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"Fall in love with some activity, and do it! Nobody ever figures out what life is all
about, and it doesn’t matter. Explore the world. Nearly everything is really

interesting if you go into it deeply enough."

Richard Feynman





ABSTRACT

Transistors and diodes based on AlGaN/GaN are suitable candidates for
high-voltage and high-speed electronics due to the GaN material properties
such as wide bandgap, large breakdown field, high electron saturation
velocity and good thermal conductivity.

When thin AlGaN layer is grown epitaxially on GaN, it is typically
under tensile stress. Consequently, we observe piezoelectric polarization,
which is additional to the spontaneous polarization in these materials.
The polarization induced sheet charge density forces free electrons to try
to compensate for it. These charges accumulate at the heterojunction of
AlGaN and GaN layers to create a Two-Dimensional Electron Gas. The
electrons are confined to the interface due to band bending in the GaN,
and in order to make a contact to them, it is necessary to pass through the
AlGaN layer.

Due to the complexity of AlGaN/GaN devices, they are not yet fully
understood. This is especially true for the electrical contacts, where the
relatively well characterized and described Au-containing metal stacks
have to be replaced by Au-free stacks to allow production at scale. The mass
production of GaN devices, required for consumer applications of GaN,
makes it necessary to use existing Si fabrication facilities, where it is not
allowed to use gold, as very low concentrations lead to strong performance
degradation of Si devices. Therefore, it is crucial to investigate alternative
metal stacks, such as for example TiW, as a replacement for gold. The
aim of this thesis is to broaden the understanding of Ohmic and Schottky
contact to AlGaN/GaN by means of material characterization techniques
and novel electrical test structures.

Chapter 1 introduces the AlGaN/GaN material system and High Elec-
tron Mobility Transistor. It is described in detail how the Two-Dimensional
Electron Gas is formed and how the AlGaN/GaN transistor works.

In Chapter 2 a review of current technology to form Ohmic and Schottky
contacts to GaN and AlGaN/GaN heterostructures is presented. Different
metals and metal multilayers are discussed and Au-free alternatives are
analyzed. It is shown that there are different ways to minimize the contact
resistance.

Chapter 3 reports on method of accurate extraction of Ohmic contact pa-
rameters such as specific contact resistance and transfer length. It is the first
work investigating sheet resistance under Ohmic contacts to AlGaN/GaN.
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Research highlights how reactions at metal-semiconductor interface affect
the material under the contact and how the extracted contact parameters
change when the resistance under the contact is accounted for properly.

Chapter 4 presents a specific case of Ohmic contacts - so called recessed
contacts where (part of) the AlGaN is removed resulting in either a thinner
barrier to the 2DEG or even a side contact, in which case AlGaN layer and
part of GaN is completely removed, with the aim to reduce the contact
resistance. The control of the etching process requires nanometer accuracy,
as the AlGaN layer is typically less than 30 nm thick. In this chapter,
reactions under the contact are investigated and consequences of neglection
of the actual value of sheet resistance under the contact are discussed.

In Chapter 5 results of metal-stack-induced stress, on Schottky diode
behaviour are presented. Two hundred diodes are investigated in a de-
processing experiment, where we removed, in 50 nm steps, the TiW(N) top
layer of the Schottky metal stack. Schottky barrier height was extracted
before and after each etch step, on exactly the same devices to avoid vari-
ability over the wafer. The observed change in Schottky barrier height of a
Ni and Ni/TiW/TiWN/TiW contact is explained by stress effects induced
by the TiW/TiWN/TiW capping layer, rather than by chemical reactions at
the metal-semiconductor interface.

Chapter 6 summarizes the investigation of the barrier height inhomo-
geneity of the Schottky contacts to AlGaN/GaN. The ideal diode behavior
is often not observed in AlGaN/GaN based diodes. In this chapter we
present electrical measurements of gold-free Schottky contacts, such as TiN
and TiW(N). The devices exhibit temperature dependence of the Schottky
barrier height and ideality factor as typically observed in AlGaN/GaN,
which indicates barrier inhomogeneity. From the modified Richardson
plots it is concluded that the Schottky barrier height inhomogeneity is
caused by wafer properties, such as dislocations, and not by the metal
stacks themselves.

In Chapter 7 the main results of this thesis are summarized and recom-
mendations for further research are provided.



SAMENVATTING

Transistors en diodes gebaseerd op AlGaN/GaN zijn geschikte kandidaten
voor hoogspanning en hoge snelheid elektronica vanwege de materiaal
eigenschappen van GaN, zoals een grote band gap, hoog doorslag veld-
sterkte, een hoge elektronen verzadigingssnelheid en een goede thermische
geleidbaarheid.

Als dunne lagen AlGaN epitaxiaal op GaN worden gegroeid, bevinden
ze zich onder trekbelasting. Bijgevolg wordt er piezoelektrische polarisatie
waargenomen, die nog eens komt bij de spontane polarisatie die in de
materialen optreedt. De positieve polarisatie geïnduceerde lading dwingt
vrije elektronen om de lading te compenseren. Deze ladingen accumuleren
op het grensvlak van de GaN en AlGaN lagen en creëert en zogenaamd
tweedimensionaal elektronen gas. De elektronen bevinden zich op de
heterojunctie ten gevolge van band buiging in het GaN, en om er een
contact vanaf het oppervlak naar te maken moeten de elektronen door de
AlGaN laag.

Door de complexiteit van AlGaN/GaN devices zijn ze nog steeds niet
volledig begrepen. Dit geldt in het bijzonder voor de elektrische contacten,
waar de relatief goed gekarakteriseerde Au-bevattende metaal lagen ver-
vangen moeten worden door Au vrije lagen om massa productie mogelijk
te maken. Voor de massa productie van GaN devices, die nodig is voor con-
sumenten toepassing van GaN, moeten bestaande Si fabricage fabrieken
gebruikt worden, waarin geen goud toegestaan is, aangezien zeer lage
concentratie goud leiden tot een sterke afname van de prestatie van Si
devices. Het is daarom cruciaal om alternatieve metaal stacks, zoals bijv.
TiW, als vervanging voor goud te ontwikelen. Het doel van dit proefschrift
is verbreding van het begrip van Ohmse en Schottky contacten naar Al-
GaN/GaN door middel van materiaal karakterisatie technieken en nieuwe
elektrische test structuren.

Hoofdstuk 1 geeft een inleiding voor het AlGaN/GaN materiaal sys-
teem en hoge elektron mobiliteit transistors. In detail wordt de vorm-
ing van het tweedimensionale elektronen gas en de werking van de Al-
GaN/GaN transistor beschreven.

In hoofdstuk 2 wordt een overzicht gegeven van de huidige technologie
om Ohmse en Schottky contacten te maken naar GaN en AlGaN/GaN
heterostructuren. Verschillende metalen en metaal multilagen worden
besproken en Au-vrije alternatieven worden geanalyseerd. Er blijken ver-
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schillende routes te zijn om de contact weerstand te verminderen.
Hoofdstuk 3 behandelt een methode om nauwkeurig de Ohmse contact

parameters, zoals de specifieke contact weerstand, en transfer lengte, te
bepalen. Het is het eerste werk dat de sheet weerstand onder Ohmse con-
tacten naar AlGaN/GaN bestudeerd. Het onderzoek toont aan dat reacties
op het metaal-halfgeleider interface het materiaal onder het contact aantas-
ten en dat de geëxtraheerde contact parameters veranderen als rekening
wordt gehouden met de weerstand onder het contact.

In hoofdstuk 4 wordt een speciaal geval van Ohmse contacten, de
zogenaamde ’verzonken’ contacten waar (een gedeelte) van het AlGaN
wordt verwijderd wat resulteert in een dunnere barriére naar het tweed-
imensionale elektronengas, of een zogenaamd zijcontact, in welk geval
ook een gedeelte van het GaN wordt verwijderd. Doel is de verminder-
ing van de contact weerstand. De accuratesse van het ets proces vereist
nauwkeurigheden op de nanometer schaal, aangezien de AlGaN typisch
minder dan 30 nm dik is. Praktisch is deze nauwkeurigheid niet te bereiken
In dit hoofdstuk worden reacties onder de contacten bestudeerd, en wor-
den de consequenties van het verwaarlozen van de werkelijke waarde van
de sheet weerstand onder het contact besproken.

In hoofdstuk 5 worden de resultaten gepresenteerd van stress, geïn-
duceerd door de metaal lagen, op het gedrag van Schottky diodes. Twee
honderd diodes zijn onderzocht in een experiment waar in stappen van
50 nm de TiW(N) top laag verwijderd is. De hoogte van de Schottky
barriére werd bepaald voor en na elke ets stap, op dezelfde devices om
variabiliteit over de plak te vermijden. De verandering in de Schokty bar-
riére hoogte van Ni en Ni/TiW/TiWN/TiW contacten, als functie van het
aantal etsstappen, wordtuitgelegd in termen van de stress geÃŕnduceerd
door de TiW/TiWN/TiW capping laag, en niet door chemische reacties op
het metaal-halfgeleider grensvlak.

Hoofdstuk 6 bevat de resultaten van de studie van de inhomogeniteit
van de barriére hoogte van Schottky contacten naar AlGaN/GaN . Het
ideale diode gedrag wordt vaak niet waargenomen in AlGaN/GaN de-
vices. In dit hoofdstuk presenteren we elektrische metingen aan goud-vrije
Schottky contacten, zoals TiN en TiW(N). De devices vertonen een temper-
atuur afhankelijkheid van de Schottky barrier hoogte en de idealiteitfactor,
zoals typisch is voor AlGaN/GaN, wat wijst op inhomogeniteiten van de
barriéres. Uit de gemodificeerde Richardson plots wordt geconcludeerd
dat de Schottky barriere hoogte inhomogeniteit wordt veroorzaakt door
eigenschappen van de plakken, zoals dislocaties, en niet door de metaal
lagen zelf.

In hoofdstuk 7 worden de belangrijkste resultaten van dit proefschrift
samengevat en aanbevelingen gedaan voor verder onderzoek.
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CHAPTER 1
INTRODUCTION

Abstract

In this chapter, an overview of gallium nitride and its applications
are discussed. An explanation about material properties, especially
piezoelectric polarization, is given. Furthermore, basic prinicples
of operations of AlGaN/GaN High Electron Mobility Transistor are
introduced. Finally, motivation for the research on gold-free electrical
contacts to AlGaN/GaN is presented.
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1.1 Gallium nitride

The power semiconductor manufacturing started with germanium and
selenium devices and subsequently switched to silicon around the 1950s.
However, silicon power MOSFETs are reaching their theoretical limits and
new semiconductor materials have to be used to provide performance
required in new systems. A material that can potentially replace Si is gal-
lium nitride (GaN) - it can outperform silicon in power handling, thermal
stability, and speed.

While there is a growing number of areas where GaN devices are
needed, their impact will be highest in two application areas, namely light
generation and control of electrical power. In both areas, large commercial
markets exist and the need for even better and more efficient devices will
stimulate development of the technology. The most important advantage
of GaN devices is the ability to do more (more light, more power) with less
(higher efficiency) [1].

One of the unique properties of GaN is related to its wide bandgap. The
light color emitted by the diode is indicative of the magnitude of energy
needed for an electron to cross the band gap. After an electron is excited (by
heat or electricity) into the conduction band, its return to the lower energy
valence band causes a release of a photon whose energy is expressed as:

E =
hc

λ
(1.1)

where h is Planck’s constant, c is speed of light and λ is wavelength of
light.

GaN is a direct band gap semiconductor material with a 3.4 eV band
gap which corresponds to near ultraviolet light (364 nm). Accessing this
wavelength made it possible to fabricate highly efficient semiconductor-
based white light sources. Solid-state lighting based on light-emitting
diodes (LEDs) allows consumers to replace less efficient and less reliable
lighting technologies, such as incandescent, fluorescent and metal halide
light sources [1]. Different applications of GaN devices are summarized in
Table 1.1 [1].

While GaN LED market is already mature, a new application area of
electrical systems and power electronics is still under development. For ex-
ample, energy efficiency in power conversion for industrial and consumer
electronics, electric vehicles and power generation can all benefit from new
GaN devices. Gallium nitride has several properties that distinguish it from
silicon and enable better performance. It is a wide bandgap semiconductor
(3.4 eV), it has a large critical breakdown electric field (∼ 3MV/cm) and
high electron mobility (∼ 1500−2000cm2/V ·s at room temperature). These
properties result in low on-resistance, low switching losses, high power
conversion efficiencies and good performance at elevated temperatures.
GaN allows us to go beyond limits of both silicon and silicon carbide, as
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Table 1.1: Applications for GaN-based devices.

LED Power electronics Laser diodes
Backlighting RF power amplifiers

for communications
and radars

Optical data storage

Full-color, large for-
mat video screens

Switch mode power
supplies

Projectors

Automotive lighting Motor controls Displays
General lighting Satelite power sys-

tems
Commercial printing

High-temperature
electronics

Testing and measure-
ment

for example presented by device-specific on-resistance for a given reverse
voltage, as can be seen in Fig. 1.1

Figure 1.1: Comparison of RON for Si, SiC and GaN [2]
.

One disadvantage of GaN is the cost of bulk material. Commercially
available GaN substrates are very expensive in comparison to Si and not
available in large size. However, affordable GaN wafers became possible
after development of GaN-on-Si technology, where few-µm-thick epitaxial
active GaN layers are deposited by means of CVD on silicon (111) wafers
by using transition layers that mitigate differences in lattice constants and
coefficients of thermal expansion [3]. An example of a GaN-on-Si with a
transition layer can be seen in the Fig. 1.2. AlN and AlGaN layers are used
to allow growth of a relaxed GaN layer.

Crack-free GaN films can be grown on 6- and 8-in (111) Si substrates to
manufacture GaN power devices [5]. The epitaxial growth typically starts
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Figure 1.2: Cross-sectional SEM image of GaN on Si with an AlGaN/AlN
intermediate layer ©The Japan Society of Applied Physics. Reprinted with
permission. All rights reserved [4].

with an AlN nucleation layer [5] that also plays the role of preventing Si
from diffusing into the GaN, followed by a transition layer (1 − 3µm) for
stress balance and crystallinity, a GaN buffer (1 − 2µm), and a barrier [6].
Because GaN layers grown on Si are under tensile stress, the transition layer
should provide compressive stress to the GaN epitaxial layer for stress
compensation. Exemplary transition layers may include AlGaN layer [7],
AlN/GaN supper lattices [8], or multiple AlN stress-release insertion layers
[9].

Research on GaN-on-Si has already led to a significant price reduction
and further price decrease is expected [10]. This makes GaN an interest-
ing candidate for consumer products. However, cost effective large-scale
production of these devices is only possible in standard Si wafer fabs [11].
Another factor is that as Si ICs production migrates to larger substrates,
older facilities become available for GaN production.

While using Si facilities seems to solve problems with cost-effective
production, it creates issues too. Conventionally, the electrical contacts to
GaN are made of metal stacks with gold capping for both Ohmic [12–14]
and Schottky contacts [15–17]. However, gold is not allowed into Si fabs,
as it easily contaminates silicon, and hence, alternative metal stacks have
to be developed to enable cost effective mass production of GaN devices.

So far, most of the research on Ohmic and Schottky contacts has been
focused on Au-containing stacks. Ti/Al/x/Au metal multilayers (where
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x was a blocking metal chosen among different options) were most often
investigated as candidates for Ohmic contacts [12, 18, 19]. For the Schottky
contacts, Ni/Au bilayer was most extensively investigated [16, 20]. Theses
contacts, even though thoroughly analyzed [20, 21], are still not fully un-
derstood. Many different phenomena such as the dependencies of ideality
factor and Schottky barrier height on temperature [22, 23] are still to be
explained. Some work has been done on Schottky barrier height inhomo-
geneity [24, 25], however there is still not much inhomogeneity research
experiments on AlGaN/GaN heterostructures. This is especially significant
for Au-free metal stacks which have not received enough attention and
many aspects of contacts formation and their behavior are not described in
detail.

1.2 Material properties

GaN is one of the of III-V semiconductors as it is composed of elements
from group III and group V of the periodic table. It is a direct bandgap
semiconductor [26] with a bandgap of 3.4 eV (in comparison 1.1 eV for
Si). The gallium and nitrogen atoms in GaN are arranged in a wurtzite
(hexagonal) crystal structure [26], as presented in Fig. 1.3.

Figure 1.3: GaN wurtzite crystal structure [27].

It is grown most commonly by metal organic chemical vapor deposition
(MOCVD) [28, 29] or alternatively by molecular beam epitaxy (MBE) [30,
31]. As a noncentrosymmetric compound, GaN has two different sequences
of the atomic layers in the two opposing directions parallel to certain
crystallographic axes [32]. Ga and N layers order is reversed along the
[0001] and [000-1] directions. Since the material consists of bilayers of two
closely spaced hexagonal layers of which one is formed by cations and the
other by anions, this leads to polar faces and spontaneous polarization in
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Table 1.2: Properties of different semiconductor materials

Quantity GaN Al0.2Ga0.8N AlN 6H-SiC Si Units
Band gap 3.43 3.77 6.20 3.03 1.12 eV
Breakdown
field

3.3 4.32 8.4 3.2 0.3 MV/cm

Relative per-
mittivity

9.5 9.3 8.5 9.66 11.9

Lattice con-
stant a

3.189 3.174 3.112 3.073 5.431 Å

the material. In GaN we can have a basal surface that would be either Ga-
or N-faced as schematically shown in Fig. 1.4

Figure 1.4: Ga-face and N-face crystals structures of GaN. Reprinted from
O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, W. J.
Schaff, L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, and
J. Hilsenbeck, “Two-dimensional electron gases induced by spontaneous
and piezoelectric polarization charges in N- and Ga-face AlGaN/GaN
heterostructures,” Journal of Applied Physics, vol. 85, no. 6, p. 3222, 1999,
with the permission of AIP Publishing.

By convention, the z or [0001] direction is given by a vector pointing
from a Ga to a nearest-neighbor N atom. We can now considerAlxGa1−xN

material, where x (the mole fraction) of Ga atoms is replaced Al atoms.
Such material will have intermediate properties between GaN and AlN, as
shown in Table 1.2.

