown on a sapphire sub-
strate. Two of the wafers were obtained from Tokushima University, Japan
and had an epitaxial thickness of 2.5 pum while the third GaN wafer was
grown by Lumilog, France and had an epitaxial thickness of 12 ym. Devices
were irradiated with protons and neutrons to fluences of 104, 10%5, 2x10'5,
5x10% and 106 particles cm~2 and the macroscopic properties characterised
through current-voltage (I-V), capacitance-voltage (C-V) and charge collec-
tion efficiency measurements. The leakage currents of the irradiated GaN
detectors were in some cases orders of magnitude smaller than the unirradi-
ated devices. This phenomenon has also been observed in other irradiated
wide band gap semiconductors, SiC and diamond. The maximum CCE of
the thin epitaxial GaN detector was 97% while the thicker epitaxial GaN
detector exhibited a maximum CCE of 53%. Irradiation with protons and

neutrons led to a dramatic reduction in the CCE of the GaN detectors. For
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example, the CCE of one of the thin epitaxial GaN detectors dropped from
97% pre-irradiation to 40% after irrradiation to 10'® neutrons cm=2 and 13%
after irradiation to 10! protons cm™2. The drop in CCE of the thicker epi-
taxial material was less pronounced however the devices irradiated to the
highest fluences, 10'® neutrons cm~2 and 10'® protons cm ™2 exhibited CCEs
of only 17% and 25% respectively.

Attempts were made at identifying and understanding the microscopic
as-grown and radiation-induced defects that determine the macroscopic char-
acteristics of the GaN detectors. The microscopic properties of unirradiated
and irradiated GaN detectors were evaluated using photoluminescence (PL),
contact photoconductivity (CPC) and thermally stimulated current (TSC)
techniques. Both PL and CPC measurements of the irradiated devices re-
vealed a substantial increase in non-radiative recombination. In particular
the intensity of the yellow band PL peak is significantly reduced after ir-

radiation to 10'% particles cm—2.

This YB is attributed to a deep acceptor
level ~ 0.86 eV from the edge of the valence band and is the defect level
responsible for the dramatic decrease in both leakage current and CCE of
the GaN devices irradiated to the highest fluences. TSC measurements of
the GaN detectors revealed several competing complicated transport mech-
anisms. Thermal activation energies of 0.16-0.2, 0.27-0.32, 0.36-0.45 and
0.73-0.74 eV were extracted from neutron irradiated thin epitaxial GaN de-
tectors.

Dry etching of various GaN materials was done in a inductively coupled
plasma (ICP) machine. The GaN samples were etched in order to produce
ohmic contacts to the n-GaN buffer layers and to realise a parallel plate

capacitor detector geometry. From the current-voltage and capacitance-

voltage characteristics of the etched devices the ideality factor, Schottky
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barrier height and carrier concentration were extracted. The parallel plate
capacitor geometry of the etched devices resulted in an increase in charge
collection efficiency compared to the unetched devices. This is attributed to
better definition of the electric field within the etched devices resulting in
significantly improved charge transport.

Metal-Semiconductor-Metal (MSM) UV detectors were fabricated on four
GaN wafers and one AlGaN wafer. Two MSM device geometries; one with a
finger spacing/width of 5 um and one with a finger spacing/width of 10 pm,
were investigated. The optimal GaN material, MSM geometry and metalisa-
tion contact scheme was established via current-voltage and spectral response
measurements and a 46 channel diode GaN array detector fabricated. This
position sensitive GaN array detector was to be used in an energy disper-
sive Circular Dichroism (CD) experiment at Daresbury Laboratory. The CD
spectra of a protein may be used to establish the conformation it adopts -
i.e. how the protein folds. Neuro-degenerative diseases are thought to oc-
cur when proteins fold incorrectly. The channels of the GaN array detector
exhibited significant priming destroying the CD measuring capability. This
priming is attributed to photo-generated carriers filling defect traps in the
semi-insulating GaN material resulting in an increase of the device photo-
conductivity with time.

Further MSM devices with semi-transparent contacts were fabricated us-
ing e-beam lithography. These devices had increased responsivities compared
to the full-metal contact devices, showing that semi-transparent contacts
should be employed where possible. The CD spectrum of camphorsulphonic
acid (CSA) was measured using a semi-metal GaN photodiode array detector
and compared to the spectrum obtained with a Hamamastu Si photodiode.

The typical CSA CD spectrum of a minimum at 192.5 nm and a maximum
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at 290.5 nm was not recorded by the semi-metal 45GaN device. This is
again attributed to the priming of the semi-insulating GaN materials which
destroys the CD measuring capability.

Finally, single crystal diamond was assessed for its suitability as an in-situ
soft x-ray semi-transparent beam position monitor. The fabricated detector
exhibited low leakage currents up to an applied field of 0.6 V/um and ~
100% CCE at an applied reverse bias of 50 V. X-Ray measurements at the
ESRF showed the excellent uniform response over the full area of the diamond
device. These preliminary investigations indicate that single crystal diamond

shows great promise as an in-situ semi-transparent position beam monitor.
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Chapter 1

Introduction

Semiconductors have been studied in laboratories since 1830 [1]. The first
materials investigated were a group of elements and compounds that were
poor electrical conductors. Shining light on them generated an electric cur-
rent that would pass through the material. The first major application of
semiconductors were as detectors in radios, used in a device called a “cat’s
whisker” [2]. These devices were somewhat troublesome, however, requiring
the operator to move a small tungsten filament (the whisker) around the
surface of a galena (lead sulfide) or carborundum (silicon carbide) crystal
until it suddenly started working. The “cat’s whisker” is a primitive exam-
ple of a special type of diode still popular today; a Schottky diode. One of
the most significant inventions of the 20th century was the fabrication of the
solid-state transistor by Bardeen, Brattain, and Shockley which stimulated
increased interest in semiconductors. In the past three decades, integrated
circuits have allowed the manufacture of millions of transistors onto a single
semiconductor crystal. This has led to an explosion in the electronics sector
transforming it into a multi trillion pound industry. Nowadays semiconduc-

tor devices are used in computers, mobile phones, lasers and digital cameras,
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to name only a few applications.

Silicon is the most widely used and well known semiconductor material.
It is the second most abundant element on earth and exhibits excellent semi-
conducting properties. Recently more exotic semiconductors such as GaAs,
GaN, SiC, CdZnTe and diamond have been studied for applications where
silicon performs poorly or is not suitable. Three such applications where
other semiconductors may outperform Si are: as radiation hard tracking de-
tectors; ultra-violet (UV) light detectors; and in-situ soft (5 - 25 keV) x-ray
beam position monitors at third generation synchrotron light sources. This
thesis examines the compound semiconductor gallium nitride (GaN) as a
radiation hard tracking detector and UV light detector as well as studying

single crystal diamond as an in-situ soft x-ray beam position monitor.

1.1 GalN as a Radiation Hard Detector

Over the past thirty years experiments at particle colliders, such as the Large
Electron Positron (LEP) collider at CERN;, have been used to rigorously test
the standard model of particle physics. In pursuit of new physics, the total
collisional energy of the particles has increased during this time placing huge
demands on designers of tracking detectors. Modern tracking detectors, such
as those at the ATLAS [3] experiment on the Large Hadron Collider (LHC)
[4] beam line, are made from solid state semiconductors and are typically
used in a pixel or strip configuration. The LHC, due to be switched on in
late 2007, will collide protons at a centre of mass energy of 14 TeV. The time
between proton bunch crossings will be 25 ns and the tracking detectors
are positioned only a few centimetres from the interaction point in order

to observe short lived particles. Over the 10 year operational lifetime of
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the LHC these Si tracking detectors will experience high levels of radiation
damage resulting in a severe degradation of tracking capability.
The proposed upgrade of the LHC, the Super LHC (SLHC), which will

2571 will require

operate at an anticipated design luminosity of 10%° cm
tracking detectors that can withstand a radiation environment that is 10
times more hostile than the LHC. Figure 1.1 shows the accumulated hadron
fluences expected in the SUPER-ATLAS inner detector after 5 years opera-

tion [5]. At these anticipated SLHC fluences the radiation damage is so great

SUPER-ATLAS " Total
—e— Neutrons
Pions
—*— Other Hadrons
1E16 4
Maximum fluence received
”””” .(””””’””” by ATLAS inner
- detector after 10 years
<~ 1E154 \ of operation
£ —
L S N —
F N
E T
1E14 \*\*\*
1E13 T T T T T 1
0 10 20 30 40 50 60

Radius from Interaction Point (cm)

Figure 1.1: Hadron fluences expected in the SUPER-ATLAS inner detector after

5 years of operation. ¢eq is the 1 MeV neutron equivalent fluence [5].

that with the currently available Si technology the tracking detectors would
need to be replaced every few years [6]. Substantial research is currently
being conducted within the framework of the CERN RD48 [7] and CERN
RD50 [8] collaborations to find tracking detectors that are significantly more
radiation hard. The vast majority of research has focussed on the defect engi-
neering of Si [5] and on 3D detectors [9] where, instead of employing the more

typical planar detector structure [10], the electrodes penetrate the detector
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bulk with the advantage of minimising the charge collection distance. Also
investigated within these collaborations is the use of semiconductors other
than Si as tracking detector material. Diamond and 4H-SiC have received
particular attention however the reported results have not been as promising
as first anticipated. GaN is another so called wide band gap semiconductor
that is thought to be potentially more radiation hard than Si.

GaN is not found naturally on earth and was first synthesised by Juza
and Hahn in 1938 [11]. However the first growth of large area GaN epilayers
on sapphire substrates was not achieved until 1969 [12]. Table 1.1 shows
the various properties of GaN and other semiconductors commonly used as

radiation detectors, namely Si, Ge, GaAs, 4H-SiC and diamond. GaN’s

Property Si GaN | 4H-SiC | Diamond | Ge | GaAs

Z 14 | 317 | 14/6 6 32 | 31/33

E, (eV) 1.12 | 3.39 3.3 5.5 0.66 | 1.42

Density (g/cm?) 2.3 | 6.15 3.2 3.5 5.32 | 5.32

pte (cm?/Vs) 1450 | 1000 | 800-1000 | 1800-2200 | 3900 | 9200

pn (cm?/Vs) 450 30 50-115 | 1200-1600 | 1800 | 320
Dielectric constant 11.9 8.9 9.7 5.7 16.2 | 124
e-h pair creation energy (eV) | 3.6 8.9 8.4 13.1 2.96 | 4.35
e-h pairs/pum (eV) 81 ~ 65 51 36 247 | 130
Displacement (eV) 13-25 | 10-20 | 20-35 43 28 10
Radiation length yo (cm) 9.36 | 2.56 8.7 12.15 230 | 2.3

Table 1.1: Properties of various semiconductors [5]. The e-h pairs/pum value is for
a Minimum Ionising Particle (MIP). Electrons with an energy greater than a few

MeV are relativistic and are said to be MIPs.

wide band gap should result in detectors with lower leakage currents than
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an equivalent Si detector. A further possible advantage of using GaN as
a tracking detector is that its displacement energy may be larger than Si
resulting in it being more intrinsically resistant to radiation damage.

The radiation hardness of three epitaxial GaN wafers was investigated in
this thesis. All three of these wafers had an epitaxial thickness of either 2.5
pm or 12 pm and were grown on sapphire substrates. Pad and guard ring
structures were fabricated and devices irradiated with 24 GeV /c protons and
1 MeV neutrons to fluences of 10* particles cm=2, 10'® particles cm~2, 2x10%°
particles ecm~2, 5x10'° particles cm~2 and 10'® particles cm~2. The effects of
the various irradiations were evaluated and the radiation hardness of GaN
assessed.

Chapter 2 describes the lithography and dry etching techniques used to
produce the detectors while Chapter 3 outlines the fundamental semiconduc-
tor physics theory and principles of radiation detection necessary for under-
standing of the results in subsequent chapters. Chapters 4, 5 and 6 evaluate
the radiation hardness properties of the three GaN wafers and should be
used to complement each other. Specifically, Chapter 4 details the macro-
scopic properties, namely the current-voltage (I-V), capacitance-voltage (C-
V) and charge collection efficiency (CCE) characteristics, of the irradiated
GaN detectors. Chapter 5 describes the inductively coupled plasma (ICP)
dry etching of the three GaN materials for the purpose of forming ohmic
contacts and improving the detector geometry. The macroscopic properties
of these etched devices are also presented in this chapter. Chapter 6 looks
at the as-grown and radiation induced defects of the GaN detectors through
photoluminescence (PL), contact photoconductivity (CPC) and thermally
stimulated current (TSC) measurements. GaN is noted as having a high

density of as grown defects and dislocations that can significantly affect de-
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vice performance.

1.2 GalN as a UV Detector

The direct, wide band gap of GaN also makes it an attractive material for the
detection of UV light. It can be seen from Equation 1.1 [13] that the band
gap (E,) of GaN, which is approximately 3.39 eV at 300 K, corresponds to
a cut-off wavelength (A¢) of 365 nm.

124 1.4
" B, 3.3%V

Ye. = 365nm (1.1)

Therefore any detector fabricated on GaN should, theoretically, exhibit no
photoresponse to light with a wavelength greater than 365 nm i.e. GaN is an
intrinsic rejector of visible light. This presents a significant advantage over
Si, the currently preferred material for UV detection. Visible and infra-red
filters have to be used with Si UV photodetectors, increasing both expense
and complexity. An additional benefit of GaN is that by adding varying
fractions of Al, forming the ternary alloy AlGaN, the cut-off wavelength may
be tuned between 365 nm and 200 nm (see Table 1.2).

AlL,Ga;_,N | E; (eV) | A. (nm)
x=0 3.39 365
x = 0.23 3.88 320
x = 0.25 4.0 310
x = 0.35 4.28 290
x=1 6.2 200

Table 1.2: Band gaps (Eg4) and cut-off wavelengths (A.) of AlGaN materials with

varying Al molar fraction
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GaN and AlGaN detectors are currently being developed for UV space
applications under the umbrella of the BOLD (Blind to the Optical Light
Detectors) initiative [14]. The BOLD initiative was established primarily to
develop radiation hard UV and extreme detectors for the ESA solar orbiter
[15], due to be launched in 2015.

A biological application that uses detector technology developed by physi-
cists is the measurement of circular dichroism (CD). CD is defined as the dif-
ference in absorption between left hand and right hand circularly polarised
light as it passes through a solution of an optically active molecule. Proteins
are optically active molecules and CD may be used to determine how various
proteins fold and the time taken for a protein to adopt a certain configura-
tion. Neuro-degenerative diseases such as Alzheimer’s and Creutzfeldt-Jakob
disease occur when certain proteins in the brain do not fold in the conven-
tional way. By establishing how different proteins fold it may be possible to
design drugs to treat diseases such as Alzheimer’s.

Traditionally the CD spectrum of a particular protein is measured using
a photomultiplier tube and lock-in amplifier. However this method is time
consuming and an improved approach, utilising solid state position sensitive
semiconductor detectors, has been proposed by scientists at the Rutherford
Appleton and Daresbury Laboratories [16]. This novel technique requires a
position sensitive 46 channel diode array detector that is efficient at detecting
light in the 180-240 nm wavelength range.

One of the main aims of this thesis was to produce a 46 channel diode
array detector on GaN to be used in a CD experiment at Daresbury Labora-
tory. Five different GaN/AlGaN materials, three metal-semiconductor-metal
(MSM) diode geometries and two different contact schemes were investigated

and the optimal material, diode geometry and contact scheme established.
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Several multi-channel GaN array detectors were fabricated and the device
that exhibited the maximum responsivity was used in a CD experiment at
Daresbury Laboratory.

Chapter 2 details the lithography techniques used to produce the various
test devices and array detectors. The current-voltage (I-V) and spectral
response characteristics of the test structures are given in Chapter 7. Chapter
8 outlines the CD station experimental set-up at Daresbury Laboratory and
evaluates the CD data of camphorsulphonic acid (CSA) obtained using both
a Si photodiode array and a MSM GaN array detector.

1.3 Single Crystal Diamond as a Beam Posi-
tion Monitor

Diamond is another material that has been extensively investigated over the
past decade for use as a radiation hard particle tracking detector [17]. Its
large band gap, large displacement energy and excellent charge transport
characteristics (see Table 1.1) lends it to being intrinsically more resistant
to radiation damage than the current tracking detector material of choice,
silicon. Until recently only polycrystalline diamond material has been com-
mercially available. However, the emergence of single crystal diamond, with
its more uniform response than its polycrystalline rival, has stimulated in-
creased interest. Diamond is now being investigated for wider applications,
such as an X-ray beam position monitor [18].

Third generation synchrotron X-ray beams may nowadays be focussed to
a precision of less than 1 pym and devices with similar spatial precision are
required to monitor the beam position or provide real-time information for

position control. The properties of single crystal diamond makes it an excel-
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lent material for an in-situ beam position monitor over the soft X-ray energy
range of 5-25 keV. A further advantage of diamond is that, as illustrated in
Figure 1.2, its lower atomic number compared to silicon makes it ideal since

there is less attenuation of the X-ray beam.

1000 - Region of
Interest

100 .
—— Silicon
Diamond

10 5

Thickness for 5% absorption (um)

0 10 20 30 40 50 60 70 80
X-ray energy (keV)

Figure 1.2: Plot comparing the thickness for 5% absorption versus z-ray energy

between diamond and silicon

Material Grower | Epi thickness (um) | Rad. Hard | UV Label
GaN Lumilog 12 Yes Yes 12GaN
GaN Tokushima 2.5 Yes Yes 36GaN
GaN Tokushima 2.5 Yes Yes 45GaN
GaN Emcore 2.5 No Yes | Emcore GaN

AlGaN FEmcore 2.5 No Yes AlGaN

Table 1.3: Properties of the four GaN wafers and one AlGaN wafer studied in this
thesis. Details are also given whether the material was used for radiation hardness
studies (Rad. Hard) or Ultraviolet light detection studies (UV). The final column

gives the naming convention used for each material
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In this thesis, the suitability of single crystal diamond as an in-situ soft
X-ray beam position monitor is assessed. The dark current, charge collection
and X-ray response properties of a single crystal diamond pad detector are
given in the latter half of Chapter 8. The chapter concludes with descriptions
and images of two mask designs that will be used to produce single crystal

diamond beam position monitors with various device configurations.

1.4 Labelling of GaN Devices

Four GaN wafers and one AlGaN wafer were studied in this thesis. Table
1.3 gives some properties of these wafers and also the naming convention
that is used throughout this thesis for the different materials . The radiation

hardness of the Emcore GaN material has previously been assessed [19].
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Chapter 2

Fabrication Techniques

2.1 Introduction

This chapter discusses the techniques used to process the GaN and diamond
material into radiation detectors. These techniques include photolithography;,
electron beam lithography and metal lift-off to define contacts and alignment
markers. Also described in this section is the dry etching process for semi-
conductor devices. In order to understand the mechanisms of dry etching
a brief description of plasma physics is also given. The detector fabrication
was carried out in the James Watt Nanofabrication Clean room facility at
the University of Glasgow. The information in this chapter is broadly refer-
enced from three sources, “The Science and Engineering of Microelectronic
Fabrication” by Stephen A. Campbell [20], “Semiconductor Devices: Physics
and Technology” by S.M. Sze [13] and “E-Beam Lithography” course notes
by Dr. Stephen Thoms[21].

11



2.2 Lithography

2.2 Lithography

Lithography is defined in the online Oxford English Dictionary as; “the pro-
cess of printing from a flat metal surface treated so as to repel the ink ex-
cept where it is required for printing.” In this work the word lithography
is used to define a process for transferring a pattern onto the surface of a
semiconductor via an intermediate radiation sensitive polymer called a re-
sist. Radiation sources used in lithography techniques range from optical
(ultraviolet, deep ultraviolet and extreme ultraviolet) to non-optical (elec-
tron beam and X-ray). Each radiation exposure tool has its own advantages
and disadvantages. The performance of an exposure tool is determined by
three parameters: resolution, registration and throughput. Resolution is the
minimum feature size that can be transferred with high fidelity to a resist
on a semiconductor sample. Registration is a measure of how accurately
patterns on successive masks can be aligned, or overlaid, with respect to the
previously aligned patterns on the semiconductor sample. Throughput is the

number of samples that can be exposed per hour for a given mask.

2.2.1 Photolithography

Photolithography uses ultra-violet (UV) light as the radiation source to trans-
fer the pattern onto an intermediate compound called a photoresist or simply
a resist. A mask is positioned between the UV light source and the resist
that is to be patterned. The only areas of resist exposed to the UV light
are those beneath the transparent sections of the mask. Exposure to the UV
light changes the chemical structure of the resist so that it either becomes
more soluble or insoluble (depending on the type of resist used) in a developer

solution. This development stage leaves the remaining resist on the sample

12



2.2 Lithography

either in the shape of the mask design or in the negative shape of the mask
design (again this is dependent on the type of resist used).

There are two main types of mask aligners used in photolithography pat-
tern transfer; the contact printer mask aligner and the projection printer

mask aligner. The differences between the two are shown in Figure 2.1.

Contact Printing Projection Printing

O O . Light Source

(Hg arc lamp)

UV light —

Substrate — “— Lens

Gap

Figure 2.1: Contact and projection printing

The main difference between contact printing and projection printing lies
in the positioning of the mask plate. In contact printing the mask is in
intimate contact with the sample whereas for projection printing there is a
gap between the mask and the sample. In projection printing a lens system
is used to focus the UV light onto the substrate. The optics for a projection
printing system are more complex than the optics for a contact printer and
the mask has to be scaled very precisely to take the projection effects into
account. In projection printing the features on the mask are not directly
transferred to the resist but undergo a change in scale. Contact printing has
good resolution without the need for expensive optics or scaling of the mask

features that are associated with projection printing. However, with contact

13



2.2 Lithography

printing there is greater possibility of mask contamination. Also, uneven
layers of resist result in broadening of the features that are patterned and
hence resolution is limited. Projection printing is mainly used in industry
where is it critical that there is no mask contamination, as one mask is used
to pattern thousands of wafers. A state of the art projection printer can
pattern 100 or more 200 mm diameter wafers per hour with a resolution of
80 nm [21]. The photolithographic processing used for this thesis was carried
out using a Karl-Suss MAG6 contact printing mask aligner. The registration

size of this aligner is ~ 5 pym with a resolution of ~ 1 pm.

Photoresist

A photoresist is made up of three main components: a resin or base material,
a photo-active compound (PAC) and an organic solvent. The organic solvent
controls the mechanical properties, such as the viscosity of the base, keeping
it in a liquid state. All photoresists are polymeric coatings that are designed
to change properties upon exposure to light. For positive resists, the PAC
acts as an inhibitor before exposure, slowing the rate at which the resist will
dissolve when placed in a developing solution. Upon exposure to UV light, a
chemical process occurs by which the inhibitor becomes a sensitiser, increas-
ing the dissolution rate of the resist. The exposed resist will be removed by
the developer solution whereas the unexposed regions of the resist will remain
on the substrate. The mask, therefore, is an exact copy of the pattern which
is to remain on the resist. Negative resists behave in the opposite manner.
Exposure to the UV light causes the negative resist to become polymerised
(cross linked), and therefore more difficult to dissolve. The negative resist
remains on the surface wherever it is exposed, and the developer solution re-

moves the unexposed portions. Negative resists are developed in an organic
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2.2 Lithography

solvent rather than in an aqueous solution. Masks used for negative pho-
toresists, therefore, contain the inverse (or photographic “negative”) of the
pattern to be transferred. Figure 2.2 shows the difference between positive

and negative resists after development.

wight— J J R B 8§

N B B — Mask

Resist—

Substrate
—
| [ | | [ | [ |
Positive Resist Negative Resist

Figure 2.2: Positive and negative resist profiles after development

A disadvantage of negative resists is that their exposed portions swell
as their unexposed areas are dissolved by the developer. This swelling phe-
nomenon limits the resolution of negative resist processes. The unexposed
regions of positive resists do not exhibit swelling and distortions to the same
extent as the exposed regions of negative resists. This results in positive
resists achieving a better image resolution than negative resists. Positive

resists were used exclusively throughout this thesis.

Mask production for photolithography

The masks used for photolithography were produced using an electron beam

writer. In order to produce a mask with the required pattern a design file
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2.2 Lithography

is created in a CAD package such as Wavemaker (WAM) or Tanner L-Edit,
which was the CAD package used in this work. In L-Edit a hierarchy layout
file is produced that is made up of a number of different individual cells. This
layout file is transferred to be written by the electron beam writer onto the
mask plate. The mask plates are coated with 100 nm of chrome, which allows
0.1 % transmission of ultraviolet light through the covered areas. The mask
plates can then be copied using contact lithography onto ferric oxide covered
plates. These ferric oxide plates have the advantage of allowing partial light
transmission enabling more accurate registration of samples with an optical
mask aligner. The mask copying process results in a slight loss of resolution,

but this is not significant for the large features discussed in this work.

Sample Processing Using Photolithography

The steps involved in simple photolithographic processing are: sample clean-
ing, resist application, soft bake, exposure and finally resist development.
These fabrication steps are carried out in a cleanroom, where the tempera-
ture, humidity and density of dust particles can be controlled. The cleanli-
ness of a cleanroom is defined by its class. The James Watt Nanofabrication
Cleanroom has areas that have cleanliness classes of 1000, 100 and 10.

Table 2.1 shows the standard process steps for producing a pattern in
Shipley S1818 resist (a positive tone resist). Usually the last two digits in
the photoresist name give its thickness when spun at 4000 rpm for 30 seconds.
These process steps were used to pattern the pad and guard ring structures
on the 12 GaN, 36 GaN, 45 GaN and to pattern the various structures on
the diamond material.

Before application of the resist it is essential to ensure that the surface of

the substrate is clean of debris and dust particles. If this is not done there
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2.2 Lithography

Step Process

Substrate surface clean Sequential solvent cleans in opticlear,

acetone and IPA (isopropyl alcohol)

Sample dry Dry sample using No gun

Spin resist Spin S1818 resist at 4000 rpm for 30 seconds.

This will give a resist thickness of 1.8 pm

Soft bake Bake for 30 minutes at 90°C to

remove solvents from the resist

Exposure Expose for ~ 4 seconds using

Karl Suss MA6 mask aligner

Development S1818 resist developed in a solution of
1:1 reverse osmosis water: Microposit developer

for 75 seconds at room temperature

Sample dry Dry sample using No gun

Table 2.1: Photolithography process steps using S1818 resist

will be a degradation in the quality of pattern that is transferred which may
lead to device failure. Surface debris and dust particles are removed from the
sample by placing it in beakers of organic solvents. The sample is first placed
into a beaker of opticlear which has been heated to 60°C for 10 minutes. The
beaker is transferred to the ultrasonic water bath and is agitated for a further
10 minutes. These processes are repeated using beakers of acetone and IPA
(isopropyl alcohol) and the sample is finally blown dry using an N gun.
After the solvent cleaning stage the substrate is placed onto a vacuum chuck
in order to apply the photoresist. An HDMS (hexamethyldisilazane) based
primer coating is sometimes spun onto the substrate in order to promote

adhesion between the substrate and the resist. Primer is used when there
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2.2 Lithography

is oxide formation on the surface of the substrate. The HDMS reacts with
the oxide on the surface forming a strong bond and the remaining free bonds
readily react with the photoresist, enhancing adhesion. In this thesis primer
was rarely used as there proved to be no adhesion problems between the
various substrates and the photoresist. The photoresist is applied to the
surface of the substrate using a syringe with a 0.1 um filter and then spun
at the required speed for a set time. When spinning S1818 resist onto small
substrates it is essential to deposit the correct amount of resist. Deposit
too little resist and the resist will not cover the entire area of the substrate,
deposit too much and the resist will accumulate at the edges of the sample.
Both situations are severely to the quality of the pattern transfer. Once the
resist has been spun, the sample is placed in an oven held at a temperature
of 90°C for 30 minutes to remove solvents from the resist. The sample is then
exposed for the required time using the MA6 Karl Suss contact aligner. It
is then developed in the appropriate developer solution for the required time
and is finally blown dry using an Ny gun.

Figure 2.3 shows the process steps for S1818 resist. The exposed areas of
resist are removed after development leaving features with sharp, clean edges.
Underexposure or underdevelopment of resist leads to incomplete resist re-
moval. Overexposure or overdevelopment of the resist results in broadening
of patterned features. Diffraction effects, which occur as a result of the mask
not being in intimate contact with the sample, also lead to the broadening of
features or incomplete exposure of the resist. Broadening of features, while
undesirable, rarely leads to complete failure of the device.

In this work S1818 was the most commonly used photoresist however a
second positive photoresist called AZ4562 was also used. AZ4562 is more
resilient to dry etch damage than S1818 and so it was used to pattern the

18
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Substrate S1818 Photoresist
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After Development

Figure 2.3: Substrate patterning using photolithography

12GaN, 36GaN and 45GaN samples for subsequent etching. Table 2.2 shows
the process steps used for patterning the samples with AZ4562. The hard

bake step is required to reduce the sensitivity of the resist to etch damage.

2.2.2 Electron Beam Lithography

Direct write electron beam (e-beam) lithography is the other method used
in this thesis for pattern transfer to a substrate. An electron beam is used to
directly pattern an electron sensitive resist - there is no mask involved. This
electron sensitive resist is similar to photoresist. Using e-beam lithography
it is possible to write features that are as small as 3 nm [21]. The minimum

feature size of a projection system is determined by Rayleigh’s criterion [13],

A
W, VA (2.1)

where W,,.;, is the minimum feature size, k is a constant related to resist sen-

sitivity, A is the wavelength of the radiation source and N A is the numerical
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2.2 Lithography

Step Process

Substrate surface clean Sequential solvent cleans in opticlear,

acetone and IPA (isopropyl alcohol)

Sample dry Dry sample using No gun

Spin resist Spin AZ4562 resist at 1500 rpm for 30 seconds.

This will give a resist thickness of ~ 15 pm

Soft bake Bake for 30 minutes at 90°C to

remove solvents from the resist

Exposure Expose for ~ 30 seconds using

Karl Suss MA6 mask aligner

Development A7Z4562 resist developed in a solution
of 4:1 reverse osmosis water: AZ400K developer for

4 minutes at room temperature

Sample dry Dry sample using No gun

Hard bake Bake for 30 minutes at 120°C

Table 2.2: Process steps for photolithography using AZ4562 resist

aperture of the projection system. The minimum feature size is determined
by the wavelength of the incident radiation and by the numerical aperture of
the system. The wavelength of multi kV electrons is much shorter than the
wavelength of UV light and so smaller features may be written using e-beam

lithography.

Physical Parts of the Electron Beam Machine

The e-beam writer used for this work was a Leica EBPG5 HR100. Figure 2.4
shows the main components of an electron beam writer. Typically electron

beam writers use two scanning methods; vector scanning and raster scan-
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Figure 2.4: Schematic diagram of an e-beam writer

ning. In vector scanning the electron beam only travels over the regions that
are to be patterned, whereas in raster scanning the electron beam scans the
entire substrate and is switched on where the pattern is desired and switched
off, or blanked, for the other areas. The EBPG5 HR100 uses vector scanning
which is more accurate and faster than raster scanning. The electrons are
generated by a thermionic electron gun at the top of the column. All elec-
tron beam writing systems have in common the need for an electron source
with a high intensity, high uniformity, small spot size, good stability and a
long life. The electron gun is made of a material that can emit a suitable
current density of electrons such as a tungsten filament or a single crystal of
Lanthanum Bromide (LaBg). The EPG5 HR100 has a LaBg filament that
is typically changed every 3 months. The condenser lenses are formed with
electromagnets. The first set of condenser lenses are used to focus the beam
onto a blanking plate, which controls the direction of the beam electrostat-

ically and can direct it to a beam stop when required. The second set of
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condenser lenses are used to focus the beam onto the limiting aperture. The
limiting aperture is variable in size and controls the spot size (the current
density) of the beam. A smaller aperture results in a smaller spot size of
the electron beam. Large areas are best patterned using a large spot size
whereas small areas are best patterned using a small spot size. Spot sizes
of the EBPG5 HR100 range from 12 nm to 200 nm. The final beam coils
are used to move the position of the beam relative to the sample that is to
be patterned. The EBPG5 HR100 writes blocks of 800 pum. Patterns that
are larger than 800 pum are written by moving the sample on the mechanical
stage and stitching the 800 um blocks together. Shapes that are written on
block boundaries may be written incorrectly as a small error may occur in

the alignment of adjacent blocks.

Sample Processing Using Electron Beam Lithography

The resist most commonly used in e-beam lithography is PMMA (polymethyl
methacrylate). It adheres to almost any surface and gives very reproducible
results but has poor dry etch resistance. PMMA is a long chain homopolymer
compound which is acid and alkali resistant. In PMMA the rate of dissolution
is much higher than the rate of cross-linking. The polymer chains break
into fragments (chain scission) when exposed to the electron beam. These
fragments have a reduced molecular weight and are readily dissolved in the
developing fluid MIBK (methyl isobutyl ketone).

The fabrication techniques used for e-beam lithography are similar to
those used for photolithography. The process steps used to pattern a typical
e-beam resist such as PMMA are shown in Table 2.3. In this work e-beam
lithography was used to pattern the MSM structures on the various GaN
materials and to pattern the masks used for photolithography.
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Step Process

Substrate surface clean Sequential solvent cleans in opticlear,

acetone and IPA (isopropyl alcohol)

Sample dry Dry sample using No gun
Spin resist Spin PMMA resist at 5000 rpm for 60 seconds
Soft bake Bake for 60 minutes at 180°C

to remove solvents from the resist

Exposure Expose using electron beam writer.
Spot size, dose and write time are dependent

on resist type and features to be patterned

Development Developed in solution of 2:1 MIBK:IPA
for 45 seconds at 23°C

Sample dry Dry sample using No gun

Table 2.3: Process steps for e-beam lithography using PMMA resist

Photolithography Versus E-Beam Lithography

The obvious advantage of e-beam lithography compared to photolithography
is that smaller features can be written. Using photolithography the minimum
feature size that can be produced is 1 ym whereas features as small as 3 nm
can be written using e-beam lithography. Also, registration precision of e-
beam lithography is a factor of 100 times better than photolithography. Using
e-beam lithography it is possible to align two layers with 50 nm accuracy
whereas using photolithography it is difficult to align two layers with 5 ym
accuracy. A further advantage of e-beam lithography is that more densely
packed features may be successfully produced.

The major disadvantage of e-beam lithography is that it has a much
lower throughput than photolithography. E-beam lithography is a serial
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2.3 Metal Deposition of Thin Films and Lift Off

process, i.e. each section of the desired pattern is written sequentially whereas
photolithography is a parallel process, i.e the entire pattern is written in one
exposure. Another difficulty with e-beam lithography arises from the fact
that due to the thin nature of the resists used they are less suitable for
some types of processing, such as dry etching. Both e-beam lithography and
photolithography complement each other since in general, features <1 pm
are patterned utilising e-beam lithography and features >1 um are patterned

using photolithography.

2.3 Metal Deposition of Thin Films and Lift
Off

Often is is desirable to deposit metal onto substrates that have been patterned
using lithography techniques (e.g. to form Ohmic or Schottky contacts to
semiconductors). This section describes the metal evaporation technique
used in this work and the subsequent lift-off process.

Metals can be deposited onto a substrate using either evaporation or
sputtering techniques. During evaporation the source metal is heated in a
vacuum using either a high current passing through a tungsten wire or using
a focused electron beam. The two variations are called thermal and e-beam
evaporation respectively. In both cases atoms are removed from the solid
metal source, diffuse across the vacuum chamber and are deposited onto the
sample that sits on a holder some distance away.

In this work thin metal layers were deposited onto samples by evaporation
using a focused electron beam to heat the metal. A schematic diagram of
an electron beam metal evaporator is shown in Figure 2.5. The temperature

required to achieve evaporation is mainly a function of the metal and the
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Figure 2.5: Schematic of an e-beam evaporator

chamber pressure. To achieve evaporation at reasonably low temperatures
and to minimise possible contamination, electron beam evaporators are oper-
ated at a pressure of ~ 1x10~% mbar. The electrons produced by the electron
gun are refracted by a strong magnetic field through 270° and are incident
on the surface of the metal target. Usually more than one metal layer is
required to be deposited without exposing the sample to the atmosphere.
Therefore a rotary drive is fitted that allows the crucible to be rotated and
different metals selected while the sample remains under vacuum. There are
two shutters, one below the substrate and one above the crucible where the
metals are located. The substrate shutter masks the sample until the re-
quired deposition rate is achieved and is also used to stop the deposition of
the metal onto the sample when the required thickness is achieved. A quartz
crystal thickness monitor is used to measure the thickness of the deposited
metal in real time. Metal deposition by evaporation is a low energy process

and because the sample sits at a long distance away from the metal source,
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2.3 Metal Deposition of Thin Films and Lift Off

a sharp metal/semiconductor interface will be created without disruption to
the semiconductor interface. However significant thermal stress may occur
because the metal ions have a high temperature on arrival at the sample
surface. Typical deposition rates of the Plassys MEB 450 electron beam

evaporator used in this work range from 0.3 to 1 nm/s.

2.3.1 Metal Lift-Off & Techniques to Improve Lift-Off

After metal deposition it is necessary to remove the unwanted areas of metal.

This is done in a process called metal lift-off (see Figure 2.6).

