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SUMMARY

Recent advances in growth techniques have lead to the production of high quality GaN and
this has played a vital role in the improvement of GaN based devices. A number of device
types can be produced from GaN. Spectrally selective devices can be produced by creating
ternary or quaternary material systems by partially substituting either Al or In for Ga in GaN.
This allows a wide spectral range that can be achieved ranging from the visible to the
ultraviolet. The applications of detectors based on these material systems are vast and include

areas such as biological, military, environmental, industrial and scientific spheres.

In front illuminated Schottky barrier photodetectors, two major factors influencing the
sensitivity of the device are the reverse leakage current and the transparency of the Schottky
contact. In order to reduce the reverse current of semiconductor based devices, increase the
barrier height, and enhance the adhesion of a metal on a semiconductor it is important to
subject the contact to annealing. Annealing studies have been performed on AlGaN based

photodiodes to investigate the evolution of the optical and electrical properties.

In this study, the electrical and optical characteristics of AlGaN based Ni/Au and Ni/lr/Au

Schottky photodiodes were investigated. The electrical properties of the photodiodes were



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02@*

optimised by annealing in an Ar ambient. An increase in the Schottky barrier height and a
decrease in the reverse leakage current were observed with increasing annealing temperature
up to 500 °C. This effect was observed for both the Ni/Au and Ni/Ir/Au photodiodes.

The optical characteristics of the photodiodes, which include the responsivity and the
quantum efficiency, were also investigated. UV/visible rejection ratios of as high as 10> were
obtained. The transmittance of Ni/Au and Ni/lr/Au metal layers deposited on a quartz
substrate were optimised by annealing. This was under the same ambient conditions as the
Schottky photodiode. The transmittance increased with annealing temperature for the Ni/Au
metal layer whereas it decreased at higher temperatures for the Ni/lr/Au layer. The
transmittance of the Ni/Au metal layer reached as high as 85 % after 500 °C annealing. The
transmittance of the Ni/Ir/Au only reached a high of 41 % after 400 °C annealing.
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CHAPTER 1

INTRODUCTION

The development of ultraviolet detection research started gaining momentum when the
ultraviolet segment of the electromagnetic spectrum began receiving attention. Specifically,
the so called “solar blind” region of the UV spectrum is technologically important, as the
atmosphere completely filters out this portion of the UV spectrum coming from the sun. This
opens a field of research on the various applications for very sensitive short range detection
of UV radiation in broad daylight. These include detection of corona discharges in power
lines, fire detection systems and missile plume detection. These applications have lead to the
development of filters, detectors, light sources and other related devices [1]. Ultraviolet
detectors generally fall into two categories namely photodetectors and thermal detectors. In
photodetectors an electrical signal is generated directly due to the absorption of radiation.
These kinds of detectors tend to be highly spectrally selective. Thermal detectors depend on
the thermo-electric properties of a material being heated by the incident radiation [2]. In this

study photodetectors were investigated.

There are a number of materials which have been identified as important semiconductors for
photon detector fabrication. These include SiC, GaN, Si, GaAs, GaP and diamond. The I1I-V
nitrides are top contenders for photon detection materials due to the fact that they have good
thermal conductivity, chemical inertness, and high thermal stability [1]. This means that
photodetectors made from Il1-V nitrides can be operated under harsh conditions and still

maintain their functionality.

Solar blind ultraviolet applications require detectors that respond to ultraviolet radiation, but
not to sunlight. Traditionally, filters have been used to block visible light. Another approach
is to use the fact that semiconductors, in the ideal case, do not absorb photons with an energy
lower than their bandgap. Therefore, detectors made on wide bandgap semiconductors can be
made spectrally selective, so that they do not respond to radiation with a wavelength longer
than their cutoff wavelength. Wide bandgap photodetectors are preferred over other

semiconductor based photodiodes such as Si due to the fact that they do not require bulky,
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inefficient and expensive filters to block the visible range of the sun. Also, these

photodetectors are highly spectrally selective.

There has been a keen interest in aluminium gallium nitride (AlGa;xN) as a UV detector
material since, including the above characteristics of I11-V nitrides, it is a wide bandgap
semiconductor. Its bandgap can be varied between 3.4 eV and 6.2 eV. This variation in the
bandgap corresponds to a spectral range of 365 to 200 nm and is achieved by varying the
aluminium fraction, x. The spectral range can be extended by introducing InN to form a
quaternary alloy namely indium aluminium gallium nitride (InyAlyGaixyN). InN has a
bandgap of 1.9 eV which corresponds to a wavelength of 653 nm [3]. This means that
InAlGaN based devices can have a range from the ultraviolet right up to the visible spectrum.

Lee et al. fabricated a photodetector demonstrating the use of the InAlGaN material system

[4].

There are a number of applications which photodetectors can be used for. These include
space-to-space communication, solar UV radiation monitoring, chemical sensing, flame
detection, and missile plume detection [5]. A solar blind detector is especially required for the
last three applications. A solar blind detector by definition is a detector which is insensitive to
wavelengths that are greater than 285 nm. Due to absorption in the earth’s atmosphere, there
are few photons from the sun which are less than 285 nm which are able to reach the earth,

therefore these detectors do not respond to sunlight [2].

In order to improve the electrical properties of photodiodes, the reverse leakage current has to
be decreased and the Schottky barrier height increased. One method of doing this is
subjecting the photodiode to annealing. Kim et al. used it as a method for passivating the
metal/AlGaN interface [6]. Annealing studies have been done by Miura et al. using different
metal systems. They investigated these metals for the fabrication of high electron mobility
transistors [7]. Chang et al. carried out annealing analysis of metal-semiconductor-metal
(MSM) photodetectors [8].

The objective of this study is to add to the knowledge about the evolution of the electrical and
optical properties of AlGaN based Schottky photodiodes with annealing. This included
investigating both the Ni/Au and Ni/lr/Au metal systems. In choosing AlGaN, we aimed to
produce a photodetector which has a high spectral selectivity, low noise, and high quantum

efficiency. These are characteristics of a good photodetector.
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Chapter 2 gives the theoretical background of the semiconductor and the types of
characterisation techniques of the metal-semiconductor contact. Section 2.1 is an introduction
to the chapter and section 2.2 explains the crystal structure, optical properties and the growth
technique of the semiconductor. Section 2.3 describes the properties of the metal-

semiconductor contact. These include both the optical and electrical properties.

In chapter 3, the experimental techniques are explained. Section 3.1 consists of a brief
introduction to the chapter. Section 3.2 gives the details of the sample preparation, while
section 3.3 explains how the electron beam and resistive evaporation systems were employed
to deposit metals on the AlGaN wafers. Section 3.4 is about the procedures used for
annealing the samples. Section 3.5 concludes the chapter by describing the characterisation

techniques used. Both electrical and optical techniques are described.

Chapter 4 presents the evolution of the electrical and optical characteristics with thermal
annealing of a Ni (50 A)/ (50 A) Au Schottky photodiode. Chapter 5 gives a comparison of
the electrical and optical characteristics measured for Ni (20 A)/ Au (50 A) and Ni (20 A)/ Ir
(30 A)/ Au (50 A) Schottky photodiodes after annealing at different temperatures. Chapter 6

gives a summary and conclusion of the obtained results.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 INTRODUCTION

In this chapter the theory relating to the study of materials used and devices fabricated is
explained. Section 2.2 looks at the semiconductor used in the study. The properties of
aluminium gallium nitride (Al Ga;xN) are discussed. These include the structural and optical
properties. The growth of the material is also discussed. In section 2.3 the metal
semiconductor contact is discussed. The energy bands, transport mechanism and electrical
properties resulting from the formation of such contacts are described. At the very end of the

chapter the properties of a Schottky photodiode are discussed.

2.2 SEMICONDUTOR
2.2.1 Crystal structure

Aluminium gallium nitride (often also written as AlyGa;.xN) is a ternary semiconductor that is
formed by substituting a proportion of Ga atoms in gallium nitride (GaN) with Al. This
makes it a useful semiconductor for fabricating devices such as UV detectors, lasers and
LEDs as its bandgap can be varied from 3.44 to 6.2 eV [1]. It can be seen as being formed
from two binary compounds namely aluminium nitride (AIN) and GaN. These are group Il1
nitrides that crystallize in either the hexagonal wurtzite or the cubic zincblende crystal
structure [2]. The material used in this study has a wurtzite crystal structure as shown in
Fig.1. According to Vegard’s law the lattice parameters of GaN and AIN will change linearly
with increasing Al content. The distances between the Ga-N and AI-N bonds vary slightly
thus implying that the variations in bond lengths between ions in AlGaN are probably

preserved by bond angle distortions [3].
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Fig. 1 The hexagonal wurzite structure of AlGaN (dark spheres = Gallium/
Aluminium, light spheres = Nitrogen) [4].

AlGaN is a direct bandgap semiconductor and its optical bandgap is dependent on the
composition of the Al as shown in Fig. 2. The relationship between AIN and GaN ratios and
bandgap is written in the form:

Egugan(x) = Egean (1 —x) + Egqyy x — b*x*(1 — x) (2.1)

where E. is the optical bandgap, x the AIN molar fraction and b the bowing factor. The
bowing factor is a parameter that shows the extent of the nonlinearity of the relationship
between the energy bandgap and the molar fraction. The bowing can either be upwards or
downwards depending on the system characteristics. When b is positive there is upward
bowing and when it is negative, downward bowing [5]. Indium nitride (InN) is a binary
compound can be combined with GaN to form indium gallium nitride (InGaN). This
increases the range with which GaN based devices can operate as InN has a bandgap energy

of 1.9 eV. Various other properties of AIN and GaN are written in Table 1 below.
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Fig. 2 The variation of the wavelength of incident radiation and bandgap of Al,GaN

with Al composition [6].

Table 1 Properties of AIN and GaN [7].

Aluminium nitride (AIN)

Gallium nitride (GaN)

Electron effective mass, me 0.48 0.20
Melting point (°C) 3000 > 1700
Lattice constant, a (A) 3.11 3.189
Lattice constant, ¢ (A) 4.98 5.185
Static averaged dielectric constant 8.5 8.9
Bandgap @ 300 K (eV) 6.2 3.39

2.2.2 Optical properties

A photon that is incident on the surface of a solid can either be reflected by or penetrate

through the surface of the material. The photon can be absorbed depending on the absorption
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coefficient of the material. Photons with energies less than the bandgap are transmitted while
those with energies greater than the bandgap are absorbed. The absorbed photons create
electron hole pairs and the photo-generated carriers contribute to the conductivity of the

semiconductor [8].

