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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. 



 17

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 3C-

SiC, 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 
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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 n-

type 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) Volmer-

Weber (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 



 32 

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 4H-

SiC(0001) substrates with a 4º off cut in Papers IV, V, VI, and VII. 
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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 4H-

SiC 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 4H-

SiC(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 high-

temperature 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. 
  



 50

 



 51

References 
 

1. T.W. Adam, C. Astorga, M. Clairotte, M. Duane, M. Elasser, A. Krasenbrink, 

B.R. Larsen, U. Manfredi, G. Martini, L. Montero, M. Sklorz, R. 

Zimmermann, and A. Perujo, Chemical analysis and ozone formation 

potential of exhaust from dual-fuel (liquefied petroleum gas/gasoline) light 

duty vehicles. Atmospheric Environment, 2011. 45: p. 2842. 

2. Worldometers.info.  2009  [cited 2011 May 25]; Available from: 

www.worldometers.info/cars. 

3. J.H. Visser and R.E. Soltis, Automotive exhausts gas sensing systems. IEEE 

Transactions on Instrumentation and Measurement, 2001. 50(6): p. 1543. 

4. H. Huo, Y. Wu, and M. Wang, Total versus urban: Well-to-wheels assessment 

of criteria pollutant emissions from various vehicle/fuel systems. Atmospheric 

Environment, 2009. 43: p. 1796. 

5. U.G. Alkemade and B. Schumann, Engines and exhaust after treatment 

systems for future automotive applications. Solid State Ionics, 2006. 177: p. 

2291. 

6. J.R. Tavares, M.S. Sthel, L.S. Campos, M.V. Rocha, G.R. Lima, M.G. da 

Silva, and H. Vargas, Evaluation of pollutant gases emitted by ethanol and 

gasoline powered vehicles. Procedia Environmental Sciences, 2011. 4: p. 51. 

7. N. Docquier and S. Candel, Combustion control and sensors: a review. 

Progress in Energy and Combustion Science: a review, 2002. 28: p. 107. 

8. I. Lundström, M.S. Shivaraman, C.M. Svensson, and L. Lundquist, Hydrogen 

sensitive MOS field-effect transistor. Applied Physics Letters, 1975. 26: p. 55. 

9. A. Trinchi, S. Kandasamy, and W. Wlodarski, High temperature field effect 

hydrogen and hydrocarbon gas sensor based on SiC MOS devices. Sensors 

and Actuators B: Chemical, 2008. 133: p. 705. 

10. I. Lundström, Why bother about gas-sensitive field-effect devices? Sensors 

and Actuators A, 1996. 56: p. 75. 

11. G.L. Harris, ed. Properties of silicon carbide. 1995, INSPEC, the Institution 

of Electrical Engineers: London. 



 52

12. G. Pensl, F. Ciobanu, T. Frank, M. Krieger, S. Reshanov, F. Schmid, and M. 

Weidner, SiC material properties. International Journal of High Speed 

Electronics and Systems, 2005. 15(4): p. 705. 

13. S.E. Saddow and A. Agarwal, eds. Advances in Silicon Carbide Processing 

and Applications. 2004, Artech House: Norwood, MA, USA. 

14. C.K. Kim, J.H. Lee, Y.H. Lee, N.I. Cho, and D.J. Kim, A study on a platinum-

silicon carbide Schottky diode as a hydrogen gas sensor. Sensors and 

Actuators B, 2000. 66: p. 116. 

15. H. Wingbrant, H. Svenningstorp, P. Salomonsson, P. Tengström, I. 

Lundström, and A. Lloyd Spetz, Using a MISiCFET device as cold start 

sensor. Sensors and Actuators B, 2003. 93: p. 295. 

16. H. Wingbrant, H. Svenningstorp, P. Salomonsson, D. Kubinski, J.H. Visser, 

M. Löfdahl, and A. Lloyd Spetz, Using a MISiC-FET sensor for detecting 

NH3 in SCR systems. IEEE Sensors Journal, 2005. 5(5): p. 1099. 