UV light or
electrons
Mask After Development
—H_ . _
 Besist, 7] [ |

=

Substrate l
Metal

] I ] L
— e I
After lift-off After metal deposition

Figure 2.6: Metal lift-off process

The metalised sample is placed in a beaker of hot acetone (heated to
60°C) and the remaining resist is removed along with the metal on top of it.
For a positive resist, this leaves only the areas that were exposed during the
lithography process with the deposited metal. The metal ions evaporated

travel perpendicular to the surface of the sample with very little horizontal
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spread therefore the success or failure of lift-off depends on the resist profile

/I\Ile|tal

Resist A

after the pattern development.
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Figure 2.7: Resist profiles after development. Top diagram shows the resist profile
desired for successful lift-off. Bottom diagram shows the resist profile that results

i lift-off failure

Figure 2.7 shows two cases of resist profile after development. If the angle,
A, between the resist and the substrate is <90° then the side of the resist
remains uncovered by metal, creating an opening for solvents (top diagram
of Figure 2.7). This opening enables the acetone to reach the resist and lift-
off is successful. If the angle, A, between the resist and the substrate is >
90° then during deposition the side of the resist is coated with metal and the
path for solvents to attack the resist is closed (bottom diagram of Figure 2.7)
and failure of the lift-off process. Figure 2.8 shows an image taken using a
scanning electron microscope (SEM) of a gold layer prior to lift-off. Lift-off
is more prone to failure if small, densely packed features are to be metalised.

There are various techniques that can be used to improve lift-off. A
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Figure 2.8: SEM image of Au layer prior to lift-off [21]

No Chlorobenzene Soak
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Figure 2.9: Effects of CBZ soak on the resist profile

technique used to improve lift-off when photoresist is used is a chlorobenzene
(CBZ) soak. The photolithography process follows the steps described in

Table 2.1 except that between the exposure and development steps the sample
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is placed in a solution of CBZ for 15 minutes. The chlorobenzene has the
effect of hardening the top surface of the resist. During the development
stage the dissolution rate of these hardened regions is much slower and so
an overhang in the resist is produced (see Figure 2.9). When a CBZ soak is
used the development time of the resist is increased by 50%.

A second approach to improve lift-off is to use a bi-layer (or sometimes
even a tri-layer) of e-beam resists. A first layer of resist with a low molecular
weight is spun onto the substrate and baked at 180°C for one hour. A second
layer of resist with a higher molecular weight is spun on top of this first layer
and the substrate is again baked at 180°C for one hour. The first layer spun
onto the substrate, due to its lower molecular weight, is more sensitive to
electrons than the second layer. This creates an overhang in the resist profile

aiding metal lift-off.

2.4 Etching of Semiconductors

The etching of semiconductors was developed to allow the selective removal
of material from the semiconductor surface. The ability to create mesas in
semiconductors is necessary for many applications such as the isolation of
surfaces by silicon trench etching [13] and forming 3D pixel detectors by
etching vias in silicon [9]. The etching of semiconductors can be achieved
through either chemical etching (known as wet etching), physical etching
(known as dry etching) or more typically by using a combination of chem-
ical and physical etching. The appropriate figures of merit associated with

etching are:
e Etch rate
e Selectivity
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e Etch rate uniformity

e Anisotropy

The primary figure of merit is the etch rate of the semiconductor material,
which has dimensions of depth per unit time. A high etch rate is desirable.
Too high an etch rate, however, may render a process difficult to control.
Selectivity is quantified as the ratio of the etch rate of the semiconductor
material and the etch rate of the mask layer. Etch rate uniformity is measured
in terms of the percentage variation of the etch rate across the sample. The
anisotropy is a measure of the lateral extent of the etch under the mask.
Anisotropy, A is given by:

A=1—-—— (2.2)

where Ry and Ry are the lateral and vertical etch rates respectively. A
process is said to be perfectly anisotropic (A = 1) if the lateral etch rate is
zero. On the other hand an anisotropy of zero would imply that the lateral
and vertical etch rates are identical leading to a homogeneous etch.

Wet etching (see Figure 2.10) is typically used for a wide range of non-
critical tasks where anisotropy and process control are of less importance.
Since the reactive species is normally present in an etchant solution, wet
chemical etching consists of three processes; movement of the etchant species
to the surface of the sample, a chemical reaction with the exposed mate-
rial that produces soluble by-products, and the movement of the reaction
products away from the surface of the sample.

A second approach to etch a semiconductor is to use dry etching tech-
niques. Dry etching is synonymous with plasma assisted etching, which de-
note several techniques that use a plasma in the form of low pressure dis-

charges. Plasma can be defined as a partially or wholly ionised gas with
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Figure 2.10: Dry and wet etching profiles

a roughly equal number of positively and negatively charged particles and
a different number of unionized molecules. Plasmas are used in many ap-
plications; ranging from fluorescent tubes, to tissue culturing in biological
studies [23]. Plasmas are also used in various semiconductor processes, such
as reactive ion etching (RIE), in chemical vapour deposition and in sputter-
ing. Plasmas can be used in place of high temperatures to crack molecules
and hence drive reaction chemistry. They may also be used to create and
accelerate ions. The types of processes that may occur in the most common
method of plasma generation, DC glow discharge, are shown in Table 2.4.
A small fraction of a plasma contains dissociated atoms or molecules
called radicals or ions in the form of charged atoms or molecules. Radi-
cals have an incomplete bonding state and are extremely reactive. Ions are
charged atoms or molecules, such as X* and XY™ in Table 2.4. It is these
charged atoms and molecules that perform the removal of material from the

sample either through physical sputtering or, along with the radicals, through
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Type of Process Reaction
Dissociation e+ XY=X+Y+e
Atomic excitation e+ X=X"+e

Molecular excitation e*+ XY= XY*"+e

Atomic ionisation e+ X=X"+e+e

Molecular ionisation | e* + XY = XY™ +e + e

Table 2.4: Processes that occur in DC glow discharge (* denotes an atom or

molecule in an excited state, © denotes a charged atom or molecule)

chemical reactions. In a typical plasma, radicals and charged species account

for 1% and 0.01% of the total plasma, respectively [20].

2.4.1 Plasma Theory

Plasma theory is an extensive and complex area of physics. A brief descrip-
tion of the fundamentals of plasma theory as related to the application of
plasma etching of semiconductors is presented here. A more complete and
thorough treatment may be found in, “Industrial Plasma Engineering” vol-
umes 1 and 2 by J. Reece Roth [24], [25]. These references cover all aspects
of the generation, development and evolution of plasma discharges.

A plasma can be generated when a DC bias is applied between two elec-
trodes in the presence of a gas contained at a low pressure. Figure 2.11 shows
a simple plasma reactor. Two parallel electrodes are contained in a vacuum
system and are attached to a DC power supply through vacuum feedthroughs.
A high voltage source, typically a charged capacitor, is connected momen-
tarily to initiate the plasma. The inductor protects the DC power supply

from the high voltage arc. Until the arc is struck, the gas will not conduct
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Figure 2.11: A simple parallel plate plasma reactor

current since it acts as an insulator. If the voltage is high enough the field in
the reactor will exceed the breakdown field of the gas and a high voltage arc
will pass between the two electrodes. The arc will create a large number of
ions and free electrons. Due to the electric field in the chamber the electrons
will be accelerated toward the positively charged anode, while the ions will
be accelerated toward the negatively charged cathode. The small mass of
the electrons means they will be accelerated much more rapidly than the
slowly moving ions. The ions travel across the tube and eventually strike the
cathode. When they do, they release a cloud of secondary electrons from the
material in the cathode. These secondary electrons are accelerated back to-
ward the anode. If the DC voltage across the electrodes is large enough, then
the electrons have sufficient kinetic energy to collide inelastically with neu-
tral ions within the plasma. Collisions between these high energy electrons
and neutral atoms create more ions. In this way the process of secondary

electron release and ion generation sustains the plasma.
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2.4 Etching of Semiconductors

The requirement for moderate energy electrons precludes optical emission
near each of the electrodes. These regions are called dark spaces. These dark

spaces are illustrated in Figure 2.12. The anode is a sink for electrons and

Crooke’s Anode
Dark Space Dark Space
Cathode Anode
Faraday
Dark Space

Figure 2.12: Regions of a DC plasma

so the electron density just above the anode is too small for appreciable
light emission. This dark space is called the Anode dark space. The region
just above the cathode where most of the electrons have very low energy
is called Crooke’s dark space. The Faraday dark space is located above
the cathode where the electrons have been accelerated to very high energies,
leading to ionisation. In this region there are few electrons that have energies
appropriate for the emission of light.

Plasma etching proceeds in five steps. The etchant species is generated
in the plasma; the reactant is then transported by diffusion through a stag-
nant gas layer to the surface of the sample; The reactant is adsorbed on the
surface; a chemical reaction, along with physical effects such as ion bombard-

ment, follows to form volatile compounds; the compounds are desorbed from
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2.4 Etching of Semiconductors

the surface, diffused into the bulk gas and pumped out by the vacuum sys-
tem. The chemistry of plasma etching is highly complex and not completely
understood [26] and will not be discussed further.

In physical etching, positive ions bombard the surface at high speed.
Small amounts of negative ions formed in the plasma cannot reach the surface
of the sample and therefore play no direct role in plasma etching. In chem-
ical etching, neutral reactive species generated by the plasma interact with
the surface of the material to form volatile products. Physical and chemical
etch mechanisms have different characteristics. Physical etching can yield
anisotropic profiles but is associated with low etch selectivity and high ion
bombardment induced damage. Chemical etching exhibits a high etch rate,
can have good selectivity and produce low ion bombardment induced dam-
age but has poor anisotropy. Combinations of physical and chemical etching
can give anisotropic etch profiles, reasonably good selectivity and only mod-
erate ion bombardment induced damage. An example which combines both

methods of etching is Reactive Ion Etching (RIE).

2.4.2 Reactive Ion Etching (RIE)

In many cases the material on one or more of the electrodes is insulating.
As ions strike the surface of an insulating material (e.g. a photoresist) and
secondary electrons are emitted, the surface of the material becomes charged.
The charge accumulates on the surface of the sample and the field is reduced
until the plasma is ultimately extinguished. To overcome this problem, the
plasma can be driven by an AC signal. Figure 2.13 shows a schematic diagram
of an RIE setup. The plasma is generated by applying a 13.56 MHz radio
frequency (RF) signal to the reactive gas flowing between two parallel planar

electrodes.
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Figure 2.13: Schematic of a Reactive Ion Etching (RIE) reactor

At low frequencies the plasma follows the excitation and the width of the
dark space regions pulse with the applied signal. When the excitation rate
is greater than 10kHz, the electrons in the plasma are rapidly accelerated,
whereas the relatively slow ions are unable to follow the voltage change.
During alternate half cycles, electrons strike the surface of each electrode,
giving both a negative charge with respect to the plasma. This results in
there being dark space at each electrode. Due to electron depletion at the
electrode a large voltage drop exists between the plasma and the electrodes.
The potential drop between the plasma and each electrode is related by the

ratio of the areas of the respective electrodes. For a parallel plate reactor the

where Vi, Vi, Ay, Ay denote the voltage drop of the powered electrode, the

potential drops are related by:

voltage drop of the grounded electrode, the area of the powered electrode
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2.4 Etching of Semiconductors

and the area of the grounded electrode respectively. The exponent, ¢, in the
equation varies from 1 to 2.5. To maximise the voltage difference between
the powered electrode and the plasma, and therefore the ion bombardment
energy on the powered electrode, it is desirable to increase the area of the
grounded electrode. This is done by connecting the grounded electrode to the
walls of the chamber. Now the effective area of the grounded electrode is the
sum of the areas of the actual electrode and the walls of the chamber. Due to
the mostly vertical delivery of reactive ions, reactive ion etching can produce
very anisotropic etch profiles, which contrast with the typically isotropic
profiles of wet chemical etching. Etch conditions in an RIE system are highly
dependent on the system’s many process parameters such as pressure, gas

flow and RF power.

2.4.3 Inductively Coupled Plasma (ICP) Etching

A variation of standard RIE is to increase the density of ion species by using
a high density plasma (HDP) source. One way to increase the density of a
plasma is to use inductively coupled plasmas (ICP). ICP plasmas are formed
in a dielectric vessel encircled by an inductive coil into which RF power is
applied. A schematic diagram of an ICP etch system is shown in Figure 2.14.

When a time-varying electric current is passed through the coil, it creates
a time-varying magnetic field around it, which in turn induces azimuthal
electric currents in the gas, leading to gas break down and the formation of
a plasma. The neutrality of the ICP plasma and the lack of DC currents
means that the ions have no acceleration toward the sample surface. This
allows a large RF power to be applied creating a much denser plasma than
could be produced in a conventional RIE setup. A second RF source is

used to power the table on which the sample is placed. This sets up a
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Figure 2.14: Schematic of an Inductively Coupled Plasma (ICP) reactor

capacitive discharge between the sample and the ICP generated plasma which
results in a potential drop and hence a stream of ions is attracted toward
the sample. Since ion energy and plasma density are effectively decoupled,
uniform density and energy distributions are transferred to the sample while
keeping the ion energy low. Etching using ICP is faster than unassisted RIE
etching due to the fact that larger plasma densities can be achieved. This is
particularly important when studying etching of III-V semiconductors, such
as GaN. The large binding energy of GaN (8.9 eV/atom [27]) and its wide
bandgap results in it being difficult to etch. The GaN samples in this work

were etched using an ICP etching system.
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Chapter 3

Semiconductor Theory and

Radiation Detection

3.1 Introduction

The aim of this chapter is to introduce basic semiconductor principles which
will allow an understanding of the work in the subsequent chapters. The
concepts of crystal structure, energy bands, carrier transport, carrier genera-
tion and recombination, carrier trapping and metal-semiconductor contacts,
specifically Schottky contacts, are discussed. The physics of radiation detec-
tion within a semiconductor will also be discussed. Much of the information
covered in this chapter can be found in the following books; “Semiconductor
Devices: Physics and Technology” by S.M. Sze [13], “Metal Semiconductor
Contacts” by E.H. Rhoderick [28], “GaN and Related Materials II” by S.
J. Pearton [29] and “Radiation Detection and Measurement” by G.F. Knoll
(30].
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3.2 Solid State Theory

3.2 Solid State Theory

3.2.1 Crystal Structure

The crystalline structure of a semiconductor determines much of its prop-
erties. The majority of semiconductors that have been studied as radiation
detection media are of the single crystal variety. The atoms of a single crystal
semiconductor are arranged in a three dimensional periodic structure called a
lattice. For any crystal, there is a unit cell that is representative of the entire
lattice. The lattice can be generated by repeating the unit cell throughout
the crystal. Figure 3.1 shows three basic cubic crystal unit cells; simple cubic,

body-centred cubic and face-centred cubic.

Figure 3.1: The (a) simple cubic, (b) body-centred cubic and (c) face-centred cubic
lattice structures [31]

Semiconductors such as silicon, germanium, diamond, GaAs and GaN
have a more complex crystal structure. The elemental semiconductors, silicon
and germanium, have a diamond lattice structure as shown in Figure 3.2(a).
The diamond structure belongs to the fcc crystal family and can be visualised
as two interpenetrating fcc lattices with one sublattice displaced from the

other by one quarter of the distance along the body diagonal of the cube.

40



3.2 Solid State Theory

{b)

Figure 3.2: The diamond and zinc blende lattice structures respectively [13]

The majority of the III-V semiconductors (e.g. GaAs) have a zincblende
lattice structure as shown in Figure 3.2(b). The zincblende lattice is identical
to the diamond lattice with the exception that one fcc sublattice has group
IIT atoms and the other fcc sublattice has group V atoms.

GaN, the predominant semiconductor studied in this work, can be grown
in zincblende and wurtzite form (see Figure 3.3). Wurtzite is the hexagonal
close packed (hcp) analogue of zincblende. The wurtzitic structure consists
of two interpenetrating hcp sublattices, one sublattice of Ga and one sublat-
tice of N, offset along the ¢ axis (see Figure 3.3) by five eighths of the cell
height. For both the zincblende and wurtzite structures each Ga atom has
four nearest neighbour N atoms and similarly each N atom has four nearest
neighbour Ga atoms. The wurtzite structure is energetically preferable for
GaN compared to the zincblende structure, although this energy difference

is small (9.88 meV/atom [32]). The zincblende structure of GaN may be
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Figure 3.3: Unit cell of the wurtzite GaN structure [29]

grown on crystal planes of cubic structures where the innate tendency to
form the wurtzite structure is overcome by topological compatibility. The
lattice constants for wurtzite GaN are a = 3.19 A and ¢ = 5.19 A, while a =
4.52 A for zincblende GaN. The bonding of elemental semiconductors, such
as silicon, is completely covalent. For compound semiconductors there is an
additional small ionic contribution as a result of an electrostatic attractive
force between the two different elements. In the case of GaN there is an
attractive force between each Ga™ atom and its four neighbouring N~ atoms

and between each N~ atom and its four neighbouring Ga™ atoms.

3.3 Energy Bands

An isolated atom has well defined quantised energy levels in which orbiting
electrons can exist. For example, the discrete energy levels of an isolated

hydrogen atom are given by the Bohr model [13]:

meq? —13.66

By = = V 3.1
i 8e2h?n? n? (3:-1)
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where m, is the mass of a free electron, ¢ is the electronic charge, €, is
the permittivity of free space, h is the Planck constant and n the principal
quantum number which takes the value of a positive integer. For the ground
state, when n = 1, an electron will occupy the energy level ' =-13.6 eV. For
the first excited state, when n = 2, the electron will occupy the energy level £
= -3.6 eV. When two identical atoms are separated by a large distance, they
have no influence on each other and their electrons exist in their degenerate
states. As the atoms are brought closer together the energy levels are split
in two due to the interaction between the atoms. If N atoms are considered
instead of two, then as the N atoms are brought closer together to form a
solid, the orbits of the outer electrons of different atoms overlap and interact
with each other. This interaction results in a shift of the energy levels, as in
the case of two identical interacting atoms. However, instead of two discrete
levels, N separate but closely spaced levels are formed. These closely spaced
levels can essentially be considered as a continuous band of energy. The
changes the atomic levels of silicon undergo as it forms a diamond structure
with other silicon atoms are shown in Figure 3.4.

At large distances between the N atoms there are two discrete energy lev-
els where electrons can exist. As the distance between the atoms is reduced,
interactions between electrons occur and the allowed energy states cease to
be distinct. As the atoms move closer the bands merge and become one.
The atoms feel a repulsive force (between like charges) which counteracts the
attractive force (between opposite charges) and settle into an equilibrium
position which determines the lattice spacing. The position of this equilib-
rium determines whether the solid is a metal, insulator or semiconductor. At
closer lattice spacings, the bands then split into two allowed energy states

for electrons; the valence band and the conduction band. Between the va-
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Figure 3.4: The energy levels of silicon atoms in a diamond structure [13]

lence and the conduction band there is a forbidden region where no electrons
can exist. The energy difference between the top of the valence band and the
bottom of the conduction band is known as the band gap and is an important
parameter in semiconductor physics.

The energy band structures for a metal, an insulator and a semiconductor
as shown in Figure 3.5. In a metal the conduction band is either partially
filled or overlaps the valence band so that there is no band gap. The elec-
trons in the partially filled conduction band or electrons at the top of the
valence band may move to the next higher available energy level when they
gain kinetic energy. In an insulator the valence electrons form strong bonds
between neighbouring atoms. These bonds are extremely difficult to break
and consequently at room temperature there are no free electrons that may
participate in conduction. In an insulating material, the electrons occupy all
the energy levels in the valence band while all energy levels in the conduction
band are empty. Thermal or kinetic energy is insufficient to raise an electron

from the top of the valence band to the bottom of the conduction band. In
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Figure 3.5: Energy bands of a metal, an insulator and a semiconductor

a semiconductor at a temperature of 0 K all the electrons are in the valence
band and there are no electrons in the conduction band. Hence semiconduc-
tors are poor conductors at low temperatures. At increased temperatures,
e.g. room temperature, there is enough thermal energy to break the bonds
and an electron can be excited from the valence band to the conduction band.
When an electron is excited to the conduction band there is a vacancy left in
the valence band. This vacancy is called a ‘hole’ and has similar properties
to the electron except for its charge which is positive. The electron and hole
are known as charge carriers. Insulators may be classified as materials that

have a band gap greater than 6 eV.

3.3.1 Effective Mass

The kinetic energy, E of a free electron is given by

—2
E=2
2m,

(3.2)
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where p is the momentum of the electron and m, is the free-electron mass.
In a semiconductor, an electron in the conduction band is similar to a free
electron in that it is relatively free to move around in the crystal. However
because of the periodic potential of the lattice, Equation 2.2 is not strictly
valid for describing the energy of a free electron in a semiconductor. Equation
2.2 can still be used if the free-electron mass is replaced with an effective mass,
m,, of the conduction band electron in the crystal.
-2

p

E =
2m,,

(3.3)

The electron effective mass depends on the properties of the semiconduc-
tor. A similar equation for the kinetic energy of holes may be used with the
free-electron mass term replaced with m,, the effective mass of a hole in the

valence band. The effective mass may be obtained from the second derivative

2E\

If a graph of momentum versus energy is made, then the wider the

of F with respect to p:

parabola, corresponding to a smaller second derivative, the larger the effective
mass. The effective mass concept allows electrons and holes to be treated as
classical charged particles. The actual energy-momentum relationships for
semiconductors are much more complex. The energy-momentum relation-
ships for Si and GaAs are shown in Figure 3.6.

For both Si and GaAs, around the minimum of the conduction band
and the maximum of the valence band the energy-momentum curves are
essentially parabolic. In Si the minimum of the conduction band does not
occur at the same crystal momentum as the maximum of the valence band.
Therefore when an electron makes a transition from the maximum point in

the valence band to the minimum point in the conduction band, it requires
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Figure 3.6: Energy band structures of Si and GaAs [31]

not only an energy change but also a momentum change. For GaAs however,
the maximum in the valence band and minimum of the conduction band
occur at the same momentum. An electron may make the transition from
the valence band to the conduction band without a change in momentum.
Because of this Si is known as an indirect semiconductor whereas GaAs is
a direct semiconductor. Both direct and indirect semiconductors may emit
a photon when an electron is transferred from the conduction band to the
valence band. However indirect semiconductors must also emit a phonon as
well as a photon to account for the difference in crystal momentum. This
difference between direct and indirect semiconductors is very important for
light-emitting diodes and semiconductor lasers. These devices require direct

semiconductors for efficient generation and absorption of photons. GaN,
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the material studied in this thesis, is a direct semiconductor and is used to
fabricate blue light emitting diodes and lasers. The band structure of GaN

will be described in more detail in Chapter 4.

3.4 Intrinsic & Extrinsic Semiconductors

Semiconductors can be broken down into two categories - intrinsic and extrin-
sic. At any given temperature, continuous thermal agitation results in the
excitation of electrons from the valence band to the conduction band. This
excitation of electrons leaves an equal number of holes in the valence band.
An intrinsic semiconductor is one that contains relatively small amounts of
impurities compared with the thermally generated electrons and holes. When
a semiconductor is doped with impurities, the semiconductor is said to be-
come extrinsic. The electron density, n(FE) in an intrinsic semiconductor is
equal to the product of the density of allowed energy states per unit volume,
N(E), and the probability F'(E) of an electron occupying an energy state in
the energy range dF. The electron density in the conduction band is thus
given by integrating with respect to E from the top of the conduction band
to the bottom of the conduction band as given by,

Etop EtOP
n={ " n(E)dE = / N(E)F(E)dE (3.5)
E. e
The probability of an electron occupying an energy state, E, is given by

the Fermi-Dirac distribution function [13],

1
F(E) = 1+ e(B—Ef)/kT

(3.6)

where k is the Boltzmann constant and T is the absolute temperature in
Kelvin. Ey is the Fermi energy and is defined as the energy level at which

the probability of occupation by a charge carrier is exactly one half. The
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band structure, the density of states, the occupation probability and the

electron/hole densities are shown in Figure 3.7. For an intrinsic semiconduc-
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Figure 3.7: The intrinsic semiconductor: (a) band diagram, (b) density of states,

(¢) occupation probability, and (d) electron/hole densities [13]

tor the number of electrons per unit volume in the conduction band is equal
to the number of holes per unit volume in the valence band, i.e. n = p = n;,
where n; is the intrinsic carrier density.

Extrinsic semiconductors contain impurities that are normally introduced
intentionally during the growth process or placed in specific regions (e.g. by
ion implantation) in later processing steps. Since purity is not an issue with
extrinsic semiconductors they are used in more applications than their in-
trinsic counterparts. Device properties and characteristics can be controlled
by the addition of small amounts of impurities in a process known as doping.
There are two types of possible dopant: p-type, where additional free holes
are available in the conduction band, and n-type, where additional electrons

are introduced in the conduction band. The two types of doping may be
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explored more thoroughly if we consider the doping of Si, which was four
valence electrons. Arsenic is typically used to dope Si and make it n-type.
A Si atom is replaced, or substituted, by an arsenic atom with five valence
electrons. The arsenic atom forms covalent bonds with its four neighbouring
Si atoms. This leaves one unbound electron which can be considered as a
localised mobile negative charge. The arsenic atom, having a core of charge
+5, is considered as an immobile positive charge, since the +5 core is not
neutralised by the four electrons that participate in the covalent bonding.
Since the positively charged arsenic atom balances the excess electron, the
charge neutrality of the crystal is maintained. At low temperatures the neg-
ative electrons are attracted to the positive arsenic atoms and are bound
tightly. At room temperature however, there is enough thermal energy to
break this attraction and the electrons are free to conduct.

If a boron atom is substituted for a Si atom then the Si becomes p-type.
Boron has only three valence electrons and so cannot complete the covalent
bonds with the Si atom. This creates a hole in one of the bonds to the boron
atom which can be filled by an electron from an adjacent atom, allowing the
hole to migrate away. This hole may be viewed as a mobile positive charge.
The boron atom, since it has accepted an electron to complete its bonds, can
be seen as an immobile localised negative charge. Similarly to n-type doping,
at low temperatures the negative boron atom attracts the positive hole and
they are tightly bound. At higher temperatures there is enough thermal
energy to break the bond and the hole is free to move, allowing conduction.

The energy levels for a p-type and an n-type semiconductor are shown in
Figure 3.8. Doping creates localised energy levels within the forbidden region
of the band gap. The energy levels can be donors or acceptors, denoted Ep

and E4 in Figure 3.8. If the donor levels are located close to the conduction
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Figure 3.8: Energy levels for a p-type and an n-type semiconductor respectively

band then very little energy is required to excite their electrons into the
conduction band. Thus at room temperature these donor levels will be mostly
ionised. The same is true for acceptor levels. If the acceptor level sits just
above the valence band then it easily accepts electrons and becomes ionised,

leaving a hole in the valence band.

3.5 Carrier Transport in Semiconductors

The majority of semiconductor devices operate under nonequilibrium condi-
tions. Nonequilibrium conditions occur when excess carriers are generated in
a semiconductor. Excess carriers may be generated by various means, such as
ionising radiation or incident light. The mechanism that restores a semicon-
ductor to the equilibrium state is the recombination of the excess minority
charge carriers with the majority charge carriers. The theory for carrier drift,

diffusion, generation and recombination is discussed in the following section.
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3.5.1 Drift Current

Electrons in the conduction band and holes in the valence band can essen-
tially be viewed as free particles. According to the kinetic theory of a free
gas, under thermal equilibrium conditions the average kinetic energy of an
electron in the conduction band is 1/2 kT per degree of freedom (where k is
the Boltzmann and T is the absolute temperature). Since an electron may
move in three directions the kinetic energy of an electron in the conduction
band is given by:
1 3

where m,, is the effective mass of an electron, vy, is the average thermal
velocity and k and T are defined previously. The thermal velocity of elec-
trons at room temperature is ~ 107 cm/s for Si and GaAs. The electrons
in a semiconductor move rapidly in all directions. They randomly collide
and scatter with lattice atoms, impurity atoms and other scattering centres
within the crystal. This random motion of the electrons leads to a zero net
displacement of an electron over a sufficiently long time period. The average
distance between collisions is called the mean free path, and the average time
between collisions is called the mean free time, denoted 7.. The mean free
path of an electron is typically ~ 1075 cm giving a 7, ~ 1072 seconds.
When an electric field F is applied to a semiconductor, each electron will
experience a force equal to —qF, where ¢ is unit charge, and will move in
the opposite direction to the electric field vector. The electrons will still
randomly collide with lattice and impurity atoms within the crystal but will
also undergo displacement due to the presence of the electric field. The
velocity of an electron travelling under the influence of an electric field is

called the drift velocity and is denoted v,.
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The drift velocity may be evaluated by equating the momentum applied to
the electron during free flight between collisions (—¢FE 7.) to the momentum

gained by the electron in the same period (m,, v,) i.e.;
—qE7, = myv, (3.8)

This equation can be re-arranged to give the expression;

Uy = — <qTC) E=—u,FE (3.9)

where /1, is known as the electron mobility and has units em?/V's. Equation
3.9 shows that the carrier drift velocity is directly proportional to the applied

electric field. A similar expression may be found for holes in the valence band,

v, = (3’;) E=u,E (3.10)

where my, is the hole effective mass, 1, is the hole mobility and v, is the hole
drift velocity. The negative sign is removed from Equation 3.9 as the hole
drift is in the same direction as the applied electric field vector.

The mobility of electrons and holes is an important parameter for car-
rier transport in a semiconductor. The mobility depends upon two terms,
the effective mass of the carrier and the mean scattering time between col-
lisions 7.. The mean scattering time is determined by the various scattering
mechanisms, the two most important being lattice scattering and impurity
scattering. Lattice scattering results from thermal vibrations of the lattice
atoms at temperatures above 0 K while impurity scattering occurs when a
charge carrier travels past an ionised dopant impurity. At large values of E,
Equations 3.9 and 3.10 become invalid and the drift velocity is independent
of the applied field. The mobility values become non-linear and the drift
velocities saturate as a function of applied electric field. At very large F

fields the process of impact ionisation or avalanche multiplication starts.
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3.5.2 Diffusion Current

Diffusion is the process that describes the movement of charge carriers from
an area of high concentration to an area of low concentration. The diffusion
effect is not related to Coulomb interactions or applied electric fields. It arises
due to the fact that it is more probable that a carrier in a high concentration
area will move to an area of lower concentration than vice-versa since there
are more carriers able to do so. It may be expressed mathematically by the

diffusion equation for electrons and holes [13].
F,=-D,Vn (3.11)

E, = —D,Vp (3.12)

F,, and F, are the electron and hole flux respectively and V n and V p are
their carrier concentration gradients. The diffusion constant, D, (and also

D,) is related to the carrier mobility by the Einstein equation [13],

D, = (k—T> Lin (3.13)
q

3.6 Charge Generation in a Semiconductor

The generation of charge carriers within a semiconductor material may occur

as a result of:

e the thermal process
e optical excitation by electromagnetic radiation

e passage of ionising radiation e.g. charged particles
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3.6.1 Thermal Generation of Charge Carriers

The thermal generation of an electron-hole pair can either occur directly
(band to band) or indirectly (via intermediate energy levels within the for-
bidden region of the band gap). In some direct semiconductors the band gap
is small enough compared to the thermal voltage at room temperature (%
= 0.00259V) that electrons may be excited directly from the valence band
to the conduction band. Si, GaAs, GaN and diamond all have large enough
band gaps to allow room temperature operation of these materials as radia-
tion detectors since the probability of direct excitation is very low. Thermal
excitation in these materials may occur in two (or more) steps through inter-
mediate local energy levels within the band gap. These intermediate states
are created by imperfections within the crystal and by impurities. If the
density of these intermediate defect levels is large then the performance of
the semiconductor may be significantly degraded due to increased leakage
currents. It is also possible to have deep energy levels within the forbidden

region of the band gap due to defects or dopants that do not act as shallow

donors or acceptors.

3.6.2 Generation of Charge Carriers by Electromag-

netic Radiation

A photon incident on a semiconductor can impart enough energy to the
lattice that it causes some bonds to be broken. This can be visualised in
the band theory of solids as raising an electron from the valence band to the
conduction band, creating an electron-hole pair. A schematic diagram of the
three principal processes is shown in Figure 3.9.

If the energy of the absorbed photon is equal to the bandgap of the
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Figure 3.9: Generation of charge carriers due to the absorption of electromagnetic
radiation. The three cases are (a) Eppoton = Eg, (0) Ephoton > Ey and (¢) Ephoton
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semiconductor then an electron is excited from the top of the valence band to
the bottom of conduction band (process (a)). If the photon energy is greater
than the band gap then the electron and hole occupy higher energy states in
their respective energy bands. The carriers then make their way to the band
edges by losing energy to the lattice via phonon interactions (process (b)). If
the photon energy is not large enough to allow a band to band transition than
an electron may be excited into a local empty defect state in the forbidden
region of the band gap. This results in the creation of a hole in the valence
band and an occupied ionised energy level in the forbidden region (process
(c)). The generation of charge carriers by the passage of ionising radiation,

e.g. an alpha particle, will be covered in more detail in Section 3.9.
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3.7 Charge Recombination in a Semiconduc-
tor

An ideal radiation detector is one that collects all of the charge that is liber-
ated in the material. Once the generation of charge carriers has occurred the
mechanism that returns the semiconductor back to its equilibrium state is
recombination. The minority charge carriers (electrons in a p-type material,
holes in an n-type material) combine with the majority charge carriers in
the recombination process. The recombination process is significantly differ-
ent for direct and indirect semiconductors. The two processes are discussed

separately in this section and are considered in terms of carrier lifetime.

3.7.1 Direct Recombination

When a semiconductor is in equilibrium, the net generation rate of charge
carriers is equal to the rate of recombination of the charge carriers. The
recombination rate, R, is proportional to the product of the electron and
hole concentrations

R = pBnp (3.14)

where 3 is a proportionality factor, n is the electron concentration (cm™2)
and p is the hole concentration (cm™3). In thermal equilibrium the generation

rate equals the recombination rate and
Rth = Gth = 6nopo = 6”22 (315>

where Ry, is the recombination rate and Gy, is the generation rate in thermal
equilibrium. The subscript o indicates an equilibrium quantity, while n; is

the intrinsic carrier concentration. The excess carrier recombination rate, U,
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3.7 Charge Recombination in a Semiconductor

can be defined as

U=R— Ry, =B(np—mny;) (3.16)

If ionising radiation loses energy in a semiconductor sample or the sample
is illuminated with light so that the thermal equilibrium conditions are up-
set, then the electron and hole concentrations will be increased by the same
amount equal to A - since the electrons and holes are produced in pairs. The

recombination rate will increase to
R = B(n, + An)(p, + An) (3.17)

where An is excess electron density and Ap is the excess hole density.

If the incident ionising radiation or illumination is constant then the ad-
ditional generation rate (Gp) is equal to the excess recombination rate and
is given by

GL :U:R—Rm :6ATLL(]90+’/LO+A’/LL) (318)

where Any, is the excess minority carrier density generated by the incident
ionising radiation or light. If the injected carrier concentration is much less

than the majority carrier concentration then Equation 3.18 simplifies to

A
G, =21 (3.19)
Tr
where
1
T, = 3.20
Bpo (3:20)
for a p-type semiconductor and
1
= G (3.21)

for an n-type semiconductor.
When the ionising radiation is no longer incident on the semiconductor

the material returns to its equilibrium state with a time constant 7,.. This
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3.7 Charge Recombination in a Semiconductor

time constant is called the recombination lifetime and the above equations
hold for direct semiconductors such as GaAs, GaN and diamond. In a direct
semiconductor when an electron recombines with a hole the energy is ei-
ther released as a photon (radiative recombination) or transferred directly to
another electron or hole (known as the Auger process). In a direct semicon-
ductor radiative recombination should dominate, however it will be shown in
Chapter 6 that under certain conditions (namely after high levels of irradi-
ation) non-radiative recombination can become significant. In non-radiative
recombination the energy liberated by an electron and hole combining is

dissipated via lattice vibrations (phonons).

3.7.2 Indirect Recombination

Indirect semiconductors such as Si have a low probability of band to band
recombination of charge carriers because the electrons at the bottom of the
conduction band and the holes at the top of the valence band have different
crystal momenta. The recombination process in indirect semiconductors in-
stead occurs through localised energy levels within the forbidden region of the
band gap. These localised energy levels within the band gap are the result
of imperfections in the crystal due to impurities or defects and are able to
trap charge carriers. The energy levels within the forbidden region are often
referred to as trapping centres. These trapping centres can affect the charge
collection properties of a detector as deep energy levels within the band gap
can hold onto charge for a significant period of time. A defect energy level
within the band gap may undergo four basic transitions as shown in Figure
3.10

Here the before and after conditions of a single defect level are consid-

ered. The level can be neutral and become negatively charged by accepting
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Figure 3.10: Indirect recombination processes at room temperature

an electron from the conduction band. This is shown in (a) and the process
is known as electron capture. Conversely the defect level can initially be neg-
atively charged and release an electron into the conduction band. The defect
level becomes neutral and the process is known as electron emission (process
(b)). In (c) the process of hole capture can be seen. A hole in the valence
band recombines with an electron from a charged trapping centre. The fi-
nal mechanism, hole emission, is shown in (d). An electron is excited from
the valence band into the defect level creating a free hole and an occupied
trapping site.

In a recombination event processes (a) and (c) occur while a generation
event occurs when process (d) follows process (b). Trapping occurs when pro-
cesses (a) and (b) follow each other (trapping of an electron in a defect energy
level followed by re-emission of the electron back to the conduction band at
some time later) and when process (d) follows process (c¢) hole trapping oc-
curs. The four trapping processes are often studied in terms of their emission

probabilities and capture cross sections. The derivation of the emission prob-
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ability and capture cross section for each of the processes is not covered here,

a detailed analysis may be found in [31].

