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Summary

In current state-of-the art electronic devices the electrical contact between source- 

and drain-electrode plays a crucial role in the performance of the nano size devices. 

Especially for carbon based materials such as carbon nanotubes and thin graphite 

layers, the electrical contacting issues become more and more critical to develop 

carbon based electronic devices. In the present thesis the correlation between charge- 

injection, of in terms of contact-resistance and specific contact resistivity into a nano

object or nanostructured material and the associated morphology of the contact- 

interface region, by transmission electron means, is investigated. To provide a broader 

insight different types of nanomaterials and electrode-materials have been studied. 

This compromises germanium nanowires, thin graphitic layers, and multi-walled 

carbon nanotubes (bundles and individual) as nano-material, and Au, Pd and 

pyrolysed carbon-based resist as electrode material.

In chapter 1, the basic physical concepts o f metal/semiconductors contact 

interfaces will be presented. The properties of the nano objects investigated will be 

introduced in chapter 2.

In chapter 3, the state of the art contacting technology with metal electodes as well 

as the fabrication of carbon contacting material will be described. Besides the 

contacting technology a large range of analytical methods, like electrical 

characterisaton, electon microscopy and energy dispersive X-ray spectoscopy, needed 

to determine the contact-resistivty, the contact interface morphology and the 

contacting material itself will be presented.

In chapter 4 and 5, the carbon material used for electrical contacting is investigated. 

Contacting carbon material will be analysed, first, its intrinsic properties, and then



when structured into electrode forms.

In Chapter 6, Au and Pd were used to contact Ge nanowires and thin graphite 

layers. It was found that the Pd contact interface is in both cases invasive, compared 

to Au, and a large diffusion- and amorphisation area was found whithin the contact 

interface region. These morphological results were correlated with the electical 

measurement data.

In chapter 7, the contact interface and the contact resistivty o f carbon contacts to 

thin graphite layers and multi-walled carbon nanotubes will be presented. The detailed 

morphological and electrical properties of the electrical contacts were investigated 

using cross-sectional TEM images and electrical data.

Key words: interface, electronic transport, nanowire, electrical contacts.
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Chapter 1. Introduction

Chapter 1, Introduction

Contacts play a crucial role in electronic devices and much work has been devoted to 

the understanding and the control of their properties.[l, 2] One of the main goals in 

contacting nano-objects electrically is to get current-voltage characteristics with a 

minimum possible contact resistance, ideally a so-called “ohmic” behaviour. That is, 

independent of the applied bias voltage. However, the contact between metal and 

semiconductor is generally non-linear and named Schottky contact. In this case the 

potential conditions at the metal-semiconductor interface are such that a voltage -bias 

polarity dependent contact is created, hence, the current-voltage curve shows asymmetries. 

In the present work we focus on the general contact-interface properties rather than 

identifying the specific surface states present at the interface between the nano-object and 

contact-electrode. In case of a metal-semiconductor contact, the contact barrier height, 

usually called the Schottky barrier, depends on the metal and semiconductor work 

functions. Barrier lowering can be achieved by an externally applied electrical field and 

pinning by surface-states of the semiconductor at the interface.

The work fijnction of metals, e<P„, {e\ elementary charge), is defined as the difference 

between the Fermi energy, £/r, of the electrons and the vacuum level. The metal work 

functions are typically in the range of some eV, for example 1.79 eV for Cs and 5.28 eV 

for Pt. Table 1.1 shows the work functions of poly-crystalline metals used in current 

semiconductor technology platform.
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Chapter 1. Introduction

In contrast, due to the material chaiacteristic band structure of semiconductors, the 

definition of the work function differs from that in metals. In semiconductors electrons 

are bound in a crystal lattice, under pristine conditions only a few electrons are free in the 

conduction band, to be transferred to the vacuum level. The energy difference between 

the lower level o f the conduction band to the vacuum level is called the electron affinity x  

and plays a comparable role as the work function does in metals. For example, in case of 

n-type semiconductors, the expression e( x ~ ^ „ )  represents the workfunction o f the

semiconductor (0 ^  ; ionisation potential of n-type semiconductor). In addition the

workfunctions o f semiconductors depend on the doping concentration and dopant type 

(shown in table 1.2).

Table 1.1. Work functions e0mof metals used in semiconductor technology [1]

Metal Ti Au Pd Pt
in eV 3.95 4.7 4.82 5.28

Table 1.2. AfTmity of polycrystalline silicon and germanium /7-doped with boron to create 
holes as majority carrier, «-doped with phosphorous to create electrons as majority carrier, 
germanium nanowire (GeNW) and carbon nanotube (CNT).[1]

//-type /7-type
Doping 

concentration [cm'^l 10'^ 10'^ 10*̂ 10*'' lO'^ lO'^
Si in eV 4.32 4.26 4.20 4.82 4.88 4.94
Ge in eV 4.43 4.38 4.33 4.51 4.56 4,61
Ge NW in eV - 5 ?
CNT in eV -4.8

1.1 Potential conditions o f  an ideal metal-semiconductor contact

with no surface states

Figure 1.1 shows a band structure model o f a metal///-type semiconductor interface.

2



Chapter 1. Introduction

assuming an ideal semiconductor surface, that is, with no surface states. In Figure 1.1 a), 

the metal and semiconductor are well separated, thus not interacting. By bringing the 

metal and the semiconductor closer until they finally touch, a charge transfer will occur 

and the Fermi levels in the metal and in the semiconductor will align to establish 

thermodynamic equilibrium. As a consequence the negative charge on the metal surface 

increases due to the inflow of electrons from the semiconductor. A positive space charge 

o f the same magnitude will be created in the semiconductor. More specifically in the 

semiconductor an area of shortage of charge carriers is generated at and close to the 

interface, which is called the depletion area, which is compensated by the excess charge 

in the metal. The overall charge-transfer leads to the creation o f an electrical field across 

the (contact-) interface and the resulting electrical force creates a bending of the 

semiconductor band structure as depicted in Figure 1.1 c) creating a potential barrier 

which is the aforementioned Schottky barrier [2]. The height of the Schottky barrier 

{SBH) in the present example is given by

that is, the Schottky barrier is equal to the difference between the work function of the 

metal and the electron affinity x  of the semiconductor. The potential difference between 

the metal workfunction e0^  and the electron affinity is called the contact

potential:

The band structure diagram of an ideal contact between metal and /^-type

SBH = e<P^^=e(0^-x), ( 1 )

(2)

3



Chapter 1. Introduction

semiconductor and the resulting potential barrier formation is principally equivalent to the 

«-type semiconductor case. The SBH is in this case given by;

(3)

where £̂ îs the band gap o f  the semiconductor. The space charge areas for the />-type

semiconductor metal interface have now the inverted polarity relative to the «-type case, 

that is, the electric field points directs in the opposite direction. Consequently, for any 

given semiconductor and for every metal the sum o f the potential barriers for n- and p- 

doped semiconductors <P and <P , respectively are equal to the band gap.

(4)

a)

- F M

k

Ee
0 ;

f

X
(U

metal
s e m i
conductor

b)

Ec
Ef

eO„

c)
X

\ rot
I  i

\  p '

metal
conductor conductor

Figure 1.1. Formation of a Schottky barrier between a metal and an n-type semiconductor. In a) the 
metal and semiconductor are separated systems. In b) the two-system approach each other and in c) 
start to interact. In this case Ef^  is the Fermi level of the metal, Ef  is the Fermi level of the 
semiconductor, is the workfunction of the metal, Ec is the lower energy edge of the conductance 
band, Ey is the upper energy edge of the valence band, x is called electron affinity and is measured 
from the bottom of the conductance band to the vacuum level, d is the distance between metal and 
semiconductor, <!>„ is the ionisation energy of an n-type semiconductor and e<l>bu is the potential 
barrier of the metal semiconductor contact. [2]

1.2 Metal-semiconductor contact including surface states

The assumption o f an ideal metal-semiconductor interface is no longer valid when it

4



Chapter 1. Introduction

comes to realistic contacts. Adsorbed atoms and surface/interface defects, as well as 

surface-lattice reconstruction create additional states on the semiconductor surface. [2] 

These states have energies within the energy gap, with a density o f states riss per area and 

energy. When the surface states are electrically neutral or negatively charged, they can 

principally release electrons, and are called donors. Otherwise if  carrying a positive 

charge, surface states are able to trap electrons and are named acceptors. Each o f these 

states are localised on the surface and are either occupied or not, depending on the relative 

position o f  the Fermi level. [2-4]

a)

-FM

m etal

b)

Ee
1r

X
0^

e(D„

sem i
conductor

X

semi
conductor

c) L

c
F

■V

Ec
■Ef

metal sem i
conductor

Figure 1.2 The metal-semiconductor (n-type) contact with surface states. L defines the 
width of the space charge area. Here Ec is the edge of the conduction band, Ep defines the 
position of the Fermi level and Ev shows the edge or the valence band. The potential 
barrier e0„s includes the surfaces states.

Figure 1.2 shows the formation o f a metal-semiconductor («-type) contact with 

surface states in the semiconductor. Thermodynamical equilibrium is established between 

the surface states and the semiconductor bulk by filling the surface states. The negative 

charge layer on the surface is compensated by a positive space charge in the 

semiconductor bulk.

The SHB e<P  ̂is now dependent on riss and the bulk doping o f  the semiconductor. 

In Figure 1.2 c) the metal and semiconductor are in thermodynamical equilibrium: the
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Chapter 1. Introduction

semiconductor Fermi level was lowered by the difference of the metal and semiconductor 

workfunction due to the electron current into the metal. At sufficiently high the current 

for lowering the Fermi level stems predominantly from these surface state electrons. The 

potential barrier under these conditions is then independent of the contacting metal, a 

phenomenon that is called Fermi level pinning and commonly known in 

semiconductors. [5-7] In other words the potential barrier only depends on surface 

properties and the bulk carrier density in the semiconductor.

1.3 Specific conductivity o f  semiconductors

The specific conductivity describes the intrinsic electrical charge transport properties 

of an object and therefore is a measure for the object’s potential use in electronic device 

technology. In its simplest form the conductivity can be described by the Drude- 

model*.[4] It is expressed in a semiconductor by

= (5)

where n„/p is the charge carrier density and fi„/p the corresponding mobility {u/p: «-type/^- 

type).

The mobility is proportional to the mean free path of a charge carrier, which is the 

average distance the carrier can travel before being scattered by, e.g. phonons, lattice 

defects, the surface, or other charge-carriers. If one of the charge-carrier types can be 

neglected (minority) then the majority charge carrier density reduces to

 ̂ The conductivity is more precisely by a 3-rank tensor, since it can be ditTer each o f  the 

crystal lographic directions o f  a material. However for the purpose o f  this thesis w e can drop the tensor 

notation since we predominately measure the diagonal elements o f  the tensor.

6



Chapter 1. Introduction

n = - ^  and n = - ^  (6)

for the two types of semiconductor dopings, respectively.

That is, by varying the temperature or applying an electrical field the number of 

ionised dopants can principally be triggered, that is, the majority and minority charge 

carrier density.

1.4 Transport across the metal-semiconductor contact-interface

Different models can describe the current-voltage characteristics o f a metal 

semiconductor device.

In Schottky’s diffusion theory, a low doping concentration of the semiconductor is 

assumed.[8] This implies that the width of the space charge in the semiconductor is large 

compared to the mean free path of the charges. The resulting diffusive current density is 

then the difference between the thermal diffusion current, that is, the charges with a 

thermal energy higher than the potential barrier, and the oppositely directed current 

generated by the space charge.

In contrast, Bethe assumed in his thermal emission theory, a short space charge area. 

That is, the mean free path is large compared to the extension o f the space charge area,[9] 

equivalent to a highly doped environment. The size of the space charge area may become 

relevant if the area is limited in size by external constraints. Such limitations can occur in 

thin or small semiconductors, for example, germanium nanowires or carbon nanotubes 

where the geometrical dimensions are small compared to the mean free path o f the 

moving charges. At sufficiently high temperature and in combination with the electrical

7



Chapter 1. Introduction

field applied charge carriers can overcome the potential barrier due to their thermal 

energy that is, by thermal emission. The resulting net current density is the difference 

between amounts of charges emitted due to their thermal energy from the metal into the 

semiconductor and from the semiconductor into the metal.

Through an increase of the doping concentration the potential barrier can be driven so 

narrow that the probability of charges tunnelling though the barrier dominates the current- 

voltage characteristic. This case is called field emission. Typically the shape of the barrier 

is such that with higher energy states the barrier is thinner so the tunnel probability 

becomes higher.[l] This transport mechanism is called thermionic field emission. In this 

case tunnelling starts at higher energy states through the thinner potential barrier. The 

effects of field emission and thermal field emission are also used in electron microscopy 

and electron-beam lithography. Field-emission electron sources supply a small electron 

probe and are good for high resolution imaging with low beam damage, whereas thermal- 

field emitters are used for electron beam lithography. The later combines higher current 

with small beam-diameters resulting in high probe-densities.[10]

It has to be noted that with the discovery of the quantum Hall effect, by Klaus von 

Klitzing in 1980, a new definition for electrical resistance based on the resistance 

quantum was established.[l 1] This means that by reducing the length, shorter than the 

mean free path of the change carrier, of the conductive channel between two terminals, i.e. 

moving from diffusive transport, like in the Schottky and Bethe model, to ballistic 

transport, where no interaction takes place, the resistance goes to a minimum given by the 

von Klitzing constant Rk

= ^  = 25812.807557Q  (7).
e'

By that the transport though contacts to ballistic nano-objects can be described by 

quantum transport.

8



Chapter 1. Introduction

1.5 Current-voltage characteristics o f  devices with Schottky-contacts

In the limit o f  field emission or diffiision, the resulting current-voltage (1/V) 

characteristic reads

I  = a ' -T^ exp
kT

exp
'e[A(p + u)'

kT
(8 )

where e<P  ̂ is the potential barrier between the metal and semiconductor, and eA<P is 

the reduction o f  the potential barrier by the Schottky effect". The constant A ' , accounts 

for em ission o f  free electrons into vacuum and is called the Richardson-constant A' (A* =  

120 A/cm^K‘) .[ l]  Figure 1.3 is an example o f  a Schottky contact to p-type silicon.

I[A1
Au (300K)

10-2

Au (210 Q

0.4 0.80.6 1.00 0.2
U[V]

Figure 1.3 An example of //F-characteristics of /?-type Si Schottky [12]contact with Au 
and Cu. The //F-characteristics for Au were measured at two different temperatures.[ 13]

^ The Schottky effect describes the change in electrostatics at a metal sem iconductor interface. Once 
some o f  the conduction electrons have travelled from the sem i-conductor to the metal, the positive donor 
atoms rem ain unscreened. They form an area, which is positively charged (i.e. the depletion region). This 
positive space charge at the semi conductor side o f  the interface will yield a negative image charge at the 
m etal side o f  the interface. The electric field o f  the image charges results in a lowering o f  the Schottky 
barrier height. The new height is defined as the energy difference between the metal Fermi level and the 
bottom o f  the conduction band in case o f  an //-type semi conductor.

9



Chapter 1. Introduction

1.6 Current voltage characteristics o f  a device with an ohmic contact

An ideal ohmic contact behaves like a resistance, constant in its value for a wide range 

of electric field magnitude and polarity applied across it. There are two possibilities to 

realise an ohmic contact, either by generating a small potential barrier, for example, the 

barrier height of/?-doped silicon with a PtSi contact was measured to be 0.25 eV at 300 K, 

giving a sheet contact resistance o f lO'"* Qcm^,[14] or by increasing the doping 

concentration o f the semiconductor surface such that tunnelling dominates due to the thin 

potential barrier. Typically, sheet contact resistances o f the order o f 10'^ Qcm^ can be 

reached by this method.

Because the tunnelling probability decreases with increased height and width o f the 

contact potential barrier, the following guidelines for producing ohmic contacts can be 

formulated:

(1) Choose the contact metal such that the interfacial potential barrier is 

minimized as much as possible.

(2) The contacted semiconductor should be doped as highly as possible to 

minimize the potential barrier at the metal/semiconductor interface.

[)'A]

Figure 1.4 Example of an ohmic contact 1/V  curve for a germanium nanowire 
arrays contacted by gold electrodes.[15]

10



Chapter 1. Introduction

1.7 State-of-the art fo r  contacting nano-objects

In view of the state of the art as it relates to contacting in semiconductor technology, it 

is clear that the contacting of nano-objects opens new challenges. Besides the 

technological challenges of physically contacting the nanostructures, it is important to 

know whether electrons or holes are the majority charge carrier in the synthesized 

nanostructures, to distinguish which contacting material and strategy has to be applied. 

Additionally, there are questions regarding the intrinsic properties of the nano-object and 

whether it is justified to follow the known concepts of bottom-up semiconductor 

technology. Other questions arise in relation to transport, for example if the space-charge 

area is confined due to the size of the contacted object and how this affects the 

performance of the contact, what happens when the contacting area is modified by 

material inhomogeneity and how doping of nano-objects changes the contact properties. 

In the present work the electrical characteristics of different metal contacts to different 

types of nano-objects are measured. The metal/nano-object interfaces were analysed by 

TEM cross-sections to get information on the morphologies and material compositions at 

the interfaces, and compare this data to the electrical results.

Based on a US patent from Levinstein from 1976 for n-type Ge, [12] E.D. Marshall 

(1985) and S.C. Martin (1989) found that palladium is also very efficient for contacting p- 

type germanium. .[16, 17] By reducing the residual surface oxides during sintering and 

thereby forming an intimate contact between the substrate and the palladium-germanide 

phase. Gu et al. reported on ohmic contacts on germanium nanowires with gold 

electrodes. [18] Their conclusion was that the germanium wire was highly doped by gold 

during the growth process, hence, in the case of highly doped wires an ohmic contact 

seems to be realizable. One of the first works that compared several techniques on
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contacting nanowires was published by S.B. Cronin et al. in 2002.[19] In this work, 

electron-beam-lithography (EBL) was used with various metallisation techniques such as 

focused ion beam induced deposition (FID) and electron beam induced deposition (EBID). 

The nano-objects contacted were bismuth wires each of them having a thick oxide layer. 

A contact resistance o f 2 to 400 kD by FIB assisted platinum deposition was 

demonstrated. In this case, the oxide was removed with an ion beam before deposition of 

the platinum. Wang et al. showed in 2003 that germanium nanowires show semiconductor 

behaviour and the associated gate dependence similar to bulk germanium.[20] In this 

work EBL and polymer resist was used to define two palladium contacts on the nanowires. 

The observed ohmic resistances were at around 500 kn . A.B. Greytak et al. in 2004 

contacted highly p- and //-doped germanium nanowires using EBL and titanium as the 

electrode material. [21] To clean the surface of the wire before Ti deposition, a pre

treatment with HCl was carried out. The achieved linear contact resistance was less than 

200 kn . In 2005 the group o f J. Holmes (University College Cork) contacted germanium 

wire arrays using a shadow mask. [22] In another approach the same group used a 

conductive AFM-tip technique to carry out two point measurements on single wires. E. 

Stern et al. showed another way for high throughput contacting in 2005 using optical 

lithography.[23] In this publication he compares EBL contacting with optical lithography 

contacting. For optical lithography, first the wires were deposited on the substrate and 

then an optical lithography step by using a mask with large contact leads was employed 

leaving narrow gaps in the photo-resist. The contact was realised by metal evaporation 

and successive lift-off. The nano-objects used in this study were GaN nanowires and the 

contacting material was nickel. In 2007 B. Yoo et al. reported using conductive spin-on 

polymer optical lithography and lift-off to contact germanium nanowires. [24] In this work, 

platinum contacts realised by FIB were compared to contacts made out o f conductive
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polymer. The fabricated germanium nanowire transistors using conductive polymer 

contacts showed reasonable device performance with an estimated field effect mobility of 

7.0 cm W s.

Most of the works reported point out that FIB assisted metal deposition and EBL plus 

metal evaporation seems to be a reasonable way to contact single inorganic nanowires. 

However the FIB procedure is relatively destructive and potentially attacks /damages the 

nanowire materials. That is, FIB-based contacting is a rather strongly invasive method 

and affects the intrinsic characteristic of the nano-object. In fact in a FIB system an 

accelerating voltage up to 30 kV is used, resulting in an implantation depth of around 50 

nm.[8, 25] In contrast, the EBL procedure appears less destructive for the nanowires. 

However, the evaporation process may require an hi-silu pre-deposition oxide removal 

step (via Ar-ion sputter cleaning) and/or subsequent annealing to achieve stable and/or 

ohmic contacts. In the present thesis work the new strategy is to use sputter metal 

deposition to realise the contacts. Sputtered atoms have a far lower energy (1 kV), and 

therefore a cross-section interaction depth of only a few nm around the nanowire surface 

is expected. Thus, using sputter metallisation should be gentle enough not to influence the 

intrinsic characteristics o f the wires, but efficient enough to overcome surface oxide or 

process residuals to realise ohmic contacts on nanowires. In this way, the aforementioned 

pre- and post- metallisation steps associated with evaporation are circumvented.