17. M. Andersson, P. Ljung, M. Mattson, M. Löfdahl, and A. Lloyd Spetz, 

Investigations on the possibilities of a MISiCFET sensor system for OBD and 

combustion control utilizing different catalytic gate materials. Topics in 

Catalysis, 2004. 30-31: p. 365. 

18. W.J. Choyke, H. Matsunami, and G. Pensl, eds. Silicon carbide: recent major 

advances. 2004, Springer-Verlag: Berlin Heidelberg. 

19. M. Eriksson, A. Salomonsson, I. Lundström, D. Briand, and A.E. Åbom, The 

influence of the insulator properties on the hydrogen response of field-effect 

gas sensors. Journal of Applied Physics, 2005. 98: p. 034903. 

20. I. Lundström, H. Sundgren, F. Winquist, M. Eriksson, C. Krantz-Rülcker, and 

A. Lloyd Spetz, Twenty-five years of field effect gas sensor research in 

Linköping. Sensors and Actuators B, 2007. 121: p. 247. 

21. K. Buchholt, E. Ieva, L. Torsi, N. Cioffi, L. Colaianni, F. Söderlind, P.O. Käll, 

and A. Lloyd Spetz, Electrochemically synthesised Pd- and Au-nanoparticles 

as sensing layers in NOx-sensitive field effect devcices. Smart Sensors and 

Sensing Technology Series:Lecture Notes in Electrical Engineering, 2008. 20. 



 53

22. M.T. Soo, K.Y. Cheong, and A.F.M. Noor, Advances of SiC-based MOS 

capacitor hydrogen sensors for harsh environment applications. Sensors and 

Actuators B, 2010. 151: p. 39. 

23. R. Pearce, E. Becker, A. Hagelin, F. Söderlind, P.O. Käll, R. Yakimova, M. 

Skoglundh, and A. Lloyd Spetz. Understanding the gas sensor response of 

ZnO and Ga:ZnO. in Proc. IMCS13. 2010. Perth, Australia. 

24. M. Löfdahl, C. Utaiwasin, A. Carlsson, I. Lundström, and M. Eriksson, Gas 

response dependence on gate metal morphology of field effect devices. 

Sensors and Actuators B, 2001. 80: p. 183. 

25. R. Pearce, T. Iakimov, M. Andersson, L. Hultman, A. Lloyd Spetz, and R. 

Yakimova, Epitaxially grown graphene based sensors for ultra sensitive NO2 

detection. Sensors and Actuators B: Chemical, 2011. 155(2): p. 451. 

26. F. Roccaforte, F. La Via, and V. Raineri, Ohmic contacts to SiC. International 

Journal of High Speed Electronics and Systems, 2005. 15(4): p. 781. 

27. L.M. Porter and R.F. Davis, A critical review of ohmic and rectifying contacts 

for SiC. Materials Science and Engineering B, 1995. 34: p. 83. 

28. D.K. Schroeder, Semiconductor material and device characterization. Third 

ed. A Wiley-Interscience Publication. 2005, Hoboken: John Wiley & Sons, 

Inc. 

29. P. Moriarty, Nanostructured materials. Reports on Progress in Physics, 2001. 

64: p. 297. 

30. M.I. Baraton and L. Merhari, Nanoparticle-based chemical gas sensors for 

outdoor air quality monitoring microstations. Materials Science and 

Engineering B, 2004. 112: p. 206. 

31. A. Salomonsson, R.M. Petoral Jr., K. Uvdal, C. Aulin, P.O. Käll, L. Ojamäe, 

M. Strand, M. Sanati, and A. Lloyd Spetz, Nanocrystalline ruthenium oxide 

and ruthenium in sensing applications  - an experimental and theoretical 

study. Journal of Nanoparticle Research, 2006. 8: p. 899. 

32. L. Wang, W. Ma, L. Xu, W. Chen, Y. Zhu, C. Xu, and N.A. Kotov, 

Nanoparticle-based environmental sensors. Materials Science and 

Engineering R, 2010. 70: p. 265. 



