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Abstract

The influence of pre-metallisation surface preparation on the structural,
chemical, and electrical properties of metal-nGaN interfaces has been investigated by
X-ray Photoemission Spectroscopy (XPS), current-voltage measurement (I-V) and cross
section Transmission Electron Microscopy (TEM).

XPS analysis showed that the three GaN substrate treatments investigated, ex-
situ HF etch, in-situ anneal in Ultra-High-Vacuum (UHV), and in-situ Ga reflux
cleaning in UHV result in surfaces increasingly free of contaminants. Additionally, the
three treatments are found to induce increasingly larger upward band bending. Ag-
nGaN contacts formed after Ga reflux cleaning exhibit a Schottky barrier height of 0.80
eV and an ideality factor of 1.56, as determined by I-V.

XPS and TEM characterisation of Au-nGaN formed after the three pre-
metallisation surface treatments show that HF etching and UHV annealing produce
abrupt, well-defined interfaces. Conversely, GaN substrate cleaning in a Ga flux results
in Aw/GaN intermixing. I-V characterisation of Au-nGaN contacts yield a Schottky
barrier height of 1.25 eV with very low ideality factor and very good contact uniformity
for the pre-metallisation UHV anneal while the Ga reflux cleaning result in a much
lower barrier (0.85 eV), with poor ideality and uniformity. I-V and XPS results suggest
a high density of acceptor states at the surface, which is further enhanced by UHV
annealing.

The mechanisms of Ga-nGaN, Ag-nGaN and Au-nGaN Schottky barrier
formation are discussed in the context of the Metal-Induced Gap States model (MIGS)
Unified Defect Model (UDM) and Cowley-Sze model.
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Chapter 1: Introduction

Since the discovery of the rectifying properties of metal semiconductor contacts’
in 1874, semiconductor devices have evolved from scientific curiosity to be part of our
every day life. The major breakthrough came in 1947 with the invention of the
transistor®. This first transistor was fabricated using Germanium, but it was another
group IV element, Silicon, which transformed electronics. Silicon, whose main
application is the computer chip, is still by far the most used substrate material in the
semiconductor industry. Other material systems with established industrial applications
include II-V compounds such as Indium Phosphide (InP) and Gallium Arsenide
(GaAs). Their applications are mainly optoelectronics devices such as red and infra-red
lasers used in CD players or fibre optics telecommunication, and high frequency
microelectronics devices employed, for example, in mobile phones.

Two of the great advantages of III-V compounds over single element
semiconductor such as Si, are their direct band gaps and the possibility of modifying the
band gap by changing the ternary or quaternary alloy composition. These properties led,

amongst other applications, to the fabrication of light emitting devices (LED) and laser
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diodes (LD) whose emission wavelengths can be chosen by altering the compound
composition. However, the wavelengths that devices fabricated on GaAs and InP can
attain only range from near infra red to red, which leaves out most of the visible
spectrum.

Blue LEDs and LDs, in particular, have great potential applications such as LED
screen displays and high density optical storage. To reach these shorter wavelengths, a
wider band gap semiconductor is needed. Gallium Nitride (GaN) is a novel III-V
semiconductor with a direct band gap of 3.4 €V and is therefore a good candidate for
blue LED fabrication.

Professor J. Pankove pioneered the study of GaN and demonstrated the first blue
LED using a Metal-Insulator-Semiconductor structure’ in 1971. However, GaN is
naturally n-type and it proved impossible, at the time, to grow p-type layers so that
research in the field was nearly abandoned. The first p-type layer was successfully
demonstrated in 1989 by activating Mg acceptors in GaN using Low Energy Electron
Beam Irradiation (LEEBI)* and interest in GaN was revived. Figure 1-1 shows the
increase in the volume of nitride publications since 1989. In 1990, S. Nakamura
developed the two-flow, Metal-Organic Vapour Phase Epitaxy (MOVPE) reactor which
greatly improved the quality of the GaN epilayers and also discovered that annealing in
N was a better alternative to LEEBI for activating Mg dopants’. These breakthroughs
led to the fabrication and commercialisation of blue GaN based LED (1993) and LDs
(1999).

500

Number of papers published
<)
8

(=}

Figure 1-1: number of publications in the gallium nitride field during the last 10
years.
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One of the main technological steps in device fabrication lies with the
formation of metal contacts to connect the device to the outside world. Ideally, Ohmic
contacts should be of low resistance and Schottky contacts should exhibit very little
reverse current with forward current dominated by thermionic emission. Additionally,
both types of contact need to be thermally stable, especially in the case of GaN, which is
a promising material for devices operating at high temperature. Metal contacts
constitute a critical parameter of device performance, as contact degradation is often a
cause of device failure. Furthermore, as device integration intensifies, device behaviour
is increasingly governed by the physical properties of junctions and interfaces rather
than bulk properties. It is therefore crucial to understand how metal contacts are formed.
We mentioned earlier that GaN is mainly used for optoelectronics applications such as
blue LEDs and LDs, for which good Ohmic contacts is a crucial requirement.
Additionally, the wide band gap of GaN means that it remains extrinsic even at high
temperature, which makes it interesting for high power, high frequency
microelectronics. Devices such as High Electron Mobility Transistor (HEMT) and
Metal Semiconductor Field Effect Transistor (MESFET) require reliable and
reproducible high barrier Schottky contacts for the gate metallisation. This Schottky
contact governs the flow of electrons in the channel from the source to the drain and is
therefore central to device operation. Schottky contacts are also used in GaN based
Ultra-Violet photodetectors®”.

Metal semiconductor contacts can be broadly divided into two categories:
practical (real) contacts and intimate contacts. Practical contacts are the norm in device
manufacture. Before the formation of a practical contact, the semiconductor substrate is
subjected to wet chemical treatments in order to remove surface contaminants.
However, the substrates are exposed to air between surface treatment and metal
deposition so that there is always a thin layer of native oxide remaining on the surface
as well as carbon and water vapour contamination. This insulating layer is thin enough
for electrons to tunnel through it, but is thick enough to ensure that the contact
properties are governed by the insulator-semiconductor interface®. The semiconductor
surface is therefore decoupled from the metal. Intimate contacts are formed on
atomically clean surfaces, which can be prepared in an ultra high vacuum (UHV)
environment, either by cleaving a crystal in order to expose a clean surface or by in-sifu
cleaning techniques such as ion bombardment or annealing. Altematively, metals can be

deposited directly after epitaxial growth. Intimate contacts are free of the amorphous

3
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interfacial layer so that metal and semiconductor can interact. This results in a more
complex interface because of a range of factors such as chemical reactions between
metal and semiconductor, metal atom in-diffusion, semiconductor atom out-diffusion or
structural changes at metal-semiconductor interface.

As GaN is a relatively new material, the formation of metal contacts to GaN is
less well understood than for more established semiconductor materials such as Si or
GaAs. In particular, we will see in Chapter 2 that surface treatments prior to
metallisation, both ex-situ and in-situ, play an important role in the behaviour of the
contact. During the course of this work, two major experiments were performed with
the aim of achieving a better understanding of the influence of GaN surface preparation
on the properties of rectifying metal-GaN contacts. The first experiment is a soft x-ray
photoemission spectroscopy (SXPS) and x-ray photoemission spectroscopy (XPS)
investigation of three different surface preparations. The amount of C and O
contamination at the surface and surface band bending are compared. Additionally, Ag
contacts, deposited on the least contaminated surface are characterised by current-
voltage (I-V) measurements and the results are compared to the photoemission results.
The second experiment is an extensive XPS, I-V and transmission electron microscopy
(TEM) study of Au contacts deposited on the three GaN surfaces studied during the first
experiment. Au was chosen because its excellent electrical conductivity and resistance
to oxidation means it is widely used in devices. Au, because of its high work function, is
expected to form a Schottky contact to nGaN. We have seen that reliable and
reproducible high barrier Schottky contacts are crucial to the operation of GaN based
HEMTs and MESFETs. During the experiment Au was deposited in steps of increasing
thickness from sub-monolayer coverage to thick blanket coverage so that the initial
stages of contact formation were monitored by XPS while the final contacts were
characterised by I-V and cross-sectional TEM. This work therefore combines and
compares results from three fundamentally different techniques for the first time in the
field of metal-GaN contacts.

The organisation of the thesis is as follows:

e Chapter 2 is a brief review of the work done to date on the topic of metal-GaN
contacts.
e Chapter 3 describes the many models put forward over the years in a attempt to

predict the behaviour of metal semiconductor contacts and provides the relevant
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theoretical background of current transport mechanisms across a metal-
semiconductor interface.

e Chapter 4 gives a description, both theoretical and practical, of the experimental
techniques used in the course of this research.

e Chapter 5 presents the results of the photoemission study of three GaN surface
treatments, together with a I-V characterisation of Ag-GaN contacts formed on one
of the surfaces.

e Chapter 6 focuses on the XPS and I-V investigation of the formation of Au contacts
onto the three GaN surfaces studied in the previous chapter.

e Finally, Chapter 7 summarises the important conclusions of the work and suggests

programmes of future research in this area.
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Chapter 2: Literature review

As seen in Chapter 1, metal-semiconductor contacts can be divided in two
broad categories, namely practical contacts and intimate contacts. Practical metal
contacts to GaN have been studied quite extensively while publications on atomically
clean GaN surfaces and intimate contacts to GaN are fewer. These contacts are often
investigated by surface sensitive techniques such as XPS, which give more insight into
the interface formation mechanisms. Conversely, practical contacts are mostly
characterised by transport and capacitance measurements.

In this chapter, we first review practical metal contacts to GaN, Ohmic contacts
to n and p-type GaN and Schottky contacts to n-type GaN. The second part of the
chapter summarises results from previous work on clean GaN surfaces and intimate

metal contact formation.
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2.1 Practical contacts

2.1.1 Ohmic contacts to nGaN

Table 2-2 presents the contact resistivity p. of different metallisation schemes on
nGaN. The donor concentration and anneal conditions are also given. It can be seen that
most of the Ohmic contacts involve low work function metals, mainly Al and Ti. The
work function of the various metal used in the studies presented in this chapter are given
in Table 2-1. The Ohmic behaviour of Al and Ti contacts is thought” to come from their
low work functions combined with the formation of a very thin layer of AIN and TiN at
the interface upon annealing. This increases the density of N vacancies, therefore
creating an interfacial layer of highly doped GaN.

Metal Pt Ni |Pd |Au|Cu |{W |Cr|Ti Al |Ag |Ga|Mg | Cs

Work function | 5.65 | 5.15] 5.12| 51| 4.65|455[45]|4.33]|4.28}4.26|4.2|3.66|2.14
(V)

Table 2-1: work functions of selected metals (ref. 8).

Another mechanism put forward'® suggests that the Ohmic behaviour is due to
the reduction of the native oxide (Ga;0s) by the highly reactive Ti and the formation of
an Ga-Ti intermetallic alloy with a low work function coming into intimate contact with
the GaN surface. These two metals, however, oxidise easily even at room temperature,
which results in increased contact resistivity. To avoid this oxidation, the contacts are
often coated with a Ni/Au bilayer, hence enhancing temperature stability. W and
WSi 22! contacts exhibited superior thermal stability compared to other contacts. Lee
et al. * compared Ti/AVAu and Ti/Al/Pt/Au contacts and found that the Pt layer acted

as an effective barrier to prevent Au in-diffusion and improved the thermal stability.
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Metallisation pe (Qem?) | Na (cm™) Anneal conditions Ref.
Al ~102-10* |3x10™ | 575°C, 10 min 13
Au ~107-10" 575°C, 10 min
Ptln, 12x10% | 5x10" | No anneal 14
<1x10~ 800°C, 1 min, Ar
Ti/Ag (15/150nm) 6.5x10° | 1.7x10” | No anneal 15
Ti/Al (35/115nm) 4x10° 7x10"" [ 600°C, 15 s, Ar 16
Pd/Al (25/125nm) 5x107 600°C, 30 s, Ar
Ta/Al (35/135nm) 6x107 600°C, 30 s, Ar
Ti/Al/Ni/Au 1.19x107 [ 2x10"" [ 900°C,30s 17
(15/220/40/50nm) 8.9x10° [4x10"" |900°C,30s
3.3x10° No anneal
Al 9x10” 2.8x10" | No anneal 18
Ti/Al (25/100nm) 6x10° 550°C,30's
Ti/Al (20/100nm) 8x10° 1x10" [ 900°C, 30 s 19
Ti/Al 10 3x10" | No anneal 20
Ti/Au (3/300nm) 3.6x10° | 4x10° | No anneal 21
W (50nm) 8x107 1.5x10” | 600°C, 1 min, N, 22
Nd/Al 8x10° 1x10® | 250°C, 5 min; 600°C, 30 s | 23
Cr/Al 3.8x10° [ 2x10"" [ 600°C, 2 min, vacuum 24
52x10* [ 1.1x10® [ 1200°C, 2 min, vacuum
Cr/AUNi/Au 4.7x10° | 2x10 | 700°C, 2 min, vacuum
2.4x10° | 1.1x10" | 950°C, 2 min, vacuum
InN/GaN superlattice 6x10” 5x10" | No anneal 25

Table 2-2: contact resistivity of various metallisation schemes on nGaN. For
multilayer contacts, the order of deposition is from left to right.

The lowest specific contact resistivity”' reported is 3.6x10% Qcm? for non-
annealed Ti/Au contacts (3/300 nm) on Si implanted nGaN. This very low contact
resistivity is likely to be due to the high doping density of about 4x10% cm™. Another

study” on Si implantation (donor concentration of 3x10" cm™) reported a specific
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contact resistivity of 10 Qcm? for non-annealed Ti/Al contacts. Both these studies
required high temperature pre-metallisation anneals (1150°C and 1120°C) in order to
activate the implanted Si.

Use of a InN/GaN short period superlattice is an alternative technique requiring
no anneals to the standard Ti/Al bilayer. Quantum tunnelling through the superlattice
conduction band was suggested” to be responsible for the effective barrier lowering

leading to the low resistivity.

2.1.2 Ohmic contacts to pGaN
Low resistance Ohmic contacts to pGaN represent a greater challenge than n-
type, mainly because of the difficulty’ to achieve hole concentrations greater than about

5x10'® cm™. Table 2-3 presents a compilation of the various results obtained so far.

Metallisation p(Qcm®) | p(cm®) Anneal conditions Ref.
Ni/Au (10/40 nm) 10™ 3x10"" | 500°C, vacuum 26
Pd/Au (20/500 nm) 43x10™ 3x10"" | No anneal 27
Ta/Ti (60/40 nm) 3.2x107 7x10"7 | 800°C, 20 min, vacuum | 28
Pt (70 nm) 1.5x10™ 4.6x10"" | 600°C, 1 min, N, 29
Ni/Pt (50/100 nm) 1.8x10™
Niln (80 nm) 8-9x10~ 2x10"" | 800°C, 1 min, N, 30
Ni/Au (20/100 nm) 1.2-2.1x10 750°C, 1 min, N,

Pt;Iny (150 nm) 9.5x10% 1.7x10"" | 800°C, 1 min, N, 31
Ni/Au (10/5 nm) <10* 2x10"" | 400°C, 10 min, air 32
Pt/Ni/Au (20/30/80 nm) | 5.1x10™ 3x10"" | 350°C, 1 min 33

Table 2-3: comparison of contact resistivity for various metallisation schemes to p-
type GaN. In ref. 29, Pt was electro-deposited.

The first systematic study of practical contact to p-type GaN was conducted by
Ishiwaka et al.?, investigating a wide range of metals, Ni, Ta, Au, Ti, Al, Cu, Pd, and
Pt; Ni/Au was a standard used for comparison. The metals were deposited on GaN
substrates previously treated in a buffered HF solution. They found that contact

resistance decreased exponentially with increasing metal work function, seemingly
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indicating that the Fermi level is not pinned at pGaN surfaces. Additionally, removal of
the native oxide layer did not significantly improve the contacts while the standard
Ni/Au bilayer exhibited the lowest contact resistivity. The main implication of this
study is that large work function metals are desirable for Ohmic contact on pGaN.

This has been repeatedly confirmed by later experiments, except for the Ta/Ti
bilayer as shown in Table 2-3. These two low work function metals formed the lowest
contact resistivity reported to date, because of their strong binding energy with
hydrogen atoms?® which are known to inhibit Mg acceptors in GaN°>. This characteristic
facilitates out-diffusion of H atoms from the GaN and therefore increases the ionisation
efficiency of the Mg dopants upon annealing.

Kim et al.?’ reported the only non-annealed Ohmic contact using a Pd/Au
bilayer deposited after substrate cleaning in aqua regia which improved the contact
resistivity from 2.9x102 Qcm? to 4.3x10™* Qcm®. Removal of surface oxide was put
forward as an explanation for the improvement. Electrodeposited Pt contacts® yielded
better contact resistivity than sputtered contacts, again possibly because of a more
intimate contact.

Ho ef al.?? attributed the low contact resistivity of their Ni/Au contacts (<10™
Qcm?) to the heat treatment in ambient air, which caused oxidation of the Ni film. They
argued that the NiO films formed by oxidation of Ni were p-type with a high carrier
concentration, therefore acting as a low barrier, interfacial semiconductor layer and
lowering the contact resistivity compared to the conventional Ni/Au contacts. This
interpretation was refuted by Maeda ef al. 3 They deposited Li doped NiO layers with
resistivity lower than that of pGaN before the Au layer and found that this did not

improve contact resistivity.

2.1.3 Schottky contacts to nGaN
The abrupt end of the three dimensional periodic structure of the crystalline

lattice at the surface of a semiconductor causes major perturbations in the valence states
of surface atoms in covalent semiconductor like silicon but has little effect on ionic
compounds®®. These surface states lead to Fermi level pinning at the surface of covalent
semiconductors but the ionic nature of the GaN bonds suggests little or no Fermi level
pinning, therefore the Schottky barrier height of metal-GaN contacts may be expected to
depend on the metal work function. Barrier heights of a variety of rectifying metal

10
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contacts to nGaN reported in the literature are plotted as a function of metal work
function in Figure 2-1. The plot shows that, within experimental error, the barrier height
does indeed increase with increasing work function. The work function dependence is
however not as strong as predicted by the Schottky-Mott model, which suggests the
presence of surface states. The work function dependence of the barrier height, given by
the index of surface behaviour S (or slope factor), can provide an estimate of the density
of surface states (see section 3.1.7). Schmitz et al.** calculated a S value of 0.385 (as
opposed to 1 for the ideal Schottky-Mott case) from measurements taken on 7 metals,
which corresponds to a surface state density Ds of about 1.6x10" cm?eV™. An earlier
experiment*? conducted on GaN grown on a different substrate and using a different
surface treatment yielded $=0.97 which corresponds to Ds~3x10" cm?eV™. Surface
treatment, choice of substrate and lattice polarities may influence the electrical
properties of metal-GaN contacts. The different growth methods and surface treatments
employed in the experiments of Figure 2-1, given in Table 2-4, might therefore account
_ for the wide spread in values.

Koyama et al.* studied the influence of pre-deposition surface treatment on the
electrical characteristics of Ag, Au and Pt contacts on nGaN. They found that diodes
formed after cleaning in organic solvents only exhibited poor linearity and high ideality
factors, while those formed after an HF/HCI treatment were nearly Ohmic. On the other
hand, diodes formed after cleaning in a warm NH4OH solution exhibited near ideal
electrical behaviour but no systematic dependence of the barrier height on the metal
work function was found. By contrast, barrier heights for metal contacts (Sn, Ni and
Au) electrodeposited®® on nGaN were strongly dependent on the metal work function,
with a slope factor S=0.49. These results were explained from the viewpoint of the

disorder induced gap states model.

11
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Study GaN growth n(cm™) Surface treatment
Hacke et al’’ MOCVD on ALO; 6.6x10% | Boiling aquia regia
Binari et al>® MOVPE on ALO; 4x10'7 | O, plasma+ NH,OH:H,O
Guo etal” LP-MOCVD on ALO; | 2x10'” | Buffered Oxide Etch
Mohammad et MBE on ALO3 5x10'® | Boiling aquia regia
al®®
Wang et al” MOCVD on ALO; 10" Buffered Oxide Etch
Kalinia ef al** MOCVD on SiC 6x10'7 | KOH:HO solution
Kribes et al* MBE on AlLO; 7x10" Boiling aquia regia
Schmitz et al® | LP-MOCVD on ALO; | 10" Oxygen plasma asher + HCI

solution
Liuetal” MOVPE on ALO; 10" HCI:H,0 solution
Koyamaefal® | MBE on ALOs 5-7x10" | NH4OH solution at 50°C

Table 2-4: GaN layers growth details and surface treatments used in the various
studies of Figure 2-1. Solvent degreasing (organic treatment) was also conducted
before (and sometimes afterwards) the surface treatments mentioned.
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Metal work function (eV)

Hacke et al. (93)
Binari et al. (94)

Guo et al. (95)
Mohammad et al. (96)
Wang et al. (96)
Kalinia et al. (96)
Kribes et al. (97)
Schmitz et al. (98)

Liu et al. (98)

Koyama et al. (99)

+ vVIOAOX %P> O

Figure 2-1: reported barrier heights of practical metals/nGaN contacts versus
metal work function. The metals have been vacuum deposited and the barrier
heights have been extracted by current-voltage measurements. The ideality factors
were close to unity.
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2.2 Intimate contacts

As opposed to practical contacts, intimate contacts are formed on atomically clean
semiconductor surfaces by making use of UHV systems. The absence of interfacial
oxide layer means that metal and semiconductor can interact freely and the resulting

interfaces may be more complex than the practical contacts.

