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Summary : i

Summary

The subject of my masters thesis research project was the fabrication and characterization of
metal — semiconductor contacts for application in Aluminum Gallium Nitride (AlxGa;xN) /
Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTs). The HEMTs are
implemented on a GaN — based materials system because these materials systems are suitable
for high frequency, high power applications. In particular, these HEMTs have to be able to
yield output powers of 4 W/mm at 10 GHz (X — band) at room temperature [1]. In order to
achieve this, metal — semiconductor contacts and in particular Ohmic and Schottky contacts

are required that enable this performance.

Ohmic contacts serve as the drain and source contacts of the HEMTs. Therefore, their contact
resistance (R.) is required to be as low as possible in order to achieve among others a high
saturation current (/,,), a high transconductance (g,) and a high current gain cut — off
frequency (f;). First, a theoretical introduction to this type of metal — semiconductor contacts
is provided. Next, our optimization procedure of the Ohmic contact fabrication process on
n — type Alg25Gag7sN/GaN heterostructures from ATMI/Epitronics is described. The goal of
this optimization scheme was to develop an Ohmic contact with an as low as possible contact
resistance and corresponding specific contact resistance (p.) for the used Aly2sGag7sN/GaN
material. In addition, the Ohmic contact fabrication process should be reproducible, which is
very important for a reliable implementation in the HEMT fabrication process. Furthermore,
the optimized Ohmic contacts should allow for a high current density passing through them
and they should also have a good line definition and a nice surface morphology. Our
optimized Ohmic contact fabrication process consists of a Ti/Al/Ni/Au = 30/180/40/150 nm
metallization scheme which is e — beam evaporated. After rapid thermal annealing (RTA) at
900 °C for 30 seconds in an N; ambient, values for R, and p. of 0.2 Qmm and
7.3 x 107 Qcm? respectively are obtained. These values are determined using a circular
implementation of the transfer length method (TLM). Comparing our values for R, and p.
with those reported in literature [27, 29], it can be concluded that our optimized Ohmic

contact on n — type Alg25Gag 7sN/GaN heterostructures is among the best in the world.

Schottky contacts serve as the gate contacts of the HEMTs. Therefore, they should among
others yield a low reverse current (/;) and a high breakdown voltage (Virea), Which is
generally defined as the voltage at which the reverse current equals 1 mA taking into account
the geometrical dimensions of the device. Similar to the Ohmic contacts, first a theoretical
introduction to the Schottky contacts is provided followed by a discussion of our preliminary
experiments and results. With respect to our experiments it has to be noted that due to the
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Summary ii

used heterostructure material it is principally not possible to determine values for among
others the effective barrier height (@,) and the ideality factor (n) using the conventional
current — voltage (I — V) and capacitance — voltage (C — V) characterization methods. To
circumvent this problem we have decided to focus on the reverse current and the breakdown
voltage in order to compare our Ni/Au = 20/200 nm Schottky contacts and to indicate their
quality.

It was shown that the reverse current and the breakdown voltage of practical Schottky
contacts are among others affected by the presence of an interfacial layer and surface states.
As a result, pre — metallization treatments such as plasma enhanced cleaning and wet
chemical etching are applied in order to render the Aly,sGagssN surface stable and
reproducible. Hence, we have decided to focus our preliminary experiments first on the
determination of the optimal pre — metallization treatments in the case of the used
Ni/Au = 20/200 nm Schottky contacts. For the moment, we have obtained the best electrical
Schottky characteristics after application of an O, plasma at 20 W (dc bias = - 60 V) for
2 minutes which is followed by a dip in diluted NH,OH (NH4OH : DI = 1:10) for 15 seconds.
However, this process has to be refined in future investigations. Also the effect of a
post — metallization heat treatment on the reverse current — voltage characteristics has been
investigated. We found that rapid thermal annealing (RTA) at 300 °C for 30 seconds in an N,
ambient improved the reverse current — voltage characteristics. For future investigations we
are convinced of the fact that with respect to the optimization of the Schottky contact
fabrication process on n —type AlgysGag7sN/GaN material, the optimization of the
pre — metallization treatments have the highest priority. Furthermore, it is very important to
do both DC and radio frequency (RF) capacitance — voltage measurements in order to
determine the Schottky contact behavior as a function of frequency and to extract an RF

equivalent circuit that describes this behavior.
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Chapter 1. Introduction : 1

CHAPTER 1

Introduction

This report describes the subject and the obtained results of my masters thesis research
project: “The fabrication and characterization of metal — semiconductor contacts for
application in Aluminum Gallium Nitride (AlxGa\xN)/Gallium Nitride (GaN) High Electron
Mobility Transistors (HEMTs)”.

The work has been carried out with the chair Opto Electronic Devices (OED), which is part of
the Telecommunication Technology and Electromagnetics Group (TTE) at the department of
Electrical Engineering of the Eindhoven University of Technology (TU/e). The activities of
OED include simulating, modeling and realizing III-V semiconductor devices for both optical

and electronic applications.

My investigations comprise a small part of the PhD — research project of my daily supervisor
Ir. B. Jacobs. His project is concerned with the design, fabrication and characterization of
high frequency, high power HEMTs based on an n — type AlGa;«N/GaN heterostructure.
Furthermore a high frequency, high power amplifier based on these HEMTs has to be
designed. In literature [1, 2] it has been stated that Al,Ga;.N/GaN HEMTs should be able to
provide typical high frequency output powers in the order of 4 W/mm at 10 GHz [1] and
maximum drain-source currents larger than 1200 mA/mm [2] at room temperature. These
devices are likely to find application in power amplifiers for base station transmitters for
cellular telephone systems, high definition television (HDTV) transmitters, power modules
for phased-array radars and other applications in the X-band (8 GHz - 12 GHz) [1]. In order to
accomplish such device performance it is among others very important to develop high
quality Ohmic and Schottky contacts. The former serve as the drain and source contacts and
the latter serve as the gate contacts in the HEMTs.

High quality Ohmic and Schottky contacts means that they should not, or as little as possible,

form the limiting factors for the performance of the HEMTs. The contact resistance of the
Ohmic contacts should be as small as possible to achieve a:
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Chapter 1. Introduction 2

¢ high saturation current (I, ~ 1200 mA/mm [1, 2]);

e high transconductance (g, = 200 mS/mm [1, 2]);

e high current gain cut-off frequency (f; = 60 GHz [1, 2]); and

¢ high power added efficiency (PAE = 40 — 50 % [1] within X — band).

The Schottky contacts should yield a:

e low reverse current density (J; = 10° A/cm’ at breakdown [1, 2]);
e high breakdown voltage (Virear > 100 V [1, 2]); and
¢ unity approaching ideality factor ().

The status of the Ohmic and Schottky contacts for application to n — type AlyGa|.xN/GaN

heterostructures before my thesis work was as follows:

The used Ohmic metallization scheme consisted of Titanium (Ti)/Aluminum (Al) with layer
thicknesses of 35/115 nm, respectively. Application of this metallization scheme to n — type
AlGa,.xN/GaN material yielded values for the contact resistance (R.) and the corresponding
specific contact resistance (p.) of R, > 4 Qmm and p. > 10~ Qcm’, respectively after rapid
thermal annealing (RTA) at 600 °C for 30 seconds in an argon (Ar) ambient. Compared to the
values for R, and p, reported in literature [27, 29] these values are very high and not suitable
for application in the high frequency, high power HEMTs.

For the Schottky contacts several different metallization schemes were in use such as
Platinum (Pt), Ni, Au and Ni/Au. In the case of the single layer metallization schemes a layer
thickness of 100 nm was commonly used. The layer thicknesses of the Ni/Au metallization
scheme were commonly 20/200 nm, respectively. Application of these metallization schemes
to n — type AliGa;xN/GaN material yielded Schottky contacts with, compared to literature
[1, 2], very low breakdown voltages (Vprear = ~ 10 V) and very large reverse current densities
(Js = 10 A/em’ at breakdown). Furthermore, the Pt and Au Schottky contacts suffered from a
very bad adhesion to the AlyGa,N material. This resulted in a very poor mechanical stability
of these contacts i.e. they were very easily scratched away by the measurement probes. The
Ni and Ni/Au Schottky contacts showed a much better mechanical stability and were not

easily scratched away by the measurement probes.
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Chapter 1. Introduction 3

The objective of my work with respect to the Ohmic contacts was to develop a metallization
scheme for application to n — type Alg2sGag7sN/GaN heterostructures in such a way that the
obtained values for R, and p, are as low as possible and that these contacts are suitable for
application in the high frequency, high power HEMTs. Furthermore, these contacts should
have a good line definition, a nice surface morphology and be mechanically stable. For the
application in high power devices it is also important that a high current density can pass

through these contacts without destroying them.

The objective of my work with respect to the Schottky contacts was also to develop a
metallization scheme for application to #n — type Alg25Gag7sN/GaN heterostructures. The goal
was to obtain high breakdown voltages and low reverse current densities because this is most
important for the application in high power devices. These contacts should also have a nice

surface morphology and a good mechanical stability.

The layout of this report is as follows:

Chapter 2 provides a brief and general introduction to GaN — based materials systems. First
the growth of these materials systems will be briefly considered. Next the most commonly
used substrates are discussed followed by the chemical inertness of the GaN — based materials
systems and its consequences. Furthermore, the crystal structure of these materials systems is
briefly described. After that, an overview is provided of both the optoelectronic and
microelectronic applications of the GaN — based materials systems. Finally, the material
properties of these materials systems are compared with those of several other

semiconductors. ™

Chapter 3 provides an overview of the basic theory of metal — semiconductor contacts. First
the energy band diagrams of both ideal and practical metal — semiconductor contacts will be
considered. Furthermore, the current transport processes, which govern the conduction
properties of these contacts, will be discussed. Finally, conclusions and some

recommendations for practical metal — semiconductor contacts are provided.

Chapter 4 provides a theoretical introduction to Ohmic contacts. The chapter starts with an
overview of the basic principles of Ohmic contact formation. Next, the specific contact
resistance (o), which is the most important property of Ohmic contacts, will be discussed.
Furthermore, the transfer length method (TLM), which is the most commonly used analysis
technique to determine p., will be considered. Finally, the most important conclusions are

briefly summarized.
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Chapter 1. Introduction 4

Chapter 5 is concerned with Ohmic contacts on n — type Aly2sGag 7sN/GaN heterostructures.
The first part of this chapter (sections 5.2 — 5.4) is concerned with the technology of the
Ohmic contacts. First, the most commonly reported metallization schemes and the proposed
formation mechanisms for Ohmic contacts on this materials system will be considered.
Furthermore, an overview is given of the pre — metallization and post — metallization
treatments respectively, which according to literature [33, 34] are applied in order to decrease
the contact resistance (R.) and the corresponding specific contact resistance (o,).

The remainder of this chapter (sections 5.5 — 5.7) deals with both the experiments that have
been carried out in order to develop an Ohmic contact with an as low as possible (R.) and (p.)
and the obtained results. First the used Alg,sGag7sN/GaN heterostructure and the basic
operation of a High Electron Mobility Transistor (HEMT), which is based on this layer
structure, will be described. Next, the circular TLM mask design that is used to fabricate the
Ohmic test structures will be considered. Furthermore, the optimization scheme, which has
been developed to arrive at the Ohmic contact with an as low as possible contact resistance
for the used Aly,sGag7sN / GaN layer structure, will be described. After this, the experimental
results of the Ohmic contact fabrication will be presented, followed by a discussion. Finally,
the most important conclusions and recommendations for the fabrication of Ohmic contacts

on AlgsGag7sN / GaN material will be provided.

Chapter 6 provides a theoretical introduction to Schottky contacts The chapter provides a brief
overview of the Schottky contact parameters such as the barrier height (@s,), the ideality
factor (n), the reverse current (), the breakdown voltage (Vi.qr) and the capacitance (C),
which can be used to indicate their quality. Furthermore, the different characterization

methods that can be used to determine these Schottky parameters will be briefly discussed.

Chapter 7 is concerned with the preliminary technology and experimental results of the
fabricated Schottky contacts on the Alg2sGag 7sN/GaN HEMT epitaxial structure that has been
described in section 5.5.1. First, the most commonly used metallization schemes for Schottky
contacts on n — type AlyGa;xN/GaN material will be described. Furthermore, an overview is
given of the pre — metallization and post — metallization treatments described in literature,
which are applied in order to decrease the reverse current (Z;) and to increase the breakdown
voltage (Vrrear). After this, the experiments with respect to the Schottky contact fabrication
and the preliminary results will be presented. First, the limitations with respect to the
characterization of the Schottky contacts will be discussed. Next, the circular mask design that
is used to fabricate the Schottky test structures will be considered.

Furthermore, the Ni/Au and Ir/Au metallization schemes will be discussed. After that, we
tried to determine the influence of both the pre — metallization treatments and the
post — metallization heat treatment on the preliminary experimental results obtained from the
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Chapter 1. Introduction 5

current — voltage (/ — ¥) measurements. This is followed by a brief discussion of the
capacitance — voltage (C — V) measurements. Finally, the conclusions and recommendations
for the fabrication of Schottky contacts on our # — type Alp2sGap7sN / GaN material will be
provided.

Chapter 8 presents the most important conclusions that can be drawn from this work.

Furthermore, recommendations are provided for future investigations.
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CHAPTER 2

General Introduction to
GaN - based Materials Systems

2.1 Introduction

This chapter provides a brief and general introduction to GaN — based materials systems. First
the growth of these materials systems will be briefly considered. Next the most commonly
used substrates are discussed followed by the chemical inertness of the GaN — based materials
systems and its consequences. Furthermore, the crystal structure of these materials systems is
briefly described. After that, an overview is provided of both the optoelectronic and
microelectronic applications of the GaN — based materials systems. Finally, the material
properties of these materials systems are compared with those of several other

semiconductors.

2.2 Growth

GaN and GaN - based materials systems such as In,Ga; 4N and Al,Ga; N are wide direct
bandgap semiconductors in the III-V nitride family. Due to the high melting point of GaN at
about 1700 °C it is extremely difficult to grow GaN and its derivative compounds from a
liquid melt. Nevertheless, the existence of very small GaN substrates (0.25 cm? or less) grown
at extremely high pressures (typically 25 kbar) has been reported [3]. Because of their small
size these GaN substrates are not suitable for commercial applications. Generally, GaN-based
materials systems are hetero-epitaxially grown on either silicon carbide (SiC) or sapphire
(a-Al,O3) substrates using molecular beam epitaxy (MBE) or metal organic vapor phase
epitaxy (MOVPE).
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Chapter 2. General introduction to GaN — based materials systems 8

2.3 Type of substrate

The lattice mismatch of epitaxial GaN layers grown on SiC substrates is much smaller
(3 - 4 % [4]) than that of GaN epilayers grown on sapphire substrates (13 % [5]). The thermal
conductivity (k) of silicon carbide is considerably larger than that of sapphire, which results in
a smaller thermal impedance of the epitaxially grown layers [4]. However, despite these
advantages of SiC over sapphire, from an economical point of view sapphire substrates are

still the most commonly used.

2.4 Chemical inertness

Depending on the applied buffer layer and growth temperature, MBE grown GaN epilayers
are either nitrogen (N) faced or gallium (Ga) faced. The Ga — faced epilayers are chemically
inert and have a much smoother surface than the N — faced epilayers. MOVPE grown
GaN-based materials on SiC or sapphire are most commonly Ga — faced. The chemically
inertness of the Ga — face is both an advantage and a disadvantage. The advantage of this
characteristic is that it allows for the application of these materials systems in chemically
highly aggressive environments. Therefore among others the contacts of such devices have to
be able to withstand these conditions as well. The disadvantage of the chemically inertness is
that structures (e.g. mesas) can only be made using dry etching techniques like reactive ion
etching (RIE) or chemically assisted ion beam etching (CAIBE).

2.5 Crystal structure

Depending among others on the applied substrate, its orientation and the used growth
technique, the GaN-based materials systems appear in two configurations. These are the
hexagonal (wurtzite) and cubic (zinc-blende) crystal structures. The former is the
thermodynamically stable phase at ambient conditions and the latter is the metastable
structure [6]. Like its cubic counter part, each atom in the wurtzite crystal forms a tetrahedral
bond with its nearest neighbor. The GaN-based materials systems having either the wurtzite
or the cubic crystal structure both belong to the “direct semiconductors”. This implies that

they can be used for both electrical and optical applications.
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Chapter 2. General introduction to GaN — based materials systems 9

2.6 Applications

2.6.1 Optoelectronic applications

At present the InsGa;.\N/GaN materials system is the most commonly used oproelectronic
materials system for the fabrication of blue and green light emitting diodes (LEDs) and blue
laser diodes (LDs). The fabrication of the first high brightness blue LED by Shuji Nakamura
in 1993 [7] and the fabrication of the first blue LD also by Shuji Nakamura in 1996 [7]
enabled a large variety of commercial applications. High brightness LEDs are applied in areas
where strong, energy sufficient and reliable green, blue and UV light sources are needed
(e.g. automotive/aircraft lighting and traffic lights). In addition, as the three primary colors
(red, green and blue) have become available in LED technology, the production of full color
LED displays has become possible (e.g. outdoor television screens, indoor flat panel display
screens, full color scanners etc.). Green/blue, blue and UV GaN-based LDs can be used in the
field of optical reading and writing of data in compact disk memories and optomagnetic
memories. Since the storage density in these memories is largely determined by the
wavelength of the applied LD, it is expected that blue LDs will increase the storage density by
about a factor of four compared to presently employed LDs at A = 780 nm (red/infrared) [7].
By altering the Indium (In) content of the In,Ga,.xN material, the bandgap energy (£,) can be
varied from 1.9 eV (A = 654 nm = orange-red) for InN up to 3.4 eV (A =366 nm = ultra violet
(UV)) for GaN at room temperature.

2.6.2 Microelectronic applications

By adjusting the Aluminum (Al) content of the Al,Ga; <N material, E; can be varied from
34 eV (A =366 nm = UV) for GaN up to 6.2 ¢V (L = 200 nm = deep UV) for AIN at room
temperature. Despite the major difficulties at present, the AlyGa;«N/GaN materials system
could eventually be used to fabricate UV / deep UV LDs for high density data storage
applications. However, the AlyGa;«N/GaN materials system is most commonly used for
microelectronic applications such as high frequency, high power HEMTs which can be
applied in power amplifiers for base station transmitters for cellular telephone systems, high
definition television (HDTV) transmitters, power modules for phased-array radars and other
applications in the X-band (8 GHz - 12 GHz) [1].
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2.7 Material properties

Due to the large bandgap discontinuity (AE,) at the Al,Ga;.xN/GaN heterojunction a two
dimensional electron gas (2DEG) is formed in the GaN layer which serves as the channel in
the HEMTs. The electron mobility u, in this 2DEG has typical values of 1000-1500 cm*/Vs
[8], which are much larger than the electron mobilities that can be reached in GaN. Compared
to the values for the saturation velocity (vy,) of Si and GaAs, v, of GaN is considerably
higher [8]. Table 1 presents some material properties of silicon (Si), gallium arsenide (GaAs),
4H-silicon carbide (4H-SiC), 6H-silicon carbide (6H-SiC) and GaN for comparison purposes.
The large bandgap energy (E;) of the GaN-based materials results in a high breakdown
electric field (Epreak = 3 x 10° V/em [9]) which is one order of magnitude larger than the
breakdown electric fields of Si and GaAs. High breakdown voltages allow for high supply
voltages which are necessary to obtain large high frequency output powers. Also due to their
large E, the GaN-based materials have the potential to operate at elevated temperatures,
largely exceeding the maximum operating temperatures for GaAs devices [10]. All these
properties make the GaN-based materials superior over e.g. GaAs-based materials for high

frequency, high power and high temperature electronic applications.

Table 1: Material properties of several semiconductors.

Materials — GaN
. Si GaAs | 4H-SiC | 6H-SiC
Properties | (wurtzite)
E, [eV](T=300K) 1.12 142 3.2 2.86 34
& [-] 11.9 12.5 10 10 9.5
) 400-500
M [cm™/(V-s)] 1350 8500 1400 1400
1000-1500 (2DEG)
Ve [107 X cr/s] 1 0.8 1.5 1.5 2-2.5
FE,,,gak [MV/cm] 0.3 04 1-5 1-5 3
K [W/(cm K)] 1.5 0.54 4 4 1.3

2.8 Conclusions

From this chapter it can be concluded that the GaN — based materials systems are very
promising and that they have a large variety of both optoelectronic and microelectronic
applications.
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CHAPTER 3

Metal — Semiconductor Contacts

3.1 Introduction

The objective of this chapter is to provide an overview of the basic theory of
metal — semiconductor contacts. First the energy band diagrams of both ideal and
practical metal — semiconductor contacts will be considered. Furthermore, the current
transport processes, which govern the conduction properties of these contacts, will be

discussed.

3.2 Energy band diagrams

In this section we will consider the energy band diagrams of two limiting cases of the
metal — semiconductor contact. The first limiting case is that of an ideal contact between a
metal and an n — type semiconductor in the absence of surface states. The second limiting case
is that of a practical contact between a metal and an n — type semiconductor, where a thin
interfacial layer with an infinitely large density of surface states is present on the
semiconductor surface. Figures 3.1 and 3.2 show the energy band diagrams for the first and

the second limiting case respectively.

Figure 3.1a shows the flat band situation for a semiconductor without a surface layer and
surface states. When a metal is placed in intimate contact with such a semiconductor, the
conduction (E;) and valence (F,) energy bands have to bend in order to reach thermal
equilibrium. In the case of thermal equilibrium (i.g. no external voltages are applied, no
currents are induced, no temperature gradients are present) the Fermi levels in the metal and
the semiconductor are at an equal level (Er» = Er;). Figure 3.1b shows the barrier that has

been formed at the metal — semiconductor interface after establishing thermal equilibrium.
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Figure 3.1: Energy band diagrams of a metal — semiconductor contact without an interfacial

layer and surface states before (a) and after (b) intimate contact under thermal

equilibrium.
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Figure 3.2: Energy band diagrams of a metal — semiconductor contact with a thin interfacial
layer (8) and an infinitely large density of surface states before (2) and after (b)
intimate contact under thermal equilibrium.

Figure 3.2a shows the energy band diagram of a semiconductor with a thin surface layer e.g. a
native oxide and a large density of surface states. If a metal is placed into contact with such a
semiconductor, the physics of the junction are not governed by the bulk properties of the
metal and semiconductor material but by the properties of the surface boundaries and
primarily those of the semiconductor surface [16]. The strong influence of the semiconductor
surface is due to the surface states that are present inside the bandgap. In this case it is
possible to define a neutral level @ that represents the position of the Fermi level in the case
that the semiconductor surface is electrically neutral. If surface states below @, are empty the
semiconductor surface will be positively charged and if surface states above @, are filled the

semiconductor surface will be negatively charged. If the Fermi level at the surface does not
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coincide with the neutral level @, there will be a net charge at the surface. This charge
produces an electric field (;-:) in the semiconductor which causes the energy bands to bend. If
the surface charge is negative, as is the case for practical n — type AlyGa;xN layers [39], the
energy bands will bend upwards towards the surface. As a consequence, the semiconductor
material near the surface is already depleted before it has been brought into contact with the
metal as can be observed in figure 3.2a. This figure also shows that the energy levels of the
surface states are occupied with electrons up to Er, which in the case of an infinitely large
density of surface states equals @, in order to establish thermal equilibrium between the
surface states and the bulk of the semiconductor material. Figure 3.2b shows the energy band

diagram of such a practical metal — semiconductor contact.

In the case that no surface states are present, the height of the potential barrier, which the
electrons have to overcome if they flow from the metal into the semiconductor, is ideally
equal to the difference between the metal work function (@,,) and the semiconductor electron
affinity (y;). Actually, the image — force — induced lowering of the barrier height in the case of
an applied electric field (% ), which is known as the Schottky effect, should also be taken into
account. The value of the resulting barrier height (®3,) is then given by:

qP,, =q(®, — z,)-9AD [eV] 3.1)

where 4® represents the Schottky barrier lowering. In the case of a metal — semiconductor
system A is given by [15]:

qE
dre,E,

AD =

(3.2)

where € is the maximum electric field at the interface, gy the permittivity of free space and &,
is the relative permittivity of the semiconductor material. The observed change of the bandgap
of the semiconductor material at the metal — semiconductor interface compared to that in the
bulk of the semiconductor could be explained by the distortion of the periodicity of the
potential function of the atoms near this interface. As a result, the potential energy of the
electrons that follows from the solution of the Schrodinger equation is distorted. This leads to
a distorted (£, k) diagram i.e. with different allowed and forbidden energy bands compared to

that of the bulk semiconductor material.

If the density of the surface states is infinitely large, the barrier height (®5,) and as a
consequence the energy band diagram change only very little after placing the metal into
intimate contact with the semiconductor. Thermal equilibrium between the two materials will

be established by a small drop of the semiconductor Fermi level relative to that of the metal.
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The drop of Er, is small because the electrons, which are required for this process, are
provided by the occupied surface states below Er,. In this case the Fermi level at the interface
is “pinned” by the surface states at a value g®, above the valence band (Ey). The barrier
height (@3,) is independent of the metal work function (@,,) and is entirely determined by the
doping and surface properties of the semiconductor. If again the Schottky effect is taken into
account, the resulting barrier height is given by [15]:

gD, =(E, —q®,)- gA® (3.3)

The formation of surface states has shown to be dependent on the bonding type (covalent or
ionic) of the semiconductor material [15, 16, 17]. Unsaturated bonds at the surface of covalent
semiconductors (e.g. Si, Ge, GaAs) give rise to a (very) large density of surface states. If these
surface states are formed inside the bandgap, Fermi level pinning at the interface occurs. This
Fermi level pinning can explain the fact that the barrier height is essentially independent of
the metal work function. As a rule of thumb, the barrier heights in these semiconductors equal
qPs, = 2/3 E, in case of n — type doping and q@z, = 1/3 E, in case of p — type doping [17].

Ionic semiconductors (e.g. AIN, GaN, AlGa,.xN) with strongly polarized crystal lattices
stabilize their surfaces by shifting the atomic layers near the surface [17]. As a result, no
surface states inside the bandgap are formed and Fermi level pinning at the interface does not
occur. For ionic semiconductors the barrier height generally depends strongly on the metal
and a correlation has been found between interface behavior and the electronegativity (X)
[15]. The electronegativity is defined as the power of an atom in a molecule to attract
electrons to itself. The “index of interface behavior” (S) is a quantitative indication of how
strongly the barrier height of a metal — semiconductor contact depends on the

electronegativity of the applied metal and is given by:

dd,,
dX

m

S= (3.4)

where X,, is the electronegativity of the applied metal. Figure 3.3 (from [15]) shows a plot of
S as a function of the electronegativity difference of different semiconductors. A sharp
transition can be observed from the covalent semiconductors (such as GaAs with AX=0.4) to
the ionic semiconductors (such as AIN with AX = 1.5). For semiconductors with AX < 1 the
index S is small indicating that the barrier height depends only weakly on the metal
electronegativity (or the work function). For AX > 1 the index § approaches 1 and the barrier
height depends on the metal electronegativity (or again the work function).
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Figuur 3.3: The index of interface behavior S as a function of the electronegativity difference

of different semiconductors [15].

According to figure 3.3, the values for AX of GaN and AIN are approximately equal to 0.9
and 1, respectively. Hence, GaN (and AlyGa;«N) will hardly suffer from Fermi level pinning
and the barrier height is determined by the work function of the applied metal.

