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Abstract
In this Thesis I have investigated the use of nanostructured films as
sensing and contact layers for field effect gas sensors in order to achieve
high sensitivity, selectivity, and long term stability of the devices in
corrosive environments at elevated temperatures. Electrochemically
synthesized Pd and Au nanoparticles deposited as sensing layers on
capacitive field effect devices were found to give a significant response
to NOx with small, or no responses to H2, NH3, and C3H6. Pt
nanoparticles incorporated in a TiC matrix are catalytically active, but the
agglomeration and migration of the Pt particles towards the substrate
surface reduces the activity of the sensing layer. Magnetron sputtered
epitaxial films from the Ti-Si-C and the Ti-Ge-C systems were grown on
4H-SiC substrates in order to explore their potential as high temperature
stable ohmic contact materials to SiC based field effect gas sensors.
Ti3SiC2 thin films deposited on 4H-SiC substrates were found to yield
ohmic contacts to n-type SiC after a high temperature rapid thermal
anneal at 950 ºC. Investigations on the growth mode of Ti3SiC2 thin films
with varying Si content on 4H-SiC substrates showed the growth to be
lateral step-flow with the propagation of steps with a height as small as
half a unit cell. The amount of Si present during deposition leads to
differences in surface faceting of the films and Si-supersaturation
conditions gives growth of Ti3SiC2 films with the presence of TiSi2
crystallites. Current-voltage measurements of the as-deposited Ti3GeC2
films indicate that this material is also a promising candidate for
achieving long term stable contact layers to 4H-SiC for operation at
elevated temperatures in corrosive environments. Further investigations
into the Ti-Ge-C system showed that the previously unreported solid
solutions of (Ti,V)2GeC, (Ti,V)3GeC2 and (Ti,V)4GeC3 can be
synthesized, and it was found that the growth of these films is affected by
the nature of the substrate.
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Populärvetenskaplig sammanfattning
Den här avhandlingen handlar om att göra gassensorer som fungerar i
krävande miljöer med tillämpningar, t.ex. i fordon och värmepannor.
Detta kräver utveckling av nya material som tål värme och korrosiva
gaser. Jag har tillverkat och karakteriserat nanostrukturerade material för
dessa ändamål.
Förekomsten av ordet nano i produktbeskrivningar och produktnamn har
ökat explosionsartat de senaste åren. Några exempel på produktområden
där ordet nano kan påträffas är putsmedel och vaxer för bil, båt och hem,
ytbehandlingsmedel, impregneringsmedel, bakteriedödande medel, färger,
och sportutrustning. Inom forskningsvärlden pratar man ofta om
nanostrukturerade material och man avser då material vars strukturella
komponenter är på nanometerskalan (en miljondels millimeter).
Dessutom ska materialet ha nya och/eller förändrade egenskaper som är
direkt relaterade till nanostorleken hos de strukturella komponenterna.
Materialutveckling och tekniska framsteg har följts åt genom människans
historia och har bidragit till lösningar på många samhällsproblem inom
hälsa, miljö och energi.
Klimatförändringar och luftföroreningar är två viktiga miljöproblem i
världen idag. Utsläppen från fordon för person- och varutransporter är en
bidragande orsak till dessa miljöproblem. Kunskapen om de negativa
effekterna av dessa utsläpp på människors hälsa och på miljön har ökat
markant de senaste årtiondena vilket har lett till hårdare krav på
minskade utsläpp av koloxider, kolväten, kväveoxider och sotpartiklar
från dessa fordon. För att minska utsläppet av hälso- och miljöfarliga
komponenter i bilavgaser används olika system för förbränningskontroll
och efterbehandling av avgaserna. För övervakning och återkoppling till
dessa system behövs gassensorer som detekterar halterna av de olika
gaserna i avgassystemet. Omgivningen för en sensor placerad i ett
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avgassystem är ogästvänlig med omväxlande höga och låga temperaturer,
korrosiva gaser, och vattenånga närvarande. Detta ställer höga krav på
materialen som ingår i sensorkomponenten.
Jag har undersökt två olika typer av nanostrukturerade material för att
förbättra egenskaperna hos gassensorer. Den ena typen av material består
av elektrokemiskt tillverkade guld- eller palladiumnanopartiklar vilka
deponerats som känselskikt på gassensorer för att detektera kväveoxider.
Både typerna av sensorer visade sig kapabla att detektera mycket låga
koncentrationer av kväveoxider.
Den andra typen av nanostrukturerat material jag studerat består av tunna
filmer av titankiselkarbid eller titangermaniumkarbid. Dessa material har
en nanolaminerad struktur och kombinerar metalliska egenskaper som
god ledningsförmåga, med keramiska egenskaper som motståndskraft
mot oxidation. De materialegenskaperna gör filmerna till lovande
material för användning vid höga temperaturer i korrosiva miljöer. Jag
har deponerat tunna filmer av titankiselkarbid och titangermaniumkarbid
på halvledarmaterialet kiselkarbid med hjälp av en process som kallas
sputtring, för att studera om materialen kan användas som kontakter i en
sensorkomponent. Sputtring är en metod för att göra ytbeläggningar som
innebär att man bygger upp filmerna atomlager för atomlager och
metoden ger goda möjligheter att styra filmens uppbyggnad och struktur,
vilket i sin tur påverkar dess materialegenskaper.
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1. Introduction
___________________________________________________________