2.2.1 Clean GaN surfaces

Unless metal deposition occurs in-situ after epitaxial growth or on a cleaved
crystal facet (which is not yet possible for GaN) it is necessary to prepare atomically
clean surfaces in order to study the formation of intimate contacts. This is usually
achieved by an ex-sifu surface treatment similar to that of a practical contact followed
by in-situ processing in UHV.

The most efficient chemical etches, in term of removing carbon and oxygen
contamination, seem to be HF and HCI solutions*’. Annealing in UHV alone reduces
further the amount of oxygen and carbon but complete removal does not occur at
temperature below 950°C, at which point the GaN layer starts to decompose‘”.
Annealing in NH; at 700-800°C has been shown to produce atomically clean, as well as
stoichiometric surfaces*’. Several groups******! have reported clean surfaces obtained
by annealing at 900°C in a gallium flux or by desorbing at 900°C several monolayers of
gallium previously evaporated at room temperature. It is thought that gallium atoms
react with oxygen while carbon “floats” to the surface of the metal and that both are
then evaporated during the 900°C anneal’’. Wu and Kahn® used a repeated nitrogen
sputtering and annealing steps at 900°C to prepare clean and ordered GaN (0001)-(1x1)
surfaces. They performed the last annealing steps in 107 torr N, to improve the Ga to N
ratio. Argon sputtering has been shown to induce a loss of nitrogen at the surface, which
resulted in the formation of metallic gallium™. Bermudez’> compared nitrogen-ion
sputtering and Ga metal deposition and desorption, and found that both methods

produce equivalent clean surfaces.
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Ga3d VBM Band Electron Work Additional | Ref.
binding binding bending | affinity | function | information
energy energy
20.310.2 2.440.2 0.9+0.2 3.240.2 CleannGaN | 52
(1x1)
0.4+0.2 Etched nGaN
20+0.2 2.110.2 1.240.2 CleannGaN |55
v (3x3)
20.7 3.5+0.1 =0 nGaN 54
20.840.1 2.6+0.1 0.7540.1 | 3.510.1 4340.1 CleannGaN |53
(1x1)
19.310.1 1.0+0.1 -0.7510.1 | 3.510.1 5.910.1 Clean pGaN
(1x1)
294 0.48 3.3510.1 | 3.8840.15 | CleannGaN | 56
3.22 -3.18 3.3540.1 | 3.640.15 | Clean pGaN
22 nGaN 57

Table 2-5: clean surface parameters measured by XPS and UPS. All values are in
eV. Binding energies are referenced to the Fermi level. The work functions from
ref. 56 were measured using a Kelvin probe.

The GaN surfaces used in these studies were cleaned using the different methods
mentioned above, except for references 54 and 57 where the GaN surfaces were only
annealed at 900°C. The surface reconstruction patterns were obtained by low-energy
electron diffraction and reflection high-energy electron diffraction. The (3x3)
reconstruction® was observed during MBE growth, and XPS scans performed in-sifu
after growth on this layer showed a significant amount of relaxed metallic gallium on
the surface. This has not been observed on cleaned surfaces studied in the other works
presented. Several surface reconstructions have been observed during MBE growth™,
depending on lattice polarity, temperature and Ga to N ratio at the surface. It has been
shown that the 2 lattice polarities, corresponding to growth on the (0001) face and the
(0001), are associated with 2 different groups of surface reconstructions™’.

Band bending at the surface is an important parameter since it directly affects
the final barrier height of metal contacts. Table 2-5 shows that the nGaN bare surface,

except in one case®, exhibits upward band bending. Bermudez compared atomically

14
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clean and practical surfaces and found that the band bending at the practical surface
(cleaned in NH4OH) is significantly less than at the clean surface®®. In contrast, Wu et
al.>® observed a decrease in band bending of about 0.4 eV as the surface became clean.
p-type GaN surfaces exhibit downward band bending, although the two studies cited in
Table 2-5 report very different values. Wu ef al. %3 found that band bending at clean p-
type surfaces is of the same magnitude as that of the n-type surfaces indicating the
presence of a depletion layer at both surfaces. On the other hand, Eyckeler ef al >
reported a strong inversion layer at their p-type surfaces. The surface states responsible
for the band bending have not been identified.

2.2.2 Metal contacts

Table 2-6 summarises the barrier heights of intimate contacts obtained by
different groups. It can be seen that barrier height values differ considerably, from
practical to intimate contacts, for the same metal. For example, low work function
metals such as Al and Ti, which make non-rectifying practical contacts, are found to
induce significant barrier heights when deposited on atomically clean surfaces. Several
comments can be made about this fact, arising from both the measurement methods and
the actual interface formation mechanisms:

e The metal contacts investigated by XPS are very thin, typically 20-50A,
compared to the practical contacts measured by I-V (>1000 A). There is no
certainty that the interface remains the same as the film thickness increases.

e As shown in Table 2-6, the initial band bending of the bare surface accounts for
a significant part of the total barrier height. Atomically clean surfaces can be
expected to exhibit different band bending to practical surfaces.

e I-V measurements tend to yield lower barrier because of the image force
lowering and other bias dependant effects.

o If the interface presents local variations of the barrier height, XPS measurements
will yield an average value while the I-V method will only “see” the lowest

value because of electron flow mechanisms across the barrier.

15
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Metal work Bare surface barrier Barrier Doping Reference
function (eV) height (eV) height (eV) (em™)

Pt (5.65) 0.75+0.1 1.65 n=1x10" |59
0.75+0.1 0.9 p=5x10""

Ni (5.15) 09102 2.2 n 52,60

Au(5.1) 0.750.1 1.25 n=1x10" 59
0.75+0.1 1.2 p=5x10""
2.2 1.15 n 57

Ti (4.33) 0.75+0.1 1.25 n=1x10" |59
0.75+0.1 1.55 p=5x10""

Al (4.28) 0.7540.1 0.7 n=1x10" |59
0.75+0.1 0.7 p=5x10""
0.940.2 1.4 n=2x10"" | 52,61

Ag (4.26) 0.7 n<1x10™° 50

Pb (4) 0.72 n<1x10'°

Mg (3.66) 0.7540.1 0.65 n=1x10" 59
0.75+0.1 1.9 p=5x10""
0.7 0.2 0.8 n=7.3x10"" |62

Cs(2.1) 0.48 0.240.15 n=5x10"° |56
3.18 3.240.15 p=1.2x10"

Table 2-6: Barrier heights of various intimate metal contacts to GaN. All values
are in eV except carrier concentrations (cm™). The bare surface barrier heights
have been obtained by UPS, while the final barrier heights are extracted from XPS
except ref. S0 (I-V).

Wu and Kahn® conducted the most extensive study, investigating 5 metals on
atomically clean n and p-type GaN. They found that Mg, Al and Ti reacted with GaN
while Pt and Au formed abrupt interfaces. The high work function metals (Pt and Au)
led to higher barrier heights on n-type GaN than low work function Mg and Al, and to
lower barrier heights on p-type GaN than Mg and Ti. This behaviour tends to confirm
the Schottky Mott model and seem to rule out any Fermi level pinning. Ti and Al,

however behave differently despite having similar work functions: Ti contacts resulted
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in a similar barrier as Au on n-type GaN while Al depositions on both n and p type did
not induce further significant band bending. The authors pointed out that Al reacts with
GaN to form AIN, which is a near insulator (band gap of 6.2 €V) so that the interface
consists of a metal-insulator-semiconductor structure and therefore the metal induced
states are decoupled from the semiconductor. On the other hand, Ti reacts with GaN to
form TiN, which is a metallic compound; hence the discrepancy between the two
metals.

Bermudez investigated three metals, Mg®, Al*' and Ni*®® on n-type GaN, and
also found that the barrier height increases with increasing metal work function. He
recently® put forward the simple Cowley-Sze** model, in which the barrier height is
expressed as a sum of the “bare surface barrier height” or band bending before metal
deposition, and a Schottky-Mott term induced by the metal. This model generally agrees
well with experimental results except for the Au contact studied by Sporken et al. 7 in
which the Au deposition caused the bands to bend in the opposite way of that predicted
by the Schottky-Mott model.

Kampen and Monch® devised the MIGS-and-electronegativity model to
describe metal contact formation on nGaN. According to this model, the barrier height
of ideal semiconductor arises from the position of the charge neutrality level of the
MIGS within the band gap, and the electronegativity difference between metal and
semiconductor. They found that predictions from this model were in very good

agreement with experimental results for Ag, Pb*® and Cs*® on nGaN.

2.3 Summary
In this chapter, practical and intimate metal contacts to GaN have been reviewed.

Practical contacts have been mostly characterised using transport measurements while
XPS was the main tool used for the investigation of intimate contacts.

The barrier height dependence of practical metal contacts to GaN on the metal
work function is now well established. Low work function metals are used for Ohmic
contacts to n-type GaN while high work function metals resulted in lower barriers on p-
type. The standard Ohmic metallisation schemes for n and p-type GaN are Ti/Al and
Ni/Au bilayers, respectively. The specific contact resistance of Ohmic contacts to n-type
is low enough for device applications but improvements are still needed for contacts to

p-type material. The barrier heights of Schottky contacts to nGaN increases with
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increasing metal work function but also vary significantly with surface preparation and
other parameters such as lattice polarity and choice of substrate for the GaN layer. The
simple Schottky-Mott model does not, in most cases, give an accurate prediction of the
barrier height.

Studies of intimate contacts show that, as for practical contacts, high work function
metals lead to high barriers on n-type and low barriers on p-type GaN. The opposite
also seems to be true for low work function metals. However, most metals resulted in a
much higher barrier when deposited onto an atomically clean nGaN surface than onto a
practical surface. This difference is partly attributed to different measurement
techniques (transport measurement and photoemission spectroscopy) and to upward
band bending on the clean surface induced by the cleaning processes which usually
involve high temperature anneals in UHV. The two main models put forward are the
Cowley-Sze and the MIGS-and-electronegativity models.

18
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Chapter 3: Theory of metal-semiconductor contacts

This chapter is divided in two main sections. The first section presents the
various models of metal-semiconductor formation put forward in an attempt to describe
experimental data, including the main models and less known models which have been
specifically used to interpret contacts to GaN. The second part provides the relevant
theoretical background of current transport mechanisms across a metal-semiconductor

interface and various methods used to extract the barrier height.
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3.1 Models of metal-semiconductor contact formation

3.1.1 The Schottky-Mott model

Vacuum level E
7'y 7'y y Vacuum level
s | & \___
tha —— v Ecs I‘IVD=¢M'¢S
Er Po=da-2s I [\__y_
_______ Y Ep 1 £
—— Epp I
b
(@ (b) DT

Figure 3-1: energy band diagram of the formation of a barrier between a metal
and semiconductor : (a) isolated, (b) in perfect contact.

Figure 3-1 shows the mechanism of a Schottky contact formation according to
the Schottky-Mott model. Before contact, the metal is characterised by its Fermi level
Er and its work function ¢, which is the energy needed to remove an electron from the
Fermi level to the vacuum level. In a semiconductor, it is more convenient (and more
realistic, as there are no electrons at the Fermi level energy) to use the electron affinity
s, which is the energy needed to remove an electron from the bottom of the conduction
band.

When the two are placed into contact, assuming the parameters of Figure 3-1 (n-
type GaN and ¢> ¢s), electrons move from the semiconductor into the metal in order to
equalise their Fermi levels. This results in an excess positive charge at the
semiconductor surface due to ionised donors. The semiconductor surface is said to be
depleted and this depletion zone extends to a depth W into the bulk. As the interface
must be neutral there is also an excess negative charge at the metal surface, but because
the electron concentration in the metal is much greater than the donor concentration in
the semiconductor, the charges are confined in a much smaller depletion zone (typically

within 1A). The bands in the semiconductor are then bent upwards and the resulting
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zero-bias barrier height ¢g is, as shown on Figure 3-1 (b), the difference between the
metal work function and the electron affinity of the semiconductor:

B0 =Py — Xs
[3-1]
with:
Xs=@s—¢&
[3-2]
and:
kT . N,
¢=Eqp—Eg :71117\’—19)-
[3-3]

where N¢ and N are respectively the effective density of states in the conduction band
and the donor concentration, k is the Botzmann constant, 7' the temperature and g the
elemental electronic charge.

If d<gs then electron transfer takes place from the metal to the semiconductor
and the bands bend downward forming an Ohmic or linear contact (Figure 3-2 (b)).
When such a contact is biased, electrons encounter no barrier flowing from the
semiconductor to the metal and the reverse direction current is eased by the high
concentration of electrons in the region where the bands are bend downward. The

resistance of the contact is then negligible compared to that of the semiconductor bulk.

=
u P

(a) (b) () ()

Figure 3-2: band bending at the interface for n-type semiconductor with : (a)

1> s, (b) dy<gs and p-type :(c) dr>ds, (d) dr<ds.

Because of the nature of holes, contacts on p-type semiconductors give rise to

rectification when ¢y<ds and to linearity when ¢s>ds as shown on Figure 3-2 (d) and
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(c), respectively. In practice, however, situations depicted in Figure 3-2 (b) and (c)
(Ohmic contacts) are rarely encountered®.

In the case of a rectifying contact on a n-type semiconductor and assuming that
the interface is chemically inert and there are no surface states, Poisson’s equation leads
to the expressions of the potential yx) (relative to the Fermi level) and the depletion
width w*

d’y __p dy _gN
T [E()| — = -x)

2

2
=SW= ’q—Ni—(VD -7)
[3-5]

Where p=¢Np is the depletion charge in the semiconductor, N the donor concentration,

B A

[34]

Vp the built-in diffusion potential and ¢po the zero-bias barrier height. ¥ is the positive
(forward) applied bias.

When a forward bias is applied to a rectifying contact the diffusion potential Vp
is lowered and the band bending attenuated (Figure 3-3 (a)). When the applied bias is
equal to the diffusion potential the bands are not bent anymore and the depletion zone
disappears (V=Vp in equation [3-5]). This is the flat-band case (Figure 3-3 (c)).
Equation [3-5] leads to the total charge and capacitance in the depletion zone:

Osc =qN W = qugNd(VD =V)

[3-6]

:>C=@SC - qdvD =i
124 20, -V) W

[3-7]
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Figure 3-3: (a) forward biased contact, (b) reverse biased contact, and (c) flat-band
case.

3.1.2 The Bardeen model

The Schottky-Mott model does not take into account the thin insulating layer of
oxide between the semiconductor and the metal or the presence of surface states, which
are both part of a real metal-semiconductor contact as shown on Figure 3-4% The
interface layer is usually so thin (10-20 A) that electrons tunnel through it quite easily
and the Schottky-Mott relation is still valid.

The surface states contribution to the barrier height cannot, however, be
neglected in most cases. At the surface, atoms have neighbours on one side only and the
valence electrons on the vacuum side cannot form a covalent bond. These unpaired
electrons (‘dangling bonds’) act either as donors or acceptors, creating two surfaces
states per surface atom. Surface charge neutrality requires that half of these surface
states should be filled, or, in other words, that the Fermi level at the surface should
coincide with the neutrality level ¢y of the surface states. States below ¢ are called
donor-like (positive when empty and neutral when full) while states above ¢ are
acceptor-like (neutral when empty and negative when full).
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Figure 3-4: real metal semiconductor contact with surface states and insulating
layer.

The neutrality condition of the junction is then Qm+Q;sc+Qss=0 where On is the
charge in the metal and Q in the surface states. If the Fermi level (constant throughout
the junction at zero-bias) is below the neutral level, as shown in Figure 3-4, then there is
a net positive charge at the interface which means that the charge in the semiconductor
depletion zone is smaller than it would be in the absence of surface states. This in turn
implies that the diffusion potential, and therefore the barrier height are also reduced.
The reduction of the barrier height pushes ¢y down towards Er. Similarly, if the Fermi
level is above the neutral level then there is a negative charge at the interface, the barrier
height is increased and ¢ is pulled up towards Er. In both cases the surface states tend
to drag the Fermi level towards the neutrality level. If the density of states is very high
then ¢y ~ Er and the barrier height is given by:

bso ~ E, — 4,
[3-8]
The Fermi level is then independent of the metal and is said to be pinned®

If a voltage is applied to the junction described in Figure 34 so that the flat-
band situation is reached, then the neutrality equation becomes Q,+Q;=0. It is then
possible to derive an equation for the flat-band barrier height (¢#pr), uniting the
Schottky-Mott model and the Bardeen model :

Por =7(¢M _Zs)+(l_7’XEg _¢0)

[3-9]
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with

E;

1

r= &, +qdDg
[3-10]
where & is the permittivity of the interfacial layer, & the interfacial layer thickness and
D; the density of surface states (cm”eV™"). When D; is very small then y~ 1 and the
barrier height is given by the Schottky-Mott theory (equation [3-1]). On the other hand,
for a very high density of states the barrier height is given by the Bardeen model
(equation [3-8]) and is independent of the metal work function.

3.1.3 Intimate contacts

Contacts with a thin oxide layer between metal and semiconductor are the norm
in commercial devices, but this does not alter the performances of the devices as the
interfacial layer is very thin (10-20 A). The semiconductor surface is, however,
decoupled from the metal and the interface states arise mostly from the oxide-
semiconductor interface. It is possible to evaporate metal contacts on atomically clean
surfaces where the metal will contribute to the interface states. The semiconductor
surfaces are usually cleaned of any possible contamination (mainly oxygen and carbon)
by annealing in an UHV environment or by ion sputtering. Alternatively, the metal
might be deposited in-situ on a cleaved facet or just after growth by MBE.

In any case, intimate contacts are free from an insulating interfacial layer and the
metal can interact with the clean semiconductor. Diffusion of metallic atoms into the
semiconductor or out-diffusion of semiconductor atoms onto the metal overlayer may
occur, as well as chemical reactions resulting in a layer of compound at the interface.

It is also possible for the wave functions of those electrons in the metal with
energies corresponding to the forbidden gap in the semiconductor to penetrate into the
semiconductor in the form of evanescent waves. As the attenuation length of the
electron wave functions is of the order of a few Angstroms, the transfer of charge from
the metal is confined at the interface, hence creating new interface states. Intrinsic
electron states, which might have been present at the semiconductor surface will then be
replaced by these metal induced gap states (MIGS)®. Calculations®’ indicate that MIGS
might be present at metal-semiconductor interfaces in densities sufficient to cause

pinning of the Fermi level, as in the Bardeen theory. Because of the origin of MIGS, the

25



Lneory 0 meidi-semiconauttor Corniacts DS UepenuchiCe Uy shie ULTTCE 1iLISTH

pinning of the Fermi level is a reversible phenomenon; upon removal of the metal the
MIGS would revert to the intrinsic surface states.

The deposition of metal on semiconductor surface might also generate interface
states by causing structural damage to the surface thus increasing the density of defects
such as steps (on cleaved surfaces), vacancies or anti-sites defects (cations on anions
sites and vice-versa). This increase in defect density leads, in turn, to the pinning of the
Fermi level. This model is called the unified defect model®® and as opposed to the
MIGS model the interface states created are permanent.

The mechanism of the Fermi level pinning is essentially the same for both the
MIGS and the unified defect model as it is in the Bardeen theory, but with the layer of
semiconductor between the surface of the metal and the centre of the depletion zone
(caused by either electrons wave functions or defects) playing the role of the insulating

layer of the Bardeen model.

3.1.4 Bias dependence of the barrier height

The Bardeen relationship for the barrier height presented in section 3.1.2 has
been derived for the flat-band case, where there is no electric field in the semiconductor.
However, such an electric field normally exists within a Schottky barrier, and the
voltage drop across the interfacial layer is modified by it. The barrier height ¢ is then
reduced from its flat-band value ¢z by an amount proportional to the maximum electric

field in the semiconductor E,... which itself depends on the applied bias:

¢B = ¢BF -ak .
[3-11]
with
O¢,
a=—=—
gi + qéDs
[3-12]

where & and & are the permittivity of the insulating layer and semiconductor.
Even without an insulating layer at the interface, the barrier height is influenced
by the electric field within the semiconductor. Electrons approaching the metal surface

experience an attractive force as if a positive charge of magnitude g was located at the
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mirror image of the electron with respect to the interface. This effect gives the electrons
a negative potential energy, which has to be added to the potential energy due to the

Schottky barrier thus leading to a lowering of the barrier by an amount,
kT 1/4
Agy, < [ND(¢B -V-£- ?)]