 54

33. D. Filippini, T. Weiss, R. Aragón, and U. Weimar, New NO2 sensor based on 

Au gate field effect devices. Sensors and Actuators B, 2001. 78: p. 195. 

34. M. Penza, C. Martucci, and G. Cassano, NOx gas sensing characteristics of 

WO3 thin films activated by noble metals (Pd, Pt, Au) layers. Sensors and 

Actuators B, 1998: p. 52. 

35. M.W. Barsoum and T. El-Raghy, The MAX Phases: Unique new carbide and 

nitride materials. American Scientist, 2001. 89: p. 334. 

36. P. Eklund, M. Beckers, U. Jansson, H. Högberg, and L. Hultman, The 

Mn+1AXn phases: Materials science and thin-film processing. Thin Solid Films, 

2010. 518: p. 1851. 

37. M.W. Barsoum, The MN+1AXN Phases: A new class of solids; 

Thermodynamically stable nanolaminates. Progress in Solid State Chemistry, 

2000. 28: p. 201. 

38. H. Högberg, L. Hultman, J. Emmerlich, T. Joelsson, P. Eklund, J.M. Molina-

Aldareguia, J.-P. Palmquist, O. Wilhelmsson, and U. Jansson, Growth and 

characterization of MAX-phase thin films. Surface & Coatings Technology, 

2005. 193: p. 6. 

39. W. Jeitschko and H. Nowotny, Die Kristallstruktur von Ti3SiC2-ein neuer 

Komplexcarbid-Typ. Monatshefte fur Chemie, 1967. 98(2): p. 329. 

40. M.W. Barsoum and T. El-Raghy, Synthesis and characterization of a 

remarkable ceramic:Ti3SiC2. Journal of the American Ceramic Society, 1996. 

79(7): p. 1953. 

41. M.W. Barsoum, D. Brodkin, and T. El-Raghy, Layered machinable ceramics 

for high temperature applications. Scripta Materialia, 1997. 36(5): p. 535. 

42. J. Emmerlich, D. Music, P. Eklund, O. Wilhelmsson, U. Jansson, J.M. 

Schneider, H. Högberg, and L. Hultman, Thermal stability of Ti3SiC2 thin 

films. Acta Materialia, 2007. 55: p. 1479. 

43. J. Emmerlich, P. Eklund, D. Rittrich, H. Högberg, and L. Hultman, Electrical 

resistivity of Tin+1ACn (A=Si, Ge, Sn, n = 1-3) thin films. Journal of Materials 

Research, 2007. 22(8): p. 2279. 



 55

44. S. Yang, Z. Sun, Q. Yang, and H. Hashimoto, Effect of Al addition on the 

synthesis of Ti3SiC2 bulk material by pulse discharge sintering process. 

Journal of the European Ceramic Society, 2007. 27: p. 4807. 

45. R. Radhakrishnan, J.J. Williams, and M. Akinc, Synthesis and high-

temperature stability of Ti3SiC2. Journal of Alloys and Compounds, 1999. 285: 

p. 85. 

46. K. Tang, C. Wang, Y. Huang, Q. Zan, and X. Xu, A study on the reaction 

mechanism and growth of Ti3SiC2 synthesized by hot pressing. Materials 

Science and Engineering A, 2002. 328: p. 206. 

47. T. Goto and T. Hirai, Chemically vapor deposited Ti3SiC2. Materials Research 

Bullentin, 1987. 22(9): p. 1195. 

48. H. Fakih, S. Jacques, M.-P. Berthet, F. Bosselet, O. Dezellus, and J.-C. Viala, 

The growth of Ti3SiC2 coatings onto SiC by reactive chemical vapor 

deposition using H2 and TiCl4. Surface & Coatings Technology, 2006. 201: p. 

3748. 