1.1. General introduction
Materials science contributes to the building of a sustainable society
through the development of materials with optimized properties, which
offer solutions to environmental and energy issues.
Climate change and air pollution are two important environmental
concerns today. The transport sector plays a major role in contributing to
these problems. It is estimated that the number of passenger cars in the
world today is over 600 000 000.1-2 This number does not include other
motorized vehicles such as trucks, which are a major means of
transporting goods around the world. Due to increased knowledge of the
adverse impact on the environment, and on people’s health, of air
pollutant emissions, increasingly strict emission control regulations are
being enforced in industrialized countries. Vehicle emissions are
typically divided into five different categories:3-6
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Carbon monoxide (CO) is produced when carbon-based fuel is burnt
incompletely and is poisonous at higher concentrations.
Carbon dioxide (CO2) is produced when burning carbon containing fuel
and contributes to global warming.
Hydrocarbons (HC), also referred to as Volatile Organic Compounds
(VOC), come from unburnt fuel and contribute to ozone and
photochemical smog. VOC can contribute to respiratory illness.
Oxides of nitrogen (NOx) are produced in the combustion chamber of
engines at high temperatures. NOx reacts with hydrocarbons in sunlight
and produce ozone and photochemical smog. NOx can contribute to
respiratory illnesses and acid rain.
Particulate matters (PM) are small particles consisting mainly of
unburnt carbon, but they also contain heavy metals and toxic substances.
PM aggravate respiratory illness and have also been found to cause more
serious cardiopulmonary diseases.
In order to reduce vehicle emissions, different combustion control and
exhaust after treatment systems are employed. For combustion control
and emission monitoring, gas sensors are necessary for process
monitoring and feedback input.7 To monitor tail pipe exhaust gases, the
gas sensors must be able to withstand temperature changes from -40 ºC,
when the engine is not running, up to exhaust gas temperatures of 1000
ºC. The sensors must also be able to withstand the corrosive compounds
present in exhaust gases, as well as water vapor in high concentration.3
Other desirable qualities are high sensitivity, selectivity, and speed of
response of the sensors. To be able to realize a sensor fulfilling these
demands, further development of the materials comprising the different
parts of a gas sensor is necessary.
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1.2. SiC field effect gas sensors
Gas sensitive field effect devices have been studied at Linköping
University since the 1970s when Lundström et al.8 reported on a
hydrogen sensitive sensor, produced by applying a catalytically active
metal (Pd) to a semiconductor/insulator structure (Si/SiO2). Today,
numerous combinations of catalytic metals with different semiconductors
and insulators have been investigated. Metal Insulator Semiconductor
(MIS) field effect gas sensors can be of different types: transistors,
Schottky diodes, or capacitors; with transistors being the preferred choice
for commercial devices.9 Gas sensors based on field effect devices offer
high sensitivity. Since the devices can be fabricated using standard
semiconductor processing techniques, they can be made small,
reproducible, and many sensors can be manufactured at the same time.9-10
The use of a wide band-gap semiconductor such as SiC opens up
possibilities for high temperature operation with shorter gas response
times. This section provides an introduction to silicon carbide, sensing
layers, and ohmic contacts.

1.2.1 SiC
Silicon carbide11-13 is a semiconductor of interest for applications in harsh
conditions such as high power, high temperature, high frequency, and
corrosive environments. This is because the material possesses
exceptionally good thermal conductivity and chemical inertness, as well
as a high breakdown voltage, and a wide band gap. Wide band gap
semiconductors allow sensor operation at much higher temperatures than
Si-based field effect sensors, which due to their narrow band gap suffer
from electrical breakdown at operating temperatures above 250 ºC.14 SiC
based field effect gas sensors have been reported for high temperature
applications such as λ sensor for cold start closed loop control in a car
engine,15 NH3 sensor in a selective catalytic reduction system,16 and
combustion control in boilers.17
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The crystal structure of SiC is composed of Si-C-bilayers. Depending on
the stacking sequence of these layers, different polytypes are formed.
Silicon carbide exists in more than 250 different polytypes, where 3CSiC, 4H-SiC and 6H-SiC are among the most commonly used polytypes.
In 3C-SiC, the C means cubic structure, and in 4H- and 6H-SiC, the H
means hexagonal. 3, 4, or 6 refers to the number of layers before the
sequence repeats itself. 4H-SiC was used in my work.

1.2.2 Sensing layers - gas detection principle
Regardless of the type of field effect sensor, the gas sensing principle is
based on molecules adsorbing and dissociating on a catalytically active
metal (called gate) on the sensor. The field effect sensing principle is
often exemplified with the hydrogen response of MIS gas sensors since it
is the most studied. Atomic hydrogen is formed by the dissociation of
hydrogen or hydrogen-containing species on the catalytic metal surface.
The atomic hydrogen diffuses through the metal film and forms a
polarized layer at the metal-insulator interface. This causes a voltage shift
in the electrical characteristics of the device.18-20 The interactions of the
gas molecules with the gate material depend on the operating temperature
and chemical characteristics of the catalytic gate material.21-22 The
morphology of the gate metal layer also influences both the sensitivity
and selectivity of field effect sensor gas sensor devices.23-25

1.2.3 Ohmic contacts
When constructing field effect gas sensors, ohmic contacts with low
contact resistance are essential since they are the means of signal transfer
between the semiconductor and the external circuitry.26 Ohmic contacts
are often, but not necessarily, metal-semiconductor contacts. An ohmic
contact should have a linear and symmetric current-voltage characteristic
and the resistance of the contact negligible as compared to the bulk of the
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device.18, 27 The resistance is characterized by the contact resistance (Ω)
and the specific contact resistivity, ρc (Ωcm2), also called contact
resistivity or specific contact resistance. The specific contact resistance
includes the interface as well as the regions immediately above and
below the interface, and is independent of the geometry of the contact.
This is useful when comparing contacts with different areas. 28
A great deal of research effort has been put into finding low-resistivity,
stable ohmic contacts to SiC. Many metals have been found to form
ohmic contacts, however, a high temperature anneal is typically
necessary to achieve ohmic behavior of a deposited metal contact on SiC.
For n-type SiC, Ni-containing contacts are commonly used, while Ti/Al
contacts are preferred for p-type SiC. For high temperature sensor
operation in corrosive environments, further development of the ohmic
contact material is necessary to achieve contacts that are stable for
extended periods of time.