When an AlxGa1−xN layer is grown epitaxially on top of the relaxed
GaN it will be under tensile mechanical stress, due to the smaller lattice con-
stant. AlGaN will be strained only if remaining below a critical thickness,
above which dislocations would appear and relax the layer. In the absence
of external electric fields, the total polarization (P) of a GaN or AlGaN layer
is the sum of spontaneous polarization PSP and piezoelectric polarization
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PPE, due to the stress. Spontaneous polarization arises from the lack of
inversion symmetry of the wurtzite crystal, whereas piezoelectric polariza-
tion, is a result of the stress and strain created due to the lattice mismatch
of the GaN and AlxGa1−xN layers. The spontaneous polarization along
the c-axis of the wurtzite crystal is PSP = PSP ∗ z and the piezoelectric
polarization can be calculated from [32]:

PPE = e33εz + e31(εx + εy) (1.2)

Where e33 and e31 are piezoelectric coefficients, a0 and c0 are the equi-
librium values of the lattice parameters, εz = (c− c0)/c0 is the strain along
the c-axis, and the in-plane strain εx = εy = (a− a0)/a0 is assumed to be
isotropic. The relationship between the lattice constant of the hexagonal
GaN is given by [32]:

c− c0

c0
= 2

C13

C33

a− a0

a
(1.3)

Where C13 and C33 are elastic constants. Using equations x and y we
can calculate the piezoelectric polarization in the direction of the c-axis
using [32]:

PPE = 2
a− a0

a

(
e31 − e33

C13

C33

)
(1.4)

Based on the above equation we can say that for AlGaN, the piezoelec-
tric polarization is negative for tensile and positive for compressive strain
respectively. The spontaneous polarization for GaN and AlN is negative
[32], meaning that for Ga(Al)-face heterostructure the spontaneous polar-
ization is pointing towards the substrate [32]. Hence the resultant total
polarization (piezoelectric and spontaneous) will depend on AlGaN strain
(tensile or compressive) and structure of GaN being Ga-faced or N-faced.
All these combinations are presented schematically in Fig. 1.5

If the polarization induced sheet charge density is positive (+σ), as
in the case of strained AlGaN on Ga-face GaN, free electrons will try to
compensate for the charges induced by polarization and vice versa. These
charges will accumulate at the heterojunction of the barrier and the buffer
layer to create a Two-Dimensional Electron Gas (2DEG). The electrons
are confined to the interface due to band bending in the GaN and the
conduction-band offset between the two materials (resulting from the
larger band gap of AlGaN). The band diagram is schematically shown in
Fig 1.6.

The electron concentration of 2DEG can be in the range of 1013cm−2,
well in excess of those observed in other III-V materials [33]. Since this
material system does not include any doping, hence there is no impurity
scattering and consequently very high mobility (around 1500-2000 cm2V1s1

[32, 34] at room temperature) can be achieved. Therefore, such heterostruc-
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Figure 1.5: Polarization induced sheet charge density and directions of the
spontaneous and piezoelectric polarization in Ga- and N-face strained and
relaxed AlGaN/GaN heterostructures [32]. Note that dimensions are not
to scale to improve readability.

tures are a basis of so called High Electron Mobility Transistors (HEMT),
the subject of this thesis.

1.3 Device schematic and principle of operations

AlGaN/GaN HEMT comprises of AlGaN/GaN heterostructure on a sub-
strate layer, with typically Ti/Al based source and drain [35] and Ni gate
metal [17]. Device schematic is presented in Fig. 1.7. Source and drain
contacts are Ohmic contacts, i.e. low resistance junction (non-rectifying)
which provide current conduction from metal to semiconductor and vice
versa with the current-voltage relationship being linear. Fabrication of
good Ohmic contacts to GaN is difficult, due to the wide band gap (3.4 eV
for GaN) which leads to Schottky barrier height values in the order of 1 eV
on n-type and even of 2 eV on p-type material [36]. It is even more difficult
in AlxGa1−xN alloys, where the band gap increases with increasing the
Al content (3.4 eV at x = 0 to 6.2 eV at x = 1). Additionally, fabrication of
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Figure 1.6: Band diagram of AlGaN/GaN heterostructure.

such contacts is complex, as use doping like in Si technology, neither by
ion implantation nor by diffusion.

Figure 1.7: AlGaN/GaN HEMT schematic. Note that dimensions are not
to scale to improve readability.

The gate contact is a Schottky (rectifying) contact and refers to a metal-
semiconductor contact having a large barrier height. The main transport
mechanism is thermionic emission, which allows electrons to move over
the Schottky barrier. The gate, i.e. the Schottky contact in HEMTs, allow to
switch the transistor on and off by depleting the 2DEG directly under the
gate.

Since the 2DEG is present in the heterostructure without applying any
external voltage, HEMT is a ’normally on’ transistor . However, this is an
unwanted behavior and attempts are made to design ’normally off’ HEMTs.
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With no voltage applied, the 2DEG is present between source and drain
but no current is flowing. Applying voltage between drain and source (VDS

>0) forces electrons to flow from source to drain. Applying a negative bias
to the gate, such that VGS drops below the threshold voltage of the device
(typically around -2 V) can deplete the 2DEG of electrons in the region
immediately below the gate. Consequently, the source-drain connection is
no longer present and the device is turned off.

1.4 Project description; why contacts need to be Au-free

Traditionally, GaN devices have been processed in dedicated III-V fabs.
The capping metal layer for electrical contacts was almost exclusively gold
[12, 18, 19], as it has low resistance and protects Ti/Al from oxidation.
Since III-V facilities are most often producing devices for specialized high-
margin markets like RF power or lasers, they are unsuited for inexpensive
high voltage devices. Additionally, traditional III-V fabs do not have the
necessary throughput to provide the number of devices required in the
consumer market. A potential solution is introduction of GaN processing
in a standard silicon fab and use existing production lines. However, gold
is not allowed in these facilities, as it diffuses rapidly in Si at relatively low
temperatures and forms mid gap states that have a negative effect on the
performance of the silicon devices [37]. Therefore, a gold free metallization
has to be found that is compatible with an Si fab.

Over the past years there have been multiple attempts to develop Au-
free metal multilayers for both Ohmic and Schottky contacts. While the
results are already very promising, when one looks at the contact parame-
ters, there is still no full understanding of contact formation and current
transport mechanism.

Scientific aim of the thesis
The research on the Ohmic contacts in this thesis aims at providing in-

sight about the electrical transport mechanism from the metal to the 2DEG
in the AlGaN/GaN heterostructures. An in-depth study of the nature of
these contacts, with emphasis on the nature of the charge transport into
the 2DEG, the reactions occurring at the interfaces between the metals and
the GaN would be presented. For this purpose, accurate measurement
structures were designed and new characterization methods have been
used.

For the Schottky gate structures, metals and alloys with the required
high work function were investigated. An in-depth study of the nature
of the contact was made. Phenomena specific to the AlGaN/GaN, such
as metal stack strain influence on the Schottky barrier and barrier height
inhomogeneity was investigated.

Research has been performed in close collaboration with NXP Semi-
conductors. Measurements have been performed at NXP Eindhoven, NXP
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Nijmegen and partly at University of Twente where complementary facili-
ties and expertise exist. All samples came from NXP processing fabs.

1.5 Outline of the thesis

The thesis is organized as follows:
In Chapter 2 a review of current technology for Ohmic and Schottky

contacts to GaN and AlGaN/GaN heterostructures is presented. Different
metals and metal multilayers are discussed and Au-free alternatives are
analyzed.

Chapter 3 reports on method of accurate extraction of Ohmic contact pa-
rameters such as specific contact resistance and transfer length. It is the first
work investigating sheet resistance under Ohmic contacts to AlGaN/GaN.
Research highlights how reactions at metal-semiconductor interface affect
the material under the contact and how contact parameters change when
the resistance under the contact is accounted properly.

Chapter 4 presents a specific case of Ohmic contacts - so called recessed
contacts where (part of) AlGaN is removed resulting in either thinner
barrier to the 2DEG or even a side contact with the aim to reduce the contact
resistance. Reactions under the contact are investigated and consequences
of neglection of actual value of sheet resistance under the contact are
discussed.

In Chapter 5 results of metal-stack-induced stress, on the Schottky diode
behaviour are presented. The observed change in Schottky barrier height of
a Ni and Ni/TiW/TiWN/TiW contact is explained by stress effects induced
by the TiW/TiWN/TiW capping layer, rather than by chemical reactions at
the metal-semiconductor interface.

Chapter 6 summarizes investigation on the barrier height inhomogene-
ity of the Schottky contacts to AlGaN/GaN. Results of material analysis
together with extensive electrical measurements show characteristic inho-
mogeneity phenomena. Analysis of multiple wafers allows to conclude
that the source of the inhomogeneity is inherent to the wafers themselves
and not to the device processing nor the contact metals.

In Chapter 7 the main results of this thesis are summarized and recom-
mendations for further research are provided.





CHAPTER 2
STATUS OF OHMIC AND

SCHOTTKY CONTACTS

Abstract

Ohmic and Schottky electrical contacts to AlGaN/GaN heterostruc-
tures have been intensively investigated over the past 20 years. Most
of the researchers’ efforts have been focused on the gold-containing
metal stacks. In this chapter an extensive literature review is presented.
It is discussed what metal stacks are used for each type of contact
and what are their properties. Finally, work on gold-free contacts is
presented and different metal stack compositions are analyzed.
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2.1 Introduction

AlGaN/GaN High Electron Mobility Transistors (HEMTs) are promising
for a variety of applications for high voltage and high-power devices. Their
value stems from high breakdown voltage, high power density, stability
at elevated temperatures and resistance to harsh environment conditions.
Fabrication of high quality devices demands well developed contact struc-
tures, both Ohmic and Schottky. Electrical contacts used for HEMTs are
mostly adapted from solutions used for GaN epilayers. Generally, gold
is used as a topmost layer of the metal multilayer. Au is known as an
electronic trap, it diffuses easily into silicon and due to this contamination
issue, it is not allowed in silicon fabrication facilities. However for the mass
production of AlGaN/GaN devices in standard silicon fabs, this material
has to be replaced with another that can be brought into the facility [38]. In
this chapter Ohmic and Schottky contacts to AlGaN/GaN heterostructures
will be discussed. An overview of current technology will be presented.
Materials to be used as a replacement for gold will be analyzed and a
current understanding of contact formation mechanism will be discussed.

2.2 Ohmic contacts

Intensive research on GaN started after the successful growth of high qual-
ity GaN film by Hiroshi Amano in 1986 [39]. Thanks to his discovery, the
world of science took up gallium nitride research and started exploring its
vast application possibilities. One of the first publications which addresses
the low resistance of multilayer Ti/Al 1 based contacts to GaN is the work
by Lin et al. [40]. The work of Jenkins and Dow [41] is mentioned as, to
the author’s knowledge, the primary work in which the theoretical inves-
tigation of N vacancies in GaN acting like n-type donors was conducted.
The Ohmic contact multilayer structures which are most often met in the
literature are based on Ti/Al layers [40] with gold capping layer [42–44].
Gold prevents the oxidation and improves overall contact resistance [45].
However, if one wants to introduce the III-V device fabrication alongside
the standard silicon devices in the same facility, gold is a material which
has to be avoided.

2.2.1 Materials for Ohmic contacts

Reliable and low resistance contacts are necessary for the functioning of
all electronic devices. For power transistors like AlGaN/GaN HEMTs it
is demanded to obtain the specific contact resistance as low as possible.
Depending on the application ρc in a range of 10−5 −10−7Ωcm2 is required
[46]. As mentioned in the introduction, the majority of the contacts stacks

1Materials from left to right correspond to the metal stack from the bottom (contact with
semiconductor) to the top. Such notation will be used throughout the thesis.
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contain Ti. Widely present structures are Ti/Al/Ti/Au [47], Ti/Al/Pd/Au
[48] and Ti/Al/Mo/Au [49]. In this section role of each metal in such a
stack will be explained.

Titanium

Titanium is the most popular metal used to make Ohmic contacts to GaN.
If Ti is not oxidized, it provides a good adhesion to GaN [47]. Literature
review shows that Ti/Al layer based structures are most often used material
stacks for Ohmic contacts both for AlGaN/GaN HEMTs [42–44] and GaN
[50], [51]. Motayed et al. claim that Ti has the important role of reducing
the GaN native surface oxide upon alloying [47]. The GaN surface has a
high chemisorption for oxygen and as a result, thin insulating oxides are
formed on it. The most typical is Ga2O3, about 5-10 nm thick. Individual
metals, such as Ti, may reduce the native oxide. Titanium has the ability
to reduce Ga2O3 during annealing and retain a stable α − Ti phase with
oxygen in solid solution. It was experimentally shown by Kowalczyk
et al. that titanium reduces the Ga2O3 oxide [52]. There are also many
procedures of chemical pretreatment to remove the oxide layer, such as HCl
[53], aqua regia [48] or HF:HCl:H2O [35]. Major problem of the Ti-only and
also Ti/Al contacts (i.e. contacts without capping layer) is their propensity
towards oxidation. Motayed et al. [16] state that it was observed that Ti-Al
based metal films suffer from oxygen contamination during alloying. They
assumed that the Al2O3 contact formed on Al during annealing may be
one of the reasons of increase in the contact resistance. The Al also tends to
ball up in temperatures over 600 oC resulting in a very rough surface [52].
This fact is the reason of adding another metal to the stack, most often Ni
and Au.

Aluminum

The main function of aluminum is the reduction of reactivity of Ti towards
GaN as evidenced by Van Daele et al. in low-temperature annealed samples
[19]. This prevents severe GaN decomposition while still forming TiN.

The N extraction by Ti is triggered by the higher enthalpy of formation
of TiN with respect to GaN [54]. Van Daele et al. observed that the reaction
is so aggressive that it results in voids below the TiN, as is visible in Fig. 2.1.
Higher annealing temperatures enhanced the reaction resulting in larger
voids and thicker TiN and TiGa on top (Fig. 2.1). This indicates that Ti can
decompose GaN.

Van Daele et al. [19] claim that Al should be present to reduce the
aggressive Ti-GaN reaction. However, there should be enough Ti left to
form a titanium nitride layer at the interface. On the other hand, too
much Ti leads to the formation of voids below TiN. A high Ti/Al relative
thickness is required to penetrate through AlGaN and a low Ti/Al relative
thickness is needed for a reduced interface reaction.
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Figure 2.1: HAADF image of a Ti/GaN contact annealed at 805 oC. The
black region at the TiN/GaN interface is a void. The arrow indicates the
scan trace of the EELS profile shown on the right-hand side. The EELS
profile shows the normalized intensity for each element. Ga can be found in
the Ti layer above the TiN. Reprinted from B. Van Daele, G. Van Tendeloo,
W. Ruythooren, J. Derluyn, M. R. Leys, and M. Germain, “The role of Al
on Ohmic contact formation on n-type GaN and AlGaN/GaN,” Applied
Physics Letters, vol. 87, p. 061905, aug 2005, with the permission of AIP
Publishing.

Nickel, Molybdenum and other blocking layer metals

Most metal stacks to III-V include a blocking layer between Ti/Al and
the capping layer. Most often used materials are Ni, Mo, Pd, Pt or Ti [45].
Nickel prevents the Ti and Al oxidation during alloying and also is believed
to be inter diffusion barrier for Au and Al [47]. It is deposited to avoid
the creation of highly resistive ’purple plague’ [55]. Xin et al. claim that
Ni thickness is the dominant factor which affects the contact resistance
of Ti/Al/Ni/Au ohmic metal stack [56]. They also provide the optimum
Ni:Au ratio 1.8:1 which yields flat surface morphology and low resistance
ohmic contact.

Gold and alternative metals

Au coating is most often employed to improve oxidation resistance of Ti
and Al [46] and also its thickness dominantly affects surface morphology
[56]. The gold layer should also prevent the oxidation during high temper-
ature annealing [46]. It also improves the contact resistance by formation
of conductive phases inside the entire metal stack [57] and at the interface
[58]. Gold free contact to AlGaN/GaN received some attention recently
[59–61] and scientists try to provide solutions which can be employed at
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Figure 2.2: Bright-field TEM image taken in GaN 0002 two-beam diffraction
condition. The Ti/GaN contact annealed at high temperature shows large
voids at the metal/nitride interface. Reprinted from B. Van Daele, G. Van
Tendeloo, W. Ruythooren, J. Derluyn, M. R. Leys, and M. Germain, “The
role of Al on Ohmic contact formation on n-type GaN and AlGaN/GaN,”
Applied Physics Letters, vol. 87, p. 061905, aug 2005, with the permission of
AIP Publishing.

silicon fabs.
For example Lee et al. [59] investigated contacts to AlGaN/GaN het-

erostructure on Si substrate and chose a Ti/Al layer as a base of the metal
stack and decided for tungsten cap layer. The tungsten layer prevents the
oxidation of Al layer.

What was important in Lee’s et al. approach is the recessed contact.
It provides a tenfold reduction in contact resistance comparing to planar
structures. The authors evaluated different etch depths and received lowest
resistance after complete removal of the AlGaN layer. This however, puts
in question the legitimacy of using the concept of specific contact resis-
tance (Ohm.mm2) as the sidewall contact of metal to the two-dimensional
electron gas is created (Ohm.mm). The calculated value of specific contact
resistance is 6.5 ∗ 10−6Ωcm2

It was shown, that recessed contacts showed ohmic behavior after
annealing at 800 oC in contrast to anneals above 900 oC that were needed for
samples without recess etch. Malmros et al. [62] were investigating other
material systems - Ta/Al/Ni(Ta)/Au and Ta/Al/Ta. The latter proved
to have lower contact resistance. One of the major advantages of using
Ta-based stack is lower annealing temperature, below 600 oC. This results
in better surface morphology and also good edge acuity.
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recess (a) and SEM image of the cross section of a TI/Al/W contact after
annealing. The contact region was recessed about 30 nm (b) [59]. ©2011
IEEE.

The contacts were prepared without any plasma pre-treatment on two
different AlGaN/GaN epilayers, one with 3 nm cap and the other without
it. Authors found the optimal RTA temperature to be 550 oC for which
they obtained best Rc of 0.06Ωmm on the sample with GaN cap layer. The
optimal Ta/Al ratio was also calculated. The best contact performance was
achieved at 1:28 ratio. Malmros et al. claim that Ta extracts nitrogen from
GaN leaving N vacancies responsible for conduction mechanism in such
structure.