3.3 Current transport mechanisms

The current transport in metal — semiconductor contacts is mainly due to majority carriers, in
contrast to p — n junctions where the minority carriers are responsible. Figure 3.4 shows the
four basic transport processes under forward bias for a metal — n- type semiconductor contact.
The inverse processes occur under reverse bias. The mechanisms are [16]:

1) emission of electrons from the semiconductor over the top of the barrier into the
metal;

2) quantum mechanical tunneling of electrons from the semiconductor through the
barrier into the metal;

3) recombination of electrons and holes in the depletion region; and

4) recombination of electrons and holes in the neutral region (“hole injection”).
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Schottky barriers in which the process described under 1) is the most important current
transport mechanism are generally referred to as “nearly ideal” because the electrons can only
pass the potential barrier at the interface by surmounting it completely. Due to the high barrier
height encountered in the reverse direction the reverse current (Z;) will be very low, which is
one of the characteristics of a nearly ideal Schottky contact. The processes under 2), 3) and 4)
cause departures from this ideal behavior because the electrons also have the opportunity to
pass the potential barrier at the interface using alternative paths. All four processes will be
discussed briefly in the following subsections.

Metal Semiconductor

Figure 3.4: Four basic transport processes under forward bias.

3.3.1 Emission over the barrier

The emission of electrons from the semiconductor over the top of the potential barrier into the
metal can be described by two basic mechanisms, which in fact are two limiting cases. For
high mobility semiconductors the transport can be adequately described by the thermionic
emission theory. The transport in low mobility semiconductor material can be understood
using the diffusion theory. In practice, the true behavior of the transport process will lie
somewhere between these two extremes of the thermionic emission theory and the diffusion
theory. This consideration has led to the development of the combined thermionic
emission / diffusion theory. The assumptions that provide the basis for the development of
these three theories and their final results will be described in the following subsections.
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33.1.1 The thermionic emission theory

The thermionic emission theory by Bethe (1942) is derived from the assumptions [15, 41]
that:

1) the barrier height (q@g,) is much larger than kT, where & is the Boltzmann factor
and T is the absolute temperature;

2) thermal equilibrium is established at the plane that determines emission;

3) the existence of a net current flow does not effect this equilibrium, so that the two
current fluxes, one from the semiconductor to the metal and one from the metal to
the semiconductor, can be superimposed;

4) the current — limiting process is the actual transfer of electrons across the interface
between the semiconductor and the metal; and

5) the width of the region over which a AT drop in potential energy occurs at the

barrier should be smaller than the electron mean free path.

According to these assumptions the shape of the barrier profile is immaterial and the current
flow depends only on the barrier height. Hence, if the thermal energy of an electron is
sufficiently high to surmount the potential barrier, this transport process is called thermionic
emission. In the case of thermal equilibrium the electron flow from the semiconductor into the
metal is equal to that from the metal into the semiconductor. As a consequence, the total
current density (.7 ) across the interface is equal to zero because the current densities in
reverse and forward direction cancel each other out. If a forward bias voltage (V> 0) is
applied, the Fermi level in the semiconductor shifts to a higher energetic level with respect to
the Fermi level in the metal by an amount of gV As a result, the barrier height for electron
flow from the semiconductor into the metal, which is determined by the built — in voltage
(V4i), has been lowered. The current density in forward direction is now larger than that in
reverse direction because electrons with smaller thermal energies can also surmount the
potential barrier. If a reverse bias voltage (¥, < 0) is applied, the Fermi level in the
semiconductor shifts to a lower energetic level with respect to the Fermi level in the metal by
an amount of gV,. The barrier g¥}; in the semiconductor is enlarged and the current density in
forward direction falls below that in reverse direction. It has to be noted that the current
density in reverse direction is independent of the polarity of the applied bias and remains
constant because the barrier for electrons flowing from the metal into the semiconductor
(q®sn) remains unchanged. The total current density according to the thermionic emission

theory is given by [15, 16, 17]:
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qV
J=J|exp|l =—|-1 35
srl: p(kT] } (3.5)
where
—-qd
Jo = A'T? exp| —18n 3.6
ST eXp( T ] (3.6)
and
. Amgm'k?
A =$—. (3.7

In equations (3.5) — (3.7), A" is the Richardson constant, T the absolute temperature, g the
electron charge, & Boltzmann’s constant, @p, the barrier height to electron flow from the
metal into the semiconductor, ¥ the applied voltage across the barrier, m, the electron
effective mass, /2 Planck’s constant and Jsr is the saturation current density according to the

thermionic emission theory.

33.1.2 The diffusion theory
The diffusion theory by Schottky (1939) is derived from the assumptions that [15]:

1) the barrier height (q®g,) is much larger than &7

2) the effect of electron collisions within the depletion region is included;

3) the carrier concentrations at x = 0 and x = W are unaffected by the current flow (i.e.
they have their equilibrium values); and

4) the impurity concentration of the semiconductor is nondegenerate.

To derive the current — voltage characteristic according to the diffusion theory, the current
density in the depletion region in the x — direction is written in the usual way as:

J =7, = aun(9E)+ gD, (3.8)
X

where ¢ is the electron charge, u, the electron mobility, n(x) the electron concentration in the
x — direction, E(x) the electric field in the barrier in the x — direction and D, the diffusion
coefficient for electrons. It is important to note that it is only possible to write the expression
for the current density in the simple form of equation (3.8) if it is legitimate to use the
concepts of a mobility and a diffusion coefficient which are independent of the electric field
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[16]. However, if such a simplification is not made the analysis becomes extremely tedious
and therefore equation (3.8) is usually assumed to be valid. But it should always be borne in
mind that the accuracy of the analysis ultimately rests on the truth of this assumption [16].
Using the Einstein relationship D,/u, = kT/q, it is possible to write equation (3.8) in the form:

_gn(x) IV(x) N @} (3.9)

J=¢qD,
kT  ox ox

where V(x) is the voltage across the barrier. Under the steady state condition and neglecting
the Schottky effect, the total current density according to the diffusion theory is given by

[15, 16, 17]:
1
2 _ 2
g2 EDNe | gV V2N, [ q%] exp{ﬂj—l
kT EoE, kT kT
J = JSD[exp[i—;J - 1} (3.10)
where
1
2 _ 2
JSD = q DnNC q(Vbi V)zND exp| — qcDBn (311)
kT EoE, kT

In equations (3.10) and (3.11), Nc is the effective density of states function in the conduction
band, Vj; the built — in voltage, Np the donor impurity concentration, &y the permittivity of free
space, &5 the relative permittivity of the semiconductor material and Jsp is the saturation
current density according to the diffusion theory. The expressions for the current densities of
the themionic emission and diffusion theories, equations (3.5) and (3.10) respectively, are
basically very similar. However, the saturation current density Jgsp for the diffusion theory
(equation (3.11)) varies more rapidly with the voltage but is less sensitive to the temperature

compared with the saturation current density Jsr for the thermionic emission theory (equation

(3.6)) [15].
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3.3.13 The combined thermionic emission / diffusion theory

The difference between the thermionic emission theory and the diffusion theory is well
illustrated by the behavior of the quasi — Fermi level for electrons in the conduction band of
the semiconductor as already has been shown in figure 3.4 (section 3.3). According to the
diffusion theory the concentration of conduction electrons in the semiconductor immediately
adjacent to the interface is not altered by the applied bias. This is equivalent to assuming that
at the interface the quasi — Fermi level in the semiconductor coincides with the Fermi level in
the metal. In this case, the quasi — Fermi level falls through the depletion region as shown in
figure 3.4 by the dotted line. This behavior is in sharp contrast with the situation ina p —n
junction under bias, where the quasi — Fermi levels for both types of carriers are generally
assumed to be flat throughout the depletion region [16].

The electrons emitted from the semiconductor into the metal are not in thermal equilibrium
with the conduction electrons in the metal but have an energy that exceeds the metal Fermi
energy by the barrier height. Hence, these electrons can approximately be regarded as “hot”
electrons. In literature [16] it has been suggested that the hot electrons in the metal can be
thought of as a species of electron different from the “ordinary” conduction electrons and they
can be described by their own quasi — Fermi level. As the hot electrons penetrate into the
metal, they lose energy by collisions with the conduction electrons and the lattice atoms.
Finally, they reach equilibrium with the conduction electrons in the metal. Their
quasi — Fermi level falls until it coincides with the metal Fermi level [16]. This process is
rather like recombination in a semiconductor. This point of view implies that the electron
quasi — Fermi level at the interface does not have to coincide with the metal Fermi level. It is
now possible to imagine that the quasi — Fermi level remains flat throughout the depletion
region as in a p — » junction [16]. This is the assumption made in the thermionic emission
theory and is shown in figure 3.4 (section 3.3) by the dashed line. Bearing in mind that the
gradient of the quasi — Fermi level provides the driving force for electrons, the main obstacle
to current flow in case of the diffusion theory is provided by the combined effects of drift and
diffusion in the depletion region. According to the thermionic emission theory the bottleneck
lies in the process of emission of electrons into the metal [16]. In practice, the true behavior of
the transport process will lie somewhere between these two extremes of the thermionic
emission theory and the diffusion theory. This consideration has led to the development of the
combined thermionic emission / diffusion theory.

The most fully developed theory is that of Crowell and Sze, who introduce the concept of a
recombination velocity (v,) at the top of the barrier [16]. This recombination velocity is
defined by equating the net electron current into the metal to v,(n- ny), where n is the electron

density at the top of the barrier and ny its value at zero bias. The terms v,# and v,ny represent
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the electron fluxes from semiconductor to metal and from metal to semiconductor
respectively [16]. Without taking into account the effect of backscattering of electrons at the
Schottky barrier by electron optical — phonon scattering when they try to pass it and without
considering quantum mechanical tunneling and reflection, the total current density according
to the combined thermionic emission / diffusion theory is given by [15, 16, 17]:

qNcv, 9Py, qv
J=— - — -1 3.12
o exp( T ][exp[ T (3.12)
+_
Va
with
W -1
v, =| {—Lexp| - ¢(®s +W)}dx : (3.13)
J HkT kT

In equations (3.12) and (3.13), N¢ is the effective density of states function in the conduction
band, v, the recombination velocity at the top of the barrier, @3, the barrier height, &
Boltzmann’s constant, T the absolute temperature, ¥ the applied voltage across the barrier and
qy is the electron potential energy. The term v, in these equations, is an effective diffusion
velocity associated with the transport of electrons from the edge of the depletion layer at
x = W from the interface (at x = 0) to the potential energy maximum at x = x,, (0 < x,, < W)
and not at x = 0 because of the Schottky effect.

If v; >> v,, the pre-exponential term in equation (3.12) is dominated by v, and the thermionic
emission theory most nearly applies. However, if v; << v,, v; is dominant and the diffusion
theory is in charge. If the image force effects are neglected and if the electron mobility is
assumed to be independent of the electric field, v; would be equal to u,E where E is the
electric field in the semiconductor near the boundary [15]. The standard diffusion result as
given by equation (3.10) would then be obtained.

To conclude this subsection, the complete J — ¥V characteristics, which take into account the
earlier mentioned and at that time neglected backscattering, quantum mechanical tunneling

and reflection processes, are given by [15]:

qV
J=J — -1
sc[eXp(kTJ :l

0]
Jo. = A"T? exp| — I 2n 3.14
sc p( T j ( )
where
A‘
A" :L (3.15)
1+ fprvr
Vg
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In equations (3.14) and (3.15), Jsc is the saturation current density in case of the combined
thermionic emission / diffusion theory, A" the effective Richardson constant in that case, v,
the recombination velocity at the top of the barrier and v, is the effective diffusion velocity.
The term f, represents the probability of electron emission over the potential maximum and
can be given by [15] f, = exp (-x,/A), where x,, is the position of the potential maximum from
the interface and A is the carrier mean free path at this location. The term fp represents the
ratio of the total current flow, considering quantum mechanical tunneling and reflection, to
the current flow neglecting these effects. This ratio depends strongly on the electric field and

the electron energy measured from the potential maximum [15].

3.3.14 The effect of the image force on the current — voltage
relationship

The current — voltage relationship predicted by the thermionic emission theory (equation
(3.5)) is of the form of the ideal rectifier characteristic J = Jy [exp(qV/kT) — 1], with
Jo = A*T’exp(-gPan/kT), provided that the barrier height is independent of bias. However,
there are several reasons why the barrier height depends on the electric field in the depletion
region and hence on the applied bias. In particular, even in an ideal contact with no interfacial
layer, the barrier height is reduced as a result of the image force by an amount 4& which
depends on the bias voltage [16]. If a forward bias voltage (¥ > 0) is applied, the barrier
height is larger than at zero bias. However, if a reverse bias voltage (V, < 0) is applied the
barrier height is smaller than at zero bias [15]. The effective barrier that electrons have to
surmount before they can reach the metal is therefore given by @, = &g, — 4AP. Moreover, in
the presence of an interfacial layer the barrier height (®g,) depends on the bias voltage.
Besides the bias dependence of @, for the just mentioned two reasons, the penetration of the
wave functions of the metal electrons into the semiconductor has a possible effect on @,.
After penetration of these wave functions of electrons in the metal with energies
corresponding to the forbidden gap in the semiconductor, they damp out exponentially. This
represents a transfer of charge from the metal to the semiconductor and the states are often
referred to as metal — induced gap states (MIGS) [16]. The bias dependence of @, is very
important with respect to the reverse current — voltage characteristics of a Schottky diode and
it will consequently modify these current — voltage characteristics. This dependence, using a
Taylor expansion of @, which is terminated after the linear term, is given by:

oD
®, =(d,), + > (3.16)
with
((De)o = ((Dan )o - (A(D)o (3.17)
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where (D.)g, (Dpn)y and (4P) refer to the effective barrier height, the (uncorrected) barrier
height and the image — force — induced barrier lowering at zero bias respectively. Assuming

that @,/ Vis constant, the effective barrier height is given by [16]:

D, =(D,,), - (AD), + gV (3.18)

e

where the coefficient f is positive because @, always increases with increasing forward bias
[16]. Inserting equation (3.18) in the current — voltage relationship of the ideal rectifier now

gives:
NN /w)]{exp( )
J=J; exp(- %}[exp[i—;) - 1} (3.19)
where
Jo = AT exp[_ a((@s, )loc; (AQ)O)J (3.20)

Equation (3.19) can be written in the form:

qv qV
J=J — 1= - 3.21
s exP[nkT)[ exp[ T J:| ( )
where
1 oD
—=]1-p=1-—2= 3.22
n p ov ( )

and n» is called the ideality factor. If &,/ Vis constant, n is constant too [16]. For values of V/

larger than 3k7/g, equation (3.21) can be written as:

J=Jj exp[ﬂ] for V> 3kTlq (3.23)
nkT

As will be shown in the following subsections, there are other mechanisms besides the bias
dependence of @,, in particular thermionic field emission (section 3.3.2) and recombination in
the depletion region (section 3.3.3), which yield a current — voltage relationship like equation
(3.21). In literature [15, 16, 17], equation (3.21) is often given in the form:

J=Jg [exp[qTVTj - IJ (3.24)
n

In fact, this form is incorrect because the barrier lowering affects the flow of electrons from

the metal to the semiconductor as well as the flow from the semiconductor to the metal.
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Hence, the second term in the square brackets of equation (3.24) should obtain the ideality
factor n. The difference between equations (3.21) and (3.24) is negligible for V' > 3kT/q, but
the correct form given by equation (3.21) has the advantage that n can be determined
experimentally by plotting In[J/{1 - exp(-qgV7kT)}] versus V. This graph should be a straight
line with a slope of g/nkT if the ideality factor n is constant, even for V' < 3k7/g and for
reverse bias [16]. In practice however, @&,/ V is not constant and the plot of
In[J/{1 - exp(-gV7kT)}] versus V is not linear. The ideality factor defined by equation (3.22) is
in that case a function of bias. However, it is still a useful concept which can be determined

from the experimentally obtained current — voltage characteristic through the relationship

[16]:
LM d J (3.25)
n qdv [ }
l—exp —-—
kT
or, for V> 3kT/q,
1 kT d
—=——1InlJ 3.26
i ) (3.26)

The parameter n is generally a function of ¥ and can only be specified for a particular
operating point on the characteristic. Equation (3.26) is more commonly found in
literature, but equation (3.25) has the advantage that it can be used for V' < 3k7T/q and for

reverse bias [16].
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Figure 3.5: (J-V) characteristics of a Schottky diode and the dependence on n.
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Figure 3.5 shows the current — voltage (J-¥) characteristics of a Schottky diode under reverse
and forward bias according to equation (3.21). Furthermore, it shows the dependence of the
(J-¥) characteristics on the ideality factor (n). It can be observed that as » increases, the
Schottky diode becomes increasingly leaky and in the end shows better conduction in the

reverse than in the forward direction.

3.3.2 Tunneling through the barrier

This subsection will describe the second basic transport process under forward bias for a
metal — n- type semiconductor contact as was mentioned at the beginning of section 3.3.
Depending on the circumstances it may be possible for electrons with energies below the top
of the potential barrier to penetrate the barrier by quantum mechanical tunneling. This
tunneling process modifies the ordinary thermionic emission process in one of the two ways
which are shown in figure 3.6. Figures 3.6a and 3.6b show the energy band diagrams in the
case of field emission (FE) and thermionic field emission (TFE) respectively.

Metal Semiconductor Metal Semiconductor

E SN V2NN
Lox (@) [ (b)

Figure 3.6: Energy band diagrams in the case of field emission (FE) (a) and thermionic field
emission (TFE) (b) under forward bias for a metal — »n- type semiconductor

contact.
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In the case of a very highly doped (degenerate) region of the semiconductor material near the
surface (figure 3.6a), at low temperature the current in the forward direction is due to the
tunneling of electrons with energies close to the Fermi energy in the semiconductor. This is
known as field emission (FE). Field emission is of considerable importance with respect to
Ohmic contacts which usually consist of Schottky barriers on very highly doped
semiconductor material. If the temperature is raised, electrons are excited to higher energies
and the tunneling probability increases very rapidly because the electrons encounter a thinner
and lower potential barrier. In this case, electrons can tunnel through the barrier at a height
E — Ec above the bottom of the conduction band. This is known as thermally assisted
tunneling or thermionic field emission (TFE). If the temperature is raised still further, a point
is eventually reached in which virtually all of the electrons have enough energy to go over the
top of the barrier. The effect of tunneling is then negligible and pure thermionic emission
(TE) remains [15, 16].

To arrive at a universal expression for the current densities in the different current transport
mechanisms (TE, TFE and FE, respectively) we can use the ideality factor » introduced in

section 3.3.1.4. This universal equation is given by:

n=1 (TE) (3.27-a)

J=J exp(ik’%[l - exp[— %H 1<n<2 (TFE) (3.27-b)
n

n>2 (FE) (3.27-c)

where the saturation current density (J;) is again given by equation (3.20). In the case of
equation (3.27-a — ¢), the ideality factor is more or less used as a fitting parameter in order to
fit the universal equation to the practical current — voltage characteristics rather than a
parameter indicating the bias dependence of @,. For practical matters it is generally assumed
that if n is equal to unity, equation (3.27-a) describes pure thermionic emission (TE). In the
case of 1 < n < 2, equation (3.27-b) is assumed to describe thermionic field emission (TFE)
[17]. Finally, in the case of n > 2, equation (3.27-¢) is assumed to describe field emission (FE)
[17]. Hence, it can be concluded that if the thermionic field emission and field emission

become increasingly dominant, the “ideality factor” will consequently increase.
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3.3.3 Recombination in the depletion region

At the beginning of section 3.3, recombination of electrons and holes in the depletion region
was mentioned as the third basic transport process in a forward biased metal — n - type
semiconductor contact. Recombination current is a common cause of departure from ideal

behavior in Schottky diodes.

The recombination in the depletion region normally takes place via localized energy states.
According to the theory of Shockley, Read and Hall (1952) the most effective centers are
those with energies lying near the center of the forbidden energy zone or band gap (£,) [16].
The theory of the current due to such recombination centers in Schottky diodes is similar to

that for p — » junctions and the current density for low forward bias is approximately given by

(15, 16]:
qV qv
J =J 2 1= -1 3.28
= exp[ZkT][ exs kTﬂ (3.28)
where
m::anV (3.29)
2T

r

In equation (3.29), g is the electron charge, »; the intrinsic electron concentration which is
proportional to exp(-gE, / 2kT), W the thickness of the depletion region and 7, is the life time
within the depletion region. To arrive at this simple form for the current density due to
recombination in the depletion region (J,) given by equation (3.28), three rather drastic

assumptions have to be made [16]:

1) the energy levels of the centers coincide with the intrinsic Fermi level;
2) the capture cross sections for electrons and holes are equal; and

3) the centers are distributed in a spatially uniform manner.

None of these assumptions is likely to be true in practice, especially the equality of the
electron and hole capture cross sections which may differ by as much as three orders of
magnitude. Depending on the ratio of the capture cross sections for electrons and holes
respectively, the n value for the recombination current is between 1 and 2 [16]. If equation

(3.28) is assumed to be valid, the total current density is given by [16]:

J=J, +J,

V V V
J=Jg [exp[i—T] - l} +J,0 exp[—gk—T)[l - exp[— i_Tﬂ
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J= [JST exp[%] i J, exp[%ﬂ[l - exp(— %ﬂ (3.30)

where J,, is the current density according to the thermionic emission theory given by equation

(3.5) and Jsr is the saturation current density in the case of thermionic emission given by
equation (3.6). The ratio of the thermionic emission current to the recombination current is
proportional to:

qlE, +V 20, )J 5

2
Tt exp[ AT
This ratio increases with 7., ¥ and E,, and decreases with @g,. In addition, for small forward
bias voltages (V) this ratio also increases with 7. Thus the recombination component of
equation (3.30) is likely to be relatively more important in high barriers, in material of low
life time, at low temperatures and at low forward bias voltage. When recombination current is
important, the temperature variation of the forward current shows two activation energies [16]
[17]. In general, any process which shows a temperature dependence of the form exp(-E, / kT)
is said to have an activation energy E,. At high temperatures the activation energy tends to the
value @p, — V, characteristic of the thermionic emission component. At low temperatures it

approaches the value (E, — V)/2, characteristic of the recombination component [16].

3.3.4 Hole injection

Recombination of electrons and holes in the neutral region or “hole injection” will be briefly
described in this subsection. At the beginning of section 3.3, this was mentioned as the fourth
basic transport process in metal » - type semiconductor contacts under forward bias. If the
height of a Schottky barrier on n - type material is greater than half the band gap, the region of
the semiconductor adjacent to the metal becomes p - type and contains a high density of holes.
Under forward bias, some of these holes might be expected to diffuse into the neutral region
of the semiconductor, thus giving rise to the injection of holes.

The transport of holes through the depletion region of a Schottky barrier and their subsequent
diffusion in the neutral region of the semiconductor is identical to the mechanism of hole

transport in a p — n junction. Hence, the hole current density is given by [16]:

J, = Jo,,[exp[%j - 1} (3.32)

where
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Joy = ﬂ# exp[—%j (3.33)
(3rh )E

In equation (3.33), N, is the effective density of states function in the valence band, v the
mean thermal velocity of the holes and @, is the barrier for holes shown in figure 3.7. The
term #, is defined as r, = 7,4 / 7.4 Where 7,4 is the recombination time for holes and 7.4 is the
mean time between collisions for holes [16, 17]. The hole injection ratio y, is therefore given
by [16]:

Jh Jh 4Nv {_ q(d)h — (DBn)] (334)
kT

where the current density due to electrons (J,) is in the case of thermionic emission equal to
Jie and is given by equation (3.5). Equation (3.34) shows that y,, increases with increasing @,
because of the reduction in J, and decreases with increasing &, because of the reduction in Jj.
The hole injection ratio (y,) is generally negligible in practically useful diodes. It is for this
reason that Schottky diodes are often described as “majority carrier” devices [15, 16].
However, the hole injection ratio of a Schottky diode can be increased by the presence of a
thin interfacial layer [16]. In this case, hole injection can become appreciable at high forward
current densities. It can be expected that the additional electrons, which have to enter the
neutral region to maintain charge neutrality, would increase the conductivity and reduce the
series resistance. Conductivity modulation arising from this cause has been reported in
literature [15, 16, 17]. This effect is noticeable only with large barrier heights and in weakly
doped material [16].

Metal Semiconductor

EFn/ EFs
q®,

E
[

Figure 3.7: Energy band diagram of a Schottky barrier under thermal equilibrium showing the
barrier for holes &;,.
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3.4 Conclusions and recommendations for practical
metal — semiconductor contacts

In this chapter it has been shown that the presence of an interfacial layer and an infinitely
large density of surface states can cause pinning of the Fermi level in the semiconductor. As a
result, the barrier height is essentially independent of the metal work function. In section 3.2 it
has been discussed that Fermi level pinning in the case of the GaN — based materials systems
is of minor importance and that the major contribution to the Schottky barrier height is due to
the difference in the metal and semiconductor work functions. Hence, metals with a low work
function e.g. Titanium (Ti) and Aluminum (Al) are used for Ohmic contacts on n — type
GaN - based materials systems. To obtain Schottky contacts on n — type GaN — based
materials systems metals with a high work function e.g. Platinum (Pt), Nickel (Ni), Gold
(Au), Iridium (Ir) and Palladium (Pd) are used.

Furthermore, it has been shown that an interfacial layer and surface states render the Schottky
barrier bias dependent. As a result the ideality factor will significantly deviate from unity. It is
obvious that for the fabrication of high quality metal — semiconductor contacts the influence
of an interfacial layer and an infinitely large density of surface states should be minimized.
The most effective way to do this is of course the complete removal of a surface layer and
surface states from the semiconductor material prior to metallization. However, this will
almost be impossible due to practical matters such as the impossibility to work in an
oxygen — free environment. However, it should be tried to fabricate Schottky contacts with an
ideality factor (n) that approaches unity as nearly as possible because in that case the reverse
current (/;) will be minimized and the breakdown voltage (Vpeax) Will be maximized and the

Schottky contacts can be applied in high power devices.
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CHAPTER 4

Theoretical Introduction to
Ohmic Contacts

4.1 Introduction

This chapter deals with the first of the two limiting cases of metal — semiconductor contacts:
the Ohmic contacts. The term “Ohmic contact” is generally used to refer to contacts for which
the current — voltage characteristics are determined by the resistivity of the semiconductor
material or by the behavior of the device to which they belong, rather than by the
characteristics of the contacts themselves. The ideal contact would have an impedance which
is negligible compared to that of the semiconductor material. This trivial statement puts a
rather stringent requirement on the metal — semiconductor contacts in modern very large scale
integrated (VLSI) circuits. In addition, the contact should not inject minority carriers and
should be stable both electrically and mechanically. Ohmic contacts with very low contact
resistances are needed to establish the connections between any semiconductor device or
integrated circuit and the outside world. Furthermore, high quality Ohmic contacts are

essential for performing very accurate Van der Pauw / Hall measurements.

This chapter starts with an overview of the basic principles of Ohmic contact formation. Next,
the specific contact resistance (p.), which is the most important property of Ohmic contacts,
will be discussed. Finally, the transfer length method (TLM), which is the most commonly

used analysis technique to determine p,, will be considered.

4.2 Basic principles of Ohmic contact formation

The fabrication of Ohmic contacts is still more an art than a science. Every laboratory tends to
have its own favorite recipes which involve particular metal or alloy systems, particular
deposition methods and particular forms of heat treatment. However, all these recipes appear

to depend on one of the following three basic principles [16]:
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1) If the semiconductor is one which conforms approximately to the simple
Schottky — Mott theory (@, =®, - z,), it should in principle be possible to obtain a
contact with a negative barrier height (which should behave as an Ohmic contact) by
finding a metal with a work function less than the work function of an n - type
semiconductor or greater than the work function of a p - type semiconductor.
Alternatively, if the barrier height is determined by Fermi level pinning, it
occasionally happens that the pinning position is within the conduction band or
“valence band. In this case negative barrier heights should be obtainable on n - type or
p - type semiconductors respectively. Unfortunately, there are very few metal —
semiconductor combinations with this property. However, if the barrier height is
positive, but very small, the contact should have a low enough resistance to be
effectively Ohmic.