3.8 Metal-Semiconductor Contacts

The charge carriers generated in a semiconductor by the passage of ionising
radiation are extracted and collected by electrical contacts. These metal con-
tacts are typically fabricated on opposite sides of the detection material and
a potential difference applied between them. This potential difference leads
to an internal electric field which separates the charge carriers resulting in an
induced charge on the metal electrodes. Metal-semiconductor contacts can
be rectifying, i.e. a potential barrier exists between the metal and semicon-
ductor thus limiting current flow, and non-rectifying, i.e. the contact between
the metal and semiconductor has negligible resistance and current can flow
freely. Rectifying metal-semiconductor contacts are called Schottky contacts
while non-rectifying metal-semiconductor contacts are called ohmic contacts.
Both Schottky and ohmic contacts were realised on the GaN and diamond
material studied in this work. This section will describe the formation of the
Schottky barrier, the influence of surface states on the barrier height, and
the ideal ohmic contact. Finally the current transport mechanisms across a

metal-semiconductor contact will be described.

3.8.1 Formation of the Schottky Barrier

The Schottky contact is due to the difference of work function between a
semiconductor and metal. The work function of a material is defined as the
energy required to raise an electron from the Fermi level, Er, to the vacuum

state. The quantity is denoted ¢,, for a metal and ¢, for a semiconductor.
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3.8 Metal-Semiconductor Contacts

A semiconductor also has an electron affinity, x,, which is the difference in
energy between the bottom of the conduction band and the vacuum state.
The work function of a semiconductor may be found using the following
equation

where ¢ is the charge on an electron and V,, is the energy required to excite an
electron from the Fermi level to the bottom of the conduction band. Figure
3.11 shows the energy band diagram of a metal-semiconductor system where

the metal and an n-type semiconductor are slowly brought into contact.

VACUUM GAP Abg,= (P -X)
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Figure 3.11: The formation of a Schottky barrier [31]

On the far left, the metal and semiconductor are not in contact and the
system is not in thermal equilibrium. If a wire of length ¢ is connected
between the metal and the semiconductor then electrons flow from the semi-
conductor into the metal since ¢s < ¢,, . The Fermi level in the metal is
raised by an amount equal to the difference between the work function of the
metal and the semiconductor. This alignment of the Fermi levels is attained
by the flow of electrons from the semiconductor to the metal. As the dis-
tance decreases between the metal and semiconductor an increasing negative

charge is built up on the surface of the metal (since electrons flow from the
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semiconductor to the metal). An electrostatically balancing positive charge
exists on the surface of the semiconductor arising from uncompensated donor
ions that have been depleted of electrons. The layer of negative charge on the
metal surface is very thin while the corresponding positively charged layer
on the surface of the semiconductor is wider because the semiconductor is
less conductive. This space-charge region in the semiconductor is known as
the depletion layer and has a thickness, W. Due to the removal of electrons,
the Fermi level in the semiconductor changes position relative to the con-
duction and valence bands with the result that the bands are bent upward
as the Fermi levels of the metal and semiconductor must remain the same.
For electrons to flow out of the semiconductor and into the metal they must
surmount a potential barrier, giving the contact rectifying properties. When
the gap reaches an inter-atomic spacing, i.e. the metal and semiconductor
are in contact, an intimate Schottky contact is formed. The barrier height,

®Bn, of the contact for an n-type semiconductor is given by

Conversely, when a p-type semiconductor with a work function greater
than that of a metal is brought into contact with a metal the bands are bent
downward. This forms a p-type Schottky contact which also has rectifying

properties. The barrier height, ¢p,, for a p-type semiconductor is given by

Q¢Bp - Eg - Q(¢m - Xs) (324>

where E, is the band gap of the semiconductor.

The band structure of a metal-semiconductor contact may be altered
by the application of an external bias. Figure 3.12 shows the energy band
diagrams for metals on both n-type and p-type semiconductors under differ-

ent biasing conditions. If we consider an n-type semiconductor then when
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Figure 3.12: Energy band diagram of metal n-type and metal p-type semiconductors
under different biasing conditions: (a) thermal equilibrium; (b) forward bias and

(c) reverse bias [31]

the applied bias is zero, as in case (a), the band diagram is under thermal
equilibrium conditions and the Fermi levels for both the metal and semicon-
ductor are equal. Applying a positive (forward) bias voltage to the metal
with respect to the n-type semiconductor results in a decrease of the metal-
semiconductor barrier height. When a forward bias is applied electrons can
move easily from the semiconductor into the metal because the barrier has
been reduced by a voltage Vp. Applying a negative (reverse) bias (as in
case (c)) to the metal with respect to the semiconductor results in it being

more difficult for the electrons to flow from the semiconductor to the metal.
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3.8 Metal-Semiconductor Contacts

There are similar results for p-type semiconductors except the polarity of the
applied voltage is reversed. The application of an external bias changes the
depletion width in the semiconductor. The depletion width, W, is given by
[13]

(Vei = V) (3.25)

where ¢, is the dielectric permittivity of the semiconductor, Np is the donor
density, V4; is the built in potential and V is the applied external bias. The

resultant capacitance, C, per unit area of the depletion region is given by

[13]
quND €s
“Navv T w 20

3.8.2 Surface States

The above treatment is for the idealised case. This assumes that the semicon-
ductor is defect free, the semiconductor surface does not have any impurities
and has the same electrical and structural properties as the semiconductor
bulk, and there are no chemical reactions between the metal and semicon-
ductor. In practice surface states play an important role in determining the
barrier height of a metal-semiconductor contact. Surface states can act as
donors or acceptors. If there are surface states densely distributed within
a small energy interval in the forbidden region then the Fermi level must
bend at the surface to align with their position. This decreases the amount
of band bending possible and the Fermi level becomes relatively fixed at the
surface, introducing the concept of Fermi level pinning. When surface states
are present the Fermi levels of the semiconductor and metal will realign, as
in the case of the idealised Schottky model but the charge exchange is now
made between the metal and the surface states (see Figure 3.13). The density

of surface states may be so large that the Fermi level is fixed even before the
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Figure 3.13: The formation of a Schottky barrier with surface states present [31]

metal is brought into contact. Then the Fermi level is said to be pinned and
the barrier height is independent of the work function of the metal. GaAs
is a material whose Fermi level is believed to be pinned at the mid-gap level

due to the presence of deep traps at the surface.

3.8.3 The Ohmic Contact

The second type of electrical contact is the ohmic contact which has a neg-
ligible resistance to current flow. The contact resistance is low compared to
the resistance of the bulk semiconductor. A good ohmic contact should not
significantly degrade device performance and can pass the required current
with a voltage drop that is small compared to the drop across the active re-
gion of the device. An ohmic contact is formed on an n-type semiconductor
when the work function of the metal is less than the work function of the

semiconductor. The converse is true for a p-type semiconductor.
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3.8.4 Current Transport Mechanisms

Under normal operating conditions, two mechanisms are responsible for the
transport of charge carriers across a metal-semiconductor junction. The
charge carriers can jump over the barrier in the case of thermionic emission,
or the charge carriers can tunnel through the barrier, where field emission
(or quantum mechanical tunnelling) is the process. For any given metal-
semiconductor junction both mechanisms can assist in the transport of charge
carriers across the barrier. The current transport in a Schottky barrier is due
mainly to the majority charge carriers, in contrast to a p-n junction where
the current transport is due mainly to minority carriers. The dominant trans-
port process for Schottky diodes operated at room temperature is thermionic
emission of carriers from the semiconductor over the potential barrier into
the metal. The field emission, or quantum mechanical tunnelling current,
becomes dominant at low temperatures or if the semiconductor has a high
doping concentration. The current-voltage characteristic of a Schottky diode
where thermionic emission is the dominant transport mechanism is described
by [13]

J=Js (exp(%) —1) (3.27)
where J is the current density, ¢ is the charge, k is the Boltzmann constant,
T is the temperature and Jg is given by

—9¢Bn )

Jg = A T? exp " (3.28)

Jg is the saturation current density, A** is the effective Richardson constant
(equal to 26.4 cm™2K~2 for n-type GaN) and ¢p, is the barrier height. The
applied voltage, V, is positive for forward bias and negative for reverse bias.

It is possible to calculate the barrier height from the I-V characteristic of a
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device using the following equation:

¢Bn = % In (%) (3.29)
Js may be found experimentally by plotting a graph of current density versus
voltage and extrapolating back to V = 0. In addition to the majority carrier
current, a minority carrier current also exists. This current is as a result of
minority carriers being injected from the metal contact into the semiconduc-
tor. Typically the minority carrier current is orders of magnitude smaller

than the majority carrier current and can be neglected.

3.9 Principles of Radiation Detection Theory

Semiconductor radiation detectors are utilised in many applications such as;
imaging tools in medicine, spectroscopic devices in industry and as particle
detectors in high energy physics experiments. The principle of operation of a
semiconductor radiation detector is that any incident radiation, for example a
charged particle, loses energy as it passes through a semiconductor material.
The number of electron-hole pairs created within the detection medium is
proportional to the energy lost by the incident radiation. The generated
charge carriers may be separated by applying an electric field and collected
by electrodes.

The way in which incident radiation loses energy in a semiconductor de-
tector is strongly dependent on the type and the energy of radiation. The

three types of radiation of interest are:

e Charged particles e.g. « particles, electrons

e Photons e.g. x-rays and gamma rays
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e Neutrons

Both heavy charged particles and fast electrons, due to the electric charge
carried by these particles, continuously interact via the Coulomb force with
the electrons present in the detection material. The uncharged radiations,
photons and neutrons, do not interact with the electrons or nuclei in the
detection medium through the Coulomb force. The uncharged radiations
must undergo a catastrophic interaction, such as a collision with a nucleus

or electron, that radically alters the properties of the incident radiation.

3.9.1 Charged Particle Interactions

Charged particles, such as an alpha particle, interact with matter primar-
ily through Coulomb forces between their charge and the negative charge of
the orbital electrons within the atoms of the semiconductor medium. When
the particle enters the detector material it simultaneously reacts with sev-
eral electrons. The electrons can either be raised to a higher orbital energy
state within the absorber atom (excitation) or they can be liberated from
the atom, creating an electron-hole pair (ionisation). The energy gained by
the electrons comes at the expense of the charged particle and its energy
is decreased as a result of these encounters. The charged particle contin-
ually interacts with the orbital electrons until it eventually loses all of its
kinetic energy and is stopped. The linear stopping power, S, of an absorber
is defined as the differential energy loss (dE) divided by the differential path

length (dx) [30]:
dE
dr

For particles with a given charge state, .S increases as the particle velocity

S = (3.30)

decreases. The rate of energy loss over an incremental distance for a charged
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particle with a known velocity is given by Bethe-Block formula [30]:

dE Aret Z?
dr — mov?

NB (3.31)

where v is the velocity of a particle of charge e, interacting in an absorber
that has a number density N and an atomic number Z. The electrons in the
absorber have a rest mass mg and a charge e. B is given by [30]:

2 2 2
B=2 lanm]O” —In (1 - ”—) - ”—1 (3.32)

c? c?

where c is the speed of light and the parameter I represents the average exci-
tation and ionisation potential of the absorber. For non-relativistic particles
only the first term in Equation 3.32 is significant. It can be seen that for
a given (non-relativistic) charged particle the linear stopping power varies
with 1/v2, or inversely with particle energy. A particle with a lower incident
energy spends more time near the orbital electrons in the absorber and loses
energy more rapidly than a particle with a higher incident energy. The linear
stopping power also depends on the magnitude of the charge of the parti-
cle. The greater the charge on the incident particle the greater the energy
loss within the absorbing material. It is also seen from Equation 3.31 that
detector materials with a large atomic number have a large linear stopping
power.

The plot of specific energy loss along the track of a charged particle as it
travels through the detection medium is known as the Bragg curve. Figure
3.14 shows the specific energy loss of a 5.48 MeV « particle as it passes
through 40 pum of Si. The graph was calculated using the SRIM simulation
package [33]. For the majority of the track, the specific energy loss increases
as 1/E as predicted by Equation 3.31. Near the end of the track the charge
on the alpha particle is reduced through electron pickup and the curve falls

off to zero. From Figure 3.14 it can be seen that a 5.48 MeV alpha particle
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Figure 3.14: Bragg curve for a 5.48 MeV « particle in 40 um of Si

loses all of its energy in Si after travelling a distance of around 30 pym. Two

papers that discuss the energy loss for various particles in an absorber may

be found in [34], [35].

3.9.2 X-ray & gamma-ray Interactions

There are three main mechanisms by which a photon can interact with an

absorber. These are:

e The photoelectric effect
e Compton Scattering
e Pair production

These three processes lead to the partial or full transfer of the photon en-
ergy to electron energy. The processes result in sudden and abrupt changes
in the photon history in that, the incident photon either disappears com-

pletely or is scattered through a significant angle. This behaviour is in stark
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contrast to charged particles which slow down gradually through continuous,

simultaneous interactions with many absorber atoms.

Photoelectric Effect

In the photoelectric process a photon interacts with an atom in the detection
medium with the result that an energetic photoelectron is ejected by the
atom from one of its bound energy shells. The interaction is with the atom
as a whole and cannot take place with free electrons. The most probable
origin of the photoelectron is from the most tightly bound shell of the atom,
the K shell. The photoelectron is ejected with an energy (Epnotoctectron) given
by:

Ephotoetectron = Fry — Epinding (3.33)

where E, is the energy of the incident photon and FEpinging is the binding
energy of the electron with its associated atom. The ejected photoelectron
undergoes multiple scattering in the surrounding material where it loses en-
ergy by two processes. One process is electron-phonon scattering where the
electron scatters off ions within the lattice. The second process occurs when
a photoelectron collides with an electron in the valence band and excites it
to a higher energy level, creating an electron-hole pair in the process. The
probability of a photoelectron interaction increases with the atomic number
(Z) of the absorber material and is given by [30];

n

3.5
E’Y

T ~ constant x (3.34)

where 4 < n < 5 depending on the energy of the photon.
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Compton Effect

Compton scattering occurs between an incident photon and an electron in
the detector material. The incoming photon is deflected through an angle
0 with respect to its original direction. The photon transfers a portion of
its energy to the electron (assumed to be initially at rest), which is then
known as the recoil electron. All angles of scattering are feasible and the
energy transferred to the electron can vary from zero to a large fraction of
the photon energy. The Compton scattering process is illustrated in Figure

3.15. The energy of the scattered photon is related to the scattering angle

Recoil
electron

incident photon
(energy = hv)

Scattered photon
(energy = hv')

Figure 3.15: Compton scattering process [30]

by the equation
/ hl/

T 14 (1 — cosb)

moc2

hy (3.35)

where hv' is the energy of the scattered photon, hv is the energy of the
incident photon and mgc? is the rest-mass energy of the electron (0.511 MeV).
The recoil electron is scattered through an angle ¢ and the scattered photon

through an angle 6.
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Pair Production

If an incident photon has an energy twice that of the rest-mass energy of an
electron (i.e. 1.02 MeV) then the process of pair production is possible. In
this interaction a photon enters the Coulomb field of a nucleus and disappears
through the creation of an electron-positron pair. Any excess energy carried
by a photon above the 1.02 MeV required to create an electron-positron
is transferred into kinetic energy which is shared between the electron and
positron. The positron eventually annihilates with an electron in the de-
tection medium and two annihilation photons are produced as secondary
products of the interaction [30]. The probability of pair production is very
small at low photon energies and is generally confined to high energy gamma

rays.
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Figure 3.16: The dominant processes for photon interactions as a function of

photon energy in various absorbers [30]

Figure 3.16 shows the relative importance of the photoelectric effect,
Compton scattering and pair production for different absorber materials and

photon energies. Photoelectric absorption is the dominant process at photon
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energies less than 100 keV when detection media with a large atomic number
( Z > 20) are considered. Compton scattering starts to become significant at
energies greater than 100 keV, while pair production is the dominant process

at photon energies greater than 10 MeV.

3.9.3 Neutrons

Neutrons, as with photons, carry no electric charge and therefore do not
interact in an absorber by means of the Coulomb force. Incident neutrons can
travel through many centimetres of material without any type of interaction.
A neutron may however, interact with a nucleus of the absorbing material.
This interaction may result in either the neutron completely disappearing,
being replaced by one or more more secondary radiations, or else the energy
or direction of the neutron is changed significantly. Products of neutron
interactions almost always result in the creation of heavy charged particles.
These particles may be produced either as a result of neutron induced nuclear
reactions or they may be the nuclei of the detector medium itself which have

gained energy as a result of nuclear collisions.
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Chapter 4

GalN as a Radiation Hard

Detector

4.1 Introduction

The properties of GaN, such as its wide band gap and large displacement
energy, may result in it being more resistant to radiation damage than cur-
rent materials. The proposed upgrade of the Large Hadron Collider (LHC)
at CERN, the so called Super-LHC (SLHC), is one example where ultra ra-
diation hard semiconductor tracking detectors will be required. This chapter
describes the radiation damage mechanisms that occur in a semiconductor
and outlines the effects of radiation damage on detector performance. Sam-
ples from three epitaxial GaN wafers were irradiated to anticipated SLHC
radiation levels with protons of energy 24 GeV/c and neutrons with an en-
ergy of 1 MeV. The effects of the irradiations on detector performance were
assessed through evaluation of the detector macroscopic properties, such as
leakage current and charge collection efficiency. The chapter concludes by

comparing the radiation hardness properties of the GaN material studied
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with the most promising results reported on other detector media such as

oxygenated Si, epitaxial Si and SiC.

4.2 GalN Background & Growth Techniques

The development of the first commercial high-brightness GaN light emitting
diodes (LEDs) by Shuji Nakamura in 1993 sparked worldwide interest in
GaN and its related ternary compounds [36]. Until 1993, the only blue
light emitting devices commercially available were based on silicon carbide
which, because of its indirect band gap, is not capable of emitting light of
great intensity to be of wide interest. GaN blue LEDs completed the range
of primary colours and made possible applications such as daylight visible
full-colour LED displays and white LEDs [37]. Nitride based blue LEDs
coated with a fluorescent layer of yttrium aluminium garnet (YAG) produce
bright white light and represent a viable competitor to incandescent bulbs.
In recent years blue laser diodes (LDs), which have a shorter wavelength
than the present technology, have successfully been fabricated on GaN. This
shorter wavelength makes it possible to read and write more data on the
same disk area than is possible with the current technology.

Other applications of GaN and its related compounds include microwave
power devices, ultra-high power switches and High Electron Mobility Tran-
sistors (HEMTSs) [38] . These applications make use of the direct wide band
gaps, good thermal stability, and ability to withstand high temperature,

properties of GaN and its related compounds.
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4.2.1 Growth of GaN

GaN does not exist in nature and must be synthesised through chemical
processes. As a result of its high melting temperature and high dissociation
pressure no classical method can be expected to be successful for bulk crystal
growth of GaN. Below 950°C gallium does not react with molecular nitrogen
and so higher temperatures have to be used. Bulk GaN crystals are generally
grown at high temperatures (1200°C-1600°C) under high nitrogen pressures
in order to prevent GaN decomposition [39]. The difficulty of growing bulk
GaN crystals has led to extensive research into the growth of thin GaN
layers on foreign substrates. Nearly every possible crystal growth technique,
substrate type and substrate orientation has been tried in an effort to grow
high quality epitaxial GaN films.

The four main techniques that are currently used to grow thin films of
GaN are Hybrid Vapour Phase Epitaxy (HVPE) [40], Metal Organic Vapour
Phase Epitaxy (MOVPE) [41], Molecular Beam Epitaxy (MBE) [42], [43] and
Metal Organic Chemical Vapour Deposition (MOCVD). The most successful
growth technique of epitaxial GaN films is MOCVD and was the method used
to grow the three epitaxial GaN wafers studied in this chapter. A typical
two flow MOCVD reactor is shown in Figure 4.1.

The main flow composed of reactant gases with a high velocity is directed
through the nozzle across the surface of the rotating substrate. The sub-
flow, composed of nitrogen, is directed perpendicular to the surface of the
substrate. The purpose of this sub-flow is to bring the reactant gases into
contact with the substrate. Hydrogen is used as a carrier gas.

Suitable precursors for the MOCVD growth must exhibit sufficient volatil-
ity and stability to be transported to the surface. These precursors should

also have appropriate reactivity to decompose thermally into the desired solid
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Figure 4.1: (a) Schematic diagram of an MOCVD reactor [36], (b) Gas flow close

to the substrate

and to generate readily removable gaseous by-products. Ideally the precur-
sors should be water and oxygen insensitive, nontoxic and noncorrosive. Typ-
ically the trialkyls, trimethylgallium (TMG), trimethylaluminium (TMA)
and trimethylindium (TMI) are used as Ga-metal, Al-metal and In-metal
precursors respectively. Ammonia (NHj), hydrazine (NyH,), monomethyl-
hydrazine (CH3)NyHs and dimethylhydrazine (CH3)aNoHy serve as nitrogen
precursors. Although the trialkyl compounds are extremely water and oxy-
gen insensitive, and ammonia is highly corrosive, the majority of the best
material grown today is produced by reacting these compounds with NH3 at
substrate temperatures in the region of 1000°C [44] - [46].

Temperatures in excess of 800°C are required to obtain single crystalline
high-quality GaN films, and the GaN films with the best optical and electrical
properties are grown at 1050°C. When substrate temperatures greater than
1100°C are used the dissociation of GaN results in voids in the growth layer.
The high growth temperatures in the MOCVD process restrict the choice of

substrates that can be used and have a contradictory effect on the crystal
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4.2 GaN Background & Growth Techniques

quality. On one hand, at higher temperatures the surface mobility of atoms is
larger and the quality of the grown film is higher. On the other hand if high
temperatures are used during growth then the post growth cooling process
introduces greater strain (than if lower temperatures were used) between
GaN and the substrate material. This strain creates more structural defects

in the GaN film and results in poorer quality material.

4.2.2 Substrates and Buffer Layers

As discussed earlier, the high melting temperature and dissociation pressure
are the two main obstacles to growing large single crystals of GaN. Single
crystalline GaN films have been grown heteroepitaxially on a number of sub-
strates that have similar lattice constants and thermal expansion coefficients
to GaN. There is no ideal substrate for heteroepitaxy of GaN and, as a con-
sequence, there has been intense research into finding the most suitable sub-
strate material. Table 4.1 shows the lattice constants and thermal expansion
coefficients of various substrates that have been used for GaN epitaxy.
Sapphire is the most frequently used substrate for GaN growth due to its
relatively low price, the availability of large area crystals of good quality, its
transparent nature, stability at high temperature and fairly mature growth
technology. If GaN is grown directly onto sapphire the crystal quality is poor
due to the large lattice and thermal expansion mismatch between the two
materials and also due to non-ideal nucleation. To improve the quality of the
GaN layer an AIN or GaN buffer layer is usually grown [47], [48]. The GaN
buffer layer is grown at relatively low temperatures (~ 500°C) and its thick-
ness can vary from tens of nanometres to a few microns. It has been found
that with other growth conditions being equal, the epilayers with the best
crystallinity are grown on buffer layers with the worst crystallinity [29]. The
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Crystal | Symmetry | Lattice constant (nm) | Thermal expansion coefficient
(a,c) (x1070K™1)

GaN W (0.3189; 0.5185) (5.59; 3.17)
Sapphire H (0.4758; 1.299) (7.5; 8.5)
6H-SiC W (0.308; 1.512) (4.2; 4.86)

ZnO W (0.3250; 0.5213) (8.25; 4.75)

Si C 0.54301 3.59
AIN W (0.3112; 0.4982) (4.2; 5.3)

Table 4.1: Lattice parameters and thermal expansion coefficients of various sub-
strates that have been used for GaN epitaxy. W - Wurtzite, H - Hexagonal, C -
Cubic

large defect density of these GaN buffer layers is thought to accommodate
the large lattice mismatch between GaN and sapphire. Other substrates that
are commonly used for the heteroepitaxial growth of GaN are 6H-SiC, ZnO
and Si.

4.3 GalN for harsh radiation environments

The Large Hadron Collider (LHC) [4] is a particle accelerator and collider
located at CERN, near Geneva, Switzerland. There are six detectors that are
currently being constructed at the LHC; two of them, ATLAS [3] and CMS
[51] are large, general purpose particle detectors, the other four; LHCb [52],
ALICE [53], TOTEM [54], and fp420 [55] are smaller and more specialised.
The high collision and event rates of the LHC will result in the tracking de-
tectors of these experiments receiving unprecedented levels of radiation. It

has been calculated that at the LHC design luminosity of 103* em~2s7!, the
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innermost pixel detectors (4 cm from the interaction point) of the ATLAS
detector will receive a total 1 MeV neutron equivalent accumulated parti-
cle fluence of 3x10 ' cm™2 after 10 years of operation [5]. The radiation
is a direct result of the proton-proton collisions themselves and from back-
ground neutrons created as backsplash from the calorimeters of the ATLAS
detector. The hadronic radiation resulting from the proton-proton collisions
creates bulk damage within the semiconductor tracking medium, leading to
an increase in the detector leakage current, full depletion voltage and a de-
crease in the detector charge collection efficiency.

The proposed machine upgrade of the LHC, the SLHC [56], presents
significant challenges for designers of radiation detectors. The SLHC is pro-
posed to operate at 10 times the luminosity of the LHC, i.e 103 cm=2s7 1,
and will require detectors that are able to withstand 1MeV neutron equiv-
alent fluences greater than 1x10'6 cm~2 after 5 years of operation. Figure
4.2 shows the accumulated hadron fluences expected in the SUPER-ATLAS
inner detector after 5 years operation [5]. It should be noted that these val-
ues are calculated using data, found in [57], for the ATLAS detector and
scaled to the SUPER-ATLAS integrated luminosity. The exact geometry of
the SUPER-ATLAS detector is not yet decided but the data may be used as
an illustration of the expected radiation levels and challenges faced. As well
as these extremely high radiation levels the increase in luminosity will lead
to an increase in track density and therefore detectors with finer granularity
will be required. If these requirements are to be met then pixel detectors
will have to cover the tracking volume up to higher radii and the microstrip
detectors will have to be made with shorter strip lengths compared to the
present ATLAS detector (see Figure 4.2).

The current Si pixel and microstrip detector technology would not be able
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Figure 4.2: Hadron fluences expected in the SUPER-ATLAS inner detector after

5 years of operation. All fluences are 1 MeV neutron equivalent fluences [5].

to withstand the radiation fluences expected at the SLHC [56]. The RD50
collaboration “Development of Radiation Hard Semiconductor Devices for
Very High Luminosity Colliders” [8] was formed in 2002 with the aim of
developing semiconductor sensors capable of operating in the SLHC environ-
ment. There are two main strategies followed within the RD50 collabora-
tion aimed at improving the radiation tolerance of systems placed in harsh
environments; material engineering and device engineering. The material
engineering category covers the defect engineering of Si by using enhanced
levels of oxygen in the Si substrate and also the use of other semiconductors
such as SiC and GaN as radiation detectors. The standard Si material used
as tracking detector bulk material is n-type Float Zone (FZ) Si. There have
been several approaches undertaken to defect engineer FZ Si in order to make
it more radiation tolerant. One approach was to enrich FZ Si by putting an

oxygen jet on the melting zone of a FZ ingot and diffusing oxygen into the Si
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wafer at high temperatures (1100°C - 1200°C) over long time periods (sev-
eral hours to 10 days) [58]. This technique, Diffusion Oxygenated Float Zone
(DOFZ) Si, produced wafers with oxygen concentrations as high as 4x10'7
O cm~3. FZ Si has also been enriched with other elements such as nitrogen,
carbon, germanium, and tin and the radiation tolerance of these enriched
materials assessed [59]. Other defect engineering techniques include irradi-
ating FZ Si with electrons in order to increase the oxygen dimer content [60]
and exposing FZ Si to a hydrogen plasma in order to increase the hydrogen
content of the detector [61]. A further way of increasing the oxygen content
in Si is by growing Czochralski (CZ) and Magnetic Czochralksi (MCZ) Si.
Both CZ and MCZ have a much higher oxygen content than FZ Si or even
DOFZ Si [62]. Epitaxial Si detectors have also been studied with a view to
understanding their radiation tolerance. The oxygen enriched epitaxial Si is
typically grown to a thickness between 25 pm and 50 pym on a low resistivity
MCZ substrate [63]. There have been extensive radiation damage studies
of the aforementioned defect engineered Si detectors. Some of the results
reported will be discussed in Section 4.7 and compared to the findings in this
work.

The device engineering branch of the RD50 collaboration investigates im-
proved radiation tolerance by utilising novel detector structures such as full
3D detectors, semi-3D detectors [64] and single type column 3D detectors.
3-D detectors were first proposed by Sherwood-Parker in 1997 [9]. The elec-
trodes of a 3D detector are an array of columns of diameter ~ 5-10 pum
placed a distance of around 30-100 pym apart. The columns are filled alter-
nately with p™- or n*- electrode material, or are metallised to form Schottky
contacts. Since the electric field evolves laterally from column to column, the

depletion distance is only 30-100 pm while the charge created by an ionising
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particle is still that of a 300 um thick detector. The smaller distance between
the electrodes results in much shorter charge collection times compared to
standard 300 pm thick planar Si detectors. This attribute of 3D detectors
is extremely important for devices irradiated to very high fluences where the
drift length for charge carriers and the depletion depth for any given bias
voltage are severely reduced (more will be said on the effects of radiation
damage in Si detectors in the following section). There are two main draw-
backs of 3D detectors; (a) columnar regions are dead zones; (b) the regions
located in the middle between electrodes of the same type are zero field ar-
eas. A further disadvantage of 3D detectors is that a two sided fabrication
process is typically required to realise the detector structure. This increases
fabrication complexity and cost. A simplified concept, requiring only one
side fabrication is the single type column (STC) detector [65]. Instead of the
electrodes penetrating the full length of the bulk material they stop short, ~
50 pm, from the opposite surface of the 300 pm thick Si material.

Also investigated within the RD50 collaboration are the radiation hard-
ness properties of other semiconductor materials, such as SiC and GaN. Table
4.2 shows the important electrical and mechanical properties of a range of
semiconductor materials that are either currently used for ionising radiation
detection or are potential candidates for future use as ionising radiation de-
tectors. The 4H-SiC polytype is the preferred SiC polytype for radiation
detection applications due to its high electron mobility.

The main advantage of SiC and GaN is that the large band gaps of both
materials, compared to Si, lead to very low leakage currents which would
allow room temperature operation of devices fabricated on these materials.
A possible second advantage is that is that both materials may be more

resistant to radiation damage compared to Si on account of their relatively
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Property Si GaN | 4H-SiC | Diamond | Ge | GaAs
Z 14 | 317 | 14/6 6 32 | 31/33
E, (eV) 112 | 339 | 3.3 5.5 0.66 | 1.42
Density (g/cm?) 23 | 6.15 3.2 3.5 5.32 | 5.32
pe (cm?/Vs) 1450 | 1000 | 800-1000 | 1800-2200 | 3900 | 9200
pn (cm?/Vs) 450 30 50-115 | 1200-1600 | 1800 | 320
Dielectric constant 11.9 | 89 9.7 5.7 16.2 | 124
e-h pair creation energy (eV) | 3.6 8.9 8.4 13.1 296 | 4.35
e-h pairs/pm (eV) 81 | ~65 51 36 247 | 130
Displacement (eV) 13-25 | 10-20 | 20-35 43 28 10
Radiation length xo (cm) 9.36 | 2.56 8.7 12.15 230 | 2.3

Table 4.2: Properties of various semiconductors [5]

large displacement threshold energies. GaN in particular, is of interest for
use as a radiation hard ionising radiation detector due to the high ionic
bond strength and large crystal density which again should result in GaN
exhibiting a greater degree of radiation hardness than other semiconductors.

SiC, because of its greater commercial availability, has been the more
heavily studied of the two materials for use in future radiation hard detector
devices. Radiation detectors have been realised on both bulk and epitaxial,
50 pm thick, 4H-SiC. Bulk 4H-SiC is currently the only route to produce
thick wafers (e.g. 100-500 pum) however the quality of the material has been
poor. Conversely, epitaxial 4H-SiC grown on a substrate produces high purity
material but the maximum achievable thickness is only 50 ym. The radiation
hardness properties of irradiated bulk and epitaxial 4H-SiC will be discussed

in Section 4.7.
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There has been very little data reported on radiation hardness proper-
ties of GaN. One of the main objectives of this thesis is to evaluate GaN’s

radiation hardness for use as a tracking detector medium at the proposed

SLHC.

4.4 Radiation Damage in a Semiconductor De-

tector

There is very little information on the radiation damage process within GaN,
however extensive literature exists on the process within Si detectors. In
this section, the radiation damage processes and resultant effects on the
macroscopic properties will be discussed as it is understood to affect Si.
Radiation damage is the detrimental alteration of the operational and
detection properties of a detector due to high levels of irradiation. The
severity of radiation damage is dependent on the energy and the charge of
the incident particle. High-energy particles produce three main types of

effects within a semiconductor device;

e Long term Ionisation - This is surface damage of the semiconductor.
In the case of Si, positive charge is trapped in SiO, on the surface of

the semiconductor and surface states are created.

e Displacements - These are dislocations of atoms from their normal sites
in the crystal lattice, producing less ordered structures, with long term

effects on the semiconductor properties

e Transient Ionisation - This effect produces electron-hole pairs and has

no degrading effect of detector performance
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4.4 Radiation Damage in a Semiconductor Detector

4.4.1 Long Term Ionisation

Long term ionisation produces surface damage which influences the detector
capacitance, increases the detector noise and can have a negative impact on
the breakdown behaviour of the detector. This surface damage is caused
by ionising energy loss (IEL) of the incident particle. Positive charge accu-
mulates in the SiOs and interface states at the Si/SiOy are built up. Non
Ionising Energy Loss (NIEL), resulting in the displacement of atoms from
their normal sites in the lattice, causes the creation of crystal detects in the
semiconductor bulk. This bulk damage of the semiconductor is the main
cause of the degradation in performance of a semiconductor radiation detec-

tor.

4.4.2 Displacements

The bulk damage in semiconductor detectors caused by hadrons (neutrons,
pions, protons etc.) or energetic leptons is primarily due to the incoming
particle displacing a Primary Knock on Atom (PKA) from its lattice site.
The displacement of this atom creates an interstitial and a vacancy (Frenkel
defect) in the lattice. Both can migrate through the semiconductor crys-
tal lattice and form complex point defects or defect clusters. However the
original PKA can only be displaced if there is enough energy to break the
binding energy of the atoms in the lattice. For Si the displacement energy is
~ 13-25 eV, whereas for GaN the displacement energy of the Ga atom has
been reported to be 19.2 eV [66].

The energy of a recoil PKA or any other atom resulting from a nuclear
reaction can of course be much higher. Along the path of these recoils the

energy loss consists of two competing contributions, one being due to ionisa-
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tion and the other due to further displacements of atoms in the crystal. At
the end of any heavy recoil range the non-ionising interactions prevail and
a dense agglomeration of defects (disordered region) is formed. Both point
defects along the particle paths and the clusters at the end of their range are
responsible for the various damage effects in the bulk of the semiconductor
detector but ionising losses will not lead to any significant changes in the
semiconductor lattice.

A Frenkel pair may be generated in Si if incident neutrons have an energy
above 175 eV and if electrons have an energy above 260 keV [57]. Low energy
recoils above these energies usually create point defects, however recoils with
energies greater than 5 keV create cluster defects at the end of its track.
The kinematic lower limits for the production of clusters are ~ 35 keV for

neutrons and ~ 8 MeV for electrons.

4.4.3 NIEL Hypothesis

The non-energy ionising loss (NIEL) hypothesis allows a comparison to be
made between the bulk displacement damage caused by various hadronic par-
ticles (protons, pions, electrons, neutrons) of different energies. According to
this NIEL hypothesis the radiation damage of the bulk semiconductor mate-
rial depends only on this non-ionising energy loss of the irradiating particle.
The hypothesis has been experimentally demonstrated for protons, neutrons
and pions [67]-[70]. The NIEL hypothesis states that displacement damage
induced change in the material properties scales with the amount of energy
imparted in displacing collisions, irrespective of the spatial distribution of
the introduced displacement defects in a PKA cascade and irrespective of
the various annealing sequences that take place after the initial radiation

damage. The displacement damage cross section, measured in MeVmb, is
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given by the so called damage function D(E) where

E]Maz

D(E) = Y ow)(E) [ " f.(B. Er)P(Er)dEx

(4.1)

v denotes every possible interaction of an incoming particle with energy E

leading to a displacement within the lattice. The symbol o, is the correspond-

ing cross-section for interaction v to occur. f,(F, Eg) is the probability that

an incoming particle of energy E will produce a primary a PKA with recoil

energy Er in the reaction v. The integration is performed over all possible

PKA recoil energies Fr. Figure 4.3 shows the displacement damage cross-

section versus particle energy for protons, neutron, pions and electrons in Si.
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The damage caused by different particles is usually compared to the dam-

age caused by neutrons. The damage function depends on neutron energy

and by convention the NIEL of 1 MeV neutrons is taken as a standard ref-

erence point. Therefore any hadronic fluence, ¢, may be converted to a 1
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MeV neutron equivalent fluence ¢, if the hardness factor, s of the incident

particle is known using the equation
Pe
o = 2 (4.2)

Recently it has been shown that the NIEL hypothesis is violated if oxy-
gen enriched silicon materials are irradiated. In DOFZ Si appreciably less
damage is caused by high energy protons or pions than that due to neutrons
if normalised to the NIEL equivalent fluence [67]. Additionally it has been
reported that 1.8 MeV electrons are 40 times less damaging than hadrons

7).