[3-13]

3.1.5 Electronegativity and ionicity

The electronegativity of an atom in a molecule measures its ability to attract the
bonding electrons to itself. Pauling® described the ionicity of the single bond of a
diatomic molecule by the electronegativity difference of the atoms involved. If the
difference is high (ionic material), the valence (bonding) electrons will be localised
around the atom with the highest electronegativity, thus creating an imbalance in the
allocation of the electronic charge. On the other hand, in single element semiconductors
like Si or Ge or when the difference in electronegativity is low (covalent material), the
valence electrons do not discriminate any particular atom.

Upon analysing a large body of data about metal contacts on II-V
semiconductors, it has been found™ that the barrier height is much more dependent on
the metal for contacts to ionic semiconductors than to covalent ones. This is illustrated
on Figure 3-5 and Figure 3-6. Figure 3-5 shows the variation of the barrier height ¢g of
various metals on three n-type semiconductors with the electronegativity Xjs of the
metal. The slope (S=d¢s/dXas) of a straight line fit to the data points varies from nearly

zero for covalent Si to near one for ionic SiO-.
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Figure 3-5S: barrier heights of various metal on n-type semiconductors plotted
versus the Pauling electronegativity Xy of the metal (from ref. 70).

AN 1 ROy sTOy
10 S0} 200 KTa0y
Si
G°zQIs
1
1
8 1
o 1
(o] 1
- [}
w '
ox '
w6 !
L>;<.! @ ! GaN
Sy '
1
T 1
Ne4d :
i ;
Z '
- ]
2 :
]
1
1
1
1 1 1 1 1 1 | 1 1 [ i

0 2 4 6 8 10 121416 1.8 20 2.2 24
AX: LATTICE ELECTRONEGATIVITY DIFFERENCE

Figure 3-6: dependence of S on the electronegativity difference between the
components of the compound (from ref. 70).

The slope, or index of surface behaviour S is plotted as a function of the lattice
electronegativity difference (ionicity) of semiconductor compounds on Figure 3-6 and
clearly reveals a transition between covalent and ionic semiconductors. This behaviour

might be partly explained by the MIGS theory, as electrons wave functions penetrate a

28



L 1BCUT Y Uj INnCIL=oCifiic Uit iurl LU UL LD LT AVILIVITURIIATC IV T UL K UES VI 15U E

much shorter distance into wide band gap, ionic semiconductors compared with low
band gap, covalent materials’. This would mean less MIGS and therefore a less
effective pinning of the Fermi level GaN is a strongly ionic material (4X=1.8),
therefore the barrier height of metal contacts is expected to depend on the

electronegativity of the metal.

3.1.6 The MIGS-and-electronegativity model

This model is a combination of the physical MIGS and chemical
electronegativity concepts put forward by Monch”’. The author assumed that the
formation of MIGS is the dominant mechanism governing the barrier height of intimate,
abrupt metal-semiconductor interfaces. As for the Bardeen model, a charge neutrality
level can be defined for the MIGS: the net charge in the MIGS continuum has positive
sign, vanishes and becomes negative when the Fermi level at the interface is below,
coincides or is above the charge neutrality level. Since interfaces are neutral, the charge
in the MIGS continuum is compensated by an equal amount of charge of opposite sign,
on the metal side of the interface. The authors likened this imbalance of charge at the
interface to that of an ionic bond of a diatomic molecule. We saw in the previous
section that Pauling correlated the ionic character of single bonds in a diatomic
molecule with the difference of the atomic electronegativities. A generalisation of this
chemical concept then describes the charge transfer across metal-semiconductor
interfaces by .the difference of the metal and semiconductor electronegativities.
According to this model the barrier height is given by (see ref. 71 for calculation
details):

P = P +S(Xy — X))
[3-14]

where S is the slope parameter defined in the previous section, ¢..; the energy position
of the charge neutrality level within the band gap and X, and Xs are the
electronegativities of metal and semiconductor, respectively. Theoretical predictions
from this model were found to be in excellent agreement with experimental data for a

number of semiconductor materials including GaN, as shown on Figure 3-7.
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Figure 3-7: barrier heights of GaN Schottky contacts as a function of the difference
of the metal and the GaN electronegativity. The Cs data point was determined by
using ultraviolet photoemission spectroscopy and a Kelvin probe. The MIGS line is
drawn with the charge neutrality level (CNL) at 1.1 eV below the conduction band
and a slope parameter § of 0.29 eV/Miedema-unit. From ref. 71.

3.1.7 The Cowley-Sze model

This model”® postulates a uniform density of surface states, Ds (cm?eV™),
throughout the gap. These states are assumed to be independent of any chemical effect,
other than charge transfer resulting from metal deposition. Neglecting any image charge
effect, the barrier height ¢so is expressed as a sum of the “bare surface barrier height”
#p or band bending before metal deposition, and a Schottky-Mott term induced by the
metal:

b50~00 =Sy — 2)- Sty
[3-15]

where ¢ is the metal work function and y the semiconductor electron affinity. S is a
constant depending only on the density of surface state Ds:

D leB.(_l.:i).
§ S

[3-16]
Bermudez®® suggested that this model could be used to interpret results from
several groups, as shown on Figure 3-8. The difference in S can be related to a
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difference in the density of surface states which is attributed to pre-metallisation surface

treatment, substrate choice (sapphire versus SiC) and/or surface polarities.
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Figure 3-8: metal-nGaN barrier heights vs metal work function, plotted in
accordance with equation [3-15], from photoemission data given in (a) Refs. 62 and
52 and in (b) Ref. 59.

3.1.8 The effective work function model

This model suggests that the Fermi level at the surface of a semiconductor or at
a metal-semiconductor interface is not fixed by surface states but rather is related to the
work functions of microclusters of the one or more interface phases resulting from
either oxygen contamination or metal-semiconductor reactions which occur during
metallisation. According to this assumption, the ideal Schottky-Mott relationship
(equation [3.1]) becomes:

G5 =y _¢qf

[3-17]
where ¢ is an appropriately weighted average of the work function of the different

interface phases.
The authors argued that for most of the III-V compounds the effective work
function is mainly due to the work function of the anion. They found that the barrier
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heights of Au contacts on a variety of III-V and II-VI compounds correlated well with

the anion work function.

3.2 Current transport mechanisms

There are essentially three ways by which electrons can cross from the

semiconductor into the metal under applied bias®:

-a- emission over the barrier
-b- tunnelling through the barrier

-c- recombination

In an ideal Schottky diode the current flow across the barrier would be entirely
due to the first mechanism. In a real diode, the contributions of the other two cause

departure from the ideal case.

3.2.1 Emission over the barrier

This mechanism can itself be split into two different processes, diffusion current
and thermionic emission current. Although the real current is a combination of these
two, numerous experiments showed that the thermionic emission theory agrees the best
with the experimental data and is now widely adopted®. The thermionic emission
theory”™ assumes that the effect of drift and diffusion in the depletion region is
negligible. The current is controlled by the transfer of electrons across the barrier.
According to the kinetic theory of gases, only a limited number of electrons can cross
the barrier in unit time. Assuming Boltzmann statistics, the number of electrons with

velocity between v, and v.+dx, which pass unit cross-section in unit time, is™:

2
dn=nyv, n exp et dv,
2kT 2kT

[3-18]
where n,. is the equilibrium electron concentration and m the standard electron mass.
The minimum velocity v,y required to cross the barrier from the semiconductor (forward

direction) is given by
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1
E,= Emvfo =qV,-V)

[3-19]
Where V) is the built-in diffusion potential and ¥ the applied bias (¥>0). The current

density in the forward direction is therefore:

. kKT (—qW —V)J
=g| dn=n ex D
Jo=qf. eq\,zﬂm p( 2

[3-20]
The electron concentration at the interface is given by:
- 3/2
2mm kT - -V
n,= z{-——-—h . J exp(——————q(i‘; ))
[3-21]
The total current density j = j. + j. must be zero when V=0, so
L qV
= jo| exp| — | -1
! J"[ xp( kT) ]
[3-22]
with:
i =A T ex —4%
oo 2
[3-23]

where A" = 47mm"K’/h’ is the Richardson constant and m" the electron effective mass.

3.2.2 Tunnelling through the barrier

A
(D) \ . Vb
(@ < \ Er
V\
Er .

Figure 3-9: (a) field emission, and (b) thermionic field emission for a degenerate
semiconductor.
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Even when the temperature is too low for the electrons to be thermally excited
over the barrier, there might be a current flowing across the interface due to electron
tunnelling. According to quantum mechanics, an electron has a non-zero probability of
crossing a barrier potential greater than its energy. The wave vector of the electron wave
function becomes imaginary within the barrier and the wave function decays
exponentially with the distance. Therefore, the thinner the barrier the greater the
probability of tunnelling. Figure 3-9 shows the pure field emission case (a) and the so-
called thermionic-field emission case (b) which occurs when the temperature is high
enough to thermally excite a significant number of electrons to an energy where
tunnelling is more probable. Applying the WKB approximation to a triangular barrier,
the probability is given by®:

_Z(AE)S/Z
P =exps ————.JV,
Xp{ 3E,, o
[3-24]
with
h | N
E =— |2
© 2r\me,
[3-25]

where Np is the donor concentration in the semiconductor and & its permittivity. Field
emission is likely to occur if Eg>>kT/g, thermionic-field emission if Egp = k7/q and
pure thermionic emission if Eg<<k7/g"’. We can see that the smaller the effective mass
and the higher the doping, the more likely tunnelling is. This is why field emission only
occurs in degenerate semiconductors as shown on Figure 3-9. The degenerate case is of
great importance for Ohmic contacts, where the high resistivity of the barrier is
overcome by tunnelling of electrons from the heavily doped semiconductor into the
metal.

It has been shown that the current/voltage relationship is of the same form as for

the pure thermionic emission theory™:
. V qV
= j, exp| — {1—exp| —=—
j=J xp( £ }{ -2 )]
[3-26]

where Ep=Ep, for field emission and Ey=FEgscoth(qEoy/kT) for thermionic field emission.

For thermionic field emission, the pre-exponential term jis is given by™:
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Jo=AT? exp(“-q—g—)—q— (¢, -V ¢} exp| — 5 —¢
d kT JkT  cosh(gE,, /kT) E,

[3-27]

3.2.3 Recombination current
Electron-hole recombination can either take place in the depletion region
through localised states or in the bulk of the semiconductor due to hole injection (for a
n-type semiconductor). The latter effect arises when the Schottky barrier height is
greater than half the band gap, which means that the semiconductor region immediately
next to the interface has become p-type and contains a high density of holes.
Recombination in the depletion region takes place through localised states in the

middle of the forbidden gap and the current density for low forward bias is given by’

. qv qv
= A_ 11— .
=i gfi-es{ -7}

[3-28]
with
j = qn 1
Jo Py
[3-29]

where n; is the intrinsic electron concentration, W the depletion width defined by
equation [3-5] and 7 the lifetime within the depletion region.

3.2.4 Ideality factor

The current/voltage relationship derived from the thermionic emission theory in
section 3.2.1 (equations [3-22] and [3-23]) assumes that the barrier height is
independent of bias. However, as discussed in section 3.1.4, the barrier height is bias
dependent because of the image-force lowering effect and the presence of an interfacial

layer. In order to take this into account, the effective barrier height® ¢ is introduced:
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Gy = Ppo — (ABs)o + PV
[3-30]
where dgo and (Agg;)o are the barrier height and image-force lowering at zero-bias. The
variation of the effective barrier height with bias is assumed linear, with

&
p =—5€7ﬁ—=constant. After substituting in the ideal current/voltage relationship

(equation [3-22]), we obtain:

L qv qv
= 27 - .
g ’°exp(nkf){ exp( kT)}

[3-31]

with

Jo= AT? exp[—— %(@30 - (A¢Bi)0):|
[3-32]

and where 1/n=1-8. n is called the ideality factor and is an important parameter of any
real diodes. The more 7 is close to unity, the more ideal the diode is. As £ is always
positive (in the forward direction), » cannot be smaller than unity. Equation [3-31] is

often re-written in the literature® in the form:

I=1, {exp(LVI:TI—m) - l}
n

[3-33]

with,
I,=AA"T? exp(%f‘?—)
[3-34]

where A is the contact area, 4" is the effective Richardson constant, and R is the series
resistance. When the forward bias is low enough so that the effect of series resistance is
negligible compared to the contact resistance and high enough so that the ‘1’ in the
bracket is negligible compared to the exponential term (typically for ¥ such as
3kT/q<V<gg), then equation [3-33] is reduced to:
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qV
I=1 exp —
0 p(nkT)

[3-35]

This expression for the current density is used to extract the zero-bias barrier
height and ideality factor from experimental I-V curves. When plotted on a semi-log
scale, equation [3-35] is a straight line, which slope yields » and y-intercept yields jo
and therefore @z through equation [3-23].

The departure from ideality is not only due to the bias dependence of the barrier
height but also arises from tunnelling and recombination currents. As the
current/voltage relationships of these two currents are similar in form to equation
[3-31], it is possible to define an ideality factor associated with them: #pmnening=qEo/kT
from equation [3-26] and #recombinaion=2 from equation [3-28]. The ideality factor
extracted from current/voltage measurements will then be a combination of the ideality
factors associated with bias dependence, tunnelling and recombination. Even a perfect
diode, free of these effects will have an ideality factor greater than unity because of the
image force lowering (typically n=1.01-1.02).

3.3 Extraction of the Schottky parameters

The standard method for extracting the Schottky parameters (barrier height and
ideality factor) from experimental I-V measurement data is to fit equation [3-35] to the
linear region of the log(Z) versus ¥V curve. This region lies within a voltage interval
which theoretical lower boundary is about 3k7/g (80 mV at room temperature) and
which upper boundary is determined by the series resistance. The higher the series
resistance, the lower this boundary lies. Additionally, shunt resistance effects can hide
the low bias part of the linear region. In some cases, the linear region is completely
hidden by high series resistance combined with shunt resistance effects and fitting
equation [3-35] is impossible. In an effort to find a way around this problem,
researchers have devised more advanced extraction methods, which are presented in this

section.

3.3.1 Norde plot
This method assumes an ideality factor of unity and uses the following function:
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2 A°T?
[3-36]
After replacing I by equation [3-33] with n=1, F can be rewritten as:
F(V)=¢,+1 —g
[3-37]

The series resistance is negligible at small forward bias so that a plot of F(7)
will approach a straight line of slope —1/2. Inversely, the series resistance is the only
hindrance to current flow at high forward bias so IR can be replaced by ¥ in equation
[3-37], which makes F(¥) approaching a straight line of slope +1/2 for large forward
bias. In between these two extremes, F(¥) reaches a minimum at a voltage Vp and

current Ip, which gives respectively the barrier height and the series resistance:

o= )+ 21
[3-38]
i
- ql,
[3-39]

3.3.2 Small signal conductance

This method, put forward by Wemer’’, yield the ideality factor and the series
resistances via the conductance G. The series resistance thus obtained can then be used
to correct the voltage axis of the raw I/V plot in order to determine the saturation current

and therefore the barrier height.
At forward bias greater than 3k7/g, equation [3-33] can be rewritten as:

I=1, exp(M]

nkT
[3-40]
. . . dr
Equation [3-40] yields for the small signal conductance G = HI—;:
L = —@n +RI
q
[3-41]
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Plotting /G versus I therefore results in a straight line which slope and y-axis
intercept yield the series resistance and ideality factor, respectively.

Wemer pointed out that a step size of 1 mV would be needed to numerically
determine the conductance G from the original I/V curve in order to get the real slope
rather than just a secant line. Instead of measuring the I/V curves with such small
voltage steps, it is possible to determine G from the less steep log(I)/V curve with the
help of the identity:

G- 4n1)
ar

[3-42]

In this case even voltage steps of 10 mV are small enough to yield a good

approximation of the true slope of the I/V curve.

3.3.3 Flat-band barrier height

This method, proposed by Wagner ef al.”®, does not directly solve the problem
caused by shunt or series resistance effects but rather provides a more fundamental
value of the barrier height than the zero-bias barrier height. We have seen in section
3.1.1 that under flat-band condition the internal electric field across the interface is zero
and the depletion zone disappears. The flat-band barrier height is therefore unaffected
by electric field dependant effects such as tunnelling, recombination, image force
lowering or interfacial oxide layer.

The flat-band barrier height ¢sr can be derived from the conventionally
extracted zero-bias barrier height ¢ and ideality factor #:

Por =Np, _(n _l)kFT(Ec _Ef)

[3-43]
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Chapter 4: Experimental techniques

In this chapter, the theory and experimental set-up of the techniques used to
characterise the GaN surfaces and the formation of Au-GaN interfaces are presented.

XPS has been the main experimental technique utilised during the course of this
research; hence the fundamental principles of photoemission and the description of the
experimental apparatus form the main part of this chapter. The non-destructive and
surface sensitive nature of the photoemission process lends itself to the study of the
chemical, electrical and structural nature of metal-semiconductor interfaces.

TEM and transport measurements have also been employed as complementary
techniques, hence a brief description of the fundamental principles of TEM and the I-V

experimental set-up is presented.
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4.1 The Photoemission process

Photoemission theory has been developed from Einstein’s original work on the
photoelectric effect’”. Photoemission is the emission of electron from a solid as a result
of the absorption of photons. The electrons are emitted from the surface if the incident
photons have an energy (/v) that is greater than the binding energy (¥3) of the electron
plus the work function (¢) of the solid. The subsequent kinetic energy of the emitted
photoelectron is given by the following equation,

E.=hv-E/-¢
[4-1]

where E is the initial state energy of an electron in the solid. According to Koopmans
theorem®, the initial state energy (£;), can be regarded to a first approximation as the
binding energy of the electron in the solid. This however fails to account for the hole
left when the electron is emitted from the solid. The remaining electrons will relax to a
lower energy state in order to screen the photo-hole from the nucleus, resulting in an
excess of energy, which is carried away by the ejected photoelectron. The consequence
of this action is that the kinetic energy of the emitted photoelectron is increased
resulting in an apparent reduced energy of the initial state.

Core Fermi Vaomm  Pensity of states |,
level Ievel | level |
¢! :
N '
i 'l'.. TN e !
it ,f" y ..' S Tt e o et T
2 4 1 .
> TN L , EDC |
- L i !
Is ; 7 — . < |
I Eg I ! . Ex ! Eg I
l I.l "-.,_-..-... Il . I
I | e l- :’IJ‘
. Il );.\_-"" /7 ‘\. I
i< he 4 \. 1
1 i i

Figure 4-1: A schematic representation of how the density of states of a
semiconductor relates to the energy distribution curve (EDC) obtained by the X-
ray Photoemission process.
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Once the photoelectrons have escaped from the surface of the solid, the
spectrometer measures the number of electrons emitted at values of kinetic energy from
zero up to a maximum value, determined by the energy of the incident photons. The
result is presented as an energy distribution curve (EDC) as shown on Figure 4-1.

In XPS, the photons are provided by an x-ray source; however, in recent years
extensive use has been made of synchrotron radiation to provide photons with a
tuneable range of energies. This technique can provide a photon beam of much lower
energy (in the soft x-ray range) for increased surface sensitivity, and hence is known as
“soft XPS” or SXPS. The EDC obtained (see Figure 4-1) reflects the density of
occupied states in the solid. However, the EDC is not a direct representation of the
density of states as there also exists a large featureless background to low kinetic energy
which is characteristic of emitted electrons that have undergone inelastic scattering and
lost energy during propagation through the solid to the surface®!. Electrons that have
been emitted from the comparatively narrow core levels and the broad valence band
without loss of energy produce sharp discrete peaks in the EDC.

The sharp core level photoemission peaks can be used to identify specific atoms
near the surface of the solid, as each element has its own set of discrete core level
binding energies®®. It is for this reason that XPS is occasionally known as ESCA
(electron spectroscopy for chemical analysis) as the chemical composition of the
material near the surface can be identified.

More importantly studying the changes in peak positions and hence binding
energies of the core levels can give information on chemical, electrical and structural
changes at the surface of the solid®. This makes photoemission a powerful tool in the
non-destructive analysis of surfaces and interfaces. It is surface and chemically sensitive

and provides information on the atomic bonding of species present in a material.

4.2 The three step model

There are many models that have been proposed to describe the photoemission
process, the most accurate ones being those that describe it as a single quantum
mechanical event, from the absorption of a photon through to the emission and
detection of the photoelectron®***. These theories however are extremely intricate,

and for the purpose of explaining the photoemission process and the phenomena
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observed in the photoemission data presented here, a far simpler model, The Three Step
Model, is discussed®**’. This model ignores many body effects such as electron-electron
interactions and inelastic scattering and focuses on the elastically scattered electrons.