2) The vast majority of Ohmic contacts depend on the principle of having a thin layer of
very highly doped semiconductor material immediately adjacent to the
metal — semiconductor interface. In that case, the depletion region is so thin that field
emission (FE) takes place and the contact has a very low resistance at zero bias. This
mechanism has already been discussed in subsection 3.3.2. The heavily doped layer
may be formed by diffusion techniques or by ion implantation. Alternatively, the
heavily doped region may result from the deposition and subsequent heat treatment of
an alloy containing an element which acts as a donor or acceptor in the semiconductor.
The heat treatment can be carried out in an ordinary furnace or by rapid thermal
annealing (RTA). When heated, some of the semiconductor dissolves in the metal and
on subsequent cooling it recrystallizes with a high concentration of the electrically
active element in solid solution. One of the most important properties of a suitable
alloy for Ohmic contacts is that it should “wet” the surface of the semiconductor
material when it melts.

3) If the surface of the semiconductor material is damaged (e.g. by etching), crystal
defects may be formed near the surface which act as efficient recombination centers. If
the density of these centers is high enough, recombination in the depletion region will
become the dominant conduction mechanism and will cause a significant decrease in
the contact resistance. This mechanism has already been considered in subsection
3.3.3. This method is mainly of historical interest. It was widely used during the early
days of semiconductor research for making contacts to silicon (Si) and germanium
(Ge), the actual contacts being obtained either by soldering or by the application of

pressure [17].
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4.3 Specific contact resistance

The specific contact resistance (p.) is the most important property of Ohmic contacts. It
provides the most systematic way to compare different metallization schemes with respect to
the contact resistance. The specific contact resistance is due to the potential barrier at the

metal — semiconductor interface and is defined by [15, 18]:

-1
p=(2) @)

V=0

where V is the voltage across the barrier and J is the current density through the barrier. The
expression for the current density depends on the ruling current transport mechanism. The
second basic principle of Ohmic contact formation that has been described in section 4.2 is
the most widely occurring. Hence the current transport mechanisms that are of interest in
Ohmic contacts are thermionic emission (TE), thermionic field emission (TFE) and field
emission (FE) respectively. Using the definition of p. and equations (3.27-a — ¢) that give the
expressions for the current densities in the case of TE, TFE and FE respectively, the

expressions for the specific contact resistance in each of these cases can be determined [18]:

(TE) p exp[%] (42)

dr,[m'e,e
(TFE) P, € exp Wrs | Loy |panp| 2" ,N d (4.3)
h JN, AnkT |\ m’g e,

4r.m'e e
(FE) D, o€ EXP ors | Do (4.4)
h VN,

The value of p. in a given metal — semiconductor system is determined by the combination of
the following three parameters [18]:

1) the potential barrier height (Dg,);
2) the dopant concentration (N, in the case of an n - type semiconductor); and
3) the temperature (7).

The relative effect of these parameters in the various current transport mechanisms can be
deduced from the exponential terms that contribute to p.. Equation (4.2) shows that in the
thermionic emission process the specific contact resistance is independent of the dopant
concentration (Ny). In the case of a thermionic field emission tunneling mechanism (equation
(4.3)), In(p.) varies nonlinearly with N;'/ 2 It does vary linearly with N; Y2 however, when a
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low — temperature tunneling process, known as field emission (equation (4.4)), is the

mechanism for current transport across the barrier.

In order to determine the specific contact resistance, the actual contact resistance (R;) has to
be measured. In the highly hypothetical case of a uniform current distribution over the contact

area, the resistance of the metal — semiconductor contact (R.) can be written as:

P
R =£e 45
c= 4.5)

where A4 is the area of the metal — semiconductor contact. In reality however, the current
density is seldom uniformly distributed across the contact area due to the voltage drop in the
semiconductor. This phenomenon is referred to as the current crowding effect. In practice, it
is generally sufficient to mention that the current density is negligible beyond a certain
distance from the front edge of the contact. This distance, which is also an important property
of Ohmic contacts, is the so — called transfer length (Z,). This quantity is related to the lateral
distance required for current to flow into or out of the contact. The total current density passes
through an imaginary plane at the edge of the contact, as shown in figure 4.1. A portion of this
current density flows into the metal very near the edge of the contact while other portions
enter the metal further from the edge.

11

JX
Jx
€
P— — > >
L : x L
! 7R,
A% Iy >jy‘/
Imaginary plane—> - Semiconductor

Figure 4.1: Flow of the current density in a planar Ohmic contact.
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In the case of a rectangular metal contact and if the contact length d >> L, (electrically long),
the effective contact area (4.5 becomes L, - W_ where W, is the contact width in the direction

perpendicular to the current flow. For such a contact, the contact resistance is given by:

R=Pe_ P “6)

Unlike the contact resistance (R.), the specific contact resistance (p.) is unaffected by the
current crowding effect and as mentioned before, p, is determined by the barrier height, the
doping concentration and the temperature [18]. In other words, unlike the contact resistance
(R.), the specific contact resistance (o.) is a unique, geometry independent characteristic of
the metal — semiconductor interface. To allow for an accurate extraction of the specific
contact resistance, a major problem has to be solved. In the case of low - resistive Ohmic
contacts, the voltage drop across the metal — semiconductor interface is a small fraction of the
total voltage. In order to circumvent this problem, a number of sophisticated test structures
and procedures have been developed. However, the current flow pattern in these test
structures is usually rather complicated. In particular, the current density is nonuniformly
distributed across the contact area in the test structures as well as in the actual semiconductor
devices. This requires the use of a theoretical model to enable the extraction of the specific
contact resistance from experimental data. To simplify the analysis, test structures are
designed in such a way that the current flow pattern is approximately one — dimensional or at

least symmetrical [16, 18].

4.4 Transfer length method

The transfer length method (TLM), three-terminal resistor or transmission line model (also
abbreviated as TLM) was developed by Shockley [18] and is known as a technique to extract
the specific contact resistance from experimental data. This method has attracted much
attention as it has been used and modified in many contact resistance studies. These
modifications include the approximate modeling of the two — dimensional current flow
pattern in the conductive layer beneath the contact area as well as the attempts to account for
the finite thickness of this conductive layer. A useful definition with regard to the latter
modification is that of a quantity called the sheet resistance (R;), which is given by [19]:

R, =-:i (4.7)

where p is the specific resistance of the conductive semiconductor layer and ¢ is the thickness

of this layer. In the strict sense, Ry, has the dimensions of ohms, but it is universally given the
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units “ohms per square” (£2/sq). A “square” of material (L = W) has an end — to — end
resistance of Ry, Three “squares” of material placed in series and assuming that the current
flows along L = 3W, have of course an end — to ~ end resistance of 3R, and so on. The sheet
resistance can be usefully employed in calculations without any knowledge of the exact
thickness of the conductive layer (which may be hard to measure accurately). More
importantly, the concept of the sheet resistance is valid even when the resistivity of the
conductive layer is not uniform, but is some unknown function of depth, and also when there
is no sharp boundary between conductive and insulating material [19].

Besides considering the finite thickness of the conductive layer, alloying and sintering effects
were included in the model by taking into account the difference in sheet resistances of the
conductive layer beneath (R,,.) and outside the contact area (Rsy). Finally, circular TLM
(CTLM) has been developed [20] in order to simplify the fabrication procedure and achieve a
more symmetrical current flow pattern by eliminating the edge effects that exist in the linear
TLM (LTLM).

4.4.1 Linear TLM

The simplest and most used configuration of the transfer length method is a linear array of
Ohmic contacts, all of the same size but placed at increasing distances /; (/1 < /; <...<[;), on
the semiconductor surface. Because of the linear arrangement of the Ohmic contacts, this
configuration is often referred to as the linear transfer length method (LTLM). Figure 4.2
shows a schematic impression of the LTLM configuration. The figure also shows that the
contacts have been isolated in order to restrict the current to flow only across the distances /;
and to prevent current spreading. This isolation can be obtained by etching away areas of the
electrically active semiconductor material down to the semi — insulating (s.i.) substrate.
Usually photolithography techniques are used to define the areas that should be etched away.

As a result, so — called “mesas” of the active semiconductor material are created.

1

UMM
d

/ / / / / Cosraid
s.1. Substrate
J

Figure 4.2: Schematic impression of the LTLM configuration.

1< Ohmic
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Looking at figure 4.2, the following equations describe the total resistances R, and R, that

correspond to the contact separations /; and /; respectively:

!
R =2R +R, [W—'J (4.8)
R, =2R +R,| (4.9)
2 4 sh VVC .

where Ry, is the sheet resistance of the semiconductor material outside the contact area. In
principle, the contact resistance (R.) can be obtained by measuring the total resistances R, and
R,. Solving for R, gives:

(Rzl 1 RIIZ)

=0 w1

However, the disadvantage of this procedure is that usually the contact resistance is small
compared with that of the semiconductor material between the contacts (2R, << R, -1, /W,).
In this case, R, is determined from equation (4.10) as a small difference of large quantities and
thus is extremely sensitive to experimental errors in the values of Ry, Ry, /1 and /.

A somewhat better result can be obtained when the total resistance R, =2R. +R,,([/W,) is
plotted as a function of the distance / between several pairs of the planar contacts. In this case,
R. is determined by a linear extrapolation of the experimental data to / = 0, which is shown in
figure 4.3. Note that the external resistance of the measurement system, the probe resistance,
is assumed to be negligible. This assumption is valid if a four — point probe measurement
technique is used. This technique makes use of two outer probes to pass the current (/) and
two inner probes to measure the potential difference (7). In addition, a high impedance
voltmeter is used to avoid affecting the current.

2R

Figure 4.3: Plot of the total resistance (R7) versus the distance (/) between the planar contacts.
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Furthermore, it has to be noted that R, is obviously a function of device size. Hence, R, is
generally spoken of in terms of a normalized size (usually 1 mm) and is given the dimension
of QOmm, which can be obtained by multiplying the measured contact resistance in Ohms with
the length (d) of the contact pad in millimeters; R, [Qmm] = R, [QQ]" d [mm].

Extraction of the specific contact resistance (p.) from the contact resistance determined by the
method described above requires that a certain model of the planar metal — semiconductor
contact is adopted. A transmission line model (also abbreviated by TLM) is almost
exclusively used for this purpose [18]. Its validity is based on the fulfillment of the following
conditions [18]:

1) The current lines are normal to the metal — semiconductor interface.
2) The thickness of the metal and diffusion layers can be neglected.

3) The current — voltage characteristic of the contact is linear.

Of these three assumptions, only the third one can be verified directly by measuring the
current — voltage characteristic of the metal — semiconductor contact. Figure 4.4 shows an
equivalent circuit of the rectangular metal — semiconductor contact with approximately

one — dimensional current flow pattern,

TS

dx
V(0) G’ V(x)
— ) oo o
1(0) § R’ —
I(x) :
X =0 X=d

Figure 4.4: Equivalent circuit of the rectangular metal — semiconductor contact.

The resistance R” and the conductance G per unit length of the contact, shown in figure 4.4,

can be written as:

' R.\‘hc
z = @.11)

and
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G =" (4.12)
P

Next, the metal layer is considered to be equipotential, which strictly speaking is correct only
when the metal sheet resistance R,, << Ry .. Then, the voltage drop in the semiconductor

material between the contacts can be written as:
dv(x)=-RI(x)dx (4.13)
while according to Kirchhoff’s law:

dI(x)=-V(x)G'dx (4.14)

where I(x) denotes the current in the semiconductor material between the contacts at a
distance x from the front edge of the contact. A differential equation of the one - dimensional
TLM follows from equations (4.13) and (4.14):

d’v v
=0 (4.15)
dx* L
or
d*I I
e —zz-=0 (4.16)

where the transfer length is defined as [18]:

L -1 _ [P (4.17)

By introducing the current /, and the voltage ¥V, at the input of the transmission line, the

boundary conditions can be formulated as:

v(0)=v, (4.18)

and
_ 1 dV(x)} _
[(O) =1, or [ rr 3 =1, (4.19)

The solution of equation (4.15) subject to these boundary conditions yields [18, 19]:

V(x)=V, cosh{i] -ZI, sinh[i} (4.20)
L L,

where
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. R,L PR
Z=R1L === p;VS’” (4.21)

which denotes the characteristic resistance of the transmission line. The expression for the

current /(x) follows now from equations (4.13) and (4.20):

=1, cosh[LiJ - [%J sinh[LiJ (4.22)

Returning to the equivalent circuit shown in figure 4.4, it has to be noted that /(x) = 0 for
x > d. Hence, the current continuity requires that /(d) = 0 and according to equation (4.22):

E:thh[i] (4.23)
1 L

0 !

Since the imaginary separation between the semiconductor material between the contacts and
the metal — semiconductor area is made at the contact edge (x = 0), the contact resistance R,
appearing in equation (4.8) corresponds to the input resistance of the transmission line given
by equation (4.23). Using equation (4.21), R, can be given by:

c

R, L
R =Lcoth[i] (4.24)
W L

c !

In the case that the sheet resistance beneath the contacts, as a practical matter, is assumed to
be equal to the sheet resistance between the contacts, Ry, . = R, equation (4.24) can be solved
numerically with respect to L, by using the value of R, as determined by the extrapolation
technique mentioned earlier. The determination of the transfer length can be further simplified
in the case of electrically long contacts, that means if d >> L,. In that case equation (4.24) can
be reduced to R, = R,,L /W, . The total resistance (Ry) between a pair of identical contacts

separated by a distance / then becomes:

R, = [%J(u, +1) (4.25)

c

The transfer length is then determined by a linear extrapolation of the experimental data to the

point Ry = 0 as shown in figure 4.3. According to equation (4.25), the negative x — axis

Page 47 of 151



Chapter 4. Theoretical Introduction to Ohmic Contacts 41

intercept (L,) equals two times the transfer length, hence, L, = L, / 2. Once L, is determined,
the specific contact resistance can be calculated using equation (4.17):

p. = Ry L (4.26)

where Ry, = Ry When the alloying (sintering) effect cannot be neglected, the
extrapolation procedure developed earlier is not sufficient to determine the transfer length
Li#L,/2=Lr (Ra./ Ra) even for electrically long contacts. In this case (Rs. # Rg), the
measurement of the end contact resistance (Rg) is needed to extract p, from the experimental
data [18, 19]. One version of the measurement procedure that can be used in this case is
schematically shown in figure 4.5a. Figure 4.5b shows the corresponding equivalent circuit
[18, 19]. The resistances R; and R; in figure 4.5b are those given by equations (4.8) and (4.9).

Mesa

Figure 4.5: Schematic representation of a possible procedure to measure the end resistance
(Rg) of a metal — semiconductor contact (a) and the corresponding equivalent
circuit (b).
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From the equivalent circuit shown in figure 4.5b, it can be seen that the resistance defined as
Rg =V, /i, is the end resistance ¥(d) / I(0) of the transmission line, modeling the central
contact. Then, according to equations (4.20), (4.22) and (4.23) the end resistance is given by

[18, 19]:
R, = Z cosh 4 coth 4 —Zsinh 4
Lt Lt Ll

R, L
R, =—2<2 _ (4.27)

E
w. sinh(i]
Lt

where equation (4.21) has been used for the characteristic impedance of the transmission line.
The last equation makes it possible to find the transfer length using the experimentally
determined values of R, and Rg. Elimination of Ry, . from equations (4.24) and (4.27) gives
[18]:

R, = cosh 4 (4.28)
RE Lt
or

I - d (4.29)

d 2
In R, + R, -1
R, R,

After L, is calculated, p. can be determined by the exclusion of Ry, . from equations (4.17) and

(4.24). The specific contact resistance is then given by:

p.=RW.L, tanh[—zi] (4.30)

or

p. =R WL, sinh[%] (4.31)

t

Finally, the modified sheet resistance (due to the alloying effect) of the semiconductor
material beneath the contact area can be calculated using the expression:

R, =P (4.32)

sh,c 2
Lt

that follows from definition (4.17) of the transfer length.
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Reeves and Harrison [18] have shown that the end resistance Rg can also be determined from
a series of two — point measurements, which are also illustrated in figure 4.5. Hence, R is
given by [18]:

R, =%(R[ +R,—R)) (4.33)

Independent of the measurement technique, the specific contact resistance is calculated using
equations (4.29) and (4.30) or equations (4.29) and (4.31).

The boxes below present a summary of the equations in the different cases of the LTLM.

General equations / definitions for the LTLM:

p. =R LW, (4.34)
R_[Qmm]= R_[Q] d[mm] (4.35)
R, L
R, =25~ coth 4 (4.36)
. L,
P
L = [ 4.37
V&, (4.37)
P
Rsh.c = F (4.38)
AR
R, =W .—TL 4.39
sh 4 Al ( )

L == 4.40
=3 (440
R, L
R ~T 4.41
W (4.41)
pc = Rsh ) Lf (442)
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Finally, in the case that Re . # Ren:

(4.43)

(4.44)

(4.45)

(4.46)

4.47)

(4.48)

4.4.2 Circular TLM

In investigations of Ohmic contacts, linear TLM (LTLM) measurements are often performed

by using a mesa etching of the epitaxial layer to achieve an one — dimensional current flow

pattern and omit current spreading. As this mesa etching step requires additional steps in the

fabrication process, it has been tried to exclude them and hence simplify the fabrication

process. This can be done by choosing a different geometry of the test structures. The use of a

circular contact geometry eliminates the need for the mesa etch of the epitaxial layer.

Furthermore it can be noted that the use of circular TLM (CTLM) structures eliminates the

errors that are introduced by the lateral current crowding and gap effect, which are always

present in the linear TLM structures.
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In the past, many different configurations for circular test patterns were developed. In 1979,
Reeves [20] proposed a test pattern consisting of a central disc contact and two concentric
ring contacts to determine the specific contact resistance. In 1981, Marlow and Das [21] used
a configuration were the inner disc contact is defined by removing circular rings with varying
diameter from a metal plate. In 1999, Rechid and Heime [22] refined Reeves’ configuration
by increasing the number of concentric ring contacts from two up to seven. This expansion is
needed for the case that the resistivity of the metal contacts cannot be neglected. Since Reeves
used only three contacts (one disc and two rings), he was not able to see the influence of the
metal layer resistivity [22]. Figures 4.6a — ¢ give a schematic representation of the described

circular test patterns.

(2) (b) (©)

Figure 4.6: Schematic representation of the circular test patterns according to
(a) Reeves [20], (b) Marlow and Das [21] and (c) Rechid and Heime [22].

In order to calculate the total resistance (Rr.i) of any circular contact configuration, first the
resistance of the annular contact, which is shown in figure 4.7 [18], will be calculated.
According to Reeves [20] this can be done using the nonuniform transmission line model of
the planar circular metal — semiconductor contact. In this case, the usual resistances and
conductances which describe the transmission line model for a rectangular contact (equations
(4.11) and (4.12)) have to be modified to account for the circular contact geometry. However,
according to Cohen [18], it is also possible to arrive at the same expression for Rz using a
two — dimensional current continuity equation. At this point, only the results of this

calculation will be presented. The derivation of the equations is given in appendix A.
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(2) (b) (c)

Figure 4.7: Annular metal — semiconductor contacts. (a) General case, (b) r; =0, and
(c)r2 > o [18].

For the general case of an annular contact as is shown in figure 4.7a, the contact resistance of

the inner (2771) and outer (272) circumferences respectively, is given by:

inner _ Ry Kl(krz)[o(kn)"'[l(krz)Ko(k’l)
ke ("1,7‘2)— 27k, l:Kl(kri)Il(er)_Kl(krl)ll(krl) (349
and
outer _ Rsh,!«‘ 10 (er )Kl (krl ) + Il (krl )KO (krz )
Sl ar== Ll (s K, o) 1 K o, ) @20

For the extreme cases of »; = 0 (circular contact shown in figure 4.7b) and r, — o (figure

4.7¢) the contact resistances are respectively given by:

R, I,(kr)
Router 0 — she 29 2 4.51
) e e o
R:nner(rl,w)z Rsh,c Ko(krl) (452)
27ekn; Kl(k’i)

If we for example consider the circular test structure proposed by Marlow and Das [21],
shown in figure 4.6b, the total resistance (Rr.i) can be written as:

R; o =R, + R™(0,R,)+ R™(R,,0) (4.53)

T circ
where Rg,, denotes the resistance of the gap between the inner and outer contacts and the last
two terms are given by equations (4.51) and (4.52), respectively. If further is assumed that
Rsh = Ry, we find:
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R R
R R L I"[L—O] L KO[L—]}
= ln[—‘}t—’ Ly ’ (4.54)

T.circ —
2 R,) R, iR R, K [R
LI Lt

When Ry >> L, (in practice it is enough to require that Ry > 4L,) we can use the approximate
expression for the modified Bessel functions given in appendix B to show that Zy(x) / I;(x) and
Ko(x) / Ki(x) approximate to unity for x >> 1. Equation (4.54) with s = R| — R, then becomes:

Ry e = Ry In R +L, ! -i-L (4.55)
| 2z R -5 R -s R

The transfer length (L,) can now be determined by a least squares fit of experimental data to

equation (4.54) or (4.55). This fit also yields a value for Ry. The specific contact resistance
(o) can then be calculated using equation (4.26). In addition, it can be observed that for
27R; >> s equation (4.55) can be further simplified to obtain the same form as equation (4.25)
with W.=27R,and [ =s.

4.5 Conclusions

It has become clear that almost all practical Ohmic contacts are tunnel contacts that depend on
the presence of a thin layer of highly doped (degenerate) semiconductor material near the
metal — semiconductor interface. This highly doped (degenerate) region may be formed by
diffusion techniques, ion implantation or a heat treatment of the deposited metallization
scheme which renders the semiconductor material to be highly doped. In this case, the
depletion region is so thin that field emission (FE) takes place and the contact has a very low
resistance at zero bias. Furthermore, it has been shown that the most important Ohmic contact
parameter is the specific contact resistance (o). It provides the most systematic way to
compare different metallization schemes with respect to contact resistance. This parameter
can however not be measured but has to be calculated from the measured Ohmic contact
parameters such as the contact resistance (R,), the transfer length (L) and the sheet resistance
(Rsn). In order to determine these Ohmic contact parameters from experiments, several
sophisticated test structures have been developed of which the transfer length method (TLM)
is the most commonly used. We have considered the two configurations (LTLM and CTLM,
respectively) that are commonly used to implement the transfer length method. It has been
discussed that the CTLM configuration has considerable advantages over the LTLM

configuration with respect to fabrication issues (no need to etch mesas) and with respect to the
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accuracy of the obtained measurement results (no induced errors due to the current crowding
effect). For both an LTLM and CTLM configuration, the Ohmic contact parameters can be

calculated using the derived equations.
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CHAPTER 5

Ohmic Contacts on n — type
Aly5Gag75N/GaN Heterostructures

5.1 Introduction

The first part of this chapter (sections 5.2 — 5.4) is concerned with the technology of Ohmic
contacts on »n - type AlyGa;«N / GaN heterostructures. First, the most commonly reported
metallization schemes and the proposed formation mechanisms for Ohmic contacts on this
materials system will be considered. Furthermore, an overview is given of the
pre — metallization and post — metallization treatments respectively, which according to
literature [33, 34] are applied in order to decrease the contact resistance (R.) and the

corresponding specific contact resistance (o).

The remainder of this chapter (sections 5.5 — 5.7) deals with both the experiments that have
been carried out in order to develop an Ohmic contact with an as low as possible (R.) and (p.)
and the obtained results. First the used Alp2sGag7sN/GaN heterostructure and the basic
operation of a High Electron Mobility Transistor (HEMT), which is based on this layer
structure, will be described. Next, the circular TLM mask design that is used to fabricate the
Ohmic test structures will be considered. Furthermore, the optimization scheme, which has
been developed to arrive at the Ohmic contact with an as low as possible contact resistance
for the used Aly25Gag7sN/GaN layer structure, will be described. After this, the experimental
results of the Ohmic contact fabrication will be presented, followed by a discussion. Finally,
the most important conclusions and recommendations for the fabrication of Ohmic contacts

on Aly25Gag 7sN/GaN material will be provided.
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5.2 Ohmic metallization schemes

According to literature, Ohmic contacts to AlGa;N/GaN heterostructures are most
commonly formed using Titanium/Aluminum (Ti/Al) based metallization schemes. The most

frequently reported metallization schemes are {25, 26, 27]:

o Ti/Al/Ti/Au;
¢ Ti/Al/Ni/Au; and
o Ti/Al/Pt/Au.

These metallization schemes have shown the lowest contact resistances
(0.04 Omm [27] < R, < 0.6 Qmm [29]) and corresponding specific contact resistances
(5 x 10® Qem? [27] < p. < 3 x 10 Qem? [29]) for Ohmic contacts to Al,Ga;..N/GaN HEMT

structures depending among others on:

¢ the doping and composition of the layers of the epitaxial HEMT structures;
e the Al content within the AlGa,.«N layers;

e the applied pre — metallization treatments;

o the actual composition of the metal layer stack; and

o the applied post — metallization treatments.

The various metal layers in the metallization schemes proposed above, have their specific role
in the formation of an Ohmic contact to the Al,Ga;xN/GaN HEMT structures. Titanium (Ti)
is the first metal layer that is deposited on the Al,Ga;.N material and is believed to:

o serve as an adhesion layer in order to provide a good mechanical stability [25];

e dissolve the native oxide on the surface of the AlyGa; 4N material [26, 37]; and

e create nitrogen vacancies (Vy) by reacting with nitrogen atoms from the
AlGa; N material at the interface and hence rendering this AlyGa; N layer to
be highly n — type doped [25, 26].

Next, Aluminum (Al) is applied in order to:

e react with Ti and form an Al;Ti layer which is assumed to reduce the oxidation
of the contacting Ti layer at the bottom [25, 26]; and

e serve as a diffusion barrier for Nickel (Ni) or Platinum (Pt) because these
metals form high Schottky barriers to n — type AlyGa;«N [37].
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Nickel (Ni) and Platinum (Pt) are used to form a diffusion barrier for the Gold (Au) top layer.
If Au and Al react they form an alloy called “purple plague” which is highly resistive. In
addition, due to its surface tension, the Au top layer has a tendency to contract into balls
during post — metallization annealing at high temperatures. The Ni is added as a wetting agent
to prevent this. Furthermore, the Ni/Au or Pt/Au layers on top of the Ti/Al layers prohibit the
Al to form drops or to smear out during high temperature post — metallization annealing.
Hence it is possible to apply annealing temperatures above the melting point of Al (660 °C at
atmospheric pressure). Finally, the Au top layer has to form the highly conductive contact

layer.

Literature shows that the actual mechanism of Ohmic contact formation is still subject of
discussion and yet to be understood. Two models, a low barrier Schottky or a tunneling
contact, are generally proposed to explain the Ohmic behavior of the above mentioned
metallization schemes on AlyGa;xN/GaN HEMT structures. The principles of the proposed

models have already been discussed in section 4.2.

The model of a low barrier Schottky contact can be understood considering the work
functions of Ti (@, = 4.33 eV) and Al (@, = 4.28 eV), which according to the simple
Schottky — Mott theory (section 4.2) yield relatively low Schottky barrier heights to
Alg25Gag7sN with an electron affinity y, = 3.21 eV [28]. The electrons can pass these low
barrier heights in either direction by thermionic emission (TE) or thermionic field emission
(TFE).