1.3 Objectives
The objectives of this Thesis are to synthesize nanostructured materials in
the form of nanoparticles, and ternary layered carbides in the Ti-Si-C and
Ti-Ge-C systems, and investigate their potential as sensing layers with
improved sensitivity and selectivity, and ohmic contact layers for high
temperature operation in corrosive environments. The synthesized
materials are characterized to gain information on their structure,
composition, and growth mechanism.
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1.4 Outline
This Thesis is divided into a series of chapters with the following outline:
Chapter 1 provides the background and the objectives for the work
which is the basis of this thesis.
Chapter 2 introduces the nanostructured materials that have been
studied as sensing layers and ohmic contacts.
Chapter 3 describes the methods that have been used to synthesize the
studied nanostructured materials and gives an introduction to thin film
growth.
Chapter 4 gives an overview of the different methods used to
characterize the synthesized materials.
Chapter 5 contains a summary of the results obtained in the papers
included in this thesis, with my comments on the contribution to the
research field.
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2. Nanostructured materials
___________________________________________________________

The word nano comes from the Greek word nanos, meaning dwarf.
Moriarty29 defined nanostructured materials as “those materials whose
structural elements - clusters, crystallites or molecules - have dimensions
in the 1 to 100 nm range.” The term “nanostructured material” also
implies that the material has novel and/or altered properties directly
related to the nano-size of the structural elements. This chapter gives an
introduction to the nanostructured materials studied in my Thesis.

2.1 Nanoparticles
Nanoparticles are widely used as sensing layers for different types of gas
sensors. The use of nanoparticles as sensing layers offers large surface-to
volume ratios available for interaction with gas molecules, which gives
potential for increased sensitivity and speed of response of the sensors, as
compared to conventional thin film sensing layers. Furthermore, their
size, composition, and shape can be chemically tailored with possibilities
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to influence not only the sensitivity, but also the selectivity of the
sensors.30-32
Gas sensor response to NO2 has been reported for dense polycrystalline
gold films, with increased sensitivity for thinner films with smaller grain
sizes.33 NOx response has also been found for WO3 based sensors that
were activated by thin noble metal layers of Pd, Pt or Au.34 In Papers I
and II the use of Au and Pd nanoparticles as catalytically active sensing
layers for field effect gas sensors is studied. The possibility of producing
nanocomposite coatings with Pt and TiCx/a-C is discussed in Paper III.

2.2 MAX phases
The term Mn+1AXn phases (often written MAX phases) refers to the
composition of the materials belonging to a class of inherently
nanolaminated (relating to their layered structure described below),
ternary nitrides and carbides. As can be seen in Figure 2.1, M is an early
transition metal, A is a group A element, and X is the element C or N, or
both. Depending on the stoichiometry, the MAX phases are often referred
to as 211 (n = 1), 312 (n = 2) or 413 (n = 3).35-36
This thesis mainly concerns the 312 MAX phases Ti3SiC2 and Ti3GeC2.
The crystal structure of these phases consists of hexagonal unit cells
where TiC layers are interleaved with Si or Ge layers. Ti3SiC2 and
Ti3GeC2, have one Si or Ge layer for every third TiC layer.37-38
The MAX phases were originally discovered by Nowotny and his
coworkers during the 1960s,39 but did not attract attention until the late
1990s when Barsoum and El-Raghy reported on the synthesis of
predominantly phase-pure samples of firstly Ti3SiC2,40 and shortly
thereafter Ti3GeC2.41 The considerable interest in the MAX phases is
caused by the extraordinary material properties, combining metallic and

22

ceramic properties within one material. MAX phases possess good
electrical and thermal conductivity, and are machinable. At the same time,
many are resistant to oxidation and thermal shock.37 Today ~60 MAX
phases are known. For a recent review on the topic, see Eklund et al.36

Figure 2.1. Periodic table illustrating the elements included in MAX phases.

2.2.1 The Ti-Si-C system
The Ti-Si-C system contains the ternary phases Ti3SiC2 and Ti4SiC3. Of
the members of the MAX phase family, the 312 phase Ti3SiC2 is the most
studied. Ti3SiC2 thin films have been reported to have good thermal
stability up to ~1000 ºC,42 and low electrical resistivity values of ~21-32
µΩ cm.43 The material has been synthesized using bulk synthesis
techniques, 44-46 and has also been processed as a thin film material using
chemical vapor deposition47-48 and physical vapor deposition.49-51
Other than the mentioned synthesis routes, Ti3SiC2 has been reported to
form after high temperature annealing of Ti-based contact layers on ntype 6H-SiC.52-54 Formation of Ti3SiC2 has also been shown for high
temperature annealed Ti/Al contact layers to p-type 4H-SiC.55-64 The
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mechanism behind the ohmic contact formation of these contact layers to
SiC is not completely understood, but has been suggested to arise from
the formation of Ti3SiC2.52, 60
The lattice parameters of Ti3SiC2 are a=3.062 Å and c=17.637 Å.47 Since
the lattice parameters of 4H-SiC are a=3.073 Å and c=10.053 Å,65
Ti3SiC2 has a very small mismatch between its basal planes and 4H-SiC,
which facilitates epitaxial thin film growth of Ti3SiC2 on 4H-SiC(0001).
Taking all this into account, Ti3SiC2 is a promising candidate to achieve
low resistivity contacts to SiC that are long-term stable in corrosive
environments and at elevated temperatures. The ohmic contact properties
of epitaxially grown Ti3SiC2 on 4H-SiC, using the direct deposition
method of magnetron sputtering, are investigated in Paper IV. In Paper
V, the growth mode of Ti3SiC2 on the stepped surface of 4H-SiC(0001) is
studied along with the influence of varying the Si content on film
composition and growth behavior.