As for organic nanowires, electrical contacting o f carbon based structures such as 

carbon nanotubes and graphene presents similar challenges. A well-graphitized multi

walled carbon nanotube (MWCNT) consists of several concentrically rolled and 

seamlessly closed sheets of graphene. A single graphene sheet wrapped into a tube is 

called a single-walled carbon nanotube (SWCNT). MWCNTs have several shells and 

larger diameters than SWCNTs, usually between 2 and 30 nm. SWCNT and MWCNT
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can exhibit semiconductor or metallic behaviour. [26, 27]

First attempts using an AFM tip for contacting CNTs were realised by Avouris et al. in 

1998 by putting a MWCNT on pre-structured electrodes.[28] In this experiment a 2-point 

measurement revealed a resistance of 38 kD. In 2003, Mann et al. defined palladium 

contacts on SWCNTs using EBL and metal deposition, not specifying which technique 

the metal was deposited with. In this work it was claimed that palladium is far more 

reliable as a contacting material than for example titanium, and the resistance measured in 

a 2-point measurement was found to be 10 to 20 kQ.[29] Heinze et al. showed in 2002 

that SWCNT field effect transistors (FET) operate as unconventional Schottky barrier 

transistors, in which switching occurs primarily by modulation of the contact-resistance 

rather than the channel conductance.[30] This again demonstrated that the contact is a 

non-negligibie part of the device. Another strategy for contacting is electro less 

deposition. In this approach, the contact electrode with the SWCNT is immersed into an 

electrolytic solution so that metal ions can attach to the surface o f the tube. As a result a 

surrounding metal now contacts the nanotube. Liebau et al. and Seidel et al. realised 

reliable ohmic contacts on SWCNT’s with this method.[31, 32] Krstic et al. showed for 

the first time a transmission probability of one at room temperature through the 

metal/SWCNT interface using Au/Pd electrodes.[33]

MWCNTs are under active consideration for interconnect applications in 

semiconductor platforms, and therefore contacting them, that is, all their layers, is of 

paramount importance. If  only the outer shell is contacted then the current transport 

through the inner shells is accessible only through intertube tunnelling.[34] However 

intertube tunnelling will be additionally impeded if one o f the adjacent shells is 

semiconducting. [35] Evidence for ballistic transport within MWCNTs has been reported, 

although there is also strong evidence for diffusive electron transport.[36] Generally, the
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electronic properties o f a MWCNT will largely depend on the fabrication method (arc- 

discharge evaporation, catalytic chemical vapour deposition (CCVD)) and the treatment 

after growth (cleaning, oxidation, ultrasound, Hthography). MWCNTs with very high 

structural perfection have been produced by arc-discharge evaporation using a pure 

carbon arc.[37] Ballistic transport has been reported for unprocessed nanotube material 

obtained by this method.[38, 39] The structure of CVD grown MWCNTs, is typically 

poorer quality although good graphitization has been observed over considerable length 

scales in transmission electron microscopy (TEM) studies. Generally, electron scattering 

processes in a MWCNT can be caused by a variety of effects, e.g. structural defects, built- 

in impurities, adsorbed surface impurities, or Coulomb interactions with electrons of 

active and passive shells.[33, 34, 40] Such scattering will reduce the mean free path and 

will eventually lead to difFiisive transport. A study by Poncharal et al. presents a more 

detailed discussion of ballistic versus diffusive transport in MWCNTs.[39] To properly 

exploit the full potential of MWCNTs it is very important to achieve conduction through 

all of the layers o f the MWCNT.

In a review paper in 2006 Dai ei al. discusses the fabrication of ohmic contacts to 

carbon nanotubes.[41] He points out that Pd and Rh are favourable over high 

workfunction materials such as Au and Ft. In the present thesis we address the challenge 

o f eliminating the large electrode tunnel barrier originated fi'om the Schottky barrier 

between the SWCNT channels and the metal electrodes in order to realise ohmic contacts 

to small (d < 1 nm) SWCNT. In reality, reliable ohmic contacts to SWCNT remain 

challenging. More recently published work on nanotubes concentrate more on its 

application than the contacting issues, and is still falling short o f defining a reliable 

contact material.
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In the present thesis work carbon based contact material is addressed too. The idea of 

contacting with organics was also addressed, in previous work [21] where a conductive 

polymer to contact nano-objects was considered. Here we will use non-conductive 

polymer based photoresist, which will be converted into graphitized carbon and then used 

as contacting material. The photoresist is lithographically defined and the graphitisation 

will be achieved by annealing. The carbon-carbon contact-interface will be characterized 

using electrical and analytical methods to understand its influence on the contact 

resistance.
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2.1 Germanium: from hulk to nano 

2.1.1 Germanium

Geiinanium is a well-known semiconducting material with an indirect bandgap of 

approximately 0.66 eV at T = 300 K and has been widely used for the fabrication of 

photo- and radiation-detectors, charged-particle and photon-tracking devices, fai- 

infraied photo resistors, and numerous other devices. [42-44]

Germanium is o f special interest for use in a high-speed CMOS technology 

because of its high carrier mobility.[l] The bulk hole mobility in germanium is higher 

than the hole mobility in silicon.

2.1.2 Germanium nanowires

Following the discovery o f carbon nanotubes, researchers became interested in 

one-dimensional (ID) nanowire structures. Such structures are interesting as they 

allow the study o f the impact o f dimensionality/size-confmement in electrical 

transport.[45] Moreover, nanowires can be thought o f as an active component in 

devices as well as interconnects. A large range of inorganic materials can be 

synthesized as nanowires, such as Si, Ge and GaAs.[45] The basic synthesis processes 

are vapour growth and solution growth. [45] For nucleation and growth o f a solid from
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a vapour, a liquid or a solid phase, the starting seeds (nanoparticles) are o f importance 

and affect the electronic structure o f the 1D nanowires and therefore affect the choice 

o f the contact material.[46] To form seeds the concentration for example atoms, ions 

or molecules, their amount needs to be high enough to enable aggregation into small 

clusters or nuclei which precipitate growth o f larger clusters. Also often employed as 

growth methode is a gas-phase reaction called vapour liquid solid (VLS). There first 

gold particles are deposited on a substrate and then anisotropic crystal growth 

happens on the liquid alloy/solid interface.[45]
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Figure 2.1 (a) Schematic illustration of VLS growth mechanism showing the three 
stages (I) alloying, (II) nucleation and (III) axial growth. [47] (b) The stages are 
projected onto the conventional Au-Ge phase diagram. It shows the compositional and 
phase evolution during the nanowire growth process.[47]

This mechanism o f germanium nanowire growth was reported by real time 

observation in TEM by Wu et a/. [47] It was shown that at the eutectic point o f 363°C 

germanium and gold form a liquid alloy. The liquid surface has a large 

accommodation coefficient and is therefore a preferred deposition site for the 

incoming germanium vapour. The accommodation coefficient describes the 

absorbance probability o f molecules on surfaces. After the liquid alloy becomes 

supersaturated with germanium, precipitation o f the germanium nanowire occurs at 

the solid liquid interface. To overcome one o f the main drawbacks o f semiconductor
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wires, the non-directed growth and alignment-channel-template-guided growth was 

established. Nanoscale channels in mesoporous material like porous alumina can 

serve as a template. After the wires are grown in the the aluminia trenches, the 

template can be removed by sonication in solvents and centrifugation.

The germanium nanowires with diameters o f 20 to 80 nm that were used in this 

thesis [48] were synthesized by a supercritical-fluid (SCF)-liquid-solid mechanism by 

the group o f P ro f J. Holmes (University College Cork), using sputtered gold 

nanoparticles on a porous aluminium oxide (AAO) support (nominal pore size 200 

nm).[49] The reaction was performed in a batch reactor loaded with the porous 

support coated with the Au seeds, 10 ml o f hexane, and 0.1 ml o f  diphenyl germane 

(GermaniumPh2) as a germanium precursor. The reaction was carried out at 365°C 

(ramping 10 °C/min) and a pressure o f S.SxlO"* mbar for 30 min. Altthough the 

nanowires are not intentionally doped, the Au seeds may cause unintentional doping. 

[50] Figure 2.2 shows TEM images o f a germanium nanowire produced by this 

method.

lO n m500nm

Figure 2.2. a) TEM image and electron diffraction pattern of a supercritical-fluid- 
grown germanium nanowire of 200 nm diameter, b) HRTEM image of a 200 nm 
diameter germanium nanowire showing an amorphous germanium-oxide layer on the 
surface. Insert a); lattice fringes with a ty-spacing of about 0.325 nm, corresponding to 
the (111) set of planes. [48]
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Contacting problems o f  inorganic nanowires were investigated by Mohney et a/. 

who developed equations for extracting contact resistance from several different Si- 

nanowire test structures. [51] Using this approach an average value for the resistivity 

o f  a group o f nanowires with average diameter o f  100 to 140 nm was 80 to 1000 Qm, 

and 140 to 3000 Qm for nanowires with average diameter o f  50 nm. In the same work 

conductive AFM measurements were undertaken on polished germanium nanowire 

AAO samples. Due to the high resistance o f  the nanowire samples, a voltage o f at 

least 10 V applied across the nanowires was required to achieve a current o f  about 1 

pA pointing towards significant contact barrier problems.[45]

The influence o f the contact on the photoconductivity properties o f the germanium 

nanowires was also investigated by Holmes et al.[52] The wires were contacted from 

both ends embedded into an AAO matrix using gold and indium tin oxide (ITO) 

electrodes. The measurement are shown in Figure 2.3.

a
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Figure 2.3 //^-characteristics of a germanium nanowire AAO-sample with an average 
nanowire diameter of 100 nm; a) dark currents from semi-transparent gold top- 
electrodes, b) photocurrents obtained using a laser intensity of 800 mWcm'^ measured 
after 0.5 ms illumination.[52]
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2.2 Carbon nanostructures 

2.2.1 Graphite

Graphite is a crystalline and opaque material. It is a good electrical and thermal 

conductor, and is used as pencil lead, in crucibles, and in electrodes in electric engines. 

In a graphite crystal the atoms are arranged in a hexagonal form of layers. The 

hexagons are arranged in parallel planes, a single plane is called Graphene. The 

carbon atoms in the graphite layers (Graphene) have covalent bonds to three other 

atoms. The carbon atoms are sp^ hybridized with a bonding distance of 0.142 nm. 

Weak van der Waals forces realize the bonding force between the layers. The distance 

between the layer planes is 0.335 nm.[53-55].

The electrical in-plane conductivity is mainly driven by the vast electron 

delocalization within the hexagonal carbon layers. The layered structure indicates an 

orientation dependent resistivity. According to Powell and Childs, the resistivity at 

standard condition perpendicular to the c-axis is 9.8 x 10'^ Qm and parallel to the c- 

axis4.I X 10"^Qm.[56]

2.2.2 Amorphous and glassy carbon

Amorphous carbon is a carbon material without long range crystalline structure 

based on graphite and diamond lattices. Short range order exists, but with variations 

of the interatomic distances and interbonding angles with respect to the graphite 

lattice as well as to the diamond lattice. The term amorphous carbon was first used by 

P.W. Anderson.[57] He described a carboneous material with deviations in the C-C

• • 2  3inter-atomic distance greater than 5% in a crystal lattice with sp and sp
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configuration, as well as deviations in the bond angle, because of the presence of 

‘dangling bonds’. However, the resistivity of amorphous carbon is still 1.5 to 1.63 x 

10'  ̂flm  according to Stansfield in 1914.[58]

The above description o f amorphous carbon, consisting of sp^- and sp^-bonded 

elements cannot be applied to carbon materials, which consist o f two-dimensional 

structural elements, like conglomerations of nanocrystalline carbon graphite flakes. 

The residuals after pyrolysis of this carbon compound show poly-aromatic layers with 

nearly ideal interaromatic distance of 0.142 nm and flakes with an extension greater 

than 1.0 nm. Common materials derived from phenolic rings with pyrolysis are called 

glass-like or glassy carbon or highly ordered pyrolysed graphit (HOPG). The quality 

of the samples depends on their processing conditions. HPOG is used to extract single 

sheets o f graphite, that is graphene, for current research. [59, 60]

Figure 2.4 a) The Jenkins-Kamamura model o f  glassy carbon.[61] La is the length o f  
the graphitic domain perpendicular to the graphitic c-axis and Lc is the length o f the 
graphitic domains parallel to the graphitic c- axis, b) Image o f  commercially available 
glassy carbon GL-200 by Toyo Tanaso heated up to 3000 °C.

Glassy carbon is often used in electrochemistry as an electrode material and is, 

according to Harris,[50] an example of a non-graphitized carbon. Glassy carbon 

electrodes are commercially available and have a typical resistivity of 4.2 x 10'^ Qm. 

[62-64] In contrast to amorphous carbon, glassy carbon consists o f two- dimensional
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structural elements and does not exhibit ‘dangling bonds’. As reported in 1971 by 

Jenkins, Karamura et al. [61, 65] glassy carbon consists of unordered graphitic 

ribbons. Therefore glassy carbon is also often named vitreous carbon. Figure 2.4 a) 

shows a sketch of the suggested structure of glassy carbon and Figure 2.5 b) shows a 

transmission-electron micrograph in planar view of commercially available glassy 

carbon.[61, 65]

2.2.3 Carbon nanotubes

Carbon nanotubes are interesting candidates for research due to their physical 

properties such as high electrical and thermal conductivity [63-66] and might offer 

some solutions to the semiconductor industry beyond Moore’s Law.[66] In 1991 

lijima observed concentrically arranged carbon structures while studying the soot 

obtained from an arc discharge reaction between two graphite electrodes.[67] The 

structures he found were called MWCNTs. Some of lijima’s first MWCNT images 

are shown in Figure 2.5 a-c.[68]

a) b) c)

ijaia

Figure 2.5 TEM images o f MWCNTs with different diameters and different numbers o f  
shells as presented by lijima et al. [67, 69] The MWCNTs in a), b), and c) have 5, 2, and 7 
shells, respectively. [68] He discovered SWCNTsonly a short time later, in 1993
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An example of one of the first SWCNTs observed by lijima et al. [67] is shown in 

Figure 2.6.

|H H ■
Hmnn

Figure 2.6 TEM image of a SWCNT from lijima et a/.[67]

Some of the exciting properties of SWCNTs are: they can be either metallic or 

semiconducting depending on their structure and behave like ID conductors which 

suggests their potential for quite different nanoelectronic applications such as 

transistors or interconnects.[31, 70-73] It was already demonstrated that carbon 

nanotubes FET can have a performance superior to the most advanced silicon 

MOSFETs.[74] On the other hand, metallic MWCNTs, with ballistic transport over 

considerable length scales, and the very high current densities o f the order o f 100 

A/cm^ which is about 2 orders of magnitude higher than for copper, suggest their 

application as ultra-small interconnects in integrated circuits.[75]
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Chapter 3. Electrical contacting o f semiconductor 

nanowireSj carbon nanotubes and 

thin graphitic films.

In this chapter, we will describe the steps of a widely applicable and highly 

controlled methodology, based on electron beam lithography (EBL) and/or optical 

lithography to contact various nano-objects and thin carbon films with metal and 

carbon electrodes.

3.1 Contacting Technology 

3.1.1 Transfer o f single nano-objects onto a substrate 

A. Drop-casting method

A general method to transfer nano-objects onto a substrate is drop casting. For this, 

nano-objects are dispersed in a suitable solvent to create a dispersion.[76] A 

homogeneous distribution o f the nano objects in the solvent can be achieved by 

ultrasonication with a head sonication tip. Then drops o f the dispersion are dispensed 

on a substrate, leaving the nano-objects on the substrate after the solvent has 

evaporated. To be able to contact nano-objects they need to be isolated fi"om each 

other and homogeneously distributed. For the germanium nanowire drop-cast
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dispersion used in the present thesis, typically one cubic millimeter of Ge nanowire 

raw material was dispensed in 100 ml isopropanol (IPA). For carbon nanotubes N- 

methyl pyrrolidone (NMP) was found to build the best separation of the nanotubes, 

and therefore the most isotropic distribution of nanotubes in solution.

B. Spraying method

The drop-casting method has the drawback that, during evaporation of the solvent 

the nano-objects tend to aggregate and be pulled to the drop edges due to the capillary 

forces of the liquid. This effect causes some difficulties in providing well-separated 

objects.

Backus and Williams demonstrated a more homogeneous distribution of smaller 

drop sizes by spraying the dispersion on a substrate.[77] The spray process allows 

control of the distribution of the drops by spray distance, the valve design and the 

pressure. The content of nano-objects per drop can be controlled by the concentration 

of the nano-objects in dispersion. In the present work, a commercially available 

artistic spray gun was used. 15 cm of spray-distance and 1.5 bar of nitrogen pressure 

were found to give the best results regarding separated and homogenously distributed 

germanium nanowires on a substrate.

C. Structural growth methodfor MWCNTs

Figure 3.1 shows a schematic drawing of the process for growing MWCNTs 

directly on specific locations. The MWCNTs were grown in cooperation with Prof G. 

Duesberg (TCD, School of Chemistry) by Niall McEvoy. The substrates were Si
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wafers with a 300 nm thick Si02 layer, on which Co/Fe growth catalyst of 2 to 3 nm 

thickness was deposited. The reason for this metallisation is to generate catalytic 

seeds for the following nanotube growth by thermal decomposition o f acetylene in a 

hot wall furnace at around 800 °C. It is noteworthy that the prestructured catalyst 

seeds are used later for alignment of the contacting electrodes.

heating loops

catalyst
crosses

predjrsor
Substrate ^ vacuum tube

grown CNT

MWCNT in hot wall furnace alignment marks

Figure 3,1 Schematic presentation of the fabrication flow for growing nanotubes on 
pre-structured substrates, a) The starting substrate is prestructured with crosses of 
catalyst material, b) In an hot wall fumace at a temperature between 600°C to 800° C 
precursor material is decomposed and in combination with the catalyst material carbon 
nanotubes (CNTs) grow as depicted in the drawing.

D. Film transfer methodfor graphite flakes

The thin graphite films used in the present thesis were synthesized using a 

chemical vapour deposition technique that was recently shown to be a potential route 

to large-scale graphite film growth.[78, 79] The thin graphite films were grown in a 

hot-wall fumace on a nickel catalyst surface.[79] After the underlying nickel was 

etched with hydrochloric acid (10%), the films were transferred onto Si02/ Si 

substrates (Figure 3.2). Shishir Kumar did the growth and transfer o f the thin graphite 

films from the Group of Prof G. Duesberg (TCD, CRANN). The collection o f the 

floating film often leads to breaking and folding of the transferred layer.
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thin graphite 
on Si-oxide/Si- 
substrate

graphite
c) SiOjSubstrate

irecursor
graphiteSubstrate

fu r n a c g ^  graphite Ni- etch 
Graphite transfer

Figure 3.2 Schematic of the growth and transfer process o f thin graphite-films on a 
Si02/Si substrate, a) Thin Ni layer acts as catalyst layer for graphite film growth in the 
CVD furnace, b) depicts the graphit-film growth in the hot wall furnace by 
decomposing precursor gas. c) The Ni catalyst layer is etched away using an metal 
etch acid. The graphite film swims on top of the acid and can be collected with a 
Si0 2 /Si substrate, d) shows the thin graphite film on top of the Si0 2 /Si substrate.

3.1.2 Defining the metal contacts

A. Definition o f  marker system and micrometer size electrode pads

development
a) resist b) c) medium d)

resist graphitegraphite

Substrate substrate
resist coating exposure resist development structured resist

Figure 3.3 Schematic of the optical lithographic process flow, a) a substrate is coated 
with photosensitive resist, b) shows the exposure principle, a mask blocks in certain 
areas the light so only specific areas of resist are exposed, c) In a chemical 
development (i.e. selective etch) process only the exposed resist areas are removed, d) 
shows the resist film with opened areas.
Note; In this special description the resist was coated on a substate with a thin graphite 
layer on top. This already indicates that this process will be later used to define contact 
areas on thin graphite films.

Figure 3.3 shows a schematic o f  the optical lithography process flow used in 

the present work. Optical lithography uses a mask to expose defined structures with
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UV light into an optically active resist. We used optical lithography to define a 

marker system and large contact pads to realise the connection to the macroscopic 

world. The mask layout was specially developed for this purpose (Appendix A l). The 

S I813 i-line resist was first spin coated on the substrate on at a speed o f 5000 rpm 

with a spin coater from Brewer Science. The resist was then baked for 75 s at a 

temperature of 115°C on a hot plate under ambient conditions. The exposure with 

UV-light was conducted with a mask aligner and an exposure dose of 150 mJ/cm^. In 

the final step the sample was developed in 4% tetramethylammoniumhydroxide 

(TMAH) for 1 minute which dissolves the UV-light exposed resist areas.

B. Definition o f  electrodes to the nano-objects.

To position and define the electrodes to nano-objects, electon-beam-lithogaphy 

(EBL) is used. The nano-objects were dispersed onto the substrate with the optical- 

lithographically prestructured markers and large bondpads in section 3.1. The position 

of the nano-objects were identified with the aid of the marker system using mainly 

optical dark field images, but SEM and AFM images were also used. Figure 3.4 a) 

shows an optical dark-field image of a MWCNT bundle located within the aligrmient 

marker system.

To achieve electrical contacting of deposited germanium nanowires and 

MWCNTs the substrate is manually pre-adjusted in the EBL sample holder, such that 

X -  and y-directions are approximately aligned to stage movements o f the EBL system. 