The model of a tunneling contact involves the outdiffusion of nitrogen towards the metal
layers. The nitrogen vacancies (¥y) resulting from this outdiffusion of nitrogen render the
AlGa; N material near the metal — semiconductor interface to be highly n — type doped. As a
result, the possibility of carrier tunneling governed by field emission (FE) is enhanced. In
literature [25] the following mechanism is suggested for the formation of the Ti/Al based
tunnel contacts during post — metallization annealing. The reactions first start between Ti and
Al at rather low temperatures (in the range of 250 — 300 °C) with the formation presumably of
the Al3Ti phase as expected according to the binary Al — Ti phase diagram. Formation of an
Al3Ti layer from individual Al and Ti layers requires the Al/Ti thickness ratio to be equal to
2.82 taking into account the densities of Ti and Al. If the Al/Ti thickness ratio is smaller than
2.82, excess Ti can react with the Al,Ga,_.N material at the interface. The reaction between Ti
and Al,Ga;.xN, which starts probably above 400 °C, results first in the dissolution of the
native oxide from the AlGa; N surface and after that in the outdiffusion of nitrogen and the
formation of a Ti—Al-N interfacial phase. Decomposition of the Al,Ga;«N material that
probably happens at higher temperatures (above 850 °C) leads to the formation of a Ti,AIN
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phase at the interface. Partial decomposition of the Al,Ga; 4N results also in the outdiffusion
of Ga and sometimes in the formation of small pockets at the interface (especially at higher
temperatures and longer annealing times). Those pockets and the resulting interface roughness
might be responsible for the increase of the contact resistance at high temperatures. This

mechanism is, to some extent, independent of the particular metallization scheme.

5.3 Pre — metallization treatments of the undoped
Al,Ga; 4N cap layer

In literature [26, 27, 30], it is frequently stated that the quality of Ohmic contacts is influenced
by the condition of the semiconductor surface prior to metallization as well as the
post — metallization heat treatment, which will be discussed in the next section. In order to
influence the condition of the Al,Ga;«N surface several pre — metallization treatments can be

carried out, such as:

¢ a high temperature pre — processing anneal;
e dry etching of the Al,Ga,«N surface; and
e wet chemical etching of the Al,Ga;«N surface.

These pre — metallization treatments will be briefly discussed in the following subsections.

5.3.1 Pre — processing anneal at high temperature

It has been reported [26] that pre — annealing of AlyGa;.xN/GaN HEMT structures at 850 °C
for 60 minutes in an N, ambient appears to improve the Ohmic contacts. This improvement is
pointed out by a decrease in the contact resistance (R.) and the corresponding specific contact
resistance (p.). It is believed that the decrease in R, and p. can be attributed to the release of
compensating hydrogen and the creation of nitrogen vacancies during the high temperature
pre — processing anneal. Both these effects render the Al,Ga;xN material at the interface to be
highly n — type doped and hence support the formation of a tunnel contact. However, this
improvement in Ohmic contact behavior is not always observed. This can probably be
explained by the earlier described formation of small pockets at the interface and the
corresponding interface roughness due to the outdiffusion of Ga which is not unlikely during
these high temperature processes and long annealing times.
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5.3.2 Dry etching

In literature [33, 34] it has been stated that pre — metallization etching of the semiconductor

surface could reduce the contact resistance of Ohmic contacts by:

e removing the native oxide on the semiconductor surface; and

e forming a donor — like layer in the ion — damaged region.

Due to the chemical stability of the III — V nitrides and Al,Ga;«N in particular to wet etchant
solutions, dry etching is a necessity for reliable pattern transfer in these materials. Reactive
ion etching (RIE) and chemically assisted ion beam etching (CAIBE) have proven to be
valuable techniques in order to dry etch GaN based materials systems. It has to be noted that
the applied dry etching process should not induce too much damage to the semiconductor
surface because the contact resistance in that case increases instead of decreases. In order not
to induce too much damage the plasma chemistry should consist of both a physical and a
chemical etch mechanism. In the case that RIE is used as the dry etching technique, the
physical etch mechanism can be realized using argon (Ar). The chemical etch mechanism
consists among others of silicon tetrachloride (SiCly). This chemical mechanism induces less

damage due to:

o the higher etch rate that partially removes damage as it is being created; and
e the adsorption of the reactive species on the surface which acts as a protective

layer that reduces or passivates the damage [34].

Although the appropriate RIE etching process could improve the quality of the Ohmic
contacts, literature [32] shows that it can also deteriorate the quality of the Schottky contacts
because the RIE induced damage enhances parasitic leakage currents such as the surface

leakage current.

5.3.3 Wet chemical etching

Wet chemical etching could remove the native oxide that has to be present on the AlyGa; N
surface due to the oxidation of the Al from the Al,Ga;«N material [24, 27, 29]. This can be
done by dipping the samples in various wet chemical etching solutions such as hydrochloric
acid (HC), sulfuric acid (H,SO4), hydrofluoric acid (HF) or diluted ammonia (NH4,OH). As
the surface will oxidize again very rapidly, immediately after wet chemical etching the
samples should be loaded into the evaporator for the deposition of the metal layers. As a

consequence, the choice of wet chemical etching solution depends among others on the type
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of the used photoresist, i.e. the photoresist that is used to pattern the Ohmic contacts should

not be removed after wet chemical etching.

5.4 Post —metallization heat treatment

The post-metallization heat treatment is traditionally done in a furnace under an inert gas flow
such as argon (Ar) or nitrogen (N3) for a time of 10 — 30 minutes. This produces an alloying
of the metal with the upper layer of the semiconductor material. The interface of the alloyed
layer can be quite irregular and it is difficult to control the alloy depth. Therefore, considering
the thin device layers used nowadays, this method is more and more being replaced by
rapid thermal annealing (RTA) where the material is brought very quickly to the desired
temperature, kept there for 10 — 90 seconds, and then cooled down rapidly again. In this way
the alloy depth can be kept very shallow while still producing a good contact [36]. The most
commonly used post — metallization annealing temperatures for the Ti/Al/Ti/Au, Ti/Al/Ni/Au
and Ti/Al/Pt/Au metallization schemes respectively, vary between 700 °C and 950 °C
[27,29].

5.5 Experiments and results

This section is concerned with both the experiments that have been carried out in order to
develop an ohmic contact with an as low as possible (R.) and (po.) and the obtained results.
First the used Alg25Gag7sN/GaN heterostructure and the basic operation of a High Electron
Mobility Transistor (HEMT), which is based on this layer structure, will be described. Next,
the circular TLM mask design that is used to fabricate the ohmic test structures will be
considered. Furthermore, the development of the optimal metal layer stack for the used
semiconductor layer structure will be described. After that, the influence of the different
pre — metallization treatments, which have been proposed in section 5.3, on the contact
resistance will be discussed. Finally, the optimal fabrication process for Ohmic contacts with
the lowest contact resistance and corresponding specific contact resistance (o) on the used
Alp25Gag7sN/GaN HEMT structures will be presented.

5.5.1 HEMT epitaxial structure

It has to be noted that we have chosen to do the experiments to minimize R. and p, and the
fabrication of the HEMTs on identical epitaxial structures. The used HEMT epitaxial
structures were obtained from ATMI / Epitronics. These structures were grown by metal
organic vapor phase epitaxy (MOVPE) on C — plane (0001) orientated sapphire (a-Al,O3)

Page 61 of 151



Chapter 5. Ohmic Contacts on n — type Al 25Gag7sN/GaN Heterostructures 55

substrates. The MOVPE epilayers on top of these sapphire substrates succesively comprised a
40 nm AIN nucleation layer, a 2 um non intentionally doped (n.i.d.) GaN buffer layer, a 3 nm
Alg25Gag7sN n.i.d. spacer layer, a 10 nm Aly2sGagsN silicon (Si) doped (n = 1 x 10" cm®)
supply layer and finally a 5 nm n.i.d. Aly2sGagsN cap layer. Figure 5.1 shows a schematic
representation of the composition of the used HEMT structure.

Cap layer Aly,sGa, N (n.i.d.) ) 5nm
K
Supply layer Al,,sGa,,sN (Si-doped,n=1x 10 cm3) | 10 nm
X
Spacer layer Aly,;Ga,;sN (n.i.d.) i ( 3 nm
Buffer layer GaN (n.i.d.) 2DEG a( 2 pm
X
( Nucleation layer ~ AIN 2| 40nm
X
Substrate Sapphire (a-ALO;) 7| 350 pm
Y

Figure 5.1: Schematic representation of the composition of the used Al,Ga;(N/GaN
HEMT structure.

The main characteristic of a HEMT epitaxial structure is that it is based on a heterojunction. A
heterojunction is a junction between two different materials. For the structure that is shown in
figure 5.1, the heterojunction is formed by the n.i.d. Alg2sGag7sN spacer layer and the n.i.d.
GaN buffer layer. The continuity of the vacuum level (Ep) and the difference in bandgap
energies at this heterojunction cause a discontinuity in the energy levels of both the
conduction and valence bands. The larger bandgap of the Alop,sGagssN material
(Eg(T = 300 K) = 3.9 eV) compared to that of the GaN material (Eg(7 = 300 K) = 3.4 eV)
causes a quantum well like structure in the conduction band. Quantum mechanics dictates that
electrons which are confined to this quantum well have quantized energy levels. However, the
energy levels are only quantized in one spatial direction (perpendicular to the heterojunction)
and the electrons are free to move in the other two spatial directions. The Si — doped
Aly25Gag 75N supply layer provides the electrons that after tunneling the potential barrier in
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the conduction band at the heterojunction are contained in the quantum well. Due to the fact
that their movement in this quantum well is restricted to two spatial directions only, these
electrons are usually referred to as a two — dimensional electron gas (2DEG). This 2DEG
forms the channel of the HEMT. As the 2DEG is situated in the n.i.d. GaN buffer layer, this
buffer layer should be semi — insulating otherwise the HEMT can never be pinched off
completely due to an always existing parallel conducting path. The electrons in the 2DEG
obtain high mobilities of typically 4, = 1000 — 1500 cm*/Vs depending on the dislocation
density and the temperature [24]. The n.i.d. Aly,sGag7sN spacer layer is applied to further
enhance the mobility. A high sheet carrier density (n;) in the 2DEG (typically
ny=5x% 10" =5 x 10" cm™ [24]) is achieved by a large conduction band discontinuity (AE.)
and the piezoelectric effect. The piezoelectric effect is due to the lattice mismatch between the
AlGa; 4N and GaN layers and their hexagonal (wurtzite) structure. The piezoelectric field
induces charge in the 2DEG at the heterojunction. Figure 5.2 shows a schematic
representation of the energy band diagram of the used epitaxial Aly;5Gag7sN/GaN HEMT
structure with a Schottky gate contact under thermal equilibrium omitting the piezoelectric
effect. The Schottky contact is placed on top of the n.i.d. Aly2sGagssN cap layer which has
been applied in order to reduce the leakage current.

Gate contact Aly,sGagy ;5N ni.d. GaN

E
[

Figure 5.2: Schematic representation of the energy band diagram of the used epitaxial
Alp25Gag 7sN/GaN HEMT structure with a Schottky gate contact under

thermal equilibrium omitting the piezoelectric effect.
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5.5.2 Circular TLM mask design

In section 4.4.2 the circular TLM (CTLM) test structures proposed by Reeves [20], Marlow
and Das [21] and Rechid and Heime [22], respectively have been described. In order to
fabricate these structures a mask had to be designed. Figure 5.3 illustrates the layout of the
mask and indicates the corresponding dimensions.

1.5¢cm

pra Ny
< el

Reeves: R=200 um; r=50pum Rechid and Heime: r; =95 pm

s =4, 8,12, 16, 20, 24, 32, s = Spm
3 40, 48 pm w =95 um

Marlow and Das:

r, =50 um

s =4,8,12,16,20,24, | | 1.5em
327 40, 48 pm

R,=r,+s5

A
Y

3cm
Figure 5.3: Layout and dimensions of the circular TLM mask design.

Comparing figures 4.6 and 5.3 learns that we have slightly modified the CTLM structures
proposed by Reeves and by Marlow and Das, respectively. In our implementation of the test
structure proposed by Reeves we have omitted the outer ring contact. If in the original test
structure the resistance is measured between the outer ring contact and the disc contact, the
current will also pass through the inner ring contact. To avoid the influence of this inner ring

contact we have chosen to implement the disc contact and one ring contact only. Furthermore
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it has to be remarked that the thickness of the outer ring contact diminishes as the gap spacing
(s) increases. However, it has been borne in mind that the thickness of the outer ring contact is
always much larger than the transfer length (L,). Hence, the concept of the electrically long

contact remains valid.

In our implementation of the CTLM test structure proposed by Marlow and Das we have
chosen to keep the radius of the disc contact () constant and the outer radius (R;) results
from adding the desired gap spacing (s) to the constant disc radius (r;). This has been done in
order to avoid problems with the positioning of the probes on the disc contact using a
four — point probe measurement technique. Principally, this choice does not affect the validity
or the accuracy of the original test structure because in the original configuration the outer
radius is kept constant and the disc radius results from subtracting the desired gap spacing
from the constant outer radius. Hence, the total resistance (Ryz..) that is measured using our

implementation of the CTLM test structure proposed by Marlow and Das is given by:

r. R
R R, L 1°(L—2j L K{f]
R, = D ln[_z} S O s (5.1)

T,circ — —
2 ¥

2 r2 Il r_z R2 Kl &
Ll Lt

Assuming that the condition r, >> L, is valid and with R, = r, + s equation (5.1), analogous to
equation (4.54), becomes:

RT circ ~ RSh ]n r2 A +Lt l +l (52)
’ 2r r, r,+s F,

5.5.3 Optimization of the metal layer stack

In order to fabricate an Ohmic contact with the lowest possible contact resistance (R.) and
corresponding specific contact resistance (o) to the used AlyGa;.xN/GaN HEMT structures
we started with the optimization of the applied metal layer stack. The starting point for this
optimization was the metal layer stack Ti/Al/Ni/Au (20/80/40/150 nm) that according to
literature [27] yielded the best results on comparable HEMT structures as our
ATMVU/Epitronics structures. It was reported to yield a contact resistance R, = 0.04 Qmm and
a specific contact resistance p, = 5.4 x 10® Qcm?® after rapid thermal annealing (RTA) at
900 °C for 35 seconds in a nitrogen (N;) ambient. This metallization scheme was applied to
our Aly,5Gag7sN/GaN HEMT structures using the same technological recipe as described in

Page 65 of 151



Chapter 5. Ohmic Contacts on n — type Alo2sGap7sN/GaN Heterostructures 59

literature [27]. The metal layers were e-beam evaporated in an AIRCO system at a base
pressure of 10”7 mbar. An RTA sweep from 700 °C to 1000 °C indeed showed that at 900 °C
for 30 seconds in N, the lowest values for R. and o, (1.3 Omm and 2.7 x 10° Qem?,
respectively) using this metal layer stack were obtained. The sheet resistance of the sample
was Ry, = 615 Q/sq. Bearing in mind that according to literature [25] an AVTi thickness ratio
of 2.82 is critical for the formation of a tunneling Ohmic contact and after comparison of our
best results and the best results reported in literature using the proposed metallization scheme,
it is obvious that the composition of the metal layer stack needs to be optimized for our
Aly,sGag7sN/GaN HEMT structures.

5.5.3.1 Aluminum to Titanium thickness ratio

We started the optimization of the metal layer stack by determining the optimal Al/Ti
thickness ratio as literature [25] suggested that this thickness ratio should be smaller than 2.82
for the formation of a tunneling Ohmic contact (section 5.2). In order to investigate the
validity of the proposed Ohmic contact formation mechanism in the case of our
Alg25Gag7sN/GaN HEMT structures we tried AL/Ti thickness ratios of 2.37, 4, 6 and 8
respectively. It has to be remarked that for comparison reasons the Ni and Au thicknesses in
all these cases were 40 nm and 150 nm respectively. The metal layers were e-beam
evaporated in an AIRCO system at a base pressure of 107 mbar without applying any
pre — metallization treatment such as a high temperature pre — processing anneal, dry etching
of the Aly,sGag7sN surface or wet chemical etching of this surface. After metallization an
RTA sweep between 700 °C and 1000 °C showed that for each Al/Ti thickness ratio the
lowest values for R. and p, were obtained at 900 °C for 30 seconds in a N, ambient. Figure
5.4 shows these lowest values for R, and p. as a function of the Al/Ti thickness ratio. The
sheet resistances (Rs) of the different samples varied between 500 Q/sq and 700 €/sq.