2.2.2 The Ti-Ge-C system
The Ti-Ge-C system is not as well investigated as the Ti-Si-C system;
however synthesis of Ti2GeC, Ti3GeC2, and Ti4GeC3, has been reported
in literature.66-67 Ti3GeC2 has the lattice parameters a= 3.077 Å and c=
17.76 Å,68 which means that Ti3GeC2 just like Ti3SiC2 has a very small
lattice mismatch to 4H-SiC.
Electrical resistivity measurements on magnetron sputtered Ti3GeC2
films deposited on Al2O3(0001) substrates show that the films are good
conductors with resistivity values comparable to Ti3SiC2 films,43 and the
electrical conductivity is only slightly lower than for Ti3SiC2.69-70 Paper
VI contains new findings on the growth mode of Ti3GeC2 on 4H-
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SiC(0001), together with studies on the electric contact properties using
I-V measurements.
MAX phases can form solid solutions at the M, A or X site.71-73 The study
of solid solutions is of interest because they provide an opportunity to
understand the effect of chemistry on synthesis, phase stability, and
properties. Few solid solutions have been reported in the Ti-Ge-C system.
An example of an A site solid solution is Ti3(SixGe1-x)C2 where x = 0.5, or
0.75.74 While the Ti-Ge-C system contains 211, 312, and 413 phases, the
V-Ge-C system contains only V2GeC. The possibility to stabilize 312 and
413 phases in the V-Ge-C system through an M site solid solution of
(Ti,V)n+1GeCn is discussed in Paper VII. The growth of (Ti,V)n+1GeCn
films on both Al2O3(0001) and 4H-SiC(0001) substrates is studied.
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3. Materials Synthesis
___________________________________________________________

This chapter describes the methods used in this Thesis to synthesize
nanostructured materials. Since the main part of this Thesis concerns the
use of thin films synthesized using sputter deposition, the focus of this
chapter is on that method and on thin film growth.

3.1 Nanoparticle synthesis
The Au and Pd nanoparticles used as sensing layers in Papers I and II
were synthesized using Reetz sacrificial anode electrolysis.75-76 The setup
for the synthesis consists of a three-electrode cell with a Ag/AgNO3
reference electrode, a sacrificial anode of Au or Pd, and a platinum
cathode. By applying a corrosion voltage, the sacrificial anode is
continuously oxidized and dissolved into the electrolyte solution
consisting of quaternary ammonium salts and organic solvents. The
positively charged metal ions migrate to the cathode where they are
reduced and form metal nanoclusters. The quaternary ammonium salts
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present in the electrolyte solution interact with the nanoclusters and form
an organic shell around them, which stabilizes the nanoclusters and
prevents agglomeration. This results in a solution of core-shell
nanoparticles.

3.2 Thin film synthesis
Physical and chemical vapor deposition77 are two groups of vapor
deposition techniques that are widely used for thin film processing. When
using physical vapor deposition (PVD) methods, the material to be
deposited is vaporized by a physical process such as evaporation or
sputtering, and the vapor then condenses on the substrate. This differs
from chemical vapor deposition (CVD) methods where vapors
chemically react with each other at the substrate surface, to form a solid
material.

3.2.1 DC magnetron sputtering
Sputtering77-80 belongs to the class of PVD methods, and was the method
chosen for thin film deposition in Paper III, IV, V, VI, and VII. The
sputtering system used for the depositions is shown in Figure 3.1. In this
work all thin films were deposited using dc magnetron sputtering which
will be described in this section.
Sputtering is performed using a vacuum chamber in which the target(s)
and the substrate are placed, thereafter the chamber is evacuated to
vacuum. The target is the source of the material to be deposited on the
substrate. For example, when depositing a Ti3SiC2 film, this is done from
a Ti, a Si, and a C target (could also be done from a compound Ti3SiC2
target81). The target (cathode), is connected to a negative dc voltage
supply and the substrate is the positive anode. After having achieved
vacuum, an inert gas (commonly Ar) is introduced into the chamber. By
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applying a high voltage to the Ar gas, a plasma is created which contains
positive argon ions. These positive Ar ions bombard the negatively
charged target and eject atoms from it. These atoms then travel to the
substrate (anode) where they condense and become a part of the thin film.
Magnetron sputtering is utilized to increase the deposition rate. The use
of a magnetic field maximizes the amount of electrons that contribute to
ionization by capturing electrons near the target surface. This leads to
more available Ar ions for bombarding the target, leading to higher
sputtering rates.80

Figure 3.1. Sputtering system used for depositions in Papers IV, V, VI, and VII.

3.2.2 Thin film growth
For thin film growth80, 82-83 to take place, the material to be deposited
must be transported to the substrate surface, adsorb on the surface, and
nucleate and grow. The previous section described how the material was
transported to the substrate surface. This section describes the nucleation
and growth of thin films.
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Thin film growth is typically divided into three different growth modes
illustrated in Figure 3.2: (1) Frank–van der Merwe (FM), (2) VolmerWeber (VW), and (3) Stranski-Krastanov (SK).

Figure 3.2. Thin film growth modes.