2.2.2 Formation of Ohmic contact to AlGaN/GaN

III-V semiconductors, especially nitrides, attract attention of many re-
searchers. So far most of the work on contacts to AlGaN/GaN has been
devoted to Au-containing contacts, without a lot of attention paid to alter-
native metal stacks.

Most often addressed problems are:

• RTA temperature and time

• Metal stack composition and ratios

• Temperature performance and reliability

• Formation of TiN

• Alloying of metals in the stack

While different groups have obtained high-quality Au-free contacts
[59–61], the topic is still not fully explored.
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Table 2.1: Work function of different metals.

Metal
Work
function (eV)

Ga 3.96
Al 4.28
Ti 4.33
Ni 5.15
Au 5.10
Ta 4.25

When analyzing the contact formation mechanism, it is very important
to distinguish the contact to bulk GaN and contact to AlGaN/GaN HEMT.
The latter is more complicated as it is needed to have transition from three
to two-dimensional system and vice versa. Because the contacts to bulk
GaN were investigated intensively it is widely popular to adapt successful
solutions to the GaN heterostructures.

Formation of Ohmic contacts to GaN is generally very difficult unless
some metal-semiconductor interaction takes place and/or the semiconduc-
tor is altered (for example by an RIE process) in a way that the electron
concentration is increased [63]. In Table 2.1 different metal work functions
are presented. As one can see, there is no metal with work function low
enough to form ohmic contact to GaN. This excludes the possibility of
thermionic emission to be a mechanism for carrier transport through the
contact [63].

Titanium, most popular metal for ohmic contacts, with a work function
of 4.33 eV forms a Schottky contact to GaN with the electron affinity 4.1 eV
[47]. Despite that, it is possible to fabricate ohmic contacts to GaN using
titanium. After RTA (at different temperatures, ranging from 600 oC to
even 900 oC) the contact characteristics change from non Ohmic into Ohmic.
The RTA step induces complicated changes in the GaN [64]:

• formation of TiN through extraction of nitrogen from GaN

• in- and outdiffusion of metals in the stack and alloying

• GaN and AlGaN penetration by TiN along threading dislocations

The low barrier mechanism requires compounds having intermediate
work function and nitride compounds, such as TiN, are possible candidates
[44]. TiN which is a semi metal with a work function of 3.74 eV can provide
ohmic contacts to GaN [44]. It was also shown that TiN penetrates the
GaN and AlGaN layer along threading dislocations and provides a direct
contact to the 2DEG [44], [64]. At the annealing temperature of 850 oC
for Ti/Al/Mo/Au Wang et al. showed that TiN islands formed along the
threading dislocations penetrate past the 2DEG plane. These discrete TiN
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islands are preferentially formed along dislocations due to either rapid dif-
fusion of atoms along dislocations or preferred TiN nucleation at these low
energy sites. Electrons can flow from the 2DEG to the metal layer through
these TiN islands, and this could be a more efficient carrier transport means
than tunneling through the insulating AlGaN [64].

The main disadvantage of the TiN protrusions is the possibility of
2DEG degeneration. TiN spikes may increase the electron scattering, what
would result in 2DEG mobility reduction. Therefore the contact resistance
could become dependent mainly on this mechanism, and possibly the
carrier density change [49]. Moreover, the quality of the contact becomes
very dependent on the quality of the AlGaN/GaN in a way that a high
quality with low dislocation density will have less of these protrusions and
consequently have poorer contacts.

Yow-Jon et al. showed that the formation of TiN on n-GaN occurs above
600 oC [65]. They also claim, basing on their XPS measurements, that the
Ohmic behavior of the contacts can be attributed to the presence of a large
number of nitrogen-vacancy-related defects and not to the formation of
lower barriers at the annealed Ti/n-GaN interface.

Tunneling of electrons is thought to be possible thanks to the out diffu-
sion of nitrogen and the formation of a TiN layer, due to the formation of
N vacancies heavily n-doped layer in the semiconductor is formed [44].

While analyzing the currently available literature a few conclusions can
be drawn:

• It is commonly believed that Ti forms TiN on GaN and creates N
vacancies in GaN but there is no direct experimental confirmation
of the existence of those vacancies. The N vacancies lead to n-type
doping of the GaN

• Manipulation of metal layer thickness ratios highly influences the
contact resistance

• Above mentioned layer composition is affected by RTA temperature
and also by the temperature gradient [42]

Temperature performance

Iucolano et al. decided to study the influence of annealing temperature on
the temperature dependence of the specific contact resistance [46]. They
have shown that Ti/Al/Ni/Au contacts are rectifying up to the annealing
temperature of 650 oC. Only after increasing the RTA temperature to 700
oC the contacts became ohmic. They carried out Transfer Length Method
(TLM) measurements of samples annealed at two different temperature
regimes, 600 oC and 800 oC in a measurement range of 25 oC to 175 oC. The
specific contact resistance values are presented in Fig. 2.4.

The experimental data in Fig. 2.4 were fitted using the theoretical ex-
pressions of ρc based on the different models of current transport through
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Figure 2.4: Specific contact resistance to n-type GaN as a function of the
sample temperature during measurements. The fit was obtained using
the TFE model for the sample annealed at 600 oC and the FE model for
the sample annealed at 800 oC. Reprinted from F. Iucolano, F. Roccaforte,
A. Alberti, C. Bongiorno, S. Di Franco, and V. Raineri, “Temperature depen-
dence of the specific resistance in Ti/Al/Ni/Au contacts on n-type GaN,”
Journal of Applied Physics, vol. 100, no. 12, pp. 123701–123706, 2006, with the
permission of AIP Publishing.

metal/semiconductor contacts, i.e., thermionic emission (TE), thermionic
field emission (TFE), and field emission (FE).

Samples annealed at 800 oC were described by the FE model. Iucolano’s
group, basing on their results, the linear I-V characteristics and the reduc-
tion of ρc observed by increasing the annealing temperature from 600 to
800 oC, claimed that the conduction mechanism is based on the tunneling
of the carriers through a lower Schottky barrier [46].

Iucolano et al. presented also the TEM cross section micrographs of the
samples annealed at 600 and 800 oC (Fig. 2.5). These two annealing tem-
peratures are reported since they illustrate the distinct contact morphology
observed before and after the transition from Schottky to Ohmic behavior.

2.3 Schottky contacts

Schottky contacts are crucial elements in diodes and transistors. Despite
intensive research on those contacts to AlGaN/GaN heterostructures, ob-
taining high barrier and near-ideal behaviour remains challenging. There
are several issues, such as for example adhesion [66], thermal stability [67]
or metal diffusion during the annealing [68]. In recent years, substantial
effort has been focused on the electrical properties of various Au-free Schot-
tky metal stacks[69–71]. In this section properties of those metals will be
discussed.
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Figure 2.5: Cross section TEM micrographs of sample annealed at 600 oC
(left) and 800 oC (right). Reprinted from F. Iucolano, F. Roccaforte, A. Al-
berti, C. Bongiorno, S. Di Franco, and V. Raineri, “Temperature dependence
of the specific resistance in Ti/Al/Ni/Au contacts on n-type GaN,” Jour-
nal of Applied Physics, vol. 100, no. 12, pp. 123701–123706, 2006, with the
permission of AIP Publishing.

2.3.1 Materials for Schottky contacts

Typically metals with high work function are used for Schottky contacts
[72] as based on the Schottky-Mott relationship [73] they should result in
the high barrier. Those materials could be for example nickel, platinum
or palladium. So far, the most often used in AlGaN/GaN technology is
nickel [17, 74, 75]. Similarly to Ohmic contacts, also in Schottky stacks
gold is used as a capping layer [14, 15]. The alternatives considered are
for example WN [70], Ti [76], TiN [69] or TiWN [77]. The choice of contact
material will influence various parameters such as barrier height but also
adhesion, chemical stability or interfacial compositions.

Nickel

Nickel is a material of choice for Schottky contact to AlGaN/GaN as it has
low electrical resistivity and does not form compounds at low temperatures.
It also has high barrier height. On the other hand, Ni etching using standard
Si production tools is difficult and alternative process flow using an ion
beam etch tool has to be used. Ofuonye et al. reported a comprehensive
electrical and microstructural characterization of Ni/Au and Ni/Pt/Au
Schottky contacts [15]. Contacts underwent thermal anneal temperatures
up to 575 oC. The Pt-including metallization improved the performance of
the as-deposited Schottky behavior. However, annealing at temperatures
above 500 oC degraded the performance due to the formation of Ni-Pt
phases causing the Ni to diffuse upward into the Pt and creating mixed
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interfaces, which resulted in the lowering of the Schottky barrier heights.
For Ni/Au metallization, the uniform accumulation of Au at the interface
(Fig. 2.6) contributed to the increase of Schottky barrier heights and also
the stability of the contacts.

Figure 2.6: High resolution STEM images of Ni/Au on AlGaN/GaN after
500 oC annealing for 1 h, (a) and (b), showing accumulation of Au at the
metal-AlGaN interface. ©IOP Publishing. Reproduced with permission.
All rights reserved [15]

.

Qiao et al. studied the dependence of the Schottky barrier height of
Ni/AlxGa1−xN contact on the Al mole fraction up to x = 0.23 [74]. For
low aluminum content (x < 0.2), a positive linear relationship between
the barrier height and the Al mole fraction was observed. The barrier
height for the sample with x = 0.23 was smaller than the value predicted
by Schottky rule. Authors believe it has been caused by a high density of
interface defects.

Titanium

Titanium is rarely used for Schottky contacts, as it typically is used for
Ohmic stacks. Nevertheless, it has been investigated in few publications.
For example, Yu et al. studied Ni and Ti Schottky barriers on n-AlGaN [78].
The obtained barrier height for Ti was 20% lower than for Ni reference
devices, as expected. Another work investigating Ti Schottky on n-GaN
was the work by Binari et al. [76]. The group has found that Ti has
considerably lower barrier height than Au. According to authors that
indicates that the Fermi level is not pinned at the surface. Arulkumaran et
al. [79] investigated annealing effects on Ti Schottky diodes on n-AlGaN.
For all annealing times and temperatures (in the range of 100 oC - 550 oC),
the Ti contact showed almost 50% lower barrier height than the reference Ni.
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Given that the Ti yields low barrier height and is generally not comparable
to alternatives such as Pd or Ni, it has not been investigated more. Most of
the work on Ti Schottky contact has been done for GaN or AlGaN contacts
but not for AlGaN/GaN heterostructures. Titanium contacts generally
exhibited poor rectification in all cases or even n-type (Ohmic) contact to
n-GaN.

Titanium nitride

Li et al. [80] report results of applying TiN gate for AlGaN/GaN HEMT.
The sputtered TiN exhibits an improved Schottky barrier height (SBH) of
1.1 eV. Authors claim that the improvement of SBH is due to the increase
of metal work function either by the incorporation of oxygen in sputtered
TiN or by using a high N2/Ar ratio during the sputtering process. With
reference to the device with conventional Ni/Au gate, slight increase in the
dynamic-Ron was observed. Ao et al. investigated thermal stability of the
TiN Schottky contact on AlGaN/GaN heterostructure [81]. The TiN film
was formed by reactive sputtering in Ar andN2 ambient by DC magnetron
sputtering. No obvious degradation was found in the Schottky contact
when the device was thermally treated at 600 oC for 1 h or 850 oC for several
minutes. Authors observed an increase in TiN sheet resistance after the
annealing what might be attributed to oxidation of the material.

Tungsten nitride and titanium tungsten nitride

Tungsten nitride has been explored as a viable alternative for forming
Schottky contact to n-GaN [77]. WNx has been observed to form β−W2N

phase. TheWNx Schottky contact to n-GaN was thermally stable up to 850
oC, and the ideality factor and the barrier height remained at 1.10 and 0.80
eV, respectively after 850 oC annealing. Lu explored enhancement of the
Schottky barrier height using a nitrogen-rich tungsten nitride thin film [82].
They have investigated tungsten, stoichiometricW2N, and nitrogen-rich
W2N films as contacts on AlGaN/GaN. The diode with the nitrogen-rich
film exhibited a higher Schottky barrier height and the leakage current
was comparable to that of the Ni/Au Schottky contact. Lu concludes that
this was due to the increase of the tungsten nitride work function as the
result of higher nitrogen incorporation. It is noteworthy that although
good contact parameters have been obtained, they were still worse than
the reference Ni/Au stack (see Fig. 2.2).

Lu et al. [82] obtained WNx films by reactive DC sputtering, on Al-
GaN/GaN heterostructures. The nitrogen content in the film was con-
trolled by varying the nitrogen-to-argon gas flow ratio during the reactive
sputtering deposition. The obtained leakage current of 10−6A/cm2 value
was lower than that of a Ni/Au reference diode. Lu shows that tungsten
nitride can not only improve the leakage current, but also improves the
thermal stability of Schottky contacts on AlGaN/GaN. Hsieh et al. [83] look
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Table 2.2: Contact parameters of WNx Schottky metals on AlGaN/GaN
[82].

Conditions Barrier
height (eV) Ideality factor N content (%)

Tungsten 0.89 1.15
WNx gas flow ratio 0.2 1.07 1.42 34
WNx gas flow ratio 0.5 1.21 1.24 48
Ni/Au 1.37 1.16

specifically forWNx as a replacement for the standard Ni/Au metals stack.
The Schottky barrier heights of theWNx gate metal on AlGaN were 0.84
eV, 0.82 eV, and 0.78 eV for the device before, and after thermal annealing
at 400 oC and 600 oC respectively. The refractory metal nitrides exhibit
excellent thermal stability and are suitable materials to be used as Schottky
contact to AlGaN/GaN. Lee et al. [77] analyzed Schottky characteristics
of the TiWNx/n−GaN. In their work contact remained stable up to 650
oC annealing with the ideality factor and the barrier height remaining
constant at 1.14 and 0.76 eV, respectively. The contact degraded after 750
oC annealing and Ohmic-like behavior is observed after 850 oC annealing.
This is due to mixing of materials at M-S interface as shown in Fig. 2.7.

2.4 Summary

In conclusion, during the last two decades the Ohmic and Schottky con-
tacts technology to GaN and AlGaN/GaN were researched intensively,
yet there are still many unanswered questions. There is still discussion
about formation of N vacancies in GaN due to Ti in the Ohmic stack. Sim-
ilarly, there is no agreement about current transport mechanism. Lee’s
and Malmros’ research on Au-free Ohmic contacts look promising for the
application in real devices. The contact resistance achieved by them is
sufficient to produce high-quality structures. The further investigation
should be devoted to recess contacts based on both Ti and Ta. Schottky
contacts on the other hand suffer from other problems. There are not many
alternatives to the commonly used Ni/Au stack. Most of the research on
Schottky contacts has been conducted on Au-containing stacks, hence the
gold free alternatives may exhibit new unexpected behaviors.
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Figure 2.7: SIMS depth profiles of the TiWNx/n-GaN contacts after thermal
treatments (a) As-deposited; (b) After 650 oC RTA; (c) After 850 oC RTA and
of the WNx/n-GaN contacts after thermal treatments, (d) As-deposited; (e)
After annealing at 650 oC; (f) After annealing at 850 oC. ©IOP Publishing.
Reproduced with permission. All rights reserved [77]
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CHAPTER 3
SURFACE OHMIC CONTACTS

Abstract

For the determination of specific contact resistance between metal
and semiconductor the sheet resistance under the contact is usually
assumed either to be identical to that between the contacts or known
from some other measurements. This generally does not hold for con-
tacts to AlGaN/GaN structures where an effective doping under the
contact is thought to come from reactions between the contact metals
and the AlGaN/GaN. As a consequence, one can not assume identi-
cal resistances and extraction of the resistance under the contact from
other test structures is not straightforward without removing the metal.
In this chapter, the sheet resistance under gold-free Ti/Al-based Ohmic
contacts to AlGaN/GaN heterostructures on Si substrates have been in-
vestigated by means of electrical measurements, transmission electron
microscopy (TEM) and technology computer-aided design (TCAD)
simulations. It was found to be significantly lower than that outside
of the contact area; temperature-dependent electrical characterization
showed that it exhibits semiconductor-like behavior. The increase in
conduction is attributed to n-type activity of nitrogen vacancies in the
AlGaN. They are thought to form during rapid thermal annealing of
the metal stack when Ti extracts nitrogen from the underlying semi-
conductor. The high n-type doping in the region between the metal
and the 2-dimensional electron gas (2DEG) pulls the conduction band
towards the Fermi level and enhances electron transport through the
AlGaN. Using this improved understanding of the properties of the
material underneath the contact, accurate values of transfer length and
specific contact resistance have been extracted.

This Chapter is based on the following publication: Sheet resistance under Ohmic contacts to
AlGaN/GaN heterostructures Hajłasz, M. and Donkers, J. J. T. M. and Sque, S. J. and Heil, S. B.
S. and Gravesteijn, D. J. and Rietveld, F. J. R. and Schmitz, J., Applied Physics Letters, 104,
242109 (2014), DOI:http://dx.doi.org/10.1063/1.4884416
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3.1 Introduction

Ohmic contacts to AlGaN/GaN have been studied for many years already
[55, 62, 63, 84, 85], yet there is no consensus on either the optimum contact
structure or on the current transport mechanism. When evaluating the
parameters of the Ohmic contacts, two of the frequently used methods are
the linear transfer length method (LTLM) and the circular transfer length
method (CTLM) [12–14, 49]. LTLM test structures, originally proposed
by Shockley[86] and further developed simultaneously by Berger [87]
and Murrmann and Widmann [88] are easy to design and fabricate and
convenient to characterize. They are however prone to errors coming from
simplifying assumptions. One key assumption in this method is that the
sheet resistance outside of the contact area (Rsh) and the sheet resistance
under the contact (Rsk) are identical. Since the 2-dimensional electron
gas (2DEG) is sensitive to surface conditions [89] and stress, and also
because during the rapid thermal annealing there are reactions occurring
at the interface between metal and semiconductor [55, 64], this assumption
is most likely invalid. In this chapter different test structures used for
extracting Ohmic contacts’ parameters are presented and compared based
on their suitability for the AlGaN/GaN material system. With the use of
proper test structure the extraction of the sheet resistance is done. We show
why neglecting the changes in the semiconductor under the Ohmic stack
leads to large errors in the extracted parameters. At last, possible current
transport mechanisms in the Ohmic contacts to AlGaN/GaN are discussed.