The energy of the radiation can be related to the material that is absorbing the radiation near

its surface by the absorption coefficient using the following equation:
a~ (hv— EgY (2.2)

where Av is the photon energy and y is a value which depends on the type of optical transition
from the valence band to the conduction band. The value of y can be 1/2 and 3/2 for allowed
direct and forbidden direct transitions respectively. For indirect transitions the value is 2. All
the above are for a one electron approximation. For an exciton state the value of y is 1/2 [9].
Fig. 3 shows the difference between the optical transitions which an electron can undergo.

These include the direct and indirect transitions.

CONDUCTION BAND

A

Eq
/’4 1 INDIRECT
| E
e e T L L L - - — _)I g »

Phonon assisted transition k

VALENCE BAND

Fig. 3 Optical (bandgap) transitions: direct and indirect transitions [10].
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2.2.3 Crystal growth

It is technologically challenging to grow a bulk AlGaN wafer that can be used for device
fabrication. This has led to AlGaN based semiconductors being grown using different layers
on various substrates such as silicon carbide (SiC) or sapphire (Al,O3). The near surface
material is then modified to be suitable for semiconductor device fabrication. Deposition
techniques such as thermal evaporation, chemical vapour deposition and sputtering have been
utilised to produce semiconductors. The structural, physical and chemical properties can have
a great impact on device performance [11]. Epitaxial growth is a processing technique that
has gained interest as it can be used to grow thin films. The term epitaxy as explained by
Tyagi, is used to refer to those processes which are used to grow a crystalline layer of a
semiconductor on a crystalline substrate in such a way that the layer grown has the same

lattice structure as the substrate [12].

(35 % Al) AlGaN (0.7 um)

AlGaN:Si (0.2 pm)

GaN:Si (1.2 pm)

GaN (0.8 pm)

Sapphire polished on one side

Fig. 4 The different layers of the Aly35GagesN wafer that was used in this project (not drawn to scale).

In growing thin films on a substrate, the thin film will tend to take the structure of the
substrate on which it is grown. In the case where the composition of the thin film is the same
as that of the substrate, the deposition is said to be homoepitaxially grown. The growth of two

compositionally dissimilar materials is referred to as heteroepitaxial growth. There are a
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number of growth techniques that have been used for epitaxial layer deposition. They include
the physical deposition such as molecular beam epitaxy (MBE), liquid phase epitaxy (LPE)
and the chemical vapour deposition (CVD). Examples of the CVD include hydride vapour
phase epitaxy (HVPE) and metal-organic vapour phase epitaxy (MOVPE).

In this study the material that has been used is heteroepitaxially grown AlGaN using HVPE
sourced from Technologies and Devices Inc (TDI). The AlGaN was grown in a temperature
controlled quartz furnace. Flowing hydrogen chloride (HCI) gas reacts with liquid gallium
and/or alluminium. This produces gallium chloride (GaCl) and/or alluminium chloride (AICI)
which then reacts with ammonium gas to form either GaN, AIN or AlGaN [13]. This process

can be written in equation form in the following manner:

2HCI (g) + 2 Al(1) - 2AICI(g) + H,(g) (2.3a)
and/or
2HCI (g) + 2 Ga(l) » 2GaCl(g) + H,(g) (2.3b)
Then
AlCI (1) + NH5(g) — AIN(s) + HCI(g) + H,(g) (2.3¢)
and/or
GaCl (1) + NH5(g) » GaN(s) + HCI(g) + H,(g) (2.3d)

The layers used to fabricate the wafer that was used for this study are shown in Fig. 4.
Sapphire was used as the substrate. On top of the substrate a layer of undoped GaN consisting
of a thickness of 0.8 um was grown. Onto this layer a 1.2 um thick silicon-doped GaN layer
was grown. Next in line was the growth of a 35% Al AlGaN layer which was also silicon
doped. This layer had a thickness of 0.2 um. The last layer that was grown was an AlGaN

layer containing 35 % Al which was undoped. This top layer has a thickness of 0.7 pum.

2.3 METAL-SEMICONDUCTOR CONTACTS

2.3.1 Energy bands

Energy bands are useful in showing the electronic states that an electron is allowed or
forbidden to occupy in a solid. The energy band structure of a crystalline solid is given by the
energy-momentum relationship within a crystal lattice. When a metal and a semiconductor

10
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come into intimate contact with each other, the energy of electrons in the vicinity of the
interface are affected. This relationship can be described in terms of the energy bands and
Fermi levels in both materials. The ideal energy band relationship is now explained and is
shown in Fig. 5. Taking the vacuum level as a reference for the energy levels in the two
materials, namely the metal and the semiconductor, the work function is defined as the
difference between the Fermi energy and the vacuum level. When the metal and
semiconductor are brought into contact with each other, electrons from the conduction band
of the semiconductor cross the metal-semiconductor junction into the metal. This occurs
because the Fermi level in the semiconductor is higher than in the metal. The energy bands of
the semiconductor begin to bend downwards because of the electric field due to the charge
building up. The charge build up is caused by the migration of electrons. This continues until
the Fermi levels of the metal and semiconductor align.

The Fermi level of the semiconductor is lowered relative to that of the metal by a value equal
to the difference between the metal work function and the semiconductor work function. This
value is called the contact potential. Since electrons are moving from the semiconductor to
the metal, a negative charge is developed on the metal side of the contact and this implies that
the semiconductor becomes depleted of electrons. As a result of this, a depletion region is
formed in the semiconductor. The depletion region is a space-charge region in which there
are almost no conduction electrons and there is a positive net charge due to the ionised donors

[14]. In the metal, the electrons accumulate very close to the interface.

The processes described above lead to the formation of a barrier, the height of which is

defined according to the Schottky- Mott relationship by:

q¢s = q(dm — X) (2.4)

where g¢w is the metal work function and gy the electron affinity of the semiconductor. The
electron affinity can be defined as the amount of energy released when an electron is added to
the semiconductor, i.e. the difference between the vacuum level and the conduction band.
The barrier prevents electrons from moving easily across the heterojunction between the
metal and the semiconductor. Under equilibrium conditions, the number of electrons moving
from the metal to the semiconductor are balanced by the number of electrons moving from

the semiconductor to the metal.

11
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A net flow of electrons can however occur if there is a bias voltage applied. The applied bias
can influence how the electrons ‘see’ the barrier height. There are two bias voltages that can
be applied namely the forward and reverse. Under forward bias conditions, a negative
potential is applied to the semiconductor, increasing the Fermi level of the semiconductor
relative to that of the metal and reducing band bending. The electrons will then ‘see’ a lower
barrier height thus enabling the electrons to move easily across the metal-semiconductor

junction, causing a large current to flow.

Under reverse bias conditions, a positive potential is applied and the electrons in the
semiconductor ‘see’ a higher barrier height, reducing the flow of electrons from the
semiconductor to the metal. When the bias voltages are applied, the barrier height remains
constant for the electrons on the metal side, so a small current of electrons still flows from the
semiconductor to the metal. Measuring the current under this condition will yield low current

flows across the barrier. Fig. 6 illustrates these phenomena.

The only way that these electrons can overcome the barrier height without an applied bias
voltage is if there is radiation that is incident on the metal-semiconductor junction. There are
two conditions under which this can happen. The first is when the incident energy of
radiation is greater than the barrier height. The second is when incident energy is greater than
the bandgap of the semiconductor [10]. The built in voltage Vy, is the depth of the conduction
band below the barrier height whereas qV, is the energy difference between the Fermi level

and the conduction band.
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Fig. 6 Energy band diagram of a Schottky barrier illustrating the effects of applying (a) Forward
bias (b) Reverse bias voltages [9].
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2.3.2  Image force lowering

When a charge carrier (an electron) is brought close to the surface of a metal, it is attracted to
the metal due to the induced electric field. This force is called image force and causes a
lowering in the Schottky barrier, referred to as image force lowering. This is illustrated in
Fig. 7. When the electron is brought close to the surface of the metal the electric field can be
calculated as if there was a positive charge in the metal which is the same distance behind the

metal-semiconductor interface as the electron is in front of the interface.

o K —
‘ -*H-‘ : _'-l---'--'------.---
ghg "t WewImage potential energy
X Q.

Fig. 7 Energy band diagram illustrating Schottky barrier lowering [9].

The force that the electron experiences as it approaches the metal can be written as

¢ q°

F= — ——— =
4e.m(2x)? 16e,mx?

(2.5)

where & is the semiconductor permittivity which can be written as & = k&, k is the

semiconductor dielectric constant while &, is the permittivity of the vacuum.
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The potential energy of an electron brought from infinity to a distance x from the surface of

the metal can be written as

Ulx) = fo dx = a (2.6)

When an external electric field ¢ is applied, the potential energy that the electron has can be

written as
2

P(x) = + qéx (2.7)

lé6e,mx

To find the position where the electron will experiences the greatest potential energy, P(x) is

differentiated with respect to x and equated to zero such that the following equation

X = 1
m 16&,mé

Substituting xn, into P(x) gives the Schottky barrier lowering [9]:

_ / s _
4 = |2en = 28x,, (2.9)

Measurements of the barrier height which require the movement of electrons from the metal

represents that position:

(2.8)

to the semiconductor and vice-versa depend on the image force lowering. Measurements like
the capacitance measurements, which are dependent on the width of the space charge region,
are not affected by the image-force lowering of the barrier height [15]. When a bias voltage is
applied to a metal-semiconductor contact the Schottky barrier gets slightly affected. The
barrier lowering can be quantified by A¢r and A¢pr Which represent the change in forward

and reverse bias respectively as shown in Fig. 8.
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Fig. 8 Energy band diagram demonstrating Schottky lowering under different bias conditions [9].

2.3.3 Current transport mechanisms

The current associated with a metal-semiconductor contact is transported by majority carriers.
There are a number of mechanisms which control the movement of electrons across a metal-
semiconductor contact. These include: (1) the movement of electrons from the semiconductor
over the Schottky barrier contact into the metal, (2) the quantum mechanical tunnelling of
electrons through the barrier into the metal, (3) recombination of electrons and holes in the
space-charge region, and (4) the recombination of electrons and hole in the neutral region.
The last mechanism is the so called ‘hole injection’. These mechanisms have been
demonstrated schematically under forward bias in Fig. 9. A description of each mechanism is

now explained.
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Fig. 9 Diagram showing different transport mechanisms that affect electron
movement [15].