Frank-van der Merwe, also called layer-by-layer growth, arises when the
atoms have a stronger bond to the substrate than they have to each other.
This leads to a growth mode where one layer grows to completion before
growth of the next layer commences. This growth mode is often found in
epitaxial growth. Volmer-Weber, or island growth, is the opposite case,
when the atoms have higher affinity for each other than for the substrate,
leading to the formation of islands on the substrate. The VW mode is
common in polycrystalline thin film growth; an example is found in
Paper III. The Stranski–Krastanov growth mode is a mixture of the two
previous growth modes. SK growth begins with the formation of a
complete FM layer, one or several monolayer thick. After formation of
this intermediate layer, VW mode occurs with growth of islands on top of
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the intermediate layer. The SK mode can sometimes be found in strained
semiconductor epitaxy, where strain energy builds up in the FM layer,
eventually favoring island growth which reduces strain.80, 84
Epitaxy means to grow a thin crystalline film on a crystalline substrate in
such a way that the deposited film is crystallographically aligned with the
substrate. Epitaxy is divided into homoepitaxy and heteroepitaxy. In
homoepitaxy, the film and the substrate are of the same material, while in
heteroepitaxy, the materials differ.

Figure 3.3. Step‐flow growth.

When working with growth of epitaxial thin films on stepped surfaces, a
fourth growth mode called step-flow (SF),80, 82-84 is of interest. This
growth mode is commonly found for high quality epitaxial films
manufactured in the semiconductor industry. Semiconductor substrates
are often prepared with an off-cut from a low index plane towards a
certain direction. This leads to a substrate surface consisting of a series of
terraces with steps between them. If the adsorbed atom has sufficient
energy to diffuse across the terrace, the steps act as nucleation points for
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step flow growth, which then proceeds along the terraces, as illustrated in
Figure 3.3. Step-flow was the growth mode found for the epitaxial
growth of Ti3SiC2, Ti3GeC2 and (Ti,V)n+1GeCn thin films on 4HSiC(0001) substrates with a 4º off cut in Papers IV, V, VI, and VII.

32

4. Characterization techniques
___________________________________________________________

The first step towards being able to correlate the function of a certain
material as sensing layer or ohmic contact layer in a field effect sensor
device is an in-depth knowledge of the materials structure and
composition. This chapter describes first the methods used for structural
and compositional characterization and finishes with the techniques used
for investigating the sensor response and the ohmic behavior of the
nanostructured materials. The aim of this chapter is to give a short
introduction to the principles of each technique and how it has been
applied in my research.

4.1 Microscopy techniques
4.1.1 Scanning electron microscopy (SEM)
Scanning electron microscopy is widely used within different scientific
areas such as biology, medicine, materials science, and is an excellent
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tool for studying surface morphology. Imaging of non-biological samples
using SEM requires little sample preparation. In the SEM,85-86 an electron
beam is focused and scanned over a selected area of the surface of the
sample under investigation, hence the name scanning electron
microscopy. The electrons in the beam interact with the sample and
generate various signals. These signals can be detected and used to form
an image of the samples surface topography or to investigate its
composition. I have used SEM to study the morphology of my samples.
For this purpose, secondary electron detection is used, since the intensity
of the secondary electron signal mainly varies due to differences in
surface topography of the sample.
Figure 4.1(a) displays an SEM image of gold nanoparticles that have
been drop cast as sensing layer on a capacitor device, and annealed to
remove the solvent and the capping layer. SEM imaging is useful to
study the effects of different annealing temperatures on agglomeration of
the nanoparticles used in Papers I and II. The SEM image shows that the
Au-nanoparticles are evenly dispersed on the substrate and that they are
homogenous in size. Figure 4.1(b) shows a SEM image of a Ti3GeC2 film,
which has been epitaxially grown on a 4H-SiC substrate. The growth
mode of the films consisting of faceted steps can be observed. In Papers
V, VI, and VII, SEM imaging is used to study the surface structure of
Ti3SiC2, Ti3GeC2, and (Ti,V)-Ge-C thin films epitaxially grown on 4HSiC substrates. Together with other characterization methods, this gives
us information about the growth mode of these materials when they are
deposited on stepped 4H-SiC substrates.
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Figure 4.1. SEM images of (a) gold nanoparticles on a sensor surface, and (b) an
epitaxially grown Ti3GeC2 film on 4H‐SiC.

4.1.2 Helium ion microscopy (HIM)
Helium ion microscopy is a relatively new imaging method and the first
commercial instruments were put on the market only a few years ago.87
Scanning helium ion microscopes work in basically the same way as
scanning electron microscopes, with the important distinction that instead
of an electron beam, a focused beam of helium ions is used to scan the
surface of the sample. One of the advantages of using helium ions is that
they have higher momentum than electrons, leading the helium ion beam
to be less affected by diffraction effects. A small probe size in
combination with the small interaction volume in the substrate gives the
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HIM significantly higher image resolution than the SEM. In addition to
the high image resolution, the HIM also has a high yield of secondary
electrons, which varies depending on the material. This gives increased
material contrast and surface sensitivity, as compared to an SEM.88-90
These properties make it possible to investigate surface chemical states
using HIM. An example of this is described by Scipioni et al.,91 where an
organic monolayer on gold, invisible using SEM imaging, was imaged
using HIM.
Examples of the superior imaging capabilities of the HIM as compared to
the SEM are found in Papers V and VI for Ti3SiC2 and Ti3GeC2 film
surfaces. For both materials, HIM showed that what looks like one
plateau in the SEM image, consists of several terraces. In Paper V,
contrast variations on some of the terraces were observed in the HIM
images, which may be attributed to differences in surface chemistry,
caused by differences in surface termination affecting the secondary
electron yield.