4.4.4 Effect of Radiation Damage on Detector Opera-
tion

Both point defects and clusters can have severe effects on the detector per-
formance, depending on their concentration, energy level and the respective
electron and hole capture densities. There are three main macroscopic effects

of radiation damage to a semiconductor detector [5]:

e An increase in leakage current proportional to the fluence, increasing

the electronic noise and the power consumption

e A change of the effective doping concentration with consequences for
the electric field profile and the operating voltage required for full de-

pletion

e An increase of the charge carrier trapping leading to a reduction of
the effective drift length for both electrons and holes and leading to a

reduction of the charge collection efficiency of the detector
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Each of these effects influences the signal-to-noise ratio of a detector which
is the most important figure of merit when deciding on the tracking capabil-
ities of an irradiated detector.

Radiation induced defects with deep energy levels in the forbidden region
of the band gap act as recombination/generation centres and are responsible
for an increase in the leakage current of the detector. This increase in leakage
current lowers the signal-to-noise-ratio of the detector reducing its tracking
capabilities.

One of the most serious radiation induced effects is the change in the ef-
fective doping concentration. Irradiating FZ Si to large hadron fluences intro-
duces shallow and deep acceptor levels within the band gap. This ultimately
leads to “type-inversion” where n-type bulk FZ Si becomes p-type. This
means that for a type inverted p*-n Si detector the depletion region grows
from the unstructured rear electrode, the n*-contact, and results in a sig-
nificant increase of the detector bias to achieve reasonable charge collection.
The full depletion voltage dependence on the effective doping concentration

is given by
o
2¢e€g

Vip = 5| Ness|W? (4.3)

where Vgp is the full depletion voltage, € is the permittivity of the semicon-
ductor, € is the permittivity of free space, N.y; is the doping concentration
and W is the width of the depletion zone. From the equation it is seen that
any increase in N.ss leads to a corresponding increase of the full depletion
voltage. In certain irradiated silicon devices the formation of the electric field
is not as simple as stated above. A so-called “double-junction” can appear,
where the electric field grows from the front and the rear contact [73],[74].
The increase of charge carrier trapping in an irradiated device leads to

a reduction in charge carrier drift length and thus a reduction of the charge
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collection efficiency. Increasing the bias voltage can generally recover some
lost signal amplitude by reducing the drift time of the carriers through the
device. However, this is only practical if the detector leakage current remains
at a reasonable level, since increasing the bias voltage will ultimately cause
an unacceptable signal-to-noise ratio or even device breakdown.

The primary defects are subject to change after long-term storage at room
temperature, in annealing processes. Such annealing effects may be due to
the dissolution of cluster defects releasing migrating vacancies and intersti-
tials. For irradiated Si detectors the leakage current and the electron trapping
anneals in a beneficial way, while the hole trapping anneals in a detrimental
fashion [72]. The effective trapping probability for electrons and holes at a

given temperature, 7" and time, ¢ after irradiation may be parameterised as:

# = Bea(t, T)eq (1.4)
where 75y, , is the trapping time for electrons and holes, 3., is the trapping
parameter for electrons and holes and ¢4, is the 1 MeV equivalent fluence.
By plotting a graph of trapping probability versus irradiating fluence 5 may
be evaluated for electrons and holes. In irradiated Si detectors there is initial
short term beneficial annealing of the effective doping concentration however
over long annealing times the effective doping concentration increases [5].

In summary, the extent to which a detector suffers from radiation damage
depends not only on the energy and type of the irradiating particle or photon,

but also on the operational bias, temperature and the annealing history of

the detector.

93



4.5 Materials Studied & Detector Characterisation

4.5 Materials Studied & Detector Character-
isation

In this chapter the radiation hardness properties of three semi-insulating (SI)
epitaxial GaN wafers were examined. All three SI epitaxial GaN wafers were
grown by MOCVD on (0001) sapphire substrates. Two 2 inch diameter, 2.5
pm thick epitaxial GaN wafers were obtained from Tokushima University,
Japan [75], and one 2 inch diameter, 12 pum thick epitaxial GaN wafer was
obtained from Lumilog, France [76]. The two 2.5 pum thick epitaxial GaN
wafers were both grown under different conditions, the details of which were
not supplied by the manufacturer. Table 1.3 (see Chapter One) details how

these three GaN wafers are referred to in this chapter.

/G”a’d ng\ Contact to buffer with
Pad conductive paint

i B
Epitaxial GaN (2.5um or 12um thick) [

n - GaN buffer ~ 2um thick

Sapphire (Al,O,)

Figure 4.4: Cross-sectional diagram of the GaN material studied

A cross-sectional diagram of the different GaN layers grown on the sap-
phire substrates is shown in Figure 4.4. An n-GaN buffer layer was grown
at a low temperature (~ 400°C) before growth of the SI epitaxial layer to
account for the lattice and thermal expansion coefficient mismatch between

GaN and (0001) sapphire. As discussed in Section 4.2.2, GaN grown directly
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onto sapphire contains a large density of dislocations resulting in poor crys-
tal quality and detection efficiency. The SI epitaxial layers were grown to a
thickness of 2.5 ym or 12 ym and are slightly n-type. The exact values of the
carrier concentrations are not known but previous studies have shown that SI
GaN layers grown by Tokushima University exhibit a carrier concentration
of ~ 3x10'% cm™3 [77].

The wafers were diced using a mechanical saw into sections of dimension
10 mm by 5 mm in order to fabricate simple test structures. Photolitho-
graphic techniques (see Section 2.2.1) were used to define pad and guard
ring structures. Schottky contacts were realised by depositing 50 nm of Pd
followed by 200 nm of Au using a Plassys 450 MEB evaporator at a pressure
of < 2x107% mbar. The Schottky contact was formed between the SI GaN
and Pd; while the Au evaporated on top of the Pd facilitated subsequent wire
bonding. Before the metal evaporation procedure the samples were placed
in a beaker of hydrochloric acid (HCI) for one minute in order to remove the
native oxide from the GaN surface. Studies have shown that hydrofluoric
acid (HF) is best at removing carbon contamination while HCI is best at re-
moving surface oxide. It was found that re-oxidation of the processed surface
is inhibited because it becomes F and Cl terminated [78]. Using Equation
3.23, the theoretical value of the Schottky barrier formed for Pd on SI GaN
is 1.02 eV.

Figure 4.5 shows a metalised pad and guard ring test structure. The
pad diameter is 1 mm, the guard ring is 500 ym wide and there is a 50
pm isolation gap between the pad and the guard ring. Two sets of pad and
guard ring structures were fabricated on each sample. A further contact was
made to the n-GaN buffer using conductive silver paint (see Figure 4.6). This

enabled a bias to be applied between the pad and the n-GaN buffer contact
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Figure 4.5: Pad and guard ring structures fabricated using photolithographic tech-

niques

Figure 4.6: A fully fabricated test diode with pad and guard ring structures. Con-

tact was made to the n-GaN buffer with silver conductive paint (on right of sample).

and ensured the epitaxial GaN depletes downward, utilising the full thickness
of the epitaxial region. The guard ring was fabricated in order to minimise
surface leakage currents. The completed devices were wire bonded to chip

carriers for characterisation.
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4.5.1 Irradiation Detalils

Fabricated detectors were irradiated with 24 GeV/c protons at CERN and
with 1 MeV neutrons at the TRIGA reactor in Ljubljana, Slovenia [79]. Flu-
ences of up to 3x10 pem~2s~! are achievable at the IRRAD-1 irradiation
facility at CERN [80]. The neutron source at the TRIGA reactor can provide
a flux of fast neutrons (E > 100 keV) up to 5x10'* nem™2s7! (see Figure 4.7).
The flux ratio of thermal neutrons (E < 0.5 V) to fast neutrons (E > 100

<
o

=
2.

d(flux),/dE (10" n/MeVem®s]

Figure 4.7: Neutron flux versus neutron energy at the TRIGA reactor [79]

keV) is approximately two. Devices were irradiated with protons and neu-
trons to five fluences; 1x10™ cm™2, 1x10" cm~2, 2x10* cm™—2, 5x10% cm 2
and 1x10'® cm~2 and the effects of the irradiations on detector performance

assessed.

4.5.2 Characterisation Techniques

The detectors were electrically characterised pre-and post-irradiation by per-
forming current-voltage (I-V), capacitance-voltage (C-V) and charge collec-
tion efficiency (CCE) measurements. All three techniques were performed

with the pad and guard ring kept at the same potential and the n-GaN
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buffer contact grounded. As stated earlier, the guard ring served to min-
imise surface leakage currents.

[-V measurements were performed using a Keithley 237 electrometer con-
trolled by LABVIEW [81] software. The device under test was housed in a
light tight Faraday box that also shielded the device from outside electronic
noise. C-V measurements were performed using a Hewlett Packard 4274A
multi-frequency LCR meter again controlled via the LABVIEW software.
DC bias was supplied from the Keithley 237 via the high output of the LCR
meter in order to deplete the device under test. A milli volt A.C. signal
from the LCR machine was used to determine the reactance of the device
and hence the capacitance. It is assumed that the capacitance is the only
element in the circuit so that when a small signal bias is applied the current
that flows is phase shifted by 90°C. It is this current that is measured by the

LCR meter. The current and applied voltage are related by:

v

where Z is the capacitor impedance and V' is the small A.C. signal of angular
frequency w. Therefore from the current measurement the capacitance can
be determined. It was possible to measure the capacitance of the device
under test at eleven different frequencies ranging from 100 Hz to 100 kHz.
CCE measurements are ideally performed using minimum ionising parti-
cles (MIPs), e.g. 3 particles emitted from a “Sr source. In a standard 300
pm thick Si detector a MIP will produce ~ 24000 e-h pairs, however in 2.5
pm and 12 pm of GaN a MIP will produce only ~ 163 e-h pairs and ~ 780
e-h pairs respectively. The number of e-h pairs produced by a MIP in thin
GaN detectors is lower than the electronic noise measured by a typical CCE
experimental set-up and so MIPs are not suitable for measuring the CCE

of the GaN detectors studied here. Instead the CCE of the GaN detectors
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was measured using « particles emitted from an ' Am source. Two different
24 Am sources were used; one spectroscopic source emitting 5.48 MeV « par-
ticles and a second thicker source that emitted o particles with an average
energy of 3.82 MeV. The lower energy of the a particles emitted from this
second source is due to energy loss of the particles as they travel from the

back to the front of the source.
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Figure 4.8: Bragg ionisation curves for a 3.82 MeV and 5.48 MeV « particle in

GaN. The calculation takes into account the thickness of the metal contact.

Figure 4.8 shows the Bragg ionisation curve for a 3.82 MeV « particle and
5.48 MeV « particle as they travel in GaN. The data was calculated using
the SRIM simulation package [33] and also took into account the thickness
of the metal contacts of the detector (50 nm Pd/ 200 nm Au). Integrating
under the curve it is found that a 5.48 MeV « particle deposits 722 keV in 2.5
pm of GaN and 4.501 MeV in 12 pum of GaN whereas a 3.82 MeV « particle
deposits 909 keV in 2.5 um of GaN and 3.72 MeV in 12 ym of GaN.

The CCE experimental set-up is shown in Figure 4.9. The detector and

alpha particle source were housed in a cylindrical vacuum chamber at a pres-
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Figure 4.9: CCE experimental set-up

sure of ~ 23 mbar to ensure negligible energy loss. The measurement set-up
consisted of an Ortec 141 charge-sensitive pre-amplifier and an Ortec shaping
amplifier connected to a multi-channel pulse height analyser. The resultant
spectrum of counts versus channel number was viewed on the PC using the
Maestro software programme [82] and the data saved to disk for off-line anal-
ysis. The shaping time of the Ortec 141 amplifier could be set between 0.5
ps and 10 us (shaping time of 0.5 us was used for all the CCE measurements
presented here) and the sample could be biased to 1000 V using the voltage
supply. The oscilloscope was used to display the a-induced signals from the
detector.

As stated earlier, the Maestro programme bins the data into channel
numbers that correspond to energies. In order to determine the CCE of a
detector it was necessary to establish the relationship between channel num-
ber and energy. To do this a Si surface barrier diode, assumed to have 100%

CCE, was used to take spectra of a number of mono-energetic spectroscopic

100



4.5 Materials Studied & Detector Characterisation

60 -

55 Gradient = 5. 35 +/- 0.05
50+
g 45
€ 40
=]
E 354
g 301
s 25]
K
O 20 = Data normalised for
154 an amplifier gain of 1
10
5]
0 T T T T T T T T T 1

Energy (MeV)

Figure 4.10: Calibration of energy versus channel number scale using three mono-

energetic spectroscopic sources

sources; namely 24! Am, 23°Pu and 2**Cm. The energy of the « particles emit-
ted from these three sources is well known and a linear plot may be made
of energy versus channel number (see Figure 4.10). The gradient of this plot
can then be used to convert directly from a channel number to an energy.
The gradient was found to be 5.35 (see Figure 4.10). To calculate the CCE
of the GaN detectors it was also necessary to introduce a scaling factor to
account for the difference in electron-hole pair creation energy between sili-
con (3.6 eV) and GaN (8.9 V) [5]. The measured energy, E,y, is then found
using the equation:

Chp % 0GaN

By = 4 4.6
M 5.35 (4.6)

where C'hp is the channel number of alpha peak, GG is the amplifier gain,
dgan and dg; are the electron-hole pair creation energies for GaN and Si

respectively. The CCE of the detector may then be found using the equation:
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COB(%) = %M X 100 (4.7)
D

where Ep is the energy deposited in the detector by a 5.48 MeV alpha par-

ticle.

4.6 1-V, C-V & CCE Results

The first results reported on the radiation hardness of GaN were detectors
fabricated on MOCVD 2.5 pum epitaxial GaN grown by Tokushima University
[19]. These detectors were irradiated with protons, neutrons and x-rays to
various fluences. The 36GaN and 45GaN material studied in this thesis
both have a similar epitaxial thickness and were also grown by MOCVD at
Tokushima University and serve to establish the radiation hardness of very

thin epitaxial GaN material.

4.6.1 36GalN material

The I-V characteristics of the unirradiated 36GaN detector up to a reverse
bias of 40 V are shown in Figure 4.11. The detector exhibits the typical
behaviour of a reverse biased Schottky detector with a slow breakdown of
the device occurring at a reverse bias of ~ 20 V. It should be noted that
the I-V curves of all the proton and neutron irradiated detectors on all three
GaN materials exhibit this same slow breakdown behaviour of the Schottky
barrier. The leakage current of the detector increases from ~ 20 fA at an
applied reverse bias of 0 V to ~ 60 nA at the maximum applied bias.
Figure 4.12 shows the reverse leakage current characteristics of the 36GaN
detectors irradiated to five proton fluences ranging from 10 p cm=2 to 10'6

p cm~2. At an applied bias of 0 V all of the proton irradiated detectors show
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Figure 4.11: Reverse leakage current of unirradiated 36GaN detector
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Figure 4.12: Reverse leakage currents of the proton irradiated 36GaN detectors

an increase in leakage current compared to the unirradiated detector (see
Table 4.3) At all bias voltages the leakage current of the detector irradiated
to the lowest fluence of 10 pecm~2 is greater than that of the unirradiated
detector and the four other proton irradiated detectors. At reverse bias
voltages greater than 20V the leakage currents of the detectors irradiated

to > 10 pem~2 are several orders of magnitude smaller than the leakage
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IpatOV | I,at-20V |1, at-40V
Unirradiated -20 fA -326 pA -1.36 pA
10" p cm 2 -60 fA -4.51 pA -9.98 pA
10" p cm—2 -1.6 pA -445 pA -14.8 nA

2x10% p em™2 | -770 fA -53.5 pA -24.8 nA

5x10% p em™2 | -560 fA | -55.4 pA -609 pA
106 p cm—2 -410 fA -16.7 pA -122 pA

Table 4.3: Leakage currents of the proton irradiated 36GaN detectors at applied
reverse biases of 0V, 20 V and 40 V

current of the unirradiated detector. Figure 4.12 also shows that there is a
non-linear increase in leakage current with increasing fluence. This behaviour
is in contrast to that seen in irradiated Si detectors where the leakage current
increases linearly with increasing irradiation fluence. At reverse biases > 10V
the 36GaN detectors irradiated to the two highest fluences have much lower
leakage currents than the detectors irradiated to the lower proton fluences
and the unirradiated detector.

The I-V curves of the neutron irradiated 36GaN detectors up to a max-
imum applied reverse bias of 100 V are seen in Figure 4.13. The I-V curves
of the irradiated neutron detectors show a similar behaviour to the proton
irradiated detectors. Again, the detector irradiated to 104 nem~2 has in gen-
eral, a larger leakage current than the unirradiated detector. It is also seen
that, as exhibited by the proton irradiated detectors, there is a non-linear
increase in leakage current with increasing neutron fluence and at the max-
imum applied reverse bias the leakage current of the most highly irradiated
detector (10'® ncm™2) is several orders of magnitude smaller than that of the

unirradiated detector (see Table 4.4).
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Figure 4.13: Reverse leakage currents of the neutron irradiated 36 GaN detectors

IL at 0V IL at -50 V IL at -100 V
Unirradiated -20 fA -2.26 A -26.3 pA

104nem2 | 90fA | -36.8 A | -58.3 pA

10% n ecm™2 -210 fA -5.49 nA -184 nA
2x10% n ecm™2 | -130 fA -9.33 pA -63 nA
5x10% n ecm™2 | -210 fA -566 pA -54 nA

106 n ecm—2 -60 fA -114 pA -273 pA

Table 4.4: Leakage currents of the neutron irradiated 36GaN detectors at applied
reverse biases of 0 V, 50 V and 100 V

Figure 4.14 shows a C-V plot of the unirradiated 36GaN detector at
frequencies of 10, 20, 40 and 100 kHz (the RD50 collaboration suggests per-
forming C-V measurements at 10 kHz [83]). C-V measurements are useful for
determining the carrier concentration, full depletion voltage and the internal

bias, Vy;, of a detector. The carrier concentration, Np is found using the
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following equation,
2

Np = qeegA2d(1/C?)/dv

(4.8)

where € is the dielectric constant for GaN |, €, is the dielectric constant of free
space, A is the contact area and d(1/C?)/dv is taken from the gradient of a
graph of 1/C? versus V. The intercept the fit lines makes with the x-axis gives

the internal bias, Vy;, of the device. The capacitance of a planar detector
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Figure 4.14: C-V curve of the unirradiated 36GaN detector at 10, 20, 40 and 100
kHz

should decrease with increasing bias voltage until the device is fully depleted
and the capacitance decreases no further. This behaviour is not seen for the
unirradiated 36GaN detector where the capacitance decreases slightly from
between 0 V and -8 V. This decrease in capacitance however is extremely
small. At bias voltages greater than -8 V the capacitance begins to increase
(not shown on the graph). This is attributed to depletion of the highly
conductive n-GaN buffer layer. There are several explanations for the C-V

behaviour of this device. The most likely is that with such a thin epitaxial
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layer of GaN (2.5 pm) there are very few free carriers and so it could be that
the device is in effect fully depleted at 0 V. Another possible explanation for
the C-V behaviour of the unirradiated 36GaN device is that there is poor
contact made to the n-GaN buffer with the silver conductive paint resulting
in little or no depletion of the detector with increasing reverse bias. The
irradiated 36GaN devices show similar C-V properties to the unirradiated
detector.

Figure 4.15 shows « particle pulse height spectra of the unirradiated
36GaN detector for several bias voltages. For all detectors the bias was in-
creased until the detector noise became too large and swamped the signal.

As the applied bias is increased the position of the o peak moves as a result
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Figure 4.15: ?*' Am spectra of the unirradiated 36GaN detector taken at various

bias voltages

of an increase in the amount of charge being collected. Typically the CCE
increases linearly with applied bias voltage until either 100% CCE is attained
or until an increase in bias voltage results in no change in the CCE of the

detector, i.e. there is a plateau of the CCE. In Figure 4.15 the CCE grad-
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ually increases with applied voltage and there is no plateau suggesting that
increasing the bias voltage or increasing the magnitude of the electric field
within the device still further may produce higher CCE values than those ob-
served. This behaviour of the CCE spectra is typical of all the unirradiated
and irradiated 36GaN, 45GaN and 12GaN detectors.

The CCE versus applied bias voltage curves for the proton irradiated

36GaN detectors are shown in Figure 4.16. The CCE of the unirradiated
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Figure 4.16: CCE versus bias curves of the proton irradiated 36GaN detectors

detector increases with applied voltage until the maximum CCE of 70% is
achieved at an applied reverse bias of -28V. For all reverse bias voltages the
CCEs of the proton irradiated detectors are smaller in comparison to the
unirradiated detector. The maximum CCE of the detector irradiated to 104
pem 2 is 42% at a reverse bias of 6V while the detector irradiated to 2x10'®
pem 2 exhibits a CCE of 42% at a reverse bias of 20V. It was not possible
to obtain the peak position of the « signals from the three other proton
irradiated detectors as either the « signals were too small or the leakage

current of these devices was too high. Figure 4.17 shows the CCE versus
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bias plots for the neutron irradiated 36GaN detectors. The maximum CCEs
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Figure 4.17: CCE versus bias curves of the neutron irradiated 36 GaN detectors

of the detectors irradiated to 10'* nem™=2, 2x10' nem~=2 and 5x10* ncm ™2
are 61%, 20% and 40% respectively. The CCE results seem to suggest that
for this GaN material, proton induced damage to the GaN bulk has a more

detrimental effect on detector performance than neutron induced damage.

4.6.2 45GalN material

Figure 4.18 shows the I-V curves of the 45GaN detectors irradiated with 24
GeV/c protons to various fluences. The leakage current of the unirradiated
45GaN detector is ~ -30 fA at 0 V and rises to ~ -34 pA at an applied bias of
-50 V. It is seen that the Schottky barrier of the unirradiated device begins to
breakdown at an applied reverse bias of 20 V. This breakdown may be viewed
as carrier injection through the contact and leads to a sharp increase in the
detector leakage current. Table 4.5 shows the leakage currents of the unir-
radiated and proton irradiated 45GaN detectors at reverse bias voltages of 0

V, 50 V and 100 V. The I-V curves of the proton irradiated 45GaN detectors
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Figure 4.18: I-V curves of the unirradiated and proton irradiated 45GaN detectors

I[,at 0V | I, at-50V | [ at -100 V
Unirradiated -30 fA -34 A -1 mA
10 pem™2 | -960 fA 146 pA -1 mA
10% p cm™2 -230 fA -628 nA -18.5 pA
2x10%% p em™2 | -450 fA -25.6 pA -318 pA
5x10%° p em™2 | -858 pA -2.7 nA -43 nA
10 p cm 2 -110 fA -141 pA -2.68 nA

Table 4.5: Leakage currents of the proton irradiated 45GaN detectors at reverse

biases of 0 V, 50 V and 100 V

behave remarkably similarly to those of the proton irradiated 36GaN detec-
tors. Again it is seen that at 0 V the leakage currents of all the irradiated
detectors are larger than the unirradiated detector and that at large reverse

2 jrradiated de-

bias voltages, > 20 V, the leakage current of the 10 pem™
tector is larger than that of the unirradiated detector. However all the other

proton irradiated 45GaN detectors exhibit leakage currents smaller than the
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leakage current of the unirradiated detector at reverse biases > 25V. As with
the irradiated 36GaN detectors, there is a non-linear increase in leakage cur-
rent with increasing fluence. The most heavily irradiated detector exhibits
a leakage current ~ six orders of magnitude smaller than the unirradiated

detector at the maximum reverse bias.

Unirradiated
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Figure 4.19: I-V curves of the neutron irradiated 45GaN detectors

Figure 4.19 shows the leakage current versus bias curves for the neutron
irradiated 45GaN detectors. The leakage current of the detector irradiated to
10* nem™2 is roughly the same as the unirradiated detector for bias voltages
> 30 V. At bias voltages > 20 V, the leakage currents of the detectors irradi-
ated to > 10'® nem~2 are all lower than the unirradiated detector. Table 4.6
summaries the leakage currents of the neutron irradiated detectors at reverse
bias voltages of 0 V, 50 V and 100 V.

The C-V plot of the unirradiated 45GaN detector at 10, 20, 40 and 100
kHz up to a reverse bias of 20 V is shown in Figure 4.20. The C-V curves
show similar properties to those of the unirradiated 36GaN detector. The

capacitance remains relatively constant at ~ 17 pF and does not appreciably
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Ipat OV |I,at-50V | I at -100 V
Unirradiated -30 fA -34 nA -1 mA
10 n cm—2 -260 fA -34.5 pA -816 pA
10 n cm—2 -260 fA -26 nA -22.7 pA
2x10® n em=2 | -180 fA -110 nA -14.2 pA
5x10% n cm™2 | -280 pA -4.97 nA -9.94 nA
10 n ecm—2 -220 fA -102 pA -8.3 nA

Table 4.6: Leakage currents of the neutron irradiated 45GaN detectors at applied
reverse biases of 0 V, 50 V and 100 V
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Figure 4.20: C-V curve of the unirradiated 45GaN detector at 10, 20, 40 and 100
kHz

decrease with increasing reverse bias as expected of a planar detector. Above
-20 V the capacitance begins to increase indicating that depletion of the n-
GaN buffer layer begins.

The maximum CCE of the unirradiated 45GaN detector is 97% at an
applied bias voltage of -12 V and the detector CCE generally drops with
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increasing neutron fluence (see Figure 4.21). The relatively low leakage cur-
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Figure 4.21: CCE versus bias plots of the proton irradiated 45GaN detectors

rents of the detectors irradiated to 10" pecm=2, 5x10* pecm~2 and 10'¢ pecm 2

allowed CCE measurements up to larger bias voltages. Detectors irradiated
to < 2x10% pem~2 show a maximum CCE greater than 60%, however the
maximum CCEs of the two most heavily irradiated detectors are < 20%.
Figure 4.22 shows the CCE versus bias data for the neutron irradiated
45GaN detectors. All detectors, with the exception of the 10'® nem=2 irra-
diated detector, have CCEs > 60% indicating that the 45GaN material is
resistant to neutron damage. The detector irradiated to 10'* nem=2 has a
maximum CCE of 94% at an applied bias of -16 V which is very close to
the maximum CCE of the unirradiated detector. The maximum CCE falls
to 89% after irradiation to 10'® necm=2, to 66% after irradiation to 2x10' n
em ™2 and increases to 80% after irradiation to 5x10% nem=2 .
The I-V and CCE data for the irradiated 45GaN detectors again show

that the proton irradiations have a more detrimental effect on detector per-

formance compared to neutron induced damage. It is also clearly apparent
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Figure 4.22: CCE versus bias plots of the neutron irradiated 45GaN detectors

that the 45GaN material is more radiation hard than the 36GaN material
since the 45GaN detectors irradiated to anticipated SLHC fluences exhibit
CCEs significantly higher than the 36GaN detectors irradiated to the same
fluence levels. As previously stated, Tokushima University did not supply
the growth conditions of the 36GaN and 45GaN material. However it is
well known that the TMG flow rate, substrate growth temperature, cham-
ber pressure and the Ga/N ratio (typically an N rich growth environment
results in higher quality material) significantly affect the crystal quality of
the epitaxial GaN layer. It can be assumed that one or more of these growth

parameters differ between the 36GaN and 45GaN material.

4.6.3 12GalN material

As previously stated, not enough charge is generated in 2.5 um epitaxial
GaN for it to be of practical use as a detection material for future high
energy physics experiments. For GaN to be considered seriously for use as a

tracking detector medium in future particle physics experiments the radiation
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hardness of thicker epitaxial layers must be assessed. In this thesis, the first
investigations of the radiation hardness of GaN material with an epitaxial

thickness > 2.5 pum have been performed.
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Figure 4.23: I-V curve of the unirradiated 12GaN detector

The I-V characteristics of the unirradiated 12GaN detector up to a reverse
bias of 100 V are shown in Figure 4.23. The curve shows typical Schottky
diode behaviour with a slow breakdown occurring at a reverse bias voltage
of 70 V.

Figure 4.24 shows the reverse bias I-V characteristics of the 12GaN de-
tectors irradiated to various proton fluences. The detector irradiated to 104

2 was destroyed in transit hence so is no I-V or CCE data for this

pcm™
sample. At reverse bias voltages lower than 40 V the leakage currents of all
proton irradiated detectors, with the exception of the detector irradiated to

10 p cm—2

, are greater than the unirradiated detector. This behaviour is in
contrast to the proton irradiation results on the thinner epitaxial GaN ma-
terial. A comparison of the leakage currents at 0 V, -50 V and -100 V of the

proton irradiated 12GaN detectors is given in Table 4.7 At the largest reverse
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Figure 4.24: Leakage currents of the proton irradiated 12GaN detectors

Ipat OV | I, at-50V | I at -100 V
Unirradiated | -360 fA -114 pA 137 nA
10 pem™2 | nodata | -no data no data
10 p em™2 -60 fA -5 pA -1.61 nA
2x10% p em™2 | -180 fA -2.43 nA -374 nA
5x10% p em™2 | -40 pA -93 pA -875 pA
106 p ecm—2 -1.4 pA -1.22 nA -1.13 nA

Table 4.7: Leakage currents of the proton irradiated 12GaN detectors at an applied
bias of 0 V, -50 V and -100 V

bias the leakage currents of the detectors irradiated to 10'® pem™2, 5x10'
pem 2 and 10' pem~? exhibit leakage currents ~ 100 times smaller than the
unirradiated detector. As previously seen with the irradiated thin epitaxial
GaN detectors there is no increase in leakage current with increasing proton
fluence.

Figure 4.25 shows the I-V plots of the neutron irradiated 12GaN detectors

up to a reverse bias of 100 V. The leakage currents of the detectors irradiated
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Figure 4.25: I-V curves of the neutron irradiated 12GaN detectors

0 20 40

60 80

Reverse Bias (V)

100

to 10 nem=2, 10'® nem =2 and 2x10' nem =2 are all larger than that of the

irradiated detector whereas the detectors irradiated to 5x10'® ncm

and

10'% nem =2 have much lower leakage currents compared to the unirradiated

detector. Table 4.8 gives a comparison of the leakage currents at various bias

voltages of the neutron irradiated detectors.

Ipat OV | I, at-50V | I at -100 V
Unirradiated | -360 fA -114 pA 137 nA
10* n cm™2 -150 fA -1.8 A -3.51 pA
10" n cm ™2 -510 fA -69.5 pA -515 pA
2x10% nem™2 | -60 fA -20.1 pA -234 pA
510 nem™2 | -70 fA -5.48 pA -44.8 pA
106 n ecm—2 -50 fA -16.3 pA -40.8 pA

Table 4.8: Leakage currents of the neutron irradiated 12GaN detectors at an applied
bias of 0 V, -50 V and -100 V

The leakage currents of the detectors irradiated to 10'® nem=2, 2x10°
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ncm_2

are significantly larger than the leakage currents of the detectors ir-
radiated to corresponding proton fluences. It can be said that in terms of
leakage current after irradiation to these fluences neutron damage is more
detrimental to detector performance than proton damage. This is in con-
trast to the leakage current characteristics of the thin epitaxial GaN material
where proton damage is more detrimental to device performance than neu-

tron damage. Figure 4.26 shows the C-V curve of the unirradiated 12GaN
detector at a frequencies of 10, 20, 40 and 100 kHz. These C-V curves of the

— 10 kHz
7.885- — 20 kHz

40 kHz

W’\f"""\—,
7.880

7.8751 M

7.870

-20 15 -0 5 0
Bias (V)

Capacitance (pF)

Figure 4.26: C-V data of the unirradiated 12GaN detector

unirradiated 12GaN detector are similar in shape to the C-V curves of the
unirradiated 36GaN and 45GaN detectors. The detector exhibits a relatively
flat capacitance of ~ 7.8 pF up to a bias of -20 V indicating that the device
is essentially fully depleted at 0 V. Again, above this voltage the capacitance
increases suggesting there is some depletion of the conductive n-GaN buffer
layer.

The CCE versus bias plots for the proton irradiated 12GaN detectors are
shown in Figure 4.27. A maximum CCE of 54% is shown by the unirradiated
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Figure 4.27: CCE versus bias plots of the proton irradiated 12GaN detectors

detector at a reverse bias voltage of -140 V. This maximum CCE value is
lower than the that of both the unirradiated 36GaN and 45GaN detectors.
After irradiation to 10'® pem~2 the maximum CCE drops to only 20% at
an applied bias of -90 V. The very small leakage currents of the detectors
irradiated to 5x10'® pecm~=2 and 10'® pcm~2 enabled CCE measurements up
to large reverse bias voltages. The 5x10'° pem~2 irradiated detector exhibits
a maximum CCE of 29% at a bias of -300 V while the maximum CCE of the
detector irradiated to 10'® pem=2 is 26% at a reverse bias of -320 V.

Figure 4.28 shows the CCE versus bias plots of the neutron irradiated
12GaN detectors. The large leakage currents of the detectors irradiated to
10" nem ™2, 10*° nem =2 and 2x10% nem =2 result in CCE measurements being
possible only up to bias voltages of -24 V. The maximum CCEs for these
detectors are 17% (at -12 V) , 12% (at -6 V) and 16% (at -24 V) respectively.
As seen with the proton irradiated detectors, the 12GaN detectors irradiated

2 2

to neutron fluences of 5x10'® necm™2 and 10'® nem ™2 exhibit extremely low

leakage currents enabling CCE measurements up to large bias voltages. The
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Figure 4.28: CCFE versus bias plots of the neutron irradiated 12GaN detectors

maximum CCE of the 5x10'® nem™2 irradiated detector is 26% achieved at
-250 V, while the detector irradiated to 10 necm=2 shows a maximum CCE
of 20% at an applied bias of -350 V.

Scanning electron microscope (SEM) images of the 12GaN material were
taken to establish the exact thickness of the epitaxial layer and the n-GaN
buffer layer. The epitaxial and n-GaN buffer regions are not able to be dif-
ferentiated from each other using an SEM as they have the same crystal
structure. However an image taken using an SEM will clearly show the dif-
ference between the GaN material and the sapphire substrate. The suppliers
of the 12GaN material state that the n-GaN buffer has a thickness of ~ 2.5
pm and the epitaxial layer has a thickness of 12 ym. The SEM image on the
left of Figure 4.29 clearly shows the interface region between the sapphire
substrate and the GaN. The thickness of the epitaxial and n-GaN layer is ~
13 pm. The SEM image on the right of Figure 4.29 was taken from a different
sample cut from the 12GaN wafer. In this sample the combined thickness of

the epitaxial and buffer layers is only ~ 8 um. These SEM images suggest
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Figure 4.29: Left - SEM image of 12GaN sample. The epitazial and n-GaN buffer
thickness is ~ 13um, Right - SEM of a second 12GaN sample. The epitazial and

n-GaN buffer thickness in this sample is ~ Sum

that the thickness of the GaN epitaxial and buffer layers vary across the 2
inch wafer. When GaN layers are grown on a two inch sapphire substrate
it is common that there is a dome effect from the edge of the wafer to the
middle. Samples cut from the middle of the wafer will have thicker GaN
layers than samples cut from the edge of the wafer.

The significance of the large variation in thickness of the GaN layers is
that the CCE calculations are made assuming a uniform epitaxial thickness
of 12 pum across the GaN wafer. It appears that the epitaxial thickness
in some samples is significantly less than 12 ym and the actual CCEs of
many detectors may be significantly higher than those calculated. This could
explain the low maximum CCE of 53% of the unirradiated 12GaN detector

compared to the unirradiated thin epitaxial GaN detectors.
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4.7 Comparison of GalN Results with Other
Materials

The I-V results of the irradiated detectors of all three GaN materials show
a non-linear increase in leakage current with increasing fluence. This be-
haviour is in contrast to I-V data reported on irradiated Si detectors where
the damage induced increase in leakage current is dependent on the irradi-
ating particle type and fluence. If normalised to the sensitive volume, V,
the increase in leakage current is strictly proportional to the 1 MeV NIEL

neutron equivalent fluence, ®.,, and a current related damage constant, «,

Al = a®,,V (4.9)

At any given temperature and annealing time, the damage parameter «, if
normalised to temperature, is a constant independent of Si material type (n-
or p- type, CZ, FZ, DOFZ, epi) or irradiating particle type. The same cannot
be said of the leakage current behaviour of the irradiated GaN detectors
studied in this thesis. Indeed for all three GaN materials, the leakage currents

2 and

of the most heavily irradiated detectors, those irradiated to 5x10'° cm™
10'6 ¢cm™2 protons/neutrons are several orders of magnitude lower than the
corresponding unirradiated detectors. This type of leakage current behaviour
has also been observed in another wide band gap semiconductor, SiC. Bulk,
100 pm thick vanadium doped 4H-SiC Schottky detectors were irradiated to

2 and a non-linear increase of leakage current

fluences of 5x10* pions cm™
dependence was observed [84].

The maximum CCEs of the irradiated 36GaN, 45GaN and 12GaN detec-
tors decrease with increasing fluence. It is possible that irradiation of the

GaN detectors to high proton and neutron fluences (> 5x10 cm™2) result

122



4.7 Comparison of GalN Results with Other Materials

in the generation of deep acceptor states within the forbidden region of the
band gap. These acceptor levels trap free electrons reducing the detector
leakage current. These acceptor states also trap any free electrons generated
by ionising radiation in the material bulk, therefore reducing the CCE of the
detector. This compensation of material after irradiation to expected SLHC
fluences has also been reported on 25 pum thick epitaxial 4H-SiC detectors
[85]. The epitaxial 4H-SiC studied was n-type before irradiation but became
intrinsic after irradiation to ~ 10'® cm=2.