In the next step the substrate itself is fine adjusted with the help o f the alignment 

marker system such that the contact-design pattern in the lithography software and 

stage movement are aligned. Then the electron beam is moved according to the
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marker system to the origin of the exposure area, to perform the exposure of the 

designed electrode pattern (Figure 3.4 b)). The electrode/contact-pattem exposure 

then takes place in a so-called write field. The write fields were (100 fim x 100 nm) 

or (1000 nmxlOOO nm) large areas in which the structures can be exposed by the 

electron beam. The resist exposure is then carried out automatically with predefined 

beam energy and exposure dose.

Figure 3.4 Alignment procedure using electron-beam-lithography. a) Optical dark- 
field image o f  the region o f  interest (white circle), labeled numbering system (A2), 
alignment markers (crosses), and MWCNT bundle (circle) are visible, b) Optical dark- 
field image overlaid with original optical design pattern (blue) plus individually 
created, on top o f the optical design, EBL design pattern (brown) to structure the resist 
for contacting the MWCNT bundle.

C. Electron-beam lithography for local contacting and connecting to pre-defined

electrode structures

Electron beams are in use since 1957 to expose electron sensitive resists and to 

manufacture integrated circuits.[80] EBL-systems can be realised by upgrading 

scanning electron microscopes and have the capacity to realise sub-10 nm resist 

structures. This high resolution and accessibility makes EBL the standard lithography 

system for fabrication o f research and prototype nanoelectronic devices.

MWCNT
bundle

numbers
jyiWCNT
bundle

marker
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Important process parameters of the lithography process are resist sensitivity, resist 

development, resist contrast, exposure dose and beam energy. The detailed 

optimisation process carried out in the present work in order to achieve the electrical 

contacting o f nano-objects is described in the Appendix A4.

In EBL, similar as in photolithography, a spin-on-resist system is used, which 

changes chemically upon electron-beam exposure. In the present work a (positive) 

resist polymethyl-2-methyIpropenoate (PMMA, Figure 3.5) was used, which is a 

transparent thermoplastic. Chemically, PMMA is the polymer of the molecule 

methyl-methacrylate, also known under the commercial name Plexiglas and 

commonly used in dilutions o f up to 9% with chloro benzene or anisole as a standard 

positive electron beam resist. It is one of the highest resolution resists available. 

PMMA is available in several molecular weight forms (50k to 950k). In this work the 

950k version was used with exposure doses between 100 and 400 nC/cm^ and beam- 

energies o f 10 keV to 25 keV. After exposure the PMMA is developed in 1:3 

mixtures of methylisobutylketone (MIBK) and iso propanol (IPA) for 1 minute, 

which dissolves the electron exposed areas while leaving the unexposed ones. In the 

ideal case, the resist film shows an undercut profile at its edges after exposure and 

development. This is favourable for the resist removal below the metal layer during 

the lift off step (c / section 3.1.3)

CH j«C — COOCH,

Figure 3.5 Chemical structure of methyl methacrylate; monomer of PMMA.
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3.1.3 Metallisation

A. Sputter deposition

After the contacting electrodes were defined using EBL, metal is deposited on top 

of the nano-objects to realise the electrical contacts. In the present work the metal is 

deposited using sputtering. Sputtering was done at the pressure o f 0.02 mbar with 

constant argon gas-flow. Application of an electric DC excitation creates an argon ion 

plasma. These positive argon ions undergo multiple collisions with the target and 

liberate single atoms and atom clusters from the target.

The metal deposition is isotropic, which results in a conformal deposition 

following the surface structure and the substrate. The energy of the sputtered ion was 

between 60 and 1200 eV.[81, 82] The typical metal film thickness applied in this 

work was between 50 nm to 100 nm.

B. Metal lift-off

After metal deposition the substrate is covered with a metal film. Placing the 

substrate into solvents such as acetone and NMP removes the unexposed resist areas 

and the metal film deposited on unexposed resist can be lifted off as the underlying 

resist is dissolved in the solvent. For good lift-off performance the metal has to be 

much thinner than the resist film. To enhance the lift-off and for complete removal of 

all the resist areas below the metal film the solvents are heated, acetone up to 50°C 

and methyl-2-propanol acetate up to 80°C. In some cases a low power ultrasonic bath 

for I minute can be helpful to remove the resist and lift off the metal. Figure 3.6 

shows an optical and an AFM image of a germanium nanowire on which metal
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electrodes are defined.

Figure 3.6 a) Typical optical and b) AFM image o f a contacted Ge-nanowire. The 
optical image on the left gives an overview o f the gold contacting pads (large reddish 
areas) o f  the measurement terminals. The image on the right shows an AFM image o f  
100 nm high and 500 nm wide electrodes contacting a germanium nanowire from top.

3.2 Defining carbon contact electrodes

In this section, we will describe the steps for converting a photo-resist into a 

conductive film, which will be used as electrode material to contact MWCNTs.

3.2.1 Defining the carbon electrode pads with optical lithography

The optical lithography to structure the photoresist material Az Nlof 2070 on the 

micron scale follows the same procedure as described in Chapter 3.1.2. The negative 

resist Az Nlof 2070 is a commercially available chemical amplification negative resist 

purchased from Micro Chemicals in Ulm (Germany). Az Nlof 2070 was spun on the 

Si02/Si substrate with a spin-coater from SSE at 6000 rpm and a resist thickness of 

500 nm was achieved. The resist was then baked on a hotplate at 100 °C for one 

minute. The exposure with the standard dose was 70 mJ/cm^ and was followed by a
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post exposure bake o f 110 °C for one minute. Then the sample is developed for 30 sec 

in 2.38% solution of TMAH and rinsed in deionised water for 1 min.

3.2.2 Defining the local contact electrodes with electron-beam lithography

Chemical amplified resist systems like Az Nlof 2070 usually consist of three 

components; a novolac resin, a photochemical acid generator, and a melamine cross

linker (Figure 3.7).[83] Novolac resin is a commercially available resin polymerized 

from formaldehyde and phenol. During exposure the photochemical acid generator 

releases an acid, which diffuses during the post-exposure bake through the resist 

matrix. For Az Nlof 2070 a bake of 100 °C for one minute was used before the EBL 

exposure. A single acid molecule can catalyse many melamine cross-linkers 

depending on the diffusion length of the acid. Through this process an amplification 

mechanism is achieved which makes the resist more sensitive. However the diffusion 

of the acid can already start in the presence of water vapour in air. Hence, the time 

between exposure and post-exposure bake and the environment conditions were 

controlled in laminar flow hoods. Through this the time between exposure and post 

exposure bake was kept below one minute, and the environmental conditions in the 

laminar flow boxes are controlled.

Then, after exposure, a post-exposure bake of 1 min at a temperature o f 110 °C 

was carried out with less than a minute o f time passing between the exposure and 

bake step. Figure 3.7 shows a schematic o f the cross linking process o f the novolac 

based chemical amplified resist.
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Figure 3.7 Schematic showing the principle of the cross linking mechanism of a 
chemical negative tone resist based on a novoiac resin and cross linking via nitrogen 
bonds.[83]

The structuring o f the negative resist Az N lof 2070 follows the same procedure as 

already described in the previous section 3.1.2. The drop casting and alignment is also 

identical as described beforehand in 3.1.1.

The exposure o f the resist to define the electrode structures raises a number o f  new 

issues to be taken into account. Az N lof 2070 is more sensitive to electron exposure 

than PMMA. Therefore a very low exposure dose has to be used: For the exposure a 

current o f 15 pA (7.5 nm aperture at 20 kV) with exposure times o f around 400 ns 

were chosen to achieve exposure doses o f between 20 and 60 nC. Incident electrons 

trigger the cross-linking o f the resist polymers, and scattered electrons create fiarther 

resist cross-links in the vicinity o f the exposed area. The scattering o f  electrons in the 

context o f lithography is also called “proximity effect” and is visible on the side o f  the 

resist structure and as resist residuals on the surface. M oreover the resist residuals can 

lead to short circuits between the contacting electrodes after graphitization. A detailed 

description o f the process optimization to eliminate proximity effects is given in 

Appendix A4.
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3.2.3 "Metallisation" o f  electrically nonconductive polymers using pyrolysis

Pyrolysis is formally defined as chemical decomposition induced in organic 

molecular materials by heat in the absence o f  oxygen. In practice, it is not possible to 

achieve a completely oxygen-free vacuum atmosphere. Therefore an inert gas is used 

during the pyrolysis process. Figure 3.8 a) shows and picture o f  a hot wall furnace and 

Figure 3.8.b) the sketch o f  the fiimace set up in which the pyrolysis is performed. 

Pyrolysis transforms organic molecules into gaseous components; small quantities o f  

liquid, and a solid residue (coke) containing chemically bonded carbon and residuals. 

In the present work the pyrolysis o f  photo-resist films made by Az N lo f 2070, Az4263  

and Man 2010 at temperatures o f  up to 1000 °C in a forming gas (5% H2 , 95% N 2) 

atmosphere with the pressure o f  around 1 atmos was carried out and the best 

performing one (c .f  Chapter 4) used for contacting thin graphite-films and MWCNTs 

bundles (Chapter 7).

b)
Hot w ^l heating

r "  >-;J

form ing gas 
$%H2 
95% Nj :

QlJartz tube

Water cooling cover

VaciiutnP^mp

Figure 3.8 a) The GERO standard tube furnaces type SR can operate at up to 1000°C. 
The heating module consists of oval FeCrAl heating coils, which are embedded in a 
ceramic fibre module. Mass Flow controllers (MFCs) control gas flow independently o f  
the vacuum pump by which the pressure in the vacuum/heating chamber of the oven can 
be controlled, b) Shows a sketch of the hot-wall furnace, which was used to graphitize 
the resist film.
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oxide/Si-W afer

Carbonization o f spin-coated resists has been reported to form conductive carbon 

films between 600°C and 1000°C.[84] The lowest resistivities after armealing were 

reported for phenol-based positive  resists.[85] The resistivity o f  these films is in the 

order o f  highly doped silicon (10^° cm^) or highly doped polysilicon (lO'^ 

ions/cm^).[86] In contrast Az N lof 2070 is a phenol-based negative resist.

Figure 3.9 shows the process overview for contacting nano-objects with Az N lof 

2070.

nano-objects

a)
Substrate

nano-object

Triarkers

nano-object 
drop cast .

Position detection

electron development
medium f) resist

lithography resist development 

hot wall furnace

structured resist

resis , , resist 
n)  \

vacuum tube
graphitized resist

pyroisis

Figure 3.9 Overview o f the fabrication process for carbon electrodes on nano-objects, 
a) -c ) Nano-objects are deposited on prestructured subrates. The structures act as a 
marking system for the following process steps, d) depicts the EBL lithography 
process. Here a coated negative resist is exposed with electrons following a design 
pattern consisting o f four-electrodes plus large pads to be able to be measuered with a 
needle-prober system. In e) the exposed resist is developed and in f) the resist 
structure is depicted, g) Shows the furnace for the pyrolises process which converts 
non-conductive resist polymers into conductive carbon material, h) shows the 
graphitic resist as contacting material to the nano-objects.
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3.3 Electrical measurement approaches

Contact-resistance measurement techniques fall into two main cathegories; two- 

contact two terminal, four contact and four-terminal measurements. Out of these basic 

measurements combinations with more than four terminals can be formed. [51, 87] 

The measurement methods we will describe now are called 2-probe measurement, 4- 

probe measurement, and the so-called (probe) transmission line method.

By defining an electrical contact between electrode and a nanoobject we generate 

an interface between the two materials. This contact interface is typically not perfect, 

there can be native oxide, resist residue from the contacting process and/or a range of 

different crystallographic defects. From a more electronic viewpoint, if the electrode 

material and nano-object have different Fermi levels, a charge-transfer occurs leading 

to the formation of a contact potential. In the case that the nano-object is 

semiconducting a depletion-layer and a Schottky barrier forms, as already discribed in 

Chapter 1.1 and 1.2. The electrical performance of the interface layer can be discribed 

principially by the contact interface resistivity and thickness t as depicted in 

Figure 3.10. However, the interface resistivity and t are in practice difficult to 

determine, and one defines instead the specific contact resistivity p .̂ = p^. t . On the

other hand p^ is equal to the product o f the contact resistance and contact area
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metal
contact A rea A<-

interfacial
layer

Figure 3.10 Schematics of a contact interface, where /  is the current 

flowing through the interface.

The easiest way to electrically characterise a nanomaterial is the 2-point measurement. 

Apparently this approach measures the R̂ . at both contacts as well as the intrinsic

resistance o f the nano-object as discribed with the equations 3.2 to 3.4.

P-2)

(3-3)

= + (3.4)

where R^^ is the contact-resistance at the source (S) and drain (D) electrode

respectivly. This situation is depicted in Figure 3.11 for the case o f a nanowire. The 

current I  between the two contact terminals Ti and T2 and the voltage drop V12 is 

measured, “nob” describes the nanowire with the crossection area A and the length L.
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Figure 3.11 Schematics of a 2-probe measurement. The drawing shows a nano
object (nob) on a Si02/Si substrate, contacted with two contact-terminals T/and T2.
The Length L  and the cross-section area A of the nob are depicted. I  is the current 
traversing the nano-object and V12 is the applied bias voltage (source-drain 
voltage).

One straight forward approach to determine the contact resitance R .̂ and the 

resistance o f  the nano-object is the 4 -probe measurement method. Four

electrodes {T i,T2T j,T4) are defined on the nano-object, typically with equidistant 

electrode separation. Current is driven through the nano-object by the outer electodes 

(T i and T2) as depicted in 3 .12. The electrodes T3 and T4, are located between T/ and 

T2, are used to measure the voltage-drop along the length Itst4 o f  the nano-object. The 

measured resistance Rj,j-2 between Ti and T2 would include the resistance o f nano

object and the total contact resistance R^. and is the same measurement

described in Figure 3 .11. R r m  is the 2-point resistance. The voltage drop Vt3T4 

between the electodes T3 and TV can be used to calculate the resistance R t3T4 which is 

the so-called the 4-point resistance. [51] That is, by knowing the 4-point resistance 

R t3T4, the resistivity o f  the nano-object can be determined using the known 

length /nr-# between the terminals T3 and T4 and the known cross-section area o f  the
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nano-object in (for a nanowire ; r the radius)

(3.5)

(3.6)

And therefore.

(3.7)

which yields the total contact resistance o f  the nano-object integrated into this 

specific electrode layout.

Figure 3.12 Schematics of a 4-probe measurement with the four terminals T/to T4  

contacted nano-object. The voltage source is applied between source and drain (T/and 
T2). The resulting current I, is measured together with the voltage drop Vt3 T4 across the 
nano-object (here a nanowire) between the inner electrodes T3 and T4. This can be 
done principally at different backgate voltages l̂ gaie, to measure the field-effect 
characteristics, i.e. transistor characteristics, of the nano-object.

The specific contact-resistivity o f each contact electrode is given by

12

(3.8)

where and are the contact resistance o f the source / drain {SID) contact
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and the associated contact area respectively.[46] For entirely metallic devices with 

systematic electrode-layout one can assume that

1 ^ , . ( 3 . 9 )

However, for semiconducting channels such as Ge nanowires, is mainly

determined by the circxmistances that one of the contacts is in forward and the other in 

reverse bias. That is,

(3.10)

in our measurements, usually the current magnitude was chosen to be low (between a 

few pA and one ^lA), to avoid Joule-heating induced by electron-phonon 

scattering. [88]

Another special case of nano-objects is a thin two-dimensional film with a 

thickness in the run range. A measure for the resistance of such a thin film is the sheet 

resistance R^. For this it is assumed that the film is uniform and the current flows

predominantly within the plane of the film and not perpendicular to it. The cross- 

sectional area A of the film can be split into its width W and thickness t (Equation 

3.12). The experimentally derived resistance R can than be expressed as the product

of sheet resistance R^ with the ratio — .
^  U /
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<4
L

Figure 3.13 Schematics of the dimensions of a (conductive) thin film.

However, realistically the value of the sheet-resistance depends on the sample and 

the measurement probe dimensions as well as the probe spacing.[89] Hence, for 

principally every experimental arrangement of film and probes, a correction factor CF 

needs to be applied and the final expression for reads:

For example, for the case that the thickness of the measured films is thinner 

than 1 |im and the probe spacing is more than one millimetre then CF = JtAn2.

As an alternative to the 4-probe measuement, the transmission line method is often 

used to measure resitivties and contact resistance.[87] For the transmission line 

measurement a number of electrodes along the nano-object are fabricated. The 

spacing between the electrodes is varied. The transmission line measurement is now a 

series of two probe measurements on different pairs o f contact electrodes, that is, of 

different separation. In Figure 3.14 a) the measurement principle is depicted. The 2- 

point measurement is shown as an example between two terminals T, and 7). Figure 

3.14 b) shows the graph that is used for the evaluation o f the R^..

(3.11)

(3.12)

[89],[90, 91]
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tot

E lectrode-separation

Figure 3.14 a) Sketch o f a transmission line measurement setup. The green flake 
indicates a graphite flake as it is used later in the experiment, b) Transmission line 
graph; the intercept is equal to the total contact resistance.

These resistance values are then plotted against electrode spacing, and since the 

resistance measured is the sum of both the total contact resistance and the resistance 

of the nano-object between the contacts can be extracted by extrapolating the 

measurement data to zero electrode-seperation.

In Figure 3.15 the experimental setup for the electrical measurement is imaged. To 

accurately measure the small currents expected a set-up was built which included a 

current amplifier. In addition to avoid noise and parasitic impact, each of the 

measurement devices (including measurement PC) was galvanically decoupled from

44



Chapter 3. Electrical contacting

the general ground. Special care was taken to provide a clean reference-potential 

(ground potential) for the measurements. Through this, a noise-level close to the sub- 

pA regime could be achieved.

Figure 3.15 Images o f  the experimental built set-up with a) digital multimeters and sources, 
b) the needle probe station to carry out measurements on contacted nano-object, and c) closer 
look at the placement o f the sample to the four needle probes.

3.4 Structural and chemical analysis o f  the contact-interface region

Transmission electron microscopy (TEM) was used to image the contact interfaces 

down to atomic resolution. Energy dispersive X-ray (EDX), electron energy loss 

spectroscopy (EELS), electron diffraction and energy filtered TEM (EFTEM) were 

used to analyse the structure and chemical composition of the contact-interface 

regions.

3.4.1 Transmission electron microscopy

TEM is a form of structural microscopy that uses a high energy electron-beam 

rather than optical light.[92] Figure 3.16 a) shows the schematics of TEM. A beam of 

electrons is transmitted through an ultrathin specimen. Preparation o f such specimen
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is described in section 3.4.6. After the specimen the electrons pass through the 

objective lens and additional magnifying lenses and form the final image on a CCD 

camera.

As the electrons pass through the sample they undergo elastic and inelastic 

scattering. Electrons that are elastically scattered contribute mainly to the high 

resolution bright field image, whereas inelastic scattered electrons can provide 

valuable information about sample composition via EDX or EELS.[93, 94] The 

system used in the present work is a FEI Titan microscope operating at 300 keV, 

equipped with a field emission source which enables a point-to-point resolution of 0.1 

nm.
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Figure 3.16 TEM schematics and FEI Titan Microscope located the TCD/ CRANN 
Advanced Microscopy Laboratories. [95, 96]
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3.4.2 Electron beam diffraction

Electron beam diffraction (ED) is a method to analyse the structure of materials. 

ED is caused by Coulomb scattering of the incident electron beam from both the 

positively charged atomic nuclei and the surrounding electrons and refers to the wave 

nature o f electrons. When an electron wave incidents on an atom of the sample every 

atom acts as a point scattering source and acts therefore as a source of isotropic 

secondary waves (Huygens principle). These scattered secondary waves form an 

interference pattern due to the diffraction, which can be projected onto the imaging 

plane.

The diffraction pattern is characteristic of the crystal structure of the sample. In 

amorphous materials the atoms are arranged with no long-range order, so the 

interference pattern forms a single diffiisive ring. If the atoms are arranged regularly, 

that is, as in a crystal lattice, the interference of the scattered secondary waves is 

regular and a diffraction pattern with regular reflexes is observed. In the case of a 

polycrystalline specimen a pattern of separated defined rings (depending on the level 

of polycrystallinity) is obtained.

3.4.3 Energy dispersive X-ray analysis

The high-energy electron beam of the TEM interacts with inner-shell electrons of

the specimen atoms and can ionize them. The atom is then in an excited state and

relaxes by filling the hole with an electron of the outer shells. This transition o f the

outer shell electron to the inner shell is accompanied by the emission of either an X-

ray or a so-called Auger electron.[76] The energy of the emitted X-ray or electron is
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characteristic of the difference in energy between the two or three electron shells 

involved, that is, unique to the atom. Identification of the atoms is done by correlating 

the positions and relative heights of the various X-ray peaks or the Auger electron 

energies to tabulated references in the periodic table of elements.

Quantification of the elements present in the X-ray spectrum involves both 

background subtraction and correction for characteristic X-ray peaks. These 

corrections are needed due to undesired X-ray absorption in the surface o f the X-ray 

detector.