4.1.3 Transmission electron microscopy (TEM)
Transmission electron microscopy92-93 belongs, just like SEM, to the
group of electron microscopes. While, as mentioned earlier, little or no
sample preparation is necessary for SEM imaging, the opposite is true for
TEM sample preparation. The reason for this is that when using TEM the
electron beam passes through the sample. This means that to be able to
use TEM imaging, the sample has to be electron transparent, i.e., very
thin. To achieve this, samples must be carefully prepared using polishing
and etching. In spite of the time consuming sample preparation,
transmission electron microscopy is a valuable instrument for
characterizing materials as it can provide atomic scale resolution imaging
as well as crystallographic, and chemical information depending on the
mode of operation.
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When the electron beam used in the TEM passes through the sample
under study, the electron beam interacts with the sample, which causes
the electrons to scatter. The amount of electrons that pass through a
certain part of the sample unscattered depends on the scattering potential
and thickness of that specific part of the sample. These unscattered
electrons are collected by a detector and provide the contrast for the
image of the sample, where the variation in darkness is determined by the
variation in density. Looking at the scattered electrons, diffraction
patterns can be obtained, which gives information about the crystal
structure of the sample.
Transmission electron microscopy has been used for material
characterization in all the papers included in this thesis. For the
electrochemically synthesized Au- and Pd-nanoparticles used in Papers I
and II, TEM was used to study the size of the as-synthesized
nanoparticles to be compared to their size after annealing, which was
studied using SEM. In Paper III, TEM was used to study polycrystalline
and nanocomposite samples and the distribution of Pt in these samples.
For the thin films used in Papers IV, V, VI, and VII, TEM provided
information about crystal structure and the interface of the films with the
SiC substrate.

4.1.4 Atomic force microscopy (AFM)
Atomic force microscopy94-96 is a microscopy technique. AFM is useful
for studying the morphology of surfaces and makes it possible to obtain
topographic information with atomic scale resolution. In AFM, a sharp
tip, mounted at the end of a cantilever, is used to sense an interaction
force between the tip and the surface of the sample under investigation.
The AFM can be operated in different imaging modes. In my research,
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the samples have been studied using tapping mode, which is described
here. In tapping mode, the cantilever is oscillated at its resonance
frequency as it is scanned across the sample and makes intermittent
contact with (taps) the surface. The oscillation amplitude of the cantilever
changes with sample surface topography. A feed-back loop adjusts the
height of the cantilever above the sample in order to keep the amplitude
constant. By recording these changes a topographic image of the sample
surface can be obtained.
In Figure 4.2, an AFM surface plot of an epitaxial (Ti, V)-Ge-C film
grown on 4H-SiC is shown. By using AFM to study the Ti3SiC2, Ti3GeC2
and (Ti,V)-Ge-C films in Papers V, VI, and VII, it was possible to
obtain information about step heights in the films, information not readily
available from SEM or HIM imaging. This provided another piece of the
puzzle for understanding the growth mode of these films on 4H-SiC
substrates.

Figure 4.2. AFM surface plot of an epitaxially grown (Ti, V)‐Ge‐C film on 4H‐SiC.
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4.2 X-Ray diffraction (XRD)
XRD97-98 is a non-destructive technique with which it is possible to
obtain information about the crystalline phase composition of a sample,
along with other structural information such as lattice parameters, strain,
and grain size.
In XRD a beam of X-rays with a certain wavelength is directed at the
surface of the sample to be examined. CuKα radiation with a wavelength
of λ = 1.54 Å is commonly used, as was the case in our experimental
setup. Some of the X-rays of the incident beam are diffracted (scattered)
against the atomic planes of the crystalline material in the sample. For
certain angles θ, the X-rays are coherently scattered and come out in
phase, i.e. Bragg´s law is fulfilled. This gives rise to a diffraction pattern
(diffractogram), which gives information about the crystal structure and
lattice parameter of the sample.
Since X-ray diffraction gives different unique diffraction patterns for
different structures the method is valuable for identifying chemical
phases in thin films. This is typically done using a mode of operation
called a θ-2θ scan. When having obtained the θ-2θ diffraction pattern
from a film, this can be compared with already known diffraction
patterns that are stored together with information on chemical
composition in large reference databases. This removes the need for
calculating the diffraction pattern of already known structures.
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Figure 4.3. XRD diffractogram of a Ti3SiC2 thin film grown on 4H‐SiC.

The largest of these databases is maintained by the International Center
for Diffraction Data (ICDD) and contains a large number of powder
diffraction files (PDF). In Papers IV, V, VI, and VII the diffraction
patterns measured on magnetron sputtered thin films were compared to
ICDD PDF cards, and from this the phase composition of the films was
deduced. Figure 4.3 shows a XRD pattern from a Ti3SiC2 thin film grown
on a 4H-SiC substrate. Other than a peak originating from the substrate,
the peaks seen are all 000ℓ Ti3SiC2 reflections, showing that Ti3SiC2
grows highly 000ℓ oriented on 4H-SiC(0001). PDF patterns are obtained
from powder samples which have randomly oriented grains, and
therefore the PDF pattern contains more peaks than the pattern from our
films, which have a preferred orientation.
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4.3 Elastic recoil detection analysis (ERDA)
ERDA99-101 is a method for obtaining compositional depth profiles of thin
films. In ERDA a high energy (in the MeV range) ion beam is used to
produce ionized secondary atoms from the film in question. The energy
of these recoiled ions depends on their mass, the recoil angle, and the
depth at which the recoil takes place. Through the use of an energy
dispersive spectrometer a compositional depth profile for the sample can
be obtained.
ERDA was used in Papers V, VI, and VII to investigate the composition
of the films. The ERDA depth profiles were also useful for ascertaining
that oxygen is only present at the surface of the films, and not within the
films, or at the interface to the SiC substrate. This is important for ohmic
contacts to SiC; oxygen at the interface has a negative influence on the
specific contact resistance of a device.