The most promising radiation hardness results have been reported on
CZ, MCZ and epitaxial Si detectors. Detectors fabricated on these materials
typically have much lower depletion voltages, both pre- and post-irradiation,
compared to detectors fabricated on FZ Si and DOFZ. A summary of the
maximum CCEs of the 12GaN detectors studied here, DOFZ Si, p-type MCZ
Si, epitaxial Si and epitaxial SiC is given in Table 4.9 (irradiations were done
using 24 GeV/c protons and 1 MeV NIEL equivalent neutrons). Also shown
in the far right hand column of the table is the theoretical maximum number
of collected electrons obtainable using a MIP.

Perhaps the most problematic consequence of irradiating Si to large hadron
fluences is the increase of charge carrier trapping. Increased trapping leads
to a reduction of collected charge therefore lowering the signal to noise ra-
tio of any radiation detector. From Table 4.9 it can be seen that in terms
of charge collection efficiency, n-type epitaxial Si is the most radiation hard
material currently available. Detectors fabricated on this material exhibit a
maximum CCE of 100% before irradiation and 86% after irradiation to 10'¢
ncm 2. However p-type MCZ and DOFZ Si n-in-n detectors may be more
suitable for use as tracking detectors at the SLHC as despite their lower

charge collection efficiencies after irradiation to large hadron fluences com-
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Detector material

Irradiation fluence

CCEarax (%)

VQCCEyax (V)

No. electrons
collected from

a MIP signal

GaN12 Unirradiated 54 140 421

GaN12 10'° p em™2 20 90 156

GaN12 2x10'° p cm =2 24 40 187

GaN12 5x10% p cm ™2 29 300 226

GaN12 10'6 p em™2 26 320 203

GaN12 104 n em=2 17 12 132

GaN12 10'° n em—2 12 6 93

GaN12 2x10'° n cm~2 17 24 132

GaN12 5x10%% n cm =2 26 260 203

GaN12 10*® n cm—2 20 350 156
DOFZ Si n-in-n Unirradiated 100 75 24300
DOFZ Si n-in-n 10 p cm ™2 75 800 18225
DOFZ Si n-in-n 4x10%° n cm~2 30 850 7290

25 pm epi Si n-type Unirradiated 100 50 2025
25 pm epi Si n-type 6x10'% p cm—2 82 130 1660
25 pum epi Si n-type 106 n em=2 86 95 1741
MCZ p-type Unirradiated 100 300 24300
MCZ p-type 10'° p em™2 55 500 13365

MCZ p-type 9x10'® p cm™2 8 500 1944

45 pm epi 4H-SiC n-type Unirradiated 100 250 2295
45 pm epi 4H-SiC n-type 106 p em™2 25 800 573
45 pm epi 4H-SiC n-type 7x10%% n em—2 23 800 527

Table 4.9: Maximum CCE comparison of irradiated 12GaN detectors, DOFZ,
MCZ, epitazial Si and SiC detectors (DOFZ data [86], epi Si data [87], MCZ
data [88], epi 4H-SiC data [85])

pared to epitaxial Si, more electrons may be collected than 25 pym epitaxial

Si. The 12GaN material studied here exhibits the same degree of radiation
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hardness compared to the epitaxial 4H-SiC reported by Sciortino et al. [85].
The epitaxial 4H-SiC detector irradiated to 10*® pecm=2 shows a maximum
CCE of 25% compared to a maximum CCE of 26% of the 12GaN detec-
tor irradiated to the same proton fluence. However this maximum CCE of
the irradiated 12GaN detector was achieved at a lower bias voltage than the
maximum CCE of the irradiated epitaxial 4H-SiC detector (-300 V compared
to -800 V).

4.8 Summary and Future Possibilities

The macroscopic properties and radiation hardness of three GaN wafers were
studied in this chapter. The two thin, 2.5 pum thick, epitaxial GaN wafers,
36GaN and 45GaN, obtained from Tokushima University show low leakage
currents before irradiation and the 45GaN material exhibits a maximum CCE
of 97% at an applied bias of -12V. Both the 36GaN and 45GaN detectors
exhibit a non-linear increase in leakage current with increasing irradiation
fluence. The 45GaN material can be said to be more radiation hard than the
36GaN material and the detector irradiated to the largest neutron fluence,
10'® nem™2, has a maximum CCE of ~ 40%. The first results of the radia-
tion hardness properties of thicker epitaxial GaN material were also reported
in this work. Detectors fabricated on 12 um epitaxial GaN obtained from
Lumilog also exhibited a non-linear increase in leakage current with increas-
ing irradiation fluence. The unirradiated 12GaN detector has a maximum

CCE of 54% pre-irradiation and a maximum CCE of 26% and 20% after

2 2

irradiation to 10'® pcm=2 and 10'® ncm~=? respectively. These CCE results
are similar to those reported on irradiated detectors that were fabricated on

another wide band gap material, epitaxial 4H-SiC, but are not as promising
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as the results reported on irradiated epitaxial Si detectors.

It is also important to consider how the SLHC operating conditions affect
the macroscopic properties of any detector. Over the operational lifetime of
the SLHC (5-10 years) there will be significant periods where the beam will
be shut off and the detectors will anneal at room temperature. Detectors
generally anneal in a detrimental manner with time, resulting in a change in
the effective doping concentration and a significant increase in the full deple-
tion voltage. Detailed research is required into the annealing characteristics
of unirradiated and irradiated GaN detectors in order to further assess the
suitability of GaN as a radiation hard detection medium.

The main challenge for GaN is the availability of high quality thick SI
epitaxial layers. Currently, SI epitaxial layers are only commercially available
with thicknesses < 12 ym. The purest GaN material is grown by the MOCVD
method however it is not currently feasible to growth thick epitaxial layers
using this method because of the slow rate of growth. At Lumilog, it takes
24 hours to grow a 12 pm thick epitaxial layer of GaN onto a sapphire
substrate. However, free-standing conductive GaN wafers grown by HVPE
are now available. This growth method can achieve growth rates of up to
150 pum/h with laser assisted separation of the GaN film from the sapphire
substrate. Commercial suppliers, such as Lumilog, are now offering 400 pm
thick two inch wafers of n-type GaN and similar SI free standing wafers will
be soon be available.

A further limitation of GaN is, as with the majority of compound semi-
conductors, there is a large density of as-grown defects. Dislocation densities
of 10'° em™2 are common, however by fine tuning the growth parameters
dislocation densities as low as 10® cm™2 have been reported [89]. In order

to improve the intrinsic material properties of GaN, for example the hole
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mobility, the dislocation density must continue to be reduced. It should be
remembered that GaN is a relatively young material in comparison with the
current semiconductor of choice Si. It is possible that with continuing im-
provements in growth technology that GaN will be more suitable than Si for

certain applications and may possibly be more radiation hard.
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Chapter 5

Etching Studies of GalN

5.1 Introduction

The etching of GaN may be carried out using several techniques which can
be broadly classified as either wet or dry etching. In this thesis the 36GaN,
45GaN and 12GaN materials were dry etched in an Inductively Coupled
Plasma (ICP) etch tool in order to realise ohmic contacts to the n-GaN
buffer layer. This chapter describes the various processes that are commonly
used to wet etch GaN and outlines the ICP etch parameters used to dry etch
the GaN materials studied in this thesis. -V, C-V and CCE measurements
were performed on the ICP etched GaN samples and the results compared

to those made on the devices studied in Chapter 4.

5.2 Motivation for Etching GaN

Etching of GaN and its related ternary alloys plays an essential role in the
fabrication of blue, green and ultraviolet LEDs and laser diodes. In this work

dry etching techniques were used to remove epitaxial GaN material in order
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to define ohmic contacts onto the n-GaN buffer layer. This was done for two

main reasons:

1. To make a proper electrical contact to the n-GaN buffer producing bet-
ter electric field definition compared to the detectors studied in Chapter

4.

2. To produce an Ohmic/Schottky detector, enabling extraction of the
ideality factor and Schottky barrier height from I-V characteristics.

In Chapter four, Schottky contacts were made to the SI epitaxial GaN
and a further contact was made to the n-GaN buffer using conductive silver
paint (see Figure 4.4). This structure enabled a potential difference to be
applied between the Schottky contacts on the surface of the epitaxial GaN
and the n-GaN buffer. However, this detector structure is not ideal since the
electric field and the associated charge path within the device are not well
defined. It was thought that fabricating a well-defined ohmic contact to the
n-GaN buffer layer would improve the detector performance resulting in an
increased CCE compared to the devices discussed in Chapter 4.

The second reason for etching the SI epitaxial GaN layer and fabricating
an ohmic contact to the n-GaN buffer layer was to realise an Ohmic/Schottky
detector. The ideality factor and barrier height of the Schottky contact and
also the carrier concentration of the SI epitaxial GaN layer could then be
extracted from the I-V and C-V curves of the etched device.

Attempts were made at fabricating ohmic contacts to the surface of the
three SI epitaxial GaN materials in order to measure fundamental material
parameters of the 36GaN, 45GaN and 12GaN SI epitaxial layers. Ohmic con-
tacts of dimension 200 pum square were placed at the four corners of square

samples of dimension 5 mm by 5 mm cut from the three GaN wafers. Hall
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measurements and the van der Pauw technique were to be used to evaluate
the sheet carrier density, ng, the sheet resistance, Rg, the electron mobility,
tn, the carrier concentration, Np, and the bulk resistivity, p, of the SI epi-
taxial layers of the 36GaN, 45GaN and 12GaN materials. Obtaining values
of the electron mobility for the three GaN materials was of particular interest
as previous studies have shown that the electron mobility of SI epitaxial GaN
is as low as 20-40 cm?/Vs [90]. This value is much lower than the typical elec-
tron mobility of conductive GaN epilayers which is ~ 1000 cm?/Vs (see Table
4.2). Standard photolithographic techniques were used to define the squares
at the corners of the samples. A Ti/Au/Pd/Au multilayer of thickness 20
nm/60 nm/40 nm/50 nm was evaporated using a Plassys 450 MEB evapo-
rator and the metalised samples annealed for 30 seconds at 850°C in a rapid
thermal annealer (RTA). This metal multilayer, annealing time and temper-
ature were chosen after reviewing the relevant literature [91], [92] and taking
into consideration the available metals. The best ohmic contacts, exhibiting
the lowest contact resistance, fabricated on GaN consist of a multi-layer of
Au, Mo and Ni. However Mo was not available in the Plassys 450 MEB
evaporator therefore the Ti/Au/Pd/Au multilayer was evaporated instead.
Transmission line measurement (TLM) structures of 100 pm, 200 pm
and 300 pm squares were also patterned using photolithography onto sam-
ples diced from the 36GaN, 45GaN and 12GaN wafers in order to establish
the contact resistance. The same metal multilayer, annealing temperature
and time used to form the contacts for the van der Pauw were also used
to form the contacts for the TLM structures. The distances between the
squares were 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 , 30, 40 and 50 pum. Images of
100 pm square TLM structures before and after annealing are shown in Fig-

ure 5.1. TLM involve performing I-V measurements of adjacent square pads
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Figure 5.1: 100 um square TLM structures before annealing (left) and after an-
nealing (right)

and calculating the sheet resistance using Ohm’s law. As the distance be-
tween adjacent square pads increases then the sheet resistance also increases
(a full description of the TLM technique may be found in [93]). A plot of
measured sheet resistance versus gap spacing with a linear fit made to the
data yields the intersection point of the y-axis with the linear fit as twice the
contact resistance. Typically the contact resistance depends on the carrier
concentration Np, the annealing time and temperature, and the measure-
ment temperature. It may also be dependant on interface effects between
the GaN material and the metal multi-layer.

Unfortunately, on all three GaN materials, the annealed TLM contacts
exhibited Schottky diode behaviour with a slow breakdown of the barrier.
Figure 5.2 shows the I-V characteristics before and after annealing of 100 ym
and 200 pum square pads fabricated on the 12GaN material. The distance
between the pads is 50 pm. The I-V curves clearly show that for both pad
sizes the conductivity does improve after the annealing treatment however
the contacts are not ohmic after annealing at 850°C for 30 seconds. Similar
Schottky diode like I-V behaviour was also seen for TLM structures with

various gap spacings for all three GaN materials. It can be assumed that the
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Figure 5.2: I-V curves before and after annealing at 850° C for 30 seconds of 100

pum and 200 pum square pads with a gap distance of 50 pm between adjacent pads

low carrier concentration of the ST GaN materials (< 10'% cm™3) prevents the
formation of ohmic contacts. Studies have shown that it is extremely difficult
to achieve contact resistivities < 1072 ecm ~2 for GaN epilayers with a carrier
concentration of 10’7 cm™ [91], [92]. Hall measurements and the van der
Pauw technique rely on good ohmic contacts in order to extract the relevant
material parameters. Since it was not possible to fabricate low resistance
ohmic contacts on the 36GaN, 45GaN and 12GaN materials, Hall and van

der Pauw measurements could not be performed.

5.3 Wet Etching of GalN

Wet chemical etching is typically fast and highly selective with minimal dam-
age to the remaining material. However, wet etching is often difficult to con-
trol, isotropic and has poor resolution thereby limiting the critical dimension
of the etched features. Wet etching of GaN has generally been unsuccessful

due to its low chemical reactivity, believed to be due to its wide band gap,
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and its high bonding energy [94]. Only a few chemicals have been found to
etch GaN (see Table 5.1). A significant limitation of wet-etching is that it

Chemical Temperature (°C) | Etched Planes | Etch Rate (nm/min)
Potassium hydroxide (KOH) molten 150-247 {1010}, {1011} 3-2300
10%-50% KOH in ethylene glycol 90-182 {1010} 1.5-1300
6M KOH in water 30-80 {101n} 1-50
50% KOH in water 83 none < lnm
Phosphoric acid (H3POy) 108-195 {1012}, {1013} 13-3200
20% NaOH in ethylene glycol 178 none 670-1000
Photoenhanced 0.5M KOH in water 20 - 400

Table 5.1: Etched planes and etch rates of GaN for various chemicals [95]

can only be used to etch GaN material that has a nitrogen polar surface [96].
It is believed that KOH can dissolve the initial oxide layer on the surface
of a {0001} Ga polar surface but cannot attack the remaining N-terminated
atoms because of the large repulsion between the OH™ ions and three occu-
pied dangling bonds of nitrogen. In contrast, a {0001} N-terminated GaN
surface has only one upward dangling bond and so it is possible for the OH~
ions to attack the back bonds of the Ga atoms. Studies have also shown that
the etching process is enhanced along GaN dislocations because the atoms

around these dislocations have a lower bonding energy [97].

5.4 Dry etching of GaN

As a consequence of the limited success of the wet etching of GaN there
has been a significant amount of research into the dry etching of GaN. The
most developed GaN etching techniques are RIE and ICP etching, details of

which were given in Chapter 2. Various plasma chemistries have been used
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to etch GaN, the most successful being halogen based, using chlorine (Cly,
SiCly, BCI, CHCl3) [98]-[100], fluorine (SFg, CHFj3, CClyFy, CyCIF5) [101],
[102], iodine (ICl, BI3) [103] and bromine (IBr, BBr3) [103]. All are typically
combined with a physical etching component such as Ar, N, Hy or Os,.

The physical etching component of the plasma is used to avoid redeposi-
tion of the etched material and to increase the anisotropy of the etch. The
etch rate is a linear function of chamber pressure and plasma power, with the
etch rate decreasing with increasing chamber pressure and increasing with
increased plasma power. The etch rate is also dependent on the flow rate of
the reaction gas(es). Plasma etching has a significant influence on the elec-
trical characteristics of the resulting metal/GaN contacts because it can not
only remove surface oxide and GaN crystal layers but it can also introduce
a significant degree of structural damage [104]. Non-stoichiometric surfaces
may also be created by the preferential removal of either Ga or N atoms by
the etchant gases. Under extreme conditions of high ion energy deep accep-
tor states may be created, reducing the carrier mobility and increasing the
sheet resistance of n-type GaN [103].

In this thesis, an ICP reactor was used to etch the 36GaN, 45GaN and
12GaN material. Wet etching of the three GaN epilayers was considered un-
suitable for the reasons previously discussed. The GaN samples were etched
at the EPSRC National Centre for I1I-V Technologies in an ICP Plasma Lab
System 100 supplied by Oxford Plasma Technologies. The gases used were
SiCly/Cly mixed with Ar. Table 5.2 describes the ICP parameters used to
etch the three SI epitaxial GaN materials. The Ar gas was required to ensure
vertical sidewalls of the etched GaN material.

Samples of dimension 10 mm by 5 mm were cut from the 36GaN, 45GaN
and 12GaN wafers. Photolithographic techniques using S1818 and AZ4562
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Parameter Value

SiCly flow rate (sccm) 1.5
Cl, flow rate (sccm) 15
Ar flow rate (sccm) 4

ICP Power (W) 450

RF Power (W) 150
Chamber pressure (mTorr) 4
He cooling pressure (Torr) 8

Etch rate (nm/min) 180

Table 5.2: ICP etch parameters used for 36GaN, 45GaN and 12GaN materials

resist (see Section 2.2.1) were used to pattern ring structures onto the sam-
ples. These ring structures have the same dimensions as the guard rings
fabricated on the GaN material in Chapter 4 (see also Figure 5.3). The
36GaN and 45GaN samples that were to be etched were patterned using
AZ4562 resist spun at 1500rpm, giving a resist thickness of ~ 15 pm. The
12GaN sample that was etched was patterned using S1818 resist as this was
the only resist available in the clean room at Sheffield University that was
suitable for etching. The samples were etched in the ICP etch tool until the
epitaxial layer was removed and the n-GaN buffer layer was reached. Due to
the Ar present in the etch gas the selectivity of the S1818 photoresist and
GaN was only 1:2. This meant that to etch the 12GaN material six consec-
utive etches were performed as fresh S1818 photoresist had to be spun onto

the GaN material once the old photoresist mask had been etched away.

135



5.5 ICP Etching Results

Figure 5.3: L-Edit image of the ring structure patterned onto the three GaN ma-
terials for subsequent ICP etching. The ring width is 500 pm.

5.5 ICP Etching Results

5.5.1 Proof of Principle - ICP etched 45GalN sample

Preliminary tests were carried out on a sample cut from the 45GaN mate-
rial. Figure 5.4 shows an image of an etched 45GaN sample taken using a
WKYO NT1100 surface profiler. The profiler uses white light interferometry
to measure the surface features on a sample. The bottom image of Figure
5.4 is a 3D plot of the etched sample while the top image is a line trace of
the sample in the x-direction. It is clearly seen from the line trace that the
average etch depth is ~ 3.5 um. The manufacturers of the 45GaN material
report that the epitaxial thickness is 2.5 ym and the n-GaN buffer is of sim-
ilar thickness. An etch depth of 3.5 pum implies that there is ~ 1.5 pym of
n-GaN buffer material remaining.

The etched samples were subsequently patterned using S1818 resist with
pad and guard ring structures as in in Chapter 4. The pad diameter was 1
mm, the guard ring 500 pym wide and the gap distance between the pad and

guard ring was 50 um. Contacts were formed by depositing 50 nm /250 nm
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Figure 5.4: Bottom - 3D interactive plot of the etched region on the 45GaN mate-
rial. Top - A line plot in the z-direction of the etched sample. The measured etch

depth is ~ 3.5 um

of Pd/Au using the Plassys 450 MEB evaporator. This formed a Schottky
pad contact to the SI epitaxial GaN and due to the highly conductive nature
of the n-GaN buffer layer, an Ohmic ring contact to the n-GaN buffer layer.
Before metalisation samples were de-oxidised in HCI. Figure 5.5 is a picture
of the bonded ICP etched 45GaN device.

IV, C-V and CCE measurements were made on the ICP etched 45GaN
detector. All three techniques were performed with the bias applied to the
pad contact and the ground connection made to the etched ring contact. The

[-V plot of the ICP etched 45GaN detector shows characteristics typical of

137



5.5 ICP Etching Results

Figure 5.5: Bonded ICP etched 45GaN detector.

an Ohmic/Schottky detector (see Figure 5.6).
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Figure 5.6: Forward and reverse I-V characteristics of the ICP etched 45GaN

detector

Figure 5.7 shows the reverse bias I-V plots of the ICP etched 45GaN
detector compared to the unetched 45GaN detector studied in Chapter 4.

At small reverse bias voltages the leakage current of the unetched GaN
device is similar in magnitude to that of the ICP etched 45GaN device (region

a). As the bias voltage increases the leakage current of the ICP etched device
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Figure 5.7: I-V curves of the ICP etched and the unetched 45GaN detectors. Also
shown are the I-V plots of the ICP etched detector after 1, 6, 24 and 48 hours in
the dark.

grows larger than that of the unetched device (region b). This is ascribed to
the depletion region spreading laterally, since there is no guard ring on the
SI 45GaN surface of the ICP etched device, as well as vertically downward
from the 1 mm circular pad. At even larger reverse bias voltages the leakage
current of the ICP etched device grows much larger than the unetched device
(region c¢). This large increase in leakage current is probably due to etch
induced sidewall damage and the leakage current could be minimised if a
guard ring was employed on the surface of the SI 45GaN. It was also found
that the leakage current characteristics of the ICP etched device improved the
longer the detector was in the dark. This indicates that the ICP etched GaN
device contains many defects that release captured charge carriers extremely
slowly (slow de-trapping).

The Schottky barrier height (SBH) and ideality factor can also be ex-
tracted from the I-V characteristics of an Ohmic/Schottky diode. These pa-

rameters are evaluated using the ideal diode equation governed by thermionic

139



5.5 ICP Etching Results

emission theory (see Equation 3.27). A linear fit to the data points in the
forward small voltage region, where series resistance can be neglected, gives
the ideality factor,

n=—: (5.1)

where ¢ is the gradient of the slope of the In(J) versus Vg graph. The value
Js is derived from the In(.J) intercept of the fitted line at V = 0 and the

barrier height ¢, found using Equation 3.44.
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Figure 5.8: InJp versus Vg plot of the ICP etched 45GaN detector.

Figure 5.8 shows the [nJ versus forward bias plot of the ICP etched
45GaN detector. The measured ideality factor and SBH calculated using
the fit to region 1 of the data is 0.94 and 1.06 (+/- 0.02) eV respectively.
This measured SBH is in reasonable agreement with the theoretical SBH of
a Pd/GaN diode which is 1.02 ¢V while the calculated value of the ideal-
ity factor is in general agreement with those reported on Schottky diodes
fabricated on n-GaN [105], [106], [107].

The C-V characteristics of the ICP etched 45GaN detector at room tem-
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perature are shown in Figure 5.9. This curve is that typical of a planar diode
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Figure 5.9: C-V plot of the ICP etched /5GaN detector at 10 kHz

structure and the equation

eeo A
d

where C' is the capacitance, € is the dielectric constant for GaN |, €y is the

C= (5.2)

dielectric constant of free space, A is the contact area and d is the depletion
thickness, can be used to evaluate the depletion depth from the measured
capacitance. The voltage at which the C-V curve flattens gives the full de-
pletion voltage of the device. A depletion depth of 2.5 um gives a theoretical
capacitance of 25pF while the measured capacitance is ~ 20 pF.

The 1/C? versus V plot for the ICP etched 45GaN detector is shown

in Figure 5.10. The gradient of this plot was found to be 1.420 F —2V~!
giving the carrier concentration of the SI GaN layer as 1.8x10'® cm ™3 using
Equation 4.3. This measured value of the carrier concentration is close to
that of 1.4x10" cm™3 reported by Sellin. et al. [108] on similar 2 ym thick
SI epitaxial GaN grown by Tokushima University.

The CCE was measured to deduce changes caused by the ICP etching.
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Figure 5.10: 1/C? versus V plot of the ICP etched 45GaN detector

Figure 5.11 shows the CCE versus bias plots for the ICP etched 45GaN
detector and the unetched 45GaN detector. For all bias voltages the CCE
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Figure 5.11: CCE wversus bias curves for the ICP etched and unetched 45GalN

devices

of the ICP etched device is larger than the unetched device. Both devices
achieve a maximum CCE of 97%, however the etched device attains this CCE

at a lower applied bias voltage than the unetched device (-9 V compared to -
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12 V). The CCE improvement of the etched 45GaN detector may be explained
by better definition of the electric field within this device compared to the

unetched detector.

5.5.2 Results of ICP etched 36GalN and 45GaN sam-

ples

After completion of the preliminary tests of the ICP etched 45GaN sample,
a new mask design was produced for further experiments on etched 36GaN,
45GaN and 12GaN samples. This new mask included a further guard ring to
be realised on the surface of the SI GaN to reduce the effect of etch damaged
sidewalls. Figure 5.12 shows a metalised ICP etched 12GaN detector with a
pad and guard ring fabricated on the SI epitaxial GaN surface and an etched

ring contact to the n-GaN buffer. The pad diameter is 0.5 mm, there is a

Figure 5.12: Pad, guard ring and etched ring structures fabricated on the ICP
etched 12GaN material

100 pm gap between the pad and guard ring, the guard ring is 100 pm wide
and there is a further 100 pm gap between the guard ring and the etched

ring. The etched ring is 500 um wide as was the case with the original mask
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design for ICP etching. Contacts were formed by evaporating 50 nm/200
nm of Pd/Au. A second set of 36GaN and 45GaN samples were metalised
by evaporating 100 nm/150 nm of Ti/Au. This enabled a comparison of the
ideality factors and measured SBHs between the Pd Schottky devices and
the Ti Schottky devices. I-V, C-V and CCE measurements were made of the
ICP etched samples with the pad and guard ring kept at the same potential
and the etched ring contact connected to ground.

The etched 36GaN and 45GaN devices metalised with Ti contacts ex-
hibited Schottky like forward bias [-V characteristics until breakdown of the
contact occurred at ~ 8 V (see Figure 5.13). The reason for this behaviour is
not known however it could be attributed to an insulating interface formed

between the GaN and the Ti metal. It was not possible to extract the ideality
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Figure 5.13: I-V characteristics of the ICP etched 45GaN detector with
Ti contacts.  The detector exhibits Schottky/Schottky instead of the desired
Ohmic/Schottky behaviour.

factor and SBH values from these detectors due to the poor quality of the

Ohmic contact.
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The ICP etched 36GaN and 45GaN detectors metalised with Pd contacts
exhibited good Ohmic/Schottky I-V characteristics (see Figure 5.14). Figure
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Figure 5.14: I-V characteristics of the ICP etched 36GaN detector with Pd con-

tacts.

5.15 shows the InJp versus forward bias plot of the ICP etched 36GaN Pd
Schottky detector. The calculated ideality factor was 0.42 and the measured
SBH was 1.78 eV. This value for the ideality factor is very low (should be
between 1 and 2) while the barrier height is very large (theoretical value of
¢pn = 1.02 eV). The measured carrier concentration calculated from a plot
of 1/C? against V of the ICP etched 36GaN detector is 1.33x10'® cm™3.
From Figure 5.16 it can be seen that the ICP etched 36GaN detector
exhibits much improved CCE values compared to the unetched 36GaN de-
tector. The maximum CCE of the etched detector is 76% at an applied bias
of -8 V whereas the maximum CCE of the unetched detector is 71% at an ap-
plied bias of -28 V. This improvement in the CCE of the ICP etched 36GaN
device is again attributed to better definition of the electric field within the

SI epitaxial GaN material.
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Figure 5.15: InJp versus Vg plot of the ICP etched 36GaN detector. Pd metal

was used to form the Schottky contact.
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Figure 5.16: Comparison of the CCE wversus bias plots of the ICP etched and
unetched 36GaN detectors

5.5.3 ICP etched 12GaN Results

Figure 5.17 shows an image taken using the WYKO NT1100 surface profiler
of the ICP etched 12GaN sample. The line trace taken in the x direction

of the sample shows an average measured etch depth of ~ 12.5 ym. The
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manufacturers of the 12GaN material state that the SI epitaxial GaN is
12 pm thick so it was assumed that the sample has been etched down to

the n-GaN buffer layer. To verify that the n-GaN buffer had indeed been

i -
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wn gzl th
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Figure 5.17: Bottom - 3D interactive plot of the etched region on the 12GaN
sample. Top - A line plot in the xz-direction of the etched sample. The measured

etch depth is ~ 12.5 um

reached two probes were placed on the etched region and a small bias applied.
Due to the conductive nature of the n-GalN region applying a small bias
between the two probes should result in the Keithley 237 registering a pA
current (this was the case for the ICP etched 36GaN and 45GaN samples).
However, the current recorded by the Keithley 237 was ~ 100 pA and a

similar current was found when two probes were placed on the surface of the
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SI GaN. This indicated that either the n-GaN buffer was not very conductive,
the SI GaN had not been fully etched or that the sample had been etched
not only through the SI GaN but also through the n-GaN buffer layer and
into the sapphire substrate. The latter is more likely since it was established
in Section 4.6.3 that the SI GaN epitaxial layer was not uniformly 12 pm
thick across the wafer. Indeed the SEM image of one of the 12GaN samples
(see Figure 4.29) shows the SI epitaxial GaN and n-GaN buffer having a
combined epitaxial thickness of ~ 8 um. Despite the possibility that the n-
GaN buffer had been fully etched the 12GaN sample was metalised and the
detector characterised through I-V, C-V and CCE measurements. The I-V

properties of the etched sample are shown in Figure 5.18. The detector shows

10004
= 800+ —— ICP etched 12GaN |
2
- 600
c
[}]

g
=}
o 400 -

200

0_

200 150 -100 -50 0 50
Bias (V)

Figure 5.18: I-V characteristics of the ICP etched 12GaN sample

Schottky behaviour for both voltage polarities indicating that the etched ring
contact is made with the sapphire substrate rather than the n-GaN buffer.
The lack of a good quality ohmic contact meant that the ideality factor and
SBH of the Pd Schottky contact could not be extracted. C-V characteristics
of the ICP etched 12GaN detector are shown in Figure 5.19. The capacitance
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essentially remains constant up to an applied reverse bias of 200 V.
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Figure 5.19: C-V characteristics of the ICP etched 12GaN sample

CCE measurements of the ICP etched 12GaN detector were performed
using 5.48 MeV « particles. The CCE versus bias plot for the etched 12GaN
detector is shown in Figure 5.20 and compared to the CCE data obtained
from the unetched 12GaN device. The ICP etched 12GaN device exhibits
improved CCE properties in comparison to the unetched 12GaN device. The
CCE of the etched device is larger than the CCE of the unetched device at
all bias voltages. The maximum CCE of the etched detector is 68% achieved
at a bias of -80 V whereas the unetched detector has a maximum CCE of
54% at a bias of -140 V. The CCE data suggests that better definition of
the electric field within the SI material increases the CCE of the detector.
However taking into consideration the SEM images of the 12GaN material
(see Figure 4.29), it could also be the case that the SI epitaxial GaN region is
thicker in the ICP etched 12GaN sample than in the unetched sample. If the
etched 12GaN material had a thicker SI epitaxial region than the unetched

material then more charge would be deposited by an incident « particle in
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Figure 5.20: CCE wversus bias characteristics of the ICP etched and unetched
12GaN samples

the SI epitaxial GaN region and the CCE would appear higher.
Due to time constraints the etched devices were not irradiated therefore
there is no data on whether or not the revised detector geometry resulted in

increased radiation hardness.

5.6 Summary and Conclusions

The geometry of the detectors studied in Chapter 4 was not the optimal
configuration for operation as an ionising radiation detector. These detectors
had contacts made to the n-GaN buffer layers by coating the side of the
sample with silver conductive paint. By using ICP etching it was possible to
produce patterned contacts to the n-GaN buffer layer of the 36GaN, 45GaN
and 12GaN materials.

Well-defined ohmic ring contacts were realised onto the n-GaN buffer
layers and Schottky pad contacts were fabricated on the surface of the SI
epitaxial GaN layers. The ideality factor and SBH of the Schottky contact
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as well as the carrier concentration were extracted from I-V and C-V charac-
teristics of ICP etched devices. The carrier concentration of the SI epitaxial
36GaN material was found to be 1.33x10'® ¢cm~2 while the carrier concen-
tration of the SI epitaxial 45GaN material was 1.8x10'® cm™3. For all three
GaN materials the ICP etched devices exhibited superior charge collection
efficiencies than the unetched devices. This is attributed to better definition
of the electric field within the etched devices resulting in improved charge
transport. The results extracted from the ICP etched detectors strengthen
the viewpoint that for GaN to be extensively used as an ionising radiation
detector it must be possible to define contacts to both the front and back
of GaN material. For this to occur, the detector material must either be ~
300 pm thick free standing GaN or alternatively epitaxial GaN grown on a

conductive substrate such as Si or SiC.
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Chapter 6

Defect Characterisation of

Irradiated GalN Detectors

6.1 Introduction

Defects, both as-grown and radiation induced, generally degrade the perfor-
mance of a semiconductor detector. Several techniques have been developed
aimed at investigating the microscopic defects that determine the macro-
scopic properties of a semiconductor device. Of particular interest is the
correlation between the radiation induced macroscopic deterioration effects
of a detector and the microscopic defects responsible for this degradation
in performance. Common techniques that are used in defect spectroscopy
are; deep level transient spectroscopy (DLTS), thermally stimulated current
(TSC), photoluminescence (PL), microwave absorption (MWA), contact pho-
toconductivity (CPC) and transient current technique (TCT). The DLTS
method is the most sensitive for obtaining knowledge on specific defect con-
centrations, their energy level and capture cross sections. However, a major

shortcoming of the DLTS technique is that it can only be used to charac-
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terise detectors irradiated to a maximum 1 MeV neutron equivalent fluence
of 10 ¢m™2 [109]. This is because application of the DLTS technique on
high resistivity material requires that;

Ny
— 1 1
N, << (6.1)

where N, is the concentration of deep defect levels and N, is the net doping
concentration. In this chapter PL, CPC and TSC techniques were used to
evaluate the microscopic defect properties of the unirradiated and irradiated
36GaN, 45GaN and 12GaN detectors. The GaN detectors were fabricated
at Glasgow University and the PL, CPC and TSC measurements were per-

formed by researchers at Vilnius University.

6.2 Types of Defects

The formation of structural and chemical defects during growth of a semi-
conductor is unavoidable. Crystal lattice defects are normally classified by

their dimensionality:

0-D defects encompassing point defects, antisites, interstitials, intersti-

tial and substitutional impurities and complexes of these defects

1-D defects such as dislocations

2-D defects on the surface of the semiconductor, stacking faults and

cracks

3-D defects forming cluster defects and micro-voids etc.

All of the above defect types can influence doping directly, forming shallow or

deep levels in the band gap. The presence of 2 and 3-D defects may influence
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the doping indirectly, changing the doping efficiency through gettering of
dopant atoms at these defects.

Various types of point defects are shown in Figure 6.1. The absence

Perfect lattice Point defects

Vacancy Substitutional Interstitial impurity

Figure 6.1: Various types of point defects in a compound semiconductor [19]

of an atom from its usual position in the lattice creates a vacancy defect,
while substitutional defects occur in compound semiconductors when atoms
are switched in the crystal, e.g. in the case of GaAs, a Ga atom is found
where an As atom should be present. The appearance of an atom between
the allowed positions in the crystal lattice results in an interstitial point
defect. Interstitial defects may be self-interstitials or they may be impurity
interstitials. An impurity substitutional defect occurs when an impurity atom
is located on a lattice site in the place of an constituent atom, e.g. in the
case of GaAs, a C atom resides where an As should be present.

There are two primary types of 1D defects that may occur within a crystal
structure during growth; edge dislocations and screw dislocations (see Figure
6.2). A mixed dislocation is an intermediate combination of an edge and
screw dislocation. Edge dislocations can be visualised as being formed by
adding an extra half-plane of atoms to a perfect crystal, so that a defect is

created in the regular crystal structure along the line where the extra half-
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Figure 6.2: An edge dislocation (left) and a screw dislocation (right) [19]

plane ends. Screw dislocations are more difficult to visualise but occur when
columns of atoms twist during the growth process.

2D or area defects represent a large area discontinuity in the lattice. Ex-
amples include grain boundaries and twins. A grain boundary is a transition
between crystals having no particular oriental relationship to one another.
These grain boundaries appear during the crystal growth stage. Twinning
is a change in the crystal orientation across a plane. Another 2D defect is
the stacking fault. In this defect, the stacking sequence of an atomic layer
is interrupted. Stacking faults can either be intrinsic or extrinsic stacking
faults. Intrinsic stacking faults occur when a part of the crystal layer is
missing while extrinsic stacking faults occur when an extra layer is inserted
between two crystal layers.

The results in Chapter 4 suggest that the degradation of CCE and the
unusual leakage current characteristics of the irradiated GaN detectors were
due to radiation induced defects. However it is important to understand the
as-grown defects of GaN before any attempt is made at evaluating radiation

induced defects.
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6.3 Defects in GaN

The formation of defect levels in GaN is strongly dependent on the growth
conditions, temperature, Ga to N ratio and growth technique. Unintention-
ally doped GaN is nominally n-type and can have electron concentrations as
high as 10*® cm™3. This auto-doping of GaN is attributed to the formation of
shallow donor levels with activation energies ranging from 30-40 meV [110]-
[112]. Theoretical calculations have shown that nitrogen vacancies may be
shallow hydrogen like donors in GaN [112], [113]. These nitrogen vacancies
are thought to be responsible for the unintentional n-type doping of GaN. A
further deeper V level is also believed to exist with an energy level ~ 120
meV from the conduction band. The Ga vacancy forms a shallow acceptor
level 0.14 eV above the valence band.