Page 66 of 151



Chapter 5. Ohmic Contacts on n — type Aly25Gag7sN/GaN Heterostructures 60

3 3 1,0E-04
I ]
~~~ 2 i N —_
g B 5
e | —> 1 g
3 I 4 1,0E-05 é’:’
[3) o ‘_ : ~
~ ] >
1 F ) Q.
[ T=900°C -
| t= 30sec J
L N, ambient
0 [ | L L L . 11 e 1 2 2 9 1 ' 1 1 1,0E-06
0 2 4 6 8 10
Al/Ti Thickness Ratio

Figure 5.4: R, and p, as a function of the Al/Ti thickness ratio.

Figure 5.4 shows that for our Aly25Gag7sN/GaN HEMT structures an Al/Ti thickness ratio of
6 yields the lowest values for R, and p. of 0.8 Qmm and 1.1 x 10° Qcm?, respectively.
However, in order to try to approach the reported values R, = 0.04 Qmm and
pe=15.4% 10 Qcm? [25], still a lot of work has to be done.

5.5.3.2 Aluminum and Titanium layer thicknesses

The next step in the optimization procedure of the metal layer stack is the determination of the
optimal layer thicknesses of the Ti and Al layers at an Al/Ti thickness ratio of 6. We have
fabricated Ti layer thicknesses of 10 nm, 20 nm, 30 nm, 35 nm and 40 nm. It has to be
remarked that for comparison reasons the Ni and Au thicknesses in all these cases again were
40 nm and 150 nm respectively. The metal layers were also e-beam evaporated in an AIRCO
system at a base pressure of 107 mbar again without applying any pre — metallization
treatment. The post — metallization RTA sweep between 700 °C and 1000 °C again showed
that for each pair of Al and Ti layer thicknesses the lowest values for R, and p. were obtained
at 900 °C for 30 seconds in a N, ambient. Figure 5.5 shows these lowest values for R. and p.
as a function of the thickness of the Ti layer. The sheet resistances (R;) of the used samples
varied between 500 €/sq and 800 Q/sq.
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Figure 5.5: R; and p; as a function of the thickness of the Ti layer.

Figure 5.5 shows that for our Aly,sGag7sN/GaN HEMT structures a Ti layer thickness of
30 nm and a corresponding Al layer thickness of 180 nm yields the lowest values for R, and

p:0f0.2 Qmm and 7.3 x 107 Qcm?, respectively.

5.5.3.3 Nickel and Gold layer thicknesses

After optimizing the Al/Ti thickness ratio and the thickness of the Ti and Al layers we have
tried to lower the values of R, and p. even further by determining the optimal layer
thicknesses of the Ni and Au layers. As starting point we used of course the optimized layer
thicknesses for Ti and Al of 30 nm and 180 nm respectively. Furthermore, the sum of the Ni
and Au layer thicknesses has been kept constant at 190 nm. We have fabricated Ni layer
thicknesses of 30 nm, 40 nm and 50 nm. Also in these cases pre — metallization treatments
have been omitted and the metal layers were e-beam evaporated in an AIRCO system at a
base pressure of 107 mbar. The post — metallization RTA sweep between 700 °C and 1000 °C
again showed that for each pair of Ni and Au layer thicknesses the lowest values for R, and p.
were obtained at 900 °C for 30 seconds in a N, ambient. Figure 5.6 shows these lowest values
for R. and p. as a function of the thickness of the Ni layer. The sheet resistances (Rg) of the
used samples varied between 500 (¥/sq and 800 Q/sq.
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Figure 5.6: R, and p. as a function of the thickness of the Ni layer.

Figure 5.6 shows that the lowest values for R, and p, are obtained with a thickness of the Ni
layer of 40 nm and a corresponding thickness of the Au layer of 150 nm. These lowest values

for R, and p, are again 0.2 Qmm and 7.3 x 107 Qcmz, respectively.

It can be concluded that the optimization of the proposed Ti/Al/Ni/Au metallization scheme
for the fabrication of Ohmic contacts to our Alg25GagsIN/GaN HEMT structures has resulted

in the following composition of the metal layer stack:

e Ti= 30nm;
e Al=180nm;
e Ni= 40nm;and
e Au=150 nm.

The lowest values for R, and p, were 0.2 Qmm and 7.3 x 107 Qem?, respectively with a sheet
resistance of 564 ()/sq. These values were obtained without any pre — metallization treatment
and after an RTA at 900 °C for 30 seconds in a N, ambient.
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5.5.34 Influence of the annealing temperature and time

After optimization of the composition of the metal layer stack we have investigated the
influence of both the annealing temperature and the annealing time on the values of the
contact resistance and the specific contact resistance of this optimized contact. Therefore, we
fabricated the optimized Ohmic contacts on samples of our Alg2sGag7sN/GaN HEMT
structures with comparable sheet resistances that varied between 500 Q/sq and 800 €¥/sq.
Again, any pre — metallization treatments have been omitted and the metal layers were
e-beam evaporated in an AIRCO system at a base pressure of 10”7 mbar. All the processes of
the post — metallization RTA sweep were done in a N, ambient at the temperatures and during
the times that are listed in table 2.

Table 2: Temperatures and times used for the RTA sweep.

Time [s] =
15 30 60 120
Temperature [°C] U
800 -
900 -
950 -

1000 '

Figure 5.7 shows the contact resistance as a function of both the annealing temperature and
the annealing time. It can be observed that the lowest value for the contact resistance is
obtained at an annealing temperature of 900 °C and for a time of 30 seconds. By chance we
have always done the RTA processes at 900 °C for 30 seconds in a N, ambient. The results of
the temperature and time sweep show that this combination of temperature and time yields the
lowest value for the contact resistance in the case of our optimized metallization scheme
applied to our Alg25Gag7sN/GaN HEMT structures.
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Figure 5.7: R. as a function of both annealing temperature and annealing time.

5.5.4 Influence of the pre — metallization treatments

In section 5.3 we have described the possible effects of several pre — metallization treatments
on the contact resistance of Ohmic contacts. In the following subsections we will discuss the

need for the application or omission of these pre — treatments in our experiments.

5.5.4.1 Pre — processing anneal at high temperature

Although literature [31, 32] showed that a high temperature pre — processing anneal could
improve the behavior of Ohmic contacts, it also showed that this would severely deteriorate
the quality of the Schottky contacts which of course have to be processed on the same
Al,Ga; <N/GaN HEMT material as the Ohmic contacts. In particular the leakage currents of
the Schottky contacts were shown to increase very much after applying a high temperature
pre — processing anneal. This is due to the reduction of the Schottky barrier height when high
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pre — annealing temperatures are applied. Futhermore this could be caused by the increased
interface roughness and the creation of nitrogen vacancies (¥y) in the AlyGa;xN contact layer.

Therefore, we did not apply a high temperature pre — processing anneal in our investigations.

5.5.4.2 Dry etching

According to literature [33, 34] dry etching of the Al,Ga (N surface without introducing too
much damage could reduce the Ohmic contact resistance. In order not to introduce too much
damage to the Al,Ga;,N surface a highly chemical reactive ion etching (RIE) process is
required. From preliminary work on Ohmic contacts to » — type GaN we know that even a
highly chemical thus relatively smooth RIE process considerably deteriorates the quality of
Ohmic contacts. Because of the fact that dry etching of the AlyGa;«N surface not necessarily
leads to a reduction of the contact resistance, we have decided to omit a dry etching process.

5.5.4.3 Wet chemical etching

As mentioned in section 5.3.3 the native oxide on the AlyGa; 4N surface could be removed by
wet chemical etching. Hydrofluoric acid (HF) diluted in water free acetic acid (HAc) is
considered to be the most effective wet chemical solution to remove this native surface oxide.
HF is diluted in water free HAc in order to prevent the HF as much as possible from ionizing.
This is very important because only HF in molecular form is capable of dissolving the native
oxide on the AlyGa;4N surface. Therefore, we used a wet chemical etching solution that
consisted of one part of HF and five parts of water free HAc D A major problem with respect
to this wet chemically etching solution is that the photoresist (AZ5214), which is used to
fabricate the Ohmic CTLM pattern, is completely removed after the wet chemically etching
process and consequently no metallization can be done anymore. Hence, this wet chemically
etching process cannot be done just before the metallization but has to be done before the
optical lithography of the Ohmic CTLM pattern. However, no reduction of the contact
resistances of samples that have been wet chemically etched using the HF : 5 HAc solution
has been observed compared to the contact resistances of samples that have not been wet
chemically etched. It has to be noted that the very low values of R, and p. of 0.2 QQmm and
7.3 x 107 Qem?, respectively are already approaching the maximum resolution of the transfer
length method (TLM) which is about 1 x 107 Qcm? [19]. Hence, any possible further
reduction of the values of R, and p. cannot be detected with TLM measurements because it

falls in the margins of error of the TLM.

" The author wishes to thank Dr. R. Tijburg for the fruitful discussions with respect to this subject.
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Although we did not measure any reduction of the values of R. and p. applying the wet
chemical etching process, we were very interested in determining the presence and the
thickness of the native oxide on the Aly,sGag 75N surface. This can be done by elastic recoil
detection (ERD) measurements, which have been carried out within the Physics Department
of the TU/e. These measurements have established the presence of the native oxide layer on
the as grown Al 25Gag7sN surface. However, due to the high background noise that results
from the nitrogen originating from the Aly25Gag7sN layer it was not possible to quantitatively
determine the thickness of this oxide layer accurately from the ERD measurements. A rough
estimate of the total amount of oxygen in our sample (1 cm x 1 cm) is 5 x 10'* at/cm? and the
oxygen pollution of the Alp2sGag7sN layer (assuming that only the Al from the Alg2sGag7sN
layer oxidizes) is roughly estimated to be equal to 3 x 10 at/cm’. Despite the lack of a
quantitatively determined thickness of the native oxide layer it was qualitatively concluded
that the native oxide layer is relatively thin considering the relatively high Aluminum content
(25%) of the Alp25Gag7sN cap layer. Because of all the above mentioned reasons we have

decided to omit a pre — metallization wet chemical etching process.

5.5.5 Optimal Ohmic contact fabrication process

In this section we have discussed the optimization procedure of the Ti/Al/Ni/Au metallization
scheme. The goal of this optimization was to obtain an Ohmic contact with the lowest
possible values for the contact resistance R, and the corresponding specific contact resistance
pe on our AlyzsGagssN/GaN HEMT structures. As shown, our optimal Ohmic contact
fabrication process consists of a Ti/Al/Ni/Au = 30/180/40/150 nm metallization scheme,
which is e-beam evaporated using an AIRCO system at a base pressure of 107 mbar without
any pre — metallization treatments of the Aly2sGag7sN cap layer. After the metallization the
contacts were exposed to an RTA process at 900 °C for 30 seconds in a N, ambient. The
resulting values for R, and p, are 0.2 Qmm and 7.3 x 107 Qcm’, respectively with a sheet
resistance (R;) of 500 — 600 Q/sq. The technological recipe for our optimized Ohmic contact
on n — type Alp2sGag 7sN/GaN is described in appendix C.
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5.6 Discussion of the experiments and their results

5.6.1 Experimental setup

As mentioned in section 5.5.1, we have chosen to do the minimization of the contact
resistance R, and the corresponding specific contact resistance p. and the fabrication of the
HEMTs on identical epitaxial structures from ATMI / Epitronics. The starting point of our
experiments in order to fabricate Ohmic contacts with the lowest possible values for R. and p.
on this material was the in literature [27] proposed Ti/Al/Ni/Au (20/80/40/150 nm) metal
layer stack. The results of section 5.5.3 showed this metal layer stack had to be optimized for
our Alg>sGag7sN/GaN HEMT structures. Because of the limited amount of material and the
limited time we have chosen to carry out this optimization procedure by first determining the
optimal AVTi thickness ratio (section 5.5.3.1) followed by the optimal Al and Ti layer
thicknesses for this optimal Al/Ti thickness ratio (section 5.5.3.2). The next step was the
optimization of the Ni and Au layer thicknesses under the condition that the sum of the Ni and
au layer thicknesses is kept constant at 190 nm (section 5.5.3.3). After the optimization of the
metal layer stack we have investigated the influence of the annealing temperature and time
(section 5.5.3.4). Because of the results reported in literature [31 — 34] and our experience
with the possible effects of pre — metallization treatments on the values of R, and p. and on
the quality of the Schottky contacts we have decided to omit them from our technological
fabrication process (section 5.5.4). Our optimal Ohmic contact fabrication process has been
described in section 5.5.5. Despite the fact that it was not possible to carry out a full matrix of
experiments, we are convinced that our systematic approach has resulted in the lowest values
for R, and p. on the used Aly,sGag7sN/GaN HEMT structures.

5.6.2 Measurement setup

The setup for measuring the total resistance of the Ohmic contacts consisted of a HP4141B
and a probe station with four tungsten (W) probes. The measurements were automated using
ICCAP software running on a HP UNIX computer. The influence of the resistances of the
external circuitry (e.g. probes, wiring and switches), which are usually lumped under the term
probe resistance, can be eliminated using a four — point probe measurement technique. Figure
5.8 shows a schematic representation of this technique in which two probes are placed near

each other on each side of the resistance (usually placing both probes on the same probe pad).
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Figure 5.8: Schematic representation of the four — point probe measurement technique.

One pair of probes is used to pass the current / and the other pair is used to measure the
voltage V. Assuming a high — impedance voltage measurement the current passing through
the voltage sensing probes can be regarded negligible to the main current /. Therefore, there
will be essentially no voltage drop across the two probe resistances Rp; and Rp; and the
voltage V will be equal to Vz to exceedingly high accuracy. The current passing through the
resistance R, of course, is equal to the externally measured or imposed current. Hence, this
procedure allows ¥z and I to be determined independently of the values of the probe
resistances. This measurement setup can be calibrated using standard resistors with a known
value. The used four point — probe measurement setup has been calibrated and the measured

values for the total resistance R are accurate within 1 %.

5.6.3 Calculation of R, and p. using CTLM

The three different CTLM test structures proposed by Reeves [20], Marlow and Das [21] and
Rechid and Heime [22], respectively (section 4.4.2) can be used to measure the total
resistance (Rrq.) of the Ohmic contacts as a function of the gap spacing (s). A typical plot of
Rrire versus s for the three different CTLM test structures using the four — point probe

measurement technique is shown in figure 5.9.
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Figure 5.9: Total resistance (Rz.irc) versus gap spacing (s).

This nonlinear relationship between the total resistance Ry, and the gap spacing (s) is due to
the changing circular geometry of the contacts. The contact resistance R. and the
corresponding specific contact resistance p. can be calculated from these CTLM measurement

results by:
¢ applying a linear approximation; and / or
o fitting the exact expression for Rr ..
5.6.3.1 Linear approximation of the experimental CTLM results

We will first consider the case that a linear approximation is used in order to calculate R. and
p- from the experimental CTLM results. Using this linear approximation enables a more
straightforward extraction of the Ohmic contact parameters as in the case of the linear TLM
(LTLM) described in section 4.4.1. In order to arrive at the linear approximation of the
experimental CTLM results the introduction of correction factors (¢;) is required. They
account for the changing circular geometry of the contacts depending on the type of the used
CTLM test structure. The correction factors in the case of the CTLM test structures proposed
by Reeves and by Marlow and Das are the same because in both cases the circular geometry

of the outer ring contacts changes in a similar way due to the variation of the gap spacing. The
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correction factors in the case of the CTLM test structure proposed by Rechid and Heime are
somewhat more difficult to calculate because the circular geometry of both the inner and the
outer ring contacts change when measuring successive pairs of contacts. In addition, the
measurement of Rz, of a pair of ring contacts using the test structure by Rechid and Heime
requires that the voltage is measured at two different angles ¢. Angles of 90° and 180° are
convenient because they can be adjusted by eye. As a consequence, the measurement of Ry i
using this CTLM test structure involves 3 pairs of probes. In other words, it is a six — point
probe measurement technique. If this test structure cannot be measured with six probes it is
not possible to determine the resistivity of the metal layers. Hence, using a four — point probe
measurement technique this CTLM test structure looses its additional value compared to the
original test structure by Reeves of which the structure by Rechid and Heime is an expansion
as described in section 4.4.2. We did not use the CTLM test structure by Rechid and Heime
because we could not measure Ry with six probes. The test structure has however been
included in our CTLM mask for the sake of completeness as it might be possible to realize

such a six — point probe measurement setup in the future.

The CTLM test structures proposed by Reeves and Marlow and Das have shown to yield the
same values for R. and p.. From a technological point of view the test structure by Marlow
and Das is somewhat easier to process and hence we have chosen to use this CTLM test
structure for the optimization of the Ti/Al/Ni/Au Ohmic contacts. The derivation of the
correction factors using this test structure will be given in appendix D. The result of this
derivation is that the experimental CTLM data should be divided by the correction factors in
order to arrive at the values that can be used for the linear fit. Table 3 shows the calculated
correction factors for the used gap spacings and a nominally radius of the inner disc contact
(r2) of 50 um.

Table 3: Gap spacings and their corresponding correction factors.

Gap spacings (s) [um] Correction factors (c;) [-]
4 0.962
B 8 0.928
12 0.896
16 0.868
20 0.841
24 0.817
s 32 0.773
40 0.735
48 0.701
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Using the correction factors of table 3 the nonlinear relationship between the original values
of the total resistance Rr.. and the gap spacing s has been transformed into a linear
relationship. Hence, two times the contact resistance (2R.) is found at the Ry — axis intercept
and, assuming that the sheet resistances beneath (Ry;,) and outside (Ry) the contact area are
equal, the modulus value of two times the transfer length (|2L,|) is found at the negative
s — axis intercept. In this case the sheet resistance Ry, the contact resistance R, and the
corresponding specific contact resistance p. can be calculated very easily using equations
(4.39), (4.41) and (4.42) respectively, which are known from the LTLM (section 4.4.1). It is
obvious that using equations (4.39) and (4.41) the contact width W, has to be replaced by 277
where r; again is the radius of the inner disc contact in the test structure of Marlow and Das.
Figure 5.10 shows both the original CTLM measurement results and the linear approximation
of our best Ti/AI/Ni/Au = 30/180/40/150 nm Ohmic contact. It also shows the calculated
values for Ry, L, R, , p. and the value of the Pearson product (Rz), which is a measure for the
quality of the linear curve fit. In the ideal situation the Pearson product equals unity (R* = 1).

®  Original CTLM data ® Corrected CTLM data
--= Linear fit to the corrected CTLM data

100 R, = 0640 i /7
a L, = 036 um »
] Ry, = 564 Q/sq A
A~ /’ R - .
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Q;:S ' pe = 73x 107 Qem?
=2 | RTA900°C30secN,  # °
3 60 2 e
=
E P
% 40 | \ ,,‘ ®
—_ s ©
s o
o | \ 3
=20 . |

¥
L’ I 1 1 | L
0

-10 0 10 20 30 40 50 60
Gap spacing (s) [um]

Figure 5.10: Original CTLM measurement results and the linear approximation.
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5.6.3.2 Fitting of the exact expression for Ry ;. to the experimental
CTLM results

Another approach to calculate R, and p. from the original nonlinear CTLM results is to
perform a fit of the exact expression for Rr to these data. Again we only consider our
implementation of the test structure proposed by Marlow and Das in which case the total
resistance according to equation (A.39) is given by:

r, R
(R R L 10[_2 c I KO[_z]
R _ sk ln[——Z]-F shyc t { sh.c ! 1

T,circ ~—
" 2

R

_Ry Ry | 1 h{& ] L ., L L,

27[ Rsh,c r2 sh rZ Il r_z Rsh : RZ Kl &

Lt Lz |
Io[rz] Ko[rz + S
B Roe) 1y B AL, L L (5.4)
2z R, . r R, r, Rsh'(r2+s) r+s
' 11 7 Kx
Lt Ll

We have implemented equation (5.4) in a MATLAB routine that besides the value of the
radius of the inner disc contact (;) and the values of the used gap spacings (s) requests
starting values for the sheet resistance beneath (R, ) and outside (R;;) the contact area and for
the transfer length (L,). The stop criterion for this fitting procedure is that the error between
the experimental CTLM data and the fit results should be minimized to a certain degree. The
resulting values for Ry, Ry and L, are then assumed to be a very accurate representation of
the actual values for Ry, ., Ry, and L, of the Ohmic contact under test. The values for R, and p,
can now be calculated using equations (4.34) and (4.38). In the case of equation (4.34) W_ is
equal to 27, where r, is the radius of the inner disc contact. Figure 5.11 shows a plot of the
experimental CTLM data and the fit results using equation (5.4). It also shows the calculated
values for R, R, L1, R and p..
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Figure 5.11: Experimental CTLM data and fit results using equation (5.4).
If we assume that Ry, = Ry, ., equation (5.4) reduces to:
L L
~ B 1n[——r2 ”}Lﬂ o/, L : (5.5)

We have implemented equation (5.5) in a different MATLAB routine that also besides the
value of the radius of the inner disc contact (r;) and the values of the used gap spacings (s)

requests starting values for the sheet resistance outside (Ry;) the contact area and for the

transfer length (L,). The stop criterion for this fitting procedure is also that the error between

the experimental CTLM data and the fit results should be minimized to a certain degree. The

values for R. and p. can now be calculated using equations (4.41) and (4.42). In the case of

equation (4.41) W, is equal to 27, where r; is the radius of the inner disc contact. Figure 5.12

shows a plot of the experimental CTLM data and the fit results using equation (5.5). This

figure also shows the calculated values for R, Rgc, L1, R and p.
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Figure 5.12; Experimental CTLM data and fit results using equation (5.5).

Comparing the results of the three different calculation procedures leads to several
conclusions. The large margin of error (148 %) for the value of the specific contact resistance
(pc) 1s mainly due to the large discrepancy in the calculated values of the transfer length (Z,)
in the case of the linear approximation and the fit based on equation (5.5) on the one hand and
the fit based on equation (5.4) on the other hand. The accuracy of the calculation of p. would
be improved considerably if the actual value of L, could be determined accurately. In section
4.4.1, where the LTLM has been discussed, an end resistance (Rg) measurement has been
proposed to accomplish this. In section 5.6.4.2, we will discuss this approach into further
detail.

With respect to the calculated values of the contact resistances (R.) in Ohm — mm (Qmm),
however, it can be concluded that they can be determined with a margin of error of only 5 %
using the three different calculation procedures. Also the values of the sheet resistances
outside (Ry;) the contact area can be calculated very accurately within 2 %. Furthermore, it
should be noted that the choice of the starting values for Ry, Ry and L, does not influence the

fit results. Even if we use very different starting values, exactly the same fit results are
obtained using our MATLAB routines.
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Finally, it can be concluded that both approaches (the linear approximation and the fitting

procedures, respectively) are suitable to calculate values for R, and the corresponding p..

5.6.4 Accuracy of the calculation of R, and p,

It is important to note that the accuracy with which the values of the contact resistance (R.)
and the specific contact resistance (p.) can be calculated from the linear approximation of the
experimental CTLM results and the fitting procedure of the exact expression for the total
resistance (Rr..) depends very heavily on the accuracy with which the values of the gap
spacings (s) , the transfer length (L) and Rr can be determined. The latter depends among
others on the used measurement technique and the calibration of the measurement setup.

These topics have been discussed in section 5.6.2.

5.6.4.1 Measurement of the gap spacings

In general, it is very important that after the fabrication process of any TLM structure, the gap
spacings (s) are measured very accurately because due to the inaccuracy induced by the
fabrication process these values can differ from the values for the gap spacings specified on
the mask. In order to determine the gap spacing as accurately as possible we have tried
different measurement techniques. First, we have measured the gap spacings using a
Reichert — Jung optical microscope in combination with a Varimet distance analyzer. After
calibration of this setup, the measured gap spacings were typically 0.3 — 0.8 pm larger than
the nominal gap spacings on the CTLM mask (s = 4, 8, 12, 16, 20, 24, 32, 40, 48 um). It is
specified that the measured values are obtained with an accuracy of £ 0.1 pm. This is
validitated by the measurements which show that if a deviation of e.g. 0.3 pm compared to
the nominal values for the gap spacings is measured, this deviation occurs within the accuracy
of £ 0.1 pm for all gap spacings. Despite the uniformity in the obtained results we were and
still are not able to give a plausible explanation for the fact that the measured gap spacings are
larger than the nominally values. From the photolithographically fabrication process it is more
likely to expect that the gap spacings are smaller than the nominal values instead of larger.
Because of this observation we have tried to obtain more certainty about the correctness of the

measured values using the Varimet.

Therefore, we have also measured the gap spacings with a scanning electron microscope
(SEM). The measured values of the smaller gap spacings (s < 16 um) were in good agreement
with the measured values using the Varimet. The measured values of the larger gap spacings
(s = 16 pm) were however smaller than the nominal gap spacings. These results were totally
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contrary to the results obtained with the Varimet. We believe that the measurements of the
largest gap spacings using the SEM are not correct given the fact that the earlier observed
uniformity of the measurement results is totally absent in the SEM measurements. A possible
explanation could be the fact that it is necessary to change the magnification of the SEM in
order to measure the largest gap spacings. The magnification can be changed by switching
from one electrical circuit inside the SEM to another. We have investigated the influence of
this change in magnification and we found that it introduced an inaccuracy of approximately
5 — 10 % in the measurement results. So, the measurement of the gap spacings using the SEM

did not solve our initial problem of the measurement results which were larger than expected.

Finally, we have measured the gap spacings using atomic force microscopy (AFM) at the
Physics Department of the TU/e. Also in this case, the smaller gap spacings (s < 16 pm) were
in reasonable agreement with the results obtained using the Varimet and the SEM. For the
largest gap spacings (s = 16 um), however, the measurements were very irreproducible and
showed a very large spreading. This is more or less obvious if it is borne in mind that the
AFM measurement setup is calibrated to measure in the nanometer (nm) range and when

measuring the larger gap spacings it is operating at the edge of its detection limit.

In conclusion, we have decided to rely on the values of the gap spacings measured with the
Varimet. These measurement results have been used in both the linear approximation and the

fitting procedure of the exact expression for Rz in order to calculate the values of R. and p..

5.6.4.2 Measurement of the end resistance

Using the linear approximation of the corrected CTLM results and the fit of equation (5.5) to
the original CTLM measurement results, it is assumed that the sheet resistances beneath (R )
and outside (R,;) the contact area are equal. As a practical matter this assumption is often very
useful, however, due to the alloying of the metal and the semiconductor material during our
RTA processes at 900 °C this cannot be the case. Hence, the measurement of the end
resistance (Rg) as described in section 4.4.1 should be carried out in order to determine the
transfer length (L,) and calculate the value of the specific contact resistance (o.) that most
accurately represents the actual value of p, in our contacts. However, due to the used circular
contact geometry it is principally not possible to carry out such an end resistance
~ measurement because the contacts do not have the same geometry. As a result, the distance
where the current equals zero cannot be defined as in the case of the LTLM configuration.
However, if the CTLM test structure proposed by Rechid and Heime [22] is used, it is
possible to perform a measurement of Rg. Considering the problems with respect to an

accurate determination of L, and as a consequence an accurate calculation of p., we rather use
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the value of the contact resistance (R.) in {2mm than the value of p. in Qcm?’ to indicate the
quality of an Ohmic contact as far as the contact resistance is concerned because the

calculation of R, in Q@mm does not involve L,.

5.6.5 Reproducibility of the Ohmic contacts

It is obvious that the reproducibility of the Ohmic contact fabrication process and its results is
very important for a reliable implementation in the HEMT fabrication process. We have
investigated the influence of the used Aly,5Gag7sN/GaN material and the choice of the used

¢ — beam evaporator on this reproducibility.

5.6.5.1 Influence of the used Aly,5Gag75N/GaN material

In order to enhance the reproducibility of the Ohmic contacts we have used identical (i.e.
same layers structure, comparable sheet resistance (Ry;) and Al content) Alg2sGag7sN/GaN
wafers from ATMI/Epitronics, as mentioned in section 5.5.1. During the course of our
investigations, however, we found that the Ohmic behavior varied over a particular wafer and
from one wafer to another even though these wafers were nominally the same. Literature [38]
showed that the variations in the values of the contact resistance (R.) and the corresponding
specific contact resistance (p.) can be explained by variations in the values of Rys. These
variations in Ry, are due to both a varying Al mole fraction within the AlyGa,.«<N layer of one
particular wafer and in those of nominally identical wafers and a varying thickness of these
AlGa; 4N layers. Therefore, we have only compared the values of R. and p, obtained from
samples with comparable values for Ry,. In that case, the values of R, and p. showed a very

good reproducibility as they were within 10 %.

5.6.5.2 Influence of the choice of evaporator

In our cleanroom we have two e — beam evaporators of different manufactures (Leybold and
AIRCO, respectively) at our disposal. Hence, we were interested in the influence of the choice
of the e — beam evaporator on the obtained contact resistance and specific contact resistance.
Therefore, we have identically processed two samples of comparable sheet resistances
applying a Ti/AV/Ni/Au (20/120/40/150 nm) Ohmic contact as we already investigated this
influence before the layer stack had completely been optimized. Figure 5.13 shows R, and p.
as a function of the annealing temperature of the sample that has been metallized using the
Leybold e — beam evaporator and the AIRCO e — beam evaporator respectively.
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Figure 5.13: R, and p, as a function of annealing temperature obtained using the Leybold and
AIRCO e — beam evaporators, respectively.

Figure 5.13 shows that the obtained values for R, and p. using the AIRCO e — beam
evaporator are considerably lower than those obtained using the Leybold e — beam evaporator.
This result is, however, contrary to what we would have expected because the base pressure at
which the metal layers are evaporated in the Leybold (typically 10" mbar) is considerably
lower than that in the AIRCO (typically 10”7 mbar). The lower base pressures in the Leybold
are obtained because it is equipped with a loadlock and hence the chamber can remain at high
vacuum while the samples are loaded or unloaded. The AIRCO does not have such a loadlock
and as a consequence the chamber has to be brought to atmospheric pressure before it can be
opened to load or unload the samples. An explanation for this rather unexpected result could
be a difference in the quality of the metals in the Leybold and the AIRCO respectively. A
contamination of the metals in the Leybold or of the system as a whole could probably be the
cause of the inferior results compared to those obtained with the AIRCO. Recently, the
Leybold has been cleaned and we have again compared two samples but now applying the
optimized Ohmic contact fabrication process as described in appendix C. In this case, the
values for R, and p, that were obtained using the Leybold e — beam evaporator were equal to
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those obtained using the AIRCO e — beam evaporator (0.21 Qmm and 8.5 x 107 Qcm?,
respectively). This result implies that contamination of the metals in the Leybold or of the

system as a whole caused the discrepancy between the earlier obtained results.