2.3.3.1 Thermionic emission

Current flow from the semiconductor into the metal in the thermionic emission model is
solely dependent on the barrier height. Electrons from the semiconductor have to overcome
the barrier height in order to flow into the metal. The current density of those electrons which
are able to overcome the barrier height and flow into the metal is given by [9]:

co

Jm= | avedn (210)
Ert+ q¢p
where Er + ¢z is the minimum energy required for the electrons to overcome the barrier

height and vy is the carrier velocity in the direction of electron transport. The electron density

in an incremental energy range is given by
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dn = N(E)F(E)dE

_ 4m(2m")3/? E—-E.+ qV,

5 E — Ecexp [— T] dE (2.11)

where N(E) is the density of states, F(E) the distribution function, m” the effective mass of the
semiconductor and qV, is given by Ec — Eg. If we postulate that the energy of the electrons in

the conduction band is kinetic energy, then

1

E—E.= Em"‘v2
dE = m*vdv
E—E; =vym*/2 (2.12)

After substituting equation (2.12) into (2.11), we get

*2,2

%, 3
_ (™ _%) _mv 2
dn = 2 ( A ) exp( T exp( R T ) (4mv=dv) (2.13)

This equation gives the number of electrons per unit volume that have speeds between v and v
+ dv distributed in different directions. If we were to resolve the speeds into different

components whereby the electrons are transported parallel to the x axis, then
vi= v+ v+ vl (2.14)

Utilising the transformation 4mdv = dvxdvydv, and substituting it into the above equations
(2.10) and (2.13) we get

Aqm*k? qV, m v,
(Y (= ) - 21

where Vo is the minimum velocity required to overcome the Schottky barrier in the x

direction.
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This velocity is given by

1
S = q(Wyi = V) (216)

Substituting equation ve,” into J gives

o= Amqm*k? T2y _q(Vn+Vbi) o (ﬂ)
sm =\ T3 P kT Pkt

vV
= A*T?exp (— %) exp (Z—T) (2.17)

where ¢ is the barrier height and A” is the effective Richardson constant for thermionic
emission. This effective Richardson constant does not take into account the effects of optical

phonon scattering and quantum mechanical reflection.

Electrons surmounting the barrier height from the metal to the semiconductor do not see a
varying barrier and this implies that the current flowing into the semiconductor is not affected
by an applied voltage. At thermal equilibrium, the current flowing from the metal to the

semiconductor should be the same as that flowing from the semiconductor to the metal, that

is, when V = 0. Therefore setting V = 0 in the above equation

Jms = —A"T?exp (— —) (2.18)

with the negative sign implying that the current is flowing from the metal to the
semiconductor. The total current density flowing over the barrier is given by the sum of the

current flow from the semiconductor into the metal and vice versa:

o= eren(- 22 on(29) -

=) [exp (%) - 1] (2.19)
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where

Js = [A*Tzexp (— %)] (2.20)

is the saturation current density [9].

2.3.3.2 Quantum mechanical tunnelling

For a semiconductor that has high doping levels, the dominant current mechanism that can be
observed at low temperatures is quantum mechanical tunnelling. The energy of some of the
electrons that tunnel through the metal-semiconductor junction are close to the Fermi level of
the semiconductor. Tunnelling at this level is referred to as field emission. When electrons
have a higher energy level than the Fermi level, the barrier that they ‘see’ is much thinner.
The tunnelling probability at this level becomes much greater than that of the field emission.
This however means that fewer electrons will be able to reach this higher energy level where
they can tunnel through the metal-semiconductor junction. Tunnelling at this level is
referred to as thermionic-field emission. For the case where tunnelling is the dominant

mechanism for current flow, the transmission coefficient is given by [16]:

T(n) ~exp (— q(l)Bn) (2.21)
Eoo
where
gh | Np
Ey = 2 |eom (2.22)

Comparing the energy Eqo to the thermal energy KT, for Eqy < &7 thermionic emission
dominates, for Eqo = k7" thermionic-field emission, and for field emission Eqg >»> kT [17]. The

tunnelling current density can be expressed as [9]:

Q¢Bn) (2.23)

For low doping levels tunnelling becomes more significant under reverse bias than forward

bias because the bias voltages under reverse bias conditions are much greater. Under large
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reverse bias voltages, the electrons in the semiconductor tunnel through the thin potential

barrier into the metal [15].
2.3.3.3 Generation-recombination

Generation-recombination can be described as a condition through which electron hole pairs
are created or destroyed. This can be described in two ways. The first is the band to band
transition where an electron from the conduction band recombines with a hole in the valence
band. The second can be described by localised states, which exist in the forbidden region
within the space-charge region, that can either capture or emit electron and/or holes. Under
reverse bias conditions, the dominant generation recombination process is the formation of an
electron hole pair. A valence band electron is excited into an empty recombination centre.
This electron is then excited into the conduction band. Fig. 10 depicts the recombination

centres that can form in a semiconductor.

Under forward bias characteristics the dominant process is the destruction of an electron hole
pair. This occurs when a conduction band electron loses energy and falls into an empty
recombination centre and then into the valence band [10]. The most effective localised states
are those that have energies which lie towards the centre of the forbidden gap of the
semiconductor. This is because the recombination rate approaches a maximum at the centre
of the forbidden gap. Current formed by recombination centres are the cause of the deviation
of Schottky diodes from an ideal characteristic. This current is usually evident in materials

with a high Schottky barrier and at low forward-bias voltage [9,15].

clle, .

|

O Et

Fig. 10 Figure showing recombination centres in a semiconductor [9,10].
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2.3.4 Electrical characterisation of Schottky barrier diodes

2.3.4.1 Introduction

A Schottky barrier is a barrier formed at a metal-semiconductor contact and is dependent on
the metal work function, semiconductor electron affinity, and surface states. The expression
of the Schottky barrier height is not as simplistic as the one given in equation (2.4). This
expression assumes that the image force lowering effect and the surface state density are
negligible. There are, however, cases in which the surface states play a role in the metal-
semiconductor interface [18]. These may be represented by an energy level q¢o which is
coincident to the Fermi level before contact [19]. It shows the level at which the surface
states must be filled in order for charge neutrality to be maintained at the surface. In the case
where there are a large number of surface states, the Fermi level can be pinned at q¢o. This
Fermi level pinning is a factor that causes the barrier height to be constant when various
metals are deposited on a semiconductor. Fig. 11 is an energy diagram of the influences of
different surface states on a Schottky barrier. If we take into account the effects of image

force lowering and surface state density, the barrier height can be written as [18]

E
bo= calbn=0)+ (=) (L=go) ~0p=crpmtes 220

where
€;

g =—
2 €i+q26DS

(2.25)

and ¢ the interfacial layer thickness, g its permittivity and Ds the acceptor interfacial surface

state density. The values of ¢, and c3 can be determined experimentally which leads to

Cox +c3+Ad
o = Eg— ( . ) (2.26)
C2
From the equation above (2.25)
(1—cy)e
D = T (2.27)
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Fig. 11 Schottky Barrier Height diagram with surface states [9].

If we use the assumption that the interfacial layer is thin, that is for a well-cleaned
semiconductor substrate and that the permittivity of this layer can be approximated by the

free space value, that is ¢ = €5, then

103(1 —¢,) states
Cy cm? - eV

D, ~ 1.1 X (2.28)

For Dg » oo and ¢c2— 0

2
aps = (E; — q¢o) — qAp ~ 3Ee (2.29)

This equation implies that in this case the barrier height is independent of the metal work

function and dependent on the doping and surface properties of the semiconductor.

Where the semiconductor is independent of the metal work function, the barrier height is
equal to about two thirds of the bandgap energy. This is due to the fact that looking at a
number of metals deposited on semiconductor substrates (including group Il nitrides) [18],
the value of q¢po was close to a third of the bandgap [9]. For a case where D; is negligible, c;

approaches 1, and the barrier height is given by

qde = q(dm — x) — qAP (2.30)
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There are two methods for the measurement of the barrier height of a metal-semiconductor
diode that will be discussed. These are the current-voltage and capacitance-voltage methods
[20].

2.3.4.2 Current-voltage

The ideal I-V characteristics are based on a number of assumptions namely that the
boundaries of the depletion region are abrupt and the semiconductor is neutral outside of
these boundaries, the Boltzmann approximation is valid, the majority carriers are much
greater than the minority carriers, and no generation current exists in the depletion region [9].
Frequently, for slight deviations from ideality, the current voltage relationship of a Schottky

diode for thermionic emission is given by [15]:

J =Js {exp(qV /nkT) — 1} (2.31)

where / is the saturation current

Js = A'T? exp (— %) (2.32)
and n is the ideality factor given by
%z %Td(allr[‘/]) (2.33)
A" in the above equation is the Richardson constant
A = dmm gk _ 1201* (A—Kz) (2.34)
h3 m \cm?
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Fig. 12 1-V characteristics of a Schottky diode (a) generation recombination (b) thermionic

emission (c) hole injection (d) series resistance (e) reverse current leakage [9].

The ideality factor is a measure how much the forward characteristics of a Schottky diode
deviates from the ideal case, for which the ideality factor is equal to unity. A non ideal diode
is one whose ideality is much greater than unity. The factors that can cause a diode to depart
from ideality include surface effects which are due to ionic charges on the semiconductor
surface that induce image charges in the semiconductor, series resistance, and the transport
mechanisms described above, namely generation-recombination, tunnelling and high
injection [9]. Fig. 12 is a diagram of the I-V characteristics that are evident for an ideal and a
non-ideal Schottky diode. The Schottky barrier height can thus be determined by the equation

kT = (A*T?
¢B=71n( 7 ) (2.35)
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2.3.4.3 Capacitance-voltage

The capacitance in a Schottky diode is mainly due to the change in the charge in the depletion
region. These charges come from three sources. The positive charges can be attributed to
uncompensated donors in the depletion region and holes in the valence band. The negative
charges are due to electrons on the surface of the metal. If a reverse bias voltage is applied,
the width of the depletion region increases and the current in the region changes. The
contributing factors to this total current include the displacement current and the conduction
current. The displacement current is caused by the change in the electric field in the depletion
region. The conduction current is due to two factors namely electrons being emitted over the
metal-semiconductor barrier and electrons and holes flowing out of the depletion region. The
former occurs at constant bias voltage (time independent) and constitutes the reverse current

but the latter arises as the negative bias voltage is increased (time dependent) [15].