The Scanning Transmission Electron Microscope (STEM) mode of the TEM was 

used to acquire the EDX spectra. In STEM mode the electrons are focused on the 

sample surface and form a beam spot of 0.2 rmi diameter. This beam spot is scanned 

over the sample. The STEM image is formed by the scattered electrons of the 

transmitted beam of each spot recorded by a high angular dark field detector at the 

back of the specimen. In parallel to the STEM image, an X-ray spectrum of each spot 

is recorded using the EDX detector.

In terms of spatial resolution, the broadening of the electron beam as it passes 

through the thin TEM specimen is to be considered. The beam broadening in 

nanometres can be approximated by:

3

(3.13)

for a sample with the thickness t in nm, the density p  in g/cm^, the atomic weight A,

the atomic number Z and the energy of the incident electron-beam £'o.[93]
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3.4.4 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is a very powerful analysis method 

especially for light elements where the X-ray signal is difficult to detect. While 

passing through the sample some electrons lose energy due to inelastic scattering 

interactions. This energy loss can be measured by using an energy filter attached to 

the TEM. in the measured energy spectrum three main parts can be identified, the 

zero-loss-peak, the plasmon peak and the ionization edge:

The zero-loss peak is formed by all elastically scattered electrons, that is, those that 

did not lose any energy. The plasmon peak consists of the inelastically scattered 

electrons that have excited the free electrons to collective oscillations against the 

atomic lattice. The energy transfer of the incident electron to the free electrons o f the 

lattice is given by the Drude-Lorentz model [97]

(jV particle density, e dielectric constant of the material, eo dielectric constant of 

vacuum, Wg*electron effective mass. For the majority of solids the plasmon energy 

lies between 3 to 50 eV.[93] The electrons with higher energy loss can be attributed to 

the ionization effects, which form a fast decreasing background. In the present work 

EELS is used for the analysis of resist residuals at the contact interfaces and to 

observe the valence electron density in the inner structure of the carbon-based 

electrodes.
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3.4.5 Energy filtered transmission electron microscopy (EFTEM)

Energy-filtered TEM combines the analytical method of EELS with the TEM 

imaging mode.[98] The energy filter is installed below the TEM column, and filters 

electrons with a characteristic energy loss to form element specific images (elemental 

maps). Only the electrons from the selected energy window contribute to these images. 

In the present work EFTEM is used to examine the electron density variations in the 

pyrolysed resist films.

3.4.6 Transmission-electron microscopy specimen preparation

The major limitation o f TEM investigations are constrains on sample thickness. 

For high resolution images, thicknesses of less than 100 nm are typically required. 

From this perspective, TEM is a very good method to investigate nanoparticles as 

they are often already electron transparent. Generaly, to produce from non-transparent 

samples, samples which can be investigated in the TEM, a FIB is used.

With the FIB, macroscopically sized samples/devices are thinned down with 30 keV 

Ga ions. The system used has dual beam capability, which is the combination of a FIB 

and a SEM [99]: the SEM is used to record in-situ the FIB milling process without 

damaging the sample. The mechanism for removing material with Ga ions can be 

described as a sputter-erosion process. Different materials have different sputter- 

erosion rates. For preparing TEM samples of combined materials like 

semiconductor/metal interfaces the milling process is therefore not trivial. The 

different material characteristics, structure, grain size, and debris have influence on
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the different sputter rates, and impact severely on the quality o f  the TEM sample. 

Hence, a combination o f low milling currents and variable beam voltages has to be 

used, which finally allow for the fabrication o f electron transparent samples where the 

contact interface region investigated in this work remained intact. A more detailed 

description on the TEM sample preparation is described in the Appendix A3. Figure 

3.17 shows images o f the sample preparation steps.
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Figure 3.17 a) SEM image of a contacted Ge nanowire (NW). The white circle indicates the 
area of interest to be thinned, b) A TEM lamella of the contacted wire attached to a TEM 
copper grid, c) Higher magnification of b). The bright area is the substrate the small dot in the 
middle is the cross-section of the wire embedded in the contacting material. The brighter area 
on top is deposited platinum for the sample stabilisation during preparation of the TEM 
lamella.
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material

Jenkins published his work on pyrolysis of phenol based resins in 1971, where 

he annealed the resins in an inert gas atmosphere and found a glass-like, electrically 

conductive carbon structure, the so called glassy carbon.[61] Glassy carbon has 

become a commercially available product, and is used, for example, as electrodes in 

electrochemistry. Harris analysed in 2003 several commercially available glassy 

carbon films,[59] claiming that the glassy carbon has no overall graphitisation. That is, 

the glassy carbon structure consists of ribbons of graphitic carbon randomly 

distributed in the film. In this chapter, the structural and electrical properties of our 

produced pyrolysed films will be discussed based on the results of Raman, HRTEM 

and AFM.

The most promising resist {cf. section 4.1) was the negative resist Az N lof 2070 

because o f its vacuum stability and resistivity value after annealing. The resistivity of 

the polymer film was decreased with increasing annealing temperature up to 1000 °C, 

a resistivity of about 5.0x10'^ Qm, in agreement with the literature, being 

achieved. [84, 100] Raman spectroscopy reveals a higher graphitisation with 

increasing temperature, indicating that parts of the polymer are converted into 

graphitic-like structures.

For further characterisation TEM analysis was carried out. The TEM experiment 

detected random grapitic ribbon-like features indicating a glassy carbon structure.
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4.1. Graphitization properties o f  various resists

To make reproducible and stable electrodes from pyrolysed resist materials, the 

thickness o f the pyrolysed resist film itself, resistivity and uniformity are important. 

These properties are dependent on the resist. Four different resists, which are 

commercially available were studied and compared. The results are gathered together 

in Table 4.1.

For the study, each resist was spin-coated on a 300 nm thick Si02/Si wafer and 

pyrolysed by annealing. Based on these results in Table 4.1, Az Nlof 2070 was the 

resist of choice to develop carbon electrodes, also called pyrolysised photoresist film 

(PPF) electrodes, since it is photo- and electron- sensitive, makes sufficient thin films 

upon annealing, and showed the lowest resistivity.

Table 4.1 Resist evaluation; comparison o f  pyrolysed resist films on SiOj/ Si wafers
(300 nm SiO:).

Resist

Thickness 
before 

annealing 
(at =293K) 

|nm]

Thickness
after

annealing
Inm]

Resisti>’it>-
after

annealing
[ftml

Uniformity’
Photon-/

Electron-
sensitive

A z N h f
2070

Negative
Resist

518 148 1.48 xlO"* Uniform O

Espacer Conductive
polymer

30 7 3.36 X 10 “' Uniform X

Az 4533 Positive
Resist

4026 690 6.9 X 10"' Uniform O

maN 2403 Negative
Resist

344 30 5.99 X 10"* Nonuniform O
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4.2. Morphology o f  the pyrolysed photoresist films

The pyrolysis introduces a reduction o f  the photoresist film  thickness due the 

structural reorganization and evaporation o f  the solvent. The layer thickness was 

m easured by profilom etry (D ektak 6M , V eeco Instrum ents). A  surgical blade was 

used carefully  to create a sm all groove on the sam ple in order to rem ove som e resist 

and provide access to the substrate surface, and m easurem ent o f  the resulting step 

yields the film  thickness. The nom inal accuracy o f  the instrum ent is 1 nm. F igure 4.1 

shows the height profile m easured w ith a profilom eter before and after annealing at 

850 “C. D uring pyrolysis the film  shrunk m ore than 400 nm  {cf. Table 4.1). Before 

annealing the average thickness w as 525 nm varying about 10 nm  over the w hole 

substrate. A fter pyrolysis, the film  was found to have an average thickness o f  105 nm  

± 5 nm.

before anneal after anneal

Substrate Resist

00

5  250

500

0 50

E
c

100

0 50, ,
Distance (nmjDistance [nm]

Figure 4.1 a) The profilometry thickness monitor profile o f Az Nlof2070 resist film 
before pyrolysis, b) Height profile of the same resist film after pyrolysis at 850 °C.
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Figure 4.2 shows the temperature dependent thickness shrink during pyrolysis for 

Az N lo f 2070. Different samples were prepared by spin coating 500 nm thick resist 

films. The samples were then annealed at different temperature in the furnace as 

described in Chapter 3.

125

120 

"g 115
C

110a; c
105

S I *->
100 

95

Figure 4.2 Thickness measurements for different temperatures with an initial 500 
nm film thickness; Az Nlof 2070 in a mixed H 2 (10 %) and N2 (90 %) 
atmosphere.

Investigations o f the annealed films using optical dark-field imaging showed that 

there are no large macroscopic aggregates, pinholes or and cracks in the film. The 

adhesion o f the annealed films on the Si0 2  surface was found to be weak; it was even 

possible to bend or remove the film  with the tungsten needle o f a micromanipulator o f 

the probe station into flake-like pieces o f several tens o f micrometres. The film  flakes 

appear with sharp straight edges and the observation with the micromanipulator 

indicates that the films are to some degree mechanically stable.

Figure 4.3 a) shows an SEM image o f a piece o f a pyrolysed Az Nlof2070 film. 

On this scale the surface appears smooth. In Figure 4.3 b) an A F M  tapping mode 

image shows a 5 x 5 |am area o f the sample. The 100 nm thick pyrolysed films had a 

roughness o f 0.81 nm rms over the area. For films thinner than 30 nm, which were
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used for electrodes, we measured even lower roughness values, measuring 0.2 nm rms, 

comparable to literature.[101, 102] Moreover the films are resistant to solvents like 

acetone, isopropanol and acids.[103]

Figure 4.3 a) SEM image o f a pyrolysed Az N lof 2070 flake b) 3D surface morphology 
o f  a 100 nm pyrolysed resist film using an atomic force microscope.

4.3 Overall morphology and crystal inity o f the pyrolysed films 

For the characterization of crystalline, fine grained polycrystalline (sometimes 

called nano-crystalline) and amorphous carbon, Raman measurements were carried 

out with a Jobin-Yvon Labram Raman spectrometer using an excitation wavelength of 

633 nm, and a probe size of 2 |im.[104] When a beam of light interacts with a 

material, some light is transmitted, some is reflected and some interacts with phonons, 

i.e. photons can experience phonon scattering. This portion of back-scattered light has 

frequencies which differ from the incident light, in a process known as Raman 

scattering.[105-109] The scattered radiation produced by the Raman effect contains 

information about vibrational (more generally also rotational) energy levels of the 

material under investigation, which depends directly on the chemical bonds and the 

overall atomic/molecular and/or lattice symmetry.
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The principal peaks of the Raman spectra observed in carbonaceous materials are 

the D and G peaks at -1330 cm’* and -1580 cm'*, respectively.[110] The D peak is 

related to defects, disorder and stems from breathing modes within sp bonded carbon 

systems. This mode only becomes active in the presence of disorder, for example, it is 

symmetry forbidden in perfect graphite. [108] The G-mode stems from the in-plane 

bond stretching motion of pairs of carbon atoms, in both rings and chains as observed 

in all sp^ bond containing carbon systems. The G- and D-peak’s position, shape and 

integral intensity ratio, I(D)/I(G), provide information about the degree o f structural 

disorder and crystallite size of the carbon network in the films.

4
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Figure 4.4 Raman spectra of different around 100 nm thick pyrolysed resist 
films derived from Az Nlof 2070 as a function of pyrolysis temperature. For 
comparison the Raman spectra of a 500 nm thick unpyrolysed film is included 
and marked as unpyrolysed film.

Figure 4.4 shows several Raman spectra o f different Az Nlof2070 resist films. 

The change o f the spectra depends on the pyrolysis temperature. The Raman spectra 

o f an unpyrolysed film (no annealing) show no indications o f a D- or G-peak, 

reconfirming that the resist is not graphitized. At a pyrolysis temperature of 500 °C a 

broad D-peak and a small G-peak becomes visible. This indicates the initiation of
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graphitization w ith a low structural order know n from  the Ram an spectra o f  

am orphous carbon. A t a pyrolysis tem perature o f  650 °C, the D peak has its 

m axim um  intensity at about 1343 cm"', while the G  peak has its m axim um  intensity at 

about 1594 cm'*. W ith increasing tem perature indications are observed that the G- 

peak intensity sinks relative to the D -peak and sim ultaneously the intensity ratio 

I(D )/I(G ) increases from  0.91 to 1.15 (Figure 4.5). The increase in ratio I(D )/I(G) 

indicates a decrease in the am ount o f  the detected graphitic crystals, i.e., the graphitic 

flake size either increases or reduces again, or the num ber o f  defects is increasing 

although this is less likely considering elevated tem peratures. [107] An increase o f  

graphitization w ith higher tem perature anneals was reported .[84],[l 11] and the 

increase in the I(D )/I(G ) ratio on pyrolysis film s has been reported before, too, [105] 

how ever the am bivalence o f  the I(D )/I(G ) ratio suggests finally that the ratio is not a 

reliable indicator o f  crystallite size.[112] N evertheless, the D -peak stem s from  the 

defect-induced band in graphitic carbon, hence the pyrolysis creates graphitic carbon 

out o f  the polym er resist.

A s aforem entioned an increase o f  the D -peak m ay indicate an increasing num ber 

o f  graphitic flakes. [106] In figure 4.4 the w idth o f  the D peak increases w ith the 

pyrolysis tem perature suggesting an increase o f  graphitic flake num ber, how ever not 

their size w ith higher annealing tem perature.
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Figure. 4.5 The integrated intensity ratio o f D- and G-bands as a 
function o f  the annealing temperature.

To gain more microscopic insight into the structure o f the pyrolysed Az Nlof 2070 

TEM studies were carried out. To obtain an electron-transparent sample, the 100 nm 

thick pyrolysed film was transferred onto a TEM grid, as described in section 3.6. The 

TEM micrograph in Figure 4.6 a) shows a typical image o f the carbon film fi"om the 

top. The film is homogenously and uniformly distributed over the TEM grid. Figure 

4.6 b) shows a high resolution TEM image o f the film. The image shows graphitic 

flakes structures (A). The electron beam diffraction pattern in the inset of Figure 4.6 

c) shows three significant rings and some single reflexes, indicating disorder and 

isotropy with formations o f graphitic layer planes. The ring shape o f the electron 

diffraction pattern indicates a polycrystalline structure. The comparably small width 

of the ring-pattem suggests a small crystal size distribution. The atomic distances 

derived from the electron diffraction pattern have values of about 0.34 nm (spots, 

outer ring; (c)), 0.24 nm (intense ring;(b)) and 0.12 nm (weak inner ring;(a)). The 

single reflexes can be correlated to a layer distance of 0.34 nm and corresponds to the 

distance between each carbon layer o f the graphitic structure.[l 13] The ring in the 

middle ((b)) correlates to a distance of 0.24 nm which corresponds to the in-plane
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carbon-carbon sp^-bond.[l 14] The intense ring in the middle correlates to a distance 

of 0.12 nm (a), which is exacdy half the distance of the carbon-carbon bond distance. 

This indicates multiple carbon layers that are stacked as in graphite; the carbon atoms 

of a neighbouring layer are placed in the middle of the hexagonal ring of the first 

layer, i.e., shifted in plane by 0.12 nm.

Given the detected diffraction pattern and distance, we conclude that there are the 

graphitic structures with a high degree of disorder, which is consistent with the 

Raman spectroscopy analysis discussed earlier. The small dots in the TEM image 

Figure 4.6 b) as well as the graphitic planes (indicated by (A) in the TEM image) 

could be associated to graphite ribbons as observed in glassy carbon.[59] This 

suggests that the carbon layer derived from Az Nlof 2070 shows a similar structure to 

glassy carbon.

For more detailed structural characterizations a TEM cross-section sample was 

prepared. The film was derived from Az Nlof 2070 by diluting it with EBR ratio 1; 1 

(before spin coating). In this case a 100 nm thick pyrolysed film was cross-sectioned 

as described in section 3.4.6. The TEM image Figure 4.7 a) shows a 100 nm thick 

PPF layer on top of 300 nm Si02. Platinum was deposited on top of the PPF film as a 

protection layer. The white lines highlight the ribbon-like structures in the film, 

indicating graphitic carbon ribbons, which is in agreement with the model for glassy 

carbon of Jenkins and Kuwamura. [61]. Figure 4.7 b) is an enlarged shows enlarged 

TEM image showing the layered structure of the graphitic ribbons.
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'20i>nr

Figure 4.6 a) TEM image top view of a 100 nm thick pyrolysed film. 
The structure indicates thickness differences due to folding during the 
sample preparation, b) Zoom o f the TEM image o f a), shows graphitic 
carbon ribbon (A), c) Diffraction pattern o f the pyrolitic photoresist film 
shows a polycrystalline diffraction pattern.
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F ig u re  4.7 a) TEM cross-section image of an about 100 nra thick pyrolysed Az 
Nlof 2070 film. The black top layer is Pt from the sample preparation. The grey 
area at the bottom of the image is the SiO:. The pyrolysed film shows graphitic 
ribbons indicated by thin white lines, and (A) indicates the area where the high 
resolution TEM Figure 4.7 b) was taken.
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Figure 4.7 b) High resolution TEM cross-section image of a graphitic carbon 
ribbon embedded into a pyrolysed Az Nlof 2070 film. The graphitic lattices of the 
graphitic ribbon are observed. The area the image is taken from is indicated with 
(A) in Figure 4.7 a)

4.4 Sheet resistance and resistivity measurements

4- probe measurements o f  pyrolysed Az N lof 2070 films at room temperature were 

taken using a 4-point probe head (Jandal) connected to a commercially available 

Keithley 2400 Source Meter. Measurements on different positions o f the pyrolysed 

resist films were taken and the average value was calculated. The resistivity p  was 

calculated following section 3.3. Figure 4.8 shows the resistivity is decreasing with 

increasing annealing temperature. At 750 °C it shows a resistivity o f  about 2.5x10''^ 

Qm ± 2x l0 '^and  at approximately 850 °C, it is 2.08x10'^ Qm ± 2x10'^ whereas the 

values at 950°C to 1000°C are roughly the same. In Figure 4.9 the resistivity for a
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1000 °C heat treatment over a variation of different film thicknesses (10 to 180 nm) 

was found to be 6><10'  ̂ Qm ± 2><10'^nm. The data suggest that the resistivity o f the 

films does not change with the thickness and it is in the range of 6><10‘̂ ± 2><10'  ̂Qm, 

or in a conservative estimation smaller than 1x10"^ fim.

10
750 800 850 900 950 1000

annealing tem perature  [°C]

Figure 4.8 Resistivity of different 100 nm thick pyrolysed films, obtained 
from Az Nlof 2070 by pyrolysis in 10% H2 and 90 % N2 at different 
temperatures. The values were calculated from the sheet resistance and the 
thickness measurements (c/ section 3.3 and 4.2.2).

These results are also in agreement with the previous reported results from pyrolysed 

films. [84], [115], [112], [116]. For comparison Hecht et al. reported a resistivity for 

their CNT films o f 7.8x10'^ flm. [117] The resistivity o f a 1 nm thick graphene film is 

reported to be 4.5><10'  ̂Qm by Kim et al.[ 101],[ 118, 119],[ 120].
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Figure 4.9 Resistivity measurements of pyrolysed Az Nlof 2070 films with different 
thicknesses.
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carbon electrodes by electron beam exposure and their

electrical performance

Az N lof 2070 resist is electron- and photosensitive, which allows for patterning by 

EBL. We use Az N lof 2070 as a conductive device element, to develop carbon 

electrodes. In this chapter the patterning o f resist will be introduced and the electrical 

properties o f  the carbonaceous structures obtained through EBL are studied.

5.1 Electnm-beam patterning of photoresist films 

and successive pyrolysis

The test structures were fabricated on a Si02/Si wafer (300 nm oxide thickness). 

After spin coating and soft bake at 110 °C (c/! section 3.2) a pattern in the form o f a 

four-terminal arrangement was defined with EBL as depicted in Figure 5.1. The 

structure in Figure 5.1 a) is about 2.9 ^m  wide and the length between the inner 

electrodes was 29.7 fim. The resist patterns were exposed with an electron 

accelerating-voltage o f 25 kV and a dose o f 40 |aC/cm^. After exposure the resist was 

heated on a hotplate for 1 minute at 110° and developed in a 2.38 % TMAH solution 

for 45 seconds. After EBL patteming the resist was pyrolysed at 1000 °C in a forming 

gas atmosphere as explained in Chapters 3 and 4. The resist thickness was 107 nm 

after pyrolysis. The graph in Figure 5.1 b) shows the corresponding four-point I/V
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characteristic. The extracted resistivity for this structure gives a value of 5.6 x 10'  ̂Qm 

±1.6 X10’̂  Qm.
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Figure 5.1. a) SEM image of a pyrolysed, 100 nm thick electron beam defined Az Nlof 
2070 4-point test structure, b) 4-point 7/F-curve showing a linear behaviour at 300 K. The 
extracted resistivity is 5.6 xlO Qm ± 1.6 xio ® f^m.

Figure 5.2 a) shows a height profile o f an EBL patterned resist feature before and 

after annealing. The thickness of the structure decreases from 525 nm to 96 nm after 

pyrolysis. The result is consistent with the results o f unstructured films {c.f. Figure 

4.2).