4.4 C-V measurements
Although transistor devices are the preferred choice for commercial field
effect gas sensors, the ease of fabrication makes capacitive sensor
devices interesting for research purposes. Capacitors based on metal
insulator semiconductor structures were used in Papers I and II to study
the use of electrochemically synthesized nanoparticles as sensing layers.
A capacitor can be characterized using capacitance-voltage (C-V)
measurements. The C-V curve is obtained through sweeping a DC bias
voltage across the capacitor while measuring using a high frequency AC
signal. This results in a capacitance versus voltage curve, displaying the
dependence of the capacitance on the bias voltage. Due to the
semiconducting properties of SiC the curve will change from a high
capacitance to a low capacitance at a certain applied voltage.102 Exposing
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the sensor surface (sensing layer comprised of a catalytically active
material) to gases, causes the formation of a dipole layer which adds
charge to the applied voltage, leading the C-V curve to shift the transition
point where it switches from high to low capacitance. For the sensor
response measurements performed in Papers I and II, the sensor signal
was measured as the shift in voltage at a constant capacitance at the
inflection point of the CV curve, when the sensors were exposed to
different test gases.

4.5 Transmission line model (TLM)
Electrical characterization of contacts to semiconductor devices is often
performed using current-voltage (I-V) and transmission line model (TLM)
measurements.28, 103-104 While the I-V characteristics of a contact can tell
you if it is ohmic or not, measuring the specific contact resistance ρC
(Ωcm2), gives information about the quality of the contact, with low
specific contact resistance values being desirable.
An SEM image of the TLM structures used in Papers IV and VI,
consisting of six contact pads (100 µm wide) separated by 5, 10, 15, 20,
and 25 µm can be seen in Figure 4.4.

Figure 4.4. SEM image of TLM test structure.
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In a TLM measurement, the total resistance RT between two adjacent
contacts separated by a distance d is measured. This resistance is then
plotted as a function of the contact separation. The contact resistance RC,
can be extracted from the extrapolated y-intercept of the line, the transfer
length LT can be estimated from the extrapolated x-intercept, and the
slope of the line gives the sheet resistance RS. The specific contact
resistivity can then be derived from the following equations, where W is
the width of the contact:

2

(4.1)

(4.2)

In Paper IV, current-voltage measurements and the TLM method were
used to investigate if sputter deposited Ti3SiC2 films form ohmic contacts
to 4H-SiC, and to determine the specific contact resistance. In Paper VI,
the I-V characteristics of Ti3GeC2 contacts were used to study the ohmic
characteristics of these contacts to 4H-SiC.
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5. Summary and Contribution to the Field
___________________________________________________________