49. P. Eklund, M. Beckers, J. Frodelius, H. Högberg, and L. Hultman, Magnetron 

sputtering of Ti3SiC2 thin films from a compound target. Journal of Vacuum 

Science & Technology A, 2007. 25(5): p. 1381. 

50. J. Emmerlich, H. Högberg, S. Sasvári, P.O.Å. Persson, L. Hultman, J.-P. 

Palmquist, U. Jansson, and J.M. Molina-Aldareguia, Growth of Ti3SiC2 thin 

films by elemental target magnetron sputtering. Journal of Applied Physics, 

2004. 96: p. 4817. 

51. J.-P. Palmquist, U. Jansson, T. Seppänen, P.O.Å. Persson, J. Birch, L. 

Hultman, and P. Isberg, Magnetron sputtered epitaxial single-phase Ti3SiC2 

thin films. Applied Physics Letters, 2002. 81(5): p. 835. 

52. F. Goesmann and R. Schmid-Fetzer, Temperature-dependent interface 

reactions and electrical contact properties of titanium on 6H-SiC. 

Semiconductor Science and Technology, 1995. 10: p. 1652. 

53. F. Goesmann, R. Wenzel, and R. Schmid-Fetzer, Metallization studies on 

Ti3SiC2-based contacts on 6H-SiC. Journal of Materials Science: Materials in 

Electronics, 1998. 9: p. 103. 



 56

54. F. La Via, F. Roccaforte, A. Makhtari, V. Raineri, P. Musumeci, and L. 

Calcagno, Structural and electrical characterisation of titanium and nickel 

silicide contacts on silicon carbide. Microelectronic Engineering, 2002. 60: p. 

269. 

55. M. Gao and L.J. Brillson, Application of high spatial resolution scanning 

work function spectroscopy to semiconductor surfaces and interfaces. Journal 

of Vacuum Science & Technology B, 2006. 25(2): p. 334. 

56. K. Ito, S. Tsukimoto, and M. Murakami, Effects of Al implantation to 4H-SiC 

on the scific contact resistance of TiAl-based contact materials. Science and 

Technology of Advanced Materials, 2006. 7: p. 496. 

57. R. Konishi, R. Yasukochi, O. Nakatsuka, Y. Koide, M. Moriyama, and M. 

Murakami, Development of Ni/Al and Ni/Ti/Al ohmic contact materials for p-

type 4H-SiC. Materials Science and Engineering B, 2003. 98: p. 286. 

58. F.A. Mohammad, Y. Cao, K.-C. Chang, and L.M. Porter, Comparison of Pt-

based ohmic contacts with Ti-Al ohmic contacts for p-type SiC. Japanese 

Journal of Applied Physics, 2005. 44(8): p. 5933. 

59. B. Pécz, L. Tóth, M.A. di Forte-Poisson, and J. Vacas, Ti3SiC2 formed in 

annealed Al/Ti contacts to p-type SiC. Applied Surface Science, 2003. 206: p. 

8. 

60. S. Tsukimoto, K. Ito, Z. Wang, M. Saito, Y. Ikuhara, and M. Murakami, 

Growth and microstructure of epitaxial Ti3SiC2 contact layers on SiC. 

Materials Transactions, 2009. 50(5): p. 1071. 

61. S. Tsukimoto, K. Nitta, T. Sakai, M. Moriyama, and M. Murakami, 

Correlation between the electrical properties and the interfacial 

microstructures of TiAl-based ohmic contacts to p-type 4H-SiC. Journal of 

Electronic Materials, 2004. 33(5): p. 460. 

62. Z. Wang, M. Saito, S. Tsukimoto, and Y. Ikuhara, Interface atomic-scale 

structure and its impact on quantum electron transport. Advanced Materials, 

2009. 21: p. 4966. 



 57

63. Z. Wang, S. Tsukimoto, M. Saito, and Y. Ikuhara, SiC/Ti3SiC2 interface: 

Atomic structure, energetics, and bonding. Physical Review B, 2009. 79: p. 

045318. 