When measuring the capacitance, a constant direct current (DC) bias voltage is applied to the
diode. A small alternating current (AC) voltage is then superimposed on the DC voltage and
the AC measured. The depletion region of a Schottky barrier can be modelled in some
respects to a parallel plate capacitor with the depletion region acting like an insulator. The

capacitance of a parallel plate capacitor is given by the following equation [21]

C = Keo A 2.36
- W ( " )

where k is the dielectric constant of the semiconductor, & the permittivity constant, A the
area of the diode and W the depletion width. The depletion width of a metal-semiconductor is
given by [9]

_|2Kg kT
wwy) = \/q (Vbi - V- —) (2.37)

where Ny is the donor impurity density (carrier density), Vpi the built-in voltage, V the bias

voltage, and k the Boltzmann’s constant.
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If we substitute equation W(V) into C we get

KEA2N,
C= kel dkT (2.38)
2(Voi — V - 7)

This is usually written in the form

— = 2.39
C? qreyA?Ny (239

The above equation can be modelled as that of a straight line. From it the slope that is
obtained is given by -2/qreoA’Ng. When plotting 1/C? versus V, a straight line implies that the
carrier density Ng is constant. The doping profile can be obtained by using the differential
capacitance method when Ny, is not a constant. This can be done by differentiating equation
1/C? so that

1
Az 2
T dV T qre,AZN,

(2.40)
or

2 1
d = -
A? 1
"o d(zz)/dv

(2.41)

Once Ng has been obtained, then Vy,; can be determined from the 1/C? intercept. Vy; can also
be determined from the V intercept V; where Vi = Vi — kT/q. The barrier height can be
obtained from the following equation:

pp=Vi+ V, +— (2.42)

where V, is the energy difference between the Fermi level below the conduction band [9].
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2.3.5 Ohmic contact

An ohmic contact is formed when a metal and a semiconductor are brought into contact with
each other by which the work function of the (n-type) semiconductor is greater than that of
the metal ¢ps > ¢m. Electrons in the metal will flow into the semiconductor until thermal
equilibrium is reached, when the Fermi levels align. The conduction and valence bands in the
semiconductor will bend as shown in Fig. 13. This will create an ‘accumulation region’
which has quite a high concentration of electrons [15]. A good ohmic contact should be able
to allow current to flow easily across the metal-semiconductor contact in either direction.
This type of contact will have negligible contact resistance when compared to the bulk of the
semiconductor [9,22]. An alternative method to form an ohmic contact is to highly dope the

region under the contact so that tunnelling becomes the dominant current transport

mechanism.
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Fig. 13 The energy bands of a metal and semiconductor forming an ohmic contact:

(a) before contact (b) after contact.
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An ohmic contact is usually characterised in terms of the specific contact resistance R; given
by the following equation
R =<a_])‘1 (2.43)
‘ V) v=o
where the specific contact resistance is evaluated at zero bias. For lowly doped
semiconductors, the dominant transport mechanism is thermionic emission whereas for

highly doped semiconductors the dominant mechanism is tunnelling.

2.3.6 Photonic devices

2.3.6.1 Introduction

Photonics is a study of the photon and its applications. This can include generation,
transmission or detection of photons. There are a number of devices which can be
manufactured with regards to this and these include light emitting diodes (LEDS),
photodetectors and solar cells. LEDs are devices that convert electrical signal into optical
radiation. They are formed when electrons in the conduction band recombine radiatively with
holes in the valence band. When the junction is forward biased, photons are emitted. This
process is usually only efficient in direct bandgap semiconductors. The colour of the light
will depend on the material that is used. Solar cells convert an optical signal into electrical
energy. These solar cells can be used in solar batteries or solar panels. Photodetectors are
devices that are used to detect optical radiation by electronic processes. In this study the UV
range is studied. The sun is a huge source of UV radiation. UV radiation can be classified
into three categories according to its effect on the biosphere. UV-A corresponds to the 400 —
320 nm wavelength range (3.1 to 3.87 eV) and causes premature aging. UV-B corresponds to
320 — 280 nm (3.87 to 4.43 eV) and causes skin cancer. UV-C, which is the most energetic
and most dangerous, corresponds to 280 — 10 nm (4.43 to 124 eV). The latter is usually
referred to as the solar blind region [23,24,25]. Another classification that has been widely
used is: near UV (400 — 300 nm), middle-UV (300 — 200 nm), far-UV (200 — 100 nm) and
extreme UV (100 — 10 nm) [23]. We now discuss photodetectors.
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2.3.6.2 Photodetectors

Photodetectors as described above are electronic devices that respond to an optical signal
(light) by means of electronic processes. The processes that are relevant to the operation of
such a device include the generation of carriers by incident light, the transportation of the
carriers and the generation of an output signal. These photodetectors need to have low noise,
be sensitive to radiation at desirable wavelengths, have low dark currents when reverse bias
voltages are applied, and must have high response speeds. There are a number of
photodetectors that can be investigated which include: photoconductors, metal-
semiconductor-metal, phototransistor and the photodiode. Fig. 14 shows the metal layers of

these devices. In this study we will investigate the photodiode.

R | |

M-S-M photodiode Photoconductor Schottky photodiode

P Ohmic contact
B schotiky contact
1 semiconductor

Fig. 14 A diagram showing different photodetectors [26].

2.3.6.3 Photodiodes

There are different types of photodiodes that can be considered which include p-n junction
diode, p-i-n diode, Schottky diode and heterojunction diode. The three main parameters of a
photodiode are quantum efficiency, response speed and device noise (there’s a trade-off
between response speed and the quantum efficiency). For the purpose of this research, the

quantum efficiency will be investigated. The quantum efficiency (also called the quantum
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yield) is a measure of the efficiency of incident electromagnetic radiation to produce a

reaction from the receptive device by creating electron-hole pairs. The equation is given by:

Iy

q
pt
1%

n= (2.44)

Ju

=

where |, is the photocurrent generated by the absorption of an incident light with optical
power Pgy that has photon energy 4v. For an ideal photodiode, » = 1. The absorption
coefficient plays a key role in determining the quantum efficiency. The responsivity is given

as the ratio of the photocurrent to the optical power:

L nq nA(um) A
R=-L2 == " — 2.4
Pop:  hv 1.24 w (245)

2.3.6.4 Schottky photodiode

The metal on a Schottky photodiode has to be so thin that incident light can be transmitted
through it to the metal-semiconductor junction. An antireflection coating is at times deposited
to avoid reflection losses. There are a number of modes that the Schottky photodiode can be
operated. These are in essence dependent on the energy of the photons and the biasing
conditions. The three modes are now explained. The energy band diagrams of these are

shown in Fig. 15.

a. Eg>hv>qesandV < Vg, where Vg is the avalanche breakdown voltage. In this case
the electrons in the metal are exited in such a way that they are able to overcome the

barrier height and flow into the semiconductor [27].

b. hv > E4 and V < Vg. The current is produced from electron-hole pairs in the
semiconductor created by light shone onto the Schottky contact that is greater than the

bandgap

c. hv>Egand V = Vg. This situation is usually considered for avalanche photodiodes.
These kinds of diodes are operated at high reverse bias voltage where there is high

internal current gain [9].
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Fig. 15 Energy band diagrams showing different modes under which a Schottky
photodiode operates [9].
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The Schottky photodiode operates within a certain wavelength range depending on the
semiconductor that is being used. There exists a wavelength above which the photodiode is

not responsive. This wavelength is called the cut-off wavelength and defined by:

1 hc 1.24 (um) (2.46)
= —_—= #m .
¢ E, E;(eV)

where h is Planck’s constant and c is the speed of light.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 INTRODUCTION

In this chapter the experimental techniques used in this work are explained. Firstly the sample
preparation is described. In section 3.3 the metal deposition techniques are explained. These
include the electron beam and the resistive evaporation systems. The former was used to
deposit both ohmic and Schottky contacts while the latter was used only for fabricating
Schottky contacts. After the deposition the contacts were thermally annealed. The annealing
techniques as well as the apparatus are described in section 3.4. Finally, the electrical and
optical characterisation of the samples concludes the chapter. The electrical characterisation
includes performing I-V and C-V measurements from which parameters such as the Schottky
barrier height and ideality factor were determined. The optical measurements of the Schottky
photodiodes and the metal layers include photocurrent and transmission measurements
respectively. The photocurrent measurements include irradiating the metal-semiconductor
interface with light and measuring the induced photocurrent. In the transmission section the
transmittance of light through the Schottky contact metal multilayer as deposited on a quartz

substrate is presented.

3.2 SAMPLE PREPARATION

In order to produce a low reverse current and high barrier height, the surface of the wafer on
which the device is produced has to be free from contaminants. A chemical and mechanical
treatment of the wafers plays a critical role in achieving this cleanliness. There are two types
of cleaning that can be described namely liquid and dry cleaning. Dry cleaning refers to the
mechanical cleaning of a sample. The samples used in this experiment were cleaned using the
liquid cleaning method. The first step in the cleaning process was degreasing, thus organic

chemicals were used as solvents for the removal of any organic residues. This is necessary
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because organic residues on the wafer surface could react and diffuse into the semiconductor
material under heat treatment to form defects leading to traps or generation-recombination
centres in the forbidden region [1]. The AlGaN wafers were firstly boiled in trichloroethylene
and then rinsed in isopropanol. Each of the dips lasted 3 minutes. Once this had been done
the second phase of cleaning, namely etching, was performed. HCI based solutions are known
to be successful in removing surface oxides [2]. The wafers were submerged into boiling
aqua regia for 10 minutes and an HCI:H,O (1:1) solution for 1 minute. The cleaning of GaN
based materials with CI containing chemicals, in particular HCI, has been known to produce a
substrate onto which adhesion of metals is enhanced [3]. In between all the chemical cleaning
steps deionised water was used to rinse off the chemicals and organic residue and this was
done in an ultrasonic bath. Once all the cleaning steps had been completed, the wafers were

blow dried by nitrogen in order to remove any remaining liquid.