In Papers I and II, I investigate the use of Au and Pd nanoparticles as
catalytically active sensing layers on capacitive field effect devices, for
detection of NOx. The sensors with Au nanoparticles as sensing layers are
found to have their largest response to NOx, with some sensitivity to H2
and NH3. No response to CO or C3H6 at the tested concentrations is
detected. For the sensors with Pd nanoparticles as sensing layers, the
largest responses are obtained for NOx with smaller responses for H2,
NH3, CO, and C3H6. Both types of sensors get a faster speed of response
when the operating temperature is increased. The Au nanoparticle sensors
have the highest selectivity towards NOx. However, the sensors with Pd
nanoparticles are the most promising for NOx sensing applications where
higher operating temperatures are required since Pd has a higher melting
point and thereby higher resistance towards reconstruction of the sensing
layer.
The possibility of “locking” Pt nanoparticles into a matrix to achieve a
more stable sensing layer, as compared to Pt thin films as sensing layers,
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is studied in Paper III. Thin films in the Ti-Pt-C system are deposited by
magnetron sputtering. A previously not reported solid solution carbide
(Ti1 - xPtx)Cy with a Pt/Ti ratio of up to 0.43 is observed. The solid
solution phase is present both as a single phase in polycrystalline samples
and together with amorphous carbon in nanocomposite samples. Since a
solid solution carbide phase is obtained for as-deposited films, while a
microstructure with crystalline Pt embedded in a nanocomposite is
desired for gas sensing applications, annealing experiments are
performed. The annealing gives increased crystallinity of the carbide
phase with the formation of a Pt phase. However, depth profiles of the
annealed samples show that Pt migrates towards the substrate, as the
annealing temperature is increased. For gas sensing application this
behavior is undesirable, since the presence of Pt nanoparticles throughout
the entire film, including the surface, is necessary to achieve catalytic
activity.
The results obtained in Paper IV show that Ti3SiC2 forms an ohmic
contact to n-type 4H-SiC after a rapid thermal anneal at 950 ºC. Ti3SiC2
has been found to form after high temperature annealing of Ti-containing
contact layers on n-type 6H-SiC, and for Ti/Al contact layers to p-type
4H-SiC as described in section 2.2.1. The ohmic behavior of these
contacts has been proposed to arise from the formation of Ti3SiC2. We
have grown epitaxial Ti3SiC2 films on SiC substrates using magnetron
sputtering, and found that to achieve an ohmic contact, annealing is still
necessary. This shows that not only the formation of Ti3SiC2 plays a role
in the mechanism of ohmic contact formation for these contacts, but that
also reactions taking place at the contact/semiconductor interface during
annealing are important. As-deposited metal contact layers on SiC
typically require a high temperature anneal to become ohmic,105 but the
mechanism by which the metal-SiC contacts become ohmic is not well
understood. The importance of annealing has been shown for Pt-based
contacts on SiC that were annealed, removed, and replaced with
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unannealed Ni contacts, which then displayed ohmic behavior.106 In a
recent publication,107 Ni, Ni2Si, and Pd contacts were prepared on n-type
4H-SiC and annealed at high temperature. After acid removal of the
contacts, a highly graphitized layer was found on the SiC surface, and
unannealed contacts deposited in the place of the removed contacts
displayed the same ohmic behavior as the annealed contacts. However, if
the graphitized layer was selectively etched away before deposition of the
unannealed contact layers, the contact resistivity increased. This lead the
authors to the conclusion that the ohmic behavior of Ni-containing, and
Pd contacts on n-type SiC is caused by the formation of graphitic carbon
at the SiC interface.
For Ti3SiC2 contact layers on p-type SiC, an ohmic contact was not
achieved for equivalent doping levels that give ohmic contacts for
annealed Ti/Al (forming Ti3SiC2 after the anneal) contact layers.108 This
could be attributed to differences in preparation methods or possibly the
Al concentration in those contacts which has been suggested to be of
importance for the contact formation to p-type SiC.109
In order to optimize the deposition process and gain an understanding of
the growth of epitaxial Ti3SiC2 films, in Paper V, the growth mode of
magnetron sputtered Ti3SiC2 thin films, with varying Si-content on 4HSiC(0001) substrates, is studied using a wide variety of characterization
techniques. The growth mode is found to be lateral step-flow with the
propagation of steps that are half, one, or multiples thereof, unit cell high.
For Si-supersaturation conditions, the Ti3SiC2 films display a growth
mode with pronounced {11 2 0} faceting together with the growth of
off-oriented TiSi2 crystallites. When depositing films under
stoichiometric growth conditions {1 1 0 0} truncation of the terrace
edges occurs. The growth mode of Ti3SiC2 films on 4H-SiC differs from
that reported for the growth of Ti3SiC2 thin films MgO(111) and
Al2O3(0001) substrates, where the films grow in a step-flow mode with
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the steps on the surface being provided by threading screw dislocations.50
For the growth of Ti3SiC2 films on 4H-SiC, the steps are provided by the
4º off-cut of the 4H-SiC substrate. Furthermore, using helium ion
microscopy, a relatively new microscopy technique, contrast differences
on the terraces of the Ti3SiC2 films were observed, and are proposed to
be caused by differences in surface chemistry, corresponding to Si and Ti
termination. It is interesting that Si-supersaturation conditions do not
prevent the growth of the Ti3SiC2 phase, instead it proceeds with the
inclusion of TiSi2 crystallites.
In Paper VI, the growth of Ti3GeC2 thin films on 4H-SiC is investigated.
Ti3GeC2 is isostructural with Ti3SiC2 and has low resistivity values,
comparable to Ti3SiC2. This makes the material a promising candidate for
realizing an ohmic contact to 4H-SiC with the potential for long term
stable operation at elevated temperatures in corrosive environments. The
growth mode for the films is found to be step-flow, as was found for
Ti3SiC2 growth on 4H-SiC. Interestingly, Ti3GeC2 grows with {11 2 0}
faceting for the same stoiciometric growth conditions that for Ti3SiC2
lead to {1 1 0 0} truncation of the terrace edges. Furthermore the
Ti3GeC2 films are found to grow with a slight substoichiometry in Ge,
with the presence of small, ~20 nm particles distributed on the surface of
the films, which can be attributed to the out-diffusion of the relatively
weakly bonded Ge from the Ti3GeC2 films. The difference in growth
mode for Ti3SiC2 and Ti3GeC2 films is interesting and a possible
explanation could be the difference in diffusivity between Si and Ge.
Current-voltage (I-V) measurements on as-deposited Ti3GeC2 films show
that the contacts have nearly ohmic behavior. Applying a hightemperature rapid anneal, would most likely help achieve low-resistivity
ohmic contacts to SiC, as seen for epitaxial Ti3SiC2 films after annealing
at 950 ºC in Paper IV.
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In order to further develop the ohmic contact layers in Papers IV, V, and
VI, the next step would be to investigate the stability of the contacts at
elevated temperatures in corrosive environment for extended periods of
time. Initial measurements at temperatures up to 250 ºC in ambient air
(not included in thesis), show promising results for Ti3SiC2, with no
observed change in the I-V characteristics of the contacts.
MAX-phases can form solid solutions at the M, A, or X site. The study of
solid solutions is of interest because they give the opportunity to study
the effect of chemistry on synthesis, phase stability, and properties. In
Paper VII the Ti-V-Ge-C system is studied and the results obtained
show that growth of the previously not reported solid solutions
(Ti,V)2GeC, (Ti,V)3GeC2 and (Ti,V)4GeC3 is possible. Also noteworthy
is the finding that films grown under equivalent conditions during the
same deposition, yield growth of different phases depending on the
substrate onto which they are grown. Deposition on 4H-SiC substrates
gives (Ti,V)3GeC2 as the dominant phase while deposition on Al2O3
substrates results in a mixture of “211”, “523”, and “312” phases.
Furthermore, the films deposited on 4H-SiC display the same step flow
growth that was found for Ti3SiC2 and Ti3GeC2 films on SiC, while the
films deposited on Al2O3 substrates grow due to threading screw
dislocations.
The results obtained in Papers V, VI, and VII show that the growth of
the studied MAX phases is sensitive to both the deposition conditions
and the choice of substrates, with impact both on the morphology and the
phases formed. The differences in growth behavior between Ti3SiC2 and
Ti3GeC2 films, for equivalent deposition conditions is intriguing, and I
suggest substituting the A element with Al for future investigations of the
growth and properties of Ti3AlC2 on 4H-SiC.
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