The Three Step Model describes the photoemission process in three stages,
which are all dependent on the initial electron energy (E) and the energy of the incident
photons (2 v). These stages are:

@) Photoexcitation of the electron P(Ehv)
(ii))  Propagation through the solid T(Ehv)
(i)  Escape from the solid surface into vacuum D(E}v)

The intensity of the resulting photocurrent I(E 2 v) is given by the relation,

WEhv) = P(ERWT(ERVWDERY)
[4-2]

@ Step one: Photoexcitation

If the photoemission process is considered for each individual particle one can
use the independent particle approximation whereby the unperturbed system is
described by the Hamiltonian energy operator,

~2

ﬁo =P, V()
2m

[4-3]
where p is the momentum operator, m is the mass of the electron and V(r) is the self

consistent screening potential energy operator, which accounts for the effects of the
other electrons on the independent electron as well as surface effects.

If this system is subsequently perturbed by the absorption of a photon, the
introduction of an electromagnetic wave of vector potential A will change the

momentum operator such that it becomes®®,

[4-4]
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And the new perturbed Hamiltonian can be written as,

2
H= L[f) +£A] +V(r)
2m c

[4-5]
If this equation is expanded we see that,
- 2 252
A= ;’—m+ V(r)+2;;c(ﬁ.A +Ap)+ ;m‘tz
[4-6]
And hence substituting equation [4-3] gives,
H=H,+W
[4-7]

where W is the electron-radiation interaction Hamiltonian. By applying the dipole
approximation®, only linear terms in A apply and hence the electron-radiation

interaction Hamiltonian can be written as,

n

W=-—2"(pA+Ap)
2mc

[4-8]

The transition rate between an initial state | y;> and the final state | y> in relation to an
electron-photon interaction can be given by the Fermi “Golden Rule” expression® such
that,

Py = 2w | W | v 8 (B~ E ~hv)

[4-9]

where y; and yj are the initial state and final state wavefunctions, having energies E;
and Ej respectively. The 8-term ensures that there is energy conservation between Av

and the transition energy (E,— E;). The resulting photocurrent is given by the equation,
27 - 2
PER0) =3 owe| W | wi)] 8 (B -~ o)
[4-10]

The summing over all initial states is an approximation, with a more accurate
summation being one that incorporates all final states as well. However, for a large

density of final states, the modulation of the photocurrent will be negligible. Only for
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low final state energies (<20 eV) does this final state density become significant to the
observed photocurrent and hence for XPS and SXPS experiments this effect will be
trivial resulting in the photocurrent being characteristic of the initial density of states.

(i)  Step two: Propagation of the electron through the solid

Once the electrons have been excited due to the absorption of a photon, they
must make their way to the surface of the solid where they will be emitted and detected.
En route to the surface, it is highly likely that the electrons will be scattered and hence
the resulting photocurrent will be modified. The propagation probability T(E,%v) can be
expressed in terms of the inelastic mean free path of the electron A(E), which is defined
as the average distance an electron with energy E can travel through a solid before being
inelastically scattered. If one considers the number of electrons (N,) that are
photoexcited at a distance x from the surface, then the number of electrons (V) that
actually reach the surface without losing any energy is given by the equation,

N=Naexp( —* )

AE
[4-11]
Hence the propagation probability can be written as®’,
T(E,hv) = exp( . )
ME
[4-12]

If the penetration depth (x) of the photon is assumed to be much larger than A, then the

above equation is thought to be a constant.

(iii) Step three: Electron escape from the solid

Once the electrons have propagated to the surface of the solid, they must possess
enough energy to escape into vacuum. The electrons must have a component of
momentum normal to the surface and enough energy to overcome the work function of
the solid. Therefore the probability of escape from the solid D(E), may be described

simply as zero when the electrons do not possess enough energy to escape and one
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when they do such that,

D(E)=0 when Enom — Evae < ¢
[4-13]

D(E) = ]. Whell Engnn - Eva(; 2 ¢
[4-14]
where Ej o is the component of final state energy normal to the surface and E, is the

vacuum level of the solid.

The final expression for the photocurrent can be written as a product of the three

steps described previously, whereby,

x
ME)

I(E,hv) = %Z'{w,' W I \|l,)l2 s (Ef -E, —hv)exp( )D(E)

[4-15]

The Three Step Model is relatively basic as it neglects many-body effects.
However, it is useful for interpreting the EDC’s obtained by the photoemission
technique used in this work.

4.3 Photo-ionisation cross section

The probability of a transition per unit time for excitation of a single
photoelectron from the core level of interest due to an incident photon flux of 1 cm’s™
is given as the photo-ionisation cross section (o) and is related to the matrix element
lowe IW hy; ) | discussed in section 4.2. The intensity of the transition between the initial
state and the final state is determined by the cross section and since the final state
energy depends on the energy of the incident photon beam, ¢ will also vary with the
photon energy®”. The resulting intensity of a given core level emission peak will vary
with photon energy and the majority of core level emission peaks encounter 2 minimum
in o at certain photon energies known as a Cooper minimum®. Experimentally
observed values of o for individual core levels have been collected and tabulated as a
function of photon energy by Yeh and Lindau®. These tables are of great use when
performing experiments using a synchrotron radiation source as it is possible to

maximise the emission intensity of the core level being studied by tuning the photon
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energy to exhibit the maximum possible cross section. However, this can result in a loss
of surface sensitivity and hence a compromise between surface sensitivity and cross

section usually needs to be found.

4.4 Surface sensitivity

4.4.1 Electron scattering and inelastic mean free path (IMFP)

As the excited photoelectrons propagate through the solid towards the surface,
they can be scattered either elastically or inelastically by scattering centres within the
solid. If an electron is elastically scattered it suffers no loss in energy but can experience
a change in direction and upon detection will provide information on the energy state of
the core level it was emitted from. Inelastically scattered electrons undergo a loss of
energy and may also experience a change in direction. Typically electrons may lose up
to several eV due to inelastic scattering, although scattering by phonons results in a loss
of energy of only a few meV and is negligible compared to the resolution of the
spectrometer. Electrons that do encounter inelastic scattering may do so on a random
number of occasions and hence may lose a significant amount of energy en route to the
surface. Should the electrons still have enough energy to escape from the solid surface
when they arrive, they will have a kinetic energy significantly different to that of the
elastically scattered electrons and will contribute in a random way to the featureless
background to lower kinetic energy on the EDC. Inelastic scattering occurs due to the
creation of electron-hole pairs or by the generation of plasmons, which involve a
collective oscillation of conduction, valence or shallow core level electrons. The
plasmon loss features are not random and result in peaks at roughly 10 to 30 eV on the
lower kinetic energy side of the unscattered elastic emission peak.

The mean free path (1) of an electron is defined as the average distance that an
electron of energy E, can travel through the solid before being inelastically scattered”’.
The value of A for electrons in a solid is greatly dependent on the kinetic energy of the
electron and the relationship between the two is shown in Figure 4-2%. The shape of the
curve is determined by the formation of electron-hole pairs and plasmons typically in
the energy range 20-100 eV. At low energies (below the plasmon energy) electron
scattering is dictated by single-particle electron excitations involving valence electrons

and the ionisation of core levels. The associated cross sections of these processes are
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small compared to other processes and hence the mean free path for such collisions is

about two orders of magnitude greater than for plasmon scattering™.
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Figure 4-2: The dependence of attenuation length A1 on the emitted electron energy
for elements, from Ref. 83.

At energies above the plasmon energy, the plasmon scattering cross section rises
sharply and hence the probability of inelastic scattering increases. This reduces the
mean free path to about a few A. When A becomes this small, electrons emerging from
the surface without loss of energy must have originated from within the first few
monolayers of the solid. It is this aspect of photoemission that makes it a surface
sensitive technique. As the energy of the electrons increases above ~100 eV, the MFP
increases. This is due to the fact that the electrons have a greater velocity and hence are
not influenced-as much by scattering centres. Typically a mean free path of 2 ~ 5 A can
be achieved for electrons with a kinetic energy of around 40 eV. The surface sensitivity
can be altered by changing the photon energy and hence the kinetic energy (see equation
[4-1]) using a tuneable synchrotron radiation source.

44.2 Effective escape depth: Changing the angle of detection

It was discussed in section 4.3 that the photo-ionisation cross section varies with
photon energy. This fact can cause problems when comparing emission intensities of

bulk and surface sensitive spectra as the probability of photoelectron emission will
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change with changing photon energy. However, altering the angle of detection of the
emitted photoelectrons may also increase surface sensitivity®. If we consider electrons
escaping at an angle @ from the normal to the surface as shown in Figure 4-3, those
electrons travelling a distance A through the solid will have come from a depth normal
to the surface given by,

d = Acos@
[4-16]
In normal emission the detector is placed 90° to the surface (i.e. 0° from normal) and
hence electrons detected will have travelled from within a distance d = A from the
surface. If the angle of detection is changed to 60° from normal, the effective distance
the electrons have travelled is given as d = /2, hence halving the effective escape depth

and increasing surface sensitivity.

normal emission
A 60° off

d=Acos@

d=

Figure 4-3: variation of the probing depth d with the analyser angle 6. here 6-60°.
A is the electron mean free path.

4.4.3 Photoelectron diffraction

Changing the angle of electron detection (i.e. rotating the sample in the surface
plane) can prdduce variations in the observed core level intensity. This is known as
photoelectron diffraction, and is due to interference (destructive and constructive)

between the various coherent components of the same photoelectron wavefunctions.
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4.5 Spectral interpretation

The simple picture presented in Figure 4-1 in which the EDC recorded by the
electron analyser is a direct reflection of the density of electron states at the surface of a
solid is experimentally never observed. There are several features present in a real XPS
scan which did not arise from core level electrons but are due to Auger transitions,
satellites X-ray lines and kinetic energy loss processes. It is important to distinguish the
true core level peaks from these parasitic features.

4.5.1 Auger lines

The emission of an electron by the Auger process is described on Figure 4-4.

A
Vacuum
| | Conduction | |
band
Valence Q
NN b NN
0—0—0—0—- Lz,g -—0—0—O0O—
—o—0—0— L —O0—o—0—
K
—O0——0— —0——0—
(a) (b

Figure 4-4: schematic diagram of the process of a KLL Auger transition in a
semiconductor following emission of a photoelectron. (a) the hole left in the K shell
by the photoelectron is filled by an electron from the L; shell and the energy from
this transition is used to eject an electron from the L; 5 shell. (b) the doubly ionised
final state.

Following creation of a hole in the level K, the atom relaxes by filling the hole
via a transition from an outer level, in this example shown as L;. As a result of that

transition the energy difference (EK - Eg) becomes available as excess kinetic energy,

and this excess energy can be used by the atom in either of two ways. It can appear as a
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characteristic X-ray photon at that energy or it can be given to another electron either in
the same level or in a more shallow level, gjecting this second electron (Auger electron)
from the semiconductor®. The energy of the ejected Auger electron in the example of

Figure4-4is

[4-17]

Following emission of a Auger electron, the doubly ionised atom will relax and the
resulting electron transitions can produce more, less energetic, Auger electrons. These
electrons have discrete energies, given by equations similar to equation [4-17]. During
an XPS scan, the Auger electrons are collected together with the photoelectrons and
give rise to Auger lines. As shown by equation [4-17], above the excitation threshold
the energy of Auger electrons is independent of the X-ray energy so that it is possible to
discern Auger peaks from core level peaks by changing the photon energy.

4.5.2 X-ray satellites and ghosts

Satellites peak arise from the fact that standard X-ray sources are not
monochromatic. Besides the principal Ka; 2 line, (2p3s,12 to Is transition) Mg and Al
targets also produce a series of lower intensity lines which results in satellite peaks on
the low binding energy side of the main core level peak. The line positions and
intensities are given in Table 4-1.

Ghost peaks are due to excitation arising from impurity elements in the X-ray
source. The most common ghost is Al K> from a Mg Ka source. This arises from
secondary electrons produced inside the source hitting the thin Al window used to
prevent these same electrons from hitting the sample. This radiation will therefore
produce weak ghost peaks 233.0 eV to higher kinetic energy of those excited by the
dominant Mg Ka; 2. Old or damaged targets can give rise to ghost peaks excited by Cu
La radiation, the main line from the exposed Cu base of the target.

Both satellite and ghost features can be avoided by using monochromated X-
rays produced by dispersion of X-ray energies by diffraction in a crystal such as quartz.
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Separation from Ka.; ; (e€V) and relative intensity (Ka; 2=100%)
Mg Al
X-ray line eV % eV %
Ko’ 45 1.0 5.6 1.0
Ka; 384 9.2 9.6 7.8
Koy 10.0 5.1 115 3.3
Kas 17.3 0.8 19.8 04
Kas 205 0.5 234 0.3
Kg 48.0 20 70.0 2.0

Table 4-1: high energy satellite lines from Mg and Al targets ( from ref. 93)

4.5.3 Loss features

Even with monochromated X-rays, secondary peaks can be observed on the high
binding energy side of the main peak. These features arise from kinetic energy loss
processes such as plasmon loss and shake-up and shake-off effects.

Plasmon losses have been presented in section 4.4.1. These collective oscillations
have fundamental characteristic frequencies and therefore need characteristic energies
for excitation. Photoelectrons from a particular core level that have given up an amount
of kinetic energy equal to one of these characteristic energies are said to have suffered a
plasmon loss. This effect gives rise to plasmon peaks on the high binding energy side of
the main peak, the energy separation between the two peaks being the plasmon
characteristic energy, typically’> 10 to 30 V.

Shake up satellites arise when valence electrons are excited to higher unfilled
levels following photoionisation. To the valence electrons, the loss of a core electron
appears to increase the nuclear charge and causes substantial reorganisation, during
which one valence electron might be excited to a higher level. The energy required for
this transition is not available to the primary photoelectron and thus the two-electron
process leads to discrete structure on the high binding energy side of the photoelectron
peak. In a similar process, called ‘shake off’, valence electrons can be completely
ionised instead of merely excited to a higher energy level. Shake off satellites rarely
result in discrete peaks because the transition from discrete level to the continuum of

unbound states above the vacuum level is not quantified.
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4.6 Core level analysis
The binding energy of a particular core level peak is dependent on the chemical

and electrical environment encountered by the emitting atom. If a change in
environment of the emitting atom occurs, the binding energy of the core level emission
peak will also change, with the difference in energy being described as a shift.

For example, the controlled deposition of a metallic species onto a
semiconductor surface may induce shifis in the binding energy positions of the
semiconductor core level peaks. These shifis can be due to structural, chemical or
electronic changes in the surface region, with the total binding energy shift being a
convolution of the various shifts. It is important that these shifts are distinguished from
one another and hence the analysis of core level spectra is necessary in order to utilise
photoemission as a technique to study solid surfaces and interfaces. The phenomena that

give rise to such binding energy shifts are discussed in the following four subsections.

4.6.1 Structural or surface related shifts

The properties of a surface differ from those in the bulk of a material due to the
abrupt termination of the bulk periodicity. The atoms at the surface therefore relax or
reconstruct in order to minimise the surface energy and hence the binding energies of
electrons emitted from atoms on or near the surface may be different to those emitted
from bulk atoms. It is likely, therefore, that the observed emission from a given core
level will be made up of a number of surface components and a bulk component. The

relative intensities of these components will depend on the inelastic mean free path.

4.6.2 Chemical shifts

When a metal is deposited onto a III-V semiconductor it is possible that a
chemical reaction will occur between the metal and species from the semiconductor’ !
Atoms that are involved in the reaction process will have their chemical environment
modified and the redistribution of valence charge that occurs during bonding is
identified in the EDC by a shift in the binding energy of the core levels. The transfer of
charge may also be affected by the electronegativities of the different elements®

consequently altering the electronic properties of the reacted species.
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4.6.3 Band bending

When the position of the Fermi level shifts in a semiconductor due to the
presence of surface states or the deposition of metals onto the surface, the resulting shift
is known as band bending. This is an electronic effect and occurs due to the transfer of
charge at the surface or interface as described in Chapter 3. This band bending induces a
change in the Fermi level position at the surface compared to its position relative to the
valence and conduction band edges in the bulk. The band bending occurs within the
depletion region, which is usually much larger than the sampling depth of the
photoemission technique. Hence all core level electrons that are detected will have been
subjected to band bending with a subsequent shift in the core level peaks in the EDC. It
is therefore possible to observe the development of the Schottky barrier during the
initial stages of metal-semiconductor interface formation.

In order to determine accurately the extent of the core level shifts, an energy
reference point must be used. In most photoemission studies it is common practice to
measure the Fermi level of the system (in electrical contact with the sample) in order to
obtain an exact position for the Fermi level®. This is easily achieved by scanning the
Fermi edge of a metal, usually gold. The high density of states at the Fermi level in a
metal ensures that emission from this region will be distinct and hence the Fermi level is
easy to measure. Unfortunately this is not the case for a semiconductor, where the Fermi
level often lies within the forbidden energy gap®. In this case it is more productive to
determine the valence band maximum (VBM) and this is found at the cut off point of
the valence band signal and the background signal. By subtracting the valence band
maximum from the Fermi level position (both measured at the same photon energy) it is
possible to determine the clean surface pinning position of the Fermi level within the
band gap. The barrier height formed at metal-semiconductor interfaces (for low metal
coverages) can therefore be estimated by adding the additional band bending due to
metal deposition to the Fermi level pinning position. The meaningful determination of
the energy position of the valence band and Fermi edges is however only possible when
using monochromated X-rays, only relative energy shifts can be observed with a non-

monochromated X-ray source.

4.6.4 Lineshape broadening effects

In some cases it may be hard to identify small core level shifts due to the
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existence of peak broadening effects. The peak broadening is usually described as the
full width at half maximum height (FWHM) of the photoelectron peak AE and is a
convolution of several contributions such that®,
AE = (AE? + AE? + AEY)"
[4-18]

where AE, is the natural or inherent linewidth of the core level, AE, is the linewidth of
the photon source and AE, is the analyser resolution.

The natural linewidth of the core level (i.e. the range in KE of the emitted
photoelectrons) is due to the uncertainty in the lifetime of the ion state remaining after
photoemission®. The broadening due to a synchrotron radiation source is affected by
the beamline optics, and is usually in the range of 0.1-0.6 eV. For a conventional
laboratory unmonochromated X-ray source, this broadening is 0.85 eV for the Al anode
and 0.7 eV for the Mg anode®. The broadening due to the analyser is dependent on the
analyser pass energy and this is discussed in section 4.7.1.

4.6.5 Core level intensities and overlayer growth

Up until now this chapter has dealt with the analysis of the core levels to detect
surface induced, chemical and band bending shifis. These are all attributed to changes in
the binding energy of the core level peaks. In addition to these shifts the intensity of
core level peaks can provide information on the growth mode of a deposited metal
overlayer. As the metal is deposited onto the semiconductor surface, the photoemission
signal from the core levels within the semiconductor will be attenuated due to inelastic
scattering in the growing overlayer.

If the metal grows in a layer by layer mode of growth, the substrate core level

intensity will attenuate as governed by the equation®,

I=1, exp[;—d)

where I, is the clean surface core level emission intensity, d is the thickness of the metal

[4-19]

overlayer and A is the mean free path of electrons in the overlayer. Deviation from this
exponential decay indicates either a non-uniform or clustering growth mode or inter-

diffusion of substrate and overlayer species. Hence it is possible to identify layer by
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layer growth by plotting the intensity of the attenuated signal as a function of metal
overlayer thickness.

The three types of growth mode possible for a layer on a substrate are layer by
layer (Franck van der Merwe mode), islanding (Volmer-Weber mode) and layer by
layer followed by islanding (Stranski-Krastanov mode) and are illustrated in Figure 4-5.

® ©)

G

Figure 4-5: (a) Frank Der Merwe, (b) Volmer-Weber, (c) Stranski-Krastanov
growth modes.

4.6.6 Spin orbit splitting
Many core level peaks split into doublets due to the coupling of the orbital and
spin angular momenta of the electrons. Only core levels with an angular quantum
momentum number £>0 will exhibit doublets and hence core levels such as Is, 2s and
3s will be singlets. The outcome of coupling is the new total angular momentum given
by,
j=4s
[4-20]

where / is the orbital angular momentum and s is the spin quantum number @»)’.

It is evident therefore that electrons with a total angular momentum of j = £+ %2
will have a different energy to those with j = #- %. Electrons with j = £+ ¥ are shifted
to higher binding energy than those with j = /- %. The resulting difference in energy is
known as the spin orbit splitting. The relative intensities of the photoemission peaks in a

doublet are given by the ratio of their respective degeneracies (2/ + 1) as shown below,

_2(£—-s)+1
T 2(£+9)+1

[4-21]

Hence for the d core levels where £ = 2, the ratio of the 3/2 spin orbit component to the

5/2 spin orbit component is 2:3.
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4.6.7 Asymmetric metal core levels

The discussion so far in this chapter has concentrated on the analysis of emission
from core levels in general. However the core level emission spectra will be different
for a metal compared to a semiconductor. The high density of states at a metal Fermi
level compared to a semiconductor results in increased electron scattering and a
subsequent energy loss for those electrons emitted from the material. This has the effect
of producing increased emission intensity at lower kinetic energies, which is observed

as a tail to low kinetic energy side of the core level peak in the EDC.