3.2 Test structures

3.2.1 Types of test structures

Measuring the contact resistance is a procedure which is simple in principle
but requires a lot of attention when analysing non-silicon semiconductors.
The often-occuring problem with the standard test structures is that they
were developed for silicon devices and some simplifying assumptions
which hold for Si, are no longer valid for materials such as III–V semicon-
ductors for example. What is more, due to the advancements in technology
we are able to reduce the contact resistance significantly but that makes the
accurate characterization even more difficult. Therefore, non-standard test
structures have to be used and the complete extraction process becomes
more elaborate. Nevertheless the standard structures [90] are still used for
various reasons. One of the most often used test structure, CTLM, owes its
popularity due to simple design and simplicity of use. Due to the circular
design there is no need to provide electrical isolation by means of mesa
etch or by ion implantation. LTLM structures, on the other hand, require
isolation but represents real-life devices better (as they are rectangular) and
are more convenient in the industrial setting as it allows automatic charac-
terization thanks to the possibility to make large bondpads. Cross-Bridge
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Kelvin Resistors (CBKR) are also often used to characterize contacts, but its
accuracy (in its simplest form) is also limited. In this section parameters of
Ohmic contacts are described and application of different test structures to
characterize Ohmic contacts to AlGaN/GaN devices is discussed.

Circular Transfer Length Method

The Circular Transfer Length Method is popular for measuring Ohmic
contact parameters. The test structure consists of pairs of two metallic
contact regions: an inner circle and an outer ring with a gap between them.
Complete test structure has set of such pairs of contacts with different gap
length, varying between few µm and tens of µm.

This structure is often used mainly because of two reasons. Firstly,
thanks to the circular design the current has only one path to flow between
inner circle and outer ring metal contacts (see Fig. 3.1). Secondly, since
there is no need for isolation the problem with the isolation size being
different than contact size can be avoided.

Figure 3.1: Schematic of a CTLM test structure.

When assuming identical sheet resistance under the contact and be-
tween the contacts, the total resistance between the two contacts is [90]:

RT =
Rsh

2π

[
LT

L

I0(L/LT )

I1(L/LT )
+

LT

L+ d

K0(L/LT )

K1(L/LT )
+ ln

(
1 +

d

L

)]
(3.1)

where I and K denote the modified Bessel functions of the first order.
Rsh is the sheet resistance, L is the inner contact radius, d is the gap width
and LT is the transfer lentgh. For L»4LT, the Bessel function ratios I0/I1
and K0/K1 tend to unity and RT becomes:

RT =
Rsh

2π

[
LT

L
+

LT

L+ d
+ ln

(
1 +

d

L

)]
(3.2)

For L»d, Eq. (3.2) simplifies to:

RT =
Rsh

2π
(d+ 2LT )C (3.3)

where C is the correction factor

C =
L

d
ln

(
1 +

d

L

)
(3.4)
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For d«L, Eq. (3.3) simplifies to

RT =
Rsh

2πL
(d+ 2LT ) (3.5)

Application of the correction factor is needed to be able to obtain linear
fit to the experimental data [90]. Without doing this, the specific contact
resistance is underestimated.

When we know the total resistance between two contacts we can apply
the correction factor (Eq. 3.4, for L»d) and plot it as a function of distance
between them like in Fig. 3.2. After linear interpolation of the measurement
data 2Rc can be obtained from the cross section with y-axis and -2LT can be
obtained from the cross section with the x-axis. Sheet resistance is obtained
from the slope of the curve.

Figure 3.2: RT vs d for a CTLM test structure [90]. ©2006 John Wiley &
Sons, Inc.

In this way, calculating the specific contact resistance is straightforward
but limited to some extent by the simplifying assumptions. Main limita-
tion of CTLM for AlGaN/GaN devices is the assumption of the identical
semiconductor sheet resistance under the metallic contact and in the region
between the contacts. While this holds for silicon devices, it is not so obvi-
ous for AlGaN/GaN where contacts receive thermal treatment at elevated
temperature, usually above 700 oC [91].

Cross-Bridge Kelvin Resistor

Having in mind limitations of a CTLM structure one could think of a
method in which knowing the resistance of the semiconductor is not
needed to determine the contact resistance. One structure which allows
such measurements is the Cross-Bridge Kelvin Resistor (CBKR) which
was used for evaluating metal-semiconductors contacts in 1972 for the
first time [92]. This structure has been evaluated seriously later on in the
1980s [93–95]. CBKR is often used as a convenient structure for the Process
Control Module (PCM) to characterize the specific contact resistance. In
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the simplest form it requires only one structure with conveniently located
bond pads. An example of such test structure is presented in Fig. 3.3.

Figure 3.3: Schematic of Cross-Bridge Kelvin Resistor structure [90].©2006
John Wiley & Sons, Inc.

To make the measurement current is forced between contacts 1 and
2 (I12) and voltage is measured between contacts 3 and 4 (V34). Kelvin
resistance can be then expressed as:

Rk =
V34

I12
(3.6)

Assuming the simple 1D-Model approach [96] the specific contact resis-
tance can be then calculated:

ρc = RcA = RkA (3.7)

Severe limitation of this otherwise good model lies in the ignoring
current flowing in the overlap region (δ) between the contact edge and the
underlying layer sidewall [90]. In the ideal case with δ = 0 (Fig. 3.4), the
voltage drop is V34 = IRc/. For δ > 0 (Fig. 3.4 (b)), the lateral current flow
gives and additional voltage drop that is included in V34, leading to higher
Rk.

In that case the 2D-Model propsed by Schreyer and Saraswat should
be applied to correct for current crowding effects [96]. The measured Rk
is then a sum of the Rc and the resistance Rgeom, due to the current flow
around the contact in the overlap region (Eq. (3.8)). The ρc can further be
extracted from Eq. (3.9), where Rsh is the sheet resistance of the underlying
layer.

Rk = Rc + Rgeom (3.8)
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Figure 3.4: Four-terminal contact resistance test structures. (a) Ideal with
only lateral current flow, (b) showing current flowing into and around the
contact. The black area is the contact area [90]. ©2006 John Wiley & Sons,
Inc.

Rk =
ρc

A
+

4Rshδ2

3WxWy

[
1 +

δ

2(Wx − δ)

]
(3.9)

CBKR structures have some tradeoffs related to the size of δ but also
the contact size. The most accurate measurement using CBKR can be done
when both δ and A are varied. The reason to do this is to obtain true Rk
from the interpolation of R(δ) at δ = 0. Variation in contact size needs to
be done to avoid underestimating the resistance as not whole contact area
may be involved in current transport, especially in case of the very large
contacts. Consequently the number of structures to be put on a die and
characterize, proliferates extremely fast. With the always-smaller space
devoted to test structures and high price of GaN wafers this makes CBKR
nor preferred for an accurate specific contact resistance analysis. One needs
to notice that for the CBKR 2D-Model the semiconductor sheet resistance
has to be known. This requires yet another structure and in the end renders
the method, though accurate, even less effective.

Linear Transfer Length Method

LTLM is probably most often used structure to characterize Ohmic contacts.
The parameter extraction method is in principle similar to the one of CTLM
structure. In the standard LTLM contact-front resistance (Rcf) measurement
(Fig. 3.5. (a)) a current I12 is forced between contacts 1 and 2 and the
resulting voltage V12 between them is measured. We assume identical sheet
resistances in the whole sample (Rsh = Rsk). The measured resistance for a
given contact separation d is then described with the following equations
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[90]:

RT =
V12

I12
=
Rshd

Z
+ 2Rcf (3.10)

Rcf =

√
Rskρc

Z
coth(

L

LTk
) =

ρc

LTkZ
coth(

L

LTk
) (3.11)

where RT is the total resistance between the two contacts, Rcf is the
contact-front resistance, ρc is the specific contact resistance, Rsh is the sheet
resistance between the contacts, Rsk is the sheet resistance under the contact,
Z and L are contact width and length, respectively, and LTk is the transfer
length (extracted from the extrapolated RT vs. d plot at RT = 0).

However, to get reliable values for the transfer length and specific
contact resistance in th AlGaN/GaN material system, the sheet resistance
under the contact must be known. To measure it we use the contact-
end resistance (Rce) method (Fig. 3.5(a)), which was first proposed by
Reeves and Harrison [97]. In this method the current is forced between
contacts 1 and 2 but the voltage is measured between contacts 2 and 3
(Fig. 3.5(b)). Since there is no current flow between them, the potential at
V3’ is equal to the measured potential V2 so the voltage drop across the
2DEG/AlGaN/metal is effectively measured. We assume that the metal is
equipotential and that its resistance is negligible compared to that of the
semiconductor. Rce is equal to:

Rce =
V22

I12
=

√
Rskρc

Z

1
sinh L

LTk

=
ρc

LTkZ

1
sinh L

LTk

(3.12)

Since the transfer length value extracted from the RT (d) plot is correct
only when Rsk = Rsh, we instead have to calculate it from the Rce/Rcf ratio:

Rce

Rcf
=

1
cosh L

LTk

(3.13)

Knowing that:

LTk =
√
ρc/Rsk (3.14)

we can extract LTk, ρc and Rsk from equations (3.12), (3.13) and(3.14)
To extract accurate contact parameters with the Rcf method, the length

(L) of the contact has to be at least 1.5 times longer than the transfer length
(LTk) [90]. Since LTk is not known upfront, the designed L is often up to 50 –
100 times longer. Consequently the voltage drop between contacts 2 and 3
is very low and hence difficult or even impossible to measure. Hence, thest
structures with appropriate length need to be used.
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Figure 3.5: (a) Schematic of Rcf and Rce measurements, where V12 is mea-
sured for the Rcf and V23 for the Rce, (b) Cross-section of the structure from
(a).

3.3 Device description

The investigated samples come from NXP Semiconductors’ GaN-on-Si
process technology, with Ti/Al-based gold-free Ohmic contacts made in
a silicon nitride passivation-first integration scheme [98]. The aluminium
layer is a few times thicker than the titanium and the Ti/Al ratio was opti-
mized in order to obtain lowest contact resistance. This ratio is comparable
to those used by different research groups [99–101]. Test structures are
patterned by dry etching and isolation is obtained using argon ion implan-
tation. Ohmic contacts receive rapid thermal annealing (RTA) treatment at
an optimized temperature within a 800 – 900 oC range, which is typical for
contacts to AlGaN/GaN [99, 100]. The top layers of the wafers used in this
experiment consist of 1.5 µm of GaN with 20 nm of Al0.2Ga0.8N and a 3 nm
GaN cap, prepared by metalorganic chemical vapor deposition (MOCVD).
A schematic of the structure with the Ohmic contact is shown in Fig. 3.6.
An SEM cross section of the actual Ohmic contact is shown in Fig. 3.7.

An HP 4155C semiconductor parameter analyzer has been used for
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Figure 3.6: Schematic of device structure with a surface Ohmic contact.

Figure 3.7: Cross section of a surface Ohmic contact.

electrical characterization and a FEI Tecnai F30 transmission electron micro-
scope (TEM), equipped with an energy-dispersive X-ray (EDX) spectrom-
eter, for material composition investigation. Technology computer-aided
design (TCAD) simulations were conducted with Taurus Medici from
Synopsys.

3.4 Material analysis

Ohmic contact properties are determined by the interface between metal
and the semiconductor. Any changes in this interface would have profound
influence on the contact resistance. Source of the interface changes can be
of different origin, e.g. metal stack alloying, chemical reactions of metal
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and semiconductor or metal protruding via the semiconductor threading
dislocations. Those effects do not require special attention with respect to
the test structure choice as long as the sheet resistance of the semiconductor
remains unaffected. As discussed in 3.2, standard test structures are capa-
bale of correctly extracting the device parameters under the assumption
of unchanged sheet resistance. If however, any change in Rsh is expected,
then the appropriate test method has to be applied.

Figure 3.8: Edge of an unannealed Ohmic contact.

In the investigated devices Ti is the metal of choice to form an Ohmic
contact to GaN. One important feature of Ti is the N extraction from GaN,
triggered by a higher enthalpy of formation of TiN with respect to GaN
[102]. This means that if the TiN formation occurs we have to take into
account possible changes in the semiconductor and use of standard contact
resistance test structures would no longer be possible. To analyse the
devices structure multiple TEM investigations have been conducted, using
a transmission electron microscope, equipped with an energy-dispersive X-
ray. At first we looked at the as-deposited structure to be able to distinguish
later on between deposition and RTA related effects. In Fig. 3.8 an edge of
an unannealed Ti/Al Ohmic contact is shown. Such structure needs to be
analysed to determine if there are any reasons to expect change in the Rsh.
This change can be related to processing in steps prior to metal deposition
as well as to contact deposition itself. To distinguish between the different
mechanisms, we first look at the cross section of a structure which has not
received the annealing.

The interface between Ti and GaN visible in Fig. 3.8 is not smooth but is
quite uniform, with very good edge coverage. Comparing to the interface
between SiN and GaN it can be observed that the metal is located below
the region where the top of the semiconductor should be located. This
can mean that either part of the GaN was removed during opening the
passivation layer or that there were some reactions between Ti and GaN
and the interface moved slightly towards the semiconductor side. Etch of
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Figure 3.9: Brightfield HRTEM image of the center of an unannealed Ti/Al
Ohmic contact to AlGaN/GaN.

the opening in the SiN passivation layer could be one of the reasons that
GaN is affected. The dielectric is removed in dry etching process using
SF6, so some overetch might be present [103]. Alternatively, the position of
the interface could be related to the GaN native oxide formation, as GaN
readily oxidizes at the room temperatures and forms Ga2O3 [104]. This
means that after removal of the passivation layer, GaN would be covered
with the oxide. This oxide is then removed during cleaning process before
Ohmic metal deposition. This cleaning procedure may result in the small
shift of the position of top of the GaN, because part of the material would
be removed.

Looking further in the center of the device (Fig. 3.9) one can see that
the metal / semiconductor interface is uniform there. Knowing the device
structure before annealing we will be able to observe influence of the RTA
treatment on the contact.

As-deposited Ti/Al metal stacks require high-temperature annealing
to become Ohmic. During the annealing, processes occur at the metal /
semiconductor interface. Depending on the annealing temperature, reac-
tion within the metal stack as well as between metal and semiconductor
can occur. Therefore material analysis of the annealed contact has to be
conducted for each annealing conditions. In order to understand mecha-
nismis governing the investigated Ohmic contacts formation, several TEM
micrographs of the contacts annealed at 875 oC have been made. In Fig.
3.10 (a) and edge of the device (identical as in Fig. 3.8) is shown. Two
main observations can be made from this micrograph. Firstly, the interface
between metal and GaN is now located about 7 nm below the original
interface. Secondly, the device edge is no longer perfectly uniform and
there is a dark area at the edge. This region is most likely a titanium silicide
which is formed during annealing due to a reaction between the SiN and
Ti, as silicides can be formed at reletively low temperatures as low as 300
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oC. Lastly, the SiN layer on GaN remains unchanged, proving to be a good
passivation material.

Figure 3.10: Bright field TEM cross-section of the Ohmic contact edge:
(a) TEM cross-section showing the reaction layer going from the metal
downwards into the AlGaN; (b) Scanning transmission microscopy (STEM)
overview of the area sampled in the EDX scan. Red lines indicate regions
investigated with EDX and presented in (c) and (d); (c) EDX profile of the
line scan from (b) indicating TiN presence; (d) EDX profile of an interface
region where TiN has not formed.

The 7 nm thick layer which can be distinguished at the metal/AlGaN
interface is is not present in the unannealed samples as visible in Fig. 3.8
and 3.9. To verify the composition of this additional layer, EDX scan has
been taken across the affected regions. We know from Chapter 2 that one
of the expected alloys in such structure could be TiN. Unfortunately, EDX
is not sensitive enough to detect light elements such as nitrogen. Therefore
we need to look for some indirect evidence for its formation. The indication
of TiN presence can be seen in Fig. 3.10 (c) as a Ti peak in an EDX scan
taken next to the AlGaN interface. Such additional Ti indicates some other
than Ti-Al alloy (as for example TiN has much higher density than TiAl3).
The observed layer is not continuous, as visible in Fig. 3.10 (b), which
was confirmed by EDX scans in another region Fig. 3.10 (d). Looking
at data from the EDX measurement from the thermodynamical point of
view supports the theory of TiN being formed at the regions where the
Ti-rich regions. Since the formation enthalpy for GaN, AlN and TiN are
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equal to -110.9, -317.9 and -337.65 kJ/mol respectively [102], the layer at
the interface (c) is most likely TiN, as it is energetically the most favorable.
It is also possible that some AlN or a ternary Al-Ti-N alloy is formed, but
these all cause the same thing: nitrogen extraction and as a consequence
effective n-type doping [41] of the region underneath the contact.

3.5 Electrical measurements

The sheet resistance was measured on three different samples. We obtained
an average Rcf = 0.35 Ω.mm and Rce = 0.1 Ω.mm. The average value of
Rsh was 505.8 Ω/� with a standard deviation of 9.6 Ω/�, showing very
good uniformity. For Rsk we obtained an average value of 236.9 Ω/�
with a standard deviation of 77.4 Ω/�. The high value of the standard
deviation in the sheet resistance under the contact can be caused by local
depletion/enrichment of the 2DEG and/or non-uniform n-type doping.
Nonetheless, Rsk is in all cases much lower than Rsh. These results indicate
that there is a phenomenon causing a conductivity increase in the region
underneath the contact. To investigate this, we have done temperature
characterization of the sheet resistance, which we present in Fig. 3.11. The
increase of the 2DEG sheet resistance between the contacts as a function
of temperatureis attributed to optical phonon scattering and has been
reported in different publications [14, 105]. The temperature dependence
of Rsh can be approximated using a power law relation, i.e.