The Raman spectra of structured pyrolysed films show on three samples the same 

qualitative behaviour as unstructured pyrolysed on three samples (Figure 5.2 b)). The 

spectrum shows strong D-band at 1355 cm’* with a broad G-peak (~1600 cm'*). The 

I(D)/I(G) ratio was found to be 1.2 which is slightly higher than the ratio of 

unstructured films which was 1.12 (cf. Figure 4.5).[109]

Figure 5.3 a) shows a typical AFM image o f a 4-point arrangement o f pyrolysed 

resist structures. The applied dose variation was from 10 nC/cm“ to 40 |iC/cm^. This 

dose variation was used to control the height o f the conductive channel.
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Figure 5.2 a) Profilometer height measurements of an EBL defined 2070 structures. 
The structure thickness decreases significantly during pyrolysis whereas the lateral 
dimensions seems not to change, b) Raman spectra of the structured films (top/three 
samples) and unstructured films (bottom/ three samples).
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Figure 5.3 a) AFM image of the patterned and pyrolysed carbon structure in the 4-point 
probe configuration by variation of the exposure dose in the channel and the contact 
electrodes. The resist thickness of the fully exposed resist at the electrodes is 30 nm 
after annealing, and the channel height was varied between 2 to 30 nm thickness, the 
width was varied between 170 nm and 460 nm b) Shows the source-drain current vs. the 
4-point voltage of different samples with a resistivity’s 1.9 x lO '* fim ± 2.2 x 10'  ̂Qm 
and 6.5 x 10'* Qm.

Electrical measurements on the structured pyrolysed films were carried out using 

the 4-point probe methode described in chapter 3.4. All the measurements show linear 

I/V  characteristic and behave like resistors as shown in Figure 5.1. In Figure 5.6, the 

resistivity values o f  all investigated devices are shown plotted against channel 

thickness. No significant thickness dependence is apparent in this thickness range due

to the high scattering o f  the experimental data.
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Figure 5.6 Resistivity versus height of the PPF derived structures

5.2 Structural properties o f  electron beam exposed resist 

The TEM image in Figure 5.4 a) shows a cross section o f an electron-beam 

exposed and pyroiysed resist on a Si02/Si wafer. The bottom layer is the SiO: 

stubstrate, followed by the pyrolitic thin film, and finally the protective top coating 

(Ft). The pyroiysed layer shows two areas o f different contrast. The darker area is 

around 70 nm thick (A) and the brighter layer has a thickness o f between 20 to 30 nm 

(B). The darker round dark areas (C) are identified as Gallium, resulting from the 

sample preaparation. The diffraction patterns (Figure 5.4 c) and d)) give more 

structural information. The top layer shows an amorphous pattern whereas the bottom 

layer shows two reflexes which indicates some structural order. The HRTEM image 

shows a random unordered structure in the top layer whereas some ordered layered 

structures are observed in the bottom layer. The distance whithin these layered 

structures is 0.34 nm matching with the distance between layers in graphite.[l 14] The 

toplayer o f this does not show any apparent order and could be of amorphous graphite 

type.
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F igure  5.4 a) TEM cross-section image o f  a 100 nm thick electron beam exposed and 
pyrolysis Az N lo f 2070 film. Visible is a graphitic and amorphous carbon area. The bubble 
like structure around (C) is Ga, which is an artefact, created during the sample preparation, b) 
High resolutions TEM image o f the highly ordered carbon film showing the lattice structure 
o f graphite on top the silicon oxide, c) Electron diffraction pattern from the area (A) shows 
an amorphous pattern; d) from area (B) indicates a lattice spacing o f  0.34 nm (bottom).
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---------------22 ev 1055 area--------------------------------------------------------------------
(AlTo get electron distribution in the layered system we

conducted energy-filtered transmission image analysis. Daniels et al. showed that 

energy filtered TEM (EFTEM) imaging has the ability to describe physical properties 

^^o^^carfonaceous materials, i.e. inter-atomic bonding and associated electronic 

structures.[97] Daniels et al. used a petroleum-based resin (pitch) to show the 

plasmon energy shift as a function of heat treatment. Petroleum-based pitch consists 

mainly of phenol, which is also the main component of novella in our photo resist. 

The plasmon-peak position was observed to increase with a higher heat treatment. As 

mentioned earlier in section 3.4.4 the plasmon-peak energy is a function of the 

valence-electron density. Daniels el al. measured an increasing valence-electron 

density with an increasing annealing temperature, which was accompanied with a 

higher graphitisation and in increased density. It has to be emphasised that strictly 

speaking the Drude model can only be applied for metals, so the correlation to the 

valence electon density in our case must be taken with care and only be considerd as a 

weak indicator. [97]

Figure 5.5. Plasmon loss map of electons that lose 22 eV and 27 eV 
by passing through a cross-section of a 100 nm pyrolysed resist film. 
The plasmon map was acquired with a 3 eV slit width.
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Figure 5.5 shows a map-out of valence electons with a energy loss o f 22 eV and 27 

eV, with a 3 eV slit with, while passing through the sampe. The brighter area 

indicates the area o f a higher plasmon loss indicating a higher valence-electron 

density.

5.3 Conclusion and comparison o f exposed and 

unexposed pyroiysed photoresist fdms

Some differences were found after the pyrolysis process between exposed and 

unexposed films. The Raman spectra of exposed films (Figure 5.2) is only slightly 

shifted towards lower frequencies, and the I(D)/I(G) ratio is higher for the exposed 

films, which indicates a difference in graphitization. In the TEM cross-sections of 

unexposed films (Figure 4.7), graphitised ribbons and amorphous carbon areas are 

observed, simliar to what is known from glassy carbon. In comparison, the TEM 

cross-section of exposed films, some structural difference was observed: a more 

graphitised area in the vicinity of the substrate and a more amorphous layer on top of 

it. From the EFTEM analysis a valence electron density difference in the two layers 

was found.

The reason for the difference between exposed and unexposed resist might be the 

polymer matrix before the pyrolysis. Unexposed resist is a phenol-based novolac resin. 

In the case o f the exposed resist, this phenol based resin is crosslinked using a 

nitrogen-based melanin linking molecule (Figure 3.8). Since nitrogen can form sp^- 

bonds to carbon, a pre-ordering may be present,[121, 122] so the cross linking may
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then acts as a pre-orientation to form layered structures, upon annealing. [123]

The average electical resistivty of unexposed films was found to be 6.0xl0'^Qm  ± 

1.9x10'^ Qm and showed no thickness dependence.

The measurements on samples defined by EBL vary between 1.9 x lO'^Qm ± 2.2 x 

10'^ Qm to 6.5 X lO'^flm ± 1.9 x lO'^Qm and show no significant dependence on the 

thickness, however the data is not fully conclusive. If there is some difference, it may 

be associated with the lower more graphitised appearing layer not changing 

significantly in thickness (20 nm to 30 nm) whereas the top layer changes in thickness 

when different films of different thickness are prepared.

Further work to carefully examine the film thickness and improve the resist 

homogeneity is needed. However the presented data provide a potential guide for 

improving the resistivity of glassy carbon.
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contact properties in germanium nanowire and 

graphitic layer systems

Recent reasearch on electrical properties of nano-objects has shown that the charge 

inhomogenities induced by the metal contact have greater impact on the electrical 

transfer characteristics than believed before hand. It was shown by Stem et al. [124] 

that the contact resistance between the metal and nanowires affects both the electrical 

charge injection efficiency and the overall device performance. Hu et al. [125] 

reported that the electrical contact between a metal and a nanowire has qualitatively 

different properties from those of a planar contact due to small contact cross- 

sections.[30,46, 126-129]

In this chapter, Au and Pd electrodes are used to contact germanium nanowires 

(GeNWs) and thin graphitic layers. For better understanding of the electrical contact 

properties, detailed electrical resistance measurements o f Au- and Pd contacted 

GeNWs and graphitic layer devices as well morphology studies o f the contact- 

interface region by using analytical TEM methods were carried out.

6.1 Electrical and morphological contact properties o f  

metal electodes to germanium nanowires

Au and Pd are commonly used in the fabrication process o f planar Ge-MOSFETs 

and have proved to be reliable contact-electrode materials for ohmic contacts for such
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devices.! 130] However, it needs to be emphasized that to form ohmic contacts often 

special pre-treatments, like annealing and/or oxide removal with acid were applied. 

That is, Au and Pd do not form a priori form ohmic contacts.

6.1.1 Au electrodes

GeNWs were contacted as discussed in Chapter 3 with Au. The nanowires were 

not chemically treated before contacting. Figure 6.1 shows an SEM image o f a typical 

layout o f a contacted GeNW-device. The channel length between the electrodes in the 

devices investigated was varied between 2 and 3 ^m, and the electrodes width varied 

between 400 and 800 nm. The lead resistance in the fabricated devices is neglected in 

the following, since they were measured to be of the order of 200 to 500 fl, where as 

the 2-point-resistance of the devices varied from a few up to several hundred MQ.

Figure 6.1 SEM image of a Au electrode contacting with a 40nra diameter Ge NW

Figure 6.2 a)-c) show typical 2-point measurements of several GeNW-devices. The 

diameters o f the GeNW varied between 22 and 40 nm. The //F-charactersistics are not
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linear and there is a significant level o f noise. A hysteresis effect can be observed in 

all I /V characteristics.

The 2-point I/V  response was found to vary from sample to sample: Whereas 6.2 

b) and c) show a more diode like //F-curve, which would indicate a Schottky contact. 

Figure 6.2 a) shows a more linear appearing behaviour which would indicate an 

ohmic contact. Figure 6.2 d) shows the 4-point measurement o f  a 40 nm thick GeNW  

contacted with Au electrodes. The curve is in this case entirely determied by the 

properties o f  the intrinsic charge carrier transport through the device. I f  a metal is 

contacted to a semiconductor the Fermi level must align, that is the moblie charges at 

the interface recombine and leave a depleted area. Depending on the bias direction 

one metal/semicondutor contact can always acts as a Schottky barrier, for which the 

curves in Figures 6.2 b) and c) show indications, that is the devices have two 

rectifying Schottky diodes mirroring each other leading also to an asymetric charge 

injection into the GeNW. This results in a dissimilar current flow for forward and 

reverse bias direction. It should be noted that the width o f the depletion area is 

additionally controlled by the quality o f the inferface and the interface states. In 

general charge-carrier transport through the contact can be discribed by diffusion and 

drift, but in case o f  a sufficient thin barrier the probability for a dominating tunnel 

current rises, as may be indicated in Figure 6.2 a).

In Figure 6.3 the contact resitance o f Au-contacted GeNWs is plotted versus the

GeNW  diameter. The contact resistance was extracted from combining 2-points and 

4-point resistance measurements following the procedure described in Chapter 3 

knowing the electrode separation, (length o f the GeNW) and the GeNW diameter.
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nanowire diameter.
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To correlate the measured contact resistances with the contact interface region 

morphology, a TEM cross-section of the contact o f an electrically pre-characterized 

device have been prepared, as described in chapter 3 {cf. Appendix A 12).

In Figure 6.4, TEM image o f the cross-sectional views of a GeNW/Au contact 

interface are shown. The interface lies in the (100) plane and the sample is viewed 

along the (Oil) axis. The sputtered Au-electrode shows a typical polycrystalline 

stucture. The small crystallites o f the contacting Au material, are in intemate contact 

with the GeNW. The bright line in Figure 6.4 a) at the interface region between Ge 

and Au is a thickness varation created during the FIB milling process due to different 

etch rates o f Au and Ge. The darker diagonal line in the upper right part of the GeNW 

is due to a diffraction contrast created by an extended lattice defect in the GeNW 

crystal stemming from a stacking error during wire-growth. The arrows indicate 

debris and residuals stemming from the contacting procedure. However, they are not 

present on the actual contacting interface in the upper part of the image. The white 

arrows indicate that the metal connection is broken. However, this is likely to be a 

technological artefact: The Figure 3.8 in Chapter 3 is the corresponding SEM image 

to the TEM image here. The break may be a weak link when depositing the Au on top 

o f the GeNW which “breaks” during the TEM lamella FIB process. However both 

images indicate that a unifom metal deposition is crutial for a good electrical contact. 

This problem should be able to overcome by incrasing the thickness of the contacting 

electrode.
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a)
Au

Ge

\
10 nm

Figure 6.4 a) TEM image of a Au-contacted GeNW. The round center is a cross-section of 
a GeNW covered by a dark appearing Au-electrode. The bright area on the bottom is the 
SiOa substrate. The diagonal line in crossing the GeNW apears due to diffraction contrast in 
the TEM and indicates an lattice mismatch generated during the GeNW growth. The white 
ring at the outside o f the GeNW is produced by different etch rates o f the materials during 
the TEM sample preparation. The arrows point on some lighter grey areas. This can be 
interpreted as organic based debris probably being a result of the drop-casting process. It 
could also be from EBL resist residuals after the development. The gold electode, next to 
the arrows, gives the impression to be split, which is true in the close vicinity o f the 
GeNW. In a large distance of the wire this gap is closed and builds a solid connection to 
the larger bond pads (not shown here).
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b)
Au

5nm

Ge

Figure 6.4 b) High resolution TEM image of the GeNW/Au contact-interface region. 
The bow shaped area is the actual interface. It appears brighter because Ge is a lighter 
element than the higher Z material Au. The regular dot- and line-like structure in the 
GeNW indicate the crystal lattice of Ge. The inferface to the gold electrode appears 
clean, and still crystalline. That is, the inferface shows a clean metal-semiconductor 
contact, no intermediate layer of GeO or amorphisation are observed.

Investigations o f  the GeNW /Au contact- interface by high resolution-TEM (Figure 

6.4 b)) show a high crystallinity with no apparent or very weakly developed 

amorphous areas. The lattice appears to remain crystalline up to the interface for both 

Ge and Au. The crystallites are identified as Au, no germanium oxide layer was 

detected. Similar interface images were observed by analysing an interface o f  a planar 

Ge sample on which Au was sputtered (see Appendix A 12). Therefore, strong 

penetration o f Au crystallites into the GeNW body does not seem to occur. The

coverage o f  the NW  by the Au-electrode was estimated to be about 75 to 80 %.
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Figure 6.5 a) STEM/HAADF cross-section image of the Au/GeNW contact- 
interface. b) Corresponding element analysis line scan (EDX) spectra along the 
marking arrow in a) which indicates the scan direction.

The STEM mode was used to obtain high-angle-angular-dark-field (HAADF) 

images of the contact interface (Figure 6.5 a)). The corresponding detector is located 

as a ring in the back plane o f the specimen and collects the scattered electrons which 

pass through the specimen. Hence, the contrast in the HAADF image of the 

GeNW/Au contact-interface is the inverse of the TEM image; the light elements 

appear darker and the heavier elements appear brighter. The fine probe o f the STEM 

mode was used to carry out an elemental analysis across the contacting interface. The 

corresponding EDX spectrum is shown in Figure 6.5 b). The EDX spectra revealed 

that there is an intermixing region in which both Ge as well as Au are present. The 

thickness o f this region is in the range of about 17 nm. However, beam-broadening 

has also to be taken into account. In Chapter 3 Section 3.4.3, the beam-broadening 

was discussed and using equation (3.13), one finds a beam-broadening o f 8 nm for Au 

and 9.4 nm for Ge. Based on these values a beam-broadening induced intermixing 

region width of around 8.7 nm, 4 nm from Au and 4.7 nm from Ge, can be estimated. 

Hence, the intermixing area lies realistically between 5 and 10 rmi. It is noteworthy 

that the Ge crystalinity is mantained despite this Au diflftision {cf. HRTEM image. 

Figure 6.4 b).
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6.1.2 Pd electrodes

GeNWs were contacted with Pd electrodes as described in the previous section. 

The separation between the electrodes was again between 3 and 5 |am and the width 

between electrodes was between 400 nm and 800 nm. As mentioned already for Au, 

the lead resistances in the fabricated devices can be neglected in the following, since 

they were measured to be o f the order of 200 to 500 f2, whereas the 2-point resistance 

of the devices was in the Mf2 range.

Figure 6.6 shows typical 2-point measurements of GeNW devices contacted with 

Pd electrodes, for GeNW diameters between 28 and 46 nm. In all cases non-linear I/V  

charactersistics, indicating strong rectifying contacts are observed. This is in contrast 

to Au- contacted GeNWs which show a significantly lower tendency towards 

rectifying (Schottky) contacts. It should be fiirther noted that the noise level in the Pd 

contaced GeNW appears to be lower than with the Au contacted GeNW.

Based otn the clear diode (rectifying) characteristics it is sugested that the charge 

injection is predominatly driven by diffusion and drift, and tunneling does not occur; 

Only in the case o f diffusion and drift currents the depletion area at the 

metal/semiconducting contact interface develops a clear dependence on forward and 

reverse bias, i.e, a rectifiying effect.

The noise level in the Pd contacted GeNW appears to be lower than with the Au 

contacted GeNW devices.
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Figure 6.7 Shows the contact resistance of Pd on the Ge 
NW with different thicknesses.
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The contact resitance o f  a Pd-contacted GeNW devices is plotted as a function 

o f  nanowire diameter in Figure 6.7. Comparison with the -value range for Au

contacted GeNW shows clearly that in the case o f Pd contacts the contact-resistance is 

one to two orders o f  magnitude higher.

a)
protection 
layer Pd

Ge

lOnm

Figure 6.8 a) TEM image o f a Pd-contacted GeNW. The elliptical center is a GeNW  cross- 
section and is covered by Pd as contacting metal. The Pd appears darker as the Ge due to its 
greater atom ic number. The Pd/Ge interface is not clearly defined. It is difficult to define the 
border o f  the GeNW  and this indicates that there is significant intermixing occuring. The 
bright area on the bottom is the SiOi substrate, some grey areas might indicate some 
residuals from former process steps. In the outer area the Pt protection used during TEM 
sam ple preparation becomes visible.
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b) protection layer

Pd

Ge
5nm

Figure 6.8 b) High-resolution TEM image o f the Pd/GeNW contact-interface region. The 
light grey bow-shaped area is the GeNW. The darker area on top is the Pd metal. There is 
no clear sepaeration between the Pd and the GeNW observed, and no lattice friges are 
visible in this region. This indicates the amorphisation o f the GeNW.

Similar to Au-contacted GeNW samples, a TEM cross-section of an electrically 

characterized Pd-sample was prepared to investigate the morphology of the 

contactinterface region. Figure 6.8 a) shows a TEM image o f the cross-section o f the 

contact-interface of a GeNW with a Pd electrode on top. In contrast to the Au- 

contacted GeNW (as shown in section 6.2.1), a rather inhomogeneous and broad 

interface-region is observed. Specifically, there was no or very little crystalline order 

observed in the vicinty o f the interface. This is further supported by Figure 6.8 b) 

where no clear crystalline areas were observed. The contact interface region appears
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as a diffuse grey region in the high resolution TEM image in contrast to the well- 

defined border o f  the Au/GeNW  contact-interface.

It has to be emphasised that in the outer regions o f the Pd-electrode, polycrystalline 

structures were observed, which confirms that the image is not out o f focus and 

atomic resolution can be achieved, hence confirming the amorphous nature o f the 

contact-interface region.
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Figure 6.9 a) STEM (HAADF) cross-section image of the Pd/GeNW contact-interface 
region, b) Corresponding EDX spectra along the yellow arrow in a). The unusual behaviour 
of the Ge-signal could be due to steps in the ( 100) direction of the GeNW. c) EELS spectrum 
along the red arrow in a). For low atomic number Z, elements such as carbon, EELS is the 
more sensitive analytical method. The oxygen signal is due to the oxide in the SiOi- substrate, 
not at the GeNW surface. [131]

The HAADF image o f the Ge NW /Pd contact-interface region is shown in Figure 

6.9 a). The partly occurring dark regions around the GeNW are identified as carbon 

by an EELS-line-scan (Figure 6.9 b)) along the red arrow in Figure 6.9 a). The EDX 

line scan was carried out along the yellow arrow in Figure 6.9 a). The EDX spectra 

shows that both Ge and Pd are present at the interface area. The thickness o f the
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intermixing region is hard to determine due to the lack of a well-defined structural 

interface. However, on the basis of the EDX spectra a thickness of about 20 nm ± 5 

nm can be estimated. Taking into account the beam broadening at 300 kV of Pd (4 

nm) and Germanium (8 nm) the actual intermixing-region thickness can be estimated 

to be about 10 to 15 nm. This is roughly twice the intermixing region width of the Au- 

contacted GeNWs which show a comparably well-defined contact-interface.

Comparable intermixing region widths were also observed in planar sputtered 

Pd/Ge samples (see Appendix A 13). For example a 50 nm thick amorphous 

germanium layer was also observed at the interface between a Ge wafer with Pd 

deposited on top (Appendix).

6.1.3 Comparison between An- and Pd-contactedgermanium nanowires

From the electrically measured GeNWs contacted with Au and Pd as electrode 

material the total contact-resistances were calculated {cf. section 6.1.1 and 6.1.2). It 

was found that the contact resistance tends to be higher by one to two orders of 

magnitude when using Pd electrodes. To obtain a more comparable result, it is 

instructive to compare the specific contact resistivity for the two types of devices. 

With the aid of the specific contact resistivity can be calculated following the 

outlines in chapter 3.[46, 87, 132]

Pc 5 j

To determine we used the cross-sections TEM images (cf. Figure 6.4 and 6.8). 