There are more than 30 recognised defect levels in GaN, some of which
are shown in Figure 6.3. All native defects in GaN, with the exception of
the N vacancy and Ga vacancy create deep defect levels in the band gap.
The nitrogen antisite, N on Ga site, and gallium antisite, Ga on N site,
introduce levels close to the middle of the band gap. Both antisites occur
in low concentrations as a result of the high energy required to form them
[114], [115]. A deep level at 0.5 eV above the valence band is formed by the
neutral Ga interstitial while the neutral N interstitial introduces two closely
spaced deep acceptor levels at an energy level ~ 1 eV separated by ~ 0.06
eV [117]. Unintentional impurities such as oxygen, carbon, and hydrogen,
present during the growth of GaN also introduce deep levels within the band
gap.

N-type conductivity in GaN is usually achieved by Si doping. Si substi-
tutes for Ga atoms in the lattice, providing a loosely bound electron. P-type

conductivity in GaN has been successfully achieved by Mg doping. Ther-
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Figure 6.3: Selected defect levels in GaN. Vg, and Vi denote Ga and N vacancies

respectively. Ga is a Ga atom on an N atom site (that is a Ga antisite) [116]

mal annealing or electron beam irradiation is required to activate the Mg
acceptors.

Threading dislocations (TDs) in GaN also have an important role to
play in crystal growth. As already stated the densities of TDs for GaN
epilayers grown on sapphire can be as high as 10!Y em™2. These threading
dislocations are a direct result of the lattice and thermal expansion coefficient
mismatch between sapphire and GaN. There has been a range of conflicting
theoretical and experimental results reported on the electrical activity and
role of TDs in GaN. A good review is given by Reshchikov et al. [118]. First
principle calculations suggest that edge TDs are electrically inactive while
other theoretical predictions suggest that different types of edge TDs (open
core, full core, Ga and N vacancy structures) introduce numerous electronic
states in the band gap.

Progress of understanding the electrical activity of both edge and screw
TDs in GaN has been limited because of the difficulty in distinguishing the
effects of impurities and point defects from the intrinsic properties of the

dislocation core. These effects have probably led to the conflicting results
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reported on the electrical activity of edge and screw TDs in GaN.

6.4 Photoluminescence

Photoluminescence (PL) spectroscopy is a powerful non-invasive, non-destructive
tool for detection and identification of point defects in semiconductors. A
monochromatic laser illuminates the material under investigation and im-
parts excess energy to the material in a process called photo-excitation.
Photo-excitation causes electrons within the material to move into permitted
excited states. When these electrons de-excite to their equilibrium states, the
excess energy is released and may include the emission of light (a radiative
process) or may not (a non-radiative process). The energy of the emitted
light, or photoluminescence, is related to the difference in energy levels be-
tween the two electron states involved in the transition, i.e. between the
excited state and the equilibrium state. This energy difference may be equal
to the band gap of the material or it could reveal a defect level.

The three main applications of PL spectroscopy are band gap determina-
tion, defect level detection and establishing the recombination mechanisms of
a material. The return to equilibrium, also known as recombination, can in-
volve both radiative and non-radiative processes. The amount of photolumi-
nescence and its dependence on the level of photo-excitation and temperature
are directly related to the dominant recombination process. Luminescence is
associated with radiative recombination while non-radiative recombination
occurs in two cases;

(a) If there is a strong electron-phonon coupling. This interaction, where
energy is transferred from the excited electron to the lattice, may be prefer-

able to luminescence
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(b) If there exist disordered regions in the semiconductor (e.g. after
irradiation) that allow multi-step recombination involving many defect levels

at different energy states.

6.4.1 Experimental set-up

PL spectroscopy measurements of the unirradiated and irradiated 36GaN,
45GaN and 12GaN detectors were carried out at the University of Vilnius,
Lithuania. A schematic diagram of the Vilnius PL set-up is shown in Figure

6.4. The illuminating source used was a continuous wave (cw) He-Cd laser

? Key to diagram:

PL beam 1 He-Cd CW laser
i 2 Neutral density filter
WiFRghLheam ' . 3 Beamsplitter
4 Photodiode gauge
5 Lenses
6 Sample/Detector
7 7 Monochromator
8 UV enhanced

photmultiplier
9 Photon counting
i— 9 system

8 10 PC

Figure 6.4: Schematic of the PL set-up at Vilnius University

(1) operating at a wavelength of 325 nm. The laser light passed through a
neutral density filter (2) and a series of lenses (5). The laser light was split
using a beamsplitter (3) and the photodiode gauge (4) employed to measure
the intensity of the laser light. The PL signal emanating from the sample
(6) was dispersed by a monochromator (7) and the intensity measured using
a UV enhanced photomultiplier tube (8) and single photon counter (9). The

measured PL intensity at each wavelength was transferred to the computer
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(10) and the data saved for off-line analysis. All PL measurements of the

irradiated GaN samples were performed at room temperature.

6.4.2 Typical GaN PL Spectrum

Typical PL spectra obtained for two different excitation powers of an unin-

tentionally doped GaN sample are shown in Figure 6.5. The observed PL

Unirradiated GaN 0.8W/cm®
—— Unirradiated GaN 8W/cm?
)z}

PL Intensity (arb. units)

2.0 25 3.0 3.5 4.0
Photon Energy (eV)

Figure 6.5: Typical PL spectra of an unirradiated GaN sample

spectra show four distinct bands typical of unintentionally doped GaN; the
ultra-violet band (UVB), the violet band (VB), the blue band (BB) and the
yellow band (YB). The UVB peaks at a photon energy of approximately 3.4
eV, the VB at 3.36 eV, the BB at 2.85 eV and the YB at 2.15 eV. An ex-
cellent review of the luminescence properties of GaN may be found in [18].
This review attempts to correlate these observed PL bands and the type of
defect (e.g. impurity atoms, Ga or N vacancies, complexes etc.) thought
to accountable for them. The UVB is attributed to band to band recombi-
nation while the VB is attributed to shallow donor-acceptor recombination.

The BB and YB have attracted substantial attention due to the controversial
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6.4 Photoluminescence

assignment of their origin and the role that the related defects plays in GaN.
The BB is due to transitions from the conduction band or a shallow donor
to a relatively deep acceptor having an energy between ~ 0.3 eV and 0.4 eV.
This BB PL is related to the threading dislocations discussed earlier that
can be present in significant numbers in GaN. The stress field of these TDs
are likely to trap Ga vacancies, oxygen and their complexes. These defect
complexes form the acceptor like levels 0.3-0.4 eV from the edge of the va-
lence band. It has also been shown that under high excitation power there
is a blue shift of the BB peak. The YB peak in GaN is always broad, nearly
Gaussian, with a FWHM of 350-400 meV and appears structureless even at
the lowest measurement temperature. The origin of the YB is disputed, with
contradictory results reported in the relevant literature [119]. The common
consensus however is that the YB is due to transitions from a shallow donor
to a deep acceptor 0.86 eV from the valence band edge. This deep acceptor

level is ascribed to complexes involving C and Ga vacancies.

6.4.3 Results of 36 GalN material

PL measurements were performed at room temperature (approximately 295K)
using excitation powers of 0.8 W/cm? and 8 W/cm?. However the PL spectra
for the most heavily irradiated GaN detectors were only detectable using the
higher excitation power. Figure 6.6 shows the PL spectra of the proton and
neutron irradiated 36GaN detectors. All spectra exhibit the four bands that
are typical of unintentionally doped GaN. Table 6.1 shows the ratio of the
PL intensity of the irradiated 36GaN detectors and the unirradiated 36GaN
detector for each band. Both Figure 6.6 and Table 6.1 show that after irra-
diation with both protons and neutrons the PL intensity of the four bands

generally decreases compared to the PL from the unirradiated detector.
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Figure 6.6: PL spectra of the proton irradiated (left) and neutron irradiated (right)

36GaN detectors

Irradiation fluence | UVB | VB | BB | YB
10* pem ™2 0.63 | 0.84 ] 0.81 | 1.07
10'® pem ™2 0.59 | 0.56 | 0.61 | 0.10

2x10% pem 2 0.74 {1 0.89 | 0.72 | 0.4
10* nem—2 1.78 | 2.32 | 2.63 | 2.10
10" nem—2 1.07 | 1.3 | 1.34 | 0.45

2x10% nem 2 0.74 | 0.83]0.87 | 0.14

5x10% nem 2 0.33 [ 0.35 | 0.36 | 0.03
10 nem =2 0.17 [ 0.24 | 0.08 | 0.02

Table 6.1: Ratio of PL intensity of the irradiated 36GalN detectors to the unirra-

diated 36GaN detector for the UVB, VB, BB and YB

6.4.4 Results of 45GalN material

The PL spectra of the proton and neutron irradiated 45GaN detectors are

seen in Figure 6.7. Again it was found that the intensities of the 4 peaks

generally decreased with irradiation fluence (see Table 6.2).
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Figure 6.7: PL spectra of the proton irradiated (left) and neutron irradiated (right)

45GaN detectors

Irradiation fluence | UVB | VB | BB YB
10" pem—2 0.27 1 0.33 | 0.22 | 0.01
2x10% pem 2 1.18 1 0.76 | 0.73 | 0.10
5x10'° pem 2 0.07 | 0.09 | 0.05 | 0.002
10 pem 2 0.05 | 0.06 | 0.03 | 0.001
10 nem =2 0.39 | 0.55| 0.31 | 0.12
10*° ncm =2 0.20 | 0.32 | 0.18 | 0.03
2x10% nem =2 0.15 | 0.19 | 0.11 | 0.006
5x10'® ncm—2 0.11 | 0.14 | 0.06 | 0.004
10¢ nem 2 0.05 | 0.07 | 0.009 | 0.002

Table 6.2: Ratio of PL intensity of the irradiated 45GalN detectors to the unirra-
diated 45GaN detector for the UVB, VB, BB and YB

6.4.5 Results of 12GalN material

The PL spectra of the neutron irradiated 12GaN detectors are shown in Fig-

ure 6.8. The PL intensities of peaks the four bands decrease with increasing
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Figure 6.8: PL spectra of the neutron irradiated 12GaN detectors

[rradiation fluence | UVB | VB | BB | YB
10* nem =2 0.59 | 0.56 | 0.89 | 0.47
10 nem =2 0.15 | 0.11 | 0.18 | 0.05

2x10'® nem 2 0.07 | 0.06 | 0.10 | 0.04
5x10'® nem 2 0.03 | 0.03 | 0.03 | 0.03
106 nem =2 0.03 | 0.02 | 0.02 | 0.009

Table 6.3: Ratio of PL intensity of the neutron irradiated 12GaN detectors to the
unirradiated 12GaN detector for the UVB, VB, BB and YB

neutron fluence (see Table 6.3).

6.4.6 Discussion of PL Results

For all three GaN materials the PL intensity of the four bands generally
decreases with increasing fluence compared to the PL intensity of the unirra-
diated detector. A decrease of PL intensity means that the photo-induced ex-

cess carriers disappear from PL active centres due to competing non-radiative
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6.5 Contact Photoconductivity

recombination centres through the introduction of radiation induced point
and cluster defects. The luminescence of the exciton region (UVB) and the
VB region are only slightly reduced after irradiation whereas both the YB
and BB show a substantial reduction in PL intensity.

In particular the YB luminescence for all three GaN materials undergoes
a drastic reduction in intensity after irradiation to SLHC fluences (> 5x10'
cm~?) compared to the YB PL of the unirradiated detector. Non-radiative
recombination becomes the dominant mechanism after irradiation to SLHC
fluences. Free charge carriers once captured by a non-radiative recombination

centre effectively disappear from charge transport. This would explain the

reduction in CCE of the 36GaN, 45GaN and 12 GaN detectors studied in

~2. The most plausible

Chapter 4 after irradiation to fluences > 5x10'° cm
origin for the YB PL peak is a deep acceptor state at an energy level ~ 0.86
eV from the edge of the valence band. This deep level is an important non-
radiative recombination centre after hadron irradiation to SLHC fluences and

is the most likely reason for the drastic reduction in leakage current and CCE

of the detectors studied in Chapter 4.

6.5 Contact Photoconductivity

Microwave absorption (MWA) and contact photoconductivity (CPC) are two
techniques commonly used to monitor the recombination and trapping pro-
cesses of excess charge carriers in a semiconductor material. MWA is a
non-invasive method based on the pump-probe technique with optical gener-
ation and microwave absorption by the free charge carriers [120]-[121], while
the CPC technique relies on measuring induced photocurrent decays. For

geometric and contact reasons the MWA technique could not be used to
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6.5 Contact Photoconductivity

investigate the current decays of the GaN samples.

6.5.1 Experimental set-up

In the CPC technique the increase in conductivity of the semiconductor due
to the photo-generated current is recorded through the drop in voltage across
a resistor. The photocurrent transient decay gives an indication of the re-
combination time and trapping properties of the semiconductor material.
Figure 6.9 shows the experimental set-up used for the CPC measurements.

The excitation source used was a pulsed (either 30 ps or 10 ns) infra-red (IR)

Electrical filter

i

Bias voltage
IR light beam UV filter

|| UV light beam

2nd 3rd /

oscilloscope

30ps or 10 ns pulse

E“Digital

=

Harmonic Harmonic  SI GaN sample
generator generator

Figure 6.9: CPC experimental set-up

YAG:Nd*3 laser. UV light of wavelength 355 nm was produced by passing
the IR light through 2nd and 3rd harmonic oscillators. The SI GaN sample
could be biased from 1 to 10 V and the photo-response of the device was
measured through the voltage drop on a load resistor. The output signal was
transferred by coaxial cable to the Tektronix TDS-5104 digital oscilloscope
and the photo-response transient recorded. The photo-induced excess carrier

decay curve could then be analysed off-line.
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6.5 Contact Photoconductivity

6.5.2 Typical CPC Decay Transient of SI GaN Sample

Figure 6.10 shows a typical CPC decay spectrum of the SI GaN samples stud-
ied. The high density of dislocations associated with SI GaN makes it almost
impossible to establish an analytical solution of the transient decay curve.
This is due to randomised carrier diffusion trapping processes in the disor-
dered structure of the dislocations. The decay process can only be analysed
by segments and measured using different decay scales, from nanoseconds to
milliseconds. For the SI GaN samples studied here the decay is characterised
by a fast non-exponential part (region 1) and an asymptotic exponential part

(region 2). The initial fast non-exponential decay component is determined

150 4

1 - Initial non-exponential decay (z, )

2-A totic d tial
100 symptotic decay exponentia (rasym)

o
o
L

Photoresponse (arbitrary units)
o

10 100 1000 10000
Time (us)

Figure 6.10: Typical CPC decay transient of SI GaN sample. The plot is shown

on a semi-log scale in order to show the two transient decay regions more clearly.

by the non-radiative recombination and carrier capture processes while the
asymptotic exponential component is ascribed to excess carrier trapping pro-
cesses at dislocations and point defect clusters within the SI epitaxial GaN
layer [122]-[123].

For the fast decay component, the instantaneous decay time (7;,), is ap-

proximated by the intersection of the tangent to the data at t = 0s and
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the horizontal line at e™! (see Figure 6.11). This method of extracting 7;,

1, =0.54 us

U (a.u)

0.1 T T T T T T T T T 1

Figure 6.11: The technique used to approximate the instantaneous decay time of

the SI GaN detectors.

was developed by Vilnius University and has been used in several papers
[120]-[123]. It should be noted however that other strategies may be used
to evaluate 7;,. The asymptotic exponential decay time constant, T,sym, is
approximated in a similar manner except the tangent is drawn where the
decay curve approaches the noise level of the measurement set-up. These ap-
proaches allow a qualitative comparison of the 7, and 7,4y, decay constants

for the irradiated 36GaN, 45GaN and 12GaN detectors.

6.5.3 Results of 36 GalN material

Figure 6.12 shows the non-exponential regions of the decay transients of the
proton irradiated 36GaN detectors. It can be seen that the photo-response
decay is faster for more heavily irradiated 36GaN detectors. Figure 6.13
shows the 7, and 7.y, decay lifetimes of the irradiated 36GaN detectors.
Both the instantaneous and asymptotic decay lifetimes generally decrease

2

with increasing irradiation fluence. In the extreme case the 10'® ncm=2 irra-
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Figure 6.12: Transient decay spectra of the proton irradiated 36GaN detectors
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Figure 6.13: 73, and Tysym lifetimes of the proton and neutron irradiated 36GaN

detectors

diated detector exhibits a 7,syy, lifetime ~ 102 times smaller than that of the

10" nem—2 irradiated detector.

6.5.4 Results of 45GalN material

The measured 7;, and 7,5y, decay lifetimes of the proton irradiated 45GaN

detectors are shown in Figure 6.14. As with the irradiated 36GaN detec-
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Figure 6.14: T and Tusym lifetimes of the proton irradiated 45GaN detectors

tors both the instantaneous and asymptotic lifetimes of the 45GaN detectors
decrease with increasing proton fluence. Due to time limitations lifetime

measurements of the neutron irradiated 45GaN samples were not performed.

6.5.5 Results of 12GalN material
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Figure 6.15: T, and Tasym lifetimes of the irradiated 12GaN detectors

Figure 6.15 shows the 7;, and 7,4, decay lifetimes of the unirradiated
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6.6 Thermally Stimulated Current

and proton/neutron irradiated 12GaN detectors. Both lifetimes decrease

2

after irradiation with the 10'® necm™2 irradiated detector exhibiting a Tasym

lifetime ~ 10° smaller than the unirradiated detector.

6.5.6 Discussion of CPC Results

The instantaneous and asymptotic lifetime values extracted from CPC mea-
surements on the GaN detectors generally decrease with increasing irradia-
tion fluence. The decrease in 7, lifetime with increasing fluence is a result of
the increase in non-radiative recombination. This result agrees with the PL
measurements, where the fall in intensity of all the PL bands with increasing
fluence was attributed to an increase in non-radiative recombination. The
irradiation of the GaN detectors also results in more disorder of the SI GaN
material, enhancing the carrier decay rate which is observed by the shortened
Tasym lifetime. Disorder facilitates capture of charge carriers into relatively
shallow levels, reducing the occupation of the recombination active centres

and affecting the efficiency of radiative recombination [122].

6.6 Thermally Stimulated Current

Another method of investigating both as-grown and radiation induced deep
levels in GaN is the thermally stimulated current (T'SC) technique. The de-
vice under test (DUT) is cooled in the dark to a low temperature and then
excited using a light source (typically white light is used) or an external bias.
The DUT is then left to relax to the equilibrium state in the dark. This pro-
cess fills the defect levels in the semiconductor with charge carriers. Heating
the sample empties the defect levels at specific temperatures resulting in an

increase in current. The activation energy of the defect levels revealed by
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TSC may be found using either the initial rise method, which was the ap-
proach used in this work [124], or by the maximal position of the TSC curve

125].

6.6.1 Experimental set-up

The TSC measurement set-up is shown in Figure 6.16. The sample (2) was

White light Key to schematic
IIl ﬂ 2] 1 Halogen lamp
2 Detector/sample
3 Liquid Nitrogen
Cryostat

4 Thermocouple
6 7 5 Voltmeter

6 Electrometer

1 I 7 Power supply to
heat detector/sample

8 8 PC

Figure 6.16: A schematic diagram of the TSC measurement set-up

housed in a liquid nitrogen cryostat (3) that allowed measurements to be
made in the temperature range 100K to 350K. The sample temperature was
determined from the output voltage of a calibrated thermocouple (4) attached
to a voltmeter (5) and the sample heated using the power supply (7). A
heating rate of 10K/min was used. An electrometer (6) measured the T'SC
and illumination of the sample was provided using a halogen lamp (1). The
current measured by the electrometer was passed to the PC (8) where the

data could be saved for off-line analysis.
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6.6.2 TSC Results
Unirradiated Sample

Figure 6.17 shows the dependence of TSC and dark current on tempera-

ture of the unirradiated 45GaN sample. No structure of the TSC spectra is

1074

10°+ /\ —TSC
E Dark Current
10.4-5 ‘\

10w+— 77—
3 4 5 6 7 8 9 10

Reciprocal temperature (1000/K)

Current (A)

Figure 6.17: TSC and dark current spectra of the unirradiated 45GaN sample

observed in the temperature range 100K to 350K that could be typical of
thermal carrier generation from defect levels. Instead there is only one broad
maximum in the TSC curve. The unirradiated 36GaN and 12GaN detectors
showed qualitatively similar TSC characteristics.

In order to reveal possible single defect levels of this maximum the mul-
tiple heating technique was applied. This multiple heating technique is a
powerful tool for the discrimination of overlapping thermally stimulated pro-
cesses in materials with many defect levels in the band gap [124]. The mul-
tiple heating enables the sequential emptying of the initially filled shallower
defect levels (light excitation fills the defect levels) and gives information
about deeper defect levels in the repetitive temperature scans. The heating

cycles were performed by heating and cooling the sample in 10K steps.
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Using the multiple heating technique, however, did not change the shape
of the TSC spectra, as is shown in Figure 6.18. This implies that the mea-

1024 Multiple Heating

TSC (A)

1/T (1000/K)

Figure 6.18: TSC spectra of the unirradiated 45GaN detector obtained using the
multiple heating technique. The figures on the right hand side of the plot indicate
the number of the repetitive heating and cooling cycles made during the measure-

ment.

sured TSC dependence is not caused by thermal carrier generation but rather
by variation in carrier mobility. Similar conclusions have been reported in
[126], [127] where mobility increases with decreasing temperature until a
maximum is reached at approximately 150K. A model is proposed in [127]
in which the effect of potential fluctuations due to crystal inhomogeneities
is involved causing percolation charge carrier transport in GaN. At low tem-
peratures charge carriers generated by light, fill potential wells screening
impurities and smoothing the potential relief within the unirradiated 45GaN
sample. During subsequent heating thermally released carriers recombine
causing defect inhomogeneities to act as scattering centres. Such defect in-
homogeneities are rife in compound semiconductors such as SI GaN. This

model may also be used to explain the TSC spectra of the unirradiated GaN
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detectors studied in this thesis.

6.6.3 Irradiated Samples

The irradiated GaN detectors showed different TSC structure compared to
the unirradiated GaN detectors. The current values decreased by several
orders of magnitude. Figure 6.19 shows the TSC curves of the 10'* nem ™2
irradiated 45GaN detector at several applied biases. The TSC spectra re-
main relatively flat for all temperatures and have no characteristic features
even though light excitation caused a current increase by up to one order of
2

magnitude. Figure 6.20 shows the TSC spectra for the 10 nem™2 irradi-

105
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Figure 6.19: TSC spectra of the 10" nem™2 irradiated 45GaN detector using the

single heating technique

ated 45GaN detector at two applied bias voltages. Again the spectra have
no characteristic features that can be resolved and trap activation energies

cannot be extracted.
The TSC spectra of the 10'* ncm~2 and 10'® nem~? irradiated 45GaN de-

tectors could be explained by radiation induced defects that act as scattering
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Figure 6.20: TSC spectra of the 10" nem™? irradiated 45GaN detector using the

single heating technique

centres or traps. This explanation would fit the model proposed in the pre-
vious section. Current instabilities were also observed in these two detectors
which could be caused by the random change of carrier drift paths in highly
disordered material. In the disordered material defective regions of higher
resistivity might appear that are inaccessible to the charge carriers forcing
them to move in percolation paths around such high resistivity inclusions.

By using the multiple heating technique on the 45GaN sample irradiated
to 10" nem™2 a set of defect levels could be identified (see Figure 6.21). The
most expressed defect levels are at energy levels of 0.15, 0.17-0.20, 0.27-0.32
and 0.46 eV.

2 resulted in a further

The increase in irradiation fluence to 10'® nem™
growth of the material resistivity and a TSC structure that could be at-
tributed to a whole collection of different defects and inhomogeneities (see
Figure 6.22). The figure also shows that the TSC structure gradually van-

ishes with increasing bias voltage. This can be explained by the growing

role of the high injection field over the potential barrier at the Schottky con-
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Figure 6.21: TSC spectra of the 10" nem™? irradiated 45GaN detector using the
multiple heating technique. The effective thermal activation energy values are lo-

cated nearby the curves.

tact. Thermal activation energy values of 0.16-0.2, 0.27-0.32, 0.36-0.45 and
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Figure 6.22: TSC spectra of the 10'° nem™2 irradiated 45GaN detector using the

single heating technique

0.73-0.74 eV were obtained using the multiple heating technique (see Figure
6.23). These energy values are similar to those obtained from the detector

irradiated to 10'® nem™2 with the addition of a new level with an activation

177



6.6 Thermally Stimulated Current

0.74 10" ncm™
10" Multiple heating

TSC (A)

3 4 5 6 7 8 9
Reciprocal temperature (1000/K)

Figure 6.23: TSC spectra of the 10" nem™2 irradiated 45GaN detector using the
multiple heating technique. The effective thermal activation energy values are lo-

cated nearby the curves.

energy of 0.73-0.74 eV.

6.6.4 Discussion of TSC Results

The TSC results show that there are several competing complicated transport
mechanisms in both the unirradiated and irradiated SI GaN detectors. A
broad maximum was exhibited by the unirradiated 45GaN detector using
both the single and multiple heating techniques. This TSC behaviour is
not caused by thermal carrier generation but by mobility variation. Several
thermal activation energy values were found for defect levels in the neutron
irradiated 45GaN samples. For the most highly irradiated 45GaN detector
activation energies of 0.16-0.2, 0.27-0.32, 0.36-0.45 and 0.73-0.74 eV were
found (see Table 6.4). However, due to the complicated current transport
mechanisms in both the unirradiated and irradiated 45GaN detectors it is
difficult to determine the radiation induced defect levels from the as-grown

defect levels.
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Irradiation fluence Activation Energies (eV)
10% nem 2 0.15, 0.17-0.2, 0.27-0.32, 0.46
10 nem—2 0.16-0.2, 0.27-0.32, 0.36-0.45, 0.73-0.74

Table 6.4: Trap activation energies of neutron irradiated 45GaN detectors

6.7 Conclusions and Summary

The microscopic properties of unirradiated and irradiated SI GaN detec-
tors were investigated using photoluminescence, contact photoconductivity
and thermally stimulated current techniques. PL measurements revealed the
UVB, VB, BB and YB structure that are typical of undoped n-type GaN.
The PL intensity of these four bands generally decreases with increasing
fluence compared to the unirradiated detector indicating an increase in non-
radiative recombination. The YB luminescence in particular underwent a
large reduction in intensity after irradiation to SLHC fluences. The origin of
the YB peak is a deep acceptor level at an energy approximately 0.86 eV from
the edge of the valence band. This deep level is an important non-radiative
recombination centre after hadron irradiation to SLHC fluences and is the
most likely reason for the drastic reduction in leakage current and CCE of
the detectors studied in Chapter 4.

CPC measurements of the irradiated GaN detectors revealed two decay
processes of the induced photo-current; a non-exponential region ascribed to
fast carrier recombination and an asymptotic region ascribed to excess car-
rier trapping. The CPC measurements revealed an increase in non-radiative
recombination with increasing fluence observed through the reduction in 7;,.
The irradiation of the GaN detectors resulted in more disorder of the SI

GaN material, enhancing the carrier decay rate which was observed by the

179



6.7 Conclusions and Summary

shortened asymptotic lifetime.

TSC measurements of the GaN detectors revealed several competing com-
plicated transport mechanisms. The TSC curve of the unirradiated GaN de-
tector was caused not by thermal carrier generation but by variation of the
charge carrier mobility. Thermal activation energies of 0.16-0.2, 0.27-0.32,
0.36-0.45 and 0.73-0.74 eV were extracted from neutron irradiated 45GaN

detectors.
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Chapter 7

GalN as an UV Detector

7.1 Introduction

The research area of ultraviolet (UV) photodetection has drawn a great deal
of attention in recent years. Both civil and military industries demand better
UV instrumentation for applications such as engine control, solar UV mon-
itoring, UV source calibration, UV astronomy, flame sensors, detection of
missile plumes and secure space-to space communications [128], [129]. Due
to their compactness, high stability and low cost, solid state semiconductor
detectors are the best choice for UV photodetectors. The well-established
Si technology offers cheap and efficient solutions for UV detection, although
Si photodetectors are sensitive to infra-red and visible radiation and require
optical filters to block these lower energy photons.

Photodetectors based on wide band gap semiconductors, such as diamond,
SiC and III-nitride semiconductors, can achieve UV selectivity without the
use of optical filters. Moreover as mentioned in Chapter 4, wide band gap
semiconductors are chemically, mechanical and thermally stable which are

advantageous when used in harsh environments. GaN in particular has been
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extensively studied since the properties of the first GaN UV photodetectors
were reported in 1992 by Khan et al. [130]. GaN’s wide direct band gap
(3.39 eV) makes it an ideal material for UV photon detection. The band
gap of GaN (and therefore the cut-off wavelength) can also be tuned by the
addition of Al, forming the ternary alloy AlGaN. Cut-off wavelengths ranging
from 365 nm (GaN) to 200 nm (AIN) may be realised by varying the molar
fraction of Al (see Table 7.1). Selective UV photodetectors are also required

AlL,Ga;_,N | E; (eV) | A. (nm)
x=0 3.4 365
x = 0.23 3.88 320
x = 0.25 4.0 310
x = 0.35 4.28 290
x=1 6.2 200

Table 7.1: Band gaps (E4) and cut-off wavelengths (A.) of AlGaN materials with

varying Al mole fraction

in biological applications such as protein folding experiments. An example
of an experiment that is used to study the secondary structure of a protein
is Circular Dichroism (CD) [142], [143]. CD will be discussed further later in
this chapter.

This chapter describes the development and optimisation of metal-
semiconductor-metal (MSM) photodetectors on several GaN/AlGaN mate-
rials. The optimal material, diode geometry and metalisation scheme was
established and incorporated into the design of a 46 channel position sen-
sitive diode array detector to be used in a CD experiment at Daresbury

Laboratory.
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7.2 Background and Motivation

7.2.1 GaN/AlGaN UV Photodetectors

A photodetector can be treated as a device that is capable of detecting an
optical signal and producing an electrical signal proportional to the optical
signal. If the energy of a photon is larger than the band gap of the semicon-
ductor then an electron-hole pair is produced. The generated electron-hole
pairs are collected by applying a bias to metal contacts that are usually
fabricated on the semiconductor surface.

Figure 7.1 shows schematic diagrams of the basic photodetector structures

fabricated on GaN/AlGaN epitaxial layers. UV photodetectors are typically

1 7 O

Schottky p-n junction
Photoconductor Photodiode photodiode

[ semiconductor
Il Ohmic contact
[ schottky contact
22  p-type sic
EY n-typesic

p-i-n photodiode  MSM photodiode — ntrinsic s'e

Figure 7.1: Schematic structures of a photoconductor, Schottky photodiode, p-n
photodiode, p-i-n photodiode and a metal-semiconductor-metal (MSM) photodiode

compared in terms of their quantum efficiency, responsivity, power linearity,

spectral response, bandwidth, UV /visible contrast and detectivity.
Photoconductive detectors are the simplest photodetector structure, con-

sisting of two metal contacts on a semiconductor layer. These devices ex-

hibit high responsivities however they are also associated with significant
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photoresponse for photons below the band gap and temperature dependant
characteristics [130]-[132]. This below band gap photoresponse results in
photoconductors having low UV /visible contrasts. A further problem with
photoconductive detectors fabricated on GaN/AlGaN is that they suffer from
persistent photoconductivity (PPC) effects, i.e. the photoinduced increase
of the device conductance remains for a long period of time after removal of
the light source [133].

Photodiodes consist of an ohmic contact and a Schottky contact that is
transparent to UV light. They typically have a flat responsivity for excita-
tion above the band gap and have a UV /visible contrast of order 103 [134],
[135]. Their time response is RC limited with minimum time constants in
the nanosecond range [136]. Photodiodes have been widely used in environ-
mental applications [137].

P-n and p-i-n photodiodes fabricated on GaN/AlGaN show good linearity
with optical power and can have UV /visible contrasts as high as 10* [138].
However their time response is usually limited by the behaviour of the p-
dopants (typically Mg related centres). There has also been great difficulty
in fabricating AlGaN p-n and p-i-n photodiodes with high molar fractions of
Al This is due to difficulties in obtaining low resistivity p-type regions and
forming good ohmic contacts.

Metal-semiconductor-metal (MSM) photodiodes consist of two interdigi-
tated Schottky metal contacts deposited on highly resistive material. These
devices show very low dark currents, good linearity with optical power, and
can have UV /visible contrasts as high as 10* [139],[140]. Their responsivity
is related to the finger separation and the nature of the metal contact (full
metal or semi-transparent). These photodetectors also exhibit excellent tran-

sient characteristics with response times of the order of 100 picoseconds [141].
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MSM photodiodes also exhibit large bandwidth and low noise characteristics

making them a good choice for solar-blind communications.

7.2.2 Circular Dichroism

All human proteins are polymers built up from amino acids linked end to end
by peptide bonds. For a protein to be soluble in water it must be able to fold
up into a ball whose surface is hydrophilic - water loving. However the peptide
bonds in the backbone of the protein molecule are themselves hydrophilic.
For folding to occur each of these peptide sites has to be neutralised by
forming hydrogen bonds with other peptides in the chain rather than with
the surrounding water molecules. This is achieved by the formation of a
regular secondary structure within the interior of the polymer molecule. The
most common types of secondary structure are a-helices and 3 sheets. Some
amino acids promote a-helix formation whereas others hinder their formation
and favour a (3-sheet structure.

All amino acids are chiral molecules, that is, they cannot be superimposed
on their mirror image and are therefore said to possess “handedness”. One
of the properties arising from this asymmetry is that their interaction with
right and left handed circularly polarised light differs. Circular Dichroism
(CD) is defined as the difference in absorption between left hand and right
hand circularly polarised light as it passes through a solution of an optically
active molecule, for example a protein (see Figure 7.2). The resultant dichroic
spectrum has a shape that is specific to the protein’s conformation. The CD
spectrum therefore acts as a signature for the adopted conformation of the
secondary structure of the protein.

CD measurements are performed in the UV region (180 nm to 240 nm)

of the electromagnetic spectrum. Absorption in this region of the spectrum
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7.2: A schematic diagram of Circular Dichroism

arises from electron transitions that can occur in the peptide bonds that

hold the protein molecule together. There are clear distinctions between the

spectrum obtained from an a-helix and that from a [-sheet (see Figure 7.3).

It is not possible to obtain good CD data below 190 nm using conventional

F T T
4 104 -_ \ a-helix (myoglobin)
r \ —— [-sheet (concanavalin a)
> r il polyproline Il helix
= al \‘ (type VI collagen)
B 210 C 1‘
i L |
@
g | il S
— 0 —
@ A
= \
g \ /
= 2104 s
e~
N\ /
N\
-4 10" ./ i
[ 1 [ P T
160 180 200 220 240

Wavelength (nm)

Figure 7.3: CD spectrum of an a-heliz and CD spectrum of a (-sheet in the 180

nm to 240 nm range [16]
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UV sources such as deuterium lamps or xenon arc lamps due to strong UV
absorption by both the protein sample and by oxygen in the air. However
the high brightness offered by synchrotron radiation overcomes this limita-
tion and enables CD measurements to be performed below 190 nm. Figure
7.4 shows the photon intensity versus wavelength plots for conventional CD
instrumentation, such as a deuterium source (pink line), and for synchrotron

radiation at Daresbury SRS Station 12 (green line). The unshaded region of
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Figure 7.4: Intensity versus wavelength plots for synchrotron radiation (green dot-

ted line) and conventional CD instrumentation (pink line)

Figure 7.3 gives an indication of the greater CD information available using
synchrotron radiation instead of a conventional UV source.
Neuro-degenerative diseases such as Alzheimer’s and Creutzfeldt-Jakob
disease occur when certain proteins in the brain do not fold in the con-
ventional way. Normally the structure of these proteins is dominated by

a-helices which make them soluble in the water inside the brain. If however,
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their structure changes to one dominated by [-sheets, filaments can form
which are no longer water soluble. It is believed that neuro-degenerative dis-
eases are caused when proteins adopt this filament conformation. Knowing
exactly how proteins fold and examining the misfolding of proteins could help
both in understanding neuro-degenerative diseases and in designing drugs to

treat them.

7.2.3 Energy Dispersive Circular Dichroism

CD measurements are typically performed using a photomultiplier tube (PMT)
connected to a lock-in amplifier, which is phase locked to a photoelastic mod-
ulator that provides the circularly polarised light [144], [145]. The lock-in
amplifier has a relatively slow response with time constants of ~ 0.5 ms and
moreover is limited to a single channel input. CD measurements performed
in this way require sequential scanning across the wavelength spectrum and
are useful for secondary structure determination but not for time-resolved
measurements and the observation of structural changes. It is also time con-
suming, with a typical scan of one protein taking hundreds of seconds [16].
An improved CD measurement set-up that renders the need for scanning
unnecessary has been proposed by a team at the Rutherford Appleton Lab-
oratory (RAL) [16]. This Energy Dispersive Synchrotron Radiation (EDSR)
CD set-up, shown in Figure 7.5, would enable the user to simultaneously
measure the CD signal at 46 wavelengths. UV radiation is directed onto a
protein sample and then dispersed by a grating onto a 46 channel diode array
detector. Each channel of the array detector maps one wavelength allowing
46 wavelengths to be sampled in one measurement. Special dedicated elec-
tronics would also be incorporated for the parallel read-out of the detection

elements, followed by a data acquisition system that processes the data and

188



7.2 Background and Motivation

array

disgaread detector

beam \

sample

.
L]

focussing
mirror

grating

Figure 7.5: The proposed Energy Dispersive Synchrotron Radiation (EDSR) CD

set-up

calculates the CD signal [146]. This obviates the need for lock-in amplifiers
for each channel. It was also proposed that the 46 channel diode array de-
tector should be a photodiode and that if possible this detector should be
solar blind or ideally tailored to the detection of light with wavelengths only
in the region of interest so that optical filters are not required.