3.3 DEPOSITION

There are various ways to achieve metal-semiconductor contacts which include
electroplating, sputtering, alloying and evaporation. The metal depositions in this study were
accomplished using two systems namely the electron beam and the resistive evaporator
systems. The electron beam system was used to carry out the deposition of the ohmic
contacts. The ohmic contact required 4 different metal layers namely Ti/Al/Ni/Au. This metal
contact scheme is known to produce an ohmic contact of low contact resistance [4]. Luther et
al. [5] have proposed that at higher temperatures the Al diffuses through the Ti to improve
the ohmic contact. It has also been suggested that the formation of a TiN layer formed from
the Ti and N causes a decrease in the contact resistance especially after annealing.
Furthermore, a thick enough Al layer prevents the outdiffusion of Ga to the Au layer. The
Ni/Au layer is deposited in order to prevent the oxidation of the Al which can increase

resistivity [6].

The thicknesses of the metals forming the ohmic contact were as follows: Ti (150 A)/ Al
(2200 A)/ Ni (400 A)/ Au (500 A). The thicknesses of the Schottky contacts deposited on the
samples were either 70 A or 100 A. The metal schemes for the Schottky contacts deposited
on the samples were Ni (50 A)/ Au (50 A), Ni (20 A) / Au (50 A), and Ni (20 A)/ Ir (30 A)/
Au (50 A). This was because the samples were being prepared to form Schottky photodiodes
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which needed a thin metal layer so that radiated light would be able to reach the metal-
semiconductor contact where the light would be absorbed by the semiconductor to produce a
photocurrent. The holes on the Schottky mask had a 0.6 mm diameter. A schematic of the
way in which the Ohmic and Schottky contacts were deposited can be seen in Fig.1.

Ohmic contact

|

Pl

/
/

Schottky contact

Fig. 1 Schottky photodiode composed of different metal contacts on an AlGaN substrate.

3.3.1 Electron beam system

All the ohmic contacts were deposited consecutively in the electron beam system shown in
Fig. 2. This system has the capacity to deposit all four metals of the ohmic contact without
having to break vacuum. The electron beam system can be used to melt metals that have a
high melting point due to its ability to reach high power. This system was also used to deposit
the Schottky contact requiring a three metal layer scheme namely the Ni/lr/Au metal layer.
The air in the chamber was first pumped out to pressures of around 2.5 x 10 mbar with a
rotary pump. At this pressure the turbo molecular pump was switched on. The metals in the
electron beam system were deposited at pressures of about 1.3 x 10 mbar. The deposition
rates for depositing the metals were between 0.2 and 0.5 A/s.

3.3.2 Resistive evaporator system

A rotary pump was firstly used to pump out the air in the bell jar of the resistive evaporator

system until the pressure was about 2 x 10 mbar. At this pressure the turbo pump was
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switched on and it pumped out the air until the pressure was about 4 x 10 mbar. This was an
appropriate pressure to start the deposition. The appropriate metal was melted in a crucible
and then evaporated onto the semiconductor which had been mounted onto the Schottky
mask. The thicknesses of the evaporated metals were monitored by an Inficon XTC monitor.
The deposition rate for the evaporation of Ni and Au was between 0.2 and 0.5 A/s. A picture

of the resistive evaporator system that was used is shown in Fig. 3.
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Fig. 3 A picture of the resistive evaporation system.
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3.4 ANNEALING

A Lindberg annealing furnace as depicted in Fig. 4 was used for all the required annealing. It
had the ability to reach temperatures of up to 1200 °C. Refractory bricks were lined up on the
inside of the furnace in order to minimise heat from being dissipated out of the furnace. The

samples were placed in a quartz tube and annealed under a flowing Argon atmosphere as it is

an inert gas. The flow rate of the argon gas was 2 litres per minute. The ohmic contacts were

not annealed prior to the deposition of the Schottky contacts. The Schottky contacts were
annealed at 200, 300, 400, and 500 °C. The time taken at each annealing temperature was 5

minutes. After each annealing step the photodiodes were electrically and optically

characterised.

Furnace cover Thermocouple

Gas outlet \

<
Q [ |

| Sample holder

<+— (Gas inlet

Quartz tube

Fig. 4 Schematic diagram of a Lindberg furnace.

3.5 MEASUREMENT TECHNIQUES

3.5.1 Electrical characterisation

The electrical properties of the devices were investigated by current-voltage (I-V) and

capacitance-voltage (C-V) measurements conducted in a dark metal enclosure in order to
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avoid any external influence by light or stray electric and magnetic fields. The I-V
measurements were performed using an HP 4140B pA Meter/DC Voltage Source. These
were done after each annealing step. The measurements included the forward and reverse
currents and the parameters that were extracted from these measurements were the Schottky
barrier height, ideality factor, and series resistance. The C-V measurements were performed
using an HP 4192 A LF Impedance Analyser. The Schottky barrier height was determined
from these C-V measurements. All the electrical characterisations of the Schottky
photodiodes were performed using a LabView ™ routine.

3.5.2 Optical characterisation

3.5.2.1 Photocurrent measurements

The setup used for the photocurrent measurements was the same as the one used for 1-V and
C-V measurements. The difference between the two setups is that a monochromator and light
source were added to the I-V and C-V station in order to illuminate the sample with
monochromatic light allowing photocurrent measurements to be performed. The
monochromator used for this experiment was a Digikrom DK 240 1/4 meter monochromator
which was connected to a 30 W deuterium lamp. The monochromator was connected to an
optical fibre which guided the light to the photodiode that was being characterised. Fig. 5
shows a diagram of this setup. The connection between the monochromator and the 1-V/ C-V
station in Fig. 5 depicts the optical cable while the rest are all electrical cables. Before any
characterisation of the samples could be made, the irradiance of the monochromator had to be

calibrated. This was done using a calibrated Si-based detector.

Fig. 6 shows a typical irradiance spectrum measured for the purpose of calibrating the
monochromator. All the measurements were performed using a LabView ™ routine. The two
important parameters that were extracted from the photocurrent measurements were the

quantum efficiency and the responsivity.
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Monochromator Computer HP 4192 A LF
Impedance Analyser
HP 4140 B pA Meter |
DC Voltage Source
IV-CV Station

(Dark enclosure)

Fig. 5 Schematic diagram of the 1-V and C-V station setup with the monochromator.
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Fig. 6 The calibrated irradiance spectrum of the Digikrom monochromator
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3.5.2.2 Transmission measurements

The transmittance measurements required that the same metal schemes used for the Schottky
photodiodes be deposited onto a 6 x 6 mm quartz substrate. The substrates had to be
degreased by firstly dipping them into trichloroethylene and methanol, and then rinsing them
in de-ionised water. Lastly they were blown dry by N,. The layer thicknesses of the metals
used for transmission measurements corresponded to the thicknesses used for the Schottky
contacts. Ni (50 A)/ Au (50 A) and Ni (20 A)/ Au (50 A) metals were deposited using the
resistive evaporation system whilst the Ni (20 A)/ Ir (30 A)/ Au (50 A) metals were deposited
utilising the electron beam system. The transmission measurements were done using a Perkin
Elmer Lambda 25 UV/VIS Spectrometer. During the measuring process the transmittance
had to be normalised with respect to the quartz substrate. The samples were annealed under
the same conditions as the Schottky photodiodes, that is, in an Ar ambient, and at
temperatures 200, 300, 400, and 500 °C.
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CHAPTER 4

RESULTS AND DISCUSSION 1

4.1 INTRODUCTION

This chapter discusses the optical and electrical characteristics of a Ni (50 A)/ Au (50 A)
Schottky photodiode and the evolution of these characteristics with increasing annealing
temperature. The electrical properties included 1-V and C-V characteristics while the optical
properties were the responsivity of the photodiode and transmittance of the metal layer.

4.2 EXPERIMENTAL

The cleaning procedures for GaN based materials have been established [1]. The wafers were
cleaned by a two-step process which included degreasing and etching. Degreasing was done
by dipping the sample into two separate organic solutions isochronously for 3 minutes. These
organic solutions were trichloroethylene and isopropanol. Etching of the AIGaN
semiconductor wafer was done by boiling it in aquaregia for 10 minutes. The sample was
then dipped in a HCI:H,0 (1:1) solution for a minute. Between each of these steps the sample
was rinsed in deionised water. The deposition of the ohmic contacts was done using the
electron beam system and that of the Schottky contacts utilising the resistive evaporator
system. The ohmic contacts consisted of Ti (150 A) /Al (2200 A) /Ni (400 A) /Au (500 A)
and the Schottky contact Ni (50 A)/ Au (50 A). The annealing was performed isochronously
under Ar ambient at the following temperatures: 200 °C, 300 °C, 400 °C, and 500 °C. The

electronic and optical measurements were then done at room temperature.

4.3 RESULTS AND DISCUSSION

The I-V characteristics of a Ni/Au Schottky photodiode were investigated in this study. Fig. 1

shows the results of the 1-V measurements of the photodiode as deposited and after annealing
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at different temperatures. Ni has been used due to the fact that it can adhere well to AlGaN
while giving good electrical properties [2]. The effectiveness of thermal annealing can clearly
be seen as the reverse leakage current measured at -2 V dropped by 4 orders of magnitude,
that is, from 2.07 x 10 A for as deposited to 6.97 x 10™ A for 200 °C annealing. From there
on there was not much difference in terms of the current measured at different annealing
temperatures, although it was evident that the reverse current increased after annealing at 500
°C.

10 | | |

—®— As deposited
—0— 200°C
104 1= v 300°C
10° - A 400°C
106 | —— 500°C

Current (A)

l np
| T
"'
WA K -u- l':l.
AN w-r
CONRS A&I"‘,

Voltage (V)

Fig. 1 Current vs. voltage of Ni/Au Schottky diode measured at room temperature after annealing
at different temperatures.

The photodiodes showed high noise levels at low voltages. This could be due to the limitation
of the measuring equipment as it was measuring at very low currents. In some cases, the
reverse current initially decreases from zero bias with increasing reverse bias increasing. This
was probably due to deep level defects in the depletion region emptying during the
measurement, contributing to the reverse current. The as deposited to 400 °C annealing

temperature graphs have thermionic emission as the dominant current transport mechanism.
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At 500 °C annealing, the diode exhibited signs of a recombination current at low voltages,
thermionic emission at intermediate voltages and series resistance dominating at high
voltages. As the photodiode was annealed, traps were formed (possibly due to diffusion of
impurities into the semiconductor) which led to the generation-combination characteristics
observed at low voltages, that is, lower than 1 V [3]. The barrier heights of the diode had an
increasing trend with respect to annealing temperatures whereas the ideality factors
decreased. As the diode was annealed the barrier height of the photodiode increased from
1.04 eV to 1.46 eV for the as deposited and 500 °C annealing respectively. The ideality factor
decreased from 1.85 to 1.27 for the same temperatures. This shows that the diode improved
with annealing temperature as the ideality factor indicates the extent to which the diode is
following the ideal diode equation. The extracted electrical values of the photodiode are
shown in Table 1.