4.6.8 Deconvolution of core level spectra

It has been discussed in this chapter that photoemission spectra can provide
information on band bending and chemical reactions that occur during the formation of
an interface. In order to interpret the reactions and shifts that take place, it is necessary
to separate the raw photoemission data into its bulk, surface and reacted components.
This can be done using a curve fitting routine on a computer. A mathematical technique
developed by A.A. Cafolla, incorporating the conjugate gradient®® and Levenberg-
Marquardt™ curve fitting methods was used to generate the basic shape of a single core
level, and then the curve fitting routine performed a least squares minimisation to
produce the best fit. A mix of Lorentzian and Gaussian functions, or Voigt function'”,
was used to fit core level spectra. The Lorentzian function models the natural linewidth

of the core hole lifetime and is given by the equation,

1
L(E) = " _
1+ 4( ~E, J
F L
[4-22]
Where E is the energy centroid of the peak and 77 is the full width at half maximum

(FWHM) of the peak.
The Gaussian function represents instrumental and other factors such as phonon

broadening, and is given by the equation,

— - E_EG i
G(E)—expl: 41n2( T, )j|

[4-23]
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Where Eg is the centroid of the peak and /¢ is the full width at half maximum (FWHM)
of the peak.

The Voigt function can be modified by changing various parameters such as the
Lorentzian or Gaussian broadening, the spin orbit splitting of the core level, the
intensity of individual components or the kinetic energy peak position of the
components. Prior to any fit a suitable background must be removed. Inaccurate
removal of the background can lead to discrepancies in peak intensities and positions
and hence distort quantitative data analysis. The removal of the background must take
into account the contribution made by secondary processes such as satellites and
asymmetries. In general, there are two types of background subtraction. The first is a
simple linear background, which is removed by taking a straight line between the first
and last set of points in the spectrum. This method is useful when the signal to noise
ratio is large. The second method is the removal of a non-linear background either in the
form of a polynomial or derived from the method described by Shirley’®.

Once a suitable background has been removed, the fitting can begin. The clean
surface spectrum is fitted with an estimate first, keeping the number of components as
low as possible. Each individual component has a number of parameters that contribute
to its lineshape. These are L(E), G(E), the spin orbit splitting (SOSP) of the core level
being probed and their relative intensities, the peak position and the peak intensity.
L(E), SOSP and relative spin orbit peak intensities were kept fixed during the fitting
routine, as they are inherent of the core levels being probed. The fit of the overall
spectrum is then iteratively refined using the least squares method, and the quality of the
fit is gauged by the Chi-squared (%) value. In comparing different fits of the same
spectra, the fit with the lowest 7 value is usually best, with a value of 77 in the range
10 - 10 units. Once a clean surface has been fitted, the spectrum from the next
incremental metal deposition should be fitted, starting with the same components as the
clean surface fit. This procedure is then repeated for subsequent spectra. If the same
components do not satisfy the lineshape of the new spectrum, it may be the case that
new components need to be added, or others taken away. However it must be noted that
although a fit may have a low #* value, and look alright, in order to be of any use at all,
the fit must make chemical and spectroscopic sense in the context of the metal-

semiconductor material system being studied.
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4.7 XPS at the Material Research Institute

4.7.1 Experimental set-up
A schematic description of the Microlab system is given on Figure 4-6. The

instrument is comprised of an analysis chamber, a preparation chamber and a custom
built metallisation chamber. The vacuum inside the analysis and preparation chambers
is maintained by two LN; trapped oil diffusion pumps to a base pressure of 107"° mbar
while the metallisation chamber is connected to a turbo molecular pump. Samples are
loaded into the preparation chamber through the load-lock and can be transferred to the
metallisation and analysis chambers by ways of a system of railtrack, linear drive and
wobblesticks. The analysis chamber is equipped with a dual anode (Al/Mg) X-ray gun
and a concentric hemispherical analyser (CHA), which will be described in more details
in the next section. An electron lens is used to collect the photoelectrons from the
sample.

The metallisation chamber was specially designed for this work and is described
on Figure 4-7. The sample is placed on the manipulator and is shown facing up. A
quartz crystal used to monitor the flux of metal atoms thermally evaporated from the Ga
and Au sources is shown facing down. The shield function is to prevent metal
deposition on the top viewport. Once the metal flux has stabilised the manipulator is
rotated 180° so that the sample faces down and is exposed to the metal flux. This design

therefore allows controlled in-situ deposition of metal onto the sample surface.

Preparation chamber

Analysis

chamber

Load-lock

Metallisation

chamber

Figure 4-6: schematic of the Microlab set-up (top-view).
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Ga source Au source

Figure 4-7: side view of the custom-built metallisation chamber of the Microlab.

During the course of this work it was necessary to evaporate Ga onto a heated
GaN substrate so the samples were mounted on a low resistivity (0.005 Qcm) silicon
heater plate and held in place by Tantalum clips on specially designed heater stubs that
allowed resistive heating of the silicon strip (Figure 4-8). The stub casing acts as an
earth contact and the isolated screw passing through the body of the stub acts as the
other electrical contact. The sample was heated by passing electric current through the
silicon plate. The relationship between applied current and the temperature of the silicon
was calibrated by way of an Landmark IV infra-red pyrometer operating at a
wavelength of 1.2 pm. An emissivity of 0.4 was used for the silicon. A typical
calibration curve is shown in Figure 4-9 with the accuracy of the temperature

measurement using this technique estimated to be +£25°C.

GaN sample

Silicon plate

>
Tantalum — SS nut

Ceramic
“4— Ni stub
Ceramic
SS screw

Figure 4-8: heater stub designed for in-situ annealing of GaN samples.
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Figure 4-9: temperature versus current calibration curve for the Si plate.

4.7.2 Electron energy analyser
The basic form of a CHA is illustrated in Figure 4-10 and consists of two

concentric hemispheres of radius R; and R,. A potential difference is applied between
the two hemispheres so that only electrons entering with a selected energy known as the
pass energy (E,) reach the detector array of channeltrons via the two hemispheres.

An electrostatic field is set up within the two plates by applying potentials -V;
and -¥; to the inner and outer plates, respectively, with V> greater than 7;. An
electrostatic lens focuses the photoelectrons so that they can pass through the entrance
slit (width w) on the Herzog plate. The median equipotential surface between the two
hemispheres has a radius Ry and the entrance and exit slits are centred on this surface.
The potential ¥, along the equipotential surface is given by®,

_HR VR,

Vo IR
[4-24]

The Herzog plate retards or accelerates the electrons to the pass energy and the electrons
travel in a circular orbit of radius R, through the hemispheres to the exit slit where they

are detected. The relationship between analyser pass energy (E,) and the potential
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difference (4V) across the hemispheres is given by®,
eAV =E, [—R—2+ ﬁ)
R R
[4-25]
If the pass energy is kept constant during an experiment, the voltage on the Herzog plate
must be scanned in order to obtain an EDC. For example, to scan an energy range of 35-
45 eV with a pass energy of 20 eV, the retard voltage would have to vary from 15-25

eV in accordance with the equation'®?,

Ei.=E,+ eV,
[4-26]

In this case the EDC’s are acquired in constant analyser energy (CAE) mode and the
resolution of the spectra is kept constant for all core levels since the detected electrons

all have the same energy, E,. The resolution of a CHA is given by,
AE_ w  (6a)

E, 2R 4

P (4

[4-27]

Here, w is the entrance slit width, Ry is the radius of the electrons circumventing the
hemispheres and S is the acceptance angle of the analyser. From equation [4-27] it can
be seen that the resolution of the analyser can be improved by either reducing the pass
energy or the slit width. However, a reduction in the slit width will also reduce the
intensity of detected photoelectrons, and hence a compromise between resolution and

intensity must be found.

Herzog plate  Channeltrons

Figure 4-10: details of the concentric hemispherical analyser from the Microlab
system. The electron path is represented by the dotted line.
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4.8 SXPS at Daresbury laboratory

The experimental set-up of beamline 6.1 used during the SXPS experiment at
Daresbury Laboratory is presented on Figure 4-11. The sample holder can be rotated
360° so that the sample can be exposed to the incoming photons or to either of the metal
sources. The sample holder also allowed electron bombardment heating of the sample
plate. The electron analyser is a cylindrical mirror analyser (CMA) which working

principle is similar to the CHA described in the previous section.

Electron multiplier
Electron energy / <«— Inner cylinder
analyser / %, |[«—— Outer cylinder

Retarding grid

hv
Sample
holder

Ag source Ga source

Fast entry
load-lock

Figure 4-11: schematic of the beamline 6.1 analysis chamber. The dotted lines
represent electron trajectories.

Two cylinders are arranged coaxially, with the inner at ground potential and with
a negative potential on the outer. Electrons emitted from the sample are retarded or
accelerated to the pass energy Ep by the spherical grid and move in field-free space

towards an annular aperture in the inner cylinder. Electrons with the right angular
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spread Sa pass into the space between the cylinders and are deflected by the negative
potential on the outer cylinder through a second aperture and are collected by an
electron multiplier. For small values of da the energy resolution of the CMA is :

%E— =2.75(6a)’

P

[4-28]

4.9 Transmission Electron Microscopy

The cross-section TEM observations were carried out on a Hitachi H800-NA
electron microscope operating at 200 keV at Barcelona University. This section gives a

brief description of the fundamental principle of TEM and sample preparation.

49.1 Principle

Transmission electron microscopy can be used for the structural characterisation
of metal-semiconductor interfaces. In the technique of TEM electrons are emitted by a
hot tungsten wire and accelerated through a potential difference of ~50-200 kV resulting
in fast electrons (A ~ 5-2.5 x 107> m). Three lenses as shown in Figure 4-12 control the
beam of electrons. The condenser lens produces a nearly parallel beam that is incident
on a very thin sample. The sample must be very thin so that the electrons do not lose
energy as they pass through it. The transmitted electrons are collected at the objective
lens of the microscope and a magnified image is produced which acts as the object for
the projector lens. This lens magnifies the image even further, and projects the final
image onto a fluorescent screen or photographic plate. In a TEM micrograph contrast
between adjacent areas is produced because the electrons are scattered by differing
amounts in areas with differing lattice parameters. The system must be maintained at a
high vacuum of ~10""mbar.

The resolution of the system is essentially defined as the smallest separation of
two points in an object that can be distinctly reproduced in the image. The limit of
resolution can be given as'®,

(4)=1.22fV/D
[4-29]
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where A is the De Broglie wavelength of the electrons, f is the focal length of the lens
and D is the lens aperture diameter. Hence a reduction in the wavelength of the
electrons will result in better resolution for a system with fixed dimensions. The De

Broglie wavelength can be given as,

o
i

[4-30]

hence an increase in the energy of the electrons () will result in a reduction in the
wavelength of the electrons. Increasing the applied potential difference can therefore
enhance the resolution in a TEM. A typical resolving power of a TEM is ~0.5 nm while

the best attain < 0.2 nm'*

(9939-"-‘ Electron gun

Condenser lens#1
Condenser lens#2
Electron
transparent -
specimen
< P Objective lens
>< Intexmedlate lens#1
Intermedlate lens#2
PIQ] ector lens

Image screen

<X><

Figure 4-12: ray diagram of the main components of a transmission electron
microscope (TEM)
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49.2 Sample preparation

Cross sectional samples were produced by cutting the metallised samples
resulting from the XPS experiments into thin strips and then bonding them together
metal overlayer to metal overlayer as in Figure 4-13. The sandwiches were then
subjected to a mechanical flat polish, which reduced them to a thickness of about 50
um. A subsequent mechanical concave polish reduced the thickness further to 20-25
um. Once at this thickness, the sample was mounted on to a copper ring of 3.05 mm
diameter and centred over a 600 pm diameter hole in the middle of the ring. It was then
transferred to a Gatan ion milling machine where it was Ar’ etched until it became
perforated. During ion milling, a low energy (4 keV), low intensity (0.15 mA) ion beam
was used. Once the samples had been ion milled to a stage where they were transparent,

they could be transferred to the electron microscope for TEM studies.

GaN/ALLO3
N A
@) \ 4___u_ Bonding glue
% Au

GaN/ALO;

® N $ 20 pm

) l\m\ $ 0.01 pm

Figure 4-13: schematic of TEM sample preparation, (a) “sandwich” of two Au-
GaN contacts, (b) after mechanical polishing and (c) after ion beam milling.
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4.10 Transport measurement

The experimental set-up of the I-V measurement rig is schematically described
on Figure 4-14. Two sharp probes are placed into contact with the processed sample,
one probe on the diode to be measured and the other on the large area contact used as an
Ohmic contact. Micrometric Verniers and binoculars allow accurate positioning of the
probes. A voltage source applies a bias across the probes and a Keithley pico-ammeter
measures the current flowing between the diode and the Ohmic contact. The voltage
source and the pico-ammeter are controlled by a personal computer. The software
allows the selection of voltage range, step size, acquisition time and noise reduction

filters. Finally, the I-V characteristic is saved as an ASCII file.

Probes

Sample

Pico-Ammeter Voltage source

Personal computer

Figure 4-14: schematic of the I-V measurement experimental set-up.
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Chapter 5: Cleaning of GaN

5.1 Introduction

Pre-metallisation surface treatment is a crucial step in semiconductor-metal
contact formation. For practical contacts, used in device manufacture, metal layers are
normally deposited without in-situ cleaning in UHV. The typical procedure consists of
degreasing in organic solvents followed by acid etching, Ellipsometry studies'®
conducted on GaN epilayers showed that this treatment is efficient in removing a 20-
50A thick overlayer. 50 % of this layer consists of transparent organic and inorganic
contamination, which was readily removed by H,0 and solvents while the other half,
presumably oxide, was removed by the acid. We have seen in Chapter 2 that a wide
range of chemical solutions have been used in an effort to improve the electrical
behaviour of practical contacts®™* to GaN. In a recent review®’, it was found that HF:DI
H,0 solution yielded the best results in terms of removing O and C contamination from

the surface.
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Practical surfaces are, however, far from being atomically clean. Even if most of
the native oxide layer has been removed by the chemical treatment, the GaN surface has
to be exposed to air prior to metal deposition, thus leading to re-oxidation of the surface.
As discussed in section 2.2, atomically clean GaN surfaces have been produced by a
number of in-situ cleaning techniques, such as gallium deposition, reduction and re-
evaporation. Several groups*®*! have used this technique, also referred to as Ga reflux,
to prepare clean, well ordered GaN surfaces. The underlying principle is highlighted in
Figure 5-1: Ga atoms are deposited onto the contaminated GaN surface (a), Ga atoms
bond with O atoms while C contaminants ‘float’ on top of the metallic Ga layer52 (b),
both O and C are removed during re-evaporation, leaving a clean GaN surface (c). The
substrate temperatures quoted in the literature for step (c) range from 700°C to 950°C.
This wide variation may be due in part to the difficulty of measuring temperature
accurately in UHV. Ga deposition has been conducted at room temperature”, at the

same temperature as for step (c)***° and intermediate temperature***".

OO OO0 G

1~H t

GaN GaN

@ ) ©

Figure 5-1: the three steps of the Ga reflux cleaning process, (a) Ga deposition, and
(b) reduction and (c) re-evaporation.

In this chapter, we present an SXPS and XPS investigation of three, increasingly
complex, cleaning procedures. The first surface preparation method is similar to that
used in practical contact formation and consists of solvent degreasing and acid etching
in an HF solution. The second method involves high temperature (T~600°C) annealing
in UHV while the third surface under investigation was cleaned by the Ga reflux
method. Finally, transport measurements from Ag-nGaN contacts formed on the third
surface are presented and compared to the photoemission results.

The 1.8 pum thick GaN epilayer used during the SXPS and I-V experiments was
grown by MBE on sapphire. The layer was n-type, non-intentionally doped with an
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electron concentration of about 6x10'® cm™ and a mobility of 240 cm®V's™ at room
temperature. The XPS experiments were conducted on 1.1 pm thick GaN epilayers,
grown on sapphire by MOCVD; with an electron concentration of 2x1 0" cm> and a

mobility of 41 cm?V™'s™? (at room temperature) , as determined by Hall measurement.

5.2 Wet chemical etching in an HF solution

Figure 5-2 shows the effect of HF etching on the elemental composition at the
surface of GaN. The surface labelled ‘oxidised’ was merely cleaned in organic solvents
(acetone, ethanol and H,0) while the sample labelled as etched’ was in addition dipped
in a HF solution for 1 minute. The HF (45%, Aristar grade) was diluted 10 times in de-
ionized (18 MQcm) water.

The O Is to Ga 3d ratio following the HF dip decreases from 0.5 to 0.3 at normal
emission and from 0.81 to 0.53 at 60°ff normal emission, indicating that O
contamination has been effectively reduced at the surface. The amount of C, however,
remains the same. The N /s normalised intensity from the oxidised surface is less at
60°off normal emission than at normal emission, suggesting that the surface is Ga rich.
The ratio increases after etching, possibly indicating that the surface is becoming more
stoichiometric. One of the samples also showed signs of Na contamination, which the

HF etch removed.
Normal emission 60°off normal emission
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Figure 5-2: normalised XPS core level intensity from the oxidised surface and the
HF etched surface at normal and 60°off normal emission. The intensities have been
weighted by an empirical sensitivity factor and normalised to the Ga 3d intensity.
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Figure 5-3 shows that etching altered the peak shape of the O Is core level, indicating a
change in the chemical phases of O at the surface, possibly partial removal of the native
oxide. The difference in the peak shapes at normal and 60°off normal emission also
suggests that O from the uppermost layers exists in a different chemical state to those
underneath. This could be interpreted by a layer of adsorbed molecules, such as water
vapour, on top of the native oxide.

The effect of HF etching on the Ga 3d core level is shown on Figure 5-4. The
SXPS raw spectra have been fitted with Voigt functions, using the curve fitting
software, TCFIT. A Lorentzian parameter of 0.18 eV was used. Several groups have
used Lorentzian parameter ranging from 0.1 eV to 0.2 eV'°19%19%1% ¢4 fit Ga 3d core
level SXPS scans taken on GaAs material, but to the best of our knowledge, no such
work has been done on GaN. The resulting Gaussian broadening was 0.86 eV.
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Figure 5-3: O Is XPS spectra at normal emission (0) and 60°off normal emission
(+) from the oxidised surface and the HF etched surface.

The number of components was kept to a minimum and both spectra were fitted
with two peaks. The main peak is thought to be related to Ga-N bonding. The secondary
peak on the low kinetic energy side of the main peak might arise from Ga-O bonding as
it is reduced by the etch, although the energy offset between the two components is
different: 0.6 eV for the oxidised surface and 0.87 eV for the etched surface.
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A possible interpretation is that several chemical phases of Ga oxide could
coexist on the oxidised surface such as Ga;03, GaOOH or Ga(OH); resulting in a large
component 0.6 €V away on the low kinetic energy side of the Ga-N peak. Some of these
oxide phases could then be etched away by the HF dip, resulting in the observed drop of
the O s normalised intensity and changes in the O Is peak shape. As the surface was
exposed to air between etching and loading in UHV, it is likely that a fresh oxide layer
was formed, containing oxide states different from the thick original oxide layer, thus
resulting in a smaller secondary component 0.87 away from the Ga-N peak. The Ga-N
peak was also shifted 0.25 eV to higher kinetic energy by the HF etch.
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Figure 5-4: Ga 3d SXPS core level spectra for the oxidised and HF etched surfaces.
The scans have been recorded using a photon energy of 66 eV and the kinetic
energy scale has been corrected so that the energy position of the Fermi level is the
same for both spectra (61 eV). The raw data (open circles) have been fitted with
two components (dashed line). The resulting fit is shown as a solid line.
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5.3 UHV annealing

Figure 5-5 gives the intensity of the N s and O Is core levels normalised to the
Ga 3d core level intensity (intensities extracted from XPS scans) after annealing at
600°C (£50°C) in UHV for 10 min. The O /s normalised intensity is lowered to 0.15 at
normal emission and 0.38 at 60° off normal emission, indicating that the amount of
oxygen contamination is less than for the chemically treated surface. This is in good

agreement with Auger Electron Spectroscopy studies performed by Smith et al. o
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Figure 5-5: normalised N Is and O Is core level intensity from the oxidised and
600°C annealed surfaces at normal and 60°off normal emission. The intensities
have been weighted by an empirical sensitivity factor and normalised to the Ga 3d
intensity.