A prototype 16 channel EDSR CD set-up was initially developed at RAL.
A scheme based on transimpedance amplifiers with variable filters and a
high-frequency filter for the de-coupling of the AC and DC components of
the signal was used for each individual diode’s read-out. This de-coupling is
necessary to enable the calculation of the CD signal. A field programmable
gate array (FPGA) based data acquisition (DAQ) system was used for the
on-line calculation of CD and temporary storage. In this prototype version,
known as “16-pix” the front end read-out electronics were manufactured using
discrete components. 16-pix operates at a frequency of 20 Mhz and has a

maximum AC signal gain of 6 and a maximum DC signal gain of 150 [146].
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The aim in this chapter was to fabricate a 46 channel diode array detector
on the most suitable GaN material to be used in a CD experiment utilising
the prototype “16-pix” electronic read-out. The following section describes
the fabrication and optimisation of GaN MSM detectors on four GaN mate-
rials and one AlGaN material. A 46 channel diode array detector was then

fabricated on the material that showed the best characteristics.

7.3 Fabrication and Characterisation of GalN

UV Detectors

MSM interdigitating finger test structures were fabricated on the various
GaN and AlGaN materials. The details of three of the GaN wafers, known
as 36GaN, 45GaN and 12GaN were given in Chapter 4. The fourth GaN wafer
was obtained from Emcore [147] and had an epitaxial thickness of 2 ym. This
epitaxial layer was grown on an n-GaN buffer layer and a sapphire substrate.
A two inch diameter, AlGaN wafer was also obtained from Emcore however
the epitaxial thickness and Al content of the material were not divulged by
the manufacturer. PL. measurements revealed that the Al molar fraction of
the AlGaN wafer was 10% [19)].

The MSM photodetector structure was chosen for the following reasons:

e The low hole mobility of GaN (see Table 4.2) means that the distance
between collecting electrodes must be relatively small. MSM photode-
tectors can be tailored so that the finger separation distance is of the
order of the hole drift length. This reduces the collection time for pho-
togenerated e-h pairs and the probability of generated charge being
trapped before it is collected.
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7.3 Fabrication and Characterisation of GalN UV Detectors

e Despite the electrodes being close together the interleaving finger ge-
ometry means that the active area of the device is not significantly

compromised.

e Time resolved CD measurements require fast photodetectors. As dis-
cussed in Section 7.2.1 response times of MSM detectors are of the

order of 100 picoseconds.

Two different MSM photodiode geometries were fabricated on the GaN/
AlGaN materials using photolithography techniques outlined in Chapter 2.
These test structures were designed using the L-Edit CAD drawing software
and written onto a photolithographic mask. One geometry had a finger
pitch of 10 pm and a finger width of 5 pm (i.e. a finger separation of 5 pm)
while the second geometry had a finger pitch of 20 ym and a finger width
of 10 pm (i.e. a finger separation of 10 um). These finger separations and
widths were chosen in accordance with the results of Monroy et al. [14§]
and Blue et al. [149], who showed that finger separations and widths < 10
pm are required to maximise the measurable quantum efficiency of a MSM
photodetector. Before metal deposition the samples were de-oxidised in HCI
for one minute. Schottky contacts were realised by evaporating 50 nm/200
nm of Pd/Au metal and the fabricated devices were wire bonded to chip
carriers for characterisation. The theoretical Schottky Barrier Height (SBH)
of this Pd-GaN contact is 1.02 eV. Figure 7.6 shows fabricated MSM test
structures with a finger separation/width of 5um (left) and 10pm (right).
The overall dimensions of each diode was 400 pm by 590 pgm. The 5 pm
finger spacing design had an active area of 0.120 mm? while the 10 ym finger
spacing design had a slightly smaller active area of 0.116 mm?. From herein
the 5 pm finger spacing design will be referred to as “5 um design” and the
10 pum finger spacing design will be referred to as “10 pum design”.
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Figure 7.6: Left - Interdigitated MSM finger diodes with a finger separation/width
of & pm (left) and 10 pm (right) fabricated on the various GaN/AlGaN materials

7.3.1 Characterisation of MSM photodiodes

Fabricated devices were characterised by performing current-voltage (I-V)
and spectral response measurements. For [-V measurements a Keithley 237
electrometer was used. One set of fingers was biased while the second set was
kept at ground. All I-V measurements were performed in a dark environment
at room temperature.

The spectral response measurement set-up is shown in Figure 7.7. A
Hamamatsu L7893-01 deuterium lamp was used as the UV light source. A
Jobin Yvon monochromator was used and controlled by LABVIEW soft-
ware. It was possible to select wavelengths ranging from 180 nm to 800
nm. A fibre optic cable of diameter 0.8 mm was connected to the output
of the monochromator and positioned directly in front of the MSM photodi-
ode. The MSM photodiode was soldered into a BNC box and housed in a
light tight Faraday box. The photocurrent was measured by a Keithley 237
electrometer which could also be used to apply a bias to the photodetector.
A motorised x-y stage, controlled by LABVIEW software enabled accurate

alignment (to a precision of approximately 5 pum) of the fibre optic cable and
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1. D, source
2. Monochromator
3. Light-tight box

The detector and x-y stage are located inside the light-tight box

Figure 7.7: Spectral response measurement set-up

the MSM photodiode. In order for the device to attain equilibrium a delay
of 5 seconds between each wavelength step was used for all spectral response
measurements.

A plot of radiant intensity versus wavelength of the Hamamatsu L7893-
01 deuterium lamp was supplied by the manufacturer (see Figure 7.8). In
order to calibrate the spectral response measurement set-up a UV sensitive
S1336-5BQ Si photodiode was purchased from Hamamatsu. The manufac-
turer provided a responsivity versus wavelength plot for the S1336-5BQ Si
photodiode. Using this data the theoretical photocurrent from the Si photo-

diode was calculated using the equation:
IPZRXPOUT (71)

where Ip is the photocurrent, R is the responsivity (units of A/W) and Poyr

is the output power of the deuterium lamp (shown in Figure 7.8). Figure 7.9
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Figure 7.8: Power output versus wavelength as measured by a spectrophotometer

for the Hamamatsu L7893-01 deuterium lamp.

shows the theoretical photocurrent versus wavelength data of the Si photodi-

ode compared to the measured photocurrent versus wavelength values. It can
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Figure 7.9: Theoretical and measured photocurrents of the Hamamatsu S1336-5BQ)

Si photodiode

be seen that the theoretical (black line) and measured photocurrent (red line)

curves are qualitatively similar however there is some unexplained attenua-
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tion of the measured photocurrent signal that is more pronounced at shorter
wavelengths. Also shown on the plot is the photocurrent measured from the
Si photodiode when a second fibre optic cable is inserted between the output
of the deuterium lamp and the monochromator. There is a marked decrease
in signal magnitude compared to when only one fibre optic cable is used.
The maximum photocurrent for all three curves occurs at a wavelength of ~
235 nm.

In any spectral response measurement it is essential to establish whether
the area of the detector is greater or smaller than the area of the beam of
incident light. The beam area was measured using the “Startracker” active
pixel sensor (APS) which is currently being characterised by the MI? col-
laboration [150]. The “Startracker” is sensitive to visible radiation and the
MI? collaboration’s remit is to develop the sensor for detection of light across
the entire electromagnetic spectrum, in particular for UV, x-rays and ~ rays.
There are 525 by 525 pixels on the “Startracker” and each pixel is a 25 pm
by 25 pm square. The distance between the fibre optic and the sensor was
varied and the area of the beam calculated. Figure 7.10 shows images taken
at 450 nm using the “Startracker” at distances of 2 mm, 4 mm and 8 mm
between the sensor and the fibre optic cable. Table 7.2 gives a summary of
the beam radius and the beam area at distances of 2 mm, 4 mm and 8 mm
between the fibre optic cable and the sensor. Using the data obtained by the
“Startracker” sensor it can be seen that for all distances between the sensor
and the fibre optic cable the area of the beam is larger than the area of the
400 pm by 590 pm MSM photodiodes. The spectral response measurements
for the GaN/AlGaN MSM photodiodes were performed with a distance of 2

mm between the fibre optic cable and the detector.
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Figure 7.10: Images of the beam profile at 450 nm taken using the “Startracker”

sensor. The distance between the fibre optic cable and the sensor was varied between

2 mm (top left), 4 mm (top right) and 8 mm (bottom).

Distance (mm) | Radius (pixels) | Radius (mm) | Beam Area (mm?)
2 25 0.625 1.227
4 35 0.875 2.405
8 50 1.250 4.909

Table 7.2: Beam profile parameters at a distance of 2 mm, 4 mm and 8 mm between

the sensor and fibre optic cable

7.4 Leakage Current and Spectral Response

Results

7.4.1 Leakage Current

Leakage/dark current measurements of the fabricated MSM GaN photodi-
odes were performed up to a bias of +/- 25V. Figure 7.11 shows the typical
[-V characteristics of the interdigitated MSM photodiodes. As expected, the
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detectors exhibited Schottky behaviour with a slow breakdown occurring, in
this case after +/- 20V. The voltage at which this slow breakdown of the

detector started varied from device to device.
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Figure 7.11: Typical I-V curve of the MSM photodiodes fabricated on the
GaN/AlGaN materials

The I-V curves of the MSM photodiodes with the 5 um design are shown
in Figure 7.12. There was several difficulties fabricating the 5 pum design
12GaN device and as a consequence there is no data curve for this device.
The MSM photodiode fabricated on the 45GaN material has the lowest leak-
age current while the AlGaN MSM photodiode exhibits the largest leakage
current, reaching the compliance value of the measurement set-up, 1 mA,
after application of only +/- 0.4 V. The MSM photodiodes fabricated on the
36GaN and Emcore GaN also show typical MSM photodiode behaviour.

[-V curves of the 10 um design MSM photodiodes fabricated on the var-
ious materials are shown in Figure 7.13. The [-V curves are similar to those
of the 5 pum design MSM photodiodes with the AlGaN MSM photodiode
again showing the largest leakage current and the 45GaN MSM photodiode
exhibiting the smallest. The 10 ym design MSM photodiodes fabricated on
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Figure 7.12: 1I-V curves of MSM photodiodes with the 5 um design fabricated on
various GaN/AlGaN materials
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Figure 7.13: I-V curves of MSM photodiodes with the 10 um design fabricated on
various GaN/AlGaN materials

the 36GaN, 12GaN and Emcore GaN materials also show good leakage cur-
rent characteristics. The fact that both designs fabricated on the Emcore
AlGaN material have extremely large leakage currents implies that this is a
material rather than a fabrication effect.

A comparison of the leakage currents of the MSM photodiodes with the
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5 pm design and the 10 pum design fabricated on the 36GaN, 45GaN and
Emcore GaN is shown in Figure 7.14. Both diode designs fabricated on the
45GaN and Emcore GaN have similar leakage current characteristics. The
10 pm design fabricated on the 36 GaN material however, at bias voltages <
+/-5 V, exhibits leakage currents several orders of magnitude smaller than

the 5 um design fabricated on the same material.

5pm Design 10pum Design
GaN36 o GaN36
GaN45 o GaN45
Emcore GaN o Emcore GaN

Leakage Current (A)

20 45 10 5 0 5 10 15 20
Bias (V)

Figure 7.14: Leakage current comparison of the two different diode designs

7.4.2 Spectral Response at 0V

All spectral response measurements were performed by scanning the detector
in the x and y directions using the motorised stage until the maximum pho-
tocurrent at a wavelength of 235 nm was found. Spectral response scans were
then made from 180 nm to 500 nm in 1 nm steps by changing the wavelength
with the monochromator. Figure 7.15 shows the spectral response curves of
the MSM GaN photodiodes at an applied bias of 0 V. The plot on the left
compares the spectral responses of the 5 um design fabricated on the various
GaN materials while the plot on the right compares the spectral responses

of the 10 um design. Due to the large leakage current of the MSM AlGaN
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diodes (~ 1 pA at 0 V) there was no observable change in the total current

due to the photocurrent. All the spectral response curves exhibit a photo-
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Figure 7.15: Spectral response curves at 0V of the 5 um design (left) and 10 um
design (right) MSM GaN diodes fabricated on the 36GaN, 45GaN, 12GaN and

Emcore GaN. A semi-log scale is used for clarity.

peak between 220 nm and 240 nm. This peak is expected and is typical of
a deuterium source. However both the 5 ym design and 10 pm design MSM
Emcore diodes exhibited a further unexpected peak at a wavelength of 365
nm. This wavelength corresponds to the cut-off wavelength (\.) of GaN, so
called because for wavelengths longer than . the photocurrent drops sev-
eral orders of magnitude and the response of the detector is “cut-oft”. It
will be shown that the 36GaN and 45GaN MSM diodes also exhibit a large
photocurrent peak at 365 nm when placed under bias. This unusual peak
at 365 nm has also been reported by Ferguson et. al [151] who fabricated
MSM detectors on highly resistive GaN. The material make-up was similar
to that studied in this thesis; a conductive n-GaN buffer was grown on top
of a sapphire substrate and the highly resistive 2 pym thick GaN layer was
grown on top. No explanation for the origin of this photo-peak at 365 nm is

given by the authors.
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One possible explanation for the appearance of this unexpected photo-
peak is related to the influence of the 2 ym thick n-GaN buffer layer on the
charge transport properties of the photo-generated carriers. Figure 7.16(a)
shows the structure of GaN material that is typically used for MSM photo-

diodes. A thin nucleation layer, approximately 30 nm thick, is grown on top

[ |Metal Photo-generated charge carriers

Photons

Photons 11
11 g -

n-GaN ~ 2pm thick Conductive n-GaN
T 2 um thick
Al,0, Al,0,

Nucleation layer, typically | . ;
GaN or AN ~ 30 nm thick ——— S| GaN typically 2um thick

(a) (b)

Figure 7.16: Transport routes of photo-generated charge carriers in SI GalN grown

on a thin nucleation layer (a) and SI GaN grown on a conductive buffer layer (b)

of a sapphire substrate and the GaN material (typical carrier concentration
> 10' cm™3) is grown on top of the nucleation layer. The nucleation lay-
ers used are typically of a low conductivity. A plot of absorption coefficient
versus wavelength for GaN is shown in Figure 7.17. The plot data shows
that photons with an energy greater than 3.39 eV are absorbed within ap-
proximately 100 nm of GaN (using the general relationship that absorption
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Figure 7.17: Absorption spectrum for GaN at room temperature [152]

depth = 1/absorption coefficient). This means that the surface and sub-
surface properties of the GaN material play an extremely important role in
transport of the photo-generated carriers. When UV light is incident on the
detector charge carriers are generated in the thin region close to the surface
of the material (green and white checkered region). A bias is applied to the
metal electrodes and the charge carriers are extracted towards the contacts
(pink line).

However, as shown in Figure 7.16(b), the GaN material studied in this
thesis has a 2 pum thick conductive buffer layer which has an influence on
the electric field within the device. The horizontal mobility of the photo-
generated carriers, parallel to the surface (pink line), is much less than in
the direction of crystallite growth which is perpendicular to the surface. It
is also likely that there exist percolative charge transport channels in the
SI GaN material which promote the vertical transport of charge carriers,
instead of lateral transport. Moreover, the distance between the electrodes,
i.e the finger spacing, is at least twice that of the SI epitaxial GaN thickness.

Therefore it is possible that the photo-generated charge carriers will prefer to
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travel vertically downwards through a percolation channel, along the buffer
layer and then back up towards an electrode via another percolation channel
instead of horizontally traversing the SI GaN layer to be collected by the
electrode. The net result is that the current path through the red line of
Figure 7.16(b) may exceed or be comparable to that of the pink line.

The photocurrent is therefore dependent on whether or not the UV light
penetrates deep enough into the SI GaN to reach the percolative trans-
port channels. These percolative channels are likely to begin several tens of
nanometres below the surface (there will be some crystal re-arrangement at
the surface). Photons with an energy greater than 3.39 eV are absorbed very
close to the surface of the GaN material and the photo-generated charge car-
riers travel horizontally towards the electrodes (pink line) instead of through
percolative channels. In GaN the surface carrier lifetime is much shorter
than the bulk carrier lifetime. This is a result of the large number of defects
within the surface layers that are able to trap any charge carriers. There-
fore the induced photocurrent is dependant on the surface quality of the SI
GaN. Any inhomogeneities or roughness of the surface significantly reduces
the detector photocurrent.

However as the photon energy decreases, the penetration depth into the
SI GaN material increases. At a photon energy of 3.39 eV the generated
charge carriers are able to reach the percolative channels and the photocur-
rent increases since carrier lifetime is greater in the bulk GaN than in the
surface regions. This is one possible, albeit non-analytical, explanation for
the unexpected large photocurrent peak at 365 nm. In terms of this the-
sis this artefact can effectively be disregarded as the region of interest for
circular dichroism is for wavelengths below 240 nm. From here on only the

wavelength range 180-240 nm is considered when comparing the maximum
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photocurrents, responsivities and UV /visible contrasts of the various MSM
GaN photodetectors.

For the 5 um design it can be seen from Figure 7.15 that between 180 nm
and 240 nm the 45GaN detector exhibits the largest photocurrent and the
Emcore GaN detector exhibits the lowest photocurrent. However the right
hand plot of figure 7.15 shows that for the 10 pum design the photocurrent
from the Emcore GaN device is larger than the photocurrents of the other
three materials. The 10 pm design 36GaN and 45GaN devices have simi-
lar photocurrents while the 12GaN device has a photocurrent two orders of
magnitude smaller than the Emcore GaN device.

Figure 7.18 is a plot comparing the photocurrents of the 5 ym design and
10 pm design fabricated on the 36GaN, 45GaN and Emcore GaN materials.
It can be seen that for all three GaN materials the photocurrent of the MSM
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Figure 7.18: Plot comparing the spectral responses of the 5 um design and 10 pm
design
diodes with the 10 pm design is larger than that of the 5 ym design. These re-
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sults contradict the findings of Monroy et. al [148] who state that the smaller
the finger separation, the larger the photocurrent. However the epitaxial GaN
material Monroy studied was grown on a thin AIN nucleation layer. Figure
7.18 further supports the theory that the photo-generated charge carriers
follow percolation paths on their way to the collecting electrodes. If this was
not the case then doubling the distance between the electrodes would reduce
the electric field by half and therefore reduce the photocurrent - an effect
which is not seen.

Table 7.3 compares the responsivities and UV /visible contrasts of the
MSM photodetectors. The responsivity is calculated using Equation 7.1 and
evaluated at 235 nm. The UV /Visible contrast is calculated as a ratio of the

photocurrent at 235 nm divided by the photocurrent at 500 nm.

Material /Design | Responsivity x 107* (A/W) | UV /visible contrast
36GaN 5 pym 2.50 281
36GaN 10 um 4.63 47
45GaN 5 pm 3.30 69
45GaN 10 pm 4.43 47
Emcore GaN 5 pm 1.34 38
Emcore GaN 10 gum 9.45 110
12GaN 10 pm 0.12 14

Table 7.3: Responsivities and UV /visible contrasts of the MSM photodetectors

fabricated on the various GaN materials
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7.4 Leakage Current and Spectral Response Results

7.4.3 Effect of Applied Bias

Spectral response measurements of the MSM photodiodes were performed
at several bias voltages between -9 V and 9 V. The spectral response plots
subsequently shown are for negative bias voltages. Both the 5 um design
and 10 pum design detectors fabricated on the Emcore GaN material have
large leakage currents even at small applied bias voltages (+/- 0.1 V). For
these devices there was no observable difference between the photocurrent
and leakage current.

The spectral response curves of the 5 um design (left) and the 10 pm
design (right) MSM 36GaN detectors at several applied bias voltages are
shown in Figure 7.19. For both detectors, as expected when studying MSM
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Figure 7.19: Spectral response of the 5 um (left) and 10 pm (right) design 36GaN

devices at several bias voltages

devices, the photocurrent increases with increasing applied bias. This is
due to faster extraction of the charge carriers before they can recombine
or be trapped in defect levels. The maximum responsivity of the 5 pm
design 36GaN detector is 20 mA/W at 235 nm while the 10 pum design
36GaN detector exhibits a maximum responsivity of 300 mA/W at the same

wavelength.
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Figure 7.20 shows the spectral response curves of the MSM 45GaN detec-
tor at various bias voltages. The response curves of the 5 um design 45GaN
device are on the left while the response curves of the 10 ym design 45GaN

device are on the right. Again it is seen that as the bias voltage between the

—0V
—-1V

Absolute Photocurrent (A)
Absolute Photocurrent (A)

T T T T T T T ! 10™ 4 T T T T T T T )
150 200 250 300 350 400 450 500 550 150 200 250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 7.20: Spectral response of the 5 um and 10 pm design 45GaN devices at

several bias voltages

sets of fingers is increased there is an increase in the measured photocurrent.
At an applied bias of -9 V the 5 um design 45GaN device exhibits a respon-
sivity of 3.7 mA /W while at the same bias the 10 pum design 45GaN device
exhibits a responsivity of 175 mA/W.

The spectral response curves of the 10 um design 12GaN detector at var-
ious bias voltages are shown in Figure 7.21. The photo-peak observed at 365
nm in the spectral response curves of the biased MSM detectors fabricated
on the thin SI epitaxial GaN is not present in the spectral response curves of
the 10 pm design 12GaN detector (except at 0 V). This property supports
the theory that the conductive n-GaN buffer layer has an important effect
on the charge transport path of the photo-generated charge carriers. The
distance between the collecting electrodes of the 10 pm design 12GaN de-

tector is comparable to the epitaxial thickness. Therefore it is probable that
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Figure 7.21: Spectral response data of the 10 um design 12GaN device at bias
voltages of 0V, -0.5 V, -1V, -8V, -6 Vand -9V

the preferential route of the photo-generated carriers is directly towards the
electrodes instead of via percolation paths. At 235 nm the responsivity of
the 10 pm design 12GaN detector at an applied bias of -9 V is 433 mA /W.

A comparison of the spectral response curves between the 5 yum design
and 10 pum design 36GaN detectors at bias voltages of -1 V, -3 V and -6 V
is shown in Figure 7.22. It can be seen that for all applied bias voltages the
photocurrent of the 10 pm design 36GaN detector is one or two orders of
magnitude greater than that of the 5 um design 36GaN detector. A similar
trend is also observed of the 5 yum design and 10 pum design 45GaN detectors
(see Figure 7.23). Table 7.4 summarises the maximum responsivities and
UV /visible contrasts of the various MSM GaN test structures at 235 nm.
The results clearly indicate that a finger separation/width of 10 gum should be
used as the preferred diode geometry of the 46 channel diode array detector.

The results also show that at a bias voltage of 0 V the MSM diodes fabricated
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Figure 7.22: Spectral response curves of the 5 um design and 10 pm design 36GaN
detectors at bias voltages of -1 V, -8 Vand -6 V
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Figure 7.23: Spectral Response curves of the 5 um design and 10 pm design 45GaN
detectors at bias voltages of -1 V, -8 V and -6 V
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Material/Design | Responsivity (mA/W) | UV /visible contrast | Bias (V)
36GaN 5 pym 20 0.35 -6
36GaN 10 pm 414 23 -6
45GaN 5 ym 1.9 14 -6
45GaN 5 pm 3.7 67 -9
45GaN 10 pm 44 112 -6
45GaN 10 pum 177 20 -9
12GaN 10 um 122 3.3 6
12GaN 10 pym 436 13 -9

Emcore GaN 5 pm 0.134 38 0
Emcore GaN 10 pym 0.945 110 0

Table 7.4: Maximum Responsivities and UV /visible contrasts of the MSM pho-

todetectors fabricated on the various GaN materials

on the Emcore GaN material exhibit the maximum responsivity (see Table
7.3). However at 0 V the maximum responsivities of the 36GaN and 45GaN
detectors are roughly comparable to the responsivity of the Emcore GaN.
At an applied bias of -6 V and using the 10 um design it can be seen that
the 12GaN detector has a maximum responsivity of 436 mA /W, the 36GaN
detector a maximum responsivity of 414 mA/W and the 45GaN detector
a maximum responsivity of 44 mA/W. On examining the results, if the 46
channel diode array detector is to operate unbiased, the optimal material to
use is the Emcore GaN. If the array detector is to be biased then 12GaN
should be the better material to use.

However a lack of suitable material meant that is was not possible to

fabricate the 46 channel diode array detector on either the Emcore GaN or
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the 12GaN material. Several attempts were made at fabricating the array
detector structure on the 36GaN and 45GaN materials. As a result of several
fabrication difficulties, namely poor pattern transfer and lift-off failure, it
was only possible to fabricate the array detector on the 45GaN material.
The following section describes the specific fabrication details and initial

characterisation of the 45GaN array detector.

7.5 Fabrication and Characterisation of GalN
Array Detector

Photolithographic techniques were used to fabricate a 46 channel MSM diode
array detector on the 45GaN material. Schottky contacts were realised by
evaporating 50 nm/ 200 nm of Pd/Au and each MSM diode had a finger
separation/width of 10 ym. The size of each individual diode was 400 pm
by 590 um and the pitch between two adjacent diodes was 500 pm. One set
of fingers of each diode is linked to a central common electrode for biasing
purposes. A picture of the left hand section of the array detector is shown
in Figure 7.24. The common bias line connecting each of the diodes can be
seen as can the square bond pads for the second set of fingers of each diode.

The 16-pix set-up relies on the ability to plug the UV light array detec-
tor into a commercial ‘female’ Dual-in-Pin (DIP) socket. It was therefore
necessary to design and produce a PCB that was compatible with a com-
mercial ‘male’ DIP socket so that the GaN array detector could be used in
the 16-pix set-up. Figure 7.25 shows an exported image of the PCB design.
The smaller square copper pads were of dimension 0.5 mm on each side while
the larger square copper pads were of dimension 1.5 mm on each side. The

pitch of these larger square copper pads was 2.54 mm, matching the pitch
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Figure 7.24: Optical image of a section of the 46 channel diode array detector
fabricated on the 45GaN material. The central strip connecting the diodes is for

biasing purposes.
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GaN Array Detector
is placed here
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Figure 7.25: PCB design for the read-out of the GaN array detector. The track

width is 200 pm.

between the pins of the open frame male DIP socket purchased from E-tec
Interconnect Limited. Figure 7.26 shows an image taken of the bonded 46
channel diode array detector.

A second PCB was designed and fabricated for the purpose of perform-
ing dark current and spectral response measurements on the 45GaN array

detector. This PCB design is shown in Figure 7.27. The four corner pins
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Figure 7.26: Picture of the 45GaN array detector. There are 48 wire bonds in

total; 46 for the individual diodes and two for the central ground lines.
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Figure 7.27: PCB designed to evaluate the dark current and spectral response of
the 45GaN array detector

are connected together and could be biased or grounded. The track width is
300 pm, copper pads A are of dimension 1.5 mm by 1.5 mm, pads B are of
dimension 2 mm by 2 mm and pads C are of dimension 3 mm by 3 mm. Holes
were drilled in the centre of the smaller square pads (pads A) and a female

DIP socket placed into the board. The completed test board is shown in
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Figure 7.28: Picture of the completed test board with the GaN detector and male
DIP socket plugged into the test board.

Figure 7.28. Electrical switches were soldered between the copper tracks and
three lemo connectors were soldered on top of pads C. The board enabled the
user to apply a bias to the device and to turn individual MSM GaN diodes

on and off.

7.5.1 Dark Current and Spectral Response Results

[-V measurements were performed in order to assess the dark current char-
acteristics of the 45GaN array detector and to establish if there were any
defective or shorted channels. The following convention was used in order
to identify individual MSM diodes. In Figure 7.26 channels 2-23 correspond
to the top set of MSM diodes going from left to right. Channels 24-47 cor-
respond to the bottom set of MSM diodes again with channel 24 being the
bottom left MSM diode and channel 47 the bottom right MSM diode. Chan-
nels 1 and 48 are bias lines. Figure 7.29 shows the I-V characteristics of 6
selected channels up to an applied bias of +/-10 V. The other 40 channels
exhibited [-V properties similar to the six shown in Figure 7.29 with the ex-
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Figure 7.29: Dark current characteristics of sixz channels. I-V measurements were

performed on all 46 channel channels however for clarity only six channels are

shown in this plot.

ception of channels 2 and 46 that were shorted. This represented a functional

channel yield of 96.5%.

Figure 7.30 shows the spectral response curves at an applied bias of 0 V

of several channels of the 45GaN array detector. Again a delay time of 5

seconds was used between each wavelength increment. It can be seen that
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Figure 7.30: Spectral response curves of selected channels of the 45GaN array

detector at an applied bias of 0 V
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the channels located in the centre of the GaN sample exhibited the largest
photocurrent (e.g. channels 7-14 and 29-35). Indeed there is a definite trend
where the photocurrent decreases the further the MSM diode is from the
centre of the GaN sample. This is confirmed by the fact that the channels at
the extreme edges of the array (channels 3,22, 24 and 27) have far lower pho-
tocurrents compared to the other channels. An explanation of this observed
property of the 45GaN array detector could be that the dicing procedure cre-
ated stress within the GaN material. This stress is more pronounced at the
edges of the GaN sample and as a result the material here is of poorer quality
and more defective compared to the GaN material in the central region of the
cut sample. The majority of channels also exhibited the photoresponse peak

at around 360-370 nm that was also observed in the 45GaN test structures.

7.5.2 Initial Tests of 45GalN Array Detector Using 16-
pix Set-up

After initial characterisation of the 46 channel diode array detector further
spectral response measurements were performed at the Rutherford Appleton
Laboratory using the 16-pix set-up. The measurement set-up consisted of a
blue LED, a Bentham TMC 300 monochromator, a photoelastic modulator
operating at 50 kHz (used to polarise light from the protein sample), the 46
channel 45GaN array detector, the 16-pix read-out system and a PC. The
electronics of the 16-pix set-up are such that a high frequency filter is used
for separation of the AC and DC components of the photocurrent signal. The
AC and DC values are measured at a rate of 20 MHz and averaged over every
half period of the photoelastic modulator frequency, i.e. every 25 kHz. A
further superaveraging is performed by the software and the superaveraged

DC, ACh;gn and ACj,, values are calculated, displayed onscreen to the user
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and stored to disk. The number of superaverages could be varied between 1
and 10000. A superaverage of one results in data being stored every 20 us
while a superaverage of 10000 results in a measurement being stored every

200 ms. The CD signal is calculated using the equation:

Achigh - Aclow
DC

Figure 7.31 shows the DC photoresponse of 3 channels of the 45GaN array

CD = (7.2)

detector when the LED is turned on and turned off. All three channels show
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Figure 7.31: DC photoresponse of channels 5, 8 and 9 of the 45GaN array detector

a slow rise in photocurrent after the LED is turned on, taking approximately
110 seconds for the photocurrent to level-off. This so called ‘priming’ effect is
attributed to photo-generated carriers filling defect traps in the SI 45GaN ma-
terial therefore increasing the photoconductivity of the device (since carrier
lifetime is increased). The photoconductivity slowly increases with constant
illumination until all of the traps are filled and equilibrium is reached. The
priming effect is clearly due to the SI GaN material and not the geometry of
the MSM detector since, as explained in Section 7.2.1, one of the properties

of MSM photodetectors is their fast response times.
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The CD signal at any wavelength is very weak and is approximately
1073-107" of the initial beam. This is one reason why synchrotron radiation,
with its large photon flux, is used for CD experiments. This also means
that any small changes in the detector significantly affects the measured CD
signal and in the worst instance could completely mask the CD signal. These
small changes include unwanted fluctuations in the photocurrent through for
example trapping or de-trapping of charge or priming. It is almost certain
that the significant priming exhibited by channels 5,8 and 9 of array detector
would result in severe distortions of the CD spectrum of any protein. It
was also found that the difference between the ACY4;,, and AC),, values of
channels 5, 8, 9 of the GaN array were too low for an accurate measurement
of CD.

The conclusion of these tests with the 16-pix set-up was that is was ex-
tremely unlikely that the 46 channel 45GaN array detector would produce
the CD spectrum expected if it were used in a protein CD experiment. This
is due to the priming effect of the device and also because the difference be-
tween the AC);,, and AC),, signals was extremely small. It was decided to
try to maximise the photoresponse of the MSM diode by increasing the active
area of the device. The following section describes how the active area of the
MSM detector was increased and gives the spectral response measurements

of these new devices.

7.6 New Diode Design and Semi-Transparent
Contacts

Two strategies were pursued to increase the active area of the MSM diode.

e The physical area of the device was increased.
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e Semi-transparent contacts instead of full metal contacts were employed.

The previous dimensions of the GaN MSM photodetectors were 400 um by
590 pm. The dimensions were increased to 900 pum by 2500 pm resulting
in over a ten-fold increase in the active area of the detector. In order to
further increase the active area, a slight alteration was also made to the
geometry of the MSM diode. This involved keeping a finger separation of 10
pm and reducing the finger width to 5 um. The finger separation was chosen
in accordance with the results shown earlier in this chapter where the MSM
devices with a finger separation of 10 um exhibited larger photocurrents than
those with a 5 pum finger separation.

The second approach used to increase the active area was to employ
semi-transparent contacts (approximately 10 nm thick) instead of full metal
contacts. Ni, Au, Pt, Pd, indium-tin-oxide (ITO) have all been been used
to realise semi-transparent contacts to n-GaN [153]. Of these metals Pd has
the highest light transmittance of 70% [154] in the wavelength region 200 nm
to 350 nm. Table 7.5 compares the active areas of the smaller area diode
design (studied earlier in this chapter), the revised larger area full metal
contact design and the larger area semi-transparent metal contact design.
These designs are referred to as “design A”, “full metal” and “semi-metal”

respectively for the remainder of this thesis.

Design | Active Area (mm?)
A 0.116
Full Metal 1.27
Semi-Metal 1.94

Table 7.5: Active areas of designs A, full metal and semi-metal
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7.6.1 Fabrication of Full Metal and Semi-Metal De-
signs

Four channel and eight channel MSM diode designs were drawn and sub-
sequently patterned onto a photolithographic mask. For the semi-contact
structure two designs were required, one for the interdigitated fingers that
were to be metalised with 10 nm Pd and a second design for the bond pads
that were to be metalised with 200 nm of Au. Alignment marks, consisting
of crosses of various dimensions, were also drawn for subsequent registration
of the thin and thick metal layers. A central electrode connected the MSM
diodes together enabled biasing of the device. Figure 7.32 shows an image of

the 4 channel array diode design.

=
S

Figure 7.32: L-FEdit image of the full-metal 4 channel MSM diode design. The

central bar at the bottom connects the diodes together

Several attempts were made using photolithographic techniques at fab-
ricating the 4 channel and 8 channel diode designs onto the 36GaN and
45GaN materials. However there were significant problems such as poor pat-

tern transfer and failed lift-off (see Figure 7.33) that prevented successful
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Figure 7.33: Lift-off failure

fabrication of these larger area diode devices. It is likely that the large area
and dense nature of the structures to be patterned were the causes for the
this failure to produce working devices.

It was subsequently decided that e-beam lithography should be used to
fabricate the 4 channel and 8 channel full metal and semi-metal devices.
Dose tests were made on bi-layers of PMMA resist in order to establish the
optimal exposure dose for successful pattern transfer. Once the optimal dose
was established e-beam lithography techniques, described in Chapter 2, were
used to pattern the samples. A bi-layer of PMMA resist was used in order
to assist metal lift-off. In the case of the semi-metal design, the e-beam
was used to write the areas that were to be evaporated with 10 nm of Pd.
Photolithography techniques were then used to pattern the areas for the
deposition of 200 nm of Au for bonding purposes. There proved to be no
difficulty in aligning the thin metal layer and the thick metal layer. Figure
7.34 shows optical images of a full-metal MSM diode (left) and a semi-metal
MSM diode (right). It is easy to differentiate between the thin metal and
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Figure 7.34: Optical images of the full-metal MSM diode (left) and semi-metal
MSM diode (right)

thick metal regions of the semi-metal MSM diode. It can also be seen that
there is excellent alignment of the bond pad and the top semi-transparent
finger.

Both the full metal and semi-metal structures were fabricated on the
36GaN and 45GaN materials. I-V and spectral response measurements were
performed and the effect of the new diode design and metalisation scheme
assessed. It should be noted that at a distance of 2 mm between the detector
and the fibre optic cable the area of the MSM device is now larger than the
beam area. All spectral response measurements were performed with the

detector a distance of 2 mm from the fibre optic cable.

7.6.2 1-V and Spectral Response Results of New De-

vices

The dark current versus voltage characteristics of the full metal and semi-
metal designs fabricated on the 36GaN and 45GaN showed typical Schot-
tky/Schottky characteristics and leakage currents of approximately 10~7 A
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up to an applied bias of 4+/- 20 V. As with the smaller area MSM diodes
a slow breakdown of the Schottky contact was observed after certain bias

voltages.

Figure 7.35 shows the spectral response curves of the 4 channel full metal
design MSM arrays fabricated on the 36GaN material (left) and 45GaN ma-

terial (right). All spectral response curves were obtained at 0 V applied bias.
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Figure 7.35: Spectral responses curves of the full metal design MSM diodes fabri-
cated on the 86GalN and 45GaN materials

In Figure 7.32 channel 1 corresponds to the far left diode and the channel
number increases sequentially from left to right. Channel 4 of the 36GaN
array detector was shorted. It was observed that the channels situated in the
centre of the array exhibited larger photocurrents than the channels at the
edge of the array. This can be attributed to edge effects discussed in Section
7.5.1. At 235 nm the maximum photocurrent of the full metal 36GaN design
was approximately 1.5 nA whereas the maximum photocurrent of the full
metal 45GaN design was 3.75 nA.