5.6.6 Comparison of the theoretical and experimental values for p,

In section 4.3, three different equations ((4.2) — (4.4)) were given in order to calculate the
specific contact resistance p. depending on the prevailing current transport mechanism, i.e.
thermionic emission (TE), thermionic field emission (TFE) or field emission (FE),
respectively. Comparison of the obtained theoretical values for p, using these equations and
the experimentally determined values for p. shows that they differ over many orders of
magnitude. This discrepancy, however, is largely due to the used value for the Richardson
constant (4"), which in literature [37] is reported to have a theoretical value of approximately
26.4 Acm™K?, but in practice can vary over many orders of magnitude. In order to fairly
compare the theoretical and experimental values for p. it is necessary to experimentally
determine the value of 4™ for the used Al,Ga,,N/GaN material. This can be done by a
temperature dependent current — voltage (/-V-7) measurement using e.g. a Norde plot.
Unfortunately, we do not have a measurement setup to perform such measurements and hence

we can only use the theoretical value for 4.

5.6.7 Correctness of the in literature proposed model for Ohmic contact
formation

In section 5.2 a model for the formation of a tunneling Ohmic contact, which was proposed in
literature [25], has been described. The main issue of this model is that the Al/Ti thickness
ratio should be less than 2.82 in order that excess Ti can react with the Al,Ga; N material at
the interface and thus initiating the formation of a tunneling Ohmic contact.

If we examine the results of our experiments with respect to the Al/Ti thickness ratio, we have
to conclude that in our case the proposed model fails completely because contrary to what the
model predicts we have found the lowest values for R, and p. at an Al/Ti thickness ratio of 6.
At the Chemistry Department of the TU/e we had our contacts examined using secondary ion
mass spectroscopy (SIMS) and X — ray photo — electron spectroscopy (XPS) in order to
determine the composition of the layers that have been formed at the metal — semiconductor
interface after annealing. However, due to calibration and detection problems the obtained
results from these analysis methods could not provide an unambiguous composition of the
layers at the metal — semiconductor interface in our annealed contacts. Hence, at this moment

it is not possible to provide a plausible explanation for the discrepancy between the results
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according to the proposed theoretical model [25] and those obtained from our experiments. In
the future it should be tried to physically analyze the annealed Ohmic contacts using
transmission electron microscopy (TEM) or high resolution electron microscopy (HREM) in

order to find a model that can describe the formation mechanism of our Ohmic contacts.

5.6.8 Maximum current density

With regard to the application of the optimized Ohmic contacts in a high power HEMT, we
were interested in the maximum current that could pass through the Ohmic contacts before
they would be destroyed. This maximum current has been measured using the contacts with
the smallest gap spacing (nominally s = 4 um) because as the gap spacing increases, the
maximum current decreases due to the increasing influence of the series resistance of the
Alp»5Gag7sN material. A two —~ point probe measurement technique using a Tektronix 577
curve tracer was carried out in order to determine the maximum current. The maximum
current that has been measured for the Ti/Al/Ni/Au (30/180/40/150 nm) Ohmic contacts on
our AlgasGag7sN/GaN HEMT structures just before they turned black indicating that the
contacts have completely been destroyed was 200 mA at 20 V. It has to be noted that this
result is independent of the used e — beam evaporator. For comparison reasons this maximum
current is generally spoken of in terms of a maximum current density with the dimensions of
milliamps per millimeter (mA/mm). Calculating the periphery of the inner disc contact to be
equal to (2, = 2n- 50 x 10° mm) 0.314 mm, the maximum current density is equal
to 637 mA/mm.

According to literature [27], the maximum current density can be predicted if the #; u product
of the used Al,Ga;N/GaN material is known. Unfortunately, we do not know the n; u
product for our Aly25Gag7sN/GaN HEMT structures. Hence, we do not have any reference
point to which we can compare our value of the maximum current density. If we compare our
value of 637 mA/mm to the values reported in literature [27, 40] for similar structures, our
value is rather low. However, we do not think that the Ohmic contacts severely limit the

maximum current density considering the low values of their R, and p..

5.6.9 Line definition and morphology of the Ohmic contacts

Considering the high post — metallization rapid thermal annealing (RTA) temperature of
900 °C we were interested in both the line definition and the morphology of our Ohmic
contacts. The Ohmic contacts are applied as the source and drain contacts in the high electron
mobility transistors (HEMTSs) and the Schottky contact, which forms the gate contact, has to

be fabricated between them. In order to minimize parasitic resistances and to increase the
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transconductance (g,,) and hence to increase both the current gain cut — off frequency (f;) and
the maximum frequency of oscillation (f;,4), it is very important that the source and drain
contacts in the HEMT design are placed in as close a proximity as possible to the gate contact.
If the drain and source contacts show a bad line definition it is almost impossible to position
the gate contact between them without creating a short circuit. Figure 5.14 shows a scanning
electron microscope (SEM) image of the very good line definition of our optimized Ohmic
contact.

Figure 5.14: SEM image of our optimized Ohmic contact showing the good line definition.

A good line definition of the Ohmic contacts after annealing at 900 °C is also important with
respect to the alignment marks that are needed for the alignment of the Schottky contacts. If
the line definition of these marks is very bad, it is impossible to use them for an accurate
alignment of the Schottky contacts. Figure 5.14 and the obtained image using atomic force
microscopy (AFM) shown in figure 5.15 show the nice surface morphology of our annealed
Ohmic contacts. In addition it can be remarked that the mechanical stability of our Ohmic
contacts is very good. The measurement probes do not inflict any damage that is worth
mentioning.
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Figure 5.15: AFM image of our optimized Ohmic contact showing the nice surface
morphology.

5.7 Conclusions and recommendations

This section presents the most important conclusions that can be drawn from the experimental
results that have been described in the former section. Furthermore, recommendations are

provided for future investigations.

5.7.1 Conclusions

Our optimized fabrication process for Ohmic contacts on the n — type Algy5Gag7sN/GaN
heterostructure that has been described in section 5.5.1, consists of a Ti/Al/Ni/Au =
30/180/40/150 nm metallization scheme, which is e-beam evaporated at a base pressure of
typically 10”7 — 10" mbar without any pre — metallization treatments. After an RTA process at
900 °C for 30 seconds in a N, ambient, the resulting values for the contact resistance R, and
the corresponding specific contact resistance p, are 0.2 Qmm and 7.3 x 107 Qcm?,
respectively with a sheet resistance R, of 500 — 600 €/sq. Comparing our values for R, and p,
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with those reported in literature [27, 29], it can be concluded that our optimized Ohmic
contact on n — type Alp2sGag7sN/GaN heterostructures is among the best in the world. The
technological recipe is described in appendix C. Furthermore, we are convinced that our
systematic approach of the optimization procedure has resulted in an Ohmic contact with as
low as possible values for R, and p.. The Al/Ti thickness ratio of 6 that we use in the
optimized metal layer stack, is however in contrast with the theoretical model [25] proposed
in literature for Ohmic contact formation of Ti/Al — based metallization schemes on
Al,Ga; 4N material. It is obvious that in our case the proposed theoretical model does not

apply.

The calculation of the values for R, and p. from the experimental results for the total
resistance as a function of the gap spacing using a CTLM configuration can be done in two
ways. The first way is to apply a linear approximation to the experimental CTLM results,
which requires the use of correction factors that account for the changing circular contact
geometry. After this linear approximation the calculations can be carried out using the
equations known from the LTLM configuration. The second way is to fit the exact expression
for the total resistance Rr.» (equation (5.4)) to the experimental CTLM results. From our
experiments it can be concluded that the values for R, and p. can be determined with a margin
of error of only 5 %. It should be noted that the choice of the starting values in the case of our
fitting procedure using MATLAB routines does not influence the fit results. Furthermore,
from our experiments it can be concluded that both calculation methods are suitable to

determine the values for R, and p..

It can be concluded that the accuracy with which the values for R, and p. can be calculated
from the linear approximation of the experimental CTLM results and the fitting procedure of
the exact expression for Ry, depends very heavily on the accuracy with which the values of
the gap spacings s , the transfer length L, and R can be determined. The latter depends
among others on the used measurement technique and the calibration of the measurement
setup. Using a four — point probe measurement technique, the probe resistance can be
neglected and reliable values for Rz can be obtained. In order to accurately determine the
value for L, and hence to accurately calculate the value for p, the end resistance Rg of the
transmission line that is used to model the metal contact can be measured. However, due to
the used CTLM configuration used in our experiments (Marlow and Das [21]) it was not
possible to perform an end resistance measurement.
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Reproducibility of the Ohmic contact fabrication process and its results is extremely
important for a reliable implementation in the HEMT fabrication process. Literature [38]
showed that the variations in the values for R. and p. can be explained by variations in the
values of the sheet resistance Ry;. These variations in Ry, are due to both a varying Al mole
fraction within the Al,Ga;.4N layer and a varying thickness of the AlyGa;«N layer. Therefore,
only values for R. and p. that are obtained from samples with comparable values for Ry,
should be compared. In that case, the values for R. and p. of our optimized Ohmic contacts
showed a very good reproducibility as they were within 10 %. Furthermore, from our
experiments it can be concluded that contamination of the metals of an e-beam evaporator or

of the system as a whole can seriously affect the reproducibility of the obtained results.

It can be concluded that comparison of the theoretical values for p. and the experimentally
determined values for p. differ over many orders of magnitude. This discrepancy is largely
due to the used value for the Richardson constant (4’), which in literature [37] is reported to
have a theoretical value of approximately 26.4 Acm K. In practice however, it can vary over
many orders of magnitude. In order to fairly compare the theoretical and experimental values
for p. it is necessary to experimentally determine the value of 4™ for the used Al,Ga;.N/GaN
material. This can be done by a temperature dependent current — voltage (/-¥-T) measurement
using e.g. a Norde plot. We do not have a measurement setup to perform such measurements

and hence we can only use the theoretical value for 4",

The maximum current density of our optimized Ohmic contacts is of importance for the
application in high power devices. If we compare our value of 637 mA/mm to the values
reported in literature {27, 40] for similar structures, our value is rather low. However, we do
not think that the Ohmic contacts severely limit the maximum current density considering the

low values of their R, and p..

Finally, our Ohmic contacts have shown a very good line definition and a nice surface
morphology despite the high post — metallization rapid thermal annealing (RTA) temperature
of 900 °C. As the Ohmic contacts are used as the drain and source contacts in the HEMT a
good line definition and surface morphology are required among others for the positioning of
the gate contact between the drain and source contacts. Furthermore, this is also important
with respect to the alignment marks that are needed for the alignment of the Schottky
contacts. If the line definition of these marks is very bad, it is impossible to use them for an

accurate alignment of the Schottky contacts.
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5.7.2 Recommendations

In order to accurately calculate the contact resistance R, and the specific contact resistance o,
it is very important to accurately measure the gap spacings of the fabricated TLM test
structures. Due to the inaccuracy induced by the fabrication process these values can differ
from the values for the gap spacings specified on the mask.

Due to limited time we have not done an end resistance measurement on the CTLM test
structure proposed by Rechid and Heime [22] in order to accurately determine the value for L,
from experiments. In future investigations this should be tried as the required CTLM test
structures are available on our CTLM mask.

The high background neise that results from the nitrogen originating from the Alg,5Gag7sN
layer renders secondary ion mass spectroscopy (SIMS) and X — ray photo — electron
spectroscopy (XPS) not suitable to provide an unambiguous composition of the layers at the
metal — semiconductor interface of our optimized Ti/Al/Ni/Au Ohmic contact and the used
Alp25Gag7sN/GaN material. In the future, transmission electron microscopy (TEM) or high
resolution electron microscopy (HREM) could be tried to perform such a physical
characterization in order to propose a model for the Ohmic contact formation because in our
case the theoretical model [25] proposed in literature does not apply.

The e-beam evaporators should be regularly cleaned in order to prevent contamination of the
metals and of the system as a whole. From our experiments it can be concluded that such a

contamination can seriously affect the reproducibility of the obtained results.

Finally, a measurement setup should be created that enables the measurement of temperature
dependent current — voltage characteristics (/-V-T) on wafer. Then it would be possible to
determine a practical value for the Richardson constant A4~ of the used Alg,sGag7sN/GaN

material.
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CHAPTER 6

Theoretical Introduction to
Schottky Contacts

6.1 Introduction

This chapter is concerned with the second of the two limiting cases of metal — semiconductor
contacts: the Schottky contacts. Their excellent rectifying properties are used to form
Schottky diodes, which are majority carrier devices and hence have very short switching
times typically in the picoseconds range. It is this property that makes Schottky diodes very
suitable for high frequency applications. In the high power Aly,5Gag7sN/GaN HEMTs, the
Schottky contacts are applied as the gate contacts. Therefore, the Schottky contacts should
have a high breakdown voltage (Vi) and a low reverse current (/). Due to the large
bandgap of the Alg,5Gao 7sN material high values for the breakdown voltage can be expected
theoretically.

This chapter provides a brief overview of the Schottky contact parameters that can be used to
indicate their quality. Furthermore, the different characterization methods that can be used to
determine them will be briefly discussed.

6.2 Schottky contact parameters

Two very important parameters for the characterization of Schottky contacts, the barrier
height (@;p,) and the ideality factor (#), respectively, have already extensively been discussed
in chapter 3, which presents the basic theory of metal — semiconductor contacts. It has been
shown that in the case of an ideal Schottky contact the barrier height is bias independent and
the current is only determined by thermionic emission (TE). In that case, the forward
current — voltage characteristics are linear and the ideality factor equals unity. In practice,
however, the Schottky contact will generally be far from ideal. This could among others be
due to the bias dependency of the barrier height, the presence of an interfacial layer or due to
other current transport mechanisms being more dominant than thermionic emission. As a
result, the forward current — voltage characteristics will show noticeable deviations from
linearity. In that case, it can be described by equation (3.27) where the ideality factor exceeds
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unity. Literature [42] showed that there is a linear relationship between @g, and n, which is
schematically shown in figure 6.1.
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Figure 6.1: Linear relationship between the barrier height (@;,) and the ideality factor (n).

The reverse current (/) and the breakdown voltage (¥prear), which generally is defined as the
voltage at which the reverse current is 1 mA taking into account the geometrical dimensions
of the device, are other very important Schottky parameters with respect to the application of
Schottky contacts as gate contacts in high power devices in general and in our high power
Aly25Gag7sN/GaN HEMTs in particular. For this application a low ; and a high Vjeq are
required. The most important mechanism in junction breakdown is avalanche multiplication
or impact ionization. In literature [19] it has been shown that the breakdown voltage is
inversely proportional to the product of the doping concentration (N in the case of an n — type
semiconductor) and the thickness of the semiconductor contact layer. Therefore, the 5 nm non
intentionally doped (n.i.d.) Alp2sGag7sN cap layer has been included in the epitaxial structure
of the Epitronics Alg25Gag7sN/GaN HEMT wafers. Furthermore, the breakdown voltage of
practical contacts is among others affected by the presence of an interfacial layer and surface
states. This makes the breakdown voltage of practical contacts sensitive to process details. In
addition, a very irregular line definition of the Ohmic and Schottky contacts could modify the
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electric field configuration in such a way that the breakdown voltage is considerably

diminished.

Finally, the capacitance (C) of the Schottky contacts is a very important parameter that
enables the determination of the doping concentration of the semiconductor contact layer and
the value of the built — in voltage (¥%;). Figure 6.2 shows the energy band diagram of an ideal
Schottky diode (without any interfacial layer and surface states) on an » — type semiconductor

under reverse bias (V;).
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Figure 6.2: Energy band diagram of an ideal Schottky diode (without any interfacial layer and

surface states) on an # — type semiconductor under reverse bias (V).

The semiconductor material next to the metal — semiconductor interface is depleted of
electrons. What remains is a region containing the ionized donor atoms ( NV ). This region is
called the depletion region of a Schottky barrier. Depending on the concentration of the donor
atoms (N,), the applied bias (¥) controls the depth (#) to which the depletion region extends
into the semiconductor material. In some respects, the depletion region behaves like a parallel

plate capacitor [16, 19], which capacitance (C) generally is given by:

Loer 4 6.1)

where ¢ is the permittivity of free space, ¢, the relative permittivity of the semiconductor
material, /¥ the width between the parallel plates and 4 the area of the Schottky contact. The
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same result can also be obtained more formally [16, 19] using the fundamental definition of
capacitance C = dQ/dV. The potential difference in the depletion region is equal to [16]:

_kT_ N
g 2-5-¢

V=Y,

bi

(6.2)

r

where Ny is the density of the donor atoms that are assumed to be uniformely distributed,
Vp; the built — in voltage and £7/q the thermal voltage. Combining equation (6.2) with the
current — voltage relationship given by equation (3.21) (section 3.3.1.4) yields:

2'[Vbi'V_’kI]

1 q
2 6.3
C* q-g-6-N,-A (63)

This expression describes the dependency of the Schottky contact capacitance (C) on the
applied bias (¥). A plot of 1/C* versus the applied voltage (¥) would then yield a straight line
with a slope determined by N;. After a derivation of equation (6.3) with respect to V, Ny is

given by:
2 -1

T gg, -6 A dC
q 50 gr /dV

Equation (6.4) shows that the doping profile of the semiconductor material can be determined

N, (6.4)

from a measurement of the capacitance — voltage (C-V) profile of a Schottky diode.

6.3 Measurement of Schottky contact parameters

In literature [16, 18, 19] several measurement techniques are described in order to
experimentally determine the Schottky contact parameters described in the former section.

These measurement techniques are:

1) the current — voltage (I-V) method,
2) the capacitance — voltage (C-¥) method,
3) the activation energy method; and

4) the internal photo — emission method.
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6.3.1 Current - voltage (I-V) method

The current — voltage relationship of a Schottky diode has already extensively been discussed
in chapter 3. The universal expression that describes this current — voltage relationship is

given by equation (3.27) in section 3.3.2.1. For convenience this equation is repeated here:

J=Jg exp[’;q—/:;—]{l - exp[— %ﬂ (6.5)
where
JS = AtTZ exp{_ q((QBn )0 - (A(D)O )J (6.6)
kT

if the Schottky effect has also been taken into account. For values of ¥ larger than 3k7/q,
equation (6.5) can be written as:

J=J, exp[ﬂJ for V> 3kTlq (6.7)
nkT

Equation (6.7) can be written as:

qVv

In(J)=In(J,)+ L= for V'>3kTlq (6.8)
n

A plot of In(J) versus the applied forward bias (V) ideally yields a straight line with a slope
that is equal to g/nkT and an In(J) — axis intercept that is equal to In(J;). In practice however,
the Schottky diode will not be ideal and the plot will show noticeable deviations from
linearity due to among others the presence of an interfacial layer and surface states and the
series resistance of the semiconductor material. Figure 6.3 gives a schematic representation of
an ideal (dashed line) and a practical (solid line) In(J) versus ¥ plot.
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In()

Figure 6.3: Schematic representation of an ideal (dashed line) and a practical (solid line)
In(J) versus V plot.

After determination of the slope of the forward (I-V) plot, the ideality factor n can be

calculated using:

n=—39 (6.9)
k-T-slope

After determination of the value for J; from the In(J) — axis intercept, the effective barrier
height &, = @, — AP can be calculated using;:

D, _[k—T]-ln[A‘TZJ (6.10)
q J,

A remark has to be made with respect to the Richardson constant (A*). For an accurate

calculation of the effective barrier height (@,) the value of A should be determined
experimentally for the semiconductor material at hand because literature [37] showed that the
value for 4™ can vary over many orders of magnitude and hardly ever equals the theoretical
value of approximately 26.4 Acm K™
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6.3.2 Capacitance — voltage (C-V) method

The basic procedure to obtain a capacitance — voltage (C-¥) profile of a Schottky contact is to
apply a reverse DC bias to the contact, which results in the formation of a depletion region
with a certain depth and corresponding capacitance. This capacitance can be measured using
an AC capacitance bridge. The amplitude of the AC test signal should be much less than the
applied DC bias in order that it does not significantly alter the depletion depth and the
capacitance. A difficulty in obtaining the (C-¥) profile could be caused by the presence of
electron traps in the AlGa;«N material [19]. These electron traps may be filled or depleted in
response to the AC test signal, which could influence the measurement results. To eliminate
this effect as good as possible, the (C-¥) measurements are generally performed at a
frequency of 1 MHz [19, 43, 44]. At this frequency the traps fail to follow the AC test signal

and reliable measurement results can be obtained.

The capacitance — voltage method can be used to determine the effective barrier height (@,) if
the doping concentration (Ng) is uniform. The effective barrier height under thermal

equilibrium can be given by:

®, =qV, +V) (6.11)
where
v, =k—T-1n[ N‘] (6.12)
q N,
and
3
2-r-m. k-T2
N, = 2[}1—2] (6.13)

In equations (6.11) — (6.13), ¥ is the built — in voltage, ¥y the potential difference between
the bottom of the conduction band and the Fermi level in the semiconductor, N, the effective
density of states function in the conduction band, N; the donor concentration, 4 Planck’s
constant and m, is the electron effective mass. According to equation (6.3) a plot of 1/C?
versus the applied reverse bias (¥) will yield a straight line as shown in figure 6.4. After
determination of the slope of the (C-¥) plot, the donor concentration N, can be calculated
using:

N, = 2

=— 6.14
q-&,-&, slope ( )

The modulus value of the built — in voltage (|Vbi ) can be determined from the negative

V — axis intercept.
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1/C?

\%

Figure 6.4: Schematic representation of a plot of 1/ C? versus the applied reverse bias (V).

In literature [37, 43, 45] it has been observed that the values for the effective barrier height
(@.) derived by the (C-¥) method are generally higher than those derived by the (I-V) method.
This discrepancy of the experimental results between the different methods may among others
result from the Schottky effect, the presence of a thin interfacial layer and surface states,
contamination in the interface and deep impurity levels acting as electron traps [15, 16, 43].

6.3.3 Activation energy method

The principle advantage of the determination of the effective barrier height (@,) using the
activation energy method is that no assumption of the electrically active area is required [15].
This feature is particularly important in the investigation of new or unusual
metal — semiconductor contacts, because often the actual value of the contacting area is not
known. In order to determine (&,) and the effective Richardson constant (A“) it is required to
measure the forward current — voltage characteristics of the Schottky contacts at different
temperatures, (I-V-T) measurements. Another approach involving these (I-V-T) measurements
in order to determine @, and A" is the modified Norde plot. We do not have a measurement
setup to perform (/-V-T) measurements at our disposal and hence we have to use the
theoretical value for 4™ of approximately 26.4 Acm”K™ in the calculations of the Schottky
contact parameters. For more detailed information on the activation energy method and the
modified Norde plot we refer to literature [15, 19, 43].
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6.3.4 Internal photo — emission method

An alternative way to determine the effective barrier height (@,) of a metal — Al,Ga;.N/GaN
heterostructure is to use the internal photo — emission method. The principle of this method is
that monochromatic light is illuminated on the metal contact of a Schottky barrier thus
generating hot electrons in the metal. When these electrons by diffusion arrive at the depletion
region, they are attracted by the built — in electric field in the barrier. This causes a
photocurrent across the Schottky diode. In principal, all the electrons located in the depletion
region should contribute to the total photocurrent irrespective if they were generated and
diffused from the metal side or generated within the depletion region of the semiconductor by
the incident photons. The two components of the photocurrent need to be separated for the
measurement of the effective barrier height since only the contribution of the hot electrons
from the metal side relates to the determination of the effective barrier height. In order to
distinguish the two different components of the photocurrent the following could be done
[46]: electrons located in the depletion region under a built — in electric field would be driven
toward the semiconductor and provide a photocurrent. However, when a forward bias voltage
is applied to the Schottky barrier the electric field in the depletion region decreases causing
the photocurrent to decrease. When the applied voltage becomes larger than the built — in
voltage the depletion region disappears and the applied voltage should drop across the bulk
semiconductor. Electrons in the semiconductor generated by the band — to — band absorption
and the absorption from the deep levels inside the bandgap, if any, would move toward the
metal and provide the photocurrent. Under this condition the system behaves as that in a
photoconductivity measurement of the semiconductor [46]. The sign of the photocurrent in
this situation is opposite to that of the photocurrent without bias. According to Fowler’s
theory [46] the relationship between the photocurrent per photon (R) and the incident photon
energy (hv) is given by:

R (hv—qd,) for hv - q@, > 3kT (6.15)

where / is Planck’s constant and v is the frequency of the monochromatic light. This
relationship is valid when Av - g@, > 3kT and is in the range of several tenths of an electron
volt in magnitude [46]. The effective barrier height of the Schottky contact can be obtained
from the straight line relationship of the square root of the photocurrent per photon versus the
incident photon energy. For more detailed information on the internal photo — emission
method we refer to literature [15, 46].
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6.4 Conclusions

In this chapter it has been pointed out that for the application of the Schottky contacts in high
power devices, high breakdown voltages (Verear) and low reverse currents (I;) are required.
Furthermore, it has been discussed that the breakdown voltage and the reverse current of
practical Schottky contacts are affected among others by the presence of an interfacial layer
and surface states. In addition, it has been reported in literature [37, 43, 45] that the values for
the effective barrier height (&.) derived by the (C-F) method are generally higher than those
derived by the (/-V) method. This discrepancy of the experimental results between the
different methods may among others result from the Schottky effect, the presence of a thin
interfacial layer and surface states, contamination in the interface and deep impurity levels
acting as electron traps [15, 16, 43]. Hence, it can be concluded that the surface preparation of
the semiconductor material prior to metallization is very critical for the obtained results.
Therefore, great care should be taken with respect to the conditioning of the semiconductor
surface in order to render it stable and reproducible. In the previous section we have discussed
four measurement techniques that can be used to determine the Schottky contact parameters.
Table 4 provides a summary of the Schottky contact parameters and the measurement

techniques by which they can be determined.

Table 4: Schottky contact parameters and measurement techniques.

Measurement
] Schottky contact parameters
techniques |
¢e Js n
Forward . o )
@) equation (6.10) In(J) - axis intercept equation (6.9)
Vbreak
Reverse
reverse current | mA
n @, Ny Vi
eqns (6.11) —(6.13) equation (6.14) V — axis intercept
Activation energy @, A"
Internal
- .
photo-emission

Page 102 of 151



Chapter 7. Schottky Contacts on n — type Alp25Gag 7sN/GaN Heterostructures 97

CHAPTER 7

Schottky Contacts on n — type
Aly,5Gag1sN/GaN Heterostructures

7.1 Introduction

Chapter 7 is concerned with the preliminary technology and experimental results of the
fabricated Schottky contacts on the Alp25Gag7sIN/GaN HEMT epitaxial structure that has been
described in section 5.5.1. First, the most commonly used metallization schemes for Schottky
contacts on n — type AlyGa,«N/GaN material will be described. Furthermore, an overview is
given of the pre — metallization and post — metallization treatments described in literature,
which are applied in order to decrease the reverse current (/;) and to increase the breakdown
voltage (Virear). After this, the experiments with respect to the Schottky contact fabrication
and the preliminary results will be presented. First, the limitations with respect to the
characterization of the Schottky contacts will be discussed. Next, the circular mask design that
is used to fabricate the Schottky test structures will be considered.

Furthermore, the Ni/Au and Ir/Au metallization schemes will be discussed. After that, we
tried to determine the influence of both the pre — metallization treatments and the
post — metallization heat treatment on the preliminary experimental results obtained from the
current — voltage measurements. This is followed by a brief discussion of the
capacitance — voltage measurements. Finally, the conclusions and recommendations for the

fabrication of Schottky contacts on our n — type Aly25Gag7sN / GaN material will be provided.
7.2 Schottky metallization schemes

According to literature, the most commonly used metallization schemes for Schottky contacts
on n — type AlyGa; (N/GaN material are [27, 29, 45]:

e Nickel/Gold (Ni/Au);
e Platinum/Titanium/Gold (Pt/Ti/Au); and
e Palladium/Gold (Pd/Au).
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In literature [27, 29, 45] these metallization schemes were reported to show the lowest values
for the reverse current (/) and the highest values for the breakdown voltage (Vprear). The
reported values for Vy,...x however vary considerably from values as low as 40 Volts up to
very high values of 450 Volts depending on the layout and the dimensions of the test
structures. The effective barrier heights (@,) for the different metallization schemes are
reported [45] to depend on the Al mole fraction of the AlyGa,«N layer. It has been shown that
@, increases with increasing Al mole fraction. According to literature [45, 48] for our
Alo2sGag 7sN material we can expect values for @, between 0.7 eV and 1.1 for the Ni/Au,
Pt/Au and Pd/Au metallization schemes. However, we cannot determine them experimentally
because of reasons to be discussed in section 7.5.1. It has to be noted that the thermal stability
of the generally used Schottky metallization schemes is reported to be rather poor [48]. Aging
tests at 400 °C have shown that the values for their effective barrier heights decrease
drastically, e.g. the effective barrier height of the Pt/Ti/Au scheme decreases from
approximately 0.75 eV to approximately 0.45 eV within the first hours of annealing. As a
consequence, the reverse current (I;) increases considerably and the breakdown voltage