Figure 5-6 shows the SXPS spectra of the Ga 3d core level from the oxidised
surface and after annealing at 830°C. The 830°C spectrum has been fitted with the same
two components as the spectra from the etched surface of Figure 5-4. Annealing at
830°C causes the Ga-N component to shift by +0.7 eV to high kinetic energy. As the
valence band spectra, shown on Figure 5-7, display a similar shift, it is likely that this
shift is a rigid Fermi shift corresponding to upward band bending at the surface. Upward
band bending has been observed before as a result of annealing in UHV'! and has been

tentatively attributed to the creation of Ga vacancies, which act as acceptor states.
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Figure 5-6: Ga 3d SXPS core level spectra for the oxidised and 830°C annealed
surfaces. The scans have been recorded using a photon energy of 66 eV and the
Kinetic energy scale has been corrected so that the energy position of the Fermi
level is the same for both spectra (61 eV). The raw data (open circles) have been
fitted with two components (dashed line). The resulting fit is shown as a solid line.
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Figure 5-7: SXPS valence band spectra for the oxidised and 830°C annealed
surfaces. The scans have been recorded using a photon energy of 74 eV and the
Kinetic energy scale has been corrected so that the energy position of the Fermi
level is the same for both spectra (69 eV).
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The secondary component appears slightly larger for the 830°C surface than for the
etched surface (Figure 5-4), which suggests that it might not be oxide related as the O
content is reduced by the anneal. Alternatively, chemisorbed O could be incorporated
into the oxide layer during the annealing process'"!, which would explain the increased
intensity of the secondary component. According to this interpretation, the drop in O
content at the surface could be explained by the desorption of physisorbed O during the
anneal and/or removal of O chemically bonded to N rather than Ga. Figure 5-8 shows
that annealing at 600°C results in a significant reduction of the high binding energy
shoulder of the N Is XPS peak, which could be attributed to the diminution of a N-O

component.
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Figure 5-8: N Is XPS spectra, taken at 60° off normal emission after HF etching
(diamond shape) and annealing at 600°C in UHV (open circle). The annealed scan
is plotted using the top binding energy x-axis which has been shifted 0.35 eV so

that the two peaks are superposed.
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5.4 Ga reflux cleaning

Figure 5-9 compares the elemental composition, extracted from XPS scans, at the
surface of the oxidised sample and the sample subjected to 2 cycles of cleaning by the
Ga reflux technique: 30 A of metallic Ga were deposited onto the sample, which was
held at a temperature of 600°C, then the sample temperature was ramped up to 900°C in
order to re-evaporate the deposited Ga. The O Is normalised intensity is drastically
reduced by the cleaning technique, such that the amount of O left on the surface is
barely above the detection threshold of the instrument (0.1-1 %). The C Is normalised
intensity is also significantly reduced although not to the same extent as the O Is

normalised intensity.
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Figure 5-9: normalised XPS core level intensity from the oxidised surface and the
surface cleaned by the Ga reflux technique at normal and 60°off normal emission.
The intensities have been weighted by an empirical sensitivity factor and
normalised to the Ga 3d intensity.

The cleaning process has in addition caused a Fermi shift to lower binding
energy, as indicated by the peak position of the Ga 34 and N Is core level on Figure
5-10. The binding energy shift from HF etch to Ga reflux for both core levels is 0.45
eV.
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Figure 5-10: Ga 3d and N Is XPS spectra, taken at 60° off normal emission after
HF etching and 2 cycles of Ga reflux cleaning.

In order to gain more insight into the origin of this 0.45 eV Fermi shift, a SXPS
experiment was performed which focussed on the effect of metallic Ga deposition and
subsequent re-evaporation. Figure 5-11 shows the evolution of the SXPS Ga 3d core
level spectra throughout this experiment. The sequence of surface treatments was as
follows:

a) The sample was dipped in HF:DI H,O solutions (1:10) and (1:40) for 1 and 2
min., respectively.

b) 40A of high purity Ga were deposited at 600°C, the sample was then annealed at
700°C for 10 min.

c) As metallic Ga remained on the surface, the sample was annealed at 775°C for
another 10 min.

d) Second 40A Ga deposition at 600°C and anneal at 775°C.

e) 30A Ag deposition at room temperature.

It can be noted that the temperature at which Ga desorption is achieved is
considerably lower than for the XPS experiment. This is probably a consequence of the
different temperature measurement methods, pyrometer for the XPS experiment and

thermocouple for the SXPS experiment.
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Figure 5-11: SXPS spectra of the Ga 3d core level taken using a photon energy /v
= 66 eV from the GaN surface after: (a) HF etching, (b) 40A Ga deposition at
600°C and anneal at 700°C, (c) anneal at 775°C, (d) second 40A Ga deposition and
anneal at 775°C and (e) Ag deposition.

The two components labelled C1 and C2 used to fit the HF etched peak are the
same as in section 5.2. The energy offset of 0.87 eV between the two components was
kept constant while fitting the raw data from the other steps of the experiment. A third
component C3 was introduced 1 €V on the high kinetic energy side of the main

component for scans (b), (d) and (). The main component C1 is thought to be related to
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Ga atoms bonded to N while the higher kinetic energy satellite C3 is likely to arise from
Ga to Ga bonding®*. The lower energy satellite C2 could be caused by Ga-O
bonding***% or it could be a surface component. The N 2s peak (although of very low
intensity due to its small ionisation cross-section at this photon energy) is also apparent
3.2 eV away from the Ga-N peak, as has been reported previously’>'2. The deposition
of metallic Ga on the surface causes the Ga-N component (C1) and its low energy
satellite C2 to shift by +1.0+0.1 eV (plot (b)) toward higher kinetic energy. Following
the 775°C anneal, and the removal of metallic Ga, the two components shifted back by -
0.640.1 eV (plot (c)). The second Ga deposition and following anneal at 775°C
produced a negligible shift (0.05 eV), even with a small coverage of Ga remaining (plot
(d)). Similarly, no further shift was resolved following the deposition of 30A of Ag
(plot (e)), implying that the Fermi level is firmly pinned.

Valence band scans, obtained following each treatment stage are shown in
Figure 5-12. Comparing the evolution of the valence band with the Ga 3d core level
(Figure 5-11), it is clear that shifts are generally comparable in trend and magnitude.
This, added to the fact that the N 2s core level seems to follow the shifts undergone by
the Ga 3d peak, suggests that the shifts observed are genuine Fermi shift and correspond
to rigid band bending at the surface. Table 5-1 gives a summary of the shifts undergone
by the Ga 3d core level, from the oxidised surface to Ag deposition. The total shift from
oxidised surface to Ag deposition is 0.7 eV while the shift from HF etched surface to Ga

reflux surface is 0.45 €V, in excellent agreement with the XPS results presented earlier.
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Figure 5-12: SXPS valence band spectra taken using a photon energy v =66 eV
from the GaN surface after: (a) HF etching, (b) 40A Ga deposition at 600°C and
anneal at 700°C, (c) anneal at 775°C, (d) second 40A Ga deposition and anneal at
775°C and (e) Ag deposition.

Surface treatment Kinetic energy shift (V) | Absolute kinetic energy shift (eV)
Oxidised 0.0

HF etch +0.25 +0.25

40 A of Ga at 600°C +1.0 +1.25

and 700°C anneal

775°C anneal -0.6 +0.65

40 A of Ga at 600°C +0.05 +0.70

and 775°C anneal

30 A of Ag atRT 0.0 +0.70

Table 5-1: summary of the relative and absolute kinetic energy shifts of the Ga-N
component from the oxidised surface to the final Ag deposition.
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The partially reversible band bending and subsequent pinning of the Fermi level
can be interpreted with a combination of the Metal Induced Gap State (MIGS) model
and the Unified Defect Model (UDM) described in section 3.1.3. MIGS are associated
with the tails. of the conduction electron wave functions in the deposited metal
penetrating into the semiconductor. They can be created at the interface in sufficient
density to replace any intrinsic electron states which might have been present on the free
surface and pin the Fermi level®’. Considering the origin of MIGS, the pinning of the
Fermi level is a reversible event: removal of the metal would cause the surface to revert
to its intrinsic states. One interpretation is that the initial Ga deposition creates MIGS at
the interface as well as irreversible structural defects, both factors contributing to
produce a shift in the Ga3d core level of 1 eV towards higher kinetic energy. The
subsequent 775°C anneal removed the Ga and therefore the MIGS, not only causing a
shift of 0.6 eV to lower energy but possibly also creating more defects, since further Ga

and Ag metallisation left the Fermi level unchanged.

5.5 Ag contacts: transport measurements

A thick layer (>500 A) of Ag was deposited in-situ at the end of the SXPS
experiment and circular diodes (diameters of 170 um, 220 um, 440 pm, 640 pm and
880 um) were then fabricated using conventional lithography. The Ohmic contact was
provided by the large area gold contact deposited before the SXPS experiment in order
to prevent surface charging.

The contacts clearly exhibit rectifying behaviour as shown on Figure 5-13. The
Schottky parameters, zero-bias barrier height and ideality factor, have been extracted by
fitting the linear region of the forward current curve with equation [3-35] for diodes
with a linear region large enough to permit an accurate fit (linear for 2 or more
decades). The I-V characteristics of the best diode (with the lowest ideality factor of
1.56), and a typical diode where determination of the Schottky parameters is impossible
are given in Figure 5-13 (a) and (b), respectively. About half of the diodes measured

belong to the latter case, some of them even having Ohmic-like I-V characteristics.
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Figure 5-13: I-V characteristics of (a) the best and (b) a typical Ag-nGaN circular
diodes (diameter 170 pm). The ideality factor and zero-bias barrier height
extracted from (a) are 1.56 and 0.80 eV, respectively.

It is worth noting that small diameter diodes (170 um and 220 pm) tend to yield
better I-V curves than large diameter diodes. The curves of Figure 5-13 display
evidence of recombination and tunnelling current at low forward bias which is more
apparent for the typical diode. The reverse current is also more important than expected
from equation [3-32]. This is probably due to generation and tunnelling currents. Figure
5-14 shows the evolution of the I-V curve of a typical diode with temperature. The
thermionic emission current steadily decreases with decreasing temperature, as expected
from equation [3-32], but the fact that there is still a significant amount of current even
at 13 K, confirms the presence of recombination and tunnelling contributions to the total
current. As seen in sections 3.2.2 and 3.2.3 (equations [3-27] and [3-29]), these

transport mechanisms are far less temperature dependant than thermionic emission.
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Figure 5-14: I-V characteristics of an Ag-nGaN Schottky diode at various
temperatures.

The zero-bias barrier height and ideality factor of all the diodes from which
determination of the Schottky parameters was possible are given in Figure 5-15. The
barrier heights and ideality factors range respectively from 0.52 eV to 0.80 eV and 1.56
to 3.35. The measured barrier heights are in reasonable agreement with the 0.7 eV
upward band bending observed by XPS. The departure from ideality is attributed to
tunnelling and recombination currents. Figure 5-15 also shows that ideality factor and
zero-bias barrier heights are correlated. The high barriers correspond to low ideality
factors, which is to be expected since tunnelling and recombination currents lower the
measured barrier because of the extraction method. This wide range of values for both
Schottky parameters has been observed before for Ag-nGaN and Pb-nGaN diodes*® and

13 the origins of

has been interpreted in terms of laterally non-uniform Schottky barriers
which remain an open question. It is possible that the high density of threading
dislocations caused by the substrate lattice mismatch results in a random distribution of
surface point defects acting as tunnelling and recombination centres. Structural defects

have been put forward as a possible origin of tunnelling and recombination currents in
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metal/semiconductor systems such as Au-Si-GaAs'" or metal-InAlAs!>"®,  This
random distribution of tunnelling and recombination centres could explain the large
differences in transport characteristics observed from diode to diode as well as the fact
that large dots are more likely to have a higher contribution from tunnelling and

recombination currents than small area contacts.
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Figure 5-15: zero-bias barrier height versus ideality factor for a number of Ag-
nGaN Schottky diodes. The solid line is a least-square fit to the data points.

The variation of the zero-bias barrier height with the ideality factor has
prompted researchers to find a better method to determine the barrier height. Wagner et
al.™ proposed a way of finding the flat-band barrier height from the ideality factor and
the zero-bias barrier height (equation [3-43]), thus providing a more universal value for
the barrier height, independent of tunnelling and recombination effects. Alternatively,
Kampen and Monch®®'" found that the dependence of the barrier height on the ideality
factor was roughly linear, so that by extrapolating the linear fit to the value of n=1.01
(where the departure from ideality is only due to image force lowering) one would
obtain a value of the barrier height free of recombination and tunnelling effects. The
flat-band barrier height method has been used widely in the past, while the extrapolation
method is much more recent. Since the contacts studied in this work present a linear
correlation between barrier height and ideality factor (Figure 5-15), a comparison of the
two methods is attempted on Figure 5-16 where only results from diodes with ideality
factors less than 2 have been used. The flat-band barrier height distribution is fairly
constant although the spread in values is quite large (0.15 eV). The average flat-band
barrier height is 1.21 eV while the extrapolated barrier height is 0.92 eV. Since Ag
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possesses a relatively low work function (4.1 eV), both these values seem much higher
than expected according to the published results presented in Figure 2-1 and Table 2-6.
It is probable that the high ideality factors observed in this work make it difficult for
these methods to yield realistic values. As a result, the zero-bias barrier height of the
best diode and the mean barrier height of diodes with ideality factors lower than 2 seem

more realistic and representative. These values are given in Table 5-2.
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Ideality factor

Figure 5-16: distribution of the zero-bias barrier height (diamond shapes) and flat-
band barrier height (squares) versus ideality factor for Ag-nGaN Schottky diodes.
The solid line is a least-square fit to the data points.

Parameter {Mean |Standard deviation |Best diode
do(eV) | 0.70 0.054 0.80
n 1.78 0.15 1.56

Table 5-2: summary of transport measurements on Ag-nGaN diodes. Statistics are
derived from 11 diodes.

5.6 Summary

In this chapter we have studied the effect of three different, increasingly complex
surface treatments on the GaN surface. The following points can be made:
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Wet chemical etching, performed using a HF:DI H,O solution, reduces the amount
of O contamination at the surface but fails to remove C contamination.
Additionally, etching causes a 0.25 eV upward band bending.

UHV annealing lowers the amount of O further, possibly by removing adsorbed
molecules and O chemically bonded to N. Annealing the oxidised surface at 830°C
produces a 0.7 eV upward band bending, while annealing the HF etched surface at
600°C results in a 0.35 eV upward band bending.

The Ga reflux cleaning method reduces O contamination to levels barely
detectable by XPS and causes a significant drop of C contamination. The Ga reflux
cleaning also causes an upward band bending of 0.45 eV. Ga deposition at 600°C
induces a 1.0 eV upward band bending from the HF etched surface, which
corresponds to the formation of a Schottky barrier. Upon desorption of the Ga, the
bands bend back 0.6 eV, which seems to indicate that the barrier formation
mechanism can be explained by a combination of the MIGS and unified defect
models.

Ag-nGaN contacts were formed in UHV after two cycles of Ga reflux cleaning and
characterised by I-V measurements. The best diode yielded a barrier height of 0.80
eV for an ideality factor of 1.56. These results are in good agreement with the band
bending measured by SXPS and very similar to those reported by Kampen and
Monch™ for their Ag contacts formed on atomically clean nGaN.
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Chapter 6: Au-nGaN contact formation

6.1 Introduction

Gold is one of the most important metal in semiconductor device fabrication
because of its excellent electrical conductivity and its resistance to oxidation.
Additionally, its high work function (5.2 eV) means gold is an ideal choice for Schottky
rectifiers on nGaN and Ohmic contact to pGaN. We have seen in Chapter 2 that gold
contact formation has been widely investigated by current-voltage and capacitance
measurement techniques. These works report that gold does indeed form rectifying
contacts on nGaN with measured barrier heights ranging from 0.80 eV to 1.1 eV. This
wide range of values is thought to be a consequence of different growth techniques and
parameters, surface polarity and/or surface treatment.

Koyama ef al.®® recently reported the influence of pre-deposition surface
treatment on the electrical characteristics of Au contacts on nGaN. They found that
diodes formed after cleaning in organic solvents exhibited high leakage currents and
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poor ideality factors, while those formed after an HF/HCI treatment were nearly Ohmic.
On the other hand, contacts thermally deposited after cleaning in a warm NH,OH
solution or electro-deposited exhibited near ideal electrical behaviour. This study, as
well as the wide range of values reported for Au-nGaN Schottky barrier heights,
highlight the relevance of a systematic investigation of the influence of pre-deposition
surface treatment.

Furthermore, only two groups® > have reported XPS studies of Au deposition on
atomically clean nGaN, and while the XPS measured barrier heights are similar in both
cases, the mechanisms by which this barrier is reached differ widely. Wu ef al. found
that their 1.2 eV barrier was due to an initial upward band bending at the bare GaN
surface of +0.7 eV and to a further +0.5 eV, as a result of Au induced band bending.
Sporken et al. reported a bare surface band bending of +2.2 eV and a —1.05 eV
downward band bending following Au deposition.

The divergence between the two experiments clearly calls for further XPS
investigations in order to clarify the Au-nGaN contact formation mechanisms.
Furthermore, the effect of surface preparation prior to metallisation has not yet been
investigated by XPS. In this chapter, we compare the XPS results and I-V
characterisations of Au contacts deposited on nGaN after three different surface
treatments: ex-situ chemical cleaning in HF solution, in-sifu annealing at 600°C for 10

minutes, and in-sifu cleaning by the Ga reflux technique.

6.2 Experimental details

The samples used in all three experiments were cut from the same GaN epilayer.
The 1.1 pm thick GaN layer was grown by MOVPE on sapphire along the c-axis. Hall
measurements yielded a carrier concentration of 2x10" ¢cm? and a mobility of 41 cm?V-
15! at room temperature. The experimental procedure was as follows:

e Ex-situ surface treatment

Prior to loading in UHV, all three samples were degreased in acetone and dipped
in HF:DI H,O (1:10) for 1 minute. Two strips of Au were evaporated on the edge of the
sample using a conventional Edwards evaporator (base pressure of 10 mbar) in order
to prevent charging during the XPS experiments. Figure 6-1 shows that these contacts
clearly exhibit Ohmic-like behaviour.
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Figure 6-1: current-voltage characteristic of two large area Au contacts deposited
on both edges of the GaN sample, as shown by inset diagram.

o In-situ surface treatment
After loading in UHV, two of the three samples underwent an additional in-situ
surface treatment: the first sample was annealed at 600°C for 10 minutes while the
second sample was subjected to two cycles of Ga reflux cleaning. The third sample was
used for the control experiment. The sample temperature was monitored with an optical
pyrometer.
e Au deposition
Au was deposited in steps of increasing thickness from sub-monolayer coverage
to several monolayers, as shown on Table 6-1. The thickness was measured by a quartz
crystal monitor (see section 4.7). XPS scans of the Ga 3d, Ga 2ps/», N Is, and Au 4f core
levels and the valence band were recorded at normal emission and 60° off normal
emission before and after every deposition. A thick layer of Au was deposited at the end

of the experiment to facilitate the processing of the samples into circular diodes for I-V

characterisation.
Incremental deposition 05 (05 [1[2 (3|5 |8 15 {20 | 1500
thickness (A)
Total coverage (A) 0.5 |1 214 1{7 12 20 |35 |55 |2000

Table 6-1: sequence of Au depositions.
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e Diode processing
The Au-GaN samples were patterned by conventional lithography with circular
dots of diameters of 0.17 um, 0.22 pm, 0.44 pm, 0.64 pm and 0.84 pm. A KI:DI H,O
solution was used to etch the Au and expose the underlying GaN surface. The Ohmic
contact was provided by a large area Au contact left on the sample during lithography
(see Figure 6-1).

6.3 Deposition on in-situ annealed surface

63.1 Core level intensity

The core level attenuation plots for the Ga 3d, 2ps;, and N Is core levels are
displayed on Figure 6-2. As expected, the intensity drop with Au coverage is sharper at
60° off normal emission because of the shorter photoelectron escape depth. Similarly,
the Ga 2ps. core level intensity drops faster than the Ga 3d or N Is because of the
difference in photoelectron kinetic energy, which makes the Ga 2ps; core level more
surface sensitive.

The escape depth, or photoelectron mean free path A can be calculated from the
atomic mass A of the element, the bulk material density o, the Avogadro number N and

the photoelectron kinetic energy Ex;, with the following equation'!’:

A(gmol 0™
p(kgm™)N(mol™)

1
Anm) =o.41[ EK,-,,(eV)}2

[6-1]

Both graphs of Figure 6-2 clearly shows two different attenuation regimes:
below 5 A Au coverage the intensity falls rapidly while above 10 A, the drop is less
steep. This behaviour is indicative of layer by layer growth followed by islanding, also
called the Stranski-Krastanov mode. Layer by layer (or 2D) growth leads to exponential

decay of the XPS core levels intensity /, from the substrate as the metal overlayer

I exp(— %)

thickness z increases:

[6-2]
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Figure 6-2: Ga 3d (crosses), N Is (diamond shapes) and Ga 2pi. (squares)
integrated core level intensity as a function of Au coverage at normal emission and
60° off normal emission. The data points are normalised to the same intensity at 0
A Au coverage.

where A is the attenuation length, which is equal to the photoelectron mean free path.