Table 1 Electrical characteristics obtained for an AlGaN based Ni/Au Schottky photodiode

Annealing temperature | Ideality factor Barrier height Reverse current
VEev) | cvey) | A2VEA)
As-deposited 1.85 1.04 1.47 2.07 x 10°°
200 °C 1.64 1.17 1.59 6.97 x 10™
300 °C 1.64 1.22 1.82 454 %10
400 °C 1.46 1.25 1.87 1.94x 105
500 °C 1.27 1.46 1.89 1.69 x 10™

Fig. 2 shows the photocurrent spectrum of a Ni/Au Schottky photodiode measured after
annealing at 500 °C. The photocurrent was generated by radiation in the UV range impinging
on the photodiode. This photocurrent reaches a maximum of 4.3 x 10™ A at 250 nm where
the intensity of the light is 3.6 x 10™ W/cm?.
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Fig. 2 Photocurrent vs. wavelength of a Ni/Au Schottky photodiode measured at
room temperature after annealing at 500 °C
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Fig. 3 Responsivity vs. wavelength measured at room temperature after annealing
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The cut-off wavelength for the photodiode was around 292 nm. This corresponds to a
bandgap energy of 4.2 eV. In Fig. 3, it can be seen that the value of the UV/visible rejection
ratio is approximately 10°. A responsivity of as high as 46 mA/W at 275 nm was obtained for
Ni/Au photodiodes after annealing at 500 °C. This is comparable to the value obtained by Pau
et al. [4]. The quantum efficiency vs. wavelength graph of the Schottky diode is given by Fig.
4. The highest quantum efficiency was 28 % which was achieved at 200 nm. This implies that
the highest number of electron-hole pairs per incident photon was generated at this

wavelength.

Fig. 5 shows the transmittance of a Ni/Au metal layer. The transmittance of incident light is
relatively constant for as deposited to 400 °C annealing where it varies between 43 and 47 %
in the 200 to 350 nm wavelength range. As the sample is annealed to 500 °C, the
transmittance of the incident light is no longer constant throughout the abovementioned
wavelength range. In the 200 to 300 nm wavelength range, it varies between 50 and 53 %.
Between the 300 and 350 nm range the transmittance increases rapidly from 51 to 68 %. This
shows that annealing at high temperatures under an Ar gas ambient improves the
transmittance of the Ni/Au contact especially the transmittance measured at longer
wavelengths. The implication of this occurrence is that a much greater amount of UV
radiation will reach the metal semiconductor interface. The increase in transmittance can be
partially related to the increase in the responsivity of the diode although other factors such as

the intrinsic electrical properties of the photodiode itself have to be considered.

50



30 T I

Quantum effeciency [%]

| ] ] ] ] ] ]
200 220 240 260 280 300 320 340

Wavelength (nm)

Fig. 4 Internal quantum efficiency spectrum of a Ni/Au Schottky photodiode measured
at room temperature after annealing at 500 °C.

75 I | I T I I I
—@—— As deposited
70 i Qereveens 200 DC -
——-v-—— 300°C o
— e A— e o
o5 L 400 °C o
= — & — 500°C
2 ,
8 eo f _
£ o
& 55+ o ]
C
S pammAEEERa, .,l}
i B N ————
40 ! | 1 1 1 ! |
200 220 240 260 280 300 320 340

Wavelength (nm)

Fig. 5 Transmittance vs. wavelength of a Ni/Au metal layer measured after annealing at
different temperatures.



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

HI YA PRETORIA

44 CONCLUSION

A Ni/Au Schottky photodiode was annealed at different temperatures. It was found that the
barrier height was enhanced with increasing annealing temperature. The 500 °C annealing
temperature produced the diode with the highest Schottky barrier height. The values of the
diodes increase from 1.04 to 1.46 eV for 1-V measurements and from 1.47 to 1.89 eV for C-V
measurements. It is suspected though that the Schottky barrier height of the C-V measurement
might be a bit too high due to the non uniform doping that has been characteristic of the
AlGaN wafers that have been used for this study. Ideality factors for these measurements
have decreased with increasing annealing temperature. The peak responsivity value of 46
mA/W was found to be comparable to what has been previously been found for a similar
photodiode. The transmittance of the Ni/Au metal layer was relatively constant ranging
between 43 and 47 % for the as deposited diode up to 400 °C annealing temperature. This
transmittance, however, varied considerably between 51 to 68 % transmittance after 500 °C
annealing. This shows that annealing the photodiode under Ar ambient improves its electrical

and optical properties.
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The optoelectronic characteristics of NifAu Schottky photodiodes based on Alg5GaggsN were
investigated. The transmission of the Ni (50 A)/Au (50 A) layer was determined by evaporating it on
a quartz substrate. As evaporated, the transmission coefficient in the 200-350 nm wavelength range
was found to be 43 to 48%. Annealing at temperatures of up to 400 “C did not influence the transmission
coefficient. After annealing at 500 °C, the transmission coefficient increased from 50 to 68% over the

200-350 nm range. The reverse bias current was optimised in terms of annealing temperature and was
found to be as low as 1.94 x 10~ "* A after annealing at 400 °C for a 0.6 mm diameter contact. The
Schottky barrier heights increased with annealing temperature reaching as high as 1.46 and 1.89 eV for
I-V and C-V measurements, respectively. The quantum efficiency was measured to be 20.5% and the
responsivity reached its peak of 0.046 A/W at 275 nm. The cut-off wavelength was 292 nm.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Wide bandgap materials have been of interest recently
because of their suitability for use in industrial, scientific and
military applications. Aluminium gallium nitride (Al,Ga;_,N) is
such a material and has attracted a lot of attention for ultraviolet
(UV) detection [1-4]. This is because AlGa, xN based photo-
diodes have an adjustable cut-off wavelength, which can be
varied by changing the Al composition. Another contributing
factor is that AlGaN is a direct bandgap semiconductor. For the
right choice of Al mole fraction, these detectors are intrinsically
solar blind, thus eliminating the need for filters and thereby
decreasing the size and cost of the complete system. The applica-
tions of UV sensitive photodetectors include missile plume sen-
sing, flame detection and chemical sensing. For front illuminated
diodes, a transparent/semi-transparent non reflective Schottky
contact needs to be produced. This can be done by a number of
methods such as depositing a very thin Schottky layer and/or
annealing the diode under different conducive conditions to form
a transparent conductive metal layer. Careful steps must be taken
however to ensure that the transparency is achieved without
degrading the electrical characteristics of the diode. The proper-
ties of Ni/Au have been investigated for different applications and
by various methods. Miaru et al. investigated thermal annealing
effects on NifAu and found them to be quite small [5]. Chang et al.

* Corresponding author. Tel.: +27 12 420 3508; fax: +27 12 362 5288.
E-mail address: phuti.ngoepe@up.ac.za (P.N.M. Ngoepe).
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also performed thermal annealing studies for Ni/Au contacts on
AlGaN for MSM photodiodes [6]. In this paper we endeavour to
study the thermal annealing effects of a NifAu on Alp35GapssN
Schottky contact by investigating the optical and electronic
characteristics after annealing at different temperatures in Ar gas.

2. Experimental

The AlGaN sample used in this study was grown by hydride
vapour phase epitaxy (HVPE) at Technologies and Devices Inter-
national, Inc. (TDI). The structure of the sample, as per specifica-
tion from TDI, is as follows (from the top layer): 0.7 um
Alp3sGapssN, 0.2 um Si doped Alp35GaggsN, 1.2 um Si doped
GaN, 0.8 um undoped GaN and a sapphire substrate (polished
on one side). For the cleaning process, the AlGaN wafer was
degreased in trichloroethylene and in isopropanol, respectively,
for 3 min. It was then etched in boiling aqua regia for 10 min and
dipped in HCl:H,0 (1:1) for a minute. In between all the chemical
cleaning processes, de-ionised water was used to rinse the
chemicals from the sample. The sample was then blow-dried
with No. Ti (150 A)/Al (2200 A)/Ni (400 A)/Au (500 A) layers were
deposited as an ohmic contact onto the AlGaN wafer by means of
electron beam deposition. Subsequent to this, a Ni (50 A)/Au
(50 A) Schottky contact was deposited using a resistive evapora-
tion system. These metals were deposited without annealing the
ohmic contacts. The Schottky contact mask produced Schottky
diodes with a diameter of 0.6 mm. [-V measurements were
performed using an HP 4140B pA Metre/DC Voltage Source.
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C-V measurements were done using an HP 4192 A LF Impedance
Analyser. The theory used for determining the I-V and C-V
characteristics is well known [7,8]. For photo measurements, a
Digikrom DK 240 1/4 m monochromator and a 30 W deuterium
lamp were used. The light intensity was calibrated with a Si-
based detector. Due to the nature of our sample, the measure-
ments were performed by means of front illumination. There are a
few parameters, which are important to the optical characteriza-
tion of photodiodes. Two of these have been measured for our
study namely the quantum efficiency and the responsivity. The
sample was isochronously annealed in a furnace at different
ambient temperatures for 5 min at 200, 300, 400 and 500 °C in
argon gas. After each annealing step, opto-electronic character-
ization was done at room temperature (about 300 K). In order to
perform transmittance measurements, a Ni (50 f\) fAu (50 f\)
metal combination was deposited on a quartz substrate. This
sample was annealed under the same conditions as the AlGaN
sample. Transmission measurements were done using a Perkin
Elmer Lambda 25 UV/VIS Spectrometer.

3. Results and discussion

Fig. 1 gives the reverse current of the Schottky photodiode
measured after annealing at different temperatures. Up to 400 °C,
the reverse current at —2 V decreased with increasing annealing
temperature. At this voltage, the reverse current decreased by
3 orders of magnitude from 2.07 x 10~ to 6.97 x 10~ "* A (as-
deposited to 200 °C annealing). The reason for this could be that
annealing the sample caused metal alloys to form. It has also been
suggested by Kim et al. [9] that annealing Schottky diodes causes
a reduction in the interface state densities. These interface states
can hamper electrical conductivity in the forward direction and
increase leakage current in the reverse direction. Annealing at
500 °C caused the reverse current at —2 V bias to increase by one
order of magnitude. The reason for this increase could be due to
Au diffusing through the Ni to the metal-semiconductor interface
[5] as the diode starts to degrade. It can also be seen that for the
graphs of annealing temperatures 200-500 °C, the reverse leakage
current initially decreased with an increase in applied reverse
bias voltage. This is a measurement artefact due to traps empty-
ing during the measurement.