The spectral response curves of the 4 channel semi-metal design MSM ar-
rays fabricated on the 36GaN and 45GaN materials are shown in Figure 7.36.

All spectral response curves were obtained at 0 V. For both devices and all
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Figure 7.36: Spectral responses curves of the semi-metal design MSM diodes fab-
ricated on the 36GaN and 45GaN materials

channels the photocurrent peaked at 240 nm instead of the expected 235 nm.
This is probably due to the fact that for the semi-metal design the photons
can now penetrate the electrode and generate electron-hole pairs. Under the
electrodes the electric field is low (compared to between the electrodes) and
therefore it takes a longer time compared to the full-metal design for the
photo-generated charge carriers to be collected. This results in a slight lag
of the photocurrent in the spectral response curves, hence the photocurrent
peaks at 240 nm rather than of 235 nm. At 235 nm the maximum photocur-
rent exhibited by the semi-metal 36GaN design was 6 nA while the maximum
photocurrent exhibited by the semi-metal 45GaN design was 17 nA.

Figure 7.37 compares the spectral responses of the initial diode design
(design A), the full metal design and the semi-metal design fabricated on the
36GaN and 45GaN materials. All response curves were obtained at 0 V and
the chosen curves for the full metal and semi-metal designs were those from
the channels that exhibited the largest photocurrent at 235 nm. For example
the spectral response curve of channel 3 of the semi-metal 36GaN array de-

tector is used for comparison with the other two diode designs. As expected
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Figure 7.37: Spectral response comparison of the three diode configurations studied
in this thesis. Response curves of the designs fabricated on the 836GalN material

are on the left and the response curves for the 45GaN material are on the right.

an increase of the diode active area results in an increase in the photocur-
rent. Table 7.6 summarises the responsivity and UV /visible contrasts of the
different MSM diode designs and contact schemes fabricated on the 36GaN

and 45GaN materials. The maximum responsivities at 235 nm of the full

Material/Design | Responsivity (mA/W) | UV /visible contrast
36GaN design A 0.46 47

36GaN full metal 1.6 105

36GaN semi-metal 6.9 50

45GaN design A 0.43 47

45GaN full metal 4.1 219

45GaN semi-metal 18.8 85

Table 7.6: Responsivities and UV /visible contrasts of design A, semi-metal and

full-metal device fabricated on 36GaN and 45GaN

metal and semi-metal designs fabricated on the 45GaN material are larger

than the maximum responsivities of the corresponding designs fabricated on
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the 36GaN material. For example the semi-metal 45GaN device has a max-
imum responsivity of 18.8 mA/W which is more than twice the maximum
responsivity exhibited by the semi-metal 36GaN device (6.9 mA/W).

[-V measurements up to an applied reverse bias of 20 V were performed
with 235 nm light incident on the full metal and semi-metal MSM devices.
Photocurrent versus bias plots for the full metal 36GaN and 45GaN devices
are shown in Figure 7.38. Also shown on the plots are the dark current mea-
surements. A bias step of -0.1 V and a delay time of 10 seconds between each
measurement was set in order to minimise priming effects on the measured

detector photocurrent. The photocurrent of the full-metal 36GaN device is
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Figure 7.38: Photocurrent and dark current plots for the full metal 36GaN and
45GaN detectors

at least three orders of magnitude greater than the leakage current up to a
reverse bias of 10 V. For reverse biases greater than 1 V the photocurrent of
the full metal 45GaN device is approximately three times that of the leakage
current.

Figure 7.39 shows the photocurrent and dark current plots up to a reverse
bias of 20 V for the semi-metal design 36GaN and 45GaN detectors. The

photocurrent /dark current ratio decreases for the semi-metal 36GaN device
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Figure 7.39: Photocurrent and dark current plots for the semi metal 36GaN and
45GaN detectors

with increasing applied bias. For both the full metal and semi-metal 36GaN
and 45GaN detectors the maximum responsivity occurs at a reverse bias of
20 V while the maximum photocurrent/dark current contrast occurs at 0 V.
Table 7.7. shows the responsivity and photocurrent/dark current contrast
values of the 36GaN and 45GaN detectors for applied biases of 0 V and -20
V. At 0 V the semi-metal 45GaN has the largest responsivity compared to
the other devices. The largest photocurrent/dark current contrast is shown
by the semi-metal 36GaN device at a bias of 0 V. At a reverse bias of 20 V
the full metal 45GaN detector has a responsivity of 22.2 A/W.

This section has shown that the responsivity of an MSM GaN detector
can be maximised through increasing the physical size of the device and by
using semi-transparent contacts rather than full metal contacts. In order to
maximise the responsivity of a MSM GaN detector semi-transparent contacts

should always be employed where possible.
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Material /Design | Responsivity (mA/W) | Photo/dark contrast | Reverse Bias (V)
36GaN full metal 1.6 1102 0
36GaN semi-metal 6.9 1736 0
45GaN full metal 4.1 330 0
45GaN semi-metal 18.8 148 0
36GaN full metal 430 1.7 -20
36GaN semi-metal 12700 1.1 -20
45GaN full metal 22220 1.48 -20
45GaN semi-metal 1177 27 -20

Table 7.7: Comparison of the responsivities and photocurrent/dark current con-
trasts of the full metal and semi-metal 36 GaN and 45GaN devices at reverse biases

of 0V and 20 V. The photocurrent was measured at a wavelength of 235 nm.

7.7 Summary and Conclusions

The aim of this chapter was to establish the optimal GaN/AlGaN material
and diode geometry for the subsequent fabrication of a 46 channel diode array
detector. Two MSM diode geometries were investigated; one with a finger
separation/width of 5 um and a second with a finger separation/width of 10
pm. It was found that 10 pum design MSM detectors exhibited larger pho-
tocurrents than the 5 ym design detectors and that for a number of devices a
photo-peak was present at 365 nm. Both these results were unexpected and
are attributed to the influence of the conductive buffer layer on the photo-
generated charge carriers and also to percolation charge paths within the
SI GaN material. A 46 channel diode array detector was fabricated on the
45GaN material with each MSM diode having a finger separation/width of
10 pm. Photoresponse tests using the 16-pix set-up at RAL showed that the

channels of the array detector exhibited substantial priming. This priming
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is attributed to photo-generated carriers filling defect traps in the SI 45GaN
material therefore increasing the photoconductivity of the device. It was
thought that as a consequence of this priming the array detector would not
produce the expected protein CD spectrum when used in a CD experiment
at Daresbury SRS.

It was decided to try and maximise the responsivity by increasing the
physical size of the MSM diode and to also use semi-transparent contacts.
Laborious work was done fabricating and optimising the large area and semi-
transparent contact MSM devices. E-beam lithography techniques were used
for the fabrication of these so called full metal and semi-metal designs onto
the 36GaN and 45GaN materials. The semi-transparent contacts were re-
alised by evaporating 10 nm of Pd. As expected the larger active areas
of the full-metal and semi-metal detectors compared to the original MSM
diode devices resulted in an increase in photocurrent. The semi-metal de-
sign 36GaN and 45GaN devices exhibited larger photocurrents at an applied
bias of 0 V than the full-metal diode design devices. At zero applied bias
photocurrent /dark current contrasts of over 1000 were exhibited by the full

metal and semi-metal 36GaN devices.
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Chapter 8

Synchrotron Studies

8.1 Introduction

Synchrotron light is the electromagnetic radiation emitted when charged par-
ticles, usually electrons or positrons, moving at velocities close to the speed
of light, are forced to change direction under the action of a magnetic field.
The electromagnetic radiation is emitted in a narrow cone in the forward
direction, at a tangent to the particle’s orbit. Synchrotron light is unique in
its intensity and brilliance and it can be generated across the range of the
electromagnetic spectrum; from infra-red to x-rays. Applications that make
use of synchrotron radiation include x-ray absorption spectroscopy, powder
diffraction, protein crystallography, lithography for integrated circuits and
protein folding experiments.

At Daresbury SRS there is a dedicated CD set-up for the measurement of
vacuum-ultraviolet CD on biological materials such as proteins and carbohy-
drates. This chapter describes the CD station 12 set-up at Daresbury SRS
and compares the CD data obtained from a Hamamatsu Si array photodiode

and from the semi-metal 45GaN array photodiode detector characterised in
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the previous chapter. Also described in this chapter is the fabrication and
characterisation of chemical vapour deposition (CVD) single crystal diamond

detectors for use as an in-situ synchrotron beam position monitor (BPM).

8.2 CD at Daresbury Station 12

Station 12 Set-up

The SRS at Daresbury is a 2 GeV electron storage ring, operated solely for
the provision of synchrotron radiation for multiple simultaneous user exper-
iments. It routinely operates at high circulating currents (150-250 mA) and
long lifetimes (> 24 hours), typically providing 4500 hours per year of user
beam time with high stability and reproducibility.

Sample _ LiF window Acoustic ‘
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a, : beffles " / grating
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Figure 8.1: Layout of the CD12 beamline showing the major components

CD measurements are typically made on general-purpose vacuum ultra-
violet (VUV) spectroscopy beamlines not optimised for the specific require-
ments of CD. However beamline station 12 at Daresbury SRS, known as

“CD12”, has been designed for the optimal performance for CD measure-
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ments in the wavelength range from 120 nm to 1000 nm. CD12 was com-
missioned in 2003 and initial characterisation showed the high photon flux,
linearity, good spatial resolution and low stray light properties of the beam-
line [155]. The general layout and components of CD12 are shown in Figure
8.1.

The main components of the front end are the water cooled beam ab-
sorber, defining apertures, two vacuum valves and a motorised scanning
tungsten vane monitor for measurement of the beam position. The aper-
tures accept almost all of the UV radiation from the bending magnet. Beam
baffles are used to minimise the stray light component incident on the detec-
tor and to allow control of the part of the beam that is selected in order to
optimise the polarisation characteristics.

The monochromator has the facility to hold up to three diffraction grat-
ings or mirrors simultaneously however only one grating element is currently
installed. This is a toroidal diffraction grating designed for peak output at
200 nm. The grating radii were chosen to give vertical focusing at the exit slit
(7.8 metres from the monochromator) and horizontal focusing at the sample
(0.2 metres from the exit slit), at a wavelength of 200 nm. This configuration
results in a horizontal beam size of approximately 5 mm at the sample. The
beam size at the sample position does not significantly change throughout
the wavelength range of 180 nm to 280 nm used for CD spectroscopy.

The exit slit width is manually adjustable from zero to 10 mm. The
sample environment consists of an optical table placed at the end of the
beamline, after the lithium fluoride exit window. For CD spectroscopy the
photoelastic modulator (PEM) is located in a light tight nitrogen purged
chamber mounted on the optical table. The sample stage, where the protein

is located, is housed in a second nitrogen purged chamber. Nitrogen is used
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in order to purge oxygen molecules that absorb the VUV light.

The semiconductor array detector, which is plugged into the 16-pix sys-
tem, is positioned as close as physically possible to the end of the sample
chamber. The 16-pix read-out system has already been described in Chapter
7. Pre-acquisition settings such as the number of superaverages taken and
the DC level multiplier could be modified using the C-Vision software on
the PC. During an acquisition the C-Vision software can display the ACy;gp,
ACj,, and DC signals of all 16 channels. From these values the measured

CD signal could be evaluated.

8.2.1 CD Results

In order to check that the set-up was working as expected a calibration CD
spectrum of 10 mg ml~! camphorsulphonic acid (CSA) [156] was obtained
using a sixteen pixel silicon photodiode array. The Si photodiode array was
based on Hamamatsu’s S411 UV photodiode series with a UV response down
to at least 200 nm and a sensitive area of 1.3 mm? per pixel. The pitch of
each individual pixel was 1 mm. CSA is commonly used as a calibration
standard for CD instruments because of its CD minima at 192.5 nm and
maxima at 290.5 nm (see Figure 8.2)[156] . The value reported for the ratio
of the two bands varies between 2 and 2.2 with the general consensus being
around 2.1 [157].

Figure 8.3 shows the DC signal versus wavelength response of CSA ob-
tained using the Si photodiode array. Scans were performed in 1 nm steps
starting at 320 nm and ending at 180 nm. The slit width was opened to its
maximum in order to get as much light as possible incident on the detector.

Figure 8.4 shows the ACy;g,-AC,, versus wavelengths response of CSA
obtained from the Si photodiode array. It is this AC signal that determines
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Figure 8.2: Typical CSA CD spectrum. This spectrum was taken using a photo-

multiplier tube to detect the signal (standard CD measurement technique).
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Figure 8.3: CSA static CD spectrum taken using channels 7, 8 and 9 of the Si

photodiode
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Figure 8.4: CSA static AChigh-ACiow spectrum taken using channels 7, 8 and 9 of
the Si photodiode

spectra of CSA shows a maximum at approximately 290 nm and a minimum
at approximately 200 nm. This minimum occurs at a longer wavelength than
expected however due to time constraints it was not possible to examine the
origin of this artefact. The ratio of the maxima and minima is approximately
2.2 for channel 7, 2.1 for channel 8 and 2.1 for channel 9. These values are
in good agreement with the accepted ratio of 2.1.

Figure 8.5 shows the CD spectrum of CSA obtained from the Si photodi-
ode array. The CD signal is calculated by dividing the ACy;gn-ACjp, signal
by the DC signal (see Equation 7.2). The CD spectrum exhibits the maxima
at 290 nm however no minima is observed at 192 nm. This can be explained
by strong absorption of short wavelength light (< 200 nm) by both the CSA
sample and more significantly by oxygen present between the exit slit and the

detector. As mentioned earlier the detector is positioned as close as possible
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Figure 8.5: CD spectrum of CSA taken using channels 7, 8 and 9 of the Si photo-
diode

to the exit slit however air exists in this gap region. The presence of resid-
ual oxygen strongly absorbs UV light, dramatically reducing the intensity.
Therefore it can be said that this CD spectrum is only reliable down to a
wavelength of 200 nm.

Due to time limitations, (there was less than one full day of beamtime
available) it was only possible to investigate the CSA CD data of one GaN
array detector. It was decided that the semi-metal 45GaN device should be
used since at 0 V, the MSM diodes of this detector exhibited the largest
photoresponse between 180 and 240 nm compared to the other GaN array
devices. Figure 8.6 shows the DC signal versus wavelength spectrum of CSA
obtained from two channels of the semi-metal 45GaN array detector. The
spectrum is extremely unusual and totally unexpected in that the photore-
sponse increases with increasing wavelength. Repeat scans from 320 nm to

180 nm were made and similar spectra were observed. It could be that the
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Figure 8.6: CSA static CD spectrum taken using channels 2 and 8 of the semi-
metal 45GaN array device

observed spectrum is a result of the slow de-trapping of photo-generated
charge carriers. When setting the starting wavelength of the scan (i.e. at
320 nm) there is backsplash of the monochromator (i.e. the monochromator
overshoots the desired wavelength). It is possible that the backsplash was so
large that for a short time the grating was positioned such that 365 nm light
was incident on the 45GaN array detector. As discussed in Chapter 7, at 365
nm, the MSM GalN detectors exhibited an extremely large photoresponse,
several orders of magnitude greater than at 320 nm. If when starting a wave-
length scan at 320 nm there already exists a large number of photo-generated
carriers which are trapped in defect states, these carriers may slowly de-trap
and lead to the spectrum exhibited in Figure 8.6.

The AChign-ACi4, versus wavelength spectrum of CSA obtained from two
channels of the semi-metal 45GaN array detector did not exhibit the expected
maxima at 290 nm and minima at 192 nm (see Figure 8.7). Figure 8.8 shows

the CD spectrum of CSA obtained from channels 2 and 3 of the semi-metal

237



8.2 CD at Daresbury Station 12

30+ ——45GaN Channel 2
——45GaN Channel 3

20

10+

04

I v

=30

AChigh -AC_, (ADC counts)

-40 T T T T T T T T 1
160 180 200 220 240 260 280 300 320 340

Wavelength (nm)

Figure 8.7: CSA static AChign-ACioy spectrum taken using channels 2 and 3 of

the semi-metal 45GaN array device

45GaN array detector. Both figures 8.7 and 8.8 are included for completeness
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Figure 8.8: CSA static CD spectrum taken using channels 2 and 3 of the semi-
metal 45GaN array device

and serve to show that the semi-metal 45GalN device does not resolve the

CD features expected of CSA.

It can be concluded that poor material quality, hampered by priming,
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is to blame for the failure of the semi-metal 45GaN device exhibiting a CD
spectrum that is characteristic of CSA. As priming was also observed in
the other MSM GaN array detectors it is likely that they would have also
exhibited similar CD CSA spectra as that of the semi-metal 45GaN detector.

8.3 CVD Diamond for Beam Monitoring

For the past decade diamond has been of interest to physicists across the
globe. Its large band gap (E;, = 5.5 €V), large displacement energy and
high charge carrier mobility (see Table 4.2) compared to Si have caught the
attention of particle physicists who seek a detector material able to withstand
high radiation environments [158].

Diamond has also been investigated for use as a permanent in-line x-ray
beam position monitor (BPM) in the energy range 4 keV to 25 keV. Third
generation synchrotron x-ray beams may presently be focussed to < 1 um
and devices with similar spatial precision are required to monitor the beam
position or provide real-time information for position control. Conventional
BPMs based on semiconductor photodetectors, mainly Si, typically involve
the complete complete absorption of incoming radiation. To make in-line de-
vices for measuring the beam characteristics without significant attenuation
of the x-ray flux, a detector material with a low absorption cross-section is
desirable. Hence for the x-ray energy range of 4 keV to 25 keV a low atomic
number semiconductor, such as diamond, is required. Figure 8.9 graphically
shows the advantage of using diamond instead of silicon as the detection
medium for an in-line low-energy x-ray BPM.

The first studies of diamond as a semi-transparent BPM were performed

using polycrystalline CVD diamond [159]. A 20 pum thick polycrystalline
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Figure 8.9: Plot comparing the thickness for 5% absorption versus x-ray energy

between diamond and silicon

diamond layer was grown on top of a silicon wafer. A circular hole was back-
etched in the silicon and 50 nm thick Au contacts evaporated onto both sides
of the material. The electrical contact on one side of the membrane was di-
vided into four sections separated by a narrow gap resulting in four quadrant
beam position monitors. The promising initial results led to further studies
of polycrystalline CVD diamond as a BPM (a review may be found in [160])
and commercial devices have been made available [161]. However, one inher-
ent drawback of these BPMs is that the material is polycrystalline, with grain
sizes typically of the order of 10-20% of the deposited material thickness. Re-
gions of degraded charge transport and carrier lifetime properties have been
observed within these grain boundaries and result in non-uniformity of the
detector x-ray response [162]. This non-uniformity of the soft x-ray response
limits the performance of the BPM and as a consequence there has been sub-
stantial research into growing single crystal CVD diamond. The improved

electrical properties of single crystal diamond compared to polycrystalline
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material were first reported by Isberg et al. [163]. Experimentally deter-
mined room temperature values of 4500 and 3800 cm?/Vs were obtained for
the electron and hole mobility respectively. This section describes the I-V,
CCE and X-ray response characteristics of a single crystal diamond detector
made for potential use as a semi-transparent BPM. The device fabrication,
[-V and CCE measurements were performed at the University of Glasgow
while the x-ray response measurements were done at the ESRF synchrotron

in Grenoble.

8.3.1 Device Fabrication

The single crystal diamond sample was grown by Element Six, Ascot, UK
[164]. The charge transport properties of this material were investigated
using the transient current technique (TCT) [165] and have been reported
in [166]. At room temperature and at an applied field of 0.8 V/um drift
velocities of 5.6x10° cm/s and 7.5x10% cm/s were obtained for electrons and
holes respectively. The saturation velocity obtained for electrons was 9.6x10°
cm/s and for holes was 14.1x10% cm/s. The measured electron and hole
lifetimes were tens of nanoseconds and constituted a dramatic improvement
over charge carrier lifetimes in high quality polycrystalline material (2-3 times
larger in single crystal material than polycrystal material) [167].

First, the 3.5 by 3.5 mm diamond sample (thickness 333 um) was cleaned
using acetone, IPA and rinsed in RO water. A further sulphuric acid /hydrogen
peroxide clean ensured that the diamond surface was free of any contamina-
tion. Both sides of the sample were then given an oxygen plasma treatment
in order to terminate any free dangling bonds at the surface. A metal multi-
layer of 10 nm/30 nm/ 130 nm Ti/Pd/Au was evaporated onto one side of

the diamond sample and the sample was subsequently annealed in vacuum
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Figure 8.10: Optical image of the front contact of the diamond sample

at 650°C for 10 minutes to form a carbide-diamond interface. The front side
electrode was processed in two stages utilising photolithographic techniques,
(see Chapter 2), to obtain a 10 nm/30 nm/ 130 nm Ni/Pd/Au contact with
a thinned central contact area of diameter 0.8 mm of 5 nm/ 5 nm Ni/Au.
The fabrication resulted in a Schottky-Ni-Ohmic TiC contact configuration
and enabled the device to be operated as a solid state ionisation chamber.
Figure 8.10 shows an optical image of the front side electrode on the dia-
mond sample. The diamond was mounted onto a miniature circuit board to
enable subsequent I-V and CCE measurements at Glasgow and sub-micron

scanning measurements in the beam of the ESRF-ID21 x-ray microscope.

8.3.2 Results

Figure 8.11 shows the leakage current characteristics of the diamond detec-
tor. The leakage current between the front and rear electrode contacts was
less than 10 pA for an applied field of 0.6 V/um and showed no obvious

dependence on polarity. CCE measurements were also performed using 5.48
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Figure 8.11: Leakage current of the diamond sample

MeV alpha particles emanating from an ?'Am source. The experimental
set-up and calibration has been described in Chapter 4. The device showed
excellent charge collection properties for bias voltages between -50 V and -

300 V (see Figure 8.12). A further lower energy peak was also observed and
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Figure 8.12: Alpha spectrum response of the diamond detector at various bias

voltages
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is thought be due to charge collected by the guard ring. Similar spectra,
with one main peak and one lower energy peak, were obtained using 2 MeV
« particles [168].

The preliminary tests served to establish the low leakage current and
high charge collection efficiency properties of the diamond device. X-ray
response tests were then carried out at the ID21 x-ray Microscopy beamline
at ESRF by raster scanning the diamond sample in a submicron (0.4 x 0.12
pm? FWHM), monochromatic 7.2 keV x-ray beam at a nominal intensity
of ~ 5x107 photons/sec. A schematic diagram of the ESRF ID21 X-Ray
Microscopy beamline is shown in Figure 8.13 [169]. Figure 8.14 shows the
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Figure 8.13: The ESRF ID21 X-Ray Microscopy beamline

[-V response measured with the diamond sample in the x-ray beam. The
device shows a highly asymmetric [-V response, much in contrast to the dark
[-V characteristics. With a negative bias applied to the Ti rear contact and
at a field of > 0.1 V/um the device shows a saturated current response.
For forward, positive bias, the measured current exceeded the negative bias

plateau value by a factor of ~ 4 at a field of 0.1 V/um. This is believed to
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Figure 8.14: I-V curve of the Ni-TiC contacted diamond sample measured in the

unfocussed 100 pm x-ray beam

be result from photoconductive current gain since a similar current gain with
bias behaviour was see in a device fabricated on the same diamond material
with annealed Ti contacts on both sides [18].

Figure 8.15 shows the x-ray induced current map of the diamond sample
scanned in a 100 gm pin-hole collimated beam. Measurements were per-
formed with a bias of -100 V applied to the carbided Ti rear contact. The
2 mm square front electrode contact and the central 0.8 mm diameter area
where the contact is only 10 nm thick both showed a uniform response. A
standard deviation in the diamond photocurrent of 0.18% was measured for
225 points at 12.5 pum steps with the sub-micron focussed beam. Signal re-
sponse for the area under the thin electrode was 8.3 +/- 0.9% higher than
that of the surrounding thick electrode area, in agreement with the calculated
x-ray beam absorption occurring in these metal layers of these electrode re-
gions of 7.7% and 0.27% respectively. The high area response (yellow/green

region) of diameter ~ 0.5 mm seen directly centred under the wire bond
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Figure 8.15: Photocurrent map of diamond sample at an applied bias of - 100 V.
The image is normalised by a simultaneous map made of the incident z-ray beam

mntensity

that was made to contact the front electrode gave a peak signal value of 10.5
nA, which was ~ 3.5 times greater than that for the surrounding uniform
area. The explanation of this is unknown but the interface to the diamond
underneath the wire bond had presumably been disrupted by the mechanical
impact of the wire bonding process to this blocking contact. High current
response points are also seen along the edges of the contact area. These
contact edge hot spots show decay comet tails (the x-direction scan rate was
100 pm/s) but this was not the case for the excess current region under the
wire bond.

Single crystal CVD diamond plates have been shown to have the uniform
spatial response necessary for the monitoring of micron and sub-micron X-
ray beams. The next step was to fabricate and test diamond BPMs with
multi-electrode geometries. Several multi-electrode detector designs were

drawn using the L-Edit CAD package and subsequently written onto 2.5
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8.3 CVD Diamond for Beam Monitoring

Figure 8.16: Exported L-Edit image of the various designs patterned onto a 2.5

inch mask plate

inch square mask plates. There were nine different designs in all, ranging
from a simple quadrant structure to complex multi ring electrode structures
and multi-strip patterns. Guard rings are included in all the designs and each
design fits into a diamond sample of dimension 3.5 mm by 3.5 mm. Figures
8.16 and 8.17 show images exported from the L-Edit package of the motifs
patterned onto the two masks.

For each design there is a thin metal and corresponding thick metal mo-
tif. Copies of these two masks have been made and sent to collaborators in
Germany and the United States of America. Using these masks parallel pro-
cessing of more single crystal diamond samples grown by Element Six into
radiation detectors is underway both in Germany, the USA and at the Uni-
versity of Glasgow. When these devices are fabricated, x-ray measurements

will be performed at the ESRF and the suitability of single crystal diamond
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Figure 8.17: Exported L-Edit image of the various designs patterned onto a second
2.5 inch mask plate

as an in-situ x-ray beam position monitor will be established.

8.4 Summary and Conclusions

In this chapter the CD spectrum of camphorsulphonic acid (CSA) was mea-
sured using the semi-metal 45GaN photodetector array. The observed CD
spectrum was not that of the expected CD spectrum of CSA. This is at-
tributed to the poor quality of the 45GaN material, evident through the
observed priming of the device. The synchrotron results show that semi-
insulating GaN grown on a conductive buffer layer is not a suitable material
for energy dispersive circular dichroism measurements. However if high qual-
ity, semi-insulating GaN with a low defect density were available then it could

outperform silicon as an UV light detector.
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8.4 Summary and Conclusions

Single crystal diamond was also assessed for its suitability as an in-situ
soft x-ray semi-transparent beam position monitor. The fabricated detector
exhibited low leakage currents up to an applied field of 0.6 V/um and ~ 100%
CCE at an applied reverse bias of 50 V. X-Ray measurements at the ESRF
showed the excellent uniform response of the diamond device. The initial
results indicate that single crystal diamond shows great promise as an in-
situ semi-transparent position beam monitor. Further single crystal diamond
soft x-ray detectors will be fabricated and characterised in the coming months

however this work is outwith the scope of this thesis.
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Chapter 9

Conclusions and Summary

The work in this thesis centred upon on evaluating GaN as a radiation hard
particle detector and as an ultra-violet light detector. Single crystal diamond
was also studied for use as an in situ soft X-ray beam position monitor.
Samples from three semi-insulating epitaxial GaN wafers were irradiated
with protons and neutrons to anticipated SLHC fluences. Two of these wafers
had an epitaxial thickness of 2.5 ym while the third had an epitaxial thickness
of 12 ym. The effects of the various irradiations on the macroscopic properties
of the GaN detectors were assessed via current-voltage, capacitance-voltage
and charge collection efficiency measurements. All three 36GaN, 45GaN and
12GaN unirradiated detectors exhibited low leakage currents and maximum
charge collection efficiencies of 70%, 97% and 54% respectively. The 36GaN,
45GaN and 12GaN detectors irradiated with protons and neutrons to 104
particles cm~? all had similar leakage currents to the corresponding unirradi-
ated detectors. However the detectors irradiated to higher fluences exhibited
leakage currents significantly smaller than the unirradiated detectors. Indeed,
for all three GaN materials, the leakage currents of the detectors irradiated

to the highest fluences (10 particles cm~2) were several orders of magnitude
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smaller than the unirradiated devices. This unusual leakage current with ir-
radiating fluence dependence has also been observed for other wide band gap
semiconductors, namely SiC and diamond. The irradiated devices showed a
substantial drop in charge collection efficiency with increasing fluence. Af-
ter irradiation to 10'® pcm™2 the 36GaN, 45GaN and 12GaN detectors had
maximum charge collection efficiencies of 12%, 17% and 26% respectively.
Additionally, these values were obtained at significantly higher bias voltages
than the those for the unirradiated devices.

Samples from the 36GaN, 45GaN and 12GaN wafers were also dry etched
in an inductively coupled plasma machine for the purpose of defining ohmic
contacts to the n-GaN buffer layer and improving the detector geometry.
From the current-voltage and capacitance-voltage characteristics of the etched
devices the ideality factor, Schottky barrier height and carrier concentration
were extracted. The carrier concentration of the 36GaN material was found
to be 1.33x10% cm~3 while the ideality factor and Schottky barrier height
of the Pd-GaN contact was found to be 0.41 and 1.78 eV respectively. An
ideality factor of 0.94, a Schottky barrier height of 1.06 ¢V and a carrier con-

3 was evaluated for the 45GaN device. Previous

centration of 1.8x10'° cm™
SI GaN wafers grown by Tokushima have had similar carrier concentrations
as the 36GaN and 45GaN material studied here. The parallel plate capacitor
geometry of the etched devices resulted in an increase in charge collection
efficiency compared to the unetched devices. This is attributed to better def-
inition of the electric field within the etched devices resulting in significantly
improved charge transport.

Attempts were made at understanding and identifying the microscopic

as-grown and radiation-induced defects that determine the macroscopic char-

acteristics of the GaN detectors. The microscopic properties of unirradiated
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and irradiated SI GaN detectors were evaluated using photoluminescence
(PL), contact photoconductivity (CPC) and thermally stimulated current
(TSC) techniques. Photoluminescence spectroscopy of all the unirradiated
and irradiated GaN devices revealed the yellow, blue, ultra-violet and violet
bands typical of unintentionally doped SI GaN. The PL intensity of all four
bands decreased with increasing irradiation fluence indicating an increase in
non-radiative recombination. For all irradiated GaN detectors the yellow
band had the most dramatic reduction in PL intensity. The origin of the YB
peak is a deep acceptor level ~ 0.86 eV from the edge of the valence band.
It is most likely that this deep level is an important non-radiative recombi-
nation centre after hadron irradiation to SLHC fluences and is responsible
for the drastic reduction in both leakage current and CCE of the irradiated
GaN detectors. CPC measurements of the irradiated GaN detectors revealed
two decay processes of the induced photo-current; a non-exponential region
ascribed to fast carrier recombination and an asymptotic region ascribed to
excess carrier trapping. The CPC measurements revealed an increase in non-
radiative recombination with increasing fluence, corroborating the findings
of the PL spectroscopy measurements. The irradiation of the GaN detectors
also resulted in more disorder of the SI GaN material, enhancing the carrier
decay rate which was observed by the shortened asymptotic lifetime. TSC
measurements of the GaN detectors revealed several competing complicated
transport mechanisms. The TSC curve of the unirradiated GaN detector
was not due to thermal carrier generation but by mobility variation. Ther-
mal activation energies of 0.16-0.2, 0.27-0.32, 0.36-0.45 and 0.73-0.74 eV were
extracted from neutron irradiated 45GaN detectors.

Combining the findings of Chapters 4, 5 and 6 it can be said that the
GaN material studied in this thesis is not suitable for the anticipated SLHC
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environment. Indeed several issues must be addressed before GaN can se-
riously be considered for radiation hard applications. The primary issue is
the lack of availability of high quality thick semi-insulating GaN epilayers.
The purest GaN material is grown by the MOCVD method however it is not
economically viable to grow thick epitaxial layers using this method because
of its inherently slow growth rate. Recently free-standing conductive bulk
GaN wafers have been grown by hydride vapour phase epitaxy (HVPE). This
HVPE technique has the advantage of fast growth rates (150 pm/hr) however
the quality of the GaN material has not been fully assessed.

A second issue that must be addressed is material quality. In the past
decade the point and dislocation defect densities of epitaxial GaN films have
been reduced however further reductions are necessary for GaN to be suitable
as a radiation hard detector medium.

Finally, the results of Chapter 4 showed that by employing the planar
electrode structure typical of radiation detectors, the charge collection prop-
erties of the GaN device improved. This ultimately means that if epitaxial
GaN material is to be used as the detection material then a suitable conduc-
tive substrate is required on which the epitaxial GaN can be grown. This
conductive substrate must have similar thermal expansion coefficients and
lattice constants as GaN in order to minimise the lattice mismatch. Si, on
account of its low cost and high availability, is currently being investigated
as a possible substrate material however the mismatch between it and GaN
is very high. One approach could be to grow the high quality epitaxial layer
onto a free-standing conductive GaN wafer grown by HPVE.

Chapters 7 and 8 evaluated GaN as a position sensitive MSM UV light
detector for the measurement of Circular Dichroism. The aim was to pro-

duce a 46 channel diode array detector on GaN capable of recording the
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CD spectrum of a protein. First the optimal material, MSM diode geome-
try and metalisation contact scheme had to be established. Laborious, time
consuming work was spent developing e-beam lithography and photolithog-
raphy processes for the fabrication of MSM photodiodes on four GaN wafers
and one AlGaN wafer. Two MSM diode geometries were investigated; one
with a finger separation/width of 5 ym and a second with a finger sepa-
ration/width of 10 pm. It was found that 10 pm design MSM detectors
exhibited larger photocurrents than the 5 um design detectors and that for
a number of devices a photo-peak was present at 365 nm. Both these results
were unexpected and are attributed to the influence of the conductive buffer
layer on the photo-generated charge carriers and also to percolation charge
paths within the SI GaN material. At 0 V the 10 um design 45GaN, 36GaN,
12GaN and Emcore GaN devices exhibited responsivities of 0.44, 0.46, 0.01
and 0.95 mA/W respectively. Responsivities of 177, 414 and 436 mA/W
were measured for the 45GaN, 36GaN and 12GaN devices at applied biases
of -6 V. The results indicated that the 46 channel diode array should be fabri-
cated on the Emcore GaN if the device is to be operated unbiased and on the
12GaN if the device was to be operated under bias. Due to a lack of available
material however, it was not possible to fabricate the array detector on either
of these materials. A 46 channel diode array detector was fabricated on the
45GaN material with each MSM diode having a finger separation/width of
10 pm. Photoresponse tests using the 16-pix set-up at RAL showed that the
channels of the array detector exhibited substantial priming. This priming
is attributed to photo-generated carriers filling defect traps in the SI 45GaN
material therefore increasing the photoconductivity of the device.

The photoresponse of the MSM devices was increased by adopting two

strategies. The first was to increase the active area of the device by increasing
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both the number of fingers and the finger length while the second was to use
semi-transparent contacts instead of full-metal contacts. These new MSM
diode designs increased the active area of the device by ten and twenty times
respectively. Four and Eight channel diode arrays were realised on both
the 36GaN and 45GaN materials and the devices characterised via current-
voltage and spectral response measurements. As expected the larger active
areas of the full-metal and semi-metal detectors compared to the original
MSM diode devices resulted in an increase in photocurrent. At an applied
bias of 0 V, the semi-metal 45GaN detector exhibited the largest responsivity
(18 mA/W) of all devices.

In Chapter 8 the CD spectrum of camphorsulphonic acid (CSA) was mea-
sured using the semi-metal 45GaN photodiode array detector and compared
to the spectrum obtained with a Hamamastu Si photodiode. The typical
CSA CD spectrum of a minimum at 192.5 nm and a maximum at 290.5 nm
was not recorded by the semi-metal 45GaN device. This is attributed to the
priming of the device which leads to unstable photocurrents (device takes
over 120 seconds to reach equilibrium). In short, the synchrotron results
showed that semi-insulating GaN grown on a conductive substrate is not a
suitable material for energy dispersive circular dichroism measurements.

MSM detectors realised on SI GaN grown on AIN have shown high re-
sponsivities, large UV /visible contrasts and perhaps more importantly no
evidence of priming [170]. This material is eminently appropriate for the
realisation of a position sensitive 46 channel diode array detector on GaN.
These findings show that the concept of a GaN visible/blind position sen-
sitive UV detector is valid, however the GaN material studied in this work
is not suitable. For deep UV applications, AlGaN is preferable to GaN due

to its shorter cut-off wavelength. In recent years there have been rapid ad-
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vancements in AlGaN material quality and device processing [171]. If this
trend continues AlGaN is likely to be the preferred medium for UV and deep
UV detection.

Single crystal diamond was also assessed for its suitability as an in-situ
soft x-ray semi-transparent beam position monitor. The fabricated detector
exhibited low leakage currents up to an applied field of 0.6 V/um and ~
100% CCE at an applied reverse bias of 50 V. X-Ray measurements at the
ESRF showed the excellent uniform response over the full area of the diamond
device. These preliminary investigations indicate that single crystal diamond
shows great promise as an in-situ semi-transparent position beam monitor.
Further single crystal diamond soft x-ray detectors will be fabricated and
characterised in the coming months. The grand ambition is to produce a
semi-transparent soft x-ray beam position monitor on 50 pum thick single

crystal diamond.
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