Similarly, the Au core level intensity is expected to increase exponentially:

Tocl- exp(— -;—)

[6-3]
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Fitting equations [6-2] and [6-3] to the experimental data points from the initial stages

of Au deposition therefore yields an experimental estimate of the mean free path

calculated with equation [6-1]. Figure 6-3 shows an example of this fitting procedure

for the Ga 3d core level and Table 6-2 gives the results of the experimental fits

compared to the calculated values. The experimental attenuation length is roughly four

times smaller than the theoretical value, but the dependence of the attenuation length on

kinetic energy and angle of emission is consistent with theory:

(i) The attenuation length at normal emission value is twice that of the 60° off

normal emission case for the Ga 3d, N Is and Au 4f core levels. The fact that the
Ga 2ps» mean free path at normal emission is not double that of the 60° off
normal emission value is probably a consequence of the very small values
involved.

(i)  AGa3a> Anis > Acazp, as predicted by equation [6-1].

It is therefore likely that the quartz crystal monitor consistently underestimated the
Au thickness. This might be a consequence of the design of the manipulator, which
shields part of the crystal area from the Au flux, and the source to sample geometry.
Additionally, the thickness measured relies on the calibration of the crystal and assumes

a sticking coefficient of 1.
100 LN B N O O O N O D O B O
Ga3d 7
53 :
iz -
- |
o e normal =
Zz2 7
= *
60° off
10 U S N N N T TN U O O AT R A A AR . ¢
0 5 10 15 20

Au coverage (A)

Figure 6-3: integrated intensity of the Ga 3d core level at normal emission and 60°
off normal emission as a function of Au coverage. Lines are least square fits to data
points in region 0-2 A.
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Calculated value (A) Experimental value (A)

Normal emission | 60° off | Normal emission | 60° off
Au 4f 18 9 74 3.6
Ga 3d 19 9.5 54 2.6
N Is 16 8 43 24
Ga 2ps» 6 3 2 15

Table 6-2: comparison between calculated values and measured values of the
photoelectron mean free path for the GaN and Au core levels at normal and 60° off
normal emission.

6.3.2 Core level binding energy
Figure 6-4 and Figure 6-5 present the variation of the Ga 3d and N Is core levels

with Au coverage. The peaks have been normalised to the same intensity after removal
of a linear background. Curve fitting the experimental lineshapes indicated that the GaN
core level peakshapes remain unchanged by Au deposition. The binding energy position
of the peak centroids of the two core levels behave in the same way:
(i)  All core level are shifted 0.35 eV towards lower binding energy after annealing
at 600°C compared to the HF etched surface.
(i)  The first Au deposition, of 1 A according to the quartz crystal monitor, caused a
further 0.25 eV shift in the same direction.

(iii)  Subsequent Au depositions did not induce any more variations.
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Figure 6-4: evolution of the Ga 3d core level peakshape with Au coverage at
normal emission.

The absence of chemical changes combined with the fact that the GaN core
levels all behave in the same way, indicates that the binding energy shifts correspond to
a total upward band bending at the surface of 0.6 eV, mainly due to annealing (0.35 V)
and to the first Au deposition (0.25 eV). As seen in Chapter 5, partial desorption of
surface contaminants and the native oxide by the anneal might account for the initial
0.35 eV energy shift, since cleaning of nGaN surfaces has been shown to induce

significant upward band bending®>>>"18,
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Figure 6-5: evolution of the N Is core level peakshape with Au coverage at normal
emission

The Au 4f7, binding energy also changes with increasing Au thickness, from
84.3eVatlAto84eVat55A, as shown on Figure 6-6. 84 ¢V is the binding energy of
clean, metallic Au, used to calibrate the instrument before the experiment. Since the Au
peak is significantly broader at low coverage, the shift is likely to be related to changes

157

in the chemical state of Au. This has been observed before by Sporken et al’’, who

linked this broadening to a high binding energy additional component attributed to
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Figure 6-6: evolution of the Au 4f core level peakshape with Au coverage.

Ga-Au bonding. They reported that this component probably corresponded to only one
atomic plane, indicating an abrupt interface.

The Au 4f7,; core level binding energies of Ga-Au alloys have been measured
using XPS by Jayne ef al.'"® and are given in Table 6-3. Crucially, they found that the
Ga 3d binding energy shifted less than 0.3 eV over the whole range of alloy
compositions whilst the Au 4f7, binding energy spanned over 1.5 eV. This could

explain why no chemical shift was observed on the Ga 3d scans while the Au 4f7,; core
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level shifted 0.3 eV as the Au coverage increases. The interface is therefore likely to

consist of a thin Au-Ga alloy layer, which is rapidly buried under pure Au.

Au-Ga alloy Binding energy (eV)
AuGa, 85.5

AuGa 85.2

v AugGay 84.9

B Aug7sGag22 84.6

a Aug ssGag 12 84.4

Pure Au 83.95

Table 6-3: binding energies of Au 4f7, core level emission from five Au-Ga alloys
(ref. 119)

6.3.3 I-V results

Current-voltage measurements of some of the diodes fabricated on the 600°C
annealed sample are presented on Figure 6-7. The contacts clearly exhibit strong
rectifying behaviour. The reverse current was below the detection limit of the pico-

ammeter (1072 A) up to a reverse bias of -6 V.
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Figure 6-7: linear (left hand side) and semi-log I-V characteristics of three of the
diodes measured.

The ideality factors and barrier heights were extracted by fitting equation [3-35]
to the linear region of the forward current characteristic as shown on Figure 6-8. The

theoretical value®’ of the Richardson constant for GaN of 26 Acm™ 2K was used.
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Figure 6-8: forward bias characteristics of two diodes, showing the linear region
used to extract the Schottky parameters.

The Schottky parameters (@ and n) are given in Figure 6-9 and summarised in
Table 6-4, where “best” and “highest” refer respectively to the diode with the lowest
ideality factor and highest barrier height. The very low ideality factors indicate that
most of the current flow across the barrier is governed by thermionic emission, with
minimal contributions from tunnelling and generation-recombination processes. It also
ensures the validity of the barrier height extraction method®. The small standard
deviations in ¢ and n values are indicative of high contact uniformity. Indeed, only 5
out of the 41 measured diodes yielded an ideality factor above 1.2 (these diodes are not
included in the statistics presented in Table 6-4). The mean and highest values for the
zero-bias barrier height are 1.24 eV and 1.35 eV, respectively and are the highest
reported to date for Au-nGaN contacts. As seen in section 2.1.3, values from the
literature for barrier heights of practical Au-nGaN contacts range from 0.84 eV to 1.1
eV, as measured by I-V. In these studies, the GaN samples were subjected to various
surface treatments such as boiling in aqua regia®™*®, HC1:H,0*'%°, HF:H,0"' and
KOH:H,0 dips*?, and oxygen plasma asher cleaning*. In each case, the substrates were
then exposed to air prior to metallisation at room temperature. He ef al. 120 reported a
typical barrier height and best barrier height of respectively 1.08 eV and 1.22 eV for
their Au contacts deposited at 77K.

98



LABTIIRIULY CUTHULVE JUT IRV ATCLIUREEUTE UTE S0 0 LIHIICLIIC W BT JLiV S

Barrier Height (eV)
S22 oA

|l

1.0 12 14 16 1.8
Ideality factor

Figure 6-9: distribution of the barrier heights plotted versus the ideality factor, for
41 diodes.

Mean | Standard deviation | Best® | Highest”
do(eV) | 124 0.041 124 | 135
n 1.10 0.040 1.03 1.10

? refers to the diode with the lowest ideality factor
® refers to the diode with the highest barrier

Table 6-4: Schottky parameters of Au/nGaN contacts

As the I-V curves displayed a high series resistance, the experimental data were
also analysed using the Norde and small signal conductance methods described in
section 3.3.1 and 3.3.2. An example of the Norde method is given in Figure 6-10, where
the coordinates of the minimum §{ VpF(Vy) } yield the barrier height from equation
[3-38] and the corresponding Iy yields the series resistance from equation [3-39]. The
series resistance extracted using this method range from 135 kQ to 930 kQ. The barrier
heights proved to be somewhat larger than those extracted using the conventional
method. Figure 6-11 plots the difference between barrier heights extracted from the two
methods as a function of the ideality factor. The plot shows that as the diodes become
less ideal, the difference between the two methods gets wider. A linear fit of the data
points nearly passes through the origin, indicating that the two methods would yield
identical values for the barrier height at n=1. This behaviour is probably due to the fact
that the Norde method has been derived assuming a unity ideality factor, so that it is
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quite normal that the barrier height difference widens as #>1. This, however, reinforces

the validity of the conventional extraction method.
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Figure 6-10: example of the application of the Norde plot. The coordinates of the
plot minimum yield barrier height and series resistance.
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Figure 6-11: barrier height determined with the Norde plot minus conventionally
determined barrier height plotted as a function of the ideality factor (also
extracted using the conventional method). The solid line is a least-square fit to the
data points.

An example of the small signal conductance method is presented in Figure 6-12
(a), where the ideality factor and series resistance are extracted from the linear fit of the
1/G versus I plot. The series resistance thus obtained is then used to correct the voltage
axis so that the voltage drop caused by the series resistance is removed. The
experimental data points are then re-plotted using this corrected voltage scale on Figure

6-12 (b). The corrected curve is therefore free of series resistance effects and can be
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fitted with equation [3-35] over the whole voltage range, instead of only a few data
points. For the diode used in this example, the conductance plot on the left hand side
yields an ideality factor of 1.074 and a series resistance of 359 kQ, while the fit of the
corrected I(V-IRg) curve yields an ideality factor of 1.082. This good agreement between
the two methods was verified for most of the diodes under investigation. The series

resistances extracted with the conductance method range from 185 kQ to 575 k.
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Figure 6-12: (a) application of the small signal conductance method. The y-axis
intercept and slope of the linear fit respectively yield the ideality factor and series
resistance. (b) experimental I(V) curve (+) and corrected I(V-IRs) curve (o).

101



LA TETALT LUIRERAE g fEERAEERATE iy’ afabainiatd St e

6.4 Deposition on in-situ Ga reflux cleaned surface

6.4.1 Core level intensity

The core level attenuation plots are presented in Figure 6-13.
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Figure 6-13: Ga 3d (crosses), N Is (diamond shapes) and Ga 2p;, (squares)
integrated core level intensity as a function of Au coverage at normal emission and
60° off normal emission. The data points are normalised to the same value at 0 A
Au coverage.
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As for the 600°C annealed surface, the Ga 2p;,» core level intensity drops faster with Au
coverage than the Ga 3d and N s core levels and the intensities on the 60° off normal
emission plot are smaller than the normal emission plot at high Au coverage (z >10 A).
The plots also seem to exhibit two regions indicative of layer by layer growth followed
by clustering. Assuming a Stransky-Krastanov mode of growth, the data points from the
initial stages of Au deposition were fitted in the same manner as described in section
6.3.1 and the resulting fit for the Ga 3d core level is shown on Figure 6-14. In contrast
to the 600°C annealed surface (Figure 6-3), the slope of the normal emission fit is as
steep as that of the 60° off normal emission fit instead of being half as steep.
Photoelectron mean free paths extracted from all the core levels under investigation are
given on Table 6-5. The Au 4f core level is the only core level yielding larger
attenuation length at normal emission than at 60° off normal emission but the expected
2:1 ratio is not demonstrated. The Ga 3d core level yields similar values for the mean
free path at both angles of emission while the N Is and Ga 2ps» mean free paths were

marginally larger at 60° off normal emission.
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Figure 6-14: attenuation plot of the N Is core level 60° off normal emission and
normal emission. The lines are least square fits of the data points in the region 0-2

A

The anomaly in the core level attenuation length seems to indicate that the Au-

GaN interface is not abrupt, possibly as a result of chemical reactions or Au in-
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diffusion. Another possibility is that the in-situ Ga reflux cleaning caused roughening of
the GaN surface. Alternatively, the assumption of Stransky-Krastanov growth might not
be justified, in which case Au growth would be purely three dimensional. The main
point, however, is that attenuation plots for the Ga reflux cleaned surface display
fundamental differences from the well behaved 600°C annealed surface.

Calculated value (A) Experimental value (A)

Normal emission | 60° off | Normal emission | 60° off
Au 4f 18 9 6.2 46
Ga 3d 19 9.5 2.8 2.8
N Is 16 8 22 2.8
Ga 2ps» 6 3 11 13

Table 6-5: comparison between calculated values and measured values of the
photoelectron mean free path for the GaN core levels at normal and 60° off normal
emission.

6.4.2 Core level binding energy

The evolution of the binding energy spectra for all core levels is shown on
Figure 6-15 (a) and Figure 6-16 (a). Once again, the peaks have been normalised to the
same intensity after removal of a linear background.

The binding energy of the centroid of the GaN core level peaks, extracted from
the stack plots, are given as a function of Au coverage on Figure 6-15 (b) and Figure
6-16 (b). The shifts undergone by the two core levels are similar in trend and magnitude
and since curve fitting showed no significant change in the shapes of the photoelectron
peaks of the GaN core levels, it is likely that these shifts are rigid Fermi shifis.
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Cleaning of the GaN surface by the Ga reflux process induced a shift of about
0.45 eV to lower binding energy, as seen in section 5.4. The first two Au depositions
(0.5 A and 1 A) induced a further shift of 0.3-0.4 €V in the same direction. The peaks
then remain at the same binding energy up to 6 A Au coverage. The next two
depositions (10 A and 18 A) caused the peaks to shift back to high binding energy by
0.35 eV whilst the last two depositions did not induce any further shift. The binding
energy of the GaN core levels after the last Au deposition is therefore back to its pre-
deposition level. This behaviour is strikingly different from the 600°C annealed surface.

The Au 4f core level binding energy variation (Figure 6-17) also presents strong
differences when compared to the 600°C annealed surface. The binding energy position
of the Au 4f7 peak is 84 eV after the first Au deposition instead of 84.3 eV for the
600°C annealed surface. The peak position then moves slightly to lower binding energy
at low Au coverage (1 A to 3.5 A) and to higher binding energy at high Au coverage (10
A to 34 A) but is back to 84 eV after the last deposition (54 A). The peak also becomes

sharper with increasing Au coverage.
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Figure 6-17: evolution of the Au 4f core level peakshape with Au coverage at 60°
off normal emission.

6.4.3 I-V results

Figure 6-18 gives the results of the current-voltage characterisation for a
selection of the 35 diodes measured. The electrical behaviour ranges from Ohmic to
rectifying. The rectifying contacts show different forward bias thresholds, indicating a
wide range of Schottky barrier heights.
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Figure 6-18: current voltage characteristics of a selection of Au-GaN circular
contacts formed after 2 cycles of Ga reflux cleaning.

The barrier heights and ideality factors were extracted from current voltage
characteristics using the conventional method for the 15 diodes with a linear region long
enough to permit fitting (2 orders of magnitude). Figure 6-19 (a) shows the I(¥) semi-
log plot of the diode with the lowest ideality factor of 1.18 and a barrier height of 0.89
eV. Despite this low ideality factor, the diode exhibits a large leakage current at reverse
bias. At first glance, this may appear to be due to a strong tunnelling component.
However, Figure 6-19 (b) shows the influence of white light illumination while
recording the current voltage characteristics. The reverse current of the measurement
under illumination at low reverse bias is an order of magnitude higher than that of the
measurement in the dark. The forward current is also higher in the illuminated case. The
ideality factors for the illuminated and dark measurements were 1.66 and 1.61, for a
barrier height of 0.87 eV and 0.88 eV, respectively. This behaviour could be explained
by light-enhanced surface generation-recombination current contributions even though
the GaN layer should be transparent to white light because of its 3.4 eV band gap. It is
possible however that deep traps within the band gap could act as generation-
recombination centres. The fact that the sample glowed white under X-ray illumination
during the XPS experiment seems to confirm the presence of radiative recombination in

the visible range of the electromagnetic spectra. Brillson et al.'? detected the presence
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of several deep states at native GaN surfaces using low-energy electron-excited
nanoscale luminescence spectroscopy. They also found that new states are created after
annealing at high temperature in UHV or after metal deposition. Additionally, Deep
Level Transient Spectroscopy measurement of Au contacts'> fabricated by thermal
evaporation on MOVPE grown nGaN revealed two defects at energy levels at 0.27 eV

and 0.61 eV below the conduction band minimum.
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Figure 6-19: (a) semi-log plot of the current voltage characteristic of the diode with
the lowest ideality factor of 1.18, and (b) dark (+) and illuminated (o) I-V
characteristics of a 0.62 mm diameter diode.

The high series resistance combined with significant tunnelling and
recombination current left only a few data points to determine the Schottky parameters
by the conventional method and in some cases the linear region was entirely hidden. As
seen in the previous section, different methods have been devised to analyse I-V data.
The Norde method did not yield any physically relevant results for the diodes studied in
this section, probably because of the high ideality factors.

The small signal conductance method was applicable to a number of diodes as
shown on Figure 6-20 (a). In this case, the conventional method could not be used
confidently because the linear region was hidden by recombination current contribution
at low bias. The plot of the forward current divided by the conductance versus forward

current can however, be fitted very well by a straight line, as predicted by the method.

110



LAUTHIITGLY LUTEUALE JUT TT3LAEEITE by afafadubdade i SR ¥ A

The fit yielded a series resistance of 310 kQ and an ideality factor of 2.10. The series
resistance was used to correct the voltage axis and the I(V-IRs) curve is plotted
alongside the (V) curve on Figure 6-20 (b). The slope of the corrected /(V-IRs) gave
n=2.12, which is very close to the value of 2.10 from the fit of Figure 6-20 (a). The
Schottky barrier height was found to be 0.80 V.
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Figure 6-20: application of the small signal conductance method on a 0.17 mm
diameter diode. (a) the slope and y-axis intercept of the linear fit yield series
resistance and ideality factor. (b) experimental I(V) and corrected I(V-IRg) curves.

The small signal method was however, not applicable to the diode for which the
standard I(¥) curve yielded n=1.18 (Figure 6-20 (2)), because the I/G versus I plot was
not linear. 13 diodes could be analysed using this method, yielding ideality factors and
barrier heights ranging from 1.88 to 3.82 and 0.66 eV to 0.95 eV, respectively. The
average barrier height was 0.78 eV. Results from the conventional method, extracted
from 15 diodes, gave ideality factors and barrier heights ranging from 1.18 to 3.32, and
0.74 eV to 0.94 eV, respectively. The average barrier height was 0.84 eV.

Both methods yielded mean barrier heights that are 0.4-0.45 eV lower than the

mean barrier height of the contacts formed on the 600°C annealed surface.
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6.5 Deposition on chemically treated surface

6.5.1 Core level intensity

The normalised intensity of the N Is and Ga 2pj3, core levels is plotted as a
function of Au coverage on Figure 6-21. As before, the intensity drops sharply with the
first few depositions, and then decreases less steeply. This pattern is indicative of layer
by layer growth followed by clustering. The intensities fall more rapidly in the surface

sensitive case.
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Figure 6-21: attenuation plots of the N Is (squares) and Ga 2p;/, (diamond shapes)

core levels at normal emission and 45° off normal emission. Lines are least-square
fits to data points in the region 0-7 A.
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The initial drop of the core levels was fitted by an exponential curve in order to
extract the attenuation lengths, given in Table 6-6. The exponential fit is in good
agreement with the experimental data up to 7 A Au coverage. The ratios of the

experimentally determined attenuation lengths at 45° off normal emission and normal

emission are close to the expected theoretical ratio of 1.41.

L7€P0SIR0NR On LrieiniCaily irecqied okl jete

Calculated value (A) Experimental value (A)
Normal emission | 45° off | Normal emission | 45° off
Au 4f 18 13 8.1 6
Ga 3d 19 135 10 8
N Is 16 11 9.1 5.9

Table 6-6: theoretical and experimentally determined attenuation lengths for the

GaN and Au core levels.

6.5.2 Core level binding energy

Figure 6-22 shows the variation of the Ga 3d core level XPS peakshape with

increasing Au coverage.
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Figure 6-22: evolution of the Ga 3d core level with Au coverage.

The Ga 3d peak is shifted 0.15 eV to lower binding energy by the first Au
deposition (0.5 A). The second deposition (1 A) and third deposition (2A) induce
further shifts of 0.35 eV and 0.1 eV, respectively. The Ga 3d peak then remained at a

fixed binding energy following subsequent Au depositions.
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Figure 6-23: evolution of the N Is core level peakshape as a function of Au

coverage.

Scans of the N Is core level, presented on Figure 6-23, display shifts similar to
the Ga 3d core level. Since curve fitting showed that there was no change in the shape
of the peaks that could be related to chemical shift, it is likely that the observed shifts
are Fermi shifts. Therefore, the total upward band bending induced by the Au deposition

on the chemically treated surface is 0.6 €V.
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Figure 6-24: evolution of the Au 4f core level with increasing Au coverage. The top
scan was taken after deposition of a thick layer of Au (>500 A).