(Vbrear) decreases significantly. Recently, a new metallization scheme has attracted a lot of
attention with respect to the improvement of the thermal stability of the Schottky contacts.
This new Schottky metallization scheme consists of sputtered Iridium/Gold (Ir/Au) layers and
is reported [48] to have a superior thermal stability. The effective barrier height of Ir/Au
contacts to Alp2sGag7sN layers is reported to be approximately 0.9 eV [48]. Aging tests at
400 °C have shown that the effective barrier height for these contacts actually increases to
approximately 1.1 eV upon annealing instead of decreases. These Schottky contacts should
then be able to establish high values for Vp..x and low values for I;. Furthermore, the
mechanical stability of the Schottky contacts is an important issue. The Ni/Au contacts
showed to have a superior mechanical stability over Pt/Ti/Au and Pd/Au contacts because Ni
has a better adhesion to the Al,Ga; N material than Pt and Pd.

7.3 Pre — metallization treatments of the undoped
Al;Ga; 4N cap layer

In literature [32, 45, 50] it has been reported that pre — metallization treatments of the
Al,Ga «xN surface are crucial to obtain good electrical characteristics of the Schottky contacts.
In section 3.2 it has been discussed that Fermi level pinning in the case of the GaN — based
materials systems is of minor importance and that the major contribution to the Schottky
barrier height is due to the difference in the metal and semiconductor work functions.
Nevertheless, it has also been reported [35] that nonoptimized surface preparation conditions

can lead to considerable Fermi level pinning and other nonidealities. The most commonly
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reported [32, 35, 45, 50] pre — metallization treatments of the AlyGa;«N surface in order to

render it stable and reproducible are:

e plasma enhanced cleaning; and
e wet chemical etching.

These pre — metallization treatments will be briefly discussed in the following subsections.

7.3.1 Plasma enhanced cleaning

In literature relatively little work has been reported with respect to the effects of plasma
processes on the electrical characteristics of Schottky contacts on n — type AliGa;xN/GaN
material. Exposure to pure argon (Ar) discharges in order to remove ¢.g. native oxides just
before metallization has been reported [50] to cause higher reverse currents and lower
breakdown voltages. The increase in reverse current can among others be explained by the
increased surface roughness due to the distorted stoichiometry of the AlGa; (N material. As a
result, this gives rise to parasitic leakage currents such as the surface leakage current [50].
From preliminary work on Schottky contacts to n — type GaN and from literature [32] we
know that even highly chemical thus relatively smooth RIE processes severely deteriorate the
quality of the Schottky contacts. However, literature [48] also reported that the application of
“soft” (i.e. at a low DC bias) O, plasmas for several minutes resulted in an improvement of
the electrical characteristics of the Schottky contacts. It is suggested [48] that the Al,Ga; N
surface is rendered more stable and reproducible by this plasma enhanced removal of surface

contaminants.

7.3.2 Wet chemical etching

Contrary to the subject of the former subsection, a lot of work has been reported in literature
[35, 45, 50] with respect to wet chemical etching of the surface of AlyGa;«N structures in
order to render it stable and reproducible. The most commonly applied pre — metallization

surface treatments involving wet chemical etching solutions are [35, 45, 48, 50]:

1) cleaning in organic solvents (e.g. acetone, isopropanol) only;
2) cleaning in organic solvents followed by a dip in:
a. HF : HCI1 : H,O = 1:5:5; or
b undiluted HCI; or
c. HCI: H,O=1:5;0r
d. aqua regia ( HNO; : HCI = 1:2) followed by HF rinse;or
e cold or warm (50 °C) NH4OH : H,O = 1:10.
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It has been reported [50] that for the e — beam evaporated Schottky contacts, which were
formed after a treatment only in organic solvents, (regardless of the used metallization
scheme) high reverse currents (10" A/cm?) and low breakdown voltages (Virear <40 V) were
obtained. For the contacts that were formed after HF, HCI, combined HF/HCI and aqua
regia/HF treatments, also very poor current — voltage characteristics were reported [35, 50].
The contacts formed after a warm NH4OH treatment were reported [50] to show very good
electrical Schottky properties i.e. low reverse currents (10 A/cm?) and high breakdown
voltages (Vprear > 100 V). As a result, it was concluded [50] that there exists a strong
correlation between the chemical and electronic properties of metal/Al,Ga,; N interfaces
formed by e — beam evaporation. Namely, the almost oxide — free and near stoichiometric
surfaces obtained after the NH4OH treatment have been reported [50] to remain stable during
metal contact formation. This gave rise to the excellent Schottky contact characteristics. On
the other hand, oxide containing and non — stoichiometric surfaces obtained after application
of the wet chemical etching treatments mentioned under 2a — d, have been reported [50] to
become unstable during contact formation. As these metal — semiconductor junctions suffered
from the presence of an interfacial layer, they exhibited poor Schottky contact characteristics.
Immediately after the wet chemical etching treatment the samples should be loaded into the
e — beam evaporator, as the AlyGa; 4N surfaces will oxidize again very rapidly. As a
consequence, the choice of wet chemical etching solution depends among others on the type
of the used photoresist, i.e. the photoresist that is used to pattern the Schottky contacts should

not be removed during wet chemical etching.

7.4 Post —metallization heat treatment

In literature it has been reported [18, 37] that newly formed Schottky contacts are known to
exhibit aging effects on their interface barrier properties. Post — metallization heating of the
contacts in a traditional furnace usually at 100 °C for one hour can accelerate these aging
effects. It is therefore important to make sure that the metal — semiconductor system has been
properly aged before attempting to determine reliable values for the Schottky contact
parameters. It is believed that the aging phenomena are due to ionic activity within the
interfacial layer [18]. Positively charged ions would be attracted towards the metal by the
built — in field. The modifications to the Schottky contact parameters observed during the
period that these charges migrate come as a result of a changing dipole moment. The
interfacial dipole moment exists because of the positive ionic charge distribution near the
surface of the semiconductor and the compensating negative charges on the surface of the
metal. The dipole moment vanishes when all the positive ions reach the metal and their
charges are neutralized. The fast diffusing positively charged ions may be present in the

semiconductor material prior to the metal deposition but most likely they are introduced
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during the metal deposition. This is particularly the case when use is made of sputter
deposition. From preliminary work on e — beam evaporated Nickel (Ni) Schottky contacts to
n — type GaN and from literature [35] it is known that rapid thermal annealing (RTA) of these
contacts in the range of 100 °C — 300 °C for 30 seconds leads to a reduction of the reverse

current (£y).

7.5 Experiments and results

This section describes the experiments with respect to the Schottky contact fabrication and the
preliminary results. First, the limitations with respect to the Schottky contact characterization
will be discussed. Next, the circular mask design that is used to fabricate the Schottky test
structures will be considered. Furthermore, the Ni/Au and Ir/Au metallization schemes will be
discussed. After that, it is tried to determine the influence of both the pre — metallization
treatments and the post — metallization heat treatment (sections 7.3 and 7.4, respectively) on
the preliminary experimental results obtained from the current — voltage measurements.

Finally, a brief discussion of the capacitance — voltage measurements will be given.

7.5.1 Limitations to Schottky contact characterization

Similarly to the optimization procedure of the Ohmic contacts, we have chosen to do the
optimization of the Schottky contacts on identical Aly;5Gag7sN/GaN material as is used for
the fabrication of the HEMTs (section 5.5.1). However, it has to be noted that this is the most
unfortunate choice one can make with respect to the characterization of the Schottky contacts
because the characterization methods described in sections 6.3.1 — 6.3.3 are the conventional
techniques used to determine the Schottky parameters on “‘bulk” semiconductor layers.
However, for a heterojunction such as our Alp2sGag7sN/GaN HEMT structure these
conventional techniques may not yield an accurate determination of the Schottky parameters
because a structure of a metal on a heterojunction can be considered as two diodes connected
in series back to back. The first diode is a metal — Aly25Gag7sN Schottky diode and the second
diode is an equivalent Schottky diode due to the heterojunction between the Alg,sGag7sN and
GaN layers [46, 47]. Under such conditions the (/-¥) characteristics of Schottky contacts on
our HEMT structures cannot be analyzed by the universal Schottky equation given by
equation (3.27). In addition, a plot of 1/ C? versus the applied reverse bias ¥ would not yield a
straight line. Consequentely, it is not possible to determine a reliable value for the built — in
voltage (V) of such a structure. As a result, the internal photo — emission method has to be
used to determine the Schottky contact parameters. However, we do not have an internal

photo — emission measurement setup at our disposal and hence we are not able to determine
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the effective barrier height, the ideality factor, the built — in voltage and the donor
concentration for our Schottky contacts. Therefore, we cannot compare our Schottky contacts
to Schottky contacts reported in literature because those contacts are fabricated on relaxed
AliGa;.xN material and the literature which is concerned with AlyGa;«N/GaN devices only
mention the metal layer stacks of the used contacts and do not report on the Schottky contact
parameters. However, in order to compare our different Schottky contacts to each other we
have decided to use the reverse current and the breakdown voltage as the parameters that give
an indication of their quality. The forward and the reverse current — voltage measurements
have been carried out using a four — and a two — point probe technique respectively. The
measurements were automated using ICCAP software running on a HP UNIX computer. The
reverse capacitance — voltage measurements were done using a HP4275A multi — frequency

LCR meter at a frequency of 1 MHz.

7.5.2 Circular Schottky mask design

It has been reported [52] that the reverse current in Schottky diodes is generally much larger
than expected from the thermionic emission theory most likely due to defect states around the
contact periphery. To reduce this leakage current and to prevent early breakdown, edge
termination techniques such as guard rings and field plates are necessary. Taking this into
consideration, we have decided to fabricate circular Schottky contacts. Therefore, we have
used a circular Schottky mask design that is shown in figure 7.1. It can be observed that the
mask consists of four parts which are called: “mesa” part, “Ohmic” part, “open” part and
“Schottky” part, respectively. Each of these parts has a width and a height of 1.5 cm and
consists of nine unit cels. One of these unit cels of each part is shown in figure 7.1. The
objective of each of these parts and the dimensions of the structures of each unit cel will be

described in the following subsections.

7.5.2.1 Mesa part

It is obvious that the objective of the mesa part is the formation of cicular mesas. The
diameter of the mesas is 150 um. These mesas are located in the top right and the bottom left
corners of the unit cel. In the dark areas surrounding the “white” mesas the chromium (Cr) has
been removed from the mask plate and the semiconductor surface will be etched. In the top
left and bottom right corners CTLM test structures proposed by Marlow and Das [21] (section
5.5.2) will be fabricated using the “Ohmic” part of the mask. However, the top left corner of

the unit cel is totally covered with chromium. This has been done to determine the influence
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of the etching of the semiconductor material on the quality of the Ohmic contacts that will be
placed on this etched material around the circular mesas.

Unit cel mesa part Unit cel Ohmic part

1.5cm

3cm

1.5cm

Unit cel open part dem Unit cel Schottky part

Figure 7.1: Layout of the circular Schottky mask design.

7.5.2.2 Ohmic part

The “Ohmic” part is used to fabricate both the Ohmic contacts around the etched mesas and
the CTLM test structures mentioned in the former subsection. These Ohmic contacts
surrounding the etched mesas are situated in the top right and bottom left corners of the unit
cel. The “white” circles indicate the areas where the mesas will be positioned. The Ohmic
contacts in the top right corner have increasing diameters of 154, 156, 158, 160, 170, 180,
190, 200 and 210 um respectively. The gap between them and the mesa is then 2, 3, 4, 5, 10,
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15, 20, 25 and 30 um respectively. The Ohmic contacts in the bottom left corner have a
constant diameter of 160 um and the gap between them and the mesa is S pm. The CTLM test

structures are fabricated to monitor the quality of the Ohmic contacts.

7.5.2.3 Open part

The “Open” part can be used to open the areas in the deposited silicon nitride (SiNy) layer
where the pedestals (which of course are Schottky contacts) of the mushroom Schottky
contacts can be fabricated. These areas are situated in the top right and the bottom left corners
of the unit cel. The chromium in the top left and the bottom right corners of the unit cel has
completey been removed in order to seal the CTLM test structures with the SiNy layer. The
pedestals have a constant diameter of 100 um and hence are 25 pm separated from the edge of
the mesa. After the evaporation of the pedestals the SiNy layer can be removed by dipping it
in a buffered HF solution. However, if the SiN, layer is not removed it can be used to do

dispersion experiments.

7.5.24 Schottky part

The “Schottky” part can be used to define the areas for the cap of the Schottky mushroom
contact. These areas are situated in the top right and the bottom left corners of the unit cel.
The top left and the bottom right corners of the unit cel are completey covered with chromium
in order to seal the CTLM test structures with photoresist. The Schottky contacts in the top
right corner have a constant diameter of 108 pm and a constant separation between them and
the edge of the mesa of 21 pm. They hang over the pedestals by 4 um. The schottky contacts
in the bottom left corner have increasing diameters of 102, 104, 106, 108, 114, 120, 130, 140
and 150 pm respectively. The gap between them and the edge of the mesa correspondingly
are 24, 23, 22, 21, 18, 15, 10, 5 and 0 um, respectively. In this case they hang over the
pedestals by 1, 2, 3, 4, 7, 10, 15, 20 and 25 pm, respectively.

7.5.2.5 Use of the mask

The alignment marks in the four parts and in each unit cel have been designed and positioned
in such a way that each reasonable combination of the four parts is possible and can be
aligned. As a result, this circular Schottky mask has a very great functionality. In this research
we have only used the “Ohmic” part and the “Schottky” part to fabricate our Schottky
contacts. Figure 7.2 shows the result of this fabrication process. The Schottky contacts in the

top right corner have a constant diameter of 108 um and due to the increasing diameter of the
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surrounding Ohmic contacts the gap spacing increases and has values of 23, 24, 25, 26, 31,
36, 41, 46 and 51 pm, respectively. The diameter of the Ohmic contacts in the bottom left
corner is constant (160 pm) but due to the increasing diameter of the Schottky contacts in this
case (102, 104, 106, 108, 114, 120, 130, 140 and 150 pm, respectively) the gap spacing
consequently decreases and has values of 29, 28, 27, 26, 23, 20, 15, 10 and 5 pm,
respectively.

Figure 7.2: Result of circular Schottky fabrication process.

The contacts in the top right corner of this configuration enable the determination of the
influence of the gap spacing on the breakdown voltage and the reverse current. Unfortunately,
due to the simultaneously changing diameter and gap spacing in the case of the contacts in the
bottom left corner it is not possible to determine whether the reverse current is proportional to
the contact perimeter or to the contact area. In order to investigate this in future work we need
to design a new mask that contains Schottky contacts with varying diameters but constant gap
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spacings. Table 5 gives an overview of the dimensions of both the Schottky contacts in the top

right corner and the bottom left corner.

Table 5: Overview of the dimensions of the Schottky contacts in the top right corner and the

bottom left corner.

Bottom left corner Top right corner

Diameter | Gap spacing | Diode area Diameter | Gap spacing | Diode area
(pm) (pm) (cm’) (um) (pm) (cm’)
150 5 1.8 x 10 108 23 9.2 x 107
140 10 1.5 x 10" 108 24 92 x10°
130 15 1.3 x 10 108 25 9.2x 107
120 20 1.1 x10* 108 26 9.2 x 107
114 23 1x10* 108 31 92 x10°
108 26 9.2 x 107 108 36 9.2 x 107
106 27 8.8 x 107 108 41 9.2 x 107
104 28 8.5x 107 108 46 92x107°
102 29 8.2x107° 108 51 9.2 x 107

7.5.3 Ni/Au and Ir/Au Schottky contacts

With respect to the optimization of the Schottky contacts we used a different approach as in
the case of the Ohmic contacts. Instead of optimizing the metal layer stack we have chosen to
focuss on the influence of the pre — metallization treatments of the already used Ni/Au =
20/200 nm Schottky contacts. From previous discussions in this thesis it has become clear that
this is a very important issue to Schottky contact technology and hence it can be concluded
that we have made a legitimate decision. However, we had the fortunate opportunity to obtain
a sputtered I/Au deposition from the author ? of the article [48] in which their excellent
Schottky characteristics have been reported (section 7.2). These sputtered Schottky contacts
consisted of Ir/Au = 50/200 nm. Prior to the sputter deposition an O, plasma for 60 seconds, a
diluted HCl dip (HC1 : DI =1 : 10) for 60 seconds and a rinse in DI water for 2 x 30 seconds
have been applied to the Aly25Gag 75N surface.

2 The author wishes to thank Dr. J. Wiirfl from the Ferdinand Braun Institut fiir

Hochstfrequenztechnik in Berlin Germany for his very willing cooperation.
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In order to investigate the influence of the pre — metallization treatments (discussed in section
7.3) on the reverse current and the breakdown voltage of the Ni/Au Schottky contacts we have
processed six identical samples of our Alp2sGag7sN/GaN material. The Ohmic contacts on
these six samples consisted of our optimized Ti/AI/Ni/Au = 30/180/40/150 nm metallization
scheme, which has been rapid thermal annealed at 900 °C for 30 seconds in a N, ambient.
After that, prior to the e — beam evaporation of the Ni/Au = 20/200 nm metallization scheme,

the following pre — metallization treatments have been applied:

1) no pre — metallization treatment;

2) undiluted HCI dip for 90 seconds;

3) diluted NH,OH (NH4OH : DI = 1:10) for 15 seconds;

4) O, plasma at 20 W (DC bias = - 60V) for 120 seconds;

5) Os plasma at 20 W (DC bias = - 60V) for 120 seconds followed by
a dip in undiluted HCI for 90 seconds; and

6) O, plasma at 20 W (DC bias = - 60V) for 120 seconds followed by
a dip in diluted NH4OH (NH4OH : DI = 1:10) for 15 seconds.

In the following subsections, the results obtained from the current — voltage (/ — V) and the
capacitance — voltage (C — V) measurements for both the Ni/Au and Ir/Au Schottky contacts
will be described.

7.5.3.1 Current — voltage measurements

From the discussion in section 7.5.1 about the limitations with respect to the characterization
of the Schottky contacts it has become clear that the forward current — voltage measurements
do not yield any reliable information. Therefore, we focussed on the reverse current — voltage
characteristics in order to determine the best Schottky contact metallization scheme (i.e.
Ni/Au or Ir/Au) and to determine the best pre — metallization treatment for the Ni/Au
Schottky contacts. Figure 7.3 shows the reverse current voltage characteristics of the Ni/Au
Schottky contact to which an O, plasma at 20 W (DC bias = - 60V) for 120 seconds followed
by a dip in undiluted HCI for 90 seconds has been applied and the Ir/Au Schottky contact with
a comparable pre — metallization treatment (section 7.5.3). It has to be noted that the Ni/Au
and the Ir/Au contacts have the same contact areas (1 x 10 cm?) and the same gap spacings
(23 pm).
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Figure 7.3: Reverse (I — V) characteristics of a Ni/Au Schottky contact (O; plasma at 20 W
(DC bias = - 60V) for 120 seconds and dip in undiluted HCI for 90 seconds) and
an Ir/Au Schottky contact with a comparable pre — metallization treatment. Both

Schottky contacts have the same area and gap spacing.

The results shown in figure 7.3 are very surprising because of the extremely poor reverse
current — voltage characteristics of the Ir/Au Schottky contacts. The breakdown voltage of
these contacts is approximately - 7 V, which was completely unexpected considering the
reported [48] excellent Schottky contact behavior. Unfortunately this result was reproducible
over the entire sample. At this point it is difficult to provide a plausible explanation for these
surprising results, but according to literature [50] the observed “bump” in the reverse
characteristics of the Ir/Au contacts in the low reverse bias region could indicate the presence
of thin insulator — transition layers at the interface and/or the formation of inhomogeneous
metal — semiconductor contacts. Figure 7.3 also shows that the Ni/Au Schottky contacts to
which an O, plasma at 20 W (DC bias = - 60V) for 120 seconds followed by a dip in
undiluted HCI for 90 seconds has been applied, yields a reverse current of approximately
5% 10" A at - 40 V. From breakdown measurements carried out using a Tektronix 577 curve
tracer, the breakdown voltage has been measured to be larger than 100 V for the smallest gap
spacings (5 pm).
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Figure 7.4 shows the reverse current — voltage characteristics of the Ni/Au Schottky contacts
to which the pre — metallization treatments as mentioned in section 7.5.3 have been applied.
Again, all these contacts have the same contact areas (1 x 10" sz) and the same gap

spacings (23 pm).

1,0E-01
1,0E-02 E no treatment Hel
'<_,:' 1,0E-03 J’
; 1,0E-04 0,
S 1,005 ¢ T
= F 0, + NH,0H NH,0H
qt:) 1,0E-06 E
8 1,0E‘07 E 02+Hcl —)
lug 1,0E-08 E
% 1,0E-09 E
e~ 1,0E-10 g
F
1,OE-11 F T = 300K J
1,0E-12 ‘ - o — . :

-50 -40 -30 -20 -10 0

Reverse bias (V) [V]

Figure 7.4: Reverse (I — V) characteristics of the Ni/Au Schottky contacts with the
pre — metallization treatments as mentioned in section 7.5.3. All contacts have
the same contact areas and same gap spacings.

From figure 7.4 it can be concluded that all the pre — metallization treatments give rise to an
improvement of the reverse current of the Ni/Au Schottky contacts. The most significant
improvement however is shown by those pre — metallization treatments that comprise a
NH,OH dip. The best result is obtained from the pre — metallization treatment that involves an
O, plasma at 20 W (DC bias = - 60V) for 120 seconds followed by a dip in diluted NH,OH
(NH4OH : DI = 1:10) for 15 seconds. In that case, the reverse current is approximately
6 x 10 A at - 40 V. The breakdown voltage has been measured to be larger than 100 V for
the smallest gap spacing (Spm). In order to test the reproducibility of the pre — metallization
treatment that has been found to yield the best Schottky contact behavior for the used
Ni/Au = 20/200 nm metallization scheme, we processed another sample using the same
technological recipe. The obtained results however were very disappointing because the

earlier obtained fairly good results were not obtained anymore. The Ni/Au Schottky contacts
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now showed very large reverse currents and reached breakdown at approximately - 8 V
already. A possible explanation for these results could be the contamination of the plasma
ecth system (Oxford 100), which is used to apply the O, plasma, as a result of etching
experiments with respect to Indium Phosphide (InP). However, we have not had the
opportunity to process another sample in order to verify this assumption. Hence, at this
moment no statement can be made with respect to the reproducibility of the NH4OH/O,
pre — metallization treatment. It is therefore obvious that in future great emphasis should be
laid on the development of an optimal pre — metallization treatment for our Al 25Gag 7sN/GaN
heterostructures.

In order to determine the influence of the post — metallization heat treatment on the reverse
current — voltage characteristics, we have rapid thermal annealed (RTA) the Ni/Au contacts
that have been treated with an diluted NH4,OH dip at 300, 400, 500 and 600 °C, respectively
for 30 seconds in a N, ambient. The resulting reverse current — voltage characteristics are
shown in figure 7.5. Note that all contacts have the same contact areas (1 x 10™ cm?) and the
same gap spacings (23 pum).
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Figure 7.5: Reverse current — voltage characteristics for Ni/Au schottky contacts after RTA
at 300, 400, 500 and 600 °C for 30 seconds in a N; ambient.
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From figure 7.5 it can be concluded that the reverse current — voltage characteristics have
only considerably improved for rapid thermal annealing at 300 °C for 30 seconds in a N,
ambient. This is in good agreement with earlier reported results (section 7.4). The preliminary
technological recipe for Schottky contacts on n — type AlpasGag7sN/GaN is described in
appendix E.

Figure 7.6 shows the reverse current — voltage characteristics of the Ni/Au Schottky contacts
to which the NH4OH/O, pre — metallization treatment has been applied. These Schottky
contacts have equal contact areas of 9.2 x 10 cm? but increasing gap spacings of 23, 24, 25,
26, 31, 36, 41, 46 and 51 pm respectively (table 5 in section 7.5.2.5). The smallest gap
spacing is indicated by 1 and the largest is indicated by 9.
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Figure 7.6: Reverse (I — V) characteristics of Ni/Au Schottky contacts with equal contact areas
0f 9.2 x 107 cm? but with increasing gap spacings.

It is expected that the reverse current decreases with increasing gap spacing due to the larger
series resistance of the semiconductor material. Figure 7.6 more or less shows this behavior
but the obtained results are rather ambiguous. A possible explanation for this ambiguouty
could be the combination of too large uncertainties in the measurements for the smallest gap

spacings and too small differences in the successive gap spacings. In order to investigate this
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influence more accurately, the difference in the gap spacing on the new Schottky mask has to

be much larger.

7.5.3.2 Capacitance — voltage measurements

This subsection deals with the capacitance — voltage (C — V) characteristics of the
Ni/Au = 20/200 nm Schottky contacts to which the NH4OH/O, treatment has been applied
and that at this moment have shown the best results. The measurement of these characteristics
has been carried out using a HP4275A multi — frequency LCR meter at a frequency of 1 MHz
and the amplitude of the AC test signal was 250 mV. Figure 7.7 shows a schematical
representation of the theoretical (C — V) characteristic for both forward and reverse bias
conditions of a Schottky contact with an area of 1 x 10* cm” and a gap spacing of 23 um.
This figure also shows the measured (C — V) characteristic for such a Schottky contact.

50
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40 - / \
CTE ;
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Figure 7.7: (C — V) characteristic of a Ni/Au Schottky contact with an area of 1 x 10 cm’
and a gap spacing of 23 pum.
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The forward bias voltage indicated by V), is the voltage at which the depletion regions of the
Schottky contact and the heterojunction just touch. If the forward bias is increased above ¥,
the two depletion regions do not overlap and the maximum 2DEG model is applicable [53]. In
this case the capacitance decreases very rapidly. For bias conditions ranging from the reverse
direction up to ¥, the two depletion regions overlap and the charge control model applies
[53]. In this case the Al,Ga;<N material is completely depleted and the thickness of the
Al,Ga;_ N material can be calculated using the simple expression for a parallel plate capacitor
using equation (6.1). Theoretically, the value of the capacitance required for this calculation is
at a constant level until the 2DEG is pinched off [53, 54]. This can be seen by the sharp
decrease of the capacitance for increasing reverse bias. The value of the constant capacitance
can approximately be calculated using equation (6.1) and the specified thickness of the
Alp2sGap7sN material which equals 18 nm (section 5.5.1). The value for the relative

permittivity of the Alp,sGag7sN material can be calculated using:

&, aGa-x)N =X &€, v T (1 - x)- €, GaN (7.1)

The values for ¢ 4~ and &g,y are 8.5 [28] and 9.5 [28] respectively. Hence the value for
& 410.25Ga0.75n 18 9.25. Inserting these values in equation (6.1) we obtain a capacitance of 45 pF.
Figure 7.7 shows that the measured (C — V) characteristic deviates very much from the
theoretical (C — V) characteristic. This deviation could be due to edge effects. In literature [54]
Schottky contacts have been reported that approach the theoretical (C — V) characteristic very
well. However, these contacts have an area that is 50 times larger than our contacts. In that
case these edge effects are of negligible importance. From our measurement results it is not
possible to accurately calculate the thickness of the AlyGa;«N material and the sheet carrier
density (n;) of the 2DEG. However, the expression that can be used to calculate the sheet
carrier density in the charge control regime is given by [53]:
& &

n, = 7 Q:J ' (Vgs - Vpiuch—o/f)

(7.2)

where V,; is the applied voltage and d is the total thickness of the Aly;5Gag7sN material. The
pinch — off voltage is given by [53]:

Vpinch—oﬁ” = CDe - AE‘C - Vp (73)
where
AE: = XGav — X A10.25Ga075N (7.4
and
q- Nd 2
V =——2 _.ld-d 7.5
o 2-g-¢, ( ’) (73)
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The pinch — off voltage can easily be determined from figure 7.7. At this voltage no carriers
are present in the channel (2DEG). In our case, the value for the pinch — off voltage is - 6.5 V.
In equation (7.3), @, is the effective Schottky barrier height, AE. the discontinuity in the
conduction bands of the GaN and Alp25Gag7sN material and V), is the voltage at which the
both depletion regions just touch. In equation (7.4), ycan and ¥aio25c.0.758 are the electron
affinities of the GaN and Al 25Gag 7sN material respectively. In equation (7.5), N, is the donor
concentration, d the total thickness of the Aly2sGag7sN material and d; the thickness of the
Aly,5Gag 75N spacer layer.

Furthermore, in literature [54] it has been reported that normalization of the (C — V)
characteristics allows an immediate qualitatively assessment of the material. The normalized
(C - V) characteristics of good quality material overlay. Figure 7.8 shows the (C — V)
characteristics after normalization for the contact area of two Ni/Au Schottky contacts with

gap spacings of 23 pm and contact areas of 1 x 10 cm” and 9.2 x 10”° cm?, respectively.
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Figure 7.8: Normalized (C — V) characteristics of two Schottky contacts with gap spacings of

23 um and contact areas of 1 x 10 cm? and 9.2 x 107 cmz, respectively.

Figure 7.8 shows that in the first part of the characteristic the normalized (C — ¥) curves
overlay reasonably well. In the second part however, there is a great disparity between them.
The cause of this disparity is not very obvious yet, but it could perhaps be found if also
forward (C — V) measurements are carried out. In that case it would be possible to calculate
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the amount of charge in the channel (2DEG). The observed disparity could indicate a

difference in these amounts of charge, but at this moment this is only speculative.

7.6 Conclusions and recommendations

This section provides the preliminary conclusions for the fabrication of Schottky contacts on

Alp25Gag 7sN/GaN material and some recommendations for future investigations.

7.6.1 Conclusions

It has been discussed that Ir/Au Schottky contacts are reported [48] to show superior electrical
Schottky behavior compared to Ni/Au Schottky contacts on n — type AliGa;xN/GaN
heterostructures. However, preliminary experiments with respect to these Ir/Au contacts on
our Alg25Gag7sN/GaN material have not confirmed this reported behavior. At this moment,

the reasons for these disappointing results have not been clarified yet.

It has been discussed that pre — metallization treatments of the Alg,sGag7sN material are
extremely important in order to obtain reliable electrical characteristics of the Schottky
contacts. The influences of plasma enhanced cleaning and wet chemical etching of the
Alg25Gag 75N surface, in order to render it stable and reproducible, have been discussed. From
this discussion it can be concluded that induced damage to the Alp2sGag7sN surface has to be
avoided as much as possible. Furthermore, the influence of a post — metallization heat
treatment of the Schottky contacts has been considered. In literature [18] it is stated that
Schottky contacts should first be properly aged before reliable values for the Schottky contact

parameters can be obtained.

The limitations that arise from our choice to do the optimization of the Schottky contacts on
identical Aly,sGag.7sN/GaN material as is used for the fabrication of the HEMTSs have been
discussed. We have tried to circumvent these problems by focussing on the reverse current (/)
and the breakdown voltage (V) in order to indicate the quality of our Ni/Au Schottky

contacts.

Despite the great functionality of the designed circular Schottky mask, it unfortunately does
not allow to determine whether the reverse current is proportional to the contact perimeter or

to the contact area.
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Our preliminary experiments towards the determination of the optimal pre — metallization