Rsh = Rsh0

(
T0

T

)γ
=

1
qµns

(
T0

T

)γ
(3.15)

where µ is carrier mobility, ns is carrier concentration, Rsh0 and µ0 are
the values of Rsh and µ at T0 = 300 K and γ is the power index. The fitted
value of γ = -2.29 is consistent with those reported in the literature [105].
The temperature dependence of Rsk is the opposite, i.e. the resistance de-
creases with increasing temperature. This leads to the conclusion that the
2DEG is not the only medium of current transport under the contact. The
increase in conductivity may be caused by an increase in carrier concentra-
tion or mobility in the 2DEG, but this is highly unlikely because of possible
processing damage (dielectric etch, RTA). Furthermore, the carrier density
in the 2DEG has a very weak temperature dependence [105]. Alternatively,
some additional conductive volume may be formed in parallel to the 2DEG.
The low value of Rsk led us to a hypothesis of increased carrier concentra-
tion underneath the contact. The formation of TiN via extraction of nitrogen
from GaN and AlGaN may induce a high concentration of N-vacancies,
which act as n-type doping [41]. The effective doping concentration may
be even as high as 1019-1020 cm-3 for few-nm-thick TiN layers [54]. Since
the observed temperature dependence is weak, it is likely that the potential
barriers for electrons are low.
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Figure 3.11: Temperature characteristics of sheet resistance between (Rsh)
and underneath (Rsk) the contacts.

In Fig. 3.12 the specific contact resistance and transfer length charac-
teristics of the contact at different temperatures are presented. Within the
measurement accuracy, the corrected values of specific contact resistance
(ρck) are almost temperature-independent, while the influence of Rsk on
the transfer length is significant, especially at higher temperatures. Fig.
3.11(a) presents the specific contact resistance extracted with and without
correcting the sheet resistance value. Therefore, the observed ρc character-
istic reflects the temperature behavior of the sheet resistance in the drift
region. This can be understood from the equations defining ρc and ρck:

ρc = L
2
Tk

R2
sk

Rsh
(3.16)

ρck = L2
TkRsk (3.17)

ρck

ρc
=
Rsk

Rsh
(3.18)

As can be seen from Eq. (3.16), ρc is inversely proportional to Rsh. If the
Rsk=Rsh then equation simplifies to Eq. (3.17). However if the resistances
are different, the apparent specific contact resistance ρc seems to decrease
with the increase of the temperature and appears to be lower than in reality.
Since AlGaN/GaN devices are used as power devices, they normally
operate at elevated temperatures, where the actual transfer length is seen
to be an order of magnitude greater. This has to be taken into consideration
during device design.
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Figure 3.12: (a) Specific contact resistance as a function of temperature with
and without correcting for the Rsk values, (b) Transfer length as a function
of temperature with and without adjustment for the Rsk values; inset: Rsh
to Rsk ratio.

3.6 TCAD simulations

Since the temperature dependencies of the 2DEG sheet resistivity and Rsk

have opposite signs and Rsk is much smaller at higher temperatures, differ-
ent conduction mechanisms could be responsible. From these observations
we conclude that there must be additional charge carriers under the con-
tact. To estimate their concentration and analyze their influence on current
transport, TCAD simulations have been conducted. In the simulation, the
10 nm thick region under the contact has been defined as highly n-type



42

3.7.
C

O
N

C
L

U
SIO

N
S

doped. Different doping regions and concentrations have been studied
to best match the experimental data. The complete simulated structure
consists of two Ohmic contacts 10 µm apart, biased at zero and 10 V. In
Fig. 3.13 we present the carrier concentration and current flow lines at the
contact area of the modeled structure. After entering the AlGaN, current
flows horizontally within it before finally entering the metal. This effect is
manifested in the electrical measurements as a decrease of the sheet resis-
tance under the contact which leads to an increase of the transfer length.
From the band diagram it can be seen that the horizontal current flow
corresponds to a region where the high n-type doping pulls the conduction
band towards the local quasi-Fermi level. Electrons coming there from
the 2DEG move horizontally in the AlGaN before transferring over to the
metal. This effect is reflected in the electrical measurements and in the
extracted transfer length. The average transfer length before correcting for
the Rsk value was 589 nm (standard deviation 166 nm); after making the
adjustments it increased to 1.54 µm (standard deviation 174 nm, which
corresponds to values extracted from the simulations for a doping level of
3 · 1019 cm-3).

Figure 3.13: Carrier concentration and current flow lines in the area under
the Ohmic contact to the AlGaN/GaN heterostructure with the correspond-
ing band diagram (at 10 V); Ec - conduction band, EF,n - quasi-Fermi level
for electrons. Note that the vertical dimensions in the cross-section have
been exaggerated for clarity.

3.7 Conclusions

Standard Ohmic contact characterization methods, like LTLM, in their
simplest form are not directly applicable for AlGaN/GaN as they are for
standard silicon devices. Main reason for this is that while in silicon tech-
nology implanted contacts are used almost exclusively [106] in compund
semiconductors such as GaN, alloyed contacts are needed. During the for-



43

C
H

A
P

T
E

R
3.

SU
R

FA
C

E
O

H
M

IC
C

O
N

TA
C

T
S

mation of alloyed contacts, reactions between the metal and semiconductor
occur, and it is no longer reasonable to assume that resistance under the
contact has not changed. Since the change in resistance is caused by the
contact metal it is not straightforward to extract this resistance. We have
shown that in order to properly evaluate Ohmic contacts to AlGaN/GaN
the resistance under the contact has to be know. It can be obtained by
employing the contact–end resistance measurement method applied to
LTLM test structure.

One important application conclusion from this work is that the ap-
parently low specific contact resistance (calculated with the assumption
of Rsk = Rsh) leads to the misconception that the transfer length is short.
However, when correcting for the actual resistance value it turns out that
already at the room temperature the transfer length is much longer (2.6
times longer in case of this work). This difference becomes even bigger at
higher temperatures. Since AlGaN/GaN is aimed to be utilized for high-
power electronics an is intended to operate at elevated tempertures, one
can immediately see that not knowing the actual transfer length may cause
incorrect contact design, i.e. too short contacts. Consequently, one would
observe current crowding in the contact which would result in decrease of
the device reliability and a premature failure.

The observations discussed in this chapter should be present not just
in Au-free but in any Ti/Al based contacts to AlGaN/GaN in which TiN
formation is observed [55, 99–101]. Furthermore, the magnitude of the
sheet resistance change would be even more pronounced in a recessed
contact as the 2DEG concentration will decrease with decreasing AlGaN
thickness [32]. Moreover, the etching process probably has some other
influence on the structure; for example, it may change the strain condition,
which would change the piezoelectric polarization and as a consequence
the 2DEG concentration. This would mean that even if N-vacancy doping
is not present, the resistance underneath the contact is nevertheless going
to be affected.

In conclusion, the sheet resistance under the Ohmic contacts to Al-
GaN/GaN on Si substrates has been investigated, and was shown to
be much lower than the sheet resistance of the 2DEG. The temperature-
dependent measurements imply the presence of additional charge carriers
in the AlGaN under the contact and TCAD simulations have shown this
hypothesis to be feasible. The influence of the sheet resistance under the
contact on the transfer length and specific contact resistance has been
shown to be considerable. It has been demonstrated that this can’t be
neglected when calculating contact parameters and designing devices.





CHAPTER 4
RECESSED OHMIC CONTACTS

Abstract

Recessed Ohmic contacts to AlGaN/GaN are investigated because
they can serve different purpose. Firstly by reducing the AlGaN thick-
ness locally, the contact resistance may be decreased. Secondly, making
recessed contacts allows to reduce the rapid thermal annealing tem-
perature and decrease overall thermal budget. While a lot of attention
is paid to the fabrication of recessed Ohmic contacts, the changes of
the electrical properties due to thinning of the AlGaN layer under
the contact are not properly acknowledged. In this chapter the phys-
ical effects of the local reduction of the AlGaN thickness on contact
resistance are discussed. The characterization methods for recessed
Ohmic contacts to AlGaN/GaN are treated in detail. It is shown that,
in the worst-case scenario, the prevailing assumption of identical sheet
resistance between and under the contacts can lead to errors of up to
3000 % in the extracted specific contact resistivity.

This Chapter was published as Hajlasz, M.; Donkers, J.J.T.M.; Sque, S.J.; Heil, S.B.S.;
Gravesteijn, D.J.; Rietveld, F.J.R.; Schmitz, J., "Characterization of recessed Ohmic contacts to
AlGaN/GaN," in International Conference on Microelectronic Test Structures (ICMTS) 2015,
pp.158-162, 23-26 March 2015 doi: 10.1109/ICMTS.2015.7106133
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4.1 Introduction

Ohmic contacts to AlGaN/GaN devices are not yet optimized and attempts
are being taken to improve them for example by partially removing the
top layers of the heterostructure and forming so-called recessed contact
[35, 60, 107]. The approach to improve Ohmic contacts is focused on two
aspects: lowering the contact resistance and decreasing the thermal budget.
While the former simply aims to reduce the total on-resistance of the device,
the latter is motivated by processing requirements. Since for the surface
Ohmic contacts the required RTA temperature is around 700o − 900oC, it
is not possible to use a gate-first process flow, because the optimal gate
stack anneal is around 400o − 600oC and some of the gate metals may
even melt. Employing recessed contacts can reduce the necessary RTA
temperature to 700o and below [108]. Although frequently investigated,
the recessed contacts are usually characterized without acknowledging the
possible changes in the AlGaN/GaN under the contact, which leads to the
extraction of incorrect parameters. In this chapter, it is discussed which
test structures and methodology are necessary for correctly characterizing
contacts to AlGaN/GaN devices. We show that depending on different
annealing conditions of the Schottky metal stack, the contact parameters
extraction error becomes huge.

Figure 4.1: Processed GaN-on-Si wafer with reference surface contact (Q1)
and three different recess etch depths of 7, 15 and 30 nm (Q2, Q3 and Q4
respectively).
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4.2 Materials

In the experiments presented in this chapter, 4 ′′ GaN-on-Si wafers were
used. The top layers comprise 1.5 µm of GaN with 20 nm of Al0.2Ga0.8N
and a 3–nm GaN cap, prepared by metalorganic chemical vapor deposition
(MOCVD). A Ti/Al-based metal stack has been used for the Ohmic contacts.
LPCVD silicon nitride has been used as a passivation layer. The wafer used
in the experiment was divided into four quarters of similar size as shown
in Fig. 4.1. Each quarter contains between 27 and 31 dies. Large metal areas
were present to enable material analyses such as XRD. For the recessed
contacts, three different recess etch depths have been chosen: 7 nm, 15 nm
and 30 nm for quarters Q2, Q3 and Q4 respectively. We have performed
the dry etching using BCl3/Cl2 inductively coupled plasma. After the etch,
the depth of the deepest etch has been measured and the obtained etch
depth was 30 nm +/- 2 nm. The contacts can be classified as surface contact
(Fig. 4.2), shallow recessed contact (7 nm and 15 nm, Fig. 4.3a - GaN cap
and part of the AlGaN removed) and deep recess (Fig. 4.4b - GaN cap and
AlGaN completely removed). All samples have received a rapid thermal
annealing (RTA) treatment at different temperatures within the 700 – 925
oC range.

More information on the processing details can be found elsewhere
[98]. An Agilent B1505 semiconductor parameter analyzer has been used
for electrical characterization and a FEI Tecnai F30 transmission electron
microscope (TEM) for material investigation.

Figure 4.2: Schematic of a device structure with a surface Ohmic contact.

4.3 Analysis and methods

During evaluation of Ohmic contacts, the specific contact resistance is
usually the parameter of interest. In order to perform the necessary calcu-
lations, the sheet resistance under the contact has to be known. In silicon
technology it is assumed to be equal to that in the drift region of the device
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(a) (b)

Figure 4.3: Schematic of a device with: (a) shallow; and (b) deep recessed
contacts. Note that dimensions are not in scale.

[90]. Following that, in AlGaN/GaN it is also typically assumed to be
equal to the resistance of a region outside of the contact, but as discussed in
Chapter 3, this assumption is only valid for structures that are not modified
during processing. When the Ti- (or other appropriate metal) based stack is
deposited on AlGaN/GaN, it has to be annealed to form an Ohmic contact.
The reactions occurring between the Ti and the underlying GaN affect
the contact region and therefore its resistance. What is more, when the
top AlGaN/GaN layers are partially etched to form a recessed contact, it
is no longer reasonable to assume that the two-dimensional electron gas
(2DEG) sheet resistance remains unchanged at the position of the etch.
First of all, the 2DEG concentration depends on the AlGaN thickness. This
dependence, as calculated based on work of Ambacher et al. [32], is pre-
sented in Fig. 4.4. Since in the etching process the GaN cap is removed,
the presented calculations are performed for a structure without it. The
2DEG concentration is shown in the figure as a function of the AlxGa1-xN
thickness for different aluminum mole fractions x. One should notice that
change of thickness by a few nanometers already has significant influence
on the 2DEG concentration. Moreover, it is important to realize that there is
certain minimum thickness of AlGaN necessary for formation of the 2DEG
[66], which in the case presented here should be around 5 nm. Literature
data suggest that this critical thickness could be lower, around 3 nm [109].
In any of those cases, if the AlGaN becomes thinner, the 2DEG will have
lower charge carrier concentration.

When looking at the contact types investigated in this chapter, we can
already make some assumptions. Looking at Fig. 4.5 we can see that a
few nanometers recess etch should not reduce the 2DEG by more than
10 − 15%. Combined with the expected N-vacancy doping (as discussed in
Chapter 3) we could expect small increase in the sheet resistance under the
contact Rsk, and in the case of very high N-vacancy doping it could even
decrease. On the other hand, the 15 nm recess etch will most likely result
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Figure 4.4: 2DEG sheet carrier concentration Ns as a function of AlxGax-1N
thickness calculated for different Al concentrations (x).

Figure 4.5: 2DEG sheet carrier concentration Ns as a function of AlxGax-1N
thickness calculated for Al concentration (x) used in this experiment.
Dashed lines indicate different recess etch depths.

in poor contact properties as there will be almost no more charge carriers
left under the contact. Given the fact that the sheet carrier concentration
changes as a function of AlGaN thickness, we expect that Rsk is different
from the sheet resistance of the 2DEG elsewhere in the device (Rsh). Un-
fortunately, Rsk cannot be measured directly since metal removal, after the
RTA, without affecting the 2DEG is most likely impossible. Furthermore,
only some of the test structures facilitate extracting Rsk in the presence of
a metal on top. One of the most often used, the circular transfer length
method (CTLM) structure can be applied only when assuming identical
sheet resistance across the sample [90], and can’t be used to measure Rsk.
The four-terminal Kelvin structure and its modified version [110] require
separate measurement of Rsk to determine contact parameters. The six-
terminal Kelvin structure enables Rsk extraction, but in order to correctly
extract the contact parameters, structures with varying overlap and contact
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size have to be investigated [111]. Therefore, the most practical solution
is the standard Linear Transfer Length Method (LTLM) [90]. Using the
contact-end resistance method (Rce) described in Chapter 3 it is possible to
extract Rsk with this structure.

4.4 Material characterization

Since the properties of the AlGaN/GaN heterostructure are expected to
be strongly dependent on the AlGaN thickness, the accurate recess etch
depths should be known to properly evaluate electrical measurements data.
The initial depth measurements provided a good estimate but did not give
any information abou the metal interface quality (as the measurements
were done before the metal deposition). What is more, it is necessary to
investigate if the recessed contacts react differently with the underlying
semiconductor than in the surface contact case. One reason to investigate
this is that in case of the surface contacts analyzed in this work, there is a
3–nm thick GaN cap present on the AlGaN. Therefore, samples with differ-
ent recess etch depths were investigated using a Helium Ion Microscope
(HeIM) and TEM to evaluate the interface uniformity and the position of
the metal/semiconductor (MS) interface. HeIM investigation has been
conducted first, because in this technique there is no need for an elaborate
sample preparation as for the TEM. Samples were manually cleaved and
mounted on the sample holder as presented in Fig. 4.6.

Figure 4.6: HeIM sample holder with three different samples mounted.
Samples are located on the left, top and right side and can be switched
inside the microscope without breaking the vacuum.

Since surface contacts have been thoroughly investigated with TEM in
Chapter 3, they were not analyzed with HeIM anymore. Fig. 4.7 shows a
cross section image of the 7 nm recessed contact edge. Even though the
HeIM images have much higher resolution than a typical SEM image, it
is difficult to accurately measure the depth of the recess etch. The reason
for this is that the reference point (interface between GaN cap and LPCVD
silicon nitride) is not properly visible due to charging of the silicon nitride
layer. Despite that we can see that the metal/AlGaN interface is smooth
and there are no adhesion problems visible.
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Figure 4.7: HeIM image of 7 nm recess sample.

If we look further at Fig. 4.8 showing the 15 nm recess etch case, we
can see that again it is impossible to exactly asses the depth of the contact
etch. One can get an estimate looking at the dark region to the right of the
contact, which corresponds to the LPCVD SiN. Having deeper etch than
in the previous case does not seem to have impact on the uniformity of
the metal semiconductor interface. However it is now more clearly visible
that there is some reaction occuring at the Ti/SiN interface. Most likely
titanium silicide is formed, but since it only appears at the contact edge, it
should not have influence on the contact performance. TEM analysis will
be used later in this chapter to study this in more detail.

Figure 4.8: HeIM image of 15 nm recess sample.

Similarly to 7 and 15 nm deep recess, the 30 nm etch presented in Fig.
4.9 exhibits very uniform metal-semiconductor interface.

Since HeIM resolution is not high enough for assessing the recess etch
depth, we have conducted TEM analysis on the shallow and deep recess
contacts. Firstly, we remind the investigation results from Chapter 3 of the
surface contact TEM micrograph presented in Fig. 4.10. The structure visi-
ble here is the edge of a contact window, showing the contact metal, part of
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Figure 4.9: HeIM image of 30 nm recess sample.

the silicon nitride passivation and the underlying AlGaN and GaN layers.
First feature of this structure that is immediately distinguishable is the dark
region between metal and silicon nitride. Similar regions were visible in
the HeIM scans and most likely these are titanium silicide. When trying to
assess the bottom of the contact (i.e. metal/semiconductor interface) we
need to find a reference point. In this case, we will use the SiN/GaN inter-
face as the reference for the initial semiconductor position as no reactions
between silicon nitride and GaN are expected. One should note that the
micrograph of this resolution does not clearly show the presence of the
3 nm thick cap on top of the AlGaN. While we have confirmed presence
of this layer on the wafer in other experiments, it is likely that it is absent
underneath the Ohmic contact (due to etch damage during the processing
of LPCVD SiN or chemical reactions with contact metal).