In the TEM images, about 75 to 80% of the GeNW surface is covered with the 

contacting electrode material. The contact area A^ is then this circumferential length
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multiplied by the electrode widdi. From the 2-point and 4-point measurements of the 

GeNW devices, and with the knowledge of the contacting area the specific contact

resistivity values p^-can be calculated and are shown in Figure 6.10 as a function of

GeNW diameter. It should be noted that in all the devices the source- and drain- 

contacts represent two Schottky barriers, which are in series, but back to back. That is, 

when one is forward biased the other one is reverse biased and will give the largest 

contribution to during a measurement. Therefore, can be approximated by

assuming that the experimentally found contact resistance ~ {cf. section 3.3). 

Thus, for Au contacts, the contact resistivity was found to be ~ 0.01 to 0.14 Qcm^. 

The Pd electrodes resuh into a significantly higher p^ 'm the range of 0.95 to 8.12 

Qcm̂ .

Pd

(N

Au

10' '

100) 60 

diameter (nm)

Figure 6.10 Specific contact resistivity values, p ^ , for Pd- and Au- 
contacted GeNW devices.
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These extracted values of the specific contact resistivity are basically

determined by the interface quality and the Schottky barrier height (c / Chapter 1). 

However Ge usually shows strong Fermi level pinning. Hence, the here presented 

data may represent an indicator for some Fermi level-pinning alleviation in nanosized 

Ge. This is supported by nothing that the workfiinction for crystalline palladium is 

5.12 to 5.4 eV, that is up to 0.3 eV higher than the work function o f Au (4.67 to 5.12 

eV). The work-fiinction of polycrystalline Au is 4.8 eV and assuming that the work- 

flinction o f polycrystalline Pd is also around 0.3 higher, Pd-contacts then result in a 

higher Schottky barrier than Au-contacts in the case of GeNW.[133, 134]

The TEM cross-sections of the contacts may provide same indicator for the 

difference in when using Pd or Au. In case of GeNW/Au-contacts the TEM cross-

sections show a structurally well-defined contact-interface and narrow intermixing 

area. This is supported by Yamane et a/.[135] who studied the effects o f atomically 

controlled interfaces on Fermi level pinning at metal/Ge interfaces. He found on 

epitaxial grown contacts that the quality o f the interface is essential. In this work 

publication it was shown on the wafer-scale, that the contribution of dangling bonds 

and metal-induced interface states are critical for the contact, that is, the charge 

transport through the interface. In contrast, the GeNW/Pd contact-interface region 

shows strong diffusion of Pd into Ge. In the TEM images a far wider undefined 

amorphous area is found at the GeNW interface region than for Au for which the 

EDX line scan measures an area of around 20 nm. In Appendix A13 the same 

phenomena could be detected on the Pd/Ge-wafer interface area. That is, an additional 

amorphous Ge layer, which is probably generated by the Pd diffusion itself, may form 

{cf. schematic in Figure 6.11). Assuming the resistivity o f amorphous Ge to be about 

of 3 Qm [136] together with the geometrical circumstances o f the present contact-
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jayout ar^^Q ^icted in Figure 6.11 one can attribute an additional resistance o f 3 MQ 

due to the amorphous Ge layer. There Rc* is the contact resistance created by 

contacting, and Rhyer is the resistance of the amorphous layer generated during 

contacting. However, this 3MQ, more precisely, 6 MQ since measuring in 2-point 

arrangement, is too small to account for the difference in the experimentally measured 

for Au and Pd (1 to 2 orders of magnitude). One may speculate that the two

interface resistances between metal and amorphous Ge and between amorphous Ge 

and GeNW are mainly responsible for the total contact resistance observed.

Figure 6.11 Pd contacted GeNW with amorphous Ge as interface layer.

It is still interesting to elucidate why this amorphisation happens with Pd and not 

with Au. The diffusion o f Pd into Ge is well established, and may introduce a 

defective contact interface between the electrode and the GeNW.[137] This is also 

supported by the work of Nakayama et al. on silicide and germanide formation.[138] 

He suggested a different intermixing mechanism for Au (11* column o f the periodic 

table o f elements) and Ni (12**’ column of the PTE). Pd is also an element o f the 12'*’ 

column. In this work it was discussed, that Au penetrates into Si and forms random 

intermixing areas because o f the Au’s d-orbital being fully occupied and thus no or 

very limited amount of chemical bonds are formed. In contrast Ni, as well as rare 

earth metals, produces silicide by intermixing with the Si. The silicide is realized by
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covalent bonds between metal-atom and Si and the charge transfer from the Si to the 

unoccupied d-orbital states o f metal atoms. One may assume that a similar process is 

present in the case o f Au and Pd contacts to GeNWs. The Au diffuses, though it 

seems to a very limited amount, into the Ge without forming a chemical bond with Ge. 

Consequently the crystal lattice stays intact. In contrast Pd may forms a germanide. 

With the current analysis we cannot prove the formation o f a new Pd-based 

germanide and a higher quality TEM, and a better TEM sample preparation, would be 

needed.

6.2 Contacting thin graphitic layers with Au and Pd

In this chapter we use Au and Pd contact electrodes to contact thin graphite layers. 

The specific contact resistivity and analysis of the interface morphology will be 

presented.

6.2.1 Au electrode contacts to thin graphitic layers

Thin graphitic layers (5 to 10 nm thickness) were provided by Shishir Kumar 

(group of Prof. G. Duesberg, School o f Chemistry, TCD). They were fabricated by 

CVD on copper substrates and transferred to Si02/Si substrates. The Au contact- 

electrodes were fabricated following the process described in Chapter 3 (see also 

Figure 6.12.a)). The electrodes were arranged in a rectangular regular pattem and {cf.
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6.12. b)) the electrode area was 250 x 250 each. The seperation o f two 

neightboring electodes was 150 |im.

a)

1) deposi tion  of graphitic 
layer on  SiO^

3) nnetalisation

Figure 6.12 a) Depicted process flow for contacting thin graphitic layers, b) SEM 
image of contact pads on top of a thin graphic layer showing the contact pads 
terminals T1 to T4.

To measure the value for the contact resistance, the transmission line measurement 

method was used. Figure 6.12 b) indicates the terminal nomenclature. The 

transmission-line method was described in Chapter 3 and it involves making a series 

of contacts on the nano-object separated by various distances. In the present case 

squares were used as contacts and they were isolated from the neigboring contact 

rows by simply scratching with a micromanpulator needle. The resistance measured 

between different pairs o f contacts is the sum of both the contact resistance and the 

resistance of the film between the contacts. Assuming that the film resitivity as well 

as the contact resistivity are not changing, the resistances measured between different 

pairs o f contacts plotted versus the contact seperation provides a measure of the 

contact resistance at the intersect with the y-axis. Figure 6.13 a) shows an example of 

2-point //^-characteristics and Figure 6.13 b) shows the 2-point resistances versus 

their electrode separation.
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Figure 6.13 a) 2-point //^''-characteristic of an Au-contacted thin graphitic layer. The 
kink in the measurements is due to instability of the source meter at 0 V. b) Total 
resistance plotted versus electrode-separation. For the transmission line method, the 
total double contact resistance is given by the intercept with the y-axis.

The extracted total contact resistance for Au/graphite interface found is

R c  =  6000 Q ± 400 Q

assuming that the contact resistance o f each contact to the graphite film is the same. 

Then specific contact resistivity p c  can be approximated to be

p c =  3.7 X 1 0 '''Q m ^ ± 9 .0 x  lO'^tim^

using a contact pad size o f 250 x 250 pm^.

To access structural information on the contact-interface region morphology the 

Au/graphitic layer contact, TEM cross-sections were produced and imaged together 

with a chemical composition mapping by EDX. The top-view SEM image o f  a 

measured sample which was cross-sectioned in the area o f a contact-pad is shown in 

Figure 6.14 a). The circle indicates the area at which the TEM cross-section was taken 

(Figure 6.14 b)).
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Figure 6.14 a) SEM image of the Au contact-pad on top of a thin graphitic layer. The circle 
indicates the area at which the cross section TEM sample was taken, b) High resolution TEM 
image of the Au/graphitic layer contact-interface. The yellow arrow on the side indicates the 
location and scan direction of the EDX line scan (see Figure 6.8).

The Au contact in Figure 6.14 a) shows a specific roughness which may be not 

correlated to the irregularities o f the graphitic layer. The irregularities o f  the graphitic 

layer is attributed to the seed grains o f catalytic metal during the CVD growth and the 

folding o f the layer during transfer onto the Si02/Si substrate. Figure 6.14 b) shows 

the TEM cross section o f the Au/graphitic layer interface. Layers o f  the graphite are 

clearly visible. In the Au-layer small crystallites are observed with a size o f  several 

nanometers. Interestingly, a well-defined interface was observed at the Au/graphite 

interface. The EDX line scan (Figure 6.15) supports this observation. The region until 

the Au EDX signal subsides is only 2 nm wide. However, since the graphitic layer is 

only 5 nm thick, the 2 nm EDX signal could be associated with the beam-broadening 

due to the Au, although the beam broadening due to Au would be expected to be 

around 8 nm. A possible reason for this alleged discrepancy is the circumstance that, 

for the present samples, the TEM sample thickness is usually only roughly measured 

but the beam broadening following equation 3.13 depends on the sample thickness. 

Thus the discrepancy could be due to the circumstance that the effective thickness o f
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the layered structure is smaller than the nominally measured one. It has to be noted 

that for all EDX linescans through interfaces the thick dependency of the TEM 

sample has to be kept in mind. The constant EDX carbon signal in the spectrum is due 

to carbon contamination during the spectrum acquisition.
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Figure 6.15 Element analysis line scan (EDX) spectra through the 
Au/Graphite contact interface along the line in Figure 6.14. The 
carbon EDX spectrum is distorted by carbon contamination during 
the spectrum acquisition.

6.2.2 Palladium electrode contacts to thin graphitic layers

Pd has been reported to be a good contact material for SWCNTs and is thus a 

natural choice for contacting o f the graphitic layers. 30 nm of Pd was sputtered on top 

of the layer, following the same process as for Au contacting (section 6.3.1). To 

determine the contact resistance, again the transmission line measurement method 

was used. Figure 6.16 a) shows the measured 2-point //F-characteristics between 

contact pads and in Figure 6.16 b) resistances are plotted versus the contact-pad 

seperation.
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Figure 6.16 a) 2-point 7/F-charateristics b) 2-point resistance plotted versus contact- 
pad separation for contact resistance estimation by the transmission line method.

The extracted total contact-resistance for these structures was found to be

Rc = 750 Q ± 60

and the resulting specific contact resistivity yields

/>c= 4.7 X 10*̂  Qm^±2 X 10'^

assuming again that the contact-resistance is the same for all Pd/graphitic layer 

interfaces. That is, for Pd-contacts seem to be by 1 to 2 orders o f magnitude lower

than for Au-contacts. Noteworthy, the situation appears to be the reverse o f the 

GeNW case.
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Figure 6.17 a) SEM image of the Pd contact pad on top of a thin graphitic layer. The white 
circle indicates the area of which the cross section TEM was taken, b) High resolution TEM 
image of the Pd/graphite contact-interface. The yellow arrow on the side indicates the 
location and scan direction of an EDX line scan. Small Pd crystallites within the graphite are 
visible, indicating a rather strong diffusion of Pd into the graphite layer in contrast to Au- 
electrodes.

The Pd electrode surface on the top part o f Figure 6.17 a) shows irregularities 

pressing through the metal film fi-om the underlaying carbon layer. The irregularities 

in the carbon film stem from its transfer on to the substrate and the growth process. 

Figure 6.17 b) shows the HRTEM image o f  the interface cross-section o f  the 

Pd/graphite layer. On top, the Pd layer is observed and the graphitic layer underneath 

is clearly visible showing a layered structure. However, in comparison to the Au- 

electrodes, the interface o f the Pd/graphitic layer is structurally less well-defined and 

amorphous regions are observed, too. Even small crystallites o f  Pd are observed 

within the graphitic layer. It should be emphasised that the observation o f  the Pd 

lattice structure proves that the amorphisation is not an artefact o f  poor focusing. The 

material analysis EDX line scans in Figure. 6.18 shows that the Pd signal decreases 

over a width o f  about 10 nm. The graphite layer is nominally 5 to 7 imi thick. The 

beam broadening o f  the electrons while interacting with Pd can be estimated to be 

around 4 nm. Thus, the spread o f  the Pd EDX signal indicates Pd diffusion o f  fijll
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incident beam of the TEM
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Figure 6.18 EDX spectra accross the Pd/graphitic layer contact-interface 
region along the line in Figure 6.17. The carbon EDX spectrum is 
distorted by carbon contamination during the spectrum acquisition.

6.2.3 Comparison o f  the metal contact to thin layers o f  graphite

Ngo et al. examined the mechanism of electron transport across the metal- 

MWCNT interface. [139] Since MWCNTs consist of concentric rolled up single 

sheets o f graphene one may assume that we have in our experiments comparable 

conditions at least in the limit o f large diameter (> 20nm) MWCNTs. Extrapolating 

from this work the transport mechanism across a metal-graphite junction is explained 

as tunnelling across an energy barrier, which arises from the separation between the 

metal and the graphene layer. [140]
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Figure. 6.19 Sketch of the energy band diagram for metal-graphite interface assuming 
MIM junction conditions where 0 j  is the energy barrier height and E f au  is the electrode 
work function), a) For graphite/Au interface and b) for the graphite/Pd interface.

Figure 6.19 shows a sketch o f  an energy-band diagram  illustrating the m etal-graphite 

junction, assum ing a m etal-insulator-m etal (M IM ) contact interface. Sim m ons,[141] 

derived a general form ula for the electrical tunnel effect betw een two sim ilar 

electrodes (both m etallic) separated by a thin insulating film  (contact interface). In 

essence the study reveals that in such system s low w ork function m aterial 

com binations suffer from  higher resistance across the interface as com pared to high 

w ork-function m aterials, the reason for this being that in M IM  structures an apparent 

electric field is introduced due to w ork-function m ism atch. C onsidering that A u has a 

w ork function o f  5.31 to 5.47 eV , Pd one o f  5.22 eV  and graphite w ork-function o f  

4.77 eV one finds a difference o f  SBH (A u/graphite)=  -0.58 to -0 .7 4  eV, SBH 

(Pd/graphite)=-0.49 eV  in case o f  crystalline contacting m aterials.[134] This 

corresponds to the circum stance, that the m easured contact resistance o f  Au is higher 

than the one for Pd. Based on the TEM  cross-section it is evident that w orkfunction 

difference can ’t be the exclusive factor in determ ining the differences in contact 

resistance. The quality o f  the contacts fabricated m ust also be considered when
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interpreting the resuhs. The TEM images of the metal/graphitic carbon contact- 

interface show interface differences whether Au or Pd is used. Au does not seem to 

penetrate into the graphitic layer and forms a well-defined interface, however Pd 

penetrates into the carbon layers. This overall structural behaviour is analogous to the 

one observed in GeNWs. The TEM cross-section show that Pd crystallites penetrate 

around 4 to 5 nm into the graphitic layers. Taking 0.34 nm to be the layer to layer 

separation, this correlates to around 10 to 12 single graphene layers. [142] Since the 

Pd penetrates deeply into the graphitic layer the possibility exists that several single 

graphene layers are contacted directly in parallel in addition to layer by layer 

tunneling. Therefore the effective contacting area can be approximated to be 10 times 

larger than the nominal geometric contact area. Considering that for the two metals 

the specific contact resistivity is different by about one order of magnitude the TEM 

cross-sections suggest that the real for Au and Pd to the graphitic layer is similar.
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Chapter 7. Pyrolysed photoresist as contact electrodes 

to thin graphitic films & multi-walled carbon 

nanotubes

The following chapter describes the characteristics of carbon contacts made from 

pyrolysed Az Nlof2070 resist to thin graphitic layers and multi-walled carbon 

nanotube bundles. The goal was to investigate if the use of carbon-based electrodes 

lead to a lower contact-resistance (specific contact resitivity) compared to graphite- 

derived structures than metal electrodes.

7.1 Carbon-based contacts to thin graphitic layers

Large area contact electrodes were defined using optical lithography as described 

in section 3.1.2. Figure 7.1a) shows a top view of a carbon-based contact electrode on 

top o f a 5 nm thick graphitic thin film layer which was grown by CVD on nickel films. 

The dark black area (A) is the pyrolysed photoresist film (PPF) serving as contact- 

electrode. The carbon based contact-electrode shows a smooth surface {cf. Chapter 4), 

which is different to the Au and Pd electrodes found in Chapter 6 (see Figure 6.3 and 

Figure 6.7). Although the comers of the carbon based electrode exhibit a smooth 

border, it is less well-defined compared to Au and Pd electrodes. The grey area 

(marked B) is the thin graphitic layer on top of the substrate. The small ribbons
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(marked C) are surface modifications o f the graphite layer which may stem from both, 

the CVD growth process and/or from the transfer process o f the thin graphitic layer 

onto the Si02/Si substrate. The TEM image in Figure 7.1 b) shows the interface 

between the PPF and the graphitic thin film layer (A) on top o f  the substrate. The 

TEM sample was prepared within the white circle area in Figure 7.1 a). The area (D) 

is the Si02 substrate. The black and white ribbon-like structures (C) are cross

sectioned layers o f the deposited graphitic thin film, on top o f  which is the pyrolysed 

photoresist layer (A).

pyrolised photo  
resist (contact pad)

graphitic layer

Figure 7.1 a) SEM image of pyrolysed Az Nlof2070 resist contact electrode (dark area, (A)) 
on a graphitic thin film layer (C)) . The white circle indicates the location where the TEM 
sample was prepared from, b) TEM cross-section of the pyrolysed photoresist layer (A) on 
top of a thin graphitic layer (C), on top of a Si02/Si substrate (D). The red arrow indicates the 
direction of the elemental EDX analysis (Figure 7.2).

From a structural viewpoint the contact interface between the pyrolysed contact 

electrode and the graphitic layer connot be clearly distinguished ( c /  Figure 7.1 b)); it 

is located between the markers (A) and (C). Figure 7.2 shows the EDX line-scan 

following the arrow indicated in Figure 7.1 b). From left to right, up to about 20 nm in 

relative positions. Si, O, C and Ni were detected. These reflect the Si02 substrate with 

Ni residue from the CVD fabrication, and C generated by hydrocarbon deposited
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through the T E M  electron-beam itself. Beyond 20 nm, only carbon is observed. There 

are two reasons for this; frst, the resist consists o f carbon and no difference is 

expected between thin graphitic layer and resist, and second, electron-beam scanning 

creates carbon contamination. The increase o f Si and O above the relative position 60 

to 70 nm is attributed to a Si02 protection layer used during T E M  sample preparation.

Figure 7.2 EDX line-scan spectra across the carbon- 
clectrode/graphitic layer interface. The carbon EDX 
spectrum is distorted by carbon contamination during the 
spectrum acquisition. The Ni (red) contamination is due to 
sample preparation and is observed on top of the Si02 
surface.

Following the transmission line model, 2-point measurements were peformed to 

extract the contact resistance o f these all-carbon devices. Figure 7.3 a) shows the 2- 

point //^-characteristics, and Figure 7.3 b) shows the resistance plotted against 

electrode-separation.

160
graphitic film PPF

protection
layer

0 10 20 30 40 50 60 70

relative position [nm]
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Figure 7.3 a) 2-point //F-characteristic from different pairs of contacts, b) 2-point 
resistance versus electrode seperation.

The electrical measurements reveal ohmic behaviour. The measured /o/aZ contact- 

resistance found was;

i 9 5 o n ± 4 o o n

Assuming again that the contact-resistance is the same for all contact-eletrodes and 

the graphitic film conductivity is not significantly changing in lateral direction, the 

specific contact resistivity can be estimated to be

1.10 X 1 0 '^ Q m ^ ± 2 ,0  X IQ-^nm^

where the contact area is 250 x 250 |Lim̂ .

7.2 Contact properties o f carbon electrodes defined on a multi-walled 

carbon nanotube bundle and on a individual multi-walled carbon 

nanotube

The MWCNTs were synthesised by thermal CVD on a prestructured substrate and 

contacted with the pyrolysed resist electrodes following the procedures in chapter 3.
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t MW NT bundle

b)

• 0  3  0  2 0  1 0  0

voltage [V]

0 2 0 3

Figure 7.4 a) SEM image of a flattened large multiwall MWCNT-bundle. The carbon 
electrodes seem to penetrate into the large bundle. The black circle indicates the area 
from which the TEM cross section was prepared, (c/ Figure 7.5) b) 2-point and 4-point 
/r-curves of the carbon contacted MWCNT bundle, with a 2-point resistance of 8500 Q 
and a 4-point resistance of 348 Q (black curve)

In the SEM image shown in Figure 7.4 a) the carbon electrode contacts to a large 

M W CNT carbon nanotube bundle is depicted. Figure 7.4 b) shows the I/V- 

characteristics o f the 2-probe and 4-probe measurements. The 2-probe resistance was 

found to be about 8500 Q (green and red curves) and the corresponding 4-probe 

resistance was 348 Q (black curve) in Figure 7.4 b).

The TEM cross-sectioning o f carbon-based-electrode/M W CNT-bundle contact- 

interface was carried out at the position indicated by the black circle in Figure 7.4 a). 