The forward bias characteristics are shown in Fig. 2. We
observed an improvement in terms of the barrier height with
increasing annealing temperature. For the [-V characteristics the
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Fig. 1. Reverse bias [-V characteristics of Ni/Au on AlGaN after different annealing
temperatures.
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Fig. 2. Forward bias [-V characteristics of NifAu on AlGaN after different annealing

temperatures.

Table 1
Electrical properties of NifAu on AlGaN Schottky photodiodes.

Annealing Ideality Barrier height Reverse current
temperature factor at -2V (A)
I-V {eV) C-V (eV)

As-deposited 1.85 1.04 1.47 2.07E-09
200°C 1.64 117 1.59 6.97E-13
300°C 1.64 122 1.82 4.54E-13

400 °C 1.46 125 1.87 1.94E-13
500°C 127 1.46 1.89 1.69E-12

barrier height increased from 1.038 eV (as-deposited} to 1.457 eV
(500 °C). That of the C-V measurements increased from 1.456 eV
(as-deposited) to 1.895 eV (500 °C). The C-V barrier heights are
unusually high. This might be due to the assumption that the
carrier density is constant right up to the interface, which might
not be the case with these diodes. The ideality factor of the diodes
improved with annealing temperatures from a value of 1.85-1.27
as shown in Table 1. Fig. 2 shows the forward bias I-V character-
istics. The initial data points have been removed. This noise could
be caused by the fact that we were measuring at low currents and
the equipment was reaching its limit. The I-V characteristics of all
the diodes were explained well by the thermionic emission
model. The [-V characteristics of the as-deposited and 300 °C
annealed samples were dominated by thermionic emission and
series resistance. The samples annealed at 200 °C and 500 °C
included the aforementioned current transport mechanism as
well as generation recombination, although in the sample
annealed at 500 °C it was more significant. The 400 °C annealed
sample had all the aforementioned mechanisms and included a
high injection region.

The transmittance spectrum of NifAu (Fig. 3) indicates that the
transmittance does not change much from that of the as-depos-
ited material up to an annealing temperature of 400 °C. The
transmittance ranges from 43 to 49% within the 200 to 400 nm
wavelength range. It is only at 500 °C annealing that the trans-
mittance increased significantly. The transmittance measured
after annealing at this temperature ranged from 50 to 74% within
the same wavelength range indicating that the Ni/Au became
more transparent to UV light. The responsivity of the photodiode
after annealing at different temperatures is shown in Fig. 4. It
decreased from as-deposited to annealing at 200 °C and then
increased with each subsequent annealing step. The responsivity
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Fig. 4. Spectral responsivity of NifJAu Schottky photodiode on AlGaN at different
temperatures.

showed its highest value at 500 °C annealing temperature. This
also corresponded to the transmittance shown in Fig. 3. At 500 °C
annealing temperature the Ni/Au contact exhibited its highest
transmittance. The range of the responsivity of the photodiode is
from 200 nm to about 300 nm, where a sharp cut-off wavelength
occurred at 292 nm. Theoretically, the cut-off wavelength can be
determined from the ideal diode equation when the bandgap is
known. In our case, the bandgap of Alg35GapessN was found by
interpolation between AIN and GaN. It has been calculated by
Omnes et al. [10] using photothermal deflection spectroscopy
(PDS). The value for this has been measured as 4.22 eV, which
corresponds to a cut-off wavelength of around 294 nm. This has
been confirmed by Monroy et al. [11]. The peak responsivity at
zero bias voltage for the different annealing temperatures
occurred at a wavelength of 275 nm. Fig. 5 shows the values

Annealing temperatura (°C)

Fig. 5. Responsivity and quantum efficiency as a function of annealing tempera-
ture of a Ni/Au on AlGaN Schottky photodiode.

extracted for the responsivity and quantum efficiency after
annealing at different temperatures. The trend of the responsivity
and the quantum efficiency are similar. The maximum responsiv-
ity and quantum efficiency have been measured as 0.046 A/W and
20.5%, respectively.

4. Conclusion

NifAu Schottky photodiodes based on Al 35GaggsN have been
successfully fabricated and characterized. The annealing tempera-
ture has been optimised and the lowest reverse current was found
to be after annealing at 400 “C. The photodiode was found to be
responsive in a specific wavelength range (200-300 nm). The
peak responsivity was measured as 0.046 A/W and a quantum
efficiency of as high as 20% at 275 nm wavelength. The transmit-
tance spectrum showed that NijAu deposited on quartz has a
significantly higher transmittance after annealing at 500 “C.
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CHAPTER 5

RESULTS AND DISCUSSION 2

5.1 INTRODUCTION

A good Schottky contact is one that at least for forward conduction, obeys the thermionic
emission equation to a good approximation and has a high Schottky barrier height, low
reverse leakage current and low series resistance. In addition, the ability to withstand high
temperatures is frequently a requirement. It has been found by Miura et al. that the insertion
of a metal with a high metal work function between Ni and Au improves the quality of
Schottky diodes on GaN [1]. In this chapter a comparison is made with regards to the opto-
electrical characteristics of Ni/Au and Ni/lr/Au Schottky photodiodes measured at room

temperature after different annealing temperatures.

5.2 EXPERIMENTAL

The deposition of the metals on the AlGaN wafers was performed using both an e-beam
system and a resistive evaporator system. The ohmic contacts were deposited with the e-beam
system using the metallisation scheme Ti (150 A)/ Al (2200 A)/ Ni (400 A)/ Au (500 A).
Prior to the deposition of the Schottky contacts the samples were dipped in a HCI:H,O (1:1)
solution in which the HCI content is 17 %. This was done to remove some of the
contaminants that might have settled on the wafer. As the ohmic contacts had not been
annealed, the samples were dipped for no longer than 10 seconds in the acidic solution. This
was to avoid prolonged interaction of the ohmic contacts with the acid as this would begin to
dissolve the contact off the semiconductor. Once the final cleaning process had been done,
the sample was blow dried in Ny. The Ni (20 A)/ Ir (30 A)/ Au (50 A) Schottky contacts were
deposited using the e-beam system. This was due to the fact that Ir has a high melting point
and therefore requires a high temperature evaporation system. Another reason was that the e-

beam system can take up to four different metals for a single deposition cycle. The Ni (20 A)/
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Au (50 A) Schottky contacts were deposited using the resistive evaporator system. Both the
Ni/Au and Ni/lr/Au Schottky contacts had diameters of 0.6 mm. Annealing under an Ar
ambient was isochronously performed at temperatures 200, 300, 400, and 500 °C for 5
minutes. After each annealing step electrical and optical measurements were performed at 25

°C. The irradiance used for the optical measurements is shown in Fig. 1.

2.5%10° , , ,

2.0x10°

1.56x10¢

10-°

Irradiance (VVlch)

5.0x10°10

0 | | |
200 250 300 350 400

Wavelength (nm)

Fig. 1 Irradiance vs. wavelength of a Digikrom monochromator

5.3 RESULTS AND DISCUSSION

5.3.1 Electrical properties

The 1-V characteristics of the Ni/Au Schottky photodiode after various annealing
temperatures are shown in Fig. 2. The heat treatment of the photodiodes at low temperatures
improved the reverse bias characteristics. The reverse current of the Ni/Au photodiode
measured at -1 V decreased with annealing temperature up to 400 °C. At 500 °C annealing
the diode deteriorated and exhibited a higher reverse current. The forward bias characteristics
measured after 500 °C annealing had a generation-recombination pattern at lower voltages

which is attributed to the introduction of recombination centres [2].
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Fig. 2 I-V characteristics of Ni/Au Schottky photodiode measured at room temperature
after annealing at different temperatures.

After annealing at lower temperatures the current voltage pattern of the Ni/lr/Au photodiode
was similar to that of the Ni/Au photodiode (Fig. 2) as can be seen in Fig. 3. The reverse
current of both photodiodes at -1 V decreases with increasing annealing temperature. In
contrast to the Ni/Au Schottky photodiode, the reverse current characteristics of the Ni/lr/Au
Schottky photodiode continued to improve up to 500 °C annealing. This could be attributed to
the Ir layer which prevented diffusion of Au through the Ni layer. Iridium is a metal that has
a higher thermal stability than Ni and Au. It also has a greater density than both metals. The
indiffusion of Au and Ni has been known to cause deterioration of devices. This degradation
has also been attributed to the formation of metal gallides and/or nitrides [3]. The initial
decrease in the reverse current with increasing reverse bias was probably due to deep level
defects emptying. In both the Ni/Au and the Ni/Ir/Au photodiode, the series resistance of the

contacts increased with annealing temperature.
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Fig. 3 I-V characteristics of Ni/lr/Au Schottky photodiode measured at room
temperature after annealing at different temperatures

Table 1 gives the electrical properties of Ni/Au and Ni/lr/Au Schottky photodiodes measured
as deposited and after annealing at 500 °C. The Schottky barrier height of both the Ni/Au and
Ni/lr/Au Schottky photodiodes improved with increasing annealing temperature. The Ni/Au
photodiode barrier height increased from 0.91 to 1.26 eV whilst that of Ni/lr/Au photodiode
showed a smaller increase from 1.01 to 1.10 eV. The ideality factors of the diodes decreased
from 2.18 to 1.90 for the Ni/Au photodiode and from 1.75 to 1.22 for the Ni/lr/Au
photodiode. The values for the barrier heights of the Ni/Au Schottky photodiode are
comparable with what has been found in literature. A value of as high as 1.37 eV has been
determined by Lu et al. [4]. The same could be said about the Ni/lr/Au diode where a diode
with a Schottky barrier height of 1.05 eV was found [1].
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Table 1 The electrical properties of Ni/Au and Ni/lr/Au Schottky photodiodes measured after different
annealing temperatures.