The behaviour of the Au 4f core level (Figure 6-24) is similar to that observed on
the 600°C annealed surface. The Au 4f7,, peak becomes sharper with increasing Au
coverage, shifts to lower binding energy and stabilises at 84 eV, the binding energy of
metallic Au. These two facts were thought to be related to chemical changes, from Au-
Ga alloy near the interface to pure Au at high Au coverage. As before, this suggests that
the interface is abrupt since the high binding energy component related to Au-Ga

quickly disappears with Au coverage and cannot be observed after only 35 A of Au.
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6.6 Discussion

An XPS and I-V investigation of the formation of Au contacts on nGaN after
three different pre-metallisation surface treatments has been presented. Analysis of the
results revealed striking differences in the interface formation mechanisms and
electrical properties of the contacts. It is important to stress that the three samples used
in the study have been cut from the same wafer and subjected to the same HF etch, so
that the number of variable parameters have been kept to a minimum. It is particularly
important in the case of GaN, as growth techniques are not as well established as for
other semiconductor materials and samples from different growth runs might differ

widely.

6.6.1 Interface formation

The evolution of the GaN and Au core levels intensity with increasing Au
coverage suggests that Au growth on all three surfaces follows the Stransky-Krastanov
mode, namely layer by layer growth followed by clustering. This is to some extent in
contradiction with the results reported by Sporken ef al. who found that Au growth is
two dimensional on nGaN at room temperature. Assuming the Stransky-Krastanov
mode of growth, the core level intensity versus Au coverage data points from the first
Au depositions can be fitted by an exponential curve yielding the attenuation length, or
photoelectron escape depth of the core level. As the core level spectrum were recorded
at two emission angles, giving a ‘bulk sensitive’ and a ‘surface sensitive’ spectrum, the
experimentally determined escape depth should be smaller in the surface sensitive case.
This is however only verified for the chemically etched and the 600°C annealed
surfaces, where the experimental and theoretical values are in reasonable agreement,
although the thickness measured by the quartz crystal monitor appeared to have been
underestimated by a factor between 2 and 4. The Ga reflux surface, however, yielded
similar escape depths at both emission angles, possibly as a result of surface roughening
induced by the Ga reflux cleaning cycles. However, Atomic Force Microscopy (AFM)
measurements performed on both the 600°C annealed and Ga reflux surfaces yielded

similar surface roughness, as shown on Table 6-7.
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600°C anneal | Ga reflux
Mean roughness (nm) | 1.042 1.127

Table 6-7: mean surface roughness measured by AFM over a 5xS pm2 area after
two different in-situ surface treatment.

The evolution of the Au 4f7 core level binding energy, shown on Figure 6-25,
provides more information about the difference between the Ga reflux surface and the
two other surfaces.

The Au 4f;, binding energy for the 600°C annealed (84.3 eV at 1 A) and HF
etched (84.6 eV at 0.5 A) surfaces at low coverage is greater than that of pure Au 84
eV). As the Au thickness increased the binding energy decreased and finally stabilised
at 84 eV. This shift was interpreted by a change in the chemical phase of Au, from Au-
Ga bonding near the interface to pure Au at high coverage. Since the theoretical escape
depth of Au 4f7 photoelectrons is about 20 A, the fact that the high binding energy
component related to Au-Ga alloying is negligible at coverages greater than 35 A
indicates that the interface is abrupt and well-defined.

The Ga reflux surface, on the other hand, followed a very different behaviour.
The binding energy of the Au 4/ core level was near that of pure Au after the first few
depositions, increased at higher coverage (20 and 34 A) and shifted back again at 55 A
This behaviour seems to indicate that chemical changes occurred within a thick
interfacial layer.

In an attempt to gain a better understanding of the interface structure, the two
surfaces were also investigated by cross section TEM. The HF etched interface could
not be examined because of a poor Au adherence, which made sample preparation
extremely difficult. Figure 6-26 shows that the 600°C annealed surface results in an
well-defined, abrupt Au-GaN interface, in good agreement with the core level
attenuation plots and the Au 4/7> binding energy shift.

The Ga reflux interface, however, presents a much more complex structure.
Figure 6-27 shows the presence of an intermediate layer about 600 A thick between
GaN and polycrystalline Au. This layer consists of Au grains embedded in a GaN
matrix. The structural differences between the two interfaces can be correlated to the
difference in binding energy shifts observed using XPS during the formation of the two

interfaces. These are discussed in more details in the next section.
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Figure 6-25: variation of the Au 4f7; core level binding energy with increasing Au
coverage for the three surfaces. Dashed lines are intended as a guide to the eye.

Figure 6-26: cross section micrograph of the Au-GaN interface formed after an in-
situ 600°C anneal.
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Figure 6-27: cross section micrographs of the Au-GaN interface formed on the Ga
reflux surface.

6.6.2 Schottky barrier formation

Transport measurements have been conducted on the diodes formed on the
600°C annealed and Ga reflux surfaces. Unfortunately, it was not possible to measure
the contacts formed on the HF etched surface. The diodes formed on the 600°C
annealed surface yielded an average barrier height of 1.24 eV, which compares to 0.84
eV for the Ga reflux surface.
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Figuré 6-28 shows the evolution of the Ga 3d core level binding energy for the
three surfaces. We have seen throughout this chapter that the N Is binding energy
follows the same variation and that no significant changes in the shape of both peaks
were observed. Therefore, it is likely that these shifts are rigid Fermi shifis and

correspond to band bending at the surface.
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Figure 6-28: variation of the Ga 3d core level binding energy with increasing Au
coverage for the three surfaces. Dashed lines are intended as a guide to the eye.

The 600°C annealed surface and the HF etched surface followed the same trend:
the first few Au depositions induced upward band bending and further Au depositions
did not induce any further band bending. The Ga reflux surface also exhibited a slight
upward band bending after the initial depositions but the bands bent back down at
higher Au coverage. The total band bending for the three surfaces, from HF etch to final
Au deposition; are given in Table 6-8. The total XPS band bending for the Ga reflux
surface is less than that of the 600°C annealed surface, which is consistent with the
barrier heights measured by I-V. However, the difference in barrier height (0.4 eV) is
greater than the band bending difference (0.15 eV). This point will be discussed later in
the text.
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HF etch | 600°C anneal | Gareflux
Band bending after:
In-situ surface treatment N/A 0.35eV 0.45 eV
Au deposition 0.6eV 0.25eV OeV
Total 0.6 eV 0.6 eV 0.45 eV

Table 6-8: summary of Fermi level variation at the Au-GaN interface for the three
surfaces.

The fact that the total XPS band bending (0.6 €V) for the 600°C annealed
surface is much less than the barrier height measured by I-V (1.24 eV) suggests that the
HF etched surface presents an initial band bending of about 0.65 eV.

As seen in section 2.2.2, Bermudez® has suggested that the behaviour of metal-
GaN contacts could be interpreted within the Cowley-Sze model®, where the barrier
height is expressed as a sum of the “bare surface barrier height” and a Schottky-Mott
term. This model, described in section 3.1.7, assumes an uniform distribution of surface
states, the density of which, in the case of GaN®, is strongly dependent on surface
preparation.

Wu et al.*® and Sporken ef al.’’ have respectively reported a bare surface barrier
height of 0.7 €V and 2.2 eV and an Au induced band bending of 0.5 eV and -1.05 eV,
as measured by photoemission. The final barrier heights are similar (1.2 eV) and
compare well with our results, though the mechanisms of interface formation are
different. The Cowley-Sze model cannot account for Sporken’s result, since Au
deposition caused the bands to bend in the opposite way of that predicted by the
Schottky-Mott theory.

According to the Cowley-Sze model, the bare surface barrier height at the 600°C
annealed surface would be about 1 €V and the Schottky-Mott contribution 0.25 eV. This
leads o a density of surface states of about 2.3x10"™ cm™”eV™’, derived using equations
[3-15] and [3-16], and by taking a value of 3.3 eV for the GaN electron affinity* =%,
This high density of surface states reflects the fact than most of the final barrier height is
due 1o initial band bending, which occurs prior to metal deposition. Similarly, the
Schottky-Mott contribution for the HF etched surface would be 0.6 eV, indicative ofa
lesser degree of Fermi level pinning than for the annealed surface, whilst the initial band

bending was found to be 0.65 eV.
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The anneal therefore caused an increase in the density of surface states which
enhanced band bending at the surface, from 0.65 eV for the HF etched surface to 1 eV.
The initial band bending at the HF etched surface is somewhat unexpected as practical
surfaces are thought to display near flat-band condition®'. The surface states responsible
for this band bending might be caused by structural defects created during GaN growth,
such as threading dislocations spreading to the surface. The low mobility and carrier
concentration of the layer does indicate a high defect density'®*, which might explain
the high final Schottky barrier.

Spicer et al%®® suggested that Schottky barrier heights are nearly always
determined by defects at the interface. In the so called ‘Unified Defect Model’ (UDM),
it is assumed that defects are generated near the semiconductor surface when the metal
contact is deposited on that surface. These defects in tum lead to Fermi level pinning.
According to this model, our results for the two surfaces could be interpreted as follows:

e Au deposition on the HF etched surface induces defects and causes a 0.6
upward band bending.

e Annealing at 600°C induces defects and an upward band bending of 0.35
eV, then Au deposition pulls the bands a further 0.25 eV up by creating
more defects.

Since the band bending is the same in both cases, annealing and Au deposition seem to
induce similar defects on the surface.

The Ga reflux surface resulted in a more complex interface, which cannot be
described fully by the Cowley-Sze model. The initial Au depositions induce upward
band bending and could be interpreted in terms of the Schottky-Mott model, but the
downward band bending at higher Au coverage calls for a different model. Downward
band bending has been observed by Sporken et al>’. They found that their XPS
measured Au-nGaN Schottky barrier height (1.15 eV) was in good agreement with that
predicted by the MIGS and electronegativity model (0.96 eV). Our I-V measured barrier
height (0.84 €V) is also in good agreement with this model. However, the MIGS model
does not take into account reacted interfaces.

The effective work function model (EFW) was found to give good predictions
for a number of reacted Au contacts to III-V and II-VI semiconductor compounds. This
model states that chemical reactions during metal deposition tend to generate excess

anion at the interface and therefore the Schottky barrier height could be given by the
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difference of the anion work function and the electron affinity. This model is however
not applicable to contacts to GaN since the work function of N is not defined.

Finally, Figure 6-29 highlights another important difference between the two in-
situ surface treatments. The barrier heights are plotted as a function of the ideality
factors for a number of diodes from the 600°C annealed and Ga reflux surfaces. The
spread in values for the Ga reflux surface indicates poor contact uniformity, only 9 of
more than 40 diodes had ideality factors below 2 and some contacts exhibited Ohmic-
like behaviour. The 600°C annealed surface resulted in a much better contact
uniformity, with most of the diodes having ideality factors below 1.2. The difference in
the electrical properties for the two surface treatments reflects the structural and

chemical differences of the two interfaces.
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Figure 6-29: barrier height versus ideality factor for Au-nGaN diodes formed on
two different surfaces. The Schottky parameters have been extracted by the
conventional method.

We have mentioned that the difference in barrier heights is greater than the
difference in XPS bana bending between the two surface treatments. It could be a
consequence of the poor uniformity and high ideality factors, which might lead to
underestimation of the barrier height. Indeed, when the interface presents local variation
of the barrier height as it seems to be the case for the Ga reflux surface, the I-V
technique tends to yield the lowest value while XPS gives an average of the band
bending.
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We have seen previously that both surfaces are likely to present a high density
of defects, which usually results in tunnelling and recombination current. However,
these defects do not seem to be electricélly active in the case of the 600°C annealed
surface as indicated by the low ideality factors and good uniformity of the contacts. This
changes drastically when the surface is cleaned by the Ga reflux technique prior to
metallisation. A similar behaviour was observed for the Ag-GaN diodes fabricated on
nGaN after Ga reflux cleaning (section 5.5). It is possible that the cleaning technique
activated the defects and/or created additional, electrically active defects since
annealing at high temperature has been shown to induce defects state within the band

gaplzz,lﬁ'

It is also possible that the high temperature annealing steps involved in the Ga
reflux cleaning process resulted in loss of N at the surface’’. As N vacancies act as
donors’, this loss of N would render the surface highly n-type, therefore enhancing
tunnelling.

Another possible explanation lies with the O content at the surface. Surface O has
been reported to diffuse along threading dislocations to form a GaO layer undemeath
the interface. The yellow luminescence band observed on MBE grown GaN has been
linked to this GaO layer. It is therefore possible that the surface defects could be
affected by the GaO layer and perhaps neutralised in the case of the annealed surface,
but not for the Ga reflux surface as it contains less O.

6.6.3 Conclusions

Pre-metallisation surface treatment was found to play a very important role in
the structural and electrical properties of Au-nGaN contacts.

XPS and TEM studies showed that Au contacts formed after an in-sifu 600°C
anneal exhibited a smooth, abrupt interface while contacts formed after in-sifu cleaning
by the Ga reflux method displayed a reacted, more complex interface, with evidence of
Au-GaN mixing. Analysis of the XPS core level binding energy position showed that
both surface treatments caused upward band bending at the surface. The first few Au
depositions induced further upward band bending in both cases but the Ga reflux
surface underwent reverse band bending as the Au coverage increased while the 600°C
annealed surface did not change. The total band bending induced by Au deposition was
0.25 eV and 0 eV for the 600°C annealed surface and Ga reflux, respectively.
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Transport measurements performed on the same samples after processing
confirmed the fundamental difference between the two surfaces. Contacts formed on the
600°C annealed surface and Ga reflux exhibited an average Schottky barrier height of
1.24 eV and 0.84 eV, respectively. The lowest ideality factors were 1.03 and 1.18,
respectively. The contact uniformity was very good in the case of the annealed surface
and poor for the Ga reflux surface, in good agreement with XPS and TEM studies.

XPS study of Au deposition on the third surface, which was only subjected to a
ex-situ cleaning in a HF:DI H0 solution showed a similar behaviour to the 600°C
annealed surface. The total band bending induced by the Au deposition was 0.6 eV,
which is equal to the sum of the band bending caused by the 600°C anneal and the
subsequent Au deposition.

The Cowley-Sze and unified defect models were put forward to interpret the
behaviour of the HF etched and annealed surfaces and suggest a high density of
acceptor states at the surface. The high barrier reported is possibly a consequence of this
high density of states, themselves caused by a high density of defects. These defects did
not seem to act as recombination or tunnelling centres for the 600°C annealed surface as
opposed to the Ga reflux surface, whose electrical behaviour suggests electrically active
defects. The complexity of the interface in the latter case means that no single model of

Schottky barrier formation can interpret the results in a satisfactory manner.
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Chapter 7: Conclusion

GaN has attracted considerable interest over the last 10 years, mainly because its
direct, 3.4 eV band gap has allowed the development of high brightness, blue LEDs and
LDs’. However, GaN is also a very promising semiconductor material for the
fabrication of high frequency microelectronics devices able to operate at high
temperature, such as HEMTs and MESFETs. The working principle of these devices
relies on the properties of metal Schottky contacts. Hence, the fabrication of
reproducible, reliable high barrier Schottky contacts is crucial.

As GaN is a relatively recent material, the issue of metal contacts to GaN is not
as well understood as for more established semiconductor materials such as Si, GaAs or
InP. As discussed in Chapter 2, several independent studies®”*® have shown that the
barrier potential at metal Schottky contacts to nGaN increases with the metal work
function, although the slope of the increase varies from study to study. This
discrepancy, and the additional fact that measured barrier heights from different works
on the same metals yielded significantly different values, indicates that other factors

such as growth method, surface polarity and pre-metallisation surface treatments play an
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important role in determining the final barrier height. In particular, vacuum deposited
metal contacts prepared in-sifu after high temperature annealing yielded higher barriers
than contacts prepared after an ex-sifu surface treatment.

The aim of this work was to investigate the influence of both ex-situ and in-situ
pre-metallisation surface preparation on the barrier height of Schottky contacts to nGaN
in order to define a reproducible process for the fabrication of reliable, near ideal, high
barrier Au contacts to nGaN. Two main experiments were conducted during the course
of this work. The central experimental techniques employed to probe the GaN surfaces
and metal-GaN interfaces were XPS, and, to a lesser extent, SXPS. The metal-GaN
contacts were also characterised by I-V measurements and TEM.

The first experiment, described in Chapter 5, is an XPS and SXPS investigation
of three different, increasingly complex, surface preparations. The first surface
treatment is a simple ex-sifu chemical treatment. The GaN substrate was degreased in
solvent and dipped in an HF solution, thus mimicking the ‘practical contacts’ surface
treatment employed in device manufacture. The second surface treatment consisted of
the same ex-situ chemical etch, followed by in-sifu annealing at 600°C. The last pre-
metallisation treatment investigated consisted, once again, of the ex-sifu etch followed
by two cycles of in-situ Ga reflux cleaning. Finally, Ag contacts made in-situ on the
third surface were characterised by I-V measurements.

Analysis of the XPS data showed that these three pre-metallisation treatments
produced surfaces increasingly free of C and O contaminants, compared to the starting
surface. Wet chemical etching in HF reduced O contamination but failed to remove C
contamination. Annealing in UHV at 600°C reduced surface O contamination further
while Ga reflux cleaning resulted in O levels barely detectable by XPS and caused a
significant drop of C contamination compared to the HF etched surface. Additionally,
HF etching, UHV annealing and UHV Ga reflux cleaning caused increasingly greater
upward band bending at the surface, suggesting a possible link between surface barrier
height and O content at the surface. Fermi level displacement during Ga reflux cleaning
was investigated further by SXPS. Ga deposition at 600°C was found to produce a 1.0
eV upward band bending while Ga re-evaporation at 775°C was accompanied by a -0.6
eV downward band bending. The MIGS®® and unified defect models®® were put forward
as a possible explanation for this partially reversible shift. I-V measurements performed

on Ag contacts formed in-situ on the Ga reflux cleaned GaN substrate yielded a barrier
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height of 0.80 eV for an ideality factor of 1.56, in good agreement with the SXPS
results and previous work’’.

The second experiment, presented in Chapter 6, is an investigation of Au contact
formation on the three surfaces studied in the previous experiment using XPS, I-V and
cross section TEM. The GaN samples used in this study were cut from the same wafer
in order to minimise the number of parameters. Au was deposited in steps of increasing
thickness, from sub-monolayer to blanket coverage, on the HF etched, UHV annealed
and Ga reflux cleaned surfaces.

The three, fundamentally different, experimental techniques employed to probe
the Au-GaN interfaces revealed striking differences between the HF etched and UHV
annealed surfaces on one hand, and the Ga reflux surface on the other. Core level
analysis and cross section TEM micrographs suggested that the Au-nGaN interface is
abrupt and well defined for the former two surface preparations. Conversely, the results
indicated that the Ga reflux surface treatment resulted in a more complex interface with
evidence of GaN-Au intermixing. Analysis of the binding energy shift of the GaN core
levels yielded a total (from HF etch to final Au deposition) upward band bending of 0.6
eV for both the HF etched and the UHV annealed surfaces. For the annealed surface,
this band bending was partly due to the anneal (0.35 eV) and partly to the Au deposition
(0.25 eV). In the case of the HF etched surface, the 0.6 eV band bending occurred as a
result of Au deposition only. The total band bending observed on the Ga reflux sample
was 0.45 eV, entirely caused by the cleaning process. I-V measurements conducted on
circular diodes formed on the 600°C annealed and Ga reflux samples confirmed the
XPS results. Diodes from the annealed sample exhibited high Schottky barriers (mean
¢po=1.25 €V) low ideality factors (best n=1.03) and high contact uniformity.
Conversely, I-V measurements conducted on the Ga reflux sample yielded lower
barriers (mean ¢3,=0.85 €V), poor ideality factors and contact uniformity.

I-V and XPS results from the 600°C annealed surface suggest that the HF etched
surface presents an initial band bending of 0.65 eV, which is further enhanced by
annealing. The final barrier heights of Au-nGaN contacts formed after in-sifu annealing
could therefore be interpreted in terms of the Cowley-Sze model, as the sum of the bare
surface band bending and Au induced band bending. The bare surface band bending
means a high density of acceptor surface states, which might be caused by structural
defects created during GaN growth. These surface defects did not appear to act as
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recombination or tunnelling centres, in contrast with Au and Ag contacts formed after
Ga reflux cleaning.

The remarkable electrical and structural changes caused by pre-metallisation
surface treatment could be further investigated using Scanning Tunnelling Microscopy
(STM) and Spectroscopy (STS). As opposed to TEM, STM is a non-destructive electron
microscopy technique, which allows imaging of monocrystalline surfaces down to the
atomic scale. By simultaneously performing STM and STS, it is possible to correlate
local structural surface features such as atom vacancies and point defects with local
variations of the electronic properties. Local band bending thus obtained by STS could
then be compared with the average band bending and barrier heights obtained by XPS
and I-V. Figure 7-1 shows an example of what STM can achieve on GaN. This powerful
technique would be ideal to probe the defected GaN surfaces and the effect of sub-

monolayer metal coverage.

Figure 7-1: 750 A x 750 A STM image of a screw-type dislocation on the N-face of
wurtzite GaN (Ref. 125).
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