Figure 7.5 a) shows an overview o f a cross-section through the layer stack. The 

MW CNT bundle is located on top o f  the Si02/Si substrate. The area o f  interest, (the 

carbon-based-electrode/M W CNT-bundle interface) is located in the centre o f  the 

image and the small black dots are the individual MWCNTs. On top o f the image a 

thin layer o f  SiO: and the ion-beam deposited Pt protection layer is visible.
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a) Vacuum

^  protection layer •

pyrolised photo  
resist electrodes 
+MWCNT bundle

SiOj

Si - Substate 
300 nm

MWeMT
pyrofisedphbto
resist

Figure 7.5 a) Overview of a TEM cross-section of a carbon-contacted MWCNT- 
bundle. The Si substrate is followed by a SiO^ layer. MWCNT-bundle is embedded 
in the pyrolysed photoresist. The black spots indicate individual MWCNT within the 
bundle. The pyrolysed resist continiues without MWCNTs to the left o f the image. 
On top o f this, a Si02 layer was deposited to optimize the contrast conditions in the 
TEM image. Finally the Pt protection layer is visible, b) High resolution TEM image 
of cross-sectioned MWCNTs embedded into the carbon matrix o f the PPF. The 
cross-sectioned MWCNTs appear as elhptical rings: these are the muliple walls of 
the nanotube. The elliptical shape o f the MWCNTs is assumed to be due to the 
shrinking of the pyrolitic resist film during pyrolysis.
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In Figure 7.5 b) a high resolution TEM image is shown with the cross-sectioned large 

MWCNT bundle embedded in the carbon-based electrode material. The walls o f the 

individual MWCNTs appear mostly as concentric layers o f dark bowed fringes, 

(indicated by arrows). A higher amount of defects are observed in the outer layers of 

indvidual MWCNTs, nevertheless the main structure remained intact, hence, 

pyrolysed resist does not seem to act invasively on the overall MWCNT structure. 

Figure 7.6 a) shows the STEM image o f MWCNTs whithin the PPF matrix. The 

STEM mode o f the TEM uses the HAADF detector in the backplane o f the object, so 

only scatterd electrons are used for imaging. The central area of the MWCNTs was 

found to remain black, which indicates that there is no material from which electrons 

can be scattered, therefore pointing towards a hollow MWCNT core.
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Figure 7.6 a) STEM image of a MWCNTs embedded into the PPF matrix, b) Plasmon-loss 
spectra from the center-area of a MWCNT.

That the MWCNTs are indeed hollow as confirmed by the EELS spectrum at the 

center area: The EELS spectrum contains features that result from the exitation of 

phonons, plasmons, valence-electrons and inner-shell electrons in the sample by
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elastically and inelastically scattered electrons. This spectrum contains a large peak 

related to electrons which still have their initial energy (zero-loss peak) and two major 

types o f excitations; the low energy-loss reinge (plasmon-type) exitations in the 5 to 

40 eV range, and the core-loss range where characteristic ionization edges are 

superimposed on a monotonically decaying background. The main peaks in Figure 7.6 

are the zero-loss peak at 0 eV and the low-loss region (<50 eV) also called the 

plasmon peak. The later is typically observed in materials with “weakly bound”, that 

is “quasi-free” electrons. The non-monotonic shape of the zero-loss peak would 

indicate an intensity drop at 0 eV. However this is due to an increase in intensity 

where the detector sensitivity is out of range, i.e overflow, giving false readings in 

this energy range. This high intensity at about 0 eV indicates the absence o f any 

signifcant amount o f matter with which the incident electons could interact, hence 

suggesting a hollow MWCNT. Having now established that the pyrolysis o f the 

carbon electrode does not affect the structure o f a MWCNT, samples with individual 

MWCNTs were prepared, and their electrical response was measured.

6

4
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Figure 7,7 a) SEM image of a contacted MWCNT with a pyrolysed-resist electrode, b) 
Associated 2- and 4-point measurements indicated in the graph by 2p and 4p.
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In Figure 7.7 a) an SEM image o f  a MWCNT contacted in 4-point configuration 

with carbon-based electrodes is shown. Despite the previous proof o f feasibility using 

PPF as electrodes for M W CNT’s the sample preparation revealed a number o f 

difficulties: Firstly, resist residuals o f the lithographic process tended to short-circuit 

the electrodes. Secondly, due to the sensitivity limit o f  the Az N lof 2070 resist, the 

minimum distance between the electrodes required was 1.5 |am. Consequently, only 

MWCNTs longer than 8 jam are suitable to carry out 4-point measurements. In the 

present work a total o f four samples could be prepared in 4-point configuration. The 

corresponding structural information and electrical properties are shown in Table 7.1.

T able 7.1 Structural and electrical data o f carbon electrode (pyrolysed resist) 
contacted MWCNTs. Again it is assumed that the contact resistance o f each contact 
electrode is the same in a given device. The contact area was determined from SEM 
images.

4-point
resistance
[kn]

2-point
resistance
[kn]

MWCNT
diameter
[nm]

Total contact 
resistance R c  
[kSl]

Contact resistivity 
Pc[nm]

A2 716± 1 1863 ± 4 50 ±5 21 ±3 2.4 X 10‘"± 2  X lO'*"

A4 318±9 2164 ± 6 56 ± 6 620± 80 1.7 X 10 ''±2 X lO'*
B3 16980±40 59100± 

200
70 ± 7 4000. ±  600 7.2 X 10 '± 7  X lO "

Cl 124 ±2 408,5±0.5 30 ± 5 11 ±2 9.2 X 10-‘°± 2 x  lO'"

7.3 Palladium electrode contacted MWCNT

Pd electrodes were defined on top o f  individual MW CNTs following the procedure 

described in Chapter 3. Figure 7.8 a) shows an example o f  a Pd-contacted MWCNT. 

In Figure 7.8 b) the corresponding electrical data at room temperature are shown. The 

measured //^-characteristics are linear as in the case o f  carbon-based electrodes.
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however, the overall noise level seems to be significantly smaller. This indicates that 

Pd electrodes produce electrically more stable contacts than PPF electrodes. Four 

samples were investigated and the associated structural characteristics and electrical 

properties are summarised in Table 7.2.

2^m

 E2 4pn t
E2 2pn t 
D2 4pn t 
D2 2pn t 
83 4pn t 
B3 2pnt
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Figure 7.8 a) SEM image and b) 2-point and 4-point //F-charteristics of Pd contacted 
MWCNTs.

Table 7.2 Structural and electrical data of Pd electrode contacted MWCNT samples, 
contacted with Pd-electrodes. Contacted-area determind by SEM imaging, and assuming that 
the contact-resistance per electrode is the same in each device. ______________________
it 4-point

resistance
[kfi]

2-point
resistance
[kn]

MWCNT
diameter
[nm]

Contact 
resistance 
Rc [kfil

Contac- 
resistivity pc 
[Om]

B3 34.160± 0.07 114.9 ± 0 .2 50 ± 5 6.3 ± 0.6 1.06 X 10-''± 1 X lO'*"
D2 46.480± 0.01 294.0 ±6 70 ± 7 64 ± 6 1.56 X 10‘**± 1.5 X lO'"'
E2 107.9 ±0 .1 323.64

±0.06
40 ± 5 12.0 ± 1.5 1.51 X 10‘'-'± 1 X 10‘‘"

Figure 7.9 a) shows a HRTEM image o f  a Pd contacted MWCNT. Pd is observed 

at the top o f  the image showing clearly single lattice fringes o f the polycrystaline Pd. 

The circular fringes below the Pd reveal the cross-section o f an onion-like shape o f  

the MW CNT cross section.
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Figure 7.9 HRTEM image of the Pd/MWCNT contact-interface. Clearly the 
lattice fringes of the Pd crystalites are observed showing that the image is 
well focused.

As observed previously when defining Pd contacts to thin graphitic layers {cf. 

Chaper 6) Pd tends to penetrate into the multi layered carbon-structure. That is, no 

well-defined contact-interface can be identified. The penetration of the Pd into the 

MWCNT in this sample is about 4 nm, which corresponds to about ten concentric 

layers.

The total contact resistance o f Pd to MWCNTs was found to vary between 12 kD 

and 128 kQ, whereas the total contact resistance for carbon-contacted MWCNT is 

between 40 kQ and 8000 kfl. The specific-contact-resitivity varies from 10'^ to 10'^ 

and 10'* to lO '̂  Qm for pyrolysed resist and Pd electrodes, respectively. One may 

speculate that die shrinking of the carbon electode during pyrolysis, squeezes the 

MWCNT and may cause the opening and/or widening of the energy-gap o f the
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MWCNT (if semiconducting). However, if a significant bandgap had opened one 

would have expected the 2-point characteristics to show a non-linear behaviour. This 

is not observed, hence, one can exclude this mechanism as the reason for the 

difference in for Pd- and carbon-electrode-contacted MWCNTs. One may

speculate that a parallel contacting of several layers of the MWCNT using Pd- 

electrodes may lead to an apparent lower compared to pyrolysed resist electrodes.

However, this would at best change p  ̂ by an order of magnitude and thus still not

account for the /o^-value range found up to two orders of magnitude higher when

using pyrolysed resist electrodes.
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Final remarks and conclusions

One main task of this thesis is to analyse differences in the contact properties 

between various types of nano-objects using different electrode materials. For this it 

was needed to develop a stable and reproducible technology to allow the contacting of 

nano-objects in a reproducible way. A wide range o f strategies and technologies were 

evaluated, analysed and implemented.

Regarding deposition o f single GeNW it was found tliat the drop-cast method 

out of a solvent is the best for deposition. A spray method was on the other hand 

found to be best suited to multi-walled carbon nanotube deposition. For electrical 

contacting sputter deposition was used providing a balance between the very invasive 

focused-ion-beam metal-deposition approach and the comparably gentle approach of 

evaporating electrode material using an electron beam. In addition, a combination of 

pyrolysis and electron-beam structuring of an electron-sensitive resist was developed 

create carbon based electrodes to multi-walled carbon nanotubes (MWCNTs). The 

pyrolysed resist material was analysed using a range o f methods like optical and 

electron microscopy, scanning probe microscopy, Raman and X-ray spectroscopy.

The analysed non-electron-beam exposed pyrolysed resist films showed a glassy 

carbon-like structure, uniform over large areas. When, in addition, electron beam 

exposure was employed it was found that the chosen resist material can be structured 

and used as conductive electrode material. The inner structure o f the exposed film 

appears to be different from that of the unexposed films, showing two structurally 

different layers, which may be attributed to the presence o f the substrate.

In a TEM cross-section, a graphitic structure in the close vicinity of the substrate was 

observed. It is described with a pre-alignment before graphitization. The resistivity of

114



Final remarks and conclusions

the exposed structures was found to vary from 1.2 x 10'  ̂Dm to 5.0 x 10'  ̂Qm.

Further, the electrical and structural properties of metal contacts to GeNWs 

and to thin graphitic layers were studied. The contact resistivity and the morphology 

of the contact interface were analysed, where Au and Pd were used as contacting 

material. The contact resistivity of the Au/GeNW was found to be an order of 

magnitude lower than the contact resistivity of Pd/GeNW. The electrical data revealed 

for Pd contacts a strong rectifying behaviour, whereas for Au contacts this was not 

observed to the same extent. This indicates that drift and diffiasion currents dominate 

the charge injection in the first case, whereas in the second case also tunnelling 

currents contribute. In the Au case the morphology of the contact interface region 

shows a clean crystalline interface, however a larger amorphous region in the case of 

Pd/GeNW was found. The same interface morphology was found in the case of both 

Au and Pd on single crystalline Ge substrates. The difference in interface quality 

matches generally with the difference in the electrical contact properties.

Similarly, the Au and Pd interface with thin graphite layers was analysed. 

Here the contact resistivity of Pd was found to be a factor of 10 better than for Au. 

The cross-section morphology however shows an analogous result as in the case of 

GeNWs. The interface area to Au is clean with crystalline graphite structures present. 

In the case of Pd, the graphite structure is eunorphous, i.e. the Pd is penetrating the 

layered structure of the graphitic film. The same situation was observed in the cross- 

section of a Pd contacted MWCNT. The current flow through metal/graphitic layer 

interface was discussed within the framework of a metal-insulator-metal contact. In 

this case the charge injection is through tunnelling, where the bigger the workftinction 

difference the larger the tunnelling current due to built-in electric fields in the junction. 

Consequently Au should be the better contact material, which however was not
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measured. Based on the structural analysis, the penetration of Pd into the graphitic 

film may lead to the in-parallel contacting of different layers of graphene and 

therefore a difference in the contacting area is apparent which indicates that Au and 

Pd are equally suited for contacting carbon based nano-objects.

Finally conductive carbon electrodes were applied to thin graphitic films and 

MWCNTs. The interface morphology was found to be clean, that is no resist seems 

penetrate the graphitic layer o f the MWCNTs. In both cases linear (ohmic) current 

/voltage characteristics were found. However the measurements showed a large 

scattering of the contact resistivity values, which is probably due to technological 

difficulties in the contacting process or the non-crystalline structure of the pyrolysed 

resist, and possibly mechanical strain induced when the resist shrinks during pyrolysis. 

The latter was observed in TEM images of cross-sectioned carbon contacts on 

MWCNT. For comparison, experiments with Pd contacted MWCNT were performed. 

The contact resistivity was found to be lower than for the carbon contacts. However, 

the Pd is penetrating into several shells of the MWCNT.

Regarding Ge nanowires the correlation of contact resistivity and contact interface 

region morphology (using Au and Pd electrodes) was demonstrated to be the 

approach o f choice to analyse charge-injection performance in nano-sized devices and 

this needs to be carried out for any serious development and integration of 

(semiconductor) nanostructures into functional devices.
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A l. Test chip layout 

As part o f this work a test chip layout was developed and implemented. The layout 

was designed using a GDS II editor which builds a data platform that can be handled 

by mask manufacturers. The test chip design and the actual mask is made for optical 

lithography and builds the first layer of the numbering and alignment mark system for 

the contacting of nano-objects.

The mask is designed to provide a marking system to identify locations o f nano

objects while using optical microscopes, scanning electron or atomic force 

microscopes. The test chip contains next to the optically visible numbering system 

also a set o f alignment bars and marks needed for electron beam lithography. The test 

chip layout exists as a mask for optical contacting exposure and fabrication o f actual 

chips and as “virtual” mask as layout in the E-beam pattern generator. These layouts 

are matched for contacting to the physical chip. To design the chip several 

requirements need to be taken care o f

1) The orientation of the chip should be visible with bare eye

2) The numbering system should be visible in optical and scanning 

electron microscope

3) The fabrication process should be as easy and stable as possible

4) The size of the structures needs to be adapted to the peas rformance of 

the optical lithography process or vice versa.
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5) The orientation o f the chip should be possible also in higher 

magnification

6) The marks should be adaptable to the e-beam lithography and optical 

lithography

7) The chip needs to be in the size that it can be easily adapted to 

following processes, like dicing, bonding or down sizing for chip 

carrier in low temp measurement systems.

0.75 mm

1 mm ( 0 10) d e s ig n  origin

Figure 8.1 Overview of the Test chip layout for contacting 
nano-objects. With large orientation bars for visual eye 
alignment and coordinate adjustment in the electron beam 
lithography system
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A • - A

V

■lu

200 (im
Figure 8.2 M agnified layout. The large alignment marks give orientation and have the size 
o f  50 |im. The numbers have a with o f 4 |im  and a size o f  20 ^m. The distance between the 
layouts is 750 ^m. The small crosses in the middle are the alignment crosses for E-beam 
lithography their distance is 50 ^m  in size. The 10 |im the bar width is 2 ^m. The layout 
exists in several slight modifications with and without contact pads and with and without 
contacting leads.

A2. TEM Cross section using ion thinning after 
mechanical pre preparation

For investigations o f inner interfaces in Transmission Electron Microscope a cross 

section sample is needed. In the cross section image the layer system of the inner 

interface layers can be made visible. A TEM cross-section sample has to follow 

certain characteristics. It needs to be thin enough for being electron transparent and its 

sample size needs to be 3 mm for it to be suitable for a standard TEM sample holder. 

To fabricate a cross section in a standard way the substrate is scratched on the surface 

and cleaved over an edge. The resulting pieces are glued together to from a small
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parcel. The interesting interfaces are now located in the middle of the parcel. The 

parcel is cut into small stripes and embedded using epoxy (Gatan G l) in a small metal 

tube so that the interfaces are in the middle of the tube. The sample diameter is the 

same to that of the outer diameter of the tube 3mm. Small slices are then cut out of 

this filled tube. The metal ring stabilizes the sample so the sample can now be treated 

as a full material sample, and thinned and ion polished. The slice is thinned down to a 

thickness of around 120|am and dimpled from both sides. During dimpling, a sheer 

segment is removed and leaves a 20nm rest in the middle of the sample. Further 

thinning is done using the small angle milling technique with Argon ions (E= 5 kV) 

till the sample becomes electron transparency. [143]

S>mm

1) Substra te  scratching 
the  surface

2) Face to  face  gluing of the  
substra tes  and sawing 
stripes

I
c

3) Ennbedding the  str ipe  into a 
small tube  filled with glue

4) Sawing small slices of the  
tube  and thin till 120 (im

5) Sphere  thinning of th e  slice 
to a thickness of 20nm

6) Ion millling till e lectron 
transparency

Figure 8.3 Process flow for the fabrication of a classical 
prepared TEM cross-section sample.
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A3. TEM sample preparation in-situ lift out using a focused ion beam

A  more elegant method for TEM sample preparation techniques using FIB, and 

lift-out techniques have been published.[144] -[145] The FIB lift-out technique allows 

thin membranes to be extracted from bulk Material. This technique is very successful 

in the preparation o f  site-specific cross-sections and planar samples. Although TEM 

sample preparation can be automated by using scripts and macros, the best accuracy is 

achieved if  the m illing is done manually with direct SEM observation. (Keep in mind 

that an automated process is a blind process.) In the first step, the sample is milled 

and polished from the front side under continuous SEM inspection control until the 

detail o f  interest is observed. In the second step, the sample is rotated by 180°, and the 

backside o f  the sample is milled and polished under continuous SEM inspection 

control until the desired thickness is achieved Fig 8.3.[146],[147],[148],[149]. The 

process in described in more details in figure 8.4.

1 ) Insert the sample and place the stage on 10mm 
Auriga Dual beam  system  at Working distance

CRANN
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2) Find the eucentric point by tilting 
the stage and move the M-axis.

3) Find the coincident point by moving the z-axis . SEM and 
FIB image show the same position. (5mm)

I

4) Stage at 54 mill wedge shaped 5) Stage at 10°, Release the 
boxes with lOnA and 2nA. formed lamela from the

substate.

6)Insert gas injection system 
and Micro 
manipulator needle

7)Glue the needle to the Lamella 8) Lower the stage and move the 9) Glue the lamella to the 
needle and lamella to the Grid TEM grid by ion beam

induced deposition with 
20pA
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10) Cut the needle using 2nA 10) Tih the stage back to 54° 11) TEM lamella in TEM
Thin the sample till electron 
transparency using Probe 
currents of 20 to 5pA.

Figure 8.4 Description of the process steps for a TEM lamella lift out using a Dual 
beam system.

A4. Electron beam lithography

To contact and fabricate structures in the region below 100 nm there are only a few 

methods. One method is to structure at the atomic scale by the manipulation of 

material using scanning probe microscopy.[150-153] This technique is not practical 

due to the time and effort required. The other methods are generating structures with 

optical lithography either with direct write systems or with mask exposure. In the 

direct write systems the resolution is limited, and in mask exposure the design 

flexibility is limited. To reduce the structure size of optically generated structures, 

spacer or over etch techniques can be used. Another possible way to produce 

nanostructures and contact them is by using particle beams. Atom-, Ion or Electrons 

beams can be used for that either in a direct way like sputtering or beam induced 

deposition of material out of a precursor gas. These techniques are called ion beam 

induced deposition (IBID), or electron beam induced deposition (EBID).[154-158]
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The most popular method in research laboratories is the electron beam lithography 

with the help of resists systems. It delivers structures o f nanometres size on 

individually chosen positions on the substrate. Electron lithography is a well- 

established process in semiconductor technology, especially for template and mask 

fabrication. Electron beams can be deflected and focused using electromagnetic fields. 

Thus they can be used for writing, direct writing of mask structures or wafers or for 

mapping of mask structures like projection o f proximity exposure. In direct electron 

beam lithography a polymer resist layer is irradiated using a primary electron beam 

with energy of 0.2-200keV. This results in modification of the solubility o f the resist. 

By using the appropriate chemical, called developer the irradiated area can be 

dissolved, i.e. developed. This process is called exposure and in the following wet 

process, called development, the lower soluble parts are dissolved. Some o f the 

optical positive photo resists work also as electron beam resists, because the changing 

of the Diszonaphthochions in Carboxyl groups can be achieved by ebeam as well as 

by UV. In the case of Polymethymethacrylat (PMMA) and Polybutylsulfon (PBS) 

long molecule chains are ruptured by the electrons. [86] In this work electron beam 

lithography is used to define the contacting areas. This is done with two different 

resist systems positive tone resist (PMMA) a negative tone (AZ Nlof2070) which 

works by cross linking short molecular chains, and leaves over resist in the exposed 

areas.[157]With the accelerating voltages Vb used for EBL follows for the 

wavelength

( 8 . 1)

This is in the range of O.Oliun.