64. Z. Wang, S. Tsukimoto, M. Saito, K. Ito, M. Murakami, and Y. Ikuhara, 

Ohmic contacts on silicon carbide:The first monolayer and its electronic 

effect. Physical Review B, 2009. 80: p. 245303. 

65. A.L. Hannam and P.T.B. Shaffer, Revised X-Ray diffraction intensities for 

silicon carbide polytypes. Journal of Applied Crystallography, 1969. 2: p. 45. 

66. H. Högberg, P. Eklund, J. Emmerlich, J. Birch, and L. Hultman, Epitaxial 

Ti2GeC, Ti3GeC2, and Ti4GeC3 MAX-phase thin films grown by magnetron 

sputtering. Journal of Materials Research, 2005. 20(4): p. 779. 

67. N.A. Phatak, S.K. Saxena, Y. Fei, and J. Hu, Synthesis and structural stability 

of Ti2GeC. Journal of Alloys and Compounds, 2009. 474: p. 174. 

68. H. Wolfsgruber, H. Nowotny, and F. Benesovsky, Die Kristallstruktur von 

Ti3GeC2 Monatshefte fur Chemie, 1967. 98: p. 2401. 

69. Z. Sun and Y. Zhou, The electronic structure and chemical bonding of 

Ti3GeC2. Journal of Materials Chemistry, 2000. 10: p. 343. 

70. Y. Zhou, Z. Sun, X. Wang, and S. Chen, Ab Initio geometry optimization and 

ground state properties of layered ternary carbides Ti3MC2 (M=Al, Si and 

Ge). Journal of Physics: Condensed Matter, 2001. 13: p. 10001. 

71. C.L. Yeh, Combustion synthesis of (Ti1-xNbx)2AlC solid solutions from 

elemental and Nb2O5/Al4C3-containing powder compacts. Ceramics 

International, 2011: p. In press. 

72. W. Yu, S. Li, and W.G. Sloof, Microstructure and mechanical properties of a 

Cr2Al(Si)C solid solution. Materials Science and Engineering A, 2010. 527: p. 

5997. 

73. P.O.Å. Persson, C. Höglund, J. Birch, and L. Hultman, Ti2Al(O,N) formation 

by solid-state reaction between substoichiometric TiN thin films and Al2O3 

(0001) substrates. Thin solid films, 2011. 519: p. 2421. 



 58

74. A. Ganguly, T. Zhen, and M.W. Barsoum, Synthesis and mechanical 

properties of Ti3GeC2 and Ti3(SixGe1-x)C2 (x=0.5, 0.75) solid soulutions. 

Journal of Alloys and Compounds, 2004. 376: p. 287. 

75. M.T. Reetz, W. Helbig, S.A. Quaiser, U. Stimming, N. Breuer, and R. Vogel, 

Visualization of surfactants on nanostructured palladium clusters by a 

combination of STM and high-resolution TEM. Science, 1995. 267: p. 367. 

76. M.T. Reetz and W. Helbig, Size-selective synthesis of nanostructured 

transition metal clusters. Journal of the American Chemical Society, 1994. 

116: p. 7401. 

77. R.F. Bunshah, ed. Handbook of Hard Coatings-Deposition Technologies, 

Properties and Applications. 2001, Noyes Publications: New York. 

78. P.M. Martin, Handbook of Deposition Technologies for Films and Coatings, 

Third Edition. 2010, Elsevier Inc. 

79. R.T. Powell and S.M. Rossnagel, PVD for Microelectronics: Sputter 

Deposition Applied to Semiconductor Manufacturing. Thin Films. Vol. 26. 

1999, New York: Academic Press. 

80. M.T. Powers, E.T. Lavernia, J.R. Groza, and J.F. Schackelford, eds. Materials 

Processing Handbook. 2007, CRC Press. 

81. J. Lauridsen, P. Eklund, T. Joelsson, H. Ljungcrantz, Å. Öberg, E. Lewin, U. 

Jansson, M. Beckers, H. Högberg, and L. Hultman, High-rate deposition of 

amorphous and nanocomposite Ti-Si-C multifunctional coatings. Surface & 

Coatings Technology, 2010. 205: p. 299. 