treatments, have at this moment resulted in the application of an O, plasma at 20 W
(DC bias of - 60 V) for 2 minutes which is followed by a dip in diluted NH4OH
(NH4OH : DI=1: 10) for 15 seconds. The effect of the post — metallization heat treatment on
the reverse current — voltage characteristics has been observed most clearly after rapid thermal
annealing (RTA) at 300 °C for 30 seconds in a N, ambient. Our preliminary technological
recipe for Ni/Au Schottky contacts on Al 25Gag7sIN/GaN is described in appendix E.

From the capacitance — voltage measurements it has become clear that in the case of small
area Schottky contacts most probably edge effects are responsible for the large disparity
between the theoretical and measured (C — V) characteristics. In addition, forward
capacitance — voltage measurements are required to calculate the amount of charge in the
channel (2DEG). Knowledge of this amount of charge could possibly explain the observed
disparity between the normalized capacitance — voltage characteristics.

7.6.2 Recommendations

We are convinced that future investigations with respect to the optimization of the Schottky
contact fabrication process on n — type Aly2sGag7sN/GaN material should first focus on the
optimization of the pre — metallization treatments. In particular, the “warm” (50 °C) NH4OH
treatment should be investigated. It is important to investigate first if the used photoresist
(AZ5214) can withstand “warm” NH4OH and for how long. After the optimization of the

pre — metallization treatments we can focus on the optimization of the metallization scheme.

The causes of the unexpected very poor results of the sputtered Ir/Au Schottky contacts to our
Alp25Gag7sN/GaN material have to be found. Therefore, we will contact the group of
Dr. Joachim Wiirfl at the Ferdinand Braun Institut fiir Hochstfrequenztechnik in Berlin
(Germany) where these Ir/Au contacts have been fabricated.

We have to design a new Schottky mask that contains contacts with varying areas but constant
gap spacings. Then we are able to determine whether the reverse current is proportional to the
contact perimeter or the contact area. In addition, this mask should contain contacts with the
same contact areas but with increasing gap spacings that differ considerably (e.g. multiple of
25 um). This is required for a more accurate determination of the influence of the gap spacing

on the reverse current — voltage characteristics.
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Finally, with respect to the capacitance — voltage measurements it has to be noted that in
future investigations forward (C — V) measurements have to be carried out in order to
determine the amount of charge in the channel. Furthermore, radio frequency (RF)
capacitance measurements up to 40 GHz have to be done in order to determine the behavior
of the Schottky contacts at these frequencies. In addition, it is possible to extract an RF
equivalent model for the Schottky contacts from these measurements.
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CHAPTER 8

Conclusions and Recommendations

This chapter presents the most important conclusions that can be drawn from our work.

Furthermore, recommendations are provided for future investigations.

8.1 Conclusions

In chapter 3 it has been shown that the presence of an interfacial layer and an infinitely large
density of surface states can cause pinning of the Fermi level in the semiconductor. As a
result, the barrier height is essentially independent of the metal work function. Furthermore, it
has been discussed that Fermi level pinning in the case of the GaN — based materials systems
is of minor importance and that the major contribution to the Schottky barrier height is due to
the difference in the metal and semiconductor work functions. Hence, metals with a low work
function e.g. Titanium (Ti) and Aluminum (Al) are used for Ohmic contacts on n — type
GaN - based materials systems. To obtain Schottky contacts on n — type GaN — based
materials systems metals with a high work function e.g. Platinum (Pt), Nickel (Ni), Gold
(Au), Iridium (Ir) and Palladium (Pd) are used.

It has also been shown that an interfacial layer and surface states render the Schottky barrier
bias dependent. As a result the ideality factor will significantly deviate from unity. It is
obvious that for the fabrication of high quality metal — semiconductor contacts the influence
of an interfacial layer and an infinitely large density of surface states should be minimized.
The most effective way to do this is of course the complete removal of a surface layer and
surface states from the semiconductor material prior to metallization. However, this will
almost be impossible due to practical matters such as the impossibility to work in an
oxygen — free environment. However, it should be tried to fabricate Schottky contacts with an
ideality factor (n) that approaches unity as nearly as possible because in that case the reverse
current (/;) will be minimized and the breakdown voltage (¥sreat) Will be maximized and the

Schottky contacts can be applied in high power devices.
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Chapter 4 showed that almost all practical Ohmic contacts are tunnel contacts that depend on
the presence of a thin layer of highly doped (degenerate) semiconductor material near the
metal — semiconductor interface. This highly doped (degenerate) region may be formed by
diffusion techniques, ion implantation or a heat treatment of the deposited metallization
scheme which renders the semiconductor material to be highly doped. In this case, the
depletion region is so thin that field emission (FE) takes place and the contact has a very low
resistance at zero bias. Furthermore, it has been shown that the most important Ohmic contact
parameter is the specific contact resistance (p.). It provides the most systematic way to
compare different metallization schemes with respect to contact resistance. This parameter
can however not be measured but has to be calculated from the measured Ohmic contact
parameters such as the contact resistance (R.), the transfer length (Z,) and the sheet resistance
(Rsr). In order to determine these Ohmic contact parameters from experiments, several
sophisticated test structures have been developed of which the transfer length method (TLM)
is the most commonly used. We have considered the two configurations (LTLM and CTLM,
respectively) that are commonly used to implement the transfer length method. It has been
discussed that the CTLM configuration has considerable advantages over the LTLM
configuration with respect to fabrication issues (no need to etch mesas) and with respect to the
accuracy of the obtained measurement results (no induced errors due to the current crowding
effect). For both an LTLM and CTLM configuration, the Ohmic contact parameters can be

calculated using the derived equations.

Chapter 5 was concerned with the optimization of the Ohmic contact fabrication process on
the n — type Alg25Gag7sN/GaN heterostructure that has been described in section 5.5.1. Our
optimized fabrication process consists of a Ti/Al/Ni/Au = 30/180/40/150 nm metallization
scheme, which is e-beam evaporated at a base pressure of typically 107 — 10" mbar without
any pre — metallization treatments. After an RTA process at 900 °C for 30 seconds in a Nj
ambient, the resulting values for the contact resistance R, and the corresponding specific
contact resistance p, are 0.2 Qmm and 7.3 x 107 Qcm?, respectively with a sheet resistance
Ry of 500 — 600 Q/sq. Comparing our values for R, and p, with those reported in literature
[27, 29], it can be concluded that our optimized Ohmic contact on n — type Aly25Gag 7sN/GaN
heterostructures is among the best in the world. The technological recipe is described in
appendix C. Furthermore, we are convinced that our systematic approach of the optimization
procedure has resulted in an Ohmic contact with as low as possible values for R, and p.. The
Al/Ti thickness ratio of 6 that we use in the optimized metal layer stack, is however in
contrast with the in literature proposed theoretical model [25] for Ohmic contact formation of
Ti/Al — based metallization schemes on Al,Ga,.xN material. It is obvious that in our case the

proposed theoretical model does not apply.
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The calculation of the values for R. and p. from the experimental results for the total
resistance as a function of the gap spacing using a CTLM configuration can be done in two
ways. The first way is to apply a linear approximation to the experimental CTLM results,
which requires the use of correction factors that account for the changing circular contact
geometry. After this linear approximation the calculations can be carried out using the
equations known from the LTLM configuration. The second way is to fit the exact expression
for the total resistance Rz (equation (5.4)) to the experimental CTLM results. From our
experiments it can be concluded that the values for R, and p. can be determined with a margin
of error of only 5 %. It should be noted that the choice of the starting values in the case of our
fitting procedure using MATLAB routines does not influence the fit results. Furthermore,
from our experiments it can be concluded that both calculation methods are suitable to

determine the values for R and p..

It can be concluded that the accuracy with which the values for R, and p. can be calculated
from the linear approximation of the experimental CTLM results and the fitting procedure of
the exact expression for Ry . depends very heavily on the accuracy with which the values of
the gap spacings s , the transfer length L, and Ry can be determined. The latter depends
among others on the used measurement technique and the calibration of the measurement
setup. Using a four — point probe measurement technique, the probe resistance can be
neglected and reliable values for Rr.; can be obtained. In order to accurately determine the
value for L, and hence to accurately calculate the value for p., the end resistance Ry of the
transmission line that is used to model the metal contact can be measured. However, due to
the used CTLM configuration used in our experiments (Marlow and Das [21]) it was not

possible to perform an end resistance measurement.

Reproducibility of the Ohmic contact fabrication process and its results is extremely
important for a reliable implementation in the HEMT fabrication process. Literature [38]
showed that the variations in the values for R, and p, can be explained by variations in the
values of the sheet resistance Ry,. These variations in Ry, are due to both a varying Al mole
fraction within the Al,Ga, (N layer and a varying thickness of the AlyGa,.«N layer. Therefore,
only values for R. and p. that are obtained from samples with comparable values for R
should be compared. In that case, the values for R. and p. of our optimized Ohmic contacts
showed a very good reproducibility as they were within 10 %. Furthermore, from our
experiments it can be concluded that contamination of the metals of an e-beam evaporator or
of the system as a whole can seriously affect the reproducibility of the obtained results.
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Chapter 5 also shows that comparison of the theoretical values for p. and the experimentally
determined values for p. differ over many orders of magnitude. This discrepancy is largely
due to the used value for the Richardson constant (A*), which in literature [37] is reported to
have a theoretical value of approximately 26.4 AcmK™. In practice however, it can vary over
many orders of magnitude. In order to fairly compare the theoretical and experimental values
for p, it is necessary to experimentally determine the value of A’ for the used Al,Ga;..N/GaN
material. This can be done by a temperature dependent current — voltage (/-V-T) measurement
using e.g. a Norde plot. We do not have a measurement setup to perform such measurements
and hence we can only use the theoretical value for A

The maximum current density of our optimized Ohmic contacts is of importance for the
application in high power devices. If we compare our value of 637 mA/mm to the values
reported in literature [27, 40] for similar structures, our value is rather low. However, we do
not think that the Ohmic contacts severely limit the maximum current density considering the

low values of their R, and p..

In addition, our Ohmic contacts have shown a very good line definition and a nice surface
morphology despite the high post — metallization rapid thermal annealing (RTA) temperature
of 900 °C. As the Ohmic contacts are used as the drain and source contacts in the HEMT a
good line definition and surface morphology are required among others for the positioning of
the gate contact between the drain and source contacts. Furthermore, this is also important
with respect to the alignment marks that are needed for the alignment of the Schottky
contacts. If the line definition of these marks is very bad, it is impossible to use them for an
accurate alignment of the Schottky contacts.

In chapter 6 it has been pointed out that for the application of the Schottky contacts in high
power devices high breakdown voltages (Vpear) and low reverse currents (/) are required.
Furthermore, it has been discussed that the breakdown voltage and the reverse current of
practical Schottky contacts are affected among others by the presence of an interfacial layer
and surface states. In addition, it has been reported in literature [37, 43, 45] that the values for
the effective barrier height (@.) derived by the (C-¥) method are generally higher than those
derived by the (I-¥) method. This discrepancy of the experimental results between the
different methods may among others result from the Schottky effect, the presence of a thin
interfacial layer and surface states, contamination in the interface and deep impurity levels

acting as electron traps [15, 16, 43].
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In chapter 7 it has been discussed that pre — metallization treatments of the Alg25Gag7sN
material are extremely important in order to obtain reliable electrical characteristics of the
Schottky contacts. The influences of plasma enhanced cleaning and wet chemical etching of
the Alg.sGag7sN surface, in order to render it stable and reproducible, have been discussed.
From this discussion it can be concluded that induced damage to the Alp2sGag 75N surface has
to be avoided as much as possible. Furthermore, the influence of a post — metallization heat
treatment of the Schottky contacts has been considered. In literature [18] it is stated that
Schottky contacts should first be properly aged before reliable values for the Schottky contact

parameters can be obtained.

Our preliminary experiments towards the determination of the optimal pre — metallization
treatments, have at this moment resulted in the application of an O, plasma at 20 W
(DC bias of - 60 V) for 2 minutes which is followed by a dip in diluted NH,OH
(NH4OH : DI =1 : 10) for 15 seconds. The effect of the post — metallization heat treatment on
the reverse current — voltage characteristics has been observed most clearly after rapid thermal
annealing (RTA) at 300 °C for 30 seconds in a N, ambient. Our preliminary technological
recipe for Ni/Au Schottky contacts on Aly25Gag7sN/GaN is described in appendix E.

It has been discussed that Ir/Au Schottky contacts are reported [48] to show superior electrical
Schottky behavior compared to Ni/Au Schottky contacts on n — type AlGa;xN/GaN
heterostructures. However, preliminary experiments with respect to these Ir/Au contacts on
our Alg2sGag 7sN/GaN material have not confirmed this reported behavior. At this moment,

the reasons for these disappointing results have not been clarified yet.

The limitations that arise from our choice to do the optimization of the Schottky contacts on
identical Aly,sGag 7sN/GaN material as is used for the fabrication of the HEMTs have been
discussed. We have tried to circumvent these problems by focussing on the reverse current (/)
and the breakdown voltage (Vjrear) in order to indicate the quality of our Ni/Au Schottky
contacts.

Despite the great functionality of the designed circular Schottky mask, it unfortunately does
not allow to determine whether the reverse current is proportional to the contact perimeter or

to the contact area.

From the capacitance — voltage measurements it has become clear that in the case of small
area Schottky contacts most probably.edge effects are responsible for the large disparity
between the theoretical and measured (C — V) characteristics. In addition, forward

capacitance — voltage measurements are required to calculate the amount of charge in the
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channel (2DEG). Knowledge of this amount of charge could possibly explain the observed

disparity between the normalized capacitance — voltage characteristics.

8.2 Recommendations

With respect to the accuracy of the calculations of the Ohmic contact parameters and in
particular of the contact resistance R, and the specific contact resistance p, it is very
important to accurately measure the gap spacings of the fabricated TLM test structures. Due
to the inaccuracy induced by the fabrication process these values can differ from the values

for the gap spacings specified on the mask.

Due to limited time we have not done an end resistance measurement on the CTLM test
structure proposed by Rechid and Heime [22] in order to accurately determine the value for L,
from experiments. In future investigations this should be tried as the required CTLM test

structures are available on our CTLM mask.

The high background noise that results from the nitrogen originating from the Alg,sGag7sN
layer renders secondary ion mass spectroscopy (SIMS) and X — ray photo ~ electron
spectroscopy (XPS) not suitable to provide an unambiguous composition of the layers at the
metal ~ semiconductor interface of our optimized Ti/Al/Ni/Au Ohmic contact and the used
Alp2sGag7sN/GaN material. In the future, transmission electron microscopy (TEM) or high
resolution electron microscopy (HREM) could be tried to perform such a physical
characterization in order to propose a model for the Ohmic contact formation because in our

case the theoretical model [25] proposed in literature does not apply.

The e-beam evaporators should be regularly cleaned in order to prevent contamination of the
metals and of the system as a whole. From our experiments it can be concluded that such a

contamination can seriously affect the reproducibility of the obtained results.

A measurement setup should be created that enables the measurement of temperature
dependent current — voltage characteristics (/-V-T) on wafer. Then it would be possible to
determine a practical value for the Richardson constant 4™ of the used AlgzsGag7sN/GaN
material.

We are convinced that future investigations with respect to the optimization of the Schottky
contact fabrication process on n — type Aly25Gag7sN/GaN material should first focus on the
optimization of the pre — metallization treatments. In particular, the “warm” (50 °C) NH4OH
treatment should be investigated. It is important to investigate first if the used photoresist
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(AZ5214) can withstand “warm” NH4OH and for how long. After the optimization of the

pre — metallization treatments we can focus on the optimization of the metallization scheme.

The causes of the unexpected very poor results of the sputtered Ir/Au Schottky contacts to our
Alg2sGag7sN/GaN material have to be found. Therefore, we will contact the group of
Dr. Joachim Wiirfl at the Ferdinand Braun Institut fiir Hochstfrequenztechnik in Berlin

(Germany) where these Ir/Au contacts have been fabricated.

We have to design a new Schottky mask that contains contacts with varying areas but constant
gap spacings. Then we are able to determine whether the reverse current is proportional to the
contact perimeter or the contact area. In addition, this mask should contain contacts with the
same contact areas but with increasing gap spacings that differ considerably (e.g. multiple of
25 pm). This is required for a more accurate determination of the influence of the gap spacing
on the reverse current — voltage characteristics.

Finally, with respect to the capacitance — voltage measurements it has to be noted that in
future investigations forward (C — V) measurements have to be carried out in order to
determine the amount of charge in the channel. Furthermore, radio frequency (RF)
capacitance measurements up to 40 GHz have to be done in order to determine the behavior
of the Schottky contacts at these frequencies. In addition, it is possible to extract an RF

equivalent circuit for the Schottky contacts from these measurements.
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Appendix A

Derivation of the resistance of an annular contact

This appendix is concerned with the derivation of the resistance of an annular contact as
shown in figure 4.7. For convenience this figure is repeated in figure A.1. The results of this
derivation enable us to calculate the total resistance (Rr.r) of any circular contact
configuration. As mentioned in section 4.3.2, this derivation will not be based on the
nonuniform transmission line model of the planar circular metal — semiconductor contact
according to Reeves [20]. Instead, the starting point will be a two — dimensional current

continuity equation according to Cohen [18].

(2) (b) (©)

Figure A.1: Annular metal — semiconductor contacts. (a) General case, (b) r; = 0, and
(c) r, > 0 [18].

Figure A.2 shows a schematic representation of a piece of semiconductor material beneath a
metal contact. A resistance R characterizes the metal — semiconductor transition and is given
by:

r=£l__p! (A1)
A dx-dy

where p is the specific resistivity of this transition region, / its thickness and dx-dy its area. If
we define p, = p-I to be the specific contact resistance, equation (A.1) can be written like:

R=—Pe_ (A2)
dx - dy
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Figure A.2: Schematic representation of a piece of semiconductor material beneath a metal

contact.

The metal contact is assumed to be grounded and the potential in the semiconductor material
is considered to be two — dimensional, i.e. ¥ = V{(x,y). In that case, the current / shown in

figure A.2 is given by:

[=_V(x’y):_V(xay)'dx'dy (A3)
R .

Applying Kirchhoff’s two — dimensional current continuity equation to the piece of

semiconductor material gives:

V,I,=1I (A4)
or
I(x+dx)—1(x)+ I(y +dy)-I(y)=1T (A.5)

where I, in equation (A.4) denotes the two — dimensional current in the semiconductor
material beneath the metal contact and V, = x(8/dx)+ y(8/8y). In terms of current densities
equations (A.3) and (A.5) can be written like:

I S €8 (A6)
dx-dy P
respectively,
I+ ax)-J(x)}-dy-dz+{U(y+dy)-J(y)}-dx-dz = J - dx - dy (A7)
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Using the relationship J, = o+ E(x,y)=—1/p-V,¥(x,y), the combination of the equations
(A.6) and (A.7) after elimination of dx-dy yields:

dz - vz[— isz(x, y)] = “Vxy) (A.8)
p P

The two — dimensional differential equation that results from equation (A.8) is given by:

dz
_vi

V(x,y)- @ =0 (A.9)

According to the definition for the sheet resistance given by equation (4.7), Ry in the
configuration of figure A.2 is given by:

R, =P (A.10)

Hence, the two — dimensional differential equation can be written as:

VI (5, 5)- 22 (x, ) =0 (A1)

4

Using the definition for the transfer length given by equation (4.17), equation (A.l11)

becomes:
VI (x,y)~kV(x,y)=0
where
1
k=— A.12
7 (A.12)

!

Equation (A.12) is valid regardless of the shape of the contact area. For a one — dimensional
current flow in the rectangular contact of width 7, it coincides with the differential equation
for the linear TLM given by equation (4.15). For an annular contact as shown in figure A.la
with a radial current flow, it is more convenient to rewrite equation (A.12) in polar

coordinates:
2
V() L) 4oy (A.13)
dr r dr

A general solution of equation (A.13) is expressed in terms of the zero — order modified
Bessel functions of the first (/y) and second (Kp) kind described in appendix B:

v(r)=C I, (kr)+ C,K,(kr) (A.14)
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A

According to the relationship J2=—1/Rs,,,c‘V2V(x,y) -1/R -dv(r)/dr (in polar

sh,c

coordinates), the corresponding two — dimensional current density is given by:

R

Jzz_[ a ][Clll(kr)_czKl(kr)] (A.15)

where I, and K; denote the modified Bessel functions of the first order.

First the current flow into the inner circumference of the contact area is considered. In this

case, the current continuity at the outer edge of the contact region requires:

Jz(rz): 0
or
_ Il(krz)
C, = C{Kl (krz)} (A.16)

Then, the contact resistance defined as:

- V()
Rmner - 1 A.17
c (rl’rZ) 2727‘1.]2(7'1) ( )

can be obtained by combining equations (A.14), (A.15) and (A.16):

inner _ R, | K (krz )Io(kr1)+ I, (kr2 )KO(krl)
R )= o [Kl (o )1, (k) K. (o, 1, () A1)

When the current is directed into the outer circumference of the contact, the current continuity

at the inner radius of the contact region requires:

or

c, =cl[ I'(krl)} (A.19)

The contact resistance defined as:

45,
Rouler , - 2 '2
)= (A.20)

can be determined by combining equations (A.14), (A.15) and (A.19):

Page 135 of 151



Appendix A. Derivation of the resistance of an annular contact 133

outer _ Rsh,c Io(er)Kl(le)+ll(krl)KO(kTZ)
R )= 5 [1, (ke )X, ()1, Gk K, (k) (A-2D

In the case of the circular contact (r; = 0) shown in figure A.1b, C; = 0 (otherwise V(r) > o

for r — 0) and:
Rsh,c Io (krz )

Router 0 -
¢ ( ’rZ) 2rkr, Il(krz)

(A.22)

Similarly, in the case of r, — oo shown in figure A.1lc, C, = 0 (otherwise ¥(r) — o for r —0)
and:

R (r.0)=

(A.23)

It has to be noted that the equations (A.22) and (A.23) can be obtained as limiting cases of
equations (A.18) and (A.21). If we for example consider the circular test structure proposed
by Marlow and Das [21], shown in figure 4.6b, the total resistance (Rr.ir) can be written as:

Ry =Ry, + R(0,R))+ R™ (R, ) (A.24)

T circ

where Rg,, denotes the resistance of the semiconductor material in the gap between the inner
and outer contacts and the last two terms are given by equations (A.22) and (A.23),
respectively. The expression for Rg,, can be derived as follows: consider the configuration of
figure A.la and now assume that the dashed region represents the semiconductor material in
the gap and that the white regions represent the metal. Applying Kirchhoff’s current

continuity equation to the semiconductor material in the gap yields:

Jr=n)2mr-dz=1,,=Jr=n)27r d (A.25)

where J(r = r1) and J(r = ry) are the current densities that leave and enter the metal at r = ry
and r = r, respectively. The terms 2nridz and 2nr,dz represent the areas through which the

- - -
current densities leave and enter respectively. Using the relationships J =0 -E =-c-VV and
2

V-J =0, this yields —o-V ¥V =0. In polar coordinates this results in the following

differential equation:
2
d Vgr) L) (A.26)
dar r dr
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d*v(r) _ 14v(r)

= A.27
ar® rodr ( )
. Vv .
After substitution of y = dd_(r) equation (A.27) becomes:
Y
dy __1 y (A.28)
dr r
1 1
__.dy = _—‘dr (A29)
y r
In(y)=-In(r) (A.30)
1
y=- (A31)
r
Substitution of equation (A.31)in y = Z(r) gives:
r
L_art) (A.32)
r dr
The general solution of this simple differential equation is given by:
V(r)=C, In(r) (A.33)

The constant Cy can be determined using the boundary condition given by equation (A.25)

and the relationship J =~0-VV=—O-'C°.Hence, Co is equal to:
r
-C
_g 0.2.zndz=1,,
h
Cp=——t? A.34
* 2r-0-dz ( )

Using equation (A.10), equation (A.34) can be written as follows:

C, = —t2 —he (A35)
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The potential difference across the gap is given by:

Vo =V =5)-Hr=n)

gap

— - [gap : Rsh,c ln(rl )_ - Igap ' Rsh,c ln(rz)
2 2r

— _Igap .Rsh,c ln i
2r I
I, -R
- g—”z—" h{’—Z] (A.36)
T

Hence, Ry is given by:

Vr R
R,, === =ﬂ1n[r—2] (A.37)

I 2 7

gap 1

In the case of the test structure proposed by Marlow and Das [21], equation (A.37) can be

written as:

R

sn,C R
Ropp =25 m[R—;] (A.38)

The exact expression for R is then given by:

RT irc — RSh ll’l[ﬁJ +
cire T A RO 27[R0 [l [& 27[R1 K] [&j
L t
R, R R & %] KO[%]
R R | 1 ln[—‘}+ L A\L), L AL (A39)
2r R,. R, Ra Ry 1 (&J Rt K &]
1 1
t L’
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If further is assumed that R, = R, we find:

RT cire — RSh ln Rl + L‘ . : : (A40)
e 2| \R,) Ry [ Ro]
I]
Ll

When R, >> L, (in practice it is enough to require that Ry > 4L,) we can use the approximate

0

expression for the modified Bessel functions given in appendix B to show that fy(x) / I;(x) and
Ko(x) / Ki(x) approximate to unity for x >> 1. Equation (A.40) with s = R — R, then becomes:

RTC,.,CzR"’ In| -2 +7, ! L (A41)
’ 27 R —s R -s R

The transfer length L, can now be determined by a least squares fit of experimental data to
equation (A.39), (A.40) or (A.41). This fit also yields values for Ry and Ry, in the case of
equation (A.39) and it yields a value for Ry, in the case of equations (A.40) and (A.41). The
specific contact resistance p. can then be calculated using equations (4.38) or (4.42)

respectively. In addition, it can be observed that for 27zR; >> s equation (A.41) can be further
simplified to obtain the same form as equation (4.25) with W.=27zR,; and [/ =s.
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Appendix B

Modified Bessel functions

This appendix briefly provides the basic properties of the functions 7,(x) and K,(x) used in the
calculation of the resistance of an annular contact. A comprehensive theory of these functions
can be found in any of the standard textbooks about Bessel functions [23].

The modified Bessel functions of the first and second kind are defined as:

I(x)=i"J,(ix) (BI)
respectively,
K, (x)= 7 L,x)-1() (B2)
" 2 sin(nr)

where J, denotes the Bessel function of order n, and for an integer n the definition (B2) is

treated as the limit:

_ 7 1) - L(x)
K, (x)= 2 o sin(er) B3)

The functions 7,(x) and K,(x) satisfy the differential equation:

2
x? jxf+xj—i—(x2+n2)y=0 (B4)

and the recurrence relations following from those for J,(x). In particular:

dly

07 B5
oty (BS)
and
dK
0 =-K,. (B6)
dx

For x = 0 the modified Bessel function of the first kind of an integer order remains regular

while K, (x) has a logarithmic singularity:

i /2)n+ r &7

,or'Fn+r+l)
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where ¥y~ 0.5772157 is Euler’s constant, ®(0) = 0, and forr > I:
1
CD(r) = Z—
k=1 k
For x — o, the asymptotic forms of the modified Bessel functions are:

I,(x)~ ej/(%)(l - 4”82; L, ]

2
K,(x)~ \/%exp(— x{l + 4n8x_] + J

(B8)

(B9)

(B10)

(B11)

(B12)
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Appendix C

Technological recipe for
Ohmic contacts on n — type Alj,5Gay75N/GaN

1. Surface cleaning:

e Acetone (ultrasonic)
e Acetone + iso-propanol spray
e N;dry

2. Optical lithography of the CTLM pattern:

e Resist AZ5214 5000 rpm 30 seconds

e Soft bake 95 °C 5 minutes

e Flood exposure UV 300 2seconds (NO MASK)

e Hard bake 105 °C 5 minutes

e Exposure UV 300  45seconds (CTLM mask)

e AZ developer DIwater: AZ=1:1 1 minute 20 seconds
e RO + DI water rinse (5 MQ)

e N,dry

e Visual inspection

3. Metallization:

¢ AIRCO e-beam evaporator TiI/A/Ni/Au  30/180/40/150 nm

4. Lift off:

e Acetone (ultrasonic)

e Acetone + iso-propanol spray
L] Nz dry

¢ Visual inspection

5. Post-metallization treatment:

e RTA 900 °C 30seconds N
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Appendix D
Derivation of correction factors for linear approximation
The starting point of the derivation of the correction factors that are needed to arrive at a
linear approximation of the CTLM measurement results depends on the used CTLM test
structure. In our case we used the test structure proposed by Marlow and Das [21] and hence

the starting point of the derivation is equation (5.2), which gives the total resistance (Rr.circ)
assuming that », >> L, and with R, = r, + 5. For convenience this equation is again given by

RTC,,Cz&I:ln[rZ+S]+L,[ 1 +lﬂ (D1)
‘ 2z r nt+s n

If the condition », >> s is valid the /n term of equation (D1) can be evaluated using a Taylor

equation (D1):

expansion. Terminating this Taylor expansion after the linear term yields:

h{ Lt SJ - ln{] + i] ~ 34 O[[i] } (D2)
rz rz 7'2 rz

Inserting the linearization of the /n term in equation (D1) requires the introduction of a

correction factor c. Equation (D1) then becomes:

RTcirczRSh i+l’t 1 +l '
’ 2z | r, rn+s n

<R[ i0n])c (D3)
2nr.

According to equation (4.25) where W, in this case is equal to 277, equation (D3) can be

written as:
c (D4)

Tcirc ~ RT,Iin
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The calculation of the correction factors ¢;, which depend on the used gap spacing (s), is
according to equation (D4) rather straightforward.

R_H]L[ 1 +iﬂz£[s+za]-c (D3)
2t 7 HtS 1 27,

If the condition s >> L, is valid the L, — dependent terms at both sides cancels out with respect

to the L, — independent terms. This yields:

F,+S K
In| 22 =—.c
53 53

c=l. h{mj (D6)

S ¥y

and hence

Table D1 shows the correction factors that have been calculated using equation (D6) for the
used gap spacings and a nominally radius of the inner disc contact (r;) of 50 um.

Table D1: Gap spacings and their corresponding correction factors.

Gap spacings (s) [um] Correction factors (c) [-]
4 0.962
8 0.928
12 0.896
B 16 0.868
20 0.841
24 0.817
32 0.773
40 0.735
48 0.701
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A]o 25Ga0 75N/G3N.

Appendix E

Preliminary technological recipe for
Schottky contacts on n — type Aly,5Gay75N/GaN

1. Surface cleaning:

e Acetone (ultrasonic)

e Acetone + iso-propanol spray

e Ny dry

2. Optical lithography for the Ohmic contacts using the “Ohmic” part of the circular

Schottky mask:

e Resist AZ5214
o Soft bake

¢ Flood exposure
e Hard bake

e Exposure

e AZ developer

e RO + DI water rinse
e N,dry

e Visual inspection

3. Ohmic metallization:

¢ Leybold e-beam evaporator

4. Lift off:

e Acetone (ultrasonic)

e Acetone + iso-propanol spray
e N, dry

¢ Visual inspection

5000 rpm 30 seconds

95 °C 5 minutes

UV 300 2seconds (NOMASK)

105 °C 5 minutes

UV 300  45seconds (“Ohmic” part circular
Schottky mask)

DI water: AZ=1:1 1 minute 20 seconds

(5 MQ)

Ti/AI/Ni/Au  30/180/40/150 nm
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Al() _lLGaQJ 5N/ GaN.

5. Post-metallization treatment:
e RTA 900 °C 30 seconds N,
6. Surface cleaning:

e Acetone + iso-propanol spray
e Nydry

7. Optical lithography of the Schottky contacts using the “Schottky” part of the circular

Schottky mask:
e Resist AZ5214 5000 rpm 30 seconds
¢ Soft bake 95 °C 5 minutes
¢ Flood exposure UV 300 2seconds (NO MASK)
e Hard bake 105 °C 5 minutes
o Exposure UV 300  45seconds (“Schottky” part circular
Schottky mask)
o AZ developer DI water: AZ=1:1 1 minute 20 seconds
e RO + DI water rinse (5 MQ)
e Nydry
¢ Visual inspection
8. Pre — metallization treatments
e Oxford 100 (RIE) O, plasma 50 sccm 20 W 200 mTorr
DCbias=-60V T=20°C t=2 minutes
e Wet chemical etch NH OH:DI=1:1 t=15seconds
¢ RO + DI water rinse (5 M)
e Nydry

9. Schottky metallization:

e Leybold e-beam evaporator Ni/Au 20/200 nm

10. Lift off:

e Acetone (ultrasonic)
e Acetone + iso-propanol spray
e Ny dry

¢ Visual inspection
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