In this case diffraction effects following the relation n = X̂ 2 NA are neglect able
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even if  the numerical aperture, defined as sin V2 objective angle, in electron optical 

systems is 100 times larger than in optical systems.

The structure size in electron beam lithography is not only defined by the spot size, 

which can be focused smaller then 3 nm it also depends on the electron scattering in 

the resist and substrate. The electron scattering can be separated into two parts, the 

small angle scattering o f the high-energy primary electrons and the in the resist back 

scattered electrons. While the forward scattering is reduced with a higher accelerating 

voltage and thinner resist, the background scattering (proximity effect) in the 

substrate is increased [156]. This effect has to be taken into account while exposing 

narrow, low or dense structures or contacts[159].As a crude solution the proximity 

effect can be corrected with dose or structure adjustments.

When exposing contacts on nanomaterial, one must ensure that the dose is 

sufficient enough otherwise resist residuals will influence the contacting performance. 

The incident dose (D) in electron lithography is measured in units o f  C/cm^, this is 

analogous to the optical units in J/cm^.

The dose is calculated as:

=  (8 .2 ) 
A A

In this case Q is the charge deposited on the area A in the time t by the probe 

current I.

Suggesting a pixel its side width is a so its Area is that means A = tia \ where n 

means the number o f  pixels. To determine the resist sensitivity, patterns with different 

doses are exposed. The residual resist thickness is plotted against the dose. The 

sensitivity o f a negative working resist is defined as position D2 this position on

which no resist development takes place. In the ideal case the resist thickness will
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jump after a certain dose instantaneously to its max thickness. In reality there will 

always be a gradation.

The highest dose, when all the resist is removed is defined as Di Di and Diare 

defined by exploration to 0% and 100% of the maximum resist thickness.

The dilution rate of the resist is dependent on the exposure dose and is called the 

resist contrast. So one can define the resist contrast y or resist gradient is then

y =  |^o<7ioC^)| (8.3)

The steeper the contrast curves the higher the contrast. This results in steeper resist 

edges, and better resolution and more stable process conditions.

Table 8.1: Characteristics of electron beam sources
Source Brightness

A
Source size Energy

spread

[eV]

Vacuum
needs

CiJ2'̂  sr

Tungsten ~ 10̂ ~ 25 (Am 2-3 10'"’
LaBe ~ 10̂ ~ 10 lam 2-3 10'**
Thermal field 

emitter
~ 10** - 2 0  nm 0.9 lO’"

Cold field 
emitter

~ lO*" ~ 5 nm 0.22 10-10

The profile of the resist edge is a convolution of the contrast curve with the 

intensity distribution of the Electron beam.

Electron lithography systems can be distinguished by their writing strategy, raster 

scan or vector scan systems. Raster scan systems move the beam step by step in x 

direction, whereas the step size, the beam diameter and the step speed are several 

MHz. In the unexposed areas the beam is blanked. After finishing the line the beam is 

blanked about one beam diameter towards the y direction, and it is done either by 

shifting the beam or moving the stage. In the vector scan system the beam is moved
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directly using the x and y deflection to form the pattern. The exposure of the pattern 

itself is done stepwise whereas the step width is equal to the beam diameter. Some 

other electron beam systems use a variable shaped beam for exposure. Reflecting the 

beam on a square shaped aperture creates this beam shape. Deflecting the beam on 

another square aperture allows for all sorts of shapes that can be generated out of 

these two apertures.

One of the essential elements in an electron beam system is the source. It is the 

source that determines its field o f use and efficiency. In the table 8.1 some of the 

major characteristics are shown.[160] At the beginning tungsten filaments were used 

for standard electron sources. Tungsten was chosen because o f the high melting 

temperature o f tungsten, but the source is not very bright and its high temperature 

results in large energy dispersion. Thus later LaBe Cathodes were used as they have a 

lower work function so they can be operated on lower temperature, so they show a 

reasonable brightness at around 1830°C. Field emitter sources have a small Tungsten 

tip with a tip radius smaller than a micrometer. The small tip allows high electrical 

fields, which are needed for the extraction o f the electrons. Cold field emitting 

systems with its excellent properties were often used in electron microscopy. 

However, due to its instability in cases of noise and long-term drift they are not the 

preferred sources for electron beam lithography. In thermal field emission sources, the 

small tip is combined with the heating of a thermal tungsten emitter. The tip is heated 

to a temperature o f around 1530°C, so it is more resistant for gases flowing around it 

and offers stable working conditions for several months. This in combination with the 

good emission characteristics qualifies this source as an electron lithography source. 

This source is also called Schottky emitter because in this case the electrons are 

thermally exited over the work fiinction. This is similar to the Schottky effect that
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happened in the metal semiconductor contact interface.

A 4.1 Electron lithography systems in CRANN

For e-beam lithography a combination o f an electron microscope from Carl Zeiss 

and lithography unit from Raith was used, with the following technical specification. 

LaBe cathode

thermal Schottky field emission with high resolution and good beam stability 

Zeiss 3-lens electron optic

Gemini electron optic. Energy range 200eV-30kV, high resolution at low 

voltages (2 nm @ 1 keV)

2.5 MHz Pattern generator that results in a minimum exposure time o f 400ns. 

variable dose adjustments for each polygon 

GDSII Editor with Inm design resolution

Figure 8.5 Electron-beam lithography systems in CRANN (a) shows the Labe, EVO 50 
with LaBs thermal emission Gim and (b) the high-resolution system Supra 40 with a 
field Emitter.

A 4.2. Simulation o f electron scattering
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To define the optimum voltage for the exposure Monte Carlo simulations were 

performed using Casino. Casino is a specially developed software to simulate the 

interaction o f  low energy electron (0.1-30keV) with substrate material and thin 

layers[161].

The trajectories o f  the incoming electrons o f  our layer system, 300 nm resist on top 

o f  300 nm Si-oxide, were calculated. Fig. 3.7 shows typical plots o f the trajectories at 

two different voltages (5 kV, 25 kV). The simulation (Fig. 3.7(a)) shows that at least 

5kV are needed to expose 300 nm resists. On the other hand it is shown that the 5 kV 

electrons are scattered too much in the resist, so small feature sizes cannot be exposed. 

Higher energies are needed to reduce the forward scattering. However, the large 

amount o f backscattering electrons is generated in the higher voltage as shown in Fig 

3.7(b).

(a)

Figure 8.6. Monte Carlo simulation of electron trajectories in layer stack for 
different acceleration voltages 5 kV (a) and 25 kV (b). For the thermal emission 
source of the EVO system a beam diameter of 50nm was applied. This was the 
minimum diameter that was achieved by using the contamination dot method. In this 
method the beam in focused and placed on the substrate surface, due to 
contamination dot is formed.

As well as the primary electrons, the backscattered electrons also generate 

secondary electrons, which expose the resist. By reducing o f  the backscatter electrons, 

the optimum exposure energy can be determined. The Monte Carlo simulation was

3P5nm r e s i s F ^ ' . . .
3®Dm .$i)!£Q n^Qx(3  ̂ ( D) _  H I
Silicon -S u b s tra te * ..
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used to calculate the backscatter coefficients for different exposure energies. The 

backscatter coefficients depend on the accelerating voltage. It was seen that with 

acceleration voltage o f  lOkV has the lowest backscattered coefficient. At this energy 

the most o f  Primary electrons deposit in the lower layers o f  the substrate[162]. Thus 

the backscattered electrons cannot reach the resist layer, results in the higher 

resolution. Therefore the optimum voltage in our application was 15 kV. But in the 

case o f  the Zeiss Evo 50, we have to consider the combination o f  LaBs source and 

three-lens electron optics, which gives the limitations in the beam resolution. W e 

improved the resolution by increasing the voltage. Finally, in our system, 25 kV is the 

optimum voltage.

A4.3. Dose optimization

The design and position o f  the contact is defined in the layout, the data format for 

this layout is GDSII. For the stable expose conditions, the amount o f  electron doses 

has to be adjusted. When the size o f  the structure become smaller, the dose becomes 

more important since it w ill effect resist edge steepness and resist contrast.

As I discussed before the resist contrast (y) is defined as the ratio between 

dissolved resist during the development and exposure dose equation 3.3. To determine 

resist contrast, test structures with different doses are exposed and the remaining resist 

thickness o f  these structures is measured using AFM. And the correlation o f  

remaining thickness and the dose are used to get the resist contrast. Figure 3.8 shows 

the resist thickness o f  the negative resist Az N lo f  2070 depends on the dose. Fig. 3.8 

shows that the dose to clear (D i) is 5|iC. The dose for the maximum resist thickness 

(D 2) is 24|aC. A s follow ing the Equation 3.3, the resist contrast y for A z N lo f 2070.is  

1.46. This value is pretty low compared to the contrast value o f  PM M A 950 K is 9.4  

[163]. This low contrast value o f  Az N lo f  2070 proposes the difficuhies to make small

131



Appendices

and dense structures.

0. 7 -

T3 0 .4 - 
V

=  0 3 -

0.0
0 10 20 30 40 50 60 70 80 90D1 D2

exposure dose[nC]

Figure 8.7 Contrast characteristics, i.e. dissolution rate of the 
resist Az Nlof 2070 in the developer 2.38% TMAH versus dose.
Normalized resist thickness plotted linear versus the exposure 
dose.

Because o f the low resist contrast, we need to do additional test to figure out the 

optimum exposing condition. We designed the test structure having 4-line pattems 

(250 nm o f width and 1.5pm o f pitch) as shown in Fig. 3.9. W e expose the different 

dose values for the same structure. The SEM image in Fig. 3.9 shows that the 

optimum dose value is 20 pC. When we expose higher dose value, the dark area 

indicating the surface scumming due to the backscatter exposure was appeared. With 

SEM images in Fig. 3.9, we figure out the critical dimensions (CD) o f  the structure 

sizes. Fig. 3.10 shows the dose influence on variation o f  critical dimensions (CD). 

The y-axis o f  Fig3.10 is the difference between the measured CD value and designed 

CD value. As shown in the Fig.3.10, the delta CD is increased as increasing dose.
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HBB
Figure 8.8 SEM images showing the test structure. The doses are (a) 20 |j C, (b) 30 |iC, (c) 
40 ^C, (d) 60 |iC and (e) 80 |iC. The dark area in (d) and (e) indicate the surface scumming 
due to the backscatter exposure, so called ‘proximity effect’.

g) 300 -
•o

T 5
u 2 5 0 -
1
I
3 200 -
E

“O 150 -
u
M 1 0 0 -
s 'c 5 0 -

T3
U

< 0 -

20 30 40 50 60 70 80

Dose [nC]

Figure 8.9. Dose to size graph o f Az Nlof 2070. For this graph 
the design structure size is subtracted of the measured structure 
size, so we get a so-called delta cd (critical dimension).
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AS. Process overview contacting single nano-objects with metal

(a) Si-oxid/Si Substrate (b) Nanoobject (c) Position detection
drop  cast

(d) Lithography (e) Resist developm ent (f) S tructured  resist mask

(g) metallisation ( i ) electrical m e asu rem en t

Figure 8.10 Schematic presentation o f  fabrication flow for contacting deposited nano-objects 
(a) substrate (b) optical lithographically prestructured substrate and drop cast deposition o f 
nano-objects (c) resist exposure using electron beam lithography d) development o f positive 
resist e) resist mask before metal deposition (g) metal deposition using sputter deposition (h) 
metal lift o ff by dissolving the resist in solvent (i) electrical m easurement using a four probe 
needle probe system.

A6. Process overview contacting grown multi- wall Nanotubes with metal

(a) (b) (c) (d) |e|

res is t
c o a t

e b e a m  - 
l i thography

optical
li thography

(h)

resis t
deve lop

(i)

ca ta lyst
depos it ion

m eta l  (pd) 
depos it ion

lif to ff
n an o  
t u b e -  
g ro w th

c o n ta c te d  
n a n o tu b e  b u nd le

Figure 8.11 Schematic presentation o f fabrication flow for contacting grown muhi-wall 
Nanotubes (a) resist coating (b) optical lithography (c) resist development d) catalyst metal 
deposition e) lift o ff (g) MW nanotube growth in a hot wall furnace (h) defining contact with 
electron beam lithography (i) development and palladium as contact metal deposition (j) 
contacted multi-wall nano tube bundle.
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A 7. Process overview contacting thin graphite layers with metal

(a) (b)

^ ^ e t a l  con tact

Si-oxideGraphite

1) graphite dep. on Si-oxid 2) structuring

3) m etal deposition 4) m etallised  con tact pads

Figure 8.12 (a) Schematic presentation of fabrication flow for contacting large sheets of thin 
graphite. 1) Thin graphite grown via CVD on copper substrates was transferred onto Si-oxid/ 
Si-substate. 2) Resist coating, optical exposure and resist development to define the contact 
pads. 3) metal deposition and lift ofT to realise the contact pads 4) metal electrodes are 
realised on the thin layer of graphite and can now measured using a 4 probe needle probe 
station, (b) SEM image of the contact pads on top of thin graphite. The pad size or rather 
electrode size is 250^im^. T1-T4 indicates the measurement terminals, for two point of 4 point 
measurement.

For the analysis o f the thickness dependence o f  the resistivity o f  individual 

graphene stripes, from single layer to graphene through the formation o f  graphitic 

structures, a contacting process was developed. As a result a low resistivity value o f  a 

single stripe was measured and the resistivity distribution for a single strips is 

anomalously narrow when compared to bi and trilayer graphene.

It was shown that the bulk like resistivity occurs at seven to eight layers o f 

graphene. In the following the contacting process for a large amount o f graphene 

flakes is sketched. Figure 8.13. The graphene flakes were generated out o f a graphene

A8. Contacting single sheets o f  Graphene for

Conductive AFM measurements
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film  synthesized using chemical vapour deposition technique, which was recently 

shown as a potential route to large-scale graphene film growth. [12,19] This approach 

was chosen over mechanical exfoliation o f  graphite in organic solvents, which 

typically leads to smaller sized flakes. In order to investigate single graphene flakes 

we subjected the initial growth film to a peeling process using scotch tape that also 

allowed investigating films o f  varying thicknesses. Graphene films were grown in a 

hot wall chemical vapour deposition (CVD) fumace o f  a nickel catalyst surface. [19] 

After the underlying nickel was etched with hydrochloric acid, subsequently the film  

was transferred onto a silicon oxide substrate (300nm thermally grown oxide). Than 

the substrate was structured optically using a Carl suss maskaiinger and the positive 

resist S1813 was used to predefine alignment structures. The alignment structures 

were metalized by sputtering 25 nm Palladium and followed by acetone lift out. These 

marks were then used for a second lithography process with PM M A and electron 

beam exposure. The final electrodes were then again realized by sputtering 25nm o f  

Palladium and lift o ff  o f  the unexposed resist. The samples were anneals on an 

atmosphere o f  Ar/H2 for 2h at 400°C to remove any photo resist and processing 

residuals remaining from the lithographic process [20] and ensure reliable contacts

136



Appendices

1) G raphene flakes 2) Optical exposure 3) Resist developm en t
on Si_oxide substes 4) M etal deposition

5) Lift off

5) Ebeam 
lithography

6) Resist developm ent 7) m etallisation

8) C ontacted g raphene flakes

Figure 8.13 Schematic presentation o f fabrication flow for contacting small flakes of 
graphene (a) graphene was deposited out o f thin layers o f Graphite followed by scotch tape 
thinning (b) optical lithography o f a marker and alignment structures (c) resist development 
d) metal deposition e) lift off (g) defining contact with electron beam lithography (h) resist 
development (i) metal deposition of palladium as contact material (j) contacted graphene 
sheets for conductive AFM measurements.

A9. Process overview contacting thin graphite layers with carbon

(a) (b) (c) (d)

transferred
graphene

resist coat 
+ optical 
lithography

resist
development

Pyrolisis 
of resist

(e)

carbon contacts 
on graphene

Figure 8.14 Schematic drawing for a contacting process o f graphite with carbon electrodes a) 
Graphene was synthesized on Nickel by thermal CVD s and transferred on a Silicon oxide 
wafer (b) contacting structures are fabricated on top of the graphite flake with a 
photolithography step contacts using negative resist (c) the unexposed resist areas are 
removed during the development process, (d) Pyrolysis at 1000° C conducts a graphitisation 
o f the polymer into conductive carbon electrodes, (e) Carbon contacts are realised.
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A 10. Process overview contacting grown multi wall 
carbon nanotubes with carbon

(a) (b) (c) (d)

resist optical resist catalyst
coat lithography develop deposition

(g) ^  (h) (i) (j)

lift off

ebeam  - resist 
lithography developm ent

nano 
tu b e -  
growth

pyrolisis
carbon contacted 
nanotube bundle

F igure 8.15 Schematic drawing o f  the experimental processing steps for contacting a bundle 
o f  multi-wall carbon nanotubes.(a)-(c) Micro alignment structures are fabricated on a Silicon 
oxide wafer with a photolithography step. (d)The developed resist opening were filled by 
sputtering 3nm Co/Fe catalyst for CVD synthesis o f the CNT. (e) the unexposed resist is 
removed by dissolving in Acetone (lift off), (f) Thermal CVD synthesis o f  the CNT. 
Synthesised CN T’s are self assembled during the CVD process on the deposited catalyst 
features. (g)(h) Contacts to the CNT were defined with ebeam lithography by using a polymer 
containing negative resist, (i) Pyrolysis at 1000° C conducts a graphitisation o f the polym er 
into conductive carbon electrodes.
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Al l .  TEM analysis o f  a Gold Metal contact interface to Ge wafer

To observe the contact interface more in detail TEM observations were performed. 

The sample was prepared by sputtering a thin 50nm Gold layer on top o f  a Ge wafer. 

The Ge wafer was clean using established STM sample cleaning methods. To deposit 

the metal a Cressington 306 sputter coater was used with an RF power o f  80mA. The 

sample in the TEM images Figure 8.16 was obtained by mechanical pre preparation 

and dimpling and ion milling as described in A2. Figure 8.16 .(a) shows an overview 

image though the contacting layer stack. Figure 8.16 b). shows the high reslolution 

TEM image the atomic structure o f the Au grains as well as the cristall lattice o f  the 

Ge W afer are clearly visible. Between the two layers a thin layer o f  amorphous o f 

Germanium oxid remains visible.

V a c u u m K

Figure 8.16 a) TEM cross sectional image of a Au/Ge-Wafer contact interface including 
its interface consisting out of a thin oxide layer, b) enlarged TEM image of inteface area. 
The sample was cross-sectioned by using the classical TEM sample preparation method 
described in Appendix 2.
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Figure 8.17 TEM EDX cross section elemental line scan 
perpendicular to the interface were carried out. The intermixing area 
o f Au and Germanium can be estimated at around 4nm. Also visible at 
in that area is the existence o f  oxygen, with can be correlated to the 
Germanium oxide layer, visible in the TEM images.

A12. TEM analysis o f  a Palladium Contact interface to 

Germanium Wafer

Similar to the procedure described in the Appendix A 12 a contact interface of 

Palladium /Germanium wafer was produced. A thin layer of Palladium was sputtered 

on a clean Germanium wafer using a Cressington 306 and a RP power o f 80 mA. In 

order to avoid errors due to the sample preparation the TEM cross section was 

prepared classical preparation method starting with a sample sandwich of 

Au/Germanium and Palladium/Germanium

Fig 8.18 a shows the cross-section overview o f Palladium/ Germanium Wafer 

contacting layer stack. From Fig b a high resolution TEM micrograph it is seen that 

the contact interface looks smooth and no intermediate layer is visible. The crystal
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lattice o f  the Palladium grains is clearly visible. Astonishing is the large area and 

almost full amorphisation o f  the Germanium wafer near the surface.

An additional TEM cross section Fig shows an overview on the amorphised area 

by contacting with Palladium. In Fig. 8.18 Fourietransformation o f the structures 

areas were produced to stress the material modification due to the sputter deposition 

o f  Palladium. Almost 50nm o f amorphous carbon could be measured. It is interesting 

that small grains o f  crystalline Germanium remain visible sees in Fig. b .

This does not explain the amorphisation but is clearly proves that the 

amorphisation is not an artefact o f the sample preparation.

a)     b)
Pd

Ge

lOnm 2nm

Figure 8.18 TEM cross section TEM image of the Palladium/Germanium contact interface, 
b) high resolution TEM image at higher magnification of the interface. The crystal lattice of 
pd is clearly visible, whereas the Germanium wafer show an amorphous structure with 
crystalline domains.
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c
c:
Z3o
o

10.0n 20.0n 30.On 40 .On 50 .On

lengh [nm]
Figure 8.19 EDX line scans perpendicular though the Palladium- 
Germ anium  wafer interfaces. According to the spectra a area o f 
around 10 nm form an intermixing area where both materials 
Germ anium  and Palladium are present. Interestingly no significant 
oxide 'peak is visible.

crystalline!amorphous
Ge

Figure 8.20 a) TEM cross section image of the Palladium/Germanium contact 
interface as a overview to visualise the range of amorphisation in the Germanium- 
Wafer. Fourier transformations (FFT) of b) palladium c) amoprhous Ge and d) 
crystaline
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