82. K. Wasa, M. Kitabatake, and H. Adachi, Thin Film  Materials Technology-

Sputtering of Compound Materials. 2004, New York: William Andrew Inc. 

83. K. Oura, V.G. Lifshits, A.A. Saranin, A.V. Zotov, and M. Katayama, Surface 

Science. 2003, Berlin Heidelberg: Springer-Verlag. 

84. M.A. Herman, W. Richter, and H. Sitter, Epitaxy: Physical principles and 

technical implementation. 2004, Berlin Heidelberg: Springer-Verlag. 

85. A. Bogner, P.-H. Jouneau, G. Thollet, D. Basset, and C. Gauthier, A history of 

scanning electron microscopy developments: Towards "wet-STEM" imaging. 

Micron, 2007. 38: p. 390. 



 59

86. J. Goldstein, D. Newbury, D. Joy, C. Lyman, P. Echlin, E. Lifshin, L. Sawyer, 

and J. Michael, Scanning Electron Microscopy and X-Ray Microanalysis, 

Third edition 2003, New York: Kluwer Academic/Plenum Publishers. 

87. L. Scipioni, W. Thompson, and S. Sijbrandij, Material analysis with a helium 

ion microscope, in IEEE 47th Annual International reliability Physics 

Symposium. 2009: Montreal. p. 317. 

88. D. Cohen-Tangui and N. Yao, Superior imaging resolution in scanning 

helium-ion microscopy: A look at beam sample interactions. Journal of 

Applied Physics, 2008. 104: p. 063504. 

89. J. Morgan, J.A. Notte, R. Hill, and B. Ward, An introduction to the helium ion 

microscope. Microscopy Today, 2006. 14(4): p. 24. 

90. B.W. Ward, J.A. Notte, and N.P. Economou, Helium ion microscope: A new 

tool for nanoscale microscopy and metrology. Journal of Vacuum Science & 

Technology B, 2006. 24(6): p. 2871. 

91. L. Scipioni, L.A. Stern, J. Notte, S. Sijbrandij, and B. Griffin, Helium ion 

microscope. Advanced Materials & Processes, 2008. June: p. 27. 

92. D.B. Williams and C.B. Carter, Transmission Electron Microscopy: a 

textbook for materials science. 1996, New York: Springer Science+Business 

Media, Inc. 

93. F. Ernst and M. Rühle, Present developments in high-resolution transmission 

electron microscopy. Current Opinion in Solid State & Materials Science 

1997. 2: p. 469. 

94. B. Basnar, G. Friedbacher, H. Brunner, T. Vallant, U. Mayer, and H. 

Hoffmann, Analytical evaluation of tapping mode atomic force microscopy for 

chemical imaging of surfaces. Applied Surface Science, 2001. 171: p. 213. 

95. E. Meyer, H.J. Hug, and R. Bennewitz, Scanning probe microscopy. 2004, 

Berlin Heidelberg: Springer-Verlag. 

96. D. Rugar and P. Hansma, Atomic force microscopy. Physics today, 1990: p. 23. 

97. M. Birkholz, Thin Film Analysis by X-Ray Scattering. 2006, Weinheim: 

Wiley-VCH Verlag. 



 60

98. J.P. Glusker, M. Lewis, and M. Rossi, Crystal Structure Analysis for Chemists 

and Biologists. 1994, New York: VCH Publishers. 

99. M. Döbeli, Characterization of oxide films by MeV ion beam techniques. 

Journal of physics:condensed matter, 2008. 20: p. 264010. 

100. J. Jensen, D. Martin, A. Surpi, and T. Kubart, ERD analysis and modification 

of TiO2 thin films with heavy ions. Nuclear Instruments and Methods in 

Physics Research B, 2010. 268: p. 1893. 