Knowing the reference point it is visible that the contact metal is located
below the original position of the top of the semiconductor layer. There
may be several reasons for this. Firstly, chemical reactions between Ti
and GaN during the RTA may move the interface downwards, to the
semiconductor side [84]. Secondly some of the GaN/AlGaN stack might
be removed or damaged during overetching of the LPCVD silicon nitride
[112]. One should notice that in the case of what we think to be a surface
contact we are also dealing with a pseudo-recessed contact, but with a very
shallow recess depth (about 5 nm in this work).

In Fig. 4.11 a cross-section of the shallow contact is presented. Similarly
to the surface contact from Fig. 4.10 we see a dark region corresponding to
the titanium silicide. The AlGaN layer is distinguishable in the image and
the recess etch depth is about 10 nm.
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(a)

(b)

Figure 4.10: TEM cross-sections for the surface contact: (a) Schematic of the
contact with the investigated area marked; (b) analysis results.

We have seen in Fig. 4.10a that in case of the surface contact there is
a few nanometers shift of the metal-semiconductor interface towards the
semiconductor. Since in the shallow recess contact we intended to etch 7
nm of semiconductor, it is likely that here we observe a combination of
the recess etch of the designed depth and additionally effect present in the
surface contact. Since the etch stopped in the middle of the AlGaN layer,
the 2DEG concentration is expected to remain relatively high (Fig. 4.5) and
the contact properties are expected to be good, if no etch damage is present.

The most interesting case occurs in the deep variant (Fig. 4.12), where
the metal-semiconductor interface extends 26 nm below the surface - be-
yond the AlGaN/GaN interface. The interface non-uniformities suggest
reactions of Ti with GaN. Since formation of TiN and other compounds
with nitrogen are expected based on their enthalpy of formation (and as
observed in Chapter 3), there will be N extraction occuring and effectively
causing n-type doping under the contact. While looking at the electri-
cal behavior of this contact it would be important to remember that in
this structure we effectively make contact to GaN instead of AlGaN what
would cause different reactions and will result in different properties of the
semiconductor layer under the contact. Since already in case of this sample
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Figure 4.11: TEM cross-sections for shallow recessed contact.

(with the intentional etch of 15 nm) we are dealing with the deep recess,
the 30 nm recess etch sample has not been investigated.

Figure 4.12: TEM cross-sections for the deep recessed contact.

4.5 Electrical results

Each investigated contact was annealed at four different temperatures
in order to evaluate the possibility of reducing the processing thermal
budget while maintaining low contact resistance. Fig. 4.13 shows I-V
characteristics of the surface, shallow-recess, and deep-recess contacts
annealed at different temperatures. One could notice several important
facts. First of all after annealing at 700 oC, the I–V characteristics of all
contacts are nonlinear, which probably means that TiN has not been formed
and there is no N-vacancy doping present. These samples are therefore
excluded from further analysis. However, if we analyze the non-linearity
versus the etch depth we can see that it becomes worse as the recess etch
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becomes deeper. This indicates that it should be possible to balance etch
depth and annealing temperature to obtain low-resistance contact.

(a)

(b)

(c)

Figure 4.13: I-V characteristics of contacts annealed at different tempera-
tures: (a) surface contact; (b) shallow recess; and, (c) deep recess.

When comparing I–V curves from Fig. 4.13 it is noteworthy that the
main factor determining the contact resistance is the recess depth, not
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the annealing temperature. This suggests that it may still be possible to
decrease the RTA temperature without increasing the contact resistance
significantly.

The sheet resistance between and under the contacts was extracted
using a LTLM structure and the contact-end resistance method. The Rsk

changes significantly (Fig. 4.14a), depending on the annealing temperature.
This is expected, as different temperatures are leading to formation of
different alloys and phases. The transition from rectifying to Ohmic contact
after the RTA is ascribed to the formation of metal-nitrogen alloys, which
effectively cause N extraction from the AlGaN/GaN [113]. The density of
N vacancies acting as n-type doping would depend on the magnitude of
the interface reactions and the amount of metal-N alloys formed.

One could expect that the Rsk values for the surface contact should
be lower than in shallow recess contacts, due to the decrease of electron
concentration in the 2DEG, which is proportional to AlGaN thickness.
However for 825 oC and 875 oC we observe opposite behavior in Fig. 4.14a.
While there would be an Rsk increas due to the AlGaN thickness change,
simultaneously the thinner AlGaN will contribute nitrogen for TiN from
the whole layer and hence make the whole layer more conductive.

The most profound change is observed, as expected, for the deep recess
in which there is no 2DEG under the contact anymore. In that situation it
is believed that there are still some N-vacancies formed that serve as the
conducting channel making the applied parameter extraction method still
valid (note that the standard Ohmic contact parameters extraction methods
are not applicable for side contacts as they account for area dependent
parameters and not the perimiter dependent ones).

Rsh (Fig. 4.14b) stays approximately constant and the observed variation
of less than 10 % (about 50 Ω/�) is consistent with the typical variation
across a wafer [114]. From Fig. 4.15a and 4.15b we see that contacts with
the lowest resistance are obtained with the shallow recess etch. This may
mean that, in this case, a close-to-optimum condition is reached, where the
barrier for the electrons is low and simultaneously the conductivity of the
2DEG remains high. Since the Rsk may be even 30 times higher than the Rsh

(deep recess), the error in ρc characterized with a standard LTLM method
amounts to almost 3000 % in that case. The magnitude of that error is that
large because ρc depends on the Rsk/Rsh ratio (ρc = RskL2

Tk).

4.6 Discussion

In the AlGaN/GaN devices removing part of the AlGaN layer under the
contact has three main effects which affect the contact resistance:

• 2DEG resistance increases due to AlGaN thickness reduction

• n-type doping due to nitrogen vacancies formation
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(a)

(b)

Figure 4.14: A set of different contact parameters: (a) Sheet resistance under
the contact for samples annealed at different temperatures; (b) Sheet resis-
tance between the contacts for samples annealed at different temperatures.

• Thickness of the n-type doped layer

While the 2DEG resistance is a straightforward relationship discussed
earlier in the chapter, the n-doping is not directly quantifiable, since there is
no direct experimental method for detecting nitrogen vacancies in AlGaN.
There will be also tradeoffs in the recessed contact structure, when increas-
ing 2DEG resistance would be compensated by doping from N vacancies.
This might happen when in the shallow recess the thinner AlGaN layer
would contribute N from the whole layer (of reduced thickness) and effec-
tively become more conducting than in the surface contact. The N-vacancy
doping by itself enhances conduction and in the deep recess, it facilitates
usage of LTLM method by forming conductive region under the contact.

Material analysis results combined with electrical characterization re-
vealed that neglecting the influence of semiconductor modification in the
region underneath the contact will lead to errors in the values of extracted
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(a)

(b)

Figure 4.15: A set of different contact parameters: (a) Contact resistance
for different samples as a function of annealing temperature; and, (b)
Specific contact resistance for different samples as a function of annealing
temperature.

specific contact resistivity. Moreover, without the proper analysis by the
contact-end resistance method it would be impossible to optimize the
contact. This is because the metal-semiconductor interface resistance (ρc)
would be mistakenly taken as the driving force for the contact resistance
value, whereas in reality it is the resistance under the contact that is the
influencing factor.

What happens in all recessed contact structures is that the semiconduc-
tor resistance under the contact changes. The deeper the recess etch, the
larger the difference between Rsk and Rsh as the 2DEG resistance depends
on AlGaN thickness. Furthermore different amount of n-type doping, aris-
ing from N vacancy formation, may vary for different recess etches because
of differences in etch damage induced during processing. This means
that if the Rsk is high, but in the calculations for standard LTLM structure
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the Rsh is used, then the ρc is highly overestimated. Consequently when
one tries to optimize the contact resistance, he would look at improving
metal-semiconductor resistance instead of trying to lower (or not increase)
the Rsh.

Recessed contact formation influence on Rsk was most notable in the
deep recess structure, where the intention was to completely remove the
2DEG from underneath the contact. As confirmed by TEM micrograph,
in this structure the 2DEG is no longer present under the contact (as is
schematically shown in Fig. 4.3a). In the deep recess structure AlGaN is
completely etched and even a part of underlying GaN is no longer there.
Surprisingly, the contact still exhibits Ohmic behavior. In this case two
things might be happening: (I) there is only a side-contact to the 2DEG, or
(II) new pseudo-channel is formed under the contact due to the N-vacancy
formation. If (II) is the case then the resistance of such channel is expected
to be high compared to that of the 2DEG in a non-recessed contact. In either
case, one could expect poor electrical behavior, i.e. large contact resistance
and specific contact resistivity. In case of the analyzed devices it is likely
that (II) occurs, as nitrogen vacancy n-type doping is expected, based on
results from Chapter 3. Because the 2DEG is no longer there, it is expected
that the resistance due to the N-vacancy doping is rather high, which is
exactly as extracted with the contact-end resistance method. However if the
resistance under the contact is assumed to be as in between the contacts (i.e.
lower than the real one), the error appears in the extracted specific contact
resistivity as those parameters are directly related. Therefore any attempts
to optimize the contact may be misdirected at, for example, optimizing the
metal stack while the resistance under the contact is the parameter that
should be taken care of. This can of course result in lowering the resistance
by trial and error, but the whole process would not be time and resources
consuming.

4.7 Conclusions

In this chapter we have shown that for a correct analysis of recessed con-
tacts to AlGaN/GaN devices it is crucial to extract the values of sheet
resistance under the contact. Neglecting the change in Rsk leads not only to
errors in the extracted specific contact resistivity but what is more impor-
tant it may falsify the conclusions in the process of contact optimization.
In Fig. 4.16 the ρc values before and after correction for the Rsk are shown.
Since in the surface contacts, Rsk is not affected that much as in the recessed
contacts (AlGaN is not removed), the difference between parameters be-
fore and after correction are not that large. This is however not the case
anymore for the shallow recessed contact (Fig. 4.17). The specific contact
resistance decreases due to usage of accurate Rsk was fivefold for higher
annealing temperatures.

What we can conclude from Fig. 4.14a and Fig. 4.17 that the low overall
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Figure 4.16: Comparison of specific contact resistivity of surface contact
before and after correction for the value of sheet resistance under the
contact.

contact resistance is not due to the significant improvement of the specific
contact resistivity but rather due to the lowering of resistance under the
contact.

Figure 4.17: Comparison of specific contact resistivity of shallow recessed
contact before and after correction for the value of sheet resistance under
the contact.

Most importantly when looking at the data for deep recessed contact
(Fig. 4.18) in which we obtained high contact resistance the typical conclu-
sion would be that the specific contact resistivity for these construction is
very large. However in reality the ρ is not high and the effectively large
contact resistance is caused by removal of the 2DEG from underneath the
contact.
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Figure 4.18: Comparison of specific contact resistivity of deep recessed
contact before and after correction for the value of sheet resistance under
the contact.

Applying the contact-end resistance method on a LTLM structure, we
have separated the sheet resistance under the contact from the resistance
outside of the contact region in AlGaN/GaN heterostructures. The ratios
of those resistances, and therefore extracted contact parameters, change
significantly depending on the recess depths and annealing temperatures.
Using correct resistance values for specific contact resistance extraction
significantly improves the accuracy of the obtained parameters.





CHAPTER 5
STRESS IN SCHOTTKY METAL

STACK

Abstract

In this chapter Ni-based AlGaN/GaN Schottky diodes comprising
capping layers with silicon-technology-compatible metals such as TiN,
TiW, TiWN and combinations thereof are investigated. The observed
change in Schottky barrier height of a Ni and Ni/TiW/TiWN/TiW con-
tact can be explained by stress effects induced by the TiW/TiWN/TiW
capping layer, rather than by chemical reactions at the metal-semiconductor
interface. Secondary Ion Mass Spectroscopy and Transmission Electron
Miscroscopy techniques, for samples with and without a TiW/TiWN/TiW
cap, have been used to show that no chemical reactions take place.
In addition, electrical characterization of dedicated samples revealed
that the barrier height of Ni/ TiW/TiWN/TiW contacts increases after
stepwise selective removal of the TiW/TiWN/TiW cap, thus demon-
strating the impact of strain.

This Chapter was published as M. Hajłasz, J. J. T. M. Donkers, S. Pandey, F. Hurkx, R. J.
E. Hueting and D. J. Gravesteijn, "Barrier Height Variation in Ni-Based AlGaN/GaN Schottky
Diodes," in IEEE Transactions on Electron Devices, vol. 64, no. 10, pp. 4050-4056, Oct. 2017.
doi: 10.1109/TED.2017.2742991
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5.1 Introduction

Devices based on AlGaN/GaN are suitable candidates for high-voltage
and high-speed electronics due to the GaN material properties such as
wide bandgap, large breakdown field, high electron saturation velocity
and good thermal conductivity [115]. The interest in this material system
really took off after development of GaN-on-Si technology, where few-µm-
thick epitaxial active GaN layers are deposited on silicon (111) wafers by
using transition layers that mitigate differences in lattice constants and
coefficients of thermal expansion [4, 116]. However, GaN device technology
has by far not reached the same maturity level as Si, and many aspects
of the device behavior are still not fully understood. One example is the
formation of the Schottky barrier, especially in terms of defining the barrier
height [15]. In AlGaN/GaN technology the commonly used Schottky
metal is nickel (Ni) [17, 78, 117] due to its high barrier on GaN and low
resistivity. However, Ni by itself suffers from different problems related to
the complete device processing flow. For example, when aluminum (Al) is
used in the backend processing to make contacts, it can readily diffuse into
Ni and adversely affect the Schottky contact properties [118]. In addition,
Ni often suffers from delamination caused by different processing steps
and to prevent that, different metal capping layers may be used. In III - V
technology, the metal of choice for that protective layer is typically gold
[17], [119]. Unfortunately, gold is strictly forbidden in industrial silicon
(Si) fabs and it has to be replaced with another Si compatible metal or
alloy to allow cost effective production. These requirements prompted
investigation of different metals used in Si fabs, such as titanium-nitride
(TiN), titanium-tungsten (TiW), TiW(N) and combinations thereof for the
capping layer on Ni.

We have observed that Ni contacts with a TiW/TiWN/TiW capping
layer, from here referred to as the TiW(N) layer, often have a lower Schottky
barrier height (SBH) than Ni only contacts. This is visible in the exemplary
set of devices in Fig. 5.1 where the I-V characteristic for Ni Schottky contact
shows lower saturation hence leakage currents.

The thermionic current-voltage relationship of a Schottky barrier diode,
neglecting series and shunt resistance, is given by [10]:

I = AA∗T 2e−
qΦB
kT

(
e−

qV
nkT − 1

)
= Is

(
e−

qV
nkT − 1

)
(5.1)

where Is is the saturation current, A the diode area, A* Richardson’s
constant,ΦB the SBH, and n the ideality factor. The SBH is calculated from
the saturation current which is determined by extrapolating the thermionic
emission (exponential part) of the forward-biased current-voltage I-V curve
to V = 0 (as descibed by Eq. 5.1). The ideality factor is determined from
the slope of the same plot. According to the Schottky-Mott rule [120], the
SBH of a contact is solely dependent on the metal work function and semi-
conductor electron affinity in vacuum, therefore it should be determined
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Figure 5.1: I-V characteristics of two sets of diodes, with and without the
TiW(N) cap.

by bulk properties of Ni and GaN only. In case of multilayer Schottky
metal stacks, ideally the SBH depends on the metal in contact with the
semiconductor at the metal-semiconductor (MS) interface. If the metals
above the first metal (Ni) do not react in close vicinity to the interface, the
SBH should not be influenced by them. MS interface properties, such as
the SBH, can also be affected by stress-dependent parameters, for example
via polarization-induced charges [121]. One could then expect that the
deposition of the metallization layers will affect the stress and therefore
the electrical properties of the contacts. Earlier it was shown that stress
induced by the SiN passivation influences the sheet charge density [122].
Some initial work shows the dependence of the sheet carrier concentration
of the two-dimensional electron gas (2DEG) on Ni thickness [123]. More-
over, strain may affect trap energy levels [124] or the metal work function
[125]. However, to our best knowledge the influence of stress from metal
layers in Schottky contacts to AlGaN/GaN has not been studied so far.
In this work we show that there are no chemical reactions at the MS in-
terface of different Schottky metal stacks and consequently that the SBH
change observed in the experiments can be explained by the stress inside
the stack. Subsequently we conduct an experiment in which we remove
the stress source, namely the TiW(N) layer, and show the extent of SBH
change caused by stress.

5.2 Methodology

For this work we adopted a GaN-on-Si process technology, in a silicon
nitride passivation-first integration scheme [98]. The top layers of the
wafers used in this experiment consist of 1.5µm of GaN with 20 nm of
Al0.2Ga0.8N and a 3 nm GaN cap, prepared by metal-organic chemical
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vapor deposition (MOCVD). The as-grown wafers 2DEG carrier density
obtained from Hall measurements is 5.8·1012cm−2 and the electron mobility
is equal to 1700cm2/V · s. Devices were patterned by dry etching and
isolation was obtained by using argon ion implantation with the energy
of 160 keV and dose of 1 · 1014cm−2. A Ti/Al-based gold-free metal stack
was used for the Ohmic contacts. The Al layer is a few times thicker than
the Ti layer and the Ti/Al ratio and anneal conditions were optimized
for a specific contact resistivity (ρc) stable at/below 10−5Ωcm2. More
details can be found in [98]. The Ohmic contacts received a rapid thermal
annealing (RTA) treatment at an optimized temperature within a 800 - 900
oC range, which is typical for contacts to AlGaN/GaN [99], [100]. We
investigated two different Schottky contacts, namely Ni and Ni/TiW(N).
In these contacts the 100 nm thick Ni layer was evaporated in both contact
schemes. TiW(N) layers were sputter-deposited and their thickness is
10/80/10 nm of respectively TiW, TiWN and again TiW. After the Schottky
anode deposition the wafer was annealed at an optimized temperature
between 400 - 600 oC. A schematic cross-section of the diode is presented
in Fig. 5.2.

Figure 5.2: Schematic cross-section of the AlGaN/GaN diode. The red
rectangle indicates the area investigated with SIMS.

Material analysis has been conducted by using Secondary Ion Mass
Spectroscopy (SIMS) and Transmission Electron Microscopy (TEM) with
energy dispersive X-ray (EDX) spectrometer. SIMS depth profiles have
been measured using a Cameca IMS 6f. Scanning TEM measurements have
been performed with an FEI Titan TEM. EDX spectra have been acquired
simultaneously with the EELS spectra. EELS has been performed with a
Gatan Tridiem HR detector.