Schottky  Annealing Schot_tky Ideality  Saturation S.erles Reverse
metals  temperature _barr|er factor  current (A) resistance current at
height (eV) (ohm) -1V (A)
de ﬁ:ite d 0.91 2.18 1.51x107* 85 3.95x10!
Ni/Au P
500 °C 1.26 1.90 1.63x107*® 88 4.94x107"3
q As.t g 1.01 1.75 4.15x101 47 3.73x107%
Ni/lr/Ay | “ePosIte
500 °C 1.10 1.22 0.31x107'¢ 82 1.12x107"

5.3.2 Responsivity

Fig. 4 shows a comparison between the responsivity of the Ni/Au and the Ni/Ir/Au Schottky
photodiode. This responsivity was measured at zero bias. The Ni/Au Schottky photodiode
had the highest responsivity. As can be seen from the abovementioned figure, the cut-off
responsivity was 292 nm for both photodiodes. This is because the cutoff wavelength is
related to the bandgap energy of the semiconductor which for AlyssGaggsN is 4.22 eV [5].
The Ni/Au photodiode has a peak responsivity of 77 mA/W at 200 nm whereas the Ni/Ir/Au
has 25 mA/W at 275 nm. The higher responsivity of the Ni/Au is partly attributed to the
thickness of the metal layers. The combined Ni/Au layer was thinner than the Ni/lr/Au layer
thus causing more radiation to reach the metal-semiconductor interface. This caused the
responsivity of the Ni/Au device to be greater. The photocurrent to reverse current ratios

reached as high as 10%
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Fig. 4 The responsivity vs. the wavelength of a Ni/Au and Ni/lr/Au Schottky photodiode

5.3.3 Current voltage measurements under different illumination wavelengths

The trends of the current voltage characteristics of the Ni/Au and Ni/lr/Au Schottky
photodiodes as shown by Figs. 5 to 8 were similar. The photocurrent was dominant at the
lower bias voltages of the Schottky photodiodes. In the as deposited Schottky photodiodes the
photocurrent dominated up to -1 V whereas after 500 °C annealing, the photocurrent
dominated up to -3 V. The photocurrent to reverse current ratios for both these samples
reached as high as 10% depending on the voltage applied. The photocurrent was generated by
the electrons that flow from the metal into the semiconductor, and remained essentially
constant irrespective of the applied bias. At higher reverse bias voltage, the photo-generated
current was dominated by the reverse leakage current of the diode. In some cases the un-
illuminated diode showed a higher leakage current at 0 VV which was probably due to deep
level traps emptying. From these graphs it is clear that the peak of the responsivity was 275
nm as both the responsivity at 210 nm and the cut-off wavelength (292 nm) were lower.
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Fig. 5 Reverse current vs. voltage characteristics of an as deposited Ni/Au Schottky
photodiode measured at room temperature under different illumination wavelengths.
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Fig. 6 Reverse current vs. voltage characteristics of a 500 °C annealed Ni/Au Schottky
photodiode measured at room temperature under different illumination wavelengths.
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Fig. 7 Reverse current vs. voltage characteristics of an as deposited Ni/lr/Au Schottky
photodiode measured at room temperature under different illumination wavelengths.
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Fig. 8 Reverse current vs. voltage characteristics of a 500 °C annealed Ni/Ir/Au Schottky
photodiode measured at room temperature under different illumination wavelengths
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5.3.4 Transmission

The transmittance of the Ni (20 A)/ Au (50 A) layer was higher than that of the Ni (20 A)/ Ir
(30 A)/ Au (50 A) layer due to the fact that the thicknesses of the latter was greater. Fig. 9
shows transmittance of the Ni/Au layer in the wavelength range 200 to 360 nm measured
after annealing at different temperatures. After annealing at low temperatures, the
transmittance was lower and constant throughout the entire wavelength range. As the
annealing temperature increased, the transmittance also increased. After annealing at 500 °C
the transmission reached a peak of 85 % at a wavelength of 360 nm. In contrast to the Ni/Au
layer, the Ni/Ir/Au layer at lower temperatures did not exhibit a constant transmittance over a
wide wavelength range as depicted in Fig. 10. At lower annealing temperatures, focusing on
the 200 to 280 nm wavelength range, the transmittance decreased with increasing
wavelength, but remained relatively constant from 280 to 360 nm. The transmittance of the
Ni/lr/Au layer after annealing at 400 °C and 500 °C had the same trend. They had a ‘u-
shaped’ figure in the 200 to 360 nm wavelength range. After 500 °C annealing the
transmittance of the metal layer decreased. It was lower than the transmittance measured after
400 °C annealing. In the intermediate region, the 500 °C has lower values of transmittance
than those of the 300 °C spectrum. It therefore indicated that the best temperature for

annealing the Ni/lr/Au metal layer was 400 °C.
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Fig. 9 Transmission vs. wavelength of a Ni/Au metal layer deposited on a quartz
substrate measured at room temperature after annealing at different temperatures.
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Fig. 10 Transmission vs. wavelength of a Ni/lr/Au metal layer deposited on a quartz
substrate measured at room temperature after annealing at different temperatures.

5.4 CONCLUSION

The reverse bias characteristics of the Ni/Au Schottky photodiode improved with annealing
temperature up to 400 °C after which they deteriorated. The reverse bias characteristics of the
Ni/Ir/Au photodiode continued to improve up to 500 °C annealing temperature, probably due
to the Ir layer acting as a diffusion barrier. The Ni/Au Schottky photodiode exhibited a
greater Schottky barrier height than the Ni/lr/Au photodiode after annealing at 500 °C, the
values of the barrier heights were 1.26 and 1.10 eV respectively. The Ni/Au photodiode
exhibited a better responsivity of 0.077 A/W as compared to that of the Ni/lr/Au photodiode
which had a value of 0.025 A/W. The higher responsivity of the Ni/Au Schottky photodiode
is attributed to the thinner metal layer used to produce the device, leading to lower absorption
in the Schottky contact. The photocurrent to reverse current ratios at low reverse voltages
reached as high as 10 for illumination at 2.1 x 10”° W/cm? at 275 nm. Annealing the Ni/Au
metal layer up to 500 °C resulted in the improvement of the transmittance of the contact. For
optimal transmission, the best annealing temperature of the Ni/lr/Au metal layer was found to
be 400 °C and that of the Ni/Au 500 °C.
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CHAPTER 6

CONCLUSIONS

AlGaN based Schottky photodiodes have been successfully fabricated and characterised. The
diodes were subjected to increasing annealing temperatures in order to investigate the
evolution of their electrical and optical characteristics. The annealing was done in an Ar
ambient since it is an inert gas. There was a dependence of the electrical properties on
annealing. The Schottky photodiodes exhibited good thermal stability even after annealing at
high temperatures. At temperatures higher than 400 °C the Ni/Au Schottky photodiode began
to show signs of deterioration. The Ni/lr/Au Schottky photodiode only began to degenerate
after 500 °C annealing.

As the annealing temperatures were increased the Schottky barrier height of the Ni (50 A)/
Au (50 A) Schottky photodiode increased to a value of as high as 1.46 eV for I-V
characteristics. The reverse current was decreased from 2.07 x 10 A to the order of 10 A
at -2 V reverse bias voltage. The I-V Schottky barrier height of the Ni (20 A)/ Au (50 A)
Schottky photodiode increased to as high as 1.26 eV while that of the Ni (20 A)/ Ir (30 A)/ Au
(50 A) increased to 1.10 eV. Their reverse currents decreased from 3.95 x 10! A to 4.94 x
10*® A and from 3.73 x 10" A to 1.12 x 10™ A respectively. The dependence of the
electrical properties on annealing was probably due to the interfacial interactions at the metal-

semiconductor contact.

With regards to optical characteristics of the Ni/Au and Ni/lr/Au Schottky photodiode, the
responsivity and the quantum efficiency were the two main optical characteristics extracted
from the photocurrent measurements. A responsivity value of as high as 0.077 A/W at 200
nm was obtained for the Ni/Au Schottky photodiode and that of Ni/lr/Au Schottky
photodiode was 0.025 A/W at 275 nm. The UV to visible rejection ratio was as high as 10°
for the Ni/Au Schottky photodiode and 107 for the Ni/Ir/Au Schottky photodiode.

For the metal layers on the quartz substrate, the transmittance was dependent on the type of
metal deposited and on the metal layer thickness. As expected, the transparency of the Ni/Au
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metal layers was higher than that of the Ni/lr/Au layers, which included an additional Ir layer.
As the metal layers were annealed the transparency of the metals to UV light increased
depending on the metal layers, spectrum of radiation and annealing temperature. The
transmittance of the Ni (50 A)/ Au (50 A) metal layer increased from 43 % as deposited to 68
% after annealing at 500 °C in the wavelength range 200 to 350 nm. The transmittance of the
Ni (20 A)/ Au (50 A) metal layer increased from 57 % as deposited to 84 % after annealing at
500 °C in the 200 to 360 nm wavelength range. The transmittance of the Ni (20 A)/ Ir (30 A) /
Au (50 &) layer, however, showed a different pattern to the Ni/Au metal layers. It decreased
from as deposited to 200 °C and then increased with annealing temperature up to 400 °C and
then again decreased after 500 °C annealing. The transmittance measured at these different
temperatures varied between 30 % and 41 % in the 200 to 360 nm wavelength range. This is
ascribed to the Ir interacting with the Ni and the Au as this behaviour was not evident in the
Ni/Au metal layers. The transmittance was also dependent on the wavelength of the radiation.

Further Studies:

Further work has to be done in order to look at how to improve both the optical and electrical
characteristics of Schottky photodiode. Defects play a significant role in determining the
characteristics of Schottky diodes. The presence and properties of defects may be
investigated by means of Deep Level Transient Spectroscopy (DLTS). The reverse I-V
characteristics of these diodes indicate that some defects may be present therefore this might
be a fruitful study. Furthermore, these devices may be used in radiation environments (e.g.
space) where defects may be induced by energetic particles. This can be simulated in the
laboratory by bombarding the semiconductor with ions in order to create defects and
investigate whether these have an enhancing or degenerating effect on a fabricated device.
The defects in the AIGaN material can affect the current including the photo generated
current of the photodiodes. Since these defects might also react during annealing, a DLTS

study coupled to an annealing study might yield interesting results.

Also, further annealing studies can be investigated for different ambient conditions, for
instance using different gases. Varying the thicknesses of the metals and using different
metals and metal combinations can also help to optimise the metal layers and thus improve
the Schottky photodiode.
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Correlation between electrical properties and chemical changes in the contacts could be
investigated by means of X-rays Photoelectron Spectroscopy (XPS) and Auger Electron
Spectroscopy.
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