101. J. Tirira and Trocellier, Elastic recoil detection analysis. Journal of 

Radioanalytical and Nuclear Chemistry, 1989. 130(2): p. 311. 

102. S.M. Sze and K.K. Ng, Physics of Semiconductor Devices. 2007, Hoboken, 

New Jersey: John Wiley & Sons, Inc. 

103. G.K. Reeves and H.B. Harrison, Obtaining the specific contact resistance 

from transmission line model measurements. IEEE Electronic Device Letters, 

1982. EDL-3(5): p. 111. 

104. D. Sawdi, D. Pavlidis, and D. Cui, Enhanced transmission line model 

structures for accurate resistance evaluation of small-size contacts and for 

more reliable fabrication. IEEE transactions on electronic devices, 1999. 

46(7): p. 1302. 

105. F. Roccaforte, F. Giannazzo, F. Iucolano, J. Eriksson, M.H. Weng, and V. 

Raineri, Surface and interface issues in wide bandgap semiconductor 

electronics. Applied Surface Science, 2010. 256: p. 5727. 

106. F.A. Mohammad, Y. Cao, and L.M. Porter, Ohmic contacts to silicon carbide 

determined by changes in the surface. Applied Physics Letters, 2005. 87: p. 

161908. 

107. B. Barda, P. Macháˇc, S. Cichoˇn, V. Machoviˇc, A. Kudrnová, A. 

Michalcová, and J. Siegel, Origin of ohmic behavior in Ni, Ni2Si and Pd 

contacts on n-type SiC. Applied Surface Science, 2010. 257: p. 414. 

108. K. Buchholt, R. Ghandi, M. Domeij, C.-M. Zetterling, J. Lu, P. Eklund, L. 

Hultman, and A. Lloyd Spetz, Ohmic contact properties of magnetron 

sputtered Ti3SiC2 on n- and p-type 4H-SiC. Applied Physics Letters, 2011. 98: 

p. 042108. 



 61

109. O. Nakatsuka, T. Takei, T. Koide, and M. Murakami, Low resistance TiAl 

ohmic contacts with multi-layered structure for p-type 4H-SiC. Materials 

Transactions, 2002. 43(7): p. 1684. 

  


	Paper 3_B.pdf
	Carbide and nanocomposite thin films in the Ti–Pt–C system
	Introduction
	Experimental details
	Materials
	Characterisation

	Results and discussion
	Concluding remarks
	Acknowledgements
	References


	Paper 5_B.pdf
	Step-flow growth of nanolaminate Ti3SiC2 epitaxial layers on 4H-SiC(0001)
	ack2
	References
	References




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090225145340
       680.3150
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     638
     376
     None
     Right
     63.7795
     0.0000
            
                
         Both
         159
         AllDoc
         164
              

       CurrentAVDoc
          

     Uniform
     8.5039
     Bottom
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     0
     64
     63
     64
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 93 to page 98
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090225145340
       680.3150
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     638
     376
     None
     Right
     63.7795
     0.0000
            
                
         Both
         93
         SubDoc
         98
              

       CurrentAVDoc
          

     Uniform
     8.5039
     Bottom
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     92
     147
     97
     6
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 101 to page 104
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090225145340
       680.3150
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     638
     376
     None
     Right
     63.7795
     0.0000
            
                
         Both
         101
         SubDoc
         104
              

       CurrentAVDoc
          

     Uniform
     8.5039
     Bottom
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     100
     147
     103
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 107 to page 110
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090225145340
       680.3150
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     638
     376
     None
     Right
     63.7795
     0.0000
            
                
         Both
         107
         SubDoc
         110
              

       CurrentAVDoc
          

     Uniform
     8.5039
     Bottom
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     106
     147
     109
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090225145340
       680.3150
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     605
     620
    
     None
     Right
     1.7008
     0.0000
            
                
         Both
         107
         AllDoc
         110
              

       CurrentAVDoc
          

     Uniform
     8.5039
     Bottom
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     0
     147
     146
     147
      

   1
  

 HistoryList_V1
 qi2base