The extensive material characterization is aimed to show if there are any
differences at the MS interface between the two different Schottky metal
stacks (i.e. Ni and Ni/TiW(N)). In case no differences are found, then the
difference in SBH between the two contacts cannot be caused by the chemi-
cal reactions at the MS interface. Then the SBH stress-dependence could
be an explanation. One way to study this is by conducting a deprocessing
experiment of Ni/TiW(N) Schottky diodes to remove the possible stress
source - the TiW(N) layer.
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In the experiment, metal layers were removed in three steps and electri-
cal measurements were conducted in between each process step to obtain
the SBH. In the procedure 30% H2O2 at 20 oC was used to remove TiW(N)
in two steps in which each time 50 nm (+/- 10 nm) of the material was
removed. Subsequently 50 nm of Ni was removed with 1% HNO3 at 20
oC. The experiment was conducted on one wafer and each time exactly the
same devices were measured to avoid wafer-to-wafer and device-to-device
variability.

5.3 Material analysis

Since the annealing of the Schottky stack was done after the TiW(N) depo-
sition, some interdiffusion and alloying could occur, especially within the
metal stack itself, but also at the MS interface. Consequently the interface
properties may change, which would affect the SBH. Diffusion of Ni into
GaN and outdiffusion of Ga and N from GaN could also affect the bar-
rier [126]. Therefore, SIMS was applied to two different samples, namely
sample A with the Ni metal only, and B with the Ni/TiW(N) stack (Fig.
5.3).

Figure 5.3: Cross section of the samples investigated with SIMS: sample A
without the TiW(N) cap and sample B with the TiW(N) cap.

To avoid artifacts in different areas of the sample caused by roughness
or possible differences in metal sputter rate (that can result in an incorrect
detection of MS interface position and composition), we have conducted
backside SIMS, by carefully polishing back the substrate up to an appro-
priate depth below the device region. Results of those measurements are
presented in Figs. 5.4 and 5.5, indicating that there are no differences
between the samples at the interface between Ni and the semiconductor
below. The Ni signal is steep in both samples (beyond the instrumental
resolution) and the Ga signal is also similar for both. While we see signs
of reaction at the AlGaN/GaN interface, the Ni/GaN interface is equally
steep in both cases. The W is not present in the close vicinity to the MS
interface, hence it was left out from the figures. In other words, based on
the SIMS analysis, there is no sign of any reaction at the Ni/GaN interface
both in the capped and uncapped version of the anode metal stack.
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Figure 5.4: SIMS profiling from the backside of the wafer for sample A,
without the TiW(N) capping layer.

In order to confirm the SIMS results, we have also analyzed samples
using TEM. In Fig. 5.6 the TEM cross section and the chemical profile of a
contact without TiW(N) cap are shown using EELS and EDX. The amount
of Ni in the GaN is below the detection limit, as indicated by the tail shape
of the Ni profile in the GaN and the Ga profile in the Ni. EELS and EDX
give similar results.

The situation for a contact with the TiW(N) cap (Fig. 5.7) is similar and
the diffusion, if present, is below the detection limit.

Comparing data for the capped and uncapped contact suggests that

Figure 5.5: SIMS profiling from the backside of the wafer for sample B,
with the TiW(N) capping layer.
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Figure 5.6: Contact without TiW(N) cap: (a) TEM cross-section of the
contact area; (b) chemical profile along the red line indicated in (a).

there is no detectable difference between them at the MS interface. Some
diffusion of Ni into GaN cannot be excluded, but it would be very limited.
Furthermore, the Ni diffusion should be similar for both metal stacks so it
wouldn’t explain the observed SBH difference between Ni and Ni/TiW(N)
metal stacks.

5.4 Electrical characterization

5.4.1 De-processing to release stress

Since it appears that there are no chemical reactions at the MS interface
which could cause the SBH shift, we conducted a deprocessing experiment
in order to show whether or not a partial removal of the cap would result
in a change in SBH possibly caused by a partial removal of the stress. We
removed the TiW(N) capping layer in steps that is expected to be the source
of stress affecting the SBH [123–125, 127]. The Ni/TiW(N) anode metal
stack was etched in steps on a wafer which was removed from processing
after opening the contact windows in the second insulating layer (PECVD
silicon nitride). As illustrated in Fig. 5.8, due to a partial covering of the
anode area with PECVD nitride, only half of the area could be etched away.

The etchants used to remove TiW(N) and Ni (H2O2 and HNO3 respec-
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Figure 5.7: Contact with TiW(N) cap: (a) TEM cross-section of the contact
area; (b) chemical profile along the red line indicated in (a).

tively) have a high selectivity to silicon nitride and have some influence
on the Ohmic contact parameters. On average the contact resistance, ex-
tracted using Transfer Length Method (TLM) test structures, increases from
0.35Ω.mm to 0.60Ω.mm, but is of minor importance to this work as it does
not influence SBH extraction. Moreover, the H2O2 etch is highly selective
towards Ni, therefore we were able to completely remove TiW(N) without
any detrimental effects to other materials. The etching had only a small
influence on the Schottky contact surface roughness as observed in the
AFM topography 3D scans presented in Fig. 5.9. After the first etch step,
the arithmetic average of the roughness profile (Ra) increased from 7.35
nm to 8.10 nm and the root mean square average of the profile height

Figure 5.8: Schematic cross-section of the de-processed diode design.



71

C
H

A
P

T
E

R
5.

ST
R

E
SS

IN
SC

H
O

T
T

K
Y

M
E

TA
L

STA
C

K

deviations (Rrms) increased from 9.20 nm to 11.02 nm.

Figure 5.9: 3D AFM topography image of the contacts before the etch (a)
and after the first etch (b). The central contact is the Ohmic contact and the
outer ones are Schottky contacts.

The diodes were probed directly on the contacts, as there were no bond
pads yet present at this processing stage. At each step the same devices
were measured to assure one-to-one comparison and to avoid effects due to
variability over the wafer. Forward I-V characteristics of 200 diodes were
measured at each stage and the shift in SBH was determined. A Keysight
B1505A semiconductor parameter analyzer has been used for the electrical
characterization. Automated measurements were conducted using a Tesla
System from Cascade Microtech.

5.4.2 Results

In Fig. 5.10 the I-V characteristic of an exemplary device is shown at
different de-processing stages. It can be seen that the removal of the
TiW(N) layer leads to a shift in the I-V towards higher voltages (i.e. lower
saturation current) and hence to an increase in the effective SBH.

The SBH after the first, second and third etch step as well as the initial
values were acquired on over 200 Schottky diodes and compared 1 to 1,
meaning that the observed shifts are not a result of the variability over the
wafer.

In Fig. 5.11 we present the statistical distribution of the SBH shift for
all etch steps. For each TiW(N) etch step of the same depth (about 50 nm
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Figure 5.10: I-V characteristics of an example diode at different de-
processing stages.

for each step) the change in SBH is similar. In total an SBH reduction of
around 50 mV is observed because of the metal stack. The SBH 10 mV
shift due to Ni removal is relatively low compared to the total 50 mV shift.
Consequently, we can say the effect of Ni exposure to H2O2 after TiW(N)
removal, and subsequent etching in HNO3 is of less importance. As can
be seen in Fig. 5.12, there is no significant change in the devices’ ideality
factors between the processing steps.

5.5 Discussion

Both SIMS and TEM results have shown that there are no significant dif-
ferences at the MS interface of the Ni and Ni/TiW(N) contacts. Neither Ti

Figure 5.11: Measured Schottky barrier heights of devices before and after
each etch step.
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Figure 5.12: Measured ideality factor at each processing stage.

nor W appear to diffuse towards the interface and there is also no Ni diffu-
sion into the semiconductor. The electrical measurements clearly indicate
that the TiW(N) capping layer is responsible for SBH differences between
diodes with Ni and Ni/TiW(N) metal stacks.

So far our experimental analysis points out that the nature of SBH
change is physical (stress), rather than chemical (reactions at MS interface).
The presence of stress may influence the Schottky contact to AlGaN/GaN
in several ways.

First of all, the piezoelectric polarization is expected to change in both
(piezoelectric) materials. This would result in change of the electron concen-
tration in the 2DEG [32]. Since the spontaneous polarization is an intrinsic
material property, stress can only affect the piezoelectric polarization. We
could further assume that the amount of additional stress in both AlGaN
and GaN layers caused by the anode metal is similar. Subsequently, since
the piezoelectric coefficients of AlGaN and GaN are within the same range
[26] (parameters for AlGaN are taken from linear interpolation between
GaN and AlN), the difference in the strain-induced piezoelectric polariza-
tion is negligible, therefore the 2DEG sheet carrier density should not be
affected much [128]. However small changes in the effective SBH would
appear because of the presence of additional piezoelectric polarization
induced charge.

Secondly, another parameter that directly defines the SBH is the position
of the conduction band in AlGaN and GaN. In the experiments we observed
an increase in the Schottky barrier height of +50 mV. Hence there is a
∆Ec = −50meV induced by the metal stack. According to the work of
Fonoberov and Balandin [20] for the Wurtzite GaN conduction band shift
holds:

∆Ec = a
||
c · εzz + a⊥c · (εxx + εyy) (5.2)
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where a||c = −9.5eV , a⊥c = −8.2eV (a||c − 12.0eV , a⊥c = −5.4eV), and the
strain tensor εij with x, y is the in-plane GaN (AlN) surface and z is out-of
plane (c-axis).

Also here, for obtaining values for AlGaN as a first estimate linearly
interpolated values from AlN and GaN can be taken. So, for Al0.20Ga0.80N,
present at the surface of our contacts a||c − 10.0eV , a⊥c = −7.9eV ,

This implies that for the electron affinity of (Al)GaN holds:

χ = χ0 − ∆Ec = χ0 − a
||
c · εzz − a⊥c · (εxx + εyy) (5.3)

Since the strain is attributed to differences in the lattice constant and
thermal expansion coefficients between different materials (i.e. Ni, TiW(N),
(Al)GaN), it is expected that the strain in the layers is a biaxial (in-plane)
strain. In this case we can say that εxx = εyy and for the out-of plane
component [24]:

εzz =
−v

1 − v
· εxx (5.4)

with v is the Poisson ratio (≈ 0.23). Hence, εzz ≈ −0.3 · εxx.
Based on the Poisson ratio and Eq. 5.2 for a reduction in the SBH (or

increase in work function) of 50 mV, as observed in our experiments, we
estimate a biaxial tensile strain of around 0.27% in our Al0.20Ga0.80N layer
induced by the metal stack.



CHAPTER 6
SCHOTTKY BARRIER

INHOMOGENEITY

Abstract

The ideal diode behavior is often not observed in AlGaN/GaN
based diodes. It is therefore expected that measured current-voltage
characteristics would deviate from the idealized curve. In AlGaN/GaN
diodes temperature dependence of ideality factor and Schottky bar-
rier height are often observed. These devices are expected to have
inhomogeneous Schottky barrier. In this chapter we present electrical
measurements of gold-free Schottky contacts, such as TiN and TiW(N).
It is shown that the devices exhibit Schottky barrier height and ideality
factor temperature behavior as typically observed in AlGaN/GaN,
what indicates barrier inhomogeneity. From the modified Richardson
plots it is concluded that the Schottky barrier height inhomogeneity is
caused by wafer properties, such as dislocations, and not by the metal
stacks themselves. Subsequently, GaN substrates are analyzed using
Conductive Atomic Fore Microscopy. The measurements of the wafer
topography revealed the donut-like patches with increased conductiv-
ity, which could be responsible for Schottky barrier inhomogeneity.
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6.1 Introduction

In the derivation of the ideal diode equation a long list of assumptions
is made. It may be therefore expected that measured I-V characteristics
would deviate from the idealized curve. Therefore, an understanding of
the phenomena occurring in the contact is necessary to correctly extract
and interpret data from those characteristics. Some of the deviations can
be present in regular silicon devices [129] and some are specific to GaN
diodes (as for example discussed in [22]). To extract Schottky contact
parameters from the diode forward I-V characteristics, one must know the
Richardson constant. It can be obtained from the I-V-T measurements, from
the Richardson plot [90]. According to the diode theory, the characteristic
should be linear and both barrier height and Richardson constant could
be extracted from the plot. However, this extraction is only possible and
accurate if following conditions are met [90]:

• Barrier height is temperature-independent

• Thermionic emission (TE) current is the only current

• Ideality factor is temperature-independent (what reflects the condi-
tion of TE current)

Figure 6.1: Typical data showing deviation of Richardson plot from linear-
ity in a Pt/GaN schottky diode. Reprinted from F. Iucolano, F. Roccaforte,
F. Giannazzo, and V. Raineri, “Barrier inhomogeneity and electrical prop-
erties of Pt/GaN Schottky contacts,” Journal of Applied Physics, vol. 102,
p. 113701, dec 2007, with the permission of AIP Publishing.
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In the wide bandgap semiconductors, such as GaN, Schottky interface
properties typically deviate from the theoretical diode behavior and it is
not possible to extract data from the Richardson plot. The most commonly
observed feature of Richardson plot of Schottky contacts to AlGaN/GaN is
the nonlinearity at lower temperatures, as visible in a typical Richardson
plot in Fig. 6.1.

The deviations in diode characteristics are typically interpreted in the
literature to be due to the Schottky barrier height inhomogeneity. Tung
has discussed that such behavior is related to the spatial variation of the
interface dipole [131]. The interface dipole magnitude depends on the
contact metal, semiconductor and interface properties. Consequently, the
barrier height is not uniform across the whole contact area. The Schottky
barrier height variation (due to the dipole variation) is complex and de-
pends on atomic and electronic structure of the interface. Often the contact
is described by a model of patches with different, homogeneous barriers

The interaction between the low and high barrier regions is not analyti-
cally solvable and a numerical solution had to be found. Tung [131] derived
an analytical expression for the effects of barrier height inhomogeneity on
the current-voltage-temperature characteristics based on the assumption
that the interface dipoles can be approximated as point dipoles. The low
barrier regions (patches) surrounded by high barrier can create a saddle
point potential which defines carrier emission for the low barrier regions.
The saddle point potential is also bias and temperature dependent and can
result in various I-V characteristics.

Tung describes the model as low barrier patches mixed within uniform
high barrier region. Those patches are defined by the local barrier height
and the size of the patch (radius - R0). The model is further described
by the density of low barrier patches (C1) and difference between high
and low barrier (∆). Tung has proposed a reduced patch parameter γ
which couples effects of ∆ and R0 on the I-V characteristics using a single
parameter. Tung’s parameters are bias and temperature independent. γ
quantifies the effect of inhomogeneity on I-V characteristics:

γ = 3(
∆R2

0

4
)

1
3 (6.1)

The contribution from low barrier patches to the total current is ex-
pressed as:

IL = (
4ΠC1γ

9ββ1
)exp(ββ1γ)IL0, (6.2)

where:

IL0 = A ∗ T 2exp(−βΦB)(exp(β(Va − ILRsp)) − 1) (6.3)

B1 = (Vbb/η)
1
3 , with η = υs/qNd is defined as the doping parameter.

η captures the barier height inhomogeneity sensitivity of the substrate
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depending on the doping density. C1 is the total density of patches, β -
inverse thermal voltage q/kT . In the case of higher doping density the
low barrier regions are harder to pinch off and can dominate the total
current. The total current is a sum of the low barrier regions’ current and
the homogeneous high barrier region current.

Several authors [130, 132, 133] have observed signs of barrier height
inhomogeneity, which usually exhibits in temperature dependences of
both ideality factor and the barrier height and consequently in distorted
Richardson plots. In this chapter we have investigated barrier heights of
different Schottky metal stacks on AlGaN/GaN. We study the differences
in the temperature dependencies of different diodes to verify if the inho-
mogeneity is present and related to the applied Au-free Schottky metal
stack.

6.2 Methods

We have studied four different wafers with different Au-free Schottky metal
stacks. The investigated samples come from NXP Semiconductors’ GaN-
on-Si process technology, in a silicon nitride passivation-first integration
scheme [98]. The top layers of the wafers used in this experiment consist of
1.5µm of GaN with 20 nm of Al0.2Ga0.8N and a 3 nm GaN cap, prepared
by metal-organic chemical vapor deposition (MOCVD). A Ti/Al-based
gold-free metal stack, same as analyzed in Chapter 3, has been used for
Ohmic contacts. The aluminum layer in the Ohmic stack is a few times
thicker than the titanium and the Ti/Al ratio was optimized in order to
obtain lowest contact resistance. This ratio is comparable to those used
by different research groups [99–101]. Test structures are patterned by dry
etching and isolation is obtained using argon ion implantation. Ohmic
contacts receive rapid thermal annealing (RTA) treatment at an optimized
temperature within a 800 – 900 oC range, which is typical for contacts to
AlGaN/GaN [99, 100]. Devices were patterned by dry etching and isolation
was obtained by using argon ion implantation with the energy of 160 keV
and dose of 1 · 1014cm−2. We decided to study Au-free Schottky contact
schemes which have been already studied in the literature, such as most
popular Ni [17, 74, 75], as well as alternative ones like TiN [69] and TiWN
[77]. Our aim was to observe if there are any differences, other than ideality
factor and barrier height magnitude coming from using different materials.
Different Schottky metal stacks have been prepared on four wafers:

• 250 nm TiN

• 250 nm TiN+ (increased nitrogen content)

• 250 nm TiW(N)+

• 250 nm Ni
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In these contacts the Ni layer was evaporated whereas TiN and TiW(N)
layers were sputter-deposited. The TiW(N) consists of TiW, TiWN and
again TiW and their thickness is 10/230/10 nm respectively. After the
Schottky anode deposition the wafer was annealed at an optimized tem-
perature between 400 - 600 oC.

I-V characteristics of diodes on all wafers have been measured at room
temperature as well as at elevated temperatures up to 200 oC, to allow for
making Richardson plot and observing signs of any non-typical behavior.

(a)

(b)

Figure 6.2: Distribution of the I-V characteristics over the wafers of Schottky
diodes: (a) TiN; (b) TiN+

Additionally to the electrical measurements, we have conducted Con-
ductive Atomic Force Microscopy (CAFM) measurements to observe changes
in the wafer conductivity in the vertical direction (from active layers to-
wards the substrate). In order to make the measurement, a bias voltage is
applied between an extremely sharp conductive cantilever tip and sample.
During the imaging, the cantilever scans the sample surface in contact
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(a)

(b)

Figure 6.3: Distribution of the I-V characteristics over the wafers of Schottky
diodes: (a) TiW(N)+; (b) Ni.

mode to give a topography image and the electric current is measured
simultaneously. This allows to determine non-uniformity in current flow if
there are any regions (patches) where the current flow would be preferen-
tial. The CAFM measurements of the wafers were performed with a Bruker
Nano Dimension FastScan scanning probe microscope, in the tapping mode
using Si probes (DDESP-FM) Electrical characterization of diodes has been
conducted with an Agilent B1505 semiconductor parameter analyzer.

6.3 Electrical measurements

In order to understand differences between diodes with different metal
stacks, we have started with electrical measurements of I-V characteristics,
and extraction of Schottky barrier height and ideality factor. Such analysis
allows to quickly identify any unexpected behavior of the device. On
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one hand we look at the differences between different wafers and on the
other we also evaluate device parameters uniformity within one wafer by
measuring multiple devices.

(a)

(b)

Figure 6.4: Parameters of four different metal stacks: (a) Schottky barrier
height; and (b) ideality factor.

The results of I-V characterization, presented in Figs. 6.2 and 6.3, show
that for both TiN diodes (with varying nitrogen content), the characteristics
are almost identical. Both sets of diodes exhibit similar spread of parame-
ters with average Schottky barrier height of ∼ 0.9V and ideality factor of
∼ 1.7. Subsequently, TiW(N) and Ni diodes prove to be different both in
terms parameters as well as in terms of uniformity of the characteristics.
The latter cannot be attributed to the metal stack or the wafer at this stage
and hence will be relevant to observe in the inhomogeneity analyses. For
the TiW(N) contact, the larger uniformity of devices across the wafer comes
at a cost of a lower Schottky barrier height. On the other hand, wafer with
Ni contact has the highest barrier among all stacks.
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Data on Schottky barrier height and ideality factor is presented in the
Fig. 6.4. All four wafers exhibit rather large ideality factor, between 1.5 -
1.7 on average. The TiW(N) stack is most uniform and also shows lowest
ideality factor.

Further analysis of the wafers required I-V-T measurements which
would expose signs of barrier height inhomogeneity. It is expected that if
a device inhomogeneous barrier, there will be regions of different barrier
height within the device area. Those regions would behave differently as
a function of temperature and eventually would cause Schottky barrier
height temperature dependence.

We have made I-V-T measurements of all four wafers in the tempera-
ture range of 25 oC - 200 oC. The Schottky barrier height box plots for all
analyzed devices are presented in Figs. 6.5 and 6.6.

(a)

(b)

Figure 6.5: Schottky barrier height as a function of temperature: (a) TiN; (b)
TiN+

The ideality factor characteristic as a function of temperature is similar
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(a)

(b)

Figure 6.6: Schottky barrier height as a function of temperature: (a)
TiW(N)+; (b) Ni.

to those observed in literature for different contacts to AlGaN/GaN [117,
134]. There is a decrease of the ideality factor observed up to ∼ 140oC
(varies for different Schottky stacks) after which the parameter stabilizes.
The same holds for Schottky barrier behavior. Both could be related to the
low barrier patches being pinched off after crossing certain temperature
threshold.

Knowing that the barrier height and ideality factor are temperature
dependent we already know that a correct Richardson plot cannot be con-
structed [133]. However, plotting one stil gives insight into the properties
of the Schottky junction. Therefore, we present the Richardson plot in Fig.
6.9.

The plot shows that the characteristic deviates from linearity at lower
temperatures. The magnitude of this deviation is different for all wafers,
and it is largest for wafer with Ni metal stack. This deviation from the
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(a)

(b)

Figure 6.7: Ideality factor as a function of temperature: (a) TiN; (b) TiN+

linearity was initially attributed to the conduction mechanisms other than
thermionic emission playing a role in the junction [135, 136]. The device
behavior observed in Richardson plot could be described well by the barrier
height nonuniformity in AlGaN/GaN devices.

6.4 Discussion

In Schottky contacts to AlGaN/GaN the most commonly observed behav-
ior of the Richardson plot is the deviation of the characteristic from linearity
at lower temperatures [133, 137], as presented in the results section. Differ-
ent transport mechanisms result in varying I-V-T characteristics. Although
various anomaly equations are a good approximation of the voltage and
temperature dependence of the ideality factor in the low barrier dominated
regime, i.e. at lower temperatures, the approximation is not valid in the
high barrier dominated region. Depending on the extent of the inhomo-
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(a)

(b)

Figure 6.8: Ideality factor as a function of temperature: (a) TiW(N)+; (b) Ni.

geneity, the determined Richardson constant can deviate from the actual
value and a more accurate method is needed to filter the effects of barrier
height inhomogeneity on the extracted Richardson constant. Sarpatwari
proposed a new approach to analyzing Richardson plot based on Tung’s
barrier height inhomogeneity model [131]. In this model, the current flow-
ing through an inhomogeneous Schottky diode is characterized by the
inhomogeneity parameters C1 and σ and is given by [133]:

I

1 − exp(−(q/kT)V)
= AA ∗ T 2exp(−(q/kT)ΦB)(1 +

8C1πσ
2

9(β1)

exp(
β2β2

1σ
2

2
))exp((q/KT)V)

(6.4)

where β1 equals (Vbb/n)(1/3)). Vbb is the band bending at the mea-
surement bias and η = εs/qNd) is a doping density related parameter.
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Figure 6.9: Richardson plot for all four metal stacks.

Rewriting the Eq. (6.4) recognizing that the effective barrier hieght is
the slope of the Richardson plot, the effective Richardson constant (A∗eff)
can be expressed as:

ln(A∗eff) = ln(A
∗) +

(
β−

1
ββ2

1σ
2

)
(ΦBeff −ΦB) (6.5)

Equation (6.5) shows that the extracted Richardson constant (A∗eff) can
be related to the effective barier height ΦBeff, homogeneous Richardson
constant (A∗) and homogeneous barrier height (ΦB). A linear relationship
between ln(A∗eff) and ΦBeff exists, and as ΦBeff approaches ΦB, A∗eff
approaches A∗.

Figure 6.10: Adjusted Richardson plot for all four metal stacks.

It is worth noting that the effective Richardson constant actually de-
pends on the patch distribution parameter (σ). Hence, the slope of the
adjusted Richardson plot would reveal additional information about the
Schottky barrier height inhomogeneity.
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In the Fig. 6.10, we present the adjusted Richardson plot made for all
four investigated wafers. The effective Richardson constant is plotted as
a function of the barrier height. While the effective Richardson constant
varies significantly, the slope of the plots remains almost identical. Accord-
ing to Eq. 6.5, the slope depends, among others, from the patch distribution
parameter σ. Therefore, data indicate that the barrier height inhomogeneity
is due to the same factor in all wafers, regardless of the metal stack being
used. One should note that the plotted Richardson constant is an effective
constant as described in Sarpatwari’s model and it will have a wide range,
in most cases distant from the actual values.

6.5 Conductive Atomic Force Microscopy

The analysis of adjusted Richardson plot revealed that it is likely that the
source of Schottky barrier inhomogeneity comes from the wafer, i.e. it
might be due to the dislocations for example. Hence, in order to better
understand the results of electrical characterization., we have investigated
the substrate - GaN-on-Si wafer. The topmost layers of the wafer included
1.5µm of GaN with 20 nm of Al0.2Ga0.8N and a 3 nm GaN cap. Below the
layers there was a transition layer which served to relieve the stress due to
the different lattice constants of GaN and Si. The TEM image of the wafer
can be seen in Fig. 6.11.

Due to the structure of the wafer (presence of transition layers) defects
in the structure might be present. One of the commonly observed are
threading dislocations [138]. Various authors have also observed regions
of higher conductivity, what indicates possible source of Schottky barrier
height inhomogeneity [134, 139]

We investigated bare GaN-on-Si wafer with the Atomic Force Micro-
scope (AFM). Subsequently, we assessed the conductivity of the wafer
using Conductive AFM (CAFM) technique. In the Fig. 6.12 we present
topography scan (a) and corresponding phase image (b) of 1 x 1 µm area
of the bare wafer. Changes in current are indicative of material changes.

Figure 6.11: STEM bright field image of wafer cross section with disloca-
tions visible in the semiconductor layers.
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From the Fig. 6.12 we can observe three things:

• Clear steps from the GaN growth are observed,

• Many pits (probably dislocations) end at the steps, density of these
dislocations is about 109cm2,

• Donut-like structures are clearly visible in the phase measurement.

The same kind of measurement has been conducted on larger area (10 x
10 µm) of the same wafer (Fig. 6.13).

(a) (b)

Figure 6.12: AFM image of 1x1µm GaN-on-Si wafer sample: (a) height
(nm); and (b)phase (mV).

(a) (b)

Figure 6.13: AFM image of 10x10µm GaN-on-Si wafer sample: (a) height
(nm); and (b)phase (mV).

After initial investigation of the wafer topography and phase measure-
ment, it was necessary to look at electrical properties, i.e. conductivity.
Hence, a CAFM analysis has been done and is presented in Fig. 6.14.
Subfigure (a) shows the tapping mode AFM signal with the donuts. No
evidence of the pits at step edges is seen (probably due to the lower lateral
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resolution). In (b) the friction AFM picture is presented. Step edges are in
this case not seen anymore. The donuts are present, suggesting that this is
different material than the rest of the surface. CAFM image in in Fig. 6.14
(c) shows that there is a higher current flowing via the donuts structures,
what indicates possible barrier inhomogeneity source.

(a)

(b)

(c)

Figure 6.14: AFM analysis of GaN wafer: (a) tapping mode AFM signal
with the donuts; (b) friction AFM picture; and, (c) CAFM.

6.6 Conclusions

We have studied Schottky diodes with four different Au-free metal stacks.
They included standard Ni metal stack as well as alternatives of TiW and
TiW(N). During the electrical characterization we have observed, as ex-
pected, that the investigated devices exhibit differences in their parameters,
namely Schottky barrier height and ideality factor. The Ni contact had
the highest Schottky barrier height while the TiWN was the most uniform
across the wafer. All four schemes exhibited large ideality factor.

The Richardson plots obtained from the I-V-T characteristics resulted in
the commonly observed deviation of the plot for low temperatures. Those
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deviations, typically attributed to the Schottky barrier height inhomogene-
ity, led us to analyzing the adjusted Richardson plot model developed
by Sarpatwari. In the model, the effective Richardson constant is plotted
versus barrier height. The observed characteristics indicated that the patch
distribution parameter σ, which determines the slope of the plot, should
be similar for all wafers. This indicates a common origin of the device
behavior, namely the wafer used.

Wafer have been investigated using CAFM, in order to observe potential
sources of the inhomogeneity, such as dislocations. The measurements
of the wafer topography revealed the donut-like patches with increased
current measured in CAFM. Those regions are likely to be the source of the
observed device behavior and consequently the origin of Schottky barrier
height inhomogeneity.



CHAPTER 7
SUMMARY AND

RECOMMENDATIONS

Abstract

In this chapter, the main conclusions discussed in this thesis are
presented. Furthermore, recommendations and further research sug-
gestions are listed for both Ohmic and Schottky contacts.
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7.1 Introduction

7.1.1 Summary

The purpose of this thesis is to provide better understanding of gold-
free electrical contacts to AlGaN/GaN heterostructures. This is especially
important for mass production of AlGaN/GaN power devices in industrial
context, where certain limitations exist. For example, while GaN devices
fabrication would be most cost-effective in standard Si fabs, the metal of
choice for electrical contacts - gold - is not allowed there, as it contaminates
standard Si devices. Hence, in this work, we investigated Au-free Ohmic
and Schottky contacts that are Si-processing compatible, such as TiW and
TiWN. We have studied mechanisms of contact formation and phenomena
affecting contact parameters.

Ohmic contacts

Both planar and recessed Ohmic contacts have been studied. We have
shown that interface reactions occur at the metal-semiconductor interface
after deposition and annealing of Ti/Al based Ohmic contacts. Since those
interface changes can affect 2DEG concentration, they effectively influence
the sheet resistance under the contact. Typically, this resistance is assumed
to be identical to the resistance outside the contact area.

In the investigated devices TEM micrographs showed the formation of
a few-nm-thick layer at the metal-semiconductor interface. As indicated in
the literature review, this layer was most likely TiN and in order to confirm
that, we have made EDX analysis of the samples and observed an increased
Ti concentration close to the interface. From the EDX measurement and
also from thermodynamical point of view (the formation enthalpy of TiN
is higher than that of GaN and AlN), the layer at the interface is most
likely TiN. It is also possible that some AlN or a ternary Al-Ti-N alloy
are formed, but these all cause the same thing: nitrogen extraction and
as a consequence effective n-type doping of the region underneath the
contact. Such reactions should lead to a decrease of sheet resistance under
the contact what has been investigated with new test structures.

We have used contact-end resistance structures to characterize Ohmic
contacts and have shown for the first time, that the sheet resistance under
the contact to AlGaN/GaN can change significantly and therefore, if not
accounted for, leads to significant errors in contact resistance extraction.
Based on results of sheet resistance under the contact at elevated tempera-
tures (which will occur under typical operating conditions of these power
devices) it was concluded that at higher temperatures contacts need to be
longer than suggested by traditional TLM test structures.

Secondly, experiments with recessed Ohmic contacts showed a way to
improve the contact resistance while reducing the processing thermal bud-
get. Different recess etches, where the AlGaN was either partially or fully
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removed, have been investigated. We have shown that the optimization
problem with the resistance of recessed contacts is related to the reduction
of 2DEG conductivity and not the deterioration of the metal-semiconductor
interface. The best results were obtained for the shallow recess etch of 7 nm,
where the 2DEG electron concentration under the contact remains high (i.e.
sheet resistance is low). For the deep recess etch, the resistance increase
caused the contact parameters to deteriorate. In the case of complete Al-
GaN removal, the contact resistance was the highest, due to the nature of
the contact changing from a planar contact to a side contact.

7.1.2 Schottky contacts

Stress in Schottky metal stacks
Research on Schottky contacts in this thesis was focused on investiga-

tion of alternative Au-free metals such as TiW and TiWN. Since we have
observed differences in Schottky barrier height between different Ni-based
metal multilayers, we have compared MS interfaces of Ni and Ni with
Au-free capping stacks. Using different techniques such as TEM, EDX,
EELS and SIMS, we have shown there are no indications of reactions at
the MS interface. That means there is no observable diffusion of capping
metals into either Ni or GaN in the close vicinity of the MS interface. There
was also no outdiffusion of elements from semiconductor to the metal.

Therefore, it is proposed that differences in Schottky barrier height
between different metal stacks (all with Ni in contact with the semiconduc-
tor) are caused by physical factors rather then chemical. In AlGaN/GaN
devices, where stress in the AlGaN layer is an important contributor to
the formation of the 2DEG (as 2DEG is partly formed due to piezoelectric
polarization), it is most likely, that stress induced by the metal layers is
also influencing the device. We have conducted de-processing experiments
to remove the topmost metal layers in the contact in order to release the
stress. Measurements before and after on exactly the same devices, have
indicated increase in barrier height of about 50 mV.

Schottky barrier height inhomogeneity
During I-V-T characterization of Au-free Schottky contacts, typical

signs of barrier inhomogeneity have been observed. They can especially
be observed in the temperature dependence of the ideality factor and the
Schottky barrier height. The former decreases with temperature whereas
the latter increases. For both parameters levelling off was observed at
temperatures above 140 oC. This means that firstly, the Schottky barrier in
those devices in inhomogeneous. Secondly, the stabilization of parameters
might be due to pinching-off the low barrier patches as described by Tung
[131], leading to only high barrier homogeneous regions contributing to
current transport. In order to establish if the source of inhomogeneity
comes from the metal stack or is due to inhomogeneities in the wafer itself,
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we have made analyses based on the adjusted Richardson model [133],
where the patch distribution in the contact is taken into the analysis. We
have observed that the modified plots for different metal stack exhibit
the same slope. This slope is directly related to the patch distribution
parameter. Since this is the case, the source of the inhomogeneity should be
attributed to the wafer rather than to the metal stack used. To confirm that,
we have conducted atomic force microscopy analyses of the wafers. The
measurements of the wafer topography revealed the donut-like patches
with increased current measured in CAFM. Those regions are likely to be
the source of the observed device behavior and consequently the origin of
Schottky barrier height inhomogeneity.

7.2 Recommendations and further research

Based on the research results of this thesis, few recommendations and fur-
ther research suggestions can be made regarding both Ohmic and Schottky
contact.

Ohmic contacts

• When extracting contact parameters, the resistance under the contact
can not be assumed to be identical as outside contact area, as it
has been done for standard Si devices. It is especially relevant for
contact size design, where the transfer length in the contact has to
be taken into account. Since in case of contacts to AlGaN/GaN, the
resistance under the contact can be lowered due to N-vacancy doping,
effectively that would require larger contacts. If not accounted for
that, devices are prone to premature failure.

• Additional research should be devoted to engineering of recessed
Ohmic contacts. The benefits would be twofold: firstly, the contact
resistance can be decreased, and secondly, it is possible to lower the
thermal budget of device processing as recessed contacts may require
lower annealing temperatures when designed correctly.

• Since recessed contacts are potential solution for AlGaN/GaN de-
vices, devices with completely removed AlGaN layer should be in-
vestigated and current transport in such side contacts should be
analyzed.

Schottky contacts

• Investigation of the stress in Schottky metal stack influencing the
barrier height showed that the stress can be exploited to tweak the
barrier height in a desired way by engineering the built-in stress in
the TiW layer as well as controlling that layer’s thickness. Research
results suggest that special attention should be paid to the additional
passivation layers on top of the contacts as those can also affect the
device performance via stress.
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• Future work should include computer simulations of stress distri-
bution in the device structure due to stress from metal layers. The-
oretical investigation of change of such parameters as conduction
band position, trap activation energy or metal work function with
stress should be made. While conducting the experimental work a
lot of attention should be devoted to prepare devices with identical
metal-semiconductor interfaces (i.e. no different chemical reactions)
yet different stress due to the additional metal (or other material)
layers.

• In order to be able to reduce Schottky barrier height inhomogeneity,
further research has to be done on epitaxy of GaN on Si, as defects,
such as dislocations, can be the cause of inhomogeneity.
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